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Evaluation of Heavy Precipitation Forecast Performance of
Numerical Weather Models Under Different Circulation
Patterns in the Yangtze River Delta Region

ZHANG Xin' LIU Couhua® DAI Jianhua' ZHU Jiarong® CHU Hai'
1 Shanghai Central Meteorological Observatory, Shanghai 200030
2 CMA Earth System Modeling and Prediction Centre, Beijing 100081

Abstract: This study classified the weather situations of heavy precipitation events in the Yangtze River
Delta Region from September 2022 to September 2024 and evaluated the forecast performance of the nu-
merical models CMA-MESO, CMA-GFS, CMA-TYM, CMA-SH9 and the ECMWF model under four
main weather types. The research results show that in the 24 h precipitation forecasts, there is a high false
alarm rate of forecast for light rain, while torrential rain and above are difficult to accurately forecast, thus
the TS score is low. In the 3 h forecasts, the CMA-MESO model performs best for light precipitation.
However, under cold shear and low-vortex shear types, heavy precipitation becomes harder to capture,
and the model forecast performance weak. In terms of spatial feature evaluation, except the CMA-SHY9
model, most models have northern systematic errors in the low-vortex shear and subtropical high with low

trough types in the north-south direction, but the situation is the opposite for the typhoon body and
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periphery type. In the east-west direction, these models generally exhibit an eastern systematic bias in the

typhoon body and periphery types, while in other weather types, most models have western systematic er-

rors. For the evaluation of temporal characteristics, all the models have the highest accuracy in forecasting

the start time of precipitation, followed by the forecast of end time, and the accuracy in forecasting the

peak time is relatively low.

Key words: verification, weather forecast, heavy precipitation, weather type, numerical model
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Fig. 3 Comprehensive performance of 24 h precipitation forecast assessment for different weather types
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(a) low-vortex shear type, (b) subtropical high with low trough type,

(c) cold shear type, (d) typhoon body and periphery type



A

%

%52 %

i 2 i ROBE B SRR s i 2. ¥ 1) A8 A
T.4:4 TS ¥F4r 5 Bias, CMA-TYM 3 4% 47,
fEXT T2 DL EEg, CMA-SHY 528k 1 TS
TEAM AR, T CMA-SHY 28 8 &5 [ 15 43 87 % B
TEIZ R AT 110 2% 7R P8040 5 00 I 52 6 RH OG04 A%
P . AR 2 By R K R 8 1 i 1
L FEOE S BAL RIS . 78 & KA R KPR,
ECMWF ) TS ¥ 73 f i » 1H 25 4 38 10 AH X 42 5
CMA-GFS 1) Bias 5 £z 1, 3% B H Fil 42 5 948 R
HHE,

Bl 4 Bos .76 3 h 55 KBk o, & RS T AR
AP TS PEAr 8N 0E  & WA K K50 Bl T 15
gy Ee e BT AR AR B hF . N2 e 5 U 4 A 1Y
1 RER T o A5 5 20T 55 B K 387 3 A7 7E 25 4 22 1 ()
i, Hr CMA-MESO () Bias fe %38 T 1, R BUAHXS

. 78 3 bR K HR A, A KA R R
R TS WA REAITE 0.1 LR . P B Ao,
w8 D) AR BRI I8 D) A8 B 45 T H A 8 R P4y
1 » 2 W o A /I oot o o X AR 2 TR P i o 55

ZE4r 24 hORT 3 h [ K TR 1 G 56 45 AL 7 DU
KA, G WA R K H AN RSB TS P43 B
TR AR SR AT 5 5 i v 3T A R ) 4% 2% R K T
M A B K, [ B A5 A 2 7 B R A R O
FGFEK B E RS RS S .

3.2 FTEMFERIS

T AT A A S i v DX A R R A e A
RBCR AT I T MODE J5 3 %) 24 h B K i 25 A
FRAEEAT AR5 . L MODE 735 H Y 50 mm [
(L e 7K B R H AR i F 58 08 4 L HG B0 o7 B 22

Bias=5

Bias=2.5

Bias=1.67

0.8F/

Bias=1.25
0 & 0
(a) 0.9
] TS=0.8
0.2+ ! ’ Ts=0. 7 Bias=0.8 0.2
TS=0.6 "
| ]
T8=0.5
0.41 o 4 Apias=0.6 0.4
# #
=4 =8
i s
E =
_.—|Bias=0.4
Bias=0.2
0
0 Bials:5 Biai:Z.S Biai’:L(ﬂ Biaﬁ:LZS 0
(© 0.9
.8
Bias=0.8 0.2
| Bias=0.6 0.4
# -
=4 =4
= =
_—~|Bias=0.4 0.6
--|Bias=0.2
1.0
0 1

(DR

63

& 4
AL (b) Bl i B AR A AL (OB s AE R L (D) & KA K B &b Bl 7Y

Fig. 4 Comprehensive performance of 3 h precipitation forecast assessment for different weather types
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%5 M [ 7 P S B P N B2 i B Y e W 8 e Y A 589
3.0 3.0
(@) N (b) Y
2.5+ 2.5+ N ' T
¢
= 2.0 = 2.0r _
g - g
# =
¥ 15r 1T == XS5
& &
u}é 1.0 T — jé 1o %
0.5+ %l - ‘E’ 0.5 s % e
1 1 1 1 1 1 1 1 1 1 %j{iﬁ
ECMWF CMA- CMA- CMA- CMA- ECMWF CMA- CMA- CMA- CMA- 75%
MESO TYM  GFS  SH9 MESO TYM  GFS  SH9 o i 8
oK {23V 25%
3.0 3.0 TN
© @ R e/ ME
2.5+ 2.5¢
~) ‘ ]
@ 2.0 —|_ @ 2.0
b= =
A L % L
5 LS 5 1.5 -
e e
;g 1.0 1 jh% Lo 4
I__I___I L - = L
0.5 —_ 0.5F f'
1 1 1 1 1 0 1 1 1 1 1
ECMWF CMA- CMA- CMA- CMA- ECMWF CMA- CMA- CMA- CMA-
MESO TYM  GFS  SH9 MESO TYM  GFS  SH9
[ B
Bl 7 AT MODE Jy i 4 %% W fe K B bR B9 5 R B 7K iR LG AR 28 ]

Ca) I I D) A5 AL (b) &l 5 B A A AL L (o sRBI AR Y, (d) & KA R 4 FEL Y
Fig. 7 Box plots of maximum precipitation intensity ratio of maximum rainstorm

objects based on the MODE method

(a) low-vortex shear type, (b) subtropical high with low trough type,

(¢) cold shear type, (d) typhoon body and periphery type

K H N LS K S 3 h B K O IS N 4L 1
3 h KRG =0. 1 mm BB IR R B K o B FF
LRI Z0 L B IR Z )5 3 h B K B HF IR <<0. 1 mm [y
W R B KT R EE A 2, it — 2 AE A il S
dipkik 3 h K Bk F] 20 mm DL 0 8 R K B ES
W H S5 R B H B0 I () S S oA B K e L A ) (5
W4, 20142021 5 PRS2 WA 45, 2021) ,

2 50 2 i T B L 4T 19 5 K o R TR BT AT g
500 I AN — B0, 0K 5 Ok T ) 9 HEDT & L VE e
PR AR AN R SR A /K T BRSO 4T AR O 17
R 7K Ao PR IORE S e, X 24 24 3 19 A 7K ol 8 9041 B[]
BT RIS . SEFH T 114 A3 AR AN G 175 A4
Wi 5% 3 h 7K, L ECMWE 20 iR 9 12~36 h
W% 3 h B 7K Sk 3] . i 0 B U] 3 DS 2 1Y 8020 A L
i A I e AR e AR T D) AR R L R G A R R 8
KUV AL & KA AR K Hh ] BUAE A 00 0] 2 4029,
1588.1122 F1 1281 A~ fRIE T s R MG AEA . Uik

b AEAH T T 1 S Bl A K I [ ) 0 R A
M T K =5 18] X TUARORS JE » 25 8] 3% IX fi 22 2%
L AR5 W I ) T 9 VR P o AR BT 5 AR R S () e 22
AT RGENEVTIE » AR ik — 22 35] 23 [0 22 (907
TET7 Ik AR T R 7K I 28 T R 36 1) o] 4

8 73l e 7 1 DY A IR SO 41 1) B K T B
55 TR R WL IR 8] S5 UL 79 %of Bl o BT v SR AR A Sy T4
I [H] -5 552 20 I i) ) 22 L » 2 A3 4T 5 52 B0 ) 5
[ 95 A5 i 22 » TR AL I 19 B3 7K O B (46 o LI DD
) AR TR S RE SO0 T4 VA 7 5 SR (e A Q3R BAR T Uy (45
U AED) B 8] T LI Y T i (45 SR LI DD B (]
SCOR PR i 7 5 TE ALV O IR . & 3 h R K 5
AE 24 h W Z M2 7 IR

Xb T B K T B ] TR L DU A R B o EE R
REN/INE g A O A7 O 52 35 P 80 (A 0T o ok
JT i F [63) 1) A1 ME B 3 b B KA AR L2 S
TR W 4 A i L ME B LU AE 7006 ~80 00, HAR KRR



T B AR AR B K 9 L

590 A % 5552 4%
(a) (a, (a)
71 o 0% 1% 1% 0% 0% 0% 1% 0% 0% 4% 2% 4% 4% 3%
—64 1% 1% 1% 1% 1% o% 0% 2% 0% 0% 5% 2% 9% 3% 5%
—5* 1% 1% 2% 1% 1% 1% 2% 2% 1% 1% 4% 4% 6% 1% 5%
—44 2% 2% 3% 3% 3% 1% 4% 3% 3% 2% 3% 4% 2% 4% 4%
—34 4% 3% 5% 3% 4% 2% 3% 3% 3% 3% 4% 4% 3% &% 4% 0.5
—24 8% 7% 7% 8% 9% 5% 6% 5% 5% 7% 6% 5% 6% 4%
< 0w 13% 14% 13% 16% 12% 12% 1% 10% 14% 1% 10% 9% 12%
#{H 0 54% 50% 49% 4 47% 46% 43% 41% 39% 42% 23% 31% 20% 28%
.—% 1 4 7% 13% 9% 12% 9% 17% 15% 16% 19% 15% 16% 18% 13% 17% 12%
E 24 2% 5% 5% 6% 4% 8% 7% 8% 10% 8% 8% 4% 4% 9% 3%
34 2% 2% 3% 3% 3% 5% 5% 5% 5% 4% 2% 3% 3% 4% 2%
4 q 1% 1% 1% 2% 1% 2% 1% 3% 2% 2% 2% 2% 2% 4% 3%
54 o% 1% 0% 1% 1% 1% 1% 1% 1% 1% % 3% 2% 3% 5%
64 0% 0% 0% 0% 0% o% 0% 0% 0% 0% 5% 2% 2% 2% 2%
TA 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 3% 2% 3% 5% 2%
(bl) (bz) (bs) 0.4
—74 1% 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 3% 3% 2% 0%
—64 1% 0% 0% 1% 0% 1% 0% 0% 1% 0% 1% 2% 3% 4% 2%
—51 1% 0% 2% 1% 1% 1% 1% 2% 2% 1% 4% 2% 1% 3% 0%
—44 2% 3% 3% 3% 3% 2% 3% 3% 4% 2% 2% 1% 1% 4% 1%
—34 9% &% % 6% 5% 4% 6% 5% 6% 3%
—24 16% 10% 10% 12% 10% 10% 9% 7% 8% 5%
5 —1* 16% 14% 14% 12% 16% 14% 14% 12% 10% 1%
#{H 0 45% 47% 46% 4! 47% 39% 35% 3 38%
X 1 e 12% 9% 9% 9% 15% 16% 14% 14% 20%
E 2 q 3% 4% 4% 4% 5% 8% 6% 9% 8% 10%
34 1% 2% 2% 2% 2% 4% 3% 6% 5% 4%
44 1% 1% 2% 1% o% 1% 2% 3% 3% 3%
54 0% 0% 1% 1% 0% 2% 1% 3% 1% 2% 4% 2% 10% 3% &% 0 N 3
64 0% 0% 1% 2% 0% 1% 0% 1% 1% 1% 6% 3% 5% 2% 9%
74 % 0% 0% 0% 0% o% 0% 0% 0% 0% 1% 1% 5% 4% 2%
(c, (c, (c,
—74 2% 2% 3% 2% 0% 1% 3% 1% 1% 0% 4% 0% 1% 3% 1%
76— 2% 1% 2% 3% 1% 1% 2% 2% 2% 1% 2% 1% 3% 1% 1%
—54 1% 1% 1% 2% 2% 1% 1% 1% 2% 3% 7% 6% 8% 3% 1%
—44 1% 1% 2% 1% 3% 1% 3% 1% 4% 3% 5% 7% 9% 3% 3%
—3 q 3% 2% 3% 3% 3% 3% 4% 3% 4% 6% 1% 6% 3% 3% &%
—24 &% 8% % 6% 8% 3% 1% 4% 5% 8% 9% 6% 7% 8% 7%
NIRRT 15% 12% 14% 1% 17% 9% 13% 12% 13% 6% 8% &% 14%
;MH 0 58% 51% 54% 52% 53% 32% 38% 3 38% 30% 31% 27 0.2
X 1 e 1% 1% 8% 8% 17% 18% 18% 14% &% 12% 5% 1% 5%
= 24 1% 3% % 3% 3% 8% 13% 9% 12% 3% 3% 3% 4% 5%
34 2% 2% 2% 2% 2% 2% 4% 3% 5% 3% 5% 4% 2% 7%
44 1% 1% 2% 0% 2% 2% 1% 2% 1% 3% 0% 4% 6% 3% 4%
54 1% o% 0% 1% 1% 2% 0% 0% 1% 1% 3% 2% 2% 2% 3%
6* 0% 0% 0% 1% 1% 1% 0% 1% 0% 1% 3% 2% 7% 9% 3%
74 0% 0% 0% 0% 1% 0% 0% 0% 0% 1% 2% 3% 2% 3% 3%
() (d,) (d,)
71 o 0% 0% 0% 0% 0% 1% 0% 0% 0% 1% 1% 1% 2% 1%
76 q 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 2% 2% 3% 1% 2%
—5 q 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 2% 3% 3% 4% 2% 0 . 1
—44 1% 0% 0% 1% 1% 1% 1% 1% 1% 1% 3% 3% 2% &% 3%
—3{ 2 1% 1% 2% 2% 1% 2% 1% 3% 2% 5% 6% 7% 7% &%
—24 5% 2% 3% 4% 4% 1% 5% 2% 6% 6% 8% 8% 1M% .Im 8%
SEERE 7% 8% 8% 4% 9% 7% 10% 8% 12% 7% 1% 12% 12%
iﬁm 0 78% 70% 7% 70% 60% 6 61% 53% 54% 22 25% 15% 16% 2
.—% 1 4 3% 1% 3% 6% 15% 12% 1% 13% 14% 19% 10% 12% 8% 9%
E 24 1% 4% 2% 1% 3% 7% 4% 5% 6% 6% 7% 7% 8% 7% 5%
34 0% 2% 2% 2% 2% % 2% % 2% % 7~ EEI 1 7% 9%
4 q 0% 1% 2% 2% 1% 4% 2% 3% 3% 4% 3% 3% 8% 1% 4%
54 0% 0% 1% 0% 0% 2% 1% 2% 1% 1% 1% 1% 3% 2% 4%
6* 0% 0% 0% 1% 0% 0% 0% 2% 2% 0% 1% 1% 3% 5% 3%
T4 0% 0% 0% 1% 0% 0% 0% 1% 2% 0% 6% 7% 2% 6% 3%
= 8 § E 5 £ g &8 5 & E g8 § E B
5 = 2 2z £ & =% 2 2 = & = % 2 3
© ! < © ! < © . <
= 5 O o = 5 O o = 5 O o
S O 3
[ 2 L2 L2

[ 8 U 55 00 I Y R K O R 5 TR {E B [ A B R 22 1 L
ORI PI 28 T, (b) Bl i e A IR A 2 L (o) ¥ AN AS 1 L (d) & KA 1A % 41 Pl 25
Cay ~d) FFER I TA] 5 Cap ~do ) BE AL [R] , Cag ~ ds ) W (RIS []
Fig. 8 Proportion of the time difference between the forecast and the observed start, end and peak times of precipitation
(a) low-vortex shear type, (b) subtropical high with low trough type, (¢) cold shear type, (d) typhoon body and periphery type
(a; —d, ) start time, (a; —d;) end time, (a; —d;) peak time



%5

K TR R Al DS [ B O R T B R KA 2 TR 1 R P A 591

HIZGA 33 %6 1 T 4% 2 7 . 20 Yo B 42 A e, JEG o )
o B A IR 7R ECMWE i 7 f5 o B G 58 96 6
(2018 F 5T 35 H - %iF T 5 [ K I3 B[] i . ECMWEF
1 CMA-SHO 2438 30 i 0 Ry 32, 5 A 3045 )A —
B, X AT RE B 05 I B B AR I 4y R 2 A
AN o L JURFF 5 B[] R B 20 00 A T 2%
23 35 B

Xof - B 7K 25 B[] T4 DO AR OR AR R
HE R B0/ LR O I AR - o EL AR X T F s B[R]
R A 0T B U HZR % AR AL ECMWE
CMA-SH9,CMA-TYM L) & @ 5 Fic & {1 # 7 F
CMA-SH9 Al CMA-TYM ¥ i #f &5 52 i 1] fis B o
i %, (H% U148 I CMA-MESO T 2 2% I 5 .
HARSIN IS E UL 5 Lo dw o (5 004 I 1 5 L
ROt AT B 2 5 OB i A K I ) 1 — 2 4
K,

Xof < B8 7K W L [V T 41 o 41 32 B K R
K I Gty F2E S B () 1 AR A o L B A T O
A B 1) L ) % R s T A 0GR 2R 45 SRR 2 9 i
F14) DA AL o 1) 6, o7 L e i 1T % =X 10 72 YR 34 0
WG . B XA RS S R R K T 4 ) D
45 DIN]89 1 M ) 2% A ey o (L 058 R A 1) 9 1 X
R X T BE A T B RS R K B B L T 38 (A
W) o — s B RE b0 T UG ] A ] ) AR FE

4 giie e

EFXE 2022 4F 9 H % 2024 4F 9 A K =X
SR A K A TS T Ol 55 H R0 R A o
IR D) A2 | I A (A 8 U0 2R B RUAS IR & Ak
Bl O b 2 2 AR X 5 e K S A 1 A M R L 75
R 458

(D TEH FVEsr 6 b5 L X T 24 h BEK B /D
TR T4 o A R 2 A T 5 R % A v T [ R 355
IKAFTE W] Sl 1932 LA BE 4% 5 1 76 2% W LA b i 4 13
b B R rp R R B R R K A R 1 TR M
FERK . EREANME 3 h R K TR b, A X 55 B K
2% V0 Fh RS B 2L CMA-MESO 2 3 8% 5 78
20 mm LA 1 1 5 B K T4 v, v X80 AR BRI 168 D)
A5 TR 45 ) v TG A AR TR R £ RUAS A R A1 BT R ARG
55 PP 43 BEAIG - 3 R /K A B B DA 4R S T M e

590

(2) WH: T MODE J5 2 (%) 75 [ i XK 5 ok &
AL ) L B CMA-SHY 4b, % 38 41 25 %1 Fn gl
o A P 78R L A L AR R 53 5 2R 46 1 e L T
G KA K A LR S TR 40 1 A B s ¥ =X D) AR
BT ECMWF fil CMA-TYM % % % i At . CMA-
SHY ZGPEM RS . EARVE 5 b JLER BT & X
A B AN FEIRL T S A AR AR 7R 0 R ek R 25, T AR
KA TR Bk CMA-SH9 &b ¥ 3% 38 17 7 I 14 (14 5 48
PR 22, TR 55 7E S 25 B TR ™ i 0 5 B K
T XAV I AT I Y HEAT A LI R Gt A

(3) B 7K T DX T i 1T RRURS: 36 R o oy RUBE A8 207
DU i DR AN S s A A 8 A K TR R R 1 R G
Pl 225 CMA-GFS W 4 & & 42 1% /) 19 5 4k 5
ECMWEF 7£ i U] 28 1A &l & e A % 1 2R 41
TR AR /) o 7578 20 A8 B i K

(4) N MODE 75 12 3H 3] 1 fie K H A5 1 B R B 7K
S BE RS B0 45 R E L TE 6 KA R B A BT T A
X B R R K R B B4R 3 O 55 ECMWE il
CMA-GFS 7 U fh AT % f KR /K o 5 1 T4
Pt 1) TR Ak s CMA-SHO JU 75 B & KUY LA S i
AR AT B W Al AR R 7K s CMA-MESO B 7
IR V1A B = Ak R LA Ak S 7 B R A AV R 78
% A D) AR N AR R W

(5) DA R ARFAE A 30 _F & o B 7K T B B[R] ) o 4
YA iff 238 i o U (L PP ) ) o R Je K. X T R G B
[F1) 0 45 SRR 0], B SRV 0 1) o L I v LT G s )
i O F o Ll T e B o 45 SRR [ 9T DU A B . U (L
FI ] £ 50452 M 3 e o o DU R AR B B B HE T B T
A1t W BT T

ARG H Al 55 458 X AR A ) 20 30 78T 1 i
IK AR BE S R TE T 2 4 B PEA o 5 5 5 L A ) S I
(1] 25 7 1T » 25 77 3R SR QAR O 22 B R e EARAE . B
FEN R T IE TAE 75 52 56 mth o 5 T 3 B4 7K 990 $i o A
R, EFMITIE TS 1, 7] 25 G A6 RSB AE AT 5T
HPE IR DG B AR A BUR IR 1 H 1 255, i 52
it 72 6 P 1% 2 U3 5 76 % WL IR O 3k i O e R
F G0V 1R 22 il BB R OB ) B N R R Tt Oy v
Z B RS R AR E 22 S A I IR 22 A T AN
[F] R T AE J7 58+ LA 8 20 WL 7 12 118 o 41 o 32

SR o 324 A 5% 5 i 5 50 Wk i R BR M L AR



592 A

% 952 %

IS 1 DAk 45 2R ¥ T 125 4 S0RG Vi b 22 3045 Il 55 B0
18 BT T = A DX B 7K 1Y AT BB T R X 15
M 22 7 A AR TR R T IR AR ST o BT AT T R 3
B 0 2 T B 22 19 7 A= B -5 B0 A ST e A
JIERR 2 ) Ty A OB e R AR 2 B &
AR 2 U 55 B AR A % I AN 08 5 3 A A R B (D 4k
FARIAG . 20085 5 40 BE 25, 20215 B By 45, 2022;
Zhong et al,2022) , Jaq 4y 24T B M R A RIBF 5T

&% ik

N SCHE PR RBT L 2 L 2022, ECMWE SRS 2020 48 5 22 713 i
BRI K B TR A 22 43 AT LT 1. B W 9¢ 7, 41(3):315-323. Bu W
H,Chen H M, Li P X,2022. Analysis of the deviation of precipi-
tation forecast of ECMWF model over the Yangtze-Huaihe
River Valley in summer 2020[J]. Torr Rain Dis,41(3):315-323
(in Chinese).

IS SCHE RS2 W] 2 0, 2023, YL Jad daR K9 L A AR K 0 R 2 Ak
fERF5EL)]. 4 #4R .81(3) :361-374. Bu W H,Chen H M, Li P
X,2023. Refined characteristics of precipitation and circulation
in large-scale rainbelts derived from CMPAS and ERAS over the
Yangtze-Huaihe River Valley[ J]. Acta Meteor Sin,81(3):361-
374(in Chinese).

RS ], 2, 20, 45, 2025, Hp [ RO A X PP A D7 ¥ A B 5
LER[I]. %] .83(3):566-581. Chen H M, Li J. Li P X,
et al,2025. A review of research progress on numerical model
verification and evaluation in Chinal[ J]. Acta Meteor Sin,83(3) ;
566-581(in Chinese).

Wi S W] 2505 0k XA, 2021, Tk RS SRR 7K Y 6 0 TP o
B[] A GRS . 11(3) 1 155-164. Chen H M, Li P X, Zhao
Y,2021. A review and outlook of verification and evaluation of
precipitation forecast at convection-permitting resolution [ ] ].
Adv Meteor Sci Technol,11(3) :155-164(in Chinese).

Whse » Bogd P B AT E L 2018, KA T 34 % WL 4 1 B HC 5 o [l e ok
B 2R [T, s R Bl 2% 0, 33(4) : 396-403. Chen L, Duan J P,
Ma Z G,2018. Objective analysis on large-scale circulation type
and its links to precipitation over Chinal[ J]. Adv Earth Sci, 33
(4):396-403(in Chinese).

R TB o i i o B U L 5L 2024, 48 R DRSEUDE IR ) A0 2R 0 e A TR) 2R
WELT M /NI RE K AR PR RE AL 30 [T ] R4 . 50 (4) £ 434-448.
Chen L,Chen J J,Hu M,et al,2024. Evaluation of hourly quan-
titative precipitation forecast of the rapid updating cycle assimi-
lation and forecasting system in South China based on circula-
tion classification in Hunan Province[ J]. Meteor Mon, 50(4) ;
434-448(in Chinese).

W IR o Bt o X B BT 45 . 2025, 3 F RS04 A A% DU 1| 2 Ml T A
SRR SRR ST G E SRR AE LT ] KA, 49(2)
491-506. Chen L G,Chen B,Zhao R Y.et al,2025. Configuration

of large-scale circulation anomalies and their evolution for ex-
treme heavy-precipitation events in the west of the Sichuan Ba-
sin based on classified weather patterns[J]. Chin J] Atmos Sci,
49(2):491-506 (in Chinese).

YL, 2018, ECMWE FIfE A WARMS #2200 LU A< 2 & TH 400 58 1
M TR R A B[] MR R A%, 38(4) 1 136-144. Dang Y N,
2018. Verification of the rainstorm forecast by ECMWF-Thin
and SMS-WARMS during the flood season in Shandong Penin-
sula[ J]. ] Marine Meteor,38(4) :136-144(in Chinese).

RS ek B ) B2 % L 46,2020, 2020 AF AR Y B T — YR B K 0oL i
ELASA R 255 IR 43 BT [T . R R 9 F . 39(6) :658-665. Fu X S,
Gu W, Peng J, et al, 2020. Observational analysis of vertical
structure of a heavy precipitation event in Shanghai during
Meiyu Period in 2020[J]. Torr Rain Dis.39(6) :658-665(in Chi-
nese).

TR AR AR DRI A L AR GE A= L 55, 2025, T MODE J7 % 19 2022 48 1% 3
TR B K B AR 22 R AE L], 45 51(5) 1 566-580. Gao
C C.Chen H W,Xu D S,et al,2025. Model forecast biases for
the extreme dragon-boat precipitation in 2022 based on the
MODE method[ ] ]. Meteor Mon,51(5) :566-580(in Chinese).

BT ARIE L 4F 2018 GRAPES-GFS #2028 Y Tl K A0 45 50
BRAELT]. A4, 44 (9): 1148-1159. Gong Y. Dai K, Xu J, et al,
2018. Synoptic verification characteristics of operational
GRAPES-GFS model heavy rain event forecast [ ]J]. Meteor
Mon,44(9):1148-1159(in Chinese).

AUERS R RS 2020, BT HLAR 2 20 O 0 L vl AR T
B RAE WAL T[T, 3 AR K FE A=, 30(1) . 191-200. Li H
H,Wu]J D,Wang Q,et al,2021. A study on rainstorm waterlog-
ging disaster prediction models in Shanghai based on machine
learning[ J]. J Nat Dis,30(1):191-200(in Chinese).

AR B AR G 30, 55,2016, BRZEVY VP AR & KR FE K R OB $ T
[J]. 5% .,42(8):934-943. Li Y M, Li X,Feng W, et al, 2016.
Investigation of the synoptic situation associated with autumnal
non-TC heavy precipitation in Xisha[]J]. Meteor Mon, 42 (8):
934-943(in Chinese).

A E My, 2R A 7 I 2020, 1 R 5 0 S KK RAIB 2R a1
[J]. 5% 5 B8 224,36 (1) :43-50. Li Y M. Li X, Zhou F C,
2020. Analysis of the background differences of precipitation in-
fluenced by cold air in Hainan Island[]J]. ] Meteor Environ, 36
(1) :43-50(in Chinese).

PR IR TER A 2024, — VL UE S E 51 R 1Y X K 5% W A]
TR 53 B A S 5 [T W g A 4%, 42 (11) : 1644-1652.
Liang Y,Zhang Y C,Dong J L,et al,2024. Predictability analy-
sis and model verification of a regional rainstorm caused by a
Jianghuai Cyclone[ J]. Henan Sci, 42 (11): 1644-1652 (in Chi-
nese).

XA AT AR, 45,2023, AR 4 it B 4G 06 T R O R 1 i
5S4 .49(3):351-364. Liu C H,Dai K, Lin J et al.

2023. Design and implementation of whole process evaluation



%5

K TR R Al DS [ B O R T B R KA 2 TR 1 R P A 593

program library of weather forecast[ J]. Meteor Mon, 49 (3):
351-364(in Chinese).

XA AR 2013, BT HAR MK A 50 T vk BOW LT ). 5. 39
(6):681-690. Liu C H,Niu R Y, 2013. Object-based precipita-
tion verification method and its application[ J]. Meteor Mon. 39
(6):681-690(in Chinese).

SN AR BRI 55,2022, 22 XIS 3 i A< A5 20 e UK B4 A 4
)], <4, 48 (10):1292-1302. Liu J, Ren C, Zhao Z Q,
et al,2022. Comparative analysis on verification of heavy rainfall
forecasts in different regional models[]]. Meteor Mon,48(10) ;
1292-1302(in Chinese).

SPAE B AT, A5 2016, A [A] 28 R 9 0 3 TUAR 7 i 19 A X
SR 5T )], K%, 42(4) £ 389-397. Mao M, Dai J H,
Li B P,et al, 2016. Object-based verification and evaluation for
different types of severe convection forecasting products[J].
Meteor Mon,42(4) :389-397(in Chinese).

R RS AR T 05 . 45, 2015, B DXOBR T AR K 43 B 0
(M. dbsg AR d k. Qi L B.Zhu J R, Xu X Fet al, 2015,
Handbook of Rainstorm Forecasting and Analysis in Shanghai
[M]. Beijing: China Meteorological Press(in Chinese).

IR W B ZEEE L 55,2019, U5 G 80N Al G A% a2 00 7 i o
P RT]. A4 2. 77(4) . 774-783. Shi C X.Pan Y.Gu J X.
et al,2019. A review of multi-source meteorological data fusion
products[J]. Acta Meteor Sin.77(4) :774-783(in Chinese).

FH XM RS W], 45,2022, 2020 AT 95 3 TR AU 5 9 LA A B
[17]. 5% .48(3):357-371. Su X.Liu M.Kang Z M. et al,2022.
Verification of short-range torrential rain forecast during the
2020 Jiangsu main flood season[J]. Meteor Mon,48(3) :357-371
(in Chinese).

INIRAS . 302 2008, HBIE 55 3T B6 R AL RIAE R B B b ROBE 2R R
[J1. KA B2 ,32(6):1352-1364. Sun J S, Yang B,2008. Meso-B
scale torrential rain affected by topography and the urban circu-
lation[ J]. Chin J Atmos Sci.32(6):1352-1364(in Chinese).

INEEE KB A oK, 55,2017, Je T 245K 2015 4R VLG 4 HUY XI5
PER AR B[] AR ST R.33(2) :1-7. Sun S Q, Zheng
J.Jin M N, et al, 2017, Validation of forecasting regional rain-
storms from multi-models over Jiangxi Province during the flood
season in 2015[J]. ] Meteor Environ,33(2) :1-7(in Chinese).

EME BRI, A5 . 4, 2020. MODE J5 2 75 P4 1 DX 3 A X ok
A 30 b g BT LD, g st Ll b UG F 5T L 40(2) £ 26-30. Wang B
Y.Chen C P.Cong F.et al,2020. The evaluation and analysis of
high rain in SWC-WARMS based on MODE method[ J]. Plateau
Mountain Meteor Res,40(2) :26-30(in Chinese).

F G JE 2% T2, 2021, AR X Rk K T A6 e 7 I T A 280OR
B[], % ,47(10) : 1193-1205. Wang X F,Zhou R W,2021.
Performance verification of global precipitation forecast over Ya-
long River Basin in flood season[]]. Meteor Mon,47(10):1193-
1205(in Chinese).

B AN L 2020, 2 BB SURT £ XU T S 7 00 4 B9 2 8] 4G 96 3

fE0T]. K%, 46(6):753-764. Wang X M, Li H, 2020. Spatial
verification evaluation of typhoon rainstorm by multiple numeri-
cal models[ ]J]. Meteor Mon,46(6) :753-764(in Chinese).

ST AT ) 5 2023, T 0 8 2 X BB KR A £
TR T]. K5 .49(2):235-248. Wu Y, Li Y M,Li X, et al,
2023. Verification of precipitation refinement forecast of regional
numerical models in the warm season of Hainan Island[]J]. Me-
teor Mon,49(2) :235-248(in Chinese).

#RIA 5k, 454, 55,2020, MODE-TD £ %5 77 123 76 ¥f P 38 537 7]
ool 55 i R e b i 0 28 BRI L) . 0 5 4 A4, 14 (5)
1-10. Xu T,Zhang L,Li J,et al,2020. Preliminary application of
object-based time-domain verification method to Shanghai rapid
updated cycling analysis and forecast system[ ] ]. Desert Oasis
Meteor,14(5) :1-10(in Chinese).

B e H BT %,2019. 58 60 a b ¥4 1l Hb X 5 1 A% A Ak
EAE B 2% T R XURS: PP AG RS [T, B T %, 38(2) : 177-182.
Xu W, Yang X Y, Xu J, et al, 2019. Study on climate change
characteristics of rainstorm and risk assessment of rainstorm
rainfall in Jinshan of Shanghai in recent 60 years[]J]. Torr Rain
Dis,38(2):177-182(in Chinese).

2B BB, FI0,2022. RigEH X =28 R E AW RN =M
AL AR BRI LT ] B K2 i CH R B2 .58
(5):766-779. Xu Z X, Qi L. B, Wang Y, 2022. Numerical study
of sensitivities of three major types of heavy rainfall in the
Shanghai Region to microphysical and planetary boundary layer
processes[ ] ]. J Nanjing Univ (Nat Sci) ,58(5) :766-779(in Chi-
nese).

it AR ARG, E DT 45, 2019, SM6 A8 M2 5 5T e R A UL Il e
AKAEARBR ST HE L], 2T % %, 38(6) :565-575. Yang H, Cui C
G,Wang X F,et al,2019. Research progresses of precipitation
variation over the Yarlung Zangbo River Basin under global cli-
mate warming[ J]. Torr Rain Dis,38(6):565-575(in Chinese).

JERGE . £ 2% E B 4, 2011, MODE J7 74 72 B /K TR A 46 4 1
)] K 4.37(12):1498-1503. You F C, Wang G R, Guo
R,et al,2011. The application analysis of MODE method to the
rainfall forecast test[J]. Meteor Mon, 37 (12):1498-1503 (in
Chinese).

FURTE A BRI, 45, 2014, v [ R R Bk B AR A BIF 5 0k e [T ],
KEH¥M . 72(5):948-968. Yu R C,Li J,Chen H M, et al,2014.
Progress in studies of the precipitation diurnal variation over
contiguous Chinal J]. Acta Meteor Sin, 72(5):948-968 (in Chi-
nese).

FURES A BRI 45, 2020 P ok H ARG LML JE a0 BL2A
A, Yu R C,Li J,Chen H M, et al,2021. Diurnal Variation of
Precipitation in China[ M. Beijing: Science Press(in Chinese).

AR Bl L 2018, AR 4R A [H] 6 596 77 2 7E KK PP AL g BT LT ] B2 v
K E,37(1):1-7. Zhao B, Zhang B, 2018. Application of neigh-
borhood spatial verification method on precipitation evaluation

[J]. Torr Rain Dis,37(1) :1-7(in Chinese).



594 A

% 952 %

TS = 2016, U5 50 a PO AL T 5 XM i B 7K Y I a5 A8 4k
FRAELT]. W 5 <4, 10(1): 19-26. Zhao L, Han X Y,
Yang Q, 2016. Spatial and temporal variability of the extreme
precipitation in the arid region of Northwest China during recent
50 years[ J]. Desert Oasis Meteor,10(1) :19-26(in Chinese).

/N A B R IR AL 2019, BV B Sk B K B s AR Al R AE BF 5
[J). ¥t 544, 13(4) :9-16. Zheng X H,Lou P X, Liu H.,
et al,2019. Spatial and temporal variability of extreme precipita-
tion in the Shaanxi Province during 1961 — 2011 []J]. Desert
Oasis Meteor,13(4) :9-16(in Chinese).

KU VA INEEE AL 2018. a8 VH AU AU T RR K AR T Y TR R
ZoH R B A )], K4 .44(1) :93-106. Zheng ], Xu A H,Sun S
Q. et al,2018. Forecast error analysis of extremely heavy rain
under high-level northwest flow[]]. Meteor Mon,44(1):93-106
(in Chinese).

BB, P BRI L A5, 2022, RS IR FR K H R 1k Y 2 A8 X 3 g
22 R 4y A LT ). v B 2 st BRFL 2%, 52 (9) - 1831-1848.
Zhong Q,Sun Z,Chen H M, et al, 2022. Multi model forecast

Biases of the diurnal variations of intense rainfall in the Beijing-
Tianjin-Hebei Region[]J]. Sci China Earth Sci,52(9):1831-1848
(in Chinese).

Davis C, Brown B, Bullock R, 2006. Objected-based verification of
precipitation forecasts. Part [ : application to convective rain
systems[ J ]. Mon Wea Rev,134(7):1785-1795.

Davis C A,Brown B G,Bullock R, et al,2009. The method for object-
based diagnostic evaluation (MODE) applied to numerical fore-
casts from the 2005 NSSL/SPC spring program[]]. Wea Fore-
casting,24(5) :1252-1267.

Feng X, Wu Y, Yang W,et al,2023. Zoning evaluation of hourly pre-
cipitation in high-resolution regional numerical models over
Hainan Island[J]. ] Trop Meteor,29(4) :460-472.

Tan T, David B, 2012. Forecast Verification: A Practitioner’ s Guide
In Atmospheric Science[ M]. Hoboken:John Wiley &. Sons.
Zhong Q,Sun Z,Chen H M, et al,2022. Multi model forecast Biases

of the diurnal variations of intense rainfall in the Beijing-Tianjin-

Hebei Region[ ] ]. Sci China Earth Sci, 65(8):1490-1509.

(AR SCTE 4 7K T5)



