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Abstract Based on observation and reanalysis data, we systematically evaluate global
monsoon simulated by the new version of climate system model FGOALS-g3 by
applying moisture budget diagnosis and composite analysis, and analyze the
advantages and disadvantages compared with FGOALS-g2. Otherwise, the influences
of air-sea coupling process on the simulated results are discussed by comparing with
the corresponding atmospheric component model GAMIL. FGOALS-g3 reasonably
reproduces the basic characteristics of climatology of global monsoon, including
annual mean precipitation and circulation, annual cycle modes, monsoon precipitation
intensity and monsoon region, but the model underestimates the annual mean
precipitation over land monsoon region, overestimates the annual mean precipitation
over ocean region, and the simulated spring-fall asymmetric mode of annual cycle is
stronger in tropical monsoon region. The results show that the smaller land monsoon
region than observation in FGOALS-g3 is associated with the weaker vertical
moisture advection (especially the thermodynamic term) in summer. For the

inter-annual variability, FGOALS-g3 can reproduce the drier pattern of global
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monsoon during El Nifio year. However, some biases in precipitation anomalies are
exist in some monsoon regions. For instance, the precipitation in the West African
monsoon region is more than normal, and the precipitation in the Southwest Indian
Ocean is a dipole anomaly, both of which are inconsistent with the observation, and
the precipitation in the Northwest Pacific monsoon region is more than the
observation during El Nifio year. Because there is no weak convergence center in the
upper layer of western Africa in the simulation, and the simulated maritime continent
is warmer than observation, result in the convective center moves westward during El
Niflo year. In comparison with FGOALS-g2, FGOALS-g3 improves the simulation of
monsoon circulation, inter-annual variability of monsoon precipitation, and
monsoon-ENSO relationship. Comparing the coupled and uncoupled simulation, most
of the biases in the coupled model originate from the atmospheric model itself, and
the air-sea coupling process partially improves the simulation of precipitation and
circulation of Asian-Australian monsoon region and the tropical Indian Ocean, but the
sea surface temperature bias caused by the coupled process enhances dry bias of the
Indian Peninsula and the wet bias of the tropical Indian Ocean.

Key words global monsoon, FGOALS-g2, FGOALS-g3, air-sea coupling



1 58

IR =502 N ZBIZE KRR, — 5 T2 K E K BRI 2, 5
— 72 NG i T et B4k (Wang and Ding, 2008; J& K %45,
201920 ARk XU B 5 T Hvir il X H S 2= 12 23R R B, &
SR BT K BH 8 S AR PR R AU B G A ELAE RS2 I ) A R O ROBE BRI 1) 2515
¥ (Trenberth et al., 2000) . 2 FRA = KZ=RKUX, 73552 P L AP XX
MAEBR R RIAR M, A B TR & AR R, BEARSTZE X
X A2 HLEE (Li and Zeng, 2003; Qian, 2000; Trenberth et al., 2000; Wang et al.,
2017; i R%4%, 2019a).

KT EBRE R IEARF S, Wang and Ding (2008) FJH £ 0456 5380 Hr
(MV-EOF ) $H H #vs A g Ry Hh X AU 25 B K AR SR IR AR A 32
R, BV (monsoon mode) FIFEFKIAEXSFRIEAS (spring-fall asymmetric
mode). ZERMEAFIH 6~9 1 (JIAS) 5 12 HFIXAE 1~3 H (DIFM) [E/KFI3R
T ZEFAE, ST AN TR RO S 8 30 % A/ R ERJARE AR s R AK A X PR A A T
H 4~5 7 (AM) 5 10~11 H (ON) /KM ZERAE, S 2 2= X S
HUBKT #2255 (Wang and Ding, 2008; 5KNNEZSF, 2008) ., F-FHREK. FAEIR
BRI A2 3R MUK JE X = AN bR v] AR AE A 3KZE X (Wang and Ding, 2008).
PR b, A BRE R KRR K AT b RO PR R IR E (SST) R UK
X% (Wang et al., 2012; Zhou et al., 2008).

PR A A BREE KA A A, U AT SR FE A AR A 5 B B U AR = 423k
28— B SRR 70 OGTE (R 27 H Ao MEE = O A 15 5 - Jal CCMITP3)
B LU A BRI (CMIPS), BRI F RS HULEOEH
TARKI Sk, SR B 20 4 BR R KX AR 38 [ K AR PR A ES L 23 XX Y
EPRAR 2 B T B S, (BIRRAEES T AL (Wang et al., 2021). 40,
CMIP5 £ RS (Multi-model ensemble, MME) FI4E 5[ /K A 45 ATV 2 X0
JRIERE G (ITCZ) R, TEAREVEEVE. FRIETE AP PR 0 B K b, T e
YA bt X AN KBl S5 b [X R BE K W 22 (Lee and Wang, 2014) . B RG 1%
2 (Sperber et al., 2013). 73 HFEA L (Zhang et al., 2018) LA K AR 1T i 15 iR
IR 2 (Cook and Edward, 2013; Pascale et al., 2017) A& i & 4F 15 F4 /K A 40 1
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ZIRE . SRR AR TR EgMFERRENRRES, sfik2
Kyt X AR RIS, IF BT TR R AR S BRI 5 A i 22
B (Lee and Wang, 2014); FEILJE I, SR #FR . HIR HOBIUM e 22 L
o X 3HR S LIS A 9% (Wu and Li, 2009; Zhang and Zhou, 2014; Zhang
et al., 2018). F34b, ASEHE LAMEBR AN FE J0 K P-- A5 M0 2 AU DX 1 2 AR 7K B
MZERXJEE (Lee and Wang, 2014; Zhang and Zhou, 2014), XA PHlb AT
(NWP) BB IR K& B ) (Zhang and Zhou, 2014) . fE4ERRAEZ |, La Nifia
R AR UK - R B R R R B /K e K T 2 40T (MCAD 138 — RS 5 00
FH IR, 32 BT ASE 2 A i o M D s HH VA i 22 5 5 2 B B ¥ SRR S PR AL
ENFEPER/K I AN (Zhang and Zhou, 2014).

N T ARBETE IR 1 RS E, FRIE 22 B G 956 L 4L T R TE U
LTI (GMMIP), FF45 314 BR 5 KA A & A0 AR R 82 (Zhou et all.,
2016). TENZFNUHEEHEALEHR] (CMIP6) Fitklz—, GMMIP £/ 1
BERT 42 BREE X FR G0 A8 A IR AL ) B, B N Dy i A A A e 0] 42 3R X
AR B S DTR, T B e A8 R A x4 R XU T A0 ¥ e 7 (R 28
5 2019a).

2000s 1], LASG/IAP JFGEU) T R e — AR K- Bl -V UK A8 5 1Y)
SfE RSB (FGOALS), FGOALS-g NH A —AMFRARE L (I Zhou et al., 2018
&R L ). FGOALS-g1.0. FGOALS-g2 1 FGOALS-g3 7755 T CMIP3.
CMIP5 1 CMIP6,.FGOALS-g3 &% 5 GMMIP [ = Z 4202 — . [l 8 FGOALS-g2
AL IRTE X, AT AR, R AR f 1 5 I 4 R R KU K R AR AR AR
B AR AR5 2 R 2 IR IX Y BB, AHRR AR T NOWP A 1 K R R A, il T
P R FE B AR R A, B NWP 2= XA ESEZR XX /N T3 (Zhou et al.,
2014). KT BT FGOALS-g3, ¥tk ], alae il &R RIX KT
AN B AR 22, (EAHLE 00, JkPRREFEIbaE. BE. R EAILERRX
(P2 R FE T /DN, B EEZR X BB B /)N, 1T NWP 22 KX G AR B8 K (Li et al,
20200, {HZ, KT FGOALS-g3 XaEkZE R HIBRIACR MsA R4S, K
TSR ZE SRR R SR = RS HT

AW E M 1D ETUMESE, RGP FGOALS Sl R AN 4Bk ZE K
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IR AURE 7T, FE L 5 FGOALS-92 25 B LA, BRARHT IH R AS 2 A1) BE 22 575
2) AR ARE PSS R AT LU, B AR UM AT R e Bk
DRSSl 22 PR M o

2 #BX. #RMGE
2.1 X ET

FGOALS-g2 1 FGOALS-g3 #5034 /2 g - K- Bl -V 0K RS & 1 Ul R 48
. % 1 M5 7 FGOALS-g2 1 FGOALS-g3 )% 7> &, 7 W, FGOALS-g3
B2 FGOALS-g2 1E/K V73 #F 3 EHE IR K.

#1 FGOALS-g2 fl FGOALS-g3 %4> B ftxt b
Tablel The comparison of component models of FGOALS-g3 and FGOOALS-g2

Model FGOALS-g2 FGOALS-g3
GAMIL2 GAMIL3
AGCM
~2.8°(128%x60) L26 ~2°(180%80) L26
LICOM 2.0 LICOM 3.0
OGCM
360x196 L30 360218 L30
CLM3 CAS-LSM
Land
128x60 L10+5 18080
CICE4-LASG CICE 4.0
Sea ice
360x196 L4 360x218 L4+1
Coupler CPL6 CPL7
Reference (Lietal., 2013) (Li et al., 2020)

GAMIL3 L GAMIL2 AMUAR & 1709, M HAET R IHTE . KRR
Ji g VB R AN A siRaE S5 DT TR A Bk (BR 20, YRR TS 1H GAMIL3 it
W T MBI B TR (Wuetal., 2007), ISR HE T AN NSIBK
RUNLFC fT B2 4k 7 %€ (Shi et al., 2019; Stevens et al., 2017). HEVE/ > SRR
Brizh JHESE (Ar/K RS, 2018), [l 4y EEHIET CLM4.5, {HAEHRL T /K )
i (Xie et al., 2012; Zeng et al., 2016a, 2016b, 2018)« A N F/KFFK (Zeng et al.,
2016b, 2017; Zou et al., 2014, 2015) 5577 H4A 3% . 2 A % FGOALS-g3 AHXT
T FGOALS-g2 it 42 Il (Li et al., 2020; JHENNEE, 2019),



K2 GAMIL3 M GAMIL2 H%}tL
Table2 The comparison of GAMIL3 and GAMIL2

GAMIL2 GAMIL3
B JIHESE AR 25 BIR 25
IKIRTTHRE R A PIARIE TR )T % (TSPAS) & 1E/] TSPAS
WA 4 — 4l 53
- ‘ ‘ STl v R R R AR
Bz MR CEREE (LTS)
% (EIS)
VIR SRR Slingo /7% L Py RN
. ) TKE(Turbulent Kinetic Energy)
WFZ K &7 % X
kS
AhRIE AR KL 5RIE 7 &K 11 5RIE ) CMIP6 #h5E 18
(Holtslag and Boville, 1993; (Guo and Zhou, 2014; Li et al.,
o Klein and Hartmann, 1993; 2020; Liu et al., 2014; Nie et al.,
% | o -
Slingo, 1987; JEEWI%%, 2019;  2019; Sun et al., 2016; JFE{i%E,
Yu, 1994) 2019; Yu, 1994)

A F) T FGOALS-g2 1 FGOALS-g3 77 S A48, 5 (Historical ).
P A ARG & A piControl 156 [P FEAN I E] S E B, AEW R Zhssid (L
FEIR = SRR SIS IS BRSNS B ol DR 0 7 s 45 il RZE 45
2019b).

UEAh, BRSSO B R S S5 R, iR 3] T FGOALS-g2 il
FGOALS-g3 [ KA 2> EFE GAMIL2 F1 GAMIL3 [ AMIP R4 45 5 . AMIP iR,
B KA LB T R A AR, R 1979 4 LRI ) 7 52 ¥ IR A K
KSR JHRESE, 2019b) . FIABERIR A 2B — NS Bl R 5l ,
i 1) BE M 1979-2005 4

2.2 MFF D HFER

AR SCHIZI AR 7K BERH LA -

1) GPCP v2.3 (Global Precipitation Climatology Project dataset version 2.3) &
HBEKBR, 2335508 2.5° x2.5° (Adler et al., 2003);

2) CMAP (Climate Prediction Center Merged Analysis of Precipitation) v1202

%A BEAKERL, D HEZE N 2.5° %2.5° (Xie and Arkin, 1997);
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ASCH B A R

1) ERAS5 BRHH03Z F B #r s, 70 #8508 0.25° x0.25° (Hersbachet al.,
2019);

2) NCEP2 (NCEP-DOE AMIP-II Reanalysis) iZ A M EHE, #HE R
2.5° x2.5° (Kanamitsu et al., 2002);

It4h, 3 NOAA (National Oceanic and Atmospheric Administration) [f]
ERSST v5 & R, 47 #F% )9 2° x2° (Huang et al., 2017).

NEFHE, BLR¥ GPCP Ml ERAS TR A RE B R R R N
“OBS”.

SN F 23 A7 ZORMAE I 1979-2005 -0 Bt . ERAS 1 ERSST %L R A #H 2
IBOTEFEE Ry 2.5° x2.5° WMk E L, EEITHRH 7 1000, 925, 850,
700, 600, 500, 400. 300. 250. 200. 150. 100hPa %2 .

23 ¥R 5 5%
231 IHMEEERSXIER

ASSORIH AT R PR R R AL 2R A -

1) SR FERAIR . SRS XA TR AT DURAE T B AR NMIRZ
P T2 BRI, A 3O 1 2 A AN ARG A RSB TN E 7 ) L EE S 4

(Wang and Ding, 2008). Z=X#&25H] JTAS 5 DIFM B /K RIPRI 3% 28 FALE,
FRIAEXT PRI A F AM 5 ON 1) Z {5 3£ 1iE (Wang and Ding, 2008; Wang et al., 2011;
FKNNES ZE, 2008; Zhang et al., 2018 ).

2) ZERPEKIEE (MPD (Wang and Ding, 2008):

MPI=AR/Annual Mean Pr (1)

Hrp AR NPKERZE, MEFEKEEFEKZZE, KRIEREFN S
HZE9H (MIJAS), &N 11 HERF 3 H (NDIFMD, BFERRZ.

3) EERFPXE Lo A BRER XX E 2 i O 4 BR = S ADL B 77 1 55
—ANEEZH (Wang and Ding, 2008), H g & RHE ZEfEKER 5L FERFKER
2 7R 2mm d™t, HRHE K G S BEK T 55% L EEHIX (Wang et
al., 2011).



Ak, ASCEFF] Nifio3.4 f88L, SHATAMEE, AT R T AR OKT
(5°S-5°N, 120°W-170°W) XIR-F-34i i 5 A HIEsFY, JEIRERGE
(R 5 ARIRGE 4 HD FEAZERAE R Nifo3.4 520 (Wang et al., 2020).

El Nifio/La Nifia £ 52 X N 12-2 H (DIF)F-# ) Nifio3.4 #5501 +0.4°CHIE 4 -

232  OWHE

RSB TR G EAZRE (BEOF) 43f# Pearson AHIAMAT. [H]
H TR G T4 . ST R El Nifio PAK La Nifia BHTA R, I
1979-2005 411 E1 Nifio 4F Al La Nifia 1% H , % F SR AR AU R F SR R T 2 35
PRI I 25 J5 # 19 2] ENSO 4£ (BJ) El Nifio Al La Nifia ZE{E) %8 SRR
¥ (Zhang and Zhou, 2014 ).
ASCE B T KIS 2 W77 (Chou et al., 2009) . 2% Seager et al.(2010),
0 B 7 A E R KIS R AT R N
0,(q) = —P+E —(V-(V3q)) +res )
H PR, ERNFER, qgNEIR, res ik (BEHWERITD, < >%
AIEETT A ERVEER R, I —(V - (V@) N ER KB BRI BUL -
RS TS, AIBER B AR IR0, () 2155 T 0, HAMITV -V, = 0HE
LI A RO E TRAL 2 T b 0, ()R AT 43 i N
P=E—(w-8,q)—(V-Vq)+Tes 3)
R —{w - 0,q) FR RS AT TR, —(V - Vg)Rom RS KK
T
B 7K S IR KRGS R
P'=E —(w0,q") —(w' " 0,q) —(V-Vqg') = (V' -Vq) +Tes (4)
FEDTRASE A T W B K 22 I, (AR BRI SRS, (+)"fR
FAEA G WM IR ZE ;. EPHEAGMAER SR 2 5, RIS
RS, (O REM SR SRS W 22 85 5 M = =D E A
Wi, RO KERT . s iIas, Bz mih A& B AR i sh ARk
MU, R BTG RIS RRD M) ORI R KR UM 22 1)
FHXT TR -




3 &R

AN BATTR A5 28 B AL SEORIA IR PRS2 XU /K 53 EE AT 2 AU X
T X 4 AR, KPP AN B A S AU RE 71 B W X-ENSO
KAWL, A 30 2 KU PR A2 5 (R B4 g

3.1 F L pEK NIRRT L R E R IMES RS
311  FEWREAKMIFT B

FEML . (&l 1a), GPCP BERHE R FEK T E A fE ITCZ B ARF 4R
(SPCZ). PHILR MBS ATNIX . CMAP F#/K 5 4ii fl GPCP 2818, {B1E
PR ENEE I K TE 2 (] 10D,

FGOALS-g3 & 18 sUR I A0, T AR B K IR Rt 1) 40 A, He 5 4 K
(0°-360°,40°S-60°N) MM FE/K K137 i 2% (RMSE) 9 1.48mm d™1, Z3[A4H
KERH (PCC) M 0.80, 5 ERAS 4Bk 850hPa £fi i) X (£:[11X) RMSE Jy 1.41
(0.77) mm d~%, PCC 4 0.97 (0.84) (£ 3). BE/KIERFIEENEFE AT PR
SR LA S AR TE PN B R e R IR AR 2, BOREME 3mm d7t, I AER
R NTFE, THEME. R, JLIEMEERRX (K 2a).
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ED)

Fig.1 The climatology of annual mean global precipitation (shaded, unit: mm d~!) and 850hPa
winds (vector, unit: m s~1) averaged over 1979-2005, (a) GPCP/ERA5 (b) CMAP/NCEP2, (c)
FGOALS-g3, (d) FGOALS-g2, (¢) GAMIL3, (f) GAMIL2. Red lines denote the global monsoon
region calculated from GPCP precipitation during 1979-2005 (The same below)

L# FGOALS-g2 1 FGOALS-g3 AR, B A 1 4 BREA It M 22 B
RN (3D, PCCHER T 5%~6%, TEARENEEFE . iy AR Fg AT IE I B /K i 22
WA EE, T e FGOALS-g3 BLLR BRI AN 2 KT SST fmZE /) (Li et
al., 2020 {HJZ7E R PG EN VL 7518 DAL #AY HR AR A PR RN 75 18 DA 7 K P i
FGOALS-g3 BRI K2, i B[RS B AL AR B K I 235 k2> (] 2a, b)),
Rk, FGOALS-g3 %2 FGOALS-g2 XF ¥Rt fAIA oieat, (HTE R HbZR XX 4
38 B AR PRI AR SR A AE A 2 o

BB BT R AR S A, K GAMIL3 KA1 AMIP 150 4
FOLFR) 4 25 B K AT i 1 2 UKt B R A 2 . E AR TE PG M 2 (B 2¢), Eid
FHEFIAS G — 2, RIRE R  Z R AR B B8 B R AS B o LA
FGOALS-g3 MG SR SR MBS IR, 822 5 00 T MR XU X A ity
BN (26D,

AMIP HIFE SR 22 708 B Tl E i fE (Wang et al,, 2005), #&id
T 5|2 P v A 22 5 5 SR AT B SR A o TR A AT U7 VG B R e =y ([
3a, ¢, WFRNGIERERE— PO T B EEVE R e O AR X, SR TR R T
R ZE RN R EDFEVE IR 22 o FEPEALACEVE, B TR AR ML (B 3a, o),
WS G I R 58 T PE AL PE I R ARERR AL, (AR A A B KA L T
AMIP B .
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(a)-(d) 73 %N FGOALS-g3. FGOALS-g2. GAMIL3. GAMIL2 #1%}F GPCP/ERAS fI{m %,
(e) FGOALS-g3 tHX T~ GAMIL3 [ffhi 2, (f) FGOALS-g2 AHXT T GAMIL2 [1){i 22

Fig.2 The biases of global annual precipitation (shaded, unit: mm d~') and 850hPa winds (vector,
unit: m s~1), (a)-(d) are the biases of FGOALS-g3, FGOALS-g2, GAMIL3 and GAMIL?2 relative
to GPCP/ERAS, respectively, (e) the differences between FGOALS-g3 and GAMILS3, (f) same as
(e), but for difference between FGOALS-g2 and GAMIL2

(a) Annual mean o (b)) MJJAS
= v T B

0° 60°E 120°E 180° 120°W 60°W ‘ 0° 60°E 120°E 180° 120°W 60°W

g
4 8 12 16 20 24 28 32

FGOALS-g3 - ERSST

o i , o FeoNsgeRsST
40°N N S otl W
20°N o , “ g > ¥
20°8 . 5 D
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3 . | o % =
0° 60°E 120°E 180° 120°W 60°W 0° 60°E 120°E 180° 120°W 60°W

B3 ARERGE-T I E BRI SE S (f7: °C, $Hfh: ERSST, H4k: FGOALS-g3,
WA GAMIL3) A H 55 U0 Y 2248 (CERAZ: °C), () FH(b) A% A 7041 » (c)Fl(d) A FGOALS-g3
SR 2 A

Fig.3 The climatology of annual mean and summer global sea surface temperature (unit: °C,

shaded: ERSST, black line: FGOALS-g3, blue line: GAMIL3) and the differences with
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observation (unit: °C), (a) and (b) are the climatology, (c) and (d) are the differences between
FGOALS-g3 and observation

312 FEIEAESKED

SRR A AR A0 ] 4 BT 7R o WL SRk i 2% IRURSES (14 B4 /K A
850hPa A7k T AREAKFR, JbFIRFRX FFEACHIESTH, BRI AR
S, BB IXEALEERONPE R, FEEON AR (B 4a); FRRKARXS RIS (1 61
B KA AL TAC 3R b, AR AN R R o IERE K (B 4D

FGOALS-g3 &t sURe a8 B M B 2 18] 70 A (K 4b, @), ZERMEES
IR S WL PCC 2y 0.74, FRKARXIFRELAS Y 0.61, B 22 KU BRI
THERKASFES (X 3), ZEMEBRILNE (Lee and Wang, 2014). KTZF
XIEZS, FGOALS-g3 HLADLR B /K 7 IV EE 2 By B AN AT T I 22, 76 1 1 Bkl
PEZR DX UM 2L, BASE ot 23 RS 1) B K S AP AE i fl I o Lk, Bl
i 7RI IX (B AR RS, X2 CMIPS MBS LR W% (Lee and
Wang, 2014) . b4 FGOALS-g2 Al FGOALS-g3 Pi M A 1 45 - ( 4b, ¢ & g, h),
WA A RAS I ZE 7 AN B3, R KU AR R A0 £ sk b iR

FUIOR AR GAMIL3 B F /MRS 5RG T (B T AL
XD C(E4d, D, RARAHCI 2 T BEIE B KR A T . 3T RIS,
TEFG - R 2 - PHAL AP — W L PR i 22, X — i ZEAE A ST o BT i = 21
I IAEAE, & GAMIL B0 H AR ZE . SR EH GAMIL AU & 1 BA FI
FER T, SRR IR S B I FRACA, T AT B i A1 B 20T X 3 e J 2 1 7K sk
SAEFHARRZMZERIER, RIS T O A R 2 = s i, XA
S (HRESE, 2016), 15 7 AHE X B 437 A1 Y- o I v - e L P 1
SRS SN A AHIE S, S EUS E RN TE S 5 (Wang et al., 2000; Wu and
Li, 2009), A 15 KA 2 b P AP PRI i A FL AR 00 it S8 S FR A
ST BB A 18 BX — w22 (R 3L R B R o S A8 = 7 B K R iR A U I I
(& 3d), g TG I RN 1 OR AR 2 B AS B P AL P23 (Ul
M2, DN T KRR 72 o
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Monsoon Mode Spring-Fall Asymmetric Mode
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s71), 7% (a)-(e) N XA (Monsoon mode), 47 41 (£)-() N 3 Bk 3E X R AR 2 (spring-fall
asymmetric mode), 5517 % 1177 5N GPCP/ERA5.FGOALS-g3.FGOALS-g2.GAMIL3.
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Fig.4 Annual cycle modes (precipitation: shaded, unit: mm d~!, winds: vectors, unit:m s~1), The

first column is monsoon mode, and the second column is spring-fall asymmetric mode. The first to

fifth rows are: GPCP/ERAS, FGOALS-g3, FGOALS-g2, GAMIL3, GAMIL?2

K3 ETEIRVERE (0°-360°,40°S-60°N) THE AR KEFHFK . FRRAFE RSN
F GPCP/ERAS ¥ 5iREE (RMSE) MZEAMHRRE (PCO)
Table3 The root mean square error (RMSE) and spatial correlation coefficient (PCC) of the

model's annual mean precipitation, circulation and annual cycle modes relative to

GPCP/ERAS based on the global range (0°-360°,40°S-60°N)

FT = MRS FRKARRS B A s

RMSE PCC RMSE PCC RMSE PCC

F K FGOALS-g3  1.48 0.80 2.18 0.74 1.81 0.61
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FGOALS-g2  1.22 0.80 1.80 0.80 1.53 0.69

GAMIL3 1.33 0.83 2.23 0.77 1.33 0.76
GAMIL2 1.53 0.78 291 0.72 1.69 0.69
850hPa £ [] FGOALS-g3 1.4l 0.97 2.13 0.91 1.47 0.78
FGOALS-g2  1.96 0.92 2.25 0.88 1.73 0.78
GAMIL3 1.26 0.97 2.88 0.89 1.35 0.83
GAMIL2 1.56 0.95 3.15 0.85 1.89 0.76
850hPa £fifr] X FGOALS-g3  0.77 0.84 1.31 0.87 0.91 0.76
FGOALS-g2  0.83 0.79 1.41 0.81 0.88 0.77
GAMIL3 0.76 0.85 1.40 0.86 0.85 0.78
GAMIL2 0.84 0.81 1.62 0.82 1.01 0.74

3.2 ZE X 7K 3 BE A0 2R X X 36 RO 4= 0
321  ZFERPEKGREEAZR X TG B

MM TR R B GPCP Al CMAP [k I 43 Iz AUX AL 7 T = KRZFERUX (& Sa,
b), 25 RUFE K R 5 K 1 X A2 KX M . FGOALS-g3 UM B i B i 1
L= RERXHTEE (E 50, HERIERRIERX (AT, KT, JdE
L3S (¥ MPL AR R FE 5 LRI )N, JFE o g I 0 25 IR IX 3 B AR /N A A
HEWMFwZEA K (Lietal, 20200, 5348, NWP FERIXJEEE TR, X5
CMIP6 fit) HoAth 45 200 2 — £ (Wang et al., 2020) . FGOALS-g3 LT FGOALS-g2
R NWP 2 XX Vi B K (B S, ), B 3RIHAN AR T0 Fili th 2 XX i BB /S

GAMIL3 A5 UL i 1 25 R A 7K 5 P52 AR 28 IR X3 B 5 A A s (] 5, e,
TR TR A AT o 1t 2 IR /K PSSOl 22 8 B KSR AR & - GAMIL3 #5441
[¥) NWP 25 X 7K 5 P A0 2 XX FELAR LG 0 e, #8482 e T = iR 1Y
Az (B 3d) NWP Z= KX AH OIS i Ay, SR A Il Bk T NWP 2%
JRUIX B8 7K PR 22
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Fig.5 The global monsoon precipitation intensity (MPI) (shaded) and monsoon region(red lines),
(a) GPCP, (b) CMAP, (¢) FGOALS-g3, (d) FGOALS-g2, (¢) GAMIL3, (f) GAMIL2. The PCC
and RMSE of global precipitation intensity relative to GPCP are displayed in the upper right
corner based on the global range (0°-360°, 40°S-60°N)

322  FfithZE KRR KB 2 ) R B

275 JA e K i B AT 2 XL X 9 R 52 & B =k i R [F) s, 2 32 H E 2R B K T
1 2P /K TE B 2= 1 22 BN 2 3 o BRI R ST R0 M B 2 A B I b 28 AU 128 X
DX B B IR & TR 22, LA BH T 4 it 2 XU R RS s 22 P S5 BT 5
ForalanE 6 FE 7 FiRe BT ERHNE R, AERAIRE b EER 1B 2R X R K
(¥ = ZE TR K H KV BRI, AR R IIR L, KV KPP & 55 1) £ 5T
Bh (18 6a, b, ¢)o FGOALS-g3 AU i) UK fhi 2D, B i 225K 1 /KT
BRI (B 7a); K200 o B )M TR Z 5, R B R
I AR 72 52 7K IR T BP9 TR /N P = S Je R, B RS 1 K KV B MR
/b4 B 2 A TR 1 2 KUK R B s /N« 2 XX LR /)8

AR 7 ZE XX (B 7d-j), FGOALS-g3 /KR 3F BT i /b th & — A3k
PEI R, EARTAE IR RIX RS, Fi4h, FERZH TR, FEEAKR TR
PO 22 2 # T TR RS KR /> S 350, 8 7 SE AN TG S8 U 2 31 7 T B 5 S 5)
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(R 25 58K, R 1 3 B3N ) I 22 0 E, R T ZE A 67, 3R B DL )
e H B TS E) w1 AR R, X AERE 1RGN B ZR AR AR AG
g5t (Lietal., 2020).

FH#HCT FGOALS-g2, FGOALS-g3 £ 4= 3K fifi b 25 AU X (14 2 B 7K AT I T A
U ZE 0N, AE R IANS) JJ T A R, AR 28R IR mZE 0 R, 5 BUia)
[ it th 2 X DX 5 B A 28 XU K SO BCR AN 2 (B 7). AERA A RS & 4 it

(& 6a, 7a), FHIBID 225 H R UA B 3 BUKVCFR A 22, RN
RABE TR KRS B, X TR SV B ST RE % CGRITE

™
&, 2011 ),
a) Global Monsoon b) NH Monsoon
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IKEIKF R I(—< V - Vg >)FIFRZ Ti(res), ZEMXIXIIKH 1979-2005 4 GPCP [#/K it 5HA4%

FWFERXTEE (PR, HA51H8: (a) SEREEHZRXX (b) JbEEREEZRXX (c) 75k
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110°-130°E) (f) 4t 3% Mk 2= KU [X (0°-32°N, 50°-115°W) (g) FF 35 i i 2= K [X (5°-25°8,
40°-70°W) (h) dbAERGHLZR KX (5°-15°N, 15°W-40°E) (i) R IERfi#1ZR XX (0°-40°S, 0°-40°E) (j)
WK M IV o 31 22 XU X (0°-30°S, 110°-150°E), AN [F] B4R B 73 483 . ERAS(ZL ).
FGOALS-g3(t& ). FGOALS-g2 (£%ff). GAMIL3 ((R¥ th). GAMIL2 (% ¥ 1)

Fig.6 The climatology moisture budget of global land monsoon region and sub-monsoon region in
summer (unit: mm d~1!), including: precipitation(P), evaporation(E), moisture vertical
advection(—< w - d,q >), moisture horizontal advection(—<V -Vq >) and residual term(res).
The monsoon region is calculated from GPCP precipitation during 1979-2005 (The same below).
They are: (a) global land monsoon region (b) northern hemisphere land monsoon region (c)
southern hemisphere land monsoon region (d) south Asia land monsoon region (7°-35°N,
65°-95°E) (e) east Asia land monsoon region (20°-40°N, 110°-130°E) (f) north America land
monsoon region (0°-32°N, 50°-115°W) (g)south America land monsoon region (5°-25°S,
40°-70°W) (h) north Africa land monsoon region (5°-15°N, 15°W-40°E) (i) south Africa land
monsoon region (0°-40°S, 0°-40°E) (j) Australia land monsoon region (0°-30°S, 110°-150°E),
respectively. Different color histograms represent : ERAS5 (red), FGOALS-g3 (orange),
FGOALS-g2 (green), GAMIL3 (deep blue), GAMIL?2 (light blue), respectively
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(P). ZARMMZEE") KRB TIRIME(—< w - 0,q > ) KK PRI ZE(-< V-
Vg > ") BEI IR ZE(—< o'+ 0,g >)FTEERIIMZ(—< @ - 0pq’ >), FRIXIEHEFE 6,
A F B AR B 53403 : FGOALS-g3 5 ERAS 2 7% (40#4).FGOALS-g2 55 ERAS 2 7 (%
). GAMIL3 5 ERAS 2% (4¢ff). GAMIL2 5 ERAS 2% (FR#{A). FGOALS-g3 5
GAMIL3 2 # (K#i{). FGOALS-g2 5 GAMIL2 2 % ({%)

Fig.7 The bias of the moisture budget of global land monsoon region and sub-monsoon region in
summer(unit: mm d~1), including: precipitation bias(P’), evaporation bias(E"), moisture vertical
advection term bias(—< w - d,q > ), moisture horizontal advection term bias(—< V -Vq >"),
vertical dynamic bias( —< w’- 3, >) and vertical thermodynamic bias(—< @ - d,q" >). The
monsoon region is the same as Figure 5. Different color histograms represent the difference
between FGOALS-g3 and ERAS (red), FGOALS-g2 and ERAS (orange), GAMIL3 and ERAS

(green), GAMIL2 and ERAS5 (deep blue), FGOALS-g3 and GAMIL3 (light blue), FGOALS-g2
and GAMIL2 (purple)

3.3 X K FRRIEZ HOEHL
331 ZFER-ENSO X 2 HE

R 4 2% 2R AR /K 34T EOF 20 (B 8D, Fli 2 KUK 1) 25 T ABE S L
T8, BRI %N 33.19% (& 8a), XTRLA PC1 52X Nifio3.4 fREUC N 2.3
IEAHZE (B 8f, 1=0.96, p<0.01), RIFfiHZ:X[4/K 5 Nifio3.4 FeECN MG, &
] Bl Nifio 4F 4 Bk h 2 X B 7K 7>, La Nifia 454 BREE L 22 KUK R 2

FGOALS-g3 REHRUF M40 4 3k 2= KU PR K A2 AL A (4] 8b, PCC=0.54,
RMSE=0.38mm d™), k)72 KT WM (36.89%). PCl 5 Nifo3.4 $541IAH
FR2HON 0.92, BN, Bl FGOALS-g3 ] Bk Ah 1 2 XU F%/K 5 ENSO 5%
%, X5 CMIP6 MME 45— (Wang et al., 2020). SAMIAHLL, FEKBEA
) 3 B AR IAE PG AR TR KX L 7 P B RV DL PR AL AP TR X (] 8a, b
HAKIM S, £ E1Nifio 45, MM b i A XX K /b, AR mE, W
I e R B RE VR R — BUR 2, (FR AR O AR R K R, RIS R —
R KA 2, 328 25 AR U — 00 Bae 7K AR 2>, A2 7 b KT 33 2 XX g 7R B0 AR
% . FGOALS-g3 #1 FGOALS-g2 Pt (&1 8b, ¢), HihitA<H) EOF1 B 4%
P (PCC: 0.54 vs 0.36), HZEXF/KS Nifo3.4 FaE ) AR R RE R (
8g,h), JREKT]HEZ FGOALS-g3 AU IR SST w9/ (Li etal., 2020)
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Fig.8 The inter-annual variability of monsoon precipitation and monsoon-ENSO relationship of
the monsoon year (from May to next April), (a)-(e) the first mode of EOF in monsoon
precipitation anomaly, the explained variance is in the parenthesis (f)-(j) the time series of PC1
and simultaneous Nifio3.4 index. The correlation coefficient is on the upper right corner. The first

to fifth rows are: GPCP, FGOALS-g3, FGOALS-g2, GAMIL3, and GAMIL2
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- (B El Nifio A1 La Nifia Z{8) HIFRAUAARES (B 9. FofriehEs
El Nifio X it )2  J2 M AR B PO AL T 3 R T, a0 TP K
Bfi, RIS 7E PEAEAEAE — D II AR A Tl (18 9a), IXFhH IR #15 El Nifio 4F
PRI o

FGOALS-g3 & A RERLH ENSO M T H, HIEEE R 5
WA, WEEVE KR SR EE (B 9b). FREE Nifo3.4 15 %0l -1 [ 399
S R El Niflo SR BRI O INAE PU e £ 10°, J& BOVE AT 1A M i
LGS (B of), 385 T KRG 10 S Zh LU RN T UliEs), $3
PHRFENRERE (PRSP Bk (22 ),k Im 15 75w B LVt LA Al Y
BT, UL PEALRCFPETE X B K O R 2 . 534k, BiarE PR AR 7 5 4R
B (& 9b),  BPFH AR AR PE AR AE XA 2 M 2 1 5858 & rhot, 3907 El Nifio
FEHAERI K. FGOALS-g2 [RIFEAF/E S 7 (KR S am il (&l 9¢), {H 55 R0 ¥ i
# L FGOALS-g3 ¥ K, &/ El Nifio £F [ 7K 5 1)l 25 5 K.

GAMIL3 [1) AMIP {56 T iEREHU H Bl Nifo PG IERI 5558 A 0 (K 9d),
TR KA A B [ 22 3 B0 T AR S 2 PG AR B K S IR 22, Ao 4t K
AR ORI I 7 11 R0 12 i 7 A S i A A 1) A

GAMIL3 52 2| WLIAHR I 9K5,  El Nifio 4, JRFEETE KB AR A 45 RSP
AR A AR B O o B2 R TR SR, ELVR R ORI R G g B B VR A AE 7

for (B9d), B9 T ax AN X N U sl, (643 76 Re B RE v 20 XU R Ep R
By oKD, RN =& RpdR S, AE & T SST-FK-FLdE
S SRS RE (AT ARERAE, 2021), DRIk i 3 48 S 1) 189 Jon e 19 i3 ek Kk A e
B REVE (R T v, B K A S T 0 o FE R TR RSP, A I |
THEB LS m RIS L, RS, SST-FE/K-J I 4R 5 15U ot FE 5 15
W PR, (B KRR R 8K — U B 78, BRI AMIP (2R PU KA
WA RETE R, i KB AR D AR i 3 4 3R KUK
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Fig.9 The composite velocity potential (shaded, unit: 10°m? s™1) and divergent wind (vector,
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