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Summary

The dynamic barrier of the polar vortex contributes to lowering the temperature inside the vortex in the lower
stratosphere and prevents the penetration of air masses into the vortex. The presence of a dynamic barrier
during winter is one of the criteria determining the possibility of ozone depletion from late winter to spring. We
considered the dynamics of the Arctic polar vortex in the winters of 2014/2015 and 2020/2021 at the 50, 30 and
10 hPa levels by the vortex delineation method using the geopotential. In early January 2015 and 2021, sudden
stratospheric warmings were recorded as a result of the splitting (4 January 2015) and the significant displacement
(5 January 2021) of the polar vortex. In both cases, the weakening of the dynamic barrier of the polar vortex
was observed. The polar vortex is characterized by the presence of a dynamic barrier, when the wind speed
along the entire edge of the vortex is more than 20, 24 and 30 m/s at the 50, 30 and 10 hPa levels, respectively.
A decrease in the average wind speed along the vortex edge below 30, 36 and 45 m/s, at the 50, 30 and 10 hPa
levels, respectively, usually indicates a local decrease in the wind speed below 20, 24 and 30 m/s at these levels,
i.e., indirectly indicates a weakening of the dynamic barrier.
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INTRODUCTION
Stratospheric polar vortices, which form in autumn in the winter hemisphere and
collapse in spring, play a key role in polar ozone depletion from late winter to spring [1-3].
Ozone depletion is observed as a result of a cycle of heterogeneous and photochemical
reactions inside the polar vortex [4—6]. Heterogeneous reactions occur on the surface and
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in the volume of polar stratospheric clouds (PSCs), which form and exist at extremely low
temperatures (PSC type I at temperatures below —78 °C and PSC type II at temperatures
below —85 °C) in the lower stratosphere inside the polar vortex [7]. Chlorine reservoirs (HC1
and CIONO,) condensing on PSC surfaces at low temperatures interact with the formation
of photochemically active molecular chlorine, which participates in the catalytic cycle of
ozone destruction with the appearance of solar radiation [8, 9]. The Antarctic polar vortex is
much stronger and more stable than the Arctic one, especially in spring, which is reflected
in the significant difference between the area and intensity of ozone depletion inside
the vortices from late winter to spring [10, 11]. The Arctic polar vortex often undergoes
a weakening of the dynamic barrier in winter (which has never been observed in Antarctica
from 1979 to 2022). The dynamic barrier of the polar vortex contributes to a decrease in
the temperature inside the vortex in the lower stratosphere and prevents the penetration
of warm, ozone-rich air masses into the vortex (which manifests itself in a significant
temperature gradient along the vortex edge) [12, 13]. The weakening of the dynamic barrier
leads to an increase in the temperature inside the polar vortex in the lower stratosphere
and subsequent melting of PSCs [14]. The chlorine compounds accumulated on PSCs
evaporate together with PSCs, and then the process of accumulation of chlorine compounds
on PSC surfaces begins again when the dynamic barrier is restored, the temperature
decreases and the PSC is formed [15]. Ozone depletion is observed in cases where PSCs
continuously existed for at least two months and accumulated a sufficient amount of
chlorine compounds for large-scale ozone depletion to occur when solar radiation appears
over the polar region [16]. Thus, the presence of a dynamic barrier during winter is one
of the criteria determining the probability of ozone depletion from late winter to spring.

The weakening of the Arctic polar vortex often occurs under the influence of planetary
waves and is sometimes accompanied by sudden stratospheric warmings (SSWs) [17-21].
SSW events are usually associated with the splitting of the polar vortex into two or its
significant displacement [22, 23]. In the winters of 2015 and 2021, SSWs were recorded
as a result of the polar vortex splitting on 4 January 2015 and a significant displacement
of the polar vortex on 5 January 2021 [24-27]. In both cases, the dynamic barrier
weakening was observed in early January. There are at least three methods for vortex
delineation. The polar vortex edge can be determined from the maximum potential vorticity
gradient [28], using the function M [29] and the geopotential values determined from
the maximum temperature gradient [30]. Potential vorticity, being a ratio of the absolute
vortex to the effective depth of the vortex, describes the dynamics of the vortex well.
The function M, being a measure based on the length of Lagrangian fluid parcel trajectories,
makes it possible to estimate the regional features of mass transfer and determine the area
of the dynamic barrier along the vortex edge. The work considers the Arctic polar vortex
dynamics in the winter-spring of 2014/2015 and 2020/2021 before and after the SSW
events by the vortex delineation method using the geopotential.

DATA AND METHODS

The daily mean data on zonal and meridional wind, the geopotential, air temperature
and ozone mass mixing ratio in the region of 40-90° N with a horizontal resolution of
0.25 x 0.25° at the 50, 30 and 10 hPa levels for 1979-2021 were obtained from the ERAS
reanalysis data (https://doi.org/10.24381/cds.bd0915¢6) [31]. The phases of the quasi-
biennial oscillation are characterized by zonal winds in the equatorial region at the 30 hPa
level (http://www.geo.fu-berlin.de/met/ag/strat/produkte/qbo/ qbo.dat) [32].
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To analyze the dynamics of the Arctic polar vortex, we used the vortex delineation
method using the geopotential [33]. A maximum temperature gradient and, as a rule,
maximum wind speed values are observed along the edge of the polar vortex. Based
on hourly data with a horizontal resolution of 0.25 x 0.25° for the 50, 30 and 10 hPa
pressure levels for the period from 1979 to 2021, the following values were obtained:
the temperature value at the point of a maximum gradient in the 40-90° latitude belt for
each longitude value, the geopotential value at the points of the maximum temperature
gradient, the maximum wind speed in the 40-90° latitude belt for each longitude value.
On average for 1979-2021, the value of the geopotential ®@" in the region of the maximum
temperature gradient along the vortex edge equals ®"= (19.50 + 0.15) - 10* m?%s? at
the 50 hPa, @"= (22.70 + 0.20) - 10* m* s* at the 30 hPa and ®" = (29.50 + 0.30) - 10* m?/s?
at the 10 hPa. The vortex area, mean and minimum wind speed along the vortex edge,
mean temperature and mean ozone mass mixing ratio inside the vortex were calculated
using the ERAS reanalysis data, based on the fact that the Arctic polar vortex edge at
the 50, 30 and 10 hPa levels is determined by geopotential values 19.5 - 104, 22.7 - 10* and
29.5-10* m%/s?, respectively. The dynamics of the characteristics studied in the winter-
spring of 2014/2015 and 2020/2021 was considered in comparison with 30-year means
and their standard deviations (SD, o) obtained as a result of selecting 30 cases with the
strongest vortex for 1979-2021 (during averaging, the data for the following years, when
anomalous changes in the wind speed and vortex area exceeded 2 standard deviations,
were removed (the period from July to June of the following year): 1983/1984, 1984/1985,
1986/1987, 1987/1988, 1998/1999, 2000/2001, 2001/2002, 2003/2004, 2005/2006,
2008/2009, 2011/2012, 2012/2013, 2018/2019). In obtaining climatological means for
the Arctic polar vortex, which is characterized by significant variability, it is especially
important to filter out cases with a weak polar vortex. 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 2014/2015 and 2020/2021 were
smoothed with a 3-point FFT filter.

RESULTS AND DISCUSSION

Fig. 1 shows the dynamics of the main characteristics of the Arctic polar vortex from
the December to March of 2014/2015 and 2020/2021 at the 50, 30 and 10 hPa levels,
obtained by the vortex delineation method. Fig. 2 shows the geopotential, wind speed and
temperature distributions from the December to March of 2014/2015 and 2020/2021 at
the 30 hPa level. The main dynamic characteristics of the polar vortices (in addition to
the presence of a dynamic barrier) are the vortex area of more than 10 million km? and
the average wind speed along the vortex edge of more than 30, 36 and 45 m/s at the 50, 30
and 10 hPa levels, respectively [33]; marked with a blue dashed line in Fig. 1. The polar
vortex is characterized by the presence of a dynamic barrier, when the wind speed along
the entire edge of the vortex horizontally is more than 20, 24 and 30 m/s at the 50, 30 and
10 hPa levels, respectively [34]. The values of 22.7 - 104 m?/s?, describing the polar vortex
edge, are connected by a line on the geopotential distributions in Fig. 2, and the values
of 24 m/s, characterizing the dynamic barrier, are connected by a line on the wind speed
distributions. The red dashed line in Fig. 1 marks the SSW events observed on 4 January
2015 and 5 January 2021 (marked on 4 January).

As seen in Fig. 1, no large-scale ozone depletion was observed in 2015 and 2021.
A significant increase in the temperature inside the vortex was recorded in both years
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Fig. 1. Time series of the Arctic polar vortex area, mean wind speed along the vortex edge, mean
temperature inside the vortex and mean ozone mass mixing ratio inside the vortex at the 50, 30 and
10 hPa pressure levels from December to March of 2014/2015 and 2020/2021 in comparison with
the 30-year means with £1 ¢

Puc. 1. BpeMeHHbIe U3MEHEHHMI TIOIA 1 apKTHYECKOT0 MOJISIPHOTO BUXPsl, CPEIHEH CKOPOCTH BETpa
II0 IpaHMLE BUXPSI, CPEHEN TeMIlepaTypbl BHYTPH BUXPS U CPETHETO MacCOBOTO OTHOLIEHUS CMECH
030Ha BHYTpH Buxps Ha ypoBHsx 50, 30 u 10 rlla ¢ nexabps mo mapt 2014/15 u 2020/21 rr. B cpas-
HeHuH ¢ 30-IeTHUMU CPEHUMU 3HAYSHUSIMU CO CpeHeKBaApaTnIHbIMU oTKiIoHeHus MU (CKO, o)

shortly before the SSW, after which the average temperature inside the vortex remained
high for at least a month, which eventually led to PSC melting and their absence for
more than a month during the winter in both cases (and no ozone depletion in spring).
As seen from Fig. 1, in 2015 and 2021, at the 50 and 30 hPa levels, where the vertical
ozone gradient is positive, ozone values are above the climatological means, and at
the 10 hPa level, above which the gradient becomes negative, ozone values are below
the climatological means. Therefore, a possible cause may be a stronger settling of air
masses in these winters. Unexpectedly, in 2015 no weakening of the dynamic barrier was
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Fig. 2. Geopotential, wind speed and temperature distributions at the 30 hPa pressure level over
the Arctic from 15 December to 25 March of 2014/2015 and 2020/2021

Puc. 2. Tlons reonoreHnuana, CKOPOCTH BeTpa U TeMieparypsl Ha ypoBHe 30 rlla Hax ApKTukoit
¢ 15 nexabpst mo 25 mapra 3a 2014/15 u 2020/21 rr.

observed after the splitting of the polar vortex at the 50 and 30 hPa levels, but it was
observed at the 10 hPa level. In contrast, in 2021 the weakening of the dynamic barrier
of the polar vortex at all the three levels considered was recorded throughout most of
the winter, especially after the SSW event. As noted above, the dynamic barrier weakening
is observed with a local decrease in the wind speed along the vortex edge below 20, 24 and
30 m/s, at the 50, 30 and 10 hPa levels, respectively, which often occurs when the average
wind speed along the vortex edge decreases below 30, 36 and 45 m/s at these levels. As
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seen from Fig. 1, in 2021, the average wind speed was below the marked values almost
throughout February, while in 2015 it was observed only at the 10 hPa level. It should be
noted that while a decrease in the average wind speed along the vortex edge below 30, 36
and 45 m/s, at the 50, 30 and 10 hPa levels, respectively, usually indicates a weakening
of the dynamic barrier, the values of the average speed above the values noted do not
indicate the presence of the dynamic barrier, because local weakening of the dynamic
barrier can be observed at high average wind speeds (as was observed in January 2021,
in particular, on 10 January, Fig. 1, 2).

As seen from Fig. 2, in general, in the winter-spring of 2014/2015, the polar vortex
was stronger and more stable than in 2020/2021. In early January, in both cases, the vortex
became elongated, after which, the vortex splitting was observed in 2015 and the strong
displacement of the vortex occurred in 2021. In 2015, a few days after the splitting,
the gradual recovery and strengthening of the polar vortex was observed until mid-March
(Fig. 2). In contrast, in 2021, after the vortex displacement in early January, its gradual
slow weakening was observed until breakdown in April (Fig. 1, 2). The vortex area in
both years was more than 10 million km? until April (Fig. 1).

In addition to the influence of planetary waves, the dynamics of the Arctic polar
vortex in the winter-spring of 2014/2015 and 2020/2021 can be affected by quasi-biennial
oscillation (QBO). As is known, during the western phase of the QBO, polar vortex
strengthening is observed, and during the eastern phase, it weakens, which manifests
itself in the Arctic throughout the entire winter-spring period, while in the Antarctic it
occurs only in spring [35—40]. The eastern and western phases of the QBO were observed
in the winter-spring of 2014/2015 and 2020/202,1 respectively, (during the entire period
of the existence of the polar vortex). It is assumed that in 2015 the eastern phase of
the QBO contributed to the weakening of the initially strong polar vortex, while in 2021
the relatively weak polar vortex, due to the western phase, lasted an unusually long time,
taking into account the frequency of weakening of the dynamic barrier.

CONCLUSION

In this work, we considered the dynamics of the Arctic polar vortex in the winters
of 2014/2015 and 2020/2021 at the 50, 30, and 10 hPa levels by the vortex delineation
method using the geopotential. In the early January of 2015 and 2021, SSW events were
recorded as a result of splitting (4 January 2015) and a significant displacement (5 January
2021) of the polar vortex. In both cases, a weakening of the dynamic barrier of the polar
vortex was observed. The polar vortex is characterized by the presence of a dynamic
barrier, when the wind speed along the entire edge of the vortex horizontally is more
than 20, 24 and 30 m/s at the 50, 30 and 10 hPa levels, respectively. At the same time,
a decrease in the average wind speed along the vortex edge below 30, 36 and 45 m/s, at
the 50, 30 and 10 hPa levels, respectively, usually indicates a local decrease in the wind
speed below 20, 24 and 30 m/s at these levels, i. e. indirectly indicates a weakening of
the dynamic barrier.

In 2015, after the splitting, the polar vortex quickly recovered in the lower stratosphere,
and subsequent weakening of the dynamic barrier was observed only at the 10 hPa level.
It is assumed that the temperature increase and PSC melting inside the vortex in the lower
stratosphere were observed due to the weakening of the dynamic barrier at the 10 hPa
level and the presence of vertical motions inside the polar vortex. In contrast, in 2021,
the weakening of the dynamic barrier after the SSW event was periodically observed
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at all heights. In 2015, after the splitting of the polar vortex, its gradual recovery and
strengthening was observed until mid-March, while in 2021, after the displacement of
the vortex in early January, its gradual slow weakening and destruction was observed in
April. It is assumed that in 2015 the eastern phase of the QBO contributed to the weakening
of the initially strong polar vortex, while in 2021 the initially weak polar vortex had an
unusually long duration of existence due to the western phase.
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Pe3rome

Jlunamudeckuii 6apbep MOTAPHOTO BUXPS CMOCOOCTBYET COXPAHEHHIO HM3KOH TeMIepaTyphl BHYTPH BHXPS
B HIDKHEH cTpatoc(epe 1 MpersTCTByeT MPOHMKHOBEHHIO BO3IYIIHBIX MAacc BHYTph BUXps. Hamnume nuHa-
MHYECKOro 0apbepa Ha MPOTAKCHHH 3UMBI SBIACTCS OJHUM M3 KPUTEPHEB, ONPEICIAONMX BO3MOKHOCTD
(opMHpOBaHKSA 030HOBOH aHOMAJIMH B TIEPUOJ| C KOHIIA 3UMBI 110 BeCHY. B pafore paccMoTpeHa JMHAMHUKa
APKTHYECKOTO MoysipHOro Buxps 3umoit 2014/15 u 2020/21 rr. Ha ypomsix 50, 30 u 10 rlla ¢ ucrnons3oBaHneM
METOJIa OKOHTYPUBAHNUS BUXPEH ¢ MOMOIIBIO reonoTeHnnaa. B nagane suaps 2015 n 2021 rr. peructpuposa-
JICBH BHE3AIHEIE CTPaTOC(epHbIe IOTEINIEHNs B pe3yibTare pacmerienus (4 sasapst 2015 1) 1 3HAUNTEIEHOTO
cmemenus (5 suBapst 2021 1) nonspHoro BUXpst. B 06oux ciydasx Habmozanocs ociablieHne TMHAMIIeCKOro
Gapbepa noIApHOro BUXpsL. TTONAPHEINA BUXPb XapaKTepU3yeTcss HAIMYHEM AHMHAMHYECKOro Oapbepa, Koraa
CKOPOCTb BETPa Ha MPOTSIKEHHH BCel IpaHuLbl BUXPS 110 TopU30HTamu cocrasiser Oonee 20, 24 u 30 m/c Ha
ypoBHax 50, 30 u 10 rlla, coorBercTBeHHO. [Ipy 3TOM CHUKEHHE CpeHEl CKOPOCTH BETPa IO IPAHUIIC BUXPS
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amke 30, 36 u 45 m/c coorBercTBeHHO Ha YpoBH:X 50, 30 1 10 rlla, kak mpaBmio, CBUACTENBCTBYET O JIOKAJb-
HOM YMEHBIICHHH CKOPoCTH BeTpa Hinke 20, 24 i 30 M/c Ha 3TUX yPOBHSIX, T. €. KOCBEHHO CBU/ICTENIECTBYET 00
ocabneHnn IMHaMI4eCcKoro Gapbepa.

KutroueBble c/10Ba: apKTHUYECKHil TIOMSPHBIA BUXPb, IMHAMIYECKUI Oapbep, TIIONIa b BUXPS, TOJSPHbIC CTpa-
TocepHble 001aKa, CKOPOCTh BETPa MO TPAHUILIE BUXPSL.

Jlast uutupoBanus: Zuev V.V, Savelieva E.S., Pavlinsky A.V., Maslennikova E.A. Arctic polar vortex dynamics
during winters 2014/2015 and 2020/2021 // TTpo6nemsr Apkruku n Antapkrukd. 2023. T. 69. Ne 2. C. 114-123.
https://doi.org/10.30758/0555-2648-2023-69-2-114-123.
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JTAHAMUKA APKTUYECKOTO TTOJISIPHOT'O BUXPSI 3UMOI 2014/15 U1 2020/21 I'T.
(PACLIMPEHHDI PEQEPAT)

JunaMudeckuit 6apbep MOISIPHOTO BUXPSI CIIOCOOCTBYET COXPAHEHHUIO HU3KOW TEM-
neparypbl BHYTPH BUXPs B HIDKHEH cTpatocdepe U MpersiTCTBYeT MPOHNKHOBEHHIO BO3-
JYIIHBIX Macc BHYTpPb BUXps. Hajuuue nquHamudeckoro 6apbepa Ha MPOTSHKEHHU 3HMBI
SIBJISIETCSI OJJHUM U3 KPUTEPHEB, ONPECIISIFONIMX BO3MOXKHOCTh (POPMHUPOBAHHST 030HOBO
AQHOMAJIMH B TIEPHOJ C KOHIIA 3UMBI TI0 BecHy. B pabore paccMoTpeHa TuHaAMHKa apKTH-
YeCKOTro MoisipHoro Buxpst 3umoit 2014/15 u 2020/21 rr. va yposusx 50, 30 u 10 rlla
C MCTIOJIB30BaHMEM METO/Ia OKOHTYPHBAHHS BUXPEH ¢ TIOMOIIBIO TeornoTeHIana. B Hagase
staBapst 2015 u 2021 rr. perucTpupoBaiInch OOIBIIOE U MaJloe BHE3aIHbIE cTparochepHbIe
MOTETIJICHHSI B pe3ynbTaTe paciierieHus (4 sapaps 2015 1) v 3HAYUTETLHOTO CMETIIEHUS
(5 suBaps 2021 r.) monsipHOTO BUXpPs. B 000MX ciydasx HaOMOqanoch ociiabieHue Iu-
HaMHYECKOTO Oapbepa MoysipHoro BUXpA. [1oTspHBINH BUXpPE XapaKTepHU3yeTcs HATUIHEeM
JTUHAMHWYECKOTo Oapbepa, KOTrJja CKOPOCTh BETpa Ha MPOTSHKEHUH BCEH T'paHUIIBI BUXPS
Mo ropu3oHTanu cocraiser 6onee 20, 24 u 30 m/c Ha ypoBHsx 50, 30 u 10 rlla coot-
BETCTBEHHO. [Ipn 3TOM CHIKEHHE CpeTHe CKOPOCTH BETpa Mo rpaHuie Buxps Hiwke 30,
36 u 45 m/c coorBeTcTBeHHO Ha ypoBHsX 50, 30 u 10 rlla, kak npaBuiio, CBUAETEIHCTBYET
0 JIOKaJIbHOM yMEHBIIICHUH CKOopocTH BeTpa Hike 20, 24 u 30 M/c Ha ATUX YPOBHSIX, T. €.
KOCBEHHO CBHJIETEIILCTBYET 00 OciabiIeHUH JUHAMUYECKOTo Oaphepa.

B 2015 1. moce pacuierieH st HOISPHBINA BUXPh JJOCTATOYHO OBICTPO BOCCTAHOBHUIICS
B HIDKHEH cTpaTtocdepe, 1 MOCIeTyoNIie 0caabIeHns TMHaMHIecKoro 6aprepa Halmona-
nuch ToapKo Ha ypoBHe 10 rlla. IlpeamnonaraeTcs, 4To MOBHIICHHE TEMIEpaTypsl U pas-
pymenue gactuil [ICO B HKHEH cTpaTocdepe HAOMIOMATUCEH BCIECICTBUE OCIIA0IeHUs
JUHaMU4Yeckoro Oapeepa Ha yposHe 10 rlla m Hann4nsa BEpTHKATBHBIX ABWKCHUN BHYTPH
BUXps. B cBoto ovepenp, B 2021 1. ocmabiieHne JUHAMHUECKOTO Oaphepa Mmocie COOBITUS
BCII nepuogudecky mpocieXUBaIOCh HA BCEX paccMaTpUBaeMBbIX ypoBHsAX. B 2015 1.
MOCTIC paCIISTICHHS MOIIPHOTO BUXPS HAOIIOAAIOCH €T0 TIOCTETIEHHOE BOCCTAHOBICHHE
Y YCWJICHHUE BILIOTH JI0 CEPEMHBI MapTa, B TO Bpemsi Kak B 2021 T. mociie cMeeHust BUXpst
B Hayase sTHBapsi HaOIIOIAIOCh €T0 TOCTENIEHHOE MEIICHHOE OCNIabJICHNE U pa3pylICHHE
B anpede. [Ipennonaraercs, uto B 2015 . Boctounas ¢asza K/IL] cmocobcTBOBaNa ocna-
OJIeHNIO M3HAYATIBHO CHIIBHOTO MOJISIPHOTO BUXPS, B TO BpeMs Kak B 2021 . u3HaYaIBHO
c1a0bIi TIOJISIPHBIN BUXPh Oarogapst 3amaaHoi ¢ga3e nMen HeOObIYHO ITUTENBHYIO MTPO-
JIOJDKUTEIBHOCTD CYII[ECTBOBAHMS.
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