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ABSTRACT: The springtime variability of the stratospheric polar vortex over Antarctica is an important source of pre-
dictability for the Southern Annular Mode (SAM) and associated Southern Hemisphere (SH) regional climate anomalies
in austral spring-summer seasons. Variations in the Antarctic spring vortex often result from anomalous meridional shifts
of the SH winter stratospheric jet maximum near the stratopause and associated wave-mean flow feedback. In this study,
we evaluate 1) the ability of the models participating in the Coupled Model Intercomparison Project phase 6 (CMIP6) un-
der historical forcings to simulate the observed dynamical chain of processes linking wintertime upper-stratospheric vortex
anomalies to springtime surface climate anomalies; and 2) the influence of this ability on future projections of the SH
stratospheric vortex and SAM under the highest greenhouse gas emission scenario [shared socioeconomic pathway (SSP)
5-8.5]. Our results show that many CMIP6 models are deficient in reproducing the observed dynamical evolution of SH
vortex anomalies, mainly due to a systematic poleward bias in the mean position of the SH winter stratospheric jet maxi-
mum. These biases appear to significantly influence projected changes in the stratospheric zonal circulation and the associ-
ated SAM by the end of the twenty-first century. Therefore, model deficiencies in simulating the correct position of the SH
winter stratospheric jet near the stratopause and the dynamical evolution of its anomalous meridional shift to a spring polar
vortex strength anomaly constitute a key source of uncertainty in projections of the SAM and associated SH climate
changes in austral spring.

SIGNIFICANCE STATEMENT: The Southern Annular Mode (SAM) is the leading mode of extratropical circula-
tion variability in the Southern Hemisphere (SH) and significantly influences SH regional climate, ocean circulations,
and Antarctic sea ice variations. Austral spring SAM variability is substantially driven by the SH springtime strato-
spheric polar vortex variability, which often follows anomalous meridional shifts of the preceding winter stratospheric
jet and associated wave-mean flow interactions. We show that many climate models do not accurately simulate these
stratospheric processes largely due to a systematic poleward bias in the mean position of the SH winter stratospheric jet
maximum. These model deficiencies appear to be a key source of uncertainty in future projections of the SAM and as-
sociated SH climate changes in austral spring.

KEYWORDS: Antarctic Oscillation; Stratospheric circulation; Stratosphere-troposphere coupling; Climate change;
Climate models; Model evaluation/performance

1. Introduction

Denotes content that is immediately available upon publica- In the Southern Hemisphere (SH), the stratospheric westerly

tion as open access.

P Supplemental information related to this paper is available at
the Journals Online website: https://doi.org/10.1175/JCLI-D-26-
0097.s1.
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vortex (commonly known as the polar vortex; e.g., Manney et al.
2022) generally starts to develop in austral autumn and peaks in
winter with the jet maximum in the 40°-50°S latitude band near
the stratopause at about the 1-hPa level [contours in Figs. 1a—d;
adapted from Fig. 4 in Lim et al. (2018)]. It then gradually
weakens in spring, becoming susceptible to vigorous interac-
tions with planetary-scale waves propagating upward from the
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FIG. 1. Seasonal evolution of the SH stratospheric climatological mean zonal wind and anomalies associated with springtime
polar vortex weakening [adapted and modified from Fig. 4 of Lim et al. (2018)]. Contours indicate climatological monthly mean
zonal-mean zonal wind for 1979-2024. Color shading indicates regression coefficients of zonal-mean zonal wind anomalies onto the
standardized and inversely signed spring polar vortex index for 1979-2024. Data are displayed as a function of pressure level (ordinate) and
latitude (abscissa). Panels progress from (a) May to (h) December. Wind data are from the ERAS (Hersbach et al. 2020) with 2000-06 data
replaced by ERAS.1 (Simmons et al. 2020). The spring polar vortex index used for the regression was constructed from the September to
November mean zonal-mean zonal winds at 60°S and 10 hPa over 1979-2024 (Seviour et al. 2014). The sign of the index was inverted to dis-
play the zonal-mean zonal wind changes associated with anomalous stratospheric polar vortex weakening. The regression coefficients are in
the unit of meters per second per one standard deviation change of the index. The stippling indicates statistical significance of the regression
at the 10% level, as estimated by a two-tailed Student’s ¢ test with 46 samples.

upper troposphere/lower stratosphere and equatorward in the  of planetary-scale waves, which positively feeds back to the pole-
upper stratosphere (e.g., Kuroda and Kodera 1998; Hio and ward shift of the jet by depositing westerly momentum on the
Yoden 2005). These wave-mean flow interactions cause the vor- ~ Poleward side of the jet (as waves propagate equatorward in the
upper stratosphere) and easterly momentum on the equatorward
side of the jet (as waves break at the critical latitudes) (e.g., Lim
et al. 2026). As the season transitions into spring, this anomalous
positive feedback operates on weaker background zonal winds
with the mean stratospheric jet shifting poleward and downward
late November—early December (e.g., Black and McDaniel 2007; compared to winter (contours in Figs. le-g). Waves therefore
Byrne and Shepherd 2018; Butler and Domeisen 2021; contours  break at lower levels and in higher latitudes in spring than in
in Fig. 1h). winter, resulting in easterly anomalies dominating in the mid- to
Interannual variability in the SH stratospheric polar vortex is  high latitudes in the upper stratosphere. Meanwhile, meridional
dominated by variability in the pace of the seasonal evolution  dipole anomalies of zonal winds in the high latitudes in the mid-
of the vortex (e.g., Hio and Yoden 2005; Byrne and Shepherd to lower stratosphere move further poleward and downward
2018). A faster-than-usual evolution is characterized by anoma-  from September to December (color shading in Figs. le-h) (e.g.,
lous stratospheric polar vortex weakening and warming in  Randel and Newman 1998; Shepherd 2000; Polvani and Waugh
spring, typically leading to an earlier-than-normal vortex break-  2004; Newman and Nash 2005; Lim et al. 2021).
down (i.e., earlier transition of the polar vortex to its easterly These zonal wind anomalies and associated temperature
summertime state) (blue shading in the regression patterns in  anomalies during a spring polar vortex weakening event usually
Figs. le-h). Such anomalous polar vortex weakening in spring induce higher-than-normal Antarctic ozone concentration in
and early summer often follows an anomalous winter vortex con-  the lower stratosphere, which positively feeds back to the wind
traction toward the South Pole, which is depicted by an anoma-  and temperature anomalies (e.g., Stolarski et al. 2005; Hendon
lous poleward shift of the winter stratospheric jet in the upper et al. 2020; Oh et al. 2022). The resulting wind and tempera-
stratosphere (ie., weaker westerlies in the midlatitudes and ture anomalies in the lower stratosphere eventually couple
stronger westerlies in the high latitudes than the climatological down to the surface, possibly via lowering the tropopause and
mean conditions; see color shading in Figs. 1b—d) (e.g., Shiotani  therefore adiabatically warming the troposphere in the Antarc-
et al. 1993; Kuroda and Kodera 1998; Gray et al. 2005; Lim et al.  tic region (e.g., Lorenz and DeWeaver 2007; Tomassini et al.
2018). A poleward shift of the upper stratospheric jet in winter ~ 2012; Baldwin et al. 2024). This coupling subsequently shifts the
can promote anomalous upward and equatorward propagation tropospheric jet equatorward, which is expressed as a negative

tex to contract toward the pole and move downward, resulting
in its further weakening and warming through spring (Andrews
et al. 1987; contours in Figs. 1d-g). The stratospheric polar vortex
then completely breaks down in the upper to midstratosphere by
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phase of the Southern Annular Mode (SAM; Thompson and
Wallace 2000; Fogt and Marshall 2020; Fig. S1 in the online sup-
plemental material) in spring and summer (e.g., Baldwin and
Dunkerton 2001; Thompson et al. 2005; Byrne and Shepherd
2018; Lim et al. 2018).

The stratosphere-driven negative SAM has important implica-
tions for surface climate and its predictability in the SH, acting as
a key driver of hot, dry, and thus wildfire-conducive weather con-
ditions in eastern Australia, while promoting cold and wet condi-
tions in Patagonia in the austral late spring—early summer seasons
(e.g., Garreaud et al. 2013; Bandoro et al. 2014; Lim et al. 2018,
2019). Colder and drier conditions also extend across the Antarc-
tic Peninsula and Weddell Sea region, with related warmer, wet-
ter conditions over the Ross—Amundsen Sea sector (Lim et al.
2018; Domeisen and Butler 2020; Kwon et al. 2020), which are
caused by a stratosphere-led weakening and eastward displace-
ment of the climatological Amundsen Sea low (England et al.
2016). These changes significantly impact regional Antarctic sea
ice anomalies during the melt season (Mezzina et al. 2025).

Conversely, a slower-than-usual seasonal evolution of the
stratospheric vortex typically follows an equatorward shift of the
winter stratospheric jet maximum near the stratopause and asso-
ciated reduced upward-propagating wave activity fluxes, which
lead to a strong and persistent polar vortex and associated lower-
than-normal Antarctic ozone concentration in spring. These cir-
culation and ozone anomalies tend to drive a positive phase of
the tropospheric SAM that can cause regional climate anomalies
of opposite sign to those associated with the negative SAM (e.g.,
Yook et al. 2022; Lim et al. 2024).

These dynamical processes from winter to summer comprise
the leading mode of interannual variability of the vertically cou-
pled circulation around Antarctica. This mode is captured by
empirical orthogonal function (EOF) analysis (North et al. 1982)
on monthly mean zonal-mean zonal wind anomalies around 60°S
at all available vertical levels from 1000 to 1 hPa and explains
about 45% of the total zonal-mean zonal wind variance (Lim
et al. 2018; Figs. Sla,b). The sequence of the dynamical events
from winter to summer from the top of the stratosphere to the
surface provides long-lead predictability of anomalies of the
spring polar vortex and subsequent SAM and SH regional cli-
mate (Fig. Slc; e.g., Lim et al. 2021, 2024). Therefore, an accurate
simulation of these processes in general circulation models is crit-
ical for skillful seasonal forecasts of spring-to-summer climate
anomalies and also for reliable projections of the future climate
in the SH, the latter of which is the focus of this study. Accord-
ingly, the aims of the study are (i) to evaluate the ability of the
climate models participating in the Coupled Model Intercompar-
ison Project phase 6 (CMIP6; Eyring et al. 2016) to simulate this
dynamical evolution of an anomalous SH polar vortex state and
its impact on the surface SAM and (ii) to assess how this model
performance affects future projections of the polar vortex and as-
sociated SAM by the end of the twenty-first century.

2. Data and methodology

We assess 42 CMIP6 models and all their available ensem-
ble members (a total of 153 runs) under historical forcings for
the “present day” climate of 1979-2014 and under the shared
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socioeconomic pathway (SSP) 5-8.5 forcings for the future cli-
mate of 2065-2100. The highest greenhouse gas (GHG) emis-
sion scenario was chosen to detect a clear signal from increasing
GHG forcing in the future climate simulations, although this sce-
nario is unlikely to be eventualized (O’Neill et al. 2016; Riahi
et al. 2017; IPCC 2023). A list of available models and number of
common ensemble members is given in Table S1. Of the 42 mod-
els analyzed, only nine employ interactive atmospheric chemistry
schemes that allow for two-way ozone—climate feedbacks; in 30 of
the remaining models, ozone is prescribed with the CMIP6 ozone
forcing dataset or similar (Hegglin et al. 2021; Simpson et al.
2023), while the other three models use simplified ozone schemes
that do not fully represent interactive chemistry.

For the observational analysis, we used the fifth generation
European Centre for Medium-Range Weather Forecasts
atmospheric reanalysis (ERAS) data (Hersbach et al. 2020), in-
cluding the corrected 200006 data produced from rectifying in-
appropriate data assimilation during this period in ERAS
(ERAS.1; Simmons et al. 2020). We analyzed monthly mean
zonal-mean zonal wind (U), geopotential height (Z), and mean
sea level pressure (MSLP) data from the models and ERAS. To
estimate vertically propagating wave activity fluxes (Andrews
et al. 1987; Peixoto and Oort 1992), we computed northward
eddy heat fluxes v’ 7" at 100 hPa, averaged over 45°-75°S, using
daily mean meridional wind v and temperature 7 data from
ERAS and 28 of the selected CMIP6 models with available
daily v and T data for 1979-2014 (see Table S1). Eddies (*)
were departures from the zonal mean. In the NH, positive
eddy heat flux (v/T7; i.e., northward) denotes poleward heat
transport, for which the associated geostrophic and hydrostatic
balances are aligned with a westward tilt of Rossby wave phase
with height, a necessary condition for upward propagation of
wave activity. Conversely, in the SH, positively signed v’ 7" indi-
cates equatorward eddy heat flux (EEHF) and therefore reduced
upward-propagating wave activity flux (i.e., reduced wave drag).

Throughout this paper, we use the stratospheric zonal-mean
zonal winds at 60°S to represent the strength of the polar vortex
and refer to the June-August (JJA) stratospheric polar vortex at
1 hPa as JJA_SPVyyp,. The JJA_SPVyy,p, should be distinguished
from the winter stratospheric jet maximum, which is found at the
top of the stratosphere in the midlatitudes at ~1 hPa (i.e., the
maximum contour in each of the first row panels in Fig. 1,
whose latitude and height vary with the seasonal cycle).
The position of the winter stratospheric jet maximum is identified
for each month as the latitude of the maximum zonal-mean zonal
wind poleward of 40°S at 1 hPa. The September-November
(SON) stratospheric polar vortex winds at 10 hPa and 60°S are
referred to as SON_SPVgp, (e.g., Seviour et al. 2014).
The surface SAM was obtained from the difference in normal-
ized zonal-mean MSLP anomalies between 40° and 65°S, follow-
ing the definition of Gong and Wang (1999). These diagnostics
are summarized in Table 1.

All reanalysis and model data for the historical period were
detrended to remove linear long-term trends driven by the
shift of the interdecadal Pacific oscillation (Power et al. 1999)
from a positive phase in the 1980-90s to a negative phase in
the 2000-20s (e.g., Kosaka and Xie 2013; Yang et al. 2020)
and/or increasing GHG concentrations (Eyring et al. 2021). We
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TABLE 1. Diagnostics of Antarctic vortex dynamics and its downward coupling. The overbar denotes the time mean, and square
brackets denote the zonal mean. The prime denotes departures from the zonal mean. The u, v, T, and MSLP represent zonal wind,
meridional wind, temperature, and mean sea level pressure, respectively. The n denotes normalization by the standard deviation.

Diagnostic Description Mathematical notation
Winter stratospheric June-August maximum speed of zonal-mean zonal winds poleward of [ 114
jet maximum 40°S at 1 hPa .
JIA_SPVinpa June-August mean stratospheric polar vortex at 60°S and 1 hPa (] 605 11Pa

JIA_EEHF,yonpa
over 45°-75°S at 100 hPa
SONfsPVLOhPa
10 hPa
SON_SAMg;.
the surface

June-August mean zonal-mean equatorward eddy heat flux averaged
September—-November mean stratospheric polar vortex at 60°S and

September—November mean of the Southern Annular Mode index at

[V T"] 4507505 100

[14] 605, 10Pa

A[MSLP] 5 — n[MSLP] 55

then examined projected changes in zonal-mean zonal wind,
temperature, and MSLP by calculating the mean difference in
the raw fields between the late twenty-first century (2065-2100)
and the historical period (1979-2014). Note, however, that our
evaluation results are not sensitive to whether we retain the
trend over the historical period or not. We also tested the effect
of Antarctic ozone depletion in the 1980-90s and its recovery
since 2000 on the variabilities of the observed indices by linearly
removing the components associated with Antarctic equivalent
effective stratospheric chlorine (EESC) (Engel et al. 2018; data
courtesy of Doctor Paul Krummel at CSIRO). Although the
impacts of the Antarctic ozone hole trends over these periods on
the trends in SH polar vortex strength, vortex breakdown timing,
and the surface SAM in austral late spring and summer seasons
have been well known (e.g., Thompson et al. 2011; Banerjee et al.
2020; Zambri et al. 2021), the ozone hole trends had a minimal
influence on the variabilities of the winter and spring polar
vortex and heat flux diagnostics and the spring SAM over
1979-2024 in the ERAS data (not shown).

Linear regression and Pearson correlations are used for the
statistical analysis, with significance assessed using a two-tailed
Student’s ¢ test and by bootstrapping years with replacement
and recomputing the correlation 1000 times. The difference in
projected changes between subsets of models is evaluated with
a two-tailed Welch ¢ test.

3. Results

a. Quantifying dynamical processes associated with a
vortex anomaly in ERAS

To set benchmarks for the model evaluation of dynamical pro-
cesses involved in a SH vortex anomaly, we first quantify the
chain of processes discussed in the introduction by computing cor-
relations between the diagnostic indices that monitor variations of
the stratospheric and tropospheric circulations and wave activity
fluxes using the reanalysis data. Hereafter, we will present results
associated with a spring polar vortex weakening, without repeat-
ing the corresponding opposite-signed results for a strong and per-
sistent spring polar vortex (e.g., Yook et al. 2022; Lim et al. 2024).

1) STRATOSPHERIC PROCESSES

As discussed in the introduction, an anomalous poleward
shift of the winter stratospheric jet near the stratopause,
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which is captured by an increase in zonal-mean zonal winds at
60°S and 1 hPa (i.e., a positive amplitude of the JJA_SPVyyp, in-
dex; hereafter JJA_SPVy,p,), can be a precursor of anomalous
spring polar vortex weakening, as observed in the two most ex-
treme SH stratospheric vortex weakening and warming events in
2002 and 2019 (e.g., Nishii and Nakamura 2004; Scaife et al. 2005;
Lim et al. 2021). The JJA zonal wind anomalies regressed onto
JJA_SPV p, (time series displayed in Fig. S2a) show a poleward
shift of the zonally averaged upper-stratospheric jet, indicating a
contraction of the winter vortex toward the South Pole (Fig. 2a).
Zonally symmetric meridional shifts of the winter stratospheric jet
maximum are, in fact, depicted by the leading EOF mode of zonal
wind variability poleward of 20°S at 1 hPa, which explains 66% of
the winter variance (Fig. S3a; also Lim et al. 2026).

The JJA_SPVinwpa. is significantly anticorrelated with the
time series of the JJA equatorward eddy heat fluxes averaged
over 45°-75°S and measured at 100 hPa (JJA_EEHFgpp.;
Fig. S2b) at —0.55 for the period 1979-2024, confirming the no-
tion that the background westerly flow must fall within a specific
range of speeds for planetary-scale waves to propagate vertically
(Charney and Drazin 1961; Matsuno 1970). A poleward shift of
the winter stratospheric jet maximum satisfies this requirement
and allows more waves to propagate upward into the upper
stratosphere, which is represented by decreased equatorward
eddy heat fluxes (i.e., increased poleward eddy heat fluxes) at
100 hPa. The midstratospheric eddy geopotential height anoma-
lies associated with the decreased JJA_EEHF ggnp, (v T" < 0 in
the SH) show a clear wave-1 pattern, which is a typical wave
scale that propagates into the stratosphere (Fig. 2b; e.g., Randel
1988). Year-to-year variations of JJA_EEHFp, are then pos-
itively correlated with those of SON_SPVgp, (Fig. S2¢) at 0.6
for the same 46-yr period. This suggests that reduced equator-
ward eddy heat fluxes (i.e., enhanced poleward eddy heat fluxes
and upward-propagating wave activity) in winter tend to weaken
the polar vortex in spring, when the background westerlies are
weaker than those in winter and therefore vertically propagating
waves encounter a critical layer at lower levels (e.g., Matsuno
1971; Randel and Newman 1998; Baldwin et al. 2021; Fig. 2c).
Consequently, a poleward shift of the winter stratospheric jet
maximum at 1 hPa (positive JJA_SPVy,p,) tends to lead to
weakening of the spring polar vortex (negative SON_SPVg,p,)
(r = —0.47), as demonstrated in Fig. 1. These correlations be-
tween the diagnostic indices are tabulated in Fig. 3.
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FIG. 2. Regression patterns of ERAS (a) JJA zonal winds (U) at 1 hPa onto JJA_SPVy,p,, (b) JJA eddy geopotential height (Z’) at 30 hPa
onto sign-inverted JJA_EEHFgg,p,, (€) SON U at 10 hPa onto sign-inverted SON_SPVg,p,, and (d) SON MSLP onto sign-inverted SON_
SAM;. obtained over 1979-2024 (color shading). The panels are ordered to reflect the temporal progression of dynamical processes from JJA
to SON. The signs of the JJA_EEHF,yp,pa, SON_SPVgpa, and SON_SAM. indices were inverted to display the circulation anomalies fol-
lowing a poleward shift of the winter stratospheric jet maximum at 1 hPa shown in (a). Contours show climatological means, and stippling indi-

cates statistical significance at the 10% level with 46 samples.

2) STRATOSPHERE-TROPOSPHERE COUPLING

Next, weaker SON_SPVgpp, is highly correlated with the neg-
ative phase of the surface SAM (Fig. 2d) in the same season
(SON_SAMy; Fig. S2d) at 0.73 for 1979-2024 (Fig. 3). The signif-
icant correlation between SON_SPVgp, and the surface SAM
lasts until the following summer (Fig. S4), stressing that an
anomalous springtime polar vortex condition is an important
predictor of the SH surface climate variations in austral warm
seasons, in agreement with the wider literature (e.g., Thompson
et al. 2005; Son et al. 2013; Seviour et al. 2014; Byrne and
Shepherd 2018; Ceppi and Shepherd 2019; Mindlin et al.
2021; Rao and Garfinkel 2021; Breul et al. 2022).

This chain of processes leads to statistically significant cor-
relation between JJA_SPV,p, and SON_SAM;. of —0.47. It
is worth mentioning that JJA_SPVyyp, and JJA_EEHFgonpa
are more correlated with SON_SAM;;. (—0.47 and 0.60, re-
spectively) than with the concurrent JJA_SAM. (—0.33 and
0.26, respectively). These results suggest that weaker strato-
spheric background zonal winds in spring should be an important
contributor to the downward coupling of the stratospheric vortex
anomalies by setting the critical layer poleward and downward
for the wave-mean flow feedback (e.g., Lim et al. 2026). Thus,
the lagged relationships from a poleward-shifted winter strato-
spheric jet at the top of the stratosphere (i.e., a contracted winter
vortex) to a weaker spring polar vortex and ultimately to a nega-
tively phased SAM at the surface provide long-lead predictability
of the surface SAM and associated SH surface climate anomalies
in austral spring and early summer (e.g., Lim et al. 2018; Li and
Strode 2025).

We have repeated the same correlation analysis for 1979-2014
to enable a direct comparison with the model historical simula-
tions presented in the next subsection. The correlation coeffi-
cients for this 36-yr period (lower-left boxes in Fig. 3) closely
match those for the extended 46-yr period through 2024 (upper-
right boxes in Fig. 3), confirming that these dynamical relation-
ships are robust through different time periods. It is also worth
noting that the relationships presented here are not sensitive to

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 07/28/26 04:29 PM UTC

whether a linear trend and/or the trend associated with the
EESC is removed from these indices or not. Moreover, although
the relationships weaken slightly when the extreme stratospheric
vortex weakening and warming events in 2002 and 2019 are ex-
cluded, they remain statistically significant (not shown).

Given that these correlations effectively capture the dynamics
of the anomalous vortex evolution from winter to spring in the
reanalysis, how well do the state-of-the-art climate models re-
produce these relationships?

979-2024
JA_ JA_ SON_ SON_
SPVﬂ-Pa EHchlnPa SPv10hPa SAMsfc
1979-2014
O -0.47 -0.47
JA_
SPV1hPa
JA_ 0 0.42
EEHF, 0onpa
SON. | .0.48 0
SPv1OhPa
SON_ | .044 | 0.39 0
SAM,, ’ ’

FIG. 3. Correlation coefficients capturing dynamics of the anom-
alous vortex evolution, using the ERAS reanalysis data. Correla-
tions on the right-hand side of the diagonal cells were computed
over 1979-2024, whereas those on the left-hand side were com-
puted over 1979-2014 and are used as benchmarks for the model
evaluation over this common historical period. The [0.29] and |0.33|
correlation coefficients are statistically significant at the 5% level,
given 46 and 36 independent samples, respectively, as estimated by
a two-tailed Student’s ¢ test. Cell shading represents correlation
magnitude, with color intensity increasing for stronger correlations.
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b. Model simulations of the observed relationships

In stark contrast to the reanalysis that shows a significant neg-
ative correlation between JJA_SPVip, and SON_SPVpnpa
(Fig. 3), the majority of the 42 CMIP6 models simulate signifi-
cant positive ensemble-mean correlations over 1979-2014, with
a multimodel mean (MMM) correlation of 0.24 (Fig. 4a). Most
individual model means fall well outside the observational un-
certainty range (indicated by the gray line overlaid on the black
bar). However, seven models (ACCESS-ESM1-5, EC-Earth3,
EC-Earth3-CC, EC-Earth3-Veg, INM-CM5-0, MIROC6, and
MPI-ESM1-2-HR) do simulate negative ensemble-mean correla-
tions, though they substantially underestimate the magnitude
compared to ERAS with only one member exhibiting a corre-
lation as high as observed (Fig. 4a). We hereafter refer to these
seven models as “blue models” and the remaining models as “red
models.” Note that none of these blue models include interactive
stratospheric ozone chemistry schemes, which suggests (to first or-
der) that the ability of models to capture this relationship is not
due to their treatment of ozone. Nevertheless, the substantial un-
derestimation of the anticorrelation strength between JJA_
SPVihp, and SON_SPVgp, in the blue models could partly re-
flect the lack of positive feedback between the stratospheric circu-
lation and ozone during late winter and spring (e.g., Hendon et al.
2020).

Among the 28 models with available daily data, 21 models
simulate unrealistic positive correlations between JJA_
SPViwpa and JJA_EEHF,gonp,, indicating that increased JJA
polar vortex wind speeds at 60°S in the upper to midstrato-
sphere (positive JJA_SPVyp,) are linked to reductions in
upward-propagating wave activity fluxes represented by posi-
tive JJA_EEHFgoppa (i-e., /T > 0 in the SH), contrary to
the observed relationship. Only seven models simulate the ob-
served negative correlation between JJA_SPVy,p, and JJA_
EEHF gonpa (Fig. 4b), with substantial underestimations in
~70% of associated runs. Of these seven models, only two
(~30% of runs) reproduce a correlation magnitude within the
ERAS uncertainty bounds, with six runs from ACCESS-
ESM1-5 and FGOALS-g3 overestimating the relationship
and falling in the upper bounds of this range.

On the other hand, most models correctly simulate the ob-
served positive relationship between JJA_ EEHFgopp, and
SON_SPVpnpa, With 80% of runs within the ERAS uncer-
tainty range (Fig. 4c). Therefore, it is the wintertime wave—
mean flow feedback bias (between JJA_SPViup, and JJA_
EEHFggpa) in many models that accounts for the evolution
bias between JJA_SPVy,p, and SON_SPVy,p.. This seem-
ingly erroneous wintertime wave-mean flow feedback in most
of the models is explained by the distinctively different regres-
sion patterns of zonal-mean zonal wind anomalies onto JJA_
SPVyp, in ERAS and in the MMM (Fig. 5): While increases
in winter vortex winds at 60°S at 1 hPa are associated with a
poleward shift of the winter stratospheric jet maximum in
ERAS, they are associated with an equatorward shift of the
winter stratospheric jet maximum in the MMM, for which
the climatological mean is erroneously located near 60°S
(Figs. 5a,b). This equatorward shift of the winter stratospheric
jet is then related to the quiescence of upward-propagating
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wave activity, allowing the strong winter vortex to persist into
spring in the MMM (Figs. 5e). In contrast, the blue-model
mean appears to better simulate the observed poleward shift of
the winter stratospheric jet maximum with the meridional dipole
of zonal wind anomalies (Fig. 5c) and therefore reproduce the
observed dynamical linkages among JJA_SPViup,, JJA_
EEHF;0onpa, and SON_SPVg,p,, although the magnitudes
of the model correlations are apparently weaker than those
of the observed correlations (Figs. 4 and 5c,f).

In contrast to the strong model bias in the wintertime
wave—-mean flow feedback, models demonstrate better skill in
reproducing the observed stratosphere—troposphere coupling
with positive correlations between the polar vortex at 10 hPa
and the surface SAM in spring (Fig. 4d). However, the corre-
lation strength is notably underestimated (0.50 MMM correla-
tion compared to 0.70 for ERAS). In addition, as mentioned
in section 2, we tested these model relationships without lin-
ear detrending and after removing the observed EESC or the
5-yr running means, the latter of which could better capture
Antarctic ozone depletion and recovery trends in individual
models, and found no significant differences (Fig. S5).

To identify possible sources of the model errors in simulating
upper-stratospheric processes, we examined the models’ clima-
tological jet positions during the historical period at 1 hPa,
where the observed winter stratospheric jet maximum is found
(e.g., Figs. 1b—d). Figure 6 shows that many models exhibit sig-
nificant biases in the mean location of the winter jet, simulating,
on average, a maximum near 55°S rather than near 45°S as in
the reanalysis (thick black solid line in Fig. 6a). The MMM
(thick black dotted line in Fig. 6a) shows 8.3° mean poleward
shift in May—July relative to ERAS. This significant jet position
bias appears to be dominantly attributable to the red models
(Fig. 6a, thick dashed red line), which also simulate the errone-
ous positive relationship between the winter polar vortex
at 1 hPa and the spring polar vortex at 10 hPa (Fig. 4a). In con-
trast, the blue models, which correctly capture the signs of the
vortex evolution processes in the upper stratosphere, also more
skillfully simulate the winter maximum jet location in the mid-
latitudes (Fig. 6a, thick dashed blue line), with a bias, on aver-
age, of 3.8° or approximately half the magnitude of the winter
MMM error. This relationship is further evidenced by a statisti-
cally significant intermodel correlation (r = —0.64) between the
magnitudes of the models’ mean winter maximum jet position
biases and their misrepresentation of the dynamical evolution
from JJA_SPVi,p. anomalies to SON_SPV,y,p, anomalies
(Fig. 6b). That is, models that displace the winter stratospheric
jet maximum farther poleward than observed tend to produce
stronger erroneous positive correlations between JJA_SPVyp,
and SON_SPV g,pa, suggesting that the winter maximum jet po-
sition bias is an important source of the evolution bias in the
variability of the SH polar vortex in these CMIP6 models.

As three of the seven blue models are the EC-Earth3 models,
one may wonder whether this intermodel relationship is some-
what biased by a single model family. Our additional analysis
confirms that the relationship between the winter jet position
biases and the biases in the dynamical evolution of vortex
anomalies is insensitive to the choice of models, whether we
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FIG. 4. Correlations between (a) JJA_SPVy,p, and SON_SPVgppa, (b) JJA_SPViypa
and JJA_EEI‘IFlOOhPa, (C) JJA_EEI‘IFl()()hPa and SON_SPVl()hPa, and (d) SON_
SPVionpa and SON_SAMg;. over the 1979-2014 period. Individual ensemble members
(circles) and model mean correlations (bars) are shown for each CMIP6 model over
1979-2014, with red and blue bars denoting “red” and “blue” model classifications, re-
spectively [based on the sign of the associated mean correlation in (a)]. Right panels
display the MMM correlation (gray), subset means across red and blue models (red
and blue, respectively), and the ERAS reanalysis correlation (black). The gray error
line shows the 95% confidence interval of the ERAS correlation estimated by boot-
strapping the 36 years with replacement and recalculating the correlation 1000 times.
Models that include an interactive chemistry scheme are marked with an asterisk.
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of the regression at the 10% level, assessed by a two-tailed Student’s # test, given 36 samples.

include all models, one representative model per family, or an
ensemble mean across each family (not shown).

Regarding the position of the winter stratospheric jet
maximum, its spatial structure and interannual variability are
significantly influenced by gravity waves, as demonstrated in
high-resolution simulations (e.g., Watanabe et al. 2008).
However, the gravity wave parameterizations used in most cli-
mate models lack the lateral propagation effect of gravity waves
(e.g., Sato et al. 2009, 2012) and gravity wave sources around
60°S (e.g., McLandress et al. 2012; Bramberger and Bacmeister
2025). The resultant insufficient gravity wave forcing generally
causes a poleward bias in the SH winter stratospheric jet maxi-
mum (e.g., Garcia et al. 2017). MIROCS6, one of the blue models,
uses nonorographic gravity wave source constraints derived from
a high-resolution simulation at 70 hPa (Watanabe 2008) and cor-
rectly simulates the location of the SH jet at the stratopause
(Tatebe et al. 2019). Similarly, Bramberger and Bacmeister
(2025) reported a substantial reduction in the poleward bias in
the location of the SH winter stratospheric jet maximum by in-
corporating a new source of gravity waves into the parameteriza-
tion scheme in a development version of the Community
Atmospheric Model (CAM), version 7. Their new parameteriza-
tion was designed to represent low-frequency gravity waves ex-
cited by frontal systems, which led to successful simulations of
the tilt of the SH winter stratospheric jet from around 60°S in the
midstratosphere to around 45°S at the top of the stratosphere
and the strength of the polar vortex. These results suggest that
improved gravity wave parameterizations could be critical for re-
ducing winter stratospheric jet position biases in climate models.

To further understand whether planetary-scale resolved
wave activity propagating from the lower stratosphere/upper
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troposphere also contributes to the winter maximum jet
position biases in our ensemble of CMIP6 models, we exam-
ined the climatological locations of the minimum magnitude
of EEHF;ponpa (i-€., maximum magnitude of poleward eddy
heat fluxes in the SH at 100 hPa) in the reanalysis and the
models. The result shows that the climatological monthly
mean locations of the minimum EEHF;qg,p, in the MMM
are equatorward-biased compared to that of the reanalysis
especially during early spring from August to October (Fig. S6). It
is notable that both blue and red models exhibit nearly identical
seasonal cycles of the heat flux biases, and blue models appear to
have somewhat larger biases in this metric. Therefore, these biases
associated with resolved waves are unlikely to explain the difference
in the winter maximum jet position between the blue- and red-
model means (Fig. 6a), and hence are not a primary source of the
winter jet position biases.

Given the close relationship between the winter jet position
biases and the vortex evolution biases, one may also question
whether the models’ winter jet strength can affect its vortex
evolution. The MMM tends to simulate a weaker stratospheric
jet maximum than observed in early winter (May—June) but a
stronger jet maximum in spring, with blue models again per-
forming slightly better than the red models (Fig. 6¢). However,
the intermodel relationship between the jet strength biases and
the anomalous vortex evolution biases is weak and not statisti-
cally significant (r = 0.24) (Fig. 6d).

c¢. Future projections for the SH polar vortex and its
downward coupling

The findings of the previous subsection then raise a critical
question: Does a model’s ability to correctly simulate the mean
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tion from winter to spring in the historical simulations (1979-2014). (a) Latitudes and (c) speeds of the upper-stratospheric monthly
mean jet (i.e., locations and strengths of the maximum zonal-mean zonal wind at 1 hPa) for individual models (thin lines), the
MMM across all models (thick dotted black line), the blue-model subset mean (thick dashed blue line), and the red-model subset
mean (thick dashed red line). Red and blue shadings illustrate the ensemble spread for red and blue models, respectively. The
ERAS climatology is overlaid in thick black line, with the gray shading indicating the 95% confidence interval estimated via monthly
bootstrap resampling (1000 iterations). Cross-model relationship between JJA_SPVi,p,—~SON_SPV y,p, correlations (abscissa; from
Fig. 4a) and (b) JJA jet position biases (ordinate) or (d) JJA jet strength biases (ordinate), both relative to ERAS. Error bars represent un-
certainty due to internal variability following Simpson et al. (2021): standard deviations estimated from 1000 subsampled members from
three representative large-ensemble models (ACCESS-CM2, ACCESS-ESM1-5, and CanESMS), scaled by each of the three models’
ensemble size (Table S1). Note that the vertical error bars are not visible given their range from 0.03° to 0.20° in (b) and from 0.08 to
0.55 m s~ " in (d). Each dot represents one CMIP6 model (blue or red); the black X indicates ERAS. Thick gray lines show least squares
best-fit relationships, with the cross-model correlation coefficient shown in the top-right corner of each panel. The three asterisks in

(b) indicate the correlation being statistically significant at the 1% level according to a two-tailed Student’s 7 test, given 42 samples.

position of the winter stratospheric jet maximum and the corre-
sponding meridional dipole structure of the winter stratospheric
jet anomalies and subsequent vortex evolution affect the mod-
el’s projections of future polar vortex and SAM changes? To
address this, we assessed the models’ projected changes in
zonal-mean zonal winds, temperatures, and MSLP from the his-
torical period (1979-2014) to the end of the twenty-first century
climate simulations (2065-2100) under the high SSP5-8.5 sce-
nario, when increasing GHGs become the dominant external
forcing, overtaking the effect of Antarctic ozone recovery (e.g.,
Fogt and Marshall 2020; Butler et al. 2026) (Figs. 7-9). As
shown in Fig. 7a, the MMM of CMIP6 models projects exten-
sive cooling in the mid- to upper stratosphere particularly over
Antarctica, while projecting warming in the troposphere, which
constitutes a well-established first-order response to increasing
GHG forcing (e.g., Manabe and Wetherald 1975; Santer et al.
1996; Randel et al. 2009) (Fig. 7, left panels). Projected tem-
perature changes are similar in spring except for the moder-
ate but statistically significant warming in the lower stratosphere
over Antarctica, which is presumably a signature of the recovery
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of Antarctic ozone to 1980s historical levels by the mid-twenty-
first century (e.g., Chipperfield et al. 2022; WMO 2022; Fig. 7b).
Consequently, the SH winter stratospheric jet is projected to
strengthen in the upper stratosphere and shift somewhat equa-
torward in the mid- to lower stratosphere, which appears to
be linked to the strengthening of the SH tropospheric mid-
latitude jet (Fig. 8a, e.g., Fyfe et al. 1999; Lu et al. 2008;
Mindlin et al. 2020; Deng et al. 2022). Similar robust zonal-
mean zonal wind changes are projected for spring (Fig. 8b).
The SAM is projected to be more positive in all seasons by
the end of the twenty-first century under high GHG emis-
sion scenarios (e.g., Miller et al. 2006; Lim et al. 2016; Purich
et al. 2026), and this is confirmed for spring in Fig. 9a.
Interestingly, the blue models project notably different fu-
ture changes from those of the red models. In comparison to
the mean projection of all models (Fig. 8a), the blue-model
mean projection indicates a stronger poleward shift of the winter
stratospheric jet maximum (Fig. 8c). Given that the blue-model
mean is able to simulate the negative correlation between
JJA_SPViyp, and SON_SPVignp, during the historical
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period (despite an overall underestimation of the correla-  Figure 5 (from 5a to 5d and 5c to 5f), for example. Indeed, the
tion strength), this projected poleward shift of the winter strato-  blue-model mean projects considerably weaker positive changes
spheric jet maximum (i.e., increase in JJA_SPVy;p,) should act  in spring zonal winds compared to the all-model mean (Fig. 8d
to dynamically weaken the subsequent spring polar vortex, re-  vs Fig. 8b), likely due to this “dynamically driven” weakening
sembling the change from winter to spring anomalies shown in  offsetting the well-established thermally driven strengthening of
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the vortex in spring. The differences between the blue- and red-
model mean projections for JJA and SON (Figs. 8e.f) are re-
markably similar to the observed and blue-model mean vortex
evolutions associated with an anomalous poleward shift of the
winter jet in the upper stratosphere and a subsequent weakening
of the spring polar vortex shown in Fig. 5. The temperature dif-
ferences between the blue- and red-model mean projections for
winter and spring are also consistent with the zonal wind differ-
ences: higher temperatures in the node of the meridional dipole
of the zonal wind differences being indicative of a more pole-
ward-shifted jet in the upper stratosphere in winter (Lim et al.
2026) (Fig. 7e), and those over the Antarctic mid- to lower
stratosphere being in balance with the weaker polar vortex in
spring (e.g., Hendon et al. 2020) (Fig. 7f). Therefore, the ability
of models to simulate the seasonal evolution of the polar vortex
anomalies with correct latitudinal structures does influence the
future changes in zonal-mean zonal winds they project under
the highest emission scenario in a consistent manner with
the dynamics of wave-mean flow interaction. This link is
quantified in Fig. 10, which shows a significant positive cor-
relation between the models’ climatological mean jet posi-
tion biases at 1 hPa in winter in the historical period and
their projected spring zonal wind strengths at 20°-60°S
(r = 0.5-0.6). That is, models that more strongly misplace
the winter stratospheric jet and misrepresent the anoma-
lous winter-to-spring vortex evolution in the historical pe-
riod tend to simulate a stronger springtime polar vortex in
their future projections.

Because spring zonal-mean zonal wind changes in the SH
stratosphere are weaker in the blue-model mean (Fig. 8d), their
spring positive SAM projections are also weaker than the all-
model mean (Fig. 9b vs Fig. 9a). Consequently, the difference
in MSLP changes in spring between the blue- and red-model
means broadly resembles a negative SAM pattern, with higher
pressure along the Antarctic coast and lower pressure in the
40°-60°S latitude band (Fig. 9c, cf. stratosphere-driven nega-
tive SAM in the reanalysis in Fig. S1c). Figure 10 also shows a
poleward shift of the projected tropospheric eddy-driven jet
correlated with the historical winter stratospheric jet position
bias in the models. Therefore, the strong and robust positive
SAM projection in the all-model mean for spring (Fig. 9a) could
be partly influenced by the winter stratospheric maximum jet po-
sition bias and associated vortex evolution bias characterized by
unrealistic persistence of winter polar vortex anomalies to spring
in most models. However, it is noteworthy that the MSLP differ-
ence between the blue- and red-model means is not statistically
significant over most of the SH extratropics, suggesting that
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other processes such as changes in tropical sea surface tempera-
tures and their teleconnections and/or changes in the Antarctic
sea ice extent may also influence the lower atmospheric circula-
tion in the two model groups.

4. Concluding remarks

In this study, we have examined the dynamical evolution of
the SH polar vortex anomalies using ERAS over 1979-2024,
the full period available at the time of analysis, and over
1979-2014, which is used to represent the “present day” cli-
mate consistent with the CMIP6 historical simulations. We
evaluated the ability of 42 CMIP6 model ensembles to simu-
late this evolution over 1979-2014 and explored how model
skill in reproducing the vortex dynamics during the historical
period relates to projections of the SH polar vortex and its
downward coupling under the highest GHG emission sce-
nario, SSP5-8.5, by the end of the twenty-first century, with
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increasing GHGs dominating the external forcing (e.g., Fogt
and Marshall 2020; Purich et al. 2026). We have shown that
the chain of the dynamical processes linked to a spring polar
vortex anomaly often begins with an anomalous meridional
shift of the winter stratospheric jet maximum and associated
wave—mean flow feedback and ends with a SAM anomaly at
the surface in spring. These sequential processes are effec-
tively captured by a set of correlations, which we have used as
benchmarks to evaluate the models’ performance in simulat-
ing this leading mode of stratosphere—troposphere coupled
variability. The observed and modeled processes discussed in
section 3 are summarized schematically in Fig. 11.

We have found that most CMIP6 models are deficient in
simulating the observed linkage between meridional shifts of
the winter stratospheric jet at the top of the stratosphere and
the subsequent spring polar vortex anomalies as depicted by a
negative correlation between the winter polar vortex at 1 hPa
and the spring polar vortex at 10 hPa. Instead, they tend to
simulate positive correlations between the winter and spring
polar vortices because their winter polar vortex anomalies per-
sist into spring with limited poleward movement unlike the
observed anomalies. This bias in the dynamical vortex evo-
lution associated with the vortex variability appears to arise
from a systematic bias in the climatological position of the
winter stratospheric jet maximum, even though its climato-
logical strength is close to observed. In contrast, the models
correctly simulate the observed linkage between the polar
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vortex and the surface SAM in spring but with an overall
underestimation of its strength.

Under the SSP5-8.5 highest emission scenario, the CMIP6 mul-
timodel mean projects the SH stratospheric jet to strengthen in the
upper stratosphere and to shift equatorward in the mid- to lower
stratosphere in both winter and spring and the SAM to become
more positive by the end of the twenty-first century in spring. On
the other hand, in a subset of models that realistically simulate the
climatological location of the winter stratospheric jet maximum
and anomalous winter-to-spring vortex evolution (i.e., “blue”
models), the mean position of the winter stratospheric jet is pro-
jected to shift poleward relative to that of the present climate, and
the change in spring polar vortex strength is projected to be mini-
mal. These changes projected by the blue-model mean, which are
distinctively different from those of the all-model mean, are dy-
namically consistent with the winter—spring vortex relationship
found in the reanalysis. The lack of substantial change in the spring
polar vortex in the blue-model mean leads to a more moderate
positive trend in the spring SAM than in the all-model mean.

A positive trend in SAM all year-round has been a robust fea-
ture of future climate change projections driven by increasing
GHG:s in successive generations of global coupled climate mod-
els (e.g., Fyfe et al. 1999; Cai et al. 2003; Arblaster and Meehl
2006; Miller et al. 2006; Simpkins and Karpechko 2012; Lim et al.
2016; Fogt and Marshall 2020; Purich et al. 2026). Its cause has
been widely understood to be the GHG-driven radiation changes
that would result in a maximum warming in the tropical upper
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troposphere and a strong polar stratospheric cooling, both of
which would increase the equator-to-pole meridional tempera-
ture gradient and shift the tropospheric midlatitude jet poleward
in the SH (e.g., Butler et al. 2010; Ceppi and Shepherd 2019;
Mindlin et al. 2020; Jucker et al. 2021).

However, this GHG forcing on the SAM is expected to be
substantially offset by the forcing from projected Antarctic ozone
recovery especially during austral spring and summer throughout
the remainder of the twenty-first century, imposing large uncer-
tainty on future trends in the SAM and associated regional cli-
mate (e.g., Mindlin et al. 2021; Keeble et al. 2021; Chipperfield
et al. 2022; Ivanciu et al. 2022; Purich et al. 2026). The projected
loss of Antarctic sea ice has also been identified as a source of
uncertainty by acting to partially offset a positive SAM trend,
primarily via a weakening of the tropospheric jet strength in
association with a reduced low-level meridional temperature
gradient (Bader et al. 2013; Bracegirdle et al. 2015; England
et al. 2018; Williams et al. 2024). More fundamentally, SH
tropospheric jet position and intensity biases (Kidston and
Gerber 2010; Swart et al. 2015; Simpson and Polvani 2016) re-
main a persistent source of spread in SAM projections.

Bearing this in mind, our results identify another cause of un-
certainty in model projections for the SAM change in austral
spring, which stems mainly from the model biases in the simula-
tions of the winter stratospheric maximum jet position and their
impacts on subsequent dynamical evolution of the SH vortex
anomalies. These model biases, in turn, can have a deleterious ef-
fect on the projected rate of Antarctic ozone recovery, as SH
stratospheric polar vortex conditions are closely tied to Antarctic
stratospheric ozone concentrations through strong positive feed-
back during spring (e.g., Stolarski et al. 2005; Keeble et al. 2014;
Garny et al. 2022). Consequently, biases in the SH polar vortex
dynamics in the climate models coupled with interactive ozone
chemistry might amplify stratospheric forcing errors that affect
the surface SAM during austral warm seasons (Li and Strode
2025). Because the SAM is associated with significant impacts on
the SH regional climate, ocean circulations, and Antarctic sea ice
variations (e.g., Sen Gupta and England 2006; Gillett et al. 2006;
Ciasto et al. 2011; Simpkins et al. 2012; Purich et al. 2026), reduc-
ing the model biases that affect the dynamics governing the
SAM will directly improve the reliability of projections of future
climate and its impacts in the SH.

On improving simulations of the SH stratospheric vortex, pre-
vious studies have demonstrated that improving gravity wave pa-
rameterization by better representing nonorographic gravity
waves (Watanabe 2008; Watanabe et al. 2008), orographic gravity
waves (Garcia et al. 2017; Calvo et al. 2012), and low-frequency
gravity waves emanating from frontal systems (Bramberger
and Bacmeister 2025) has significantly reduced the SH win-
ter stratospheric jet maximum bias (too poleward) and the
polar vortex bias (too strong and cold). In addition, Alexander
et al. (2010) reported that improving orographic and nonoro-
graphic gravity wave parameterizations could have a significant
impact on SH climate simulations via affecting the transport of
trace constituents and ozone-depleting processes. All these ef-
forts to improve gravity wave parameterizations are promising
for more skillful simulations of the SH stratospheric vortex evo-
lution and its downward coupling and thus for more reliable fu-
ture climate projections. Analyses of large ensembles from
models with interactive chemistry (e.g., Butler et al. 2026) may
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also provide additional insight into potential future changes in
the stratospheric polar vortex in winter and spring and the asso-
ciated SAM.

Acknowledgments. This study is part of the Victorian
Water and Climate Initiative (VicWaClI), funded by the
Department of Energy, Environment, and Climate Action; the
National Environmental Science Program (NESP), funded by
the Department of Climate Change, Energy, the Environment
and Water; and the Australian Research Council Special
Research Initiative for Securing Antarctica’s Environmental
Future (SAEF) Program (SR200100005). I. R. S. is supported
by the NSF National Center for Atmospheric Research which is
a major facility sponsored by the National Science Foundation
under Cooperative Agreement 1852977. S. W. was supported
by MEXT-Program for the Advanced Studies of Climate
Change Projection (SENTAN) Grant JPMXD0722681344
and JSPS KAKENHI Grant JP22H00169. N. C. acknowledges
support from the projects RecO3very: PID2021-124770B-100
and RETO-PV: PID2024-158151NB-100, from the Spanish
Ministry of Science and Innovation. A. Y. K. was supported by
the Research Council of Finland (Grants 354331 and 364657).
R. S. W. was supported by the European Union’s Horizon 2020
research and innovation framework programme under Grant
Agreement 101003590 (PolarRES). J. M. acknowledges the Saxon
State Ministry for Science, Culture and Tourism (SMWK) —
(3-7304/44/4-2023/8846). This research was undertaken on the
NCI National Facility in Canberra, Australia, which is supported
by the Australian Commonwealth Government. The NCAR
Command Language (NCL; http://www.ncl.ucar.edu) version 6.6.2
and Python version 3.11 were used for data analysis and visuali-
zation of the results. We acknowledge ECMWF and the
Copernicus Climate Change Service for producing and archiv-
ing the ERAS reanalysis. We also acknowledge the World
Climate Research Programme (WCRP), which, through its
Working Group on Coupled Modelling, coordinated and pro-
moted CMIP6. We thank the climate modeling groups for pro-
ducing and making available their model output, the Earth
System Grid Federation (ESGF) for archiving the data and
providing access, and the multiple funding agencies who sup-
port CMIP6 and ESGEF. The authors thank Drs. Sugata Nar-
sey and Matthew Wheeler at the Bureau of Meteorology for
their insightful feedback on the early version of the manu-
script, Editor Professor Darryn Waugh for convening the
peer-review process, and three anonymous reviewers for
their thorough reviews and valuable and constructive feedback
on the manuscript. The authors declare no conflicts of interest
related to this work.

Data availability statement. The ERAS and ERAS.1 hourly
and monthly reanalysis data are available at Catalogue—Climate
Data Store. The CMIP6 data are available at https://werp-cmip.
org/cmip-data-access/. NCL and Python scripts used for the analy-
sis and visualization are also available upon request.

REFERENCES

Alexander, M. J., and Coauthors, 2010: Recent developments in
gravity-wave effects in climate models and the global


http://www.ncl.ucar.edu
https://wcrp-cmip.org/cmip-data-access/
https://wcrp-cmip.org/cmip-data-access/

4574

distribution of gravity-wave momentum flux from observa-
tions and models. Quart. J. Roy. Meteor. Soc., 136, 11031124,
https://doi.org/10.1002/qj.637.

Andrews, D. G., J. R. Holton, and C. B. Leovy, 1987: Middle
Atmosphere Dynamics. Academic Press, Inc., 489 pp.
Arblaster, J. M., and G. A. Meehl, 2006: Contributions of external
forcings to Southern Annular Mode trends. J. Climate, 19,

28962905, https://doi.org/10.1175/JCLI3774.1.

Bader, J., M. Fliigge, N. G. Kvamstg, M. D. S. Mesquita, and A.
Voigt, 2013: Atmospheric winter response to a projected future
Antarctic sea-ice reduction: A dynamical analysis. Climate.
Dyn., 40, 2707-2718, https://doi.org/10.1007/s00382-012-1507-9.

Baldwin, M. P., and T. J. Dunkerton, 2001: Stratospheric har-
bingers of anomalous weather regimes. Science, 294, 581-584,
https://doi.org/10.1126/science.1063315.

——, and Coauthors, 2021: Sudden stratospheric warmings. Rev. Geo-
phys., 59, €2020RG000708, https://doi.org/10.1029/2020RG000708.

——, T. Birner, and B. Ayarzagiiena, 2024: Tropospheric amplifi-
cation of stratosphere-troposphere coupling. Quart. J. Roy.
Meteor. Soc., 150, 5188-5205, https://doi.org/10.1002/qj.4864.

Bandoro, J., S. Solomon, A. Donohoe, D. W. J. Thompson, and
B. D. Santer, 2014: Influences of the Antarctic ozone hole on
Southern Hemispheric summer climate change. J. Climate,
27, 6245-6264, https://doi.org/10.1175/JCLI-D-13-00698.1.

Banerjee, A., J. C. Fyfe, L. M. Polvani, D. Waugh, and K.-L.
Chang, 2020: A pause in Southern Hemisphere circulation
trends due to the Montreal Protocol. Nature, 579, 544-548, https:/
doi.org/10.1038/s41586-020-2120-4.

Black, R. X, and B. A. McDaniel, 2007: Interannual variability in
the Southern Hemisphere circulation organized by stratospheric
final warming events. J. Atmos. Sci., 64, 2968-2974, https://doi.
org/10.1175/JAS3979.1.

Bracegirdle, T. J., D. B. Stephenson, J. Turner, and T. Phillips,
2015: The importance of sea ice area biases in 21st century
multimodel projections of Antarctic temperature and precipi-
tation. Geophys. Res. Lett., 42, 10832-10839, https://doi.org/
10.1002/2015GL067055.

Bramberger, M., and J. Bacmeister, 2025: Improving representa-
tion of stratospheric polar vortex in Southern Hemisphere
with low-frequency frontal waves. Geophys. Res. Lett., 52,
€2025GL117854, https://doi.org/10.1029/2025GL117854.

Breul, P., P. Ceppi, and T. G. Shepherd, 2022: Relationship between
Southern Hemispheric jet variability and forced response: The
role of the stratosphere. Wea. Climate Dyn., 3, 645-658, https:/
doi.org/10.5194/wed-3-645-2022.

Butler, A. H., and D. I. V. Domeisen, 2021: The wave geometry
of final stratospheric warming events. Wea. Climate Dyn., 2,
453-474, https://doi.org/10.5194/wcd-2-453-2021.

——, D. W. J. Thompson, and R. Heikes, 2010: The steady-state
atmospheric circulation response to climate change-like ther-
mal forcings in a simple general circulation model. J. Climate,
23, 3474-3496, https://doi.org/10.1175/2010JCLI3228.1.

——, E.-P. Lim, and I. R. Simpson, 2026: Externally-forced changes
to Southern Hemisphere stratosphere-troposphere coupling
variability. Earth’s Future, 14, ¢2025EF007334, https://doi.org/
10.1029/2025EF007334.

Byrne, N. J., and T. G. Shepherd, 2018: Seasonal persistence of cir-
culation anomalies in the Southern Hemisphere stratosphere
and its implications for the troposphere. J. Climate, 31, 3467—
3483, https://doi.org/10.1175/JCLI-D-17-0557.1.

Cai, W., P. H. Whetton, and D. J. Karoly, 2003: The response of the
Antarctic Oscillation to increasing and stabilized atmospheric

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 07/28/26 04:29 PM UTC

JOURNAL OF CLIMATE

VOLUME 39

CO,. J. Climate, 16, 1525-1538, https://doi.org/10.1175/1520-
0442-16.10.1525.

Calvo, N., R. R. Garcia, D. R. Marsh, M. J. Mills, D. E. Kinnison,
and P. J. Young, 2012: Reconciling modeled and observed
temperature trends over Antarctica. Geophys. Res. Lett., 39,
L16803, https:/doi.org/10.1029/2012GL052526.

Ceppi, P., and T. G. Shepherd, 2019: The role of the stratospheric
polar vortex for the austral jet response to greenhouse gas
forcing. Geophys. Res. Lett., 46, 6972-6979, https://doi.org/10.
1029/2019GL082883.

Charney, J. G, and P. G. Drazin, 1961: Propagation of planetary-scale
disturbances from the lower into the upper atmosphere. J. Geo-
phys. Res., 66, 83-109, https://doi.org/10.1029/JZ066i001p00083.

Chipperfield, M. P., and Coauthors, 2022: Polar stratospheric
ozone: Past, present, and future. Scientific Assessment of Ozone
Depletion, World Meteorological Organisation, 4.1-4.42.

Ciasto, L. M., M. A. Alexander, C. Deser, and M. H. England,
2011: On the persistence of cold-season SST anomalies asso-
ciated with the annular modes. J. Climate, 24, 2500-2515,
https:/doi.org/10.1175/2010JCLI3535.1.

Deng, K., C. Azorin-Molina, S. Yang, C. Hu, G. Zhang, L.
Minola, and D. Chen, 2022: Changes of Southern Hemisphere
westerlies in the future warming climate. Atmos. Res., 270,
106040, https://doi.org/10.1016/j.atmosres.2022.106040.

Domeisen, D. I. V., and A. H. Butler, 2020: Stratospheric drivers
of extreme events at the Earth’s surface. Commun. Earth
Environ., 1, 59, https://doi.org/10.1038/s43247-020-00060-z.

Engel, A., H. Bonisch, J. Ostermoller, M. P. Chipperfield,
S. Dhomse, and P. Jockel, 2018: A refined method for calculat-
ing equivalent effective stratospheric chlorine. Afmos. Chem.
Phys., 18, 601-619, https://doi.org/10.5194/acp-18-601-2018.

England, M., L. Polvani, and L. Sun, 2018: Contrasting the Ant-
arctic and Arctic atmospheric responses to projected sea ice
loss in the late twenty-first century. J. Climate, 31, 6353-6370,
https://doi.org/10.1175/JCLI-D-17-0666.1.

England, M. R., T. A. Shaw, and L. M. Polvani, 2016: Troposphere-
stratosphere dynamical coupling in the southern high latitudes
and its linkage to the Amundsen Sea. J. Geophys. Res. Atmos.,
121, 3776-3789, https://doi.org/10.1002/2015JD024254.

Eyring, V., S. Bony, G. A. Meehl, C. A. Senior, B. Stevens, R. J.
Stouffer, and K. E. Taylor, 2016: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-
tal design and organization. Geosci. Model Dev., 9, 1937-1958,
https://doi.org/10.5194/gmd-9-1937-2016.

——, and Coauthors, 2021: Human influence on the climate system.
Climate Change 2021: The Physical Science Basis, V. Masson-
Delmotte et al., Eds., Cambridge University Press, 423-552,
https://doi.org/10.1017/9781009157896.005.

Fogt, R. L., and G. J. Marshall, 2020: The Southern Annular Mode:
Variability, trends, and climate impacts across the Southern
Hemisphere. Wiley Interdiscip. Rev.: Climate Change, 11, €652,
https:/doi.org/10.1002/wcc.652.

Fyfe, J. C., G. J. Boer, and G. M. Flato, 1999: The Arctic and
Antarctic oscillations and their projected changes under global
warming. Geophys. Res. Lett., 26, 1601-1604, https://doi.
org/10.1029/1999GL900317.

Garcia, R. R., A. K. Smith, D. E. Kinnison, A. dela Camara, and
D. J. Murphy, 2017: Modification of the gravity wave parameteri-
zation in the Whole Atmosphere Community Climate Model:
Motivation and results. J. Atmos. Sci., 74, 275-291, https://doi.org/
10.1175/JAS-D-16-0104.1.

Garny, H., and Coauthors, 2022: Stratospheric ozone changes and
climate. Scientific Assessment of Ozone Depletion 2022,


https://doi.org/10.1002/qj.637
https://doi.org/10.1175/JCLI3774.1
https://doi.org/10.1007/s00382-012-1507-9
https://doi.org/10.1126/science.1063315
https://doi.org/10.1029/2020RG000708
https://doi.org/10.1002/qj.4864
https://doi.org/10.1175/JCLI-D-13-00698.1
https://doi.org/10.1038/s41586-020-2120-4
https://doi.org/10.1038/s41586-020-2120-4
https://doi.org/10.1175/JAS3979.1
https://doi.org/10.1175/JAS3979.1
https://doi.org/10.1002/2015GL067055
https://doi.org/10.1002/2015GL067055
https://doi.org/10.1029/2025GL117854
https://doi.org/10.5194/wcd-3-645-2022
https://doi.org/10.5194/wcd-3-645-2022
https://doi.org/10.5194/wcd-2-453-2021
https://doi.org/10.1175/2010JCLI3228.1
https://doi.org/10.1029/2025EF007334
https://doi.org/10.1029/2025EF007334
https://doi.org/10.1175/JCLI-D-17-0557.1
https://doi.org/10.1175/1520-0442-16.10.1525
https://doi.org/10.1175/1520-0442-16.10.1525
https://doi.org/10.1029/2012GL052526
https://doi.org/10.1029/2019GL082883
https://doi.org/10.1029/2019GL082883
https://doi.org/10.1029/JZ066i001p00083
https://doi.org/10.1175/2010JCLI3535.1
https://doi.org/10.1016/j.atmosres.2022.106040
https://doi.org/10.1038/s43247-020-00060-z
https://doi.org/10.5194/acp-18-601-2018
https://doi.org/10.1175/JCLI-D-17-0666.1
https://doi.org/10.1002/2015JD024254
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1017/9781009157896.005
https://doi.org/10.1002/wcc.652
https://doi.org/10.1029/1999GL900317
https://doi.org/10.1029/1999GL900317
https://doi.org/10.1175/JAS-D-16-0104.1
https://doi.org/10.1175/JAS-D-16-0104.1

1 AUGUST 2026

Global Atmosphere Watch Rep. 278 World Meteorological
Organization, 272-323.

Garreaud, R., P. Lopez, M. Minvielle, and M. Rojas, 2013: Large-
scale control on the Patagonian climate. J. Climate, 26, 215-230,
https://doi.org/10.1175/JCLI-D-12-00001.1.

Gillett, N. P., T. D. Kell, and P. D. Jones, 2006: Regional climate
impacts of the Southern Annular Mode. Geophys. Res. Lett.,
33, 123704, https://doi.org/10.1029/2006GL027721.

Gong, D., and S. Wang, 1999: Definition of Antarctic Oscillation In-
dex. Geophys. Res. Lett., 26, 459-462, https://doi.org/10.1029/
1999G1L.900003.

Gray, L., W. Norton, C. Pascoe, and A. Charlton, 2005: A possi-
ble influence of equatorial winds on the September 2002
Southern Hemisphere sudden warming event. J. Afmos. Sci.,
62, 651-667, https://doi.org/10.1175/JAS-3339.1.

Hegglin, M., D. Kinnison, J.-F. Lamarque, and D. Plummer, 2021:
IPCC DDC: CCMI ozone in support of CMIP6 - version 1.0.
World Data Center for Climate (WDCC) at DKRZ, accessed
12 June 2026, https://hdl.handle.net/21.14106/6e49fde9b4
d2ec8741bedf576bdab92e1fe6085¢.

Hendon, H. H., E.-P. Lim, and S. Abhik, 2020: Impact of interannual
ozone variations on the downward coupling of the 2002
Southern Hemisphere stratospheric warming. J. Geophys.
Res. Atmos., 125, €2020JD032952, https://doi.org/10.1029/
2020JD032952.

Hersbach, H., and Coauthors, 2020: The ERAS global reanalysis.
Quart. J. Roy. Meteor. Soc., 146, 1999-2049, https://doi.org/10.
1002/qj.3803.

Hio, Y., and S. Yoden, 2005: Interannual variations of the
seasonal March in the Southern Hemisphere stratosphere
for 1979-2002 and characterization of the unprecedented
year 2002. J. Atmos. Sci., 62, 567-580, https://doi.org/10.1175/
JAS-3333.1.

IPCC, 2023: Sections. Climate Change 2023: Synthesis Report, H.
Lee and J. Romero, Eds., IPCC, 35-115.

Ivanciu, I., K. Matthes, A. Biastoch, S. Wahl, and J. HarlaB3, 2022:
Twenty-first-century Southern Hemisphere impacts of ozone
recovery and climate change from the stratosphere to the
ocean. Wea. Climate Dyn., 3, 139-171, https://doi.org/10.5194/
wed-3-139-2022.

Jucker, M., T. Reichler, and D. W. Waugh, 2021: How frequent are
Antarctic sudden stratospheric warmings in present and future
climate? Geophys. Res. Lett., 48, €2021GL093215, https:/doi.
0rg/10.1029/2021GL093215.

Keeble, J., P. Braesicke, N. L. Abraham, H. K. Roscoe, and J. A.
Pyle, 2014: The impact of polar stratospheric ozone loss on
Southern Hemisphere stratospheric circulation and climate.
Atmos. Chem. Phys., 14, 13705-13 717, https://doi.org/10.5194/
acp-14-13705-2014.

——, and Coauthors, 2021: Evaluating stratospheric ozone and
water vapour changes in CMIP6 models from 1850 to 2100.
Atmos. Chem. Phys., 21, 5015-5061, https://doi.org/10.5194/
acp-21-5015-2021.

Kidston, J., and E. P. Gerber, 2010: Intermodel variability of the
poleward shift of the austral jet stream in the CMIP3 integra-
tions linked to biases in 20th century climatology. Geophys.
Res. Lett., 37, 1L.09708, https:/doi.org/10.1029/2010GL042873.

Kosaka, Y., and S.-P. Xie, 2013: Recent global-warming hiatus
tied to equatorial Pacific surface cooling. Nature, 501, 403—
407, https://doi.org/10.1038/nature12534.

Kuroda, Y., and K. Kodera, 1998: Interannual variability in the
troposphere and stratosphere of the Southern Hemisphere

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 07/28/26 04:29 PM UTC

BOSCHAT ET AL.

4575

winter. J. Geophys. Res., 103, 13787-13799, https://doi.org/10.
1029/981D01042.

Kwon, H., H. Choi, B.-M. Kim, S.-W. Kim, and S.-J. Kim, 2020:
Recent weakening of the southern stratospheric polar vortex
and its impact on the surface climate over Antarctica. Environ.
Res. Lett., 15, 094072, https://doi.org/10.1088/1748-9326/ab9d3d.

Li, F., and S. A. Strode, 2025: The cold-pole bias severely weakens
Southern Hemisphere springtime stratosphere-troposphere cou-
pling. Geophys. Res. Lett., 52, €2025GL118306, https:/doi.org/
10.1029/2025GL118306.

Lim, E.-P., H. H. Hendon, J. M. Arblaster, F. Delage, H. Nguyen,
S.-K. Min, and M. C. Wheeler, 2016: The impact of the South-
ern Annular Mode on future changes in Southern Hemisphere
rainfall. Geophys. Res. Lett., 43, 7160-7167, https://doi.org/10.
1002/2016GL069453.

——, ——, and D. W. J. Thompson, 2018: Seasonal evolution of
stratosphere-troposphere coupling in the Southern Hemi-
sphere and implications for the predictability of surface cli-
mate. J. Geophys. Res. Atmos., 123, 12002-12 016, https://doi.
0rg/10.1029/2018JD029321.

——, —, G. Boschat, D. Hudson, D. W. J. Thompson, A. J.
Dowdy, and J. M. Arblaster, 2019: Australian hot and dry
extremes induced by weakenings of the stratospheric polar
vortex. Nat. Geosci., 12, 896-901, https://doi.org/10.1038/s41561-
019-0456-x.

——, and Coauthors, 2021: The 2019 Southern Hemisphere
stratospheric polar vortex weakening and its impacts. Bull.
Amer. Meteor. Soc., 102, E1150-E1171, https:/doi.org/10.1175/
BAMS-D-20-0112.1.

——, and Coauthors, 2024: Predictability of the 2020 strong vor-
tex in the Antarctic stratosphere and the role of ozone. J.
Geophys. Res. Atmos., 129, €2024JD040820, https:/doi.org/10.
1029/2024JD040820.

——, and Coauthors, 2026: Characteristics of Antarctic stratospheric
variability during winter: A case study of the 2024 sudden strato-
spheric warming and its surface impacts. J. Geophys. Res.
Atmos., 131, €2025JD045089, https://doi.org/10.1029/2025JD045089.

Lorenz, D. J., and E. T. DeWeaver, 2007: Tropopause height and
zonal wind response to global warming in the IPCC scenario
integrations. J. Geophys. Res., 112, D10119, https://doi.org/10.
1029/2006JD008087.

Lu, J., G. Chen, and D. M. W. Frierson, 2008: Response of the
zonal mean atmospheric circulation to El Nifio versus global
warming. J. Climate., 21, 5835-5851, https://doi.org/10.1175/
2008JCLI2200.1.

Manabe, S., and R. T. Wetherald, 1975: The effects of doubling
the CO, concentration on the climate of a general circulation
model. J. Atmos. Sci., 32, 3-15, https://doi.org/10.1175/1520-
0469(1975)032<0003:TEODTC>2.0.CO;2.

Manney, G. L., A. H. Butler, Z. D. Lawrence, K. Wargan, and
M. L. Santee, 2022: What’s in a name? On the use and signif-
icance of the term “polar vortex”. Geophys. Res. Lett., 49,
€2021GL097617, https://doi.org/10.1029/2021 GL097617.

Matsuno, T., 1970: Vertical propagation of stationary planetary
waves in the winter Northern Hemisphere. J. Atmos. Sci., 27,
871-883, https:/doi.org/10.1175/1520-0469(1970)027< 0871:VPOSPW>
20C02.

—, 1971: A dynamical model of the stratospheric sudden warm-
ing. J. Atmos. Sci., 28, 1479-1494, https://doi.org/10.1175/1520-
0469(1971)028<1479:ADMOTS>2.0.CO;2.

McLandress, C., T. G. Shepherd, S. Polavarapu, and S. R. Beagley,
2012: Is missing orographic gravity wave drag near 60°S the
cause of the stratospheric zonal wind biases in chemistry—


https://doi.org/10.1175/JCLI-D-12-00001.1
https://doi.org/10.1029/2006GL027721
https://doi.org/10.1029/1999GL900003
https://doi.org/10.1029/1999GL900003
https://doi.org/10.1175/JAS-3339.1
https://hdl.handle.net/21.14106/6e49fde9b4d2ec8741bedf576bdab92e1fe6085f
https://hdl.handle.net/21.14106/6e49fde9b4d2ec8741bedf576bdab92e1fe6085f
https://doi.org/10.1029/2020JD032952
https://doi.org/10.1029/2020JD032952
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/JAS-3333.1
https://doi.org/10.1175/JAS-3333.1
https://doi.org/10.5194/wcd-3-139-2022
https://doi.org/10.5194/wcd-3-139-2022
https://doi.org/10.1029/2021GL093215
https://doi.org/10.1029/2021GL093215
https://doi.org/10.5194/acp-14-13705-2014
https://doi.org/10.5194/acp-14-13705-2014
https://doi.org/10.5194/acp-21-5015-2021
https://doi.org/10.5194/acp-21-5015-2021
https://doi.org/10.1029/2010GL042873
https://doi.org/10.1038/nature12534
https://doi.org/10.1029/98JD01042
https://doi.org/10.1029/98JD01042
https://doi.org/10.1088/1748-9326/ab9d3d
https://doi.org/10.1029/2025GL118306
https://doi.org/10.1029/2025GL118306
https://doi.org/10.1002/2016GL069453
https://doi.org/10.1002/2016GL069453
https://doi.org/10.1029/2018JD029321
https://doi.org/10.1029/2018JD029321
https://doi.org/10.1038/s41561-019-0456-x
https://doi.org/10.1038/s41561-019-0456-x
https://doi.org/10.1175/BAMS-D-20-0112.1
https://doi.org/10.1175/BAMS-D-20-0112.1
https://doi.org/10.1029/2024JD040820
https://doi.org/10.1029/2024JD040820
https://doi.org/10.1029/2025JD045089
https://doi.org/10.1029/2006JD008087
https://doi.org/10.1029/2006JD008087
https://doi.org/10.1175/2008JCLI2200.1
https://doi.org/10.1175/2008JCLI2200.1
https://doi.org/10.1175/1520-0469(1975)032<0003:TEODTC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1975)032<0003:TEODTC>2.0.CO;2
https://doi.org/10.1029/2021GL097617
https://doi.org/10.1175/1520-0469(1970)027<0871:VPOSPW>2.0.CO;2
https://doi.org/10.1175/1520-0469(1970)027<0871:VPOSPW>2.0.CO;2
https://doi.org/10.1175/1520-0469(1971)028<1479:ADMOTS>2.0.CO;2
https://doi.org/10.1175/1520-0469(1971)028<1479:ADMOTS>2.0.CO;2

4576

climate models? J. Atmos. Sci., 69, 802-818, https://doi.org/10.
1175/JAS-D-11-0159.1.

Mezzina, B., F. M. Palmeiro, H. Goosse, and J. Anstey, 2025:
Impact of stratospheric polar vortex variability on Antarctic
sea ice in CMIP6 models. Climate. Dyn., 63, 278, https://doi.
org/10.1007/300382-025-07765-x.

Miller, R. L., G. A. Schmidt, and D. T. Shindell, 2006: Forced annu-
lar variations in the 20th century Intergovernmental Panel on
Climate Change Fourth Assessment Report models. J. Geo-
phys. Res., 111, D18101, https://doi.org/10.1029/2005JD006323.

Mindlin, J., T. G. Shepherd, C. S. Vera, M. Osman, G. Zappa,
R. W. Lee, and K. I. Hodges, 2020: Storyline description of
Southern Hemisphere midlatitude circulation and precipita-
tion response to greenhouse gas forcing. Climate. Dyn., 54,
43994421, https://doi.org/10.1007/s00382-020-05234-1.

——, ——, C. Vera, and M. Osman, 2021: Combined effects of
global warming and ozone depletion/recovery on Southern
Hemisphere atmospheric circulation and regional precipita-
tion. Geophys. Res. Lett., 48, €2021GL092568, https://doi.org/
10.1029/2021 GL092568.

Newman, P., and E. Nash, 2005: The unusual Southern Hemisphere
stratosphere winter of 2002. J. Atmos. Sci., 62, 614-628, https://
doi.org/10.1175/JAS-3323.1.

Nishii, K., and H. Nakamura, 2004: Tropospheric influence on the
diminished Antarctic ozone hole in September 2002. Geophys.
Res. Lett., 31, 1.16103, https://doi.org/10.1029/2004GL019532.

North, G. R., T. L. Bell, R. F. Cahalan, and F. J. Moeng, 1982:
Sampling errors in the estimation of empirical orthogonal
functions. Mon. Wea. Rev., 110, 699-706, https://doi.org/10.
1175/1520-0493(1982)110<0699:SEITEO>2.0.CO;2.

Oh, J., S.-W. Son, J. Choi, E.-P. Lim, C. Garfinkel, H. Hendon, Y.
Kim, and H.-S. Kang, 2022: Impact of stratospheric ozone on
the subseasonal prediction in the Southern Hemisphere
spring. Prog. Earth Planet. Sci., 9, 25, https://doi.org/10.1186/
$40645-022-00485-4.

O’Neill, B. C., and Coauthors, 2016: The Scenario Model Inter-
comparison Project (ScenarioMIP) for CMIP6. Geosci. Model
Dev., 9, 3461-3482, https://doi.org/10.5194/gmd-9-3461-2016.

Peixoto, J. P., and A. H. Oort, 1992: Physics of Climate. 1st ed.
AIP-Press, 520 pp.

Polvani, L. M., and D. W. Waugh, 2004: Upward wave activity flux
as a precursor to extreme stratospheric events and subsequent
anomalous surface weather regimes. J. Climate, 17, 3548-3554,
https://doi.org/10.1175/1520-0442(2004)017<3548:UWAFAA >
2.0.CO32.

Power, S., T. Casey, C. Folland, A. Colman, and V. Mehta, 1999:
Inter-decadal modulation of the impact of ENSO on Australia.
Climate. Dyn., 15, 319-324, https:/doi.org/10.1007/s003820050284.

Purich, A., and Coauthors, 2026: Southern Annular Mode dynamics,
projections and impacts in a changing climate. Nat. Rev. Earth
Environ., 7, 24-42, https://doi.org/10.1038/s43017-025-00746-y.

Randel, W. J., 1988: The seasonal evolution of planetary waves in
the Southern Hemisphere stratosphere and troposphere.
Quart. J. Roy. Meteor. Soc., 114, 1385-1409, https://doi.org/10.
1002/qj.49711448403.

——, and P. A. Newman, 1998: The stratosphere in the Southern
Hemisphere. Meteorology of the Southern Hemisphere, D. J.
Karoly and D. G. Vincent, Eds., Amer. Meteor. Soc., 243—
282.

——, and Coauthors, 2009: An update of observed stratospheric
temperature trends. J. Geophys. Res., 114, D02107, https://
doi.org/10.1029/2008JD010421.

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 07/28/26 04:29 PM UTC

JOURNAL OF CLIMATE

VOLUME 39

Rao, J., and C. I. Garfinkel, 2021: Projected changes of strato-
spheric final warmings in the Northern and Southern Hemi-
spheres by CMIP5/6 models. Climate. Dyn., 56, 3353-3371,
https://doi.org/10.1007/s00382-021-05647-6.

Riahi, K., and Coauthors, 2017: The shared socioeconomic path-
ways and their energy, land use, and greenhouse gas emis-
sions implications: An overview. Global Environ. Change, 42,
153-168, https://doi.org/10.1016/j.gloenvcha.2016.05.009.

Santer, B. D., and Coauthors, 1996: A search for human influen-
ces on the thermal structure of the atmosphere. Nature, 382,
3946, https://doi.org/10.1038/382039a0.

Sato, K., S. Watanabe, Y. Kawatani, Y. Tomikawa, K. Miyazaki,
and M. Takahashi, 2009: On the origins of mesospheric grav-
ity waves. Geophys. Res. Lett., 36, 119801, https://doi.org/10.
1029/2009GL039908.

—, S. Tateno, S. Watanabe, and Y. Kawatani, 2012: Gravity wave
characteristics in the Southern Hemisphere revealed by a high-
resolution middle-atmosphere general circulation model. J.
Atmos. Sci., 69, 1378-1396, https://doi.org/10.1175/JAS-D-
11-0101.1.

Scaife, A. A., D. R. Jackson, R. Swinbank, N. Butchart, H. E.
Thornton, M. Keil, and L. Henderson, 2005: Stratospheric
vacillations and the major warming over Antarctica in 2002.
J. Atmos. Sci., 62, 629-639, https://doi.org/10.1175/JAS-3334.1.

Sen Gupta, A., and M. H. England, 2006: Coupled ocean—atmo-
sphere—ice response to variations in the Southern Annular Mode.
J. Climate, 19, 4457-4486, https:/doi.org/10.1175/JCLI3843.1.

Seviour, W. J. M,, S. C. Hardiman, L. J. Gray, N. Butchart, C.
MacLachlan, and A. A. Scaife, 2014: Skillful seasonal predic-
tion of the Southern Annular Mode and Antarctic ozone. J.
Climate, 27, 7462-7474, https://doi.org/10.1175/JCLI-D-14-
00264.1.

Shepherd, T. G., 2000: The middle atmosphere. J. Atmos. Sol.-Terr.
Phys., 62, 1587-1601, https://doi.org/10.1016/S1364-6826
(00)00114-0.

Shiotani, M., N. Shimoda, and I. Hirota, 1993: Interannual vari-
ability of the stratospheric circulation in the Southern Hemi-
sphere. Quart. J. Roy. Meteor. Soc., 119, 531-546, https://doi.
org/10.1002/q;j.49711951110.

Simmons, A., and Coauthors, 2020: Global stratospheric temperature
bias and other stratospheric aspects of ERAS and ERAS.1.
ECMWEF Tech. Memo. 859, 40 pp., https://www.ecmwf.int/en/
elibrary/81149-global-stratospheric-temperature-bias-and-other-
stratospheric-aspects-era5-and.

Simpkins, G. R., and A. Y. Karpechko, 2012: Sensitivity of the
Southern Annular Mode to greenhouse gas emission scenarios.
Climate. Dyn., 38, 563-572, https://doi.org/10.1007/s00382-011-
1121-2.

—, L. M. Ciasto, D. W. J. Thompson, and M. H. England, 2012:
Seasonal relationships between large-scale climate variability
and Antarctic sea ice concentration. J. Climate, 25, 5451-5469,
https://doi.org/10.1175/JCLI-D-11-00367.1.

Simpson, I. R., and L. M. Polvani, 2016: Revisiting the relation-
ship between jet position, forced response, and annular mode
variability in the southern midlatitudes. Geophys. Res. Lett.,
43, 28962903, https://doi.org/10.1002/2016GL067989.

—, K. A. McKinnon, F. V. Davenport, M. Tingley, F. Lehner,
A. Al Fahad, and D. I. Chen, 2021: Emergent constraints on
the large-scale atmospheric circulation and regional hydrocli-
mate: Do they still work in CMIP6 and how much can they
actually constrain the future? J. Climate, 34, 6355-6377,
https://doi.org/10.1175/JCLI-D-21-0055.1.


https://doi.org/10.1175/JAS-D-11-0159.1
https://doi.org/10.1175/JAS-D-11-0159.1
https://doi.org/10.1007/s00382-025-07765-x
https://doi.org/10.1007/s00382-025-07765-x
https://doi.org/10.1029/2005JD006323
https://doi.org/10.1007/s00382-020-05234-1
https://doi.org/10.1029/2021GL092568
https://doi.org/10.1029/2021GL092568
https://doi.org/10.1175/JAS-3323.1
https://doi.org/10.1175/JAS-3323.1
https://doi.org/10.1029/2004GL019532
https://doi.org/10.1175/1520-0493(1982)110<0699:SEITEO>2.0.CO;2
https://doi.org/10.1175/1520-0493(1982)110<0699:SEITEO>2.0.CO;2
https://doi.org/10.1186/s40645-022-00485-4
https://doi.org/10.1186/s40645-022-00485-4
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.1175/1520-0442(2004)017<3548:UWAFAA>2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017<3548:UWAFAA>2.0.CO;2
https://doi.org/10.1007/s003820050284
https://doi.org/10.1038/s43017-025-00746-y
https://doi.org/10.1002/qj.49711448403
https://doi.org/10.1002/qj.49711448403
https://doi.org/10.1029/2008JD010421
https://doi.org/10.1029/2008JD010421
https://doi.org/10.1007/s00382-021-05647-6
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1038/382039a0
https://doi.org/10.1029/2009GL039908
https://doi.org/10.1029/2009GL039908
https://doi.org/10.1175/JAS-D-11-0101.1
https://doi.org/10.1175/JAS-D-11-0101.1
https://doi.org/10.1175/JAS-3334.1
https://doi.org/10.1175/JCLI3843.1
https://doi.org/10.1175/JCLI-D-14-00264.1
https://doi.org/10.1175/JCLI-D-14-00264.1
https://doi.org/10.1016/S1364-6826(00)00114-0
https://doi.org/10.1016/S1364-6826(00)00114-0
https://doi.org/10.1002/qj.49711951110
https://doi.org/10.1002/qj.49711951110
https://www.ecmwf.int/en/elibrary/81149-global-stratospheric-temperature-bias-and-other-stratospheric-aspects-era5-and
https://www.ecmwf.int/en/elibrary/81149-global-stratospheric-temperature-bias-and-other-stratospheric-aspects-era5-and
https://www.ecmwf.int/en/elibrary/81149-global-stratospheric-temperature-bias-and-other-stratospheric-aspects-era5-and
https://doi.org/10.1007/s00382-011-1121-2
https://doi.org/10.1007/s00382-011-1121-2
https://doi.org/10.1175/JCLI-D-11-00367.1
https://doi.org/10.1002/2016GL067989
https://doi.org/10.1175/JCLI-D-21-0055.1

1 AUGUST 2026

—, and Coauthors, 2023: The CESM2 single-forcing large ensem-
ble and comparison to CESM1: Implications for experimental
design. J. Climate, 36, 5687-5711, https://doi.org/10.1175/JCLI-
D-22-0666.1.

Son, S.-W., A. Purich, H. H. Hendon, B.-M. Kim, and L. M.
Polvani, 2013: Improved seasonal forecast using ozone hole
variability? Geophys. Res. Lett., 40, 6231-6235, https://doi.org/
10.1002/2013GL057731.

Stolarski, R. S., R. D. McPeters, and P. A. Newman, 2005: The
ozone hole of 2002 as measured by TOMS. J. Atmos. Sci., 62,
716720, https://doi.org/10.1175/JAS-3338.1.

Swart, N. C,, J. C. Fyfe, N. Gillett, and G. J. Marshall, 2015: Com-
paring trends in the Southern Annular Mode and surface
westerly jet. J. Climate, 28, 8840-8859, https://doi.org/10.1175/
JCLI-D-15-0334.1.

Tatebe, H., and Coauthors, 2019: Description and basic evaluation
of simulated mean state, internal variability, and climate sensi-
tivity in MIROC6. Geosci. Model Dev., 12, 2727-2765, https:/
doi.org/10.5194/gmd-12-2727-2019.

Thompson, D. W. J., and J. M. Wallace, 2000: Annular modes in
the extratropical circulation. Part I: Month-to-month variabil-
ity. J. Climate, 13, 1000-1016, https:/doi.org/10.1175/1520-
0442(2000)013<1000:AMITEC>2.0.CO;2.

——, M. P. Baldwin, and S. Solomon, 2005: Stratosphere—
troposphere coupling in the Southern Hemisphere. J. Atmos.
Sci., 62, 708-715, https:/doi.org/10.1175/JAS-3321.1.

——, S. Solomon, P. J. Kushner, M. H. England, K. M. Grise, and
D. J. Karoly, 2011: Signatures of the Antarctic ozone hole in
Southern Hemisphere surface climate change. Nat. Geosci., 4,
741-749, https://doi.org/10.1038/nge01296.

Tomassini, L., E. P. Gerber, M. P. Baldwin, F. Bunzel, and M.
Giorgetta, 2012: The role of stratosphere-troposphere cou-
pling in the occurrence of extreme winter cold spells over

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 07/28/26 04:29 PM UTC

BOSCHAT ET AL.

4577

northern Europe. J. Adv. Model. Earth Syst., 4, MOOAO3,
https://doi.org/10.1029/2012MS000177.

Watanabe, S., 2008: Constraints on a non-orographic gravity wave
drag parameterization using a gravity wave resolving general
circulation model. SOLA, 4, 61-64, https://doi.org/10.2151/
sola.2008-016.

—, Y. Kawatani, Y. Tomikawa, K. Miyazaki, M. Takahashi,
and K. Sato, 2008: General aspects of a T213L.256 middle at-
mosphere general circulation model. J. Geophys. Res., 113,
D12110, https://doi.org/10.1029/20081D010026.

Williams, R. S., and Coauthors, 2024: Future Antarctic climate:
Storylines of midlatitude jet strengthening and shift emergent
from CMIP6. J. Climate, 37, 2157-2178, https://doi.org/10.1175/
JCLI-D-23-0122.1.

WMO, 2022: Executive summary. Scientific Assessment of Ozone
Depletion: 2022. GAW Rep. 278, 56 pp., https://csl.noaa.gov/
assessments/ozone/2022/.

Yang, D., J. M. Arblaster, G. A. Meehl, M. H. England, E.-P.
Lim, S. Bates, and N. Rosenbloom, 2020: Role of tropical var-
iability in driving decadal shifts in the Southern Hemisphere
summertime eddy-driven jet. J. Climate, 33, 5445-5463, https:/
doi.org/10.1175/JCLI-D-19-0604.1.

Yook, S., D. W. J. Thompson, and S. Solomon, 2022: Climate impacts
and potential drivers of the unprecedented Antarctic ozone
holes of 2020 and 2021. Geophys. Res. Lett., 49, €2022GL098064,
https://doi.org/10.1029/2022GL098064.

Zambri, B., S. Solomon, D. W. J. Thompson, and Q. Fu, 2021:
Emergence of Southern Hemisphere stratospheric circulation
changes in response to ozone recovery. Nat. Geosci., 14, 638
644, https://doi.org/10.1038/s41561-021-00803-3.

Zhou, L., and Coauthors, 2025: ACCESS-MICAS: A forecast-
based tool for event attribution and projection. J. Climate, 35,
7071-7088, https://doi.org/10.1175/JCLI-D-25-0042.1.


https://doi.org/10.1175/JCLI-D-22-0666.1
https://doi.org/10.1175/JCLI-D-22-0666.1
https://doi.org/10.1002/2013GL057731
https://doi.org/10.1002/2013GL057731
https://doi.org/10.1175/JAS-3338.1
https://doi.org/10.1175/JCLI-D-15-0334.1
https://doi.org/10.1175/JCLI-D-15-0334.1
https://doi.org/10.5194/gmd-12-2727-2019
https://doi.org/10.5194/gmd-12-2727-2019
https://doi.org/10.1175/1520-0442(2000)013<1000:AMITEC>2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013<1000:AMITEC>2.0.CO;2
https://doi.org/10.1175/JAS-3321.1
https://doi.org/10.1038/ngeo1296
https://doi.org/10.1029/2012MS000177
https://doi.org/10.2151/sola.2008-016
https://doi.org/10.2151/sola.2008-016
https://doi.org/10.1029/2008JD010026
https://doi.org/10.1175/JCLI-D-23-0122.1
https://doi.org/10.1175/JCLI-D-23-0122.1
https://csl.noaa.gov/assessments/ozone/2022/
https://csl.noaa.gov/assessments/ozone/2022/
https://doi.org/10.1175/JCLI-D-19-0604.1
https://doi.org/10.1175/JCLI-D-19-0604.1
https://doi.org/10.1029/2022GL098064
https://doi.org/10.1038/s41561-021-00803-3
https://doi.org/10.1175/JCLI-D-25-0042.1

