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Abstract The Arctic ozone depletion in 2020 spring drew significant scientific attention due to
its rare occurrence in the Northern Hemisphere. Although relatively small in amplitude com-
pared to the Antarctic ozone hole, the 2020 Arctic ozone depletion is the most extensive and
markedly prolonged event in the Northern Hemisphere. This study investigates the 2020 Arctic
ozone depletion within the context of the background conditions in the stratosphere by compar-
ing it to the 2019 conditions when the stratospheric ozone concentration was high. In early
spring 2020, the enhanced meridional temperature gradient strengthened the polar vortex and
maintained a cold Arctic condition in the stratosphere, which is markedly different from the
2019 spring and climatological conditions. These background fields create favorable conditions
for forming polar stratospheric clouds, which could efficiently cause chemical ozone destruc-
tion. Wave activity analysis reveals that the vertical Rossby wave propagation from the high-lat-
itude troposphere and associated stratospheric drag were noticeably weaker than normal in the
preceding winter. This contributed to the strong polar jet and weaker Brewer-Dobson circula-
tion in the stratosphere. The strong positive Arctic Oscillation in early 2020 indicates a weaker
Rossby wave drag in the high-latitude regions, and 3D stationary wave activity flux (Plum flux)
manifests a clear decrease in vertical wave activity over the high-latitude Atlantic. However, its
physical causes remain unclear.
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0% faolth 4% 09 BAR PRUE UF
4 2F(e.g., Selin et al., 2009; Nuvolone et al., 2018;
Zhang et al., 2019)2H= th=2A], AA|2] °F 90%= 2}
Aohs 45 &L Yo ZHE HEHE A
S F4Ete Ao AHAE A7E Sa% 9T
SHoH(Cicerone, 1987; Rowland, 2006; WMO, 2022).
AEde] 22 U7l F E=27(eg, Cl, Br 5) &
Aol Fuf wkgoll oJafx fA =™ (e.g., Molina
and Rowland, 1974; Stolarski and Cicerone, 1974), 1
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mj e} Zszgo] AR Fo §EE AMGEAY Hst
£-3} 84> (chlorofluorocarbon, CFCs)2] vjZEol 2]8 &
= 0E= ,4.;,](02::0:)7} AV A HA] FE7] A7
319 tHe.g., Chubachi, 1984; Stolarski, 1988; Anderson

et al, 1991). o]t P52 2EF = 1980
FH FEsH #== 2 (e.g., Farman et al., 1985;
Hofmann et al., 1987), ‘9= A&d2| 343t 7|43t

A zZ71e] = AFS(polar stratospheric clouds, PSC)
4E Fo) 0239 Y AN FE o2 o
#H % tHe.g., Crutzen and Arnold, 1986; Solomon et
al., 1986; Hegglin et al., 2015). °]5 T}=2] A &
E‘%‘% B3 EEYS -4@7\1(1987)7} AP = HA] CFC
£ S o9 EA Y ARgo]l SAIH W] F
LEWEE e FEe| Fastal jlow, HZ
ATd 2 IE FAVE 45 FEHAHeg,
Chipperfield et al, 2015; Hegglin et al., 2015;
Kuttippurath and Nair, 2017; WMO, 2022).
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[e)
Z710lA LEFO] H5H
CYubg o g Hullo o] o Z E(total
column ozone, TCO)YZ 7F&Edl| THAsle FAE B
olt}zt ALl oF 300 DUZFA 3] &Et, 199733
2011, 2020 EE(3€Y)ol= 220~250 DU FEo=
Qo Akl FAvF BRI tH(e.g., Newman et al.,
1997; Manney et al., 2011; Dameris et al., 2021). ‘f
3] 20208 HHHellA] Y gh OZZOM o] AF
oF A U= WA of 3ujo] Yahs Fu
2 RIS S (Varotsos et al., 2020), L5 A9
TCO7} 220 DU ©J&t= Zrashs 7|54 oF 1)
7} ﬁO]Fﬁ]mD}(DameriS et al., 2021).

202010l B5E Eubo] oF Has #34 ©]
e He x]oﬂoﬂ W QEE FFO0Z OF A

7} A olgdel d4o 2 d#x Jdth(Lawrence
et al., 2020; Dameris et al., 2021) 20204 =4
2%7F Hdof| vis) wilg- W3k ket =5 AgEo|vt
ukA Sked (Lawrence et al., 2020; Dameris et al., 2021;
Xia et al., 2021; Manney et al., 2022) PSC Al
23t BAS 243 Aoz HIEY(Inness et al.,
2020; Wohltmann et al.,, 2021). 532 F& A&7}
PSC FAd mE 0= 7+Ar= EAIFOZ g3 A
DA e (e.g., von der Gathen et al., 2021),
PSCe BA L 38HA ule e 23 0= WS B4

d=714eks t7] A35T 4% (2025)

of 5 HAUE 2 w7 2 24

A7lE Aoz deiA dth(e.g., Sinnhuber et al.,
2000; Rex et al., 2004; Chipperfield et al., 2005;
Rieder and Polvani, 2013). Y& AFolx= 24714
/IR % A5 2= 7"\7} Bk A3
LFE I E 3 214719 Ebt L EZ0] ¢
733 UErE 7HsAd el A AlALSEATHvon der
Gathen et al., 2021; Manney et al., 2022). ZZ&{1} 7]
= oq.?_;_o Nzl o= 71—5\_01] qsre m A= v

Foll tsiA F2 AAIE S T4 Ha AFe=
5/510]'932“:1, 1= 9 X9E gF f2o g A

FH 242 AdH oIl
2 ATl 20209 Foll BT ik o= 2
& TR 0EF9 wstet A3 Wi
& olsfsia, Bk oF A W] g5k 9l
< olsfstaAt sl ol& fla 2020 3= Wiy
= 28Eo7F oFslal 45d &F FEIF wUd
191«5_3]—9] Hﬂﬁ;ﬂ— E/H H] aE %5}] Cd-cl—;ﬁ 7]0:]1:
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B Apd e ARAAEe $857) ¢ mAE
(European Centre for Medium-Range Weather Forecasts,
ECMWF)2] ECMWF reanalysis version 5 (ERAS;
Hersbach et al., 2019)2} ©v|=+3d3F3 2] The
Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2; Gelaro et al,
2017)E 410 AME-sITE ERASE 1A17F 7HA 9] A
b adwst 31 kmol 1 sdEe] ARE AlFdt
YFE 7INtew "Jr #+= 2 94 A8E w8
_E_ AFME Euri HHﬁxP O]OHE 230
FH3 =9 1000 hPai-E] 1 hPaZkA] 37
Aol €33, 62 sl AAER FER o)
4, ie A9 o) SN LW, Wdgk Hu
=3 991%1"%51 2020637k4] 30 E<F HHb
% THCE 11d7E vas) 4d7bx]¢] 717
o tal 48kt

T o2 APRAAEE Q] MERRA-2E 0.5° % 0.625° &
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Fig. 1. Daily averaged TCO (DU) on March 18, 2020 from (a) MERRA-2 data and (b) NASA ozone watch (https://

ozonewatch.gsfc.nasa.gov/).

Table 1. Datasets and analysis periods.

Period Horlzor}tal Vertlcz.il Variables Data Reference
Resolution  Resolution Source
U, V-component of wind,
1991.05.01.~2021.04.30. o o Vertical velocity, MWF Hersbach et al.
ERAS (6-hourly) L5713 L37 Geopotential height, EC 2019
Temperature
MERRA:2 [ P10501:-2021.0430. 0 g 6r50 17 Total Column Ozone Naga ~ Gelaoetal
(daily) 2017
1992.03.~2020.03. 2.5° . Davis et al.
SWOOSH (monthly) (Zonal mean) L31 Stratospheric water vapor NOAA CSL 2016
AO Index 1991'05'(21;12}/ (;21'04'30' Arctic Oscillation NOAA

Bl dm=E 32 2149 ti71d 2 o HRE Al
g F AR A8 BF A58 AFolM Ozone
Monitoring Instrument (OMI), Microwave Limb
Sounder (MLS)?] 58 =70t 9F 2=E3} Infrared
Atmospheric Sounding Interferometer (IASI), Atmospheric
Infrared Sounder (AIRS)S} 7ro] Qo) WI7H3k % 9
A ARE xFste] 2 AEA div] AEE =
LEARE ANEdhe ZoR dHA AUTHGelaro et
al, 2017). 53] ZAREHQI A5 T3} A|="Hy &
Al e gk AR EE Tl AT 250 ¥E
e & Fdsle ALE gEA AoH(Wargan et al.,
2017). ¥ AFelA BEstazxl sk 2020 39 18
d 2EEF ARl Ulsl NASA ozone watch (https:/

ozonewatch.gsfc.nasa.gov/)ol A Algsh= #Z7]4F 2}
Feofe] HlwE 53, MERRA-27} 8l Al719] &
E4e % AT olFig. 1), & AT 9F
A AR E ARSI F7HE 0 ® 1991~20208 3
] 99 TCO EXE H|wE Faisle], 47149 9
wEy Ee A2y A AR Ashart.
PSC @Al = PIA= 75719k 29 94
X5 FQI5}3A} The Stratospheric Water and Ozone
Satellite Homogenized (SWOOSH; Davis et al., 2016)&
ARE3IEE. SWOOSH= SAGE-1I/11I, UARS HALOE,
UARS MLS, Aura MLS #7414 2t&d 541 B+

N e FT g

0F W £=7] AEE 1,316 hPa M lA 31709
ZR3 Ay 9w Wk 25° FHNER AlE
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"} B Aol SWOOSHE V2.6S ©]&319em,
o] AARE 1984d7H AR E AF3s 80°N o] 3]
A AR Aol 2w FWo] EAjste], UARS
HALOE % UARS MLS 9143 #At57F vhd € 1991
e AFEE B4 AME-SHATH

npRlgto 2 BE=71%5 (Arctic Oscillation; AO)Z £
EZ9] AHAFE Fst7] $18] National Oceanic and
Atmospheric Administration (NOAA) Climate Prediction
Center (CPC)IA A F3sl= A0 €W AFE AME-3)
ATh GEHH o R A0 HEREE 9% 20° o) AY
o thgh F+t sl 71l @A A5 (empirical
orthogonal function)g %83l dojzl AHA HE
A 2=2 o) H(Thompson and Wallace, 1998), =
2gEole] et o Aol k. EA e ARE
H zge i3 YR EL Table 19] A3ttt

22 BM gy

2 AFNAME ASHNA Y 0EE FAd 7g
Qe WAUES B 3 TAREA Ao
HEE oddy Ha WY Al(transformed Eulerian
mean, TEM)E 53l E418t5om, olw A WaF &
Fok WY A1S Andrews et al. (1987)014 A|eks A
A A((HhE 28 F Aok

u,+7v[(a cos¢)71(ﬂcos¢)¢ -1
+ @0, — X = (pya cosg) 'V-F (1)

9 HelA (T BARYE B, (= B4 B
o= BAE, ok FAE Y Ao hat A
URS UERRY, @ 2, A2 B, A5, A

p

ks

o)
B
=5
i

u v wis 22E BA, R, A% B, 6= 29, pE
2714 EA NN ) B U, aB AT W, fE
&2 e E ouidit) 2(1)e] pHe] A WA
A F2 A v SRS, T AR e Al WA=
Az NER S 2E3 Ht Fol| 93 o]FolH, v,
weE

=¥ _ = -1 20y

v =7 - 0, (000, @

W=7+ (a cosg)  (cospv'O/D), 3)

2 Agodrh Ul AA (X)) HAHA 2 vz
T Akl oJ3h Zojddel, wiAHeR V. F =
P 1.0 D oF®
V.F=(a cos¢) a¢(F( cosg) + - @)
2@ 2ol 28 4 Ut ©|= Eliassen-Palm
(EP) flux®] ¥Hto 2 EP fluxe] WE F = (0, F'?,
F9)=

d=714eks t7] A35T 4% (2025)

o) GohE vlAUZ R w7 22 2

FP=pya cosg(iiv'0760.) —v'u' (5)
F9=poa cosdlf - (a cosd)” (icos #0160, - o'’ (6)

of zro] HejHtt. A(1)9] 7t FE2 A AFT
ERAS AEAAEE o] &3l Alkteldon, B v&
e TS A&st. FHE SA W 1t
5 AE 23 55 (wave activity flux)S 4
st7] 918 EP-flux A4 U4l ERAS A2}
EE AMEEHY 339 IH5<4(Plumb, 1985)8 #4935}
At

A
Al

3.z

i}
I

21

MI

3.1 2019} 202049 AE H{AHZE H|W

Figure 25 MERRA-2 AFF 0|4 <o)zl 1991~2020
| 717l gl B55A9(60~90°N)2] 4 HA TCO
AA e, 224 HHALe 9FZ 7|EHA 220
DU (Newman et al., 2004y Yepdc} dukgoz &
=9 4 HA TCO= 10¥°l 7 A2 FF& Hol
H, T3l 4971 F7tet) ole AEESt A=
Eubgo] B 2o 5 423k (Brewer-Dobson circulation,
BDC)ell 9Jallx SAGOoge] 9F o] Folx]
7] wjZ-°]tH(Weber et al., 2011; Feng et al., 2021). &
H= AFd I 28E0l7F 4PE 2018~2019dl =
olg|gt 5ol & yehH, Fde] Bls) v B
d HA TCOE EHllt. 53] AF5d EdT2o] W

APE 20199 1€elle 0E] 7t AP W 2
Al UEht BDC Zster e 9 S o

So] FdlSS & 4 JTH(Weber et al., 2021). 2019
9 3Y4e] XY oF BIXE B FH 90| 400 DU
ool T 3 93 =73 AALS FAlo=Z ¢k 450
DU ©]’de] FHujzkel 1EtHFig. 2b). ol¢} W=
E ZAarF FZEHAY 202083 Aol E 20199
10958 7Hd3o=r 9% 9 7]F37kel 220 DU ©]
ste] & HA TCOZF EI=HATE 20200 19 Zo
TCO2] UAIARI HA7F et T2 519 30% Hot
o TCOZ} X 45H, 39 5E 49 20X o] 4
o= e o HA TCO7F ElEch 20208 3€2
2EET WA VS UEEH, EaUdEE FHS
2 FHLE A YA F 7 PSS B
ZthFig. 2c).

ol AeY Ao wEd, B FA%% oE 7
4ol PSC7F T8¢ A 3 A= 4EA Utk
(Schoeberl and Hartmann, 1991; Hegglin et al., 2015).
4ZAelA PSC7F A E7] 8= 195 K ©]3he]
wo 2wt FAF o s, o] S = 3]

2 R
b eddt FU® F71E FREE FoE(polar
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a) Daily Minimum TCO
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Fig. 2. (a) Daily minimum TCO (DU) from 60~90°N latitude for 2018/2019 (blue), 2019/2020 (red), and climatology
(1991~2020, black). Gray lines the maximum and minimum. Light gray shading denotes the 10th/90th percentiles, and dark
shading shows the 30th/70th percentiles, respectively. The green line marks the ozone hole threshold (220 DU). Horizontal
distribution of TCO for (b) March 2019 and (c) March 2020. These figures are reproduced from https://ozonewatch.

gsfc.nasa.gov/.

night jeH)e} 2R FAE Zteth 20208 & A4
71 A e v ol E 98] s AEHe &=
o A viS A8k Figure 32 o] 3] 9
115 49714 50 hPag] 4% (60~90°N) & =
AXEE Fig. 29 FAKSH £A4¢ Aafolw, vl
(heterogeneous) 3313 F3l AFH o2& A E
ZFXshk= pSCet WASRE A ICE-PSCE A4
25(195 K, 188 K)E ZZ4 Aoz FAsAT
(e.g., Pawson et al., 1995). B-Zo] g oz w&
TCOE YeRlE= 201999 7% APste ALH
257t dEY & FEE B 53] A5A
Ed5eo] AFY 20199 ASHdE WE &%
% 7HFig. 3a)¢t A Hdol vls) 15 K o) &4t
Aol Aol FHLIHA e AL IS
2 T}H(Fig. 3b). ¥hd Eol| o= w37} A3 2020
o] A5 Ash= ALHe] v WHHET 2o,

PSC7F A e 278 Wdnr ol 1147 3

THE 39 FE7HA S 10% o] W we B
Sk 717kell ICE-PSC7F AARE & e &
To] =esiH, o] A oR 8 A5l A7Z &
4= At
Figure 4= F4-850] AA(70°N)91412] 10 hPa &
Al vk 24 Asjolth, AEd EAso] YA
2019 ALH= AFo] ofslem TF R gty
ATHFig. 4b). o]Z U3l ofslE FAhEEol= A4
To] F7I7F AER fYE 7 UAEF I, 4%
o =452 Y 7HsAS =theg., Lee and
Butler, 2020). W @& ZhAa7h WA 20204 A&
Holl= A9 10% F5(~50 m )2 743k AFo] 1
Rt Fde] vlsl sk SA8E07F 344 <
T AUtk ol A=l 37 FYS =S ¥R oY
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a) Daily Minimum Temperature
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Fig. 3. (a) Same as Fig. 2a, but for daily minimum temperature (K). Green lines indicate PSC and ICE-PSC saturation
temperatures (195 K and 188 K). DJF temperature (K) at 50 hPa for (b) 2018/2019 and (c) 2019/2020.

2 ALE T dU3 exE dH PP ex
AEg 7371 (Fig. 3¢), =53 g4l 28 74
g ze] FoHIET B4 HUhFig. 4o).

det FoHEE Aoz AA dgsiH, o=
2020 ASH AF oA G ElEn. oF A
7F 3AgE B oolde] A wiARS Eelshr] {3
20199 1295 20203 2971X]9] A Ha®E &
= A vl A olxE] BEEXE BT
(Fig. 5). 5% 60°N o]/gellA Hdof Hlg] @2 2%
7F YR, 50 hPaE T4 SZ 5 K o)/de] &
2 Az} & AEHol &3 chFig. 5a). 3
2t ZAA F-29 60°N “ggollA dol u)s
uhgro] 7}slm (Fig. 5b), 53] ASANA 10 m s~
o]’Fe] A= S ETE £ Fo] ofd HdwkA o
2 7FeA vebdtt wEbA 20209 ALH St &
FoA Zgk FAaEEolol oal] 2 F77F g E o
LEE v shs PSC ¥4 F249 e =4
314 © ™ (Kuttippurath et al., 2021; Weber et al.,
2021), F7H o2 4J5d2] BDC w&o] g oz

Ol_no?ér.?ﬂr
2 o b

F2714483 ol7] A35E 45 (2025)

RS Al

oF wylo] 7|l PSC A A =
717} F238F 982 31 (Poole and McCormick, 1988;
Stenke and Grewe, 2005), ©|& & 3dl9] SWOOSH
AZE o]gs] EFA(60~90°N)e] @& &3] 2
F571 v gk A% BEE 243 th(Fig.
6). 20| A AEAA FF7]eF Hwslr] 25,
PSC7} P4 == 1€0] old & #avt yepd 3¢
of tall stk 2020 39 2 FE EFe AF
A AANA HERT e e HYoen, 53] 2
EZo] EA5k= 30~50 hPaclA] 1 ppmv ©]4+e] @
& i) 57 T/t ER1EH(Figs. Sa, b). 7%
7] EAle AFdAA A W42 F8 psC ¥4
ot oluy2ke.g., Forster and Shine, 1999), &2 7}
2 Aol 53 AL A AR o
7] AThH(Vogel et al., 2011). 31 gl tjgh zpAgH
ols= F7H1 A7 Fasht, 20208 AEH 4
S EAS o] 57 T 7 oF 3
7el3 Ros melt.
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a) Zonal Wind ms’'
0 T— 2018/2019

——— 2019/2020 Max
90%
70%
Mean
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10%
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e
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Fig. 4. (a) Same as Fig. 2a, but for daily maximum zonal wind (m s™') at 70°N. Zonal wind speed (m s™', shading) and
horizontal wind (m s™', vector) at 10 hPa for (b) DJF 2018/2019 and (c) DJF 2019/2020. The vectors indicate zonal wind where
it exceeds 25 ms™'.

a) Temperature (anomaly) b) Zonal wind (anomaly)
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Fig. 5. Zonal-mean vertical structure of (a) temperature and (b) zonal wind anomalies (shading) for DJF 2019/2020 with
climatology (contour).

Atmosphere, Vol. 35, No. 4. (2025)
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a) Ozone mixing ratio (60N-80N) ppmv b) Water vapor mixing ratio (60N-80N)  ppmv
10 0
== 2019.03 = 2019.03
== 2020.03 = 2020.03
= climatology = climatology
©
o
L=
o 30 30
b=
)
%]
o
Q
50 50
70 70
100 LLilV, A T T 100 LA M I R
1 2 3 4 5 6 7 4 5 6 7 8

Fig. 6. (a) Ozone mixing ratio (ppmv) averaged over 60~80°N in March from SWOOSH data. (b) Same as (a), but for
stratospheric water vapor (ppmv). Gray lines represent individual years. Red, blue, and black lines indicate 2019, 2020, and

climatology, respectively.

o5}

3.2 2019~2020 Shi7t @E Zt29|
L&

AT 7]e] dE] ole]o] oF Al HHPHo=
7148k 53 A& F7IE EAE] 98, 22H]
gte] g5 % BDC E4351 ). Figures 7a-d
= TEM WA2e F3) ALkt Subt AL3E EP-
flux 3 EP-flux WA}, A+ 5%, 4 59 7153
2 oheZE]E UEhdith YREA SR EP-fluxe
oA Ao R Hutr|o] AFHUAA FHdte 54
< Holw, A(1)9] $Hol 59 #E vERi]
ulghe] e 7] Sth(Fig. 7a). ©1E A8l
Bt v A gRdAANe] F7E Fo=
3lH, o]&= BDCZ ERl¥t}(Fig. 7b). Yoz A
S o5& ¥3] BDC/l el H=z25E
FTHEE 2T0] Sk 5 A9 TCO7F F7hsith
3 48 A Arh(Shepherd, 2008). &1 20208 AS
Holl= do) Hls] BDC7F F8tElom Arz
FEHO 0F fdwe] gt Ao SIETHFig.
7d). Y 717kl i REAM AU R {FY== EP-
fluxe] A2 M} Eet Fdroh kA YeH (Fig.
7¢), °l= 454 W EP-flux FHo] FSE A Al
Abgtth, 2ol mEH, oy gt M= 4 v
AN AES] FslE sl mEbA] 0FE
A7F BAgE 20209 HAshs ALH EP-flux?
7] Aol ofstedl wet A EVE AstE o, o

M

d=714eks t7] A35T 4% (2025)

of g+&& BDC7} ofstdl 7oz IRlE

2A(DelA 7+ FEe] 719 =E vlastr] fl3 Fi
63} FY A FollA<] 10 hPa ol=E] A T
3t TH(Fig. 7e). W7 A2 EP-flux WHAF, Tt
Ade YA £3S veplie, & 32 159 o]
HiS A48tk EP-flux WAkl W A E9] 743}
= 20199 12¢ ZFE JERH, 20200 2900 FH)
of TSt whH G HiF 759 oldElE U
2 29 3 Bol, Hdo| vis| 53 %] <F
st @ o] 743 20208 AL Ho|= BDC7F
k3l o, ol AHLore] o=
ojmj g}, o]t AES] sl 55 H4FAS
Al Ao, Hdo) vl e PSC I o]
o ME o0& HE FXS AR nelth

EP-flux Hite] wE AES] 7HES AdAs] A st
7] flal, e F7F BAE7] A 20199 1295
Bl 2020 29 A3A9] TA vk} EP-fluxe] 17
BEE ok E FRASIATHFIg. 8). 20201 73
Fdoll= 195E Antdog et 5A vigo] §X
Hom, 29 2RE us AslEe Aol veRd
TH(Fig. 8a). °l= 35olA A<53sl= EP-flux®] %
o] ofstdel wal, Wdeo] Hls| EP-flux 'EAko]
e 2owE Zlo® BQlTtHFig. 8b). e 77
5 gk o] E452 A5 AFolA HdET 2

vebgon, 2 ztele Hol 10 K m s odel 2
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)
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a) March 2011 MERRA-2 d) March 2011 Ozone watch

b) March 2019 MERRA-2 e) March 2019 Ozone watch

c) March 2020 MERRA-2 f) March 2020 Ozone watch
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Fig. S1. Monthly mean TCO (DU) for March 2011, 2019, and 2020 from (a-c) MERRA-2 data and (d-f) NASA ozone watch
(https://ozonewatch.gsfc.nasa.gov/).
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