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i JE B 22 R AR R  (Stratospheric Sudden Warming, SSW) &, MO K JERE DS 1
AT 40 K BREZRARART2HKTH S, KEWETHLEZONTELBEEOX
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SSW D F12£19 78 X = X & Matsuno (1971) DMENT L7z. —75 1 % D SSW 12D\
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Analysis of the Antarctic Stratospheric Sudden
Warming in September 2019
Ryo Kameda

Abstract

Stratospheric Sudden Warming (SSW) is a phenomenon where the temperature in
the stratosphere of polar region suddenly rises up to 40 K in about a week. SSW
has been considered as a dynamic behavior of stratosphere, which was used to be
understood as stable stratification, and it has been investigated thoroughly since the
SSW was firstly found in 1952. Generally, it does not happen in the Southern Hemi-
sphere (SH). In September 2019, however, the SSW over the Antarctic has occurred
(SSW19), and this becomes the second largest warming in SH since September 2002
(SSW02).

The physical mechanism of SSWs was studied by Matsuno (1971). Also, each SSW
in Northern Hemisphere has been analysed in detail but not in SH due to the lack of
cases of SSWs in SH. Charlton et al. (2005) reviewed SSWO02 by analyzing the polar
vortex and Eliassen-Palm (E-P) flux. They found the planetary wave was propagated
upward which was caused by blocking high. It is known that the cause of SSW19 is
different from that of SSWO02, but the detail of causes has not been investigated yet.

This study analyzed SSW19 in detail and found the characteristics in warming pro-
cess, structure of polar vortex over the Antarctica, and zonal wind in the stratosphere.
We also analyzed the sea surface temperature (SST) of Indian Ocean and Wave Ac-
tivity Flux (WAF) over SH to confirm the relation between the SST anomalies and
WAF-induced deceleration of zonal wind argued by Milinevsky et al. (2019). As
a result, we found the SST of Indian Ocean in June 2019 is higher compered with
climate normal.

The variation in the stratosphere including SSWs is considered to affect troposphere
and vise versa with planetary and Rossby wave propagation. Hence, the case analysis

of SSWs can be applied to the forecast of seasonal variation in the troposphere.

Keywords
Stratospheric Sudden Warming, Polar Vortex, Zonal Wind, Wave Activity Flux
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% B 2R AR SR (Stratospheric Sudden Warming, DT SSW ¥/R3) X, &F
PRI oD AR B A3 1ERT 40 K REFIRT2HRTH 2, HADORIBELIFER 2 E
BIcBII 284 F v 7 BEHO—2O R 5N TED, JLEERTIX 1953 FOBHIBILA
DI, BED X SIKHEL TS, —J), MPFRTREREANCHELELZWZ LS NT
W3, LaL, 2019 4 9 AICHEFERICBWTEEIE F 2002 12K < KRR IR A
L7z

THHLRRBERS (World Meteorological Organization, WMO) 1%, SSW % (k&P T
AR 25 K MLESURD R L, 22D 10 hPa » Z AL T OEEICBWWT, MEEH
WL 7 KURD LA EOHEE 60° K D SRS o TRENIT 28R LERL TV,
F7z, —fMIC SSW @ 5 & FRATRICHERE 60° 1281 2 FEPEEDEE U THREW K - 72
b DIFKAME (Major Warming), HJEUIHK 575> 72 b DIF/NFE (Minor Warming)
IR TV S,

SSW Z&HHNCFE R L7z D& Scherhag (1952) ThH 3, 7IF Y ¥ T & ffio 7@
Lo, FEEOKIR 1 HET 40 KX EEFLTWS Z e 2R R L, Y3 HIZRD
BEETHo720, BEEOBWKER A —0 5 R EDRBIEHDOZEIIC X > TH EfZ X
NTVW3dDEEZLNTWV, L LA RSB B S TLFE, SSW IR
HIF 72 IRRTIE72 , MPEREEREE > TV 2 RERBTEROLETH 2 Z e hbh - Iz,

SSW OFARFNIZOWTIX, Matsuno (1971) 232 D X B =X L %@ L7ze SSW i
77 AR =R LJED S REEAN LIRS A e TRET S, SIAKY K
FIRPEERDIKEID—D T, RKDMESLAKBIEMIE 2 812 X - THAT 2, KK 10,000
kmBLEHD, PEIIZ L TH 3I~MABETHZ, 72XV —KORBO—D2 LT, H
BOP R PR DRI T AN X —HE 2 Ro - LT RETE 20D 5, M 11Tk
B - Bl (1981) 12k 2 7732V —l EHERHE T 2O 3 VF—EE |¢], IRIE |4,
A S RPU RO ZAL 0u/0z g, HIEL TH 6 OFEBRHZ ¢, to, t3 ERLTW
5, ZOREDFHPFEBL T ZAINF—FZIIMR-7FF LARELTVWE—T7, ik
BB T 2EEL DML TR Zebhd, £z, L, t3 DEFET 0u/02 <0
DEfT (M1 5 DWHT) 3D 5, MRERDBHRK

ouw g oT
9. = Ty
WEoT, ZOEETIEIMOAMEEELIDERE Ko TWVWb, K 2 1ZdbFERICBWT
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SSW 334 T 2 EMNIEAN Z RS, Wik X512 77 2 &2V —l» LA IEET 5 &,
EED BB I ONTIRIEZ R E LY HEE THENICERET 5, 2Tk D, REEN
D RPYJEDFRE ST ANCIAT B, HWPGTRAEST L CHRERD 2 Y A4V ) & KEEE T N
7 Y ADFAR, BB T AR EN S 5, FEITIEEREDCRTR, ALMIT ISR E R R
DFEAEL, 205 bIUUO THERLIMBERE N THEREIEZ 2, U EDX =X L1,
Charney and Drazin (1961) 23M&H3 2K & FEIMOMHEEHD 1 > TH 5,

SSW ZZDRAEFRK 725 75722V —ROEEIT K D, B8 1 B e g 2 BUz
LD, ZD2EEDE W, 10 hPaHDOIFRT V¥ v LEEICER NS SSW HitkD
RO ZLTHRIC T b5, Z 2T, Mo 2243 2 KB IERD
KEWZR L, MOEEIERZHE > T\5d, £, BUERETEMEOIMINIMEK Y = v b
SKMBFHAT WS 7280, MiRDOANNZE A58 < R D BEXDTRA LR WD REE 7R 5,
B BNE, SRED S 1 O T 72K —EPMEE L 2R ET 5 SSW TH
D, MANDHET I EEZrLBET 22 s, MEEEHR »End, —7, K
B2 BNINTRE D S 2 DT 53 2 ) — M Lz & 22 HA L, MiEH i 22T
HTpZeho, MEpRM] I 5,

AEERICB T 2 SSW 4 R MIIEFITZ L, A D SSW OBRIFHFTFHER H =X
L DFMRIEN BT O T WS, —7F, RO X 5 ITEFERICB W TIE SSW 2354 L7z
WA RIVICHISNT WS, T, mEFEKICBEWTILARZ & O R A3 AL BK
WHARTHW=D, SSWDRRE 22 77322 ) =D EAEHEIEZ DI wars
ThHb, LH2rL, 2002 4F 9 I EZ2IC B\ TR 2 RO KIS SSW 2354 L 7=,
Charlton et al. (2005) &% DFKIZDOWT Eliassen-Palm (E-P) flux 72 ¥ % VW TER
L, 78y X Y I7EKERHED 772K ) =KD L AEHEPIEZ o Tnwd e Lz, LA L
CHRRE E WIE S 2ITIEE > TWARL,

SR JEFE > SSW & nfiftE o HBEAEHIZBI L Tid, Song and Son (2018) A3 LfEkic s

% SSW t T)l=—=3a - ARE & OBIRZMEAICIHEL, SSW OERICE > T
BIL=o—=a3 L ET7=2— v ZFTIZSSW BELBELTWBR I ehbho T,

Evtushevsky et al. (2015) &, A8 E SR & 2 RAEHEO KR (Sea Surface
Temperature, LT SST &/R”¥) 3B Z 4 »HD 7 7HEZRS Z L ZHRETHNCHHS
P2 U7, ¥£7z, Milinevsky et al. (2019) 1% 2019 FDEGTHIAKFFHERA > FIHET 7
V AiFED SST FARMEMRZA D @ WIRER R 77 3 2 ) — RO 1 oy OIRIED
RZWIRIA 2002 FED SSW A XY M RAERE MU TWE Z 25, 2019 FORMEEAR
FH: %" L7z, McIntosh and Hendon (2018) &4 ¥ RHEZ 7 UV AMMD 6 HiIgBIr %
SST “FAR-ERZED EW 2 & TRENTGEEIAERL L, BHD 5O LA XRS5 E 5 2
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ERIR LTz, ZRUIHEV, B R —HOPIEEIE 7 Z v 7 X (Wave Activity Flux, T
WAF £7R9) 256 A5 5 9 HIZ I TA Y RETZ 7V A 64— b5 1 7 KBED R
FECINRT 2 Z e bd oz, £/, Takaya and Nakamura (2001) & WAF OIS
W FEHTOOEREEEZT FR T I 2R LTWAD, WAF OIUR Y SSW O
FHh X F = R L DBERIZ O W TR FFRIE A0,

DX THEFIRITBIT S SSW A XY MIIEFITE L WBRTH 503, SST &%
ZFBeEZONL e OMERMNRERGICH A 7 F ot Rons, 207k
B, ZOHG RIS 2 2 L I3 REHEH O THNC K X8 % 5 2 5 7[6E
H2H %,



2 BB

FAEERIC B W CEIHIE | 2002 IR S RFBR R & 72 o 72 2019 £ SSW A X b
X, JEWICRRELBRBERTH 2, LFRITBWT SSW ORISR EFERZ C2HFHE L
7RI 2 K FAET 503, FEEICHEH LRid v, AR, IEFICE N7 2019
9 HIZHRELZBETER SSW £ X2 k¥ 2002 4F 9 AICHAE LR FER SSW 4 Xk
ZHERL, 2019 4 SSW A Ry P OB LOERZHE T2 2B T 5,



3 FERT—YCHMRAFE
31 ERT—%

AR BOTHEH LT =2 %2R 1ITRT, A TIIKERT 55 FRIEMENT 7 —
Z (JRA-55) r a2 —n v T+ > Z— (European Centre for Medium-Range
Weather Forecasts, ECMWF) g7 —% (ERA5) ZHHW7,

RN 7 — X OERME X B 2y, BRIEMICO > TEHERAKIET — Xty F Z2ERT
27012, BETRET Ve 7 —XALFELZR—IC L GBERTHFESTO T — 2FALE
To7bDTH3, ZOLIREERT—Xty MIEFEEIEL, KRAKBERR Y O
PR 2RO T 3L F —EROMIER EITHW 6N 2,

Z DI TSR T — ZIZOWTEHAT %,

x1 R L HEEN T — X O

7 — % : JRA-55 - ERA5

i © 2002 fE - 20194 6 A~11 H

IF F D : 6 [ (00, 06, 12, 187)

KFAE R 0 125 X 1.25 &

BH1E 1000, 975, 950, 925, 900, 875, 850, 825, 800, 775, 750, 700,

650, 600, 550, 500, 450, 400, 350, 300, 250, 225, 200, 175, 150,
125, 100, 70, 30, 20, 10, 7, 5, 3, 2, 1 hPa @ 37 &

DHEA OV RT U VEE (2), A& (T), AR (u), rdLE (v)
(ERA5 ®&) SST

3.1.1 JRA-55

JRA-55 (Kobayashi et al., 2016) 1%, ST 2009 4 12 ARRTOBES X7 A1
WL L 7= BUHERRT TS A7 4 (JMA/GSM) % LT 1958 4205 55 xR IR L L
o7 = XEMbZ T o B 7 — X TH %, OB T -2 XDt hTVWE 7 —
X DB EWD, FATHRR WAL FHAINA TV S, JRA-55 O KFAE T HFEIX
1.25° X 1.25° C, $HERIEIR 1 IIRT 3T TH 5, AHRICB W TEHERE M L e
LT 1000 hPa, XfjifE = & LT 200~300 hPa, AJEE ¥ LT 10 hPa ZfH L7z, IF
MRk, HAEE 6 RERFRIRE (00, 06, 12, 18Z), ARMEIX 1 22H D F — & % Bl
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BL1 AR TH S, £z, FEEIZOWTD HAfEE ARMED 5 % vz, HAl
PAEEE S 2 5 FER MG L T 6 RREFRO 7 — X 2B L, SR D 2R 7D Z
YFaRT 4 NR =T THREL TRES A TW S, ARIPFEER A BIHE 2 BT
L7z O RtEhTw s,

3.1.2 ERA5

ERAS5 (Hersbach et al., 2020) (&%, ECMWF 23 Copernicus Climate Change Services
(3CS) O—Ex U CHFE LHBT 7T — X T, 1979 E2 0B TOMBO 7 — X231
BEfTW3, ERAS O/KFEAEFRIFRIZ 1.25° X 1.25° + 1.5° X 1.5° - 2.5° X 2.5° D 3
A RSN TED, FHEEIE JRA-55 EAEBICEK 1 ITRT 3T ETH 5, KRR
JRA-55 L AIHETH %5, AFFKITE OV TIE JRA-B5 DAL TWARWSST D7 — XD A
ZRHA L7,

32 HRRFE

ARHFFETIE, XTI SSW DR ETE T 27, BT 7 — X ZHWT SSW 235
AL ZHEIROMICBWTREERORIRR Y AR T v v VEmEOZt, RUREDZ(b2%
E RN T — 2 2 W TERMNCHFHNT, KiZ, SSW L BEH#EARVWEEZ 55 R
B KVTE - A 2 FIET 7V A0 SST 2 Bt 7 — 2 2 W CERMNCIANRT, &%
I WAF Offt 217 - 72,

C DHEITIZS AT RIS OWTEHHT 5,

321 KB PARTUIVILEEL L DRI

JRA-55 Bt 7 — &2 2 FWT 10 hPa HORIR « A KRT > v L EE - HPEE D iR
Wi % 4T o 720 FRNTREUI RIS B2 (B9FE 90°) 2B (R 30°~90° 72\ LEGHE
60°~80°) TH %, FEHFIDMN 21T 5 BRIE, SMNTIEE O#EHFEND 2T — & % BijliF
BTz,

3.2.2 SST Of&tf
ERA5 @ SST ¥ — X ZfHiH U T 21T o 7= FRMTTEEIZ A >~ FIEOREE 30°~120°,
Jtf& 30°~FafE 30° DOHIFH ¥ A DKL 120°~270°, JbfE 45°~FH## 45° TH 5,



3.2.3 WAF Of#tr

WAF & 3K OTEBE (Wave Activity) ORIFFHIFICHEN2YHETH 5, IR
NATBVTE, —RICEDTEHE L U THRE—KTEILS 7DAD 2 & 5 LEARLICE
WTIRFES 2 HEEHEZEZE 2, ZORFAIEID 77 v 72X %RKD 2 (E4, 2009), ZD X
57 WAF ZHWTRAL —KRDOIRZ BN ZENTT 2 Z 8 T, RAHDOLXOMHEMTH R
C—KFREL, B L TEARGAEEZ KX THPRHND DB TE D,

WAF (I3 O H 553, 1ER L D W ST 3§ DIC Eliassen-Palm (E-P)
flux (Andrews et al., 1987) 23® %, E-P flux I3RS NZKOFEIL - FiED 2 X
TLEEEET T2 2 TE, XOTHEZONS,

— 0
F = (Fy,F,) = (—acospu'v', facos¢ G )
7272, Fy 3Edtlsr, F, 33MEMTTH %, E-P flux DR - HEHIIROAX TR
N5,

T =V-F (1)
X (1) IXBWT, AL —HIREER z OIEREZRLTWS, €T, E-P flux DICK
b L IFHENIHFERORE S L I3 FMThH D, kbR —EROEA
GO ERTT 2 Z e TE S,

ABFZETIE Takaya and Nakamura (2001, AT TNO1 & 3%50) 12 K DR S 7z WAF
ZREA L7z, TNOLIZ X 3 WAF X, E-P flux ZFdb - ShE 720 T4 < WA A D
EREHMNTE 3 XS5, HEAROFIEMS TICHEINb D TH D, E-P flux & X
DR L7 DER->T WS, £/, FEOFHEL LTZANLF - VAR T 4 —D
MEANTVWE ZEDPRETHZ, LrLEAS, E-P flux L FABROVHETHZ Z & h
5, TNO1iZ &% WAF OUIE D E-P flux DU ¥ [k PEE O BHE » Sl TH 25 &
AT e NTE S,

TNOL 12k 2 WAF 338 (2) D &S WmaEhd, 72720, ARHFFRICEWTIIKERTO
WAF DT DA EITS 128, SHBERTITE L 72,

v [aw')2_ ,6%'} v [(w o ,aw]
pcosd a?cos?¢ | 0N ¥ ON? a’cos¢ | ON 0¢ ¥ ONDP
W =
2’U’ u {awl a¢/ / 82¢/:| —+ K |:(8w/)2 /32¢']
aZcosd | ON 0o —¥ oNIG | a? | D¢ —¥ D2
+CuM, (2)



2 TNOLICXER WAF ZBUI3EEZD—E

0 idics
A FERE
a OB
0 TARBE AL

22T, UR—iiERL, U= (UV)Tdhs, UV ZzhrhHE e miEc
HYH, KRBV TERENZNDFFEZ 5T, £, p ZBHIEOXE p [hPa] %
1000 hPa CTHEHE(L L7-fETH D, p = p/1000 TH X HN 3, Cy ZEHEAR U DA
DG Z RTEETHBD, KRBV TIIERREZEZ 2700 LIRET %, &
NIRX=ZD " FFHFEEDP S DIREZR T, X (2) DFEFLWVERIZ TNOL 23RNk
WV, ZOMDOREREZR 2ITRT,

TNO1 12 &% WAF ORFHNIRD K5 ickEh 3,

oM
—+V-W=D
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Wave Activity Flux at 300hPa
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Wave Activity Flux at 300hPa
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Wave Activity Flux at 300hPa
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Wave Activity Flux at 300hPa
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Wave Activity Flux at 300hPa
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Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS5 2002091500Z JRAS5 2002091600Z

Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS5 2002091700Z JRAS5 2002091800Z

65 200249 H 15 H~18 HODOEM 2% 500 hPa HD Y A KT ¥ vy vmfE (F
F) 200249 H 15 H00Z (45.F) 200249 H 16 H 00Z (/£F) 200249 H 17 H
00Z (5F) 20024 9 A 18 H 00Z
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Geopotential Height at 500hPa Geopotential Height at 500hPa

JRASS5 20020919002 JRASS5 20020920002

Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS5 2002092100Z JRAS55 2002092200Z

66 200249 H 19 H~22 HO®EM £Z2 500 hPa WO A RTFT vy LEmE (F
) 200249 H 19 H 00Z ((.F) 200249 H 20 H 00Z (A£F) 200249 H 21 H
00Z (5 F) 2002 49 H 22 H 00Z
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Geopotential Height at 500hPa Geopotential Height at 500hPa

JRA55 2002092300Z JRAS5 2002092400Z

Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS55 2002092500Z JRAS55 2002092600Z

67 20024 9 H 23 H~26 HOEM 2% 500 hPa HO P A KRT ¥y vmE (F
F) 200249 H 23 H00Z (45F) 200249 H 24 H 00Z (/£F) 200249 H 25 H
00Z (5T) 20024 9 A 26 H 00Z
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Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS5 2002092700Z JRAS55 2002092800Z

Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS5 2002092900Z JRAS55 2002093000Z

68 2002 4 9 H 27 H~30 HOEEM 2% 500 hPa HDO Y A KRT ¥y vmE (F
F) 200249 H 27 H00Z (45.F) 200249 H 28 H 00Z (%) 200249 H 29 H
00Z (5F) 2002 4 9 A 30 H 00Z
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Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS5 2019090100Z JRA55 2019090200Z

Geopotential Height at S00hPa Geopotential Height at 500hPa

JRAS55 2019090300Z JRAS5 2019090400Z

X 69 201949 A1 H~4 HOFM 22 500 hPa HO I ART vy LEmE (L)
2019 9 H 1 HO00Z (k) 201949 A2 HO00Z (&£ F) 201949 H 3 HO00Z (B
T) 2019 %9 A 4 H 00Z
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Geopotential Height at 500hPa Geopotential Height at S00hPa

JRAS5 2019090500Z JRAS55 2019090600Z

Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS55 2019090700Z JRAS55 2019090800Z

70 201949 H 5 H~8 HOREM 22 500 hPa DO ARTF v vy L&E (FL)
201949 H 5 H00Z (AE) 2019469 H 6 H00Z (/£ F) 201949 H 7 H 00Z (A
T) 2019 %9 A 8 H 00Z
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Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS5 2019090900Z JRAS55 2019091000Z

Geopotential Height at 500hPa Geopotential Height at S00hPa

JRAS552019091100Z JRA55 2019091200Z

71 20199 H 9 H~12 HORFM %2 500 hPa HO I A RTF > v LEE (F
) 20099 H 9 H00Z (AF) 201949 A 10 H 00Z (K T) 201949 A 11 H
00Z (/F) 201949 A 12 H 00Z
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Geopotential Height at 500hPa Geopotential Height at 500hPa

JRASS5 2019091300Z JRAS5 2019091400Z

Geopotential Height at 500hPa Geopotential Height at 500hPa

JRAS55 2019091500Z JRAS55 2019091600Z

72 20194 9 H 13 H~16 HOFM 22 500 hPa HO S ART ¥ v L EmE (F
) 201949 H 13 H00Z ((F) 201949 H 14 H00Z (£ F) 201949 H 15 H
00Z (/°F) 201949 A 16 H 00Z
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