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Abstract The precise simulation of interannual variability of East Asian summer
monsoon (EASM) is still a challenge for the state-of-the-art models. In this study,
based on the recent proposed potential vorticity circulation (PVC) theory, we find that
the second mode of the multivariate empirical orthogonal function (MV-EOF) for the
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observed East Asian Summer Monsoon (EASM) has a close relationship with the first
mode of the cross-equatorial P\VC (CEPVC) and the cross-tropopause PVC (CUPVC).
Based on observational analysis, we further evaluate the simulation capability of the
second mode of the East Asian Summer Monsoon (EASM) in July from the
FGOALS-f3-L historical experiment and analyze the potential causes of the bias.
Results indicate that the model fails to reproduce the meridional dipole pattern of
geopotential height and precipitation of EASM which is closely related to the
simulation of the CUPVC bias. Further analysis suggests that the correct simulation of
the convergence and divergence of the water vapor flux which related to the changes
in CUPVC is the key physical process for the model to accurately simulate the second
mode of EASM. The results also indicate the improvement in the simulation of the
CUPVC related to the South Asian High (SAH) phenomenon could improve the
simulation skill of the interannual variability of EASM.

Keywords East Asian summer monsoon, potential vorticity, simulation,
FGOALS-f3-L



1 5|8

RIEHEZFER (EASM)  ZWMSERG I — AN EERE T, AR AW
AP EERLE RN, il EASM BE S ERBUKEE T, MitakE
A0 AR A A I 77 3 R e LAFE [ 14612 (Huang et al., 2007; fi K44, 2018).
PRI, 1 BN EASM BB REANAH G W 22, $25 EASM FIlI£. 17,
N FA TR MR SS BA BB IR

EASM 4EFRAALSE — MBS RIIE . 7E 850hPa, MIRE: TE KP4 H A
FEE L RPLA R R R R RS, RN SR RER . HARS 5L,
HE B [ KR~ S 30 A7 AH AR A I — Al YRR AR (Hsu A Lin, 2007; B oR #E4%., 2011;
Huang 4§., 2012). AL EEIGE EASM I8 RS, 58 MBESINARMES: 15
850hPa, H ARz —A € (A8 S HEl, KR 4R W2 KX (1) F K PR P
S EALT (FRAED FEREZEH (Huang 5%., 2011; Huang 4., 2012;
Li %5, 2025). iz 2R EREm, flin, KINEIERE (He et al.,
2017; Huangetal., 2012; Zhouetal., 2020). #SAHHAEH (Guoetal., 2014;
Jiang et al., 2022; Wen et al., 2019; Zhang et al., 2024). [ i 72 (Hu and Duan,
2015; Lietal., 2023) fi#FiR)/Z/EH uetal., 2023; Zhangetal., 2024);
BATTRT DAIE I 5 M 8 ) B 1 R P AL T R AUIE S A AR G R R ) R
AT PR RY IE R (A AR AR ZE A, TR TR YRR 2 (Sunetal., 2021).

HEFRFERE (CAS) HI-Fi-Sf A (FGOALS-f3-L) i+ EH R} 22 Fi K
SERRE T CIAP) KRR 5 b BRI A 77 2 H (B AR U B oK 3 i S e
(LASG) JF& (fLJK%%, 2019; Heetal., 2019, 2020; Lietal., 2019; #&HT%%,
2019; Zhou et al., 2015), %57 CMIP6 R4 (Eyring et al., 2016).
FGOALS-3-L i@id = M AT FV3 #Z DB i, BERTT T mgERETS
KATSFERIBLNGE 77, H R CMIP6 £ Rt 91 51 F v ARl (He et al., 2019;
Guo et al., 2020a, b). JEETEVREMFEEFIAR b B KA AT A7 AE SR B, (H LR
LI OBk & E bR K, ARG B R IR T HES% (Zhou et al.,
2018; Lietal., 2020; Liangetal., 2023). Jfj s ikit /2 CMIP6 1 [#% Lok,
BT I SRR, AT 1850 fEE 2014 SELEAM A A0 A4
KPBHERSS . RS Iy AR I LT, Axakoh 32 35 B AN B /K S5 22 312 an ] A5 4k
[1). FGOALS-f3-L Jjj 5056 A % & B Ff 0 A Bk 3R i <R AN B /K I 2 (8] 0 A, Ak
IO T 1850 4E LR 4Bk A IR 435 (Guo etal., 2020a). &%) ZRIEAEZFE/K,
AU T4 H 2 B B B A P 7K 22 (Yang et al., 2022, 2023; Chen et
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al., 2023; Rao etal., 2023a, b), FGOALS-f3-L JJj 536 %t 75 30 5 2= B /K (AR L
WAFTE N2 F4RFE (Heetal., 2025).

B3k P SR 6 6 AR 2 KRR, Zhang et al. (2023) $EHY, iZiElAES
IRUFHLFF 3L EASM MV-EOF 156 —#535, 1E 200hPa, RII#HT Fl A 45 55 B 30 fr
FHSHE IR, XN 850hPa @Iy s R om, KITiik. HALS 54,
A B P KR~ RIS AR AR A = AR RRAIE o AEDG) B8 RS (PR B A X
fik. Bk, PEfE FGOALS-f3-L 5 20 2R MV 52 2= XU A8 28 5 — BS540 i 22 11
JR PR — 0 A, R N T AR BRI S NME.

1 FALAFRA (potential vorticity circulation, PVC) 7T ERE A5 K 4h ik
&N SRR ZMES, RIS PVC X —H g T HA WA RIS
B = PR ZE A RN BB ) E 2 A R . i, Liu 55 (2023)
FWIH R R R PVC e Al a8 i By 10 RSt R e R DL AV K
ESREAINE, BTN EEREK; Li 55 (2025) s @ E PVC
MBI RE, ZFERIRE PVC A ZE O Z T PVC AR 2 0] LAAE EASM XI5,
FEAE BRI AR Y FROK AR R . 15 PVC B ARH Sheng et al. (2023) 24, FIAH &
g e B, LR S PVS g JRE PVC (CEPVC). il Nid
5t PVC (CBPVC) Flgfii Fi1 5 PVC (CUPVC) ffi3E . T CEPVC #1 CUPVC
12245 CBPVC MIXiZE NHEE PVS IR DA S, ME# 5 EASM K324k
A%, KA LN CUPVC A CEPVC %t EASM REf% 42 B B . PVC 20 #r
B 2207 EASM [ H] Be sz ma L5 (1275 .

AT, A1 KR~ FGOALS-f3-L %} CEPVC 1 CUPVC R fE
KI5 EASM 5 RS ZABER . A RUL RIS 3 BB AT B RS
Jiids E=APEE T CEPVC A CUPVC FIRERILME AE & 5 EASM AT BERE & ;
BE—TaEHTERETIE.

2 ERFFE
2.1 ¥kl

AR MERRA2 [ H-F¥IXG BEY. M EEs. BT 6
¥l (Rienecker etal., 2011), 7K-F-73##% ) 0.6250.5° (LA fE). HFHIkE
JKH GPCP (2.3 fix) (Adleretal., 2017), /K Fo#iF N 2.5°R.5% HorHr ik
HI4d(E %) FGOALS-f3-L JJj S SIS i3 HR L.

ASCA#E FH FGOALS-f3-L H V1 X3 R FE Y A7 3 1 FE 37 EL i3 0 rlilplfl
[ SR i o 1% (5 3 AR A CMIP6 [ s B bn i, IR a5 i = U
AR ORI R BHARSS A K LTS Sh & R 2N 3 SR IE K1 (Eyring et
al., 2016). M iFfl FGOALS-f3-L ¥ [ st il 4 #4555 F 40 A 204 10 i 22
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FGOALS-f3-L [ BRI EAE KT 0 M1 30 194.25° (B >AifE), HEH)ZEL 19
2o R EIETE B A EIRIA S 1hPa, AEfERAE 52 BT ZLFE .

MERRA2 4 (5 [A] YUl f2 1980-2022 4, FGOALS-f3-L [ 5 Szié it
()76 A2 1850-2014 4F . [Rlitk, FRATGEHL A FrA 2 42 At 7T ) (8] 4 1980-2014
e
2.2 ik
2.2.1 MV-EOF. J/KibAHCAHI Lancozs &3

KR MV-EOF 43 #t CEPVC. CUPVC 5 EASM [ F:8ifizs . HARD I
N B, BREEES S FREE L HR, WP ATARE AR R BB =
TR AT MV-EOF 43l . B /RIMHIGHN T A3t H ok B CEPVC. CUPVC
5 EASM HJR R NIGFFERARER, WHEARIAT 7 BB 9 F LT s e
AbFE . Lancozs YV H THBUERME 5, mn@Ed i Tid gk 9 4200 Eryaetk,
BE R 11 4.

2.2.2 SR (potential vorticity circulation, PVC)

Sheng etal. (2022) FIREMESE (2024) - TALRIAR (PVC) I,
ER—FE e TR, PVC B A IERR KN EREN /12 IE. £ p bR R
H1, PVC AT LS EM R

Jo =32, 3L, J@):-%enz_sep(f +%—%”)ek, ‘D

Horb, TARIRSEL AN S o fE p AR R R 1A 2R 1B ATE R
X (D) FHPVC R TAZE (o) MALIRACE IR SR EYIAZ, H5RAH
T VIR .

TE SCHEALARFIAL A W, W BAALAI (PVS)  (Haynes £ Mclntyre,
1987, 1990; Bretherton 1 Schér, 1993) :

W=2P =, VO-V-(0). )

W i) b As 4k (Haynes F1 Mcintyre, 1987; Ma%%., 2019) w51
oW

E:—V-(WV—Qaé—HVxF):—V-(WV—Caé.?—FxVQ]:—V-J, @3)
s, émfz@mm(é:dmdtj, FBEB. 30 HHPVS BE”

Bretherton A1 Schir, 1993)
J=WV—(§aé+FxV¢9), @)
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HTHE (2). (3) AlfF, PVC HIA A R il & 1) [ AR )
Jo =50 =[Idt+VxA,
PVC IBUE S5 W B VIS, 24 PVC HEER, fA4E PVS, KZIRR:
W=(,-VO=V-((0)=-V-J.. (6)
XIT7RE (6) FEAT ALE BRI ZE A 73, F4] FH & € 22 (Sheng et al., 2023):

M:LL{—V.JCdxdydp

Gross =~ [[ -3¢k (-k)dxdy+ ¢ j;S—Jgj-(-j)dxdp+jj —J Pk - (K)dxdy

upper eq bot (7)

= [ aaxdy -+ [ 3¢dxdp+ [[-320xdy,

upper eq bot

CUF CEF CBF

Forb o, Fl p, AP RHER R T A AR T, 7EI7R2 (7)o, JiR TR

AR 7y, A5 T8 = 35053 ) 9 CURCE B0 i 2 Tl T~ PVC THI#R 7)), CEF (%
HRIE AL PVC A Z>) . M CBF (CZFliatthk e b PVC A7) o ZFlk Bl
J PVC (CUPVC) i X AFBAHRZETR L, Tl /RiEHIH (CEPVC) #i5E
SONEE BRI Y 3, 8 R 1A 5t PVC(CBPVCO# & SN FF it R 1 -0 .
TR INAAE T, EREES KA iia LN EEh I R 2 M E S,
RIS PVC IX—HLie TR AW SRS S, FRE-XHR B R
SNk VAR E ALY/ B un

3 &R

FGOALS-f3-L Jj S50 ] DAFEA BRI AR WL B 2= WU — (A BEAS (Zhang et
al., 2023), Tk 55 2 (A B ASADLRE JJ AR AL 55 o« ACHIT 9T 2247 & 10250 N,
802140°E [X 1 200hPa 7K-F- X, fir 45, 850hPa /K- X\ LA L [#%7K MVEOF2 ]
BADERE (Li 4., 2025). WA ZR 5 Z X MVEOF2 3= B30 I 9 7R .1 [X 7
AL T K (B 1b), FARJZE (850hPa) A [ AR AN LK P B 25K
[T E AR, R (200hPa) H R R A AL AU TE S, AR
AN R SEFH o DIkt MVEOF2 [RIBCLIE AR ALAR, WL 54D )



7 [ AH R R U 0.60. LIS AU 8 75 iR 22408 0.009, AH%EL T EOF =]
R RE (<102, AR AT AR X W 1) EOF 43 flAE 7510
REAE R BN ) RV O TR AE S0 22 R BRI ) R B m 22y, )2 U S
FEAEAR 2 T, AR AR KR bR RS B, T v P IO I e e 7K ) 22 [
&, BB IE R O m RIS

(a)MVEOF2

MERRA2
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Fig. 1 Spatial pattern of the second MV-EOF modes of (a) 200 hPa horizontal winds and
geopotential height, (b) 850 hPa horizontal winds and precipitation for the MERRA2 and GPCP
data during the 1980- 2014 July mean. (c, d) Similar as above but for the FGOALS-f3-L historical
experiment.
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E7%, CEPVC B EH “Hi-1E-71” #id. X CEPVC  EHEA T2 541k X
e EH )44 % (Sheng et al., 2022). FGOALS-f3-L Jfj 5 S5 A Al L3
CEPVC MEHELM (K 2d),

ST J2 TR (R BRI KB b 73 S = 4% R 1) CUPVC 43 fii: MIRIEIEINZ
G BN R B P RPEI IE AL AR Y, AABAE B B AR AL S AL AR Y, DA K A 26 FE )
— 26 IERLHIAT . WY CUPVC fEZR Rt 2B BARBEAS (B 20D, XFR
T BRI (B 1), TR S (& 20), FA LA LLIHhL
JEHIX CUPVC MniRaity, (HmSA bR . B CUPVC FERKIE KR 25 i
AN 60E F| 130E M sEHIL B TR, CEPVC Ml CUPVC K% R
R PVC (132 B 72 7 T BRI KRk (1 IR B2 X 3. BRIBEAR CUPVC H
A sl (K 20, Mk M3 (B 1d). CEPVC Al CUPVC MVEOF1
(bR HE AL I T A ALAFAERR O PVC $5 8 (PVCD). XS 2 AT B S U4 IF B /KA
PRI R 22
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Fig. 2 Spatial pattern of the first MV-EOF modes of (a) CEPVC and (b) CUPVC for the MERRAZ2
data during the 1980- 2014 July mean. (d, e, f) Similar as above but for the FGOALS-f3-L
historical experiment.

B 3 Eon T ALIATEL AL PVCL AT EASM BRI A /K 22 8] A 6
e GERFH, TEXM R, BEKBIAR DG SR RGBT 2 AR RS, X5
K 1b " MV-EOF2 JEH AL . 850 hPa It AH < 1t tH 7~ Hi B B i e g XL, 5
K 1b EIFRFIML. CUPVC 5 EASM B TR HITE R A 56, T4
Ey1n) 1 CUPVC & 200hPa {3 %4 1 AE B, A g > 5 2R pE K P
7 N CUPVC 5 200hPa i #4 6t S5 AN o SR, A8 UREA0 T v IR
PVCI 5o E 73 5 B K AR S I AR 7B (Fig. 3d). S5UINs SRAHLL, R
DX P 75 R A, (R AR TG X P P U5 o FEASE OB 2 B, 8 1) (A A%
DFARCH P KA R AL 5, Bk RSB B AL, BOKIERE#3)
BEHRIHX, XEZHERIEBIL PVCI 5 EASM MKV 7278 R Ge P 2
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P s aBe skl T RARE ST 0.1 B2 MK,

Fig. 3 Spatial distributions of correlation coefficients between PVCI and geopotential height
(shading) and horizontal wind (vector) at 200 hPa (a), and between PVCI and horizontal wind at
850 hPa (vector) and precipitation (shading) (b) for the MERRAZ data during the 1980- 2014 July
mean. (c, d) Similar as above but for the FGOALS-f3-L historical experiment. Areas and vectors
exceeding the 0.1 significance level are plotted.

N 1K CEPVC Al CUPVC 5 ZR LIRS SR AR, For#r BT RHE) PVCI

—'5 PVS (JHEfA) F1PVC (R&E) MMM AW da-c Fim. MR K b 2
AN, PVC H PVS fEXE M 2 SIKZ RIS . FEXTZE F3E,

A H XA A2 B L% PVC 584 JREL, XS % IR IE PVS. it PVS,

R X HILE S CUPVC S, ILREE N BLR £ CUPVC =%, 5Kl 2b

XFRL. TAEXTRERE, X AT R 8 LR H PVC 4&EL f&E, XA
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ERE 7 PVS 51E PVS.

N T BRARAL AR PVCI 5 AR KSR IR Y FE 6 38 B PR R R4 A
7%, K 4d-f 28 7 EEBRERE PVCL 5 PVS (GE) fil PVC (K& I
KM A . B, EXRE, B 175 PVCI AR AR TSGR . M
EXEMRE, SRR RS — B 2R E R (B 4e. £, XFRifH
PVS 5. {XAE 850hPa I 7= & E B REHhIX, fF7ESS PVS IER% . fE AR
Foly, MREE. RERKIKEI SRR ERSH (B 3d. o), FHW
higln
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Fig. 4 Distributions of correlation coefficients between PVCI and PVS (shading), as well as PVC

(vector) at (a) 200hPa, (b) 850hPa, (c) 105-125E mean cross- section during the 1980- 2014 July

mean (d, e, ). Similar as above but for the FGOALS-f3-L historical experiment. Areas and vectors

exceeding the 0.1 significance level are plotted.
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PVCI SR #UZ . KPP S5EEINR. KEE KRR (B 5), Lk

AT i EASM A ZE I SRR o E I SRk i R ST R i ELE BN I I AR 45
(15 LR RLITE 34° N, A-FIRx N XHRZ @ 240 & IR Z L & R otigs),
WEP-in BB RER G mEEELl & EFEsh (B 5a. b). fAM, 7E
FGOALS-f3-L JJjj sk Ee H, 5 ~F i N 3 B I 3 I 7 SRR AE 0TI 2 T i e
36N. HiEEmIRZEEERRE S, FIREE G RSN 45 OB ER
P s AR B, A AR AL A S I ICE RS i RAR . £, PVCI
HKFEEIEE NG R, EEmEa, b, Ritfas, SO0 SR AtE
WA, XPEES S b, 8] 3b AEHARLL, X EIRE PVC X EASM (¥4 &
LR R R MRS (R KV E = SRR SE LAY o T AR O R A S T 5
A58 2R AAR i bR H12 21 2R S Kk B (/K V8 B S U R BSB URRAE , /K708 B
A XA 2 2 PE AL, KR EAR S XA T AR Ab X . R, BEaeikiR
U AR EASM 28 RS HO A S BRI R
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). (b #UE GHEf EmEWR (KE); PVCI 5BE/KKERE GHEO) KEUE R
AR RECE a0 (dy ev © [ L, {Hy FGOALS-f3-L [ sttt . 11 sk &=
It 0.1 WK

Fig. 5 Meridional cross section averaged between 105 and 125<E of distribution of correlation
coefficient between PVCI and (a) temperature advection (shading) and circulation (vector), (b)
divergence (shading) and circulation (vector). Distributions of correlation coefficients between
integrated water vapor flux (vector) and its divergence (shading) (c) during the 1980- 2014 July
mean. (d, e, f) Similar as above but for the FGOALS-f3-L historical experiment. Areas and vectors
exceeding the 0.1 significance level are plotted.
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Fig.6 Distributions of correlation coefficients between PVCI and (a) geopotential height (shading)
at 100 hPa during the 1980- 2014 July mean. geopotential height climatological mean at 100 hPa
(contour, unit: gpm). (b) Similar as above but for the FGOALS-f3-L historical experiment. The
black dotted line is the latitude of 34 N. Areas exceeding the 0.1 significance level are plotted.

4 Zw5ihe
B FAL IR 2 B Sheng %% (2023) #HY, i Wil S A7 I A A8 AL BT
ARG R B 2 RS 5 8 (Li &%, 2025) . ASHIF 57 35 T-A0 i PR 1 3 B i,
VAL T FGOALS-f3-L JJ7 52330 0t 7R 0 55 28 XU B AR I BAUL 8 77 DA K Sk Kk
B AR T B T ST R TRAL IR R MV-EOFL B4 GE I R BIFFT 45 SRR .
(1) FGOALS-f3-L JJj i3t -£ H AR E 2= X MV-EOF2 R 4LL 1% BE AH X
B BIAIN E B W 28, &R AR IR B T, K2 R R
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(1R AT 5, A TG T B A K 48 I S, PR /K PR I S o R 40U 2R
k.

(2) FAb2EBR 5B R IE 3 T K7 2 AL IR R 647 MV-EOF 23 #7 & 30
FGOALS-f3-L [y s 2 56 B8 % 4 $12 1) 7 8 o' T8 1 17 157 908 PR IAE 2 — AL 1R 7% 1) A
A, T ZE R DAL PRI B8 — RS AR RO KBty |23 (A RE 08855, 0 T
HIALIIR . AR RS AL IR AR S (PVCD MR RAFE—EmZE. (£ L
i, G TS PVCI AR IER TS . MAEXNRZIZE, SRR T
R B R R E R ALHLX, PR 6 PVS S . AXAE 850hPa I AR A
JREHX, fE7ESS PVS IERH . fELAYE, WRZES. [RERKIER—HHR
AL IHEIE R 2544 . 5 PVCI AH I I /K PR 38 5 B 5508 6 2 T 2 S Kt A 7 e /K
EHBXREENMER, XA TIEEIS B TR ARSI 3 EE A,

(3) B R W 2 i CUPVC 23 A 15 5 HL 4w b 55 % B WV 5 1 1)

558 JEE RS 5 PRI R PO 22 5 U)K R o A 50 g 0 v IR ABS AU A8 0w 55 A 45 L7 B 5

R KA AR 785 KA O RS R AL AS AR 25 5 CUPVC A2 1)
100hPa o7 4 51 FE IR R AR B AS B Al Ik (F& 6D

CEPVC 1 CUPVC 1] LA#E A EASM (1) “ M5 AR 4% 7, did & nl DL B & ok i

WAL (WFEAR TR L) % EASM K50 . Ziuk CUPVC IR

REJJ, FIRE RTS8 SO m W m R BN RE /). A, 5 ENSO WA RLAHAHNT B,

B RLZ R AR Z T, KT B CRPEFEREEEE B2, CEPVC H R )
b (F) mEEmE b FrREndt () #4E; ENSO A5 =
CUPVC &5t %, BRI RRE 2 E 4 d6H, CUPVC FHn by [m T mH k-
[F) 55 (Lietal,, 2025). #viirigiRfE N R FEwmER 1, AR o0 A
PRI T PVC {53 A5 Fe anfal 520 EASM (IARFELIA 75 B2 A i 1) TAE o it — 25
JRIRNS3HT o
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