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Abstract ) data from 762 Chinese

stations, analysis of the probability density distribution of annual minimum air temperature in China showed a clear

Based on daily mean air temperature (7,,) and daily minimum air temperature (7,
bimodal distribution. It was found that there are significant regional differences in the distribution of annual minimum air
temperature during the East Asian winter monsoon. Inspections of the spatial distribution of the frequency of annual
minimum air temperature in the two peaks revealed significant regional differences, which were roughly divided into two
climatic zones by the 0°C line of the long-term mean winter air temperature. By analyzing the date of annual minimum
air temperature in the two climatic zones, the boreal winter was divided into an early winter that spans from November
16th to January 15th of the following year, and a late winter that spans from January 16th to March 15th. Following this
definition, the interannual variations of early and late winter air temperatures in China were studied by season-reliant
empirical orthogonal function (SEOF). Meanwhile, the associated atmospheric stationary and transient waves and their
interactions were analyzed based on the National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis data. It revealed that the first two SEOF modes of surface air temperature from early
to late winter depicted the in-phase evolution and the out-of-phase evolution. The spatial morphology of the atmospheric
circulation anomaly in early and late winter in the in-phase evolution mode is relatively consistent, and intensity of the
circulation anomalies strengthens gradually from early to late winter. However, the atmospheric circulation anomaly in
early and late winter in the out-of-phase evolution mode is quite different, as is their spatial morphology. Dynamic and
thermal forcing effects of transient waves and the dispersion of the stationary waves play an important role in the
maintenance and development of stationary waves from North Atlantic to Eurasia. Waves on the North Atlantic in the in-
phase evolution mode spread energy from North America to Europe, which strengthens the European high. Energy
dispersions of this center are significantly enhanced in late winter, which forms the wave from Europe to the east of the
Kara Sea and further to Lake Baikal. Dynamic and thermal forcing effects caused by atmospheric transient waves make
a positive contribution to the maintenance and development of the atmospheric centers of action in Europe and the
Baikal area. Characteristics of atmospheric stationary and transient waves and their interactions in early winter in the
out-of-phase evolution mode are similar to those in late winter in the in-phase evolution mode. However, the waves in
late winter spread from the center of the North Atlantic to Greenland, and further eastward through the Ural region to
the northern part of the Tibetan Plateau. Movement of the storm track can lead to abnormal activities of the transient
waves, making a positive contribution to the maintenance of the atmospheric centers of action in the southern North
Atlantic.

Keywords Early winter, Late winter, In-phase evolution, Out-of-phase evolution, Stationary waves, Transient waves
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PIRFAE AT A B 5 £ 8T 2 . [FIR, XHR 22
A DX 0 AR SV 1 X ) TEAE 34 v i S DA R W i i
BT 1D S5 A7 34 v e o 38 1 o HLYS LK, 9
755 A BB Y 2 AL HE R g 4 TV B A O A
(Barnston and Livezey, 1987, Bueh and Nakamura,
2007; Liu et al., 2014) U ALAHHIREAE (Kl 6by e
EXTRLE B2, RIS S SRS AT b i 4 3R
BA—BI AR, HiX—5 5 WhEE T4 m
JE &R (Bl6c. . —Jm, etk
AR HE TS FHS (2014 £T 160
i H PSRRI S REAR B B—J5m, =
HWAAAE L B2 R, Rl R 6 Hh ) R

Uit 7 LE MR 2% [ J 2 IR AR R R B 2 35 1)
hnsi, X —REELEASE R H P S I o oA B
(CHEREE, 2014). b, HEREE RSN KR
PR AT A& 0] Ja A N, 5 4 )R S5
T HIA (B 5a. b)s

H A HE SPC2 & A5 2 I RS 7 (K
7 AL, ERAHEAR AT, YT . A
PR, WP IS RIS & B3 H LS bRl A
HUO IR IR, X — IE 7 AT ) 2R G 22 P
FIEHE X (B 7a), 2 B P A0 R0 & s 72 7T 4 T
9 JEARNZIERE W s, BEPO NG
PR W I e A% 2 s IR P A (B 7d), R
PEA RN 5y AR S5 A 55 . A Z R AE AT AR I
HE 30 ) g 4E TR AH < 7Y (Barnston and Livezey,
1987; Bueh and Nakamura, 2007; Liu et al., 2014) 1E
FEAHRE (B 7b), 5 &AL S T4 B A
[ €0 N 2 = w1 T Vs | oy N [ 2 )
(Hurrell, 1995, 1996; %7 L A1 3 28 #% ,  1999;
Seager et al., 2010; Li et al., 2013) G52 41 I RFAE
T AE RO K i b 28 I8 PE 46— 2K 7 1n) B A8 Bl - T2
A (E7e). Xz BRI AR 2 20 AL §T &
FEEEEMILE (K70, FEAWELHERFS
(B 70 2 ErrOL, B/ JE &S I 1R AH J6 AR A5
XL T AR A28 AR L AE 1A A 4 1 — Bt
55 B 5, 3K b — FME ek 95 A1 0 a8 1 2 (R T2 A
FERT A MG A58 — 3, JFBEE A& 1) Jo5 A& 1 4
F FIN U e I FEAE AT Do s SORH VAR B A
JUPRE R 1 22 IR AL e 3 AE BT 44 F0 i A I AH AR
o, HHIG R I AR SRR & MG &K
KA.

F1 HFEFHLZ (EW) EE (LW) KESAEA SEOF ESRENMHEBEF S EX#EEE (DSPC) =>0.5F1<<-0.5 I FEH

tit

Table 1 Years for [DSPC1|=>0.5 and |[DSPC2|=>0.5, in which DSPC1 (DSPC2) is the detrended normalized SPC1 (SPC2)
corresponding to the first (second) SEOF mode of surface air temperature from early to late winter in China

| DSPC1[>0.5 [y

| DSPC2 [=0.5 f4FE-

DSPC1=>0.5 DSPC1=-0.5

DSPC22>0.5 DSPC2<-0.5

Ey 1960/1961/1964/1965/1972/1974/
1978/1981/1986/1990/1991/1992/
1994/1996/1997/1998/2001/2003/
2006/2008

1963/1967/1968/1969/1970/
1973/1976/1983/1984/1987/
1993/1999/2004/2007/2009/
2010/2011

1960/1962/1965/1966/1967/1969/
1972/1974/1975/1976/1984/1985/
1986/2000/2002/2005/2008/2009/
2012 2015

1961/1963/1968/1971/1973/1977/
1978/1980/1983/1987/1988/1989/
1990/1994/1995/1999/2004/2007/
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90w
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90E

30W 47 i 150W

(e) LW-H500 Cl=2 gpm

BOW

Klo FMEAT. J54 T FAHEARSES MR IE, FAAHFERGRE/D: (@ BI&EFIRAEY (ERE: 1hPa); (b) A4 500 hPafi ¥
FEY (BFS: 2 gpm): (o) Fi4200 hPaZii Ay (Hf: 2ms ™. (d-D [ (a-c), HAFL
Fig. 6 Composition differences of (a) sea level pressure (CI: 1 hPa) in EW, (b) 500-hPa geopotential height (CI: 2 gpm) in EW, (c¢) 200-hPa zonal

wind (CI: 2 m s™") in EW between typical positive and negative phase years of the in-phase evolution mode of surface air temperature from early to

late winter in China. (d—f) As in (a—c), but for LW
5 SWREHEEKRNKXSIKINFFE

51 EERHEBRFHE
DAERTTERY], RIEAF R RS T

e 45 P b X1 E TR S A B R (R SO R
#£, 2006; Bueh and Nakamura, 2007; [ %%,
2008; Liuetal, 2014; BHZRMSE, 2018; Huetal,
2018), P RBER, SWEF. FE£R
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Early winter

(c) EW-U200

Late winter

90w

SNV AR S\ 150w

180

N 150W

180

K7 [FE6, (ENFRERT. J5A RSN AR X B 4 5

Fig. 7 As in Fig.6, but for the out-of-phase evolution mode of surface air temperature from early to late winter

TR LS AR IE R 1) R S IRAE K VG ¥ 2 KT K e
H X 2P B HIRFE . S T T 2 BRI X — R AE
BAVEFXRZ T IE (300 hPa) X — % sh IR IE
KR, o HPASEAS BTG . 1R A 385 e P S i e
Hk/EiE & (Takaya and Nakamura, 1997, 2001) .

Bl 8. d 72 [F] AH T A 545 X B 1 300 hPa iz

R N NGB R . 40T S5 & —HmiER, b
RV DX )7 55 v 37 57 AE AT KRG &2 281
HALRF R ai ), X — g =K E L,
IR T AESE AR B TR . KB =2 B P S DAL,
BRI AL . TNGE R RS, X =S KAE b i i
T SCEH B, P F AL AR ET A L A 2R b
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Late winter

Early winter
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30N 30N

60W 0

90N 90N

60N

60N

30N 30N

90N
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30N - 30N

180

60E

120E

B8 AR Jo &R AR R AL . AR G EY . (@) BT4 300 hPafr e (alkE: 1 gpm) A HAHOGH) TN 8
EIAKESE (ARG SmPs?; (b) A4 300 hPa AGRAN (JAIRG: 2 gpm); () i 4 B E A8 R4 ) 308 5 85011 300 hPa hr 34 i B i 1)
(EfE: 2gpmd™. (d-O [ (a—c), HANFL

Fig. 8 Composition differences of (a) 300-hPa geopotential height (CI: 1 gpm) in EW and the related horizontal components of the wave activity
fluxes (CI: 5 m? s72) in EW, (b) 300-hPa storm track (CI: 2 gpm) in EW, (c¢) 300-hPa geopotential height tendency induced by vorticity forcing and
heat forcing (CI: 2 gpm d™') in EW between typical positive and negative phase years of the in-phase evolution mode of surface air temperature from

early to late winter in China. (d—f) As in (a—c), but for LW

R IR B =2 By P B A P, FFE— 2B [ AR B A 1] BR
MACEB R R e BRI, IZBIIFERTA 8255, Ja
A DN 25 1Y 58 AT GRS B = AN RAR 0 B R 2 T
Sy ESR AR AR 2 22 & vl ) WA oo PR S8R P AE
A ACHER o 205, (R mh b 8 v 1 5 U
RAEAT BT JE & N5E. XRYIFEREE AT 417 )5
KR, Z0E W RS R AN AL SE R R B X
ek, MR G 258 1 BRI e 3 (&
8d). SUCARAERE, A R A b A e s S
WA RE EEUR 59, UE R IHLIX A7 AE— A

B Hb 1) H AR i B 30 36 55 1 81 (B 8a)
{ELJi5 A8 B R Hp A 368 1) e e S5 5 1) Ui P e B AT
REMGE, TR T —AHERINZ WA LUK 2 DUn
SR ) w s (B 8d) . 45k, 7E AT 4[]
JE A FAHEAR I AR, JESEARE R AR WX K
S A A AL A AR R, HBE SRR
A W2 B AL REIREAE [R] I J8 250 56 B A, B By
(TN, 3X —RFAEAE RO KR 28 L &

Bl 9a. d & ARV BB T AR 5 A hPE
I X R 1) 300 hPa for 35 v B2 7 o L TN B & . | &
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IF, BB AR ER W KRty b 0 78 e 5 TR A e AR
B A& w9 (BI8d) SMIJEAIEHE AL, R
AL, BRI — D EIAERRFEE L =R
0 1] BRI R 1, LS MR 22 I A g B 3 )
RALRERI WS (B 9a) . J5 &I I3 3l 25 74 55 1T
KW RARE, EIRTUEE BRIy — b )
A7 38 B e AR T, I Bh g ALK v
RS BE 22 By A5k, Rt — PR ARE SRR L F Tt
7] i = S AL (B 9d) o BR T BN A (A 45 4
b, BT 2 v IR AE 7 8] R 2 A A
L3N N TP (RS R &Il R NI PE e LA R 5
T AE BRI Rl 1 XK, 17 i 4% I 38 sl 4R s D) 7K
PN S hr R I XK, 7R AR T XA (&
9a. d).

Early winter

90N

52 BMBRTIRESNREINES KRR
BRE H AN, KA IEAFLEAS [F) AT 1) I AL
(Hoskins and Pearce, 1983). — 7, &% K
W 4 L O e AU 8 A SR T T [ AR I TR B
Ty T7 T, AR I 2 3 I O ) B R AR )
Sk BB ABRIA HE B R, X T A LA
FHI & R RHA Uit 4 7 A0 AR S ) B ZE AL (Hoskins
and Pearce, 1983; Lau and Holopainen, 1984; Kaspi
and Schneider, 2013) . 7EIXIH i, EBiBEAER (XL
PR HD BRI % B 5¢ i (Lau and
Holopainen, 1984; /&35 45 FIsk #EAF, 2007; L34
%%, 2010; Zhang and Stone, 2010, 2011; Song et al.,
2016; TKEEEEAES 45, 2017; Wang et al., 2019) .
XHL, FRATEL2~10 d A7 IE IR 300 hPafir 3 & 5

Late winter

(d) 300 hPa HGT&TN_LW Cl=1gpm
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90N

60W 0 60E 120E 180
(e) 300 hPa storm track-LW
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Fig. 9 Asin Fig.8, but for the out-of-phase evolution mode of surface air temperature from early to late winter
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bR e 22 R AR NG (Liu et al,, 2014), £
PR AL T AR RS A K R 1 Rl B i B xS
S PN SCBRTE R -

TEAUR AR 42, YT, 5 &S RE
WARBER, RUAMXRF IR, 20 L
REEEL (I 8b), LI XU Aot 5 o 38 1 S At/
WG (K 8c). Ja4m, 500N BT Ak K FE i
X DA Bz R 2% /R 45 7 4 R0 3 X I ) XU vt 23 57
(B 8e), 3 W IX & X I 1) K A Ik A2 V% 3l
BRe T XERAIZ M AR S E A GEE R, Kt
E 3R IE 0 R g 20 S DX ek e ) 2 5 1 ) <Ué
PEAT S s FE e, AR AR 2 5] S R A 35
[ 5% (Lau and Holopainen, 1984) . iX— X W 7E
UK T 5 0 A IR T s 3 DX DK% DL o 2% A DA 7 3
X &N E (B8O, H SR8 BT ok ik
A O U5 R A TE BRI AN DU R I8 B 3
HLIEARES (E8D), RUIXBEHIE SNG4 E
W GERE AR R B IE Tk 5 3R
SR R AE FHAE T AR08 . Ja &8s (& 8b.
o ev D LUK Ik B IRIEAE J5 4 A BOK B3
(El8ay d), FRATHEN R 5hiE 2 57 9 78 J5 & (10
5 T R A 5| D 8 PR R TE S A3 N i — A E
JEIA.

TESIR AR A, MET WA 521w
RN, BT A AR Al e o 5 R R A e AR S 44 1)
G SRS SR (E 8e.
Ob), H KT Hl S BT A H A B B S K
PEE R LA S D 7 i DA PG H X B B A AL (&
8. 9c), i HII R Wi AN b 5 23 30 1 W AN A e M or
i FE A0 5 A M RO E LT R
& (El9a. o), R RKERhI B0t & & ik 7E b
R PG PRI I X ) AE A AR o X T it
AU R B () 52 PG B RO &, BT 4E
FFEAS B8 FH ACZR Tl (1 e 1 PR R (Bl 9a. o),
B b DX 1 S5 ) Wi b XD i AT
ARG E T EENEM (F9). JEAN, X
SRR K E R PR — AR AbE R b i
B4 (B9e), HELREAL T AR IR
PER RN [0 Wang et al. (2019) F1[&10], #
B ARSI RO B F R . X 298055 AR ) b
(zhE MRS &, MIMHTE40°N 42 50°N [A] LR
PRI R VE b2 ORI S L (19D,
ZAO AL E 5 R AR PR B AR T R R ]

FULEEARE S (B9d), RYIRERE B 1ZH 0
Mg BA IERITTHR. BRiZodt, 548 Wi
Hofth rpCo A A BE FH KCER il 31 19 B R SR A R
ERE S T U RE R MK PR AR B IX 1) 95 PR S R T
RERCE | HEEAEH] .

6 ZHieINiTit

ETHRE 7620 —WEH (T) FEH
AR (T, EdEeE, xF 30 4 K R Ak
BRI TR, REFRICR IR
J5£ 5 LI AT R XU AT REAE o E— 20 s L R
IRAR N 2% 2 A AT 39 1) I A e (I =R ) 40 A B A
3 I 2 e, AR AR R 0°C N 57
KEAT LA AP R AR IX . N T 3 InRHE &I 5
A a4, BATHFEE T ARSI X AN RV
FirtE H MRS 25 8 0 A, REL1L H 15 HATDAMEN
e AR ERCTE B BRI H I, %
TAILLLH IS H AR, 11 H1e HEXF 1 H 15
HEI 5 N4, WE1TH 16 HE3 H 15 HRI N
JE%.

ETU Ry, REHT . J5ARRAEFERE
(et )RR B AT 2 A SR AT A 3 J5 4 B3 — 2L
P[] S 1) (R A e AR B A IR AT & 31 5 4 &2
SR AR AR o AT S5 AR R AH
AR RSN LR PR AL 3 (1) 25 () TR A AE 1T 4 A 5 &8
N3, R T4 ) 5 A& B HERS LR = 7 1)
SEPELEANWIMGE, 155 X UE H E R I B R 1
AL HEL (R A 4 7 2 A OGBS (R R AIE o PR A AT A2
JE A& PEEAR,  KAUE I RE B ) R U AL RN 3
Wi, AEKPUVE B H LSRR R L& g =2 B R I R
UL FE (005 51 A Wt e 12 AL S& 1) BRI 1 X A5 45
TN GE 1 )5 A& BRI s R e, %O rE S
A I) R RE R ATET) B3 15, TR R T — AN B R
2RI LA AR 22 DUD /R 1 B30 ) 8 HE 81 [RTI
Ji 4 50°N Bt 1 A6 K 7 v X DA K e AR Rk 2 P 4
NI 3 [X KSR AR I 37 31 () # AN 5l g s a1
T B R AN DL /R S X 1) KA 3 RO R 4R
A ke A IE DTk

il JE Al SO VB AR A X I PRI A I S 5 )
AL TERT &M 5 L FBRIAR . Hr, R4
TR S5 1 2% () T 285 AR [ ) e AR A S I 5 & (R 1B T
FEAR—F RAHAE G RAUE ik AR DA S R AR
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JERPEFE P IS RS B 2 AR 4k, IRt — bR a s
PR 1 BRI A% 1R 75 e e BB B . A AS Y K Az
BB IR AR B 5 %S AL R B
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WA AT SR . SOEA AT & i . )5
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