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Current trends in the zonal distribution and asymmetry
of ozone in Antarctica based on satellite measurements

Abstract. The development of the Antarctic ozone hole in late winter and spring (September—November) is the most
noticeable phenomenon in the polar stratosphere. It has appeared every season since the early 1980s within the
stratospheric polar vortex, preventing air mass from mixing with middle latitudes and affecting the distribution of
minor atmospheric constituents, including ozone. The ozone hole strongly depends on dynamic factors, mainly plan-
etary wave propagation from the troposphere to the stratosphere. This study aims to identify the total ozone longitu-
dinal distribution for austral spring and individual months, September, October, and November, and consider the
observed trends in detail. We provide an analysis to retrieve trends in total ozone during the development of the ozone
hole. Time averaging of the total ozone longitudinal distribution was performed using the three-month ozone means
in the austral spring. This procedure eliminates fluctuations and impacts of traveling waves. The latitudinal range of
55—80°S was analyzed to characterize the total ozone distribution in the ozone hole edge and inner regions. Distribu-
tions for individual months (September, October, and November) were considered to describe the observed trends in
detail. The analysis of the obtained results indicates a close-to-linear negative total ozone trend during the ozone hole
intensification (the 1980s—early 1990s). This trend was determined at all the analyzed latitudes, with total ozone
decreasing by 150 DU during 15 years in the zonal longitudinal minimum region. However, the analysis of the trends
shows that ozone layer recovery is not observed in the Antarctic spring, taking into account low ozone levels in
2020—2023. No clear trends were noted after the period of decline, but the October values in zonal maximum have
slightly decreased in the last decade. The zonal minimum has drifted eastward during the decline in total ozone, but
the subsequent time range shows large interannual changes without any significant long-term tendency in both
maximum and minimum longitudes.

Keywords: ozone hole, ozone trend, planetary wave, polar vortex, sudden stratospheric warming

1 Introduction velopment of an ozone hole at the end of winter-

spring (Kessenich et al., 2023). An ozone hole
The most noticeable phenomenon in ozone dis- | has appeared every season since the early 1980s
tribution in the Antarctic atmosphere is the de- | (Stolarski, 1988) within the stratospheric polar
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vortex which prevents the exchange of air masses
with temperate latitudes, affecting the distribution
of both ozone and other minor atmospheric consti-
tuents (de Laat et al., 2023). The hole’s appearan-
ce is associated with chemical reactions on the po-
lar stratospheric cloud particles surface (Stolarski,
1988), which lead to the release of chlorine atoms
acting as a catalyst for destroying ozone molecules.
Low temperatures in the stratosphere, which inten-
sify the formation of polar stratospheric clouds, lead
to the occurrence of ozone depletion events even in
the Arctic, with total ozone column (TOC) values
comparable to Antarctica (Varotsos et al., 2012).

The ozone hole has a mostly chemical origin.
Still, its state is controlled by dynamic factors,
first of all, by the penetration of planetary waves
from the troposphere and their dissipation in the
stratosphere. The atmospheric dynamics deter-
mines the interannual changes in the planetary
wave (PW) parameters in the stratosphere and
the stratospheric polar vortex (Asikainen et al.,
2020; Grytsai et al., 2022), which require addi-
tional research. The PW activity is higher in the
high latitudes of the Northern Hemisphere (Wang
et al., 2019), and the polar vortex is more stable
in the Southern Hemisphere. At the same time,
the total ozone column value serves as an indica-
tor of the distribution of PW (low values inside
the polar vortex, high values outside the polar
vortex) and as a characteristic whose distribution
changes significantly under the influence of the
sudden stratospheric warming (SSW) events (Va-
rotsos, 2002; Varotsos & Tzanis, 2012; Mukhta-
rov et al., 2023).

The identification of PWs and their parame-
ters requires global-scale data. That is why it is
convenient to use satellite observations to study
this problem, although ground-based measure-
ments can also provide some valuable informa-
tion, primarily about traveling PWs. Systematic
satellite observations of the TOC distribution have
been available since late 1978. The polar vortex
in the Southern Hemisphere is asymmetric de-
spite lower PW activity compared to the Arctic
(Grytsai et al., 2005a; 2007; Alexander & Shep-

herd, 2010; Ialongo et al., 2012; Siddaway et al.,
2020). The primary role is played by a quasi-
stationary wave (QSW) with a zonal number of
1, the influence of which leads to a displacement
of the vortex relative to the pole. The shift of the
vortex, and therefore the location of the maxi-
mum and minimum in the ozone distribution,
depend on the properties of the underlying sur-
face. QSWs, however, are characterized by a phase
shift with height (Rhodes et al., 2023), causing
their position in the stratosphere to vary from
year to year. The role of quasi-stationary com-
ponents with zonal numbers 2—3 is insignificant,
in contrast to the Northern Hemisphere. Instead,
the amplitude of traveling wave 2 can be compa-
rable with the amplitude of wave 1 (Butler &
Domeisen, 2021), and their interaction belongs
to the factors that influence the development of
the SSW. For the Northern Hemisphere, where
SSWs occur relatively often, a classification of
displacement (wave 1) and split (wave 2) warm-
ing has been developed (White et al., 2021).

This study aims to identify the total ozone
longitudinal distribution for individual months
(September, October, and November) and con-
sider the observed trends in detail. We provide
an analysis of the results to retrieve trends in
total ozone during the ozone hole increase. We
also analyzed the trends to evaluate the process-
es of ozone layer recovery and the movement of
ozone zonal minimum position.

The paper is organized as follows. Data and
methods used in this study are described in Sec-
tion 2. Section 3.1 introduces the quasi-station-
ary ozone distribution, and Section 3.2 explains
long-term variations of TOC maximum and mi-
nimum values, followed by a discussion and con-
clusions.

2 Data and method

Since the end of the 1970s, satellite instruments
have continuously monitored the ozone layer in
the Earth’s atmosphere. Available data are acces-
sible at https://ozonewatch.gsfc.nasa.gov/data/;
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Figure 1. Total ozone distribution in September (a) 2010, (b) 2013 and (c) 2023 from the Ozone Monitoring Instrument
(https://ozonewatch.gsfc.nasa.gov/data/). The black circle in (c) shows the 60°S latitude, white area means no data

all TOC values are in Dobson Units (DU), which
we use by default. The data is Level 3, allowing
analysis without additional calibrations and re-
finements. The data files are TOC values across
the planet’s atmosphere at a given latitude and
longitude step. In this study, we used Total
Ozone Mapping Spectrometer (TOMS) data on-
board the Nimbus-7 satellite for 1979—1992,
TOMS/Earth Probe data for 1996—2004, Ozone
Monitoring Instrument (OMI)/Aura measurements
for 2005—2023 from the NASA Ozone Watch
service (https://ozonewatch.gsfc.nasa.gov/data/),
and the Multi-Sensor Reanalysis TOC values
(https://temis.nl/protocols/O3global.php) derived
from satellite observations and assimilation, which
provide ozone fields over Antarctica and on the
global scale, to fill in a gap in TOMS data in
1993—1995. An example of the monthly ozone
distribution is displayed in Figure 1. The Septem-
ber distribution includes two main features: an
ozone hole with low total ozone values (<150 DU)
and an ozone collar with values near 400 DU.
Zonal asymmetry is evident, in particular, from
ozone values at the 60°S latitude displayed by
the black circle in Figure 1c.

The data processing procedure was created as
a sequence of software codes to retrieve the total
ozone longitudinal distribution for individual
months. We sampled measurements from the ar-

ray of OMI initial TOC data files to study atmo-
spheric ozone in the South Polar area. The OMI
observational files contain TOC data along the
parallel with a longitude step of one degree sepa-
rately for all days of the month. Our pre-pro-
cessing creates files with a matrix structure. The
data is presented as a table, where a row includes
the daily measurements for a given longitude (the
total number of columns is equal to the number
of days in a month) with a total of 360 rows (one
for each degree of longitude). To identify sea-
sonal features, we averaged the longitudinal dis-
tributions during the three austral spring months,
September, October, and November, to identify
the meridional and zonal asymmetry of the ozone
distribution during the ozone hole period. Then,
the ozone longitudinal distributions were averaged
to determine the positions (i.e., the longitude at
the studied latitude) of the QSW maximum and
minimum and analyze their changes. To estimate
possible periodicity, we calculate autocorrelation
function and provide wavelet transform based on
Morlet function fx) = exp(—x?/2)*exp(iax) for
a = 5. The data approximation was carried out by
a third-degree polynomial (cubic parabola) with the
coefficients determined by the least-squares method.
We performed time averaging of the total ozone
longitudinal distribution considering both season-
al (September, October, November (SON)), and
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Figure 2. Dependence of the total ozone column values (a) in the QSW zonal maximum area and (b) in the QSW
zonal minimum area in the spring (SON) at the latitude of 55°S by satellite observations

monthly data series. The latitudinal range of 55—
80° S was analyzed to characterize total ozone dis-
tribution in the ozone hole edge and inner regions.

3 Results
3.1 Quasi-stationary ozone distribution

We calculated the three-month (September, Oc-
tober, November) averaged wave parameters in
the TOC for the range of annual data from 1979
to 2023. This allowed us to retrieve both the
long-term variations in ozone column with its
expected recovery and the possible effect of the
large-scale eruption of the Hunga-Tonga volcano
(Wang et al., 2023). Figure 2a shows the spring
(SON) results at the 55°S latitude, including the
measurements in 2023.

The plot in Figure 2a shows that over the past
two years, 2022 and 2023, there has been no sig-
nificant deviation of the TOC maximum value from
the usual variation in recent years. However, there
is a noticeable difference between the 2022 and
2023 data. The TOC value for 2022 is the lowest
for the entire observation period. The maximum
of the zonal distribution in the considered latitu-
dinal range is determined by mid-latitude air
masses, so there are reasons to associate such an
anomaly with the eruption of the Hunga-Tonga
volcano in 2022, which affected the stratosphere
of tropical and higher latitudes of the Southern
Hemisphere.

Ivy et al. (2017) also discussed the previous
decrease in the quasi-stationary distribution in
2015, which is associated with the eruption of
the Calbuco volcano in Chile, in support of this
version. The volcano effect is short-lasting, and
the value for 2023 exceeds the obtained trend.
Note that the values in the zonal maximum have
shown little change since the mid-1990s without
signs of ozone layer recovery.

The value of the ozone column in the minimum
of a quasi-stationary wave is displayed in Figure 2b.
A noticeable decrease in the ozone column took
place in the 1980s and the first half of the 1990s,
when the ozone hole area increased with an ozone
layer reduction inside it. The ozone hole reaches
the latitude of 55°S only in individual cases, but
the negative trend is still clearly visible. In the
following, no clear trend is observed. A slight
drop in the minimum value was noted in 2022,
and in 2023, it changed to a slight increase. But,
on average, ozone column in the zonal mini-
mum had not significantly changed over the past
two years. At the same time, the expected ozone
layer recovery at the studied latitudes has not yet
been observed. Moreover, in the three consecu-
tive years 2020—2022, the ozone hole has a large
area, clearly visible at the higher latitudes (Kes-
senich et al., 2023).

The longitude position of the maximum ozone
column at 55°S is shown in Figure 3a. Also, no
significant change in the position of the wave is
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Figure 4. (a) The autocorrelation function of the TOC dependence in the ozone QSW minimum area shown in
Figure 2b; (b) wavelet power spectrum, wavelet transform was applied to the series in Figure 2b after its detrending

by elimination of the trend shown in Figure 2b

seen in the last two years. A clear shift to the east,
as in 1980—2000 (Grytsai et al., 2017), is not ob-
served, nor is a return to the values before the ozone
hole. However, individual years show a signifi-
cant spread of the minimum position, as in 2021
and 2022. A wide range of fluctuations is gener-
ally characteristic of the time interval from the
beginning of the 2000s. The value calculated for
2023 is close to the average trend (Fig. 3b).

In Figure 2b, visible quasi-wave variations of the
ozone column in the QSW minimum are seen,
which are unlikely random changes. To investi-
gate this phenomenon in more detail, an autocor-
relation function was calculated (Fig. 4a). In gen-

28

eral, the autocorrelation function of the value in
the ozone minimum indicates a possible cycle at
time intervals of 7—8 years. Assessing the reality
and origin of this periodicity requires a series of
additional observations. Wavelet analysis shows
changes in variation periods from 7 years to 10 years
(Fig. 4b) in the years 2000—2020.

The minimum of the TOC quasi-stationary wave
is located at the longitudes of South America or
the Atlantic (Fig. 3b). The position of the wave
minimum showed fluctuations near the average
value for the last twenty years. Characteristics of
the ozone hole and the stratospheric polar vortex
containing it are variable at the interannual scale.
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Figure 5. Dependence of the (a) value of the spring (SON) ozone column in the area of the zonal maximum of ozone
distribution for the period from 55°S to 80°S and (b) the corresponding longitudes of the QSW TOC zonal maximum.
The numbers near the curves show the corresponding latitudes

A clear shift to the east, as in 1980—2000
(Grytsai et al., 2017; Siddaway et al., 2020), is
not observed, nor is a return to the values before
the ozone hole. However, it should be noted that
individual years show a significant spread of the
minimum’s position, as in 2021 and 2022. An
extensive range of fluctuations is generally char-
acteristic of the time interval from the beginning
of the 2000s against revealed in previous studies
(Grytsai et al., 2007; Siddaway et al., 2020). The
value calculated for 2023 is close to the average
trend (Fig. 3b).

3.2 Long-term variations of TOC maximum
and minimum values in Antarctica

In this section, the 55°S—80°S latitudinal range
will be considered. In Figure 5a, the values of the
area ozone maximum at the Southern Hemisphere
high latitudes are represented by curves of differ-
ent colors (from blue to red for latitudes from
55°S to 80°S) and variations of the QSW TOC
maximum longitude are shown in Figure Sb.

It can be seen from Figure 5a that at the high-
er latitudes (70—80°S) in recent years, there has
been some tendency to a decrease in ozone col-
umn in the location of the zonal maximum. In
the inner region of the ozone hole, the values for
2020—2023 are low, but when we move to tem-
perate latitudes, an increase in the TOC in 2023
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is seen. At the same time, significant spikes in
the TOC values are characteristic for the years
when sudden stratospheric warmings weakened
the polar vortex in 1988, 2002, and 2019.
Figure 6a shows the TOC values in the quasi-
stationary wave minimum at different latitudes of
the southern hemisphere, and the color scheme
is similar to that of Figure 5a. As can be seen
from Figure 6a, at higher latitudes in the zonal
minimum, the lower TOC values are observed for
the last four years, from 2020 to 2023. The ozone
destruction in the inner region of the stratospheric
polar vortex resulted in a more significant trend
in the 1980s — the first half of the 1990s; it is
also the reason for the TOC decline towards the
pole in the following years. It should also be noted
that the position of the TOC minimum at high
latitudes steadily deviates to the east compared
with the average value for the last two decades.
The long-term tendency in total ozone approxi-
mated by cubic polynomials in Figures 5a, 6a
explains about a half or even more of total varia-
tions. Values of the coefficient of determination (R?)
for our approximation are in the range of 0.47—
0.57 for zonal maximum (Fig. 5a) and 0.51—0.66
for zonal minimum (Fig. 6a). The values of R?
are higher in the minimum due to a more pro-
nounced trend in the 1980—1990s when total ozone
at the latitudes of 65—80°S decreased by 100—
120 DU. Short-term (interannual) changes cause
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Figure 7. Dependence of the September total ozone column values in the area of the (a) the QSW TOC zonal maximum
in the longitudinal ozone distribution and (c) the QSW TOC zonal minimum for the period from 1979 to 2023 for
southern latitudes from 55°S to 80°S and corresponding longitudes of the zonal TOC (b) maximum and (d) mini-
mum. The numbers near the curves show the corresponding latitudes

the rest of the total ozone variability, the influence
of which increased in the 2000s — early 2020s
after the negative trend of chemical origin ceased.
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Monthly data in the maximum and minimum
position in the ozone distribution at the latitudes
55—80°S were obtained similarly to the three-
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month averages. We processed observations for
September, October, and November.

Figures 7a and 7c show the TOC values in the
QSW zonal maximum and minimum in the lon-
gitudinal distribution, in Figures 7b and 7d the
longitudinal position of the TOC zonal maximum
and minimum at different latitudes from 1979 to
2023 are shown according to the September ob-
servations. At the higher latitudes (70°S—80°S),
the TOC in the September 2023 was somewhat
lower than in the previous years, but at the lower
latitudes (55°S—65°S) it even increased. We saw
a noticeable increase in TOC during the sudden
stratospheric warmings in 1988, 2002, and 2019,
which in the last two cases reached 100—150 DU
in the high latitudes.

Figure 8a and Figure 8c show the values of the
maximum and minimum, respectively, in the TOC
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QSW longitudinal distribution for different lati-
tudes from 1979 to 2023 according to the obser-
vations in October. The downward TOC values
trend is evident at all analyzed latitudes with dif-
ferent rates. At the same time, the values for 2023
exceed the long-term trend, unlike the previous
three years.

Note that the unprecedented major sudden
stratospheric warming of 2002 (Varotsos, 2002) did
not significantly impact the region of the maximum
in the lower latitudes, which may be due to the
intense mixing of midlatitude and polar air masses
during the major warming. As for the longitudes
of the maximum, their average values are slightly
variable for the entire considered latitude range.

In Figures 8b and 8d, the longitudinal position
of the TOC maximum and minimum are shown
by the October observations. In the years after
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Figure 9. Dependence of the November total ozone column values in the area of the (a) the QSW TOC zonal maxi-
mum in the longitudinal ozone distribution and (c) the QSW TOC zonal minimum for the period from 1979 to 2023
for 55—80°8S latitudes, and corresponding longitudes of the zonal TOC (b) maximum and (d) minimum

the 2019 stratospheric warming, the October TOC
values correspond to the general trend, and typi-
cal values were observed, particularly in 2023.
This detail indicates a change from the downward
trend observed in September (Fig. 7c) to an increase
in the TOC level. A comparison of the TOC values
for the latitudes 60—65°S shows that the ozone
hole began to shrink in October and did not show
the same rate of development as, in particular, in
2020. The most noticeable features in October are
the near-linear downward trend in the 1980s —
the first half of the 1990s and an increase by
100—150 DU in the latitudes of 60—75°S during
the 2002 major stratospheric warming.

In Figures 9a and 9c, the behavior of the TOC
values and in Figures 9b and 9d longitudinal po-
sitions in the TOC QSW zonal maximum and min-
imum in November from 1979 to 2022 are shown.

32

The November TOC level in the maximum remains
relatively low compared to the noticeable growth
in 2019. TOC in the QSW minimum value is
gradually recovering after a sharp drop in 2020,
especially at the high Ilatitudes. The eastward
shift in the TOC minimum longitude (Fig. 9d) in
the 1990s was observed at all the considered lat-
itudes, and evident tendencies were absent in the
next decades. The eastward shift in TOC maxi-
mum (Fig. 9b) was observed at 55—65°8S latitudes
only and there is no shift after year 2000.

4 Discussion

Long-term ozone variations in Antarctica are de-
termined by chemical factors predominantly, but
interannual variations are controlled by the dy-
namical processes mainly by planetary waves with
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zonal numbers 1 and 2 (Grytsai et al., 2005b; 2007,
Ialongo et al., 2012; Shen et al., 2022; Li et al.,
2024). The first is a quasi-stationary wave, and
the second is the eastward traveling wave. Accord-
ing to these general circumstances, satellite data
show total ozone decrease during the 1980s—
1990s with noticeable differences in the individ-
ual years (Fig. 2). The maximum asymmetry was
noticed at the latitudes 60—65°S (Figs. 5a, 6a)
where the edge of the ozone hole is observed
during the southern spring. The corresponding
conditions with significant total ozone variations
are typical, in particular, for the Akademik Ver-
nadsky station. The Antarctic ozone asymmetry
is an essential climatological feature (Ialongo et
al., 2012) and requires a careful study.

Sharp total ozone increases due to sudden strato-
spheric warmings were observed in 1988, 2002,
and 2019 (Milinevsky et al., 2020; Rao et al., 2020),
in both the total ozone maximum and minimum
regions. Safieddine et al. (2020) considered the
SSW event in 2019 resulting in a temperature
increase and polar vortex weakening. It was found
that total ozone increased by 70% on September
19, with a change of ~100 DU at the zonal min-
imum region. Our results show evident conse-
quences of this phenomenon for the whole spring
period (SON). The TOC anomalies by ~100 DU
are observed in comparison with the polynomial
long-term trend at the latitudes 70—80°S (Figs. 5a,
6a). The TOC changes are of ~70 DU at 80°S in
the zonal maximum, but their values decrease to
the lower latitudes. Thus, the warming event pre-
dominantly influenced the inner part of the strato-
spheric polar vortex and ozone hole.

Minor SSW events are relatively common in
the Antarctic stratosphere (Vincent et al., 2022)
and can also impact the total ozone column. In
particular, de Laat and van Weele (2011) pay at-
tention to the ozone hole reduction in 2004 and
2010 due to dynamical factors. In those years, a
lesser ozone mass deficit was noticed without evi-
dent changes in the ozone hole area. Nonethe-
less, our results do not show any significant in-
crease in total ozone in 2004 and 2010, which

would be typical for a lower ozone deficit. Only
the October minimum is 10—20 DU higher than
the mean tendency, but these values are usual for
interannual variations. Respectively, stratospher-
ic warming should be as large as the 2002 SSW,
or, at least, as 1988 and 2019 SSWs (Milinevsky
et al., 2020) to influence ozone depletion in a
significant degree. Similar events are considered
rare, with their frequency estimated as one large
warming per 22 years under atmospheric condi-
tions of 1990 and significantly rarer in the case
of the current climate changes (Jucker et al., 2021).
The influence of the SSW on the ozone layer
also depends on chemical factors. In particular,
de Laat and van Weele (2011) noted the lower
halogen level in 1988 unlike in the dynamically
similar event in 2010 that provided the total ozone
rising in 1988. Influence of ice particles on the
heterogeneous chemistry in the polar stratosphere
that leads to ozone depletion, also should be con-
sidered (Solomon, 1988; Varotsos & Zellner, 2010).
In every case, the possible connection between
minor stratospheric warmings and total ozone
variations should be studied more thoroughly in
the future. The frequency of these phenomena,
known also as weak polar vortex events, is esti-
mated as 0.4 per year (Shen et al., 2022).

The last four ozone holes (2020—2023) had large
areas exceeding 23 million square kilometers in
September (Krzyscin & Czerwinska, 2024). Their
consecutive appearance seems unexpected; at least,
the previous observation of such a large ozone
hole was two decades ago (1998—2001). The prob-
ability of a random realization of these condi-
tions is estimated at about 0.05 (Krzyscin & Czer-
winska, 2024), making searching for their causes
necessary. Our results show low total ozone val-
ues in 2020—2022, predominantly at the high
latitudes. In 2023, the September levels were low
at the ozone hole edge (55—60°S). Still, in Octo-
ber, the values in the whole considered latitudi-
nal range corresponded to the mean tendency or
even exceeded it. Respectively, the last ozone hole
in the spring of 2023 was not among the largest
in the second half period of its existence.
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Volcanic eruption influence can be one of the
causes of total ozone depletion in recent years.
In particular, the Hunga Tonga-Hunga Ha’apai
volcano (20.536°S, 175.382°W) eruption on January
15, 2022 led to the penetration of a large bulk of
water into the stratosphere and mesosphere with
the change in its chemical state. Similar phe-
nomena are well-known from previous observa-
tions, in particular after the Pinatubo volcano
eruption in 1991. Our calculations clearly indi-
cate total ozone diminution by 60 DU after the
Calbuco eruption in 2015, which was noticeable
in zonal maximum, where mid-latitude air masses
dominate. Another possible factor is Australian
wildfires, which could influence the Antarctic
ozone in 2020 and 2021 (Ansmann et al., 2022).
It is supposed that smoke layers decreased ozone
concentration at the 10—12 km height by 20—30%.
Moreover, the development of La Nifia is also
essential for the stratospheric conditions (Blachut
& Balasuriya, 2024). Deep and long-lived ozone
holes caused an increase in UV levels in recent
years (Kessenich et al., 2023).

Ozone recovery is usually forecasted in the
nearest decades (de Laat & van Weele, 2011).
However, the current tendency in expected ozone
recovery needs to be more evident. In particular,
Safieddine et al. (2020) note a slow ozone recov-
ery. In (Kessenich et al., 2023), ozone changes
from the early 2000s are characterized as insig-
nificant. Estimations of (Krzyscin & Czerwinska,
2024) demonstrate the beginning of the recovery
near 2000 with its stopping near 2010. Taking into
account the last four years, recovery signs have
disappeared, but this can be caused by the afore-
mentioned Australian wildfires and the Hunga-
Tonga volcano eruption, which typically are not
included in simulations.

Our results indicate the total ozone trend to
the mid-1990s as almost linear. This result cor-
responds to the one from (Herman et al., 2023)
where the years 1994—1998 were indicated as a
time of the ending of the regular ozone decrease.
Later, ozone values demonstrated a clear tenden-
cy or showed a partial recovery with the follow-

ing ozone diminution. The second variant is more
common in the high latitudes (70—80°S). Of course,
the last four years have impacted the evaluation
of time changes to a significant degree (Fioletov
et al., 2023). As a result, if volcanic eruptions and
wildfires are not regular, the tendency in total
ozone can be different from the current one with
its possible return to recovery. Nonetheless, the
last few years have exhibited a complicated char-
acter of the ozone recovery, and even its reality
is not evident. The earlier estimates of an increasing
trend in total ozone in the southern high lati-
tudes used the data limited by the 1995—2020
period (Coldewey-Egbers et al., 2022).

Ozone zonal asymmetry to the mid-2000s was
considered in detail in (Grytsai et al., 2007; 2017).
From those data, the September—November
minimum reached 200 DU at 70—80°S, and the
maximum was near 380 DU at 50—55°S. Our
results in this paper show even 170—180 DU in
the region of zonal minimum at 70—75°S. We can
see in Figure 8c the minimal values in October
(near 150 DU). The values are similar in Sep-
tember, and in November, they are higher, equal-
ing ~200 DU on average. The November values
are highly variable and dependent on the duration
of the ozone hole’s existence in a year. The most
significant total ozone gradient in the meridional
direction is observed at 60°S in the region of zonal
minimum and at 70°S in the region of zonal ma-
ximum. The most prominent zonal asymmetry is
reached at 65°S, corresponding to the estimates
in (Grytsai et al., 2005a; 2007; 2017).

Evident zonal asymmetry in the total ozone
distribution is observed from September till mid-
December (lalongo et al., 2012) depending on
the state of the stratospheric polar vortex. The
maximal asymmetry is noticed in October with
the estimation of 50% of the zonal mean (Ialongo
et al., 2012) or close to 90 DU (Ivaniha, 2020).
Our results display a typical October ozone max-
imum near 380 DU and ozone minimum near
190 DU in the 2000s—2010s (Fig. 8a, c). Re-
spectively, half of the difference between these
values is very close to the mentioned result (Ivani-
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ha, 2020). Kessenich et al. (2023) denote a com-
plicated tendency in September with an October
ozone reduction in the ozone hole core at 75—
82°S, 5—50 hPa. Our processing shows the pat-
tern where the October maximum values have
evidently decreased during recent years, and the
respective changes in the zonal minimum are
lesser than in previous years.

The eastward shift of the quasi-stationary wave
minimum was described in (Grytsai et al., 2007;
2017) and was analyzed in the following papers.
In particular, Siddaway et al. (2020) noticed, based
on simulation, that the shift should be reduced
during the future ozone recovery. A possible
cause of the shift was associated with zonal flow
strengthening under the ozone hole conditions.
Our results have generally displayed a stopping
of the minimum shift after the 1990s. However,
the current tendencies at the high latitudes indi-
cate a possibility of its prolongation (Figs. 6b,
9d) accompanied by significant interannual vari-
ations. Consequently, future observations can
elucidate the answer to this question.

5 Conclusions

We studied long-term tendencies in the Antarc-
tic ozone distribution by the 1979—2023 satellite
data. Quasi-stationary structures were consid-
ered by averaging the ozone distribution over the
austral spring. The choice of this time range and
the 55—80°S latitudinal belt allows for character-
izing total ozone distribution in the edge and
inner regions of the ozone hole. Polynomial ap-
proximation of the third degree is carried out to
analyze long-term tendencies. Coefficient of de-
termination R? for September—November quasi-
stationary maximum and minimum was equal to
0.47—0.66. The distributions for individual months,
September, October, and November, are also de-
termined to obtain more complete information
about the observed changes.

The primary total ozone tendency in Antarc-
tica is well-known from earlier studies, being ob-
served as a decreasing trend during the total ozone

development (1980s — early 1990s). This tenden-
cy is indicated in all the considered cases, leading
to the total ozone decrease by 150 DU during 15
years in the zonal minimum region, however, this
tendency clearly changed since 2000s. In addi-
tion, we have noticed other details. In particular, the
ozone layer’s recovery has not been identified in
the Antarctic spring in recent years. After the
initial decrease, any clear tendency is not reli-
ably revealed, although there is a total ozone de-
crease in zonal maximum during the last decade.

We also cannot exclude the possible influence
of at least two other factors on the observed ten-
dencies in the amount of ozone in the atmo-
sphere over Antarctica. The first one of these is
the observed trends in ozone-depleting substances,
particularly chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) atmospher-
ic compositions studied in the Advanced Global
Atmospheric Gases Experiment (AGAGE, https://
agage.mit.edu/data/agage-data). In general, de-
tected trends in these compositions coincide with
TOC trends in Figures 7a, 8a, and 9a, where the
well-known rapid spring decline in ozone over
Antarctica from the 1980s to the mid-1990s changed
to an emerging ozone recovery that slowed by the
2000s in the last two decades as atmospheric abun-
dances of five CFCs increased between 2010 and
2020 (Western et al., 2023). The second one is a
response of the ozone layer to climate change,
which still includes many uncertainties during mod-
eling (see, e.g., Chiodo & Polvani, 2019) and
needs a detailed investigation that is out of the
framework of this paper.

The influence of the stratospheric warmings in
1988, 2002, and 2019 is another significant phe-
nomenon. One of the warmings (in September
2002) corresponded to the World Meteorological
Organization criterion of major warming (WMO,
1978). The stratospheric polar vortex weakening or
disruption caused a total ozone increase reaching
100—150 DU in the 60—75°S latitude range. The
warmings in 1988 and 2019 were not major, but
they had the largest impact on high latitudes and
in the region of zonal maximum.
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Our analysis shows the absence of a quasi-
stationary wave longitudinal shift during the last
decades when interannual changes were the most
significant. The earlier part of the considered
time range includes an eastward shift of the quasi-
stationary minimum approximately in the same
time interval when total ozone decreased (1980s —
early 1990s). However, later, there was an obvious
transition from the negative trend in TOC and
the shift of the ozone minimum area to the east
on average from —60° to —10° of longitude to a
quasi-stable state (no visible trend in TOC) and
small variations in the longitudinal position of the
TOC minimum in the longitudes of the Green-
wich meridian in the 2000s—early 2020s.
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CyuacHi TeHIeHIIii y 30HAJILHOMY PO3NOJIiii Ta aCMMETPii 030HY B AHTapKTHIIL
3a JAHUMH CYNYTHMKOBHUX BUMIpPIOBAHb

Pedepar. YTBOpeHHS aHTapKTUYHOI 030HOBOI Aip¥ HANPUKIHII 3MMU Ta HaBECHi (BepeceHb—JUCTOIAl) € HAWMO-
MITHILLIMM SIBULLIEM Y TiBACHHIiN MOJsIpHiii cTpatocdepi. O30HOBa Hipa 3’SIBISETHCSI KOKHOTO CE30HY 3 MOYATKY
1980-x pokiB y cTparocepHOMY TOJISIPHOMY BUXOPi, SIKWi1 MEpeIKOIKa€E 3MIlllyBaHHIO MOTO MOBITPSIHMX Mac i3
MOBITPSIM CEPeAHIX LIMPOT, BILUIMBAIOUM HA PO3MOALUT MaJIUX CKJIAJAOBUX aTMocdepH, BKIOYaouu 030H. O30HOBa
Iipa 3HAYHO 3aJIEXKUTh Bil IMHAMIYHMX (baKTOpiB, B OCHOBHOMY Bifl ITOIIMPEHHS IUIaHeTapHUX XBUJIb 3 Tporocdepu
no crparocdepu. Haile mociaimkeHHS Ma€ Ha MeTi BU3HAYUTHU 3arajbHUM JOBIOTHUI PO3MO/ILI O30HY IS MiBASHHOI
BECHU Ta OKPEMHUX MicCs1IiB (BepeceHb, KOBTE€Hb i JIMCTOMNAM), i AeTaTbHO PO3MISIHYTU CHOCTEPEXXYBaHi TeHIEHIIIi.
[TpoBeneHo aHaTi3 Ta OTPUMAHO TEHIEHLII JMHAMIKM 3araJIbHOTO BMICTY O30HY ITiJi 4Yac PO3BUTKY O30HOBOI JipH.
YcepenHeHHsI 32 4acoOM JJOBITOTHOTO PO3MO/Iijly 3arajlbHOr0 BMiCTy O30HY OyJIO BUKOHAHO 3 BUKOPUCTAHHSIM TPUMi-
CSIYHUX CepeHiX 3HaUYeHb 030HY TIijl yac miBaeHHOI BecHU. LIs mpouenypa ycyBae durykryailii Ta BUKUIW 3a paXyHOK
OiKy4YMX IutaHeTapHMUX XBWib. Hiama3oH mmpoT 55°—80° ma. 1. OyB mpoaHali30BaHUi, 1100 oxapaKTepu3yBaTHu 3a-
rajJbHUM pO3MOIiI 030HY Ha Kpalo 030HOBOI Aipy Ta y BHYTPilIHIX ii oOmacTsax. Po3monis 3a okpeMi Micsiii (Bepe-
CeHb, XXOBTEeHb i JIMCTOMAM) PO3MISAABCs ISl JETAIbHOTO OMUCY CIOCTEPEXYBAaHUX TEHIESHIIi. AHa3 OTpUMAHUX
pe3yJIbTaTiB BKazye Ha OJU3bKUIA J0 JIIHIHHOIO Bil’€MHUI TPEH/| 3arajibHOTO BMiCTY O30HY MiJ yac iHTeHcudikallii
030HOBOI aipu 3 mouatky 1980-x mo cepenmum 1990-x pokiB. Llg TeHmeHiist Oyna BU3HaYeHa Ha BCiX IIpoaHaIi3oBa-
HUX LIXPOTAX, MPUYOMY 3arajibHUil BMIiCT 030HY 3MeHIIMBCcS Ha ~150 omuHuup JlobcoHa mpotsirom 15 pokiB B
00J1aCTi 30HAJILHOTO AOBroTHOro MiHiMymy. IIpoTe aHami3 TeHOEHL MOKa3ye, 110 BiTHOBJIEHHS O30HOBOTO IIapy
Mia Jac IMiBAEHHOI BECHM B OCTaHHiI POKM HE CIIOCTEepPIira€ThCsl, BPaxOBYIOUM HM3bKi 3HAYEHHsI BMICTy O30HY B
2020—2023 poxkax. ITicist mepiomy 3MEHILIEHHSI BMICTY O30HY YiTKa TEHAEHILIiSI HE IMPOCTEXKYETHCS, aje >KOBTHEBI
3HAUEHHS 30HAJBHOTO MaKCUMYMY JCIIO 3HU3WJIUCS B OCTaHHE AecATUIITTS. [TojoXXeHHST 30HAJIbHOTO MiHIMyMy
pyXajoch Ha CXijl Tl 4ac 3HMKEHHS 3arajbHOrO BMICTY O30HY, aji¢ Y MOAAJbIIIOMY BiIOyBaluCh 3HAUYHI MiXpiuHi
Bapiallil TOBrOTHOTO ITOJIOXKEHHS 00JIacTi IK MaKCHUMaJIbHOTO, TaK i 00JIACTi MiHIMaJIbHOTO BMICTy O030HY 0e3 Oymb-
SIKOI IMMTOMITHOI JOBIOCTPOKOBOI T€HIEHIIIl.

KmouoBi cioBa: 030HOBa Jipa, riaHeTapHa XBWJIS, TMOJISIPHUIM BUXOpP, panToBe cTpaTocepHEe TMOTEITiHHS, TPEHIT
BMICTY O30HY
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