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Abstract Based on the ERA5 daily reanalysis data from 1979 to 2019, the self-organizing
mapping (SOM) analysis is performed to objectively classify tropospheric polar vortex over the
northern hemisphere in winter, analyze the temporal variation characteristics of the polar vortex
weather pattern, and reveal its causes of the long-term variation. Results are shown as follows: (1)
According to the center position of the polar vortex, it can be divided into circumpolar type, dipole
type, Eurasian type and North American type, in which the circumpolar and dipole types are the
dominant circulation types. The circumpolar and dipole types show a significant decreasing and
increasing trend respectively, with obvious interannual and interdecadal variability. (2) The
long-term decrease of the circumpolar type and the long-term increase of the dipole type are
mainly due to the rapid warming of the Arctic region, which leads to the continuous reduction of
the meridional temperature gradient and the weakening of baroclinicity between the middle and
high latitudes of the northern hemisphere. The weakening of the circumpolar westerly circulation
weakens the strength of the polar vortex in the northern hemisphere, which makes it very easily to
split. Then, based on the data of the pre-industrial control simulation (piControl) and the
simulation forced by a 1% yr* CO2 increase (1pctCO2) with Ocean-Atmosphere Coupled Model
(CESM2) for the Coupled Model Intercomparison Project Phase 6 (CMIP6), SOM is also used to
further explore the relationship between the long-term variability of circumpolar and dipole type
and global warming. It is found that the circumpolar and dipole types are still the dominant
circulation types in piControl and 1pctCO2. The circumpolar and dipole types have no significant
variability trend in piControl, but show a significant decreasing and increasing trend respectively
in 1pctCO2, which further verifies that the long-term variabilities of two polar vortex weather
patterns under observation are closely related to global warming. At the same time, other eleven
models for CMIP6 are used for comparative analysis, and the results are found to be reliable.

Key Words Polar vortex; Weather pattern; Long-term variability; Impact of global warming
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e AL T3 Z b B Z R E B RREE M KR A A IR R 4t 0G50 76 [HliE
HAL T IR S LML X, & BTSSRI AR A SR H 4 ) RS (PN 40558, 2006).
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FRFl, EAFIX LI X R % s w2 BRI B R AT LU B &), RIR L O IR -
BEAt, MR OB AR RFAE, — ORI 7 Bt i L AR L 0o 2R R 22 A 2R U Fefr S 7
(5K fEAESE, 2008).

WA BRI 7 s 4 RSB RFE, LR AR RS R B e, K
AAESHEL, R RAINR, PAAGE R L = R A B RR (5 W1, 2009). [At,
R TR NTETT SR AR ARER S AN (R I 8] RUBE_EAF 78 R it iR A AR AR o £E =715 R |,
X BN A EARAE, TR E IR IAE KT B R, B2 X S e 4 il
(Polvani et al., 2010; Waugh et al., 2017). Gimeno etal. (2007) 7 X 50hPa & K F- 1514 [\] X
AR AN R AL T, FTHS T R s BE AT AR, A IAL Bk AR b T AR M i A7
— AR RZETIE A, R AT T, AREEET NI, BRI R . BT (2009)
I3#r T AEFBR 10hPa At i ie i) 2= 15384k, fi i Jb2FEK 10hPa 2 w4 6-8 H v s Uheda|,
9-3 AU E ], B AR N RGNS, R SR Ui . 5k
55 (2014) 43H7T R I 100hPa 55 500, 300 #1 200hPa % 2 IRAHLL, AR AEFHHEIFL
SRS RN, HEEZET AR R A K

X TR RE AR ) S 5 AR A, B ANBEAT T RE RS W ST BB, 5 e
Wi PRAE AL IR 7 B2, P31 P9 4 4 19% 3% (Holton and Tan, 1980, 1982; [3C4%,
2004; Wang et al., 2018) . &K FH7% 3 (Kodera, 1995; Labitzke, 2005) . il 57 & ( Sassi et al., 2004;
Manzini et al., 2006; Taguchi and Hartmann, 2006) F1-k 1117525l (Kodera, 1995) 4. Holton and
Tan (1980) &I AL BRAZEM A £ Pty ~F-IA0 J2 P A Jo BT R32 J9 78 IXUIRT BE ety ~F- 37 25 1
OF JE RS AR R B B . SEVRJE . Zhang etal. (2019) EHHR T 1L HE A JE IR
XA EBRPIUE R B 52 m, 4555 DR B FE— 20, RIFE-F-m = #E P9 A AR & 9 2R
AT ER AR ey BT A0 J2- 1 A 4 ) SR 32 DR v XU (%) 555, I ELAE 000 J2 v I 4 J SR 3% 9 2R XU
BB, Wit —2 M RO KRER ), @ 2sdb3E. Manzini etal. (2006) KILJE/KJE#-/ 7 %
B0 AR (10 S M 2 A IR R A iR B M b A% AT B R PR R L, 45 SRR WTAH N T e JE IR AR
A7, JU/RBIHEAZERNRE WS — . XRHHEMIMER) (2006) it 7 &F=I6RE S
W HIFE R, GRFW 9 (59) AbWPEfEE0TE, it 500hPa & A (TheD, )
TR EEFREUR S (/N AR AR TFE i (WKD. Lu et al. (2021) 2341 1 T2
Fant &2 (12-3 H) JEEshISom, R IR Z s 1a) BRI KR R 3 A ) T bk
AL B R . EMEE (20200 RIEAERR R NE B, Bk Z= s shit T B 4L
G2 L e | o @2 A o TR R S [ PTITI R 2 - e EA  2  TR WA 5 A =T D VA 2 0 - QLW 1B
Mo e SRR ERANERER (2009) KA Z=AR I oik AL K 74 V0 sh 1 i 2 [ LA AR A
sR(59) JLRVEAREHESIREE, ARSI TheD, Al G2
) HH R BRI E))D

] Py Ah 22 0 A B AR AR AR AR IE 24T 11 18 . Davis and Benkovic (1992) #T5T
1 1947-1990 £ L2k 1 I 500hPa et (AR LAFIE, ABLAE 1966 42 Ja i & & 5K
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K E{E4E (20062, 2006b) 43 #fT 7 1949-2002 4 300hPa F11 500hPa b Bk AR AR b AL AL s
TEJEHRH, AF-P- R AR 0 Th AR B it BE 3 A7 A8 2 2 I ARAR PR AR Ak, 72 20 22 70 AR I AT
A LTS, TR IR B S SkEESE S (2014) 4uit T 50 4F 500+ 300, 200 1 100hPa
S AT T AR AR P AR A, R I BRI AR GRREED Jed ok (IR J54d (i
55, TR o P2 B AR O R K R R &) . Z W (2009) JE TG ERERIRAE
FEBO I AR ARAG R 07 s 20 28R DK 55000t B AR AE G I, B BRIOIR A
TR M50 L 08 T B AL AR AR b 958 BT ) 25 SR A — 2
AR, RIEDHEENER I TNECT 2N TR IR AL (Lee
and Feldstein, 2013; Feldstein and Lee, 2014; Horton et al., 2015; Lee et al., 2017). Bao et al.
(2017) FI ) 44U EMLS (Self-organizing map, SOM) 125 -7t 2 4 A 1 184k R 67
JEBTIRBEASBEAT 70 S CLR N T RS Y- 3t 2 B R MR AE I ) AN [R) ) BE AL . Kretschmer et al.
(2018) KHZEREEFIEXT 60N LAIL 10hPa H 344 [a) K 371347 550 Hr, NI
KB E R B RS, KIWAE 1979-2015 B I8 55 72 B T 55800 IRk 2 3 hn AN
SR AR i AT DD R R F 925 5 . Smith and Sheridan (2019) F|F SOM J7iidie 7 Fii
SRR E R P SR A A B SRR Z AR &R, RIMEEEAD A2, dbik
ATE R VG B4R SR YT U U5 HE RV 2 SRR T 1-2 R WL, AEe & s U%
KA, MEMFRE W R LR IR, LE) A& RIA R UK BT, s 32 2 80aE B0k
Z5rhil. Cohenetal. (2021) FFHHLE 17700 1980-2021 EHIAIRKZAIY) 4 (10-12 H)D
(PR B IR AT SR 0 T R I IA0 JE AR o AFp S S AT PR 3 2 386 g b 5 Ko Py P it
AT RN o
MELE IR TEAR L, 1 2 53 A OOR A T2 GEREE SN 7 B b~ BRI IRARE SR

KA TR B SR AL, ) BOR IR 2 Rt AT SR A0 AT, B IL BRI
e MR E EEEFRIZERRE RS, HAFRJE GRS R = %0 2 18 REAE R 22 X
FAE R ZE S . 5198, SRERR RGN TFREH BN R k24, Hxrdbakdm
iy R ASSU R R  O BLE PR o 3t J2 W i AT SR 2R I AR Ao O R 20 AT RS AIE 4 )
MR IR (anGetl e, fEARAL. Ao B 2RI DL A 3 i HARAURHAIE f2 AF 3 Db 21
AR SR R AR B AL BRA RN Z 4T SOM 2000 2, FEIL LA b3 B & 1)t
RABL B I (8] B AARFAE , TG R HAC AR S B35 #d 7R B3RO 2 R R S
TR IR BRCEA

2 ‘RS
2.1 &R
2.1.1 WEIBE R
A SCAE T B A R S TR B0y (European Centre for Medium-Range Weather

Forecasts, ECMWF) 24t 128 TR KA E H B 2Bk EdE  (ERAS; Hersbach et al., 2020),
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BRY O EEY . RIGHIEREZY), /K73 #1308 194 FEE J5 7 M 1000hPa | 10hPa
L4 5, FrRIGORMEET R B 1979 4F 12 H-2019 4 2 H, 3% 40 M&FE 44 12 A Fik
Fo2 A 2 X A — AN KX F O, K # Ok W T
https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset[2022-12-26] .

2.1.2 BERXHEH

AT IEAS 55 75 U o il A4 5 L BRI (Coupled Model Intercomparison Project Phase
6, CMIP6; Eyring et al., 2016) () Tk a2 Hik4e (piControl) Fl COz ¥ BEREAEHY
1% (1) 5% 18 558 (1pctCO2) 134 H £ d , S 1) /2 18 H Hh Bk R 4i 45 3 (Community Earth System
Model version 2, CESM2), ZExRIEIEALH mEly. KR )Eis, EEJ7 M 1000hPa 2|
10hPa 3% 8 J= ., Bt A B ORL M mS A Bt O AR 2 80-120 4, A #E Ok IR T
https://esgf-data.dkrz.de/search/cmip6-dkrz/[2022-12-26]. {E piControl i{5&, FrE 4himia (£
FRR =AM AR R SN R S4ERe e R Tl R 4G 1) 1850 4F7/K-F,
RIS AN L& N Dy sRas 3 B K AR A% . 1petCO2 5 piControl iR AHIA], {H R4
CO2 IR FE LR 1% RN, 2 AR COy sl T I AL U Se: (Eyring et al.,
2016; Gregory et al., 2016; JHEZ N4, 2019; JH R4, 2019).

2.2 SOM J7i%

SOM ZERIF M7 i — P T 5a A S R I B M 48 U715, Beigds mrde 2 1A) (R 4
ANFEARFERFFIR S50 AL B LN Wi 21— 20 4k S (P& 2% 715 50 H (Kohonen 1982;
Vesanto et al., 2000; Kohonen, 2001). % TiZJ5 2, SOM Reixf H iz A KBk T R 2 H Ik
2 R, MR R ARG MIRHEE LR IR G EAR LT

FEXF ABF B Z i 64T SOM 200 BU T, 1 Je il B ke 2 ki =i 2 2, B8
FIXYLZ 250hPa #) i T AREA, W] — BLHEAH 2 i 25 B3 DX, W ps th A 3 5 g . 1k 4k, CMIPG
2 2RI p o2 L JZ AL AE 500hPa Fil 250hPa 4 T 3% H 0, 3F BRI S E 2Rk s
FE AT SOM 7388, Z5 5 AL, BRItL, Dy 7 RSB &AL RO B RIR I R A, AL
¥ 1979-2019 447 (3£ 3610 K) & H 250hPa i 4w FEFE T3 (FAXTT 1979-2019 4EfX
) AFNFEARBEAT SOM YIIZR, M € i A IR 73 8L

SR e TRE R R, fE0HE SOM IR AL 4 B 5 S AT 75 24956 1€ 70 248 H (ND.
YHER S REE NRZ, WA 4 BLAE R IR 22 /s T4 B4 H N /b,
2> T EA R 12 2IRr € AL . (R, 25T Lee etal. (2017) (B 5T 714, FATIEH (1>2)
£ (46) B HBTR . Bk, HREPrAILEERAZE 250hPa 2 H A3 = B EE 17
5 HRIUELR SOM IR ALK~ 34 23 [HAH R R 8 Ry K, THEALSAS SOM PR Y 2 [A) )~
BIRRIREE S D, HitHE AKX A:

D:%Zn:di(r,s) (D
i=1
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d(r,s)= |- Ik — x|, (2)

Arb, n A REH (ND FXHEECE, d(r, s) v 5 r ZURIEE s B [A] A BRR IRER RS, ne AT ns 73
TAEE ¢ BUFIES s BURGULEC R B, X, A X, 20 58 v ZUANEE s BRI O

2.3 REMEHERH

KRR M8 2 F i A BRI KPR FE B FE SR R e 1, AR R R G R
Ja# ST R #E B YIAE (Charney, 1947; Eady, 1949). < 32f# i} Hoskins and Valdes
(1990) 5| NI A Eady #K:Z (maximum Eady growth rate) 1y k<4 M08 B e %,
HAt 5 AL A:

oT

—‘ 0311
oy

0z

s =0.31gN T N~ (3)

Hp, NOREFEAIRGE, TSR, fARIIRSE, VAKTFRE, 2 hEERE. KR
BB AT DURRE R SR BE I 3l 98 2 (Simmons and Hoskins, 1978), B K& & M Hutk K,
RAREERBESNERTE 5) K& « FEAEBARZE TR AP RS RO R, ZfadonT
PUR - R 4E KRR ME 5255 (Nakamura and Sampe, 2002; Nakamura and Yamane, 2010) .

3 MAER
3.1 SOM ¥ 4r&L

WA 2.2 e st BB H 71, o 40 4E4EL 3610 K 250hPa 7 3 i B FEF
Wi NF] SOM 4 HZH LI ZRMi% 4, i@ B2 SOM 4 BUE F2 DASRAS 2 & 20 A9 s 2k
(R REE R, 5T 828 (B A 96 R 5 R AP RREE B Do &1 1 7T %0, B EY SOM
WA E, PRI AR OC R AL R BTN, SPIRGUEE B D MR . FTRLR I, B
& SOM 11 UL B AARS, R A D AR RN, B4 AU Z i, %> SOM 3
T [B] (7 5 T LAZAE o EARIERIAE, 7 A EH (1) HmE] (22) B, RN
R R, T4 S ECR T (2%) I, R HIMIEAIN N, D WAEEMBLIAE L. LT
SOM 15 R TG T2 R AT i (117 35 25 TEIAH 5 2R 4 R FIAH B K )P B8 BR TGRE 29 D ax A
bRk, BRIASSCIEEL (25Q) R4 s HGHE AT FU BN A B
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Fig. 1 The mean pattern correlations (R) between the winter geopotential height anomaly field at 250hPa and the

4x44
3x64
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1x2
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best-matching SOM patterns and the mean Euclidean distances (D) between each pair of SOM patterns. Left
vertical, right vertical and horizontal axes indicate the mean pattern correlations, the mean Euclidean distances,
and the number of clusters, respectively
e 2 R, 1979-2019 EAZEN K EIE T4 SOM 438Ul 43 4 AR AL (F
SOM1-4 KR ) o F Ak, SOML HURHIEREAEALF BB AT — M oty HAZT 80N
PAIEHIRR RO, BONZERRTY ;. SOM2 Uik, AR FERA i oy, Al
G AL TP ACEANAL 26 KBS, ALk s A 2 A XK 544k ;. SOM3 #1 SOM4
R — ity AE 07 i R RO K R ATAE S KR, Do BRIE R AMRAE S AL . Bedt,
£ 1979-2019 FEXZEMIE, H4> SOM PRy B R AL L i KA H 70 Ly 39.1%
(SOM1). 35.9% (SOM2). 12.7% (SOM3) #l 12.3% (SOM4). Hittrl L, Zebk A1
AR P, A B RO o A R B 35% LA b, T i R AR A L 5 2 g A
Hlgb, 2905 B RE 12%.
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944 960 976 992 1008 1024 1040 1056 1072 1088 1104
B 2 250hPa Jb BRI m LA 1 SOM i (Bfz: dagpm). (@) ZfZY. (b) Y. (o
REEA., (d) fwdbsesy

Fig. 2 Geopotential height at 250hPa SOM patterns in winter over the Northern Hemisphere (unit: dagpm). (a)
circumpolar type, (b) dipole type, (c) Eurasian type and (d) North American type

3.2 JLFERBRR BRI T B AL RRAE

K 3 UL AR A e R R U (I [RIJ AR AR o Xk 2% B 7o HH AR
I 18] 7 51 L PR MBS e, BRI T AT SR PR M AP RUE 2 88, KRN T45F 10
ERRWAE N ERR R R, TRPIRT 10 RN AR /5. BT, Sty
FAAE ) B A PR ACBR AR A RHE, AR PRSP AE 35 1 2-4 4R ) 7EFARPRRUE B, 5%
P LAV CE 1981-1988., 2000-2008 I 2009-2016 4F & /b, 7E 1989-1999 4F- B B.Af % ,
10 SE1F 30 t Kl GEId 95% B PEARYS) MIS5 SRR IS i BUIILE 2000 4 H B — K]
BAEARRRAE (B . EEERR, S MBI A 2 82D R 3, s
i) %2 4-5.23d/10a, Fid@id 95% (1 i Vhk e (& 3a). B ISR AEAE 3-5 4 3 4
BRAR AL s AESRARRR RS By BRI BAIRAE 1980-1987 Al 2009-2016 4FF WAl %, 7E
1988-2000 4B . fii/, 10 4EHFE) tha e Cilid 959% . FEMEATG) OSSR E AR th Bl
KHAE 2000 SEHIL 7 EEAPRRAS (RIS D o AR H B U S LA 25 408 22 1) 3%, U Mt
)%y 5.81d/10a, JFidid 99%m B & AL (& 3b). Hrir, SeAURMEIL H IR N
REMTA, HAHXREON-0.88 GE 99% % E L) EERNE L, B NE#E
TG, 5-0.85 Clid 99% W& ER S )s RSP RUE By BT R %08-0.93 Galid
90% ZE AT I) . MM I FR AU, A 2-6 IR EERRL, FAFRAEL
£ 20 40 90 AL AT IRIEECR, Z a1 2% w2 BTS2 (A2 A i 55

(K 3c). fidbRBHERRLABEN, H 4-8 SERREFERRM; FARRUBN T2 .

AL 62 B e B S e ARt e s (I 3dDs
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ZEERTIR, PmSeAR AL I E AR b RS D R, AR IR B
RG22 S, DRI (16 58 L J0 WY 4 22 i/ a3 . B AR R AU IR AR Y B
B S5 (AR BRI AR BRI . 5 A SO IR R E IR A R, 5 AR Z RIEFIREANFE 2
W ES IR BE TR 2508 (Kretschmer et al., 2018; Cohen et al., 2021; Liang et al., 2022), %
SRR IR Z R LA SRA IR AN S5 N 2, SRR A T I B H &R R AR (B
AL BRI L O TN 2R AL, (H TR EEHE H 2T U2 s R AT 55 A H A e
T 5 A SO SR B AME AR B AR B A — B 20 I AR BLY I8 MG I a5

(2) SOMT 523 _(b) SOM2 581

A MR A2

1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015
B 34 2% SOM PRy AL H BRI 1 i IR AR RFAE (FR2RD. (@) ZeiRAY. (b) fRIRAL. (o) WBRWAL, (d)
At MRS, sk, WSLAMBELA B NRE KRGS Fhrni. SR ENTHE, A
IR T R R R (BAAL: d10a), *\ o SERRET 95%. 99%(F KT i
PEA

Fig. 3 Time evolution characteristics of the occurrence frequency of four SOM patterns (black line). (a)
circumpolar type, (b) dipole type, (c) Eurasian type and (d) North American type. Thick black solid line, red solid
line, blue solid line and black dotted line represent long-term trend, interannual component, decadal component
and average value respectively. The upper right value represents the climate tendency rate of the linear trend (unit:
d/10a). * and ** indicate the values significant at the 95% and 99% confidence level respectively

3.3 BRI KIR

HE AT, AR EACE BRI Z Wi AT 70 Gl 2 AR R L i I 2R A i A S 7,
T AGAR AN AR R R o T o o, SR I BUCR IO S a5, T AR Y
BUPIR R I KIIE Z e 2 iy a BEsR A2 A2

JERR X R A IR URAAL FONBUR I Xz —, B %) LBk, JbidhX
AR BT IS IIE B, bR X T R R I R R A R B R I A DA, HL
FEAZTIUNEE, B3 4 40LLE, X —BRPARN “IEHTBCR”  (Serreze et al., 2009; Screen
and Simmonds, 2010, [&] 4a %5t 1 & Z= 4 BR4 (7] -4 (R 28 1A LR 237 S LR AR AL a3
WDEH, R 60N-70N XICHLE T RA 2 M AR A E O, H K E
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i 0.4K/100km, H &6 B2 3 X R0 R IR)Z 22 51 = 300hPa A UK &S [ali BERR B2, T 7E = 463
JEE RO b b [X (5% 90 2 AR Z 2P SRR Z IR BB RE /N o 448 T i P P38 A v v 26 P b X
(50N-80N) KX EZ 22 EAAE U Rg /N s, b, SR 60N-70N
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Fig. 4 Global zonal mean climate field (contours, unit: (a) K/100km, (b) day%, (c) m/s, (d) dagpm) and its linear
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during 1979-2019. The black dots indicate the values significant at the 90% confidence level
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Fig. 5 Geopotential height at 250hPa SOM patterns in winter over the Northern Hemisphere in piControl (a-d) and
1pctCO2 (e-h) (unit: dagpm). (a, e) circumpolar type, (b, f) dipole type, (c, g) Eurasian type and (d, h) North
American type
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Fig. 6 Time evolution characteristics of occurrence frequency of four SOM patterns in piControl (black dotted line)
and 1pctCO2 (blue solid line). (a) circumpolar type, (b) dipole type, (c) Eurasian type and (d) North American type.
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