
1. Introduction
The Southern Ocean is one of the windiest regions on the planet year-round. In the troposphere, the region of 
highest wind speed is known as the mid-latitude near-surface jet, or westerly jet. The westerly jet affects multiple 
aspects of Southern Hemisphere mid-latitude climate, such as air temperature, storm tracks and precipitation 
(Thompson et al., 2011), along with ocean circulation and carbon uptake and storage (Le Quéré et al., 2007). 
In recent decades, Antarctic ozone depletion and the associated stratospheric cooling and change in the thermal 
wind balance has caused the summertime westerly jet to strengthen and move poleward (Son et al., 2008, 2009; 
Thompson & Solomon, 2002).

Recently, it was shown that the poleward shift of the westerly jet has paused owing to the early stages of Antarctic 
ozone recovery (Banerjee et al., 2020; Solomon et al., 2016). Following the Montreal Protocol on Substances that 
Deplete the Ozone Layer, Antarctic springtime ozone abundances are projected to return to 1980 levels during 
the 2060s (Dhomse et al., 2018). Ozone recovery is leading to a reversal of late twentieth century Southern Hemi-
sphere stratospheric circulation changes (Zambri et al., 2021), with the westerly jet expected to weaken and move 
equator-ward in response. However, the westerly jet is also influenced by greenhouse gas (GHG) forcing, which 
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models simulate ozone in one of two ways: either they calculate ozone concentrations online via an interactive 
chemistry scheme, or they prescribe a precomputed ozone data set. The former approach is computationally 
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causing errors. In the sixth Coupled Model Intercomparison Project (CMIP6), most models prescribed ozone 
rather than calculating it online. Unfortunately, the ozone data set they prescribed is not consistent with other 
forcings used by the CMIP6 models, therefore models with and without interactive chemistry produce different 
21st century Antarctic ozone projections, leading to differences in Southern Hemisphere westerly winds. 
This study adds another line of evidence as to why using interactive chemistry in a global climate model is 
important. It also acts as a cautionary tale for the next CMIP assessment, by showing that ozone forcing data 
sets must be produced in a way that is as consistent as possible with other CMIP forcings.
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will play a key role in determining the jet strength and position through the 
21st century, alongside ozone recovery (Bracegirdle, Krinner, et al., 2020; 
Thompson et al., 2011).

Global climate models that participated in the fifth Coupled Model Inter-
comparison Project (CMIP5) simulated biases in the position of the Southern 
Hemisphere westerly jet compared to reanalyses (Bracegirdle et al., 2013). 
Biases in the jet were linked to errors in shortwave cloud radiative forcing 
(Ceppi et  al.,  2012), with implications for the quality of regional climate 
change projections. Since CMIP5, substantial effort has been invested in 
reducing cloud-related errors over the Southern Ocean (Zelinka et al., 2020), 
and the present generation of models, those participating in the sixth Coupled 
Model Intercomparison Project (CMIP6), now have an annual-mean equa-
torward bias in the westerly jet of only 0.4°, compared with 1.9° in CMIP5 
(Bracegirdle, Holmes, et al., 2020). It should be noted that despite improve-
ments in the jet location, biases in the jet speed relative to the ERA-Interim 
reanalysis have increased from 0.31 m s −1 (2.42%) in CMIP5 to 0.51 m s −1 
(3.98%) in CMIP6 (Bracegirdle, Holmes, et  al.,  2020). However, when 
comparing a subset of models common to both CMIP5 and CMIP6, Goyal 
et al. (2021) found no significant difference in the jet speed between the two 
groups.

Although reducing the jet location bias boosts confidence in future projec-
tions of Southern Hemisphere surface westerlies (Bracegirdle, Krinner, 
et al., 2020; Goyal et al., 2021), it is important to note that the CMIP6 models 
vary widely in their treatment of stratospheric ozone, which may also impact 
on surface westerlies. While some models calculated ozone online via inter-
active chemistry schemes, the majority prescribed a pre-calculated ozone 
data set (Section 2). Prior research has shown that prescribing stratospheric 
ozone leads to biases in simulated stratospheric dynamics (Haase et al., 2020; 
Ivanciu et al., 2021) and surface climate (Neely et al., 2014), with implica-
tions for Southern Ocean circulation and Antarctic sea ice (Li et al., 2016) 
along with the Southern Annular Mode (Morgenstern, 2021).

Here, we investigate whether the inclusion of interactive chemistry signif-
icantly influences 21st century Southern Hemisphere westerlies under a 

moderate and high GHG emissions scenario. We examine projections of springtime Antarctic ozone in models 
with and without interactive chemistry and explore how differences in ozone influence stratospheric temperature 
and near-surface westerly wind speeds.

2. Computational Methods
We analyzed the SSP245 and SSP585 simulations performed for CMIP6 (Eyring et al., 2016). Both experiments 
span 2015–2100 and are based on Shared Socioeconomic Pathways (SSPs; Riahi et  al.,  2017). As with the 
preceding Representative Concentration Pathways (RCPs; van Vuuren et al., 2011) used in CMIP5, SSP245 and 
SSP585 yield an approximate global-mean increase in radiative forcing of 4.5 W m −2 and 8.5 W m −2 in 2100, 
respectively. However, the individual GHG concentration pathways taken to reach those radiative forcings differ 
(O’Neill et al., 2016). For example, SSP585 has a larger CO2 concentration, and smaller N2O and CH4 concentra-
tions, in 2100 compared with RCP85 (Figure 1).

Most CMIP6 models without interactive stratospheric chemistry used ozone data sets prepared for CMIP6 
(Checa-Garcia,  2018; Checa-Garcia et  al.,  2018). These data sets, hereafter referred to as the CMIP6 ozone 
data sets, are based on Chemistry-Climate Model (CCM) simulations produced by the Canadian Middle Atmos-
phere Model and the Community Earth System Model-Whole Atmosphere Community Climate Model (CESM1-
WACCM). Since the CCM simulations were performed for the Chemistry-Climate Model Initiative (Morgenstern 
et  al.,  2017), which pre-dates the SSPs, they used GHG concentrations following the RCPs (Figure  1). The 

Figure 1. Global-, annual-mean greenhouse gas concentrations in selected 
Representative Concentration Pathways (RCPs, solid lines) and Shared 
Socioeconomic Pathways (SSPs, dashed lines). (a) CO2; (b) N2O; (c) CH4. 
Data sourced from Meinshausen et al. (2011, 2020).
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CMIP6 ozone data sets specify stratospheric ozone concentrations as a monthly-mean, four-dimensional field 
(Checa-Garcia, 2018; Checa-Garcia et al., 2018).

We analyzed ozone concentration, temperature and near-surface (10 m) westerly wind speed in the SSP245 and 
SSP585 simulations for all models that had provided these fields at the time of data download (Table 1). All real-
izations for a model were combined to produce an ensemble mean, and ensemble means were then combined to 
produce a multi-model mean. For models with more than 10 realizations, only the first 10 were analyzed.

Model Experiments Fully interactive stratospheric O3? Reference

CESM2-WACCM ssp245 (5) Yes Danabasoglu (2019)

ssp585 (5)

CNRM-ESM2-1 ssp245 (10) Yes Seferian (2018)

ssp585 (5)

GFDL-ESM4 ssp245 (1) Yes Krasting et al. (2018)

ssp585 (1)

MRI-ESM2-0 ssp245 (1) Yes Yukimoto et al. (2019)

ssp585 (1)

UKESM1-0-LL ssp245 (4) Yes Tang et al. (2019)

ssp585 (5)

ACCESS-CM2 ssp245 (3) No Dix et al. (2019)

ssp585 (3)

ACCESS-ESM1-5 ssp245 (10) No Ziehn et al. (2019)

ssp585 (10)

CAMS-CSM1-0 ssp245 (2) No Rong (2019)

ssp585 (2)

CanESM5 ssp245 (10) No Swart et al. (2019)

ssp585 (10)

CNRM-CM6-1 ssp245 (6) No Voldoire (2018)

ssp585 (6)

EC-Earth3 ssp245 (8) No EC-Earth-
Consortium (2019)ssp585 (4)

GISS-E2-1-G ssp245 (10) No NASA/GISS (2018)

ssp585 (10)

HadGEM3-GC31-LL ssp245 (1) No Ridley et al. (2019)

ssp585 (4)

IPSL-CM6A-LR ssp245 (6) No Boucher et al. (2018)

ssp585 (6)

MIROC6 ssp245 (3) No Tatebe and 
Watanabe (2018)ssp585 (10)

MPI-ESM1-2-LR ssp245 (9) No Wieners et al. (2019)

ssp585 (9)

NESM3 ssp245 (2) No Cao and Wang (2019)

ssp585 (2)

Note. The number in brackets after the experiment name denotes the number of realizations analyzed.

Table 1 
The Sixth Coupled Model Intercomparison Project Models and Simulations Analyzed in This Study
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3. Results and Discussion
Antarctic springtime ozone is projected to increase throughout the 21st century in response to decreasing strato-
spheric chlorine concentrations and increasing CO2 concentrations (Braesicke et al., 2018; Dhomse et al., 2018). 
Ozone increases are seen in both the SSP245 and SSP585 simulations (Figure 2 and Figure S1 in Supporting 
Information S1). CMIP6 models with interactive chemistry (CHEM models) simulate on average a 1.15 ppm 
increase in springtime (September–November) lower-stratospheric (∼70 hPa) ozone through the 21st century 
in SSP245; approximately an 80% increase (Figures 2a and 2c). In contrast, the CMIP6 ozone data set used by 
models without interactive chemistry (NOCHEM models) shows a ∼0.90 ppm or 60% increase in lower strat-
ospheric ozone. In the SSP585 experiment, the CHEM models and CMIP6 ozone data set show large ozone 
increases in the upper stratosphere, due to the effects of GHG-induced stratospheric cooling (Figures 3 and S2 in 
Supporting Information S1).

Recently, Keeble et al. (2021) evaluated ozone changes in CMIP6 models and identified no consistent bias in 
total column ozone between the CHEM and NOCHEM models. However, they identified that variability between 
CHEM models is high, with some models simulating more total column ozone than the multi-model mean, and 
others simulating less. In the springtime Antarctic lower stratosphere, which is a key region given its influence 
on surface climate, all CHEM models show larger projected ozone changes in the 21st century than the CMIP6 
data set, with the exception of the MRI-ESM-2-0 model (Figures 2c and 2d). However, MRI-ESM-2-0 is known 
to underestimate Antarctic polar ozone depletion (Keeble et al., 2021; Morgenstern et al., 2020) therefore likely 
does not project future ozone changes accurately in this region.

Figure 2. (a) Change in ozone concentration (2090–2099 minus 2015–2024) during September–November at 60–90°S in the 
CMIP6 ozone data set, and the multi-model mean (±1σ) of interactive chemistry models (CHEM) in the SSP245 experiment. 
(b) As for (a) but for the SSP585 experiment. Crosses indicate 70 hPa, where the mean of the CHEM models is significantly 
different from the the sixth Coupled Model Intercomparison Project (CMIP6) ozone data set (95% level of confidence; 
one-sample t-test. No statistically significant differences were found for the SSP245 experiment shown in (a)). (c) Antarctic 
(60–90°S) ozone during September–November at 70 hPa, expressed as a percent change relative to the 2015–2024 mean in 
the SSP245 experiment. (d) As for (c) but for the SSP585 experiment.
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The difference between ozone projections in the CHEM models and the 
CMIP6 ozone data set likely stems from the GHG scenarios used to produce 
the projections. The RCPs, which were used to produce the CMIP6 ozone data 
set (Checa-Garcia et al., 2018), follow different GHG concentration pathways 
than the SSPs, which ozone responds to in the CHEM models. In particular, 
SSP585 assumes much smaller CH4 and N2O concentrations by the end of the 
21st century compared with RCP85 (Figures 1b and 1c). Consequently, the 
CHEM models simulate less ozone destruction via catalytic cycles involv-
ing reactive nitrogen and hydrogen oxides released from the photochemical 
breakdown of N2O and CH4 in the stratosphere (Butler et al., 2016; Revell 
et al., 2012), compared with simulations following RCP85.

Following the recovery of the Antarctic ozone hole through the 21st century, 
the lower stratosphere warms (notably during October–December [OND]) 
because UV-B absorption by ozone heats the stratosphere. Because lower 
stratospheric ozone projections differ in the CHEM models compared with 
the CMIP6 ozone data set, lower stratospheric temperature projections in the 
CHEM and NOCHEM models differ too (Figure 3). In the SSP245 exper-
iment, the multi-model mean maximum lower stratospheric warming is 
3.6 K in the CHEM models, compared with only 2.4 K in NOCHEM models 
(Figure  3a). In the SSP585 experiment, the lower stratosphere warms by 
3.8 K in CHEM models but only 2.2 K in NOCHEM models (Figure 3b).

Changes in OND polar ozone and the resulting change in temperature and the 
thermal wind balance affect Southern Hemisphere surface winds in Decem-
ber–February (DJF; Thompson & Solomon, 2002). The lag arises due to the 
time it takes for the signal from the stratosphere to propagate to the surface 
(Son et al., 2008). The projected ozone recovery, along with GHG forcing, 
is expected to control the position and strength of the westerly jet in the 21st 
century. Projected changes in westerly winds are minimal in the SSP245 
experiment in all CMIP6 models (Figures 4a and S3 in Supporting Informa-
tion S1), consistent with previous studies (Bracegirdle, Krinner, et al., 2020; 
Goyal et al., 2021). This is because the influence of ozone recovery on winds 
is contradicted by increases in GHG forcing, and the amplitudes of these 
opposing factors almost compensate each other. With Antarctic springtime 
ozone concentrations projected to return to 1980 levels during the 2060s 
(Dhomse et al., 2018), much of the change in DJF zonal-mean westerly winds 
in the SSP245 experiment is projected to take place in the first half of the 21st 
century, whereas changes in the SSP585 experiment occur throughout the 
century (Bracegirdle, Krinner, et al., 2020).

In the SSP585 experiment, zonal-mean westerly wind speeds increase by 1.52  ±  0.52  m  s −1 on average in 
NOCHEM models at 60°S (mean ± 1σ), and by 0.88 ± 0.48 m s −1 in CHEM models. Therefore, the wind speed 
increase in the NOCHEM models is on average 78 ± 52% larger than in the CHEM models at 60°S, and the differ-
ence is statistically significant at the 95% level of confidence (as shown on Figure 4 by a student's t-test; statistical 
significance was also demonstrated by the Hotelling's T 2 and Mann-Whitney U tests, but these are not shown 
here for clarity). Because CHEM models simulate larger increases in lower stratospheric ozone and temperature 
through the 21st century than NOCHEM models, there is more opposition from ozone recovery to GHG forcing 
in CHEM models, and therefore smaller increases in westerly wind speeds are seen (Figure 4b). In terms of 
the westerly jet location, defined as the latitude of the maximum Southern Hemisphere zonal-mean 10 m wind 
speed (Bracegirdle et al., 2013; Goyal et al., 2021), in DJF the jet shifts 1.18 ± 1.02° poleward in the SSP585 
experiment between 2000 and 2099, and strengthens by 0.47 ± 0.43 m s −1 (averaged over all CMIP6 models; 
Goyal et al., 2021). Multi-model mean changes in the strength and the location of the westerly jet are not statisti-
cally significant between the CHEM and NOCHEM models (not shown), however these are both single-latitude 

Figure 3. (a) Change in temperature (2090–2099 minus 2015–2024) during 
October–December at 60–90°S in CHEM models (multi-model mean ±1σ), 
and models without interactive chemistry (NOCHEM), in the SSP245 
experiment. Thicker lines show regions where the difference between the 
CHEM and NOCHEM simulations is statistically significant at the 95% 
level of confidence (independent t-test). (b) As for (a) but for the SSP585 
experiment.
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point metrics and do not convey all information regarding changes in zonal-mean Southern Hemisphere westerly 
winds, as shown in Figure 4.

Previously it was shown that the inclusion of interactive chemistry in the CMIP5 models made little difference 
to simulated historical trends in DJF near-surface westerly winds (Son et al., 2018). However, the CMIP5 models 
containing interactive stratospheric chemistry did not produce high-quality ozone simulations compared with 
models prescribing ozone (Eyring et al., 2013; Morgenstern, 2021). From analyzing CMIP6 models, our results 
show that prescribing a suitable ozone field is important for projections of Southern Hemisphere near-surface 
westerlies. Numerous other studies have shown the importance of interactive chemistry for producing accurate 
simulations of stratospheric ozone, dynamics, surface climate, ocean circulation, Antarctic sea ice and the South-
ern Annular Mode (Haase et al., 2020; Haase & Matthes, 2019; Ivanciu et al., 2021; Li et al., 2016; Morgen-
stern, 2021; Oehrlein et al., 2020; Rieder et al., 2019).

Despite many other studies recognizing the importance of interactive ozone chemistry, the majority (70%) of 
models that performed the SSP245 and SSP585 simulations for CMIP6 prescribed ozone rather than calculating it 
interactively. This is likely due to the high computational cost of including interactive chemistry. Our results show 
that for SSP245, in which GHG forcing is almost entirely counteracted by ozone recovery, relatively small wind 
speed changes are simulated, and differences between the CHEM and NOCHEM models are largely insignificant; 
likely because the differences between CO2, N2O and CH4 in the SSPs and RCPs are relatively minor (Figure 1). 
Therefore for SSP245, the ozone forcing data set is consistent with ozone calculated by interactive chemistry 
models and the differences are not statistically significant (Figure 2a). For the high emissions scenario SSP585, 
the difference in projected ozone concentrations in the lower stratosphere (70 hPa) is statistically significant 
(Figure 2b), leading to statistically significant different changes in lower stratosphere temperatures (Figure 3b) 
and near-surface wind speeds (Figure 4b).

Over the historical period, the CMIP6 ozone data set compares relatively well to observations for the Southern 
Hemisphere (Morgenstern et al., 2021). This implies that even though NOCHEM models simulate surface winds 
accurately over the historical period with an improved jet location bias relative to CMIP5 (Bracegirdle, Holmes, 
et al., 2020; Goyal et al., 2021), this may just be a reflection of the good ozone forcing used in the historical 
period. It does not imply quality future simulations as the ozone field is inconsistent with other forcings applied 
in these simulations. For future CMIP efforts, the forcings used to produce precomputed ozone data sets for 

Figure 4. Change in near-surface (10 m) zonal wind speed (2090–2099 minus 2015–2024) during December–February 
for CHEM and NOCHEM models: multi-model mean ±1σ. Thicker lines show regions where the difference between the 
CHEM and NOCHEM simulations is statistically significant at the 95% level of confidence (independent t-test). (a) SSP245 
experiment; (b) SSP585 experiment.
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NOCHEM models should be consistent with CMIP forcings, to produce an ozone data set that is as spatially and 
temporally consistent with the CHEM models as possible.

4. Conclusions
We have shown that CMIP6 models with interactive chemistry produce, on average, different projections of 21st 
century Antarctic springtime stratospheric ozone compared to the ozone forcing data set used by models with-
out interactive chemistry. The differences exist because the precomputed ozone data set used by the NOCHEM 
models was based on CCM simulations performed using the RCP forcings for GHGs. In contrast, the CMIP6 
models used the SSPs, and although the end-of-21st century radiative forcing is nearly the same in the RCPs and 
SSPs, the GHG concentrations followed to reach the specified radiative forcings are not. Because the GHGs CH4 
and N2O are chemically reactive in the stratosphere, they influence ozone, leading to the different ozone projec-
tions between the CHEM and NOCHEM models.

As a consequence of different springtime ozone projections, Antarctic lower stratosphere temperature projections 
are also different in the CHEM and NOCHEM models. Differences in temperature propagate to differences 
in austral summertime near-surface westerly winds, with implications for many features of Southern Hemi-
sphere climate connected to the westerly jet, such as temperature, precipitation and ocean circulation. Under the 
moderate GHG emissions scenario SSP245, ozone recovery and GHG forcing have contradictory influences on 
near-surface westerlies, the amplitudes of which lead to no significant change. Under the high emissions scenario 
SSP585, westerly winds strengthen through the 21st century and move poleward. However, the increase in wind 
speed is 78 ± 52% stronger in NOCHEM models than in CHEM models.

This study demonstrates, like many others before it, that an accurate representation of stratospheric ozone in 
global climate models is necessary for accurate simulations of the radiative and dynamical processes influenced 
by stratospheric ozone. Since it is often not feasible to perform large numbers of simulations with interactive 
chemistry due to computational cost, future model intercomparison projects must ensure that precomputed ozone 
data sets are produced as consistently as possible with recommended boundary conditions for the MIP simula-
tions themselves, to provide ozone data that is as spatially and temporally consistent with the CHEM models as 
possible

Data Availability Statement
The sixth Coupled Model Intercomparison Project model data used in this study is available from https://
esgf-node.llnl.gov/search/cmip6/ and via Danabasoglu  (2019); Seferian  (2018); Krasting et  al.  (2018); Yuki-
moto et al. (2019); Tang et al. (2019); Dix et al. (2019); Ziehn et al. (2019); Rong (2019); Swart et al. (2019); 
Voldoire (2018); EC-Earth-Consortium (2019); NASA/GISS (2018); Ridley et al. (2019); Boucher et al. (2018); 
Tatebe and Watanabe (2018); Wieners et al. (2019); Cao and Wang (2019). Representative Concentration Path-
way and Shared Socioeconomic Pathway data were sourced from Meinshausen et al. (2011) and Meinshausen 
et al. (2020).
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