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Abstract :  This paper, based on the ERAS reanalysis dataset and the NOAA sea ice
concentration (SIC) data, accurately extracted the varying annual cycle of the stratospheric
polar vortex (SPV) using the Ensemble Empirical Mode Decomposition (EEMD) method.
We further identified key sea ice regions associated with the interannual changes in the
build-up and break-up date of the SPV, and investigated how autumn sea ice in the key
region influences the evolution of SPV through both thermal and dynamic processes. Results
show that there are significant interannual variations in both the SPV build-up and break-up
dates, with the variation in break-up dates being more pronounced. Years with anomalously
late (early) SPV build-up and early (late) break-up tend to have an anomalously strong (weak)
SPV in mid-winter. Late SPV build-up is linked to warm temperature anomalies in the polar
stratosphere during late winter to early spring, creating favorable conditions for SPV early
break-up events. Further investigation shows a positive correlation between October SIC in
the Barents Sea and the SPV build-up date, likely due to its influence on planetary wave
modulation and reflected shortwave radiation in autumn. However, the statistical significance
is relatively low, indicating a limited role of sea ice in the SPV build-up. Conversely, October
SIC in the East Siberian Sea shows a significant negative correlation with the SPV break-up
date. The primary mechanism behind this relationship is that anomalously low SIC in the
East Siberian Sea suppresses the upward propagation of planetary waves. This leads to
Eliassen-Palm (E-P) flux divergence anomalies, stronger stratospheric circumpolar westerlies.
Thereby, SPV break-up is delayed, which is dominated by slow diabatic processes. In
contrast, high SIC enhances planetary wave propagation, resulting in E-P flux convergence,
weaker circumpolar westerlies. Therefore, SPV break up earlier, which is due to rapid
dynamic processes.

Keywords: stratospheric polar vortex; varying annual cycle; Arctic sea ice; reflected

short-wave radiation; planetary wave activity
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P2 s (Stratospheric Polar Vortex, SPV) g %t J2-~F-Iit )2 4 A i A i — A H 3
ARG (BFE, 2007a) | JEETERKFEEIFERESEZHE, RIL BEWFERALAFE
(BASCRSE, 2015) . TP R d Rl b, AERER PRI 5 3 10 P AR A 2 a3
Xz T R AU AN RS, R, PRt E AR AR SR SE — E 2 B E A % R
Jrz R CEPFE RIS F, 2000; Waugh et al., 2017)

S AR I 14 T N P A R DX A e AR BE R I IR DA SR Ve X s [z, iR
T 5 AT DX 7 s BE RN, AR DR RE T, BB 0 1) WG X DA 2 X, A o %) S S i 15 30
], FEAMWEEZERERE: P28 A ERSIR (Stratospheric Sudden Warming, SSW)
HIF-itJZ S JE 33 (Stratospheric Final Warming, SFW) . SSW [ fE5 | AU B4 AR )
AL E iR (Labitzke & Van, 2012; Shi et al., 2017; Rao et al., 2018; Baldwin et al., 2021)
B I A Mt L E Y bR b TR S A P RGO Y U 5 B3 % (Limpasuvan et al., 2004
Charlton and Polvani, 2007; Hu et al., 2014a) . SFW N AAEAEEZ, MWHFEiER XIEE K
PO TR B R AR A, B & Z U 2= (Black et al., 2006; Hu et al.,, 2014a) .
CABFEERM, V02 At I R B i AR R Ae A, AR AR BRI AF, AR5t Y IR 1)
P EAIAPIAN A (BFHSE, 2007b; Huetal., 2014b) . AR it 47, HO ot BERL R,
AT LR Z ] EAL R AT B R AR AR 3 SE M (Huetal,, 2014b) 5 T 5t
PRBRAE, AR ) 32 B2 Az 2 Bom ARy 2 (Black and McDaniel, 2007; ZRF}5E, 2008) .

A0 fi 15 I (] F) FRLIG P it A 2 2 A R AU e fb . BLan:  SFW 8 A LI & 2 i 5 2
W SE, SR =R A (5508, 2014c) 5 BRGR AR AR PR A8 S R 5 A
WK s DA S 3 IR S B UM & (LERSE, 2017) 5 FEBOR H B e Fi /2
Wi 2 S BOR VIR A HF VK S 5 1820 (Kelleher et al., 2020) ; SFW 5 i & )
i RS WAH—E X FH (Scaife et al., 2008; Kolstad et al., 2010; Domeisen and Butler, 2020;
Bergner et al., 2022) , £ SFW Mi[a], s BENSS, MRS s, RESWA
129 5] R FEMIAMRIR KA. LAh, I AR i s ) U -0 2 R 3 B . BLA R,
G A AR 10 0 15 42 P It R AC TR RPN 1], AT N AR R AR 40K, EIR AR IR, 3
B R AR B W i b, eI s e L sk b 4 B X K AUUf - (Lawrence et al., 2020;
Friedel et al., 2022) ,

ARk, BfE RRRRRIRREE, IUBOB ORI D, HEIK— R ARIE S5 DA S = A7KA
S MR ERSG R, X SRR R AU Y R (Feldl et al., 2020)
1113 EAR R R A8 W] e — 2 i R AP Y 2= 715 A R 4F B RUZEAE % (Screen and Simmonds,
2010; Wu et al., 2013; Vihma, 2014; Cohen et al., 2014; Cohen et al., 2020) . JtH KA
AR RE RS E T S MG Bl . AR S SE — R G I A3 ) 3T AR S A R 1 i
(BRI, 2008; Belchansky et al., 2004; Mitchell et al., 2012; Jaiser et al., 2013; ZUA§ X, 2018;
Bz, 2021) o BARITE, HFoRKGE I 52 e L ThT R R B S e S B g, 52 i i T iR
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&, dEMEE T B EE EALHE (Zuev and Savelieva, 2019) 5 47)4¢ ELAR STl -ME L DX I
KFHEWD, HEIRREFNEZ KM, 17 B R AR [0 ~F-J 2 1 B AL RR IS X,
HAET-FR I BRE, TR ER %855 (Kim et al., 2014; Nakamura et al., 2016; i45 X, 2018;
Kim and Kim, 2020) , FJFKACHR ORI 1500 0] BE 52 M 4 20 it S RS2 iy, RIFE VUK IR
DEEOLT, SFIERR IS . R TS X Z U S (Arctic Oscillation, AO)
SN, XA, KRR Z A B A A AT R I AL 1 AT DAZE 2R
(Jaiser et al., 2013) ,

XA AR IR FRRRAE, 7T NPIBIFTE 2 R H 2 4R i) S8, 8 b Tt s iais
MIWFSE (Huetal, 2014b) | i TARTCEFSHRHE, AR PIEAL . A5 I TA) S 8 AR RO PR
TR . WAE S KA SRR AE AR LB D . KT K P 2R B, s N2
UGV S5 0T AR R SR TS R G i, AEL XA K A o 5 i~ 2 A J 7 . Rt s ) 1
PN EEZ . Ik, ASCRHEG LB # (Ensemble Empirical Mode Decomposition,
EEMD) J7ik, #eBURINEIESFMmMES, HRRITMmY . 17 B Bssh i 2 28 LR,
PET 718 55 V-3 R AR A A2 A B UIAH K B HE VKA 5, 43 B AR R 10 2 AR A A IR B v ) o6
YEF, I A ASh U 4t i 4 7 g ma L il

2 BRI
2.1 &R
AR SO A A A 4

(1) 1982-2021 4 ERAS & H - trfiinde, Ao dh: H&EE. AKER7 . Az
. SRS VRRLEAR AR, AKCEa R 0257 x0.25 7, FEE 5 # @ 1000 hPa |
10 hPa, 3t 32 2, 7 SO0 A 0 52 5ok 6 D0 26 S0 45 o) 4D R S D 2 e T 422 WA ey
Beadt, FFRZE A EE 4 T K XA FNEZ 754 Eliassen-Palm  (E-P) @& 1-4
R 1. 2 RN 3 R B T

(2) 1982-2020 Y HF KB EEE  (Sea Ice Concentration, SIC) %i#E b NOAA $24L/ H
g %k (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html [2024-11-01]) , 7K
PN X1,

22 Ak
2.2.1 EEMD J5¥%
L ARBBS S H (EEMD) 2 — R[] 23 ik, 32 2 U8 O e 28 90 45 00 it
(Empirical Mode Decomposition, EMD) f#) 3l |, 3 o0 i A = T e A5 371, A % il EMD
JTEF PR GOSN R R A G, PARFAEF- AR IR 8] e 51 0~ A A A AR PR
(Intrinsic Mode Function, IMF) 43# (Wu and Huang, 2009) . i i% 77545 1 IMF 4y &
BEUF R T PR A ME— 1, [ S I 55 30 R S S X B A4 R R SR R, A


https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html

71 RFRERENE (S, 2021)
72 A 10hPa )X (60 ° N-90 ° N) P39 {3 ¥ FE Y Z AR I E) 7 51 (1982 4F 1 1 1 H-2021
73 412 J1 31 H) #4177 EEMD 40, $EEUGE 12 4 IMF &5 1 DN ELMEE S SR, IMF
74 WPFEREIANER 1 Frs. Horb, IMF 9 srERFIS RN 371 R, 5 365 Rigch ik, it
75 ARSCRE IMF 9 AR SRAEAR i 25715 A8 ) AR 3 70
76
77 %% 1 EEMD fEJI T 10hPa lR[X (60 * N-90 ° N) P #5w BET15-45 IMF 23 &3 5 )
78 Table 1 Period of each IMF component obtained by EEMD method based on polar-averaged (60°N-90°N)
79  geopotential height at 10hPa
I I
) I I I I I I I I I I I
P MF2 MF3 MF4 MF5 MF6 MF7 MF8 MF9 MFI0 MFI1 MFI2
¥
#
i . . ) , 1 2 5 1 3 3 8 1
Cx 4 6 3 42 71 45 33 538

)
80
81 222 E-P il RHE Ik
82 ARSCR B-P MBI E ., Zm o MR, W M s shRHE DA S - TAE
83 M. p bR PRy E-P i ETTE AN A (Edmon et al., 1980; Andrews et al., 1987) :

F((p) = rgcoscpu_’v’
84 { Fp) = f"ocow%z' (5)
VeF = rgcis(p 7 (F (,,C05¢) +% (F )

85
36 b, F ) JOKOTIr iy B il F o, E I E-P S, V o F4 E-P il
87 B u. vAFIERGERMAEEN ro. @. O, fARFERBIRGER. GF. AR,
88 ﬂ&ﬁﬁ Jf) 1) E-P E%ﬁ/ﬁzﬁﬁﬂﬁ% E-PEEBEER () TF, RIEGKIDH
89  HEAL ( , ERPEASS R ()
90
91  2.2.3 M s HARE H a7
92 KFACEERB SRS H Y, A2 FEhsmE. Nash 8N (1996) Kl EE 4L T 450K
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TR AT H A, B’ SFW HI#E N 60 ° N, 10hPa 82, £l Ko —
U AR NI ZERE 222 ARk Z=1 H ) (Hauchecorne et al., 2022) . {HARERERE, PNk
%Eﬁu AR T O AT X, TR TR E AR AR R VR — A LR
%S BRI T ST

jﬂTﬁﬂWﬁ%ﬁ%iH%ﬂﬂE& H & SRR S e, A SCRI H EEMD 7%, R
HEFRHL T 10hPa A DX 35 (67 35 BE B IA) P 21 b RTBI 24 1 4R IMF9 43, DAREARRAEFIR
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A HI, PR S H s 35905 B i AR S o B AR S B, AP 2 e
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TR 110 72 XA A A s 7 R 3 U5 i) 94 PR 7 S B
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Figure 1 Annual cycle of stratospheric polar vortex (SPV) represented by the IMF9 of daily polar-cap averaged
geopotential height at 10hPa from January 1%, 1982 to December 31%, 2021 derived by using EEMD method (unit:

gpm; thick black line represents the zero line).
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Figure 2 Dates of SPV (a) build-up and (b) break-up for each year. Black dashed lines indicate (a) the 70™
percentile of build-up dates (i.e., October 1) and the 30™ percentile (e.g., September 22), (b) the 70 percentile of
beak-up dates (i.e., April 10) and the 30" percentile (i.e., March 26). Red bars represent years when the SPV
build-up or break-up dates are later than the average, and blue bars represent years when the dates are earlier than

the average.
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Table 2 Years of late and early build-up and break-up of SPV.
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183 Figure 3 Height-time cross-sectional diagrams depicting composite mean differences between the late and early

184 years of SPV build-up (left column) and break-up (right column) (late minus early): (a), (b) polar cap averaged

185 temperature anomalies (unit: K); (¢), (d) polar-averaged geopotential height anomalies (unit: gpm); (e), (f) zonal

186 wind anomalies averaged over 60-75°N (unit: m/s). Dotted areas indicate composite difference above the 90%
187 significance level based on a two-sample t-test.
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Figure 4 Composite mean differences in October sea ice concentration (SIC, unit: %) between late and early years
of SPV (a) build-up and (b) break-up from 1982 to 2020 (late minus early). Black boxes highlight the key sea ice
regions that are closely associated with SPV build-up and break-up. Dotted areas indicate the composite
differences above the 90% significance level based on a two-sample t-test.
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Table 3 Correlation coefficients between SIC averaged over key sea ice regions in each of the autumn months
from September to November and the dates of polar vortex build-up and break-up during 1982-2020. An asterisk
(*) indicates correlations above the 90% significance level and a double asterisk (**) indicates above the 95%

significance level, based on a t-test.
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Figure 5 Composite mean fields of monthly mean surface-reflected shortwave radiation flux anomalies (unit:
W m~2) in October from 1982 to 2020 between (a) late and early SPV build-up years (late - carly), (b) high and
low SIC index years associated with SPV build-up (high - low). Dotted areas indicate significance at the 90% level

based on a two-sample t-test.
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Figure 6 Height-time cross-sectional diagram of composite mean polar cap averaged temperature anomalies (unit:

K) between high and low SIC index years (high - low). Dotted areas indicate composite difference above the 90%

significance level, based on a two-sample t-test.
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Figure 7 Height-time cross-sectional diagrams of composite mean differences in the 15-day running mean
anomalies of E-P flux vertical component averaged over 50-70°N between late and early SPV build-up years (left
column; late - early) and between high and low SIC index years (right column; high - low): (a)-(b) wavenumber 1 -
4, (c)-(d) wavenumber 1, (e)-(f) wavenumber 2, (g)-(h) wavenumber-3 components. Dotted areas indicate
composite differences above 90% significance level, based on a two-sample t-test.
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Figure 8 As in Figure 7, but for the SPV break-up.
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Figure 9 Height-latitude cross-sectional diagrams of composite mean differences in the anomalies of E-P fluxes
(vectors, unit: 2m3 s72 ) and their divergence (shaded; unit: m s~ d~1) averaged from February 1 to March
15 between late and early SPV break-up years (left column; late - early) and between low and high SIC index
years associated with SPV break-up (right column; low - high): (a)-(b) total waves, (c)-(d) wavenumber-1, (e)-(f)
wavenumber-2, (g)-(h) wavenumber-3 components. Dotted areas indicate composite differences above 90%

significance level, based on a two-sample t-test.
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