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W N e

Abstract: The Arctic stratosphere winter season of 2021-2022 was characterized by a stable, cold
stratospheric polar vortex with a volume of polar stratospheric clouds (PSC) close to the maximum
values since 1980, before the beginning of minor sudden stratospheric warming (SSW) events in the
late February and early March and major SSW on 20 March. Analysis of dynamical processes of
the Arctic stratosphere using reanalysis data indicates that the main reasons for the strengthening
of the stratospheric polar vortex in January-February are the minimum propagation of planetary
wave activity from the troposphere to the stratosphere over the past 40 years and its reflection in
the upper stratosphere-lower mesosphere in the second half of January. The first minor SSW was
limited to the upper polar stratosphere, whereas the second one propagated to the middle and lower
stratosphere and led to the disappearance of the PSC, which prevented significant ozone depletion.
Both minor and major SSW events led to a weakening of the residual meridional circulation in
the upper Arctic stratosphere and its intensification in the middle and lower stratosphere, which
contributed to additional warming of the subpolar region and weakening of the polar vortex.

Keywords: Arctic stratosphere; planetary waves; ozone layer; stratospheric warming; final stratospheric
warming; residual meridional circulation

1. Introduction

The circulation of the Arctic stratosphere during the winter season, which usually
lasts from November to April, is characterized by strong intraseasonal and interannual
variability (e.g., [1]). The main feature of this circulation is the stratospheric polar vortex,
which is formed during the polar night. Strengthening or weakening of the polar vortex is
due to a nonlinear interaction with wave activity propagating into the stratosphere from
the troposphere: primarily planetary waves (PWs) with zonal wave numbers 1-2.

Abrupt weakening of the stratospheric polar vortex, accompanied by a temperature
increase by tens of degrees and a zonal circulation deceleration, occurs in the Arctic as a
result of sudden stratospheric warming events (SSWs) [2]. In the case of a zonal circulation
reversal in the middle stratosphere at a pressure level of 10 hPa at 60° N, events are
classified as major SSWs that occur on average twice in three winters.

Generation of most SSWs is associated with an increase in the wave activity propaga-
tion from the troposphere to the stratosphere. However, some SSWs, as shown by model
experiments, may be caused by internal dynamical processes associated with nonlinear
interactions of PWs with the mean flow [3-5]. Model simulations showed that PWs with
higher zonal wave numbers 3—4 can be amplified in the stratosphere during the SSWs [6].

Analysis of observational data and model calculations showed that the variability
of the Arctic stratospheric polar vortex could affect the circulation of the troposphere for
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1-2 months (e.g., review by Baldwin [2] and references therein). Among other studies on
the stratosphere—troposphere dynamical coupling, some results are necessary to mention.
Experiments with idealized GCMs showed that the tropospheric eddy feedbacks are needed
to explain the strength of the tropospheric response to stratospheric variability [7,8]. Using
a quasi-geostrophic (QG) framework, it was shown that the local tropospheric wave drag
is important to amplify the surface response to stratospheric forcing and to maintain and
prolong the tropospheric signals over several weeks [9]. Simulations with a complex
GCM revealed that the internal tropospheric eddy-driven dynamics play a crucial role
in strengthening and maintaining the tropospheric response to stratospheric changes
associated with the ozone hole [10]. Using the inversion of the finite amplitude wave
activity equation, it was shown that variations in stratospheric wave forcing are too weak
to account for the attendant changes and shapes in the tropospheric flow. The indirect
effect of tropospheric finite-amplitude wave activity through the residual displacements is
needed to amplify and maintain the tropospheric response to stratospheric variability [11].

An increase in the temperature of the polar stratosphere as a result of the SSW leads
to a decrease in the volume of the air mass inside the stratospheric polar vortex with
conditions sufficient for the formation of polar stratospheric clouds (hereinafter Vpsc).
On the PSC particles, the neutral chlorine and bromine components are heterogeneously
activated into active compounds [12]. As a result of SSW and the associated increase
in temperature, the Vpsc is reduced, and the formation of chlorine and bromine atoms
slows down or stops, which prevents severe destruction of the ozone layer. PSCs are also
responsible for the removal of nitric acid compounds from the lower polar stratosphere as
a result of settling ("denitrification"), which is capable of neutralizing active and dangerous
chlorine atoms for the ozone layer. Therefore, the larger Vpsc corresponds to the greater
the probability of severe destruction of the ozone layer.

During the SSW, due to changes in the propagation of gravity and planetary waves in
the mesosphere, the temperature decreases sometimes by tens of degrees, and the height of
the stratopause also changes [2].

Temperature changes associated with SSW affect the dynamic characteristics of the
mesosphere and lower thermosphere, e.g., the intensity of a wave with a period of about
10 days [13], as well as the gas composition of this region of the atmosphere; there is a
sinking from the upper to the lower mesosphere and upper stratosphere, e.g., nitrogen
oxides (NOx) [14]. As a result of increasing NOx concentrations in the polar stratosphere,
ozone depletion increases.

It has been suggested that the increase in the maximum volumes of PSCs detected in
the Arctic from 1966 to 2003 was due to changes in radiation and dynamic processes caused
by an increase in greenhouse gas concentrations [15]. An increase in cases of extreme
cold stratospheric winters conducive to ozone depletion in the Northern Hemisphere was
reported after the cold Arctic winter 2004-2005 [16].

According to model estimates, especially under the conditions of the extreme scenario
of growth in greenhouse gas concentrations (55P5-8.5), by the end of the 21st century, an
increase in the interannual variability of the circulation of the Arctic stratosphere and an
increase in the Vpsc are possible, which can lead in some years to significant destruction of
the ozone layer [17,18].

The recent winters have been characterized by strong interannual variability in the
circulation of the Arctic stratosphere. For instance, a very strong and cold polar vortex in
December 2017 and January 2018 was followed by the major SSW in the middle of February
that led to the dramatic rise in Arctic stratosphere temperature, as well as to the zonal
wind reversal and split of stratospheric polar vortex into two parts in the lower and middle
stratosphere, which prevented the strong stratospheric ozone loss in spring [19,20].

The winter of 2018-2019 was characterized by the major SSW at the beginning of Jan-
uary; as a result, the polar vortex remained weakened and warm in the lower stratosphere
until the end of the winter season, while, in the middle and upper stratosphere, it recovered
quickly [21,22].
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The winter of 2019-2020 was characterized by a very cold and stable stratospheric polar
vortex, which led to record ozone depletion in the lower polar stratosphere: ~90% on some
days [23-27]. This winter was also characterized by zonally asymmetric stratopause [28]. It
was suggested that this particular winter anomaly in the Arctic stratosphere was also due
to the extreme Indian Ocean dipole [29].

In the winter of 2020-2021, the temperature of the Arctic stratosphere was increased
as a result of the major SSW in early January, which lasted about 3 weeks [30-33].

The present study aimed to investigate the dynamic processes of the Arctic strato-
sphere in the winter of 2021-2022, which was characterized by a strong stratospheric polar
vortex in the early winter, two minor SSWs in the late February and early March, and the
major SSW on March 20, which prevented severe ozone depletion.

2. Data and Methods

The study of dynamic processes of the Arctic stratosphere and their interannual
variability was carried out using daily global NCEP [34] and ERAS5 [35] reanalysis data with
an upper boundary at pressure levels 10 hPa (~30 km) and 1 hPa (~48 km), respectively. The
anomalies for the NCEP and ERAS reanalysis data were calculated relative to the climate
mean values from 1981 to 2010.

We calculated the amplitudes of PWs dominating in the stratosphere with zonal
wave numbers from 1 to 3, the zonal mean meridional heat flux v'T’ (where v’ and T’
are deviations from the zonal mean values of the meridional wind and temperature),
and three-dimensional (3D) Plumb flux vectors characterizing the propagation of wave
activity flows [36] (see Supplement S1). The 3D planetary wave activity flux by Plumb
in comparison with two-dimensional Eliassen-Palm flux can provide more regionalized
information on stratosphere-troposphere dynamic interactions [37] and peculiarities of
wave activity propagation (e.g., [38]).

The wave activity reflection index in the upper stratosphere was calculated as the
difference between the zonal mean wind at pressure levels of 2 hPa and 10 hPa in the region
of 58°-74° N. Its positive values correspond to unfavorable conditions for reflecting wave
activity flows, while negative values correspond to favorable ones [39].

To analyze the dynamic coupling of the stratosphere and troposphere, daily anomalies
of the geopotential height in the region of 65°-90° N normalized on standard deviation
were calculated. After multiplying by —1 (to match the Arctic Oscillation Index), these
values correspond to the North Annular Mode (NAM) index [40].

The interannual and intraseasonal variability of the area and volume of the air mass
in the lower stratosphere inside the Arctic stratospheric polar vortex with temperatures
sufficient for PSC formation of type I (or NAT, i.e., formed from nitric acid trihydrate) was
analyzed using estimates provided by NASA Ozone Watch project [41] and calculated
according to [42].

The date of the spring breakup of the stratosphere circulation (or the final SSW) was
defined as the day with the maximum absolute value of the rate of decrease in the zonal
wind in the middle stratosphere by 10 hPa and near its maximum at 62.5° N [43]. Due
to strong oscillations in the rate of change of the zonal wind to determine the absolute
minimum, the values of its temporal gradient were smoothed over 31 days. If, after the
early SSW, the zonal mean flow in the middle stratosphere was restored, as, for example, in
the winter of 2017-2018 [19], then the date of the maximum wind weakening at the end of
the winter season was chosen as the spring breakup date.

The calculation of the blocking index, taking into account changes in the longitudinal
location and intensity of blocking anticyclones over time at a pressure level of 500 hPa, was
carried out according to [44] (see Supplement S2).

The residual mean meridional circulation (RMC), caused by the action of atmospheric
waves of various spatial and temporal scales, was estimated on the basis of the transformed
Eulerian mean approach (TEM) [45] using MERRA-2 reanalysis data [46], whose upper limit
reaches ~65 km (~ 0.05 hPa). Conventional formulas for RMC were used (see Supplement
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S3). The TEM approach provides effective diagnostics of wave impacts on the mean
flow and gives the ability to calculate the meridional transport of mass and tracers in the
atmosphere. The RMC estimates the residual part of the mean flow, which remains after
partial compensation of the Eulerian zonal-mean circulation by the wave-induced eddy
mass, momentum, and heat fluxes [47]. Calculation of the RMC (its meridional and vertical
components V*, W¥) allows to diagnose the wave action on the mean flow and to estimate
the processes of transport of atmospheric species in the meridional plane [48].

3. Results
3.1. External Factors Affected Stratospheric Polar Vortex

According to the analysis of observational data, the Arctic stratospheric polar vortex
can be influenced by the following external factors: the El Nifio/Southern Oscillation
(ENSO) e.g., [49], the quasi-biennial cycle of zonal wind oscillations in the equatorial
stratosphere (QBO) e.g., [50], the Madden-Julian oscillation (MJO) in the tropics of the
Indian Ocean e.g., [51], the Pacific Decadal Oscillation (PDO) e.g., [52], anomalies in the
surface temperature of the North Pacific Ocean e.g., [53], and the reduction in ice cover in
the Arctic e.g., [54].

In the winter of 2021-2022, a cold ENSO La Nifia phase was observed in the equatorial
Pacific Ocean, which is usually accompanied by a colder stratospheric polar vortex in the
Arctic [40], which does not contribute to the formation of SSWs. However, in recent years,
a number of major SSWs (in January 2009, January 2018, and January 2021) occurred in the
Arctic during La Nifia winter seasons.

The geopotential height anomalies in the troposphere at pressure level of 500 hPa
in January 2022 (a negative anomaly in the North Pacific, a positive one over Yakutia, a
negative one over the European territory of Russia, and a positive one over Western Europe
and the North Atlantic) are comparable to the corresponding anomalies in January 1997
and January 2011, when the cold phase of La Nifia was also observed.

In the equatorial stratosphere, the easterly QBO phase is observed when the propaga-
tion of wave activity in the stratosphere toward the equator is difficult, which results, as
a rule, in the weakening of the stratospheric polar vortex in comparison to winters with
a westerly phase [50]. Interestingly, the QBO-East and QBO-West composite differences
are not likely to be informative about the mechanism behind the Holton-Tan relationship
since many different mechanisms could give rise to the NAM like polar vortex response.
Therefore, the transient response of the atmosphere to a forcing on timescales of a few days
to understand the forcing mechanism was suggested [55]. Moreover, it was shown that the
extratropical QBO early signal during fall could result primarily from the modulation of
individual wave life cycles [56] and stratospheric life cycles of wave pulses entering the
stratosphere from the troposphere [57].

According to statistics, more than half of the SSW5s (13 out of 25) from 1979 to 2013 were
observed in winters with increased convection in the tropics of the Western Pacific, which
corresponds to the sixth and seventh phases of the Madden-Julian oscillation (MJO) [42]. In
January 2022, the MJO was characterized by a lower amplitude; no eastward propagation
of associated anomalies was recorded.

The negative PDO phase observed during 2021 intensified by the end of the year: its
index reached values close to the maximum over the past 150 years in October (—3.11), in
November-December 2021 (—2.73, —2.71), and in January—February 2022 (—2.46, —1.98).
An analysis of the ensemble calculations of the MPI-ESM Earth system model showed that
most SSWs were observed during the years of the positive PDO phase [52].

In January 2022, positive sea surface temperature (SST) anomalies were observed in
the Northern Pacific Ocean. Such anomalies associated with the Pacific Gyre are usually
accompanied by a reduced propagation of wave activity from the troposphere to the
stratosphere, resulting in a stronger stratospheric polar vortex in the Arctic [53,58].

The reduction in ice cover in the Arctic, in the Barents and Kara Seas, may increase
the propagation of wave activity from the troposphere to the stratosphere [54,59]. Ac-
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cording to the National Snow and Ice Data Center of the United States (http://nsidc.org/
arcticseaicenews/2021/10/, accessed on 15 May 2022), the Arctic ice cover in Septem-
ber (when the annual minimum is observed) of the year 2021 was the largest since 2014,
amounting to ~4.9 million square km (mln. sq. km), which is ~1.5 mIn. sq. km less than the
average long-term values from 1981 to 2010. For comparison, the corresponding area in
September 2018 was ~4.71 min. sq. km, that in September 2019 was ~4.32 mIn. sq. km, and
that in September 2020 was ~3.92 mln. sq. km.

Thus, the cold La Nifia phase, the negative phase of the PDO, and positive SST
anomalies in the Northern Pacific presumably were the main favorable external conditions
for the cold Arctic stratospheric polar vortex in the winter of 2021-2022.

3.2. Zonal Circulation and Temperature

The circulation of the Arctic stratosphere in the winter of 2021-2022 was characterized
by a strong stratospheric polar vortex. Since mid-January 2022, the mean zonal wind at
60° N began to exceed the climate values (Figure 1a). The largest positive anomalies in the
mean zonal wind up to ~40 m/s were observed in the middle and upper stratosphere in
February.

The first minor SSW event in late February was limited by upper polar stratosphere
and did not affect zonal wind at 10 hPa and below (Figure 1b). Then, as a result of the second
minor SSW in early March, the zonal mean wind in the upper and middle stratosphere
weakened, and its values approached the climate ones. On March 20, the direction of
the zonal mean wind in the middle stratosphere at 10 hPa and 60° N changed, which
corresponds to the major SSW (Figure 1b).

It is interesting to pay attention to the variability of the zonal mean wind in the upper
stratosphere (Figure 1c). In the second half of January, there was a shift of the zonal mean
wind maximum from high latitudes (60°-80° N) to the mid-latitude region of 30°—40° N.
This period was characterized by the formation of a double structure of the zonal mean
wind maximum, which is considered in more detail below.

Since January 2022 in the lower stratosphere of the Arctic, a strengthening in negative
temperature anomalies was observed up to —15 K in mid-February (Figure 2a). In early
March, as a result of a minor SSW, the temperature of the lower polar stratosphere briefly
increased, and the anomalies became positive after a repeated temperature decrease was
observed with negative anomalies up to —12 K. The monthly negative temperature anoma-
lies in the polar vortex in the lower stratosphere in January reached —10 K, while those in
February reached up to —16 K (Figure 2b,c). Only after the major SSW on March 20 did the
temperature anomalies in the lower stratosphere become positive.

An analysis of the interannual variability of the minimum temperature of the lower
stratosphere of the Arctic shows that, in the winter of 20212022, its values were lower
than the climatic ones (by several degrees in December—January and by ~15 K in the late
February and early March) and close to the corresponding values of the winters with the
highest ozone depletion, i.e., 1996-1997, 2004-2005, 2010-2011, and 2019-2020 (Figure 2d).
Since mid-March 2022, the minimum temperature of the lower stratosphere of the Arctic
was increasing, and, in early April, it already exceeded long-term climatic values and values
of seasons with strong ozone layer depletion, with the exception of the winter 2004-2005.
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(b)

(c)

Figure 1. Zonal mean wind anomalies at 60° N (colors) and climate mean values (contours) (a); zonal
mean wind at 60° N at pressure levels 1, 3, 5, 10, 30, and 70 hPa (b); zonal mean wind anomalies
(colors) and climate mean (contours) at pressure level 1 hPa (c) from 1 November 2021 to 30 April 2022.
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(b) (c)

(d)

Figure 2. Temperature anomalies averaged over 70°-90° N from 1 November 2021 to 30 April
2022 (a); lower stratosphere temperature anomalies at a pressure level of 70 hPa in January and
February 2022 (b,c); minimum temperature averaged over 70°-90° N at 70 hPa in the winters of
1996-1997, 2004-2005, 2010-2011, 20192020, 20212022, and climate mean 1979-2020. Horizontal
lines correspond to the threshold of PSC formation of the type I and type II (d).
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3.3. Planetary Wave Activity

It is known that the intensity of upward wave activity propagation in the lower strato-
sphere in January-February largely determines the temperature of the lower stratosphere
in March [60]. An analysis of the interannual variability of wave activity showed that, in
the winter of 2021-2022, the propagation of wave activity, characterized by a zonal mean
heat flux in the lower stratosphere at 100 hPa averaged over the region of 45°-75° N, in
January-February 2022 was the lowest since 1980 (Figure 3a).

(a)

Figure 3. Cont.
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(d)

(e)

(f)

Figure 3. Cont.
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(8)

Figure 3. Scatter diagram of lower temperature mean 70°-90° N at pressure level 70 hPa in March
and zonal mean heat flux mean 45°-75° N at pressure level 100 hPa in January—February from 1979
to 2022 (a). Zonal mean heat flux averaged over 50°-80° N at pressure levels 30 hPa and 100 hPa (b);
amplitudes of PW1-3 averaged over 50°-70° N at pressure levels of 3 hPa (c), 10 hPa (d), 70 hPa (e),
300 hPa (f); time-longitude cross-section of atmospheric blocking index (gpm/degree) at 500 hPa,
smoothed by 5 day running mean (g) from 1 November 2021 to 30 April 2022.

It is important to note that, although in the winters with the highest ozone depletion in
the Arctic stratosphere (1996-1997, 2010-2011, 2019-2020) the propagation of wave activity
on average in January-February was slightly higher than in January-February 2022, the
temperature of the lower stratosphere in these years was on 10-15 K lower in March than
in March 2022. This is explained by the minor SSW that occurred in early March and the
major SSW on March 20.

During the investigated winter, the first increase in wave activity propagation was
observed in the second half of December, and then the strongest increase was observed
in late February— early March, accompanied by the minor SSW and in the second half of
March during the major SSW (Figure 3b).

Furthermore, the amplitudes of PWs dominating in the stratosphere with zonal wave
numbers from 1 to 3 (PW1-PW3) were analyzed for levels from the upper troposphere
(300 hPa) to the upper stratosphere (3 hPa) (Figure 3c—f). The wave amplitudes were
estimated in the region from 50° N to 70° N using ERAS reanalysis data.

In the upper stratosphere, PW1 dominated throughout the winter season with max-
imum values from 1500-1600 gpm at the end of December 2021 and about 1 week later
(when the weakening of PW1 was accompanied by a sharp increase in PW2) at the begin-
ning of January 2022 (Figure 3c). It is interesting that the intensification of PW2 in the last
days of December was traced from the upper troposphere to the upper stratosphere, which
led to an elongation of the shape of the stratospheric polar vortex.
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In the middle stratosphere at 10 hPa, PW1 also dominated with a maximum of more than
1000 gpm in early March, when the second minor SSW was observed (Figure 3d). During the
major SSW on 20 March, PW1 also intensified, but its values did not exceed 500 gpm.

In the lower stratosphere at 70 hPa, the amplitudes of PW1 and PW2 from November
to early March were comparable (Figure 3e). PW1 weakened in mid-March, and PW2
intensified, followed by a sharp intensification of wave 1 at the end of March (i.e., during
the major SSW), which peaked at 540 gpm. Thus, the major SSW in the second half of
March was accompanied by an increase in the amplitude of PW1 in the lower and middle
stratosphere and was characterized by a shift of the stratospheric polar vortex from the
pole to Eastern Siberia.

In the upper troposphere, the amplitudes of PW1-3, as expected, were characterized
by similar values (Figure 3f). The reason for the intensification of wave 2 in the troposphere
in late December 2021-early January 2022, which, as noted earlier, could be traced to the
upper stratosphere, was the intensification of two blocking anticyclones: the first one from
mid to late December over the North Atlantic, and the second, more intense one over the
north Pacific Ocean from late December to mid-March, with a weakening in the second
half of February (Figure 3g).

The minor SSW at the beginning of March 2022 was accompanied by an increase in
the propagation of wave activity from the troposphere to the stratosphere, which led to a
deceleration of the zonal circulation (Figure 4a). In the lower stratosphere, the strongest
upward propagation of wave activity was observed over the northeast of Eurasia and less
intensive over the north of the Atlantic, while, in the middle stratosphere, it was only over
the first region (Figure 4b,c).

(d) (e) ®)

Figure 4. Cont.
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(8) (h) ®

Figure 4. Altitude-latitude diagram of Plumb flux (Fy, Fz components—arrows, Fz is multiplied by
100) (m?/s2) and zonal mean zonal wind (m/s) (contours); vertical component Fz at pressure levels
30 hPa and 100 hPa averaged over the following periods: 2—-4 March (a—c), 8-10 March (d-f), and
18-20 March 2022 (g-i).

About 1 week later, due to the weakening of the zonal mean wind in the middle
stratosphere, a reflection of wave activity into the troposphere was observed over the
high latitudes of North America (Figure 4d—f). The upward propagation of wave activity
decreased. In the lower stratosphere, upward propagation of wave activity was observed
over the northeast of Eurasia and the north of the Pacific Ocean, as well as over the north
of Scandinavia and the Barents Sea, in the middle stratosphere (over Mongolia), and over
the north of China.

During the major SSW, the propagation of wave activity in the lower and middle
stratosphere increased and it was strongest over the south of Siberia (Figure 4g—i).

The weakening of the mean zonal wind in the stratosphere during the SSW can lead to
conditions when wave activity is reflected downward into the middle-lower stratosphere
due to wind shear. This reflection could affect tropospheric circulation and lead to weather
anomalies [61-63]. Most often, the reflection of wave activity was observed over the north
of North America.

Previous studies showed that natural and anthropogenic forcing (including ENSO,
QBO, GHG, and ozone-depleting substances) can significantly influence large-scale strato-
spheric circulation that favors downward wave reflection events and the associated surface
impacts (e.g., [64,65]).

The zonal mean refraction index calculated using the method in [31] shows that the
conditions for wave activity reflection in the upper stratosphere were observed in the
second half of January, and then since around February 20, when the zonal mean wind
decelerated in the upper stratosphere for the first time (Figure 1a), until the end of March
2022 (Figure 5). As shown earlier, the reflection of wave activity was observed in the lower
stratosphere over the north of North America after the second minor SSW (Figure 4d-f).
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Figure 5. Zonal mean refraction index of wave activity from 1 November 2021 to 30 April 2022.

3.4. Northern Annular Mode (NAM)

An analysis of changes in the northern annular mode (NAM) showed a strengthening
of the stratospheric polar vortex in late November—early December 2021 and a rather rapid
and continuous propagation of circulation anomalies from the middle stratosphere to the
troposphere (Figure 6a). Approximately from mid-January to the end of February, the next
intensification of the stratospheric polar vortex was observed, which, however, was not
characterized by the continuous propagation of stratospheric circulation anomalies into the
troposphere.

(b)

Figure 6. Northern annual mode (NAM) index (solid /dashed black lines indicate areas with values
exceeding 1.5 o) (a); Arctic oscillation index (b) from 1 November 2021 to 30 April 2022.

Approximately from 20 March, when the major SSW occurred, the stratospheric
polar vortex weakened, which was accompanied in early April by an almost synchronous
propagation of circulation anomalies from the lower-middle stratosphere to the lower
troposphere, including the propagation of an area with values exceeding 1.5 standard
deviation units (o).

Simultaneously with the propagation of circulation anomalies from the stratosphere to
the troposphere in late November—early December 2021, there was a sharp increase in the
Arctic oscillation index (AO) from negative values in late November (~—1.5 o) to values
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exceeding 3 o (Figure 6b). By the end of December, the AO index decreased again, to the
minimum values for the winter season (to —2.2 0), which indicated a decrease in zonal and
an increase in meridional transport in the troposphere. Furthermore, the AO index raised
again and (with the exception of 3 days in early February) remained positive until the end
of March. In April, the AO index was predominantly negative.

It can be assumed that the strengthening of the AO index in late November-early
December 2021, as well as its weakening in early April 2022, could be associated with the
strengthening and weakening of the stratospheric polar vortex, respectively.

Previous studies based on finite-amplitude wave interaction with the mean flow
showed that the downward migration of extratropical wind anomalies following SSW
and strong vortex events is largely attributable to dynamical adjustments induced by
fluctuating finite-amplitude wave forcing [66,67]. The nonconservative effects, on the
other hand, contribute to maintaining the downward signals in the recovery stage within
the stratosphere, hinting at the importance of mixing and diabatic heating. Presumably,
these factors could have been responsible for downward propagation of the NAM index
following strong vortex and SSW events in the winter of 2021-2022.

3.5. Changes in Volume of Polar Stratospheric Clouds

As mentioned above, the "volume" of the I type of PSC for the winter in general
characterizes the degree of chemical destruction of ozone: a larger Vpsc corresponds to a
greater chemical destruction [15,16]. The exception is those winters when, as a result of the
SSW and the associated significant increase in temperature, the formed PSCs disappear at
the beginning of the spring, i.e., before the period of active ozone depletion.

The first half of the 2020-2021 winter was characterized by a stable and cold strato-
spheric polar vortex. As a result, in December—January, the values of the PSC area in the
lower stratosphere and the Vpsc were close to or exceeded the corresponding values of the
“coldest” winters of 2010-2011 and 2019-2020, with the greatest ozone depletion for all the
years of observations (Figure 7a).

(a) (b)

Figure 7. The area of the region with temperatures sufficient to form PSC I type in the Arctic lower
stratosphere at potential temperature level 460 K (~125 hPa) (a) and Vpsc (b) from November to April
of 2010-2011, 2019-2020, 2021-2022, and climate mean from 1979 to 2021.

The Vpsc during the winter of 2021-2022 was close to the corresponding values of
the winters 2010-2011 and 2019-2020 with the highest ozone layer depletion (Figure 7b).
Since the end of February 2022, a rather smooth decrease in the Vpsc was observed due
to an increase in heating of the lower stratosphere. In early March, as a result of a minor
SSW, there was a sharp decrease in the Vpsc, and, by mid-March, it was close to zero. The
average monthly value of the Vpsc in January 2022 was ~89 mIn. cub. km, which is slightly
less than the ~93 mIn. cub. km in January 2020, but more than the 73.7 mIn. cub. Km in
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January 2011. Hence, the minor SSW event in the beginning of March 2022 led to warming
of the Arctic lower stratosphere and prevented a strong ozone destruction.

Interestingly, additionally enhanced wave reflection in the Arctic polar stratosphere
due to strong vortex events can lead to increased springtime ozone loss through two effects:
(1) the direct effect in which the residual circulation is weakened during winter, reducing
the typical increase of ozone due to upward planetary wave events; (2) the indirect effect in
which the modification of polar temperature during winter leads to more PSC formation
that in turn increases ozone destruction in spring [68].

3.6. Spring Breakup of Stratospheric Circulation

Over the time interval from 1980 to 2022, the trend toward later spring breakup
continued, while the observed negative trend was insignificant (Figure 8a). The obtained
variability of spring breakup dates is consistent with the results obtained using the NCEP
reanalysis data over the period of 1971-2009, with a significant positive trend to later
dates [43], as well as with the results obtained using the ERA-Interim reanalysis data over
the period of 1980-2017, where the negative trend was found to be insignificant [69].

(@) (b)

Figure 8. Scatter diagram of spring breakup dates from 1980 to 2022 (a) and Vpsc (mlIn. cub. km)
averaged over December 2021-March 2022 (b). Years with large ozone loss are underlined.

A weak correlation but with a statistically significant negative trend between the spring
breakup dates and the total Vpsc for December-March remained (Figure 8b). Previously, a
similar correlation (corr. coef. = — 0.34) was found for the period of 1980-2017 [69]. This is
explained by the fact that, after a period of low temperatures in the lower stratosphere of the
Arctic in January and the first half of February, when a large Vpsc is formed, a significant
warming in the middle stratosphere often follows in March—April with a breakup of
circulation.

It was shown that the first empirical orthogonal function (EOF) of intraseasonal
temperature variability in the Arctic stratosphere is characterized by the fact that, after an
anomaly of one sign in the range of 30-70 hPa in late January-the first half of February, an
anomaly of another sign at 10 hPa follows in March-April [70].

The spring breakup of the circulation occurred on 4 March 2022 i.e., 9 days earlier than
in the winter of 2019-2020, with record ozone depletion in the Arctic lower stratosphere
(March 13), and the average Vpsc for December—March reached ~58 mln. cub. km, which is
only on ~10 mln. cub. km less than in the winter 2019-2020.

However, for the destruction of the ozone layer in the Arctic lower stratosphere, the
Vpsc in March, when active destruction of the ozone layer begins with the rising sun, is
most important. In March 2020, the Vpsc was ~37.6 mln. cub. km, while, in March 2022, it
was three times less at ~11.4 mIn. cub. km. In the same way, the total daily Vpsc values for
March also differed: ~1167 mln. cub. km in 2020 and ~355 mIn. cub. km in 2022.
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3.7. Changes in the Zonal Mean and Residual Meridional Circulation

In the recent winter of 2019-2020 with a very strong stratospheric polar vortex in
February-March, the formation of a double structure of the zonal mean wind jet maximum
was observed, in the upper stratosphere-lower mesosphere over the subtropics and over
high latitudes with a maximum in the middle stratosphere near 10 hPa [16,50]. This double
structure of the zonal mean wind is favorable for reflecting wave activity downward, which
leads to strengthening and stabilization of the Arctic stratospheric polar vortex [23,71]. It
is supposed that the reasons for the strong polar vortex in 2019-2020 were the weakened
propagation of wave activity from the troposphere to the stratosphere and the reflection of
wave activity in the upper stratosphere.

A similar double structure of the zonal mean wind was revealed in the second half of
January 2022: the first maximum with speed faster than ~55 m/s in the upper stratosphere—
lower mesosphere over the subtropics, and the second maximum with speed up to ~45m/s
near the pressure level of 10 hPa over the latitudes of 60°-70° N (Figure 9b). Such a
separation was not observed either in December 2021 or in the first half of January 2022. In
the first half of February 2022, the merging of the maxima was observed, accompanied by a
shift of the maximum in the upper stratosphere to low latitudes.

Figure 9. Altitude-latitudinal distributions of the meridional V* and vertical W* components of
the residual meridional circulation (m/s) (vectors) and the mean zonal wind (m/s) (shading) from
23 December to 12 January (a), from 12 to 31 January 2022 (b), and the difference between these
periods (c); from 27 February to 3 March (d), from 6 to 10 March 2022 (e) and their difference (f); from
13 to 17 March (g), from 20 to 24 March 2022 (h), and their difference (i). The black solid contours
correspond to the zero mean zonal wind. The values of W* were multiplied by 200.
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An analysis of the changes in the RMC was carried out for the periods of the greatest
intensification of the stratospheric polar vortex in January 2022 during the winter season,
as well as the minor SSW in early March and the major SSW on 20 March 2022.

Figure 9a,b show the latitude-height distributions of the RMC and the zonal mean
zonal wind according to MERRA-2 data, averaged over 20 day time intervals from 23 De-
cember 2021 to 11 January 2022, before the formation of the double maximum of the zonal
wind and from 12 to 31 January 2022, when a double maximum of the zonal mean wind
was observed in the upper stratosphere. The difference between these periods shown
in Figure 8c reveals that, in the lower polar stratosphere, the stratospheric polar vortex
intensified by up to 15 m/s (i.e., by ~50%). At the same time, in the upper stratosphere, a
weakening of the vortex in the polar region and an increase over the region of 30°-50° N
were observed. Both the strengthening and the weakening of the mean zonal wind were
~20-25%. Taking into account these changes, one can conclude a shift of the zonal mean
wind jet maximum closer to the pole at the bottom and toward middle latitudes at the top,
or compression of the polar vortex region in the lower stratosphere and its expansion in
the upper stratosphere.

Simultaneously with the indicated deformation of the polar vortex, the RMC slowed
down in the upper subpolar stratosphere (its vertical and meridional components). This
led to adiabatic cooling of the indicated area. Indeed, during the strengthening of the polar
vortex and the formation of the structure of the double maximum from 12 to 31 January, in
the middle and high latitudes, a decrease in temperature was observed, with the exception
of the subpolar region in the altitude range of 3040 km, where, on the contrary, a warming
occurred. This warming was associated with a shift in this area of the jet stream toward the
equator (i.e., a weakening of the zonal wind in this area was observed), which contributed
to an increase in the meridional temperature gradient according to the thermal wind theory.
Above 35-40 km, a significant weakening of the meridional transport was observed at
lower and high latitudes.

Taking into account rapid changes in the dynamics of the Arctic stratosphere occurring
during the SSW, we considered changes in the RMC and the zonal mean wind for 5 day
periods before and during the minor SSW on 6-8 March (Figure 9d,e) and their difference
(Figure 9f), as well as before and during the major SSW on 20 March 2022 (Figure 9g,h) and
their increments (Figure 9i).

The comparison of the periods of 13-17 and 20-24 March 2022 (before and during
the major SSW), presented in Figure 8g,h, shows a decrease in the mean zonal wind
by ~40 m/s due to the major SSW and weakening, up to partial disappearance of the
descending branch of the RMC in the upper stratosphere of the Arctic (Figure 9h), which
was accompanied by cooling of this area during the major SSW. In the middle and lower
polar stratosphere, on the contrary, an increase in the RMC was noticeable, especially in its
vertical branch, accompanied by an increase in temperature during the SSW, capable of
making an additional contribution to this warming due to the adiabatic warming of the
descending flow. As a result of the minor SSW at the beginning of March (Figure 9d-f),
the mean zonal wind speed in the middle and upper stratosphere significantly decreased
(Figure 9f). In general, the trends were similar to the major SSW; however, the observed
effects were weaker; the slowdown of the descending branch of the RMC in the upper
Arctic stratosphere and the increase in the lower layers correspond to the cooling and
heating of these layers, respectively.

4. Summary

Despite active research in recent years, the mechanisms responsible for the inter-
annual variability of the Arctic stratosphere dynamics in winter still remain not fully
understood. In addition to the impact of this variability on the ozone layer and the upper
atmosphere, changes in the dynamics of the polar stratosphere can affect the circulation of
the troposphere and weather patterns. Extension of our knowledge on the mechanisms
of interannual variability of the stratospheric circulation and stratosphere—troposphere
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dynamical interaction is necessary for improving the modeling of the stratosphere and
the development of seasonal forecasting [72]. In addition, it should be noted that, in re-
cent years, there has been an increase in extreme climate events; therefore, studies of this
kind, including a detailed analysis of dynamic processes, are very important in terms of
identifying various trends and predicting them in the future.

In the course of the study of the circulation of the Arctic stratosphere in the winter of
2021-2022, the main results obtained are described below.

A strong, persistent stratospheric polar vortex was observed from December until
the end of February, when the first minor SSW occurred, followed by the second one in
early March, which increased the temperature of the Arctic stratosphere and significantly
decreased the zonal mean wind.

e Alarge volume of PSC formed in the lower stratosphere and was comparable (at the
end of February even exceeding) with the corresponding values of the winters with
the highest ozone layer depletion (2010-2011 and 2019-2020); it quickly decreased to
close to zero values in the middle of March 2022, which prevented significant ozone
depletion.

e  Spring breakup of the Northern Hemisphere stratosphere circulation occurred on
4 March 2022, i.e., 1 month earlier than the climatic date from 1980 to 2017 (4 April).

e  The strengthening of the AO index in late November-early December 2021 and the
weakening of this index in early April 2022 could be associated with strengthen-
ing/weakening of the stratospheric polar vortex. The reasons for the strengthening
of the stratospheric polar vortex in winter 2021-2022 presumably were the following:
the cold phase of ENSO—La Nifia, minimal propagation of wave activity from the
lower stratosphere to the middle—upper stratosphere in January—February since 1979
that could also be related to La Nifa [73,74], and formation of the zonal mean wind jet
structure with a double-peaked maximum in the second half of January 2022.

e  Weakening (strengthening) of the descending branch of the residual circulation, ob-
served in the subpolar upper (middle) stratosphere during both minor and, in particu-
lar, major SSW, contributed to additional cooling (warming) of the Arctic stratosphere.

As already mentioned above, a strong interannual variability of the Arctic stratosphere
has recently been observed in the presence of the continuing increase in GHGs. Taking
into account a possible strengthening of the polar vortex in the coming decades that could
impact the polar ozone and circulation of the troposphere, it is important to analyze
peculiarities of stratospheric dynamics during cold winters with a persistent and cold
stratospheric polar vortex. In this regard, one question follows from our study: Were there
any other factors except La Nifia that contributed to the lowest upward wave activity
propagation in the lower stratosphere in January-February 2022 since the early 1980s?

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/atmos13101550/s1, S1: three-dimensional Plumb flux vectors formula; S2: blocking index for-
mula, 53: meridional and vertical components of the residual meridional circulation (RMC) formulas.

Author Contributions: Conceptualization, PN.V.; provision of the reanalysis data, V.V.G.; wave
activity analysis, PN.V. and V.V.G.; calculation of the residual meridional circulation and analysis of
its changes, A.V.K. All authors read and agreed to the published version of the manuscript.

Funding: This research was funded by the State Task of the Ministry of Science and Higher Education
of the Russian Federation (project no. FSZU-2020-0009).

Data Availability Statement: The MERRA-2 reanalysis dataset can be obtained from https://disc.
gsfc.nasa.gov/datasets/M2I6NVANA_5.12.4/summary (accessed on 28 July 2022), the ERA-5 re-
analysis dataset: https:/ /www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5 (accessed on
28 July 2022), and the NCEP reanalysis dataset: https://psl.noaa.gov/data/gridded/data.ncep.
reanalysis.html (accessed on 28 July 2022). Code Availability: 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.


https://www.mdpi.com/article/10.3390/atmos13101550/s1
https://www.mdpi.com/article/10.3390/atmos13101550/s1
https://disc.gsfc.nasa.gov/datasets/M2I6NVANA_5.12.4/summary
https://disc.gsfc.nasa.gov/datasets/M2I6NVANA_5.12.4/summary
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html

Atmosphere 2022, 13, 1550 19 of 21

Acknowledgments: The reanalysis data were provided: ERA5 Copernicus Climate Change Service,
MERRA-2 the National Aeronautics and Space Administration (NASA), and NCEP reanalysis Climate
Prediction Center (NOAA). Estimates of area and volume of PSC I type (NAT) were provided by
the NASA Ozone Watch project. The authors are grateful to the three reviewers for their meticulous
reading of the paper and constructive comments and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations

SSW  sudden stratospheric warming

PW planetary wave

PSC polar stratospheric clouds

Vpsc  volume of air masses with temperature below the threshold of PSC formationof the type I
RMC  residual mean meridional circulation

AO arctic oscillation

NAM northern annular mode
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