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Abstract: From 29 to 30 June 2023, a localized abrupt severe torrential rain occurred in the western region
of Hunan Province, but forecasters and numerical models both failed to forecast the rainfall intensity. In
this study, the mesoscale characteristics and possible causes of forecast biases are analyzed based on the
multiple observations data, ERA5 reanalysis data and numerical forecast products. The results show that
the northwest air flow behind the upper-level trough drove the cold air to the south and merged with the
southwest warm-humid air flows which were strengthened at night, which led to the occurrence of this
process. The severe torrential rain was generated by a backward propagation of quasi-stationary mesoscale
convective system (MCS), which was composed of multiple strongly developing y-MCSs, manifested as an

organized linear echo band. Under the favorable environmental background, the long-time maintenance
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of the boundary layer convergence line, the wind velocity fluctuation of the low-level jet and the vertical

structure of low-level convergence and high-level divergence contributed to the triggering and organization

of the convective cells. The merging, strengthening backward propagation of MCS and the train effect of

convective cells were important causes for the severe torrential rain. Significant errors were made in the

short-time subjective forecasts because of the forecast biases of the low-level dynamic and thermodynamic

fields of the numerical models, the deficiency of forecasters’ ability to correct the model forecast, and the

complex topography of western Hunan Province. Therefore, it is very crucial to use the automatic weather

station data, satellite data and radar data with high spatio-temporal resolution to analyze the changes of the

mesoscale environmental conditions, strengthen the short-time nowcasting and issue early warning in time.
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Fig. 10 The observed (white line, =50 mm) and forecasted accumulated precipitation (colored) from 20:00 BT 29

to 20:00 BT 30 by models and objective product initiated at 0800 BT 29 June 2023
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wind field (barb) at 08:00 BT 30, (d) CAPE (contour, unit: J « kg™') at 20:00 BT 29
forecasted by EC model initiated at 08:00 BT 29 June 2023 and the difference from observation (colored)



1z

WREL %45 . 2023 4F 6 I TG — YCHE R 28 T HH RLE 43 AIE 15 10412 4 22 0 A7 1605

M ZEIALE (B 11b), 10 m K35 (1 417t 5 52 00
223K .30 H 08:00 S & R X A6 0 >4 fi b .
I PR R g KB 11e) . AT 0L EC Xt i 52 56 A
28 1 TR B AR 22 . CMA-GFS (1 #i it 5 EC 25
CIEImE ) o DAFE I A 061 S04 A 3 ok D 5. 2022) R 1Y
1IK)Z 3l 77 39 1) T 48 A 25 02 5 35008 9 /K T4 A 22 1)

XTSI TAR . 29 H 20.00, EC 4R (1) # 74
Hi X A5 M 235 CAPE<C500 J « kg ' 5t M b3 7E
500 J « kg ' DA b, 5 SO0 A LE A /N2 500 T .
kgt HL B g i 25 B OK (B 11D

4y B CMA-SH3 9 #il $% % 81, CMA-SH3 3 3%
AR T 29 H 20.00 (1) 3 ZL52 0 2R G5 H 2
PCEIME) , H IR A9 850 hPa KU ¥ (14~ 16 m »
s DOBLEHAMAK 6~8 m s ' HA [ PY B 1
WA (2 m e s DHE/PNFLHIB.3me- s ). T
TR 4 PG R Ak B0 D 55 L AR U 2R i A Yl R TE
WAL . 925 hPa FHh W4 & 2 ik (9 12) 5 EC £
oL, B4 4 G 2k Pl b B8 i Al 52 B0 B AR E D B
(Emg)

CMA-SH3 il 91 75 2 5t M A6 38 Hb X CAPE
{EL P 0 R (IR  DAPR 35 R 1,29 H 2000 T4l
{330 1300 J » kg ', 30 H 08:00 }4 % 1500 J -
kg ', TSEH CAPE<C1000 J « kg ',30 H 08.00 ik
—H /N HIL, R E KB CAPE (B4 F] T 5 i xf
TR AR TR XU 5 VDA 2k RN ER A L B
R SRy 2 2L Ok . 5 B CMA-SHS (19 B K i
A 5 S 100 A 25 8K

(2) J 19T B 2850 P T4 03 % A5 X T4 1 3T IF e
A, 29 H 08:00 S B 7w, 1L uh 850 hPa P4 R
RRGHE K 19.3 m« s, HYIAE 2 B b, 54 F
T b DX R RN Y A . TR AR S R G
RGPS, 29 H b4 78 W P8 A3 390 4 K 21 58 W
JRy BT o R IR T A A T VD AR 4 7 N ) 7 P
T DRy Wz DX TR T ASCME A X0 Iz [X 5% W 941 e
2 CRLEAE 20200, J H03 B 4550 P ) o8 % DX R o,
MEAT 8 R T 1E A0 9 35 (10 W B i K. AR e O I &
T AR 25 (FL B I ST T R R R, oy S L R
U VT B 55 B B T B 6 TIUE (5 SR T A 4 S 152,
185,179 min, H J5 2L 34 S wf FH 9 A B @R Lr
25 B il 14 328 K R T AR 55 A K b R kb T

30°N/

=
Yo (A7 J\gf’: 3 ‘ g
L BT e

2 ’?}/JLVJ/MJ‘# N )
‘4‘@ ///j P Vs vy,

26

T - 2R 2R AR AR A0 3t i e L T HEAR R SE LB X

K 12 CMA-SH3 2023 4£ 6 H 29 H 08:00
AR 30 H 02:00 10 m K3 XD
Fig. 12 10 m wind field (barb) at 02:00 BT 30
forecasted by CMA-SH3 model
initiated at 08;:00 BT 29 June 2023

TR A

(3) 91V 1 IX 52 2% i TV M 55 o % FN T4 3% T
AN E M . SRR K2 I & AE A 2 Bt i T 1) ) 2 T80
S5 Ik Y A X3 X3 PN T SR AR R B 2 L T b T
X MCS ffil % 4120 DA K B8 sl R A% 4 B 2
M, Houze(2014) WF5¢ FBH . IR & Z2 ML = T
KATETE TIARFRE 1 BB 2 KAk T i) By 2% 0 &
WA = X RN 2 o — 25 & g o MCS, o
FIE A AL )£ 45 v /N RUBE i T o) 03¢ 170 44 5 79 Y P <O
() BEL P4 46 T I L H 7] 25 () 4 S B iR 22 S e S L
XU i LR o B A (TR 3R 45, 2018;Smith, 2019) ., 24
R I P DX 0 VR A R I o R B [0 X
WH BT Z4 v-MCS [§938E . - 1b rl LIE H
94 WA T o B e A AE R L e RN D T S 9 T K ]
A5 Moy, HTE O 5 6T I 1 R R R AR R R RN 1Y R A 4R
BET A RIS SR H R % 500 A5 AR RS 40 4% ik
B 52 m K AT R A B 4 #E i B (Ebert and
McBride,2000) , i 4z 53 /9 3= S0 28 56 0 77 76 f 25 5 AN
I 380 T AR HE

6 i ie

AR LW E 2023 4F 6 H 29 H I 7 M
DX — UK JRy 1l 58 K 1 R R 2 T A e RUE AR A0 R 4 Ml
ZM R AT T b s REES A

1) I Vet A E A [ K Bt 23 3 A 4 o 50 6 3 4

F AR (2023) 11 5 SOOI A G JR O6 T AR 3 il S D0 B 4 B R R R T ARG S5 1 B A )



1606 A

% 951 %

TIE B 2 ARt PR A ECR MR R . R A R AL
R SE At W I AR o1 ) 4 i e U T Wik
LA ST RRBENELE.

(2) 5 K2 N B — A e AE 5 1) 7% 3 MCS 1]
H2 i MCS 2 A5 E1 & & 1) v-MCS 4 3 1 il » H
AT T v—B o MERIRE. % MCS £
PR — S5 AL LR A 8 AR BT O L R
IR 2 47K [0 9 . MCS ) A I 58 L I 1] 4% 3% DL &%
“HN TERYONE S W i R A K AR A EE RN, 7R AR
IARBERME T AR Z A LK e R 44 s 2
i RGH ik s RS2 BR A L s R R T A
T X I R 1Y fih 2 AL R T

(3) 3 W P00 4 S 51 485 =X ff P T 1 % ab YK )
b 28 R R K 2R T I TR 2 B 25 L 3L AT g
Ji PR 458 B A AR 2 8l ) L 30 3 T A 25 T4
BXT R T 9 3T 1E BB T AS JE LA B3 G b X A2 2% b
2R

A BRI R 20 w8 T N RUBE R R it
AR AR 7 0 1 (87 50 1 2 5001k T 58 J0 1 v o 41
IR A Z 1 rp /N RUBE 6 I 2o R R R U AR B, 2018)
7 FpRORE A 2 R R R R ) L R 2Ok O A B AR X 2
Z 1) P B Ak R R SR b 1) b T 5 R AT 4 AR AT A R
DAL 45 A 0 AW oy % W 3 R ) A BE O L B R
Ao AndbET 12 « TR R B (PN AEEE L 2012) ()T
“5oe TR CH AT K4, 2018) (TR 421 » 7TV KR
I CFL IS . 2022) 55 1 v 2 W o A8 505X 1 o 90 U i
I, A TR A AR PR AL TE 2 0 M R A S
{EL Gy DA 45> B 53 T AR Hh 42 U A0 B — A U
R, X I 2 Ry M | 58 R AR ity SR A K s IO A T
I 30T 4% B Bt » R FH i I 4 43 B % in 2 1 3 il 95 k)
TR GBI R TR i RE RS g i R AR
b, ST IE 5 B K TR, BB R AT T (5 5 .

S % ik

WRAL, E A 5K 300, 2016, JbE R0 1L 7. 297y Hp RUBE J6 I Joy oK 4%
Wt #e i A [ ]. B9 # . 35(2):148-157. Chen S, Wang Y
C,Zhang W L, 2016. A comprehensive analysis of the meso-y
scale local heavy rain event around Xiangshan in Beijing on 29
July 2009[J]. Torr Rain Dis,35(2):148-157(in Chinese).

LA IR TE LB L AF 20210 5 41 AR R VLR b IX R R Uk B O G
SASABRIE AT L)), R ¥, 79(4) :582-597. Huang Y F,
Guan Z Y,Cai Q,et al,2021. Spatiotemporal variation character-
istics of rainstorms and related flood disasters in Jiangnan Region
in the recent 41 years[J]. Acta Meteor Sin, 79 (4):582-597 (in
Chinese).

AV TUWRIE s S 50, 45, 2024, b 23 « 774 sifg 5 [ T AR AIE A A R
ML, A%, 50(5):616-629. Jing H,Kang Y Y, Wu H Y,
et al,2024. Characteristics and causes of the July 2023 extremely
torrential rain in Beijing[]]. Meteor Mon,50(5) :616-629(in Chi-
nese).

FLH AR 22 325, 45,2022, MR “21 « 7R OR R T A R P RUEAR =
RRIG I Y TE E AE B S 4 T LT ] K%, 48(12) 1512
1524. Kong Q.Fu J L,Chen Y.et al,2022. Evolution characteris-
tics and formation analysis of mesoscale low-level jet and vortex
in Henan Province during the July 2021 severe torrential rain[J].
Meteor Mon,48(12) :1512-1524(in Chinese).

BRI 5, AL 55,2011, 2008 4R 7. 227 8B K 2% W A K L
HUHL S BT B st T 52 e LT ], 423 . 69(6) : 945-955. Liao Y S,
Feng X,Shi Y.et al,2011. Analysis of the mechanism for “2008.
7. 22”7 excessive rain event in Xiangfan with a focus on the terrain
effect[J]. Acta Meteor Sin,69(6) :945-955(in Chinese).

MRERE RS AROF 1, %5, 2009, — A AR i 3 P ORUE R TR AR G 4
FEOLHI O BFFEL)]. K42 4. 67(4) :640-651. Lin Z G, Li Y X,
Lin K P, et al, 2009. A study on maintain mechanism of a long
life-cycle mesoscale convective systems[J]. Acta Meteor Sin, 67
(4):640-651(in Chinese).

XU B B AELEE L 2003, 1 FTXUBE £k B 35 BERH 3 A7 4K 28 20 Y
ksl 526 R D], iS4 %4, 19(3) : 285-290. Liu S Y,
Zheng Y G,Tao Z Y.2003. The analysis of the relationship be-
tween pulse of LL] and heavy rain using wind profiler data[J]. ]
Trop Meteor,19(3) :285-290(in Chinese).

T PNARAS L 2 L 45, 2020, o [E B R A B2 AR B T 40
ERFFERRLT). K% . 78(3):419-450. Luo Y L,Sun J S, Li
Y. et al, 2020. Science and prediction of heavy rainfall over
China:research progress since the reform and opening-up of the
People’s Republic of China[J]. Acta Meteor Sin,78(3):419-450
(in Chinese).

BRGRIEIRE 2018, TRAL™T « 97 RF KB W 11 R0 TR 4347 R SR LT .
K4,44(1):1-14, Qi L B, Xu J., 2018. Rethink on short-range
forecast of the 9 July severe rainstorm in northern Henan[]].
Meteor Mon,44(1) :1-14(in Chinese).

B X [ S B AL AL 2020, AT IR DX T IR O DR B AT A 1
BRI A% ,46(8) :1039-1052. Qin W, Liu G Z,Lai Z Q. et al,
2020. Study on forecast errors and predictability of a warm-sector
rainstorm in South Chinal[ J]. Meteor Mon, 46 (8):1039-1052 (in
Chinese).

INAERA L TERE T .45, 2015, 3 10 AR 6 5T M X A dh S5 T S R 9 AR
RAELT]. G2 4R, 73(4) 1 609-623. Sun J S, Lei L, Yu B, et al,
2015. The fundamental features of the extreme severe rain events
in the recent 10 years in the Beijing Area[ J]. Acta Meteor Sin,73
(4):609-623(in Chinese).

N I ZE B BT AR . 5, 2012, db 5T 721 4 K58 T AR O 0 o b R B
C By P e A 0 PR 4 2 B S (], 4. 38(10) £ 1267-1277.
Sun J,Chen Y, Yang S N,et al,2012. Analysis and thinking on
the extremes of the 21 July 2012 torrential rain in Beijing Part

Il :preliminary causation analysis and thinking[]]. Meteor Mon,



1z

WREL %45 . 2023 4F 6 I TG — YCHE R 28 T HH RLE 43 AIE 15 10412 4 22 0 A7

1607

38(10):1267-1277(in Chinese).

INZE L ACT] L BERI B8, 2011, 2010 4F 7—8 JT ZR Ik by X 38 6 W9 4 52 43 7
FNBAR 4 AR R [T]. K4, 37(7): 785-794. Sun J, Dai K, Fan L
Q,2011. Analysis and forecasting technology on the heavy rain-
fall processes in the Northeast China during July to August 2010
[J]. Meteor Mon,37(7) :785-794(in Chinese).

P X M, R e, 55,2003, RAE MR BRI BT [T ].
KABI¥,27(4) :451-467. Tao S Y, Zhao S X, Zhou X P, et al,
2003. The research progress of the synoptic meteorology and syn-
optic forecast[J]. Chin J Atmos Sci,27(4) :451-467 (in Chinese).

HIAT 22 KOG 3K /INEE L 26, 2018, 2017 4 5 7 ™ M A% 3 56 1 K
XU R GLAGH il R A AERE AL LT ] R4, 44 (4) 1 469-484. Tian
F Y,Zheng Y G,Zhang X L,et al,2018. Structure, triggering and
maintenance mechanism of convective systems during the Guang-
zhou extreme rainfall on 7 May 2017[J]. Meteor Mon, 44 (4) ;
469-484 (in Chinese).

FEWM LR RS 45,2022 PR ILIX 58 H P AR R R MR
P S 1 RUBE X VA R G I I 28 A3 A R AE LT . R 24, 80 (1) «
21-38. Wang J Y,Cui C G,Chen Y R X, et al,2022. Temporal and
spatial characteristics of mesoscale convective systems associated
with abrupt heavy rainfall events over Southwest China during
May-August[J]. Acta Meteor Sin,80(1):21-38(in Chinese).

FBETT ARG, 2012, K VL PR i DX B LR P ROBE X TR S
BT T B RIARAELT ] AR % 4. 70(5): 909-923. Wang X
F,Cui C G,2012. Analysis of the linear mesoscale convective sys-
tems during the Meiyu period in the middle and lower reaches of
the Yangtze River. Part [ :organization mode features[J]. Acta
Meteor Sin,70(5):909-923(in Chinese).

TR 5550 R R L 55, 2018, 2017 4R )75 « 77 IXRF R SR W
1 ROBE R GERNA] Bk (D], A4, 44(4) :485-499. Wu Z F, Cai
J J.Lin L X,et al,2018. Analysis of mesoscale systems and pre-
dictability of the torrential rain process in Guangzhou on 7 May
2017[J]. Meteor Mon,44(4) :485-499(in Chinese).

S boh o ST P, 2006, — R R BT HE X R B b RUE R %
FSERHE R 43 BT 0T 52 [T K AR .30(5) £ 988-1008. Xia R D,
Zhao S X, Sun ] H,2006. A study of circumstances of meso-f-
scale systems of strong heavy rainfall in warm sector ahead of
fronts in South China[ J]. Chin ] Atmos Sci,30(5):988-1008(in
Chinese).

R T B S L5 L2018, 45, 77 R b 58 A AR R BR R R A
fiE B 43 Wi 1], 424 76 (4) :511-524. Xu ], Bi B G, Chen
Y.et al,2018. Mesoscale characteristics and mechanism analysis
of the unexpected local torrential rain in Guangzhou on 7 May
2017[J]. Acta Meteor Sin,76(4):511-524 (in Chinese).

ik, B BEWIIT L 46, 2024, AL Ry R B R B v 24 o RUEE
X FR G R AR R R LA BT LT ] K% .50(2) 1 181-194. Xu S, Yi
X Y,Xiong M M, et al,2024. Comparative analysis of occurrence
and development of multiple meso-f scale convective systems

during a localized severe torrential rain event in North Chinal J].

Meteor Mon,50(2) :181-194(in Chinese).

W A 5 T M8 . 45,2023, 2019 4 8 H 16 H Pk B AR o1 e /K = 14
AR S y o ROBE I8 i W A i FIHLIE 43 BT [T, KR 25 4. 81(1D)
19-39. Yang L,Zheng Y G, Yuan Z P,et al,2023. The low-level
meso-y-scale vortices during the extreme rainfall in Shenyang on
16 August 2019 ; formatiom, merging, and rain-producing mecha-
nisms[ J . Acta Meteor Sin,81(1):19-39(in Chinese).

KI5 Bk OF A FLI L 45,2022, 2018 4E 5 21 H Y1 £ AR o K T
e P RO BE B R TR AR 22 3 M [T ], K52, 48(6) 1 691-704. Zhang
F,Zhang F H, Kong Q, et al, 2022. Mesoscale mechanisms and
forecast bias of the extreme rainstorm in Sichuan Basin on 21
May 2018[J]. Meteor Mon,48(6) ;691-704(in Chinese).

R E . FONE L H A, 4L 2013, — RMF I B B PRSI BB &
AR R B W BT[], AR 244, 71(2) . 228-238. Zhang ] G,
Huang X Y.Zhou J L,et al,2013. Analysis of an excessive rain-
storm event initiated by a mesoscale cyclonic wave along the
Meiyu front[ J]. Acta Meteor Sin,71(2) :228-238(in Chinese).

KT A6, PN AR AR - 2024 % 111 30 T8 % — R Rl i i 2% R % T A AR 5 i 1Y
ML sy #r [T, R R 4. 82(2):155-167. Zheng L. N, Sun J S.
2024. Observational analysis of the topographic effect of Mount
Tai on an extreme rainfall event occurring at the edge of the sub-
tropical high[ J7]. Acta Meteor Sin,82(2) :155-167(in Chinese).

Davis R S, 2001. Flash flood forecast and detection methods[ J]. Sev
Convect St-AMS Meteor Mon Ser,28(50) :481-525.

Ebert E E,McBride J L.,2000. Verification of precipitation in weather
systems:determination of systematic errors[J]. ] Hydrol,239(1/
2/3/4) :179-202.

Houze Jr R A,2014. Cloud Dynamics[ M. 2nd ed. Oxford: Academic
Press:187-277.

Jirak T L,Cotton W R,2007. Observational analysis of the predictabili-
ty of mesoscale convective systems[ J]. Wea Forecasting,22(4) :
813-838.

Maddox R A, Chappell C F, Hoxit L. R, 1979. Synoptic and meso-a
scale aspects of flash flood events[ J]. Bull Amer Meteor Soc, 60
(2):115-123.

Schumacher R S.Johnson R H,2005. Organization and environmental
properties of extreme-rain-producing mesoscale convective sys-
tems[J]. Mon Wea Rev,133(4):961-976.

Shapiro A,Fedorovich E,Gebauer J G,2018. Mesoscale ascent in noc-
turnal low-level jets[J]. ] Atmos Sci,75(5):1403-1427.

Smith R B,2019. 100 years of progress on mountain meteorology re-
search[ J]. Meteor Monogr,59(1) :20. 1-20. 73.

Weckwerth T M, Hanesiak J.Wilson ] W, et al,2019. Nocturnal con-
vection initiation during PECAN 2015 [ ] ]. Bull Amer Meteor
Soc,100(11) :2223-2239.

Xu W X, Zipser E J, 2011. Diurnal variations of precipitation, deep
convection, and lightning over and east of the eastern Tibetan

Plateau[J]. J Climate,24(2) :448-465.

(AR SCH 40 5K T5)



