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Figure S1 | Southern Annular Mode (SAM) index in CMIP5, CMIP6 models and reanalysis. 

SAM index is defined as the difference in the normalized zonal mean sea level pressure 

between 40°S and 65°S. Thick grey and black lines respectively represent the SAM index for 

CMIP5 and CMIP6 multi-model mean for historical period (1900-2005 for CMIP5 and 1900-

2014 for CMIP6). Thick light blue and orange lines represent the multi-model mean for RCP4.5 

and RCP8.5 scenarios of CMIP5 respectively. Thick blue and red lines respectively represent 

the multi-model mean for SSP245 and SSP585 scenario of CMIP6. Shading around the multi-

model mean shows the inter-quartile range from multiple CMIP5 and CMIP6 models. Thin 

orange line represents 5-year running mean SAM index calculated from ERA-5 reanalysis. 

 

 

 

 

 



 

Figure S2 | Zonal mean westerly jet location (panel a) and strength (panel b) in models from 

common modelling groups from CMIP5 and CMIP6. Details about the models used is given in 

table S1 and S2. 

 

 

 

 



 

Figure S3 | Histogram represents the probability density function of 41-year annual mean 

trends calculated from pre-industrial control simulations from 28 CMIP5 and 23 CMIP6 

models (200 years for each model). Monte Carlo method is used to calculate the trend over a 

random chunk of 41 years of data from 200-year simulation of each model and the process is 

repeated 10,000 times for each model. All the 41-year trends from each model (10,000 for 

each model) are then concatenated and probability density function is plotted. Dashed blue 

line represents the trend calculated from ERA5 reanalysis over the current observational time 

period (1979-2019). Dotted black lines represent 5
th

 and 95
th

 percentile (i.e. bounds for 90% 

confidence) of the density function. The trends calculated from the reanalysis are significant 

at 90% confidence if the blue dashed line does not fall between the two dotted black lines. 

 

 

 



 

Figure S4 | Histogram represents the probability density function of 41-year annual mean 

trends in the zonal mean location of SH westerlies calculated from the pre-industrial control 

simulations from 27 CMIP5 models (200 years for each model). Monte Carlo method is used 

to calculate the trend over a random chunk of 41 years of data from 200-year simulation of 

each model and the process is repeated 10,000 times for each model. Dashed blue line 

represents the trend calculated from ERA5 reanalysis over the current observational time 

period (1979-2019). Dotted black lines represent 5
th

 and 95
th

 percentile (i.e. bounds for 90% 

confidence) of the density function. The trends calculated from the reanalysis are significant 

at 90% confidence if the blue dashed line does not fall between the two dotted black lines. 

 

 

 

 



 

Figure S5 | Histogram represents the probability density function of 41-year annual mean 

trends in the zonal mean strength of SH westerlies calculated from the pre-industrial control 

simulations from 27 CMIP5 (200 years for each model). Monte Carlo method is used to 

calculate the trend over a random chunk of 41 years of data from 200-year simulation of each 

model and the process is repeated 10,000 times for each model. Dashed blue line represents 

the trend calculated from ERA5 reanalysis over the current observational time period (1979-

2019). Dotted black lines represent 5
th

 and 95
th

 percentile (i.e. bounds for 90% confidence) of 

the density function. The trends calculated from the reanalysis are significant at 90% 

confidence if the blue dashed line does not fall between the two dotted black lines. 

 

 

 

 



 

Figure S6 | Histogram represents the probability density function of 41-year annual mean 

trends in the zonal mean location of SH westerlies calculated from the pre-industrial control 

simulations from 23 CMIP6 models (200 years for each model). Monte Carlo method is used 

to calculate the trend over a random chunk of 41 years of data from 200-year simulation of 

each model and the process is repeated 10,000 times for each model. Dashed blue line 

represents the trend calculated from ERA5 reanalysis over the current observational time 

period (1979-2019). Dotted black lines represent 5
th

 and 95
th

 percentile (i.e. bounds for 90% 

confidence) of the density function. The trends calculated from the reanalysis are significant 

at 90% confidence if the blue dashed line does not fall between the two dotted black lines. 

 

 

 

 



 

Figure S7 | Histogram represents the probability density function of 41-year annual mean 

trends in the zonal mean strength of SH westerlies calculated from the pre-industrial control 

simulations from 23 CMIP6 models (200 years for each model). Monte Carlo method is used 

to calculate the trend over a random chunk of 41 years of data from 200-year simulation of 

each model and the process is repeated 10,000 times for each model. Dashed blue line 

represents the trend calculated from ERA5 reanalysis over the current observational time 

period (1979-2019). Dotted black lines represent 5
th

 and 95
th

 percentile (i.e. bounds for 90% 

confidence) of the density function. The trends calculated from the reanalysis are significant 

at 90% confidence if the blue dashed line does not fall between the two dotted black lines. 

 

 

 

 



 

Figure S8 | Histogram represents the probability density function of 41-year trends in the 

zonal mean location of SH westerlies calculated from pre-industrial control simulations from 

28 CMIP5 and 23 CMIP6 models (200 years for each model) for each season. Monte Carlo 

method is used to calculate the trend over a random chunk of 41 years of data from 200-year 

simulation of each model and the process is repeated 10,000 times for each model. All the 

41-year trends from each model (10,000 for each model) are then concatenated and 

probability density function is plotted. Dashed blue line represents the trend calculated from 

ERA5 reanalysis over the current observational time period (1979-2019). Dotted black lines 

represent 5
th

 and 95
th

 percentile (i.e. bounds for 90% confidence) of the density function. The 

trends calculated from the reanalysis are significant at 90% confidence if the blue dashed line 

does not fall between the two dotted black lines. 

 

 

 

 

 



 

Figure S9 | Histogram represents the probability density function of 41-year trends in the 

zonal mean strength of SH westerlies calculated from pre-industrial control simulations from 

28 CMIP5 and 23 CMIP6 models (200 years for each model) for each season. Monte Carlo 

method is used to calculate the trend over a random chunk of 41 years of data from 200-year 

simulation of each model and the process is repeated 10,000 times for each model. All the 

41-year trends from each model (10,000 for each model) are then concatenated and 

probability density function is plotted. Dashed blue line represents the trend calculated from 

ERA5 reanalysis over the current observational time period (1979-2019). Dotted black lines 

represent 5
th

 and 95
th

 percentile (i.e. bounds for 90% confidence) of the density function. The 

trends calculated from the reanalysis are significant at 90% confidence if the blue dashed line 

does not fall between the two dotted black lines. 

 

 

 

 

 



 

Figure S10 | Historical seasonal trends in position and strength in maximum zonal winds. 

Trends in maximum zonally averaged zonal wind latitude (panel a) strength (panel b) over 

historical (1900-1999) for CMIP5 and CMIP6 models. Colored bars represent multi-model 

mean trends, circles represent the multi-model median and dashed bars represent the inter-

quartile range. 

 

 

 

 

 

 

 

 

 

 



Table S1 | CMIP5 models used in the study. Models marked with asterisk are the models used for comparison between CMIP5 and CMIP models 

Model Modeling Center 

 Scenario  

Ozone dataset reference Main reference Historical RCP4.5 RCP8.5 

CanESM2 Canadian Centre for Climate Modeling and Analysis, 
Canada    (Cionni et al., 2011) (von Salzen et al., 2013) 

CMCC-CESM Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy 
   (Cionni et al., 2011) (Vichi et al., 2013) 

CMCC-CM    (Cionni et al., 2011) (Vichi et al., 2013) 
CMCC-CMS 
    (Cionni et al., 2011) (Vichi et al., 2013) 

CNRM-CM5-2 Centre National de Recherches Meteorologiques, France 
  - - (Cariolle & Teyssèdre, 2007) (Voldoire et al., 2013) 

CNRM-CM5  - - (Cariolle & Teyssèdre, 2007) (Voldoire et al., 2013) 

INMCM4* Russian Institute for Numerical Mathematics, Russia 
   (Cionni et al., 2011) (E M Volodin et al., 2010) 

IPSL-CM5A-LR* Institut Pierre Simon Laplace, France 
   (Szopa et al., 2013) (Dufresne et al., 2013) 

IPSL-CM5A-MR    (Szopa et al., 2013) (Dufresne et al., 2013) 

IPSL-CM5B-LR    (Szopa et al., 2013) (Dufresne et al., 2013) 
MIROC-ESM-
CHEM 

Japan Agency for Marine-Earth Science and Technology, 
Atmosphere and Ocean Research Institute (The University 
of Tokyo), and National Institute for Environmental Studies, 
Japan 

   (Watanabe et al., 2011) (Watanabe et al., 2011) 

MIROC-ESM    (Watanabe et al., 2011) (Watanabe et al., 2011) 

MIROC5*    (Kawase et al., 2011) (Watanabe et al., 2011) 

HadGEM2-CC Met Office Hadley Centre, UK -   (Cionni et al., 2011; Jones et al., 2011) (Martin et al., 2011) 

HadGEM2-ES -  - (Jones et al., 2011; O’Connor et al., 2014) (Collins et al., 2011) 

HadCM3  - - (Cionni et al., 2011; Jones et al., 2011) (Gordon et al., 2000) 
HadGEM2-AO 
    (Cionni et al., 2011; Jones et al., 2011) (Martin et al., 2011) 

MPI-ESM-LR* Max Planck Institute for Meteorology, Germany 
 - - (Cionni et al., 2011; Jones et al., 2011) (Giorgetta et al., 2013) 

MPI-ESM-MR*    (Cionni et al., 2011; Jones et al., 2011) (Giorgetta et al., 2013) 

MPI-ESM-P  - - (Cionni et al., 2011; Jones et al., 2011) (Giorgetta et al., 2013) 

MRI-CGCM3 Meteorological Research Institute, Japan Norwegian 
Climate Centre, Norway    (Cionni et al., 2011) (Yukimoto et al., 2012) 

NorESM1-M*  - - (Lamarque et al., 2010, 2012) (Iversen et al., 2013) 

NorESM1-ME    (Lamarque et al., 2010, 2012) (Iversen et al., 2013) 

MRI-ESM1*  -  (Cionni et al., 2011) (Yukimoto et al., 2012) 



GISS-E2-H-CC* NASA Goddard Institute for Space Studies, USA 
   (Shindell et al., 2013) (Schmidt et al., 2006) 

GISS-E2-H*    (Hansen et al., 2007) (Schmidt et al., 2006) 

GISS-E2-R-CC    (Shindell et al., 2013) (Schmidt et al., 2006) 

GISS-E2-R*    (Hansen et al., 2007) (Schmidt et al., 2006) 

GFDL-CM2p1 NOAA Geophysical Fluid Dynamics Laboratory, USA 
 - - (Austin & Wilson, 2006; Horowitz et al., 

2003) (Donner et al., 2011) 

GFDL-CM3*    (Cionni et al., 2011) (Donner et al., 2011) 

GFDL-ESM2G*    (Cionni et al., 2011) (Dunne et al., 2012) 

GFDL-ESM2M    (Cionni et al., 2011) (Dunne et al., 2012) 

ACCESS1-0 Centre for Australian Weather and Climate Research, 
Australia    (Cionni et al., 2011) (Dix et al., 2013) 

ACCESS1-3    (Cionni et al., 2011) (Dix et al., 2013) 

CSIRO-Mk-3-6-0 
Commonwealth Scientific and Industrial Research 
Organization in collaboration with Queensland Climate 
Change Centre of Excellence, Australia 

   (Cionni et al., 2011) (Rotstayn et al., 2012) 

 

 

 

 

 

 

 

 

 



Table S2 | CMIP6 models used in the study. Models marked with asterisk are the models used for comparison between CMIP5 and CMIP models 

Model Modeling Centre 
Scenario 

Main reference Historical SSP2-4.5 SSP5-8.5 
AWI-CM-1-1-MR Alfred Wegener Institute and Helmholtz Centre for Polar and Marine Research, Germany - 

  
(Semmler et al., 2020) 

BCC-CSM2-MR Beijing Climate Centre, China 
   

(Wu et al., 2019) 

BCC-ESM1 Beijing Climate Centre, China 
 

- - (Wu et al., 2020) 

CAMS-CSM1-0 Chinese Academy of Meteorological Sciences, China 
   

(Rong et al., 2018) 

FGOALS-f3-L Chinese Academy of Sciences, China - 
  

(He et al., 2019) 

CanESM5 Canadian Centre for Climate Modelling and Analysis, Environment and Climate Change 
Canada, Canada    

(Swart et al., 2019) 

CNRM-CM6-1-HR CNRM (Centre National de Recherches Meteorologiques) and CERFACS (Centre Europeen 
de Recherche et de Formation Avancee en Calcul Scientifique), France 

- 
  

(Voldoire et al., 2019) 

CNRM-CM6-1 - 
  

(Voldoire et al., 2019) 

CNRM-ESM2-1 - 
 

 (Séférian et al., 2019) 

MPI-ESM-1-2-HAM ETH Zurich, Switzerland; Max Planck Institut fur Meteorologie, Germany; 
Forschungszentrum Julich, Germany; University of Oxford, UK; Finnish Meteorological 
Institute, Finland; Leibniz Institute for Tropospheric Research, Germany; Center for Climate 
Systems Modeling (C2SM) at ETH Zurich, Switzerland 

   
(Gutjahr et al., 2019) 

INM-CM4-8* Institute for Numerical Mathematics, Russian Academy of Science, Russia 
   

(Evgenii M Volodin et al., 2018) 

INM-CM5-0 
   

(E. Volodin & Gritsun, 2018) 

IPSL-CM6A-LR* Institut Pierre Simon Laplace, France 
    

(Boucher et al., 2020) 

MIROC6* JAMSTEC (Japan Agency for Marine-Earth Science and Technology, Japan), AORI 
(Atmosphere and Ocean Research Institute, The University of Tokyo, Japan), NIES (National 
Institute for Environmental Studies, Japan), and R-CCS (RIKEN Centre for Computational 
Science, Japan) 

   
(Tatebe et al., 2019) 

MPI-ESM1-2-HR* Max Planck Institute for Meteorology, Germany; Deutsches Klimarechenzentrum, 
Germany; Deutscher Wetterdienst, Germany    

(Gutjahr et al., 2019) 

MPI-ESM1-2-LR* Max Planck Institute for Meteorology, Germany and Alfred Wegener Institute and 
Helmholtz Centre for Polar and Marine Research, Germany    

(Mauritsen et al., 2019) 

MRI-ESM2-0* 
 

Meteorological Research Institute, Japan 
  

- (Yukimoto et al., 2019) 

GISS-E2-1-G-CC* NASA-GISS (Goddard Institute for Space Studies), USA 
 

- - (Bauer et al., 2020) 

GISS-E2-1-G* 
 

- - 

GISS-E2-1-H* 
 

- - 



NorCPM1* NorESM Climate modeling Consortium consisting of CICERO (Center for International 
Climate and Environmental Research), MET-Norway (Norwegian Meteorological Institute), 
NERSC (Nansen Environmental and Remote Sensing Center), NILU (Norwegian Institute for 
Air Research), UiB (University of Bergen), UiO (University of Oslo) and UNI (Uni Research), 
Norway 

 
- - (Li et al., 2019) 

KACE-1-0-G National Institute of Meteorological Sciences/Korea Meteorological Administration, 
Climate Research Division, Republic of Korea  

- - (Lee et al., 2020) 

GFDL-CM4* National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics Laboratory, 
USA    

(Held et al., 2019) 

GFDL-ESM4* 
   

(Krasting et al., 2018) 

NESM3 Nanjing University of Information Science and Technology, China 
   

(Cao et al., 2018) 

MCM-UA-1-0 Department of Geosciences, University of Arizona, USA 
   

(Stouffer, 2019) 

UKESM1-0-LL Met Office Hadley Centre, UK; Natural Environment Research Council, UK; National 
Institute of Meteorological Sciences/Korea Meteorological Administration, Republic of 
Korea; National Institute of Water and Atmospheric Research, New Zealand 

- 
  

(Sellar et al., 2019) 

 

 

 

 

 

 

 

 

 

 



Table S3 | Annual and seasonal trends in the westerly jet shift and strength during the 20th and 21st Century in CMIP5 and CMIP6 models. 

Trends are shown as multi-model mean trend ± one standard deviation. Trends are represented from CMIP5 models (not inside brackets) and 

from CMIP6 models (inside brackets). Trends in red are from 2000-2099 in RCP8.5 (CMIP5) and SSP5-8.5 (CMIP6) and in blue from 2000-2099 in 

RCP4.5 (CMIP5) and SSP2-4.5 (CMIP6). Bold values represent trends which are significant at 95% confidence level. 

 

  Annual DJF MAM JJA SON 

1900-1999 

Shift 
(°latitude) 

-0.47 ± 0.37 
(-0.46 ± 0.36) 

-0.73 ± 0.7 
(-0.73 ± 0.53) 

-0.63 ± 0.55 
(-0.36 ± 0.49) 

-0.12 ± 0.58 
(-0.16 ± 0.47) 

-0.29 ± 0.71 
(-0.54 ± 0.77) 

      

Strength 
(m/s) 

0.17 ± 0.08 
(0.14 ± 0.09) 

0.2 ± 0.15 
(0.18 ± 0.15) 

(0.21 ± 0.14) 
(0.10 ± 0.15) 

0.15 ± 0.16 
0.11 ± 0.13 

0.12 ± 0.21 
(0.18 ± 0.15) 

2000-2099 

Shift 
(°latitude) 

-1.62 ± 0.86 
(-1.54 ± 0.82) 
-0.56 ± 0.89 

(-0.46 ± 0.99) 

-1.9 ± 1.22 
(-1.18 ± 1.02) 
-0.42 ± 1.29 
(0.25 ± 1.85) 

 

-2.24 ± 1.22 
(-1.45 ± 1.25) 
-0.85 ± 0.92 
-0.28 ± 1.38 

-0.7 ± 1.05 
(-0.31 ± 1.17) 
-0.28 ± 0.97 

(-0.16 ± 0.99) 

-0.81 ± 1.2 
-0.07 ± 1.6 

-0.11 ± 1.09 
0.15 ± 1.34 

Strength 
(m/s) 

0.79 ± 0.52 
(0.66 ± 0.46) 
0.24 ± 0.37 

(0.21 ± 0.46) 

0.49 ± 0.56 
(0.47 ± 0.43) 
0.08 ± 0.48 
0.12 ± 0.39 

0.70 ± 0.51 
(0.68 ± 0.43) 
0.25 ± 0.50 

(0.22 ± 0.48) 

0.83 ± 0.6 
(0.74 ± 0.64) 
0.34 ± 0.46 

(0.23 ± 0.62) 

0.82 ± 0.60 
0.74 ± 0.53 
0.24 ± 0.47 
0.27 ± 0.50 
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