
24

Ruixian Yu1, Volodymyr Reshetnyk2, Asen Grytsai2, Gennadi Milinevsky1, 3, 4, *,
Oleksandr Evtushevsky2, Andrew Klekociuk5, 6, Yu Shi1, **
1 College of Physics, International Center of Future Science, Jilin University, Changchun, 130012, China
2 Taras Shevchenko National University of Kyiv, Kyiv, 01601, Ukraine
3 State Institution National Antarctic Scientific Center, Ministry of Education and Science of Ukraine,
Kyiv, 01601, Ukraine

4 Main Astronomical Observatory of National Academy of Sciences of Ukraine, Kyiv, 03143, Ukraine
5 School of Physics, Chemistry and Earth Sciences, University of Adelaide, Adelaide, 5005, Australia
6 Australian Antarctic Division, Kingston, Tasmania 7050, Australia

*, **Corresponding authors: milinevskyi@jlu.edu.cn, genmilinevsky@gmail.com (G.M.), shiyuy@jlu.edu.cn (Y.S.)

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 
55–80S 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.
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1 Introduction

The most noticeable phenomenon in ozone dis-
tribution in the Antarctic atmosphere is the de-

velopment of an ozone hole at the end of winter-
spring (Kessenich et al., 2023). An ozone hole 
has appeared every season since the early 1980s 
(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 ap pearan-
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 stra to sphere, 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; Mukh ta-
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 & 
Do meisen, 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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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) deri ved 
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 
ozo ne 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 60S 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 ozo ne 
distribution during the ozone hole period. Then, 
the ozone longitudinal distributions were averaged 
to determine the positions (i.e., the lon gitude at 
the studied latitude) of the QSW ma ximum and 
minimum and analyze their changes. To estimate 
possible periodicity, we calculate autocorrelation 
function and provide wavelet transform based on 
Morlet function f(x) = exp(–x2/2)*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 

Figure 1. Total ozone distribution in September (a) 2010, (b) 2013 and (c) 2023 from the Ozone Monitoring In stru ment 
(https://ozonewatch.gsfc.nasa.gov/data/). The black circle in (c) shows the 60S latitude, white area means no data
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mon thly data series. The latitudinal range of 55–
80 S was analyzed to characterize total ozo ne 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 55S 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-
ni ficant 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 ozo ne 
layer reduction inside it. The ozo ne hole re a ches 
the latitude of 55S 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 55S is shown in Figure 3a. Also, no 
significant change in the position of the wave is 

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 55S by satellite observations
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seen in the last two years. A clear shift to the east, 
as in 1980–2000 (Grytsai et al., 2017), is not ob-
ser ved, nor is a return to the values before the ozo ne 
hole. However, individual years show a signi fi-
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 ge n-

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.

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

Figure 3. Variations in the longitude position of the (a) QSW maximum and (b) minimum in the TOC distribution 
at the 55S latitude, SON average data are presented
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A clear shift to the east, as in 1980–2000 
(Gry tsai 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 55S–80S latitudinal range 
will be considered. In Figure 5a, the values of the 
area ozone maximum at the Southern Hemi sphe re 
high latitudes are represented by curves of differ-
ent colors (from blue to red for latitudes from 
55S to 80S) and variations of the QSW TOC 
maximum longitude are shown in Figure 5b.

It can be seen from Figure 5a that at the high-
er latitudes (70–80S) 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 

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 appro xi-
mated by cubic polynomials in Figures 5a, 6a 
explains about a half or even more of total varia-
tions. Values of the coefficient of determina tion (R 2) 
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 2 
are higher in the minimum due to a more pro-
no unced trend in the 1980–1990s when total ozone 
at the latitudes of 65–80S decreased by 100–
120 DU. Short-term (interannual) changes cause 

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 55S to 80S and (b) the corresponding longitudes of the QSW TOC zonal maximum. 
The numbers near the curves show the corresponding latitudes
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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.

Monthly data in the maximum and minimum 
position in the ozone distribution at the latitudes 
55–80S were obtained similarly to the three-

Figure 7. Dependence of the September total ozone column values in the area of the (a) the QSW TOC zonal ma xi mum 
in the longitudinal ozone distribution and (c) the QSW TOC zonal minimum for the period from 1979 to 2023 for 
southern latitudes from 55S to 80S and corresponding longitudes of the zonal TOC (b) maximum and (d) mi ni-
mum. The numbers near the curves show the corresponding latitudes

Figure 6. Dependence of the (a) value of the spring (SON) ozone column in the area of the zonal minimum of ozone 
distribution for the period from 1979 to 2023 for the southern latitudes from 55S to 80S and (b) the corresponding 
longitudes of the QSW TOC minimum. The numbers near the curves show the corresponding latitudes
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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-
gi tudinal 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 (70S–80S), 
the TOC in the September 2023 was somewhat 
lower than in the previous years, but at the lower 
latitudes (55S–65S) 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 

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 
stra tospheric 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 

Figure 8. Dependence of the October 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 
55–80S latitudes, and corresponding longitudes of the zonal TOC (b) maximum and (d) minimum
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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 60–65S 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 60–75S 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 mi n-
imum in November from 1979 to 2022 are shown. 

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 latitudes. 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 55–65S 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-
na mical processes mainly by planetary waves with 

Figure 9. Dependence of the November total ozone column values in the area of the (a) the QSW TOC zonal ma xi-
mum in the longitudinal ozone distribution and (c) the QSW TOC zonal minimum for the period from 1979 to 2023 
for 55–80S latitudes, and corresponding longitudes of the zonal TOC (b) maximum and (d) minimum
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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. Accor d-
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 60–65S (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 stra to-
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 70–80S (Figs. 5a, 
6a). The TOC changes are of ~70 DU at 80S 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 war mings 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 (Krzyścin & Czerwińska, 2024). Their 
consecutive appearance seems unexpected; at least, 
the previous observation of such a large ozone 
hole was two decades ago (1998–2001). The pro b-
ability of a random realization of these condi-
tions is estimated at about 0.05 (Krzyścin & Czer-
wińska, 2024), making searching for their causes 
necessary. Our results show low total ozone val-
ues in 2020–2022, predominantly at the high 
la titudes. In 2023, the September levels were low 
at the ozone hole edge (55–60S). 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 (20.536S, 175.382W) 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 Niña 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 (Krzyścin & Czerwińska, 
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 70–80S, and the 
maximum was near 380 DU at 50–55S. Our 
results in this paper show even 170–180 DU in 
the region of zonal minimum at 70–75S. 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, equa l-
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 60S in the region of zonal 
minimum and at 70S in the region of zonal ma-
ximum. The most prominent zonal asymmetry is 
reached at 65S, 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 (Ialongo 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–
82S, 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 55–80S 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 2 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 60–75S 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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Ñó÷àñí³ òåíäåíö³¿ ó çîíàëüíîìó ðîçïîä³ë³ òà àñèìåòð³¿ îçîíó â Àíòàðêòèö³
çà äàíèìè ñóïóòíèêîâèõ âèì³ðþâàíü

Ðåôåðàò. Óòâîðåííÿ àíòàðêòè÷íî¿ îçîíîâî¿ ä³ðè íàïðèê³íö³ çèìè òà íàâåñí³ (âåðåñåíü–ëèñòîïàä) º íàéïî-
ì³òí³øèì ÿâèùåì ó ï³âäåíí³é ïîëÿðí³é ñòðàòîñôåð³. Îçîíîâà ä³ðà ç’ÿâëÿºòüñÿ êîæíîãî ñåçîíó ç ïî÷àòêó 
1980-õ ðîê³â ó ñòðàòîñôåðíîìó ïîëÿðíîìó âèõîð³, ÿêèé ïåðåøêîäæàº çì³øóâàííþ éîãî ïîâ³òðÿíèõ ìàñ ³ç 
ïîâ³òðÿì ñåðåäí³õ øèðîò, âïëèâàþ÷è íà ðîçïîä³ë ìàëèõ ñêëàäîâèõ àòìîñôåðè, âêëþ÷àþ÷è îçîí. Îçîíîâà 
ä³ðà çíà÷íî çàëåæèòü â³ä äèíàì³÷íèõ ôàêòîð³â, â îñíîâíîìó â³ä ïîøèðåííÿ ïëàíåòàðíèõ õâèëü ç òðîïîñôåðè 
äî ñòðàòîñôåðè. Íàøå äîñë³äæåííÿ ìàº íà ìåò³ âèçíà÷èòè çàãàëüíèé äîâãîòíèé ðîçïîä³ë îçîíó äëÿ ï³âäåííî¿ 
âåñíè òà îêðåìèõ ì³ñÿö³â (âåðåñåíü, æîâòåíü ³ ëèñòîïàä), ³ äåòàëüíî ðîçãëÿíóòè ñïîñòåðåæóâàí³ òåíäåíö³¿. 
Ïðîâåäåíî àíàë³ç òà îòðèìàíî òåíäåíö³¿ äèíàì³êè çàãàëüíîãî âì³ñòó îçîíó ï³ä ÷àñ ðîçâèòêó îçîíîâî¿ ä³ðè. 
Óñåðåäíåííÿ çà ÷àñîì äîâãîòíîãî ðîçïîä³ëó çàãàëüíîãî âì³ñòó îçîíó áóëî âèêîíàíî ç âèêîðèñòàííÿì òðèì³-
ñÿ÷íèõ ñåðåäí³õ çíà÷åíü îçîíó ï³ä ÷àñ ï³âäåííî¿ âåñíè. Öÿ ïðîöåäóðà óñóâàº ôëóêòóàö³¿ òà âèêèäè çà ðàõóíîê 
á³æó÷èõ ïëàíåòàðíèõ õâèëü. Ä³àïàçîí øèðîò 55–80 ïä. ø. áóâ ïðîàíàë³çîâàíèé, ùîá îõàðàêòåðèçóâàòè çà-
ãàëüíèé ðîçïîä³ë îçîíó íà êðàþ îçîíîâî¿ ä³ðè òà ó âíóòð³øí³õ ¿¿ îáëàñòÿõ. Ðîçïîä³ë çà îêðåì³ ì³ñÿö³ (âåðå-
ñåíü, æîâòåíü ³ ëèñòîïàä) ðîçãëÿäàâñÿ äëÿ äåòàëüíîãî îïèñó ñïîñòåðåæóâàíèõ òåíäåíö³é. Àíàë³ç îòðèìàíèõ 
ðåçóëüòàò³â âêàçóº íà áëèçüêèé äî ë³í³éíîãî â³ä’ºìíèé òðåíä çàãàëüíîãî âì³ñòó îçîíó ï³ä ÷àñ ³íòåíñèô³êàö³¿ 
îçîíîâî¿ ä³ðè ç ïî÷àòêó 1980-õ äî ñåðåäèíè 1990-õ ðîê³â. Öÿ òåíäåíö³ÿ áóëà âèçíà÷åíà íà âñ³õ ïðîàíàë³çîâà-
íèõ øèðîòàõ, ïðè÷îìó çàãàëüíèé âì³ñò îçîíó çìåíøèâñÿ íà ~150 îäèíèöü Äîáñîíà ïðîòÿãîì 15 ðîê³â â 
îáëàñò³ çîíàëüíîãî äîâãîòíîãî ì³í³ìóìó. Ïðîòå àíàë³ç òåíäåíö³é ïîêàçóº, ùî â³äíîâëåííÿ îçîíîâîãî øàðó 
ï³ä ÷àñ ï³âäåííî¿ âåñíè â îñòàíí³ ðîêè íå ñïîñòåð³ãàºòüñÿ, âðàõîâóþ÷è íèçüê³ çíà÷åííÿ âì³ñòó îçîíó â 
2020–2023 ðîêàõ. Ï³ñëÿ ïåð³îäó çìåíøåííÿ âì³ñòó îçîíó ÷³òêà òåíäåíö³ÿ íå ïðîñòåæóºòüñÿ, àëå æîâòíåâ³ 
çíà÷åííÿ çîíàëüíîãî ìàêñèìóìó äåùî çíèçèëèñÿ â îñòàííº äåñÿòèë³òòÿ. Ïîëîæåííÿ çîíàëüíîãî ì³í³ìóìó 
ðóõàëîñü íà ñõ³ä ï³ä ÷àñ çíèæåííÿ çàãàëüíîãî âì³ñòó îçîíó, àëå ó ïîäàëüøîìó â³äáóâàëèñü çíà÷í³ ì³æð³÷í³ 
âàð³àö³¿ äîâãîòíîãî ïîëîæåííÿ îáëàñò³ ÿê ìàêñèìàëüíîãî, òàê ³ îáëàñò³ ì³í³ìàëüíîãî âì³ñòó îçîíó áåç áóäü-
ÿêî¿ ïîì³òíî¿ äîâãîñòðîêîâî¿ òåíäåíö³¿.

Êëþ÷îâ³ ñëîâà: îçîíîâà ä³ðà, ïëàíåòàðíà õâèëÿ, ïîëÿðíèé âèõîð, ðàïòîâå ñòðàòîñôåðíå ïîòåïë³ííÿ, òðåíä 
âì³ñòó îçîíó
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