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Abstract This paper comprehensively reviews profound understanding and significant advancements made by the Chinese
meteorological community over the past century in the fields of atmospheric circulation and climate system dynamics. It summarizes
research achievements in multiple areas, including atmospheric teleconnection, nonlinear atmospheric dynamics, monsoon
circulation, Qingzang plateau dynamics, climate system dynamics, and paleoclimate. Although we strive to be as comprehensive as
possible, limitations in scope, length, and capability may lead to omissions, for which we appreciate your understanding.

In the field of atmospheric teleconnection study, Chinese scholars have conducted in-depth research on fundamental characteristics
of atmospheric circulation and its relationship with climate change. They have revealed the formation mechanisms and impacts of
various teleconnection patterns, including the East Asia-Pacific (EAP) pattern and the Silk Road pattern (SRP). These findings have
formed a core theoretical framework for understanding summer circulation anomalies in the Northern Hemisphere. They have not
only deepened our understanding of atmospheric teleconnection phenomena but also provided new perspectives and tools for
international climate prediction and research, significantly enhancing our ability to predict atmospheric circulation changes.
Regarding monsoon circulation research, Chinese scholars have systematically revealed the formation mechanisms of the East Asian
monsoon and its interactions with the three major tropical oceans (Pacific, Indian, and Atlantic). Through in-depth analyses of the air-
sea interaction mechanisms governing interannual and interdecadal variability of the monsoon, they have significantly improved our
understanding of monsoon system variations. The Global Monsoon Model Intercomparison Project (GMMIP) led by China has been
incorporated into the CMIP6 framework, and its findings have provided crucial support for the IPCC Sixth Assessment Report (AR6).
Furthermore, Chinese researchers have comprehensively reviewed the definition of the East Asian monsoon index, historical
monsoon change detection and attribution, and its future projections. Their work provides a theoretical foundation and technical
support for monsoon climate prediction and adaptation, thereby promoting the advancement of global monsoon research. The field of
climate system dynamics encompasses various aspects such as global warming dynamics, atmospheric stratification changes, rapid
climate adjustments, and climate variability adjustments. Through numerical simulations and theoretical analyses, Chinese scientists
have explored key issues such as precipitation change mechanisms, atmospheric circulation adjustments, and climate feedback effects
under the background of global warming. Climate system models developed in China have demonstrated outstanding performance in
CMIP6 with relevant conclusions directly cited in the IPCC AR6, marking a significant rise in China's influence in international
climate assessments. In particular, studies on key climate systems such as the East Asian monsoon and the North Pacific subtropical
high have provided robust support for climate prediction and response strategies in China and beyond. As a unique topographic
feature on Earth, the Qingzang plateau has a profound impact on atmospheric circulation and the climate system, drawing extensive
attention. Through extensive observations and numerical simulations, Chinese meteorologists have revealed the plateau's dynamic
and thermal forcing effects on atmospheric circulation. Studies have shown that the Qingzang plateau not only modifies the
atmospheric circulation structures of surrounding regions but also exerts a far-reaching influence on the Asian monsoon, regional
climate, and even global climate. Relevant theories have been recognized by the international academic community as key
mechanisms explaining Asian climate variability. In the field of paleoclimate research, Chinese scholars have utilized extensive

historical documents and natural archives to reconstruct climate change sequences over historical and geological periods, revealing
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periodicity, abrupt changes, and regional characteristics of climate variations. These research findings have not only filled gaps in
China's paleoclimate study but also provided valuable materials and data support for international paleoclimate research, advancing
global paleoclimate studies. In the field of nonlinear atmospheric dynamics, Chinese scientists have made important contributions to
nonlinear wave equations in the atmosphere, nonlinear dynamics of blocking, and predictability. They proposed the Conditional
Nonlinear Optimal Perturbation (CNOP) method and the Nonlinear Local Lyapunov Exponent (NLLE), which have been
recommended by the World Meteorological Organization (WMO) as predictability analysis tools. These innovative theories and
methods have not only enriched the theoretical framework of nonlinear atmospheric dynamics but also provided new insights and
technical support for predictability studies of atmospheric and oceanic systems worldwide, pushing forward the international frontier
of research in this field.

In summary, over the past century, the Chinese meteorological community has made remarkable achievements in understanding
atmospheric circulation and climate system dynamics, making important contributions to climate change comprehension and
improving climate prediction capabilities. Looking ahead, Chinese meteorologists will continue to deepen their research, innovate
persistently, and contribute more Chinese wisdom and strength to the advancement of global meteorological science.

Key words Atmospheric teleconnections, Nonlinear atmospheric dynamics, monsoon, Qingzang plateau dynamics, Climate

system dynamics, Paleoclimate, Atmospheric dynamics, Global warming dynamics, Historical climate reconstruction
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Table I Teleconnection patterns closely associated with the Asian summer monsoon
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teleconnection, AEA ) WLy P F LiJP,etal, 2018
-JL AP AHC R (South-North Pacific 200 hPa bR A $Aty T RV PR BIHE BRI AT PR DGR 818 Liu T, et al, 2018
teleconnection pattern, SNP)
o SRV AR - AT Y PR 0 07 25 X A VRTS8 0 DL e 3, el At BGATE K7 3531 Yang, et al, 2019
(Bay of Bengal-East Asia-Pacific pattern) H
WL [H]- DU /R W JE B (British-Baikal Corridor, AR RA E] RUBE 1 TR B 2RO i b X il e 2 G HR I — R SRS, S5 Xu, etal, 2019b
BBC) = W2, ARG, VUMK ISR st P51 5

B [ - 20 YR T2 (British-Okhotsk Corridor, AEBRI A]RUEE T 2R RO Rl AR B S AL 4B 128 — S, dEdl Xu, etal, 2022
BOC) T SRR PRI e A SRR i b X A5 Bl A
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(Pacific-Japan pattern), f& 4§ 4 7 1 P b K- 1 Hb
X AT (15°—25°N) I 26 B (30°—40°N) 19 & &
R 7K RIAIG J2 20 0 52 S A6 AR S Ak %) i b A Al 7~ 2R A
% (Huang, et al, 1987, 1992; Nitta, 1987) ., X4+ [H
T T AR S AR 2 T 10 0 3 7 3 P | I Hh B AUl =X
AU S B i, VL R U B H A i i R KR
WD, BRSO AU I S R 5 [ Z IR AR (Kie, et
al, 2016; Hu, et al, 2024) . ZEHF-45(2011) 42 H 1
EN AR HE A (TAP), EAP f& TAP iy —#B 0. LAk,
A 2F K = 4B b X (60°N BRFIIT ) Y 2R 9 5 85 A1
N EAP RUIE AR G B9 —3 53, I AR 22 ) =) 1
T B 23 ] 45 Mg (524845, 2013; Huang, 2004; Sun, et
al, 2024) . EAP 738 A 5C J2 7 37 AP A6 KP4 3
X H Z= K2 3 1 £ F A (Kosaka, et al, 2010;
Xie, et al, 2016; Sun, et al, 2024), %f T J& 1 b X 1)
KA S0 A B 3 0V AR, A4S 7 R K R
e v [ 7K (Xie, et al, 2016; Ding Y H, et al, 2021) |
Fts e A AR A A% 3 B A2 (Ko, et al, 20165 Li R
C Y, etal,2018) b3 i Al R R (Xie, et al,
2016; Noh, et al, 2021) . /K FF 5 K A/EWY B9 7= &
(Kubota, et al, 2016; Xie, et al, 2016) %, LA, #f
3% (Kosaka, et al, 2013; Srinivas, et al, 2018; Hu, et
al, 2024) A}y EAP 38 AH 5 1) U5 i AN AR BR T
AR ANTG AE P, 38 AT LA ) PG 52 i 381 B R 2 R AL
X i i X

H Huang (2004) 42} EAP 15 5 LISk, A4k A
VEZ W58 A [A] 19 £ 2 42 45 B0k %) i) EAP B 1E
. 1518 Wallace %5 (1981) (2 #i T 4, —2b2¢
S 0 O B DX IR o7 B v B (i R AU ) 22 58
X EAP Y & #H 5 ( Huang, 2004; Wakabayashi, et
al, 2004; Kubota, et al, 2016; Ling, et al, 2022) . %
JEF| EAP R AHOC 32 SR AR X i R IR, A o
FER T RE X s B B2 1) XU A2 Ok 2 1 (R4 A
2013; Takemura, et al, 2020, 2023) . X EAP &l
T2 R DG AR V- R P i DX L R PR 0 32 A, T
25 00 1F 52 PR VECA3 fif KOE R Y 2 A i B LA AR B Y
JZ Wt (Kosaka, et al, 2010; Xie, et al, 2016; Sun, et
al, 2024) . f i, Hu % (2024) 245 7 HATE A
9 PPN [A] 4 EAP 5%k, H-XF Hb T X5 B 1) BA 33t AR 7K
St LR AEBRAB AL ARAE . BRI EE EAP 45 BUHF BE
AR - by 20 oy R A 0 o 5 B DX K S R 0 e G A
e ¥ 2540, HAHOC R B0 i 1 B A5 B 99% 114
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¥, H7E FE L6 AR £y (] 40 2005—2010 4F ) fE7E 58K
922 5% (Hu, et al, 2024) . fi (YiX 222 5%, AlHES
EAP i@ A OCTE 25 [ 4548 b AR BR 2B 16 A 56 (Xu,
et al,2019a; Li X Y, et al, 2020; Sun, et al, 2024)

F & ¥ EAP BLIE AR OCHY 1T 40 4, 2235 14t
PR T 5 R AT R A WL R TR BN 4EFEAIL
( Xie, et al, 2016; Xu, et al, 2019a; Hu, et al,
2024) , I FE B EAP BUE AH G B, DA 2 #R
PTG I 7 6 I I B A L R ) T A i 1)
Hir DL 515 30k — L o5 A1 29 1 DL gz S5 2 BB AR 4L
45 FUFSE (Huang, et al, 1987, 1992; Nitta, 1987) .
BifiJ5, A W95 & B EAP B3 4H 5G] DLA R 2 2
FEAS S I v AR BOIE R RE B RN R RE £, BRI AT D
B A HE AR A — A KRR A B S
(Lau, et al, 1992; Kosaka, et al, 2006, 2010) . 1
i, PHAE RSP AL T 7 R R XURTAR AL AR KU 4 5 48
LXK, X AR R A AT EAP B 18 AH 56 1) #0HT I s A 3k
ARSI PRSI HE (Hu, et al, 2019); F L FEAS 7
TERE BN AW S5 E EAP B 28 A5G A7 & 1Y 25
5254k (Lu, 2004; Tang H S, et al, 2022) . It4k, H
25 3 b X A B K SR 6T EAP B8 AH OC 119 4
WA =N BAE (Lu, et al, 2009; Xu, et al,
2019a) o LAY AU R 06 SR BH G SRV A A TR
KIS AE L, EAP 3 AH G HE H A B 3 i 20 0 5 8
W5 2 W B S (Lu, et al, 2009; Hu, et al, 2024) . i
A W 5% (Kawamura, et al, 2006; Ling, et al, 2022)
KR, Db KT |l XY Ry SR8 I Bl AT AR
FING9E EAP BUGEAH G . S5 58 b, EAP RIZEAMCY
o KA I S iy SOBe T 3 A2 78 % VT Bk &
(LiRCY,etal,2018;Ling, etal,2022), Takemura
45£(2020, 2022) MBI FE 48, @I HGHE S U200t H
IX (14 %5 34 DL i e 1 P e 2 9 | R e 6 W [l e AR, DA
MR ) EAP BYREAH G o 13X MWL o F — 20 B ik
T EAP U 3E AH OG5 22 95 22 [ 8 18 AH OC Y B U1 ER &R
(Gong, et al, 2018; Takemura, et al, 2023; Liu D L,
et al, 2024) .
23 BEFRREHBIEEX

T Y 5 2 20U A 1) 18 A OC 1Y) R B 5 R
I N 2 AR K I 52 . I 9 2 2 XA 46 B
AR ZE R 2 MAE ST BT RS, B
1 5% 3l A - 52 4 AN [a] (R B 4 4%, 1991; Ding Q H,
et al, 2007; Chen, et al, 2023) . &1, iX B4~ 2= A



BHPAE . NRRAI IR R G5 1% 100 SE3E

TR G0 R YRR R, 140 24 B BE K e £
i, A B KR b 2, WYL NS B A —
B % A ) s 2D (35 H 285 45, 1988; Wu R G, 2002,
2017) . EJE 2 KUAZR W 28 XL 22 ) ) X R &R, —
J5 T 5 IR BE B KRB 3R A O, 53— 7 T 5 T R
Pl PR SR E I 8 A ¢ . Lu§8(2002) 3T
A JC A T, e U T I ) R 2 A X S I
3l1; B J5 Enomoto 55 (2003) ¥ By & N2 9 2
#1& #H X (Silk Road pattern, SRP), SRP I A A
o PG AR DX O U2 2 4 1) KU e AR
A (EOF1), R T Hhy v v R0 LV X3, 40465 W vh
BB PU . O A T B 0 (Kosaka, et al, 2009;
Chen, et al, 2012; FAHKZE, 2024) . A BN A SRP
J& ZEBR #& #H 3¢ ( Circumgloal teleconnection, CGT)
16 BRI K B b A Js iR B, )5 & Ding Q H %%
(2005) & H 114 ¥ @ #4178 X200 1% 396 119 24 6 Hh Bk
—JA B IEA AL, SRP M CGT 5 W Y1 & 2= K AE R
AR ERFR ) 4 B EE B 2 R K T DUEOR
SRP 5, CGT # g 51, 51 g W = JE 19 o0 B 7% 50,
AT 308 3k S 10 8 ST AL IR R - 9 4 R T 1R i
Bl AL AR 1 R K 5 (Wed, et al, 2014, 2015;
Wu R G,2017). 124 CGT L85k — & I H R A4 5
EI R B3 B, T B 2 5w KR AR R 5 1R OR fR
JE , DUITTFE IR 3 5 B BE B /K 1Y 728 (Ding Q H, et al,
2005, 2007) o # T 1Y —LE B 5% (Ding Q H, et al,
2005, 2007; Wei W, et al, 2015, 2019; Zhou F L, et
al, 2020) 845 i, A W 2 28 XURE K 1 S5 o ] DAY
Wi g ST 5 1 B0 A B R CGT 18 A G, AT Sz B3 45 BN
R X, TN, Tz
SRP, @l #ar 4 XL 20 2 m KA 58 — £ S S
(EOF2) Wy BIF 5% i AH X 4270 o B B I8 F b R v ¥,
A 45 WU PG L WK AR A 0 B L, Chen 4§
(2012) 45 Hotig 2 A B - [ AL 32 AH G

I 2R 2O R TR A 20 2 AN i A
B 2O, J5 A [RVRE R LUAE R U S8 o g | 5 o R
% 3 D1 3% % 1Y 4% #% (Hoskins, et al, 1993; Xu, et al,
2022; FAREE, 2024) o B 2000 B I XTI = R = 4
] AU EOF 43 A1, 487 T P> 3 5 19 38 AH G A
A5 E- DA R 1 5E JiR & (British-Baikal Corridor,
BBC) il 3 [ -5 2= YK 5 i 2E JHE Y ( British-Okhotsk
Corridor, BOC) . H: 1, BBC i #f 56 & A1 24 IF JR &%
¥, ARG HEE | P AT . PEAAR I VE ER . DL 2K 18

589

NGB o BR T WO K Bl v sy 26 B2 Hb X A, 108
i AH DG AL i ik 25 R K VLI B — H A — i
HY B M R R K SR, B A0 2020 4F Y R R S5
4 (Xu, et al, 2019b; Park, et al, 2021; FAK%, 2024) .
K F BBC ## A1 K TE Bl A 2 45 i AL 32 224 3 Fh X
S AL R E R W DL (AR L AR R AR 1Y
IE AR B . R AN B R 2 1 AR ek S o A
( Xu, et al, 2019b; Li X Y, et al, 2020; F #Kk ¢,
2024) . 734, BOC Y 3 AH G 52 AH 24 1E e 454,
I . SRR L PR R S L SRR IR
T X A B bt . BESR AR H BOC 0 5 SRP A&
AHSCHE G AE — S, DT AE WO R Fili - 2 30 XL 31
[ 45 F4 FRAIE, B BOC 19 52 i i [T 23 DA 55 6 B b
DA™ i 3] Hp £ 2 R0 I A L IX (X, et al, 20225 F
A, 2024) o fieJim g S IS, BLARAR AT 32 2 0]
JEE ) A2 I 2 1 3 A DG, H At 215 1% ST W P R 20
[ B Al LLAE R 3 5, £ 46 4 2= ( Branstator, 2002;
Hu, et al, 2018) . 5Z=(Chen S F, et al, 2020; Hu, et
al, 2023) . Bk Z ( Zhou, et al, 2019; Hu, et al,
2020) o HH T PE XU L B A ZE T AL, 2O
M EMEB S EMENSAEENER
(Chowdary, et al, 2019; E M4, 2024) .

3 1 % RASFR U 8 AH OC B i TR A [81 JE AT LA
FH, P EFEEEX S EE T A AR H 8L
WMo WGBS RIS, b R, dt
KAV W o) R g 7 5 8, 3105 I 9 2 XU DA G
P 2R 0 - - TR 38 A DG | 22 98 22 [ TR A DG A%, 1
ST R 20 AR 0 2R & AR OCHY, AR R T
BE R A O B4 1 FE AR AE FUE BUALH], iS55 T B
X R R AR E R, 13X S 58 R A
XFEE T RIAFEAACH ISR R, B 2BKK
AT PR AL T B ARl 2 RS AR SRR

3 XA

RS2 —DIRA B IZ U, h 2%
TEIX — T E UG T A2 35 it . A5 m] it
Az FRGEHR 3 XA G iy i i A ) 22 SR (AT
BT, 1934), BJ5 Bk AT R T  FH
LR F N RAL TR AR R, 3 T AR R A 7
JExF 2 X 2R G2 52 e D T ) F SR, b R KT
Z BT TS S 28 A J1, Bk T R HAT [ PR i
TIPS AR R (BREERD 4%, 19995 An, et al, 20005
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PRAE 55, 2002; 45 35 6k 55, 2005; 2= 47 45, 2005;
Wu, et al, 2007, 2015; 5 EHESE, 2018) o ik 48 Bl
CL7E A2 SCHik A5 21 T 30 ) 348 A0 [ ot 3
T AR KE 5 403 Y 4 M (R ER A 4K
2003; PREE A, 2006; B HE-4F, 2019) o SCHTE AR
N Z RO 3 1 5 SC L 2 XUATE B A 8 (14 T -5 AH B AR
FHALEE . Z= R AR AU BR AR AL L3 . 22 XUy s AR Ak
G0 U AL L 2R R4 A A A 45 g TR A T [ JB
3.1 FRIEHMENX

MAEAGE, R H RSB A5 A s
g, A4 AR 2 BRI AT e R e 2 Y I A T
TS . HAE 1950 4F /i, M T 4R 2 5k
Bz, BT DT A R A BAE A
O 15 38 2R W 28 KL, T8 U BH AR I 2 XU PR O 1Y) R
PE, R = LS B KR X (0 KO AR
1944; =5 B k%, 1948; P HE 5, 1948) o B 1 & %
(1957) 3 F v 42 N R A B ST Je 8 14 A 20 — 41t
PRAS N 5 a (0 ORI B0 , TR0 ME 4 7R T AR W 2 KL
RO 0 K- FEE B0, fa s 1 b 2R FE VG XL R
AR AR U 2548, A BB 2R BRI 2 R B 215 1 BR
AR, DL KRR T AV 5 P K o R I SE R, Bl
2 WL 7RG H O, AR W2 XU T L
AN TER A, 2R (1983) 3T 10°—50°N
JEHEPN 110°E 5 160°E i F1H AR 2, HIREXT
— AR E ZE AR AR . 2 A BE A AR TR
A, H 23 R SCT AN [RGB 36 250 2] ) AR S B 2
AR AN R TR 33X 26 48 053 Sl AR T 7R P #0 xt
RN e 72 % G A2 A [ WS R 2T AR A0 N = R S
SO A i 22 K5 (Wang, et al, 2008b) . Hop
Li 45 (2002) & K2 K37 19 215 96 28 58 LI R
T8 H0GE F T AL 48 7R W 2 JRUTE P 1Y) 42 kR 3 43 28 X
X, Zf5 %05 Wang B 45 (1999) (1 £ 1] K 1) 2% 45
B WU AEAE (2000) 1Y R I 2R XUEE B T 4 0 A
(2001) Ay g AL AT 7 X LU F8 2055, Y REAR 4T b RAF R
W28 R = G AT R G AT PR AR R 32 LS (Wang,
et al, 2008b) o T 10 4F, {5 Wi A H7 19 4 7 K 7= X
T8 OB LA R W TR X 32 )2 RN 2 XY
FFAE ( Zhao, et al, 2015; Z= 41 W 5%, 2017; Fang, et
al, 2024), (R T AR W B2 2 KA I 1Y B2 4=

IR 4 28 XUER 3t 28 B R A8 )2 1% P 40 I 8 e
FIBT R AR R G, 2 TR R KA, DL
J2 0 R AR P R0, B T 5 2 A R L R AR P i
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FEBERE o BT P E S WG 2 4R s BUdE , 7E 20 i
20, 60 AR AT E 285t 2R 4% 20 XA It 1Y) JE A
MEA T 3 AT WA R (R 5, 1962) . P H 2
(1994) 15 ¥R 3 T 25 7 1) (14 ¥ S 1 < 456 13 R P
I 5 TR 50 B E LT AR AT AR B, B3 F 9T
TAEBIRA, AMTE LT L2 8R4 2K AE 5,
TR RIS RG22 52K mIERRIES . K
FEAREZS K2 NIG 2 th s RS DA R B 28
(FURR A, 2024) o [A]— ZEH8 BT B W () 7R W0 4 2
AR B85 Sk — 35, AR R [7] 2848 BUOFE e 7 & e MR R
JHAETE 2 5o A, Wang Z5(2010) FJH 4 W iR
JEE B PR A A S ok [ 4 R AE AR 4 2 KLY R
5595 WA BF I8 A 300 KA 545 1 A7 i ok AR I
22 X 48 80 (Huang, et al, 2016), iX 2545 B 5E 1%
A B b 2 e 4 2 XL PEAVT AR I g T bl V5 3h A
IRICH I B VI R .

32 ERNFRTERNE-SHEEERNE

R B 75 A4 AT B A% 56 5500 SR AR 2% D)
G, FU7E 20 4 80 4FAR, fF Ik aE (1988) I H
A BRI kL A B, K VTR R R R B R e IR
AR R A BT U E o BLA Y JE R JE R S R e L BR
KRR B, B R TG 0, BIRFE R ZE, AR
S L SR LTI, B O R L SR,
R B 7= XN TR JE 15 47 75t 35 (9 i /5 e 7 (Shen,
et al, 1995), J& P FLAR BR AR 28 1% OC B ) 7L

Zhang 55 (1996) 45 i}, Ju/K J& i o 78 A 7Y
A6V PTG B X 37 J2 A2 5 8 RCAE R T 2R IE
S IZ R AERE S T IR JE T e I A R Rk 3|
T 2, T HE K T B IR JE 385 X 2 S0 A A 11
W (Wang, et al, 2003) . Chang %5 (2000) i/t —
6, P bR OF P SR RSNE I A 3 n K 9
L Z Y RS WAEY S D 1R -3 N WAN:- ) B L I
il 4 AR TR 5 B 7K I 0B K R A R (]

125 20 AR, PE LR OF S RCUIE R B R
A 47 ML) — T A 98 A A R R
7 KA AZ O (A 8E . P T  b R ST R 0 1 2 XU
A 1, I R S S NI TE I R HE B M E
FAFAE 35 WY S VAR, DR AIF 9 3 o S T XX
PO B BT B AE B e FLTI (L, et al, 2017) .

TEA 27, Wang 25(2000) 2 1, KSR AE
WA 52 F, SCAHE AR RO A AR A RS KU 8 K
WA I e 28 S, (IR (SST) F W 1 it I 57 7 i



BHPAE . NRRAI IR AR R G5 1% 100 SE3E

e 00 J b XoF A 4 A5 B U X — BIL R B AR g XL
R -SST” RUAHLHl . Wu B 45 (2017)4&H, JE/RJE
Vg | A B SO B 0 e i ) G 0 2 b XU, o A
AN 2 S R PG IEORF T, DT A ) Y b
BR 140 X5 VAL 0 B0, A 4 B AUE, X — ML A R A G
B, AN AR s v <A B AR o Stuecker 55
(2015) ] A 22 RUBEAH EAE HTRY f B2 4R, JE R e it
AR ] 30 5 S S AR IR A BAE P AR TR
25 0.8 F 1.2 afil M1 Y “ 1B & # & ( Combination
Mode) ", ZALHIA B T 7936 KV 7 5 0 e
AL £ N

FEACBRE =, PHIL R 5 SO AUE i 4 7
T B T BT B EE PR VR A — B IR TR S (L
S L, et al, 2008; Yang, et al, 2008; Wu B, et al,
2009; Xie, et al, 2009) . LV S LR R A
B, FFRPSE B4R B 2, HAE R A4,
FE A TR IR JE R AR I T 1Y 52 R (Xie, et al,
2009) o Bl B RE A OE T U S 08 o 1 0 R M X
Uit . WK AR KA RS0, S PE U RSP . ok
T KA IR S — J7 T3 2o 3% v 2 il i/ T 5 3
PEIE AR FHZ KR AR (W B, et al, 2009), 7
— 5 TR PG G P 2 XU DX AR R AT e R AR
X B+ 25 | fy ik 2 79 db K OF 7% ( Wang, et al,
2022) o X PIJ7 AL [E AR, W088 1P b R X
Ui, AERE T RCUBE. BR T EDEEVETERRLS, AT
BB R R 1Y SST 17 5 78 58 4 T4 2k Z 1, X H 2274
AUV S S 44 A 2 DT, R 2 FE ) S
Bt(Wu B, et al, 2010) o #H = R A ELAF I
5 B2 Z= 040 KF i S AUE B9 2E 5 A 6 (L, et al,
2024; Wang C Z, 2018) . {0, [a) 393 R VY 4 i il 5+
B BB I A ] AR S e 04 b R T R R
S Jig (Rong, et al, 2010; Yu, et al, 2016) .
3.3 EXMFERFRERAIE

AEAR RS AL — S PR B R R 10 a A 1L+
JLEIJLHAE A2 o BEE WL AE & i R R B
FOGE R AR 3E I, B 20 4 90 AFRTF 4R, AR 3
WAEABR AT IR A5 8] )2 ik . AR SR oE
THI) A A8 28 K I AT B0 M 1 %) 7 (Climate and
Ocean-Variability, Predictability, and Change,
CLIVAR) L7 [ i 39946 45 A bR UM A2 A S o
THRNEZ—. A 20122 70 FERKZE 20 42
A, R 7R AU it e s, HLAR R B R T
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TSR T A2 P4 e R s L 2 R AR R
SR LR 2 SO0l LR P XD 55 S5 RRAE (Hu, 1997;
Wang B, 2001; 58 F 28 55, 2003; & 5¢ 5%, 2006;
Zhou, et al, 2009) . FHE M, HERTHFEFLI R
PSR M2 Al o A, B VL SR K 3G &2, At b
X f& K i 71> ( Yatagai, et al, 1994; Nitta, et al, 1996;
R MEAE, 1999; Bl H 5, 1999; Yu, et al, 2004) .
20 22 90 AR JE W IR, R W B/ KT 1 Wk &
Bagk, WA iR de R 2R IC LA X (Kwon, et al,
2007; Si, et al, 2012, 2013; T —IL4%, 2013; B o5& 15
4.2013) .

20 20 R & 21 tHhad o, i Ah R 9T FE 8EOC T
Vg V5 T A R AR B 2R KU AR B R A 52
M o KAE AR PR IR 3% (PDO) AL K VG ¥ £ 4 4R
Frd% (AMO) J& 52 M 7R 0 B 2 AR AR B A8 £ 3= 22
1S RGP N AR R K ¥, 5 PDO IEfAH
A AR T8 T AR R AR AR PR AR 2 , 2 3 2o 5% i 7
IR R A e R (a7 R PG R I ) R IR S R,
ORI 7 AR 55 , A A5 ] VT O B I K
Z, MAEdLREK R 198 /0 (Yang, et al, 2004; #71&#f
45 2005; B S ME 4, 20065 Zeng, et al, 2007; Zhou,
et al, 2008a, 2013) . AMO RE I & I 7 318 AH 5 %
1), 5 M VY T ¥ g -S0RE B AR O I 2 L AR
b, TE A AR 18] A T AR 2 2R XU 3 (Lu, et
al, 2006; Wang, et al, 2009; Si, et al, 2016) ,

B U IR AR AR AN, R ) R (TR A
2006; Wang, et al, 2008a; Zhao, et al, 2008) . T Jik
& 5 E ( Zhang, et al, 2004; K E #£ 25, 2007;
Ding, et al, 2009; Si, et al, 2013 ) , BRIV K Fifi 5 25 )&
S (B, 1984; B 15 5 45, 1988; Zhang, et al,
2008) . Hh KR 25 (B SR O S5, 20065 JH % AE
2006 ) 555 Ak AL RE 05 75 AR AR BR RUBE 1 52 M 2R 3. 2= XL
R AN K o

B SR S R, R B 2 i S 4R G
Tk 2 AR Ry S I HE A N 23 Bl i S K
N o AB BLI A 5Y 32 A58 2 4 A AR R BR ], R
TR AT B A9 25 3 22 R, % | — 4~ I+
X AR B 7 X 5 Wi 1 R 75 AN [R] B 2 A S &
W (Li L J,etal, 2007; Li H M, et al, 2010b; Zhu, et
al, 2012; Wang B, et al, 2013; Zhou, et al, 2013)
Fr #5 A B X T %) ( Coupled Model Inter-
comparison Project, CMIP) [ JF &, il i X 2 4 X
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EHLN R, S A BRI AR AR AR RIS 44 T
RS S . o, S ORI E PR R A A
R TR (CMIP5 . CMIP6) M4t T i 2 S M4 il
R RN S ER AW S R o = N P W SRR
VE R 803 414 5830 52 W T 19 045w i ( Taylor, et
al, 2012; Gillett, et al, 2016; 48 %, 2019) . T
CMIP5 £ #5530 43 85 9 30 3 56 45 i, Song % (2014)
R NP BT B = P B A T R 7
Wiy, 8 N R S0 TS HEJBORE T 96 Bl U 25 5, &
5| S AR W 2 ARG 2 2 3 0 559, 1 3R = AR HE s
FTFARJZ P30 1 3 5
3.4 FXAETLAENYTE

LI 38 () S A AR A, AL H AR N TR AR R A5 5
DL R NI B 1 52 e o A A8 AR B 5 v i A 0 S
B, Fefe A SR A BTE S sg . it R ek
JRUIAR SR X 33 2 X, G Iy o 8 A 5 B W 2 A A AR
PrAs ARRRAE o 10 42 BR 2 UAE 1901—1955 4R 3E {4
LB GRE B T B S E 2001 4F R A S 55 A G
S BOR A, B 20 42 50 440 IR 5, B
Ja A 20t 80 A AR LISk I 4 K &2 14 58 (Wang, et
al, 2006; Zhou, et al, 2008a; Zhang, et al, 2011;
Lin, et al, 2014) . 4=BRZE X H 7 s ARk [A] s 32 21 <
1 22 256 P9 5 A1 AR s A2 S5 RN AR 58 30 (9 5 ) . — 7 T
P OUR W00 YA 31 3K 2l A KA BR AR 0L 4K 5 e 8 i 3
20 T2 J5 2 4 R 2 IR 559 s B, e I JRLAR AR
R A8 Ak ( 32 2202 KPR A BR 4R ¥ (IPO) A1 AMO)
1) & ZAE M (Zhou, et al, 2008b, 2016; Li, et al,
2010a; Wang, et al, 2020) . 55 —7J7 [, F 281
A3 A I S SRR 58, 3 T A A 48 SR A
YA BRI FEIE S T AR A amaa | R 5= A SR IR
HEG T 20 t 22 J5 2 b 2 8k Z2 X (Polson, et al,
2014) F1 4= BR 2R XU CJE R 4245, 2020) (9980559 1F
N R e 3 4 3k 2 AR K ek 559 1) 4 B ML
FEAT RN W5 . AEFR T R O E, N R
Ji2 5 | R A4 R R AT B A AT, AT i 2 2 IR R
K FE B IR R I T, N R A T 3 s ) 55 16 iy 4
1B BE, DT A A 2 XUER g (JE R A,
2020) . FHULAT UL, FBIZE 4Bk 2 KUY by s AR 1k, A
2EFERIN Ty T TS BATE B AR R o R
T A AR bR AR SR AR L B 56 N R b i R H
TSI BEAL A b B A 3 A AR A

FE XU b, R KR, 2 AR bt B
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Z%, WA B R AP A RRIE . B 1950 4F
DI, AR 78 KU AR A PR 28 A AL 45 3 A B Be: H
20 22 70 A H 0 IT bR v s, o I 2 R R K AL
T U B L2 i A AL D 1992 4E 2 R B ik &2, P
1R R Z [k 16 225 1999 4E 22 5 B KT H R il
75 W K VR /0 T 9 YA S e R 2 A K 8 22 (R I
A, 1991; RS, 2002; ¥ HZT %, 2004; Yu, et
al, 2004, 2007; F* W1 B& 4%, 2008; Wu R G, et al,
2010; F4 724, 2013; Zhang, et al, 2015) .

2 R 20 22 70 AEAUH I LR AW E
2 AP D 555 e B, 2 XU A AR B i 35 s A T P R
T T AR K S, ™ S e B K B Y
O3 A, S EE BRI TR EEEE, [
a7 2 AR Ak 114 K6 0 051 PRLRIATL 3L, ey SUR 0 9 ek
L) 10 N 2 W [ IR W YA X = T R W 7D B
R0 34 58 P AR A PR RUEE (9 g 7 AL 27 BB OK
B, R WA RGN AR 2, U U B T IR Y AR
FBRAE b B A f AR H (S [ 4%, 20065 Zhou, et
al, 2008a; Li, et al, 2010b; Lei, et al, 2014) .

5 RIEE, b A [E Ah i 8 B 9K i D s A f
AL A0 30 2R W N Ay T 3 A R A e R AR T B
S 4K () AN [6] 5T ik ( Zhu, et al, 2012; Jiang Y Q, et
al, 2013; Song, et al, 2014; Zhang, et al, 2017;
Tian, et al, 2018) . H A % A 4R 5% 38 38 o 51 & K
A 8 R AT R T 2R I 2 KUK g 3 K 2 i
NS R R i STER G RN [ B A= R = B 7 e = S
TR AE T3 (Song, et al, 2014; Tian, et al, 2018) .
BRI, 3 25 JU 4720 7R S0 2 2 XU Ok 555 6 34 02 Fl Y
B AR Z2 N Ry i 0 e A S 3, SR A LA AR
DU AR Ak r o it X 43 ARG BT RS H AT R Rk K -

T RN M B AN [ PN R AR R N AR R
Sk A1 ik 38 X 7 KR Ak 19 A G STk, 7E CMIP6 R4
T, PEAEFRGRE . LEEE, AR T 2kEX
P2 H #5113l (GMMIP) (Zhou, et al, 20165 J& K %2
45.2019) . &54 CMIP6 245 20 43 B 4 36 3k 16 A1l
GMMIP i it e 7 #5 10 55 , Zhang %5 (2023) i — 2
o - NI 7 2 51 P N S TE G Ll Y = B2 N
AHOC By 2% TR RS BE M 2 m, JF R A T IPO.
AMO K NSRBI = SRR 25 S
X BRI ST AN AU TR 2R 0 2 RUAE AR s 72 A6 AL 3
14 P AR, 3 SRy R ok 2 XU A 1 3 0 R iy %o 4t TR
2R
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3.5 ZFEXBYAREKFME

AR 2 T R A M AL AN AT BB Y T
JETE 1975 AR5 — D RERS R CO, Wk BE i 52 e
M) =4S A 2k 2 4 B BE (Manabe, et al, 1975;
JA R, 2022), {5 i TP A B PG iR -
SR EAE PR DX S A ) AR, 75 2R - R
58 4 B 1 A5 2R e A A AR AR AT AR Y M T
i o 12 20 22 90 4E XA, BUR | 2L L 172
5125 (IPCC) 155 — UV A 2 Bz Hokb sE 4 45 & A
i} (Gates, et al, 1990, 1992), 2 ER{UA 4 NEHE
AR 230k A SE R E AW L R E
BRULAR SN )2 S | 1R 3 SRS i R S [
KGR, Hor R 3°—5)F i < f & F R A
“3E R R DV R I AU i AR E () R A
85, 2014) o X — Wl AR RO D | MR
Fr i vy, o AR DX 2 AR I 2 XU DX Al AT
AFLAl . )T IPCC 55 = RPPAl i 45 I, A5 T4 A
) HE UG S, 2B A 25 R B R AR W KR 43 b X
TEAR R HE— AR R T R K 3 2, (530 IR AH S AR
FH, TR] s A5 = ] 5 S B % PR K (Cubasch, et al,
2001) o IPCC 55 YU IFAl i 5 B & T4 1Y X
A TAL T, AR R XX G R —
(Christensen, et al, 2007) , i I 9 4 K 22 50 <A A
XA @ T IEROAR, B HER S il
HA TARK S (8 R %4, 2014) . FUAk 45 R R
IRV B 25 AP 249 14K i 6 A K I 4 1R 728 192 1T 345
(Gao, et al, 2002; Hu, et al, 2003; Min, et al, 2004),
M AR M 4 2 XL U)o 4 35K A8 1% 177 9 55 (Hou, et al,
2000; Kimoto, 2005; Hori, et al, 2006) ,

bE & A B BT R R & g, 2 5 B
HEOR B2, Py R O B 5E 3, B T IPCC A
TLUANE S UV Al 4, A AR @ 2 IR B
B & 4> Bk 78 Wz AR 7 B 2= KBRS I N A K AT K 3 i
(Christensen, et al, 2013; He, et al, 2019a), 1M Z5 ¥
275 KUK U 55 (Jiang Y, et al, 2013) . KW EH %
JAUER Bt 1) 15 5 T 2 2 PR w7 o A T 9 Bl BT X
358 iR R R e I b s v RO PR 5 ) 45 2R (L, et
al, 2022) .

T B E B, 2RI 0 AR R K, R
S HE B R = He e N Y 2R KR A2 4k, B R
IRTEAE AT E P (He, et al, 2015a, 2015b; Fu, et al,
2020; Zhou S J, et al, 2020) . & T /N FUAl A
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P, T g DA A U AR 2A T R A ASE XK [l AS R 3
3 IR TAL ( Zhu, et al, 2023) o 4 3% 38 45 = i AX
AN, VTR A B2 K7 (Emergent Constraint)
5 35, Bl MR A 32 b T N A R TUAR G S
FEME o %7 1 A g s A SR ALY Dy sl A RN R
e AL A2 Ak 22 ] 0 G 22, A B A Sy A %) Ty s Ak
P49 O 000 50 4 oF 2 ) R {5 9 1A 45 SR (Hall, et
al, 2019; Brient, 2020) . il 41, &1 X} P4 K & &5 W4k
B ANH 7 P, Chen X L 45(2020) #i5E T 7R iE KF 1
B 22 R PR R 2 25 TR e MR TR,
A A Y R 24 R S N T A R R, AR 4 P
R R 1 E AR R 2 R A A BDOUL I Y e b e BR
T R 22 5, I I N T R R
R K B AS T 8 P, 78 2R IV IX 38 A A 488 i F s T A
/0T 2530%(Chen Z M, et al, 2022) .

PEAb, X F 4 W& 2 K, BF 58k B P 3 i
5B AT OC (A U OV VR T I R A% 52 i A BR B B 1 K
FARNA R B b R S8 I 2 R AR A
THE 3 R B /N (Liu A Q, et al, 2024) ; 3 T ik
e R U 1 A ST XL I R A 2R AR I T S R K I
S F, G PR % X K A B AS B T
F9N, ST BT 2 (He, 2023) .

PETH AR 2 LT PTA B L U/ INAS B M AR
AR e R A P RE . T LR TR
P A5 A e T O 1 R T Y R S e R R Ak
BTN 9 B B M T BN

4 SERGE AT R

PEA 20 42 DK, R i & 2 0 T IR %)
AL . A 20 T2 50 4 AT, e % oA b 2
— MG S B R ERR S . SR, BEE E ST R TR
A, BREERATZ BRSBTS AL, i
FUUE TR B NPE S o X BRSBTS R LA
AL 233 U™ AL S TN T 2k o il it 545
b B AR DX S i B A T AE R, R
A S FERYRF I N RE . A 20 22 80 4£4LLL
K, BEE NI 051 K i R AP i & AR ok
o, AR PR H £ 5 R TR . AT
T IR B, AA BA2 3 AN S AN IR T RN R
4 2% i i, 3 52 B ORAS H E J RORNT 1 5 2 1]
YRR E I R W 2. BT, A
BRI L UK Tl M 25 PR 22 ) R A
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GE I Ay TG M A B X e AR A AR
Bl BB R e TR R G sh J1%.

Hh [ A 3 TR U R G T AR R R A T
FEE DL, Yeh(1949) £ 1 itk 2 41 i 18 kg <Ak
R G0 )i A DG R BE T LA, IR T
AT FE B T 5 A B . Kuo (1950) 42 HY il v 25 )i
IE R Sh R HL T 200 s i AR A B, O KRR
O R Al B e 2 — o BbAh, Al R (1934) Fi
Tao 25 (1987) - TR W B KR LM &, E—4
TR T XS R B . MR IESF(1979) | B
FE (1990), BRHME (1996) A5G PEAFE%E (2003) %}
o [ 2 2 TR U AR G 3h ) 2 U BIE O o R kAT
T, a2 20 4F, o E A R SR R S8 T
RIS T ARG R, SR AT R G R
g AR RENKA S 12 B -SOM AR A
SBRARIE Bl 12 3 75 TR A T 07 2 Im] B
4.1 KBHAHE

RAJESME R G R BN 4y, KRR sh 1%
T AT 7R RSP YRR L RS Bt R, R T R
RGP AR R ENIRS . K3 = MR G
F Rossby(1939) (K P BEIE, fibfi B R MW £
B BN T BN S W DU B S . X — e
BE T KA s R R SLRL . SEFRpEEES, it
EHE T R S ECEE IS (Yeh, 1949), §5 7
PO R T, B i DL ) R R AT R R T R
X R A TR v i A R P KU P, R I g
A DUAE S Bl AR B HCGR Z i ) B WEAL R, N3 307
SR ) 1 N2 B 1 O 73 A P 20 B < TS 7 e
PG, BAE 2 RS F Y LW o X —FEE A
ACHE fifp B R A i AR Sh A% B B4 b o 9 o 2
B, W FESMER G sl S A RE R . e
1E 1 2 17 DL ik R 2 A% HECHE 8 3L Al -, Hoskins 45
(1981) W58 T i i 1k 2 Hir D e A6 BR T 1 ) — 44
FBCRRAE, B2 1T Dk Sl o B VR K G #E i S . X
SO IS B AR RE T R R A OGS, RIS M X
KA 58 W] BE 23 51 & LAt 1l X KA Y
S (Wallace, et al, 1981) . BT, RS —4
K& T W s e, BESE T A BRE R0 W AT
B2 e Bk O b = 4k AL KRR AE ( Huang, et al,
1983), & IAL - BR B 2 JE A 2 B 09 B 5 0 B
P A AT BRI AT DA ) AR AR R TR AR -
A F- 7 A% AH OC (Huang, et al, 1987, 1992; # 7% #§
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55, 1988) . HET, KA@M CH IS ALY Z HT
it Ao T T A AR S R U R LRI, 3 e AR
S S TR B 2 T U T SN S T N W 1
PRV AE R AR A5 8l ) 28 h i B A

KR = B BRI A R G R Bl R A
KHEEHLE . FERME R G BN 12 b, = P8 A it i i 4
JIREN T R R R 0 S R S . R R
TSR RGN E B W S o Jeffreys (1926) &
B, FE AR XTI )E B2, KRR 3h &8 stk 3l )
A, XOMER A E 4R T b A b 2 X, OF
S IHE H R 9% TR R R P (Eady, 1950) o SR
WA —2 kB, FEIE IR BB B ST, IE R 3
1) FE It P 25 76 IE R 3 X B Bk 36 4 ) 3l it
4 (Kuo, 1951) o T X —HE, =M1 /R T
KA T R E D 8 AL (Held, 1975;
Simmons, et al, 1978): 75 H 4 1L X, RHE AT E
S ERE B KR, sl m ARG 2 X
= | 70 R T 7 ) IR o £ A [ ) v O B O e 4o =1
2, KRS S S s B4, ik
B2 TR IE . Held (2019) 78X KA A 4F
% JR I [l i v, 20 AR T S S B I 1 B B T
Bk o RACHR I H Y RE B A% i RN B i AC i A R iR
H % RATEH, X 28RS0 R 5K A2 4
HEAEH . BN, B AR 2, B b RN AT
FIE 2 2o 72 A0 i B 3t 0 % B K A Ik 22 (8] 04 A B AR
TR AR B BRI X R A AR A RS R A
Uiy R 01 23 5 i 7 A R R )
4.2 B-fE-SHEEER

TESME RS I, v | i 5 KRS Z
{14 AH B AR O B S R G K AR GE AT Y A AR
0 A S Y S (9 BN N B I L7 D B
e, JH T 4RO XIS, I AEAS W] 64 B[]
23 [ RUBE b= A S 3 5g ) o - il - SO BLAE FASY
SR R AN MR AR Ak, 3 AR R AR b R
e vt A A T v S R

T 5 RS A B 38 o FE S R AN W]
B[] RUBE - 5% e S R G Bh AT, S ST 1 ifg
SHEE MG R P h R KPR B R e -5 T
3 (ENSO) . fEH 2RI RGE N X Z —,
7R 25 R IX A9 A0 R ENSO 55245 18 BUR% (Wang
H J, et al, 2001; Huang, et al, 2007; Chen J P, et al,
2014) . 1 E 2R F T AR 2 KR G 0 AT T AR P A
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FERl LB I E] 20 40 70, 80 4RAC . R MBI &
P AR 0 2 XN b A SR A E AR (BRI
KE, 1977; £k %5, 1988) . Fu %7 (1988) it —23K
PR ORI 5 H (B ENSO B4 ) 5 78 K A
e P SR R R PG el R 22 R AE A S Y B (R S O
FRo X — R TSRS AR Qe 5 e
RGBS S 458, P8 AR SR B S AR
o X —FIR AR R XUR S8 Y O R At T
ARk B, O W R T T 5 2R RURH DG A A A T
e 1 (E R ME4F, 2003; Wang T, et al, 2013) .,

i b 7E A Z G vh Py e EE SR A €5, R
R AN W 7 T L MR R R R A X R A AT
Fgh Jpad fE =R R . 5 A L, Rl o 3R I
XTI B S5 P W2 MR sz S B A R, AL ot L R AR
e, S BORRR B AR E AR, R E R
b 2 K8 B 2ok A b Y — A OGBS B, X il AR A
38 a8 B % 520 ( Seneviratne, et al, 2010;
Miralles, et al, 2019) o 4 59 B2 AR, Ja) dh 7%
RO /b, R 3] b v PG DS, TR AGE
PR AR BUIMAAE T o BRI LA (2013) BF5E
v DX A R i e R S A T S B AR PR AR AR
MR R, i A 3 O TR AR AR g = i T8 A 2
S E RIS KRG, AR E T
15, ANF T AR EE S B K, AR T T R4+
AN, I b 2R SR A T 2 i — 20 R 25 A, BRI
N B, IR B il 5 AT R ) A O A5t
e (BB FHE, 2018) .

VEVE i M5 KR R A2 4% R AR E O
FCi VG R AL O T BRI R . Filan, W
) AR R ISR TR o b A 0 A8 Ak X6 R AR 7K YA
TEFE A L DA R R A i v 3 R A I T A ok
R E T RERIEBE ., TERERGE 1%,
1E Sz A5 RN A 2 i AL o R B A AR A R R Bk
SRR B OCHE B, i, FeREENTE R T,
VU B 0 T e 2 S B0k AR MoK i 0 R, UK R
4 U 7 25 AT b 2K 1Y B S 2%, AT -3 3800 22 1 2K FH
RS W, — 2D ) A ek AR 2, B R OE R 5 .
i B S A AL il U] T e 2 A IR T R R B B
BN, TG R ST, AR b R T B e Y
43 ZEXRTRIHNHF

TEABRAR W 3l ) 23 W90 G, 52 % UM A5 A S
EE MM T H . FAE 1975 47, 3¢ & M ek ) #
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TR Bl 77 52 56 5 il ECAR TR ) = 4 R A< B A X
TER T AU A A v B A 5 L A% AR Ak A B 5
(Manabe, et al, 1975), F-8 T A HEE R 56 )7 X
FARRAER SN . 25, BEITENLERER
PET, S A A5 Ay B ek AR A R R HORS B, 0 B
AR BG4 . 5 I R AR 2 0 DT R R
] A A8 Ak T A 4R 4 BB = . 7R 58 — T
flifie & v, SRR o BRI S o 2.5°, & T
i B RS PR R A A2 (TPCC, 1990) 5 3 T ikt
(50 7S A S, SRR KOF e B iR 2
14 km, 68 THSHE . BV AR 1K
FE(IPCC, 2021) . FEXH i, P EFLEF Wikt T
RARTTHR . 5 — PGS, T E S5 0 A AR
HAA 15, i BERF2# B RS BRI 53 i & J& 11
2 B REMERAEEFERZ(Wang, et al, 1993);
BT 2021 4F B S VAL AR, B S g X E
RIPAA 6 4, A 10 MR RAS, Hf FGOALS-
£3-H K50 8K V43 PR 5 18 29 25 km, TE H J7 7]
32 )2, W A K 4 B ik 0.1°, T M)
55 )z (He, et al, 2019b), If A ER2EFK L T &
AR (3E: IPCC AR6 =4 TAEA FEAEH A
FEOUN R 55— TAE 232 A A, Ho i = 4 %
14 A, 5 E86.0%; 55 — TAEZH 249 A ATE, Hi
FEEH 10 AL b B 4.0%; 55 = T4 226 A
A, Herp R EEE 13 A, EE5.75%) .

DK 4> BR7AE B8 3 7 27 0 BFF 9 400 T 450 A 4013t
B — o A W BUEB SR, T E S E X T I
MR B BTG T 21 229,

(1) BEARAEAHLS . T E G EFAE (C
Chou) M It 1 6 fA B ff B T A BRAZ BRAE R X
DX B8 KA 38500, 6 3 DX 300 2 8 KRR U 2D, R 4B R
AL T IR, T T ML A A BRI K AR AR T Y
i& F11% (Chou, et al, 2004, 2009) ; % P25 42 4 T
VR 2 WK R T A ML, B AT R i K A X
I8 KK A 22, 38 /DN 1 DX 38R [ AKORE D (Xe, et
al, 2010); B, Huang %5 (2015a) % BLAE F K il 28
e, DL YR SR, 1 ML A B T AL
il 2 2L [/ AR Y

() RAJZEAZAMWIER . 2RI 5
T, AR A BE R4S A AR R, KA HUR I
55 (Held, et al, 2006) . 4548 H, L iR PR3 14 Ik
55 = BRF X )E R TR S B0 R AR S 05
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(Ma, et al, 2012); [A] I, 12 )2 45 Ul 55 X 5 78 /e Jot 1l
EVRE ¥ b 23 B 3 20 1 7 AR i 3] 8 24 H (He C, et
al, 2019; Qu, et al, 2020a, 2022) .

(3) KA 8 S S B AR . e
TE B 5 W ] 53 ik Sk 5 SR 5 E RH DG %) PR I A
B (U FR U 3 MRS AE 7 ) R 5 A BRoF 243 B A O
1418 ] ik i (AR S S 15t 7 ) (Andrews, et al,
2010) . #IpFE i, CO, 58 38 14 51 1] 7 55 1 8] Py i
TR 5 BRI ER, & AL TR = A AR 8 A%
S it AT AR G- s EE R 4 BR A 4 A B (Cao L, et al,
2012,2015), A}, hE=F4EE, Bk 2 DT
1) DT FR 7 2 e I 2 XL R e i A A A i
FFEMEH (LI X Q, et al, 2017; Qu, et al, 2020a,
2020b) o MeAk, F T KA AR, A (Ma, et
al,2014; Li X Q, et al, 2017) 45, #z rh & FRF-1y
HE R AR SR AR 22 DX A i o A o P 1 SRR

(4) SR PP EE o 2R OF-VF T T2 52 )
SR G A PRAR R E B P, fE 2RI Y =
T, 2 X 8 P A i T R R AR VA R B 2 (Cai, et
al, 2015a, 2015b) ; [A] I, PR H K VR & 538
PP AR RT3 Y U 78 A 507 A A8 0 K 3 5 (Hu
K M, et al, 2021), Wt KF- v Rl #ak m He i 28 2R ]
AR 3] T 955 (Yang, et al, 2022) .

(5) WM 24 o 7 2 i g o oA Tk R0 <A 3
JI W FEMA T 4R A BB, [ B 25 4= K A% 1%
A R RN . BT RIACY SRS S
Fok AL Z B R B B, hEEFE IR TR
S, FEARKFEFEE . AR X, JLRFEE
R AT = R4 e R T — 285 i 4 (Huang, et
al, 2015b; Zhou S J, et al, 2020)

Bt o %k 4 3K AR W A B TR IR, Bl 2 5%
RERERBHE & TR ER T . T E
HFERE T CO, W N Mol A2 b 2 BRIR B L KT
. R ENSO %928 (L WF 58 (Wu B, et al, 2010;
Cao, et al, 2011; Wu P, et al, 2015; Chen S F, et al,
2020; Liu C, et al, 2023; Qu, et al, 2023; Huan,
2024; Zhang Q Y, et al, 2024), SR ] Pk &2 iE
JI PR IR

RBERGEM KA. K KE . 508, EWESA
[i] el J22 4L 1, AN TR P 2 A AE B S 24 A BAE (2R
[ 145, 2006; Zhou, et al, 2008b; 25 H ¥4, 2013;
Li, et al, 2019; Z& K45, 2020), 7 H A K EC
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N HE Bl S A R GE AR Y BiR3E Ty (45 1E 4§, 2003
T L4, 2007; 2 R4S, 2007) o [R1 B3 AL Do
SR G 8 J124 0 R R DI AT L& B, op [ 2 A
BRI A0 S B R 5 T RO T R . R
B DGR, TR AWFSE T KA Y 7R B
Wesh T X5 KA 3. e AR HLE 3, IR
i R Gt Z W JZ R A O A0 T R B DTk . AT -
fili - SAH B AE 7 I, R GRS TR - RS S
M4, W ENSO fil PDO 4%, #5/R T AfER G H 2 R
FE R ARAEHLE o[RBT, A AT TR A ERT T Fifi b 3% 10
R ALY X RSP, i — & TR
ROEWE M. BadiER KRB HERRRLZ
] 19 52 22 Bk sh AL, S BE A A0 2R 4 b 45 B 2 22 )
B AH B A SR T B B SRR, I O S O AN
KEBEBEE T IRl LA, 7E 2R B 3
SEWESE v, 38 A X B ) 2E B S A SR 2 TR
AT, R B 4 BRAR 9% 114 3 25 1 A R X325 Ak g
N AR HE T BRI, IR S A T 5 0K 5w TR
KHET EEAEH.

UEAE K, N T3 e AR % 8 4 5 | A KSR AN
A T 48K, A3 — T I ok T i — 2B O K
AL FNVERG L . N, Bi % (2023) 4 THRT AT
R HE AR 1 5l R G KA AR 2 AR T A TR 4
JEFNAERR B SR Tk e . SR, (EARE R
A&, AT T4 BE AR 3222 1 R AR f il
T, 6 A K D R TS R e 3l g 2E SR 2 40
A, 438 &% A B Neural GCM B8 B KSR 30 4
¥, H#s B Bk 3 5528 46 197 71 (Kochkov, et al,
2024) . X —EHRY], KRB A ORI Z 1R
TAERI N T ReBL AL, HE Bl 22 B S R 40 5))
VIES R YNLE I IE ¥ N N N & 9 | BE X0
FEHERE, W] RBTE AR K 51 R SR # AR 5
5 s KA RS T2

WK KAz 8 W B RR IR 2 =4y 2 —ok A H
PR . BT HOE B T HUMAE N, 3 EH 2
SR 38 S 0] DX o B 2 R AT AR R RS Bl
NV RN E PR 2 i A PN L M DN
SR Z RO, 5 T Y LTS s RE
SR 119 638 7K RIS AR AR, TR I M R T R is
3. KiIE b RREEZR BT XFLHT
UL, W T KA T Ak .
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T e St (] g Jt) A2 T B B ik dse L TR
SR R R B, 5 R R BT L AR R e 4 R
WP A i, % KA Bt A R A e B A e ) i
FISZIE . F O 20 tEZD 50 AR 25 IEAF (1956, 1957,
1974) FF 61 7 98 e R R 7 LAk, G538 0 75
e I ARRAE S H R AU s ) T e T ORI, R
g 7 E BGRR[0 R
RS 1 Jr A TTRk . A R R E P
(14 35 3 5 38 RN BT S8 A O BRIS AT IT, i R K
FHRA AR A BR B 1 520
51 KREMFEHz)AREMBANRENEX

HiLHR

TR 1o B 2 W0 AR i T DAABE 5 B 5 A T ——
MAFHRE 2B S m . JE CGREMES,
2023) . RROW K Fili 9 B R4 v st et v XU i &
A B E s IR T Y B AR B, 5 A 56 R RRATE R
i AR ], 2 2 R AR PR TR, AR 25 Uk AUl X
B, DIV A oty 60 5 3 e Dt ) i B O 7 DR i R
&, T N4 BR A R 2 Bl A AR I 2 R K
(Liang, et al, 2005; Wu G X, et al, 2012a; Wu, et
al, 2023),

Xof ORI 52 Wi 2 AN HILAR A P B 3l 5 3 /Y
INIRTFER 1 (Queney, 1948; Charney, et al, 1949; Jijl
R, 19515 A 550155, 1960) . — ZR 5 HLS #F 5% W
78 1 Ll KOS R ACER I 7 AR AR Y A% 1 R AL A
(Queney, 1948; Wu, 1984) ., Bolin (1950) fll Yeh
(1950) ik B KA 3 %8 HuJE /K P RUBE 3R & flUss A
he V-4 (1958) T Je Wi 5% 1 M 3 B A% i %o 2 8y D
PP A Z R o B TETE (PR IR R ) (%
B4, 1960) 155 = 2 v Xt 78 = SR AL ARV R 44
FIHE R RS it 52 el (04 S 9T B 98 T 4 T [l

RRUBE HIE By 7 538 A AA g 5 38 A AR X 5
YEAFE R 22 5. BB HTSE (Held, 1983) 48 1, 7
FEA SR 5 B A 4 2R P AL AE ) LG T 1R
B, &Ko T e Bas, e
$4 5 H I8 300 B0 B 452 3 A Bk O FEAH 45 L TE IR
= R AL T RCSE . B TERUIERY TP-dipole 3R (W,
et al, 2007), w5 £ B 5 25 AT Y “ IR — " S Y
(998 15 e AL %) 52 e 85 VAR OG o 7E B A SRAR 55
I 0] 2 4 B T A T B R i L 3k R P D i AR
TH Y A IR 5 R 0 A DX Rl TR 1Y) 1 147 7 XU R
B HE o s R R AR AUGIE B o A A AR

597

T 98 2 JRL A0 3 1 /8 I IE, 200 hPa b33 LT %
AT, WA R 0 AR 48 A A R I
TR R ok (BTEXRZMUZ, S =
Ji BEL A 1 S5 0 TS Bl s D 4 3 ) 5 3 K AR T
1) VY Fe 22 KU T e — 2 W 1 L S 3 AH X 38 ) a8
AR Z 5 (Lin Y M, et al, 2007) .

W45 TE 4 (1957 ) R IR 2 0 Il BokE, 3H58 T
KA R A& 48 075 s i AE 2
T KA I, DI 8 I R ey — 1]
AR, T R R AR AR IR RN R AR 5
M)t DA IHE B h AR5 E S R I TR A L R Y A
FERCRAE (9 R4 2% ) (M IEAE, 1979) firp
A 2R . 7 98 TR 0 6 T I A KA i
FETEFAE ] (W, et al, 2007) . 75 i 25 J5 1 22 fn
PRI T X b 3 0 A KA A FE A A T
DX 31 AE 7 R e DA 1) 2% TN ARG AR T A L X b
BIHIMIA 2 DFHEKIMEH . H—EX KRBT
e o b 3R B 3500 KA TS B2 B T B )
it WA (5 EHEZE, 2000; Liu Y M, et al, 2001),
HORBEAE B M 4—5 km B AL T 0, ZEH T 7
WIh IR A2 . EFTH & R 2R o, x4
BAJETRA 234 300 hPa (Yanai, et al, 2006); 1M 7
S JE X, X ANV G E AR 500 hPa IR . H T2
Xt JR B I B TR AE R TR o 3R TR
SR T LA B SR WK 40, PR A B R R A
KRAPWIBEIRIEESFHEMERFZEs . BT
K TG & B 78 KA, 5 RAUR)Z 09 5505 1 AH YT,
T g DA 370 A ) 2% TR RO O AR R — R
g 7= A 25 A SR I B AR T, B TRV R R
N, HGAF- £ AR R B (BT 1, BB 45 ) .
52 XMREXRSHEN

TEAR M0 A 1 R ST it R, 75 76 e it
A E) T AR R G R AE (M OE, 1979; 33 55 55,
1988; B v 5 5%, 1999; 5 [H Mt 55, 2003; £ #f 1%,
2009) o T A R R M O R AR I | SR AR
FRAE . Py sk AR RS B R A 5 L A T — 2R
B SCHRR (B RE 4, 2023) . FEA . OF
o JEL K i B B EL AR ) BE i T A T L Bl R
i 2 i b IXC R Ry 4 BR IR 2 B2 AR KRR G 3
FA L QF S IR KRG AT EA '
FRER[KMNEFERG, HEA RE, RHERE
AEAE G| & B 2 2 W 7 4 R UK B LS
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Fig. 1

Distributions of differences in wind (vector, unit: m/s) and vertical velocity (—w, shading, unit: x10* Pa/s) at the 6=0.991

surface from the perpetual experiments (a. influence of sensible heating over the entire Qingzang plateau surface, b. influence of

sensible heating over the sloping Qingzang plateau surface, c. influence of sensible heating over the top Qingzang plateau surface; the

rectangle indicates the mountain domain, a,—c,. experiment designs, a,—c,. atmosphere motion, a;— c;. mechanism interpretations; the

orange represents the terrain, and the bold red line indicates the prescribed surface sensible heating; adapted from Wu, et al, 2007)
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GEAAL BT UE IR, (2 A I b o P ROBEXT IR &R
G KB, KA T A R S Gl R
2:,2002) . RELLLZ(2002) 45 R A E
PR R S PR VU R IR AR RS, TP KA S e s, K
LR Wi & A BN KRR . Wi S 55 (2004) i
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TR A B, JRRE I TR S RIUE RS
M) (7% R R TR AR SR . Xiang %6 (2013)
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ST T — KRB — T ol — P B 47 53 6 A% v DAL 5
SR R, A5 BT R 5 AR 0 R 5 I 0 A
AR R KA 0 35, s T AR AL A R S T AR
RO B 51 S8 YA DG . T = B I8 5 G e R
Gl KWK ERS, BAEET . K. B
Ko ZL L 5 A L AR FR1E (Cheng X D, et al,
2016; Chen, et al, 2019) . & JE YIS 28 X% T 75 8 5
JE K T S v TR XA R K R R (A
WUAEAE, 2013), AR 4y B S il o, HL 7 R AR
ek K S B R 58 B R 1 46 24, ] i 2R W R DA b
R K K< . Zhang X %5 (2016) & L 0 = J5 e D)
AR T HL R W SR 1 R AR AR EICRR S AR 1, 8 v D
BEY) AR 2R 51 % 2 W =R 1) & A AR RO T s A IR S
50% LA b iy R R D) AR R BB 5 R BR TN, I 40% 975
R e i 2 BN T p e DR D) AR 2B R s R A 1) AR
L5 H R 6—8 MM B EA BTN LR,

FE T I HE B 00 I o 4R 4L T o D ) i
KA B PR GSFE . Wu s (1997) 2 H T 5
RHA & B (SVD) #it, H T REhiss B B B s iy
RS T 1 LR R R R, R AR R
ARV o BUE AR B« VE R I 0 A R B
NV O = (1= 1 B4 R S SR o - L= VAT RPN (e i
A Wsh 458, IR LTS S A B, BB
Bl I IR AR R 6 T A B R N5 | R R B XHRE
15 )2 (300 hPa); W HARE A A A A1 24 B FH R TAIR
JE LR B, A0 JE A R B, X P R TR A AR
KA EEAEN KBRS, 2014) o P51 = 5
T TN UL BF O E AR S R R RS R AR
SR IR, W A S ] JE I DX A R 3 R
5 R R g, AT R R R s R X
ol =R VAR I N T G = R R 2 N S S ST E R
o T I 1 7 W 3 22 S RRAE (AR IRUAE 45, 2018)
B 757 ey I 2 BB SR LAY B ARk, v
I Ml R A i FE T, AR TR AT AL 5 i, S
1 A RO A 5 2547 10 T 2 7 R A A A YR
o JEIRIE R, B 2 R K, S A R 4 TR B A
i A0 00 Hp oL B SR R RO E— 20 R R Bl KR 4k
SL i) AR AL R, AV T U b X e 2 AL
- 9L B B R K R E sh i B, BT iE s &
&, A S BUR MK &R (55, 20205 W, et al,
2022), Wu 55 (2020) 78 $2 H A 168 T 44 A ABE 2, 0 B
T4 2 R O L i 3 B 0 6 i B A A A
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FH, RE 6% 35 5 = i 2R 0] 2 2 B 30 457 30 4 5, 3 g
SR )57 168 7E PG RV ) R iR % i BRI JE TR
JZ R V2 L CNTTR VA, = A= B S O E N e -
P LM 5% e 7 9 e i 9 R M XA R i K S R R
F L RS s T G IR SR
FE AR RE B 2020 4F B 25K VT3 J L Ve a8 A T R K
SN B AR L R AROR B B IR A AR 1k 1 JE
(Ma, et al, 2022) . 2020 4 E[J & 1 4 B8 K H X i 5+
B NPT 28 00 57 5 B AONE ] 75 80 5 5
%3t 2 KR, S B 2 5 SR R 400 hPa 22 1]
Al 2 P A Y T R B R R, A X A R A R
LI RGeS TR R E R . SR RE R
o SR X6 I A R AR 00 M 2 R R O i, 5 2 AR R
N R A TS A R T AL R G R T
WOk TR X RS R (R 2) 6
5.3 XTI XX IS %A $20

O BRI AR R E T AR .
5.1 BRI, & I b IR (%) 30 77 5 38 A0 ARG 38 X R
SOEF W AR EE ., A2, SR IE R
TLEYBEES . i SR, W 2E N EER M N LLE
S 1 DA X, A S /AN S SE B s A
TR T L, A T R A6 R A R S I 22 A U B
et o D P A I T O T b A % TG AR A Sy ¥ ST O 1)
P %, LA T 500N AL IR 22 3K 14 K(Wu, et al,
2007) o [RIEF, A7 40 £ B B A<CO0E P i 2 35 Jai 7 7
PR AbT7 98 23 A1) A %, T R 00 D04 B 3 25
A ) b A ik B v B2 B R b [ Y e X X R R
L3 A TE 78 K2R K | R B BE 2 B T ZR L R
M AR A AR H EZAIER . K & A 4l e 1E
QA b DX I - i - ASOAE AR, R S IR AR
TE 25 AR 2 iR T (I N B 2 AU 2 X R A
% (& 3, Wu, et al, 2012a; Liu, et al, 2013) , HZ
H T 5 KB e SN A D 22 U 3 1 R AT 1l DX Bl
WG 1 B M PR I, R I R A
JE A H AR T/ VSRS T Uiz ), 5 R R R BT
TS B[R AR SN, R AR bR R O B T
FLAE, T AE AR TR BN 2 R 2R XA (W G
X, et al, 2007, 2009) . = JFUBAA I T 7™ A 19 A7 i
SRE FE XTI 2R )Z UK B v SRR R L YR
RS W7 N R (ki 2 Sl S O =i Rt N N T}
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mm/h) P E]EEAE (a6 H, b, 7—8 J; i (0B 246 %R 75 #0R JE A1, 104°E; Ma, et al, 2022)

Fig. 2 Evolution of potential vorticity (shading, unit: PVU) at 500 hPa averaged over 30°—37°N, and precipitation (contour,
unit: mm/h) along 30°—35°N during the 2020 Meiyu period (a. June, b. Jule and August; the blue dashed line indicates 104°E, which

is the easternmost longitude of the Qingzang plateau; Ma, et al, 2022)

HCAE T H 1 AT B RN A A, 7 A 4 X T T A
JINE, B TR 26 B e s 10 6 3 J2 T, 78 S 3 23 XL X
P R R Y 2 DX 8 B B L, A ST 9 B 2 XL
AR RE T R B KR I Tz 3 3 i 75 5t (Duan,
et al, 2005; Wu, et al, 2015, 2016; Liu Y M, et al,
2017) o TESE T TR ARG M DX ) 7 R e S
B e DR R AE L, AT R T e B 2R X
AL S A W E Z X (W, et al, 2012b; He B, et al,
2015)

e Ji 58 3E I XTSI P 2 XY 22 s ) R AR 4
WEAEM . R b, JE A ) I A A2 Ak 52
THEARRE RS RS PR RE
(7—8 J ) Y 7 i ey Jit R Fl s 28 RARIUVA
(TPUHS) i %, H H-F-¥ TPUHS 1) £ 3221k JA
9 3 30T o SR R (Zhw, et al, 2018) . 7£ TPUHS
) Jo 5 AR R D B B, 8 T DA 2o 3 R AN [R] Y 2 4 D
W, 5 Hp s £ B DA R b fs Bk Al b X RS
W (Zhu, et al, 2018, 2019) . 4FFr ) JE F I 5R 195
o S AR T N A S O R ) R I v R G . ]

Ren 55 (2019) MBI 58 45 548, X T 1 LT 09 8 B
] ]RUBE, TPUHS 5% 5 5 W &5 R 22 (8] A7 AS [A] 1) X
N O R s T o S PR S e R A A, R i
22 B T 5 R e T R AP B e D b s R A T
e R s T R IV e R K T 2 gL R A AR B 1), VO
S R PG = A A B R RE B I — R R
B, KLy s s A 25 i 5 RS — 2R i A Y
AR (S5, 1964) . F 25 JFEH N H
14 7 0L & A2 b AL B 8% 45 i VL RS A 0 AR A 4
(Pan, et al, 2013) . i = JE BT 25—60 d ¥1 i 2=
N IRZ (1SO) 52 M v [ 7R 35 5 2 R 25 1k sk R /K
SR o W 1998 4FE R, R e 5 B T BRI A AE
FEM25—60d E=NIRT (LiT Y, et al, 2018),
IF 5 A 1SO e[l JE Hl VT T E A BE K . R
i B AR T SR B AR B AR 4R BT DL R 2R GE MJO
(Madden Julian Oscillation) X i 38 &, 37F 1M 52 Wil
[ “¥ 9”7 (Lyu, et al, 2018)

RO 2 WU — AN 1Bl SO BEAE AR A &R
gt , HARBRFARACPR S S AEAR KRR 23k H
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FHTF F i i i e A 25 KB i i eI S T8 (a. T
TR SRR ARG 18 1 R S 98 Bl P%) L, b, R B VE RN A AL, c.
S AL T 1% 9t P 2 SR W 5 2 X% 2 TR E; W, et al, 2012a)
Fig.3 Schematic diagram showing the formation of the
Bay of Bengal (BOB) monsoon onset vortex (a. modulation
on the atmospheric circulation of the Qingzang plateau and land-
sea thermal contrast in South Asia, b. surface ocean current and
variation of SST in BOB, c. formation of the BOB warm pool and

Asian summer monsoon onset vortex; Wu, et al, 2012a)

T e R L B 7 R A BRIV S (R i L[]
4% (Hu, et al, 2015; Duan, et al, 2017, 2020; Zhao
Y, et al, 2018, 2021; Sun, et al, 2019; Liu, et al,
2020; Hu P, et al, 2021; Jiang, et al, 2022, 2023),
A H R . BREUEESE (1981) DL M Wu 5§
(2003) 38 1 FERL TR T i = IR 4 L HBRERE
5 E B WMBER R, &JEYE ENSO
G5 5N E K S B HRR, &5
SRR EE “AFR” (Jin, et al, 2018) . Wang
5 (2017) RILTT LS R4 L BB 2 R g
Ao I AR v] FEEE R H F, 5 [ AR R R
K Z (B AFAE 3 X 25 S < A7 L Hoh 3 0 R R
A FE A S e T v e A R
BB R, S B0 KT b H I S, SR 20
DX PG JRL I Ao T, [R]EHICZ KU 11 S fdi AR b
b DX 7 A i % /D, RV I B ) AR R G £
R B2 R o b R K T AR
(28 E A, 2016; E#R4E, 2016) . H. HEH
S e R BP B R ) Ml R BRGE  AE E A L R T
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R 22 W R D E Y 25 XL ( Zhang, et al,
2019) o g V. i He i B S i R B0 VG | AR ER A AL
Pom B GREE) 58 7R RO KRl 28 2855 5 1A
—HN AR, 5 s AR B N i Y
7= XU PO RS S 5 ¢ R % U1 (Zhang P F, et al,
2016) o iR ZE AL K PG ¥ BR U S5 %) e 2R XL 2
THEDE | 2290 2 [ TR BRI R A i L XX 5 i)
AW ZE A R R (Wang Z Q, et al,
2018; Yu, et al, 2021; Jiang, et al, 2022; Liu Y M, et
al, 2023) . {HFFZF M2, & EURITE 2 KUE i
T AR A 1 O AS 68 ORE 7 2 XU [i) 22 £ v i
PEMEA . Ma % (2014) BB R, ® W5
Hb T M 2 PRGE B G B e 24 3 2 XU IR G R e
EV T 80 e S A B PG 0 %) R R e B AR
% o H 2T R RO AR R B S - K1
B G X N EA HZ 5, 2 H 2= APO 45 i
[ R N S A = S S R Nl w1 S I 78 9 3
KA D AELREK AR 22 . B 2= XU R K e 22, [
AF PG R P 3 R0 U v b XGRS 1 2
(Zhao P, et al, 2018) .

AEARTR B ] RUBE I, BSR4 1 7 70 e D B A o
JETE 20 HH20 F5 40 08 55 5 B0 T M T ASE A I RN
PR R R ek 55, 2T R R A p R T AR I 2 R
Ko 7K S i K v 6 VY b DX K S R — A T
Rl SRR A TE G2 I BTk 55 5 S AR AT BT IR
MR BE TR A OC Y AN [ 25 BE Y AR X A1 3G R A
& (Liu, et al, 2012; X iiz ik 55, 2020) . Lu %
(2020) B & 1 53t R A8 A b AL R A RS AR
IRV A 3 70 AR 2 (T 50 i 18 4 2 UK 7 3 B i
B0 R B AR 0 B 2R XURE K ) Hh Ol B R A R
YERL, Sh 3 s 2R 3 2% A2 AR B 5000 7K - 4 1 1
B S . b, m R LS R - S AR AR
FHAAS 75 780 5 i Jmy i [ 7K ™ A= 52 W), 3 fig itF — 2
ST Yl DX R K e R P45, 2023) .

54 IEEFMERSIENEI

T e L 04 B T X A A A A T 3 PR O 8 G
3 (An, et al, 2001; Wu, et al, 2015; X 4 ¥ 45,
2022; Huang J P, et al, 2023) . Yang’i‘? (2020a,
2020b) Fl Wen 55 (2020) REEHLWFIT T 75 96 = J5 K
HiIE % 42 RO AR BE FK YR 53 A1 B 52 ), DA SO 42
BRI ARER PRI A 52 ) v D e R R LR B
DU %) Xt 388 35 b DX 7= A EE A RZ e . 1
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Sun 45 (2012) F) FH ¥ - A% A 45 R 1 5 78y Jit
6 T A v B T R 7 T T 1 K TR R IE R g i A 4
MY FE IR o R VGV 28 1) 0 2 A 2 4 3KV R B K T
F HE AL B, B PSR BE TR E T A BR K A 3% Al Y 5
JE o R Eb R FH S M R 2 e i R s TR R, A
T 425 (2023 ) KB, KR0S IR il E Ik K=
AV AR, X Rk AN B, bR ERAR
T2 IR U 1) AU 2 ) PR R R B S5 R, — 5 T
W > N N ) S S QUEE P Bk
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Sy AME T T AL P R %, AR T bRk
T B Y e T O — 7 i, AR bR R
4 B 2R RAE G, KA KIS &R, def ek
AFIEVS T4 . BF9R 3R W5 80 SR I AEFEAR 32 T
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N e R R G LN W N R 2
R AY EE ST, DA b Bk R A B A A T
ERDTHR . m IR AETE, Fe e B 1 [ as #y iR
I8 FZ MR 7D R VIR A9 43 4 (He, et al, 2019a) , I
55 1 R IR KB B R T R AR U B, O HL AT DA
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A, AL AT LR 43 7 Bk A TR A IR A O, MR
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1o DL SR 8 AR Ak e T [ IX R A v R
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BEINGR, KV T Uiz g « 5T R, Mg
B - K- %5 8 (APO) B4 (Liu G, et al, 2017);
2 APO N IE A A S8 B, 4R R LR R W
P 58, AEK )2 S0 9 A i K AR R ST 1 ) ARGHT R
5, 190 T I 5 Fe 5 KO T AT = R 2 (R AT DL
i APO FHEBK AR . Lu 55 (2018) T UM B i ik
95, WESY T R e SR A B R i SR
M, B i L DA VY B 1 DX, R BIDEPEE . mE K, JEAE RN
JERVEE. Yud5(2023) BB FICKRIGHE =¥

Acta Meteorologica Sinica %R 2025,83(3)

T IR S A R 2 i DL 9 T P XU
T 5 00 7 2 e 2 SRR T A 2 v SR R T B G
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YEFI B9 MH . Xie 25 (2023) BUBFFE 35 1, 75 AL K5
T 1V - B ARG v Ak A — T R s ST
AT AT 0 MO 2 3 4Bk

6 PR 0 R 0 AR AR

AR AR A AIE I 2 PR A b BR A AR K Y T
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85, 1997) VL R Aedl  VEHERIVL RS 3 A~ HBIX 501—2000
A 1Y B K 48 U 51 ( Zheng, et al, 2006), & P46
7 XX A AR AL A7 AE 3 B AR — AR — T4
RO AIAE Ak, (5 H B A0 X sk 22 5, it 25 2000
AEARIL 5 VLR TR R G AR A A A A AR AL . AR
P 500 AF 114 s A B, v B AR S bl X T AR
T FEAE 2—5. 20—40, 200 J% 400 a %5 £ Fh 5 4%
P (KR KA, 1979), H 7 52 i 0] o [ A 5 2 12
PR AT B A e s AR (E R4S, 1979) . Yang
FE(2014) MU b A . FIARFE W EEAS, 5 T
PG R SRR L O 25 3500 4F 4 K 81, 36 I A
I 50 SR IZIC S IR 1Y 50 a, (HIE L T4k &
J B8 7K AL 55 0 o 2 XU B AR A TG 6 . B TR R
BRI Bl vERk, TR (2000) EE T 1880
AR DR v [ AR DU R K R A, 4R I AR R
] A1 A 7K S (A TS B i #44(0.1% / (100 a) , {0
FE7E 3 B AF bR AP AR PR IR o 20 22 80 4FAR LA
S v ] PG b i DX R Ak ke B i A XL
2002) . AN, J7 s B0 Ao e it S A =R, R AR
oty 1 R U Bt AROR B A B Se 1 RR St = 55, 2014) .

[y s s 39 A A Ak 1 D PR S R B UA 4 T B AR
WM A E . HEEEERESR
o A5 Ak B B AR 5 30 R 3 B K BH S Bh A kO i
5. NI s B A HEL CcOo, FiRE
SRR I, B i AR AR R Rl K R A T X
AR A b ) FH T e A . — LB B 5 A BU(E
B YA R T v g s A AR A B L
Liu %5 (2005) F H] 4 Bk i -S00 A #E 0 i 26 T48
F14) ik A0 A5 401 235 S 55 o g 0 o [ o R A o A L
HEAT T X EG, TA R K BE TG Sl R kL R R R
20 et Zai b EIR AR R ENER, MTRKURE
SR BE G T AE 20 a2 AE B R R E S AER .
Liu %5 (2009) 38 5387 T 2 25 47 42 5Kk 22 KUK K 6 4
I DN L SER L Dy Wikl 3 NG LR
1) F0¥A 1T Can /N oKk A ) AL 1) 4 1R 2 XU 7K 4 31
Z R D o BT Lk R ge A O] i & AR Y AR
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B, Man 55 (2014) 20 B T A2 BRI 222 FTRE K
X R LR K W 7, % 3K L 9 & T R BUR T
KEGAER R RIR IS . LAh, £ 1E 4%
(2007) F| FH —A~ 45 52 = 7 B 1) sk 3R e 8 =X 1Y
B 5T 6 W, 3T 300 47 14 4 M 1 FH A8 1k 38 i A=
Py Hl 3K 0 3R At 2ok R X A T 5 R AN 25 2

D7 S 3 O A A A 1 b R AR AR —— R
— 4%, T LAAE A Dy sk B E R, 4 A A AR
s 2o . IR 1 TTAERT R g 23 e R
— AT K, A Bk A DA R L W Dy B AR
fiE o rp A% R U B A A R 2 A T A
B (B4 25 8000—4000 4F ), 34 i L BAC &
252—3°C, Hih 4B 190, KILm s 2°C ., B
TR 3°C, TR R 4— 5 °C Gt LA, 1992) ¢
45t DA I ST 400 ] v ] O 43 X 1) 2 AR T
DX R 8 5 T AN AN fhd 8 17 EL O 3, 4 1) 32 2% XL i
X 38 ] fig LA By b ) PR 4k (22T AR AR, 1990) o
{1 % (Cheng X D, et al, 2016) M # % ( Yang, et al,
2021) 5510 55 1 P 28 R R LR K 4 i i 1 D
ol e A 2 ek 55 i B, (ELBI I iC % (Chen, et al, 2008)
7R IR AR X4 TR AR A 3 5 2
JUDKCAS [R] B E 4 5 1 5 1 i 4 5 A X i
i P NG R ES I S R o ST | U E 2 B = A = S
B AR 0 2 XU K B 80 BE R s ks 1Y 4 5
AT LY B A 45 Mt B0 I TR S 52 4 A TR
(An, et al, 2000) . 53 4b, 2 B A I A% — A4 FF
S 1 L I 5 B2, 3 M () 0 A A 22 ISR B 1) % 2 D B0
AR ANERE , W7 B 35 (2004) 3@ i 40 Ar il 1T
ARk SRLRT B AR AR T FR i sk 1Y b [ €Y F A
B3R AR SR 29 1300 a 19 T4 R
EWsh, B S 2R B A —EmFE L. A
P IC s 1 ARt 2 R B0 AR Y T 2R XU
55451 (Wang, et al, 2005) . 455t KBRS AER
HELE A 5 % 25 R R b Bk E 2= K B4R
SP¥GERAA G, Fln, =5 SR EELHXT i)
( Paleoclimate Modeling Intercomparison Project,
PMIP) i) 2 45 U401 25 SR 3R W1, 6000 4F Hij A9 4 5t
THE 3 B 2 I 52 2 XU 52 2 R B A8 S 8 o i 44 5
(Jiang D B, et al, 2013) ., [RIH}, A % 1 A 48 %) f2 1
U I e R ) 2 b il L RN EF e o £ W S T = 8 <]
% J&(Wang H J, 1999), 1 4= Hr % F 444 1 h 3]
it 5 db KV ¥ T IR I A8 fB A & (Wang, et al,

Acta Meteorologica Sinica A% 2025,83(3)

2005) .
6.2 MIFRFREAANSEZHKI: FHUD

55 DU 22 02 N 24 260 T3 AR T I IR & 4 1Y Hb BT AR
R BT ) — AN 42, X — I I b 2 BR v 4 R vk 35
R, AR A LUK I — [ K A PG 240 e . P
AR A5 AR o B P AR AR B L L PRt A 5L T
TE I T TORR LA R b 23 v 1 A 0 35 A7 55 Hi T i S
RENS 4R (it MR SR Atk A G B . A
ZRA (1985) R AR 1 v [ 2 3 S e 4t 1l i+ R
B B KU B ST T 8 - R3PS, R T
w55 U 20 A R AR A D7 S, R B T8 SRR
i 32 8 10 B0 AR oy 2 KU AR (&2 0 AR A, 1991
Liu, et al, 1998; An, 2000) . LL# 4 ki B fif R AE 1)
it 2% 260 J7AFE I AR A 7R XL 4 Bk K i A7 AE R T
PR IR 2 78 4k, I s 2 YR R B A S A i R =
1, BITE 160 J3 4F1ij Ji A% A 22l J&] 391 2% Jin % 78
4.1x10% a iy £ T J& W], 1M 7E 100—80 J1 4EHI 5 M
4.1x10* a EF W] 10x10* a FEF AW A , DL
B -7 R A R T B BT AR s 0 AR W 2R XU A
7R TR 7 Ak B H T A9 R AR R I s [R] A 2E Ak
(Sun, et al, 2006) . & T & + 2Z 4, T HE A %
(Wang Y J, et al, 2008; Cheng H, et al, 2016) i &
UMb Ae s T 3 25 L T AR S UH 2 R A 7 s, A
KW R TEE Br B4 3208 H o B, >k Bt ph
PR = T A BRI Rl % T k& 22.4 T4E
2537 ZE KU A8 Ak (Wang Y T, et al, 2008), KW A7
80 il sk 2 AT L gk e 2 ik X 64 T4 (Cheng
X D, et al, 2016), f1 5 ic 55 1 Y 2 W AS {6 B A
2.3x10% a iy E AW . X 13T AEE T AR IK
39— 18] k) A e [T, A 45 BE 4 12.8— 7.3 J7 4R Hip
T B Y B AR R (B VK L 54 7.3— 1.1 TTARRTAY R
WK DA R Bl 1.1 J3 4 DL 8] 8 1 42 3 i, K
iy 28 XU G AR 1 6y PR R T Ak ™ AR T R Y o
YER (21, 1991)

FE 4t 2 i e B N A DY 22 G R R
AR A AR b R TR 32 A TR A SRR L, 2
SR VKA — 18] K B 08 20 76 R e b X ) R B . R
B, BE 5 bR BIE A2 S5 R 0 H SRR A G, W
S apkokh, Bl Rk ekok s b g %, W
AR 2.3x10* a AU, 3 5 BN N SR X 2 255030
B 1 3200 % (Wang Y T, et al, 2008) ., =1t 28 J74E
114 Wk A8 B AP 8 B, 4k A B 2 XU X 11 2 KU 7K 1
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B 2.3x10% a iy % 22 A 9 H 5 HE 7= H G A 1E 1R
AH A7 28 4k (Kutzbach, et al, 2008) . i 15 JT4EH)
Wk A5 AR HDLE 2 B, AR I 2 IR XA R T 5 X AR R
JE B AR K AR A 52 8 22 1, (HET s (5 35 2 %
2238 3 PR ) B 2R (&2 ) H 152 ) B 2R KA I (4
ZEPH KR M SE LAY (Li X Z, et al, 2013) . Liu %5
(2022) R A & 7K [R5 2R 431 4o A8 1 4 3Rk AR e e
K TERL AL & 30 HAEBREBL IR LI, & 225
E AR H A H 5 AR Ak i i R A 2R AR
Rk 850 JR I PE AR [R] 0 A8 A AR AS S AL, LT 6
B BN . L, DAREOK 800 VBN AR H
FEARAI BT A AS AR AL S 75 43 X 3 A1 41 2 5]

Y T b 3K B0 0E 2 800 1k 5 R Y K BR 4 5 A2 Ak
B 3 5 38 R 2> 10% a B E 4x10% a, 11+
L BE BE AL 3 A A8 8 B AR W R RS A TE R
80 JTAELISKR LA 10x10* a JEWI R £ 5, BN IF 4 BRVK
AL — 2, R AR O o 2R X, R ) A 2 XU 72 5T
% 3| 4 BR ok & 098 # ( Ding, et al, 1995) . 7E 2 H
AR B AR B VKN i 25T, PMIP 28 A4
25 L 9 R Y B AR 2R KA AR I 308 55 (Jiang,
etal,2010) . Sun % (2015) %54 &Rl SIS HTE bR
VAL 25 S 45 1, R 5 2 IR i R AR 4k
S5 2 H BRIk EE & KA CO, MR B 55 i A kA 25
ARMAZE R . Sun Y B 55(2022) FZEE 4 iTik 3
HH, AN [R] AR 1) A AR P 8 s X T 2 R I 7K 4 AR A
L F W U AS 6] 1] B B A E 5% s 19 A 5
255 o AE TR T b I TRk A R R
T [ 37 28 =5 B2 0 1 4 3430 RN A7 K A8 4k, PR L
A BEM 10x10* a JAGE [, 10 41 55 4 [ 37 3= Al RE
T B W AR AR A, B A 2% 10 a B S

S U8 SR T R AR L 2 A, AR E R
A AN R o 1 R A b e i o 9, B AR
BT I WL A 45 3 4% Z2 X (Porter, et al, 1995) . &+
R AR5 T B e 1) 2R W 5 22 XL (Guo, et al, 1996) LA
KA AR R 2 BT I B ER EE 2R XL (Cai Y T, et al,
2015), 7E AR U oK ¥ & 02 ARLAE V8 v |l X i 30
AT A1 R R 3 PR v I 72 A, R ) 2 B PR R
A LA 2 R AR S . SN, AESR IR K
THIARF S TR T R R EE A 1.2 AR S BT —
RARRME SRR T, B “H il R” Fef . ZFp
AL S R BN Lo AR SEAEAE A [ DX 3
A EI TN, 1996; Zhou, et al, 1996), 1 24 i}
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Hh ] R T A 2R B AR 1.5—3.3°C (VR S 5B 4%,
1996) . BLAh, 7 R vl BOsifid st e s, 14
3—4 7 T R T AL 2—4C, KA
4 WE BAE UL E s, AR — IR R 1 2 ZE K
A Gl SR, 1999b) o “BA R LA 7S¢k < Bl
LR A A AR Ve S B R SR AL R P
ik A I U 559 4 Ao R ] RSP XU I T A% 328 2
WA . B0, Zhang %5 (2021) ] - R A #E 20
S8 3k 2% 4—3.2 T3 A AR I AR UL 56 &
HbBRFILIE 9 38 RE A% il & R P T AR RO AR SR AR
FAL 3 BN o 7 9 R 4 4—3 7 AR R AR
Z WK 1T 8 5 2 22 51k Y 32 2% K PH 4 5 15 o 7
o i, DX A DA R A G Gii A XU, 1999b) .
6.3 MIRFEANSIEZHI : FHER

FE ML BRE A IO Y 46 {24, BRI & T
T—FIE KM, BEER W K4, N 6500
T AETGTT Ui Bk 2 A DL 7L s 9 g R Y
JEE R Ry T2 R AE 11 S5 8 Hb AR —— A AR, B
AR AR AR S FOR AR Y (A WE T
— b AR R L bt A e BB AR LA 1R
Wio B A B A AR S O & A o R ARV
58, 2005), fEPIIR VK 35 & J (X AR A= 55, 1998) Al
8 5 DL A T Ot XU, 1999a) YA 5 1, AR
A S BT, RS B K- R LA B
KARE o K (4 b ST IR 4l 3 W, 788 A rp ) op
B A Bz AT B RUR B, T 7E K2y 18°—
35N JE L — 45 AR Pk 1] A T 52l , Hobp a2 Rt #h
KMABINROET (XNAERAESE, 1998; Guo, et al,
2008) o FE T [ ol A A RN OB B R EE A 2 I 1
A Hiy 5 Ao 3y B B R S s, T 22 (BE 4 6500—
2300 J3 AT ) S Ay T 52T H PG ) AR R b R B
(Guo, et al, 2008), T #r L4t (H 2300 J74ERTLAK)
() 5t AR R v P b, i A Sk 3 1
— Tt I AR R R T T AT AR
REREMEERNEEMAELE, FAERRER
i 78 A A A O ) B 2R 30 28 XL R S VR 5 % B, S It
o E 2 T R R IR . BN, sRARIEAE(1991)
R Al v it e T R 2 I A R I K AR I 2 XL Ak )
SRR SR TERER) B =4 X
AR AR 3 N B, T E 4+
T 5 8 28 4 W AR W 2R IXUGR T 250 T3 AR T Y AR P
28 %] (Liu, et al, 1998; An, 2000), 2 J5 X & T # +
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Z T B R R 21 8 4 18 AR S 2 XU A 7 G 9 31 800
J7 4E 1 B4 B A 8T i (Ding, et al, 1999; An, 2000) .
An 45 (2001) 3 o 2 & B L EPEEVE L JEROF DT
FRUF B0 % Lo I 9 2 XU A A 3 A 0] 4328 3 4> By
Be: BEA4 205 900—800 J7 4 i V. U 2= XUJT 4 it 2R, B
A2 360—260 J3 A HIAR WA B 2= KU B i, LA
K HE A 260 J74F LRI 2 WA AS R K. 2
J , B A S bR B G T B i KA Y R
(Guo, et al, 2002) L4 K [ A AR 9t 7 A8 1 1Y 25
A %F e (Sun, et al, 2005), 7= W 2= KU 1 14 4F- 4% 9k
P& 1 2 2 2200 J7 4 1T T TR — o ) R
Joi o B i MG g SR A, VTR IE STt A S ST 2 XL A
WAL, BN, TE & JE5E (2003) A FH A E R A R IC
SRARTT T AR 2 KT A Iy s, i HR AR I R e I 2 AL
114 7 A8 HLAG AL B B . Wan 45 (2007) A H o
] g 1A S VAR VP A T S o B R I, I U 4 2 JRUAE
1425 1500, 800 F1 300 J7 4F /i 4 L i 3 vk 4 3
H A 300 T3 4R 4 B 28 U] I 58

O T8 A AR Y 1 52 -2 XU A B i T Ak 1 i
PR DA M 5 i 53¢ A 8 3k 2 0 48 o — S MR A M 1Y) R
SERE TR UK 55 B A TR R R e R T Y i T
R (X 7R A2 45, 1998; Jiti HE XL 55, 1999a; Guo, et al,
2008) . TEIt 2% 20 Z4F i [ 25 3 38 i K A A 4R
{EBIF T, TRUT T8 A AR Y0 1 52 - 22 KU TE B
EALRI P, AR b R By SR BT 5T L [ SR i
AW BN, Liu %5 (2002) 1) 4Bk RS AR =X
T A T A R Bt R T G R SR G R B, R
MV 2 JXU L R I 2 XK e i A R Y R B )
7 B e 1S BN UK . Zhang 45 (2007) 38 i
— FR A AR R ST v RN T R b TR 1) B
I UE S, ol A v R R e R T R AR AR
S A A SRy AT L DA S e A ) e X e R
A R AR T E AR

JAEH T A e D A B ST D3 SR N o8
SV FE REROR R 22 Y UE A R B R R A T £
BB, 4 DXEAEE R I b Tt R . ik 1o &
AR R 1Y BB B 00U 56 26 W, AN [m] DX 8 1Y) 4 3 i
XTSI Y 2 R 22 8 AR A 4% T 5 XU TR B AR
PR (R ZR 45, 2013) o il 4N, Zhang R %5(2012)
BEALURIE 5 1 o T 0 A0 b 3 B e g T ) A A R
S B0 v AU I T X 2R I B 2 IR i R b S R K
B A H LSS e T R R S A S o Y i B R

Acta Meteorologica Sinica %R 2025,83(3)

AFEK . Shi &8 (201 1) F AL & VDR 96 3 5 2 1Y 4
Bk A A 5% X e ) el R v D b T b O 9 i
P, w5 B L T RE A8 1 B P P B T R X T AR
KERSEEEDEE LT, LiudE (2015 FH
Oy BER K ISR R AR R B, B bR LA
=g A R A A == [ Y D Qi Y
PRl U 85 DA T B A 1 i e SO U P B T A AN
B A G PR IR o WA K 2R v T A B 3 A 3 P P XL
R R 19 7K VR GE T R T3 R A ) T R A
(Sun, et al, 2018), Tfii K 111 A9 & T+ X o 3 — 4R 3 4
T X R 43 A 2 28 G T ZE A A T (Sha, et al, 2018) .

B AARIORTE & s il B kA T
WY A8 % T i A8 3, F b B0 i R R IR R R I A e £
b i ol B2 . R, AR RIS T R R R TR
A 28007 B, 17 [ Bk 2 R Bl VR A% 1 55 T vl i 4 A AN
b ERAK JE A fk . 4N, Zhang Z S 45 (2012) 3
T H A R e b B A, R -SRRS
B A ADL R Y, LAt S W 2 Sy B VD R
i, A AE BILIE 3R 308 52 0 T AR 2R XU AT BB 25 o] #jbE
Mo XN AR (2019) B — A4 BRI - R A B
BERE AR AR LLSE 5 AN ERAE b 5 ) R GE AR T TR
i 122 % R fe JER I TP TSIV R 8 K R I 2 IS R RN
T AL AR, &35 SR 36 B B 15 AR I 2 XK A ]
FUE R B AN [R] R I 2R RUAE G B T B R R R A
AR A J5 BT Ui B B0, 100 AR S 2 LB o
A #HE ST o B TR R I ARG 2 R ST S R
Fili VA% () 67 B R HAGHT A T R A A AR R] e
F4), TR IV 25 JRL 1 S 7 D) = B A7 4 7 s i 1) 1
FE R B o 2 Y I Bl T 5 DX A AR O T K Rl
)AL R AT B RS B BRI R T A 4, TSI O N B
r 2 BT 5 DX T ) 2 i e D R A 5 2R

AT ] 22 I ] RUBE oy A A8 A AT 9 1 [ st
A DL O A B, o A o e A TR T
AR BSR4, 0 A DU 0 RN
AEAR, I 2 R e R D s SRR AR AR R
A BARE R F B, RGEME R T B A
A0 A RN R o 33 BE A 58 AS AR AL T X H [ X
B D S AR TR, oy A kAR AR A 5 4
T EEN S AL

R R 12
FEL MR Iy 2 A o KRR i — A B
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93 3¢, B TR R0z gl B v 42 A i A 2t B
ZLABLE . KRB sh AR FRIEd ey, Hat # A
PG AT AL AS 8 FH 87 BRL 1% 4 PEA R e o i 34 . B
HARL R LR, ok s £, K<
HRVF 2 E RS, LR | FHLZE S K. VIR E
B SARL RS B UM G . I, IR ABESR
LMt KRB T2, A AA B T 58 6 b 2 i K=
1B ) AR BT, 4 RE S R AT R A T £ AL 1Y
RIS A ik o ATy A v (el [ A 2 R AR MR
BN 75 SR A I R, EE A AR R AE L B
TIRHIE . S ARt S LA 3N L AR LM e R AE S
AR Ak ARSI IO | BH ZE TR 2R M o 22 DL AR
JRy#P Lyapunov 8 £ 55 J7 Tl A 5% i2F Je .
7.1 KRSFEXMINFLESHE
KRAGEENAT FIRARL MR, Kz 3h it #
MG 5 AL MR UIAR G, AT LU AE Ze vk 7 18 20 )
(XTI A, 1989; HZEAF, 1994; ZEHF-4, 2003) .
AN, REZ 0 IE o i T HE ) B R AR R AR b R 3L
M (ZEZE A, 1976), JE 5 A AT DL S5 —25
B 5 k- 15 95 5L 7 F2 (Korteweg-De Vries, KdV)
JIT 4 3 0 RARAR ST U (22 2 AT, 19815 22 22 A 4%
1984) o KA () BH ZE w5 e AU WA < mT L 20 3
DU ST P fife R (SR 20755, 19805 XA HE 4%, 19825 %
T, 1999) o KA sl Y45 ] J7 B2 0T DL 4645 1)
LM 3l I R (B85, 1980; A2 & AT, 1981; X
A AF, 1982; R4 R4, 1984; {24, 1985), H
I AT DA 2R e T 5 b 3R O A v 0 =l e D T A () =X
1% %, 1982, 1988; Liu, et al, 1985), fifi & K4k

AT WA AR E S, 1982, 1998), [Al A, X1 =33 45
P& T AR e U Ak T AR SR AR 1 RE T LA (5 R R
JF % (Fu, et al, 2001; Liu S K, et al, 2001), L i1t
D7 3R AT T AR Z2 38 2 1 v Ak B 1) o o ) 4 i A
£3,25% JE 91 e, I 4R45 T i Lame PR AE B9 £ 94 4
i f#% (Liu, et al, 2004), $& & T X Kz o)) FE A 4
¥ ) SR A T 1 5 S5 R ZRE MR

KA iz 3 BE 2L il M 0 36 ot B BE ML
B4 3h (8 75 B, 2005) , B x(£) =x, () +x'(¢), Hrp
X (O PEF A, x' (O REFEHLIE S . x'(0) Bk
A %5 72 46 5% (Hasselmann, 1976; von Storch, et al,
1999), 1 B K 2 4 5& (Hurst, 1951; Mandelbrot,
et al, 1968; Bunde, 2023) . i T3 Fr K2 3 [ it

607

HA e S BENLME, X205 Bk e F i K AR e A2
PEM T BT B85 10 ik S 3 F IR AT . X
A BB B UL, 2 FE 43 T ol ik B 4
( Multifractal Detrended Fluctuation Analysis, m-
DFA) 2N LA R 5k, AT L il
{2k F2, n] DL &k id 1258 FE (Gong, et al, 2023)
T Y A R ICAZ k5 B A R L, A R o A
AR 2 T R AR AN B B S5 B X B (Wang Y, et
al, 2021; Yuan, et al, 2022) . JHIEEFA AR5 A
J9i (Yuan, et al, 2023) . fERKBISIZMERE T, 15§
B o B 0 S5 AR HOR, X Gh v T KRR i
PP Y PR B Al 5 4R BT VR (X 20GA 4§, 20135 Yuan,
etal, 2013,2014, 2023), i 7 0] LA R 55 A Sk
5 N 538 X AR TR (Yuan, et al, 2023) .

KA B KL % T Rz sh b5 5, A
PURILE €/ TIR T ICIRVE/=3: & N =i LN N 151 D 7 NI 11
i M O AE AT R M (2R OF- 48, 2008; Ding, et al,
2011; Huang, et al, 2019; Duan, et al, 2023) . 1t Bl
T E O SR BOR, 3B i KRR s 3 N R B
BLAZ R K B e P 5 800 v] T4 43 i (Yuan,
et al, 2014, 2023), i i — 25 52 W] F i PE A9 ok
J& (Nian, et al, 2020) . HLEF2= 45 A ARtk 3h 1)
R GRS 25 0] 4E 3R A RT DA R K352 8 R 48R 5E
A O N A 0T B, 5 O A Y AE BLAS T ik AH
Fb, 482 73F 1 /% (Huang Y, et al, 2023), B KA
i AT T AT IR S AL TR A
7.2 FHIEEZMERMIREESERT RS

fiff 5 Fh 9 2

A 20 t22 90 FFACE, B PR AR Z W50 K 4
51 5 (SV; Lorenz, 1965) £k 14 5 ¥ WF 9% 90 4 12 22
B K B 71 2%, 8 7R 6 T 45 SR A S5 R A 1 ) 1R 1R
2 (Farrell, 1990; Palmer, et al, 1998) ., {H2&, £k
FHIE A 58 KA R A R R B B R AL AU ™ A 3
TR 22 1 AE L EAL I (Mu, 2000) o

v R SV Y 2t R BR M, Mu 5§ (2003) 2
T AR AP 3 (CNOP) i . CNOP #ifiit
it & — 2 W) PR LY A5 A, HLAE TR B 2] 2 A e KA
RANERRRILEYLS) . CNOP E#HT 54k ENSO #
MJO = 14 B9 F5e A6 i 99 4F JK ( Duan, et al, 2004; Wei
Y T, et al, 2019) . &/ F T30 #44F < iE . ENSO
FER BE AR 7 (10D) 45 iy 5% Wil ¥ A< 24 B A Ui
TEURR X 1 e R KA 1R 483 (M, et al, 2009, 2017;



608

Qin, et al, 2013, 2014; Duan, et al, 2018) ., 115
3 ENSO F1 10D =5 {4 2= 7 13 #f¢ B % 1) fe PR 38 K W)
#h1% 2% (Mu, et al, 2007; Duan, et al, 2018; Liu D, et
al, 2018), DL Ko fff 5% AR R i AN B i AR R R R
SE P AR M (Mu, et al, 2004; Sun, et al, 2014;
Zu, et al, 2016) . X T 1E B B T 45 25 0] 45 4 1)
Ui 22 . PREE I AR 2k S [A) S 30 5 e i < S
93 P 2 22 B AL, #8717 R, TR AT TR
PERIFSE b 25 R 4 5 i 1) T

Mu %5 (2010) K 5 9 48 3R B PR3 K 0 4 3 22
) CNOP (LA F B CNOP-1) 41 J& hy 5 i fi PR 186 K A8t
KBERZ M CNOP-P., CNOP-P Fifi J& # 1 F T35
7%t i T e R AL A SR KR i ) S B A, R
A H BRI S 08 /INZ S AL A R 2%, BEAE
R B i v i T A A AR 4DL BB T R B 4 X5 (Sun
G D, et al, 2020, 2022, 2023; Ren, et al, 2023) .
2 LB DXl 3 B A 1 B S B E 1, Wang SF
(2015) & J& T REWE 18 7 XoF Tl 41 AS o M LA B K
S Y 3 B4R 22 19 CNOP-B J5 ¥, il Duan %
(2013) $2 th A 4 Pk 5 38 47 5 1) i (NFSV) Jr ik, H
FHF 5T A [ ofe VR 2 15 22 o 0 N A o 0 e K
ZEA R, IR CNOP-F, T TR T 4245 CNOP-1,
-P. -B FI-F ] CNOP 5&# 5 % (Wang, et al, 2020) .

CNOP-F & # ] F 48 7~ X ENSO T 42 A # i
PR A S5 S e (A A ) 138 22, I At Ul T A
T ENSO #5358 215 22 UK X (Duan, et al, 2015;
Tao, et al, 2020) ; M5 1% HUENE, Tao 55 (2019) &
J& T K78 00 46 R 22 R 2R 22 25 A 5 1Y
NFSV-[a 4k 77 %, Tao 4 (2022) 4% H 5 A T ENSO
T S, A7 RS T A 2 TR R A A S e, 2
P T AF ENSO U o 3R 50 JE /R e i 25 AL 1 RE
(Duan, et al, 2022) . HTHj, NFSV-[a b # n FH T
ENSO SZHF i, HEAR T4 A0 & MRCE (Duan,
etal, 2022; Liu T, et al, 2023) .

AR, FEREE B R SRS 2, CNOP
Bl A N T B A i v SR R TR AR AR
A FARAME . R CNOP-T ik, Li € X %:(2023)38
ST R B 22 B AE S I RS YR T VAR K R A i
137 R BH 2 5 45 T0000 1) s L) SRR X, 3
1o 5 ) Hp 26 B R I R AR B i v SR B
1R (Gao, et al, 2023), Han % (2023) & P XT 7
JZ RSN 8 PR a1 RS R E PR AL R R i v S
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JFERAHIR Z TR, Li %5 (2024) £ WAL F 32
NG W11 BN =i gl N S| DO N =R 1R A e 22 N 7
Wis I CNOP-P, Zhang Q Y %5(2024) %& ¥ b 3 &
PROFIVE PRGE R 22, FERI R AEVOE R SE RS R
[E1] ) 3 o 2 4, SR ™ AR AR U R TR AN 2 1 1Y
FEFE P o X BRI — ST T R S ] A5 4
VIR IR 22 . IABE I R AR 26 M 3L ] 3 300 28 T R 22
BAILT P BR 241, S & TR 2 o R i = 42 UK 215 TR
I B B AR SR AL T BRI
7.3 FLEMEARESET RSN R A

KAFFEETZANEE. 25 HUAER 24+
w7 AGHEAT M EAE ], FEERIEATRRE . 2N
AR W AR R AR (H42i, 2002) o AR
o, AR MR RHI & 5 N BN HE B R Rk &
R e Ty, WA E R R T KRARENE
FePERN ZREE, #E KA A BREEIEIN . T50 F 5%
SR LT EEAEH.

SR 00 5 B 2 A 5 A A Ak L I L N i) R

(B E MRS, 2006a), 70440 (Hou Z L, et al, 2018) |
2% B (45, 2005b) . Lyapunov 15 5t (R £ 1€
45,2006) . 52 A& 2% (J8 4545, 2008; faJRL055, 20175
Qiao, et al, 2022) . i (& B M, 2006b; 12 &5,
2006; 12 774, 20115 5K AR, 2013) S W 90 T
oRUURIETR% P VRIIIES €/ N | 2 i S (1 £y s e S il
E— 20 2 1 I AF 5T A &R S8 Y AT R P (T S
& 2006; He, et al, 2021; Yang, et al, 2023; Zhao,
et al, 2023), i@ i F M50 (CE R 45, 20125 £
JEAE, 2012)  ARBLE AL (EJF L5, 2014) 4 HOAR )
SE ] T4 43 15 I8 B0 (e 39 RS Rk 22 75 RUBE 1Y
T4 5 s (HfS 750 45, 2012, 20135 Yu, et al, 2014;
Gong, et al, 2016; Tang S K, et al, 2022) , H 13
JI-GETH A T AR BN R S8 (FODAS) IE /2 7E
WAl b A R, AR T T R R K S Y
o B M AT S PE (3 E MK AE, 20135 Wang, et al,
2019),

RERARARAE T, AU 57 S R S =
AR AR S, A AR RmBUR IR R Z —
XF TR, AL GE 1Y 52 A8 K I 7 2 AR Y 8 7R A [R] 1)
BT AR AE B 25 ok 0 5 A8 i A, A3 (I
JEW . W B TR YR (MTT) . Mann-Kendall(MK) |
Spearman 3£ %5 (B XUBE, 1999) o 1 J¥ 51 A [A] B B
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) A 28 PR A AIE A A R BB A% T 2 ARG I, T &
K (BG) 512 (CEEARSE, 2005) | Iz BUF A1 3)
FE BRI LI (MC-ApEn) (] SCF-%5, 201 1; 4 414
45 2012; XIBERESE, 2015; Jin, et al, 2016) . FFRML
22 R 3 # Br & bR B 22 (MC-R/S) (fi] 3CF 4§,
2010) . &2 (R, 2005a) , 28 $ I 5020
(He, et al, 2008 ) & T~ J& FlE & (i 9 55, 2012;
Qian, et al, 2015; Xie, et al, 2019) {58 25 £ ] J5 1
o AR, N SRR R Dy 5 R ) B (MG AR
S5, 2014), BDFF R T AR P Ok R 0 A DU L R BT 5
(Yan, et al, 2015, 2016) . 73 7, AR ¥ “ ik 7% # i
G AR AL BRI, 58748 i) — S0 R 3 {5 5t bk
I I A 58 AR T e E T T 5 (G
45 2012; Wu, et al, 2021; 59545, 2022)

e i < A B R ARG A A, R RA
AR AT A BT YA A, JE Tt L
WEREEF 25 0 B B 43 0% 0 5 W o
FHAF B B 75 vk, (B2 ME DL X 2 R 48 A R I hik
JEAM R I 3 Y o BE AL E HE 2 R Bk Bh e Bk g
% A 20 ) L R R G T A B o S R (O AR
2011,2012) o BF XA o 5 44 04 4 30 A8 AR A 58 K 30
HAFTE K FEAH 61 (Dong, et al, 2021) , 55 51| 24 i
o B i I T T A R A DG B e B G (AR A
2009a) o N IXIRPE R A, W G5 R A AR IR AEAE B R
PE(H M5, 2010; R IESF, 2012; BUAEAESE, 2020) .
FL% 1k 1Y ¢ 45 ( Zang, et al, 2021, 2023) , I 4F 3k,
A5 WF 5% 7 J8 T a0 S = R 0 A L (BE T [ 4
2009) A (35F FE AR, 2009b; AEE, 2010) J7 i
PR 2 TR, S i =5 CRen & R T 54) 1Y
T B AL T A 25 S .

7.4 PREIFZLMNWFMIEEMEZREMEEE
A (NMI) #ExX

RACBH ZE 2 7 A A v s 26 B M XA o A R R
FRE i K (10—20 &) R R B S5 H, B H 3
R o X AR g IR A, (4 A S RN B 2R AR A ) 7
oI AN Y el S S S AL N S N R T NG
BH £ T 15 A A2 Ak 18 AL 6T 8L A AR 390 300 49 3 K <
M EERAERERENRFE L. AN 1949 RS
FEW ORIk, FHER S =R C G TR 2 H
PR

Yeh (1949) 48 H T 2 7 DU gose, &%
i DU ) RE EAEUE LT p(RE S8 & m B )
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(Cyp~B), PRI TT LA 26 32t 5, 2 307 DLk 149 i 2
HRHIER 55, 3% AT DU BN AT A BHLZE 45 5 77 HE A 5 44
JEE b X H SR B A1 o BRI B TG A R R A
LB ERK Gy (B=0) 77 . S5 4 T e
JELRMENY, JO Mk 45 Hh BH 2E 1Y) Ax iy ok R N A R) 254
B Ji5 AR 22 24 3 % KB ZE 1 8h 1 24 HLI T B T K
AT, B T £ B, 0 Charney %5 (1979)
P2 2 P A7 25 BE, Tung 25 (1979) #2 A9 b B
W ALPR IS, McWilliams (1980) 2 H () Modons Ff
1 LA & Shutts (1983) #2 i 1y K AR BE it 28 JE 21
. Nakamura 25 (2018) )48 H T 44 BRAR 0% 9% 1% 2
(Finite Amplitude Local Wave Activity, LWA) ifi
R 12 WY Ry Ml KA BH ZE S i e A Y S A X
3 AW B IS TV 245 0L, (BATS T R R
A BH FE 1 A R B D R A (R A A . SRS b, ARG R
SO 7 A RN R B 5 R ASCBH ZE Y 4 4 A0 R A6 % DDA
5, BRI LA 0 3% 26 B3 TC v A 57 6 A A Ak iy
3 o 55 ) A A< B T 5 1 B g KR o

BT RSy 85 %% (Luo, 2000, 2005), 38 i 5
AT S Z LR ERE (PVy), Luo Z5 42 Y T i ik K
ABH ZE A ik BRI AR 2R 1 2 RO A B AE A (NMITD
# 2 (Luo, et al, 2019, 2020; Zhang, et al, 2020) .
NMI #5825 K O A2 B 45t BHLZE 19 J 1 | o 3 N
BaldE 10—20 a 284k . 78 NMIE i, fH%E R
SR EE (Cy) IE HF PVy, BIF C,,~PVy, Tfij BH %€
Ao pAE Lt () X b T PVy, Bl 6~1/PVy., 4
PVy # /N, KA B ZE AT DLGE R 5 Ay, KA 4 )
RO, 18 1 7 B Rk, {H PVy ANRER/NEIPVY # 0,
A 590 2 U5 e K SCBH ZE AR A Y PVy AR AE— D A,
XA i R A AR 5 A B R R R B B R AR —
RRBATELE, 5 Yeh (1949) fig 5 B B 1R
KA 9 02 NMI I8 i G fif B R H8 43 B ZE A RE 7R
e Ml A 14 S5 PR (B PV~ fo 4 FELZETE ) o SR T
A AL fE AR PVy JF 78 L5 /N (PVy #0)
B, B KA BH ZE AT 7T 8 78 A b i X 7= A 27 A
ARG AS B AR 45 B M X PVy 28 /)N, TS A A 26 )3 11X
] 7 AR KACBH 28, 3k 2 A% 4t 1 e i A0 e TG
BB . B NMI B PVy BS 0] DL R 5Y
A A Ak Gl 388 s 5 e DR S B 2 A AR Ak T 5 el
st F, aniE 4 B .

BAR PVy By K/ B4R AR ZE 19 A= i K
S AR BE . SR BH ZE 9 RS Bh 2 B 5 EE AR PE K.
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[%@fw]—»[mmw]—»[ e

B4 NMI BT AR AR b i 5 T 5% 28 1] o7 R B BE
(PVy) By K /INTIT S0 A, BELZE A s 2 F AR AR B 7R 7 (B
[ Luo, et al, 2025)

Fig.4 Schematic diagram of climate change influencing

[’r&ﬁﬁ%%ﬁ]

atmospheric blocking and weather extremes via altering the
background dispersion medium and blocking parameters in
the NMI model (adapted from Luo, et al, 2025)

PVy (R /INFIBE ZE R 1R A7 G, AR 2V B8 o)yt J32 T
PAZRIR
Py oM
K+m?>+F  2kPVy
Ko, URIEARTE R, k226 10 P, m e 4% AL
FIEZ 85250, M2 BH 28 I IR IR, onot IF 2 M i
(Luo, et al, 2019)
1 BH FE IR R /N (Mo=0) B, A
__PVvy
K+m?+F
PR, 2(2) 2tk % i DA A . 2B ZE Ik
W B A, BHL 26 B 75 5 PR
WEEKRAH, TmM) PVy il LR R
PVy=8-U, +F*U (3)

X TR R S5 R, TR PVy il IRIR

CNP=U (1)

CNP:CP = U (2)

1 0 ou
PVy—ﬁ—Uyy—EE(poF,W) 4)

b, F = B Sl L Luo %(2025).
7.5 3FEL M EHEF Lyapunov 35 ¥ & H 7 7] IR
MHEEEMRARFHNEA

H M Thompson (1957)#F1 Lorenz (1963) kT
KA WM IR TAE LR, RR RGP AE
AP A 9 ) 28 B R — S AN i [l sk ) = 52 (22
HOFAF, 2003) o W] g b Ak R AT TR BR
A 4 B AR ST R A . AR AL G ) T TR 1
X, Lyapunov 48 B B & 1Rl & 48 0] 74 39 B2
() — A S AP HEEE (Wolf, et al, 1985) . #RTfi, B T
Al 2 M Ak 3G IR XE, Lyapunov #8800 & X 25T
PR EM KR, EMRRKIERERELERS
1) AT 04 B A AR KA R BRPE (Ding R Q, et al,
2007) .

R vi kA% 48 Lyapunov 48 011 JR PR M, 75 KR

Acta Meteorologica Sinica K54  2025,83(3)

W5 |+ HEe T4 /) M e (L, et al, 1997a, 1997b,
1997¢, 2003; 2 7 V- 25| 1998a, 1998b) fi¥ JE Al [,
ZEHEEE(2006) 3 T AEZR M JR#F Lyapunov #8544
(NLLE) J7ik, JF0E B 7% FIR G R 40 5 A iR
2= 18 K B A (E) A& R B9 M0 AT 2 B (Chen, et al,
2006; Ding R Q, et al, 2007) . Li J Y %5(2018) 42
TR 5] 2 AR R A R A AR 1R 2 1 KRB
FRAE. NLLE RAEIELM: R GeA PR H] Py 1) i 22 °F
Puhg 4 A, HARSAE T RB 05 o 1t M 3 W] AR PE 1Y
Lt Ry PE | BE ) AR o X e B R Lk
MRS IETER S, NLLE 7 A UTE RIS | IR
T Lyapunov f8 £t iy 2t R FR , 1 BT LA 5 32 R H
PURIIIRA® S5 el o (iR g w7 N N W (3% S S0 1 8 7
AT AT IR PE A RO T EUE R AR R, e B
il KA A 0 AT SRR 0 BR 48 A TR vk CT S
R4, 2009; Li, et al, 2011) . LiJ P4£(2007) 2
T NLLE i iy #E & Fit5 )7 % . NLLE ik ¢ H
TEEMIa M. B RIFETHRE . FX
ENSO. Vit )ZMEPAEIR G « ALK PR PR IR
KVGHEZ AR BRIR 5 55 A [F] B[] RUBE A R A<, Ak
PR 4 1Y A] 4% 1 FR ( Ding, et al, 2010, 2011, 2016;
Li, et al, 2011; Ai, et al, 2017; Hou Z L, et al, 2018,
2022a, 2024; Zhong, et al, 2018a, 2018b; H ¥4 &,
2024) . NLLE J5 b 9 W H Tl 55 KA st
AT IRZE T IE, 052 T 7™ & I i 2 1 A A
R 4L 5 (Hou, et al, 2020, 2021, 2022b; Lu, et
al, 2023).

R T R G R RS R A 2T (G )
1) 1 25 38 K R T U R, Li 45 (2019) iF— 25 2 1
T 1a) 5 AT R R RS, KRR T E AR M R
Lyapunov 8§ 0 (BNLLE) /¥, J 5 5 Afi 11 # o K
L TR IR R A B I R T Ak
Jr#k. Li X 45(2020) B 564 BNLLE Jy ik ] T 21
R G 5T T Lorenz-63 B B A b i ¥4 HR 75 il
B R A A9 AT W4 PE . RS, BNLLE J7 ik g H F
2019 4F 5 75 Wi ML 1X 1 2 W S s U 2 1 T 9941
PERFFE, A& B0 2 YA i e i 4 50 v AR T 11 d A9 d
B W K (Li X, et al, 2023) . M4b, Li C X %
(2023) F| JH BNLLE J5 ik i /5% T 2009—2018 4F
A T Ml DX AR SR I T TP, AL T T AR R A
TR S 4 1% T A B B e AIK 4 d, 5 04 AT I RR
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AIGK 12 d, I AR S5 0 TR 25 38 K ) 70 RRAE 1Y
AR s 1 B R GRS R ] R 22 S i
Bl Li 45 (2025) W3 B 1SR G AR A BR aT 1t
P (R RFAE

HNGIE A 2% B AS B 2 P T 5 RS AT 45 AR B AN
ifly 5 M s S R R AT 41 R A T G O 11 BT 4
PR, Li%F (2015)% NLLE Kt —£mE N
2 JE AP 3 R 52 0 1Y 2% AR E et )R 8 Lyapunov
T8 % (CNLLE) 7% (Li, et al, 2015) , CNLLE figf%
JE H AR 6 AT TR M R e, DA A
AR 3 R X DR A AT TR A PR Y SRR R A T —
AT HE. Zhang M %5(2024 ) FI| H—1#4 Lorenz
RERY, & SAH L 1% Ge 15 e b7 vk HUBE e 1 4 A
568 301 X ] I 4 52 19 K /N, CNLLE 5 3 1] LR
13 A 0R30 Z51F T B 1% R 22 M G R, DA SE B E i
i T A1 58 38 (04 AT W M BT Rk . TR, Zhang M 2§
(2024) T 52 Browd i B¢k}, # H CNLLE J5 ¥4k
1 ENSO ¥ i ifit 375 F1 A0 1Y i 7 T A<UR 3 S A
e B 1 1) A TR B AR TTR, 45 2R B ENSO Xt
iRE 1y NN O] T4 G N o S L e e A
A ELAE 8 200 DXk, I AT L3 Ao 2 A DG 5 ) 2 B
AN o DX

AR, A R U/ IS T 25 AN B L B T
4 173 1 E B B, A TR E S R P ok
ZF|HEM ., Feng I%5(2014)% NLLE 74T £
A, 3 T HEL )R Lyapunov 1] & (NLLV)

L, 7800 % 18 T AR e RS a5 (2) 31
AT B MR RRLS, A2 A B (3)4E3h
BB ] AR IEAS | MR . NLLV 7 85 (00 5 7
TG A S L (SV) M 8 2 (BV) B A
A, R HA B R B B AR AR A AR
& T 91 U 38 3h 7 i (Feng, et al, 2016, 2018;
Ding, et al, 2017) . HHij, NLLV J5 ¥ & #W H T
& KUF ENSO /9 4 & il 12 120 3% ( Hou W, et al,
2018) . 455 o8, NLLV BEA R 0 5 4 Pl 428 it
ST FEAS, REAE A AL AR A TR 0 TR T, W
WA TSR SV I BV k. HiEREPR i
B R R K A AR 4 R IR 2 & U (ETKF) J7 A8
B, NLLV J7 2 A5 ¢ 1 T 1 19 R /N 115
Ay o FERAEL M B J1 % 19 ¥ e, Wang 55 (2024)
W AE Lk sh 1 B 5 TR B 4 ) AT A ML
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A, ST B - R - B S ) TR A ) Ok
A R T R B 1 AR G ST RE T, i HL
X B A AT [ A% B AN 2K SR R 2 R B TR i 2
NERGEA T EERNHIE X

MRS H [ 2 3 L A 2 R R8N ) o U AT 5T
SR [ BT LY M b7 2, Al A e % T AT T
WE PR . AURABIE TRz sl i AR Ltk 3
TR, 48 T 2 M AR Lk 5 AR ISR A O 3k, ib A
BV K e T AR AR R R e B BEE, ST
BRI B TR B A o R, AR RORTE
ARSI | BHLIEAE L 1k 3 g 22 LR ORARRT il
YA 1145 5 TR, IR T AR H R R
X LB SR AL & T AR R A8 ) o B
WA, i o KA IR AN Tl $2 4t 1 o 22 A9 B
SIS, W R PR AR S SO T2t BTk

8  RAFPRA TR ARG SN ST R B

AL 2 i BRI 2 48 09 B AR oy, X
R MR A B REENIEN . EF
K, HAME R TFR G BT R GE B 12 W 5T 07 1T
P T EZLOERE, OB BE | B H AR NUE 7 #9 AN B
B, O 78 KRR AU A 8 9T O 2 A A R 3t
THR BT RENE . RBROK, P EEE T EZ
7 1) e TT IR ABIE TS, LAHE 3l BE& A5 BT, I
5 [ PR 1 5 51 9

19 3 B R LI 5 22 PR i K AR RO I 5T
HORECSEVE ] o BERE TR M Il B 200 sk
L BRI AT RO B AN W 52 38, R R A e 2 B AR K
AR A OGBS . XUER R B U R T B I s
ARRFAE o 38 A 22 YRR G, R A T A RO
e 2 G A 2, O B A R OB I S A 3 g o 4
R S A R S o TR, RCER I S R A G )
W RONK | Z=45 BARACRR S B K 9 22 RO AR B
PR, TR B RUBE 50 ) 2 8 45 BIL ) ) BF o i — 20
TR o R BIF 504 3 5 SQ T A L BT [
158 V- AR A D 3R AR KU U R 4
S AR o e R i g o R B AR A, 1R
ERER. SeNE R PSR (SN S PN (L%
i, DAL -l - - UK S8 ELA TN 22 XU R GE A 2R 3
WA . KA URFAEEZ B Z AU N T
AR W, T P ) BRE T 3 AT T A R R A
ES L EEA SIS T /S PN R PIIVE | 32 3 S S|
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1, A R - fi P P[] BEE AT A o K A B
=4I e R A I BIE T TS 1) B S S R
I 5] A B A B0 107 RS B2 T 5000 B8 7 o Ay B A A
PR KR AT R G AL, Aok it — 28
(URIAST S 73 W | B G PN S s
SRATT 5 o B A ST B R BOR Bl a 5L
WL R4, A S R A 2t Bl ) 24 05 vk, S
WD U6 7 0 HEw M, O M AR & PR R 4, R 4R
R R R U U S 0 B TR A

TER R T 5T, AR, T ARG ML
RGN 1 R R S R TN 45 G
Dy o2 R SR, i 20 AT TR M R R T
NS R AN GEER IO IS D0 N 2 W4
R GERI R, HE— A0 VAl A A2 Al A 38 12 AL 1
Lo HERS A2 BRI 22 48 89 K152 0 2 RO F B2 A T
FEIT ) o T IR AE R A BRI R G Y T A
PR3, X X A R R R B A R R R 4
AR o R R B ORE 35 05 2% X g
I3 AL 00 2% A v, kR R SR IULRE ), O )
TE 42 BRAZ B 57 T g JEU3E 30 X KU I B 22 Bk
{7t Abh AT

ARk, v 2 AR AR Stk 3 g 2 U T 5T T
BT RTINS R A AR Lk AR EAR
B RS A Al W . T AR 1o, 1R
FE e 78 3 71 38 40 1 AR 2 P e 22 38 K A5 4 R <L
ST BN, R R ENSO R AH OCIE A OCEY | &
UL e R S = 47 R 00 P R o S ATL ) 45 5 TR R
R EMITETT 0]l AE LM o B, 46
718 N R S R U0 T -2 AR PR AR AR PR A 2 i R
A PR T O A ) R R AN TR . R, B
3 [ Ak 5 LA =7 > BOR B 5 s 4k 3 52 20 U &R
G800 AR 2 i 220 Sy ek RSfE A AR T R
B ROk, KRN TARRME R G R BB HES, 45
FOULIN | BEE AECE R, KR 5 T AR AU
FEl B 5 W 7 B S

N T BE AL & 27 > B AR AE R I AU
RGN I W R R B AR R . RE TS
KRB 73 B A7 BY T B 3l U0 A IR U R 5
HR R R AR AR T, B A T Y R 2 A o
PE o WATRE A% 58 3 ) 2 R 5 BUARHL &R 2 S Bk
455, MR K 3K 3 B3 LI rh 4R O 250fE R
[a] fsf 5 kb BEARHIL 4% 25 ~J 76 2 i 28 52 1) 1 B D7 1
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F AN L, BT A2 i A0 ) S 2l g T gk 6 A ) 000 A5
R, RS2 BE 79 5 10 3h 1 RGN AE R T, LR
TR LN BR R, 33K e 24 T e R R EE Y AIE T T 1)
BEAh, Lt AT T UK, o 2 b A e o3 B R
ot Foadt | RS B U E, IR 45 S AR
Bl BRI S, A T TN AR S AE T B AR s A
F, sy B A AR 8 AR 0T AL A R A 4 4t B
2%, e KA A W R BINEE o
I, 5 2 Bk 28 U [ B MR 1 HE S AT S R ALY
BT, KRR R R
B R, M S R B AT vk, 2 A [ PR R A
FETHR, I 2 T A BRI 5 SR 5 SR
AR

ISSUNTTR=IN S Al e o R 8 2 SO VIRIIIN
Z RIEMA L B E R et | AR AL T 5T 5
ST | AR LR S ) 2E A0 RE R T B B o B
LN G EPRGEEZ AT gt . Wit 2 M
JE B TR AT, A ALRE GRS KA LU R
2l J 5 1 B G A 4R T AP R AU
W75 9 ok ¢ 1 4 BR A U B A 5 T B Bk SCHERE
O TR B R R 2 AR A A BF T BT ik B L o o
EHEER o
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