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ABSTRACT 

INFLUENCE OF TROPICAL DIABATIC HEATING AND MIDLATITUDE STATIC 
STABILITY ON SUBTROPICAL ANTICYCLONES 

Abdullah Al Fahad, Ph.D. 

George Mason University, 2020 

Dissertation Director: Dr. Natalie J. Burls 

 

Subtropical Anticyclones located over the subtropical oceans of both hemispheres are a 

crucial element of large-scale atmospheric circulation. Subtropical Anticyclones 

dominate midlatitude weather and climate by influencing moisture transport, cyclone 

tracks, sea surface temperature, and precipitation. However, the underlying mechanisms 

driving the formation and seasonal cycle of Subtropical Anticyclones, as well as how 

they will respond to global warming still need further investigation, especially in the 

Southern Hemisphere. The South Pacific subtropical anticyclone is the only subtropical 

anticyclone that maximizes in area and strength during austral summer, whereas the other 

four subtropical anticyclones peak in intensity during boreal summer with strong 

Northern Hemisphere monsoonal heating. Given that the Southern Hemisphere summer 

monsoon is relatively weak due to less Southern Hemisphere landmass, this raises the 

question: what drives the austral summer intensification of the South Pacific subtropical 

anticyclone? Using reanalysis data and heating experiments conducted with an 
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atmospheric general circulation model, the first component of this thesis finds that 

increased heating over the South Pacific Convergence Zone triggers a Rossby wave 

response that increases the strength of the South Pacific subtropical anticyclone in austral 

summer. The second component of this thesis investigates the mechanisms that drive 

changes in the Southern Hemisphere subtropical anticyclones under global warming 

within the CMIP5 & CMIP6 multi model ensembles. We find that a combination of local 

diabatic heating and baroclinicity changes (through static stability) drive the projected 

changes in Southern Hemisphere subtropical anticyclones under future global warming 

scenarios. Finally, sensitivity experiments conducted with an atmospheric general 

circulation model show that slow subtropical sea surface temperature warming primarily 

forces the projected changes in subtropical anticyclones through baroclinicity change. 

Fast CO2 atmospheric radiative forcing on the other hand plays a secondary role, with the 

exception of the South Atlantic subtropical anticyclone in austral winter, where it 

opposes the forcing by sea surface temperature changes resulting in a muted net response. 

Lastly, we find that tropical diabatic heating changes only significantly influence 

Southern Hemisphere subtropical anticyclone changes through tropospheric wind shear 

changes during austral winter.   
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CHAPTER ONE 
 

INTRODUCTION 
 

 

The uneven heating of the Earth’s surface and atmosphere, caused by the impact of its 

curvature on the intensity of incoming solar radiation, creates a temperature gradient 

from the tropics to the pole that drives global weather and climate through circulation 

patterns (Fig. 1). The Hadley Circulation or Hadley Cell arises from this phenomenon 

and acts to transport energy poleward, working to cool the tropics and warm the extra-

tropics. The Hadley Cell consists of warm, moist air rising at the equator, which then 

travels poleward in the upper troposphere towards the subtropics where it cools and sinks 

near 30o North, and 30o South, and then returns equatorward at the surface. The 

ascending branch of the Hadley Cell creates low surface pressure in the tropics, while the 

descending branch of the Hadley Cell creates a high-pressure belt in the subtropical 

region of both hemispheres. Interestingly, there are regions of more intense higher 

pressure, associated with anticyclonic surface wind, that exist over the subtropical oceans 

of both hemispheres at the same latitude of Hadley cell descend. These regions are 

regions known as Subtropical Anticyclone (SA). The surface wind circulation associated 

with SAs is clockwise in the Northern Hemisphere (NH) and counterclockwise in the 

Southern Hemisphere (SH) (Fig. 2). 
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Fig. 1: Annual mean top of the atmosphere earth radiation budget showing net incident 
shortwave radiation (red line) and outgoing longwave radiation (blue line) (unit: W/m2) 
from Earth radiation budget experiment. Figure is taken from Pidwirny (2006). 
 
 
 
SAs are a key component of the large-scale atmospheric circulation that encompass 

nearly 40% of the Earth surface. SAs transport moistures by connecting the midlatitude 

westerly and tropical easterly circulation regimes. Due to the longer time scale and bigger 

spatial scale of SAs compared to tropical and midlatitude cyclones, SAs can guide the 

tracks of tropical and midlatitude cyclones (Wang et al. 2013). SAs also impact local 

atmospheric radiation and influence air-sea interaction through marine boundary layer 

clouds. SAs can act as forcing to change the local sea surface temperature (SST) and 

precipitation, and vice versa. SAs plays a crucial role in the hydrological cycle of the 

drought prone semi-arid regions on the continents that boarder them. For example, NH 

SAs influences the precipitation over East Asia and the Southwestern USA (Gamble et al. 
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2008; Zhou et al. 2009), and SH SAs influences regions in Southern America (e.g. Brazil 

and Peru) (Doyle and Barros 2002; Reboita et al. 2010) and Southern Africa (Burls et al. 

2019). To understand how climate change will affect the weather and climate of these 

subtropical to midlatitude region’s, understanding what drives SAs climatologically and 

under global warming conditions is crucial. 

          

Section 1. The Formation and Seasonal Cycle of Subtropical Anticyclones 

 

SAs are primarily associated with the Hadley circulation’s descending branch. However, 

NH SAs are maximum in the seasonal cycle during boreal summer when the Hadley 

circulation is weakest (Hoskins 1996). Hoskins (1996) showed that monsoonal heating 

over continents to the east of a subtropical ocean basin produces an anticyclone over the 

eastern flank of that ocean.  The continent to the east of subtropical oceans releases latent 

heat during the summer and generates a Rossby wave response. Then the warm air from 

the monsoonal heating descends to the eastern flank of the subtropical ocean. Hoskins 

(1996) also proposed that local orography interacting with low-level jets contribute to the 

development of SAs. However, the monsoon heating itself was explained by land-sea 

thermal contrast in sensible heating. Hoskins et al. (1999) strengthen this argument by 

imposing heating over the tropical monsoon region in models to show the SAs’ response 

to heating over the continent to the east. For example, the model simulated the North 

Pacific SA (NPSA) structure well when the American monsoon region was heated. 
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Later Rodwell and Hoskins (2001) showed that both continents surrounding a subtropical 

ocean basin impact the formation of SAs. They suggested that the equator-ward portion 

of the SA forms as a Kelvin wave response to the monsoonal heating over the continent 

to the west of the ocean basin. A poleward flowing low-level jet (LLJ) is present in the 

ascending region of monsoon, which agrees with the Sverdrup balance. The Sverdrup 

balance also requires an equator-ward jet in the descending region. They showed that 

heating over South Asia in a model simulation caused a descending region of air motion 

to the west (and northwest) of the heating center. In agreement with Sverdrup balance, 

this subtropical descent is accompanied by a low-level equator-ward flow. Rodwell and 

Hoskins (2001) showed that heating only over the Asian monsoon region can produce 

anticyclonic circulation over the North Atlantic Ocean. However, North American 

monsoonal heating then helps to shape the Kelvin wave response of the Asian summer 

monsoon to generate the North Atlantic SA (NASA). 
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Fig. 2: Annual mean Era-interim (years 1979-2016) climatology of Sea Level Pressure 
(SLP) (shaded, unit: hPa) and 925 hPa wind (vector, unit: m/s). The 1020 hPa countered 
in black and 1022 hPa contoured in white isobar area shows center of SAs in both 
hemispheres. 
  
 
 
Chen et al. (2001) also documented the importance of heating over both continents 

surrounding a subtropical ocean basin. Chen et al. (2001) argued that a continent to the 

west of a subtropical ocean basin plays the primary role in the existence of SAs. Chen et 

al. (2001) found that the Asian monsoon heating seems to play a major role in the 

formation of NPSA. Chen et al. (2001) used a linear quasi-geostrophic model to show 

that the NPSA is largely a remote response of Asian summer monsoon heating with the 

prescribed zonal mean zonal wind. Chen et al. (2001) showed that the response to Asian 

heating has a significant amplitude at all longitudes, while the response to the American 

heat source is primarily confined to the longitudes of the heating. The model experiment 

from Chen et al. (2001) strongly suggests that the observed summer stationary waves, 

including the near-surface subtropical anticyclones over the oceans, can be significantly 

explained as stationary Rossby waves forced by the zonally asymmetric diabatic heating.  

 

Later Seager et al. (2003) showed how zonal SST asymmetries in an ocean act to 

strengthen SAs. They argued that zonal SST asymmetries in subtropical oceans resulting 

from air-sea interaction keep the eastern flank of the ocean basin cooler and western flank 

warmer than the zonal mean. The seasonal cycle of the SAs is proposed as a response to 

the seasonal cycle of the subtropical ocean’s SST asymmetry. Seager et al. (2003) also 

argued that different mechanisms control the strength of SAs in each hemisphere. In NH 
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summer, SLP reaches a maximum during local summer due to large Asian monsoonal 

heating. In contrast, the SH SAs strengthen during local spring to early summer 

(September-January).  Interestingly, the zonal SST asymmetries increase in local spring 

in SH and decrease from spring to summer.  

 

Later Wu and Liu (2003) showed that diabatic heating differences over land and ocean 

play a significant role in the development of summer SAs. A quadrupole heating pattern 

during local summer acts as a driver for atmospheric circulation and the development of 

SAs. In general, total diabatic heating differences cool the eastern flank of the subtropical 

ocean and warm the continents. The ocean region is dominated by longwave cooling, 

whereas the continents are dominated by sensible and condensation heating. A circulation 

pattern coexists with this heating pattern. An anticyclonic circulation over the land in the 

upper troposphere coexists with a cyclonic circulation over the descending ocean region 

in the upper troposphere. In contrast, a cyclonic circulation over land and an anticyclonic 

pattern over the descended ocean region coexists on the surface. Wu and Liu (2003) 

proposed this distinct circulation pattern exists as a response to the thermal adaptation of 

the quadrupole heating pattern.  Several other studies, including Miyasaka et al. (2005, 

2010), and Li et al. (2013, 2012) argued for diabatic heating as the mechanism behind the 

strength of the summertime SAs strength in both hemispheres.  

 

Although diabatic heating seems to be a strong argument for the development of SAs 

during local summer, less research has been on the winter hemisphere’s SAs. Hoskins 



7 
 

(1996) suggested that the Hadley circulation descended region shaped by the orography 

of the land plays a crucial role in the winter hemisphere SAs’ properties. Rodwell and 

Hoskins (2001) and Seager et al. (2003) both concluded that models had a difficult time 

simulating winter hemisphere SAs, especially in the SH. Both proposed that prescribing 

diabatic cooling to the models over the ocean can simulate realistic winter SA. Richter et 

al. (2008) used an AGCM to show that climate models that simulate major NH local 

summer monsoons better also simulate the descending area of the South Atlantic SA 

better. The SST asymmetry and orography then play a secondary role in strengthening 

SAs as Seager et al. (2002) suggested. 
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Fig. 3: (a) DJF and (b) JJA mean SLP (shaded) (unit: hPa), and 925 hPa wind (vector). 
Era-interim 1979-2016 reanalysis data used. 1020 hPa SLP contoured black, and 1022 
hPa SLP contoured white. 
 
 
 
The consensus from the literature is NH SAs are maximum in strength during JJA due to 

the massive Asian monsoonal heating, North African, and North American summer 

monsoon heating even though local Hadley cell descent is weaker (Hoskins 1996; Nigam 

and Chan 2009). However, local summer monsoon heating in SH is not as strong as NH 

due to the minimum landmass-ocean ratio. As a result, one would expect the SH SAs to 

be in maximum during JJA due to strong SH Hadley cell descent compared to DJF 

(Richter et al. 2008; Nigam and Chan 2009; Richter et al. 2010; Sun et al. 2017; Vizy and 

Cook 2016). This phenomenon is true for the SISA and SASA, as they are stronger 

during JJA in the seasonal cycle. Interestingly, Fig. 3 shows climatologically a stronger 

SPSA during DJF (local summer) compared to JJA (local winter). The SPSA’s area and 

strength reach their maximum during September-October-November (SON) with that 

intensification extend until February. This seasonal cycle property of the SPSA raises the 

question: why is the SPSA stronger compared to the SASA and SISA during local 

summer (DJF)? The second chapter of the thesis aims to investigate this problem with 

ERA-Interim reanalysis data and AGCM heating experiments.  

 

Section 2. The Response of Subtropical Anticyclones to Global Warming 
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After near-surface air temperature, sea level pressure (SLP) is the variable most affected 

by climate change after near-surface air temperature, especially over the subtropical 

regions (Gillett and Stott 2009). The Coupled Model Intercomparison Project (CMIP) 5 

multi model mean (MMM) difference between RCP8.5 (year 2050-2099) and Historical 

(year 1950-1999) projections shows SLP associated with all SAs increase in strength and 

area during both DJF and JJA over the center and poleward flank, except for the NPSA 

(Fig. 4). The change in SAs under global warming conditions is robust in the SH during 

both summer and winter compared to its counterparts in the NH (Fig. 4). All SH SAs 

significantly expand in terms of the area enclosed by the 1020 hPa contour in SLP, which 

extends poleward. All of the SH SAs also extend further westward during DJF, 

specifically the SPSA. Although most of the models agree on the sign of SLP change 

(RCP8.5-Historical) associated with SAs, there is however considerable variability that 

exists across the CMIP5 models during both DJF and JJA. The CMIP5 models spread in 

the area enclosed by the 1020 hPa contour is the largest for the SPSA during both 

seasons. The model disagreement increases along the poleward flank of SH SAs in both 

seasons.  

 

Several studies have investigated how the atmospheric circulation associated with SAs 

will change during the summer months in climate model projections. Li et al. (2012, 

2013) showed that the local diabatic heating change in the subtropical ocean leads to 

intensified land-sea thermal contrast that intensifies SAs in both hemispheres. This 

mechanism is similar to the proposed mechanism of Wu and Liu (2003), where they 
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show the climatological formation of summer SAs is due to strong monsoonal land-sea 

thermal contrast. Using CMIP3 and CMIP5 models, Li et al. (2012, 2013) showed a 

prescribed heating change in the 925 hPa stream function associated with SAs. However, 

He et al. (2017) argued that tropospheric static stability change in future climate plays a 

significant role in SAs future change during local summer. Using CMIP5 models, He et 

al. (2017) showed that increased tropospheric static stability leads to a weakening of SAs. 

Due to tropospheric static stability increase, the SASA and SISA decrease in strength 

during local summer. The statement on SH SAs is somewhat opposite of what Lee et al. 

(2012, 2013) suggested for SH summer SAs change under global warming condition, 

which we investigated in the chapter 3. 
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Fig. 4: (a) DJF and (b) JJA CMIP5 MMM SLP (unit: hPa) and 925 hPa wind change 
between RCP8.5 (years 2050-2099) and Historical (years 1950-1999). The 1020 hPa area 
of Historical MMM is contoured in black and RCP8.5 MMM contoured in blue.   
 
 
 
 
The zonal mean SLP changes in future model projections in the midlatitudes are mostly 

due to changes in the Hadley circulation in both hemispheres. Previous studies have 

shown that the equator to pole temperature gradient intensification on the poleward edge 

of the Hadley circulation can lead to a poleward shift in regions of baroclinic instability 

and shift of the Hadley Cell edge (the zonal mean component of SA) towards the pole, 

especially in the SH (Lu et al. 2008; Waugh et al. 2015; Staten et al. 2018). While these 
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studies focus on summer, less research has been conducted for the behavior of winter 

SAs change in a warming climate. The winter season has yet remained mostly 

uninvestigated. The extent to which the mechanisms proposed in the literature explain the 

inter-model spread in projections is also not explored. Chapter 3 aims to address these 

gaps by focusing on projected changes in the intensity and area of the SH SAs under 

global warming during both summer and winter seasons, and on the inter-model spread in 

responses seen across CMIP5 and CMIP6 models. 

 
 
 

 

Fig. 5: (a) DJF and (b) JJA CMIP5 MMM Diabatic heating change (unit: w/m2) between 
RCP8.5 (years 2050-2099) and Historical (years 1950-1999). 
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The change of SAs due to CO2 increase in the future can be further decomposed into two 

components: (a) fast direct atmospheric radiative forcing due to CO2 increase, and (b) 

slow indirect SST warming due to CO2 increase (Shaw and Voigt 2015; Grise and 

Polvani 2014). Using an AGCM model with separate external forcing, we further 

investigate which component of global warming drives SH SAs under global warming 

and the mechanism that drive the future change in Chapter 4. The net diabatic heating 

difference between RCP8.5 (year 2050-2099) and Historical projections shows that there 

are large increases in tropical diabatic heating in future projections (Fig. 5). The heating 

over the ITCZ shifts southward and increases in strength during JJA. The heating over 

the SPCZ also increases in strength during DJF. This phenomenon begs the question: 

how much do these tropical heating changes (especially over the ITCZ and SPCZ) 

influence the response of the SAs under global warming conditions? Also, what role local 

diabatic heating versus tropical diabatic heating change plays on the SH SAs change 

during both seasons? Chapter 4 of the thesis investigates these questions using CESM2 

prescribed SST experiments forced with future tropical diabatic heating, future SST 

change, and future CO2 change that mimics future changes from the CMIP6 SSP585 

model experiment. 
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CHAPTER TWO 

 
THE INFLUENCE OF SOUTH PACIFIC CONVERGENCE ZONE HEATING 

ON THE SOUTH PACIFIC SUBTROPICAL ANTICYCLONE  
 

Subtropical anticyclones and midlatitude storm tracks are key components of the large-

scale atmospheric circulation. Focusing on the southern hemisphere, the seasonality of 

the three dominant subtropical anticyclones, situated over the South Pacific, South 

Atlantic and South Indian Ocean basins, has a large influence on local weather and 

climate within South America, Southern Africa and Australasia, respectively. Generally 

speaking, sea level pressure within the southern hemisphere subtropics reaches its 

seasonal maximum during the winter season when the southern hemisphere Hadley Cell 

is at its strongest. One exception to this is the seasonal evolution of the South Pacific 

subtropical anticyclone. While winter maxima are seen in the South Atlantic and South 

Indian subtropical anticyclones, the South Pacific subtropical anticyclone reaches its 

seasonal maximum during local spring with elevated values extending into summer. In 

this study we investigate the hypothesis that strength of the austral summer South Pacific 

subtropical anticyclone is largely due to heating over the South Pacific Convergence 

Zone. Using reanalysis data, and AGCM added cooling and heating experiments to 

artificially change the strength of diabatic heating over the South Pacific Convergence 

Zone, our results show that increased heating triggers a Rossby wave train over the 

Southern Hemisphere mid-latitudes by increasing upper-level divergence. The 

propagating Rossby wave train creates a high-low sea level pressure pattern that projects 

onto the center of the South Pacific Subtropical Anticyclone to intensify its area and 
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strength. The southern hemisphere storm tracks also shift poleward due to increased 

heating over the South Pacific Convergence Zone. 

 

Section 1. Introduction 

 

Subtropical Anticyclones (SAs) and the storm tracks are salient elements of the large-

scale atmospheric circulation within both hemispheres. SAs are semi-permanent, high-

pressure systems situated over each subtropical ocean basin that both influence and 

respond to Sea Surface Temperature (SST), precipitation, atmospheric moisture transport, 

and wind-driven ocean circulation. In the southern hemisphere, the South Pacific SA 

(SPSA), South Atlantic SA (SASA), and South Indian SA (SISA) dominate regional 

precipitation variability on sub-seasonal to decadal timescales over South America 

(Doyle and Barros 2002; Reboita et al. 2010), southern Africa (Burls et al. 2019), and 

Australia (Sturman and Tapper 1996).  

 

SAs are primarily forced by upper-tropospheric radiative cooling and the associated 

descending motion within the Hadley cell that creates a high-pressure belt over the 

subtropical region in both hemispheres. However, the SAs themselves are locally more 

intense than the rest of the subtropical high-pressure belt. Bergeron (1930) was the first to 

make the distinction between the uniform subtropical high-pressure belt and the 

subtropical high-pressure systems over the subtropical oceans within the context of 

airmass and frontal development. The Hadley circulation is strongest in the winter 
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hemisphere due to the enhanced meridional temperature gradient from the warm tropics 

to the cold winter hemisphere, and one might therefore expect the SAs to reach their 

seasonal maxima in local winter (Hoskins 1996; Lee et al. 2013). This expectation is 

however only true for the SASA and the SISA. The SAs in the NH reach their 

climatological maximum in both area and strength during local summer (Hoskins 1996; 

Rodwell and Hoskins 2001; Seager et al. 2003; Nigam and Chan 2009), as does the topic 

of this study the SPSA, raising the question, what else controls the area and strength of 

SAs? 

 

Several studies have shown that the seasonal evolution in the strength of SAs is not only 

associated with the strength of Hadley cell descent but also local monsoonal heating over 

the surrounding continents. Hadley cell descent dominates the zonal mean component of 

SAs, whereas the surrounding subtropical landmass heating dominates the zonally 

asymmetric component. The importance of surrounding land monsoonal heating was first 

recognized by Ting (1994). Using a steady-state, linear, primitive equation model Ting 

(1994) analyzed the large-scale circulation due to local monsoonal heating, especially 

focusing on the Indian summer monsoon heating. Later, Hoskins (1996) argued that 

heating over the continents to the east of an ocean basin largely contributes to the 

summer intensification of its SA, which explains the North Pacific SAs maximum 

strength during local summer, June-July-August (JJA), when local Hadley cell descent is 

weak. The continental heating to the east of the ocean basin releases latent heat during the 

summer and generates a Rossby wave response to the northwest of the heated continent.  
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Fig. 1: SLP climatology (unit: hPa) for DJF (left panel) & JJA (right panel). The SLP 
climatology for both seasons is computed from (a-b) ERA-Interim (1979-2016), (c-d) 
MERRA2 (1980-2016), (e-f) HadSLP2 (1980-2016), & (g-h) the multi-product mean 
(average of ERA-Interim, MERRA2, & HadSLP2). The 1020hPa SLP is contoured in 
black and the 1022hPa SLP contoured in white. 
 
 
 
The warm air from this monsoonal heating descends over the eastern flank of the adjacent 

ocean basin. Rodwell and Hoskins (2001) and Chen et al. (2001) later went on to 

demonstrate that heating on both continents surrounding an ocean basin contributes to the 
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formation of SAs. Rodwell and Hoskins (2001) suggested that the equatorward portion of 

the SA forms as a Kelvin wave response to the monsoonal heating over the continent to 

the west of the ocean basin. For the SH, Rodwell and Hoskins (2001) argued that the 

orography of the SH continents plays a significant role in positioning SAs.  

 

Wu and Liu (2003) and Liu et al. (2004) highlight that it is essentially diabatic heating 

differences between land and ocean that control the development of summer SAs. A 

quadrupole heating pattern of heating over the land and cooling over the eastern flank of 

subtropical oceans during local summer acts as a driver for the atmospheric circulation 

and the development of SAs (Wu and Liu 2003). In general, total diabatic heating 

differences act to cool the eastern flank of the ocean basins and warm the continents. The 

ocean regions are dominated by longwave cooling, the western flanks of the continents 

are dominated by sensible heating, and the eastern flanks of the continents are dominated 

by latent heating. This heating pattern gives rise to anticyclonic upper-troposphere 

circulation over the land, and cyclonic upper-troposphere circulation over the 

neighboring oceanic region, with cyclonic surface circulation over land and an 

anticyclonic surface circulation over the ocean. Wu and Liu (2003) proposed that this 

distinct circulation pattern exists as a response to the quadrupole heating. Seager et al. 

(2003) also argued that zonal asymmetries in SSTs can act as a secondary forcing in 

subtropical ocean basin and influence the seasonal strengthening of SAs. 
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The NH SAs reach their maximum strength during local summer (JJA) due to Asian, 

North African and North American summer monsoon heating contributing to the 

asymmetric component of the NH SAs despite the fact that the local Hadley cell descent 

is weak in this season (Hoskins 1996; Rodwell and Hoskins 2001; Nigam and Chan 2009; 

Chen et al. 2001). In the SH, local summer monsoonal heating is not as strong as that in 

the NH due to the smaller landmass-ocean ratio. As a result, the SH SASA and SISA 

reach their maximum during local (JJA) due to stronger Hadley cell descent during local 

winter, rather than local summer (Richter et al. 2008; Nigam and Chan 2009; Richter et 

al. 2010; Sun et al. 2017; Vizy and Cook 2016). Interestingly, this is not the case for the 

SPSA. As shown in Fig. 1, climatologically the SPSA is stronger during local summer, 

December-January-February (DJF), compared to the during JJA (local winter), whereas 

the seasonal cycle of the SASA and the SISA peak in area and strength during JJA (local 

winter). The SPSA’s seasonal cycle in area and strength reaches its maximum during 

September-October-November, but remains intensified until February (Lee et al. 2013) 

(supplementary Fig. S1). This distinct climatological feature of the SPSA is consistently 

present in the ERA-Interim reanalysis dataset (Figs. 1a & 1b), the Modern-Era 

Retrospective analysis for Research and Applications, Version 2 (MERRA-2) (Figs. 1c & 

1d), the Hadley Centre Sea Level Pressure (HadSLP2) (Figs. 1e & 1f), the Community 

Earth System Model (CESM) 2 (supplementary Fig. S2), and the multi-model-mean of 

Coupled Model Intercomparison Project (CMIP) phase 5 & 6 historical and future 

simulations (Fahad et al. 2020).  
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The deviation of zonal mean climatological SLP (climatological SLP – zonal mean 

climatological SLP) shows that the SPSA is the only SH SA that has a stronger 

asymmetric component during DJF than JJA (supplementary Fig. S3). In fact, the 

asymmetric SLP component of the SPSA is almost nonexistent in JJA (supplementary 

Fig. S3). Using the Community Atmospheric Model, Lee et al. (2013) show this 

phenomena exists in CAM. Without interhemispheric energy transfer the SPSA only 

exists as subtropical high pressure system during DJF, while the SISA and the SASA still 

reach a maximum in area and strength during JJA in the same experiment (other seasons 

not shown). Lee et al. (2013) also identify heating and cooling regions near the northern 

part of the tropics at 500hPa, and show how this tropical heating influences SAs in both 

hemispheres. Using a steady-state, linear primitive equation model that solves the sigma-

coordinate equations linearized about a zonally symmetric basic state, Nigam and Chan 

(2009) show that adding heating over the tropical Pacific acts as a forcing on the North 

Pacific SA’s seasonal development from winter to summer. They show that tropical 

heating over the Inter Tropical Convergence Zone (ITCZ) and South Pacific 

Convergence Zone (SPCZ) has a large influence on midlatitude atmospheric circulation 

and the seasonal evolution of the North Pacific SA. The influence of the SPCZ heating on 

the SH SAs climatological strength has however remained largely uninvestigated.  

 

The SPCZ is a unique feature over the southwestern Pacific Ocean with a spatial pattern 

of precipitation that is maximum during DJF (austral summer) and minimum in strength 

during JJA (austral winter). The vertically integrated diabatic heating associated with the 
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SPCZ also has similar seasonality (Figs. 2c & 2d). The diabatic heating over the SPCZ 

region is maximum during DJF and shifts to its most southern position. The divergence 

of horizontal winds at 200hPa also shifts southward along with the SPCZ heating region. 

 
 
 

 

Fig. 2: Era-Interim (1979-2016) climatology of (a) DJF and (b) JJA mean of SLP 
(shaded) (unit: hPa), and 925hPa wind. The 1020hPa SLP is contoured in black and the 
1022hPa SLP contoured in white. The 1022hPa contour is only present in the SPSA 
during DJF, and the SISA and SASA during JJA. Era-Interim (1979-2016) climatology of 
(c) DJF and (d) JJA vertical-mean diabatic heating (shaded) (unit: k/day), and the 
1000hPa divergent wind component (vector). Era-Interim (1979-2016) climatology of (e) 
DJF and (f) JJA mean of 200hPa divergence (unit: s-1). The wind component of 
divergence is plotted as vector (unit: m/s). The magnitude of divergence is scaled by 10-6.  
 
 
 
 The purpose of this paper is to use ERA-Interim Reanalysis and GCM experiments to 

determine the extent to which the heating over the SPCZ influences the large-scale 

circulation of the SH, specifically on the area and strength of the SPSA during DJF. 
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Increased SPCZ heating changes the upper level divergence and divergent wind 

(advecting vorticity) which can act as a forcing to trigger a Rossby wave, significantly 

perturbing the balance of vorticity (James 1995; Holton and Hakim 2012). We 

hypothesize that the resultant Rossby wave train propagates into the extra-tropics, 

impacting surface pressure. The specific hypothesis to be tested is that during DJF, the 

changes forced by the SPCZ can directly project onto the SPSA, affecting its area and 

strength.  

 
 
 

 

Fig. 3: The Era-Interim DJF mean composite difference between maximum heating years 
and minimum heating years over the SPCZ region (shown as black box) for (a) diabatic 
heating (unit: k/day), (b) SLP (unit: hPa), (c) Geopotential height at 200hPa (unit: m2/s2), 
and (d) v’v’ at 300hPa (m2/s2). The 1020hPa SLP area of climatological SLP (1979-2016) 
(black), mean of maximum heating years (white), and mean of minimum heating years 
(blue) contoured in Fig.4b. The figures are stippled at 90% significance computed from t-
test difference of mean on the sampled years.  
 
 
 
The study is structured as follows: description of methods and data used in this study are 

presented in Section 2; results of the study are broken down into Section 3 for the ERA-
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Interim reanalysis data and climate model analysis; and lastly Section 4 provides a 

summary and conclusions. 

 

Section 2. Methodology 

 

The observationally-based data (years 1979-2016) used in this study is the ERA-Interim 

reanalysis product (Dee et al. 2011), MERRA2 (Gelaro et al. 2017), and HadSLP2 (Allan 

and Ansell 2006). Atmospheric diabatic heating is estimated from ERA-Interim data 

(following Swenson et al. 2019, and D. Straus [personal communication]) and is 

computed from four times daily circulation and thermodynamic fields at the full 

horizontal resolution (512×256 Gaussian grid) and at 37 pressure levels, using a residual 

method similar to that of Hagos et al. (2010). The heating rate Q is obtained as: 

 

! = #!$(	#$#% 	+ 	∇))⃗ 	. (,⃗-) 	− 	-0∇))⃗ 	. ,⃗	1 + 	2
#$
#!	)   (1) 

 

Where - is potential temperature, p is pressure, cp the specific heat at constant pressure, v 

the horizontal velocity, 2 = 34/36	, and Π = (p/p&)'/)! is the Exner function, where p0 

= 1000hPa and R is the gas constant. The heating was vertically integrated over the 

following nine layers (in units of hPa): 1000 – 925, 925 – 850, 850 – 775, 775 – 650, 650 

– 550, 550 – 450, 450 – 350, 350 – 200 and 200 – 50. 



26 
 

  

Fig. 4: (a) Zonal mean, and (b) vertical mean added heating structure of the Added 
Cooling experiments forcing file (units: k/day). Added Heating experiments has same 
added heating structure, except opposite sign.  
 
 
 
A composite analysis is performed in order to demonstrate how inter-annual variability in 

DJF SPCZ heating influences the SH large-scale circulation. For the composite analysis, 

the maximum (and minimum) heating years are selected based on vertically integrated 

DJF SPCZ heating during years that are greater (and lesser) than 1.2 standard deviations 

from the mean DJF SPCZ heating. The chosen domain of the SPCZ heating region is 

150oE-160oW longitude and 24oS-5oS latitude. The maximum heating years in the 

composite are 1989, 1999, 2008, 2011, 2012 and minimum heating years are 1992, 1993, 
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1995, 2003, 2016. The ERA-Interim 1020hPa isobar area and position is used to identify 

the SH SAs.  

 

Based on ERA-Interim composite analysis alone it is hard to isolate the SPCZ heating 

influence on SH large scale circulation and the SAs. While the compositing helps to 

isolate the role of SPCZ heating within inter-annual variability, diabatic heating changes 

outside of the SPCZ region are still evident (Fig. 3a). In particular there is evidence of an 

imprint from the El Niño Southern Oscillation (ENSO) (Figs. 3a and S4), which is not 

surprising given associations between SPCZ variability and ENSO.  

 

To address this shortcoming and isolate the role of SPCZ heating, sets of AGCM 

experiments with variable SPCZ heating rates are carried out using the Community 

Atmosphere Model version 6 (CAM6), with prescribed climatological SST. CAM6 is the 

atmospheric component of the Community Earth System Model version 2 (Danabasoglu 

et al. 2020). The CAM6 numerical experiments are done with 1.9ox2.5o resolution and the 

F2000climo component set forced with prescribed ERA-Interim reanalysis climatological 

SST (1979-2016).  

 

The AGCM experiments with variable SPCZ heating consist of two sets of idealized 

experiments. The first set incorporates artificially weakened austral summer SPCZ 

heating (Added Cooling); the second set artificially intensified heating (Added Heating). 

These two sets each consist of 30 simulations and their DJF seasonal mean is compared 
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to the DJF climatology from a 30-year-long control simulation.  The control run is 

initialized using arbitrary atmospheric initial conditions, forced with monthly 

climatological SST and is run for 30 years. Subsequently, the seasonal runs are initialized 

November 1st as a branch run (from each November 1st of the control run) and run 

through to the following February with Added Cooling (Added Heating) applied to the 

SPCZ region. In these seasonal runs, a constant temperature tendency of ±0.12 K/day 

(15% of the total local climatological heating computed from the 30-year DJF 

climatology of the control run) is applied to the Added Cooling (and Added Heating) runs 

over the SPCZ region starting from November. Only DJF is considered for analysis 

(ignoring November, the first month of the add cooling/heating experiments). The 

cooling and heating were added (in addition to all other diabatic heating processes 

naturally generated by the model) along the DJF climatological position of the SPCZ 

with the maximum centered at 170oE, 13oS, and a vertical peak at the 500hPa level, with 

Gaussian decay away from the maximum heating (but still within the SPCZ region). The 

horizontal and vertical structure of the Added Heating is shown in the Fig. 4. The Added 

Cooling and Heating experiments are both forced with prescribed SST, identical to the 

control run. The technique of adding heating or cooling follows that of Swenson et al. 

(2019). 

 

The CESM2 CAM6 30-year climatology shows similar SH seasonal characteristics to 

that in ERA-Interim. However, it largely overestimates the SLP over the subtropical 

regions compared to ERA-Interim reanalysis, especially over the SPSA. In order to 
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analyze a similar area of the SAs, the 1022hPa isobar area is considered for the SASA 

and SISA, and the 1025hPa area is considered for the SPSA. 

 
 
 

 

Fig. 5: 30-year DJF mean CESM2 CAM6 diabatic heating (unit: k/day) from (a) the 
Added Cooling runs, (b) the Added Heating runs, (c) the difference between the Added 
Cooling runs and the control run, and (d) the difference between the Added Heating runs 
and the Control run. The black box shows SPCZ heating region where the temperature 
tendency was added. Figs. 4e-h show the same analysis, except for SLP (unit: hPa). The 
center of each SA in the Control run is contoured in black, the Added Cooling runs in 
blue, and the Added Heating runs in white. A solid contour shows the 1025hPa isobar, 
and a dotted contour shows the 1022hPa isobar. The difference between the Added 
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Cooling and Added Heating experiments is shown for (i) diabatic heating and (j) SLP. 
The figures are stippled at 95% significance computed using a difference of means t-test. 
 
 
 
In order to study the influence of SPCZ heating on the storm track position, transient 

eddy momentum velocity variance U’U’ and V’V’ at 300hPa are analyzed. Here 

transients (U’, V’) are defined as all components of (U, V) with periods less than about 6 

days, as obtained with a Butterworth filter. The strength of the upper-level storm track 

can be inferred from the transient eddy meridional velocity (V’V’) at 300hPa.  

 

Section 3. Results 

 

   3.1. SPCZ Heating in the ERA-Interim Reanalysis 

 

The DJF composite difference between maximum heating years and minimum heating 

years shows a shift in heating from the equatorward flank of the SPCZ to the 

climatological position of the SPCZ (Fig. 3a). The composite difference based on the 

same years shows a positive-negative SLP anomaly pattern over the SH subtropical and 

midlatitude region, consistent with the signature of a Rossby wave train (Fig. 3b). The 

wave train forced by the intensified SPCZ heating propagates poleward, appears to reach 

a turning latitude, and then propagate equatorward (as in Hoskins and Karoly, 1981). It is 

this equatorward-oriented branch which affects the SPSA. The wave train’s positive SLP 

anomaly projects on to the SPSA leading to an increase in its strength and area. For the 

minimum heating years, the area enclosed by the 1020hPa contour (shown in blue) of the 
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SPSA decreases compared to the climatological area (black contour) (Fig. 3b). In 

contrast, the 1020hPa area (white contour) increases and extends westward during 

maximum SPCZ heating years. Although positive/negative SLP anomalies associated 

with the Rossby wave train are present over the South Atlantic and South Indian Ocean 

basins, significant changes (as indicated by the stippling in Fig. 3b) are seen only over the 

poleward flank of the SASA and the SISA. Therefore, there are no significant changes in 

the area and strength of the centers of the SASA and the SISA. The geopotential height at 

200hPa (Z200) composite difference between maximum and minimum heating years 

shows qualitatively a similar response (Fig. 3c). A Z200 positive/negative height change 

similar to the Rossby wave train response is noticeable over the SH mid-latitude and 

subtropical regions. With increased heating over the SPCZ region, the Z200 height 

increases over the SPSAs center and poleward flank. There are however no significant 

Z200 height changes over the SASA and the SISA centers with the positive height 

changes in response to increases SPCZ heating confined to the poleward flanks of the 

SASA and the SISA. 

 

The transient eddy variance (V’V’) at 300hPa shows a physically-consistent response. 

The large belt of decreased SLP throughout the mid- to high-latitude SH shown in Fig. 3b 

is accompanied by a poleward shift in the storm tracks at most longitudes. However, the 

low pressure area extending towards the SASA in Fig. 3b (around 120oW and 50oS) is 

accompanied by an increase in eddy variance, somewhat to the south and west of the 

SASA. 
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Fig. 6: 30-year DJF mean CESM2 CAM6 divergence at 200hPa (unit: *1e-6 s-1) for (a) 
the Added Cooling runs, (b) the Added Heating runs, (c) the difference between the 
Added Cooling run and the controls run, and (d) the difference between the Added 
Heating runs and the control run. The 200hPa wind divergence is plotted as a vector 
(unit: m/s). The geopotential height at 200hPa (unit: *1e3 m2s-2) for (e) the difference 
between the Added Cooling runs and the control run, and (f) the difference between the 
Added Heating runs and the control run. The difference between the Added Cooling and 
Added Heating experiments is shown for (i) the divergence at 200hPa and (j) the 
geopotential height at 200hPa. The figures are stippled at 95% significance computed 
using a difference of means t-test. 
 
 
 
As mentioned in the methods section, while this compositing approach helps to isolate 

the role of SPCZ heating within inter-annual SH SLP and storm track variability, it does 

not truly separate the role of the SPCZ from the influence of other modes of interannual 
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variability. This motivates the analysis presented in the next section on the result from 

our prescribed SPCZ heating experiments.   

 

  3.2. CAM6 Numerical Heating Experiments 

 

The DJF climatological mean SLP from the Added Cooling experiments shows 

significant changes in the SH subtropical and midlatitude atmospheric circulation 

compared to the control run (Fig. 5 a, c, e, & g). Due to a weakened SPCZ heating, a 

wave train of SLP anomaly pattern is generated over the SH subtropics (Fig. 5 e & g). 

The negative SLP anomaly pattern over the Pacific Ocean projects onto the center of the 

SPSA in response to weakened SPCZ heating, consistent with the change found in the 

ERA-Interim composite analysis. In the Added Cooling experiment, the area of the SPSA 

center (1025hPa contour) is very small. In contrast, in the Added Heating experiment, the 

size of the center of the SPSA increases and extends westward compared to the Control 

simulation (Fig. 5 f & h). Interestingly, SLP changes at the center of the SASA in the 

Added Cooling experiment (Fig. 5 g) is significant at the 95% level, but not in the Added 

Heating experiment (Fig. 5h). In contrast, the Added Heating over the SPCZ region 

increases the SPSAs area and strength by generating Rossby wave SLP train anomalies 

(Fig. 5 b, d, f, & h). The extreme case scenario of Added Heating – Added Cooling 

experiments show the intensified SPSAs strength due to increased SPCZ heating during 

DJF (Fig. 5 i & j). We again see (in Figs. 5g and 5j) a strong suggestion of a poleward 
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propagating wave train which reaches a turning latitude and then propagates equatorward, 

influencing the SASA. 

 
 
 

 

Fig. 7: 30-year DJF mean CESM2 CAM6 U’U’ at 300hPa (unit: m2s2) for (a) the 
difference between the Added Cooling runs and the control run, (b) the difference 
between the Added Heating runs and the control run. V’V’ at 300hPa (unit: m2s2) for (c) 
the difference between the Added Cooling runs and the control run, (d) the difference 
between the Added Heating runs and the control run. The difference between the Added 
Cooling runs and the Added Heating runs is shown for (e) U’U’ at 300hPa and (f) V’V’ 
at 300hPa. The figures are stippled at 95% significance computed using a difference of 
means t-test.  
 
 
 
Analysis of the 200hPa divergence in these simulation shows that a decrease in heating 

over the SPCZ region leads to a decrease in divergence and divergent wind (wind 

component of the divergence) in the upper troposphere (Figs. 6 a, c, &e). The SPCZ 

heating change triggers a Rossby wave train over the SH subtropics and midlatitudes by 

changing the upper-level divergence and divergent wind. The SLP anomalies and Z200 
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height changes due to changes in the heating are consistent, again showing a stationary 

Rossby wave which propagates poleward and turns. In the cooling experiment, there is a 

decrease in Z200 height consistent with the decrease in SLP over the center and poleward 

flank of the SPSA (Fig. 6e). In contrast, the Z200 height increases over the center of 

SPSA due to increased upper level divergence and heating over the SPCZ region (Figs. 6 

b, d, &f). The Z200 response is consistent with the extreme SPCZ heating change 

scenario (Figs. 6 g & h).  

 

The SPCZ heating also significantly influences the SH storm tracks strength and position. 

The transient eddy zonal velocity (U’U’) at 300hPa and transient eddy meridional 

velocity (V’V’) at 300hPa show that the strength of the SH storminess increases over the 

South Pacific Ocean near the SPSA due to a decrease of the SPCZ heating (Fig. 7 a & c). 

The storm track response seen in Fig. 7c is consistent with the wave train propagation 

seen in Fig. 6e, leading to increased storminess in a region just south of the SASA. The 

storm track response in the Added Heating experiment has a more ambiguous signature 

near the SASA (Figs. 7b and 7d). However, the Added Cooling minus Added Heating 

experiment storm track shifts (Figs. 7e and 7f) show the clear signature of the storm 

tracks influencing the SASA. 
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Section 4. Conclusions and Discussion 

 

The role of austral summer SPCZ heating on subtropical atmospheric circulation in the 

SH has been studied through a series of prescribed cooling/ heating experiments. During 

austral summer (DJF), the center of the SPSA is stronger compared to austral winter 

(JJA). This stands in contrast to the centers of the SASA and SISA, which reach their 

maximum in strength and area during austral winter (JJA). Previous studies have 

attributed the JJA maxima to enhanced NH monsoonal heating. The results of this study 

show that changes in the SPCZ heating, which reaches its seasonal maximum during 

DJF, leads to an enhancement of the area and strength of the center of the SPSA by 

generating a stationary Rossby wave that propagates poleward across the South Pacific 

into the SH midlatitudes, and then turns and propagates equatorward. It is noteworthy 

that the Added Cooling experiments show a much cleaner Rossby wave response 

(compared to the Control) than do the Added Heating experiments. 

 

An SH midlatitude wave train of high- and low-pressure is consistent with an increased 

heating over the SPCZ region during DJF in ERA-Interim composite analysis. The 

positive SLP anomalies project onto the center of the SPSA, leading to an increase in area 

and strength. The Z200 height anomalies show a pattern of increased height consistent 

with an increased SLP anomaly.  
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The AGCM CAM6 is used to analyze the influence of the weakened and strengthened 

SPCZ heating on SH atmospheric circulation. Added Cooling and Added Heating 

prescribed SST experiments are compared with a Control run to investigate the influence 

of SPCZ heating during DJF. Results show there is a Rossby wave train of high and low 

pressure emanating poleward in the SH due to changes in upper-level divergence over the 

SPCZ in response to heating changes. The increased SPCZ heating anomalies force 

anomalous ascent leading to anomalous divergence aloft and hence perturbing the Rossby 

wave source term in the barotropic vorticity equation. The Rossby wave train response in 

the South Pacific Ocean basin occurs over the subtropical to mid-latitude regions, 

whereas in the South Atlantic and Indian Ocean regions the Rossby wave train response 

is only significant over the poleward flank of the SASA and the SISA. In contrast, 

weakened SPCZ heating leads to opposite Rossby wave train response over the SH 

subtropics and midlatitudes that weakens the SPSAs area and strength. However, there is 

no significant SLP changes over the subtropics of South Indian and South Atlantic 

Ocean, except on the poleward flanks. The 200hPa geopotential height also shows a 

height increase over the SPSA in response to increased heating over the SPCZ region, 

and opposite response due to cooling over the SPCZ region.  

 

The magnitude of SLP and Z200 changes in the SH associated with changes in the SPCZ 

heating are broadly consistent between the ERA-Interim composite analysis and the 

CAM6 heating experiments. This implies the imposed Added Heating change over the 

SPCZ region in the CAM6 numerical experiments are reasonable. In the CAM6 runs, 
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there are some forced equatorial heating changes also visible (e.g. over the Maritime 

Continent) due to change of heating over the SPCZ region (Fig. 5 c & d). However, they 

are much smaller in size and magnitude compared to the SPCZ heating changes, and 

likely play a secondary role at best. There is also an opposite response of SLP and Z200 

noticeable between CAM6 Added Heating runs and ERA-Interim (e.g. poleward of 45oS 

at around 90oW) (Fig. 3 & 5). This could be due to the influence of other modes of the 

interannual variability (e.g. Southern Annular Mode, local SST) in the ERA-Interim 

composite analysis.  

  

The heating over the SPCZ region also significantly influences the strength and position 

of the SH storm tracks during austral summer (DJF). The transient heat and momentum 

fluxes and local diabatic heating associated with storm tracks act to indirectly amplify the 

forced response from tropical forcing (Held et al. 1989). So, it is important to understand 

how SH Storm tracks responses due to changes in the heating over the SPCZ. The SH 

storm track is shifted poleward due to the increased SPCZ heating in both ERA-Interim 

and CAM6. The baroclinic eddy growth and strength of storminess decreases where SLP 

associated with the Rossby wave train has positive anomalies due to change in the SPCZ 

heating. In contrast, weakened SPCZ heating leads to increased seasonal mean storminess 

over the equatorward SH storm tracks. 

 

Although the seasonal cycles of SH SAs are similar, the area and strength of SAs are 

overestimated (~7-10hPa) in the CAM6 runs with prescribed SST compared to the ERA-
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Interim reanalysis (Fig. 1 & supplementary Fig. S2). A similar bias in the seasonal cycle 

of SA is also present in the coupled CESM model run from CMIP5 and CMIP6 

simulation (Fahad et al. 2020). The bias in the SAs in the CAM6 during both seasons 

could be due to intensified local land-sea diabatic heating differences, overestimating 

tropical diabatic heating, or both. Future work will focus on the role of climatological 

biases in diabatic heating in the development of the climatological biases seen in the 

strength and seasonal cycle of the SH SAs and midlatitude atmospheric circulation in 

CAM6 prescribed SST and coupled CESM historical simulations. 
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CHAPTER THREE  
 

HOW WILL SOUTHERN HEMISPHERE SUBTROPICAL ANTICYCLONES 
RESPOND TO GLOBAL WARMING? – MECHANISMS AND SEASONALITY 

IN CMIP5 AND CMIP6 MODEL PROJECTIONS 
 
 
The anticyclonic high-pressure systems over the southern-hemisphere, subtropical oceans 

have a significant influence on regional climate. Previous studies of how these 

subtropical anticyclones will change under global warming have focused on austral 

summer while the winter season has remained largely uninvestigated, together with the 

extent to which the dominant mechanisms proposed to explain the multi-model-mean 

changes similarly explain the inter-model spread in projections. This study addresses 

these gaps by focusing on the mechanisms that drive the spread in projected future 

changes across the Coupled Model Intercomparison Project Phase 5 and 6 archives 

during both the summer and winter seasons. The southern hemisphere anticyclones 

intensify in strength at their center and poleward flank during both seasons in the future 

projections analyzed. The inter-model spread in projected local diabatic heating changes 

accounts for a considerable amount of the inter-model spread in the response of the South 

Pacific anticyclone during both seasons. However, model differences in projected zonal-

mean tropospheric static stability changes, which in turn influence baroclinic eddy 

growth, are most influential in determining the often-strong increases in sea level 

pressure seen along the poleward flank of all the anticyclones during both seasons. 

Increased zonal-mean tropospheric static stability over the subtropics is consistent with 

the poleward shift in Hadley cell edge and zonal-mean sea level pressure increases. The 

results suggest that differences in the extent of tropical-upper-tropospheric and 
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subtropical-lower-tropospheric warming in the southern hemisphere, via their influence 

on tropospheric static stability, will largely determine the fate of the anticyclones over the 

coming century. 

 

Section 1. Introduction 

 

Subtropical Anticyclones (SAs), also known as Subtropical Highs, are semi-permanent 

high-pressure systems that cover 40% of the Earth and are centered around 30º latitude in 

both the Northern Hemisphere (NH) and Southern Hemisphere (SH). While the NH 

supports only two permanent SAs over its subtropical ocean basins, the North Pacific SA 

and North Atlantic SA, the SH supports three SAs, the South Pacific SA (SPSA), South 

Atlantic SA (SASA), and South Indian SA (SISA) (Fig. 1, Fig. S1). SAs are an essential 

part of the large-scale atmospheric circulation that connects the midlatitude westerly and 

tropical easterly circulation regimes. Subtropical midlatitude weather and climate in both 

hemispheres is tightly linked to the nature of the SAs through their influence on local Sea 

Surface Temperature (SST), precipitation, and the subtropical ocean gyres. SAs play a 

significant role in regional precipitation by affecting moisture transport between the 

midlatitude and tropical regions and hence regional precipitation variability over East 

Asia and Southern USA (e.g. Gamble et al. 2008; Zhou et al. 2009), South America 

(Brazil, Peru) (e.g. Doyle and Barros 2002; Reboita et al. 2010), Southern Africa (e.g. 

Burls et al. 2019). Understanding how SAs will respond under global warming condition 

is a crucial element of future climate projections for these regions. 
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Fig. 1: Era-Interim (1979-2016) climatology for (a) DJF and (b) JJA seasonal mean SLP 
(shaded) (unit: hPa), and 925hPa winds (vector) (unit: m/s).  The 1020hPa SLP isobar of 
the Era-Interim is contoured in black, the CMIP5 Historical MMM contoured in white, 
and the CMIP6 Historical MMM contoured in blue to highlight the climatological 
position of each SH SA. 
 
 
 
SAs primarily owe their existence to the descending branch of the Hadley Cell in each 

hemisphere. Hadley circulation is strongest in the winter hemisphere, with enhanced 

poleward energy transport from the warm tropics to the colder hemisphere. The strength 

of the winter hemisphere’s Hadley cell also depends on the strength of heating over the 

summer hemisphere’s continents (Lee et al. 2013). Given that the descending branch of 

each Hadley cell is at its strongest during local winter, one would expect the SAs to be 

reach their maximum strength during December-January-February (DJF) in the NH, and 

June-July-August (JJA) in the SH. This is not however the case for the NH. Generally 
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speaking, the SAs reach their climatological maximum in both area and strength during 

local summer in the NH and local winter in the SH (Hoskins 1996; Rodwell and Hoskins 

2001; Seager et al. 2003; Nigam and Chan 2009).  

 

This distinct behavior of the NH SAs points to the influence of additional processes 

controlling the strength of the SAs and has provided the motivation for several studies. 

Hoskins (1996) first highlighted that one of these processes is monsoonal heating over 

continents to the east of an ocean basin. The associated diabatic heating generates a 

Rossby wave response that leads to descent north-west of the monsoonal heating and 

therefore enhances the strength of the SA over the eastern side of the given ocean basin. 

Later Rodwell and Hoskins (2001) and Chen et al. (2001) showed monsoonal heating on 

both continents surrounding a subtropical ocean contribute to the strengthening of SAs. 

Wu and Liu (2003) show that diabatic heating differences over land and ocean play a 

significant role in the development and intensification of summer SAs by creating 

subsidence over the eastern flank of the ocean and ascent over the adjacent continents. As 

a result, even though the zonal mean component is weaker during NH summer due to 

weak Hadley cell descend, strong Asian and North American monsoonal heating creates 

a strong zonally asymmetric component in subtropical Sea Level Pressure (SLP) that 

leads to North Pacific SA and North Atlantic SA summer maxima (Hoskins 1996; Wu 

and Liu 2003; Nigam and Chan 2009). In contrast, summer monsoonal heating over the 

continents on the SH is not as strong as NH summer monsoonal heating and therefore 

maximum SH Hadley cell descent during JJA leads to the seasonal maximum area and 
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intensity of SH SAs. One exception is the SPSA which is in fact stronger in DJF 

compared to JJA (Fig.1, Fig. S1). Previous studies have not discussed this feature before, 

and we are preparing a follow-up article focusing on this unique property of the SPSA.  

 
 
 

 
Fig. 2: MMM change (Future projection – Historical) of CMIP5 (a) DJF and (b) JJA, and 
CMIP6 (c) DJF and (d) JJA seasonal mean of SLP (shaded; stippled at 95% significance 
level) (unit: hPa), and wind at 925 hPa (vector grey) (unit: m/s).  The 1020hPa Historical 
SLP isobar is contoured in black and the future projection isobar is contoured in blue. 
Contour plots are stippled when there is at least 75% agreement on the sign of the SLP 
change (see text for details). 
 
 
 
For winter SAs, Rodwell and Hoskins (2001) argue that local orography helps to shape 

SA location, especially in the SH. Richter et al. (2008) show that the descending area of 

the SH SAs (specifically the SASA and SISA) during local winter (JJA) is simulated best 

by climate models that simulate the major NH local summer monsoons well, given the 

influence of NH major summer monsoon heating on SA’s in the SH (Lee et al., 2013).  

 

Recent studies, using observed and reanalysis datasets, show that there is a significant 

SLP trend in recent decades in the SH subtropical regions (Gillett et al. 2003; Gillett and 
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Stott 2009; Grise et al. 2018; Staten et al. 2018; Vizy et al. 2018; Burls et al. 2019). The 

area and intensity of the SH SAs have increased in strength and extended towards the 

pole during both summer and winter seasons. This positive SH subtropical SLP trend is 

largely attributed to the expansion of the tropical circulation belt and poleward shift of 

the Hadley Cell edge due to tropical upper tropospheric warming and high latitude lower 

stratospheric cooling (Gillett and Stott 2009; Grise et al. 2018). 

 
 
 

 
Fig. 3: Projected changes in SH SAs (a/c) 1020hPa area (unit: km2), and (b/d) SLP index 
(unit: hPa) for (a/b) CMIP5 and (c/d) CMIP6. Light red shows DJF and light blue shows 
JJA. The middle violet lines represent the median change and the green triangles 
represent the mean change of all the models. The bottom and top of the boxes represent 
the first and third quartile. The black caps lines represent the minimum and maximum 
change respectively. 
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Several studies have investigated the impact of global warming on SA properties in both 

hemispheres during local summer in future climate projections (Li et al. 2012, 2013; He 

et al. 2017). Li et al. (2013) evaluated subtropical stream functions in ERA-40 reanalysis 

data compared with Coupled Model Intercomparison Project Phase 3 (CMIP3) and Phase 

5 (CMIP5) multi model projections to show that all three summertime SH SAs are likely 

to move poleward and intensify over the SH subtropical oceans during DJF. They find 

that the increased area and intensity is due to increased land-sea thermal contrast, 

characterized by increased longwave cooling over the eastern flank of the subtropical 

ocean basin and increased sensible and latent heating over the adjacent continents. Using 

an idealized general circulation model (IGCM), Li et al. (2013) show that prescribing the 

diabatic heating changes seen in RCP8.5 relative to Historical over the subtropical oceans 

and surrounding lands produces similar SH SA stream function changes in the IGCM as 

in the CMIP Multi Model Mean (MMM). Li et al. (2013) also suggest that local 

feedbacks between the SAs and marine boundary layer clouds can contribute to summer 

SH SA changes in a manner consistent with the current understanding of the dynamical 

forcings of summer SAs. 

 

Based on changes in subsidence at 700hPa, and focusing on the equatorward flank (10o-

40o latitude), He et al. (2017) find that the summer SH SAs (SASA and SISA) weaken in 

the RCP8.5 MMM (2050-2099) compared to Historical (1950-1999). He et al. (2017) 

diagnose the relative contribution of changes in horizontal temperature advection, 

adiabatic heating, and diabatic heating to local changes in the steady state temperature 
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equation. Their analysis suggests that zonal mean tropospheric static stability and local 

diabatic heating changes are the dominant mechanisms leading to the SA changes in a 

warming climate. He et al. (2017) attribute the weakening seen along the equatorward 

flanks of the SH SAs to zonal mean static stability increases following the “positive mean 

advection of stratification change (MASC)” mechanism of Ma et al. (2012). 

 
 
 

 
Fig. 4: MMM zonal mean SLP (unit: hPa) as a function of the SH latitude for (a) DJF 
and (b) JJA. The CMIP5 MMM line is plotted in blue, and CMIP6 MMM line is plotted 
in orange color. The solid line shows the Historical CMIP5 MMM and the dotted line 
shows the future projections. The black solid line shows Era-Interim climatology of 
averaged over 1979-2016.  
 
 
 
In addition to studies that have investigated the mechanisms supporting changes in the 

SH SAs (the zonally asymmetric component), there is a large body of literature on the 

mechanisms driving changes in the zonal mean component, specifically Hadley Cell 

expansion (Tandon et al. 2013; Waugh et al. 2015; Staten et al. 2018). Previous studies 
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have shown that an intensification of the equator to pole temperature gradient on the 

poleward edge can lead to a poleward shift in baroclinic instability and the zonal-mean 

Hadley Cell edge (Lu et al. 2008). Using the Phillips Criterion metric for baroclinic 

instability, Lu et al. (2008) show that the SH Hadley Cell edge shifts poleward when 

there is a decrease in baroclinic eddy growth under global warming conditions.  Due to 

high latitude lower stratospheric cooling and tropical upper tropospheric heating, static 

stability increases, stabilizing baroclinic eddy growth on the equatorward flank of the 

storm tracks. As a result, the decreased baroclinic eddy growth can be viewed as leading 

to the poleward shift in the Hadley cell in SH summer (Lu et al., 2008). Recently, Song et 

al. (2018a, b) show that simulated future changes in the zonally symmetric component of 

the NH SAs largely depends on the seasonal delay of the northward shift of tropical 

rainfall belts from spring to summer in a warmer climate.  

 

While these studies focus on summer, little research has been conducted on the behavior 

of the winter SH SAs in a warming climate. The focus of this study is to analyze both the 

summer (DJF) and winter (JJA) SLP and anticyclonic wind changes associated with the 

SH SAs in future global warming scenarios from both CMIP5 (RCP 8.5) and CIMP6 

(SSP585). As reviewed above, previous studies have identified three dominant 

mechanisms that could drive SH SA changes: local diabatic heating changes (Li et al., 

2012; He et al., 2017); zonal-mean static stability changes via the MASC mechanism (He 

et al., 2017); and changes in the large-scale conditions promoting baroclinic eddy growth 

(Lu et al. 2008).  
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Fig. 5: (Left) CMIP5 MMM change (RCP8.5– Historical) of the DJF seasonal mean (a) 
SLP (unit: hPa), (c) Diabatic Heating (unit: W/m2), (e) Static Stability (unit: 1x10-5 s-2), 
(g) C, and (i) CS. (Right) (b) Standard deviation of SLP change across models (unit: hPa), 
and (d-j) correlation between SLP change and the respective variable change from the 
corresponding left panel. The 1020hPa isobar from the MMM projection is contoured in 
blue. The plots are stippled at 75% agreement for the MMM change plots, and 95% 
significance level for the correlation plots (see text for details). The index domain for 
each SA is shown as a contoured black box in a & b. 
 
 
 
Here we evaluate the extent to which the variables associated with these mechanisms 

change within the MMM of the chosen CMIP5 and CMIP6 scenarios, as well as their 

ability to explain the CMIP inter-model spread of SH SAs strength change in both SH 
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summer (DJF) and winter (JJA). The layout of this study is structured as follows: Section 

2 provides a description of the methods used; Section 3 the results of our analysis broken 

down into two main subsection, the first broadly describe the simulated changes in both 

CMIP5 and CMIP6 and the second investigate the relationship with the mechanisms 

proposed above; Section 4 presents the summary and conclusions of this study. 

 
Section 2. Methodology 

 

In this study, the CMIP5 and CMIP6 Historical experiments forced by observed historical 

forcing are taken to represent present-day climate (years 1950-1999) and are compared 

with the CMIP5 representative concentration pathway 8.5 (RCP8.5) experiment (years 

2050-2099) and the CMIP6 ScenarioMIP SSP585 experiment (years 2050-2099). The 

ensemble-mean (when more than one realization is available) for each of the 21 CMIP5 

models (Supplementary Table S1) and 12 CMIP6 models (Supplementary Table S2) is 

analyzed. Given that 68% inter-model consistency, if the models were independent of 

each other, is equivalent to 95% statistical significance determined by a student t-test 

(Power et al. 2012; He et al. 2017), the MMM change of a variable is stippled at each 

grid point where at least 75% (to make the 21 CMIP5 and 12 CMIP6 models sample 

critical value somewhat strict) of the models agree on the change of sign. The correlation 

maps are stippled at the 95% significance level. The CMIP6 archive correlation maps are 

calculated based on available data as some models have missing data points, especially in 

CMIP6 DJF over the SH high latitudes. The reanalysis dataset ERA-Interim (Dee et al. 
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2011) is used in this study to compare the climatological position of SAs with CMIP5 

and CMIP6 historical projections.  

 

We evaluate the change in SAs using two indices: an area index and a SLP change index. 

The area of each SA is computed as the area encompassed by the 1020hPa isobar. 

Climatologically, subtropical anticyclones are centered towards the eastern flank of the 

subtropical ocean basins, and shift ~5o towards the pole in local summer (Fig. 1, Fig. S1). 

To account for this seasonality, and target the region of maximum MMM SLP change 

near the center and along the poleward flank of each SA (Fig. 2), the latitudinal extent of 

each SLP change index region is 25oS to 45oS for DJF and 20oS to 40oS for JJA. The 

longitudinal extent is 112oW-80oW for the SPSA index, 30oW-5oE for the SASA index, 

and 60oE-105oE for the SISA index (Figs. 5, 6, 8, & 9). A zonal mean SH SLP index is 

also calculated using the same seasonally varying latitude domain as stated above. The 

Hadley cell edge is defined here as the latitudinal position of maximum SLP in the SH. 

The latitude of the maximum zonal mean SLP is calculated by fitting a quadratic to the 

maximum SLP grid point in the SH and the two grid points either side of it. The latitude 

at which this quadratic maximizes is then used as the latitude of maximum zonal SLP. 

 

We focus on three main mechanisms identified in previous literature: local diabatic 

heating, local static stability, and baroclinic instability change. The net diabatic heating 

for each grid cell’s atmospheric column is calculated as the sum of net longwave 

radiation, net shortwave radiation, sensible heating, and latent heating following Li et al 
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(2013). The sensible heating is taken from model’s surface sensible heat flux. The latent 

heating is converted from precipitation rate: Precipitation × L, where L = 2.5×106 J/kg. 

The net heating due to longwave and shortwave radiation is taken as the residual going 

into the atmosphere column (top of the atmosphere - surface).  

 

The static stability of the atmosphere (buoyancy frequency N2) is calculated as: 

 

92 = *$ ∗
+$
+,  (1) 

 

Where N2 > 0 when the stratification is stable, and N2 < 0 when the stratification is 

unstable. In this study N2 is vertically averaged between 925hPa and 300hPa to make our 

analysis comparable to that of He et al. (2017).  

 

Following Lu et al. (2008), changes in the conditions promoting baroclinic instability are 

evaluated with the following metric used in the Phillips Criterion (1954) for baroclinic 

instability: 

 

; ≡ 	 -"(/#$$0/%&'())∗	34*5($#$$0$%&'())
   (2) 

 

The conditions promoting baroclinic eddy growth increase with increasing C. The C 

change can be decomposed into changes due to static stability (CS), or the zonal wind 

component (Cw). 
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=;6 = −	-"(/#$$0/%&'())*∗7($#$$0$%&'())∗	34*5($#$$0$%&'())"*
   (3) 

 

=;8 =	 -
"∗7(/#$$0/%&'())∗	3
4*5($#$$0$%&'())*

   (4) 

 

Where = is the difference between RCP8.5/SSP585 and Historical, H is the geometric 

height of the column - lower level (average between 850hPa and 1000hPa) to 500hPa, 

and > is a reference potential temperature (300K). The subscript ℎ refers to the Historical 

climatology (1950-1999). Given that baroclinic eddy growth is affected more by the 

lower-level tropospheric baroclinicity (Held and O’Brien 1992), the vertical zonal 

component of wind shear and potential temperature difference are taken between 500hPa 

and the lower level (where the lower level is defined as the averaged between 850hPa and 

1000hPa).  
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Fig. 6: Same as Fig.5, except for CMIP6 DJF. 
 
 
 

Section 3. Results 

3.1. The Response of the Southern Hemisphere Subtropical Anticyclones in Future 

Projections 

 

We begin by evaluating the area and intensity change of each SH SA between the future 

projection (2050-2099) and historical (1950-1999) CMIP5 and CMIP6 MMM (Figs. 2 & 
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3). For DJF, SLP decreases along the equatorward flank of the SASA and SPSA, whereas 

it increases slightly along the equatorward flank of the SISA (Fig. 2a & 2c). In contrast, 

all three SH SAs intensify at their center and along their poleward flank in DJF. The 

1020hPa SA area increases for all of the SH SAs and extends poleward. All of the SH 

SAs also extend further westward during DJF, specifically the SPSA. In the CMIP5 

MMM, the SISA area index experiences the greatest relative increase (1.7x106 km2, a 

388% increase) during DJF (Figs. 2 & 3, supplementary Table S3). The SPSA also 

increases significantly in area (2.7x106 km2, a 161% increase). These two SAs also 

experience the largest relative increase in DJF area in the CMIP6 MMM (Figs. 2 & 3, 

supplementary Table S4). However, the projected changes in area are not as dramatic in 

the MMM of the CMIP6 models analyzed. The SPSA increase in area by 3.7x106 km2 

(91% increase), the SASA increases in area by 9x105 km2 (66% increase), and the SISA 

increases in area by 1.28x106 km2 (93% increase) (Figs. 2 & 3, supplementary Table S4). 

It is worth noting that the Historical DJF area is larger to begin with in the CMIP6 MMM 

compared to the CMIP5 MMM (Fig. 1). 

 
During JJA, SLP at the center and poleward flank of all SH SAs similarly increase, with 

the latitude of maximum increase shifted between ~5-10°N relative to DJF (Fig. 2). 

Unlike in DJF, the weakening of SLPs on the equatorward flank of the SAs is limited to 

the far eastern parts of the Pacific and Atlantic basins in JJA. All of the SH SAs increase 

in area during JJA, extending further towards the pole (Figs. 2 & 3). In CMIP5, the 

projected JJA changes in area are largest for the SPSA (2x106 km2, 217% increase), 

whereas the SISA shows the largest increase in intensity (1.474 hPa) (Figs. 2 & 3, 
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supplementary Table S3). In CMIP6, the SPSA experiences the largest increase in area 

(3.6x106 km2, 350% increase), and intensity (1.962 hPa) (Figs. 2 & 3, supplementary 

Table S4). 

 
 
 

 
Fig. 7: Scatter plots evaluating the relationship between DJF SLP index changes and the 
corresponding (a-d) diabatic heating changes averaged over the respective index regions; 
(e-h) zonal-mean static stability changes averaged over the latitudinal extent of the index 
regions; (i-l) C changes averaged over the respective index regions. (a/e/i) SPSA, (b/f/j) 
SASA, (c/g/k) SISA, and (d/g/l) the zonal mean SLP index. The CMIP5 archive results 
are shown in blue and the CMIP6 archive results in orange. The black solid line shows 
the regression calculated using both the CMIP5 and CMIP6 archives. All correlations 
exceeding the 95% significance threshold have dark shading. 
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During both DJF and JJA, the regions of decreased and increased SLP are associated with 

cyclonic and anticyclonic circulation anomalies in the 925hPa wind field, respectively 

(Fig. 2). In all three SH ocean basins the trade winds (which are a part of the equatorward 

flank) increase and shift poleward in both seasons (Fig. 2).  

 

In the zonal mean, SLP increases in strength in both seasons and in both the CMIP5 and 

CMIP6 archive (Fig. 4). The zonal-mean SLP experiences a much larger increase in 

strength over the subtropics during JJA. The latitude of maximum zonal-mean SLP shifts 

poleward by 1.2oS in the CMIP5 and 1.3oS in CMIP6 during DJF (Fig. 4). The latitude of 

zonal mean maximum SLP shifts poleward by 1.2oS in the CMIP5 and 1.2oS in the 

CMIP6 during JJA (Fig. 4). 

 

Although most of the models agree on the sign of the SLP changes associated with the 

SH SAs in future projections, considerable variability exists across the CMIP5 and 

CMIP6 models during both DJF and JJA (Fig. 3, Figs. 5b, 6b, 8b & 9b). The model 

spread in the 1020hPa area change is the largest for the SPSA during both seasons in both 

CMIP5 and CMIP6 (Fig. 3). The standard deviations in SLP change across both the 

CMIP5 and CMIP6 models in both seasons shows that the inter-model spread increases 

from the subtropics to the poleward flank of the SH SAs (Figs. 5b, 6b, 8b & 9b). 
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3.2. Mechanisms driving Multi-Model-Mean Changes and the Inter-model Spread 

 

 
Fig. 8: Same as Fig. 5, except for CMIP5 JJA. 
 
 
 
 
3.2.1. Diabatic Heating Changes  

 

During local summer (DJF), net diabatic heating increases over the SH continents and 

decreases over the eastern and poleward flanks of each ocean basin in the MMM of both 
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the CMIP5 and CMIP6 future projections (Figs. 5c & 6c). Local decreases in net diabatic 

heating (enhanced diabatic cooling) are consistent with local increases in SLP and appear 

to explain a large portion of the model spread - particularly for the SPSA and SISA 

across the CMIP5 (Fig. 5d) and CMIP6 (Fig. 6d) models (Figs. 7a & 7c). Variability in 

the magnitude of SASA changes across both the CMIP5 and CMIP6 model is not as 

clearly linked to local diabatic heating changes (Fig. 7b). These differences between 

basins in the extent to which local diabatic heating changes correspond with projected 

SLP changes across the models (Figs. 5d & 6d & 7) appears to be somewhat linked to the 

magnitude of the local diabatic heating changes in the MMM and the transition regions 

(Figs. 5c & 6c). The zonal mean SLP index is only weakly correlated with the projected 

changes in zonal mean diabatic heating (Fig. 7d). 

 

Climatologically, diabatic heating over the continents is weak during austral winter (JJA) 

and diabatic cooling over the subtropical oceans in the SH reaches its maximum. JJA net 

diabatic heating decreases over large parts of the SH ocean basins in the MMM CMIP5 

and CMIP6 projections, with change maxima occurring somewhat north of the regions of 

maximum SLP increase (Figs. 8a, 9a, 8c & 9c). During JJA, the correlation across 

models between local diabatic heating changes and changes in the respective SLP indices 

is strongest for the SPSA (Figs. 10). This correlation between the SPSA index and local 

diabatic heating changes is stronger in CMIP6 than CMIP5 (Fig. 10), but this could be a 

function of differences in sample size (an aspect to keep in mind when comparing the 

CMIP5 versus CMIP6 inter-model spread results).  
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Fig. 9: Same as Fig. 5, except for CMIP6 JJA. 
 

 
 
For the SASA and SISA the contrast between CMIP5 and CMIP6 is starker, with less of 

the model spread in the SASA and SISA change explained by diabatic heating changes. 

Looking at the spatial patterns in the local correlation between SLP change and diabatic 

heating change across the models, the spread in diabatic heating changes across the 

CMIP5 models appears to be more strongly associated with local SLP changes in the 
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SASA and SISA regions than in CMIP6, while strong correlations are seen in the SPSA 

regions in both CMIP5 and CMIP6 (Figs. 8d & 9d). The zonal mean SLP change index is 

also significantly correlated (-0.81) during JJA with zonal mean diabatic heating change 

in the CMIP5 archive, whereas the correlation weakens across the CMIP6 models (-0.22) 

(Fig. 10). 

 
 
 

 
Fig. 10: Scatter plots evaluating the relationship between JJA SLP index changes and the 
corresponding (a-d) diabatic heating changes averaged over the respective index regions; 
(e-h) zonal-mean static stability changes averaged over the latitudinal extent of the index 
regions; (i-l) C changes averaged over the respective index regions. (a/e/i) SPSA, (b/f/j) 
SASA, (c/g/k) SISA, and (d/g/l) the zonal mean SLP index. The CMIP5 archive results 
are shown in blue and the CMIP6 archive results in orange. The black solid line shows 
the regression calculated using both the CMIP5 and CMIP6 archives. All correlations 
exceeding the 95% significance threshold have dark shading. 
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3.2.2. Static Stability Changes 

 
With the exception of the high latitude NH during DJF, enhanced warming of the upper 

to mid troposphere leads to MMM static stability increases (Figs. 11-13). Static stability 

averaged between 925hPa and 300hPa increases over all SH ocean basins in the MMM of 

future projections during both seasons (Figs. 5e, 6e, 8e & 9e), with the largest static 

stability increases occurring along the equatorward flank of the SPSA and SASA.  

 
 
 

  
Fig. 11: Future projection – Historical (a/c) CMIP5 and (b/d) CMIP6 MMM potential 
temperature change (K) shown for (a/b) DJF, and (c/d) JJA. Contour plots are stippled at 
75% significance level (see text for details). (e/f) Scatter plots evaluating the relationship 
between zonal mean tropical (10oS to 10oN) diabatic heating change and zonal mean 
(vertically averaged between 925hPa-300hPa) subtropical (25oS to 45oS for DJF and 20oS 
to 40oS for JJA) static stability (N2) change for (e) DJF and (f) JJA. The CMIP5 archive 
results are shown in blue and the CMIP6 archive results in orange. The black solid line 
shows the regression calculated using both the CMIP5 and CMIP6 archives. All 
correlations exceeding the 95% significance threshold have dark shading in scatter plots. 
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In the MMM these static stability changes are largely the result of enhanced tropical 

latent heat release raising temperatures in the upper tropical troposphere (Fig. 11) (Lu et 

al. 2008; Ma et al. 2012). When it comes to the inter-model spread in projected zonal-

mean subtropical static stability changes, the connection with projected changes in 

vertically integrated zonal mean tropical diabatic heating (averaged between 10oN and 

10oS) is weak for DJF (with the exception of the CMIP6 sample) (Fig. 11e), but it is 

significant for JJA (Fig. 11f). This result points to the variability across models in 

subtropical lower tropospheric warming playing an equally important role in dictating the 

nature of subtropical static stability changes as variability in tropical diabatic heating, 

particularly for DJF. 

 

He et al. (2017) attribute the DJF SLP weakening seen along the equatorward flank of the 

SAs (Figs. 5a & 6a) to the zonal-mean increase in static stability via the MASC 

mechanism (Ma et al, 2012). Interestingly however, differences in zonal-mean static 

stability changes across the models have no significant negative relationship with the 

spread in DJF SLP changes along the equatorward flank (Figs. 5f & 6f). Along the 

poleward flank on the other hand, the DJF spread in zonal-mean static stability changes 

are positively (rather than negatively) correlated with the spread in CMIP5 (Fig. 5f) and 

CMIP6 (Fig. 6f) SLP change. Similarly, for JJA a positive correlation is seen between 

subtropical SLP change and zonal-mean tropospheric static stability change across the 

models (Figs. 8f & 9f). Note that the correlations shown in Figs. 5e, 6e, 8e & 9e are 

between the zonal-mean static stability and local SLP changes at every grid point. This is 
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done because static stability changes can force the circulation change or be forced by the 

circulation change (He et al. 2017). Given that the high correlations seen between 

subtropical zonal-mean static stability changes and SLP changes are opposite in sign to 

that expected based on the MASC mechanism described He et al. (2017), there has to be 

a different process explaining this relationship (Figs. 7 & 10). It should be noted that 

while the model spread in static stability changes and hence the MASC mechanism do 

not appear to explain the model spread in SLP responses along the equatorward flank of 

the SAs, our analysis does not rule it out as the mechanism driving the MMM weakening 

(Figs. 5a&e, 6a&e, 8a&e, & 9a&e) as found by He et al., (2017). 

 
 
 

 

 
Fig. 12: The CMIP5 zonal mean static stability changes (unit: 1x10-5 s-2) between future 
projection and Historical MMM shown in for (a) DJF, and (d) JJA. The correlation across 
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models between the change in SH Hadley cell edge latitude and static stability is shown 
in (b) for DJF, and (e) JJA. The correlation between the zonal mean SLP index change 
and static stability change is shown in (c) for DJF, and (f) JJA. The plots are stippled at 
75% significance level for change, and 95% significance level for correlation (see text for 
details). 
 
 
 

3.2.3. Conditions Promoting Baroclinic Instability: 

 

The conditions promoting baroclinic instability are evaluated using changes in the 

Phillips Criterion metric for eddy growth, C, which occur due to changes in both zonal 

wind shear and static stability (500hPa – lower level). During DJF, C moderately 

increases in parts of the equatorward flank of the SPSA and SASA (Figs. 5g & 6g). 

However, C decreases along the poleward flank of all SH SAs (Figs. 5g & 6g). These 

decreases in C are consistent with the amplified SLP changes along the poleward flank of 

the SAs, as decreases in the conditions promoting eddy growth correspond with regions 

of SLP increase. Moreover, across the CMIP5 (Fig. 5h) and CMIP6 (Fig. 6h) models, this 

mechanism is strongly related to the spread in DJF SLP responses along the poleward 

flank of the SAs. When looking at the SA intensity indices (Fig. 7), which capture 

changes across the whole SA region rather than just the poleward flank, the correlation 

between these variables across models is lower than along the poleward flank (Figs. 5h & 

6h). Nevertheless, the relationship with C changes is stronger over the SASA and SISA 

(Fig. 7). During JJA, there are similarly decreases in C along the poleward flank of all SH 

SAs (Figs. 8g and 9g). When looking at the JJA SA intensity indices (Fig. 10), the 

correlation between projected SLP and C change is also significant, specially over the 



68 
 

SASA and SISA, but once again the index captures changes across the whole SA region 

rather than just the poleward flank such that the correlation between these variables 

across models is lower than what is seen along the poleward flank in the spatial 

correlation plots (Figs. 8h & 9h). 

 
 
 

 
Fig. 13: Same as fig.12, except for CMIP6. 
 
 
 

Interestingly, the Phillips Criterion metric for eddy growth due to only static stability 

change (Cs) explains a significant portion of inter-model variability in SLP change both 

near the center and along the poleward flank of the SAs during both seasons, particularly 

in the CMIP5 archive (Figs. 5j & 8j). Due to changes in the static stability of the 

troposphere, baroclinic eddy growth decreases in the SH subtropical and midlatitude 
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region during both seasons (Figs. 5i, 6i, 8i, & 9i). During DJF, the Cs decrease is 

maximum in a mid-latitude band centered between 40o-50oS, which is largely zonally 

symmetric (Fig. 5i & 6i). The negative correlation between SLP change and Cs change 

along the poleward flank of SH SAs increases in JJA in the CMIP5 archive (Fig. 8j). 

However, the correlation is weaker (relatively speaking) over the SASA and SISA in the 

CMIP6 archive (Fig. 9j). The Phillips Criterion metric for eddy growth due to only zonal 

wind change (Cw) partially explains the SLP changes over the poleward flanks of the 

SASA and SPSA during both seasons, particularly in the CMIP6 archive (supplementary 

Fig. S2 & S3), but positive MMM Cw increases in the center and equatorward flank of 

the SAs acts to counter the static stability induced reductions in C and hence SLP 

increases. This could be one reason why the MMM SLPs increase more along the 

poleward flanks of the SAs than at their centers (Figs. 5a, 6a, 8a & 9a). 

 

The CMIP inter-model spread in the maximum SLP latitude and zonal mean SLP index 

change appears to be largely linked to changes in the conditions prompting baroclinic 

eddy growth in the SH. The changes in the conditions promoting baroclinic eddy growth 

are in turn mostly driven by tropospheric static stability changes. SH zonal mean static 

stability increases most in the upper tropical troposphere and lower midlatitude 

troposphere (Figs. 12a, 12d, 13a & 13d). The correlation across the models shows that the 

latitude of maximum SLP shifts poleward with increased tropospheric static stability in 

future projections (Fig. 12b, 12e, 13b & 13e). The correlation across the models also 

shows that the zonal mean SLP increases over the subtropics with increased tropospheric 
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static stability during both seasons (Fig. 12c, 12f, 13c, & 13f).  

 

Section 4. Conclusions and Discussion 

 

This study assesses both the local summer (DJF) and winter (JJA) projected changes in 

the SH SAs in two future scenarios from the CMIP5 and CMIP6 archives. The 

mechanisms giving rise to these SLP changes in the MMM, as well as the spread in the 

response across models have been investigated. 

 

SLP associated with SH SAs increases during both seasons in the MMM of the CMIP5 

and CMIP6 future projections, with the exception of the equatorward flanks of the SASA 

and SPSA (particularly during DJF). The area and intensity of all SH SAs increases in 

future projection and extends poleward. Although most of the CMIP5 and CMIP6 models 

agree on the sign of SLP changes, there is a large inter-model spread in the magnitude of 

this change, particularly along the poleward flank where the largest MMM changes 

occur. In this study we have investigated the role of local diabatic heating, zonal-mean 

tropical diabatic heating, zonal-mean subtropical static stability, and local changes in the 

conditions promoting baroclinic instability as potential mechanisms that can explain this 

inter-model spread in subtropical SLP change. 

 

Local, MMM diabatic heating decreases substantially over the subtropical ocean basins in 

both seasons, with the strongest changes in the Atlantic and Indian Oceans occurring 
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during JJA. These decreases in local diabatic heating are consistent with local SLP 

increases over the SH subtropical Ocean. The inter-model spread in local diabatic heating 

accounts for a considerable amount of the inter-model spread in SPSA strength changes 

during both DJF and JJA (for both the center of the high as defined by the SPSA intensity 

index and the broader region evident in the spatial correlation maps). In the Atlantic and 

Indian Oceans on the other hand, regions of strong correlation between the inter-model 

spread in local diabatic heating and local SLP changes are more regionally confined and 

differ more between the CMIP5 and CMIP6 samples and seasons. 

 

SH subtropical tropospheric static stability changes substantially in future projections in 

both the CMIP5 and CMIP6 archive. In the MMM, increased latent heating in the upper 

tropical troposphere appears to be the primary driver of the static stability increases over 

the subtropics in both seasons. The inter-model spread in projected tropical diabatic 

heating changes however only explains a portion of the inter-model spread in subtropical 

static stability, suggesting that the model spread in subtropical-to-midlatitude lower 

tropospheric heating plays a comparable role in the spread in static stability changes. 

 

The MMM SLP weakening seen on the equatorward flank of the SH SAs is consistent 

with the MMM zonal-mean static stability increase via the MASC mechanism. There is 

however no significant relationship between the model differences in zonal-mean static 

stability changes and the extent to which SLP weakens in their equatorward flank. On the 

contrary, the correlation across models between zonal-mean static stability change and 
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local SLP change shows significant positive correlations over the center and poleward 

flank during both DJF and JJA. This positive, rather than negative, correlation suggest 

that a mechanism related to zonal-mean static stability changes other than the MASC 

mechanism is impacting the SAs along their poleward flank and therefore, based on the 

results of the previous studies cited in Section 1, the influence of static stability changes 

on the conditions promoting baroclinic instability is investigated. 

 

The Phillips Criterion metric is used to evaluate the contribution of changes in both static 

stability and zonal wind shear towards changes in the conditions promoting baroclinic 

eddy growth. Projected changes in the Phillips Criterion metric, C, indicate a decrease in 

the conditions promoting baroclinic instability along poleward flank of the SH SAs 

during both seasons in both the CMIP5 and CMIP6 MMM, while slight increases are 

seen in the center / equatorward flank to varying degrees depending on CMIP sample and 

season. The MMM decreases in C along the poleward flank of the highs help explain the 

amplified MMM SLP changes in these regions. Similarly, the inter-model spread in 

projected local changes in C accounts for a large amount of the spread in SLP changes in 

several regions along the poleward flanks of the SH SAs. 

 

When focusing on the relative contribution of static stability changes versus zonal wind 

shear changes to the Phillips Criterion metric, the contribution of MMM static stability 

changes to Cs changes alone supports a strengthening of the SAs on both their poleward 

and equatorward flanks - although more so on the poleward flank. Turning to the inter-
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model spread, high correlations are seen across the models between Cs and SLP along 

both the poleward flanks, and to varying degrees the center of the SAs. It is the 

contribution of positive zonal wind shear changes along the equatorward flanks of the 

SAs that acts to increase C in these regions, potentially acting in encourage eddy growth 

and mute SLP increases in these regions. Along the poleward flanks on the other hand, 

both Cs and Cw changes act to suppress eddy grow and increase SLP. The SH Hadley 

cell edge (latitude of maximum SLP) shifts poleward in both seasons in the CMIP5 and 

CMIP6 future projections analyzed.  

 

In summary, our results suggest that the model spread in SH SLP projections results from 

a combination of the spread in local diabatic heating and zonal-mean static stability 

changes. The zonal-mean static stability changes drive the spread in the SAs through their 

influence on the conditions promoting baroclinic instability rather than the MASC 

mechanism. Overall, the results presented in this study suggest that differences in 

warming between the tropical upper troposphere and the subtropical to mid-latitude lower 

troposphere in the SH, via their influence on SH tropospheric static stability, will largely 

determine the fate of the SH SAs over the coming century. 
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CHAPTER FOUR  
 

THE INFLUENCE OF DIRECT RADIATIVE FORCING VERSUS INDIRECT 
SEA SURFACE TEMPERATURE WARMING ON SOUTHERN HEMISPHERE 

SUBTROPICAL ANTICYCLONES 
 

 
Southern hemisphere subtropical anticyclones are projected to change in a warm climate 

during both austral summer and winter. A recent study of CMIP 5 & 6 projections found 

that a combination of local diabatic heating changes and static-stability-induced changes 

in baroclinic eddy growth as the dominant drivers. Yet the underlying mechanisms 

forcing these changes still remain uninvestigated. This study aims to enhance our 

mechanistic understanding of what drives these Southern Hemisphere anticyclones 

changes during both seasons. Using an AGCM, we decompose the response to CO2-

induced warming into two components: (1) fast, direct atmospheric response to CO2 

radiative forcing, and (2) slow atmospheric response due to indirect sea surface 

temperature warming. We further investigate the influence of tropical diabatic heating 

with AGCM added heating experiments. As a complement to our numerical AGCM 

experiments, we analyze the Atmospheric and Cloud Feedback Model Intercomparison 

Project experiments. We find indirect sea surface temperature warming to be the 

dominant mechanism forcing the tropical diabatic heating changes and subtropical static 

stability changes, which in turn give rise to the baroclinic eddy growth changes seen 

along the poleward flank of the anticyclones. Direct radiative forcings of CO2 acts as a 

secondary mechanism. Notably, the tropical diabatic heating changes only play a 

significant role in driving changes in anticyclones during austral winter, implying that 

extra-tropical surface temperature change controls summer static stability change in the 
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Southern Hemisphere. An opposing tug of war response due to the opposing influence of 

direct CO2 radiative forcings and indirect sea surface temperature warming is seen for the 

South Atlantic anticyclone during austral winter. 

 

Section 1. Introduction 

 

Subtropical Anticyclones (SA)s are semi-permanent high-pressure systems that are a 

crucial component of the large-scale atmospheric circulation in both hemispheres. 

Climatologically, SAs in the Southern Hemisphere (SH) drive the precipitation and 

hydrological cycle in subtropics and midlatitudes (Sturman and Tapper 1996; Tyson and 

Preston-Whyte 2000; Reboita et al. 2010). Local precipitation in subtropics are shown 

change in the variability and intensity due to change in the area and strength of SH SAs 

in recent years leading to regional drought extremes (Burls et al. 2019). To understand 

how the weather and climate of SH subtropical and midlatitude regions will change in 

response to global warming, understanding how the SH SAs will response is crucial. In 

this article, we use “change” to describe the difference between a model’s future 

projection (a warmer climate due to external forcings) and the control run of the same 

climate model.  

 

In the simulations conducted with the Coupled Model Intercomparison Project (CMIP) 

models, it is well documented that the subtropical to midlatitude atmospheric circulation 

is significantly affected in both hemispheres under future warming (Li et al. 2012, 2013; 
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Shaw and Voigt 2015; He et al. 2017; Song et al. 2018a; Fahad et al. 2020a) (Fig. 1 a&b). 

The mechanisms that drive SA changes in the Northern Hemisphere (NH) have been 

explored in a number of studies (Li et al. 2012; Shaw and Voigt 2015, 2016; He et al. 

2017; Song et al. 2018a). However, future changes of SH SAs have received less 

attention with open questions surrounding our understanding of what drives the simulated 

changes in the SH SAs during both the austral summer and winter season.  

 
 
 

 
Fig. 1: The CMIP6 MMM change, SSP585 (2050-2099) – Historical (1950-1999), in (a) 
DJF SLP, (b) JJA SLP, (c) DJF diabatic heating, & (d) JJA diabatic heating (SLP unit: 
hPa, diabatic heating units: k/day). The 1020hPa Historical SLP isobar is contoured in 
black and the future projection SSP585 isobar is contoured in red. Contour plots are 
stippled when there is at least 75% agreement across the CMIP6 models on the sign of 
the SLP and diabatic heating change respectively. 
 
 
 
The SH SAs are projected to become extended in area and intensify along the poleward 

flank of the subtropics during both the austral summer (December-January-February or 

DJF) and winter (June-July-August or JJA) season (Li et al. 2013; Fahad et al. 2020a). Li 
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et al. (2013) found changes in local summertime diabatic heating in the eastern flank of a 

subtropical ocean to be the dominant driver of SH SAs change in a future climate. All 

three SAs in the SH, namely the South Pacific SA (SPSA), South Atlantic SA (SASA), 

and South Indian SA (SISA) extend in area and strength due to increased land-sea 

thermal contrast. Analyzing the 925hPa stream function from CMIP3 and CMIP5 

models, Li et al. (2013) show the cooling over the eastern flank of the subtropical oceans 

intensify in the SH and leads to stronger SAs under global warming conditions. Li et al. 

(2013) also used an idealized general circulation model to show the difference between 

future changes in subtropical ocean heating leads to intensified SH SAs. The local 

diabatic heating mechanism is consistent with Wu and Liu (2003), which show a 

longwave, latent, and sensible heating pattern in the subtropical region drives 

summertime SH SAs’ climatological area and strength.  

 
Later, He et al. (2017) argued that upper troposphere static stability change has a 

significant influence on the summertime SH SAs change under global warming 

conditions. Using CMIP5 models He et al. (2017) analyzed changes in subsidence, low-

level divergence, and rotational wind from 10oS-40oS in the SH and historical (years 

1950-1999) versus future RCP8.5 projections (years 2050-2099). He et al. (2017) found 

the SPSA increases in strength; however, the SASA and SISA weaken in future climate 

during local summer even though decreased heating over the subtropical ocean 

supposedly acts to intensify the SH SAs.  He et al (2017) argue  that the tropical upper 

troposphere static stability increases in a future climate lead to mean advection of 

stratification changes (MASC) that act to decrease the strength of the SASA and SISA 
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during local summer (Ma et al. 2012; He et al. 2017). In the case of the SPSA, the 

contribution from the MASC mechanism is relatively small and the local diabatic heating 

decreases primarily acts to increase the SPSA’s strength in future climate. Using a linear 

baroclinic model, He et al. (2017) show changes in SH SAs are consistent with prescribed 

changes in the heating and tropospheric static stability. The inconsistency of the austral 

summer SASA and SISA change in future climate between Li et al. (2013) and He et al. 

(2017) is due to the choice of domains to define SAs. Li et al. (2013) defined SAs center 

where 925hPa stream function is at a maximum in the subtropical ocean, whereas He et 

al. (2017) regionally averaged between 10oS-40oS to define SH SAs, this latter definition 

focuses largely over the equatorward flank of the SAs where the MASC mechanism has a 

larger effect. 
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Fig. 2:  Zonal mean heating structure of the added heating experiment (CAM Q) forcing 
file (units: k/day) for (a) DJF & (b) JJA. The CAM Q heating perturbation for forcing file 
is taken from the CESM2 coupled run experiments (SSP585 – Historical). 
 
 
 
Analyzing the CMIP5 and CMIP6 models and defining the 1020hPa isobar area as the 

center of the SH SAs, 25oS-45oS as the latitude domain for the austral summer (DJF), and 

20oS-40oS as the latitude domain for the austral winter (JJA), Fahad et al. (2020a) show 

that Sea Level Pressure (SLP) and 925hPa wind associated with SAs intensifies in the 

center and poleward flank in the SH comparing historical (years 1950-1999) to future 

projections (RCP8.5 for CMIP5 and SSP585 for CMIP6) (years 2050-2099). The SPSA 

extends mostly towards the west during austral summer. Findings of SH SAs change in 

the future climate compared to historical multi-model mean (MMM) are consistent 

between Li et al. (2013) and Fahad et al. (2020a) for austral summer. However, Fahad et 

al. (2020a) show that reduced baroclinic eddy growth in the future climate acts to 

intensify SAs along their poleward flank in both seasons.  By decomposing the baroclinic 

instability change into the contributions of static stability change and the wind shear 

change using the Philipps criterion (Phillips 1954), the results of Fahad et al. (2020a) 

suggested that an increase in tropospheric static stability is the dominant driver of the 

baroclinic eddy growth reduction leading to intensified SH SAs. 

 

The climatological influence of the tropical diabatic heating, especially heating over the 

Inter Tropical Convergence Zone (ITCZ) and the South Pacific convergence zone 

(SCPZ) on SAs in both hemispheres are documented in several studies (Hoskins 1996; 
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Chen et al. 2001; Nigam and Chan 2009; Fahad et al. 2020b). The future change in NH 

SAs are reported by Song et al. (2018) to be related to the change in the tropical 

precipitation (and latent heating) resulting from a delay in the seasonal cycle of tropical 

rainfall and heating from boreal spring to summer under global warming conditions. 

Changes in the onset of the monsoonal rainfall band in the tropical ocean affects the 

Hadley circulation in the NH leading to a change in the zonal mean component of NH 

SAs (Song et al. 2018b, a). However, the influence of tropical diabatic heating on SH 

SAs has received much less attention compared to their NH counterpart under global 

warming conditions.  

 

Focusing on the midlatitude atmospheric circulation, several studies have investigated the 

relative importance of the fast atmospheric response due to direct radiative forcing 

component of CO2 versus the slow atmospheric response due to indirect forcing 

component related to the patterns of Sea Surface Temperature (SST) warming (Shaw 

2014; Simpson et al. 2014; Grise and Polvani 2014; Shaw and Voigt 2015). For the 

summertime NH atmospheric circulation change in a warming climate, Shaw and Voigt 

(2015) showed the North Pacific SA responses opposite to an increase in the direct 

radiative forcing from the elevated atmospheric CO2 concentrations versus the indirect 

SST warming. Using an atmospheric general circulation model forced with prescribed 

SSTs, Shaw and Voigt (2015) found the North Pacific SA increases in strength during 

boreal summer due to increased direct radiative forcing, however this weakens in strength 

due to the SST warming patterns. In coupled model simulations these opposing responses 
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to direct radiative forcing and indirect SST warming’s lead to a small net change of the 

North Pacific SA’s strength under future warming. There is also a similar tug-of-war 

response between these two forcings found on upper troposphere atmospheric circulation 

in the North Pacific.    

 

The response of SH SAs response due to individual direct CO2 radiative forcing (fast 

atmospheric forcing), indirect SST warming (slow oceanic forcing) received much less 

attention compared to its counterpart. This study aims to determine which of these two 

forcings primarily drives the change in SH SAs. Using the Community Earth System 

Model version 2 (CESM2) coupled ocean-atmosphere experiments from CMIP6 and 

prescribed SST Community Atmospheric Model 6 (CAM6) numerical experiments, we 

explore how direct CO2 radiative forcing versus indirect SST warming patterns drive the 

SH SAs during both austral summer and winter. We further investigate the relative 

contribution of these two forcing mechanisms to future changes in tropical diabatic 

heating and how changes in tropical diabatic heating act as a remote forcing on SH SAs 

change. The sections of this study are structured as follows: Section 2 describes the 

experimental design, numerical model configurations, and data analyzed from different 

experiments. Results from the analysis are presented in Section 3. Finally, in Section 4, 

the discussion and conclusion made from the results are documented.  
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Section 2. Methodology 

 

Numerical experiments from the CAM6 with prescribed climatological SST component 

sets (model compset F2000climo) are used to study the influence of the different forcings 

on the SH SAs. A 1.9ox2.5o model resolution is used. CAM6 is the atmospheric 

component of CESM2.0 (Danabasoglu et al. 2020). To evaluate the response of SH SAs 

to direct and indirect CO2 forcing separately, a 30 years long control run (CAM Control) 

is done with prescribed climatological SST derived from a 50 years mean of the CMIP6 

CESM2 Historical simulation (years 1950-1999). Every years of control run started from 

random initial condition from that year’s 1 day of January.  

 

To study to isolate the influence of SST changes in a future warm climate, 30 years of 

prescribed SST run (CAM SST) is performed using the 50 years climatological mean 

SST from the CESM2 SSP585 experiment (years 2050-2099). This run is initialized 

using initial conditions from the CAM Control run for both DJF (initialized on November 

01 of that year and run until next year’s end of February) and JJA (initialized on May 01 

of that year and run until the end of August). Similarly, an increased CO2 concentration 

experiment (CAM CO2) of 30 years is done with same CAM Control boundary 

conditions (e.g. same SST as CAM Control), except for CO2 concentration. In the CAM 

CO2 experiment, the CO2 is increased to ~740 ppm compared to the CAM Control run 

(~370 ppm). This CO2 concentration increase is equivalent to an approximate average of 

the CESM2 SSP585 CO2 concentration for years 2050-2090 compared to years 1950-
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1999 of the CESM2 Historical simulation. Finally, the CAM SSTCO2 experiment is done 

where CO2 concentration is increased (global mean ~740 ppm) with prescribed SSP585 

climatological SST (years 2050-2099). The purpose of the CAM SSTCO2 experiment is 

to investigate the response of SH SAs due to a combined forcing of CO2 concentration 

increase and SST warming. The CAM SST, CAM CO2, and CAM SSTCO2 experiments 

are also alternatively done as a continuous long 30 years simulation instead of a series of 

short branch runs for every year to assess the influence of temporal adjustment on SLP 

response within the respective experiments.   

 
 
 
Table 1: List of experiments done and analyzed in this study  

Project Control Future SST 
 

Future CO2 Future 
Tropical 
Heating 

Future 
Global 

Warming 
Projection 

CMIP6 Multi 
Models 
(includes 
CESM2) 

Historical Not Available Not 
Available 

Not 
Available 

SSP585 

CAM6 numerical 
experiments 

CAM 
Control 

CAM SST CAM CO2 CAM Q CAM 
SSTCO2 

CESM2 
From 
CMIP6 

CFMIP piSST A4SST piSST4XCO2 Not 
Available 

Abrupt4XCO2 

AMIP AMIP AMIP4k AMIP4xCO2 Not 
Available 

Abrupt4XCO2 

 
 
 
To further understand the influence of tropical diabatic heating, a set of branched tropical 

added heating (CAM Q) experiments are done from the initial condition of every CAM 

Control year for both DJF (initialized on November 01 of that year and run until next 
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year’s end of February) and JJA (initialized on May 01 of that year and run until the end 

of August) with same prescribed climatological SST. The added heating experiments 

CAM Q are done as an iterative process. The tropical diabatic heating difference between 

SSP585 (years 2050-2099) and the Historical (years 1950-1999) CESM2 CMIP6 

simulations is added 20% every time of the iteration until the 30 years climatological 

mean of experiments CAM Q – CAM Control converges toward a field climatologically 

similar to that seen between the SSP585 (years 2050-2099) – Historical (years 1950-

1999) coupled experiments. The iteration of added heating run CAM Q is done 6 times 

for both DJF and JJA for every year starting from CAM Control initial conditions. The 

vertical structure of the added heating in the experiment CAM Q is shown in figure 2. 

The vertical mean spatial structure of the heating is the difference between CESM2 

SSP585 (years 2050-2099) and Historical (years 1950-1999) simulations (Fig. 4b & 8b). 

Added heating experiments are only done over the tropical ocean and latitude dimensions 

15oS-15oN with magnitude gaussian decayed near the domain’s edge. The added heating 

model technique is similar to Swenson et al. (2019) and Fahad et al. (2020b).  

 

As a complement to our CAM6 model simulations, two sets of experiments that form part 

of CMIP6 CESM2 are analyzed from the Cloud Feedback Model Intercomparison Project 

(CFMIP) (Webb et al. 2017) and the Atmospheric Model Intercomparison Project 

(AMIP) (Gates et al. 1999). From CFMIP, experiment PiSST is compared with the 

experiment piSST4xCO2, A4SST, and Abrupt4XCO2. The piSST experiment is 30 years 

of control AGCM run with monthly varying SST, sea-ice, atmospheric constituents 
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boundary conditions taken from the CMIP6 piControl experiments. The 30 years are 

chosen from the piControl that are parallel to the Abrupt4XCO2 experiment’s years 111-

140. The piSST4xCO2 experiment is the same as piSST except for the CO2 concentration 

is quadrupled compared to the piSST. The A4SST experiment is the same as piSST, 

except for SST is taken from the coupled CMIP6 Abrupt4XCO2 experiments (years 111-

140 monthly varying SST output). Finally, 30 years (years 111-140) of the 

Abrupt4XCO2 experiment are analyzed to compare with these experiments. The AMIP 

experiments are forced by time varying observed SST and sea ice concertation with 

present day atmospheric composition for years 1979-2014. For this study 30 years of 

AMIP data is analyzed (years 1979-2008). The AMIP4xCO2 experiment is the same as 

AMIP, except for CO2 concentration is quadrupled. Similarly, the AMIP4k experiment is 

the same as AMIP except for increased SST warming 4 kelvins uniformly everywhere. A 

list of numerical experiments done and analyzed in this study presented in Table 1. The 

list of CMIP6 models used for MMM analysis shown in the supplementary Table S1. 

 

The CESM2 total diabatic heating is taken directly from the model’s output. 

Additionally, the vertically integrated diabatic heating is calculated as a sum of net 

radiation going into the atmospheric column, latent heating, and sensible heating similar 

to Fahad et al. (2020a) to compare it with the model output.  

 

The Phillips criterion (C) (1954) is used to evaluate the baroclinic eddy growth, defined 

as (similar to Lu et al. 2008; Fahad et al. 2020a): 
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; ≡ 	 -"(/#$$0/%&'())∗	34*5($#$$0$+#$)
   (1) 

 

The Phillips criterion C increases with increased baroclinic eddy growth. Here H is the 

geometric height of the column - lower level (average between 850hPa and 1000hPa) to 

500hPa, > is reference potential temperature. Similar to Fahad et al. (2020a), the criterion 

changes then decomposed into changes due to static stability (Cs) and zonal wind (Cw) 

as: 

 

=;6 = −	-"(/#$$0/+#$)*∗7($#$$0$+#$)∗	34*5($#$$0$+#$)"*
   (2) 

 

=;8 =	 -
"∗7(/#$$0/%&'())∗	3
4*5($#$$0$+#$)*

   (3) 

 

Here = is the difference between future warmed climate projection and control 

simulation. Here the vertical level 850hPa and 500hPa chosen as the baroclinic eddy 

growth is primarily influenced by the lower tropospheric baroclinicity (Held and O’Brien 

1992). 
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Fig. 3: CAM6 numerical experiments. DJF mean SLP (unit: hPa) climatological mean 
of (a) CAM Control, (b) CESM2 SSP585 – Historical, (c) tropical added heating (CAM 
Q) –  CAM Control, (d) prescribed SSP585 SST (CAM SST) – CAM Control, (e) 
Increased CO2 (CAM CO2) – CAM Control, and (f) Increased CO2 with prescribed 
SSP585 SST (CAM SSTCO2) – CAM Control. The 1023hPa Control SLP isobar is 
contoured in black and the future projection isobar is contoured in red. Figures are 
stippled at 95% significance computed using a difference of means 2 sided t-test from 30 
years sample. 
 
 
 

Section 3. Results 

3.1. Projected changes in the Southern Hemisphere Subtropical Anticyclone’s 

during Austral Summer 
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The CMIP6 MMM SLP change (SSP585 - Historical) during austral summer (DJF) 

shows an increase in the center and along the poleward flanks of the SH SAs (Fig. 1a). 

The area of each SA’s center defined as the area where SLP is >= the 1020hPa isobar 

increases and extends toward the pole in the future climate SSP585 (years 2050-2099) 

compared to Historical (years 1950-1999) simulation. The SLP change (SSP585 - 

Historical) in CESM2 coupled model run is largely similar to the CMIP6 MMM (Fig. 

3b). The vertically averaged (1000hPa - 200hPa) diabatic heating increases in the tropics 

in both the CMIP6 MMM and in CESM2, especially over the tropical Pacific (Fig. 1c & 

4b). The total diabatic heating increase in the tropical Pacific Ocean is ~0.6 k/day in the 

CMIP6 MMM, and ~1.0 k/day in the CESM2 during austral summer in SSP585 scenario 

compared to Historical experiment. A cooling zone (~ -0.5 K/day) is also present near 

subtropics of both hemispheres (near 10oN and 10oS, 120oW) in the SSP585 scenario 

compared to Historical experiment.  

 

The results from the CAM6 sensitivity experiments indicate that the SST change in the 

coupled SSP585 experiment is the dominant forcing that drives the SH austral summer 

SLP change in the subtropics and midlatitude (Fig. 3). The SLP changes associated with 

the SPSA and SISA in the coupled CESM2 SSP585 – Historical experiment (Fig. 3b) are 

largely reproduced in the CAM SST experiment forced only by SSP585 SST (Fig. 3d). In 

contrast, direct radiative forcing by CO2 increase appears to be a secondary influence on 

the SPSA and SISA SLP changes during DJF (Fig. 3e). For the SASA on the other hand, 

the increase in SLP along its poleward flank is best simulated in the CAM6 experiment 



91 
 

forced by both direct CO2 radiative forcing and prescribed SSP585 SST, indicating that 

both mechanisms play a role in the projected SASA changes (Fig. 3f).  

 
 
 

 
Fig. 4: CAM6 numerical experiments. DJF mean diabatic heating (unit: k/day) 
climatological mean for (a) CAM Control, (b) CESM2 SSP585 – Historical, (c) tropical 
added heating (CAM Q) –  CAM Control, (d) prescribed SSP585 SST (CAM SST) – 
CAM Control, (e) Increased CO2 (CAM CO2) – CAM Control, and (f) Increased CO2 
with prescribed SSP585 SST (CAM SSTCO2) – CAM Control. Figures are stippled at 
95% significance computed using a difference of means 2 sided t-test from 30 years 
sample.  
 
 
 

The CAM6 experiment forced only by SSP585 SST captures the tropical heating change 

(CAM SST – CAM Control) seen in the CESM2 SSP585 coupled run (CESM2 SSP585 - 
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Historical), indicating that the tropical diabatic heating change seen in the SSP585 

CESM2 coupled run is primarily forced by the SST change rather than direct radiative 

forcing (Fig. 4 b, c, & d). However, the diabatic heating sensitivity experiment (CAM Q) 

reveals that a remote response of the SH SA’s to these tropical heating changes does not 

appear to be the dominant mechanism responsible in the SH subtropical SLP change 

during local summer (Fig. 3c & 4c).  

 
 
 

 
Fig. 5: CAM6 numerical experiments. DJF climatological mean of the Phillips 
Criterion metric C for (a) CAM Control, (b) CESM2 SSP585 – Historical, (c) tropical 
added heating (CAM Q) –  CAM Control, (d) prescribed SSP585 SST (CAM SST) – 
CAM Control, (e) Increased CO2 (CAM CO2) – CAM Control, and (f) Increased CO2 
with prescribed SSP585 SST (CAM SSTCO2) – CAM Control. Figures are stippled at 
95% significance computed using a difference of means 2 sided t-test from 30 years 
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sample. The 1023hPa Control SLP isobar is contoured in black and the future projection 
isobar is contoured in red. Negative C values indicate a reduction in the conditions 
supporting baroclinic eddy grow, which in turn supports high SLP. 
 
 
 

 
Fig. 6: CFMIP CESM2 DJF 30-year mean of SLP (unit: hPa) for (a) Pi Control (piSST), 
(b) Abrupt4XCO2  – piSST, (c) PiCO2 with Abrupt SST (A4SST) – piSST, (d) piSST 
with 4XCO2 (piSST4XCO2) – piSST, and diabatic heating SLP (unit: k/day) for (a) Pi 
Control (piSST), (b) Abrupt4XCO2  – piSST, (c) Pi with Abrupt SST (A4SST) – piSST, 
(d) piSST with 4XCO2 (piSST4XCO2) – piSST. Figures are stippled at 95% significance 
computed using a difference of means 2 sided t-test from 30 years sample. The 1023hPa 
Control SLP isobar is contoured in black and the future projection isobar is contoured in 
red. 
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The Phillips criterion metric for baroclinic eddy growth (C) decreases in the center, and 

poleward flank of SH SAs in the CESM2 coupled run (Fig. 5b). Fahad et al. (2020a) 

found that a decrease in the conditions promoting the baroclinic eddy growth in the SH 

summer is primarily due to static stability changes rather than zonal wind shear changes. 

This result is consistent with the CAM6 numerical experiments. The CAM6 numerical 

experiments show that the prescribed SSP585 SST is the dominant driver that increases 

the local static stability in the SH subtropical and midlatitude regions and acts to decrease 

baroclinic eddy growth (Supplementary Fig. S1 & S2). Direct CO2 radiative forcing 

similarly acts to decrease the conditions promoting baroclinic eddy growth but is a 

secondary forcing (Fig. 5e). Consistent with the SLP change, the baroclinic eddy growth 

change associated with SH SAs is well simulated in the CAM6 experiments when forced 

with both CO2 concentration increase and SSP585 SST warming (Fig. 5). 

 

Results from the CFMIP and AMIP experiments conducted using CESM2/CAM6 paint a 

consistent picture. The CFMIP Abrupt4XCO2 – PiSST shows SH subtropical SLP 

changes and tropical diabatic heating changes that are similar to those seen in CESM2 

SP585 – Historical, but intensified (Fig. 6). SST acts as a primary driver of these SH SA 

SLP and tropical diabatic heating changes, whereas, the CO2 increase acts as a secondary 

forcing during austral summer (Fig. 6 c & d, Supplementary figure S3). However, it is 

worth pointing out that the tropical diabatic heating change in the AMIP4k – AMIP is not 

robust as other increased SST forced experiments (e.g. CESM2 SSP585 – Historical, 

CAM SST – CAM Control, CFMIP A4SST - piSST). This is most likely due to the fact 
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that the SST forcing in AMIP4k is increased uniformly by 4 Kelvin and therefore does 

not capture the influence of warming patters on the atmospheric circulation changes. In 

contrast, the CMIP6 CFMIP and CAM6 numerical experiments of CESM2 have SST 

prescribed from the future global warming scenario experiment.  

 
 
 

 
 
 

3.2. Projected changes in the Southern Hemisphere Subtropical Anticyclone’s 

during Austral Winter 

 

During austral winter (JJA) the projected SSP585 (2050-2099) – Historical (1950-1999) 

SH subtropical SLP changes in the CMIP6 MMM and CESM2 coupled model runs are 

the most intense over the South Pacific and South Indian Oceans (Fig. 1b & 7b). One 

evident difference between these two is the SASA SLP doesn’t change significantly in 

the CESM2 coupled model run, whereas the SASA SLP increases to some extent in the 

CMIP6 MMM. The pattern of vertically averaged (1000hPa - 200hPa) diabatic heating 

change in the SSP585 over the tropics is broadly similar in the CMIP6 MMM, and 

CESM2 coupled run, only more intensified in CESM2 (Fig. 1d & 8b). The vertically 

averaged JJA diabatic heating primarily increases over the tropical Pacific Ocean, and 

decreases near the eastern tropical Pacific Ocean and eastern tropical Indian Ocean in 

future warmed climate. The total diabatic heating increase in the tropical Pacific Ocean is 
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~1.0 K/day in the CMIP6 MMM and ~1.3 K/day in the CESM2. The cooling over the 

eastern Pacific Ocean (near 10oN, 90oW) is ~ -1.0 K/day in the CMIP6 MMM ~ -1.3 

K/day in the CESM2 in SSP585 scenario compared to Historical experiment.  

 

The CAM6 sensitivity experiment forced with SSP585 SST simulates SLP changes 

(CAM SST – CAM Control) over the South Indian, South Atlantic, and South Western 

Pacific Ocean that are similar to those seen in the CESM2 (SSP585 – Historical) coupled 

run (Fig. 7d). However, CAM6 forced with only SST change shows an opposite response 

over the center of SPSA compared to CESM2 (SSP585 – Historical) (Fig. 7b & 7d). The 

center of the SPSA increases in strength in the SSP585 CESM2, whereas it decreases in 

the CAM6 sensitivity experiment forced with only SSP585 SST (CAM SST – CAM 

Control). The direct CO2 radiative forcing plays a secondary role in the SH subtropical 

SLP change associated with SAs in the austral winter similar to austral summer (Fig. 7e). 

There are no significant changes in the area of SH SAs due to only CO2 increase. 

Interestingly, a combination of both CO2 increase and SSP585 SST forcing simulates the 

SPSA SLP increase in austral winter similar to CESM2 coupled model runs (Fig. 7f).  
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Fig. 7: CAM6 numerical experiments. JJA mean SLP (unit: hPa) climatological mean 
of (a) CAM Control, (b) CESM2 SSP585 – Historical, (c) tropical added heating (CAM 
Q) –  CAM Control, (d) prescribed SSP585 SST (CAM SST) – CAM Control, (e) 
Increased CO2 (CAM CO2) – CAM Control, and (f) Increased CO2 with prescribed 
SSP585 SST (CAM SSTCO2) – CAM Control. The 1023hPa Control SLP isobar is 
contoured in black and the future projection isobar is contoured in red. Figures are 
stippled at 95% significance computed using a difference of means 2 sided t-test from 30 
years sample. 
 
 
 

Similar to austral summer, the tropical diabatic heating change in the austral winter is 

also largely forced by the tropical SST change (Fig. 8 b, c, & d). One exception is that the 

cooling in the eastern tropical Pacific Ocean (near 10oN, 90oW) and tropical Atlantic 

Ocean, which is largely forced by the CO2 increase (Fig. 8e). The CAM6 numerical 

experiment forced only by tropical diabatic heating change (CAM Q) produces SH 



98 
 

subtropical SLP change similar to the CAM6 experiment forced by SSP585 SST (CAM 

SST) (Fig. 8c & 8d). This result points out that the remote tropical diabatic heating 

forcing plays a significant role in the SH subtropical SLP response during austral winter. 

We reiterate however that this tropical diabatic heating change is in turn largely forced by 

the tropical SST change in the future climate (Fig. 8b & 8d).  

 

The Phillips criterion metric for baroclinic eddy growth (C) decreases in the center and 

poleward flank of SISA and SPSA, and increases in the center of SASA in the CESM2 

coupled model simulations (Fig. 9b). These changes are primarily dominated by the local 

subtropical SST change and the tropical diabatic heating changes invoked by these 

tropical SST changes. SST changes act to change the baroclinic eddy growth through 

both static stability and zonal wind shear changes (Supplementary Fig. S4). While 

tropical diabatic heating acts as a remote forcing on baroclinic eddy growth primarily by 

influencing the zonal wind shear (Supplementary Fig. S5). This result suggests that 

subtropical to high-latitude SST changes exert their influence on JJA SH SAs primarily 

though their influence on local static stability and hence baroclinic eddy growth 

(Supplementary Fig. S4). 

 

Results from the CFMIP and AMIP experiments broadly show a similar response of SH 

subtropical SLP change due to direct CO2 radiative forcing and indirect SST warming 

(Fig. 10 & supplementary Fig S6).  However, the opposite response of the SASA SLP 

change due to these two forcings are more robust in CFMIP and AMIP experiments. The 
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indirect SST warming forces the SASA SLP to decrease, whereas the direct CO2 radiative 

forcing acts to increase the SASA SLP. This tug of war response between these two 

forcings is similar to the response of North Pacific SA change during boreal summer in a 

warming climate (Shaw and Voigt 2015). This is potentially due to a remote connection 

between Asian boreal summer (JJA) monsoon heating and the strength of the SASA 

during austral winter (JJA)  (Richter et al. 2008). The direct CO2 radiative forcing 

increases diabatic heating over the Asian monsoon and intensifies SASA SLP during JJA 

during JJA (austral winter) (Fig. 10d & 10h). In contrast, indirect SST warming decreases 

diabatic heating over the Asian monsoon and weakens the SASA due to indirect SST 

warming (Fig. 10c & 10g). The opposing responses of the Asian monsoon to these two 

forcings is consistent with the findings of Shaw and Voigt (2015). 

 

Contrasting the CFMIP and AMIP experiments indicates the importance of the patterns 

of SST warming and the associated changes in tropical diabatic heating on the SH SLP 

change during austral winter. In the CFMIP experiments, the tropical diabatic heating 

increases similar to CESM2 coupled model runs (SSP585 - Historical) forced by SST 

warming (Fig. 10). However, in the AMIP experiments, the SST warming is uniformly 4 

Kelvin added and has a weak tropical diabatic heating change. As a result, the SH SLP 

response due to only SST forcings is different in the austral summer between CFMIP and 

AMIP experiments (Supplementary Fig. S6). For example, SLP decreases in strength 

associated with SASA in the CFMIP, whereas, there is an increase in SASA SLP in the 
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AMIP due to SST warming (Fig. 10c & S6c). There is also significant SPSA SLP 

increase in the CFMIP compared to AMIP in the forced SST run.  

 
 
 

 
Fig. 8: CAM6 numerical experiments. JJA mean diabatic heating (unit: k/day) 
climatological mean of (a) CAM Control, (b) CESM2 SSP585 – Historical, (c) tropical 
added heating (CAM Q) –  CAM Control, (d) prescribed SSP585 SST (CAM SST) – 
CAM Control, (e) Increased CO2 (CAM CO2) – CAM Control, and (f) Increased CO2 
with prescribed SSP585 SST (CAM SSTCO2) – CAM Control. Figures are stippled at 
95% significance computed using a difference of means 2 sided t-test from 30 years 
sample. 
 
 
 

We have also analyzed a set of long 30 years CAM6 model runs (not shown) with 

climatological prescribed SST and CO2 as an alternative to short seasonal runs. The 
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results are consistent between these two runs, except the long climatological prescribed 

SST runs show an exceptional diabatic heating change in future climate. Similar 

experiments from CFMIP and AMIP project cross validates our short CAM6 numerical 

simulation forced with prescribed climatological SST and CO2 forcings. 

 
 
 

 
Fig. 9: CAM6 numerical experiments. JJA climatological mean of Phillips Criterion 
metric C of (a) CAM Control, (b) CESM2 SSP585 – Historical, (c) tropical added heating 
(CAM Q) –  CAM Control, (d) prescribed SSP585 SST (CAM SST) – CAM Control, (e) 
Increased CO2 (CAM CO2) – CAM Control, and (f) Increased CO2 with prescribed 
SSP585 SST (CAM SSTCO2) – CAM Control. Figures are stippled at 95% significance 
computed using a difference of means 2 sided t-test from 30 years sample. The 1023hPa 
Control SLP isobar is contoured in black and the future projection isobar is contoured in 
red. 
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Fig. 10: CFMIP CESM2 JJA 30 years mean of SLP (unit: hPa) for (a) Pi Control 
(piSST), (b) Abrupt4XCO2  – piSST, (c) Pi with Abrupt SST (A4SST) – piSST, (d) 
piSST with 4XCO2 (piSST4XCO2) – piSST, and diabatic heating SLP (unit: k/day) for 
(a) Pi Control (piSST), (b) Abrupt4XCO2  – piSST, (c) Pi with Abrupt SST (A4SST) – 
piSST, (d) piSST with 4XCO2 (piSST4XCO2) – piSST. Figures are stippled at 95% 
significance computed using a difference of means 2 sided t-test from 30 years sample. 
The 1023hPa Control SLP isobar is contoured in black and the future projection isobar is 
contoured in red. 
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Section 4. Conclusions and Discussion 

 

This study aims to understand what forcings will drive SH SAs change under global 

warming, focusing on both the austral summer and winter seasons. The influence of 

direct radiative forcing due to increased atmospheric CO2 concentrations and indirect 

SST warming is analyzed separately through a prescribed SST CAM6 sensitivity 

experiments. To study the remote influence of the tropical diabatic heating change in the 

future climate, we have performed a set of CAM6 added heating experiments forced with 

a tropical heating change similar to that within the couple CESM2 projection (SSP585 - 

Historical). As a complement to our CAM6 experiments, a set of CESM2 experiments 

performed as part of the CMIP6 CFMIP and AMIP runs have been analyzed. 

 

The key findings are summarized as follows: 

 

1) Indirect SST warming in the future climate (years 2050-2099) is the dominant forcing 

that drives SH subtropical SLP changes during both the austral summer and winter 

seasons. The local SST change in the SH subtropical region acts as forcing to increase 

the static stability that in turn decreases the baroclinic eddy growth and increases the 

SLP. Exceptions to this are the future SPSA SLP change in austral summer and 

SASA SLP change in austral winter where the response to direct CO2 radiative 

forcing also plays a key role.  
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2) The direct radiative forcing from increasing CO2 plays a secondary role in the SH 

subtropical SLP change in future climate during both seasons. A combination of 

direct radiative forcing due to CO2 increase and indirect SST warming acts as forcing 

to increase the austral summer SLP associated with the SPSA. The role of direct CO2 

radiative forcing and indirect SST warming found in this study is consistent with the 

Grise and Polvani (2014), where they show direct CO2 radiative forcing acts as a 

secondary forcing to influence the SH jet streams in a warming climate. 

 

3) The SLP associated with the austral winter (JJA) SASA responses opposite to the 

direct radiative CO2 forcing and indirect SST warming. The SST warming acts to 

decrease the SLP over the SASA, whereas the CO2 radiative forcing acts to increase 

the SASA SLP. This is due to the opposite response of the Asian monsoon diabatic 

heating and lower level circulation to direct CO2 radiative forcing and indirect SST 

warming during JJA. As a result, the SASA net SLP change (SSP585 - Historical) in 

the CESM2 coupled model runs, and CMIP6 MMM is very small compared to the 

other two SH subtropical oceans during austral winter (JJA). A similar tug of war 

phenomena between these two forcings is also reported for the boreal summer (JJA) 

North Pacific SA in previous studies (Shaw and Voigt 2015). 

 

4) Tropical diabatic heating changes (especially over the tropical Pacific) play a role in 

driving SH subtropical SLP changes during austral winter (JJA). The tropical diabatic 

heating change is primarily forced by the tropical SST change rather than direct CO2 
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forcing. The tropical diabatic heating change acts as a remote forcing to change the 

SH subtropical baroclinic eddy growth by driving changes in the zonal wind shear in 

JJA. As a result, the SLP changes in the SH subtropics associated with SAs are 

amplified as a combined response to local SST and tropical diabatic heating forcings. 

This is also consistent with the previous studies that show climatologically tropical 

diabatic heating influences the austral winter SH SAs, midlatitude jet streams and 

storm tracks (Song Yang and Webster 1990). 

 

5) Previous studies found the influence of the local diabatic heating change on SH SAs 

under global warming conditions during both seasons, especially on SPSA (Li et al. 

2013; He et al. 2017; Fahad et al. 2020a). However, our CAM6 numerical simulations 

produces SPSA change in future climate without prescribing local diabatic heating 

change in the model. This is due to model producing local diabatic heating change as 

a response of CO2 increased radiative forcing and SST warming. The latent heating 

change primarily dominated by SST change is a major component of total diabatic 

heating change in an atmospheric column. The direct radiative forcings due to CO2 

increase is also a crucial element of the total diabatic heating change in future 

climate. As a result, a combination of both direct CO2 radiative forcings and indirect 

SST warming produces the SLP change where diabatic heating change dominates the 

circulation change in future. For example, the SPSA in the austral summer and winter 

is largely dominated by local diabatic heating change (Fahad et al. 2020a) is well 
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simulated in our CAM6 numerical experiments without prescribing the local diabatic 

heating change directly.  

 

SAs are key elements of largescale atmospheric circulation in both hemispheres. SH SAs 

are projected to increase in the area and strength in future warmed climate during both 

seasons. The indirect SST warming in the future is the dominant mechanism that drives 

the baroclinic eddy growth reduction in the SH subtropics that leads to an increase of 

SLP associated with SH SAs. The tropical diabatic heating also increases mostly over the 

tropical Pacific Ocean driven by tropical SST warming during both seasons. The tropical 

diabatic heating increase has a significant influence on SH SAs during austral winter. The 

direct radiative forcing due to CO2 increase plays a secondary role to influence SH SAs 

during both seasons. 
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CHAPTER FIVE 
 

CONCLUSIONS 
 

 
Subtropical Anticyclones (SAs) are semipermanent high-pressure systems located in the 

subtropical oceans of both hemispheres. This study investigates SH SAs climatological 

and climate change properties using reanalysis, numerical climate modeling, and 

analyzing climate model simulations during both summer and winter seasons. Using 

ERA-Interim reanalysis composite analysis and atmospheric numerical heating 

experiments, the first component (chapter 2) of the thesis shows the South Pacific SA is 

the only SA that maximizes during austral summer due to intensified heating over the 

South Pacific Convergence Zone. Using the Coupled Model Intercomparison Project 

(CMIP) phase 5 & 6 models, the second component of the thesis (chapter 3) explores 

what mechanism drives changes in the SH SAs under global warming conditions. Lastly, 

the third component of this thesis (chapter 4) uses numerical experiments to understand 

what forcings drive SH SAs under global warming conditions by decomposing the 

atmospheric warming into its fast and slow components. 

 

Section 1. The Formation and Seasonal Cycle of Subtropical Anticyclones 

 

Chapter 2 of this thesis investigated the formation and seasonal cycle of SAs. There are 

two SAs are located in the NH subtropics (North Pacific SA or NPSA and North Atlantic 

SA or NASA), and three in the SH subtropics (South Pacific SA or SPSA, South Indian 

SA or SISA, and South Atlantic SA or SASA). The NH SAs reach their maximum in area 
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and strength during local summer. Due to massive summer monsoon heating in the NH, 

the land-sea thermal contrast intensifies to a maximum and creates a strong descent over 

the NH subtropical oceans. This strong air motion descends lead to the maximized zonal 

asymmetric component of NH SAs during local summer. This mechanism explains why 

NH SAs are maximum in strength during local summer even though the Hadley 

circulation is weakest in the summer hemisphere. In the SH, the SASA and SISA peak in 

area and strength during boreal summer (austral winter) at the same time NPSA and 

NASA are maximum in their seasonal cycle. The only exception is the SPSA’s seasonal 

cycle due to the remote influence of NH summer monsoon heating. The SPSA starts 

maximizing in the austral late spring and remains strong until the end of austral summer. 

This phenomenon raises the question of why the SPSA is stronger during local summer 

when the Hadley cell is weakest in the SH?  

 

The atmospheric diabatic heating over the tropical western South Pacific Ocean 

encompasses a rainfall belt known as the South Pacific Convergence Zone (SPCZ) and is 

one of the prominent heating regions that is maximum in the seasonal cycle during austral 

summer. The vertically integrated diabatic heating co-exists with a near-surface strong 

wind convergence and upper tropospheric wind divergence that has a similar seasonal 

cycle. The seasonal cycle properties of SPSA sea level pressure (SLP) and SPCZ heating 

are consistently present in the ERA-Interim reanalysis, CESM2 CAM6, CMIP5 and 

CMIP6 multi models mean. A composite analysis of ERA-Interim SPCZ heating and 

SPSA SLP shows, interannually the strength of the SPSA increases in area and strength 
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during austral summer when SPCZ heating is maximum and in its southernmost position. 

In contrast, the SPSA decreases in area and strength due to weakened SPSA heating 

during austral summer. To further investigate the influence of SPCZ heating, we used 

CAM6 AGCM model simulations to change the strength of SPCZ heating. These AGCM 

numerical simulations show heating over the SPCZ region creates a relatively strong 

upper tropospheric divergence and rotational wind that triggers a Rossby wave in the SH 

subtropical and mid-latitude regions. The Rossby wave train in the SH creates high-low 

SLP anomalies and upper troposphere geopotential height anomalies. In the South 

Pacific, a positive SLP anomaly projects on the center of the SPSAs due to increased 

heating over the SPCZ regions and leads to a stronger austral summer SPSA. However, 

there are only significant changes in the SLP associated with the SASA and SISA in the 

poleward flank due to changes in SPCZ heating. 

 

Section 2. The Response of Subtropical Anticyclones to Global Warming 

 

The Coupled Model Intercomparison Project (CMIP) 5 & 6 future projections show that 

SAs are significantly affected in the future due to global warming, especially in the SH. 

Chapter 3 explores multiple model simulations from CMIP5 and CMIP6 to investigate 

the mechanisms that drive the intermodal spread and seasonality of changes in the SH 

SAs under global warming conditions. Chapter 4 further investigates the proposed 

mechanism that drives SH SAs using AGCM experiments with external forcings 

compared to control runs. 
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Previous studies have drawn a conflicting conclusions on how SH SAs change under 

global warming conditions and what mechanism drives SAs change during austral 

summer. On the other hand, how and what drives SH SAs during austral winter under 

global warming condition has remained largely unstudied. Using CMIP5 and CMIP6 

multiple models Chapter 3 shows that, all SH SAs increases in area and strength during 

both austral summer and winter season, and extend towards the pole in a warmer climate. 

The tropospheric static stability influences SH SAs during both the austral summer and 

winter season, however, this relation is direct opposite to what is suggested by previous 

studies for the center and poleward flank of the SAs. Tropospheric static stability 

increases in the subtropics and in turn causes baroclinic eddy growth to decrease. The 

reduction of baroclinic eddy growth in turn increases the SLP associated with SAs in the 

center and poleward flank. Local diabatic cooling plays the primary role in forcing the 

SPSA future change during both seasons. Overall, a combination of local diabatic heating 

change and baroclinic eddy growth reduction due to static stability increase drives SAs 

change in future climate and inter-model spread of CMIP5 and CMIP6 models. 

 

In chapter 4, we further investigate the causes of the baroclinic eddy growth changes that 

drive SH SAs’ change under global warming conditions using AGCM numerical 

experiments forced with external forcings. Due to CO2 concentration increase in the 

future climate, the atmosphere warms directly through CO2 radiative forcing and 

indirectly through sea surface temperature (SST) warming. The global warming forcing 
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due to the CO2 concentration increase can be decomposed into two components: (a) the 

fast direct atmospheric radiative change due to CO2 increase, and (b) the slow indirect 

oceanic SST warming due to the CO2 increase. There is also a large tropical diabatic 

heating change during both seasons in CMIP5 and CMIP6 models’ future projection. 

This phenomenon raises the question of what forcing primarily drives the SH baroclinic 

eddy growth and SH SAs change. Also, what role tropical remote forcing versus 

subtropical-midlatitude local forcing plays on SH SAs change under global warming 

condition.  

 

To address these questions, we used the Community Atmospheric Model (CAM) 6 with 

prescribed SST. The 30 years of control experiment is done with CMIP6 Historical 

prescribed SST. Initializing from control runs initial condition two sets of numerical 

experiments are done forced with future SST, and CO2 increases with Historical SST to 

separate the influence of these two forcings. Another set of CAM6 numerical experiment 

is done, where we mimic the future change of tropical diabatic heating with prescribed 

Historical SST. The result from these experiments shows that indirect SST warming 

primarily drives the baroclinic eddy growth change in subtropics under global warming 

conditions. This baroclinic eddy growth change then forces SH SAs change during both 

austral summer and winter season. The indirect radiative forcing due to CO2 increase acts 

as a secondary driver, except the case of summer SPSA and austral winter SASA’s future 

change. The tropical diabatic heating is only influential during austral winter, which is in 

turn, forced by the tropical SST change.  
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Section 3. Remaining questions for future work 

 

The CAM6 Historical simulation with prescribed SST overestimates subtropical SLP 

associated with SAs during both seasons compared to ERA-Interim reanalysis. Several 

studies have shown the influence of interhemispheric energy transfer and tropical diabatic 

heating on SAs both summer and winter seasons in both hemispheres. However, the 

sensitivity of SAs to model biases in tropical diabatic heating needs further investigation. 

For example, CAM6 has a large bias in tropical diabatic heating near convergence zones 

(e.g. ITCZ & SPCZ) and SLP in the subtropics. This problem can be approached by bias 

correcting the tropical diabatic heating during both seasons to assess the sensitivity of the 

SAs to the tropical heating bias. The bias correction of tropical heating could be done as 

an iterative process similar to the CAM6 added heating experiments in chapter 2 and 

chapter 4.  

 

The CMIP5 MMM potential temperature difference between RCP8.5 (the year 2050-

2099) and Historical (the year 1950-1999) run shows an increase in mid and upper 

tropospheric potential temperature from tropics to subtropics and lower stratospheric 

cooling over the poles in both hemispheres under global warming conditions. There is 

also mid and upper troposphere potential temperature increase over the tropospheric mid-

latitude region in both hemispheres during both seasons. However, the increase is much 

more significant in the NH, especially during austral summer. As static stability changes 
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over the SH mid-latitudes influence the SH large-scale circulation, including SAs, it is 

important to know what is forcing the SH high latitude static stability and to quantify the 

influence on SAs. The Southern Ocean has shown little warming in recent years 

compared to the NH Arctic warming. The Southern Ocean’s wind-driven meridional 

overturning circulation moves unmodified water from depth upward, damping the 

warming signal around Antarctica. The unique delayed warming of the Southern Ocean 

also delays warming over the SH lower troposphere. We hypothesis that because of the 

unique heat uptake of the Southern Ocean, static stability and atmospheric circulation 

over the SH mid-latitudes responds differently compared to the NH. 
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