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Abstract Ozone depletion led to a positive trend in the summertime Southern Annular Mode
(SAM) during the last decades of the 20th century. During the present century, global warming (GW) is
expected to contribute to a positive SAM trend while ozone recovery is expected to act in the opposite
direction. Here, Southern Hemisphere (SH) circulation and regional precipitation change are studied
with a methodology that separates the effects from GW and ozone depletion/recovery. Our results show
that a “tug-of-war” between ozone and GW occurs in the summertime stratosphere, propagating to the
troposphere where it is manifest in the SAM. However, at the regional scale this “tug-of-war” is not as
relevant as the combined effects of other remote drivers of circulation change, which force different
kinds of precipitation changes in the SH. For regional precipitation changes, the uncertainty in future
circulation change is as important as the uncertainty in the GW level.

Plain Language Summary In the Southern Hemisphere, both ozone depletion and global
warming have influenced climate in the past decades. Ozone recovery is expected to reverse the influence
of ozone depletion, but the influence of global warming is expected to grow. Here, we investigate the
combined effects of these anthropogenic forcings through the second half of the 20th century and the
entire 21st century, quantifying their influence on stratospheric and tropospheric circulation and on
regional precipitation changes. We find that the summertime stratosphere is affected by a “tug-of-war”
between these two forcings, and that its effect propagates downward to the tropospheric circulation. On
the other hand, summer precipitation in the land areas of the SH that are expected to experience large
effects of climate change are not strongly affected by this “tug-of-war,” but are instead influenced by the
effects of both stratospheric and tropical tropospheric changes.

1. Introduction

Both observational (Randel & Wu, 1999; Young et al., 2013) and modeling (Arblaster & Meehl, 2006;
McLandress et al., 2010; Stolarski et al., 2010) studies have shown a clear cooling in the Antarctic lower
stratosphere in late-spring during the last decades of the 20th century associated with ozone depletion. As
a consequence, the stratospheric polar vortex (SPV) has strengthened and the breakdown date delayed by
about 2 weeks (McLandress et al., 2010; Waugh et al., 1999). This vortex strengthening propagates down-
ward, intensifying and shifting poleward the westerly winds, as manifested in the Southern Annular Mode
(SAM) (Gillett & Thompson, 2003; Son et al., 2010; Thompson & Solomon, 2002). Global warming is ex-
pected to lead to similar changes in the westerlies (Kushner et al., 2001), however, ozone recovery can be
expected to act in the opposite sense (Son et al., 2010). How this “tug-of-war” on the SAM evolves during the
21st century will have significant impacts for Southern Hemisphere (SH) regional climate.

It has been recently shown that the poleward shift of the westerlies and positive SAM trend induced by glob-
al warming is in part induced by a delayed SPV breakdown (Ceppi & Shepherd, 2019; Mindlin et al., 2020).
Mindlin et al. (2020) showed that two principal drivers of the effect of global warming on summer SH cir-
culation were tropical upper-tropospheric warming (leading to a strengthening of the westerlies) and the
delayed breakdown of the SPV (leading to a poleward shift of the westerlies), both contributing to a more
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positive phase of the SAM. However, because of the different nature of these zonal wind changes, the two
drivers have different effects on regional precipitation change, despite both having a positive effect on the
SAM index. This suggests that a “tug-of-war” between tropospheric and stratospheric drivers might be an
oversimplification, since the effect of these two remote drivers on tropospheric circulation and regional pre-
cipitation is not the same. On the other hand, a “tug-of-war” could occur through the stratosphere, where
global warming and ozone recovery are expected to induce opposite changes on the SPV breakdown during
the 21st century.

The goal of this study is to extend the approach of Mindlin et al. (2020) to include the effect of both global
warming and ozone depletion/recovery on the SPV breakdown, and thereby on regional SH climate, testing
the hypothesis of the “tug-of-war” occurring in the stratosphere. We do this by taking into account both
drivers of the SPV breakdown delay together with tropical upper-tropospheric warming, and constructing
time-dependent storylines for SH circulation and regional precipitation changes associated with different
responses of the remote drivers to anthropogenic forcings. With this, we can describe the spread in the Cou-
pled Model Intercomparison Project Phase 6 (CMIP6) models in a physically interpretable way.

2. Data and Methods

We used output from 29 models of the CMIP6 (Eyring et al., 2016) combining the period 1950-2014 with the
period 2015-2099 from the historical and SSP5-8.5 experiments (Table S1).

To investigate the combined effects of greenhouse gases and ozone depleting substances in the stratosphere
we performed a time series analysis, regressing the time-evolution of the vortex breakdown delay (VBgelay)
simulated by each individual model onto global warming (GW) and equivalent effective stratospheric chlo-
rine (EESC) at the pole (Newman et al., 2007). These two regressors represent the two anthropogenic forc-
ings. The vortex breakdown (VB) occurs in the late-spring/early summer season (ONDJ), therefore the first
and last months of our time series are October 1950 and January 2099, making a total of 149 years. For mod-
els that have more than one ensemble member available (Table S1) we created an ensemble from all possible
combinations of both experiments, to reduce the uncertainty in the inter-annual variability through the
ensemble mean. Results are shown for the ensemble mean of these combinations.

We computed the VB date as that by which the zonal winds at 50 hPa between 50°S and 60°S slow below
19 ms™! within the ONDJF season. The VBuelay is defined as the difference of this date from its climatology in
1950-1969. Previous studies have used 10 ms™ as threshold and Mindlin et al. (2020) used 15 ms™" because
in some CMIP5 models the vortex strength does not decline below this threshold; in CMIP6 models the
vortex is even stronger, and 19 ms™" was the lowest applicable threshold. However, it has been shown that
the large-scale climate responses are insensitive to the exact definition of VB (Ceppi & Shepherd, 2019). We
evaluated the GW index for each model as the annual global mean surface temperature (tas) change with
respect to the 1950-1969 climatology. The midlatitude EESC time-series was taken from WMO (2014) and
used to construct the polar EESC time-series following Newman et al. (2007).

In the second part of the study, we quantified how the stratospheric changes studied in the first part com-
bine with tropospheric drivers to determine SH circulation and regional precipitation changes, and rep-
resent the combined effects through storylines. Each storyline is a physically plausible pathway for global
change (Shepherd, 2019). To articulate the circulation and regional precipitation changes under each sto-
ryline we linearly combined the sea level pressure (slp) and precipitation (pr) sensitivity to remote drivers,
each multiplied by the time series of the corresponding anthropogenic forcing (GW and EESC). We used a
regression across models to determine the sensitivity of slp and pr to the GW-induced VBg.i.y and tropical
warming (TW), the latter evaluated as the long-term change in temperature (ta) at 250 hPa zonally averaged
between 15°S and 15°N (ATy,p) divided by the global surface temperature change (AT). Here A indicates
the difference between 2070-2099 in the SSP5-8.5 experiment and 1950-1979 in the historical experiment.
All averages were area-weighted. To determine the sensitivity of slp and pr to the EESC-induced VBgelay, We
instead used the difference between the 1991-2020 and 1950-1979 periods, in order to maximize the signal,
while controlling for the GW-induced changes over this period. With this framework, we allowed for VB
delays forced by GW and EESC to drive different changes in the fields. More details are provided further
below, as well as in the Supporting Information S1.
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Figure 1. Each panel shows the ensemble mean VB date change with respect to the 1950-1969 climatology for an individual model (blue), the contributions
of EESC (a,,EESC(t) in green) and GW (B,,GW,,,(t) in orange) to VBelay With (&, B,) estimated for each model m with the linear regression model (Equation 1),
and the total linear fit (red). EESC, equivalent effective stratospheric chlorine; GW, global warming; VB, vortex breakdown.

3. Combined Effects of GW and EESC on the Stratospheric Polar Vortex

We first consider the effect of ozone depletion and recovery together with that of GW on VBgel,y throughout
the period 1950-2099 via the multiple linear regression model:

VB oy (1) = a EESC(t) + f GW (1) + €, )

where ¢ is the residual. The result for each individual model is shown in Figure 1 and the response to the
forcings is shown in Figure 2a. The obtained fits are excellent, implying that this parameterization repre-
sents the VBg.iay associated with these two forcings. The mean VB response to EESC (@) is 5 days ppb~’; con-
sidering that from 1950 to 2000 the observed EESC increase was ~3 ppb, this shows that the CMIP6 ensem-
ble captures the 2-week VB delay observed in the last decades of the 20th century (Langematz et al., 2003;
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Figure 2. (a) Regression coefficients for VB response to EESC and GW from the time series analysis shown in Figure 1.
The red and blue dots represent the storylines of high and low VB response to GW, respectively. The confidence
intervals are estimated using a t-score two-tail test and the coefficients’ standard error. (b) TW indices in DJF plotted
against the VB response to GW (same indices as panel a), the red curve shows the 80% confidence ellipse of the joint
distribution with two degrees of freedom. Error bars for TW show the 95% confidence interval in the individual model
responses of TW. The confidence intervals for TW are estimated, assuming white noise, from the year-to-year variability
in the remote drivers, and also accounting for the number of ensemble members available for each model. The VB
response to the GW storylines (red and blue dots in panel a) are expanded to four storylines when considering two
plausible values of TW (panel b). Models with interactive ozone are indicated in italic font. EESC, equivalent effective
stratospheric chlorine; GW, global warming; VB, vortex breakdown.

Previdi & Polvani, 2014; Waugh et al., 1999). Figure 1 shows that this feature is simulated by all models and
is almost entirely explained by the EESC increase, with the exception of CAMS-CSM1-0 and EC-Earth 3for
which the response to both forcings is very small (Figure 2a). For 70% of the models the VBgel, stabilizes
after 2000 and remains roughly unchanged during 2000-2050 in which EESC diminishes and GW increases,
reflecting a “tug-of-war” between the two effects. The mean VB response to GW () is 3.5 days K™*, which
means that for a warming of 3 K, the VBgey is ~10 days. Almost half of the models show an above-average
VB response to GW and therefore exhibit a continuing trend in VBgey during the second half of the 21st
century. The VBye,y in the rest of the models remains stable until the end of the century, but never returns
to zero.

It has been recently shown that ozone-hole-induced summer circulation changes in the SH are well sim-
ulated by CMIP5 models (Son et al., 2018). Because of this, and the fact that the ozone fields produced for
CMIP6 models without interactive chemistry are three-dimensional (Hegglin et al., 2016), we consider the
CMIP6 ensemble fit for the purpose of this analysis. In addition, we find no systematic difference between
the VB response to EESC in models with prescribed and interactive ozone (Figure 2a).

4. Combined Effects of Remote Drivers on Circulation and Precipitation

4.1. Storyline Definition and Evaluation

Figure 2a suggests that while the models’ VB responds in a consistent way to EESC, with a few outliers,
there is considerable spread in its response to GW. Thus, we now combine the spread in the VB response to
GW with the spread in the long-term response of tropical upper-tropospheric temperature to GW, to artic-
ulate time-dependent storylines of circulation and precipitation change. The ensemble uncertainty in TW
is shown together with the VB response to GW in Figure 2b. We choose to represent the effects of ozone
depletion/recovery with a single storyline corresponding to the multimodel ensemble mean (MEM) VBgeay
for simplicity and because it matches well the observed VB delay.
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Figure 3. (a) GW with respect to the 1950-1969 climatology, the dashed line shows the MEM, the gray curves show the
individual models’ GW, the red and blue curves represent the storylines for high and low GW levels. (b) Tropical upper-
tropospheric temperature change associated with the two GW storylines in (a), the solid and dashed lines are associated
with the high and low TW storylines and gray lines show time-series of the individual models’ ATi. (c) Same as panel
(b) but for VB response to GW. (d) The SAM index anomaly spread associated with High/Low GW, and the High/Low
TW and High/Low VB storylines. R is the Pearson correlation of the predicted SAM change estimated with the linear
model against the individual model SAM changes, p-value in parenthesis. Gray lines are time-series of the individual
models’ SAM index change, for which a 10-year moving average is taken to remove year-to-year variability using the
1940-2099 period. GW, global warming; TW, tropical warming; VB, vortex breakdown; SAM, Southern Annular Mode.

In Figure 2, the red and blue dots show how we choose to span the space of model responses, parameter-
ized by the two remote drivers’ response to forcings. For the storylines to be physically plausible they are
chosen to lie in the 80% confidence region of the joint distribution for the remote drivers (Zappa & Shep-
herd, 2017). The red dots correspond to a high VB response to GW (8 ~ 5.7 days K™") and the blue dots to a
low VB response (8 ~ 1.5 days K™"); only one storyline for the VB response to EESC (« ~ 5 days ppb™") was
investigated, which is why there are only two dots in Figure 2a. The double red and blue dots in Figure 2b
show how we combined two extreme responses of TW (~1.5 KK™' and ~1.9 KK ") with the two storylines
of VB response to GW in Figure 2a.

Because EESC evolves independently of GW (Figure 1) and we find an influence of EESC on the VB, the
storylines cannot be expressed in terms of a warming level (Tebaldi & Arblaster, 2014) as in Zappa and
Shepherd (2017) and Mindlin et al. (2020). Instead, we build in the time-dependence of both EESC and
GW to define time-dependent storylines. Figure 3a shows that the warming level reached toward the end
of the century in the SSP5-8.5 experiment is between 3 K-7.5 K, reflecting the spread in climate sensitivity.
To account for this uncertainty together with that of the remote drivers, we articulate storylines for two
warming levels (High/Low GW; Figure 3a). The two GW storylines were chosen to deviate 1.28 o from the
MEM GW; in this way, as with the remote driver storylines, they represent the 80% confidence region of the
CMIP6 ensemble.

In Figure 3a the High/Low GW storylines are shown in red and blue respectively. Figure 3b shows, for each
of the two GW storylines, what the tropical upper-tropospheric warming would be under a High/Low TW
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Table 1

Area Average of DJF Precipitation Changes Per Degree of Warming (mm day™" K™') Associated With the MEM, the Sensitivity of the Precipitation Field to Remote
Driver Changes* and the Four Storylines Shown in Figure 2b, Together With the MAD of the Residuals From the Statistical Model (Equation 2)

X Low TW High TW Low TW High TW Residual
Region ™ VBtoGW VB to EESC Low VB Low VB High VB High VB MAD
Extratropical Andes —0.081 —0.038 0.007 —0.002 —0.042 —0.137 —0.024 —0.119 0.031
Southeastern South America 0.109 —0.031 0.001 0.003 0.146 0.068 0.149 0.071 0.033
East Coast of Australia 0.078 —0.023 0.008 0.006 0.090 0.034 0.121 0.063 0.042
New Zealand 0.046 —0.018 0.003 0.008 0.067 0.020 0.072 0.026 0.026
Tasmania —0.056  —0.032 —0.007 —0.004 —0.006 —0.087 —0.024 —0.105 0.038
South East of South Africa 0.083 —0.030 0.043 0.001 0.063 —0.005 0.171 0.103 0.082

Note. Storyline changes are defined as the difference between the 2070-2099 and the 1991-2020 climatology.
Abbreviations: EESC, equivalent effective stratospheric chlorine; GW, global warming; MAD, medium absolute deviation; VB, Vortex breakdown.

"The sensitivity to TW and VB response to GW, expressed in units of mm day™" K™, represents the sensitivity to one standard deviation in the remote drivers’
response; the sensitivity to VB response to EESC, expressed in units of mm day ' day ™', represents the response to a day of VB delay.

storyline, together with the individual responses in the CMIP6 ensemble. In the same way, Figure 3c shows
for each GW storyline the VBye,y that would occur under a High/Low VB storyline together with the indi-
vidual responses in the CMIP6 ensemble. From Figures 3b and 3c, we conclude that the chosen storylines
are able to represent the ensemble spread in the remote drivers throughout the entire period. We find that
while the temperature change in the tropical upper troposphere is highly sensitive to the degree of warming
(Figure 3b), in the stratosphere a low GW can still have a large effect on maintaining a delayed VB if the
VB response to GW is high, while if the VB response to GW is low (Figure 3c), ozone recovery will drive an
anticipation of the VB date during the 21st century regardless of the degree of warming. This sensitivity can
be interpreted as a manifestation of the “tug-of-war” acting through the stratosphere, which depends on
both the GW and the response of the VB to GW.

The slp and pr responses associated with these storylines are represented via:

AC (1) = (4, + b TWygq + ¢ Sraoq)AT (1) + d @ AEESC(t), @)

where AC,; is the change in the field at grid point x for the high (i = 1) or low (i = 2) GW storylines. a, is the
MEM response to GW, l;x, ¢, and c}x are the sensitivities to the remote drivers evaluated with the regression
framework, TWgg,, and g Scale the responses of each remote driver to GW and « is the MEM VB response
to EESC. The four storylines are obtained with sign permutations. See SI for details.

4.2. Southern Annular Mode Under Time-Dependent Storylines

Panels a, b, and c in Figure 3 show storylines for GW, TW, and VBgcay, Which represent the spread in
the model responses by construction, as explained in Section 4.1. In Figure 3d we show the storyline
spread in the time-dependent SAM index change. The storylines are seen to be able to well represent the
spread in the model responses, which is a validation of the method. The Marshall SAM index is evaluat-
ed as the difference between the seasonal zonally averaged slp response at 40°S and 65°S as in Mindlin
et al. (2020). We find that the slp changes per day of VBge,y south of 40°S are very similar between GW
and EESC (see Figure S1), with the response to EESC forcing being more zonally symmetric. This sug-
gests that the “tug-of-war” between ozone recovery and GW propagates from the stratosphere to the trop-
osphere, helping to explain the flattening of the trend in the SAM index early in the 21st century and the
strengthening of the trend toward the end of the century (Figure 3d). This further implies that the SAM
response to GW not only depends on the warming level and other tropospheric mechanisms, but also on
the VB response to GW.
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Figure 4. (a-f) Spread in the time-dependent storylines for DJF regional precipitation change over 1950-2099. The
solid line represents the mean change for the High (red) and Low (blue) GW storylines, dashed lines show the spread
between the High and Low TW storylines and dotted lines the spread between High and Low VB response to GW. The
vertical bars on the right-hand side of each panel show the circulation-induced storyline spread in 2099 for each GW
storyline. Gray lines show the regional precipitation change for the individual models, for which a 10-year moving
average is taken using the 1940-2099 period. R is the Pearson correlation of the predicted regional precipitation change
estimated with the linear model against the individual model precipitation changes, with p-values in parentheses.

(g-1) MEM precipitation change and the regions for which the storylines are evaluated. Stippling indicates statistical
significance, evaluated with a two-tail t-test with o = 0.05. GW, global warming; TW, tropical warming; MAD, median
absolute deviation; VB, vortex breakdown.

4.3. Regional Climate Changes Under Time-Dependent Storylines

Figures 4a-4f show the spread in the storylines of precipitation change averaged over the regional boxes in
Figures 4g-4i, which correspond to inhabited land regions where the MEM shows statistically significant
changes. In Table 1, we show the MEM change and the sensitivity to the remote drivers averaged over the
regional boxes, the median absolute deviation (MAD) of the linear model residuals, and for each TW/VB
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storyline, the end-of-century precipitation change per degree of warming with respect to recent climate
(1991-2020, a period that covers the EESC peak and starts and ends with the same EESC levels). This is
done by computing:

_AG - ACGy

AC, ==X =232
F AR At 3)

where AC;; are the spatially averaged precipitation changes, for each TW/VB storyline, under the High
and Low GW storylines evaluated with Equation 2. If the difference between the precipitation changes
under two different TW/VB storylines is within the residuals’ MAD, we consider the TW/VB storylines to
be indistinguishable. In the two drying regions we find that the future drying is highly dependent on GW
and TW, with the low GW/high TW storyline exceeding the high GW/low TW storyline (Figures 4a and 4e).
However, the low VB response to GW would lead to a slightly drier storyline in Extratropical Andes, while
in Tasmania this would occur for a High VB response to GW. Tasmania is the only region where a positive
VBelay leads to drying (Figure 1 and Table 1). In the wetting regions the highest impact is associated with
High GW, Low TW and a High VB response to GW (Table 1), consistent with Mindlin et al. (2020). South
East of South Africa is the only region that is highly sensitive to the VB response to GW, and New Zealand
is the only region that is highly sensitive to ozone depletion. The overlap of the red and blue plumes in
Figure 4, whose spread is indicated through the vertical bars on the right-hand side of each panel, shows
that for regional end-of-century precipitation changes, the uncertainty in future circulation change is as
important as the uncertainty in global warming level.

5. Conclusions

Changes in the late-spring/early summer stratospheric circulation throughout the period 1950-2099 have
been explained by separating the response of the stratospheric polar vortex to ozone depleting substances
and global warming. We showed that the “tug-of-war” between global warming and ozone recovery that
occurs during the 21st century, driving respectively poleward and equatorward shifts in the tropospheric
jet, takes place in the stratosphere and propagates to the troposphere, where it is combined with the effect
of other remote drivers such as tropical upper-tropospheric warming.

Perhaps surprisingly, we found the role of the vortex breakdown response to EESC in driving regional pre-
cipitation changes to be generally small or even negligible. The one exception is New Zealand, but that is
where our storylines have the least explanatory power. Instead, the tropical upper-tropospheric warming,
and to a lesser extent the vortex breakdown delay associated with global warming, were found to be more
relevant for representing the spread in Southern Hemisphere midlatitude regional precipitation changes.
The lack of a strong role of EESC for summertime regional precipitation changes is not an artifact of our
statistical analysis, as the individual model simulations in Figures 4a-4f do not suggest a time dependence
that requires the use of EESC as an explanatory factor. However, the difference in the inferred regional pre-
cipitation response to GW-induced and EESC-induced VB changes suggests the presence of a missing driver
in the analysis of the VB-precipitation connection, and warrants further investigation.

Data Availability Statement
All CMIP data are available from the ESGF at https://esgf-node.llnl.gov/projects/esgf-linl/.
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