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Abstract: This study is dedicated to the investigation of the relationship between the wave activity
in February and temperature variations in the Arctic lower stratosphere in March. To study this
relationship, the correlation coefficients (CCs) between the minimum temperature of the Arctic
lower stratosphere in March (Tmin) and the amplitude of the planetary wave with zonal number
1 (PW1) in February were calculated. Tmin determines the conditions for the formation of polar
stratospheric clouds (PSCs) following the chemical destruction of the ozone layer. The NCEP and
ERADS reanalysis data and the modern and future climate simulations of the Earth system models
INM CM5 and SOCOLv4 were employed. It is shown that the maximum significant CC value
between Tmin at 70 hPa in the polar region in March and the amplitude of the PW1 in February
in the reanalysis data in the lower stratosphere is 0.67 at the pressure level of 200 hPa. The CCs
calculated using the model data are characterized by maximum values of ~0.5, also near the same
pressure level. Thus, it is demonstrated that the change in the planetary wave activity in the lower
extratropical stratosphere in February can be one of the predictors of the Tmin. For further analysis of
the dynamic structure in the lower stratosphere, composites of 10 seasons with the lowest and highest
Tmin of the Arctic lower stratosphere in March were assembled. For these composites, differences
in the vertical distribution and total ozone content, surface temperature, and residual meridional
circulation (RMC) were considered, and features of the spatial distribution of wave activity fluxes
were investigated. The obtained results may be useful for the development of forecasting of the
Arctic winter stratosphere circulation, especially for the late winter season, when substantial ozone
depletion occurs in some years.

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

1. Introduction

Investigation of mechanisms of interannual and intraseasonal variability of the Arctic
winter stratosphere, which determines the state of the ozone layer and affects the tropo-
spheric circulation, still stays relevant due to the high variability of the stratospheric polar
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vortex, which depends on wave activity propagating from the troposphere, its nonlin-
ear interaction with the stratospheric circulation, and the stratosphere’s own oscillations
(e.g., [1,2]). In addition, some external factors, such as QBO, El Nifio/Southern Oscillation,
and Madden—Julian Oscillation, in some winter seasons can influence the propagation of
wave activity flows and, therefore, the circulation of the Arctic stratosphere.

Despite numerous studies in recent decades, the interannual and intraseasonal vari-
ability of the Arctic winter stratosphere remains poorly understood, which does not allow
for its long-term forecast. In this regard, it is of interest to determine the dynamic processes—
predictors that can be useful for developing forecasts of the Arctic winter stratosphere
circulation, especially for the end of the winter season, when ozone destruction reaches no-
ticeable magnitude during some years with exceptionally cold and persistent polar vortex.

One such predictor of the minimum temperature of the Arctic lower stratosphere in
March, as shown in this paper, is the change in the wave activity of planetary waves in the
lower extratropical stratosphere in February.

The stratospheric polar vortex is formed at the beginning of the polar night in autumn
and often weakened as a result of sudden stratospheric warming (SSW) events [3]—the
clearest example of the dynamic interaction of the troposphere—stratosphere and the upper
atmosphere. As a result of SSW events, the temperature of the polar stratosphere can
increase by 20-30° in a few days, and the zonal mean wind velocity can decrease from
~50-60 m/s to nearby zero values or, in the case of the major SSW, a reversal of zonal wind
direction is observed.

The formation of SSWs is mainly associated with the nonlinear interaction of planetary
waves propagating from the troposphere with the zonal circulation of the stratosphere [3,4].
Additionally, internal oscillations of stratosphere and gravity waves can also contribute to
the SSW occurrence (e.g., [1,5,6]).

On average, the major SSWs are observed in the Arctic twice every three years [7].
Due to the high intraseasonal and interannual variability of dynamic processes in the
stratosphere, SSW forecasting is still limited to 1-2 weeks [8-10], with rare exceptions, such
as “New Year’s” major SSW in 2019, predicted by many participating in the sub-seasonal
to seasonal project (S2S) forecast models more than 18 days in advance [11].

However, in some years, SSWs either do not occur or are observed at the beginning of
the winter season, followed by the strengthening of the stratospheric polar vortex and a
decrease in the stratospheric temperature. Then, in the late winter season and the end of
the polar night in the lower Arctic stratosphere, activation of ozone-depleting compounds
and severe destruction of the ozone layer is possible, as, for example, in 2011 and especially
in 2020 (e.g., [12-15]). The destruction of the ozone layer in some days of the spring of 2020
in the lower polar stratosphere reached up to 90% [16]. This leads to a strong increase in
UV radiation levels at the surface [17].

Notably, reduced ozone content and, as a consequence, increased levels of UV radiation
can persist in the middle and high latitudes of the Northern Hemisphere until the summer
months [18]. In addition to affecting surface UV radiation, significant destruction of the
ozone layer in the Arctic can lead to the formation of surface climate anomalies [19],
corresponding to the positive phase of the Arctic Oscillation [13,20].

Despite the expected reduction in the content of ozone-depleting compounds in the
atmosphere as a result of the Montreal Protocol, the model simulations show, in the second
half of the 21st century, a possibility of the formation in some years of conditions for severe
destruction of the ozone layer in the Arctic, comparable to those observed in the spring
of 2011 and 2020, which can be associated with the decrease in stratosphere temperature
caused by greenhouse gases concentration growth [21-23].

To trigger the chemical destruction of the ozone layer in the lower polar stratosphere,
temperatures below about 195 K are required, at which a formation of polar stratospheric
clouds (PSCs) type 1 occurs. This temperature threshold depends on nitric acid and water
concentrations, which is particularly important due to possible chemical composition
changes in the coming decades (e.g., [23]).
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It is necessary that such low temperatures and, consequently, a sufficient volume of
PSC remain in March, when after the polar night solar rays begin to penetrate the Arctic
stratosphere, leading to the chemical ozone destruction.

The temperature of the Arctic lower stratosphere in early March is determined by the
zonal mean meridional heat flux in January-February [24]. The correlation between zonal
mean heat flux in January—February and the temperature of the lower Arctic stratosphere
in March is often used for validating the polar stratosphere dynamics calculations of
atmospheric general circulation models (e.g., [25]).

The temperature of the polar stratosphere is directly influenced by the planetary
wave activity: its increase, for example, can weaken the stratospheric polar vortex through
Eliassen—Palm divergence and contribute to heating the polar stratosphere through merid-
ional heat fluxes. In addition to this direct influence, the temperature also depends on the
associated wave activity residual meridional circulation (RMC): intensification of the RMC
descending branch in the polar region can cause an adiabatic temperature increase [26].

The present study aimed to find predictors of minimum temperature in the spring
lower stratosphere leading to strong ozone depletion; for this purpose, the relationship
between the temperature of the Arctic lower stratosphere in March and the dynamics of
atmospheric planetary wave activity in the preceding January—February is investigated.

2. Data and Methods

Monthly mean National Centers for Environmental Prediction (NCEP) reanalysis
data [27] over the period from 1948 to 2024 with the upper boundary at the pressure level
10 hPa (~30 km) and ERAS5 reanalysis data [28] from 1979 to 2023 with the upper boundary
at 1 hPa (~48 km) were used to analyze interannual variability of large-scale dynamical
processes in the Arctic winter stratosphere. To calculate residual meridional circulation
(RMC) in the troposphere—stratosphere, the MERRA-2 reanalysis data [29] with the highest
level at 0.05 hPa (~65 km) were employed. As it was shown, the modern reanalyses,
including those mentioned above, consistently describe large-scale dynamic processes
leading to the formation of SSWs and, consequently, to changes in the circulation and
temperature of the stratosphere, as well as the SSW influence on the troposphere [30].

Also, the following data of model simulations were analyzed: five ensemble calcula-
tions of the modern climate of the Earth system INM CM5 model [31] from 1960 to 2015,
simulations of the future climate under the moderate (SSP2-4.5) and severe (SSP5-8.5)
scenarios of greenhouse gases (GHGs) growth of the same model [32], and three ensemble
simulations of the Earth system model SOCOLv4 [33,34] from 2015 to 2100, also under the
same moderate and severe GHGs growth scenarios.

The concentration of carbon dioxide (CO,) will increase to ~600 ppm and radiative
forcing by about 4.5 W/m? compared to the pre-industrial climate (before 1750) under the
SSP2-4.5 scenario by the end of the 21st century [35]. Under the SSP5-8.5 scenario, CO,
concentration increases four times to 1135 ppm and radiative forcing by about 8.5 W/m?.
The global mean surface temperature is expected to rise by about 3 °C and 5 °C at around
2100 under these scenarios, respectively [36].

To analyze planetary wave activity changes in the extratropical boreal stratosphere, the
amplitudes of planetary waves with zonal wave numbers from 1 to 3 (PW1-3 thereafter),
zonal mean meridional heat flux, and three-dimensional Plumb flux vectors characterizing
the wave activity propagation [37] were calculated. The 3D planetary wave activity flux by
Plumb, in comparison with conventional two-dimensional Eliassen—Palm (EP) flux, can
provide more regionalized information on stratosphere—troposphere dynamical interactions
and peculiarities of wave activity propagation (e.g., [38,39]).

To study cause and effect relationships between the wave activity in February and
temperature variations in the Arctic lower stratosphere in March, the correlation between
these parameters (PW1 amplitude averaged over 45-75° N in the range of pressure levels
from 700 hPa to 10 hPa and Tmin between 70° N and 90° N at 70 hPa) was calculated
using the modeling and reanalysis data. For the pressure level of 200 hPa, at which the
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highest correlation coefficients (CCs) were found, a scatter diagram was constructed for
the period from 1979 to 2024, and the seasons with the lowest and highest Tmin of the
Arctic lower stratosphere in March and, accordingly, the maximum and minimum PW1
amplitudes in February were selected. To analyze the dynamics of the Arctic stratosphere,
two composites were assembled, consisting of 10 “warm” and “cold” seasons following
the criterion described above.

To analyze the features of the interaction of atmospheric waves with the mean flow,
the residual meridional circulation (RMC) was calculated within the transformed Eulerian
mean framework (TEM) [40]. The definition and concept of the RMC were discussed in
detail by [41]. The meridional and vertical components of the RMC were calculated using
the following formulas [40]:

0 v
= _ = _ =19 vy
cTrTe az<p89/dz> @
e 1 9 [cospuv'd
v _w+ac05(p82< 00/dz > @

where the overbars denote zonal mean values; the primes indicate wave disturbances re-
solved on the spatial grid (deviations from the zonal mean values); v and w—meridional and
vertical wind; 6—potential temperature; z—vertical coordinate; p—density; p—Ilatitude; a
is the Earth’s radius.

The following parameters describing large-scale dynamical processes associated with
or capable of influencing the Arctic winter stratosphere variability were analyzed: quasi-
biennial oscillation of zonal wind in the tropical stratosphere (QBO), EI-Nino/Southern
Oscillation (ENSO), Arctic and North Atlantic Oscillations (AO, NAQO), the Madden-Julian
Oscillation (MJO). These data were obtained from the following sources: QBO -NASA
(Greenbelt, MD, USA) https:/ /acd-ext.gsfc.nasa.gov/Data_services/met/qbo/gbo.html,
accessed on 1 October 2024), ENSO (SOI index), AO and NAO indexes—NOAA'’s Cli-
mate prediction center (University Research Court College Park, MD, USA, https://www.
cpc.ncep.noaa.gov/data/indices/soi, https:/ /www.cpc.ncep.noaa.gov/products/precip /
CWlink/daily_ao_index/ao.shtml, https://www.ncei.noaa.gov/access/monitoring/nao/,
accessed on 1 October 2024), MJO phases — Bureau of Meteorology of the Government of
Australia (Melbourne, VIC, Australia http://www.bom.gov.au/climate/mjo/, accessed on
1 October 2024).

A statistical significance of planetary wave amplitudes and surface temperature differ-
ences between the “warm” and “cold” composites was estimated using the two-sample
Welch’s unequal variances ¢-test [42].

3. Results
3.1. Interannual Variability of Arctic Stratosphere in March

The interannual variability of the Arctic stratosphere in March is determined by wave
activity propagating from the troposphere, residual meridional circulation, as well as the
state of the stratospheric polar vortex (isolation, temperature, displacement from the pole),
which depends on the occurrence of the SSW events in January—February. Another factor is
radiative heating; when ozone depletion is strong, the polar stratosphere warming weakens
in comparison with years with weak ozone depletion.

The zonal mean and minimum temperature in the region of 70-90° N latitude are
often used as parameters for the interannual variability of the polar lower stratosphere in
March. (Tmin). The change in these parameters since 1948 at a pressure level of 70 hPa
(~18 km) is presented in Figure 1a.
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Figure 1. The zonal mean temperature averaged over 70-90° N and Tmin in March over 1948-2024
(NCEP-R) (black and green lines 1-2, respectively) (a); vertical profile of the correlation coefficient
between the amplitude of PW1 averaged over 45-75° N in the range of pressure levels from 700 hPa
to 10 hPa in February and Tmin at 70 hPa in the polar cap 70-90° N in March in the following
data sets: NCEP reanalysis data over the periods of 1948-2024, 1948-1978, 1979-2024, and ERA5
reanalysis (1979-2023) (b); INMCMS5 historical simulations (19652014, mean over experiments
HIST1-HIST5) under the SSP2-4.5 and SSP5-8.5 scenarios (2015-2100), ERAS reanalysis (1979-2023),
NCEP (1979-2024) reanalysis data, and SOCOLv4 simulations under SSP2-4.5 and SSP5-8.5 scenarios
(2015-2099, 3 ensembles mean) (c); INM CMS5 historical experiments HIST1-HIST5 and the mean for
the period of 1965-2014 (d).
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As expected, Tmin is several degrees lower than the zonal mean temperature, and
in some years, for example, in 2020, by almost 10 K. Hence, Tmin describes interannual
variability of the polar lower stratosphere better and, therefore, will be used further.

To study the relationship between wave activity in February and Tmin in the lower
Arctic stratosphere in March, the correlation between Tmin and the amplitude of PW1 was
assessed. At the first stage, such estimates were obtained for reanalysis data (Figure 1b).

It has been established that for the lower stratosphere, the highest value of the cor-
relation coefficient (CC) for the “satellite” period since 1979 is 0.67. Similar calculations
for the “pre-satellite” period from 1948 to 1978 showed that significant correlations were
not observed, although the vertical profile of the CC has a comparable appearance to the
“satellite” period, with a maximum in the lower stratosphere. When considering the whole
period (“pre-satellite” + “satellite”) from 1948 to 2024, the maximum CC value is ~0.45.

The explanation of why pre-satellite data, calculated mainly using radiosonde data,
do not reproduce the relationship between the amplitude of PW1 in February and Tmin in
March found for the satellite era is beyond the scope of this paper. On the one hand, for such
large-scale phenomena as SSWs and the associated dynamic interactions of the stratosphere
and troposphere, it is recommended to use pre-satellite reanalysis data (including NCEP)
since this significantly increases the analyzed interval and leads to a reduction in the
sampling uncertainty associated with the large interannual variability of stratospheric
dynamics [43]. On the other hand, a difference in the seasonal distribution of SSWs and
their amplitude was revealed when comparing the pre-satellite and satellite data [44].

Further, similar CC estimates for 1979-2024 based on the ERAS reanalysis data showed
perfect agreement with NCEP.

For calculations of future climate under the SSP2.4-5 and SSP5.8-5 scenarios of the
INM CMS5 for the period from 2015 to 2100, the maximum CC value was also found in the
lower stratosphere ~0.5 and ~0.6, respectively (Figure 1c). For simulations of the CCM
SOCOLvV4 under the same scenarios and averaging over three ensemble members, the
maximum CC is ~0.45. For historical calculations of the INM CM5 for the period from 1965
to 2014, the maximum value of the CC averaged over five ensemble simulations was also
found in the lower stratosphere and is ~0.5 (Figure 1d).

Thus, the maximum significant value of CC between Tmin at 70 hPa is in the region
70-90° N in March, and the amplitude of PW1 in February in the reanalysis data was
revealed in the lower stratosphere around 200 hPa: in this case, CC is ~0.7, and in the
simulations of the INM CM5 and SOCOLv4 for the present and future climate ~0.5.

The maximum CC value between the amplitude of PW1 in January and Tmin at 70 hPa
in March does not exceed 0.25. Also, a relationship was not found between the amplitude
of PW2 from the troposphere to the middle stratosphere in February and Tmin at 70 hPa in
March: the values of the CC range from —0.16 to —0.27 from 1948 through 2024 and —0.1
to —0.29 from 1979 through 2024. Calculations using ERA5 reanalysis data showed that the
CC values between the amplitude of PW1 in February and Tmin at 70 hPa in March for the
upper stratosphere levels (5, 3, and 1 hPa) are approximately —0.1.

Further, for the pressure level of 200 hPa, at which the largest CC was revealed, a
scatter diagram was constructed for the period from 1979 to 2024. As expected, the seasons
with the lowest Tmin in March and the smallest PW1 amplitude in February (Figure 2, the
lower left corner) include the winters of 1997, 2011, and 2020, when the Arctic experienced
the greatest ozone layer depletion due to the long persisted, stable, and cold stratospheric
polar vortex with a significant volume of air masses with conditions sufficient for the
formation of a PSC. In turn, seasons with the highest Tmin of the polar lower stratosphere
in March and the largest amplitude of PW1 (Figure 2, the upper right corner) include
seasons with strong major SSW events, e.g., in January 2009 [45] and 2013 [46].
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Figure 2. Scatter diagram of PW1 amplitude in geopotential meters (gpm) at 200 hPa averaged over
45-75° N in February and Tmin in the polar cap 70-90° N at 70 hPa in March from 1979 to 2024 (years
are marked by black squares). Selected in the next section for cold and warm composites 10 years
with the lowest and highest Tmin in March are marked by blue and red colors, respectively.

3.2. Composite Analysis

To analyze further the features of the dynamics of the Arctic stratosphere, two com-
posites were compiled, consisting of 10 seasons with the lowest and highest Tmin of the
lower Arctic stratosphere in March and, accordingly, the maximum and minimum values
of the PW1 amplitude in February.

The “warm” composite was assembled of the following winter seasons: 1983, 1984,
1987, 1999, 2001, 2004, 2006, 2009, 2012, and 2013; and the “cold” one: 1982, 1990, 1994, 1995,
1997, 2000, 2003, 2011, 2020, and 2022. The “cold” composite included seasons with Tmin of
the Arctic lower stratosphere in March of 194-196 K (1997, 2010, and 2020) and, as a conse-
quence, with maximum destruction of the ozone layer, characterized by underestimated
values of the PW1 amplitude in February in the lower stratosphere (Figure 2).

The average Tmin of the lower polar stratosphere for the “warm” and “cold” compos-
ites in March for the entire period is ~213 K and ~200 K, respectively, and the amplitude
of PW1 in February is ~158 gpm and ~38 gpm (i.e., in “warm” winters are around four
times stronger).

3.2.1. External Climate Factors

The obtained “warm” and “cold” composites are, on average, not dominated by any of
the major external climate phenomena capable of influencing the Arctic winter stratosphere:
the quasi-biennial oscillation cycle of the tropical stratospheric zonal wind (QBO), El
Nifio/Southern Oscillation (ENSO), and Madden—Julian Oscillation (Tables 1 and 2). For
instance, in “warm” February months, two western, three eastern, and five intermediate
QBO phases, five El Nifio, and two La Nina events were observed (indicated as 2W, 3E,
5WE, 5El, and 2La, respectively, in Table 1), whereas in “cold” months, there were five
western, three eastern, and two intermediate QBO phases and four El Nifio and two La
Nina events (bW, 3E, 2WE, 4E], and 2La in Table 2).

The analysis of the dominant circulation mode of the extratropical tropo-stratosphere—
Arctic Oscillation (AO)—showed that the “warm” composite is characterized, on average,
by a negative AO phase, and the “cold” composite by a positive one, which is consistent
with the previously obtained results indicating that seasons with a weakened stratospheric
polar vortex (i.e., “warm”) correspond to a negative AO phase (higher pressure in the
polar region, weakened zonal circulation), while seasons with a strong and stable vortex

“cold”) correspond to a positive AO phase (low pressure in the polar region, strong zonal
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circulation). Analysis of the main circulation mode of the North Atlantic troposphere
(North Atlantic Oscillation, NAO) for February and March showed that for the “warm”
composite, the average value of the corresponding index is close to zero. For the “cold”
composite, the average value of the NAO index is approximately —1, i.e., in the polar
latitudes of the Atlantic, the pressure is higher than in the subtropics. In general, the “cold”
composite is characterized by a positive phase of both the AO and NAO, while the “warm”
composite is characterized by a negative phase of the AO but a neutral phase of the NAO.
In the “warm” composite, the eight major SSW events were observed in January—February,
and two minor SSWs. The average SSW date is 30 January.

Table 1. Warm composite: QBO phases, ENSO and MJO indexes in February, AO, NAO indexes for
February and March, and SSW dates.

WARM 1983 1984 1987 1999 2001 2004 2006 2009 2012 2013 In Total
QBO w W/E W/E W/E W/E E E w W/E E 2W 3E 5WE
ENSO ~6.0 14 21 16 28 20 0.2 3.1 0.8 04 5EI2La~03
MJO 4 37 6.6 6 5.5 55 5.4 5.1 41 34 49
AO Feb 18 03 14 0.5 ~06 15 ~01 ~06 0 1 ~07
AO Mar ~05 16 17 15 17 03 16 0.1 1 31 ]
NAO Feb 053 0.72 ~0.73 0.29 0.45 014 051 0.06 0.42 —045 —0.04
NAO Mar 0.95 ~037 0.14 0.23 “126 1.02 128 0.57 127 16l ~0.03
SSW,Day 2227 212 23.01 2602 2 5.01 21.01 24.01 15.01* 6.01 30.01

*~minor SSW event.

Table 2. Cold composite: QBO phases, ENSO (SOI index), and MJO indexes for February, AO, and
NAO for February and March.

COLD 1982 1990 1994 1995 1997 2000 2003 2011 2020 2022 In Total

QBO E E wow E wWoow W wW/E W/E O0RE

ENSO 04 30 04 02 29 27 —11 45 —01 18 4FEl2la

MJO 6 36 41 31 41 37 42 57 56 3.1 43
AO Feb 09 34 08 14 19 1 01 15 34 15 14
AOMar 1 29 18 04 1 —04 09 14 26 03 11

3.2.2. Comparison of the Wave Activity

The main difference between the “warm” and “cold” composites in the upper troposphere—
lower stratosphere is the increased pressure over the North Atlantic, peaking eastward of
southern Greenland, and low pressure over Northeastern Eurasia and the northern Pacific
(Figure 3).

To check the stability of the revealed results, the similar difference between composites
of seven and thirteen “warm” and “cold” seasons was calculated. For a composite of
13 seasons, 2010 (minor SSW 24.01), 2023 (major SSW 16.02), and 2024 (major SSW 16.01
and minor SSW 16.02) were added as “warm”, and as “cold”, 1986, 1991, and 2014 were
added. The main difference between these additional composites in the upper troposphere—
lower stratosphere is still the increased pressure over the northeast Atlantic (Supplementary
Figure S1).

The greatest difference in PW1 amplitude values in February between the “warm” and
“cold” composites is observed in the upper troposphere-lower stratosphere near 200 hPa
in the region of 50-60° N and is ~150 gpm. At the same time, the amplitude of PW2 in the
“warm” composite is weaker compared to the “cold” composite: the greatest difference
reaches 10 hPa in the region of 60-70° N and is up to —270 gpm (Figure 4).
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Figure 3. Altitude-longitude cross-section of geopotential height difference (gpm) in the latitudinal
belt 45-75° N (a); polar projections at the pressure levels 200 hPa (b) and 500 hPa (c) in February
between “warm” and “cold” composites. The regions with significance at the 95% level for positive
or negative changes are marked by gray dots.

The difference between the amplitude of PW3 between the “warm” and “cold” com-
posites in February in the lower stratosphere does not exceed 10 gpm.

A comparison of the zonal mean heat flux between the composites in February shows
that the “warm” seasons are characterized by larger values in the lower and middle
stratosphere in the region of 50-80° N (Figure 5a,b). The difference increases with height and
is up to ~20 K m/s near the pressure level of 10 hPa and 60-70° N (Figure 5c). During the
“cold” seasons in the lower stratosphere in the region of 70-80° N, a downward propagation
of wave activity into the troposphere was observed (Figure 5b). When averaging over the
region 45-75° N, the heat flux in “warm” seasons is ~1.5-2 times greater than in “cold”
seasons in the lower and middle stratosphere.

Using the calculated Plumb vectors, it was established that in the “warm” seasons,
compared to the “cold” ones, an increased upward propagation of wave activity fluxes
in the upper troposphere-lower stratosphere, with a maximum in the region of 60-70° N
observed in February (Figure 6a—c). Note that the greatest influence on the formation of
most SSWs is precisely the increase in wave activity in the stratosphere and the region
above the tropopause (i.e., the lowest stratosphere) [47].

Accordingly, the speed of the zonal mean wind in “warm” seasons is significantly less
(by 25-30 m/s at altitudes of 30-10 hPa) than in cold seasons. At polar latitudes near 70° N
in the upper troposphere-lower stratosphere, a reflection of wave activity occurs in the
“cold” seasons.

The longitudinal distribution of geopotential height and wave activity propagation
(longitudinal and vertical components Fx, Fz) for the region 45-75° N for “warm” and
“cold” composites is illustrated in Figure 6d,e. Two regions of enhanced upward wave activ-
ity propagation from the troposphere to the lower stratosphere are seen: over Northeastern
Eurasia (~90-180° E) and North Atlantic (~50° W to Greenwich meridian) (Figure 6d).
“Cold” composite is characterized by similar propagation only over Northeastern Eura-
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sia (Figure 6e). The difference between composites shows two main points. Firstly, the
downward propagation of wave activity is observed in the upper troposphere-lower strato-
sphere over northern North America near 90° W (Figure 6f). Secondly, the strongest vertical
propagation of wave activity (Fz component) is observed in the “warm” seasons in the
upper troposphere-lower stratosphere in the high-pressure region over the North Atlantic
(~50-30° W). A similar increase in the Fz component in the same longitude range is ob-
served when averaging over the region 55-75° N and 60-80° N (Supplementary Figure S2).

Figure 4. Altitude-latitudinal cross-section of PW1 amplitude (gpm) in February for “warm” and “cold”
composites and the difference between them ((a—c) respectively). The same but for PW2 (d-f). The
regions with significance at the 95% level for positive or negative changes are marked by gray dots.

’

Figure 5. Altitude-latitudinal cross-sections of zonal mean heat flux (K m/s) in February for “warm”
and “cold” composites (a,b) and the difference between them (c). The regions with significance at the
95% level for positive or negative changes are marked by gray dots.

The greatest vertical propagation of wave activity (characterized by the Fz component)
in “warm” and “cold” seasons is observed over the northeast of Northeastern Eurasia and
the north Pacific Ocean (Figure 7a,b), which is consistent with previously obtained results
(e.g., [38,39,48]). In the “warm” seasons, a second extensive area of this propagation is
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observed over the North Atlantic and Scandinavia. Downward propagation (or reflection)
of wave activity into the troposphere (area of negative Fz values) is observed over northern
Canada, and in the “cold” seasons, this propagation is stronger and is consistent with
Figure 6b.

Figure 6. Altitude-latitudinal cross-sections of Plumb fluxes (Fy, Fz components, vectors) (m?/s?) and
zonal mean wind (m/s, contours) in February of “warm” and “cold” composites and the difference
between them (a—c). Altitude-longitudinal cross-sections of Plumb fluxes (Fx, Fz components, vectors)
and geopotential height (contours) for “warm” and “cold” composites averaged over 45-75° N (d,e)
and the difference between them for geopotential height and Fz (f). Fz is multiplied by 100. The
area with the strongest upward propagation of wave activity fluxes from the troposphere to the
stratosphere is highlighted by a purple oval (f).

In the “warm” seasons, in comparison to the “cold” ones, an enhanced upward wave
activity propagation is observed in the lower stratosphere over the North Atlantic and
northern Canada, as well as over the northeast of Northern Eurasia (Figure 7c). In the
middle stratosphere at a pressure level of 30 hPa, such enhanced propagation is observed
in the “warm” seasons only over the North Atlantic and northern Canada (Figure 7d).

3.2.3. Polar Lower Stratosphere Temperature and Ozone Comparison

The greatest difference in the temperature of the lower Arctic stratosphere at a pres-
sure level of 70 hPa between the “warm” and “cold” composites is up to 12 K in March
(Figure 8a). This difference is related to the difference in the strength of ozone layer de-
struction (higher temperature => less PSC = > weak ozone destruction).

In the lower stratosphere, where the greatest ozone depletion occurs, the difference in
ozone mixing ratio in the polar region at 70 hPa is up to 2:10~® or up to ~30% (Figure 8b).
The difference between the composites in the degree of ozone destruction in the lower
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stratosphere in March is also manifested in the total ozone content, which reached up to
100 Dobson units or ~20% (Figure 8c).

Figure 7. Vertical Plumb fluxes Fz component of “warm” and “cold” composites in February at the
pressure level of 100 hPa (a,b). Difference of Fz (m?2/s%) in February between “warm” and “cold”
composites at 100 hPa (c) and 30 hPa (d).

Figure 8. Temperature difference (K) (a) and ozone concentration at 70 hPa (%) (a,b) and total ozone
content (%) in March between “warm” and “cold” composites (b,c).

Note that, in addition to chemical destruction, the total ozone content in the polar
region is also affected by horizontal advection (when the stratospheric polar vortex weakens,
ozone-rich air masses penetrate the polar region from lower latitudes) and subsidence
associated with meridional circulation (downward transport). This is important as far as a
significant correlation was identified between total ozone anomalies in the Arctic in March
with surface temperature anomalies in central Russia, southern Asia, and northern North
America in April using the results of observational analysis and ensemble simulations of
the CESM1 chemical-climate model [49].
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3.2.4. Surface Temperature Comparison

A comparison of surface temperatures between the composites shows that in the
“warm” seasons, the temperature of almost all of Northern Eurasia and Alaska in February-
March is about 1-3 K lower than in the “cold” seasons (Figure 9a,b).

Figure 9. Temperature difference between “warm” and “cold” composites at 1000 hPa in February
(a), March (b), April (c), and May (d). The regions with significance at the 95% level for positive or
negative changes are marked by gray dots.

Higher temperatures on 1-3 K are also observed over the northern and northeastern
parts of North America—the northwest Atlantic. In April, the difference between the
composites is also characterized by positive values of up to 3 K over northern North
America and negative values of up to —5 K over the center and east of Northern Eurasia
(Figure 9c).

Note that the greatest correlation between anomalies of the surface temperature in the
center of northern Russia (Northern Eurasia) in April and the total ozone content anomalies
in March was revealed by [48].

In May, the area with negative temperature difference in the north of Russia remains
but with a decrease in area and values to ~1-2 K (Figure 9d). In the north of North America,
the area of positive values decreases sharply. Throughout the polar region, the area with
significant differences is also sharply decreasing.

The obtained spatial distribution of the difference in surface temperature between
the “warm” and “cold” composites corresponds to the one identified early in ensemble
simulations with the WACCM4 climate model, taking into account seasons with greatly
reduced ozone content in the Arctic stratosphere [19].
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3.2.5. RMC Difference Between “Warm” and “Cold” Seasons

Latitude-altitude distributions of the RMC and temperature in February for the
“warm” and “cold” composites, as well as changes in the corresponding quantities, are
shown in the upper panels of Figure 10a—c. As described above, SSWs were detected
in the “warm” seasons, which reflect the temperature change in Figure 10c in the polar
region. Northward from 55° N, the temperature is higher, and the maximum change is
shown at the pressure levels of 100-50 hPa and reaches 15°. This heating is accompanied
by an increase in the descending branch of the RMC: the arrows of the RMC increments
are directed downwards (Figure 10c). In the mid-latitude stratosphere (between 20° N
and 50° N), cooling is observed, which can be explained by an increase in the meridional
transport of cold air masses from the equatorial stratosphere in the “warm” seasons. To
explain the RMC variations, the lower panels of Figure 10d—f show the distributions of the
RMC eddy components generated by waves (the second, “eddy” terms in the right-hand
sides of Equations (1) and (2)). If we consider the distributions of these components in
the “warm” and “cold” seasons (Figure 10d,e) and the differences between these values
(Figure 10f), it is obvious that northward of 40° N in the stratosphere, there is a significant
increase in the RMC eddy component caused by the increase in wave activity in the “warm”
seasons discussed above. It is this increase in the RMC eddy circulation that plays a crucial
role in the strengthening of the descending branch of the RMC, which contributes to the
heating of the polar region due to adiabatic processes associated with vertical movements
of air parcels.

Figure 10. Altitude-latitude distribution of temperature (K, contours) and the RMC components
(m/s, arrows) for “warm” and “cold” composites ((a,b), respectively); the eddy term of the RMC
(m/s, arrows) and its vertical component (contours) for the “warm” and “cold” composites ((d,e),
respectively); the differences in the corresponding values are shown in panels (c,f). The vertical
components are multiplied by 200.
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4. Discussion and Conclusions

The present study is dedicated to researching dynamic processes in the winter Arctic
related to cooling the lower stratosphere in spring, leading to strong ozone depletion.

For this purpose, the relationship between the temperature of the Arctic lower strato-
sphere in March and the dynamics of atmospheric planetary wave activity in the preceding
period is analyzed. It was shown that correlation coefficients (CCs) between the amplitude
of PW1 in February and the temperature of the lower polar stratosphere for the satellite
period (1979-2024), calculated using the NCEP and ERAS5 reanalysis data, are significant
and agree well between these data sets. The maximum value of the CC (~0.7) between the
minimum temperature (I'min) at 70 hPa in the polar region in March and the amplitude
of PW1 in February in the reanalysis data was revealed in the lower stratosphere at an
isobaric level of 200 hPa. Thus, the amplitude of PW1 in the lower stratosphere in February
can be considered as a predictor of Tmin of the Arctic lower stratosphere in March and,
consequently, the state of the ozone layer.

To confirm the revealed trends in the relationship between temperature in March
and wave activity in February, as well as to increase the studied samples, we used the
data from the Earth system models of INMCM5 and SOCOLv4 simulations. The vertical
profiles of the CC calculated using the model data display slightly underestimated values
in the upper troposphere-lower stratosphere (~0.5) compared to the ones calculated using
the reanalysis data, but the general structure of the CC profiles with a maximum nearby
200 hPa is preserved for all simulations.

Further, 10 seasons with the lowest and highest Tmin of the Arctic lower stratosphere
in March from 1979 to 2024 were selected to compose “cold” and “warm” composites. The
“cold” composite includes, in particular, the seasons of 2011 and 2020 with the largest ozone
destruction, whereas the “warm” one includes the seasons with the major SSWs. These
composites are not characterized by the dominance of the external climate phenomena
capable of influencing the Arctic winter stratosphere: QBO, ENSO, and MJO.

The main conclusions from the results of this analysis can be formulated as follows:

— “Warm” seasons are characterized by increased pressure over the North Atlantic in the
upper troposphere-lower stratosphere and decreased pressure over Northeastern Eurasia
and the north of the Pacific Ocean.

— This is accompanied in “warm” seasons by increased propagation of vertical fluxes of
wave activity in the lower stratosphere in February over the North Atlantic and Northeast-
ern Eurasia. A reflection of wave activity is observed during “cold” seasons near 70° N over
northern Canada in the region of ~120-90° W in the upper troposphere-lower stratosphere.
— In the lower stratosphere, the difference in the ozone mixing ratio in the polar region at
70 hPa between the “warm” and “cold” composites reaches 30%. The difference in the rate
of ozone destruction in March is also reflected in the total ozone content, which can reach
up to ~20%.

— In the “warm” seasons, in addition to the heating of the polar stratosphere in February,
an increase in the descending branch of the RMC is observed. The main part of this increase
is played by the wave activity amplification, leading to the acceleration of the induced by
waves eddy components of the RMC.

— In April, the difference between the composites is characterized by positive values of
surface temperature up to ~3° K over the American Arctic and negative values up to —5° K
over central and eastern Northern Eurasia, in the region where the highest correlation
between surface temperature anomalies in April and total ozone content in March was
previously found (Stone et al., 2019).

Thus, the strengthening of PW1 in the lower stratosphere and its further upward prop-
agation in February leads to an increase in the temperature of the lower polar stratosphere
in March due to the weakening of the polar vortex. In addition, the increase in wave activity
determines the strengthening of the eddy RMC component, which causes an increase in
descending flows; this also leads to an increase in polar stratospheric temperature. In the
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future, additional model experiments are required to clarify the features of the interaction
of waves with stratospheric circulation, including nonlinear processes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos15101237/s1, Figure S1. Altitude-longitude cross-section
of geopotential height difference (gpm) in the latitudinal belt 45-75° N (a); polar projections at the
pressure levels 200 hPa (b) and 500 hPa (c) in February between “warm” and “cold” composites
of seven and thirteen winters (a, b, respectively). Figure S2. Altitude-longitudinal cross-section of
difference between geopotential height (contours) and vertical component Fz (vectors) averaged over
55-75° N and 60-80° N of “warm” and “cold” composites (a,b). Fz is multiplied by 100.
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