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Abstract This study evaluates the performances of 19 models from the Coupled Model Intercomparison Project Phase 6
(CMIP6) in simulating the water cycle over East China based on observations and reanalysis data using the Brubaker
model. Sources of model bias are also investigated. Results reveal that the CMIP6 multi-model ensemble (MME) can

reasonably simulate the climatic distribution and annual cycle of precipitation and evaporation with a pattern correlation
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coefficient of 0.92 and 0.87, respectively. Compared with observations, MME overestimates the precipitation (0.55 mm
dfl) in North China but underestimates the precipitation (—0.3 mm dﬁl) in coastal areas of South China. All 19 models
overestimate the evaporation with biases of 0.03—0.98 mm d”'. Thus, differences between the simulated precipitation and
evaporation by most models are smaller than those of the observation and reanalysis data. The MME can well simulate the
annual cycle of the contribution of each moisture source to the precipitation but underestimates the contribution of remote
moisture via the southern boundary, resulting in a dry bias over the study region. It is found that the southerly wind speed
over the southern boundary determines the difference in the water vapor transport among CMIP6 models. The stronger the
southerly wind speed is in the model, the higher the 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 a weaker moisture transport to the study region and less
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
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and its impact on the East Asian water cycle.
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ratio, Water vapor transport
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CAMS-CSM1-0 CAMS 1.125°X 1.125°
CanESM5 YN CCCma 2.8°X2.8°
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MRI-ESM2-0 HA MRI 1.125°X1.125°
NESM3 G NUIST 1.875°X 1.875°
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AL LB AL 2R A, 5 000 ) 2 1) A o R 8

79092 (E 1b). 19 A5 M 1) AH ¢ & 5
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Fig. | Horizontal distributions of the climatological annual mean precipitation intensity (units: mm d™") in eastern China for 1979-2014:
(a) CNO5.1 data; (b) MME (multi-model ensemble) of CMIP6; (c) differences between MME and CNO5.1 data. The red boxes indicate eastern China
(the same below). R is the spatial correlation coefficient between MME and CNO5.1 data over eastern China, and the bias represents the differences of

the regional average precipitation values between MME and CNO5.1 data over eastern China
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Fig. 2 Horizontal distributions of the climatological annual evaporation intensity (units: mm dfl) in eastern China for 1979-2014: (a) GLDAS (Global
Land Data Assimilation Systems) data; (b) MME of CMIP6; (c) differences between MME and GLDAS data
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Fig. 3 Climatological annual cycle of the (a) precipitation, (b) evaporation, and (c) their differences (P— E) in the observations, reanalysis, and
CMIP6 models area-averaged over eastern China for 1979-2014. The black, red, and dark blue lines represent the observation, MME, and reanalysis
mean, respectively. The light blue, yellow, green, and purple lines represent MERRA2 (Modern-Era Retrospective Analysis for Research and
Applications) data, ERA-Interim (European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis) data, JRASS (Japanese 55-
year Reanalysis) data, and ERAS (Fifth major global reanalysis produced by ECMWF) data, respectively. Gray lines denote the CMIP6 models

25T, 7% Rk N AE 4 4 2 KT SRR Z 1, 2R AR oA 8 22
P—E {ERZ/NFRLNAT A B F- 0 Hr Bk N, PmERK, RERYHIEE T, B2



XM % 46 %

564 Chinese Journal of Atmospheric Sciences

Vol. 46

MK, R P—E, HITHIRZE (RMSE)
/N4 54 IPSL-CM6A-LR (0.41 mmd ™),
MRI-ESM2-0 (0.14 mm d"') #1 CESM2 (0.33 mm
d"), RMSE & X i # X 4 % & MIROC-ES2L
(130 mm d'), MIROC-ES2L ( 1.01 mm d ")
1 GISS-E2-1-H (1.05 mm d ). HE 3¢ LLFE
FI) K 2 B B () P— E B2 O8I FE 4 AT B R
/N, AEAT A 5 43 2 2 LA T 43T 2R MR 2
[ B &A1 % Bl, BCC-ESM1. CAMS-CSMI1-0.
GISS-E2-1-G. GISS-E2-1-H Al NESM 11 44 =, 1)
P—E G A SAIMASTE, W i BAE 2=
RIEEZE, HIHEFR P—E B2 00 H A
BE D, M 2 32 Bt FRK IR A R e 2
L, BERBKREZ, BEBKEERD (EK.
MAEF- B BE KR P—E SR, X AABERAE 45
B E TR, (EEE L P—E RIBEKE R,
WTCVEARIE EATIER R BT T AR 2 5
HACAE 43 BT AR AR RN 2 SRR I K HL AR

NT MRS T BEREERERT,
WATCLE AT R ERAS /R NS %1, kLS
UL R FE 43 AT TRV TR ARG I o A — BB X
( BIHEBR BCC-ESM1. CAMS-CSM1-0. GISS-E2-
1-G. GISS-E2-1-H 1 NESM 11 A # 20) b 4 4
P—E EHRAKMFAAMEN (UKESM1-0-LL. CESM2-
WACCM. CESM2. MIROC6. MIROC-ES2L) #iI
B MO, (BCC-CSM2. MRI-ESM2-0. IPSL-
CM6A-LR. GFDL-CM4. EC-Earth3-Veg) 43 H4%
& CMIP6 5 2 P i ¥ A i T [ B =0 RO CMITP6
PR R (1) B 7K 5 28 R 2 ZE ARG T 5% - o b B k)
/N (GRBCNTZD, #Mord HigE ERAS {EA
S 3t ) ) 22 S 34T LRI A

BT — 20 52 VPG T A A 28 K J
T N AKIE XS I 5T DX B K B AR Tk (B 4) . X
T B AR IX BRI . ERAS 1 FRK B IR 2R
RILHE KRR W IR RRE, 9 HiX
Bl K (31%), AZF&/D (4 5%), U5
DX A N B KA 12 X B K = SR . mia s
B NIKVRTTRR R AR IR IE S Bk — B, B FRIA
WA (29 65%), FLAH 4y B K b vt 34 5 N 7K
RET (41%~76%), ZRiAFFILT 5N KR
(R TT IR AL A 0~20%. CMIP6 =X B fA ] DL
HH B 7K & K VR IR TTRR R R AR IE . 5 ERAS
AL, B3t MME [ 2 57 3 BERBLE AR 78 Ak UL R

RGN S N KR B DTk Am S, T P I SR
A S AN KIR B stk N, A ZE K IR 4.8%,
2.37%, 1.52%, —3.72% F1—4.98%. T z0A
MR SR 5 Y, 9 SR 2T 7 3 T 1 i 22 5 4
iU MME Fe—8, A 5 et 0 b DA
K MME % ¥ 218 ERAS, U2 @A 0w ik
G N AKIR STk (A ERAS dEF#0,  TFA5
A ZE M5 MME 58K

KIS 45 T CMIP6 5B 7E S5 P34 K
AR, WK, EZKR, P—E, BEKEREALRE,
P R A6 KR Ih AR N KT B K TR R (4R
IOy A 7 TGP . FTUAE R, EARIATE %
RAEAE IR o3 A5 75 T B AL 15 B v OB P X9
0.97), X 7R 321 -4 N KV I B 7K o3 ik R ASE 0L
Z (045). XT P—E FIG 0 A0 5 WA FF 1
AR, Hp CAMS-CSM1-0. GISS-E2-1-G.
GISS-E2-1-H AEKENEAVE 73 s AR =AY, A
X LA B KA P— E SEAEER 50000 R AH ¢ 2
B R BRI A . 19 AN A & 007 24T
43 B = A 208 CNRM-ESM2-1 (0.89), 1K Y
PN GISS-E2-1-H (0.68).
3.2 FKGREE X PEK RE AR BNIR Z R IR

AT SC o BT I CMIP6 A5 206} 28 2 S A6 348 % [%
IK PR IR R R m Z2 552/, Tt BH B 7K /K VR SRR
76 FBRE E XA ORI . Rk, A4
AN T A NI KV R, DR
Pt 22 B BRI i £ 5% (B 6). ERAS 7T
X MK AN B FETRES P—E KL, 1E6
HikF|EfE (532.39%10°kg s . &L AT S,
HH R 1 SN BRZKVR B IR 5 N IR 7KV
B3, 6 AM 5k 66% (352.41X10°kgs ™).
5 ERAS MHEL, #5840 B A KRB 2 AE 5~10
H WIS ERAS A0, #BiximzE R 2 e 2
FiK, BIAMKKSEDT ERAS, FHK 4a
o B K PR IE A S B Al vy, L PR w22 5
Ko BMAEEUANERFERMAKREE—,
AR, TR 25 MME fl 22 58K, WA
K 2 T ERAS. X T HAL =145, E%4
Bt KRN E R RER B, #5120 MME f/K S
NEAXS ERAS (i, WA U7 &1 5 b AR 5 4
T ERAS. SR &, B 2L IX KA
MEZERFEREFENEUITOKARARES.

N T T AH S o A 2 KRR B 2 ok



3 BAPTEE: CMIP6 AR T A ] 2R 35 1 X A G I (400 8 77 VP A
No.3 ZHAO Dan et al. Performance Assessment of CMIP6 Model in Simulating the Water Cycle over East China 565
(a) Recycling ratio
40% J ERAS E
i CMIP6 MME
5 309 4 CMIP6_wet E
R g
£ 20% \_—
o . L
C 10y 3
OF—T——T—T7T—T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12
Month
(b) Western boundary (c) Eastern boundary
80% 1 60% -
5 60%_: g 0% CMIP6 MME 3
3 ] £ 40% 4 CMIP6_wet 3
= 1 2 E E
g 40% £ 30% -
kS 1 ERAS S 20% 3 g
1 CMIP6 MME °H E
20% 1 CMIP6_wet 10% 4 //\\\7——
Ot—T—TT T T T T T T Ot—T—T—T—T—T—7 T T 1 -
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
(d) Northern boundary . (e) Southern boundary
24% 4 BRAS - * 1 ErAS
= 1 CMIP6 MME E = 1 CMIP6. MME r
g 20% o CMIP6 wet E .S 0% CMIP6 wet u
2 16% ~ 2 ] :
ERPIE & E £ 40% C
S 8o E S ] i
° E 20% — -
4% \/ a ] i
0 I | I I I I T T T I 0 T T T T T T T [ T [
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month

Kl 4 1979~2014 4 ERAS5 %k 5 CMIP6 #xH (a) AHZ KA (b) PHIHF. (o) KBF. (D) L. (o) B FRIFEAKIEN FE 4
X K TR MAEE IR . ERAS. CMIP6 #3 MME. B A TR TR AT H 0 BIH BE ., 460, SaiEasginr, HER 19

A~ CMIP6 R, T

Fig. 4 Climate mean annual cycles of contributions to the precipitation over eastern China from the (a) local evaporation, moisture influxes from (b)

western boundary, (d) eastern boundary, (d) northern boundary, (e) southern boundary derived from ERAS5 data and CMIP6 models during 1979-2014.

Results for ERAS5, MME of CMIP6, wet models mean, and dry models mean are represented by black, red, green, and yellow lines, respectively.

Shadings indicate the range of 19 CMIP6 models, the same below
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Fig. 6 Climate mean annual cycles of (a) total moisture influxes (MI) and (b) western boundary, (d) eastern boundary, (d) northern boundary, (e)

southern boundary moisture influxes derived from ERA5 data and CMIP6 models to eastern China during 1979-2014

(a) Western boundary (b) Eastern boundary
240 =
] Py Total f 1
200 —; e N ERAS Low 804 ____ ERA5
T 160 : T 3
o 1 High w 07 ——cmiPsMME
& 120 5 == = ]
=) b S 40
= 80 o = 1
= 40 _f = 20 7
L L E e e e B 0 +==r—1—71
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5
Month
0 (c) Northern boundary 00 (d) Southern boundary
]——ERA5 —— CMIP6 MME F 1 — Eras Total
DN 30 _: ’,a”/___-\\\ Total :_ e 300 _: ow L
&n ] 7 \ Low o ———— ~ [ ) 1 —— CMIP6 MME C I
“jé ] \ // ¥ S:‘ i SN High F
S 20 ‘\\ High - S 200 b
= 1 \ S g = 1 :
* 10 ot %00 -
0 T T T T 0 F—r—T—TT T T T T
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month

Fl7 1979~2014 4E-F ¥/ ERAS B kLS CMIP6 Ui (a) 7. (b) ZR. (o) db. (O BUAARFEE CEZE. & P, K EAHE
REH X KRB R . SEERF R ERAS R, MEZER CMIP6 B0 MME. 22, KE. hEMEEAKKRS ARG, 46, memiit
LR

Fig. 7 Climate mean of moisture influxes to eastern China via (a) western, (b) eastern, (c) northern, and (d) southern boundary in different levels
(vertical integrate, low-level, mid-level, and high-level) during 1979-2014 derived from ERAS data and CMIP6 models. Solid lines indicate ERAS
data and dash lines indicate MME of CMIP6. Whole, low-level, mid-level, and high-level moisture influxes are represented by black, red, yellow, and

blue lines, respectively
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Fig. 8 Scatter plots of climate mean summer low-level moisture influxes (x-axis) versus low-level water vapor content (y-axis, left panel), low-level

wind field (y-axis, right panel) at each boundary in ERAS5 data and CMIP6 models during 1979-2014. Green letters, brown letters, and red dots indicate

wet models, dry models, and ERAS data, respectively
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location of the Northwest Pacific convergence zone

(a) R=—0.85 (b) R=—0.90
360 - r 5.0
'_".n _&3 :_ 3 E_
5 320 oGF . : L 48 :
© . L g - O F E
> ] 3 E o E
21 H N . ; 5 N . E
£ 2004 B D L g 3.0 B -
g 1 P s = Ap B g
2 160 A" ,R - B 25 |y -
T ] o [P} E
S 120 ic M a t 2 204 c 2
] ; K M Q
80 . . 1.5 [ e —
120°E 140°E 120°E 140°E
e ERA5 A:BCC-CSM2-MR  B:BCC-ESM1  C:CAMS-CSMi-0  D:CanESM5
E: CESM2 F: CESM2-WACCM G:CNRM-CM6-1  H: CNRM-ESM2-1 |: EC-Earth3
J:EC-Earth3-Veg  K: GFDL-CM4 L: GISS-E2-1-G  M: GISS-E2-1-H  N: IPSL-CM6A-LR
0: MIROC6 P: MRI-ESM2-0 Q: NESM R: UKESM1-0-LL  S: MIROC-ES2L

11 1979~2014 Z T E 2 ERAS ¥kl5 CMIP6 A FaIL K TR &
SEFRFRRBHEN, FEFREROR TN, 45858 ERAS %k
Fig. 11

WREME SRR (@ KRR, (b)) KIZREEE.

Scatter plots of the climate summer mean location of the Northwest Pacific convergence zone versus (a) low-level moisture influxes and (b)

low-level wind field at the southern boundary in ERAS5 data 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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