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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 itselfin 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 km?
[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) ERAS reanalysis
data (https://doi.org/10.24381/cds.bd0915¢6) [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 (o). 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 m?/s? [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 19.3-10* m?/s?
(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
19.3-10* m%s? 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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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

Puc. 1. Ilons reonoreHnuana, CKOpocTH BeTpa U o30Ha Ha ypoBHe 50 rlla Ham AHTapKTHKOM ¢
15 cents0ps no 15 nexadpst 2019 u 2020 T

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 (o). 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
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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
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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 ¢

Puc. 2. BHyTpuronoBsie U3MEHEHUS TEMIIEpaTypbl M 30HAJILHOTO BeTpa B cpeaneM 3a 1983—-2022 rr.:
@) 30HAJIbHBIC CPEJIHIE BHYTPHIOJ0BbIC H3MEHEHNUS TemIeparypbl B obnactu ot 0° 1o 60° 1o. 11 u
30HANBHOTO BeTpa B obnacty ot 30° 10 90° 10. ur. Ha yposHe 50 rlla (cuHne u KpacHbIe TMHUH COOT-
BETCTBYIOT MUHUMAJIbHBIM H MaKCUMAaJIbHbIM 3HAYCHHUSAM BO BHYTPUTOJOBBIX H3MEHEHMSX Ha KaX 0K
mmpore); b) BHyTPUroA0BO# X0 Temmneparypsl B obnact 20—40° fo. 11, ¥ 30HaJIBHOTO BeTpa y 60°
10. 1. Ha yposHe 50 rla ¢ CKO (1 o)
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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 PSC 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
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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 19832022 climatological means with +1 ¢
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1982-2021 rr. ¢ CKO (£1 o)

457



B.B. 3yes, E.C. Casenvesa, B.H. Kpynuamnukos, 1.B. bopogko u Op.

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
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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

Puc. 4. KoahpuimieHTsI Koppelsiinuy Mex/ly CpeAHeCy TOUHBIMH 3HaUSHUSIMU 30HAIBHOTO BETpa Ha
60° 0. II. ¥ aHOMAIMSAMHU TeMnepaTypsl B obimactu 20—40° 1o. m. Ha ypoBHe 50 rla ¢ 1 ceHTs0ps
o 30 nexabps 3a 1983-2022 rr.
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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 ERAS 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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B nocnenane necatuneTus HabIIOAAETCS BRIpAKEHHAS TCHICHINS YCUICHUS aHTap-
KTHYECKOTO TOJISIPHOTO BUXPSI B TIO3/IHEBECEHHUN M paHHEJICTHUN 1epuoj (HOsI0pb—/e-
KaOpb), TMPOSIBIISIIOINASICS B YIUIMHEHUH TIEPHUOJIa €r0 CYIECTBOBAHUS. SIpKUM MPHUMEpOM
9TOW TEHJIEHITUH CTajla TUHAMHKA aHTaPKTHYECKOTO ToJsipHOro Buxps B 2020 1., KOoT/1a OH
CYIIIECTBOBAJI BIUIOTH JI0 MOCeIHEeN Henenu nekaops. B cBoto ouepens B 2019 1., Ha060-
POT, MPOM30ILIO HEOOBIUHO paHHEE pa3pyIIeHHE MOJSIPHOTO BUXPS, PETUCTPUPOBATIOCH
MaJioe BHE3almHOe CTpaTochepHoe MOTEIICHNUE.

B pabote ¢ ucnions3oBanueM gaHHbIX peanannza ERAS u nanasix MERRA-2 pac-
CMOTPEHO BIIMSHUE TEMIIEPaTypbl HIDKHEH CyOTpONnn4eckoil crpatocdepsl Ha TUHAMUKY
AHTAPKTHUYECKOTO MoJisipHoro Buxpsi BecHoit 2019 u 2020 rr. B 2019 . Habmonanock
aHOMaJbHOE OCIa0JIeHNe TOJISIPHOTO BUXPSI B CEHTSIOPE M OKTSAOpE, BIUIOTH JIO €ro pas-
pylIeHus B Havaje HosOps. B To Bpems kak B 2020 r. Habmomanocs HEOOBIYHOE YCUIICHHUE
MOJISIPHOTO BUXPS B HOSOpE U Jiekabpe 1 OecTpere/IeHTHOE YBETUYEHUE TTPOTOIIKUTEIb-
HOCTH €r0 CYIIECTBOBAaHUS (MONAPHBIN BUXPh PAa3pPYLIMIICS B KOHIE JeKaOps).

dopmHUpoOBaHKE U YCUIICHHE aHTAPKTHYECKOTO MOJISIPHOTO BUXPsI IPOUCXOJIUT B pe-
3yJIbTare yBEJIUUEHHs CTParoc(epHOoro MepHIMOHAIBHOIO TEMIIEPAaTypHOTo I'pajineHTa
B YCJIOBHSAX CE30HHOTO POCTa TEMIIepaTypbl HIDKHEH CyOTpONnYeckoi crparochepsl.
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BecHoii TemiiepaTypHblil FpaJMEHT HAUMHAET YMEHBILATHCS U NOJISAPHbII BUXPh CTAHOBUTCS
Gornee 4yBCTBUTENILHBIM K M3MEHEHHSIM TEMIIEPATypbl HI)KHEH CyOTpOITMUECKOH CTpaToc-
(hepbl OTHOCUTENIFHO KIIMMaTHYeCKOH HOpMBI. [Toka3aHo, 4TO TMHAMUKA aHTAPKTHIECKOTO
MOJIIPHOTO BUXPs B ceHTs10pe—okTsa0pe 2019 1. u B HOos1Ope 2020 1. OblIa B 3HAYUTEIIEHON
CTEIICHN CKOPPEINPOBAaHA C N3MEHEHUSAMH TEMITEpaTypbl HIDKHEH CyOTponnieckoil cTpa-
Tocdepsl. OcablieHre U MOCIeAyIoIIee pa3pyeHIe MOIIPHOTO BUXps BecHOH 2019
HaOJIIO/IAJIOCh B YCJIOBHSAX aHOMAJIBHOTO TMOHIKEHUS TEMIIEpaTypbl HIKHEH CyOTpOITH-
yeckol cTparocdepsl. YCHIeHHE MOIIPHOTO BUXPS C Hadaja HOSOPsI 10 MEPBYIO HE/IEII0
nexabpst 2020 . IPOUCXOAMIIO B YCIOBHSIX aHOMAJIBHOTO YBEITHYCHHUS TEMIIEpaTyphl HIDK-
Hel cyOTponmdeckoii crpatocdepsl. MI3MeHEeHNs] OCHOBHBIX XapaKTEPHUCTHK IOJISIPHOTO
Buxps BecHoi 2019 n 2020 rr. ObUTH B 3HAYUTEIHHON CTETICHN CHHXPOHU3UPOBAHEI C Ba-
pHAIMSIMHU TEMIEPATYPbl CyOTPONTMUECKON cTparoc(hepbl OTHOCUTEILHO KIMMaTHIECKOH
HOpMEI. [Ipu sTOM B mexabpe 2020 r. He HAOMIOAAIOCh CONTACOBAHHOCTH B M3MEHEHUSIX
TeMIepaTypsl CyOTPONUUECKO cTpaTtocdepbl U JUHAMHUKE TOISIPHOTO BUXPsl. C HCTIOIb30-
BaHMEM KOPPEJISIIMOHHOTO aHAJIN3a MOKa3aHo, YTO B ieKadpe JUHAMUKa aHTAPKTHIECKOTO
HOJIIPHOTO BUXPS B OOJIBbIIIEH CTETIeHN 00yCIIOBIEHA H3MEHEHUSMH TEMIIEPATypbl HIKHEH
cyOTponmueckoil cTparocdepbl, HaOMIONABIINMICS BO BTOPOH TOJIOBHUHE HOSOPS, 4TO,
B YaCTHOCTH, NposiBuiIock B 2020 1.



