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The Arctic has experienced several extreme springtime stratospheric ozone depletion events over the
past four decades, particularly in 1997, 2011 and 2020. However, the impact of this stratospheric ozone
depletion on the climate system remains poorly understood. Here we show that the stratospheric ozone
depletion causes significant reductions in the sea ice concentration (SIC) and the sea ice thickness (SIT)
over the Kara Sea, Laptev Sea and East Siberian Sea from spring to summer. This is partially caused by
enhanced ice transport from Barents-Kara Sea and East Siberian Sea to the Fram Strait, which is induced
by a strengthened and longer lived polar vortex associated with stratospheric ozone depletion.
Additionally, cloud longwave radiation and surface albedo feedbacks enhance the melting of Arctic sea
ice, particularly along the coast of the Eurasian continent. This study highlights the need for realistic rep-
resentation of stratosphere-troposphere interactions in order to accurately predict Arctic sea ice loss.
� 2022 The Authors. Science China Press. Published by Elsevier B.V. and Science China Press. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Atmospheric ozone results in local heating in the stratosphere
and modulates the global energy balance by absorbing shortwave
radiation and absorbing and emitting longwave radiation [1,2]. In
addition to its direct radiative effect on the climate system, strato-
spheric ozone can also affect tropospheric weather and climate
through complex chemical-radiative-dynamical coupling pro-
cesses [3,4]. Both observations and numerical experiments have
confirmed that the Antarctic ozone hole has resulted in a colder
and strengthened polar vortex, which in turn has driven a positive
trend in the Southern Annular Mode and has influenced Southern
Hemispheric surface temperature, precipitation and the Hadley
Cell in austral summer [5–7]. Other studies have shown that Arctic
stratospheric ozone variations can affect regional tropospheric cir-
culations and sea level pressure in the mid- and high latitudes over
the Northern Hemisphere [8–11]. Additionally, stratospheric ozone
may also exert an impact on polar sea ice. Some previous studies
have suggested that the increase in Antarctic sea ice extent from
1979 to 2015 may be partly explained by atmospheric circulation
changes associated with the Antarctic ozone hole [12,13], while
others have reported higher Southern Ocean surface temperatures
and sea ice loss associated with the Antarctic ozone hole [14–16].
Ferreira et al. [17] pointed out that these two contradicting
responses of sea ice to Antarctic stratospheric ozone depletion
are related to processes operating on different timescales.
Enhanced surface westerlies and sea ice increase constitute the fast
response, while increased Ekman drift leading to an upwelling of
warm waters from below the mixed layer, and a consequent
warming of the sea surface and reduction in sea ice cover around
Antarctica, constitute the slow response.

In contrast to the overall increase in Antarctic sea ice extent in
the 20th century, there has been a significant Arctic sea ice decline
since 1979 [18]. It is widely believed that the Arctic sea ice loss is
closely related to atmospheric and ocean circulation changes asso-
ciated with global warming [19,20] and internal variability of the
climate system [21]. However, the underlying mechanisms and
their relative importance is still an area of active research
[22,23]. The studies described above [12–17] have confirmed the
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impacts of the Antarctic ozone hole on Antarctic sea ice variations.
While ozone depletion is less pronounced in the Arctic than its
Antarctic counterpart, stratospheric ozone concentrations above
the Arctic reached a record low in spring 2020 [24], and similar
low ozone concentrations have previously occurred in 1997 and
2011. A recent study has postulated that there may be a statisti-
cally significant enhancement in Arctic polar stratospheric cloud
formation and extreme stratospheric ozone depletion in the future
under high-emissions scenarios [25]. A question arises as to
whether extreme Arctic stratospheric ozone depletion may signif-
icantly affect Arctic sea ice. Stone et al. [26] reported that the inclu-
sion of stratospheric ozone can improve the forecast potential of
Arctic regional sea ice, although the mechanisms linking the two
remain unclear. This study addresses this question using sea ice
data from both observations and a chemistry-climate model with
a coupled ocean (Community Earth System Model, CESM, see
details in Methods section). Our results show that extreme Arctic
stratospheric ozone depletion could significantly decrease the sea
ice over the Kara Sea, East Siberian Sea and Chukchi Sea, suggesting
that extreme stratospheric ozone depletion may pose a threat to
the Arctic cryosphere.
2. Materials and methods

2.1. Data

Gridded monthly mean sea ice concentration (SIC) data with a
horizontal resolution of 25 km � 25 km for the period 1980–
2020 is publicly available from the National Snow and Ice Data
Center (NSIDC, https://nsidc.org/data/G02202/versions/4) [27].
Then the NSIDC SIC is interpolated to the horizontal resolution of
1� latitude by 1� longitude. Sea ice thickness (SIT) for the period
1980–2020 is obtained from the Pan-Arctic Ice Ocean Modeling
and Assimilation System (PIOMAS) [28]. If climatological mean
SIC is less than 10% and SIT is less than 0.15 m, i.e., these regions
are ice-free, and the observed values are set as missing values to
exclude these regions from the analysis.

Monthly mean temperature, wind, geopotential height and
mean sea level pressure are taken from the National Aeronautics
and Space Administration’s Modern-Era Retrospective Analysis
for Research and Applications, version 2 (MERRA2) reanalysis data-
set [29]. The MERRA2 dataset covers the period 1980–2020 and has
a horizontal resolution of 1.25� latitude by 1.25� longitude and a
vertical resolution of 42 levels, extending from the surface to
0.1 hPa. Total column ozone during 1980–2020 is derived from
the Multi Sensor Reanalysis version 2 (MSR2) dataset that assimi-
lates data from several total ozone satellite instruments, including
the Total Ozone Mapping Spectrometer (TOMS), the Solar
Backscatter Ultraviolet (SBUV) instrument, and the Global Ozone
Monitoring Experiment (GOME) [30].
2.2. Composite analysis

We define ‘‘ATCO index” as the linearly detrended and normal-
ized Arctic total column ozone averaged between 60� and 90�N in
March, calculated here using the MSR2 data. The criterion for low
and high ozone cases used in this study is that the ATCO index is
less than or greater than �1 or +1 standard deviation, respectively.
Using this metric, the low ozone years are 1990, 1992, 1993, 1995,
1996, 1997, 2000, 2011 and 2020, while the high ozone years are
1980, 1989, 1999, 2010 and 2018. The composite mean in this
study for a given field is calculated by the difference in the linearly
detrended monthly mean field between low and high ozone cases.
A bootstrap resampling test is used to calculate the statistical prob-
ability that two sample populations have meaningfully distinct
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averages. As an example, consider two samples, X and Y (sample
size: N1 and N2). Data batches with sample size n1 and n2
(n1 � N1, n2 � N2) are repeatedly sampled from the original sam-
ples randomly to give 1000 resamples. Key statistics (e.g., mean
and variance) of these resamples are calculated to estimate the
true probability distributions. Finally, the upper and lower thresh-
olds of the 95% confidence level are calculated as the 2.5th and
97.5th percentiles of 1000-time bootstrap resampling. The differ-
ence is considered statistically significant when zero is excluded
on this confidence level [31].

2.3. Model simulations

In this study we use simulations performed with the Commu-
nity Earth System Model (CESM), developed by National Center
for Atmospheric Research, to explore the impacts of stratospheric
ozone depletion on the Arctic sea ice. The fully coupled CESM
model consists of seven sub-models: the Whole Atmosphere Com-
munity Climate Model (WACCM), the Community Land Model
(CLM), the river transport model (RTM), the Parallel Ocean Program
(POP), the sea-ice model (CICE), a land-ice model (CISM) and a cou-
pler model that coordinates the time evolution of all these compo-
nents and transfers information among them [32]. Here the version
1.2.2 of atmosphere-ocean-coupled CESM model with specified
chemistry is used, with a horizontal resolution of 1.9� latitude by
2.5� longitude and 66 vertical levels. We performed two groups
of time-slice experiments, i.e., LO3 and HO3, forced by low and
high ozone conditions between 1 and 500 hPa in the Arctic region
(60�–90�N) derived from the composite analysis based on MERRA2
data, respectively. Outside the Arctic region, ozone in both LO3 and
HO3 runs is set to the climatological mean for the period 1980–
2020. For both LO3 and HO3, 10 ensemble runs were performed,
for a total of 10 pairs of simulations. Each pair starts with the same
initial conditions obtained from a transient run in which atmo-
sphere and ocean have reach equilibrium for the period 1955–
2000. The pairs differ from each other in that their initial atmo-
spheric conditions are perturbed based on 1 January 2000 in order
to separate stratospheric ozone impacts from internal variability.
As we mainly focus on the fast response of sea ice to stratospheric
ozone depletion, each pair is run for 10 years. Thus, each group of
time-slice experiments (i.e., LO3 and HO3) consists of 100 years.

To verify the results of time-slice runs, two transient runs,
O3clm and O3tra were performed. O3clm is forced with the clima-
tological Arctic stratospheric ozone, that includes the seasonal
cycle, averaged for the period 1980–2020, while O3tra is forced
by time-evolving ozone that follows observations from 1980 to
2020. Other forcings in O3clm and O3tra, such as greenhouse gases
and aerosols, are fixed at the climatological mean from 1980 to
2020.

2.4. Potential vorticity (PV) inversion

The PV inversion method is used to analyze the impacts of PV
changes in the Arctic lower stratosphere associated with strato-
spheric ozone depletion on tropospheric circulations. The anoma-
lies in geostrophic streamfunction (w’) and geostrophic height
associated with specified quasi-geostrophic PV anomalies above
200 hPa in the Arctic region (60�–90�N) can be obtained through
the inversion of the PV equation [33]:

PV 0 ¼ r2
hw

0 þ f 20
@

@p
1
r

@w0

@p

� �
; ð1Þ

where f0 is Coriolis parameter, p is pressure, r is a horizontally
invariant static stability and rh

2 denotes horizontal Laplace opera-
tor. We use the following boundary conditions: w0 ¼ 0 at 20�N,
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@w0
@y ¼ 0 at 85�N, @w0

@p ¼ 0 at 10 and 1000 hPa, and w0 at longitude 0�
uses a periodic boundary condition.

2.5. Radiative kernel method

To quantify the impact of radiative feedback on the surface tem-
perature changes associated with stratospheric ozone depletion,
we calculate the radiative feedback at the surface using the radia-
tive kernel method [34–37]. The radiative sensitivity kernel @R

@X,
where R denotes radiative flux and X can be temperature (T), water
vapor (Q), or albedo (A), is precalculated by a partial perturbation
method using a rapid radiative transfer model, RRTM [38]. The
radiative feedback of T, Q and A is computed as DXR ¼ @R

@XDX:
Due to the cloud masking effects of temperature, water vapor,

and albedo feedback, the cloud feedback is then calculated as
follows:

DcldR ¼ DCRF þ ðK0
T � KTÞDT þ ðK0

Q � KQ ÞDQ þ ðK0
A � KAÞDA

þ ðG0 � GÞ; ð2Þ
Fig. 1. Percentage differences in SIC (a, b) and differences in SIT (c, d), averaged during M
NSIDC data, while the SIT data are derived from the PIOMAS reanalysis data betwee
significance at 90% and 95% confidence level according to a bootstrap test, respectively.
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where DCRF is the cloud radiative forcing defined as the difference
in the surface radiative fluxes between all-sky and clear-sky condi-
tions, the K0 and K are the clear-sky and all-sky kernels, and G0 and
G are the clear-sky and all-sky forcing. All the radiative fluxes are
defined to be downward positive.

3. Results

3.1. Connection between Arctic ozone and sea ice

To assess the impacts of stratospheric ozone depletion on the
Arctic sea ice, we compare the extremely low (including the
1997, 2011 and 2020 cases) and high March Arctic ozone compos-
ites (see Method section and Fig. S1 online). Fig. 1a, b shows the
composite differences in observed SIC during spring and summer
between low and high stratospheric ozone cases. There are nega-
tive SIC anomalies in the Kara Sea during spring in low ozone cases
compared with high ozone cases, suggesting that the Kara sea ice
cover in spring is reduced when Arctic stratospheric ozone is
decreased. The regions with reduced SIC extend to the East Siber-
arch–April–May (a, c) and June–July–August (b, d). The SIC data are derived from the
n low and high ozone cases. White and green dotted regions indicate statistical
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ian Sea and Chukchi Sea during summer in low ozone cases,
although there are some areas with non-significant positive SIC
anomalies in the Laptev Sea (Fig. 1b). SIC along the Fram Strait is
increased during low ozone cases when compared with high ozone
cases. Using PIOMAS reanalysis data with ocean and sea-ice obser-
vations assimilated, we can analyze the SIT changes associated
with anomalous Arctic stratospheric ozone changes. Fig. 1c, d
shows the composite SIT differences during spring and summer
between low and high ozone cases. Note that the SIT anomalies
in the Kara Sea, Laptev Sea, East Siberian Sea and Chukchi Sea dur-
ing spring and summer in low ozone cases are significantly smaller
than those in high ozone cases. In contrast, when Arctic strato-
spheric ozone is extremely low, the SIT to the north of the Cana-
dian Arctic Archipelago is larger than normal. The significant SIT
changes in the Arctic regions suggest that the extreme strato-
spheric ozone depletion may have impacts on both sea ice cover
and volume.

Fig. S2a (online) shows the lead-lag correlation coefficients
between March ATCO and SIC over the Kara Sea. Note that the pos-
itive correlation coefficient has become significant at the 99% con-
Fig. 2. Percentage differences in SIC (a, b) and differences in SIT (c, d), averaged during
White dotted regions indicate statistical significance at 95% confidence level according
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fidence level since March (0 month) and reaches its maximum
2 months later. In addition, the correlation coefficient between
ATCO and SIC is statistically significant at the 99% level fromMarch
to July (0–4 months). Fig. S2b shows the lead-lag correlation coef-
ficients between March ATCO and SIT averaged over the Laptev
Sea, East Siberian Sea and Chukchi Sea. There are significant posi-
tive correlations between ATCO and SIT throughout the spring
and summer (0–5 months) and the maximum correlation coeffi-
cient occurs 1–2 months later. The abovementioned results indi-
cate that stratospheric ozone can be a precursor signal for the
sea ice changes in some Arctic regions, which agrees with the sig-
nificant sea ice changes during spring and summer seen in the
composite results.

The results obtained so far are based on composite analysis
using observations, which can be used to highlight the link
between stratospheric ozone depletion and sea ice changes but
does not allow for the identification of a causal link between the
two. Using the coupled ocean-ice version of the CESM model, we
performed two time-slice sensitivity runs (LO3 and HO3, see
Method section) forced by extremely low and high March strato-
March–April–May (a, c) and June–July–August (b, d) between CESM LO3 and HO3.
to a bootstrap test.
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spheric ozone conditions, respectively, to separate the strato-
spheric ozone impact on sea ice from internal variability. In order
to make a better comparison with the composite analysis of the
observational datasets discussed above, we set the same areas of
open water in Fig. 2 as those in Fig. 1. Calculating differences
between the LO3 and HO3 ensembles, SIC is reduced in the Kara
Sea during spring and summer when Arctic ozone is low (Fig. 2a,
b). The negative SIC differences in the Laptev Sea and Chukchi
Sea during summer are statistically significant, whereas there are
positive SIC differences along the Fram Strait between LO3 and
HO3 (Fig. 2a, b), which are similar to the composite analysis. Fur-
thermore, there is also lower SIT in the Laptev Sea, East Siberian
Sea and Chukchi Sea in LO3 than those in HO3 during spring and
summer (Fig. 2c, d). Although the simulated positive SIT anomalies
to the north of the Canadian Arctic Archipelago are relatively
weaker than those in the composite analysis of the observations
(Fig. 1 c, d), the CESM model essentially supports the findings
derived from observations that sea ice cover and volume in the
Kara Sea, Laptev Sea, East Siberian Sea and Chukchi Sea are reduced
during periods of large Arctic springtime stratospheric ozone
depletion.

It should be noted that there are some discrepancies between
the observation composite analysis and model simulation in the
magnitudes of simulated SIC and SIT responses, particularly over
the Arctic Ocean and to the north of the Canadian Arctic Archipe-
lago. The magnitudes of SIC and SIT anomalies in the model simu-
lations are relatively smaller than those in the composite analysis
(comparing Figs. 1 and 2). These discrepancies occur because the
composite analysis is not only related to stratospheric ozone deple-
tion, but also influenced by internal variability of the climate sys-
tem. In contrast, the comparison between two time-slice
experiments, LO3 and HO3, separates the impacts of extreme
stratospheric ozone depletion on sea ice from other climate factors.

Fig. S3 (online) shows the trends of differences in SIC (SIT)
between O3tra and O3clm runs (see Method section). Note that
there are negative trends in SIC difference over the Kara Sea during
both spring and summer, and negative SIC trends in summer over
the Chukchi Sea, suggesting that stratospheric ozone changes from
1980 to 2020 contribute to the decline in SIC over these regions.
The SIT differences between O3tra and O3clm in spring and sum-
mer over the Laptev Sea, Eurasian Sea, Chukchi Sea and Arctic
Ocean all show significant decline from 1980 to 2020, suggesting
that stratospheric ozone depletion is partially responsible for the
SIT reductions over these regions. These results agree well with
the time-slice results (i.e., the differences between LO3 and HO3),
further supporting the impacts of stratospheric ozone depletion
on the Arctic regional sea ice loss.

3.2. Mechanisms responsible for the impacts of stratospheric ozone on
sea ice

While the Arctic stratospheric ozone variability is dominated by
dynamical processes, extreme ozone depletion feeds back on the
dynamics of the polar vortex. Using the two large-ensemble exper-
iments forced by low and high ozone, we can separate the feed-
backs of extreme stratospheric ozone depletion on atmospheric
circulations from climate variability. Fig. S4a (online) shows the
differences in geopotential height between LO3 and HO3. Note that
there are negative geopotential height anomalies in the lower
stratosphere due to ozone-radiative cooling effects, which are sig-
nificant from April to August. Fig. S4b (online) shows the position
of the red/blue ‘‘zero-wind” lines from 200 to 1 hPa. Note that the
zero-wind lines mainly occur in May–June for LO3, which are later
than those in April–May for HO3, suggesting that there is a delay of
polar vortex breakup date during low-ozone years compared with
high-ozone years. This analysis indicates that stratospheric ozone
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depletion could lead to a stronger and longer-lived polar vortex
through radiative-dynamical feedback processes, although the
anomalous Arctic stratospheric ozone depletion is initially trig-
gered by dynamical processes [39].

The strengthened and more persistent stratospheric polar vor-
tex may influence the surface winds through stratosphere-
troposphere coupling. In terms of the PV conservation theory
[40,41], anomalously high PV anomaly in the lower stratosphere
(Fig. 3a) could induce an anomalous cyclonic flow in the lower tro-
posphere (Fig. 3c). Fig. S5a, b (online) shows the geopotential
height anomalies in response to the positive PV anomalies above
200 hPa in the Arctic region 60�–90�N using the PV inversion
method. The positive PV anomalies in the lower stratosphere could
induce the negative geopotential height anomalies in the tropo-
sphere according to PV conservation. Consequently, sea level pres-
sure in the polar regions during spring is lower during low ozone
cases than during high ozone cases (Fig. 3e). In terms of geos-
trophic equilibrium theory, anomalous cyclonic flows at the sur-
face occur in response to the positive lower stratospheric PV
anomalies (Fig. S5c, d online). Also note that there are lower sea
level pressure and anomalous cyclonic flow in the troposphere
and at the surface accompanied by larger stratospheric PV in LO3
compared with those in HO3 (Fig. 3b, d, f), further confirming that
the extreme stratospheric ozone depletion could significantly
influence surface pressure and circulation.

It is worth noting that the significantly lower sea level pressure
and anomalous cyclonic flows over the Barents Sea, Laptev Sea
and East Siberian Sea associated with stratospheric ozone depletion
could persist until summer (Fig. S6a online). Fig. S6b (online) shows
the differences in sea ice motion vectors (red vectors) between LO3
and HO3. There is an anomalous cyclonic sea ice drift in the Arctic
regionwhen stratospheric ozone is decreased, and this cyclonic flow
can last until summer, due to a longer ‘‘memory” in the ocean than in
the atmosphere. The cyclonic anomaly in sea ice drift is closely
related to the reduced sea level pressure and associated cyclonic
wind flows at the surface during the low ozone cases (Fig. 3e, f).
The ocean flow then transports sea ice away from the Kara Sea
and the cyclonic oceanic drift can also reduce the size of the Beaufort
Gyre, represented by the black anti-cyclonic vectors (Fig. S6b
online), reducing the transport of sea ice into the Eurasian Arctic
[42]. As a result, during low ozone cases, there is enhanced advec-
tion of multi-year ice away from the Eurasian coast and Beaufort
Sea, reducing the sea ice over the East Siberian Sea (Figs. 1 and 2).

A question arises to whether radiative processes associated
with extreme Arctic stratospheric ozone depletion may also mod-
ulate sea ice patterns. Fig. 4 shows the differences in radiative feed-
back of temperature, water vapor, cloud longwave radiation and
surface albedo between LO3 and HO3. Note that cloud longwave
feedback and albedo feedback make more important contributions
to the surface radiative feedback associated with stratospheric
ozone depletion than temperature and water vapor do. There are
larger longwave cloud feedbacks over the Arctic region during
spring and summer in LO3 than HO3, suggesting cloud feedbacks
associated with stratospheric ozone depletion favor reductions in
SIC and SIT. This is because stratospheric ozone depletion leads
to lower temperatures (Fig. S7a, b online) and saturation vapor
pressures in the troposphere, increasing relative humidity and
cloud fraction (Fig. S7c, d online), consistent with the findings of
Xia et al. [43–45] and Maleska et al. [46]. More clouds in the Arctic
region could radiate back longwave radiation. In addition, the pos-
itive albedo feedback anomalies in LO3 compared with HO3 con-
tribute most to the reductions in sea ice over the Laptev Sea, East
Siberian Sea and Chukchi Sea during summer. This result suggests
that thermal processes associated with stratospheric ozone deple-
tion have an important effect on the sea ice loss along the coast of
the Eurasian continent.



Fig. 3. Composite differences in March–April–May mean PV averaged between the isentropic layers 430–600 K (a), 700 hPa geopotential height (c) and sea level pressure (e)
between low and high ozone cases derived from MERRA2 reanalysis data. Vectors in (c) and (e) represent composite differences of horizontal wind vectors at 700 and
1000 hPa, respectively. Differences in March–April–May mean PV averaged between the isentropic layers 430–600 K (b), 700 hPa geopotential height (d) and sea level
pressure (f) between CESM LO3 and HO3. Vectors in (d) and (f) represent the LO3 and HO3 differences of horizontal wind vectors at 700 and 1000 hPa, respectively. White
dotted regions indicate statistical significance at 95% confidence level according to a bootstrap test. The vector units are shown in the bottom right of panel (c–f).
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Fig. 4. Differences in temperature feedback (a, b), water vapor feedback (c, d),
longwave cloud feedback (e, f), and albedo feedback (g, h) between LO3 and HO3
averaged during March–April–May (a, c, e, g) and June–July–August (b, d, f, h).
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4. Discussion and conclusion

In summary, our analysis indicates springtime SIC in the Kara
Sea is reduced in response to March Arctic stratospheric ozone
depletion, and the region with lower SIC anomalies can extend to
the East Siberian Sea in summer (Fig. 1). This feature is verified
by the comparison between two time-slice runs with low and high
stratospheric ozone forcings and transient runs with and without
observed ozone trends (Fig. 2a, b and Fig. S3 online). In addition
to the changes in sea ice cover associated with stratospheric ozone
depletion, sea ice volume in the Arctic region also shows significant
changes associated with stratospheric ozone variability. SIT in the
Laptev Sea, East Siberian Sea and Chukchi Sea is reduced through-
out the spring and summer during low ozone cases when com-
pared with high ozone cases (Figs. 1c, d and 2c, d). Comparing
LO3 and HO3, we estimate a 20% reduction of Arctic total column
ozone in March may reduce SIT over the Laptev Sea and East Siber-
ian Sea by more than 8% in summer.

We further proposed that the impacts of springtime strato-
spheric ozone depletion on the Arctic sea ice are achieved through
dynamical and radiative coupling processes. Arctic stratospheric
ozone depletion cools and strengthens the stratospheric polar vor-
tex (Fig. S4a online), leading to a delay in breakup of the polar vor-
tex (Fig. S4b online). Through PV conservation, there is an
anomalous cyclonic flow at the surface (Fig. S5 online), enhancing
sea ice drift from the Barents-Kara Sea to the East Siberian Sea and
finally out through the Fram Strait (Fig. 3e, f and Fig. S6 online),
reducing the sea ice cover and volume in the East Siberian Sea
(Figs. 1 and 2). Additionally, Arctic stratospheric ozone depletion
could increase the Arctic cloud fraction (Fig. S7 online) and radiate
back more thermal radiation to the surface over the Kara Sea and
East Siberian Sea (Fig. 4e, f). Positive surface albedo feedbacks in
the Kara Sea and East Siberian Sea (Fig. 4g, h) are favorable for
the melting of sea ice in these two regions, particularly in summer.
It should be noted that our results are verified by only one climate
model. Accurate quantification for the relative contribution of
dynamical and radiative processes to the impacts of Arctic strato-
spheric ozone deletion on sea ice requires multiple model
assessment.

Our results indicate that extreme Arctic stratospheric ozone
depletion could significantly modulate Arctic sea ice patterns.
Rex et al. [47] found that the Arctic stratospheric ozone loss during
winter and early spring is closely linked to polar stratospheric
cloud volume. von der Gathen et al. [25] show that local maxima
of polar stratospheric cloud formation potential may rise due to
stratospheric cooling in the future under high greenhouse gas
emissions scenarios. Future extreme stratospheric ozone depletion
events may still pose a threat to Arctic sea ice, and as a result the
linkages identified in this study merit further exploration.
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