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Abstract: Associated with the recovery of stratospheric ozone, stratospheric cooling has decelerated
since the late 1990s. This study investigates the contribution of ozone changes to the long-term
stratospheric temperature trends in recent decades using satellite observations and model simulations.
Observational analysis shows that total column ozone experienced little depletion in the Northern
Hemisphere (NH) and weak recovery in the Southern Hemisphere (SH) in the period 1998–2020. It
is found that the cease of stratospheric ozone depletion has reduced the stratospheric cooling from
1998 onwards, especially in the summer hemisphere. The correlation analysis indicates that the
lower-stratospheric temperature is primarily regulated by ozone changes. The ozone recovery in
the SH is associated with the weak warming in the lower stratosphere in the period 1998–2020 in
summer. The impact of ozone changes is further isolated in the ozone-only experiments from CMIP6.
We find that ozone depletion results in significant cooling in the summer hemisphere in the period
1979–1997, especially in the upper and lower stratosphere, while ozone recovery leads to significant
warming in the summer hemisphere in the period 1998–2020 in the upper stratosphere. Our results
also suggest that the wave-mean flow interactions associated with stratospheric ozone variations
may play an important role in regulating the strength of polar vortex in winter.

Keywords: stratospheric ozone; stratospheric temperature; long-term trends; satellite observa-
tions; CMIP6

1. Introduction

One major focus of climatic research has been the impact of ozone depletion on
stratospheric climate since the discovery of the Antarctic ozone hole in 1985 [1]. Previous
studies suggest that the Antarctic ozone hole started in the late 1970s, which was driven by
anthropogenic emissions of chlorofluorocarbons and brominated carbons [2–4]. In addition,
relatively weak but significant ozone loss has been observed in the Arctic in boreal spring [5].
Stratospheric ozone experienced long-term depletion in the last several decades of the 20th
century, especially in the upper stratosphere and in the two polar regions [2]. The long-term
depletion of the ozone layer has become a major global scientific and environmental issue.
This environmental issue has been significantly mitigated since the late 1990s as a result of
the global phase-out of the long-lived ozone-depleting substances (ODSs) following the
Montreal Protocol [6]. Both observations and model simulations suggest that the Antarctic
ozone hole is beginning to slowly heal and recover [7], and that the ozone recovery in the
upper stratosphere is also particularly evident in the last two decades [8]. The changes
in stratospheric ozone are found to have pronounced climate effects on the tropospheric
and surface climate [9–14]. The climatic responses to ozone depletion are expected to be
reversed in the 21st century under ozone recovery [3,15–19].
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Ozone-induced radiative effects are an important factor influencing the long-term
trends of stratospheric temperature [20–23]. The observed stratospheric cooling in the last
several decades is mainly driven by an increase in well-mixed greenhouse gases (GHGs)
and a reduction in stratospheric ozone [24–26]. Observations show a strong cooling of
about 1–3 K in the stratosphere over the past four decades (1979–2018) [27]. The strong
cooling in the Antarctic lower stratosphere in summer was found to be caused by the
radiative effects of severe ozone depletion [28,29], which has pronounced impacts on the
tropospheric climate in the Southern Hemisphere [3,30,31]. A recent study indicates that
a decrease in ozone in the upper troposphere and lower stratosphere (UTLS) not only
radiatively cools the local UTLS region, but also warms the upper stratosphere [12]. The
decrease in ODSs concentrations and the subsequent slowdown of ozone depletion caused
the flattening of the stratospheric temperature anomalies after 1998 [32,33].

It is important to note that recent observations have shown a significant decrease in
lower-stratospheric ozone concentrations in the tropics and Northern Hemisphere (NH)
midlatitudes since 1998 due to dynamical variability [34], which cannot be well reproduced
by model simulations [35]. Chipperfield found that the linear trends of stratospheric ozone
are generally positive in the Southern Hemisphere (SH) and negative in the NH over the
past two decades [36]. This interhemispheric difference may lead to an asymmetry of the
long-term trends in stratospheric temperature. In this study, we investigate the impact
of stratospheric ozone changes on long-term stratospheric cooling in summer and winter
in both hemispheres using satellite observations. The effects are further isolated by the
stratospheric-ozone-only experiments from the Coupled Model Intercomparison Project
Phase-6 (CMIP6).

2. Data and Methods
2.1. Satellite Observations

We use the monthly mean total column ozone from the Multi Sensor Re-analysis ver-
sion 2 (MSR-2) over 1979–2020 [37,38] with horizontal resolution of 0.5◦ × 0.5◦. The MSR-2
is constructed with a data assimilation model using all available satellite observations and
surface Brewer and Dobson observations, and is widely used to research the climate impact
of ozone variations [11,32]. It is available at http://www.temis.nl/protocols/O3global.
html, accessed on 15 August 2022.

Monthly mean temperatures in the lower stratosphere (TLS) over 1979–2020 are from
the Advanced Microwave Sounding Unit (AMSU) lower stratospheric channel brightness
temperature data version 4.0 [39]. The TLS is a combination of MSU channel 4 and AMSU
channel 9 with peak sensitivities over approximate range of 150–40 hPa (13–22 km), at a hor-
izontal resolution of 2.5◦ × 2.5◦ (data available at http://www.remss.com/measurements/
upper-air-temperature/, accessed on 13 August 2022).

We use monthly mean middle- and upper-stratospheric temperatures from the merged
Stratospheric Sounding Unit (SSU) and AMSU-A observations version 3.0 produced by
the National Oceanic and Atmospheric Administration (NOAA) Satellite Applications and
Research Center (STAR) [40,41]. SSU is a three-channel infrared radiometer measuring tem-
peratures in the middle and upper stratosphere from 20 to 55 km, with weighting functions
that peak at roughly 28, 36 and 45 km, respectively [40]. The dataset was extended from
2006 by mapping the vertical weighting function of the AMSU-A channel onto the weight-
ing function of the SSU channel with a horizontal resolution of 2.5◦ × 2.5◦. The merging
approach matches weighting functions with high accuracy for SSU channels 1 and 2 and
reasonable accuracy for channel 3. The data are available from the NOAA/STAR website
(http://www.star.nesdis.noaa.gov/smcd/emb/mscat/, accessed on 5 August 2022). Here,
we focus on long-term trends December–February (DJF) and June–August (JJA), when
ozone variations have the largest influence on the stratospheric temperature.

http://www.temis.nl/protocols/O3global.html
http://www.temis.nl/protocols/O3global.html
http://www.remss.com/measurements/upper-air-temperature/
http://www.remss.com/measurements/upper-air-temperature/
http://www.star.nesdis.noaa.gov/smcd/emb/mscat/
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2.2. Model Simulations

To isolate the impact of ozone variations, we use the stratospheric-ozone-only historical
simulations from four CMIP6 models [42–44]. The stratospheric-ozone-only (hist-stratO3)
experiments resemble the historical simulations, but are forced by changes in stratospheric
ozone concentrations only. There are five CMIP6 models that currently have model outputs
of hist-stratO3 simulations. The four models used here are IPSL-CM6A-LR, MIROC6, MRI-
ESM2-0, and CanESM5, which have sufficient outputs from 1979 to 2020 available online.

To produce temperature output from the models that is comparable to the satellite
datasets, the pressure level output is sampled using the vertical global weighting functions
for the three SSU channels (ftp://ftp.star.nesdis.noaa.gov/pub/smcd/emb/mscat/data/
SSU/SSU_v3.0, accessed on 22 August 2022) and the TLS channel covering the upper tro-
posphere/lower stratosphere [45]. All the model data are interpolated to a same horizontal
grid of CanESM5, and the multi-model ensemble mean is used to calculate the variations
in stratospheric temperature.

3. Results
3.1. Long-Term Changes in Stratospheric Ozone

Figure 1 shows the time series of total column ozone anomalies in the period 1979–2020
in the NH and SH. In the NH, ozone depletion in the period 1979–1997 is statistically
significant and has comparable magnitudes in JJA and DJF (−6.4 vs. −6.8 DU/decade).
After 1998, the ozone trends are still negative but insignificant, because the ozone decrease
in the lower stratosphere in the tropics and NH midlatitudes counteracts the ozone recovery
in the upper stratosphere. The linear trends during 1998–2020 in boreal summer and
winter are −0.7 and −0.3 DU/decade, respectively. In the SH, the ozone depletion during
1979–1997 is stronger than that in the NH, which are −8.9 and −8.0 DU/decade in JJA and
DJF, respectively. It is interesting to note that ozone has started to recover since 1998 in the
SH, although it is statistically insignificant. The ozone trends in the period 1998–2020 are
0.6 and 1.0 DU/decade in austral winter and summer, respectively.

Figure 2 shows the spatial distributions of total ozone trends over 1979–1997 and
1998–2020 in JJA and DJF. During 1979–1997, ozone trends are significantly negative in
most regions (Figure 2a,b). In the NH, the negative trends are mainly located in the middle
latitudes with maximum depletion rates of around −16.4 and −26.3 DU/decade in JJA
and DJF, respectively. In the SH, the largest ozone reduction occurred over the Antarctic,
which can reach about −34.3 and −22.3 DU/decade in JJA and DJF, respectively. During
1998–2020, the magnitudes of the ozone trends are much smaller than those during the
period 1979–1997 (Figure 2c,d). It is found that significant ozone recovery occurred in the
Antarctic in JJA, with a maximum value of 15.3 DU/decade, which is consistent with the
ongoing “healing” of the Antarctic ozone hole after 2000 [46]. In the NH, ozone experienced
weak loss in the middle and high latitudes in boreal summer, with a maximum reduction
rate of −5.8 DU/decade. However, the ozone depletion is only statistically significant
in the east of North America, central Europe, and Greenland. In the SH, positive trends
occurred in the middle and high latitudes with a maximum value of 15.3 DU/decade,
although the trends are insignificant.

3.2. Long-Term Changes in Stratospheric Temperature

In recent decades, both ozone depletion and increasing GHGs contribute to long-term
stratospheric cooling. Ozone absorbs solar ultraviolet radiation and heats the stratosphere.
Thus, the cease of stratospheric ozone depletion after 1998 may have important influence
on the long-term stratospheric cooling, especially in the summer hemisphere. Figure 3
shows the time series of stratospheric temperature anomalies over the period 1979–2020 in
the NH and SH in the three SSU and AMSU channels. Over the ozone-depletion period
(1979–1997), stratospheric temperature trends are significantly negative at almost all the
altitudes in JJA and DJF. The maximum stratospheric cooling occurs in the uppermost
stratosphere (SSU channel 3) and generally decreases with decreasing altitude. It is found

ftp://ftp.star.nesdis.noaa.gov/pub/smcd/emb/mscat/data/SSU/SSU_v3.0
ftp://ftp.star.nesdis.noaa.gov/pub/smcd/emb/mscat/data/SSU/SSU_v3.0
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that the magnitude of stratospheric cooling is stronger in summer than in winter, which
is likely caused by the ozone depletion. The ozone depletion seems to have stronger
influence on the upper and lower stratospheric temperature than in the middle stratosphere.
Compared to the cooling in winter, the magnitudes of negative trends in summer in SSU
channel 3, 2, 1, and TLS increase by 0.4, 0.4, 0.2, and 0.3 K/decade in the NH, respectively,
and 0.5, 0.4, 0.2, and 0.4 K/decade in the SH, respectively. Compared to the trends over
1979–1997, the stratospheric cooling in SSU channel 3, 2, 1, and TLS is reduced by 0.9 (0.6),
0.9 (0.5), 0.7 (0.6), and 0.5 (0.3) K/decade during 1998–2020 in the NH in boreal summer
(winter) and 0.7 (0.3), 0.4 (0.1), 0.4 (0.3), and 0.7 (0.1) K/decade during 1998–2020 in the
SH in austral summer (winter). It is worth pointing out here that the reduction in the
stratospheric cooling is stronger in summer than that in winter, which is caused by the
stronger solar radiation and similar ozone depletion in summer relative to that in winter.
During 1998–2020, the trends in upper and middle stratospheric temperature are still
significantly negative, which indicates the continuous stratospheric cooling mainly induced
by the increasing GHGs. In the lower stratosphere, the trends are still negative in both
JJA and DJF in the NH, although they are insignificant. In contrast, it shows a small and
insignificant warming in austral summer in the SH lower stratosphere with a linear trend
of 0.1 K/decade. The lower-stratospheric warming/cooling in summer may be caused by
the weak ozone recovery/depletion in the SH/NH.
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Figure 1. Time series of total column ozone anomalies over 1979–2020 in the (a) NH and (b) SH. The
red and blue lines represent total column ozone averaged in JJA and DJF, respectively. The units are
Dobson Unit (DU). The dotted lines indicate the linear regression over 1979–1997 and 1998–2020. The
linear trends in JJA and DJF over 1979–1997 and 1998–2020 are marked in the upper right of each
panel. Red and black values are statistically significant and insignificant, respectively, at the 95%
confidence level using Student’s t-test, with two σ uncertainties in brackets. The units for the trends
are DU/decade.
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significance levels higher than the 95% confidence level.
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green and blue lines represent stratospheric temperature averaged in JJA and DJF, respectively. The
units are K. The dotted lines indicate the linear regression over 1979–1997 and 1998–2020. The linear
trends in JJA and DJF over 1979–1997 and 1998–2020 are marked in the upper right of each panel. Red
and black values are statistically significant and insignificant, respectively, at the 95% confidence level
using Student’s t-test, with two σ uncertainties in brackets. The units for the trends are K/decade

Figure 4 shows the spatial distributions of linear trends in stratospheric temperature
over 1979–1997 and 1998–2020 in JJA and DJF in SSU channel 1, 2, 3, and TLS. In SSU
channel 3, significant stratospheric cooling occurs in the tropics and summer hemisphere,
which can reach −2.9 and −3.2 K/decade over 1979–1997 in JJA and DJF, respectively, and
−1.2 and −2.7 K/decade over 1998–2020 in JJA and DJF, respectively (Figure 4a–d). In
SSU channel 2 and 1, the maximum cooling is located on the equator and decreases with
increasing latitude, except for the high latitudes in the winter hemisphere (Figure 4e–l).
In the lower stratosphere, significant cooling mainly occurs in the middle latitudes of the
summer hemisphere over 1979–1997, with maximum values of −1.1 and −1.3 K/decade
in JJA and DJF, respectively (Figure 4m,n). The long-term trends during 1998–2020 are
weak and generally insignificant in the lower stratosphere (Figure 4o,p). Compared to
the weak cooling in the NH in boreal summer during 1998–2020, the SH shows a little
warming in austral summer, which is consistent with the interhemispheric asymmetry of
ozone variations.
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In the high latitudes of the winter hemisphere, stratospheric temperature is mainly
regulated by the dynamical heating associated with the downward branch of the strato-
spheric Brewer–Dobson Circulation (BDC) [47,48]. In the SH, stratospheric warming is
located over the south of Indian Ocean in austral winter over 1979–1997 with maximum
values of 1.4, 3.0, 2.6, and 2.5 K/decade in SSU channel 3, 2, 1, and TLS, respectively, which
indicates a weakening of the stratospheric polar vortex. These positive values become
smaller during 1998–2020, which may be caused by the variations in the planetary wave ac-
tivities propagating into the stratosphere in the last two decades [32]. In the NH, significant
cooling occurs in the middle and upper stratosphere over the Arctic in boreal winter, which
exhibits a strengthening of the polar vortex. This cooling, which can reach about −3.3 and
−3.1 K/decade in SSU channel 2, is located in North America and Northern Eurasia over
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1979–1997 and 1998–2020, respectively, which is consistent with the shift of the Arctic polar
vortex towards the Eurasian continent in recent decades [49].

To investigate the long-term trends in the BDC, we define the BDC index as the zonal—mean
meridional eddy flux of heat at 100 hPa averaged poleward of 30◦N: [v*T*100 hPa, 30−90◦N/S],
where the brackets denote the zonal mean and asterisks denote the deviation from zonal
mean following Ueyama and Wallace [50]. Figure 5 shows the time series of the BDC
index averaged in winter over 1979–2020 in the (a) NH and (b) SH calculated using ERA5
reanalysis [51]. It is found that the BDC index shows weakly negative trends in the NH
in boreal winter. On the contrary, the BDC index is enhanced in austral winter in the SH
with linear trends of about 0.3 ± 0.5 and 0.3 ± 0.5 (K m/s)/decade over 1979–1997 and
1998–2020, respectively. This indicates a strengthening of the BDC in the SH, which can well
explain the stratospheric warming in the high latitudes of the SH in austral winter, as shown
in Figure 4. Nowack indicates that an accelerated BDC associated with global warming
leads to a decrease in tropical and subtropical lower stratospheric ozone by bringing more
ozone-poor air into the tropical lower stratosphere [52]. The strengthening of the BDC in
the SH may result in the decrease in the tropical lower stratospheric ozone, which further
enhances the tropical lower stratospheric cooling in austral winter.
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Figure 5. Time series of the BDC index averaged in winter over 1979–2020 in the (a) NH and (b) SH.
The units are K m/s. The dotted lines indicate the linear regression over 1979–1997 and 1998–2020.
The linear trends over 1979–1997 and 1998–2020 are marked in the upper right of each panel. Red
and black values are statistically significant and insignificant, respectively, at the 95% confidence
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(K m/s)/decade.

The warming trends in the SH lower stratosphere indicate that ozone recovery likely
has a dominant impact on the lower stratospheric temperature in summer over the period
1998–2020. It is found that the correlation coefficients between ozone and stratospheric
temperature are larger in summer than that in winter and are the largest in the lower
stratosphere in summer, which can reach 0.72 and 0.74 in the NH and SH, respectively
(Table 1). Figure 6 shows the spatial distributions of the correlation coefficients between
stratospheric temperature and total column ozone over 1979–2020 in JJA and DJF in SSU
channel 1, 2, 3, and TLS. In all SSU channels, stratospheric temperature is significantly
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correlated with ozone in the middle latitudes of the summer hemisphere. The positive
correlation coefficients can reach about 0.74, 0.78, and 0.81 in JJA and 0.76, 0.78, and 0.87
in DJF in SSU channel 3, 2, and 1, respectively. In the lower stratosphere, the correlation
coefficients between temperature and ozone are significantly positive over most regions
of the world, with maximum values of 0.92 and 0.94 in JJA and DJF, respectively. The
correlation analysis suggests that the lower stratospheric temperature is mainly regulated
by the ozone variations, especially in the middle latitudes in summer.

Table 1. Correlation coefficients between stratospheric temperature and total column ozone aver
aged in the NH and SH in JJA and DJF over 1979–2020 in SSU channel 1, 2, 3, and TLS.

SSU ch.3 SSU ch.2 SSU ch.1 TLS

NH
JJA 0.41 0.40 0.47 0.72
DJF 0.18 0.16 0.18 0.20

SH
JJA 0.34 0.25 0.36 0.34
DJF 0.59 0.58 0.66 0.74
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(c,d) 2, (e,f) 1, and (g,h) TLS. Regions with dots are the places where correlation coefficients have
statistical significance levels higher than the 95% confidence level.

3.3. CMIP6 Simulations

The above observational analyses have shown that stratospheric ozone changes play
an essential role in the long-term trends of stratospheric temperature. To verify and isolate
the impact of stratospheric ozone, we investigate the long-term trends of stratospheric
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temperature in response to stratospheric ozone using the ozone-only historical experiment
from CMIP6.

Figure 7 shows the time series of multi-model ensemble mean stratospheric tempera-
ture anomalies in the NH and SH over 1979–2020 in SSU channel 1, 2, 3, and TLS. During
1979–1997, stratospheric ozone depletion results in significant cooling of the stratosphere,
with a stronger negative trend in summer than in winter. The NH temperature trends in
boreal summer are −0.47, −0.33, −0.27 and −0.26 K/decade in SSU channel 3, 2, 1 and
TLS, respectively. In the SH, the stratospheric cooling trends are −0.37, −0.18, −0.15 and
−0.35 K/decade in austral summer in SSU channel 3, 2, 1 and TLS, respectively. It is found
that the ozone-depletion-induced stratospheric cooling is stronger in the upper and lower
stratosphere than that in the middle stratosphere in the SH. Compared to the observed
trends over 1979–1997, the stratospheric ozone depletion contributes about 29.4% and 37.1%
of the upper and lower stratospheric cooling in boreal summer in the NH, respectively.
In the SH, about 30.8% and 58.3% of the upper and lower stratospheric cooling can be
attributed to the ozone depletion in austral summer, respectively. During 1998–2020, ozone
recovery in the upper stratosphere leads to significant warming trends in SSU channel 3,
which are about 0.07 and 0.13 K/decade in summer in the NH and SH, respectively. The
long-term trends increase by 0.54 (0.48), 0.31 (0.18), 0.21 (0.09), and 0.18 (0.28) K/decade
during 1998–2020 compared to that over 1979–1997 in boreal (austral) summer in the NH
(SH) in SSU channel 3, 2, 1 and TLS, respectively. The changes in the trends are the strongest
in the upper stratosphere, which is consistent with the observations. In the lower strato-
sphere, the cooling trends are −0.08 and −0.07 K/decade in summer in the NH and SH,
respectively, which may be caused by the decrease in lower-stratospheric ozone in tropics
in chemistry-climate models [35].
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Figure 7. Similar to Figure 3, but for the time series of multi-model ensemble mean stratospheric
temperature anomalies over 1979–2020 in the (a–d) NH and (e–h) SH in SSU channel 3 (a,e), 2 (b,f),
1 (c,g), and TLS (d,h).

Figure 8 shows the geographic distributions of multi-model ensemble mean linear
trends of stratospheric temperature over 1979–1997 and 1998–2020 in JJA and DJF in SSU
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channel 3, 2, 1 and TLS. Over 1979–1997, it is found that significant cooling trends due
to ozone depletion mainly occur in the tropics and the summer hemisphere, which is
consistent with the observations. The negative trends are stronger in the upper (SSU
channel 3) and lower stratosphere than in the middle stratosphere (SSU channel 2 and
1). The maximum cooling trends are −0.57, −0.42, −0.40, and −0.45 K/decade in boreal
summer in the NH and −0.60, −0.28, −0.31, and −0.51 K/decade in austral summer in
the SH in SSU channel 3, 2, 1 and TLS, respectively. During 1998–2020, ozone recovery
leads to significant warming over the summer hemisphere in the upper stratosphere,
which can reach about 0.16 and 0.21 K/decade in the NH and SH, respectively. The
enhancement of tropical upwelling in the lower stratosphere associated with greenhouse
warming results in a decrease in topical ozone and consequent cooling trends over the
tropics for TLS, which can reach about −0.28 K/decade. It is important to note that the
model simulations cannot reproduce the warming trends in austral summer in the SH,
which may be caused by the inconsistency between the simulated and observed ozone
trends in the lower stratosphere [35].
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Figure 8. Geographic distributions of multi-model ensemble mean linear trends in stratospheric
temperature over (left two columns) 1979–1997 and (right two columns) 1998–2020 in JJA and DJF in
SSU channel (a–d) 3, (e–h) 2, (i–l) 1, and (m–p) TLS. Regions with dots are the places where trends
have statistical significance levels higher than the 95% confidence level.

The stratospheric ozone variations can impact stratospheric temperature not only via
the radiative effects, but also through modifying stratospheric circulation [53,54]. We find
that ozone depletion leads to significant warming in the middle and lower stratosphere
in austral winter over the Antarctic during 1979–1997, which indicates a strengthening of
the Brewer–Dobson Circulation (BDC). Similar results can also be seen in boreal winter
over the Arctic during the ozone-recovery period. This ozone-induced warming likely
contributes to the Antarctic warming in observations. The wave-mean flow interactions
due to stratospheric ozone variations warrant further investigation in future.

4. Conclusions and Discussions

Satellite observations suggest that ozone depletion has been mitigated to varying
degrees in both the NH and SH since 1998. We find that ozone experienced little depletion
in the NH and weak recovery in the SH over 1998–2020. Further analysis indicates that
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the decrease in stratospheric ozone depletion after 1998 has had an important impact on
long-term stratospheric cooling, especially in the summer hemisphere. Significant cooling
is found to occur in the tropics and summer hemisphere during 1979–1997, which is dra-
matically reduced over 1998–2020. It is found that the small ozone depletion in the NH
led to weak cooling in boreal summer in the NH during the period 1998–2020, while the
weak ozone recovery resulted in a warming in austral summer in the SH. The correlation
analysis indicates that the lower-stratospheric temperature is primarily regulated by the
ozone variations. The stratospheric-ozone-only simulations further isolate the effects of
stratospheric ozone and indicate that the ozone recovery during 1998–2020 has caused sig-
nificant warming in the upper stratosphere in the absence of other factors. The wave-mean
flow interactions associated with stratospheric ozone variations may play an important
role in regulating the strength of the polar vortex in winter.

Our results indicate that stratospheric ozone variations exert enormous influence on
the long-term temperature trends in the stratosphere in recent decades. In observations,
the magnitude of the ozone recovery during 1998–2020 is much weaker than that of the
ozone depletion during the period 1979–1997. In future, the persistent ozone recovery may
counteract the cooling induced by increases in GHGs in the middle and upper stratosphere
and lead to warming in the lower stratosphere.

In the last two decades, stratospheric ozone is recovering in the upper stratosphere but
decreasing in the lower stratosphere [34]. A previous study has found that ozone variations
in the upper troposphere and lower stratosphere can influence temperature in the middle
and upper stratosphere by affecting the upward longwave radiation [12].

Thus, the local ozone changes may influence stratospheric temperature at different
altitudes. The contributions of ozone changes in difference vertical levels to long-term
stratospheric temperature trends need further investigation in future.
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