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Abstract Arctic ozone is projected to recover over the 21st century in compliance with the Montreal
Protocol. Chemistry-climate models show a large spread in recovery rates and future changes in key dynamical
features such as the polar vortex and the residual circulation. Here, we quantify the spread in Arctic ozone
recovery explained by uncertainties in these dynamical changes, using simulations from the Chemistry-Climate
Model Initiative, phases 1 and 2022. About 60% of the spread in projected ozone recovery is attributed to
differences in polar vortex trends and about one-third to the intermodel spread in residual circulation trends.
Ozone-depleting substances and greenhouse gas-driven global warming contribute similarly to the spread in
ozone recovery, although uncertainties in dynamical trends primarily affect the warming component. While
dynamical changes clearly separate the simulated ozone recovery among different models, the large variability
in the Arctic stratosphere precludes establishing an observational constraint on future ozone recovery.

Plain Language Summary The recovery of Arctic ozone is expected throughout the 21st century
thanks to the Montreal Protocol, an international treaty that phased out chemicals harming the ozone layer.
However, there is significant uncertainty in how quickly this recovery will occur. Given that Arctic ozone is
affected by the stratospheric dynamics, particularly the Brewer-Dobson Circulation (BDC) and the polar vortex,
we study here how much of the uncertainty in ozone recovery is due to doubts in how the dynamics will change
in the future. Our study shows that 60% of the differences in ozone recovery rates in model projections are due to
uncertainty in the polar vortex evolution and 33% comes from uncertainty in the BDC acceleration. Both ozone-
depleting substances and greenhouse gas-driven global warming affect recovery rates and its uncertainty. While
dynamical changes clearly separate different models, the large year-to-year variability in the Arctic stratosphere
makes it difficult to use present-day observations to assess which of the modeled projections are more credible,
and thus, to accurately predict the timing of ozone recovery. Overall, our results highlight the need for a better
understand of changes in stratospheric dynamics, which is critical for making reliable predictions about the
ozone layer recovery.

1. Introduction

Stratospheric ozone plays a vital role in the climate system. It protects the Earth's surface from harmful solar UV
radiation, modulates the Earth's radiative budget and affects surface climate through coupling with the atmo-
spheric circulation (Friedel et al., 2022; Ivy et al., 2017). Following the drastic reduction in the late 20th century
due to the increase in anthropogenic ozone-depleting substances (ODS), the global ozone layer is expected to
recover to pre-1980 levels over the 21st century thanks to the phasing-out of ODS concentrations in compliance

BENITO-BARCA ET AL.

1of 11


https://orcid.org/0000-0003-3342-9463
https://orcid.org/0000-0002-1267-5115
https://orcid.org/0000-0001-6213-1864
https://orcid.org/0000-0002-8831-4789
https://orcid.org/0000-0003-3959-5673
https://orcid.org/0000-0002-8079-6314
https://orcid.org/0000-0001-6463-9004
https://orcid.org/0000-0002-8964-1394
https://orcid.org/0000-0003-0473-4098
https://orcid.org/0000-0002-3418-0834
https://orcid.org/0000-0002-9967-9740
https://orcid.org/0000-0001-8087-3976
https://orcid.org/0000-0002-6813-4668
https://orcid.org/0000-0002-2228-0088
mailto:s.benito@igeo.ucm-csic.es
https://doi.org/10.1029/2025GL120212
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL120212&domain=pdf&date_stamp=2026-05-20

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL120212

Writing — original draft: Samuel Benito-
Barca

Writing — review & editing:

Marta Abalos, Natalia Calvo, Alvaro de la
Camara, Blanca Ayarzagiiena,

Gabriel Chiodo

with the Montreal Protocol and its subsequent amendments (Chipperfield et al., 2017; Dhomse et al., 2018;
Keeble et al., 2021). Particularly for the Arctic, stratospheric ozone is expected to reach 1980 values before mid-
century and largely exceed those concentrations in the second half of the 21st century in mid- and high-level
greenhouse gases (GHG) emission scenarios, the so-called “super-recovery” (WMO, 2022). However, there is
large intermodel spread in the rates of Arctic ozone recovery, with return dates ranging from 2020 to 2050 for the
RCP6.0 scenario (Table 3 of Dhomse et al. (2018)).

Apart from chemical sources and sinks, the distribution of ozone in the stratosphere is largely determined by the
Brewer-Dobson circulation (BDC) and the stratospheric polar vortex (SPV). First, the BDC transports ozone from
its source region to the pole in the winter hemisphere (Butchart, 2014). Second, the SPV acts as a strong transport
barrier, preventing air exchange between middle and polar latitudes (Plumb, 2002; Waugh & Polvani, 2010).
Consequently, a strong SPV prevents ozone mixing into polar latitudes and isolates cold polar air favoring the
occurrence of very low temperatures and, therefore, the formation of polar stratospheric clouds, enhancing ozone
depletion once sunlight returns in springtime (Dameris et al., 2021; Harris et al., 2010; Lawrence et al., 2020).
Thus, Arctic ozone recovery over the 21st century is not only affected by the decline of ODS concentrations, but
also by chemical and dynamical changes in the stratosphere driven by increasing GHG concentrations. The CO,-
induced radiative cooling of the stratosphere results in less ozone being destroyed in the upper stratosphere,
increasing its concentration and making more ozone available for transport to the polar lower stratosphere
(Fomichev et al., 2007; Match & Gerber, 2022). It is well-established from climate models that the BDC ac-
celerates under increasing GHG concentrations (Butchart, 2014; Hardiman et al., 2014), thus enhancing ozone
transport to the lower-middle polar stratosphere. However, trends in both the deep branch of the BDC residual
circulation, the one reaching the Arctic stratosphere, and in its wave driving are very uncertain (Abalos
et al., 2021). Even more uncertain is the response of the SPV to increasing GHG concentrations. Models differ
widely in their projections of the mean strength of the SPV under climate change, with uncertainty even in the sign
of the change (Ayarzagiiena et al., 2020; Karpechko et al., 2022, 2024; Wu et al., 2019). A weaker SPV would
imply a weaker barrier at high latitudes, which would facilitate ozone mixing across the vortex edge. The opposite
would occur with a stronger SPV.

Overall, the large uncertainties in the response of the stratospheric dynamical features to climate change and the
strong coupling between dynamical processes and stratospheric ozone suggest that the former may play an
important role in the intermodel spread of the rate of Arctic ozone recovery. In this paper, we use output from
models participating in the Chemistry-Climate Model Initiative, phases 1 (CCMI-1) and 2022 (CCMI-2022), to
quantify the extent to which the intermodel spread in Arctic ozone recovery can be attributed to uncertainties in
the projected evolution of the stratospheric circulation.

2. Data

We analyze simulations from 14 CCMI-1 models (Eyring et al., 2013; Morgenstern et al., 2017) and 9 models
from CCMI-2022 (Plummer et al., 2021). For CCMI-1, we use REF-C2 simulations spanning from 1960 to 2100.
These simulations use the A1 WMO-2010 scenario for ODS, observed surface concentrations of GHGs until
2005, and afterward they follow the RCP6.0 scenario for GHG. For CCMI-2022, we use REF-D2 simulations,
which are analogous to the REF-C2 experiment but following the WMO-2018 baseline scenario for ODS con-
centrations and the SSP2-4.5 scenario for GHGs. Thus, the GHG forcing is slightly smaller and the ODS decline
slightly slower in the CCMI-2022 than in the CCMI-1 simulations. Tables S1 and S2 in Supporting Informa-
tion S1 list all the models, together with the ensemble size of each model and data availability. Note that the
number of models with w* data is lower than with zonal wind data, which we have checked that does not
significantly affect the results presented here.

For ozone observations, we use ozone concentrations from the Stratospheric Water and Ozone Satellite Ho-
mogenized (SWOOSH) database (Davis et al., 2016). SWOOSH merges vertically resolved ozone observations
from different limb profiling satellite instruments. The version used (version 2.7) provides zonal-mean monthly
mean ozone mixing ratios with a horizontal resolution of 2.5° latitude and 31 vertical levels, between 1 and
316 hPa, covering the period January 1984-December 2024. In addition, for zonal wind, we use monthly mean
data from the ERAS reanalysis (Hersbach et al., 2020).
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Figure 1. (a) Boxplots showing the monthly distribution of changes (2070-2099 minus 1991-2020) in CCMI-1 and CCMI-
2022 simulations for Arctic lower-middle stratospheric ozone (65°N-90°N, 10-150 hPa). The size of the boxes represents
the interquartile range of the data, while the whiskers extend from the 5th to 95th percentiles. The horizontal lines inside the
boxes correspond to the median, while the dot shows the mean. (b) Twenty-one-year running mean time series of Arctic
ozone in March from CCMI-1 (dark brown) and CCMI-2022 (light brown) multimodel mean normalized to the value in year
2000 in each simulation. The dark (light) brown envelope indicates the + 16 model uncertainty of the CCMI-1 (CCMI-2022)
MMM. (c, d) Same as (a) but for (c) polar vortex strength (zonal wind averaged over 55°N-70°N, 10-30 hPa) and (d) polar
downwelling (vertical component of the residual circulation averaged over 65°N-85°N, 10-20 hPa).

3. Results
3.1. Projected Changes and Spread Across Models

We first analyze ozone changes between the present period (1991-2020) and the end of the 21st century
(2070-2099) for each individual month from November to April (Figure 1a). We define our region of interest as
that in the lower-middle Arctic stratosphere (65°N-90°N, 10-150 hPa). All months show ozone recovery,
although March is the month when ozone recovery and its inter-model spread (5th—95th percentile range) reach
their maxima. This is because March is the month when Arctic ozone depletion is largest, and when the accu-
mulation of ozone in the Arctic transported by the residual circulation is most noticeable (Brasseur & Solo-
mon, 2005). Therefore, the remainder of this paper examines ozone recovery in March. Figure 1b shows the time
evolution of March partial ozone column for the multimodel means (MMM), computed as the mean of the
ensemble mean of all models, of CCMI-1 and CCMI-2022. Both the MMM and the uncertainty are similar in both
data sets up to about 2030, and after 2030 the projected MMM ozone recovery in CCMI-1 is slightly larger than in
CCMI-2022. However, despite the use of different external forcing scenarios and their potential influence on
ozone recovery, the difference between CCMI-1 and CCMI-2022 MMM is not significant due to the large
intermodel spread. Importantly, the spread is of similar magnitude to the MMM value, for both model subsets, in
the rate of ozone depletion (1970-2000) and the rate of ozone recovery (2000-2100). Therefore, in the remainder
of this study, CCMI-1 and CCMI-2022 simulations are combined to increase the sample size and thereby enhance
the robustness of the results. For both subsets of models, the return to 1980 values in the Arctic is projected near
mid-century for the MMM, while by the end of the century a large fraction of the models predicts ozone values
above those in 1960, consistent with WMO (2018) and WMO (2022).
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Figure 1c shows the changes in the mean strength of the polar vortex from November to April. In this case, the use
of CCMI-1 and CCMI-2022 together is justified because the net future response of the polar vortex does not
depend on the climate scenario studied in the CCMs examined here (not shown), in agreement with previous
studies (Karpechko et al., 2022). The uncertainty in the sign of the polar vortex change is present in all months,
although February and March have the largest intermodel spread (Figure 1c). This large uncertainty and its
seasonality is consistent with previous studies that have analyzed the response of the polar vortex to climate
change (Karpechko et al., 2022; Manzini et al., 2014; Simpson et al., 2018). Arctic ozone abundances are not only
largely controlled by the SPV, but also by polar downwelling. Thus, changes in the deep branch of the residual
circulation can exert a sizable influence on ozone: these are shown in Figure 1d. Polar downwelling shows a
robust increase in all months, with the largest MMM acceleration and intermodel spread occurring in January.
However, in the remainder of the paper, we analyze changes in polar downwelling in February and March,
because trends in these months are the most correlated with ozone recovery in March (not shown), and still display
substantial spread across models. To summarize, Figure 1 shows that Arctic ozone recovery is a robust feature in
CCMI models, but the recovery rates are highly uncertain. In addition, models show sizable uncertainty in the
future evolution of key dynamical features that modulate polar ozone, that is, the SPV and the deep branch of the
BDC residual circulation.

3.2. Role of the Stratospheric Dynamics Projections on the Spread in Arctic Ozone Recovery

Given the large uncertainty in the projected changes in ozone and stratospheric dynamics (SPV and residual
circulation), it is pertinent to ask if they are related. That is, can the spread in Arctic ozone recovery be explained
by the spread of the future evolution of the stratospheric circulation? The scatter-plots in Figure 2 show Arctic
ozone changes versus the corresponding changes in the SPV and polar downwelling for each individual simu-
lation. A strong negative correlation (r = —0.77) is found between changes in Arctic ozone recovery and the polar
vortex (Figure 2a). This means that around 60% () of the inter-simulation variance in the Arctic ozone recovery
is linearly explained by uncertainties in the future evolution of the polar vortex. The simulations with the most
pronounced weakening of the polar vortex also project the largest Arctic ozone recovery by the end of the century,
and vice versa.

The correlation coefficient between changes in Arctic ozone recovery and polar downwelling is slightly lower
(r = —0.58, Figure 2b). Thus, one third of the variance in Arctic ozone recovery can be attributed to uncertainty in
the projected enhancement of polar downwelling. The negative correlation coefficient indicates that the stronger
the acceleration in polar downwelling, the faster the ozone recovery. This is consistent with enhanced ozone
advection from the tropical stratosphere to the Arctic polar cap. Note that the variance explained by uncertainties
in w* projections is not independent of that explained by uncertainties in SPV projections, as the SPV and residual
circulation are coupled through the TEM momentum balance and their changes are not entirely independent
(Figure S1 in Supporting Information S1). If both AU and Aw* are used together as predictors in a multiple linear
regression (MLR) model, the explained ozone recovery variance is 75% (not shown).

Our results are robust to the methodological details: they are very similar when the correlation coefficients are
calculated considering CCMI-1 and CCMI-2022 separately (Table S3 in Supporting Information S1). Therefore,
the relationship between future changes in ozone and dynamical features does not depend on the emissions
scenario used here, nor on the generation of CCMs. The correlation coefficients are also very similar using
ensemble means (r = —0.67 for SPV and r = —0.52 for w*). Note that, if the correlation between ozone and SPV
changes is calculated only with the simulations with available w* data, the correlation is slightly higher (—0.81),
which confirms the higher variance explained by the SPV compared to downwelling is not an artifact of the
different data availability. Lastly, removing outliers such as the NIWA model, only decreases the correlation
slightly (r = —0.68 for SPV).

Next, we look at the time evolution of Arctic ozone by grouping the simulations according to their change in the
SPV and polar downwelling. Note that the simulations in each group when we separate according to the SPV are
not necessarily the same as when we separate according to the polar downwelling (Figure S1 in Supporting
Information S1). For the polar vortex, Figure 2c shows the one-third of simulations with the largest future vortex
weakening in blue and the one-third of simulations that project a strengthening of the vortex in red. We find that
the ozone evolution, both in the past and in the future, is significantly different between the two subsets of
simulations at the 95% confidence level, with the simulations displaying the largest vortex weakening simulating

BENITO-BARCA ET AL.

4of 11

35U801 SUOWILOD BAIERID 3|l dde 8u} A pausA0B 3k S3pile VO '8sN JO S8 104 Aiq1 BUIIUO AB|IM UO (SUORIPUCO-PUR-SWLIBIALIOD™A8 1M ATe.q 1 [Bu1|UO//SdHL) SUOIIPUOD PUe SWB | 8U} 89S *[9202/50/22] U0 A%IqIT8UIIUO A81IM "UBWSSD Z)OYWRH 'A Ul Hued Wiy "N-4nT ‘4 WnieZ yasia Ad 212021 195202/620T OT/I0p/L0o" A3 im Aeiqjeutjuo'sgndnbe//:sdiy wouy pepeojumod ‘0T ‘9202 '2008rr6T



. Yed J |
M\I Geophysical Research Letters 10.1029/2025GL 120212
AND SPACE SCIENCES
(@) AO3 vs AU /I r=-0.77 (b) AO3 vs Aw* /I r=-0.58
100 - 100 1
(€] (€]
90 - 90 1
80 - 80 1
70F - 70F 1
a 60 - a 60 1
S]"’ 501 . 2" 50F 1
40f - 40t 1
30F - 30 1
20F - 20F 1
10+ - 10+ 1
0 I I I I | I I 0 I I I |
-15 -12 -9 -6 -3 0 3 6 9 -0.4 -0.3 -0.2 -0.1 0 0.1
AUms™" Aw* [ms™]
ACCESS EMAC MIROC-ES2H
@ CCMI-1
CHASER-MIROC GEOSCCM NIWA-UKCA UMUKCA-UCAM
A CCMI-2022
CMAM CNRM-MOCAGE MIROC-3.2 SOcoL
(c) Ozone column (AU) (d)  Ozone column (Aw*)
120} S0 Observed SPV&0; | _ . 120F ]
= E
€ © ©
1001 =] - £ § 1001 .
3 z
2. g
5 80 BN oy N 5 801 -
=) ° " Q
g 60 g 60
> 3
8 3
o 40 o 40
c c
R R
o 20 o 20
0 o’ 0
Trmepm——____ o Y Y Y ? T Y | Y Y Y Y
1970 1990 2010 2030 2050 2070 2090 1970 1990 2010 2030 2050 2070 2090
Years Years
Most positive U changes Weakest w* changes
Most negative U changes m———— Strongest w* changes
SWOOSH SWOOSH

Figure 2. (a, b) Scatter-plot of changes (2070-2099 minus 1991-2020) in Arctic ozone versus (a) polar vortex and (b) polar
downwelling. Each point corresponds to an individual simulation. Circles (triangles) depict CCMI-1 (CCMI-2022) models
and colors indicate the model. Numbers in the title indicate the Pearson's correlation coefficient across simulations. The thick
black line represents the linear least squares fit. (c, d) Time series of March Arctic ozone (65°N-90°N, 10-150 hPa)
normalized to the year 2000 value for each simulation. In panel (c), the blue lines represent the third of simulations with the
most negative changes in the polar vortex in panel (a), while the red lines represent the third with positive change. The
embedded figure shows Stratospheric Water and Ozone Satellite Homogenized (SWOOSH) observations of Arctic ozone in
light brown and the ERAS polar vortex strength (February—March) in purple. In panel (d), blue (red) lines depict the third of
simulations with the strongest (weakest) acceleration of polar downwelling in panel (b). Thick lines represent the mean of
each group. The gray lines represent the remainder of the simulations (central tercile). The black line represents the
SWOOSH observations. Green dots indicate when the two groups of simulations (blue and red) are significantly different at
95% using a t-test. All series have applied an 11-year running mean.

the strongest ozone recovery rate. Regarding polar downwelling (Figure 2d), the group of simulations with the
strongest enhancement in downwelling (blue curves) shows faster ozone recovery than the simulations with the
weakest acceleration in downwelling (red curves).

Figures 2c and 2d also reveal that simulations which project the largest change in ozone (and in the SPV and/or
w*) in the future also simulate the largest ozone loss in the past. Compared to observations (black line), these
simulations (blue lines) seem to be the ones that best match the observed ozone loss rate, potentially helping to
better constrain future ozone recovery. However, these same simulations have unrealistically strong SPV
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climatologies in the present period (Figure S2 in Supporting Information S1), which limits our confidence in their
projections. We suggest that the apparent agreement in the past ozone evolution (1985-2000) between obser-
vations and this group of models arises mainly from the large dynamical variability on interannual to decadal
timescales, and in particular from the strong vortex observed in the 90s (small panel in Figure 2c). As expected,
the free-running simulations are not able to capture the timing of this unforced variability. This is confirmed by
the disagreement in the period 2000-2010: the observed ozone increase, related to the weaker vortex in the 2000s,
is not captured by any of the simulations, that instead show lower values. Thus, we conclude that an emergent
constraint on the Arctic ozone recovery cannot be established based on circulation.

3.3. Contribution of ODS and GW to the Spread in Arctic Ozone Recovery Rates

The previous section analyzed how the intermodel spread of the projected evolution of the stratospheric circu-
lation affects the spread in ozone recovery rates. Next, we address how external forcings, namely GHGs and ODS,
affect ozone recovery and its spread. To do so, we performed a MLR analysis of the evolution of Arctic ozone
including GHG-driven global warming (GW) and ODS as regressors (Mindlin et al., 2021):

05(t) = a-GW(1) + B-ODS(1) + (1) (1)

In Equation 1, all variables represent the change in March with respect to the year 2000. O; refers to the Arctic
partial column ozone, the GW index is computed as the area-weighted global mean air temperature at 1,000 hPa,
and the ODS index is calculated using the equivalent effective stratospheric chlorine (EESC), as by Newman
et al. (2007), averaged within the polar cap (65N°-90°N) at 50 hPa. The residual is denoted by ¢(f). We apply the
MLR to each individual simulation and construct the time series of ozone associated with each forcing. Then, the
MMM of these time series and their standard deviations are calculated using all the ensemble members. Since
CCMI-1 and CCMI-2022 follow different emission scenarios, their relative ODS and GHG contributions to ozone
recovery could differ; thus, Figures 3a-3d show the results for each set of simulations separately. We note that the
results do not change if we consider CO, surface concentrations as a regressor instead of the GW index (not
shown).

The Arctic ozone evolution and the intermodel spread are well reconstructed by the MLR both in the past and in
the future. The regression models in Figures 3a and 3b are able to simulate the loss in springtime stratospheric
ozone at the end of the 20th century and the subsequent recovery throughout the 21st century, exceeding pre-1980
values at the end of the century, consistent with Figure 1a. Both CCMI-1 (Figure 3c) and CCMI-2022 (Figure 3d)
results show that ozone depletion before the year 2000 (rate and spread across simulations) is entirely explained
by the increase in EESC, with a negligible opposite-sign contribution from the increase in GHGs. In the 21st
century, the decrease in EESC also dominates the behavior of ozone. However, the ozone recovery, and
particularly the super-recovery at the end of the century, cannot be explained without the contribution of GW.
These results are highly consistent with those by Dhomse et al. (2018), who used a different methodology based
on the CCMI-1 sensitivity simulations, in which either ODS or GHG concentrations were fixed to 1960 levels.
Indeed, for the models providing these sensitivity simulations, we obtain results which are consistent with our
MLR estimates (not shown).

Even though both CCMI-1 and CCMI-2022 sets of models project a positive contribution of both forcings to
ozone recovery, the rate of recovery due to each of the forcings and the ratio of the contributions do differ. In
CCMI-1, the mean contribution to ozone recovery from ODS reduction and GHG increase is similar. In CCMI-
2022 the GW contribution is lower, consistent with a more moderate emissions scenario (SSP2-4.5 vs. RCP6.0),
which explains the slight difference between CCMI-1 and CCMI-2022 in Figure 1b. Interestingly, both ODS and
GHGs contribute significantly to the spread in ozone recovery rates in both CCMI-1 and CCMI-2022.

Finally, we analyze how changes in circulation affect the ODS and GW contributions to ozone recovery. For this
purpose, Figures 3e-3h show the ozone time series associated with each forcing, as in Figures 3¢ and 3d, but
grouping the simulations according to the changes in the SPV (Figures 3e and 3g) and polar downwelling
(Figures 3f and 3g). The GW contribution to ozone recovery (Figures 3e and 3f) is significantly different between
simulations with extreme changes in both SPV and downwelling. The correlation across-simulations between
ozone recovery associated with GW and future changes in SPV is —0.63, while the correlation with changes in
polar downwelling is —0.52. This means that the simulations with the largest weakening of the SPV and/or the
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Figure 3. (a, b) Black line represents the MMM original time series of March Arctic ozone (65°N-90°N, 10-150 hPa)
normalized to year 2000, with a 21-year running mean applied, while the blue line displays the total linear fit from the
regression model for a sub-set of (a) CCMI-1 and (b) CCMI-2022 simulations. (¢, d) Contributions of ozone-depleting
substances (ODS) (green line) and global warming (GW) (red line) to the Arctic ozone evolution for (¢) CCMI-1 and

(d) CCMI-2022 simulations. In panels (a—d), light envelopes indicate the multimodel standard deviation. (e-h) Same as (a, b)
but for (e, f) GW contribution and (g, h) ODS contribution.
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strongest acceleration of polar downwelling simulate a faster ozone recovery associated with GW. In contrast, the
ODS contribution to ozone recovery (Figures 3g and 3h) presents non-significant differences between the “blue”
and “red” subsets of simulations at the end of the century (despite similar differences to the GW contribution
between subsets in Figure 3g, the larger spread here makes them non-significant). This means that the contri-
bution of ODS decline to ozone recovery does not occur significantly through changes in dynamical charac-
teristics. In contrast, uncertainties in the dynamical changes affecting Arctic ozone super-recovery are related to
uncertainties in the GW contribution. These results suggest that the SPV influences Arctic ozone recovery mainly
through modulation of the lateral mixing of ozone into the polar region, rather than by influencing the hetero-
geneous chemistry. However, further mechanistic analyses beyond the scope of the study are needed to disen-
tangle these effects.

4. Summary and Discussion

This study quantifies the role of uncertainties in the future evolution of the Arctic polar vortex and BDC residual
circulation in the spread in Arctic ozone recovery projections using simulations from the Chemistry-Climate
Model Initiative, phases 1 and 2022. The main findings of our study are summarized here:

o Seventy-five percent of the intermodel spread in the Arctic ozone recovery in March can be attributed to
uncertainties in dynamical trends in late winter. Sixty percent is related to uncertainties in SPV trends, and
33% to uncertainties in polar downwelling trends. The larger the weakening of the SPV and/or the
strengthening of polar downwelling, the faster the recovery of Arctic ozone.

o The simulated ozone recovery can be clearly separated into distinct groups based on dynamical changes.
However, the large decadal variability of the Arctic stratosphere, in particular of the SPV during the 1990s and
2000s, prevents the identification of an observational constraint on future ozone recovery.

e The contributions of ODS and GHG-driven GW are both important to explain the uncertainty in ozone re-
covery rates. GW affects ozone recovery spread through uncertainties in stratospheric circulation trends, while
the contribution of ODS to ozone recovery through changes in dynamical characteristics is negligible.

A suggestive result is that the spread in ozone recovery is better explained by uncertainties in the SPV than in
polar downwelling. However, this does not necessarily imply that the increase in Arctic ozone is more closely
linked to changes in the polar vortex than to the acceleration of polar downwelling, and thus to enhanced ozone
advection. A plausible explanation is related to ozone-climate feedbacks. On the one hand, the high correlation
between Arctic ozone and the SPV could be amplified by positive feedbacks. Larger weakening of the SPV
implies a weaker transport barrier and therefore a faster Arctic ozone recovery. In turn, larger Arctic ozone
concentrations lead to larger radiative heating in the polar stratosphere during late winter and spring, thus
reducing the meridional temperature gradient and weakening even more the SPV due to the thermal wind balance.
This positive feedback is consistent with the results of Chiodo et al. (2023), who explicitly calculated the impact
of ozone recovery on the polar vortex in early spring in two CCMs, showing a larger vortex weakening in the
model with larger Arctic ozone recovery. On the other hand, the link between ozone recovery and polar
downwelling could be affected by negative feedbacks. The GHG-driven acceleration of the residual circulation
implies higher ozone advection to the Arctic. In contrast, as has been extensively documented in the case of the
Antarctic ozone hole (Abalos et al., 2019; McLandress et al., 2010; Polvani et al., 2018, 2019) and recently shown
by Chiodo et al. (2023) for the future in the Arctic, increasing ozone concentrations leads to a reduction in polar
cap downwelling, and therefore less transport of ozone into the polar vortex. This is due to the warming of the
polar stratosphere and associated weakening of the vortex in late winter, which advances the final vortex breakup
and leads to reduced wave propagation and dissipation, and thus weaken the residual circulation. This is also
consistent with other recent studies (e.g., Hufnagl et al., 2023), showing a dampening of the BDC acceleration
under increasing CO, due to ozone feedbacks. Thus, while ozone feedbacks may enhance the connection between
Arctic ozone recovery and the SPV, they may obscure the coupling between Arctic ozone accumulation and polar
downwelling.

Another emerging factor that could weaken the link between Arctic ozone recovery and residual circulation trends
could be the tropical tropopause expansion. Match and Gerber (2025) argued that tropical tropospheric expansion
reduces ozone in the tropical lowermost stratosphere, and these reductions could then be transported laterally into
the extratropical lower stratosphere. This could be contributing to weakening the correlation between Arctic
ozone recovery and polar downwelling, since tropospheric expansion and strengthened downwelling driven by
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rising GHG concentrations have opposite effects on Arctic lower stratospheric ozone. However, we checked that
the Arctic ozone recovery rates are not significantly correlated with the tropical tropopause pressure across model
simulations (not shown).

In short, our results clarify how the spread in future changes of the NH polar vortex and the deep branch of the
residual circulation contribute to the spread in Arctic ozone recovery. They highlight the critical need to reduce
uncertainties in the stratospheric circulation response to GHGs, especially in polar vortex trends, to better
constrain projections of Arctic ozone recovery over the 21st century.
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