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Abstract: Simulations of Institute of Numerical Mathematics (INM) coupled climate model 5th version
for the period from 2015 to 2100 under moderate (SSP2-4.5) and severe (SSP5-8.5) scenarios of green-
house gases growth are analyzed to investigate changes of Arctic polar stratospheric vortex, planetary
wave propagation, Sudden Stratospheric Warming frequency, Final Warming dates, and meridional
circulation. Strengthening of wave activity propagation and a stationary planetary wave number 1 in
the middle and upper stratosphere, acceleration of meridional circulation, an increase of winter mean
polar stratospheric volume (Vpsc) and strengthening of Arctic stratosphere interannual variability
after the middle of 21st century, especially under a severe scenario, were revealed. March monthly
values of Vpsc in some winters could be about two times more than observed ones in the Arctic
stratosphere in the spring of 2011 and 2020, which in turn could lead to large ozone layer destruction.
Composite analysis shows that “warm” winters with the least winter mean Vpsc values are charac-
terized by strengthening of wave activity propagation from the troposphere into the stratosphere
in December but weaker propagation in January–February in comparison with winters having the
largest Vpsc values.

Keywords: climate change; climate modeling; stratospheric dynamics; planetary waves; polar
stratospheric clouds; ozone layer; polar stratospheric clouds; INM CM5

1. Introduction

The growth of greenhouse gas (GHG) concentrations in the atmosphere leads to
climate change characterized by a temperature increase in the troposphere and by a temper-
ature decrease in the stratosphere and mesosphere. This temperature decrease is generally
homogeneous in latitude, increases with height and is more pronounced than the tempera-
ture increase in the troposphere [1]. The second main factor influencing the stratospheric
temperature trends is the ozone layer change. Recent features of ozone layer recovery occur
due to the decrease in the ozone-depleting compounds content in the atmosphere as a result
of the Montreal Protocol implementation [2]. Volcanic eruptions with aerosol precursors
emissions reaching the stratosphere can lower its temperature for several years [1,3]. The
other important factor to influence temperature is expected increase of water vapor content
in the stratosphere throughout the 21st century [4].

The Arctic stratosphere during the winter season is dynamically linked to the tropo-
sphere and changes of stratosphere affect tropospheric circulation and weather conditions
(e.g., [5–9]). Stratospheric processes modify the dynamic processes and chemical compo-
sition of the upper atmosphere (e.g., [10,11]) and determine the ozone depletion [2,6]. In
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winters, with a stable, cold stratospheric polar vortex, a strong ozone depletion is observed,
such as in the Arctic spring of 2011 [12] and 2020 (e.g., [13–17]).

An analysis of the Coupled Model Intercomparison Project Phase 6 (CMIP6) [18]
models simulations showed that with a continued strong increase in the concentration
of GHG according to shared socioeconomic pathways 5.8-5 (hereafter SSP5.8-5 scenario)
in the Arctic stratosphere by the end of the 21st century, favorable conditions for the
strong destruction of ozone layer is possible, despite the ozone-depleting compounds
concentration decrease [19]. The other model results display that significant impact of
climate change on recovery of stratospheric ozone layer is expected after the year 2050, but
simultaneously, it could lead to an increase of UV-B irradiance by +1.3% per decade, caused
mainly by a decrease in cloud cover [20].

The circulation of the Arctic stratosphere in winter is characterized by strong in-
terannual variability, which depends mainly on the wave activity propagation from the
troposphere. At the same time, the stratosphere does not only react to the wave propagation,
but can also influence it, creating, for example, favorable conditions for the development of
Sudden Stratospheric Warming (SSW) events [6]—the most important dynamic phenomena
of the Arctic winter stratosphere that largely determine its interannual variability. SSW
events are accompanied by an increase in the temperature of the polar stratosphere, usually
by 20–30 K over several days, a weakening of the stratospheric polar vortex, deceleration
of zonal circulation and in some cases a reversal of its direction. SSWs arise due to the
nonlinear interaction between planetary waves propagating from the troposphere and
the circulation of the stratosphere [21,22]. The other important factor is gravity waves
that contribute to the onset and evolution of SSWs. The mesosphere-lower thermosphere
changes during and after SSWs (e.g., stratopause elevation) are primarily due to changes in
the gravity wave drag [23,24].

Without SSW events, the stratospheric polar vortex persists until the spring break
up of the circulation, and inside it, a large number of polar stratospheric clouds (PSCs) is
formed. On the PSC particles, in the presence of sunlight, stratospheric ozone is actively
destroyed, as, for example, in the spring of 2020. Additionally, the strong and well-
isolated stratospheric polar vortex is characterized by a weaker resupply of ozone from
lower latitudes.

The improvements in modern climate models, such as an increase in the upper bound-
ary and vertical resolution in the stratosphere, and the adding of non-orographic gravity
waves parametrization allowed to improve the simulation of the Arctic stratospheric polar
vortex variability [25]. However, many open questions still remain.

The results of the analysis of tropospheric climate changes during the 21st century
in the simulations of the Institute of Numerical Mathematics climate model (INM CM5)
showed that its predicted value of global warming is less than that of the other Coupled
Model Intercomparison Project phase 6 (CMIP6) models [26]. The temperature of the hottest
summer month in Russia can rise faster than the average summer season temperature.
Even under the severe scenario of GHG growth, the Arctic Ocean will not be completely
ice-free. Comparison of the model results according to the scenario of quadrupled CO2
(4 × CO2) increase showed that the simulation of stratospheric circulation changes by the
INM CM5 is close to the average values of other CMIP6 models [27].

The aim of the present study is to investigate changes of the Arctic stratosphere
dynamics under the moderate and severe scenarios of the GHG growth in the 21st century
using the results of the INM CM5 simulations.

2. Data and Methods of Analysis

The results of two simulations from 2015 to 2100 of the 5th version of the coupled
climate model INM CM5 [28], developed in the last 30 years at the Marchuk Institute of
Numerical Mathematics of the Russian Academy of Science are analyzed. The simulations
performed in accordance with the requirements of the CMIP6 [18] and the Dynamics and
Variability Model Intercomparison Project (DynVarMIP) [29] differ by radiative forcing
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due to an increase in GHG concentrations. Under the moderate scenario (SSP2-4.5), by the
end of the 21st century, the radiative forcing will increase by 4.5 W/m2 compared to the
pre-industrial climate (before 1750). The concentration of carbon dioxide CO2 will increase
to ~600 ppm. Under the severe scenario (SSP5-8.5), with an increase in radiative forcing by
8.5 W/m2, the CO2 concentration increases four times to 1135 ppm. Both scenarios suggest
moderate to severe methane CH4 and nitric oxide N2O increase [30]. The recovery of the
ozone layer in the stratosphere was set according to the recommendations of the CMIP6
project. The initial conditions for calculating the future climate after the year 2015 were the
results of historical runs from 1850 to 2014.

The INM CM5 has a spatial resolution in the atmosphere in longitude-latitude:
2◦ × 1.5◦, 73 vertical levels up to 0.2 hPa (~60 km) and 0.5◦ × 0.25◦ and 40 vertical levels
in ocean. Among the most important differences of 5th version of the model from the
previous are improved vertical resolution in the upper stratosphere and lower mesosphere,
improved parameterization of large-scale condensation and cloudiness and an aerosol block
addition [31]. The INM CM5 reproduces the quasi-biennial cycle of zonal wind oscillations
in the equatorial stratosphere and the major SSW events occurrence frequency close to the
observed one.

An analysis of the dynamic processes reproduction in the Arctic stratosphere in the
simulations of INM CM5 for the modern climate showed results comparable to corre-
sponding estimates of other models [32]. However, a weaker propagation of stratospheric
circulation anomalies into the troposphere as a result of the weakening/strengthening of
the Arctic stratospheric polar vortex was revealed compared to estimates obtained using
the National Centers for Environmental Prediction (NCEP) reanalysis data [33].

An analysis of five 50-year simulations of the INM CM5 revealed that winters with
the warm phase El Niño of the El Niño–Southern Oscillation (ENSO) are characterized by
higher Arctic stratospheric temperature as compared to winters with La Niña. Additionally,
lower Arctic stratosphere temperature is detected more often in winters with positive sea
surface temperature (SST) anomalies in the North Central Pacific and vice versa for winters
with such negative SST anomalies [34].

Monthly mean temperature, geopotential height, zonal and meridional wind speed
and daily zonal wind model output data for detecting SSW events were analyzed in the
present study.

2.1. Temperature and Zonal Circulation Change

Changes of temperature and stratospheric zonal circulation were analyzed by compar-
ing the mean values for 20-year periods from 2081 to 2100 and from 2016 to 2035.

2.2. Sudden Stratospheric Warming

The major SSW events were detected when a reversal of the mean zonal wind at
10 hPa and 60◦ N during at least four consecutive days from December to February was
observed. Repeated SSW events within 20 days after the first detected ones were not taken
into account.

2.3. Planetary Wave Activity

The changes in the amplitudes of stationary planetary waves dominating in the
stratosphere with zonal numbers 1 and 2 (hereafter SPW1 and SPW2) were studied. To
analyze the features of the wave activity propagation, zonal mean meridional heat flux and
three-dimensional Plumb flux vectors were calculated according to [35] (Supplementary
Materials Equation (S1)). Plumb’s vectors allow to estimate the direction of wave activity
propagation, its intensity and the regions of its generation and sink.
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2.4. Final Warming

The spring reversal of the stratospheric circulation (Spring Breakup or hereafter the
Final SSW event) is an annual change in the direction of the zonal circulation usually
observed in March or early April. Its main feature is the irreversible change in the direction
of the zonal wind until the next winter season, in contrast to the majority of SSW events,
after which the westerlies are restored in about 2 weeks.

We used the method where the date of the Final SSW is determined as the day with
the maximum absolute value of decrease rate in the zonal wind at 10 hPa and 62.5◦ N, i.e.,
near the maximum of the polar jet [36].

Since in some years, strong fluctuations in the rate of the zonal wind change are
observed, in order to determine the absolute minimum (starting from February), the values
of its temporal gradient were calculated using values smoothed over 31 days. The analysis
performed according to this method did not reveal a significant trend in the dates of Final
SSW events in five INM CM5 simulations and reanalysis data from 1965 to 2014 [37]. The
Final SSW dates in model simulations vary in the range of 2 months from March to May
that corresponds to the estimates based on the reanalysis data.

2.5. Interannual Variability of Arctic Stratosphere Circulation

To characterize the interannual variability of the Arctic stratosphere, the volume of the
Polar Stratospheric Clouds (hereafter Vpsc) was calculated according to [38] and similarly
to the INM CM5 simulations for the modern climate [37].

The term Vpsc, as in many other studies (e.g., [2]), corresponds to the volume of air,
with conditions sufficient for the formation of PSC of the type I, composed of nitric acid
compounds. PSC play an important role in stratospheric ozone depletion in spring in
the polar stratosphere [39]. Heterogeneous reactions occur on PSC particles, destroying
the neutral compounds of chlorine (e.g., HCl, ClONO2) and bromine. Subsequently, the
products of these reactions in the presence of sunlight transform into active chlorine
and bromine components and destroy stratospheric ozone. PSC prolong the destruction
of ozone by delaying the transition of active compounds to neutral ones through the
removal of nitric acid and water vapor compounds from the lower stratosphere during the
sedimentation (sinking) of nitric acid trihydrate particles and ice particles.

Potential vorticity (PV) was calculated on isobaric surfaces using daily 3D model data
on temperature, wind speed and geopotential. Then, the PV and temperature values were
interpolated to the potential temperature levels (isentropic levels), at which the maximum
PV gradient from the equivalent latitude was calculated and the corresponding PV value
was denoted as the polar vortex boundary. Furthermore, these values were averaged over
December–March and used to determine the climatic boundary of the polar vortex [37,38].
Then, the daily area of the polar vortex was estimated.

The Vpsc and the volume of stratospheric polar vortex were calculated for the range
of the lower stratosphere heights from 390 K to 590 K (~120–~30 hPa) over the known area
at each level and thickness of the isentropic layers by summing the areas with appropriate
weights. For the modern climate, the maximum values of the Vpsc in the INM CM5
simulations are close to the ones calculated using the reanalysis data [37].

The critical temperature values from [38] were used to estimate the area of the PSC
type I. At each isentropic level, the grid cell was related to the PSC region if it was inside
the boundary of the polar vortex and the contour was limited by the critical temperature.
In addition to the Vpsc, the change in the standard deviation was analyzed by comparing
the average values for the periods from 2081 to 2100 and from 2016 to 2035.
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2.6. Stratospheric Meridional Circulation

The zonal mean transport of air and trace gases in the stratosphere and mesosphere
is due to the Brewer-Dobson meridional circulation (BDC) with ascending currents in the
tropics, transport towards the pole and descending movements at high latitudes in the
stratosphere, and with ascending movements in summer hemisphere, meridional transfer
to the winter hemisphere and downward movements in its high latitudes in the mesosphere.
An increase in the content of GHG, as shown by model calculations, will be accompanied
by an increase in the subtropical jet stream and associated changes in wave activity in the
troposphere and its propagation into the stratosphere, as well as an acceleration of BDC
and transport of tracers [40].

Most of the model calculations show an increase in upward movements in the tropics
from 1% in the upper to 2% in the lower stratosphere over 10 years from 1970 to the end
of the 21st century, which led to a decrease in the average age of stratospheric air by 60
and 30 days in 10 years in the upper and up to 2% in the lower stratosphere [41]. However,
significant differences remain between model estimates, assimilation schemes used and
observations. For example, the trend of zonal downward movements in extratropical lati-
tudes remains unclear. Additionally, an analysis of CMIP6 historical simulations confirms
the known inconsistency in the sign of BDC trends between observations and models in
the middle and upper stratosphere [42].

BDC is often analyzed in a zonal mean approximation, considering the residual
circulation. The second important part of BDC is quasi-horizontal mixing. Both parts of
the BDC are caused by the action of atmospheric waves of various spatial and temporal
scales [43]. In three-dimensional consideration, the Euler approach is used with time-
averaged (but not longitude-averaged) and vortex components [44,45].

In addition to an increase in temperature with a strengthening in the downward
movements in the Arctic stratosphere, an increase in the poleward transport of ozone is
possible. At the same time, due to a decrease in the content of ozone-depleting compounds
in the atmosphere, the associated destruction of the ozone layer by the end of the 21st
century relative to the beginning may decrease by about half [46].

In our work, the change in the BDC was considered in the zonal-mean approximation
as the difference between the Eulerian residual stream function characterizing the residual
circulation between the last and the first 20 years of the 21st century, as well as between the
average values for the winter mean with the maximum and minimum values of the Vpsc.

To visualize BDC, the residual stream function Ψ* was calculated as follows:

Ψ∗ = Ψ− ag cos ϕ
V′Θ′

∂Θ/∂p

Here, Ψ is the Eulerian stream function, calculated as follows:

Ψ =
a cos ϕ

g

∫ p

0
Vdp′

where a—Earth radius, g—acceleration of gravity, V—meridional wind, θ—potential tem-
perature, p—pressure and ϕ—latitude; overbar is the longitudinal mean. According to
this definition, residual meridional and vertical components of wind V* and τ* can be
calculated as follows:

V∗ = g
a cos ϕ

∂Ψ∗
∂p

, τ∗ = − g
a cos ϕ

∂Ψ∗
∂ϕ

2.7. Composite Analysis

To analyze the features of the interannual variability of the Arctic stratosphere circula-
tion, we compared the propagation of wave activity fluxes for the “cold” and “warm” win-
ters with the maximum and minimum values of Vpsc averaged from December to March for
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a severe scenario of the GHG growth. The following winters were selected: 10 “cold” winters
(in brackets—corresponding Vpsc value per million km3), 2061 (~81), 2068 (~75.3), 2070
(~82.7), 2072 (~97), 2073 (~106), 2084 (~109.3), 2085 (~114.3), 2092 (~108.3), 2097 (~112) and
2099 (~108.6), and 10 “warm” winters: 2063 (~14), 2064 (~7.6), 2067 (~20.6), 2071 (~1), 2079
(~8), 2081 (~5.4), 2090 (~22), 2093 (~29.1), 2096 (~15) and 2098 (~27). Two composites were
made up using corresponding averaged values of “warm” and “cold” winters.

Mean Vpsc value for “warm” winters is ~17 million km3 and ~100 million km3 for
“cold” winters. For comparison, the Vpsc averaged from December to March in the winters
of 2010–2011 and 2019–2020 with the greatest ozone depletion in the Arctic was ~52 million
km3 and ~57 million km3, respectively, according to the Modern-Era Retrospective Analysis
for Research and Applications, version 2 (MERRA-2) reanalysis data [47]. All plots in this
study were made using Grid Analysis and Display System (GrADS) which is a free software
developed thanks to the NASA Advanced Information Systems Research Program.

3. Results
3.1. Temperature and Zonal Circulation Change

Differences of zonal mean temperature in January between two periods 2081–2100
and 2016–2035 are presented on Figure 1a,b. Under a moderate scenario, the temperature
decrease by the end of the 21st century ranges from ~1 K in the lower stratosphere to ~4 K in
the upper stratosphere. The severe scenario is accompanied by temperature decrease from
~1 K at the lower stratosphere to ~12 K at the upper stratosphere. Under severe scenario
tropospheric temperature increase is also stronger. Analysis of changes in the seasonal
variation of the stratospheric temperature in the polar region (70◦ N–90◦ N) showed that
under the moderate scenario, the largest temperature decrease is observed in March in the
middle stratosphere at 30 hPa and reached the value of 4 K, under the severe scenario—the
value of 8 K in February (Figure 1c,d).

Figure 1. Cont.
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Figure 1. Difference of the zonal mean temperature (K) in the range of pressure levels from 1000 hPa
to 1 hPa averaged over December–February (a,b), and difference of a seasonal cycle of the zonal
mean temperature averaged over 70◦ N–90◦ N at pressure level 30 hPa (c,d) between two periods,
mean 2081–2100 and 2016–2035, under a moderate (a,c) and severe scenario (b,d).

Stratospheric temperature decrease leads to a strengthening of the mean zonal wind
over high latitudes, with averaging over December–February under the moderate scenario
by more than 2 m/s and under severe scenario by 8 m/s.

3.2. Planetary Wave Activity

Planetary waves propagating from the troposphere into the stratosphere have a signif-
icant effect on the strength and persistence of the stratospheric polar vortex, and thereby,
determine the character of the ozone layer destruction. With enhanced upward wave activ-
ity significant ozone destruction is not observed in the Arctic stratosphere (e.g., [48]).
A decrease in stratospheric temperature is accompanied by a strengthening of wave
activity propagation.

The change in the zonal mean meridional heat flux v′T′, where v′ and T′ are deviations
of meridional wind and temperature from zonal mean values, was analyzed (Figure 2a,b).
According to both scenarios, an increase in upward wave activity propagation in strato-
sphere is observed by the end of the 21st century. This increase is maximized in the upper
stratosphere at 60◦ N–70◦ N. At the same time, a decrease of heat flux is observed at high
latitudes in the lower stratosphere.

Figure 2. Difference of zonal mean meridional heat flux (K m/s) averaged over December–February
between two periods 2081–2100 and 2016–2035 for moderate (a) and severe (b) scenarios.
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The change in the amplitudes of stationary planetary waves with zonal numbers 1
and 2 (hereafter SPW1 and SPW2), which dominate over extratropical latitudes in the
winter stratosphere, was analyzed (Figure 3). In a moderate scenario, the SPW1 amplitude
increases in the upper stratosphere in the region of 60◦ N–70◦ N by ~100 gpm (~15%), while
for SPW2, the amplitude difference does not exceed 20 gpm. In the severe scenario, the
SPW1 increase is more than 250 gpm (~25%) in the upper stratosphere at the 60◦ N–70◦ N.
For SPW2, the increase is more than 40 gpm in the middle stratosphere and the attenu-
ation with maximum nearby 40◦ N is ~20 gpm in the upper stratosphere. Possibly, the
strengthening of the mean zonal wind in the extratropical stratosphere contributes to the
enhancement of SPW1 in the middle and upper stratosphere.

As our study is focused on a difference of dynamical processes in the lower and middle
boreal stratosphere, the difference of the seasonal cycle of SPW1 and SPW2 at pressure
level 30 hPa was analyzed (Figure 3e–h). In a moderate scenario, the difference of the
SPW1 amplitude between the periods of 2081–2100 and 2016–2035 is about 20–40 gpm
from November till April. Difference of SPW2 amplitude is less than 20 gpm during the
whole winter season (Figure 3e,f). In the severe scenario, this difference for SPW1 has a
maximum value in February, while this was in January, near 60◦ N, for SPW2. In both
cases, the maximum value exceeds ~80 gpm (Figure 3g,h). A slight weakening of the SPW2
amplitude in February–March should be noted.

Figure 3. Cont.
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Figure 3. Difference of planetary wave number 1 and 2 amplitude (gpm) averaged over December–
February between periods 2081–2100 and 2016–2035 in moderate (a,b) and severe scenario (c,d). The
same but for the seasonal cycle of wave number 1 and 2 at pressure level 30 hPa (e–h).

Overall, maximum strengthening of SPW1 occurs in the upper stratosphere at high
latitudes at the end of 21st century and it is more pronounced in the severe scenario. SPW2
increased in the lower–middle stratosphere, and this increase is also stronger in the severe
scenario than in the moderate. The difference of the wave activity between winters with
the coldest and warmest Arctic stratospheric polar vortex will be analyzed further.

3.3. Sudden Stratospheric Warming

In the moderate scenario, 37 major SSW events were identified (i.e., with a frequency
of ~0.4 per year), under the severe scenario: 27 (~0.3 per year). Earlier, in five historical
simulations of the INM CM5 for the modern climate from 1965 to 2014, the mean major SSW
frequency ~0.4 per year was revealed [33]. Thus, no significant change in the frequency of
the major SSW events has been detected during the 21st century. This result is consistent
with the estimates obtained in the analysis of moderate and severe scenarios of more than
30 climate models of CMIP5/6 simulations, including the INM CM5, where no significant
changes in major SSW characteristics relative to the modern climate were revealed [49].

It is important that some SSW events that do not satisfy the definition of the major ones
approved by the World Meteorological Organization (change in the direction of the zonal
wind at 60◦ N and 10 hPa) can have a significant impact, for example, on the formation
of conditions for the stratospheric ozone destruction, such as minor SSW in the Arctic in
early January 2015 [50]. In this regard, in recent years, the need to improve the definition of
the major SSW events has been discussed [51]. Possibly, the mean zonal wind reversal at
higher levels should be considered [52].

3.4. Final SSW Dates

In both moderate and severe scenarios, the analysis of INM CM5 output data shows
a slight positive trend in the Final SSW dates to later dates by the end of the 21st century.
However, both trends are insignificant.

In the moderate scenario, the Final SSW date averaged over the entire period from
2016 to 2100 is March 18, while in the severe scenario this is March 21. Most of the Final
Warming events are observed in March. The earliest Final SSW dates were revealed in late
January and early February, and the latest in late April and early May. In the moderate
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scenario, the Final SSW date averaged over the first 20 years (from 2016 to 2035) is March
17 and averaged over the last 20 years (2081–2100) is March 18, and March 18 and March 20
under the severe scenario respectively.

Therefore, significant changes of Final SSW dates during the 21st century were not
revealed in both scenarios. Earlier, the analysis of calculations of the CMIP5/6 project
models, including the INM CM5 and multi-model average values, also did not reveal
significant changes in the parameters of the Final SSW in the Northern Hemisphere. Only
for the severe scenario, a delay by ~5 days was detected [53].

Planetary waves can affect the Final SSW dates—such early events are accompanied
by an increase in the amplitude of the dominant SPW1 in the stratosphere. During late
Final SSW wave activity is weaker and this event is caused by seasonal heating of the
middle atmosphere [36].

The revealed significant linear relationship between the dates of Final SSW and the
amplitudes of SPW1 in March at a pressure level of 10 hPa (correlation coefficient is
−0.62) in the ERA-Interim reanalysis data from 1980 to 2017, as well as in three out of five
calculations of the INM CM5 for the period from 1965 to 2015 with a correlation coefficient
from −0.29 to −0.53 [37].

For the future climate under the moderate and severe scenarios, the correlation coeffi-
cients between the dates of Final SSW and the amplitudes of SPW1 in March at a pressure
level of 10 hPa were −0.08 and −0.17, respectively, and at a significance level of 95%
according to Student’s t-test, these correlations are insignificant.

3.5. Interannual Variability of Arctic Stratospheric Circulation

Model calculations for both scenarios indicate a decrease in temperature inside the
Arctic stratospheric polar vortex by the end of the 21st century by 2–6 K. Analysis of the
Vpsc values calculated for the range of the lower stratosphere heights from 390 K to 590 K
(~120–~30 hPa) from December to March indicates their growth by the end of the 21st
century for the moderate and, especially, for the severe scenario (Figure 4a,b). This increase
is most likely in January and February. With an increase in the mean Vpsc value by the
end of the century, their variance or interannual variability also increases. The obtained
estimates agree with the results of the calculations analysis of the CMIP6 project models,
including the INM CM5, as well as four chemistry climate models [19]. Analysis of the
calculated Vpsc showed that by the end of the 21st century, their average volume increases
in winter, and most strongly in January–February. The period when PSC are formed also
increases; for example, they are formed throughout the whole winter in the late 21st century
in a severe scenario. The maximum values of the Vpsc also increase in cold winters and it
is consistent with others results [19].

An increase in the Vpsc by the end of the 21st century is also observed in March, when
the greatest destruction of stratospheric ozone usually occurs in the Arctic (Figure 4c,d).
Trends are also significant for both moderate and severe scenarios. The maximum value of
the Vpsc in March for the entire analyzed period in the moderate scenario is ~71 million km3

(winter of 2063 year) and ~90 million km3 in the severe scenario (winter of 2068 year). For
comparison, according to the MERRA-2 reanalysis, the Vpsc in March 2011 and 2020,
when the ozone depletion in the Arctic stratosphere was the greatest over all period of
observations, reached ~29.3 and ~37.6 million km3, respectively.

With a significance level of 95% according to Student’s t-test, the trends of Vpsc
averaged over December–March and separately for March in the Arctic during the 21st
century are significant for both moderate and severe scenarios.
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Figure 4. Vpsc variability from 2016 to 2100 under moderate and severe scenario averaged over
December–March (a,b) and in March (c,d). Red lines correspond to linear trend, while dashed horizon-
tal lines correspond to Vpsc values in March 2011 and March 2020 according to MERRA-2 reanalysis.

In contrast to [19], in addition to the vertical profiles of H2O and HNO3 distribution
corresponding to the modern climate and necessary for calculating the Vpsc, vertical
profiles from the calculations with the chemistry climate model (CCM) SOCOL3 [54] for
the moderate and severe scenario of future climate were used. According to simulations of
this model, the concentrations of these gases will increase in the Arctic stratosphere by the
end of the 21st century. It is possible to calculate the critical temperature of the PSC type I
formation (Tnat) according to the formula from [55] for different profiles of these gases.

Figure 5a shows the profiles of the critical temperature Tnat according to [38], as well
as those calculated from the CCM SOCOL3 for the beginning and the end of the century. It
can be concluded that the critical temperature of the PSC type I formation will increase by
1–1.5 K by the end of the 21st century. When calculating with the new critical temperature,
the Vpsc should also increase.
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Figure 5. Profile of the critical temperature of PSC type I formation—Tnat: data from [38] (black
line), data from simulation with CCM SOCOL3 for HNO3 and H2O concentrations in the Arctic
stratosphere averaged over 2000–2029 (red line) and over 2070–2099 (red dotted line) (a). Seasonal
cycle of maximal meridional gradient of potential vorticity (10−6 s−1 deg−1) at isentropic level 600 K
(~30 hPa) in the severe scenario averaged over 2015–2044 (black line) and 2070–2099 (red line) (b).

The isolation of the stratospheric polar vortex depends on the meridional gradient
of the wind speed in atmospheric jets. If we calculate the maximum meridional potential
vorticity gradient according to [38] (Figure 5b), it turns out that it increases at the end of the
21st century in the middle stratosphere in February–March by 20%, which corresponds to a
decrease in effective diffusivity at the vortex boundary and to an increase in its isolation [56].

Analysis of the temperature dispersion inside the stratospheric polar vortex showed
that in the lower stratosphere, it decreases in March and increases in January (Figure S2).
Thus, the region with the maximum variance is shifted to an earlier period. In a moderate
scenario, the characteristics of the stratospheric polar vortex change in a similar way, but
their differences at the beginning and the end of the 21st century are less pronounced.

3.6. Stratospheric Meridional Circulation

In the troposphere, the meridional circulation is mainly characterized by the Hadley
cells in the tropics and the Ferrel cells (northward and southward of the Hadley cells).
According to the calculations of the INM CM5, weakening of the Hadley cells in both
hemispheres is expected, as well as its upward propagation and expansion, especially in
the Northern Hemisphere by the end of the 21st century [26].

In the stratosphere, by the end of the 21st century, there will be an increase in upward
transport in the equator–northern tropics and downward transport in high latitudes of the
Northern Hemisphere in winter (Figure 6a,b). These changes are stronger in the severe
scenario. The revealed increase in the meridional circulation of the stratosphere leads to a
decrease in the average “age” of the air, as well as due to the intensification of downward
movements to an increase in the Arctic stratosphere temperature. Positive values of stream
function correspond to a clockwise motion.
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Figure 6. Change in the residual stream function [kg/s 109] averaged over December–February
between two periods 2081–2100 and 2016–2035 in the moderate (a) and severe scenario (b).

3.7. Composite Analysis

The greatest difference in temperature between the “warm” and “cold” winters in the
Arctic lower stratosphere is observed in January: in the “warm” winters, it is higher by
more than 18 K (Figure 7a). For the zonal mean temperatures averaged over December–
February, the maximum difference is more than 15 K in the region of 70◦ N–90◦ N nearby
30 hPa (Figure 7b), while the zonal mean zonal wind is more than 30 m/s near 60◦ N with
a pressure level of 10 hPa.

Figure 7. Difference in temperature at 70 hPa in January (a) and in zonal mean temperature averaged
over December–February (b) between the “warm” and “cold” winters.

The changes in the amplitude of the dominant in extratropical stratosphere stationary
planetary wave number 1 and 2 (SPW1 and SPW2) for the winter months were analyzed. If
in December the amplitude of SPW1 is greater in the “warm” winters than in the “cold”
winters, then in January the amplitude of this wave is slightly higher only in the lower
stratosphere (by ~100 gpm), while this is less in the middle stratosphere (up to ~250 gpm)
and in February (up to ~350 gpm) than in the “cold” seasons (Figure 8a–c). The SPW2
amplitude in the “warm” winters is less in the lower and middle stratosphere than in
the “cold” winters: the largest difference is ~150 gpm near pressure levels of 5–10 hPa in
January, and is about 60–70 gpm in December and February (Figure 8d–f).
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Figure 8. Difference in amplitude of (gpm) wave number 1 and 2 averaged over 45◦ N–75◦ N in
December (a,d), January (b,e) and February (c,f) between the “warm” and “cold” winters.

Unlike SPW2, a slow downward propagation of the SPW1 difference from December
to February is observed.

Furthermore, the analysis of the planetary wave propagation was carried out using the
Plumb flux vectors. In Figure 9a, the zonal mean values are shown of the latitudinal and
vertical components of the Plumb flux vector (Fy, Fz) and the zonal mean wind in December
for the “warm” winter composite. Wave activity propagation from the troposphere to the
stratosphere in the region of 40◦ N–70◦ N is clearly seen. Propagation to low latitudes
dominates in the middle stratosphere. A comparison between the composites shows that
in the warm winters, the propagation of wave activity is stronger in the early winter,
especially in the lower and middle stratosphere (Figure 9b). This is also confirmed by the
stereographic projections of the vertical component of the Plumb flux vector differences for
the middle and the lower stratosphere (at 30 hPa and 100 hPa) between the composites: a
greater upward propagation of wave activity can be seen over the eastern part of Northern
Eurasia in December in the warm winters (Figure 9c,d).

The greatest upward propagation of wave activity is observed over the North- Eastern
Eurasia for both the “warm” and “cold” winters, which corresponds to the climatic features
of the wave activity longitudinal distribution according to observational data (e.g., [57–59]).

A stronger upward propagation of wave activity in the stratosphere over Northern
Eurasia in December corresponds to a weaker stratospheric polar vortex on average for the
entire winter season. This is in accordance with the results of a wave activity analysis [58]
performed using the Japanese 55-year Reanalysis (JRA55) data since 1958 [60].
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Figure 9. Altitude-latitude cross section of Plumb vectors Fy, Fz [m2/s2] and zonal mean zonal
wind in December for the “warm” winter composite (a). Difference of these parameters between the
“warm” and “cold” winters (b). Similar difference of Plumb flux vertical component Fz in December
(c,d) and in February (e,f) between the “warm” and “cold” winters at pressure level 30 hPa (c,e) and
100 hPa (d,f). Vertical component Fz is multiplied by 100.
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Interestingly, in January–February, a stronger wave activity propagation from the
troposphere into the stratosphere as well as from the lower stratosphere to the upper over
the east of Northern Eurasia was revealed in the “cold” winters. This is in agreement
with [59]. As an example, the difference in the vertical component of the Plumb flux vector
Fz in February between the “warm” and “cold” winters is plotted on Figure 9e,f. The
area of positive values of the differences over the north of North America indicates the
possibility of a stronger downward reflection of wave activity (typical for this region) in
the “cold” winters.

For comparison altitude-latitude cross sections of Plumb vectors Fy, Fz and zonal mean
zonal wind difference between “warm” and “cold” winters in November, January, and
February are present in Figure S3 and vertical component of Plumb vectors Fz difference
between “warm” and “cold” winters at pressure level 30 hPa and 100 hPa for the same
months are presented in Figure S4.

Simultaneously with the strengthening of the wave activity propagation from the
troposphere into the stratosphere, an increase in the residual meridional circulation is ob-
served, the greatest of which in December in the entire range of heights of the stratosphere,
including the upward transport in the middle latitudes and the downward transport in the
polar region (Figure 10a). A weaker difference of residual meridional circulation between
composites is observed in January and February (Figure 10b,c).
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The beginning of the “warm” winter seasons (November–December) is characterized
by lower temperatures of the lower troposphere and on the surface in the south of Siberia—
Central Asia with a maximum near Lake Baikal by 1–2 K (Figure 11a). This is consistent
with the results of [59], where it was shown that the region of lower temperature at
the beginning of winter near Lake Baikal characterizes, on average, winter seasons with a
weaker stratospheric polar vortex. This area near Lake Baikal is the part of the Scandinavian
wave train pattern [61,62], with higher pressure over Western Europe—Scandinavia—and
lower over the North Atlantic. Coupling between cold Siberia anomalies and weakening of
Arctic stratospheric polar vortex during late autumn to early winter was revealed in ERA-
Interim reanalysis and European Centre for Medium-Range Weather Forecasts (ECMWF)
seasonal forecast system data [63].

Figure 11. Change of surface temperature between the “warm” and “cold” winter composites
averaged over November–December (a) and March–April (b).

The “warm” winters in the Arctic stratosphere are accompanied by lower temper-
atures in North-Eastern Eurasia in March-April compared to the “cold” winters: up to
2–3 K (Figure 11b). This result is in qualitative agreement with the difference in surface
temperature between composites composed of seasons with high and low ozone in the
lower stratosphere from ensemble calculations of the Whole Atmosphere Community
Climate Model (WACCM4) for the period from 1985 to 2005 [64].



Atmosphere 2022, 13, 25 18 of 22

A similar analysis of the differences between the “warm” and “cold” winter composites
obtained using mean values of the least and largest Vpsc of 10 winters was carried out
for the model simulation on moderate scenario of GHG growth. For the zonal mean
temperatures averaged over December–February, the maximum difference between the
composites is, as for the severe scenario, more than 15 K in the region of 70◦ N–90◦ N near
30 hPa. As well as for the severe scenario, at the beginning of the winter season (November–
December), a higher wave activity propagation and lower surface temperatures in Northern
Eurasia by 1–2 K in November–December and by 3–4 K in March-April are observed in
the “warm” winters compared to the “cold” winters. The enhancement of the meridional
residual circulation for the “warm” winters as compared to the “cold” winters is weaker
than under the severe scenario.

4. Discussion and Conclusions

Obviously taking into account feedback and numerous interactions between dynami-
cal and chemistry processes in the Arctic stratosphere (reinforcement of polar vortex by
ozone destruction, possible stratospheric humidity increase due to climate change, etc.),
investigations of expected stratospheric dynamics changes have an advantage when they
use climate models with interactive chemistry. However, mainly due to very high computa-
tional cost of such simulations, the majority of CMIP6 climate models (including INM CM5)
do not include interactive chemistry. The other interesting point that needs further research
consists of the possible changes of smaller waves as compared to stationary planetary
wavenumber 1–2 and gravity wave parameters associated to GHG growth and how this
affects the stratospheric circulation.

The results obtained in our study indicate the possibility of the formation of conditions
for the strong destruction of the ozone layer in the Arctic stratosphere in some winters
after the 2050s, especially under a severe scenario of GHG growth. It is consistent with the
results of the analysis of simulations of 20 climate models of the CMIP6, including four
CCMs [19]. Even considering the expected decrease in ozone-depleting substances in the
atmosphere, the formation of such conditions (especially in March) can lead to significant
destruction of the stratospheric ozone.

We calculated Vpsc using vertical profiles of H2O and HNO3 corresponding to the
modern climate. Additionally, using data from simulations with CCM SOCOL3 for the
moderate and severe scenarios, we obtained profiles for these gases at the end of the 21st
century. Then, we calculated the PSC formation critical temperatures corresponding to
these profiles and predicted their growth by 1–1.5 K. This will lead to a stronger increase
of Vpsc by the end of the 21st century than when we use current critical temperatures for
Vpsc calculation.

Our other estimates (the remaining Major SSW frequency and the distribution of the
Final SSW dates, strengthening of planetary wave activity and meridional circulations)
are also consistent with simulations of some other CMIP6 climate models. However, a
difference in the simulations of the dynamics of the Arctic stratosphere and estimates of its
future changes between CMIP6 models is known [27,65].

The obtained estimates of surface temperature and planetary wave propagation differ-
ences between winters with the smallest and largest winter mean Vpsc might be verified by
the analysis of more model simulations and comparison with simulations using interactive
chemistry that is important for stratosphere–troposphere coupling [66].

Overall, analysis of simulations of the climate model INM CM5 for the moderate
(SSP2-4.5) and severe (SSP5-8.5) scenarios of GHG growth allows us to formulate the
following conclusions:

1. By the end of the 21st century, in comparison with its beginning, in the winter strato-
sphere, there will be a decrease in the zonal mean temperature from about −1 K in the
lower to−4 K in the upper stratosphere (from ~5 hPa to 1 hPa, ~35–~50 km) under the
moderate scenario and, accordingly, from −1 K to −11 K under the severe scenario.
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2. The strengthening of wave activity propagation and a stationary planetary wave num-
ber 1 in the middle and upper stratosphere (especially in severe scenario) is expected.

3. No changes in the frequency of the Major SSW events and in the distribution of the
Final SSW dates in the Northern Hemisphere were revealed in both scenarios.

4. By the end of the 21st century, a strengthening of the residual circulation in the upper
stratosphere of the Northern Hemisphere in winter was revealed, which characterizes
the Brewer-Dobson meridional circulation. Under a severe scenario, this strengthening
is stronger.

5. By the end of the 21st century, an increase of winter mean Vpsc and monthly March
values in the Arctic stratosphere and the strengthening of the interannual variability
of this parameter (especially under the severe scenario) were revealed. The period of
PSC formation is increasing. For the severe scenario, they can form during the whole
winter at the end of the century. The maximal Vpsc values are also increased.

6. Maximal PV gradient increases in the middle stratosphere in February–March by 20%
by the end of the 21st century, which could be related with a decrease in effective
diffusivity at the boundary of the Arctic stratospheric polar vortex or with an increase
of its isolation.

7. Composite analysis of 10 winters with the smallest and largest Vpsc values shows that
in the warm winters, a strengthening of wave activity propagation from the tropo-
sphere into the stratosphere in December is observed. However, this propagation may
be stronger for colder winter seasons in January–February. Near surface temperatures
in Central Asia and southern Siberia are expected to be 1–3 K lower in November–
December in the “warm” winters (i.e., with a lower winter mean Vpsc value).

Finally, an interesting point that follows from our study is the strengthening of the
Arctic stratospheric polar vortex in the lower stratosphere and planetary wave activity
in the late 21st century. We suppose that the main reason of the Arctic polar vortex
strengthening is the cooling of stratosphere that is stronger in the polar region. At the same
time, strengthening of westerlies might favor to planetary wave activity increase. These
questions will be discussed in our ongoing research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13010025/s1, Equation S1: three-dimensional Plumb flux
formula. Figure S2: Seasonal cycle of dispersion of daily average mean air temperature (K) inside
Arctic stratospheric polar vortex in experiment SSP5-8.5: for the period 2015–2044 (a) and for the
period 2070–2099 (b). Figure S3: Altitude-latitude cross section of Plumb vectors Fy, Fz (m2/s2) and
zonal mean zonal wind difference between “warm” and “cold” winters in November (a), January
(b) and February (c). Figure S4: Vertical component of Plumb vectors Fz (m2/s2) difference between
“warm” and “cold” winters at pressure level 30 hPa and 100 hPa in November (a,d), January (b,e) and
February (c,f) respectively. Contour intervals are 1 for November and 3 for January and February.
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Abbreviations

CMIP6 Coupled Model Intercomparison Project Phase 6
PSC polar stratospheric clouds
Vpsc volume of air masses with temperature below the threshold of PSC formation of the

type I (Tnat)
BDC Brewer-Dobson meridional circulation
CCM chemistry climate model
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