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Abstract. The trend of strengthening of the Antarctic polar vortex in late spring and early summer (November–
December) has been observed in recent decades. A good example of this trend is the dynamics of the Antarctic 
polar vortex in 2020 when it existed until the last week of December. In 2019, conversely, on the contrary, an 
unusually early breakup of the polar vortex occurred, a minor sudden stratospheric warming was recorded. 
Strengthening (or weakening) of the Antarctic polar vortex occurs as a result of an increase (or decrease) in 
the stratospheric meridional temperature gradient under conditions of growth (or decline) in the temperature of 
the lower subtropical stratosphere. We considered the temperature variations in the lower subtropical stratosphere 
in the spring of 2019 and 2020 and the corresponding response of the Antarctic polar vortex. The dynamics 
of the Antarctic polar vortex in September–October 2019 and November 2020 was largely synchronized with 
the temperature changes in the lower subtropical stratosphere relative to climatological means. Using correlation 
analysis, we show that the Antarctic polar vortex dynamics in December is largely due to the temperature changes 
in the lower subtropical stratosphere that occurred in the second half of November, which manifested itself in 2020.
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Introduction
The Southern Annular Mode (SAM), also known as the Antarctic Oscillation (AAO), 

largely determines the climate variability of the extratropical latitudes of the Southern 
Hemisphere [1, 2]. The SAM is a zonally symmetric mode of variability in the Southern 
Hemisphere with geopotential height perturbations of opposite signs over the Antarctic 
and a zonal band centered near 45° S [2, 3]. The positive phase of the SAM is associated 
with a decrease in the geopotential height over Antarctica and its increase over the middle 
latitudes of the Southern Hemisphere [2]. The SAM index in the stratosphere is a measure 
of the polar vortex strength [4]. The Antarctic polar vortex strengthening (in spring) 
and the subsequent increase in the SAM (in summer) have been observed in the last 
3–4 decades [4]. The strengthening (or weakening) of the Antarctic vortex can also affect 
other aspects of the tropospheric circulation, including the occurrence of weather anomalies 
in the polar and subpolar latitudes [5, 6].

The Antarctic polar vortex usually forms in April, reaches its peak intensity in 
September and collapses in November–December [7, 8]. In the lower stratosphere inside 
the vortex, as a result of a significant decrease in temperature during the polar night, polar 
stratospheric clouds (PSCs) are formed, which act as surfaces for heterogeneous reactions 
between chlorine reservoirs, proceeding with the release of molecular chlorine [9, 10]. 
With the appearance of solar radiation over the polar region in the lower stratosphere, 
the chlorine cycle of ozone depletion begins inside the polar vortex, and proceeds until 
the collapse of the vortex [11, 12]. The earlier breakdown of the polar vortex occurs under 
the influence of planetary waves and is accompanied by sudden stratospheric warming 
(SSW) [13, 14]. SSWs are characterized by a sharp increase in temperature in the middle 
and lower polar stratosphere, which is observed as a result of a strong displacement 
(minor SSW) or splitting (major SSW) of the polar vortex [15]. SSWs were observed 
over Antarctica in the September of 2002 (major SSW) and 2019 (minor SSW) [16, 17].

Earlier weakening and breakdown of the Antarctic polar vortex in the spring of 
2019 has been considered in several works [18–20]. The abnormal weakening of the 
polar vortex in 2019 was observed from September to October, after which it collapsed in 
the first half of November, about a month earlier than the average for 40 years. Although 
a minor SSW was recorded in 2019 (the polar vortex displacement was observed), the polar 
vortex weakening in 2019 was comparable to that in 2002, when a major SSW occurred 
as a result of the vortex splitting [18]. A significant displacement of the polar vortex was 
observed from 3–5 to 19–21 September, as the vortex area decreased to 24 million km2 
[19]. However, in 2020, an abnormal strengthening of the Antarctic polar vortex was 
observed in late spring [21, 22]. In 2020, anomalously high values of the average wind 
speed along the vortex edge were recorded throughout the entire period of its existence, and 
record values of the vortex area and ozone hole area were observed from mid-November 
to December. The polar vortex in 2020 existed until the last week of December, which 
is an unprecedented case [23].

The formation and strengthening of the Antarctic polar vortex occurs under conditions 
of an increase in the stratospheric meridional temperature gradient [24, 25]. The seasonal 
temperature variation of the lower subtropical stratosphere in the Southern Hemisphere 
provides favorable conditions for the formation of the strong polar vortex [26]. A gradual 
increase in temperature from March until reaching a maximum in September contributes to 
the gradual strengthening of the polar vortex from its formation in April to its peak intensity 
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in September. Moreover, temperature variations in the lower subtropical stratosphere 
relative to its climatological means in October and November cause corresponding changes 
in the Antarctic polar vortex dynamics (a temperature increase relative to the means leads 
to vortex strengthening and a temperature decrease causes vortex weakening) [27]. This 
work aims to illustrate the influence of temperature changes in the lower subtropical 
stratosphere in the spring of 2019 and 2020 on the Antarctic polar vortex dynamics.

Data and methods
The geopotential, zonal and meridional winds, temperature and ozone mass mixing 

ratio data for 0–90° S on the 50 hPa pressure surface from 1983 to 2022 were retrieved from 
the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis 
data (https://doi.org/10.24381/cds.bd0915c6) [28]. The data on minimum temperature for 
50–90° S on the 50 hPa pressure surface, PSC volume for 60–90° S and ozone hole area 
for 40‒90° S from 1983 to 2022 were taken from the Modern-Era Retrospective analysis 
for Research and Applications, Version 2 (MERRA-2) data [29].

To analyze the dynamics of the Antarctic polar vortex in 2019 and 2020, we 
obtained the 40 year climatological mean seasonal cycles of zonal mean zonal wind 
at 60° S, minimum temperature for 50–90° S, PSC volume and ozone hole area in 
the Antarctic stratosphere over the period 1983–2022 with standard deviations (σ). To 
explore variations of lower subtropical stratospheric temperature in 2019 and 2020, we 
obtained the 40-year climatological mean seasonal cycles of temperature anomalies for 
20‒40° S over the period 1983–2022 with standard deviations. Climatological means 
and their standard deviations were smoothed with the FFT filter (fast Fourier transform 
filter) over 15 points. Time series of the characteristics studied in 2019 and 2020 were 
smoothed with a 5-point FFT filter.

To trace the Antarctic polar vortex edge in 2019 and 2020 (Fig. 1) we used the vortex 
delineation method, according to which the Antarctic vortex edge at the 50 hPa level is 
determined by geopotential value of 19.3‧104 m2/s2 [30]. To analyze temperature changes in 
the lower subtropical stratosphere, taking into account its significant interannual variability, 
we used temperature anomalies. We obtained temperature anomalies by subtracting 
the annual mean values of the corresponding year from the daily mean values. To study 
the influence of temperature changes in the lower subtropical stratosphere on the polar 
vortex dynamics, we calculated the Pearson correlation coefficients between daily mean 
values of the zonal mean zonal wind at 60° S and the temperature anomalies for 20‒40° S at 
the 50 hPa level from September to December over the period 1983–2022.

Results
Fig. 1 shows the geopotential, wind speed and ozone distributions in the lower 

stratosphere over the Antarctic from 15 September to 15 December of 2019 and 2020. 
The Antarctic polar vortex edge, characterized by a geopotential value of 19.3‧104 m2/ s2 
(according to the vortex delineation method [30]), is highlighted in the geopotential 
distributions by a line. Prior to the vortex breakdown, the geopotential values of 
19.3‧104 m2/s2 accurately describe the edges of the Antarctic polar vortex in the lower 
stratosphere, since they correspond to the maximum wind speed values (characterizing 
the vortex edges) in the wind speed distributions and are in good agreement with areas 
of low ozone content (characterizing regions of the polar vortex) in ozone distributions 
(Fig. 1). In the wind speed distributions, the values of 20 m/s are marked with a line, at 
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which the polar vortex edge becomes a dynamic barrier [31]. As seen from Fig. 1, in 2019 
the polar vortex was much weaker than in 2020. The vortex displacement was observed in 
September 2019, accompanied by a minor SSW, and its breakdown occurred in the first 
half of November. In 2020 the Antarctic polar vortex was unusually strong, characterized 
by high wind speed along the vortex edge and a large area, with deep ozone depletion 
observed inside the vortex.

The spring strengthening (weakening) of the Antarctic polar vortex is usually due to 
an increase (decrease) in the stratospheric meridional temperature gradient under conditions 
of a growth (decline) in the temperature of the lower subtropical stratosphere [27]. 
Fig. 2 shows 40-year average intra-annual changes in mid-latitude temperature values 
in the range of 0–60° S and zonal wind in the range of 30–90° S at the 50 hPa level, as 
well as the intra-annual variation in the temperature values in the region of 20–40° S and 
zonal wind at 60° S with standard deviations (σ). The red and blue lines correspond to 
the maximum and minimum values in intra-annual changes for each latitude. The intra-
annual temperature variation of the lower subtropical stratosphere is explained by 
the ongoing compensation between temperature changes in tropical and polar latitudes 
[32]. The seasonal maximum in the lower stratosphere of tropical and Antarctic latitudes 

Fig. 1. Geopotential, wind speed and ozone distributions at the 50 hPa level over the Antarctic from 
15 September to 15 December of 2019 and 2020

Рис. 1. Поля геопотенциала, скорости ветра и озона на уровне 50 гПа над Антарктикой с 
15 сентября до 15 декабря 2019 и 2020 гг.
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456

is observed at the end of July and December, respectively. Seasonal temperature variations 
in the lower tropical stratosphere are due to the intra-annual variation of stratospheric 
ozone in the tropics: the temperature maximum is observed approximately 2–3 weeks 
after the formation of the ozone maximum [33]. As seen from Fig. 2, in the Southern 
Hemisphere, seasonal changes in the temperature of the lower subtropical stratosphere are 
in good agreement with changes in the zonal wind at 60° S (reflecting the dynamics of 
the Antarctic polar vortex): an increase in temperature in the autumn-winter period (from 
March to September) contributes to an increase in the stratospheric meridional temperature 
gradient and subsequent strengthening of the Antarctic polar vortex.

To illustrate the influence of the subtropical stratosphere on the Antarctic polar 
vortex dynamics, Fig. 3 shows the time series of temperature anomalies in the region 
of 20–40° S at the 50 hPa level from June to December 2019 and 2020 compared with 

Fig. 2. The 1983–2022 climatological means of zonal mean temperature and zonal mean zonal wind: 
a) the climatological mean values of zonal mean temperature from 0° S to 60° S and zonal mean 
zonal wind from 30° S to 90° S at the 50 hPa level from January to December (the blue and red lines 
correspond to the minimum and maximum values over the year); b) the climatological means of 
zonal mean temperature for 20–40° S and zonal mean zonal wind at 60° S at the 50 hPa level from 
January to December with ±1 σ
Рис. 2. Внутригодовые изменения температуры и зонального ветра в среднем за 1983‒2022 гг.: 
a) зональные средние внутригодовые изменения температуры в области от 0° до 60° ю. ш. и 
зонального ветра в области от 30° до 90° ю. ш. на уровне 50 гПа (cиние и красные линии соот-
ветствуют минимальным и максимальным значениям во внутригодовых изменениях на каждой 
широте); b) внутригодовой ход температуры в области 20–40° ю. ш. и зонального ветра у 60° 
ю. ш. на уровне 50 гПа с СКО (±1 σ)

a) b)
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the 40-year means. Fig. 3 also shows intra-annual changes in the zonal mean zonal 
wind speed at 60° S, zonal mean temperature in the area of 60–90° S and minimum 
temperature in the area of 50–90° S at the 50 hPa level, the PSС volume in the region 
of 60–90° S and the ozone hole area from July to December 2019 and 2020 compared 
with the 1983–2022 climatological means. An abnormal decrease in the temperature 
of the lower subtropical stratosphere in 2019 was observed from early September and 
was accompanied by an anomalous decrease in zonal wind at 60° S and an anomalous 
increase in the mean and minimum temperature in the lower polar stratosphere. At the same 
time, a rapid decrease in the PSC volume and ozone hole area was observed (Fig. 3). 
The temperature increase in the subtropical stratosphere, which began on 19 September 

Fig. 3. Time series of temperature anomalies for 20‒40° S, zonal mean zonal wind at 60° S, zonal mean 
temperature for 60–90° S, minimum temperature for 50–90° S at the 50 hPa level, PSC volume for 
60–90° S and ozone hole area for 40–90° S from July to December of 2019 and 2020 in comparison 
with the 1983‒2022 climatological means with ±1 σ
Рис. 3. Внутригодовой ход температурных аномалий в области 20‒40° ю. ш., скорости зо-
нального ветра на 60° ю. ш., средней температуры в области 60–90° ю. ш. и минимальной 
температуры в области 50–90° ю. ш. на уровне 50 гПа, объема ПСО в области 60‒90° ю. ш. 
и площади озоновой дыры с июля по декабрь 2019 и 2020 гг. на фоне средних значений за 
1982‒2021 гг. с СКО (±1 σ)
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2019, was accompanied by an increase in wind speed and a decrease in mean temperature 
in the polar region, as well as an increase in ozone hole area. Subsequent changes in 
the temperature of the lower subtropical stratosphere were also largely synchronized 
with the polar vortex dynamics until its breakdown in early November (Fig. 3). SSWs 
can contribute to an intensification of the Brewer-Dobson circulation, which can lead to 
a temperature decrease in the lower subtropical stratosphere [34], which in turn leads to 
a decrease in the stratospheric meridional temperature gradient and an additional weakening 
of the polar vortex. A temperature increase in the lower subtropical stratosphere in the 
second half of October 2020 was also accompanied by an anomalous increase in zonal 
wind at 60° S, a decrease in the mean and minimum temperatures in the polar region, 
and an increase in the PSC volume and ozone hole area. The temperature decrease since 
30 October 2020 was accompanied by a decrease in zonal wind and an increase in mean 
temperature in the polar region. Subsequent changes are also largely correlated up to 
the second week of December (Fig. 3).

During the second and third weeks of December 2020, the characteristics of 
the polar vortex remained abnormally high, while the temperature of the lower subtropical 
stratosphere approached the climatological means. Fig. 4 shows the distributions of 
the Pearson correlation coefficients between the zonal mean zonal wind at 60° S and 
zonal mean temperature anomalies in the region of 20–40° S at the 50 hPa level from 
1983 to 2022. Correlation values above 0.4 and 0.6 are outlined. Correlation coefficients 
get higher than 0.4 from 21 September, higher than 0.6 from 16 October and close to 
0.8 from early November, with the highest values observed mostly day-to-day. According 
to Fig. 4, in December, changes in zonal wind at 60° S are largely due to temperature 

Fig. 4. The Pearson correlation coefficients between daily mean values of zonal mean zonal wind at 
60° S and temperature anomalies for 20‒40° S at the 50 hPa level from 1 September to 30 December 
over the period 1983–2022
Рис. 4. Коэффициенты корреляции между среднесуточными значениями зонального ветра на 
60° ю. ш. и аномалиями температуры в области 20–40° ю. ш. на уровне 50 гПа с 1 сентября 
по 30 декабря за 1983–2022 гг.
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variations in the second half of November. This explains the Antarctic polar vortex 
dynamics in December 2020, which was more correlated with the temperature variations of 
the subtropical stratosphere observed in the second half of November. Another explanation 
could be the influence of deep ozone depletion on temperature decrease inside the polar 
vortex in the second and third weeks of December (Fig. 3), which in turn could contribute 
to an increase in the stratospheric meridional temperature gradient and the persistence 
of the strong vortex.

Conclusion
In this work, using the ERA5 reanalysis data and the MERRA-2 data, we illustrated 

the influence of the temperature of the lower subtropical stratosphere on the Antarctic 
polar vortex dynamics in spring 2019 and 2020. The unusual weakening of the polar 
vortex was observed in September and October 2019, until its breakdown in early 
November. The unusual strengthening of the polar vortex and an unprecedented increase 
in the duration of its existence was observed in November and December 2020 (the polar 
vortex breakdown occurred in late December). The formation and strengthening of 
the Antarctic polar vortex occurs as a result of an increase in the stratospheric meridional 
temperature gradient under conditions of a seasonal temperature increase in the lower 
subtropical stratosphere. During spring, the temperature gradient begins to decrease and 
the polar vortex becomes more sensitive to temperature changes in the lower subtropical 
stratosphere relative to the climatological means. The Antarctic polar vortex dynamics in 
September–October 2019 and November 2020 was largely correlated with temperature 
changes in the lower subtropical stratosphere. An unusual weakening and subsequent 
breakdown of the polar vortex in the spring of 2019 was observed under conditions of 
an anomalous temperature decrease of the lower subtropical stratosphere. The 2019 SSW 
could have contributed to the intensification of the Brewer-Dobson circulation, which 
could have led to a decrease in the temperature in the lower subtropical stratosphere 
[34] and a subsequent weakening of the polar vortex. An unusual strengthening of 
the polar vortex from early November to the first week of December 2020 occurred 
under the conditions of an anomalous temperature increase of the lower subtropical 
stratosphere. Changes in the main characteristics of the polar vortex in the spring of 
2019 and 2020 were largely synchronized with temperature variations in the subtropical 
stratosphere relative to the climatological means. At the same time, in December 2020, 
temperature changes in the subtropical stratosphere and the polar vortex dynamics 
were not consistent. Using correlation analysis, we have illustrated that in December 
the Antarctic polar vortex dynamics is largely determined by temperature changes in 
the lower subtropical stratosphere observed in the second half of November. It is also 
possible that deep ozone depletion may influence the decrease in temperature within 
the polar vortex, which could contribute to an increase in the stratospheric meridional 
temperature gradient and subsequent strengthening of the polar vortex.
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В последние десятилетия наблюдается выраженная тенденция усиления антар-
ктического полярного вихря в поздневесенний и раннелетний период (ноябрь–де-
кабрь), проявляющаяся в удлинении периода его существования. Ярким примером 
этой тенденции стала динамика антарктического полярного вихря в 2020 г., когда он 
существовал вплоть до последней недели декабря. В свою очередь в 2019 г., наобо-
рот, произошло необычно раннее разрушение полярного вихря, регистрировалось 
малое внезапное стратосферное потепление.

В работе с использованием данных реанализа ERA5 и данных MERRA-2 рас-
смотрено влияние температуры нижней субтропической стратосферы на динамику 
антарктического полярного вихря весной 2019 и 2020 гг. В 2019 г. наблюдалось 
аномальное ослабление полярного вихря в сентябре и октябре, вплоть до его раз-
рушения в начале ноября. В то время как в 2020 г. наблюдалось необычное усиление 
полярного вихря в ноябре и декабре и беспрецедентное увеличение продолжитель-
ности его существования (полярный вихрь разрушился в конце декабря).

Формирование и усиление антарктического полярного вихря происходит в ре-
зультате увеличения стратосферного меридионального температурного градиента 
в условиях сезонного роста температуры нижней субтропической стратосферы. 
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Весной температурный градиент начинает уменьшаться и полярный вихрь становится 
более чувствительным к изменениям температуры нижней субтропической стратос-
феры относительно климатической нормы. Показано, что динамика антарктического 
полярного вихря в сентябре–октябре 2019 г. и в ноябре 2020 г. была в значительной 
степени скоррелирована с изменениями температуры нижней субтропической стра-
тосферы. Ослабление и последующее разрушение полярного вихря весной 2019 г. 
наблюдалось в условиях аномального понижения температуры нижней субтропи-
ческой стратосферы. Усиление полярного вихря с начала ноября по первую неделю 
декабря 2020 г. происходило в условиях аномального увеличения температуры ниж-
ней субтропической стратосферы. Изменения основных характеристик полярного 
вихря весной 2019 и 2020 гг. были в значительной степени синхронизированы с ва-
риациями температуры субтропической стратосферы относительно климатической 
нормы. При этом в декабре 2020 г. не наблюдалось согласованности в изменениях 
температуры субтропической стратосферы и динамике полярного вихря. С использо-
ванием корреляционного анализа показано, что в декабре динамика антарктического 
полярного вихря в большей степени обусловлена изменениями температуры нижней 
субтропической стратосферы, наблюдавшимися во второй половине ноября, что, 
в частности, проявилось в 2020 г.
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