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Antarctic planetary wave spectrum under different
polar vortex conditions in 2019 and 2020 based on total
ozone column data

Abstract. We examine the zonal wavenumber spectrum of planetary (Rossby) waves in the atmosphere above Antarctica in each
of two contrasting years: in 2019, when there was a sudden stratospheric warming (SSW), and in 2020 when the Antarctic strat-
ospheric vortex was unusually strong and long-lived. The ozone hole (OH) is developed over Antarctica in spring, and its state de-
pends on disturbances of the stratospheric polar vortex by planetary waves (PW). Our analysis uses data on the distribution of the
total ozone column from the Ozone Monitoring Instrument on the Aura satellite and ground-based measurements from the
Dobson spectrophotometer at the Ukrainian Antarctic Akademik Vernadsky station in Antarctica. The 2019 SSW strongly dis-
placed the Antarctic vortex off-pole and aided the breakdown of the ozone hole. The SSW occurred during the peak activity of
quasi-stationary planetary wave-1, which was enhanced at the time of the warming by the large amplitude of traveling wave-2.
In the spring of 2020, the stratospheric polar vortex was relatively undisturbed, allowing the OH area to attain a size close to its
historical maximum. A factor in 2020 that aided the stability of the vortex was the relatively small amplitude of wave-1. The
stability was maintained despite regular periods when the amplitude of traveling wave-2 attained or even exceeded values around
the time of the SSW in 2019. We find that a factor contributing to the differences between the wave effects in the two years is the
dynamics of the quasi-stationary wave-1. Anticorrelation of the wave-1 and wave-2 amplitudes near the edge of the vortex was
clearly observed in 2020, which can be caused by the transfer of planetary wave energy between different spectral wave compo-
nents, unlike the situation in 2019.
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1 Introduction

Sudden stratospheric warmings (SSWs) represent a
large, short-lived dynamical change in the stratospher-
ic polar vortex, where the circulation is disrupted by
the breaking of large-scale atmospheric waves (Butler

et al., 2017; Baldwin et al., 2021). SSWs occur ap-
proximately every second winter in the Arctic (Charl-
ton & Polvani, 2007; Butler & Gerber, 2018; Baldwin
et al., 2021), but they are much less frequent in the
Antarctic (Butler et al., 2017; Yamazaki et al., 2020;
Smale et al., 2021). The best-known Antarctic SSW is
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that of September 2002, which is the only major warm-
ing to have occurred in the Southern Hemisphere
(SH). This event resulted in a significant reduction in
the size of the ozone hole (OH) that year (Varotsos,
2002; 2003; Allen et al., 2003) and was classed as a
major warming as it satisfied the criterion of causing
the reversal of the zonal wind from westerly to east-
erly at 10 hPa and latitude 60° (Baldwin et al., 2021).
Significant minor Antarctic stratospheric warmings
occurred in September 1988 (Kanzawa & Kawaguchi,
1990) and September 2019 (Yamazaki et al., 2020;
Milinevsky et al., 2020; Smale et al., 2021; Roy et al.,
2022). The warming in 2019 is particularly significant
because it came close to reversing the zonal wind at
10 hPa (Rao et al., 2020; Liu et al., 2022), and the
stratospheric disturbance has been shown to have sig-
nificant influences on the Quasi-Biennial Oscillation
(QBO) (Anstey et al., 2021) as well as the climate in
parts of the Southern Hemisphere, particularly Aus-
tralia (Lim et al., 2021; Klekociuk et al., 2022).

In contrast, the Antarctic stratospheric vortex is
relatively stable in some years and does not show
strong warmings. Examples include 2015 and 2020,
for which dynamical activity associated with plane-
tary (Rossby) waves was relatively weak (Klekociuk et
al., 2022). In both of these years, increased ozone de-
pletion associated with enhanced stratospheric acrosols
may have also contributed to the strengthening of the
vortex (Stone et al., 2021). Large-scale climate modes
are also known to play a role in the overall life-cycle of
the Antarctic stratospheric vortex. The QBO, in its
westerly phase, tends to produce a colder winter
Antarctic vortex because the poleward propagation of
planetary waves tends to be suppressed (Baldwin & Dun-
kerton, 1998). This favors a stronger and longer-lasting
vortex, which, as recently shown by Lecouffe et al.
(2022), is enhanced in years when the solar cycle is near
its maximum. Additionally, the La Nifia phase of the El
Nifio — Southern Oscillation (ENSO) tends to promote
a stronger vortex than in the El Nifio phase (Domeisen
et al., 2019), and this strengthening tends to be favored
during the minimum and maximum of the solar cycle
(Lecouffe et al., 2022; Tyrrell et al., 2022).

In 2019, ENSO was in a weak La Nifia phase (Kle-
kociuk et al., 2021), which would tend to favor a strong-

er winter vortex (Domeisen et al., 2019). Indeed,
some periods in winter showed below-average tem-
peratures in the lower stratosphere, but this situation
rapidly gave way to strong warming in spring (Kleko-
ciuk et al., 2021). However, while the temperature
anomalies in the Pacific Ocean included cool anom-
alies in the western Pacific reminiscent of the La Nifia
weather pattern, pronounced warming was apparent
in the central Pacific. This region, together with a
large warm anomaly in the western Indian Ocean as-
sociated with the strongly positive phases of the In-
dian Ocean Dipole, generated poleward propagating
wave trains, which appeared to strongly disturb the
vortex (Evtushevsky et al., 2019). Additionally, the
QBO was in an easterly phase which would also tend
to weaken the vortex (Baldwin & Dunkerton, 1998;
Klekociuk et al., 2021). On the contrary, in 2020, the
prevailing climate modes included a developing La
Nifia and a westerly QBO (Klekociuk et al., 2022).

In this work, we evaluate the SSW conditions’ im-
pact on the variations in the total ozone column and
compare the development of the OH in 2019 (an SSW
year) and 2020 (a strong vortex year). Considering these
particular years allows strongly contrasting dynami-
cal situations to be examined over an interval when the
photochemical conditions associated with the level
of ozone-depleting substances were fairly similar.

Section 2 describes the data and methods used in
the paper. The results of the analysis of the quasi-
stationary planetary wave structure and the planetary
wave spectrum with zonal numbers 1—5 are presented
in Section 3, followed by discussion and conclusions
in Section 4.

2 Data and methods

The planetary wave spectra are studied during the
sudden stratospheric warming in Antarctica in 2019
in comparison with 2020 non-SSW conditions using
data on the distribution of the total ozone column.
To characterize the total ozone column (TOC) distri-
bution, we use assimilated data from the Ozone Mo-
nitoring Instrument (OMI) on the Aura satellite, availa-
ble since 2004 (Levelt et al., 2018), providing close to
global coverage for each day (https://ozonewatch.gsfc.
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nasa.gov/data/omi/). These data have a spatial reso-
lution of 1° in latitude and 1° in longitude, which is
suitable for the goals of this paper. Measurements
with the Dobson spectrophotometer at the Ukrainian
Antarctic Akademik Vernadsky station (hereafter, Ver-
nadsky station; 65.3° S, 64.3° W) are also used (https://
legacy.bas.ac.uk/met/jds/ozone/index.html#data).
Planetary wave (PW) activity in the Antarctic spring
(September—November) is considered the main fac-
tor influencing the zonal ozone distribution. This ac-
tivity directly affects the dynamical state of the strat-
ospheric polar vortex, including the ozone hole (Zhang
& Zhou, 2017). Depending on the conditions in a
particular season, the stratospheric polar vortex breaks
down in late spring — early summer (usually from mid-
November to the second half of December), aided by
planetary wave activity (Butler & Domeisen, 2021).

We consider the latitude circle of 65° S and evalu-
ate the characteristics of planetary waves for zonal
wavenumbers 1—35 at this latitude. We use Fourier de-
composition of the zonal TOC distribution averaged
over September—November to obtain amplitudes of
the quasi-stationary waves (i.e., the amplitude of the
waves, which remain relatively fixed in longitude over
the averaging period). We use daily zonal data to ob-
tain wave amplitudes that generally reflect the
‘traveling’ (i.e., zonally propagating) wave compo-
nents (Grytsai, 2011; Grytsai et al., 2017). Amplitude
A, of a spectral component with zonal wave number
m is determined from the Fourier series,

f(n)= %OJr icmeirm ,
m=1

where

C, :%J. f(3)e™da,

A, =]

The justification for our particular latitude choice
is as follows. A commonly used threshold TOC value
to delineate the border of the ozone hole is 220 Dob-
son Units (DU). The area within this threshold,
which is a measure of the ozone hole’s size, attains its
largest value in the Antarctic region in mid-Septem-

ber — mid-October (Bodeker & Kremser, 2021). At
this time, its area typically exceeds that of the Antarc-
tic continent. Low TOC values are observed over the
surrounding ocean, sometimes covering the southern
part of South America. During most of the spring pe-
riod, the equatorward edge of the OH is located near
65° S (the latitude of Vernadsky station). The shape
of this edge depends on perturbation by PWs. Note
that in years of strong ozone depletion, the area of
the Antarctic ozone hole can approach 30 - 10 km?
(Bodeker & Kremser, 2021). The relationship be-
tween the area of the undisturbed ozone hole .S and
the limit latitude ¢ can be found in the equation for
the surface area of the spherical segment, including
the area around the south geographic pole:

-k |

n
2 ¢

where R is the Earth’s average radius (6371 km) and
A is longitude. An OH area of S = 23.9 - 10° km? gives
a limiting latitude for the undisturbed ozone hole of
@ = —65°. In the case of ¢ = —60°, the area of the
segment is S'= 34.2 - 10° km?, which exceeds the max-
imum observed area of the OH. At the same time, the
typical values of the ozone hole area are lower, being
in the range of 15—20 - 10° km? (they correspond to
the latitudes —70° and —67°, respectively) in Sep-
tember and October (Klekociuk et al., 2019). As the
OH is usually zonally asymmetric and displaced off-
pole towards South America (Dennison et al., 2017),
the examination of 65° S latitude allows a measure of
the asymmetry of the ozone hole by considering the
PW amplitude.

2n
Isinededx =2nR* (1+sin ¢),
0

3 Results

Edge region of the Antarctic ozone hole
in 2019 and 2020

Here we compare and contrast the development of
the Antarctic OH in 2019 and 2020. Differences be-
tween the features of the ozone hole (and hence the
polar vortex in the lower stratosphere) in the two years
can be seen in OMI assimilated data in Figure 1. The
smaller OH in 2019 compared with 2020 is readily
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Figure 1. Assimilated ozone fields from the OMI/Aura observations over the SH polar area in September—December 2019 and
2020; (a), (e) September monthly mean, (b)—(d) and (f)—(h) individual days in October—December (October 15; November
15 and December 20 in 2019 and 2020, respectively). Modified from ESA TEMIS data, https://www.temis.nl/protocols/

O3global.php. The white dot in (a) shows Vernadsky station location

apparent. In the September averages, the ozone hole
region in 2019 was displaced off-pole towards South
America (Fig. 1a), while in 2020, it was much more
symmetric with respect to the latitude circles (Fig.
le). Note also that the strong ozone ridge at sub-po-
lar latitudes in 2019 focused towards Australian lon-
gitudes, while this ridge was much weaker in 2020
and centered more towards the Indian Ocean sector.
The sequence of mid-month panels over October—
December for 2019 (Fig. 1b-d) and 2020 (Fig. 1f-h)
shows examples of the different behavior between the
two years. The most obvious is the shorter life of the
OH in 2019 compared with 2020. In 2019, the ozone
ridge around Antarctica was stronger and generally
showed more spatial variability over all months com-
pared with 2020. In 2020, the asymmetry of the vor-
tex was more apparent, which relates to the effects of
traveling wave-2, as we discuss that in relation to the
wave analysis in the following sections.

To demonstrate contrasts in the temporal variabil -
ity of the ozone hole edge region in the two years, we

34

show in Figure 2 the TOC longitudinal variations at
latitudes of 65° S and 60° S. In the figure, a thick
ozone column (i.e., a greater ozone concentration) is
shown in red, and a thin column by blue. The panels
for 2019 (Fig. 2a, c) show less temporal variability
than in 2020 (Fig. 2b, d), despite the SSW occurrence
in 2019 around day 25 on the vertical axis. Note that
for the area of maximum ozone column (the Austral-
ian—Pacific longitude sector, centered approximately
on 180° longitude), in 2019, TOC values were higher
and this area was much more extended along longi-
tudes than in 2020. In general, the quasi-stationary
wave with zonal number 1 (wave-1) structure is usual
for the SH and is observed in both years, showing one
longitudinal maximum and one minimum.

At 65° S, the minimum TOC in 2019 was about
200 DU, and in 2020 it was below 150 DU.The lon-
gitudinal distribution shows that the latitude of 65° S
during September and October (in 2019, Fig. 2a) or
during the whole spring (in 2020, Fig. 2b) is at the
edge of the ozone hole, where a significant part of the

ISSN 1727-7485. Ukrainian Antarctic Journal, 20(1), 2022, https.//doi.org/10.33275/1727-7485.1.2022.687



A. Grytsai, G. Milinevsky, Yu. Andrienko et al.: Antarctic planetary wave spectrum under different polar vortex conditions in 2019 and 2020

2019, 65° S

T

Day from 1 September
Total ozone, DU

0 - . -
—100 0
Longitude, °E
(a)

2019, 60° S

100

80F
60

40

Day from 1 September
Total ozone, DU

20

100
Longitude, °E
(©)

—100 0

2020, 65° S
80
8
o)
§ 60 =)
Q,‘ -
o [5)
wn =]
o
= 40 S
2 =
= 3
> =
g 2
0 100 0 100
Longitude, °E
(b)
2020,60°S
80 =
8
.; o)
5 60 a
40 f S
— o
> " =
g 20|

~100 0 00
Longitude, °E
(d)

Figure 2. Hovmoller diagram of longitudinal-time dependence of TOC (in DU) in September—November 2019 and 2020 at the
latitudes (a), (b) 65° S and (c), (d) 60° S, respectively; data are from https://ozonewatch.gsfc.nasa.gov. The white vertical line

shows the longitude of the Vernadsky station (64.3° W)

parallel is within the hole, and another significant
part is outside the hole. Note that in 2020, in addition to
the quasi-stationary PWs, there are noticeable traveling
waves shown in Figure 2 as inclined stripes (moving
westerly (towards the east) relative to the Earth’s sur-
face). Traveling PWs in the Southern Hemisphere,
unlike stationary ones, usually have a zonal wave num-
ber 2 (Randel, 1988). In 2020, traveling wave activity
occurred during most of the spring, but this did not
lead to a rapid weakening or, moreover, destruction
of the stratospheric polar vortex. One of the differ-
ences between 2020 and 2019 is that in 2020 low ozone
levels at the latitude of 65° S were sometimes observed
at typical longitudes of the maximum in 2019. At the

ISSN 1727-7485. Yxpaincokuii anmapxmuynuii scypuan, 2022, T. 20, Ne 1, https://doi.org/10.33275/1727-7485.1.2022.687

same time, the features of the OH in 2019 disap-
peared in early November, and in 2020 it continued
to exist until December 20. In 2020, as also followed
in 2021, the ozone hole had a large area with low
TOC values, and the duration of the OH was also
close to historically the longest (Stone et al., 2021).
Measurements at Vernadsky station (Fig. 3) pro-
vide a further illustration of the differences between
the years. In 2019, average daily TOC values (dashed
line) first became lower than the threshold for the
ozone hole (220 DU) on August 14 (214 DU, not
shown in Fig. 3). The seasonal minimum of 154 DU
was reached on September 3, and the OH disap-
peared unusually early. After September 20, OH con-
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Figure 3. TOC variations according to the measurements at the
Vernadsky station in September—December 2019 and 2020.
The ozone hole defined area with total ozone column values
of less than 220 DU is shown by the horizontal dotted line

ditions were not observed, although they have been
recorded in October and November from the 1980s
(Grytsai et al., 2018). On September 26, an unusu-
ally high TOC value of 411 DU was registered, fol-
lowed by a decrease to approximately 226 DU in late
October — early November, followed by a rapid re-
covery. These features are in good agreement with the
satellite observations presented in Figure 1.

For 2020, the start of ozone hole conditions at Ver-
nadsky station occurred on August 17 (217 DU, not
shown in Fig. 3). From mid-September through Oc-
tober, traveling planetary waves of zonal number 2 with
a ~7—8 days period occurred, which are also visible in
Figure 1b as regular variations having two zonal maxi-
ma. There was an increase in TOC over the site in late
October (around day 60 in Fig. 3), followed by a period
of OH conditions in November — this coincided with
the movement of the longitude of ozone minimum
seen in Figure 2b first eastward away from the site, and
then westward towards the end of the period shown.

We compared the zonal ozone distribution at the
two latitudes shown in Figure 2 to examine meridional
changes over the ~550 km displacement. Generally,
both years show similar TOC distributions at the edge
region of the OH 60° S. However, in Figure 2b, d, the
increase of TOC in the equatorward direction is par-

ticularly noticeable in 2020, where 150 DU values at
latitude 65° S (dark blue in Fig. 2b) are usual through-
out the spring, but at 60° S they are not observed (Fig.
2d). The characteristic level for the ozone hole in 2020
remained until the end of November, even at 65° S. In
2019, the OH conditions were more homogeneous in
both areas of zonal maximum and zonal minimum.

Quasi-stationary wave structure

This section describes the structure of the quasi-sta-
tionary wave obtained from averaging for the entire
Antarctic spring (September—November). The arith-
metic mean of all available daily values at every lon-
gitude was calculated from the OMI data. The results
of the averaging for 2019 and 2020 are shown in Fig-
ure 4, where we ascribe the zonal variation to mainly
arise from a stationary planetary wave pattern in the
lower stratosphere dominated by wave-1 (Grytsai et
al., 2008). Obviously, the TOC values in 2020 were
less than the corresponding values in 2019, indicating
a systematic difference in ozone concentrations at all
longitudes in these years. The average TOC along the
65° S parallel in 2019 was above the ozone hole
threshold. In the area of the maximum (near 180° E),
the average TOC for 2019 (410 DU) exceeded that
for 2020 (300 DU) by more than 100 DU. Note the
significantly weaker quasi-stationary structure in
2020: the amplitude difference (between maximum
and minimum) was less than 100 DU compared to
~160 DU in 2019. Another feature is the eastward
shift of the minimum in the TOC distribution be-
tween the two years: from ~30° W to ~20° E, a differ-
ence of 50°. Change in the longitude of the TOC
minimum has previously been described in terms of a
systematic eastward shift that occurred from the
1980s to the 2000s, during the overall growth of ozone
depletion (Grytsai et al., 2007a; 2007b; 2017; Ialongo
et al., 2012), and westward shifts in the particular
years of weak ozone holes of 1988 and 2002 (Grytsai
et al., 2008; 2017). Note that the difference in the
TOC averages between the two years was at a mini-
mum ~20 DU at 50° W, and at a maximum ~150 DU
were near 80° E, in the longitudinal sector of the In-
dian Ocean. The spring TOC values at Vernadsky sta-
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tion were consistent with the large-scale zonal shift
between the two years, showing a decrease of 30 DU
from 2019 (270 DU) to 2020 (240 DU).

We divided the spring OH duration into two periods,
September (the month in which stratospheric warming
developed in 2019, Fig. 5a) and the subsequent part of
the southern spring, October—November (Fig. 5b).
September 2019 showed the largest difference in the
zonal TOC structure from the overall spring average,
with a maximum of ~450 DU over 100—180° E and a
minimum of ~220 DU at 50° W longitude. The asym-
metry in 2020 was much weaker for September, with the
average TOC values differing only by ~30 DU. In the
October—November period, the asymmetry in TOC
values is usually moderate (compare the TOC variations
in Fig. 5b with the dashed curve in Fig. 5a), but the ab-
solute values for 2019 and 2020 differ by 50—70 DU at
any longitude. Wave-1 clearly dominates in all periods;
however, in September 2020, the overall zonal pattern
has a greater influence from traveling waves due to the
relatively short averaging period and the smaller quasi-
stationary wave-1 amplitude (Fig. 5a).

Spectral PW components with zonal
wave nhumbers 1—5

Spectral decomposition of the PWs in 2019 and 2020
was performed using Fourier analysis of the zonal
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Figure 4. Longitude dependence of TOC values at 65° S aver-
aged in September—November in 2019 and 2020. The arrow
shows the longitude of the Vernadsky station

TOC data (Grytsai, 2011). Clear differences in the
wave amplitudes at 65° S during spring in the two
years are seen in Figure 6. In 2019, wave-1 was most-
ly dominant over the other higher-order waves, ex-
cept for a few days around 25 September during the
SSW, when the amplitude of wave-1 decreased sharp-
ly from 130 DU to 60 DU, and the amplitude of
wave-2 briefly increased (Fig. 6a). In mid-November
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Figure 5. Longitude distribution of TOC values at latitude 65° S averaged during (a) September and (b) October—November in

2019 (dashed line) and 2020 (solid line)
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Figure 6. Amplitudes of PW with zonal wave numbers /—J5 in September—November (a) 2019 and (b) 2020 at latitude 65° S

(around day 70 in Fig. 6a), the amplitude of all spec-
tral components decreased significantly (to 20 DU or
less) during the breakdown of the polar vortex and
the ozone hole (see Fig. 1c, d). The amplitude of
wave-2, even at maximum, did not exceed 50 DU af-
ter mid-November.

The behavior of wave-1 and 2 was quite different in
2020 compared with 2019. During September, the
amplitude of wave-1 was below 60 DU, and during
the first three weeks of the month, it was generally
less than the amplitude of wave-2 (Fig. 6b). From
Figure 2, it follows that generally, wave-1 is mostly
stationary, while wave-2 is eastward traveling. De-
spite having relatively high amplitudes in 2020 com-
pared with 2019, wave-2 evidently did not contribute
to a weakening of the stratospheric polar vortex to the
extent observed in 2019 (Roy et al., 2022). In Octo-
ber—November 2020, the wave-1 and wave-2 ampli-
tudes alternately dominated and were still relatively
high at the end of November compared with the situ-
ation in 2019.

The average amplitudes of the spectral compo-
nents with different zonal numbers at 65° S are next
considered (Fig. 6). The wave amplitudes in TOC
values averaged in September—November 2019 (2020)
are 88 (64), 30 (52), 15 (20), 11 (14), and 8 (9) DU for
zonal wave numbers 1—5, respectively. Therefore, the

average wave-1 amplitude in the spring of 2019 was
significantly higher than in 2020, despite the sharp
decline in the second half of November. Additionally,
the amplitude of the wave-2 was almost twice as high
in 2020 and only slightly smaller than the amplitude
of wave-1. This feature, along with a decrease in the
wave-1 amplitude, indicates a more complex spectral
distribution of the waves in 2020, with a more promi-
nent role of waves 3 and 4 against the background of
wave- 1. Frequent periods of anticorrelation between
the amplitudes of wave-1 and -2 are seen in Figure
6a. The linear correlation coefficient between waves
1 and 2 is —0.59 + 0.24 in September 2019. For a
quasi-stationary wave (Fig. 4), the wave-1 compo-
nent dominates in 2019 and 2020. The amplitudes of
the stationary zonal wave 1—5 spectral components
for September—November 2019 (2020) were calcu-
lated from the averaged distributions presented in
Figure 4, being equal to 82 (44), 12 (6), 1.5 (3), 0.7
(0.7), and 0.4 (0.8) DU, respectively. This shows that
the activity of stationary wave-1 and wave-2 was sig-
nificantly higher in 2019 compared with 2020. Note
that the amplitude of stationary wave-1 in 2019 was
comparable to high values seen in the late Arctic win-
ter in some years, while the general level of stationary
waves 2—35 for the Antarctic was much smaller than
for the Arctic (see Fig. 5 of Zhang et al., 2022).
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To examine individual wave contributions to the
TOC variations, we calculated the relative amplitudes
of the PWs components with zonal numbers 1—35 for
September, October, and November 2019 and 2020
(Fig. 7).

In September 2019, the contribution of wave-1 was
almost equal to half the zonal average and generally
larger than in 2020 (compare Fig. 7a, b). During the
development of the SSW in the third week of Sep-
tember, the relative wave-1 contribution showed a brief
decrease but recovered and remained dominant until
the breakdown of the vortex in November (Fig. 7a, c,
e). The relative contribution of wave-2 was fairly
consistent over the spring months of 2019. However,
it showed anticorrelation with wave-1 in the period
preceding and during the SSW (Fig. 7a). The relative
contribution of wave-2 (primarily a traveling wave
according to Fig. 2) was significantly higher during
September 2020 than in 2019 (comparing Fig. 7a, b).
In the third week of September 2020, it dominated
wave-1 and showed anticorrelation with the contri-
bution of wave-1. Generally, the relative contribu-
tions of the rest of the spectral components were al-
most always less than 0.1 (Fig. 7b). The only notable
feature of the higher-order waves was that the contri-
bution by wave-3 in 2020 was larger than in 2019, and
in some intervals during September 2020 (Fig. 7b)
was comparable to wave-1 and wave-2.

The evolution of the PWs during November sig-
nificantly differed between 2019 and 2020. In 2019,
the amplitude of wave-1 decreased sharply (Fig. 7e),
due to the vortex’s breakdown. Periods of relatively
insignificant activity of wave-2 and wave-3 also oc-
curred. On the contrary, in 2020, the polar vortex
persisted until December (see Lecouffe et al., 2022).
During November, the relative contributions of
wave-1 and wave-2 were at times comparable.

4 Discussion and conclusions

In September 2019, a minor sudden stratospheric warm-
ing occurred over Antarctica, and this resulted in the
off-pole displacement of the polar vortex, which di-
minished the size and duration of the OH (Figs. 1, 4;
see also Yamazaki et al., 2020; Milinevsky et al., 2020;

Smale et al., 2021). A significant factor in the devel-
opment of the SSW was the relatively large amplitude
of zonal wave-1 at high southern latitudes (Fig. 6a;
Milinevsky et al., 2020). In contrast, in the spring of
2020, the stratospheric polar vortex remained stable,
and the ozone hole had a large area (Figs. 1, 2) despite
significant perturbations of the vortex by planetary
waves, particularly from traveling wave-2 (Fig. 6b).

Despite the strong contrast in the characteristics
of the Antarctic ozone holes in the two years, total
ozone column concentrations at Vernadsky station in
Antarctica were fairly similar, differing on average by
about 30 DU during the spring. This relatively small
difference highlights compensating changes in the
zonal asymmetry of the ozone distribution between
the two years (Grytsai et al., 2008), which relates to
the influences of ozone depletion on the longitudinal
phasing of wave influences.

According to our spectral decomposition of the PWs,
the 2019 sudden stratospheric warming occurred un-
der the dominant influence of quasi-stationary wave-1,
which was enhanced by the influence of traveling
wave-2. In contrast, the weakness of wave-1 in the
spring of 2020 allowed the polar vortex to be relative-
ly stable despite regular periods when traveling wave-2
provided significant contributions, particularly com-
pared with the situation in 2019. During the spring of
2020, increased contributions in the amplitudes of both
wave components did not lead to a weakening or, more-
over, the destruction of the vortex, which was persist-
ent until the end of the spring. The alternation of the
maxima of wave-1 and wave-2 was clearly observed,
confirming the anticorrelation of their amplitudes in
the TOC values. This indicates the redistribution of
energy between different spectral components.

A detailed analysis of the conditions in the strato-
sphere during the development of the SSW and in the
non-SSW stratosphere is necessary for convincing
arguments about their preconditions.
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CneKkTp IIAHETAPHUX XBUJIb HAZl AHTAPKTHKOIO 32 Pi3HHX YMOB MOJISIPHOTO BUXOPY
y 2019 2020 pokax Ha OCHOBi JaHHUX 3arajJbHOTO BMiCTY 030HY

Pedepar. VY crarTi mpoanasizoBaHO CIIEKTp 3a 30HAIBHUMU XBWJIBOBUMU YKCIIaMU TUTAHETAPHUX XBWIb (XBIIb Pocchi) B ar-
Mocdepi Hax AHTAPKTUKOIO TSI KOXKHOTO i3 TBOX KOHTpAacTHUX pokKiB: y 2019 poiii, konu BinOymnocs pantose crparochepHe
norertiHHsA (PCIT), i B 2020 po1i, Koy aHTapKTUYHUI cTpaTochepHUil BUXOp OyB HaA3BUYAHO CTIlKKUM i TpuBaiuM. O30-
HOBA Jlipa YTBOPIOETLCS HaJa AHTApKTUAOIO HABECHI, i il cTaH 3aJIeXXUTh BiJ 30ypeHb CTpAaTOC(hEpPHOro MOISIPHOTO BUXOPY
rutanetapuumu xBussiMu (I1X). B aHautizi BUKOpUCTOBYIOTHCS IaHi PO PO3IO/IiJ 3araibHOro BMicTy 030Hy (3BO), orpumani
npwiagoMm Ozone Monitoring Instrument Ha cynmyTHUKY Aura, Ta HA3eMHi BUMiptoBaHH: 3i criekTpodoTomeTpom JloOcoHa Ha
craHuii «Akanemik BepHancokuii» B AnTapkTuili. PCIT 2019 poky myxe 3MicTUIo MOJISIPHUI BUXOP Bill TTOTIOCA i CIIPUSIIO
pyliHyBaHH0 030HOBOI Aipu. PCII BUHUKIIO Ti/ yac MiKy aKTUBHOCTI KBa3icTallioHapHOI IJTaHeTapHOi XBWJIi- 1, sika Oya mia-
cujieHa B MOMEHT MOTETUTiHHSI BEJIMKOI0 aMILIiTYn010 0ixky4oi xBuJjii-2. HaBecHi 2020 poky cTpaTochepHMii MONSIpHUI BUXOP
OYB BiTHOCHO HE30ypeHUM, 1110 JO3BOJIMIIO TLJIOLLi 0O30HOBOI AipU JOCATTH PO3MipY, OJIM3bKOTO IO CBOTO iCTOPUUYHOIO MAaKCH-
mymy. DakTopom, sIKUil cripusB ctabimbHOCTI BUXopy y 2020 poiri, Oysa BiTHOCHO Mayia amIutityna xBuiti- 1. CTaGinbHiCTh
30epiranacs, He3BaXkalOuM Ha PETYIISIPHI TIepion, KON aMILTiTy1a 6ixy4Joi XBWIi-2 gocsrana abo HaBiTh TIepeBUIITyBaia 3Ha-
yeHHs mig yac PCI1y 2019 poui. Mu BusiBumiu, 1o aktopom, sIKuii Cripusie BiTMiHHOCTI MiXX XBUJIbOBUMHU eheKTaMU 3a Ba
POKHU, € IMHaMiKa KBa3icTalioHapHoi XxBui-1. ¥ 2020 poiti 4iTKo criocTepiranacss aHTUKOPEJISLIS aMIUTITy D XBITi- 1 1 XBUJTi-2
OiJIs1 Kpalo BUXODPY, 1110 MOKe OyTH BUKJIMKAHO Tepeaadeto eHeprii rmiaHeTapHoi XBUJIi MiXK pi3HUMM CIIEKTPaJIbHUMU KOMITO-
HenTtamu [1X, Ha BinmiHy Bin cutyaitii 2019 poky.

KiouoBi cioBa: 3arajibHUil BMICT O30HY, 30HaJIbHI XBWJIOBI 4YKcJla, KBa3icTallioHapHa XBWJIs, 030HOBA Jipa, MJIaHETapHa
XBUJISI
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