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Abstract: The performances of 19 models from the Coupled Model Intercomparison
Project Phase 6 (CMIP6) in simulating the water cycle over East China are evaluated
based on observations and reanalysis data using Brubaker model in this study. The
sources of model bias are also investigated. The CMIP6 multi-model ensemble (MME)
can reasonably simulate the climatic distribution and annual cycle of precipitation and
evaporation with pattern correlation coefficient of 0.92 and 0.87, respectively.
Compared with observations, MME overestimates precipitation in North China (0.55
mm day™") but underestimates precipitation in coastal areas of South China (-0.3 mm
day™'). All 19 models overestimate evaporation with biases of 0.03-0.98 mm day'.
Thus, the differences between precipitation and evaporation simulated by most of the
models are smaller than the observation and reanalysis data. The MME can well
simulate the annual cycle of the contribution of each moisture source to precipitation,
but underestimates the contribution of remote moisture via southern boundary,
resulting in dry bias over the study region. We find that the southerly wind speed over
southern boundary determines the difference of water vapor transport among CMIP6
models. The stronger the southerly wind speed is in the model, the higher water vapor
flux incomes via the southern boundary, and the more precipitation the model
simulates. The position of the convergence zone over the Northwest Pacific is one of
the important systems affecting the southerly wind speed over the southern boundary.
The eastward shift of the convergence position in the model results in weaker
southerly winds, leading to weaker moisture transport to the study region and less
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precipitation, and vice versa. This study systematically evaluates the performance of
CMIP6 in reproducing the East Asian water cycle, and demonstrates the limitation of
the models in simulating the convergence zone over the Northwest Pacific and its

impact on the East Asian water cycle.

Key words: CMIP6, monsoon, water cycle, precipitation recycling ratio, water

vapor transport
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AR B AL AR T RUX, A AR A e 3 4, X ISR PR AR bR fIE
R, KGR H SR R R E, W4 A ARG B KR (Zhang and
Zhou, 2015; Liu et al., 2018). XI/KIEMEIEREAK. 28Kk KAUKHHIE MR
BRIEEIRAT, 2500 8 1 2 REAE S AN AH [R50 % 45 B B R, PRk 8%
WA EZEL A (Trenberth and Guillemot, 1998; Held and Soden, 2006). [,
S A A AR ASADL TR ) 2R 2 X K R % A1 AR AL, %o 2 4 52 5 o B4 A
B

=Y

RE

ZERR G, 28 XK R e o A 7R 50 4 X 7K 5 e 3R
(Huang et al., 2004; Ding and Chan, 2005) . 5 A 7848 H AR B K I 408 KRR
b FEAE IR L R AT JL RSP, T e R R T XU R KT R R R K
MK (Simmonds et al., 1999; Zhou and Yu, 2005). i A 700 i # AR |
BR 7 AR B H S5 AT RSB AR, BT A b 28 R RN A 7K T Hh 5] 2R 3
X % 7K B AR TT ik (Wei et al., 2012; Zhao et al., 2016; Guo et al., 2018; Zhao et al.,
2021), F8HXTARMAFEHIX KB, ML KO AR B K I DTk o
S, ARHWZE R EET A B R TTIRZ) 20%, Stk A B KRR 2 S AR F A/KVR R IR
FA— 5 T K EERRAE % . Brubaker B — Fh kT 7E A B (o] )OBE ARG
[#] 7 DX 35 A DR ARV B ST AR AR ATy, mT AT 5 v B0 H A 2 % LA
A8 I 5320 % N KPR DX 3B 7K PRI AR R DTk, G Hh A b 28 JRO0T X 38 [ 7K 11
DU EL RN F /K FE 95 2A 2 (Brubaker et al., 1993).Guo 25:(2019)%} Lt T Brubaker
5 ZKEHEBERA (WAM-2layers), K I3 FRAE A AR WSS B K FEA
72 7 F BRI = 5 X o Brubaker 840 14 FA R BUR, FILIEHIE &
IR DX VR ZERCR, 1T AR A 3 X 45 R S BUE B AUAR T, PRIt R] LR A Brubaker
AR T U B0 o [ 2R 0 X 7K PR AR A 4

S RRAEAR TR U R R AR HL A TS R R AR L T, {H
SRAERRSERGNE M AR R E T SE R Z M, A ER AR U0 2R
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SRR BE I FEAE — AL (Masson and Knutti, 2011; Sperber and Annamalai,
2013; Song and Zhou, 2014a, b). K AER H A 0T e A% A2 AL BRRIE 78 F1
ARG AT, A S RE I HEAT RS AV, By el B e S AR
¥, AR T RS A PR R IR . B bR A B BRI (CMIP)
SRt 7 2 R AR AR L ARG (17 &, R BRI R R 44 B U
FPRIEERIE T EEEH JRES, 2019). i AHF7LHiH, CMIP3 1 CMIPS
AR AT DAL, o (5] 1 X B8 7K E P AL 1) 2R R 3 8 14 2341, 0] 46 R T
X B /K R I ARAL X e AL DX AN ek s S M X R B i, X3P 300 R Gtk
il CAOANLELL, 2009; BRBERSE, 2014). A TR 5E, CMIPS
1R B P R Al SRR R AR R, AR e 22/ o R B TR IAT AT KT
TR ) E 2R KRN AU i 22 5 B K Al 22 — B30, S5 00 1 ATl vy o
T H 9 B A A B AR 5% (Bao and Feng, 2014). CMIP3 Al CMIP5 K A& 2 o
H RGP R B = R, B b, 5808 R R A B R 22, T 2 2= Rk
O R AR 2 AR AP AR I T A5 20 B — PG A S U BB AR DG K I, CMIIPS
KA 2 CMIP3 A 23 2t (Song and Zhou, 2014a,b).

IETEHEAT () CMIP6 2 e — AR b it &), #2687 M S T LR B = o
Z . I e & I AR S (R ESE, 2019). HHITA K CMIP6 1T
i A 2 B 6] v ] 2R 3 b X P /K R B SRR IS CMIPS — 8, HAE =5 [ 43
AT R B K AR TT AT BT T, XAl AEs CMIP6 HH G Jb T UL PR AR U i
ZR/NE S (Xin et al., 2020; Jiang et al., 2020). {H2, HRTH —1t CMIP6 =,
X r | AR S DX K AR FR R RSEALL R i AN A o BETK L 28 R AR IR 8 A2 [X Ak K A7
W E BT, R KA S K B Ay, P SO K IR iR
AR URSRAE, BESLLUT REREIT: (1) CMIP6 A5 2 48 5 2= XX KA
53 B ISP Y A HRERLRE T T 2 (20 J b 28 R R AN /K P i i CMIP6
R TR I 22 PO TTRR AT 2 (3D AR A AR A% 1) s 22 KRR A4 2

ARSCHARE Y ZHA T - 3 A EEAR A T 58 = AT P O AR
JRDX KA PR SA% T 245 B RE 7, TR SR 7K PRORVR M 22 KR SR DU 45
AR
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2.1 BEAMTERANH

ACPFAE ) 19 A~ CMIP6 B AR H 7 MEZE GhIX) 13 NMREPL, i
DHERALE 0.7°-2.8°2 8], SAAS BT 1. AT 7 e R EdE, FrH
BEAFEEK. B WEHSE. 2. 2 m XS E K.

£ 1: SCHVAER 19 4 CMIP6 £BRS BEEREAE R

Tablel Information of the 19 CMIP6 models evaluated in this study

Fiv ) [ ¢

KABRACTF R

B A4 TR (HR) It @ LA i Bk (LB E X AT )
BCC-CSM2 Hh ] BCC 1.125°x1.125°
BCC-ESMI Hh [ BCC 2.8°x2.8°
CAMS-CSM1-0 Hh [ CAMS 1.125°x1.125°
CanESMS5 JIIEDN CCCma 2.8°%2.8°
CESM2 % H NCAR 0.9375°x1.25°
CESM2-WACCM % NCAR 0.9375°x1.25°
CNRM-CM6-1 % CNRM-CERFACS 1.4°x1.4°
CNRM-ESM2-1 % CNRM-CERFACS 1.4°x1.4°
EC-Earth3 sl EC-Earth-Consortium 0.7°x0.7°
EC-Earth3-Veg i e EC-Earth-Consortium 0.7°%0.7°
GFDL-CM4 % NOAA-GFDL 19x1.25°
GISS-E2-1-G % NASA-GISS 2°x2.5°
GISS-E2-1-H % NASA-GISS 2°%2.5°
IPSL-CM6A-LR % IPSL 1.25°%2.5°
MIROC6 H A MIROC 1.4°x1.4°
MIROC-ES2L H A MIROC 2.8°x2.8°
MRI-ESM2-0 H A MRI 1.125°x1.125°



NESM3 H NUIST 1.875°%1.875°

UKESMI1-0-LL e [H MOHC 1.25°%1.875°

AR SR F G0 UL P A SRR VA B U RE: 1) CNO5.1 38 H BEK
HARGE, AP 0.59%0.5° CRAEMFEEA, 2013); 2) ABREG T HE [F
1677 i (Global Land Data Assimilation Systems, GLDAS ) ) 7% & %4 (Rodell et al.,
2004); 3D BRPIHHARS TR AL (ECWMF) ] ERA-Interim 1 ERAS (Dee et
al., 2011; Hersbach et al., 2019), 3¢ [ [H Z i = fi K5 (NASAD ) MERRA2(Gelaro
etal., 2017) LA HAS LT (JMA) ) JRA-55 (Kobayashi et al., 2015) F3 4t
ACRW I kg S

ASCHFFUIT BA 1979-2014 4, B EE A H S F %50, 325K X 46
(E 7 IEFRE R 1ox1° 0 R AR T 2 B R U RE . SO R, 2. A ZEy
W 3~5 H, 68 H, 9~11 HM 12 HEKE?2 H.

2.2 ShERKIRA Z A R X X Ik B K SR B 7+ 5 5 s

AR 0 KAUKIR B E RS Brubaker #5575 (Brubaker et al., 1993) 4
XIS K EESZE, THE AT

p:E—A" (1)
EA+2F"

Hrbp NIX IR IR, ENXECF 78K E, 4 AR, F 5 A X

N 2 KR E. KA Trenberth (1991) B THE KRS ZA 040 (F,)
MZE (F) KIKEE:

1 ¢100

Fu(x,y,t)=§jp q(x,y, p.Ou(x,y, p,0)dp » (2)
1 ¢t100

Fv(xay’t)zgj‘p q(x’yap:t)v(xay’p7t)dp’ (3)

Hrb g ARSI, w v Rlhad m AR K, PO A E, g AE I
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B2 KA Guo 55 (2018) AL, THEIEI AT 7T X 514 A A
TR XI5 P F 7K DTRR R -

o 2F} e — 2Ff"
W = gatorinc ©E T paioFin’

2Ffn 2Fim
Uy = —, g = 9
EA+2Fin EA+2Fin
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Hodr Fi ARt i S N T X KV R, agy 3B PG 30 A N KR 7T
XKDk, X TF4&R (E). db (N) FIEg (S) 5t [FFH,
2.3 BB IHHE Tk

R TR BINE RE 34T e mVPAL, FRATR A TP A ek XA
KGN B2 7 474> (Chen et al., 2013):

(1+R)?
EEIRY
(SDR+-2)

Skill = ()

Forr R OB S B AH R R, SDR it sURHDL R A v 22 55 WL B b o 22 2
() ¥ EE AR

3 SR

ASCRVEKIEA R UL R R BROK . 28K 7KV UmIE A LA R R B KR
XK I TTRR, K5 WP RRES . AR CMIP6 # AT RS0 TF
fiti, FFr AR sRZE IR .

3.1 REFR X AKIEF &0 TSR HAR

FATE B IEAL CMIP6 R0 ZR B KX BB K L 28 K B ORI S Uik
SRS HIRAURE ST o B 1 AR AR ATL K] 1979-2014 4525 B 7K 58 P 1) 7K ~F
G AR, W K I P b ) AR E S I ARAE (] 1a), ST

(MME) A DU B AR AE, 5 00 D0 2 TR)AH 6 R0 0.92 (I 1b).
19 AN B 5 0 I 1) A o6 &R BB s o 0.94 (UKESMI-0-LL), K 0.67
(BCC-ESM1). MME BAULI B K AR 22, BIF 70 IX DX 3301 1 10 e 7 A 0 DN v



% 0.28 mmday”! (K&l 1c). Ho 7 MEARDWIMFE KW Z , 12 DM w D,
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% (FRbEREE, 2014), CMIP6 B2 50% AR AL A6 Jb b X AU B2 K fig
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5 X X3 F 3 ) MME A% T-00 30 i 22 .



Figurel Spatial distributions of the climatological annual mean precipitation
intensity (mm day™) for 1979-2014, (a) CN05.1, (b) CMIP6 MME, (c) difference
between MME and CNO0S5.1. The red box indicates the target region in this study.
R is the spatial correlation coefficient between MME and CN05.1 over the study
area, and bias represents the difference of regional average precipitation between

MME and CNO05.1.

Kl 2 4 1979-2014 4F GLDAS 5 CMIP6 55 0B 1) 45~V 35 26 K 50 S 43 A &
Zi{f . M GLDAS HIZS [ /3 ik, BFITIX AR 28 K & 5 /K & A il —
H, ML AR RS (B 2a), B MME (45 538 A AT DU H U o 25 %
(I ATRFAE, 5 00 B 2= [ AR 58 RECH 0.89, KA LR Z W wE (B 2b).
2K 55 R0 (1 25 PR AR 5% R B LA 0.71~0.92, e rb 5t v (14 9 WG F o MK
(K9 CESM2-WACCM, B3k a] 22 7 B0/ o 19 AMBEECER I 9 — S0 1k fw %=

(0.03~0.98 mm day!), MME 5N Z(E N 0.34 mm day! (F 2¢),
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Figure 2 Same as Figure 1, but for the climatological annual evaporation
intensity (mm day-1), (a) GLDAS, (b) CMIP6 MME, (c¢) difference between
MME and GLDAS.

PATHE— D25 1 7 2 E BT BORIEL K CMIP6 A2 i A< i KUX. (]
1-2 ZLHEDX I FKI-FH5 AEIEFR 70 Al (18] 3D B2 M, WL A2 DY FE 43 iy
BRI B M 2 R A IR BN = (1 HLlge o A, [KAE 6 HIKEIERK, &K
WLE 7 H oo S B K IEAE A 5.61 mm day™!, 5 P20 AT BRI & 7K I {7 5 1o
TR, JUE R RS T EINIEEDY 6.25 mm day'. 5 H KK T %
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7K, WL AT 4y BT BERHER & ST 2 1 28 R 4B 23 59 09 3.10 mm day™! #13.51 mm
day'e BEPEKEZEKZZ (P-B) Mia, T RS r 06 B R e s A —
#;, WBEMIE6 A, ArEIEME (3.22mmday!) 82 5% (2.88 mm day!) f
. CMIP6 £38 MME Al BEHLILI B K . 288 K& P-E (ARG SR IE, W2
F7K N P-E BRI 5 T —AFH, &R IEE 5000 —80, HIE7 H.
MME [ 7K A A4 2R R T 00, B 28 ST, 26 R UAE 42 4 3 T WL,
P-E 765 Z2/NF LA BT 1 F 0 B 2t ke

B BRI ZERT S, AR EZ RN, P-E&K, mKZERHH
BUEE T, W WK, RN P-E, HHHRIEE (RMSE) /IR
524 IPSL-CM6A-LR (0.41 mm day™'), MRI-ESM2-0 (0.14 mm day™') F1 CESM2

(0.33 mm day'), RMSE & K45 8 MIROC-ES2L (1.30 mm day™'),
MIROC-ES2L (1.01 mm day!) #1 GISS-E2-1-H (1.05 mm day). HE 3 (c¢) A
DA 21K 22 ot UL P-B 52 I AN FE 3 BT 5 kb I , (BT AT 38 43 B a0 2
AW F 4 4 B R 2 o W FRATT R B, BCC-ESM1. CAMS-CSMI1-0.
GISS-E2-1-G. GISS-E2-1-H Fl NESM FHAME ) P-E SE1G 373 A -5 WL AR
W HHILAE R EM AR, HILE N P-E Bz WA a0 R 2 b, ik
i 22 - HE 2 HH B 7K SRR IR RSO s 22185 1, 2= Pk A 22, 32 2= [ 7K it 3 i 2>
). MWAHSPRIRIBEKF P-E KRG, X AR A 8 T, (H7ER
= H; P-E AR # b, TTCERRSE & A IEff 0 IR 2 5, i
TE A3 AT A ORI R 22 SR YRR L HERR
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B, AaNREAKSHIAERN. HX MME fE 5 BERE Y, &
W, #Hi. FEMEELESH/FE MERRA2. ERA-Interim. JRAS55 fl ERAS,
KELRE CMIP6 BHR.

Figure 3 Climatological annual cycle of the (a) precipitation, (b) evaporation
and (c) their difference (P-E) in the observations, reanalyses and CMIP6 models
area-averaged over the target region for 1979-2014. The black, red and dark blue
line represents observation, MME and reanalysis mean, respectively. The light

blue, yellow, green and purple line represents MERRA2, ERA-Interim, JRASS
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and ERAS, respectively. Gray lines denote the CMIP6 models.

NT AR T BZEFIERE, AT 50 1 ERAS
VERNS %Yy, SHCS W INANFE S b BORHTR ZR R AR 0 A0 — B = CRIHERR -
R A AL, P-E ff KA M (UKESMI-0-LL. CESM2-WACCM.,
CESM2.MIROC6.MIROC-ES2L) M /M) T4 5 5L (BCC-CSM2 . MRI-ESM2-0.,
IPSL-CM6A-LR. GFDL-CM4. EC-Earth3-Veg) 4 A0 CMIP6 1% 3 b ff {5 Al
i TR . Rl CMIP6 A I 7K 15 28 R 2 ZE AR T %% 7343 T B R i /)N
(RN FIRZED, B0 HIEH ERAS 15238 b 45X a] 1) 22 5 304 T Loy
#re

FATE— 2 58 B VPl AR P AR B 28 R B 3 S A N AR IR 5 X B K 11
X DTR (B 4o XFFrp EZRFHLX KIS, ERAS HH KRR 2 H 4
75 [ R ZRIE T IR AEPEIARAAE, 9 HIRRIEm K (31%), &N (4 5%),
Vi BB FE X AN B 7PN 12 X B KGR 32 AR T o B3 e A\ KT STk 28 1 4
TEIRAFAE 5P K —8, HZRE (4 65%), A H 0 FoK i v i A KiR
F T (41%-76%), ZRiAFAIALG T N KRB TTERZE A 0-20%. CMIP6 #ixt
HEAR ] DUBEIDLH 3K % KPR VR DT iR R AR B A R 1E . 5 ERAS AHEE, X MME
1) 22 5 2 BRI A 28 R DL AR SR A S N KPR R STk K, T R I
ARG I T4 AN KV ok /N, i ZE MRS 4.8%, 2.37%, 1.52%, -3.72%A1
-4.98%. PR AR AR AU R, W 2R A U 14 S i 22 5 830 MME
HeB—3, Bk & B B0 L L MME 25 B3 ERAS, UL
A 0 i 12 N KR SRR (B L 5 BRAS R B3, 1 A5 3 f 22 I 4
MME B k.
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Bl 4 ERA5 5 CMIP6 A A 1979-2014 74 31 78 5 %34 5 41 3B R IE KIS %
HEREXFFEKTERE (%) HERERF, (R KBERE, (b)-(o)@d LR
MM AKIRTTER, ERAS. CMIP6 3 MME. B =P TR F354 HIH
B, 46, KOENEEERR, FRERR 194 CMIP6 EAKTEHE .

Figure 4 The climate mean annual cycles of the contributions to precipitation
over Eastern China from the (a) local evaporation and (b-e) moisture influxes
from different directions derived from ERAS and CMIP6 during 1979-2014. The
results forERAS, CMIP6 MME, wet models mean and dry models mean are
represented by black, red, green and yellow lines, respectively. The shadings

indicate the range of 19 CMIP6 models.

545 T CMIP6 A A SR IR 24, K. KK, P-E,
BEKFHEIAA, PH. 2R, A6 KB I ta A\ K TR K Dok B SR8 A A 7 TH Y
By v¥or. ATUE B, BEIRRAE 2R SR 70 A 7 TR g sy (RT3
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PAr 0.97), TR AR TR AR BEK TR B AL E  (0.45). X T P-E fE7E
O Hi 5 WA R LA, Hid CAMS-CSMI-0. GISS-E2-1-G . GISS-E2-1-H
N B IKAEARG IR VR 2 A IR = A, RIS I FLAMSE 20 B /KR P-E A4 205 000 (4 AH
RAEBHRBACKH AR 19 A & TF 355 98 4 & & R U
CNRM-ESM2-1 (0.89) , sAKHIELA Y GISS-E2-1-H (0.68) .
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Figure 5  SKkill score of each CMIP6 model in simulating the climatological
precipitation (Clim_PRE) and evaporation (Clim_EVP), annual cycle of
precipitation (AC_PRE), evaporation(AC_EVP), P-E (AC_P-E), recycling ratio
(Recycling), contribution of western (Contribution_west), eastern
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Figure 6 The climate mean annual cycles of the (a) total moisture influxes to
Eastern China and the (b-e) moisture influxes from different directions derived
from ERAS and CMIP6 during 1979-2014. ERAS, CMIP6 MME, wet models
mean and dry models mean are represented by black, red, green and yellow lines,

respectively. The shadings indicate the range of 19 CMIP6 models.
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Figure 7 The climate mean annual cycles of the moisture influxes to Eastern
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China via different levels (vertical integrate, low-level, mid-level and high-level)
of (a) western, (b) eastern, (¢) northern and (d) southern boundary during
1979-2014 derived from ERAS and CMIP6. Solid lines indicate ERAS and dash
lines indicate CMIP6 MME. The whole, low-level, mid-level and high-level
moisture influxes are represented by black, red, yellow and blue lines,

respectively.
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Figure 8 The scatter plots of climate mean summer low-level moisture influxes
(horizontal coordinates) versus accordant low-level water vapor content (vertical
coordinates, left panel) and low-level wind field (vertical coordinates, right panel)
at each boundary in ERAS and CMIP6 models during 1979-2014. Western,

eastern, northern and southern boundary are exhibited from top to bottom.
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Green letters, brown letters, and red dots indicate wet models, dry models and

ERAS, respectively.
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Figure 9 Spatial distribution of climate summer mean low-level winds (m s-1)
and water vapor content (mm) in ERAS during 1979-2014. Differences between

that in (b) CMIP6 MME, (c) wet models mean, (d) dry models mean and ERAS.
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Figure 10 Spatial distribution of climate summer mean winds at 850hPa during

1979-2014 derived from (a) ERAS, (b) CMIP6 MME, (c¢) wet models MME and
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(d) dry models MME. The red dots indicate the locations of the minimum wind
speed over the Northwest Pacific, i.e., the location of the Northwest Pacific

convergence zone.
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Figure 11 The scatter plots of climate mean location of the Northwest Pacific
convergence zone (horizontal coordinates) versus (a) accordant summer
low-level moisture influxes (vertical coordinates) and (b) low-level wind field
(vertical coordinates) at the southern boundary in ERAS and CMIP6 models
during 1979-2014. Green letters, brown letters, and red dots indicate wet models,

dry models and ERAS, respectively.
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