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A Typical Evolution Mode of Stratosphere-Troposphere Coupling During Cold Air Qutbreak
Events in 2020/21 Winter
Yueyue Yul %, Yafei Li* 2 Rongcai Ren® !, Zhengfei Cui!

'Key Laboratory of Meteorological Disaster, Ministry of Education (KLME)/Joint International
Research Laboratory of Climate and Environment Change (ILCEC)/Collaborative Innovation Center on
Forecast and Evaluation of Meteorological Disasters (CIC-FEMD) / Institute for Climate and Application
Research (ICAR), Nanjing University of Information Science and Technology, Nanjing, 210044, China
2 LASG, Institute of Atmospheric Physics, CAS, Beijing, 100029, China
STianjin Meteorological Disaster Defense Technology Centre, Tianjin, 300074, China

Stratospheric sudden warming (SSW) events are one of the important predictability sources of extended-
range prediction of cold air outbreaks (CAO) because of their temporal lead information relative to
tropospheric circulation changes. Nevertheless, there is large uncertainty in the region and time of surface
air temperature response to SSW events, and the stratosphere-troposphere coupling process and mechanism
involved are not very clear yet. Using ERAS reanalysis data from 1979 to 2021, this study focuses on the
"displacement"-type strong SSW event in the 2020/21 winter and investigates the characteristics of
extratropical surface air temperature anomalies, the evolution of coupling mode of the poleward warm air
stratospheric branch (WB_ST), poleward warm air tropospheric branch (WB_TR) and equatorward cold
branch (CB) of isentropic meridional mass circulation (IMC), and the related wave dynamics. Results show
that associated with this strong SSW event, the CAO events over Eurasia occurred before the subpolar
westerly became easterly, while and the CAO event over North America took place after the subpolar
westerly recovered. This was mainly the result of three-stage coupling modes between the three IMC
branches during the stratospheric polar vortex oscillation, i.e., in-phase strengthening of WB_ST and
WB_TR/CB, out-of-phase with a strengthened WB_ST but a weakened WB_TR/CB, and out-of-phase with
a weakened WB_ST but a strengthened WB_TR/CB. The stronger CB resulted in the CAOs associated with
SSW, while the stronger WB_ST dominantly contributed to the occurrence of SSW and the continuous
strengthening of the negative phase of Arctic Oscillation. The coupling mode of the three IMC branches
depended on the westward tilt of waves at the two critical level, namely the tropopause level and the middle
and lower tropospheric level. Anomalously strong westward tilt caused net poleward mass transport above
this level and net equatorward transport below it and vice versa. Especially in the period of polar vortex
recovery, the anomalously weak baroclinicity near the tropopause strengthens the WB_TR, and then
strengthens the CB due to the mass continuity, which is conducive to the occurrence of CAOs. The coupling
evolution mode of IMC around SSW in 2020/21 winter is found to be highly consistent with that during the
negative Northern Annular Mode (NAM) events over the past years, which are characterized by lagged
downward propagation of the polar stratospheric temperature anomaly to the lower troposphere. Their

common features in terms of wave scale are found, that is, the wavenumber-1 waves tend to be stronger and
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propagate upward in the early stage of SSW event or negative NAM event, and the wavenumber-2 waves
are strengthened but restrained within the troposphere after SSW.
Key words: Stratospheric sudden warming, Cold air outbreak, Isentropic atmospheric meridional mass

circulation, Stratosphere-Troposphere coupling
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BT RAMEEE N XFACFRRCP RN R BAT B3 IR R AR, B & s AR
DX, HAERZIR A RS S —— TR R R B R R, A8 o i s Bt DGE AT xR
JER R, IR K AR WM IR PR R R N 72— 2RI, BER-T R E S 5
1E S FH B AE AR 55 PR AT A AEME A, R BEERBIAE : 53 SSW S A il i b T i FE2 Wi 2 4 DX S5 AT ]
FAEATENE, A KRR SRR SIS RN A 25 . ASCEERT 2020/21 &3
RS R I KRS R SEMMICIR A, BEFC 1 2020/21 &2 “fmo0BY” 5 SSW SEAFAT 5 i 4 B2
DX THT R B 57 H T AR RS AR, M 17 5 S KR TR R AT —RHALR 70 ST B A
SHBIIHRER, It — PR T AR A& NG B RR R R 1 P2 X 2 i i AR A 2
W RAWANE, TR 5 R T IR o IR (0 L S AR

UE PR LT
L ASCE 2020/21 ZZE SRR NIRRT (UGB SRR A 1 TR S DL A5 452 ) 1) 2 i

KPP R NERRFA) , REAR NG, X E R A AR AT U R A

BN
2. MM THHEZMNRZE S FRE. TR S5 W X SRR R EARER, Rl T E

BT PR R R IR AT AT R R RIS R SO AR, R IR R R

LS S EE R BT 1 TR R DX R R o 8 S LR 2 ) 1 PR BB 3 B L AT LA
3. R T ARVCTR A GRS AT AT R BRI R = SOM A A RS B I AR, 4R T IXR

VUL JE AR S S AE Bl RUBE T T B AR S PR AL, DT 2 Wi 15 5 78 S W IR T A e 390 i

P L SRR AR o
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1. 5]

b RN T B P A R £ 8, R RS AT RS, PREA ) 525
WEAT B RE S EAL IR0 (Matsuno, 1970; Limpasuvan et al., 2004, 2005; Polvani and Waugh, 2004),
7 HLTA 32 P — 838 A R 560 3t J2 PR LA PR A0S 2570 A R (0 0 S BRI R R AR A
A E BRI (BERMESE, 2018). B2 ORTE M JE P IRUE MR T A5 5 i R4 87 . Baldwin et al.
(1999) #1 Baldwin and Thompson (2001) KILEZTTARE £, BERIFRZEACEERIOIREE (Northern
Annular Mode, NAM) 5% {55 0] A AR R,  RICHFAAHK LK% S) (Arctic Oscillation,
AO). T 5RIETIHI 1 NAM FALAINT L AO AR XAE A £ B KSR A M RS 3
58, A TRV FE MU Y & 2E (e.g., Balling and Lawson, 1982; Thompson and Wallace, 1998, 2001;
Moritz et al., 2002; BRSCFIEENNAE, 2006). [RlUt, 558% 0 B2 8 R 3G (Stratospheric Sudden
Warming, SSW) F1f (Ricard and Hering, 1959; Frederick and Sidney, 1964; XS#UE RIS A 48, 2006) &
ARG 1-2 AN AT A BE A v 2 RS AR i iR 4 (19 4 (Thompson et al., 2002; Kolstad et al.,
2010; #7K 2=, 2006; JFi 75 £, 2008; FSCFAIEEERL 2009; [A141M6 %%, 2009; ZEHESE, 2010; #9655, 20125 B
3%, 2013; Chen et al., 2015; Yu et al., 2015b; Zhou et al., 2020). Vit ZHiR IR r & AT it —
53 W) ] ESAR ot ARCUL 2B RN TR R D82k, Lt AE AR I8 (0o B SSW SRR AT/ 5 2-3 J), 5 [ AR v s A
BRI, WO AR/ miE; TIEMGR 248 SSW RIS 1 AN H I, BN KR [ (74 o A = 6 2
A (Mitchell et al., 2013; Kidston et al., 2015; Lehtonen and Karpechko, 2016); V-3t /=A% it i) Kk 17k
i+ b2 B AT TG R RS P S 20 A RO« AbSE RIRR B 22 S I vA W i A 1 DG T K e 4
FEERE AO SUNTARHFREE B K . 927 WK (Huang et al., 2018; Lu et al., 2021). X — R 5IHF 744
NAM Fl AO XA RS MR SFn @ e BT —ANEimE, SFRE R ER A SRR
FEESTEAZ P AT b R R A T AT RE

KT JE 7R S R FOALE], 322 A BAE 28 (Matsuno, 1970 ; Kuroda and
Kodera, 1999). #5131 (Limpasuvan et al., 2004; Haynes, 2005). JEJaith vz 34 B ¥ (Hartley et
al., 1998; Ambaum and Hoskins, 2002; Black, 2002) A K 55 45 K< 48 W) 5t & FA 9 4 BE SO & 3L ik
(Johnson, 1989; Cai and Ren, 2007; Ren and Cai, 2008; Yu et al., 2014, 2015a, b, ¢, 2018a; Cai et al., 2016;
Yu and Ren, 2019). A0 HAEFFEE (Charney and Drazin, 1961; Kuroda and Kodera, 1999; Shindell
et al., 1999; Hartmann, 2000) Ay R A B REE (AT 2 Ik 78 Jok I P22 s O TR AR I P88 1) 2 A2 4 e
AR RPRE. SRS E AR R RS, P IRUE T8 R RS T J S s e k2 i
B TE EAL R, AR AN T LA b AL B 5 BB A, TR ) XU Ao 34 e P A5 R 7 A
S RIS B 1) R AL BRI AT S B SR T PR PR T S M AT B A R I R 4 A
H, DR E S W NUBGE R b A%, "REXHRE AO/NAM RS SRR 2, (Hi%Es)
T2 52 BT R 2 BRI R4 SR 42 5 S MR T 25028 7517 (Hartmann, 2000; Limpasuvan and Hartmann,
2000), JERAT B AR RE T Z 0 1) ZR 0 A e A A R P ST, LARTE P IRUE R R )
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SHZ I L& H 42 (Perlwitz and Harnik, 2003). JE R A7 345 FE i B L] (Hartley et al., 1998;
Ambaum and Hoskins, 2002; Black, 2002) /& 5T 2 M%2 IO B 50 AT ORI 28 A9, A
M5 IR IRE . RIAZE FD AL

Pl SOy N 2N [ ) 1= 82 /1B R Ty i G =t B TN =S ALK - R % N R 4 A s PN E /B
IEFRFOALHIRT B T B B RGBT LA . S50 KR 1 B A2 AR (BR99) A i B A b
TR A B EIEHEZ (Johnson, 1989; Cai and Shin, 2014). ESFRIHI_EAE SCHIL i i B2A
JURTCAE B BE MLk A % A ) A R A A . T R R SRR R I AELE, U T
AL I R IR BR R A BB BRI, B A b X ) RS 2 B R T I B
S R R X R WS BA A B AR X ) AR A SRR R S R AE AR A P R A S A
WA AR, £ FRE NAM RPERE R 58 AR (Yu et al., 2018a), TIE/EX SCMRAE T
e IX ¥ 7% A 1o i Ak B 7 AR AR PR R B S FL AR, BT 5 v 220 B2 ) S g R R M i TG UL % A
KB A% (Iwasaki and Mochizuki, 2012; Iwasaki et al., 2014; Yu et al., 2015a, b; Liu and Chen, 2021; Liu
etal., 2021).

SR RZR 17 JoT 5 P UL ) AW I SO [7) AR T V8 SC 2 TR IOAB S A8 Ak, IO T P32 -0 Uit 2 3 0
AR 2 (Cai and Ren, 2006, 2007; Ren and Cai, 2006, 2007, 2008; Yu and Ren, 2019). £EBE VI JE K
TAIRG B NAM FH 10 N 520 LR R 55 10 RGVEL AR, 7T B S50 K A4 ) o 2 P9 I A
R S R [ 7R T8 VA 52 2 T8 1 5 )5 R AR AR (b R A RE . 40, SSW R A1 K ASAT B IIE 3 R & 158
Hnsg, HARRIALIFEINRE S E LN EE R R, R R ERAE) )
AT R HAS 5 BRI [ A R Ge vk A% # (Cai and Ren, 2006, 2007; Ren and Cai, 2006, 2007,
2008); HHT i B FRLRE S 3% 2 N5k S FL T i) SSW R A (KIS 2 W X R /2 50 361, A 4340
S TR TR BRI 1) 705 T VA SR SR IR, R PRI S DRI T 5 0 9 2 M DX (94 R A X
Bl B AR, 52, REHUGO N FRE R M ERR IR 515 5 SEhr I A G 1% %)
2 (Ren and Cai, 2007). Yu and Ren (2019) W FE—2BHa HH, KA MR 5 E R HEE
SO 1) ARIE Ve S B A R RS & A2 4 HoE TR E-XRE IR R IR & RE. 2 PR
JE B S5 L VA IR S R R AH AR A, eIt 2 IR R4S S W S TR S S T R ) R AR R
RAE, JRZIRER o S5 I8 KU ) o0 2 PR T VAL 2 1) AR I SEORIX i S A1 22 1) 1Ratl v 32 2 (] PO R
BAFAEZ A L AR, R 7FRZER TR ATENE (Yu and Ren, 2019). BE4L, FiiZE
NAM 5l AO 2 [8) B [FALAH G 2 ] F A0 R UB BB IR iR . 0 Bt & 5 I B S o 1 =
TR, fE A0 AANAHINAZE, SRR A M B g, 54w BRSO TE 2 1k
R R IX ik, SECHFRE HPLREPEEE (NAM GALA), PR E PR SRR g 5 TR 2 [ /R
EASE, REESHRERSR, KERXEHIEE (AO FAALHE), TEREMRIXFE L “IEE” 41
(Cai and Ren, 2007; Yu et al., 2014) . £, KAZFFERRERZE RS EL, FE TF
MESXRENE) IREERE, KRERTERRE 2 H 2, BRI N R R = 7€
IR Y R AR

@)
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202021 FEAFE, KA T WO RSE SSW FF, FFEE AR, HAEH KARTE AT 2 U0k
R FERMGIR SR WAL S R AR . AT S iz LA, 7 A S5 KR B DL R &
1) J5 B AR AR R 3l it A, B BUR =N 1) BRGE SSW AR R & 26K
Y1 B TR, B2 1) S 5 AR RS AR R TR 2 2) SRR KRR [ BRI AL T 2 T A R SCAT I )= T ol
BV STRIRE SRS WA 2 3) P2 Blibs 57 2 T3 5 S A XU R S - e 0 R K L e T
IR N BRI ?

2. BZREHE
2.1 %k}

AR SCASE R R AT H O AR AR ) ERAS I /N R AT R, BRI 1979 4F 1 H 1 H % 2021
F2H 28 He AKFR#EERIy 1.5°x1.5°, THEITHILE 32, 77 1000 hPa £ 10 hPa. 3CH i ]
MRS IR . RIS =0 A S Y. B A RSCE %X 24 /N iZ S
Bt T O BERE N EREGY: 1T 1 HE 12 31 HERMER IR #T 25
15 (1980-20200 , HEVEFAY: BIEANERIEGS T ERAUEFE, 153K IR
.

22 HiE
2.2.1 ATERHEE

NRAEAN A3 X EEAR A BRSO, A SCf# R Cai (2003) Al Yu et al. (2015a) 58 X A THFR FR %L,
B R XA T 8 BT (SATY) IR T-0.56% fR HubnvHE 22 (LSD) (A r 0 1% X S8 A % 5 2 43
tbo RIEWT Fos:

J[,H(0.5LSD(2, @, t) — SAT (4, @, t,y7))dA

C(t, yr) (2.1)
ffAdA
YIITIOOSAT (A, @, t, 1)
LSD(X, @, t) = J yr=1980 T (2.2)

0, x<0

Sl @ HARESLRIE, Hiy) ARERERE, WHC) = {7 13 [,dailh, By X
A A FEJEH 73 AL 60°N-90°N. 25°N-60°N, HIT7E L& AR RIS, A MAEEE S
FIEL 0-360°. 0-60°E. 60°E—-120°E. 120°W-60°W, T & XALFERFTH L EVEE . R, .
AL X A IR AL ¢ FoR H, WHEE 1 KRB 365 K, 2 HHL 28 K; yr KoniE.
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2.2.2 FHEAKNRSRENE R EEE

Z 8 Pauluis et al. (2008, 2010, 2011) F1 Yu et al. (2014, 2015a, b, ¢) 1T R AL 18 T BRI
Tk, HRFI o bR RSB ERIFEEI o=1 (3R) B 6=0 (KFZTN) 59N 200 1055 o
T b, PAMEAREE o T 8] B SR TR AR 25 AU & T R A

Yo
dmgs(4, @,t) = P(4, o, t)? (2.3)

XH 50 =1/200; Ps &% HHWH S g /2B I (9.8 m/s?). Hik, B 16 MhriEER
(©, =250K. 260K. 270K. 280K. 290K. 300K. 315K. 330K. 350K. 370K. 400K. 450K.
550K. 650K. 850K. 1200K). FfAHI5E o [ AR IR & £ P NEERE T On 1 Oner ) ST B BL
28l o B A BN, AR R A ARSI O M1 Ot ZIAIEERE = N 1) AU R S 48 ) i R &
AR IZ I TS 0, F, A

{ m(/l, o, ®n, t) = fol dms(4, @, t) - Y[Q(/L @,0,t),0 ,0 ]da

n o ntt

mv(/l, 90, t) = fol dm, (A, ,t) - v(A, @, 0,t) " Y[H(/L ®,0,1),0 ,6

XH R v(4, @, 0, t) R FHELE; 24 0,<0< Ot B, Y (0, O, Oni)=1, T Y(0, O, Oni1)=0.

FH 32 H i e AL I PT BRAK T 260K, KAUZTALIR T RE T 1200K, ASCHE TAKT 260K, &
T 1200K HIEER Ui & 54 T EIEE, 75 nicE 250K R A 1200K S04 L

m(/l, 00, t) = fol dmy(A, @,t) - H[®n+1 - 04, @,0, t)]da

, (2<n<15) (2.4)
]da

+1

mo(i,9,0,¢) = [ 6m, (o) - v, 0,0 - H[© | =00, 0,0,0]a0" = ) 25)
m(1,¢,© t)= [ 6m,Lo,t)-H[0(@,0t) = © |do
i ! ,(n=16) (2.6)
mv(l’ ¢ 9 n’ t) = fO 6mo(l' P, t) : U(A’ P, 0, t) "H [B(A! (p: g, t) -6 n] do

AR AR KA E (M), &0 il & (MF) B30 (2.7) - (2.8) iFH 15!
A=360°
M(o, 0,,t) = m(A, @,0,,t)« A

/ . @.7)
=360°
A=0 mv(/l' P, in t) ° A(p
MF(¢@,0,,t) =
(9,6, 1) RA@
Horp A, i AR, HRIk
1 1
R24¢| a2 wsw_m):ms(wm) . (90°S<@<90°N)
A= iy , (2.8)

P (@=90°S or 90°N)

ROGHIREAS, L6378 ToK, Ak AN M (AL Ah %, nx &L Alh& 4.

FEACEIREALEE, KAURZESH MF ffd, RoRB IR TR =R, BRI E
A3 (CB), 531K S % k2% (Cai and Shin, 2014; Yu et al., 2014, 2015a, b, ¢); M LEXT R =1 /= Al
PR EH MF IEAH, SRR b s SR ERE, Aoy iiig S (WB) , 251 Rk
PR EFER (Yu et al, 2018a). [FIARE A S5 FRHIR S 72 AT O (6), WESCH



201
202
203
204
205
206
207
208

209

210

211
212
213
214

215
216

217

218
219
220
221

222

N O ST b i) RS (0 R B RS SR TR . S, TR TREH SRR, AR
I3 LT S Ak Y FE 4ERFAE 270-290K 2 [8] . 1M Iwasaki and Mochizuki (2012) Fll Iwasaki et al. (2014) ¥
i 280K HIZ S & 2 N2 fiE; Caiand Shin (2014) 45 A ZFERRAE T 60° N E4H)
PRy B & 280K Cai et al. (2016). Yu et al. (2018a, b, ¢) F 400K LA 48 [ i & il B R AE S
SSW S AHKI TR E T LRI . S5t R R SN LIE, AR 600N K SE i
B, 280K LR 280K-315K. 400K LA b =ANEEI 2 P9 I S0 28 ) i Bl B SR AE A 52 X2
MESC . “PIREBE SR . E— R ALk, K& m A o f#, BURER 46 KUd 7 RN
AFR(Q2.4)-(2.6), THE WG KALE Wl B S 7 SRR 1A 2 0 &

2.2.3 TR BHRBEAEARE T

Z: [ Zhang et al. (2013) B, 47 EEIRIE (WA)FIVHHE A F:

21 1/2
WA(¢,p,t) = {[Z(/L o,p,t) —z(4,0,p, t)l] } (2.9)

Horb 2. o Ml p S3RNRIREFE . LEEEFUR; 2 Ronhi i m i, 61%2% A5 T . WA IEFE
S ZRAE AL 3 v JEE 7 (1 4 1) A R R AR v B B R R i O, T 70 2 P D0 R AU A7 4% v 2 3 P 48 o) o] o
Al e BB B AR M O ) o

Z M Cai etal. (2014) F757%, THEAT R PG (WT) fa50r) A 0 F .

WT(¢,p,t) = —arcsin [ 2sin(K(p,p,t) * A1)

(2.10)

KH 2 T AR A= S Y, 1 R AR I AR 22 5 /i AL 1Y
MR ARE, KRR ar:

A
f(Aept)eg(A+jidept)

; e @.11)
[FPaers -a2Gorn|

K2 10)FHIK (@, p, )R = B A Repl, KRB

rf,g ((p' b, t) =

arccos| T2,z (p,p,t;j = 1)] + arccos| T2,z (p,p,t;j =-1)]

2.12
242 (-12)

K(p,p,t) =

R, n, REESELE DBRTARE AL B EMR RS AT R BB N L/ AN R AT
B A PR BUR, B RUE R 5R/58, A A TAT BB R AR R . 60°N BHL PE A BEAR B &
FUGE PRI, IX RS T A B X A e R T S A B LR D R A AR A AR
SE WBN

3.2020/21 &2 SSW B4 B eEREINR SR E R E TSI
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15202021 %425, bR T — IRFFSE TR B R 3R SSW 4. Jy 7 IRFE IR RAFAE, B 145
HT 2020 4F 12 H-2021 4F 1 A-Fiit/Z 10 hPa B IX ¥ 33 3 RIS AU O 26 P i 44 ) P 250 44 T
DA B T 3538 DL A 2020 4F 12 H 26 H . 2021 4F 1 5 HAI 15 H 10 hPa £ 345 8 R H b~ K-
. B laFTLAE H, Setlain) RS I B2 (7] 2 B B RAHRC R, MR RERIL-0.814,
M 12 H 24 BIFSE, 10 hPa HRIXPUETHE, TRF 1 H 4 HIXBNEE, 824 5, HEEER
50 K. [AEf, 10 hPaZim i E 12 H 24 HEBGHERRTS, FEE 1 H S HE AR, RARFEEE 1 H
20 Ho #5 LA 10 hPa St AR H LB S5 RAE N SSW RFLEFT B (FEIE 1d SR AR , ik
WSSW HMEHE 1 A S HAf, &1 720 Hik, ¥4 16 K, MHEEMmK . AL SRR AT
R, BOHA (12 26 H) A A0 AR ANBRIX, A58 O 1 K P PERTRGRE (K] 1b),
B R O SR AR, 1A S EHEERO—3 R (B 1), A0 FRRINAIIESE B2, B8
J& B B v B S PO RS B RO KRG AL L IX B2, BN 3 B S O m AR SE (B 1d).
AR SSW AR IR T AS G5 RINy “TEIR” AT IR =i Y, Gl R IR B T BRI — ],
J& T 37 ) RO BU B YR FE 4 (Charlton et al., 2007). J< T AR SSW HAKKFE, A7 AN TAE (Lee, 2021;
Luetal., 2021; Zhang Y. X., et al., 2022) C/E 4R .

Bl 1 (a) 2020/21 £Z& 10 hPa 60°N £ [F) P45 ] X (FAL: m/s) F1 60°N-90°N PR (Bf7: K) B [E) )7
1 (REBE SSW AR INSBRPEARE AR )N B R BT s —# IR R B0 T LA (b) 2020
12826 A (¢)20214E 1 8 5H+ (d)20214E 1 A 15 H 10 hPa Rr3bBiRF (SA5LE, 7 gdm) KL

F (GRE, Bfr: gdm).
Figure 1. (2) Time series of
zonal average zonal wind at 60°N (units: m/s) and temperature averaged over 60°N—90°N (units: K) at 10 hPa
during 2020/21 winter (the purple shaded box indicates the period when the subpolar westerly became easterly;
correlation is shown in the top-right) and geopotential height (contours, units: gdm) and its anomaly (shadings,
units: gdm) at 10 hPa on (b) December 26, 2020, (c) January 5, 2021 and (d) January 15, 2021.
GEARER 1) KL B DX 25 1 P2 4 B LR ) e - I R AR R AE (1] 2a-b) R, G SSW A

W R AR ZKFRZE- AR E G . Bk, ®E S RISETRZ 5XE R 2 AR

MWL MG A KT =, FERE SSW FHAFMISEAR AR X AT FAES 50 hPa, Zifa] R F7EEF

2020 4F 12 AR 2021 4 2 A A — EFEAFET 300 hPa UL ERHE mEACFRES, Wiz

FREWHERRGIE RS G 1A 10H, 15H. 2 H 5 HIfHE A IFERETH 240, FrF, %

DX P25 ¥ 57 35 v LB RSP R AR b5 SR 40 1) RS R P ARG B, 5 B 35 K 1) SRR, b

ez B (B 6d). Hik, ~FiRZE SR EIRR R Z AL — R AT fF R &R, ATRE

53X ) EAPERE N R R G Bk, AR SSWORAERT(12 AR A), RHAZE

AR ] R AR RSP AT RN X e B2 IR PRSP0 BT SSW IR A TA] (R 1 5 HGeMRPE R AR XD 5 ek

XL KRBE Bl 1] A% 1 AT ) 55102 i B A . TR EE 1 RS, R4 X S A 38

PP AR I B g B PR R B (B 1 B R A)-2 H BA)D  RTRERS N T iR E S5 A

WASSHIE N, XM SSW TR XA HAR TR E RRESR AR 2~3
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JARFBRETTE, IOAE 1 RERIER T —JC (2013) LLK Baldwin and Dunkerton (1999, 2001)f45i¢. {H7
TERME, M T FRE, iR Sk e a) R G P 5 8 X A7 34 m FE TE R (1800 B B A PR
Heb 1 A A2 A LAMRES REE S HRNE, XF a2 iR, EAHRRE A &
AR EEAEH

BRG] A5 W X P35 i FE PRSP A AR B UL AR IRRAE, (MR DX 1350 Fe il P N 74 I 2
AR (B 2cd) G, “FRZENR R EE S I PRZ B TR . 78 SSW K
AR A, BRIXBU RIS S SRR LB R RIUNIE CRRUZ, 315K BLL). £ (HRLE
FiE R, 290-315K). IE (WHAUZERE, 270K BLF) ) “=01R7 EEEM. £FRE, B0
IR PE 5 AAE WS I 1) N AL RRRAE, (H X PR 16 BT JZ TR 25 0 T A% X il P ke T A
FERRA 2SR (B0 FESEmm Ll B SRR AR, W] 2d SR FTR) S SR -t R
JEAF (Cai and Ren, 2007; Yu and Ren, 2019), [T E 7% S5 0 WCFRE R R EIAXRE B Z.
i 2¢ frox, @SEARELEEAE 1 2 MERME, AZ2XRZEREZ (300 hPa) , TMELRNEX
A G RE SUE S, RIS IR SO B R DR P P B A . IR SIS AR BT )
(= BYR 258 B R FE I R RTE SSW FHAF AT ARUS I A TS AT, vTa9N: iRt EmE
Jo B 1 7S P60 X P 3 A A R VAR 2 v JE I 2 AU R Y A B P AU Z A S AU
TR, R E R R X R R . X R DR R E AT RS A TH R
“EHRRY MR ESWRHEAENRIRG IR T E N, REFREREESHAERETE, M
] A KR 1) SR B 1) A P2 S RIVA SR 5 A8 A 45 - (Cai and Ren, 2007; Yu and Ren, 2019).

HTAKE SSW FHAEEE T FRESHRENAFHNERERE, BHRESRER
THIB BUFAEAR R, 75253 R e S O B . TiRUE SR B r] B 567 SSWORAERT B, T
X IS BB BEUARHE 3000Pa LR J2 VAR X P 738 5 A Z A (315K BAR ) 2500 o B e~ Fr)
AEEAEHEAT R (B 2¢, d), AR (2 21 E 1 A 14 H). A A A 1SHE2H9IH). B
QH10%E2 A 28 H).

o —3
ot

F

Bl 2 (a) 60°N £ FFEILH A XU(FHAAL: m/s).  60-90°N B IX P (b)Rr3h s BE (BAAL: gpm)Fl(c) B (4
fr: K) (SEEZR) RHEEEF (B , K@) 60-90°N B MR SR BEFARE, #A: 101'kg)
&R _ERR B B (HELR, AL 10kg) HIR - R BRI . R (O R SE AR AL foe 3 1 %) B
S AT PRI E TR AR (150hPa) JAERITH (315K ; (o) A1 (d) Hh AR B2k 43 73
300hPa DL TP A% DR BEREF DA K 280K LL R ¥4 2 SRR B EFE CROPIZAIE 1d, RO

FET 0PI U B R % o R B SF FA I T] 43 BO
Figure 2. Time-height profiles of total field (contours) and anomaly field (shadings) of (a) 60 °N zonal average
zonal wind (units: m/s), (b) geopotential height (units: gpm) and (c) temperature (units: K), and (d) isentropic
mass anomaly (shadings, units: 10'*kg) and accumulated mass anomaly (contours, units: 10'*kg) above each
isentropic level integrated over 60°N—90 °N. The time series of polar mean temperature anomaly averaged over
isobaric levels below 300hPa and cold air mass anomaly below 280K are superimposed in (c) — (d)

B 3 2020/21 4F SSW AR B BRI 20°N—90°N HiTE 2m B EEE PR, B °C, ERLSMELEAN
0°CER)FMET 280K HIR =S R EIE P (SMEL, HAr: 10%kg, B/ BRRFIE/SHEEP)RAEH G,
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@I2HA21Z1H14H. 1HISE2H9IH. (c)2H 1022 H 28 H

Figure 3. Spatial distribution of 2m temperature anomaly (shadings, unit: ‘C, purple isoline is 0 “C line) and
cold air mass anomaly vertically integrated below 280K (contours, unit: 10'%kg, blue/red contours indicate

positive/negative values) averaged over each period of SSW event in 2020/21 winter: (a) December 21-January

14, (b) January 15-February 9, and (c) February 10-February 28.

AR SSW A HIT AN 5 HH AR DX AR 2 A 5 2 B ORYE FR FE MM IR R R ARG . =AY
BeP ¥ v s £ T B2 PRSP K P A0 A (B 3) T, ERTH (B 3a), FRBETE EAGSCHE-RE Fifg A L
AR A bt X0 S 3 TR IR B BRSSPt A 78 B X A Ab T A7 FE RSP ()45 2 R, 0°C 45l
2574 %5 30°N, XM TR AEFEARTHLIX 2020 4F 12 H 29 H-31 HA12021 45 1 H 6 H-8 H 2 IKiELE
B E ], HIA IR IRARAE (Dai et al., 2021; Zhang, X. D. et al., 2021). X — " =4 ik
FE SRR AR A “BE ALK ” #E25 (Zhang, Y. . et al., 2021). T A A 38 A Fili DA IE 5 R
PRSP, WO X DL PRSP 3, BT B = — i A . e (B 3b), RO KRS
A FEH X TFAR IR, T (60°N-75°N) Ji B2 A b~ Nk, bS8 X ()i FE A7 B P45 ) 1 A4 b
FLTINTE P9 BT R AR X o J5 (1 3c), AEBEALUKTEHE X 2 2 0I5 ERE S, 638 Kbk R
FOERPIEVEHE LK IR BT, 5 T BRI R A AL MR A s IX, s KASEE I T &
A 3 1 0 R o ARG S, 5 b T o R DX R IR I v 28 B8 e DX D R 88 I BESP  E, B
DU “BRAbA-A RS BiZs. =AM BCFIIM 280K LR EAA S SR (B 3 SE k) S
TR, P BE P I AP AE B35 UG, FRIRIRAIE T ¥4 23 /U B 1 22 /090 T 2 S 0 i 2 ) B K v

9T SN A 5 KR R AR A B I (R AR R AR, ] 4 4p gt T AR S X
KEEFTE L ROTE R G R AIESETEE N BRIIAR SR 7 5. B & 4a 77T,
FESEK SSW Gl 5, JbPRREAh A M X A THARR RO L B2 T RSN B, S4E
b5 e FE VA RR T AR B AR SRR IE B AT B 2 AMEARER 2 . 3R RN Rk SSW S 1y HL I
TR B P B S I DX AE: N R 6 X A T AR B E A B, A 12 H 23 HIFiR &
LT, 512 A 31 HIXFEME 80%, M 1 H 7 HIFUREE, 52 xR FRE R T s i R 4 5
0 Bl PN re 2 X R T AR A (B 4e); dbSEh 25 B A AR BN TE AT i mi%, H/EiEE A, 18
2 H 16 HiBFIEAE 60%, 22 HIEVE 2SR, mh B X B AR e B0t A8 A 5 2 A — 3 (K
4d); BRI B2 X A TR E0 HITE 1| AR, 2 AR e m TR UES g sl R e (K 4b),
(E SR R AR AR /N T I AT AL SE X

g5 b, AT LUK SSW AR i AR S A B T AN A X T S o IR A B, 4 S i 12 A R-1 A
WIESE 2 UOEPNFEEIR AR 2 H rp Ry b3 ZeM R o 3 bt T Yk 32 I 2 VB AR AR AE P LA 5 00 Y
SSW A Bl — ik 3= 5 (1 55 A i A £ B 1 20 R SR AFAE (Metehell et al., 2013; Kidston et al., 2015;
Lehtonen and Karpechko, 2016; Yu et al., 2018b, ¢). {HS5FFEARFF)Z, MK SSWLFEr, iM%
WANAE L TR R R IS TR AT R 2 AN, BATR R 0B SSW. S 0f N7 P R 18 I 1) T o v £
XAHE S AR SSW SRR (8] 5 5 K AT 8, RO LA SSW AR I FR4G HIAI 45 3 H 3t
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B, MLEAR IR SSW HAF G2 17 AL 2R KUHT K 1-2 AR A S FE ], 7E SSW A FSepl 4 i XK
ONPERE 2-3 LSR8 K, X SAEFAAE 2.

& 4 2020/21 % (a) dLEFRKKEHX . (b) BRI, (c) WA (d) ILELETEE N KPS EA. BEHAR
B(CM. WM) FIRLERER . BRERIES (CH. WH) KIRTEFS (AL %). % EOPIRIEMERE SSW
FIARAIIE], FaB09M 7 5 RSP, BEOEE &R U FAME. BOBELRRE 2,

LOPIERE 1a.

Figure 4. Time series of 5-day running mean midlatitude cold and warm area index (CM and WM, units: %)
and high-latitude cold and warm area index (CH and WH, units: %) within longitude range of (a) northern
hemisphere continent, (b) Europe, (c) Asia and (d) North America in 2020/21 winter. Purple box represents the
easterly period during SSW event.

4. SSW RABIEFHASERRENRFE BT LHHE

FIRSSWHERA IR X PR E IR S “ B -v4 R A KR 7 MR 5 RS, 35560°N 454k
KAL) TSI 5 AR BB ARG . Rk, ANT9K 25 25 Yk SSW I A4 il 5 T2 12 B IAE i 46
WA B R HEAA, BRI R UE IR SRR A R SRR A AR, R T A R
TR T S ST AR A A Y BRI IR 1 T REBL A o

JbEBRA TR BEAR S 10 SRR Il R 1 RS RHE AN Sa o, ) BB S 5 1)
TEASCEWA W B SSW AT G T 2 A A R S5 B F AR 1 (1] 5b) Al 4. 7E SSW %
KA 2 F, PR R EE S RE SR . U RS SR (0 Hh 8 B I A R B, SRR
e X I 2% =k JR 8 L B8 S R 2 R B 2/ o 7B P A VR S 240N H IR B R A, 5 5O X 5
B AR AR B A R 2 R () R AR A P RRES, AT E SSW K. fE SSW K
5, VUE R EE SZ A 4ERF IERE -, FAE 1 A 8 HFHEA SEEHE, XM TH 1~2 KJ5H 10hPa
i T RIS IR TR (B 1a). XK SSW IR K5 T2 AR I B <2 1) — YO s nl fig
FEKy, BEIR SSW AR R S5 WO 1 DX SRy 25 UKD [R] ) B et X AT SHAERF P X, (A5 X2 AT
BWAE LA O, sl IkEh 1 A T s s, BB (Yu et al., 2022), IXTFRER
FHAK SSW FRLEN MR KM EE. 1 H 15 H, FREECHE MF R T, §
B IX B2 SRR IIRESIRD, WIREHIIKE . R, FRELmBa iR Em O SSW H R K
HEH) )R

oI J2E R JE B T A B S 5 R AR 1 ) 7R T A SR AR A AL, I = AN BRRFAE,
P A AL 0 Sl %o 2 e T 5 RSP P =N B B, 3 10 D 8 A0 U5 B B VAR I AR T ¥4 SN iR/ 98 55
72 I AR -4 T 65 /72 WM - P b 8 b T L P e 5 20 AT B AR5 AL (Y et al., 2015a, b). FAAkHE, 12
HRNA-1 A 13 H, 7rE0 SSW SHAERTHIAER G 10 RN, XFILE R AR 1 SR 7] ZRE 74 SRR R
58, 5P E MR SRR S () “REE 7 RN RIS SO R M FERED .
XRER RSB BAE 12 H 28 Hy 12 H 31 H, 53— MRE I 12 Arhd), iS4 Eilx
AR IEIEFED B, MBS, RN T R AT AR 1 RFEEIF 2 Do I Fe .
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IR B — BRI, AR IR 5 PR R AR S 2 R AR R R 1 H 14 H-23 H, F
T2 AR S IR IR R, (ERHA R B SR WSS 2 3 1 H-26 H, 7RED SSW F4REEK 1-2 4
Ho o SEEFE R S O R RS, EX R A RS ks, SEh A EAT AR R Z,
Xt TR AR S IR R AL S FEMMRIR S F . BT KRG ER TR ® SR KA ERM
BN A AR, 2R EREITERE T, FIET RS R R -2 A/
JERE A PO B R 3 0 = ANRRAER B, E B R] b S R T 2T A R S AT R R P EE PRI A i =
MBYEL anlAETE(2 H 21 H-1 A 13 H). #3#a A 14 H-23 H). E#HE A 1 H-26 H).

DA BB, Bk SSW FHFAT/GE, KAL) E -T2 AR SC . 6HA S il i
SR IF) 7538 VA SR S5 A8 A T T o R 2 A B S AU R S RN, AT A A W I e -
2 B SO A ML R R AR

BRI AR IR KA ) 7 R IR = 3 HH A [ R 45 T B 10 8 7 JE B8] DA R~ J 7 o e
AIPER, BT DA HF 2 B e SO s ) B EZ RS E R . B 6 A, Pz
W 3 3 T 1 PIRER X R AUR R R, 5B RARE RSB IEEARRAMA: Rz
I SRIVA St SR (10 8 e AR AL AR RO, BRS I . BRIL, R SR 1 P It 2 R Sl i
PR R AT RN 1-2 7 A6k 3 U RIAR AR RIS BTk, Dy KR RE FEl 5 A 4R it
T AR ST

Bl 5 (a) &FSBEFIEGEERSNEKSIREEE (MF, BA7: 10° kg/s) PLK 202021 £3F
KELAFEAR - (b) FIREFRIEL (WB_ST, 400K L L), (o) SHRERRMEL
(WB_TR, 280-315K). (d) 5 ZERFEA L (CB, 280K LLF) WK 60°N MF BEF(HEIR, B4
10°kg/s)FIAPSE . BAEHMXSHASREREF (MM A HM, Bk, EH:10kg)iEFF. K
(b) — ()P R AR RLAFIE 2¢, EOMHEE la, B0 T 5 RIEFELEE, B (b)/(d) THIZL
[ ok WB_ST/CB S i, “—7~ WB_ST/CB 5 5 .

Figure 5. (a) Winter (December-February) climatological mean zonally integrated meridional mass flux
(MF, units: 10° kg/s) at each latitude and isentrope; time series of 5-day running mean 60 °N MF anomaly
(bars, units: 10°kg / s) and isentropic mass anomaly (MM and HM, curves, units: 10'°kg) within (b)
stratospheric poleward warm air branch (WB_ST) and (c) tropospheric poleward warm air branch WB _
TR, (d) tropospheric equatorward cold air branch CB of the isentropic meridional mass circulation in
2020/21 winter. The purple box in panels (b) — (d) represents the easterly period with SSW, and 5-day
running mean has been applied to all the indexes. In panels (b) and (d), red/blue "+" indicates that WB_ST/
CB is anomalously strong, while "-" indicates that WB_ST / CB is anomalously weak.

B 6 202021 £ZF ()RSE . (b) PHEHMXEEREEFEA: 10'°kg) LK (. d) BESHE:
WIS REREF (HIR, #fr: 10kg) FILRES) (A0) 1YL (H1LR) MIE EFFF. RESM T 5 K
TEAD T AREE, LRV ST R TR R TAE AL 5 R R SC A R R B P AR AR e, BRI R

5 Ja KR A .

Figure 6. Time series of 5-day running mean mass anomaly in () high latitudes (b) midlatitudes, integrated
within three branches of atmospheric meridional mass circulation (units: 10'°kg), and the total column mass
anomaly in (c) high latitudes and (d) midlatitudes (bars, unit: 10'°kg) in 2020/21 winter. Arctic Oscillation (AO)
index is overlaid in panels (c) — (d). The mass anomaly in CB is often opposite to that in WB_TR, so the sign of
the former one has been reversed.
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5. SSW IR AR ERITE N EFERESEHASERNRENRREEHN XA

AR HE RN MAUEE SSW FHIFH, R M EEA RN =30 20 LK
AR . MR KA M BUEFARELS (Johnson, 1989), H1 4k FEHN X R AN g 8 1) 2 7 DL gk
AR I AN [ R N AE R I R E R . Al 7 R, R AR E BEN AR REIR
Ve JE TR R A E (8] Ta). £ AR, RGOSR LY, S R E A
TR /) AR R A RIRTES, R (1) MR SEmm ~ M, 82/ UR BN T RARE .
FETJZ R R T DA AR PR 1 A0 5 B s O B IR RS PR 1] IR o s, AT T s e 1 1 A
W5 B HIE (R 50); THAEARZ A A e DX 1 At it B s U/ B XS 2 4 1) A SR
I, AT B B ) AR T B () AR 30) . BRI, RSSO SRRl K v ik
WA, ARSI LB 02 R A 2 i T At R A R R RTINS i AR T DL R 2 )
FRIERNERIR TR, UNEE AR SSW SFAFRTJE TZ 5 0 LR S IR i AT 7 45£ ) 57 A2
e, IRFCHXF SRR A A R R =S GRS, T2 SSW ZFF 5 S IGIR X A 72

B 7 REARREEIN IR SRR AR M X KI5 RS R ERIENH

SEAb Ay e 2 S Oe o st Om o) s 2 e O s Rp PR I Horh(a) WA — T
[, (b) AEHXPIHIAE — R EHM, ZrfEe X Ve fisE R Pirt, RERLIRESE.
Figure 7. Schematic diagram of geopotential height, potential temperature and meridional wind field
corresponding to baroclinically amplifying waves, which drives an isentropic meridional mass transport.
This is a two-layer model composed of low-level isentropic surface, middle-level isentropic surface and
high-level isentropic surface. Panel (a) shows the longitude-latitude cross section, and (b) shows the
corresponding longitude-vertical cross section. The quasi-geostrophic meridional wind is marked, and the

oblique straight dotted line separates the trough and ridge.

Bl 8 60°N BBNFEMAEEF (BAAL: °) MBEZIIRIEEEF (BAAL: km) HISUE-I EEIHE (. b) Kk
BRI EFS (e« d). K. b) PEEELA 5 REEFEY, HEN 31 RIFNTFY;: B ae/idE
R IR G IR R B SO/ A SO G 150hPa/700hPa i A PH AR 57 K, - ik 3 v i £ 5
N o
Figure 8. (a, b) Pressure-time diagram of 5-day running mean 60 °N wave westward tilt angle
anomaly (contours, units: °), wave amplitude anomaly (contours, units: km) and their 31-day
running means (shadings), and (c, d) the time series of their daily values at key isobaric levels.
Red/blue "+" in panel (¢) indicates that the wave westward tilt at 150hPa /700hPa that related to

nn

WB_ST/CB is anomalously large, while "-" indicates that the westward tilt is anomalously small.
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& 9 60°N {34 [P AL iR AR B BE P (BAAL: 10° 1) K SUE-RIAHIE . S5(HLN 5 K F
Yy, W31 RIESFAY: IEE/SUER R BRI A AR T BEh i b A% .
Figure 9. Pressure-time diagram of 5-day running mean fields of 60 °N quasi-geostrophic zonal
mean potential vorticity (PV) gradient anomaly (contours, units: 10° s!), and its 31-day running
means (shadings). The positive values correspond to the circulation condition easier for waves to

propagate upward, while the negative values tend to be favorable to wave reflection and/or absorption.

60°N SN HRNE IR [VEAE (K 8b, d) Bon, WkADIRIERE P8t REEARX g, 5 R4 MR
BEIRCFRZRE SRR 3, (B SXHREA RS RIEATr—8 (B Sb-d) . 7 50 hPa
PAE, BEEhRIELETR SSW FA R AR, EHARAEFMmAN, MW 1 HBITFIG I 2 w1
FEHVRAE, AHAE S RUZTHFIE (150-200 hPa) A4 XERZEN, 12 A MR 1 A LA, Xt
TR E AW ARIE R, AR T mAREA SR, H1H 8 HZ )5, WaliRIEREEMw,
VLR IRIETE 2 A3 A R34 S s b AR £ S .

S A PERT 60°N BB TG FEF (4 8a, ¢) M B T T B0 = B BORRAE, = AN B
Fof [ 5 5 T S A DK A8 1) o B BRI 2 - 2 S 5 AR R 3 Y = AR AR Y B AR — B, W T
FERT LR . S5 RFRM, BB TaMfh T 2 LR KA MR ERREA IR SSW HAFTf5 =Pk
BRI EEIRNF T LR R4S RIS ARG A b 4 PR A (K 9), A
BB RN B L RAEDE B R M 13 2 176 000 £ BE 1 5 45 8 DK A48 1) o B B I = SR BV
ARSI R

12 H 24 HE 1 A 9 HgME, XHAUZET (150 hPa B AxtiitE HRZE (700 hPa Bt i) Hikish
VAR R EBE P BT 4, R RE PO VR EAE 12 H R R, W& ORI T X I 2 T (L Hh B0 et
[ (1A 5SH-6 H) , BHHEAREMEEENREIRERRE, BT 0GR A sh FAe &R
SHJZ B P2 B AR — B e 4 1) P S A FE IEEE S (B 9), ISR MEHIZBIE P 2K
JER I (#] 8a, c)o BLFHPE A A1 S5 TiC B X K48 v B BA U = S ISR A 1] 10a Tz o ZEX AL T
B30T P 2 S AT PT LA BRI (RISTIALJZ) A e Bl PO I 2 A, DT T~ 37 2 1) 4
WsCs RIS AT OISR IE R 2R (B SHRE @ )Z) A FRE B2 A&, AT X 2 [ A S
A RIS EH . TR PR E BB R P, AR T s BRI (B E e )
PR i) Bl PR B 2 Ak A R R R R (BT XU Z AR A ) 2R g4 2 Ak, R it J2 I S
A BAINGRE . EAEERRE, B IUZ TR E 8 2 595 2h 76 8 15 S5 3 06 62 1)
PRI SV AR S I, AR R 2 AU R AR AR T DAL 2 mh KR T2 08 30 W8 4 £ P9 o s
HES. b, ERXIBL R TR R IR E — S0 TR A 1E R A R LR R RHE
BRI JER AR, BRE) T P2 BRSO E VA BE S R AR s (B 9b),  JE T 3450 2 € i A3
IR [ B~ 37 2 A 58 1 55

1 /10 H-22 HIE], Xz P RE (700 hPa FRfaT) B VE A RV 5 9 E (8] 8a, ), B
03 2 R 2 BB AR P AR SS, AR TR Z A BESI G, 17 [ S I T A AT 4
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EABRIRNE R RSN (P IERESF) P 405, 05T 30 J2 W S 11 [ BN ek 58 %V JE R 5o 1P B
FTEMAACE (B 9f) BCUFRARE T P2 B SCmsm AN 24« RS 35 1) R AR AR AL (B 9g)-

fE SSW i (2 A, AR ARE SRS vE A IERES I, EE SRR Y, (ke
52 V-2 BRI S TR (b 2 4 ) P38 ik FEAE P i R U (1 9), Ut WTE ST E AR i T
SRR A, BRI T AU BN A A0 A S EE F ( 8a, ), B 10K 1o 76 5 £ i
B o BRI R TR R ) PR A SRR, W DM AR BRI (RIS A R B R R 2 A s
KT B RS2 NI PR8I 2 SRk S0, AT AE Sk 55 1L J2 12 SR o) B o s el ¥t
JERESC . KBRS B INsE, TSR 2 B S SRR X R, BT e, AR SR AL E )
FRIEA o BRI 25 R A B T4 2 B2 R AR R 2 A IERE T, 4 BT 2 R
SRS XL A SRR SR 35 S (-0 2 A AR S (B 101). BAR  — A sema KU &
AR P B s IR R AE i B BRI A R /s (181 8D, d), (EXRHARUZ & SR E AN S 12 FR-1 A
VIR (B 5d). X TEEA T AEBEFIRE MR K, it 2 T 20 P A0 A 62 1 B g 5 A I 1 et it
JEA RS INGREE T AT 2L IE TR, AR T SERIR S BB B R A . IX AR T AR
RGN 5 HILAE SSW H K JE 1 12 S H N (e.g., Thompson and Wallace, 1998, 2001).

Bl 10 2020/21 %2 SSW B4R E =M B BB BT LR KL REFR=SCRERE . &
XEHRRESEEREEESHRBESE.
(WT. MF’, (dM/dty’s M’ T4 55878 60°N AN f . 60°N £ [a) il Sl fEpb-r. A X 5545
PR AR AL AR DS TR T BRI R 2 — S 2 P T SR 2 R OR A IR SR I B
UL, BARRAREFURSIIHA, "®"/ ‘O FF 53R I A1 SR A ) A Wt/ 75 T8 i & s BT
55 AV ) A Sk R e R R S R, ) A i Sk R e T R R R AR =T
S s R T AT, o R X S R R L O =AML AU AR EE T 60°N K
ST SRR =AW 2D APt ROMR, R R SRR BRI R
H R Z 51 R b SR R A AR A, AT T R SR A B
Figure 10. Conceptual diagram of the variations of westward tilt angle of waves, the anomalies of the
intensity of three branches of atmospheric meridional mass circulation, and the vertical structure of polar
isentropic atmospheric mass and temperature anomalies at three stages around the SSW event occurred in
2020/21 winter
(WT, MF ', (DM/DT)', M 'and T' respectively represent the wave westward tilt angle at 60 °N, meridional
mass flux anomaly at 60 °N, daily tendency of polar isentropic mass anomaly, polar isentropic mass
anomaly and polar temperature anomaly; in the first columns, the solid line represents the westward tilt
angle during each period, while the dotted line represents the climatological winter mean westward tilt
angle, and symbol "®" / "®" indicates the poleward/equatorward mass transport anomaly driven by the
anomalous westward tilt angle; the right/left arrow in the second columns indicates the stronger

poleward/equatorward mass transport; "+"/"—" in the third—fifth columns indicates the positive/negative
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anomaly values; note that the timing of the three stages (right side) of isentropic mass and temperature
anomalies in the polar region lag behind the timing of the three stages (left side) of meridional mass
circulation and wave properties at 60 °N, because the anomalous meridional mass circulation immediately
causes the daily tendency of mass and temperature anomalies, which is ahead of the mass and temperature

anomalies themselves)

6. L 5T

6.1 &5t

AN HUES PR ZE RS Z . RARA 2 S AR 2 SR S50 K4 17 i BRI A
FE, KH 19792021 4F ERAS H M 8R4, Xt 2020/21 &Z 07758 SSW S AF i J5 v 1
DX b T S 5 (TG Hh 4 B RV B S W IR TR EREAT 17 04T, [RIIRRAR IR FE 1 5Pt 2 -
SR ER G AN R, R PRERIR I . FELGRWT:

(1D JRER SSW FfbaT 5, &L, 2R IR RZ MR FH: FERIRIR S LA rh -
WM b (A 1 I 3 S AR BN BRI 12 A N -1 AT B 2 Ik FE MR A,
2 A AESE ML 1 KSR IR F e, L N FE MR 55 H AR S 26 1) XU I D9 2R IR
2 P, A3 MR FR ) B LTE Setl s 1) AU 2 Rt XU 2-3

(2)  FUREN X R LR T B IR R R, EEIH T 600N BHL KA L B
PR R MR v B B AU R e A e TEPIRR R AR ) R BRI 2 1) A
HhBE S S8 BRI, AR R R IR R S S S, [ TFRERX RS R, R’
JEFE ST TEXHRUZ, RS ) R Z ) B b S ) 715 T 74 3[R sy, B
bV 23 /5 [ e A N P 2 PR 2 AR I AR A I AT N5, S ELL VA R - ARt bR
AN BRI R FE R SRR A

(3)  60°N KAL) i i PR T- 3L 2 ) A G S 5 6 I 2 78+ TR SR 75 Vo AR RS 2 PR AR A B
SSW 4 [ Hh THT L S AR A I Ot . fRBE SSW AR AT S M-F IR E i i s, KR
LR ERARR =2 =B PR G EARRE, X 5B TE X T B it 2
12 B TE A SRR B IAR DG . SSW B RaT I, X TR B R B R S b Ak,
1557 BRI = SN, AR X M ARE A R e, NI RE R R PR
IR S 5 FRA s, AR PUEIREGS . SSW LRI, SFRE S i, (B X2 RE
SCRIA SR NS . SSW SRR, XHARERVER I bAE, PIRER SR HmEs,
B, ARV RS 7 o, 815 A0S X A FE IR -

FESRIAN A, B EAR S SR EEE SSW F4F R XA B4 B
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JEHERAF T B B AL, X R AP0 R AR Z S PE U 8 /s, AR H R 7 GHAUZE =1 2)
] RO A L SSW R A HTINSS1S 2, AT A0 it 2 B8 S (3 s AR G R S 4, T o i e ek
20 SECHRE A R nsE, AR T HShA S S E R E KR (Yu et al, 2015a, b, ¢). K,
ARSCMNKASE AR IR A B T FZE SSW S EE NAM i 5 1-2 N H WA 5 KA K
R TR RN, RIPIR2 8 1 T 50

6.2 718

AT ) 2020/21 428 K0 BR8] Ik 72 R )P I02 -6 2 R A AR A 2 5 AT L Y
P, HOX FERIE A TR A A —E KR MR A , EARIRAIR . Yuand Ren (2019) i1t 1444
TAEBRIOREE (NAMD IE S A i g i L I KR8 1) o PR P I - 0 Ui 2 43 SR G AR 2
X LEAHERIL, AR SSW AL REAT G, TEd X IR . KAE iR PR = SO A i
AR S H IR R F—— S PR - FECE, 5 Yu and Ren (2019) #2 Hi 1) NAM AL AHF44
HO DX PRE IR B N AR S PR E- R E RS 258 (). ST_EOF1+&WBCB_EOFn-—, n=1~4) |-
SAREL, HEREAE B AR 1 R, X AR X PR R B T AR fE Oy R BRSS9k e B
BT X, BRI SIS 5 A 0T DU AT 5 X I S5 3 R A0 S R

W, BRI FAE TR EMRIRE S (o PR BERIERE I RE) 7 X & w2
B PIRAEE TR A SCEREIREE, T WP . AR SSW SRRl f5 A — i
BYREN AL R BRI B AR ARAE (B 10a, b) K&, 5 SSW RGP/ 2 1 A M g
SCAm SR T TR . — I AR SR KRG R E SRR E RS 6 E A B SR F N
SR E SRS . — I AN sR A A A B8 ) B 25 SR T AR DI R 728 A ) 4R
WARK (Yu et al., 2022; Liberato et al., 2007; Martius et al., 2009; Castanheira and Barriopedro, 2010;
Kuttippurath and Nikulin, 2012), & F| T8 SSW FHAFFI A FEFURIR MR K « X Fh LR ) i 2l
B BRI E S RKETRIGOK I 5 5 2D LS A 2 B 2R B R 1) 57 i S5 5 AH 5K (Zhang et al.,
2021; Yu et al., 2022). JE3, XHAE A ZRIE A SR IR ) 3= 22 i — sy B ok (K 10b). H 5[]
I, PR S 0 S, R REER /N IR JE R -k AR, Tk A 3
INERFREBESC . RIS ZEESAER » it ul, FREEHEUT Ak, EEE
BB PRANTERT S, Ak ) s 24 b Al T WK B B AR S A IR 25 SO RIS I K HE— 20
25 AR X T 90 2 6L TR AR 5 9 R B AR NAM 7 i S & s B 4 SR T L, X8
NAM GEAHE £ B IRE) K AL A s PR AR sl R T T S AR IR SSW S HoA — g 3tk
(K 11c,dvs. Bl 11a,b). #59HmEE H (K 11c, d ) 0 K) FIA K SSW F4E 45 KUEAE H 2021 4F
1 A 15 BAXFEarsn, Eggtkimie 02 mr, W8 KO RKAEEmE, —HoEa0 B
5, (B IRSHFILZ B SCAA S R R R i R N T R RN H S 15—
30 K, Wi E ik inag BANGE LA RPRE, (A5 SO T R o A SN
SRe Zx b, HUMA—UNER. R BONRR A SR S, AR G AR SSW A4S 1 9€
WMGIRRME . B RTIRE TR AE AR AR P B X T 5T

19



579
580

581
582

583
584
585
586
587
588
589
590
591
592
593

R WXFRUZ R N & E PR E - HRUE R & 258 (ST_EOF1+&WBCB_EOFn-, n=1~4)

) NAM Fi 7 AH FHAF
i) A5 H A ST EOF1+&( )

1 1979/11/21 WBCB_EOF 2—

2 1980/03/15 WBCB_EOF 4-

3 1981/02/19 WBCB_EOF 3—, WBCB_EOF 4
8 1984/03/09 WBCB_EOF 2-

10 1985/04/01 WBCB_EOF 3-

12 1987/02/03 WBCB_EOF 2—, WBCB_EOF 4
13 1987/11/14 WBCB_EOF 2-

14 1988/03/25 WBCB_EOF 1-, WBCB_EOF 2—
15 1989/03/06 WBCB_EOF 4-

16 1991/02/05 WBCB_EOF 3-—

18 1992/04/04 WBCB_EOF 1-, WBCB_EOF 4
23 1996/12/04 WBCB_EOF 1-

29 2001/02/17 WBCB_EOF 1-, WBCB_EOF 4—
30 2002/01/07 WBCB_EOF 1-, WBCB_EOF 2
33 2004/01/06 | WBCB_EOF 1-, WBCB_EOF 3—, WBCB_EOF 4
35 2006/01/24 WBCB_EOF 4-

37 2009/02/06 WBCB_EOF 1-

38 2009/11/22 WBCB_EOF 3—, WBCB_EOF 4
39 2010/02/10 WBCB_EOF 2—

Bl 11 2020/21 &3 (a) FHRBFRHIES . (b) ME FIFRERSTA 60°N K12 5 B B REF (b
PRI PR (EL) 2 BHE (BR) KREFS (AL 10°ke/s). (¢)-(d) [ () - (b), EH
19792011 JIEAFER X FREEE MMEH G K P-XRER A RE K NAM AMAHEMIER. 5
By 5 RiEzh- P4
Figure 11. Time series of 5-day running mean 60°N MF anomaly (bars, units: 10°kg/s) and its
wavenumber-1 component (solid line) and wavenumber-2 component (dashed line) within (a) WB_ ST,
and (b) CB in 2020/21 winter. Panels (c) — (d) are the same as (a) — (b), but it is composite mean MF
anomaly in the period from 40 days before to 40 days after the peak time of negative Northern Annular
Mode (NAM) events of the stratosphere-troposphere coupling type with a clear lag of downward

propagation of polar stratospheric temperature anomaly to the lower troposphere in 1979-2011 winters.
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Figure 1. (a) Time series of zonal average zonal wind at 60°N (units: m/s) and temperature averaged over 60°N-90°N
(units: K) at 10 hPa during 2020/21 winter (the purple shaded box indicates the period when the subpolar westerly became
easterly; correlation is shown in the top-right) and geopotential height (contours, units: gdm) and its anomaly (shadings,
units: gdm) at 10 hPa on (b) December 26, 2020, (c) January 5, 2021 and (d) January 15, 2021.
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Figure 2. Time-height profiles of total field (contours) and anomaly field (shadings) of (a) 60 °N zonal average zonal wind
(units: m/s), (b) geopotential height (units: gpm) and (c) temperature (units: K), and (d) isentropic mass anomaly (shadings,
units: 10'*%kg) and accumulated mass anomaly (contours, units: 10'*kg) above each isentropic level integrated over 60°N—
90 °N. The time series of polar mean temperature anomaly averaged over isobaric levels below 300hPa and cold air mass

anomaly below 280K are superimposed in (¢) — (d)
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Figure 3. Spatial distribution of 2m temperature anomaly (shadings, unit: °C, purple isoline is 0 °C line) and cold air mass
anomaly vertically integrated below 280K (contours, unit: 10'?kg, blue/red contours indicate positive/negative values)
averaged over each period of SSW event in 2020/21 winter: (a) December 21-January 14, (b) January 15—February 9, and
(c) February 10-February 28.
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Figure 4. Time series of 5-day running mean midlatitude cold and warm area index (CM and WM, units: %) and high-
latitude cold and warm area index (CH and WH, units: %) within longitude range of (a) northern hemisphere continent, (b)

Europe, (c) Asia and (d) North America in 2020/21 winter. Purple box represents the easterly period during SSW event.
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Figure 5. (a) Winter (December-February) climatological mean zonally integrated meridional mass flux (MF, units:
10° kg/s) at each latitude and isentrope; time series of 5-day running mean 60 °N MF anomaly (bars, units: 10°kg / s)
and isentropic mass anomaly (MM and HM, curves, units: 10'°kg) within (b) stratospheric poleward warm air branch
(WB_ST) and (c) tropospheric poleward warm air branch WB_ TR, (d) tropospheric equatorward cold air branch CB
of the isentropic meridional mass circulation in 2020/21 winter. The purple box in panels (b) — (d) represents the
easterly period with SSW, and 5-day running mean has been applied to all the indexes. In panels (b) and (d), red/blue
"+" indicates that WB_ST/ CB is anomalously strong, while "-" indicates that WB_ST / CB is anomalously weak.
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Figure 6. Time series of 5-day running mean mass anomaly in (a) high latitudes (b) midlatitudes, integrated within three
branches of atmospheric meridional mass circulation (units: 10'°%kg), and the total column mass anomaly in (c) high
latitudes and (d) midlatitudes (bars, unit: 10*°kg) in 2020/21 winter. Arctic Oscillation (AO) index is overlaid in panels (c)

— (d). The mass anomaly in CB is often opposite to that in WB_TR, so the sign of the former one has been reversed.
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Figure 7. Schematic diagram of geopotential height, potential temperature and meridional wind field corresponding
to baroclinically amplifying waves, which drives an isentropic meridional mass transport.

This is a two-layer model composed of low-level isentropic surface, middle-level isentropic surface and high-level
isentropic surface. Panel (a) shows the longitude-latitude cross section, and (b) shows the corresponding longitude-
vertical cross section. The quasi-geostrophic meridional wind is marked, and the oblique straight dotted line separates

the trough and ridge.
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Figure 8. (a, b) Pressure-time diagram of 5-day running mean 60 °N wave westward tilt angle anomaly
(contours, units: °), wave amplitude anomaly (contours, units: km) and their 31-day running means (shadings),
and (c, d) the time series of their daily values at key isobaric levels. Red/blue "+" in panel (c) indicates that the
wave westward tilt at 150hPa /700hPa that related to WB_ST/CB is anomalously large, while "-" indicates that the

westward tilt is anomalously small.
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Figure 9. Pressure-time diagram of 5-day running mean fields of 60 °N quasi-geostrophic zonal mean potential
vorticity (PV) gradient anomaly (contours, units: 10° s™!), and its 31-day running means (shadings). The positive
values correspond to the circulation condition easier for waves to propagate upward, while the negative values tend
to be favorable to wave reflection and/or absorption.
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Figure 10. Conceptual diagram of the variations of westward tilt angle of waves, the anomalies of the intensity of
three branches of atmospheric meridional mass circulation, and the vertical structure of polar isentropic atmospheric
mass and temperature anomalies at three stages around the SSW event occurred in 2020/21 winter (WT, MF ',
(DM/DT)', M 'and T' respectively represent the wave westward tilt angle at 60 °N, meridional mass flux anomaly at
60 °N, daily tendency of polar isentropic mass anomaly, polar isentropic mass anomaly and polar temperature
anomaly; in the first columns, the solid line represents the westward tilt angle during each period, while the dotted
line represents the climatological winter mean westward tilt angle, and symbol "®" / "O" indicates the
poleward/equatorward mass transport anomaly driven by the anomalous westward tilt angle; the right/left arrow in
the second columns indicates the stronger poleward/equatorward mass transport; "+"/"—" in the third—fifth columns
indicates the positive/negative anomaly values; note that the timing of the three stages (right side) of isentropic mass
and temperature anomalies in the polar region lag behind the timing of the three stages (left side) of meridional mass
circulation and wave properties at 60 °N, because the anomalous meridional mass circulation immediately causes the

daily tendency of mass and temperature anomalies, which is ahead of the mass and temperature anomalies themselves)



(a) MF above 400K in 2020/2021 winter (b) MF below 280K in 2020/2021 winter
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Figure 11. Time series of 5-day running mean 60°N MF anomaly (bars, units: 10°kg/s) and its wavenumber-1
component (solid line) and wavenumber-2 component (dashed line) within (a) WB_ ST, and (b) CB in 2020/21 winter.
Panels (c) — (d) are the same as (a) — (b), but it is composite mean MF anomaly in the period from 40 days before to
40 days after the peak time of negative Northern Annular Mode (NAM) events of the stratosphere-troposphere
coupling type with a clear lag of downward propagation of polar stratospheric temperature anomaly to the lower

troposphere in 1979-2011 winters.



