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Abstract: Influenced by the weakening low pressure of Typhoon Doksuri, the Beijing-Tianjin-Hebei Region

suffered the unprecedented extremely severe torrential rain from 29 July to 1 August 2023, with catastrophic
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floods in the Haihe River Basin causing serious casualties and economic losses. A preliminary analysis of
this rarely seen severe precipitation event is conducted in this article based on conventional observations,
S-band Doppler weather radar data, wind profile radar data, and ERAS reanalysis data. The results show
that this extremely severe torrential rain process was characterized by enormous accumulated rainfall, and
long duration, affected significantly by terrain. Typhoons Doksuri and Khanun provided extremely favora-
ble water vapor conditions, but the high pressure barrier formed in northern part of North China blocked
the northward typhoons. The North China Region experienced three stages: intermittent rainfall, typhoon
inverted-trough precipitation and convective precipitation during the weakening stage of the inverted-
trough, and the superposition of precipitation areas in three stages was the main cause for the formation of
the extremely severe torrential rain. During the stage of weakening inverted-trough, the shear line at
850 hPa moved slowly due to the obstruction of the Taithang Mountains, causing the long duration of pre-
cipitation. The atmosphere was in a near neutral state with stable rainfall intensity in the early stages.
From the afternoon of 30 July, convective precipitation began to strengthen. The convergence line formed
by the northerly wind which was generated by the outflow of the cold pool in the central rainfall area of
Hebei Province and the surface southeast wind triggered the release of unstable energy and also strength-
ened the development of triggered convective cells into mesoscale convective system (MCS) in the high-
energy area of southeastern Hebei. This MCS moved into Baoding, resulting in the “train effect”. The
convergence line between the surface north wind generated by the cold pool of Taihang Mountains and the
southeast wind triggered the release of unstable energy, which was the reason for the maintenance of
severe precipitation in southwestern Hebei over the night of 30 July. On the morning of 31 July, a south-

1

east low-level jet over 20 m « s ' was established again, leading to the extremely severe torrential rain

' in the southern part of Beijing.

exceeding 110 mm « h™
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(a) Accumulated precipitation from 08: 00 BT 29 July to 08: 00 BT 2 August, and

(b—d) 24 h accumulated precipitation at (b) 08: 00 BT 30 July, (c) 08: 00 BT 31 July,
(d) 08: 00 BT 1 August 2023 in the Beijing-Tianjin-Hebei Region
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Fig. 7 Radar reflectivity (colored), 850 hPa horizontal wind (barb) and 1 h short-time severe precipitation
thereafter (colored dot) in southern Hebei at (a) 14.00 BT 29, (b) 20:00 BT 29, (¢) 23:00 BT 29 July,
(d) 05:00 BT 30, (e) 08:00 BT 30, (f) 14:00 BT 30, (g) 18:00 BT 30, (h) 22.:00 BT 30 and (i) 02:00 BT 31 July 2023
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Fig. 9 Radar reflectivity (colored), 850 hPa horizontal wind (barb) and 1 h short-time severe precipitation
thereafter (colored dot) at (a) 08:00 BT 30, (b) 11.00 BT 30, (c¢) 14.00 BT 30, (d) 17.00 BT 30,
(e) 20:00 BT 30 and () 02.00 BT 31, (g) 07.:00 BT 31, (h) 10:00 BT 31 July 2023,

(i) the cross-section of radar reflectivity along the black solid line in Fig. 9e at Shijiazhuang
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Fig. 10 The 10 m wind (barb) from ground automatic station, CAPE (colored) at (a) 14.00 BT 30. (b) 20.00 BT 30,
(¢) 22:00 BT 30 July and (d) 02:00 BT 31, (e) 07:00 BT 31 July 2023, () the time-altitude evolution of
0. (colored and black contour) and &ypy; (red contour, unit; PVU) from 08:00 BT 30 to 14:00 BT 31 July 2023

AAEAH 5 057 38 (4 B 1] 38 2% >k & (& 100,30 H
20 B Z i AL BT 125 900~500 hPa B A 4 {7
A LB L B AR AR DN, KT
PR, HUEAE 900 hPa LR 77 7 1B AH 24 17 I 1 7
ELBREE S X Evpve <0 o T3 B 30T 1 18T A7 76 X 3 AN oA
31 H 02 i, B 25 1543 i 7 L) Jb 4k F L 850 hPa {2 AH
7 3G KB 356 K, A B 0B L ABAE 2 A7 I S
{EL 2% LhK V43 A O 32 3 B 5 1) B 3 8 K, A 900~
600 hPa #RH B T Ewevi <0 X I8, Ut B X 9 A B
JARERR S G VT UL B R R G G2 AR e KU
kA B A s A6 5 BRI A AR B S R 5 e e
S T AR, KA AR A 2 B 0. 4 km D)
AR RTINS M TE TR AR G XS AR R AU A
B8k AT 07 W5 JHR By T B K TR0 i & R i L 2
Jei 10 PG AL T ) 2% 8 o 24 b 5 7 g 3 ok ARk it 5 AR K

AL, 850 hPa P 4% £k 6 1] Ak rf 5 1l /i £ e 2D
B R FFLL M B K . Tl A6 7R T B A e (X P A
F14 e PR 7 i TR A 4 2 B 3T R iR RS AR A2
- Ji 1 DX 5 T 890 ZE s s B BT b A 400 mm
DL BB K A 2 M fE LK, 31 H R RE &
588 dagpm £ 74 fif =L U HHLE 145,850 hPa ¥ Ky 7Y

T O i DR 2 AT 728 A M0 v 3 R X AN AR )22 4
JE.,20 m = s AR 2R FRR T . K ) 4 km
e B ST R K TR 3B A JAR B B O R J s . 31 H A
K3 B A 5% 74 A S A0 i B A K

30—31 H AR R Z M &R WLIKE 11,

4.5 HRTESRMEKFEIER

RAT PB4 1000~1500 m, £ L
BRIV E M (B 122) , £ L5 3 2 e b E
], HUJE XA AL 2 5 09 35 08 7E 2 A A D 5E (Fh
AL, 20065 £ T 22 %, 2017 RIS 25, 2018; Xia
and Zhang,2019; 7% 7545,2022) , MASYGT R 21t
Rk i et 400 mm (13 f 20 A R A (& 122) . Bj T
PRSE AR AR ity s HH B Dt DX O L SR 7 ity 20
A AERAT L 2R R B A0 b X I G2 ¥l b 74 g 8 5 e
Kk S IR SF R m WS R R OK R AE
400 mm DL i g0 1 4K B R A2 BCHE I 500 m
(P 12b) , T ] b Ho 30 s A5 A4 ¥ 4K 8 B2 B IS B0 OK
UL HI AL HE 5 400 mm A3 85 40 A BE A T I AT T
PRBE L X, DA HE A5 0] b v p S A K AR {E
O BT A T EA T 234



%12 ] W We 554 23 « 77PN ALIRAT L AR 78 5 DL A R 48 T 4 AT S A A

1463

B

2400

1800

1200

600

113 115 117 119°E 113 115 117 119°E
T LLT B (o X A28 2000 2008 A8 KU AT 43 31y 850 hPa 3 THT 10 o JRU . J 0, 258 7 28 Sy $th T 4 5 2 6 06 ) 2 i 3B
BlIL 23 « 776 WUEETHE B BT b e ok % T A ABE s A 2
()30 H,(b31 H

Fig. 11  The conceptual model of the July 2023 severe torrential rain during the stage of typhoon
trough in Hebei Province for the precipitation on (a) 30 and (b) 31 July 2023
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Fig. 12 (a) Distribution of the stations with accumulated rainfall over 400 mm (dot) and topography
(colored) , (b) box plot of elevation for stations with accumulated rainfall over 400 mm, (c¢) zonal variation
of accumulated rainfall (red line) and terrain height (shaded) at the latitude of Liangjiazhuang Station
in Xingtai, (d) enlarged refined terrain (colored) in the box of Fig. 12a from 29 July to 1 August 2023
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Fig. 13 (a, b) Radar reflectivity (colored) and 10 m wind field (barb) in the Beijing-Tianjin-Hebei Region at
(a) 22: 00 BT 31 July and (b) 14: 00 BT 1 August 2023, (c, d) vertical cross-sections of

radar reflectivity along the black line in (¢) Fig. 13a and (d) Fig. 13b at Shijiazhuang



1z

W We 554 23 « 77PN ALIRAT L AR 78 5 DL A R 48 T 4 AT S A A 1465

(8] 98 7 Dt S A M T RR A R S L EL S A KR
EWHB AL PR X EAES, F— LM KT
BTk,

6 LI

RS o B 3k SR 2 S B RRE LS.
JRUJEE 25 75 35 45 0 1l ERAS P40 B WE Ak, X <23. 77
T U AT L AR 7R e O 2 W 1 A /KRR AIE L = B B Y
WK BN #EAT T 0128 70 M AR B LT 458

(DA R FERA R oK R R B ).
FREemf A 5 M8 56 2R % D) AR AR AR . o 1 29 A
B AR AR R K R 63+ 87 il ity M R AE B
FFREK R A 400 mm {3k 5 42 bl BEAE WL
P AT b P4 e S LR A DX R K ) 40
T b v T A o K R i R /N I T 5 2 g T TR 7
T o TT AL PG e T T A X ST A (H L I iR R K
Ko b i . Bk ad 2 B B BEPERRAE . 30 H
o 5 A K Y L fe ) 31 I P I R e A i

(2) 58 DU AR 2 T 3o o R A e RE R B YRR
EL XN WS B NP NN R VA TR B | i RS e o
JRURE: 535 g 9 5353 A1 — B b o 1 g &b BN 8 1) R 1
G2 B0 KA TN e AR 3R M T 58 A2 1 7K 3R, 850 hPa
fEVRE D) AZ AR AT AT AR E D SR A3 T A B A 4R
THEM . 31 H Z i B K XY 3R 55 0 AE 2 TR 5 3R
JZ AKE) LCL F1 LFC. 55 /9 0~6 km 3 B K Y) A&
X KB B AN R E R 26 R A s, U 30 HR
FAETM LA #F CAPE 732 741331 H &l =2 i
] e AL DR BRI I B BRI R AR E
AE 2 S

(3 58 3 7K 73 kg {51 4 G I 000 614 B P Bk K 15 XL 4B
Rt 7RI Dk 553 I B X R PR R K = AN B B R
P 000 4 Bk A K ZE 925 hPa /K P i R (i IX Al i
B DX A B R B — 2% AR IR A R 181 38 1 T b A%
A o WA ) BRCVE e SRR AE B IR 1 XU A e K B B
CHE A& T LA 11D w3 4 2 e DXUAER 2 3 A VK 90
RAEL X B AT AL - R 3 BT S ok . 850 hPa Y] A8 £k
TERAT AT AR A€ A 3. 30 H 14 i ) b v 78 5 FE 7K
DX V& 3t H O 14 i AL RS R DA 2R XUTE 8 b T 4
2 A M TG 2R R S e RE DXl e 0 AR
sk MCS, MCS #2 A€ - J5 i X5 B 351 4
b QAR NI R TS A i S B EANE1 - R TP N DA
5 ORAT LVt 37T £ D 1t KUY RS 14 e T 6 5 £ fioh

AR g B B, & 30 H A [T It 1 g 30 A K o
MR . 31 H R &I = PG A, 850 hPa %%y 74 1
B XL WA RS E RIS .20 m o« s AR B LA
TR ST o 1 8 b 55T G R 3 A e i 3 K L {5 A
55 )5 WAL F 2 El w588 dagpm A, & XS
75 P 28 A 0% K YR b b e A AL T IR R R RE
RZS.31 B A 8 A 1 H | K5 16Tt Hr g &6
b T A 2 PR 3 fioh & A% G IR T 9 0 b b T X
BN S HE— MR T BT Rk

(4) & WU 1 42 5% i B B 850 hPa Y45 2k &7
RAT LI B4 8% 3h 2% 48, i 45 K AT L 1L i 4 i fia)
45 i 5 IR AR 7K Il e /b gl 2 R AT L Ll R B
B K S R M SRR . AT P g e K 2 B R AR
FESF- B4 600 m 22 A7 (4 1L X, 3 A AR (B 2 5% 7
A F 1) A G T 1B B 4 1L 48 P T AR b KUY K s
() 24 5 i 5 1 /K VA Lk D 1 R 0 R s A N
Reg 7K et 24 e T o

AR SCHEF B AL = 52, DR A I A B AR
WA LA KR W o R A R R AT T R e i AR
2 0] BTG EUR AT RS, 40« AT Ll 3 I 7 [l gk 201
21 YR BRI Sy E A £ K7 31 H L
B PR AR AR S L A R A SR FRR O R e A S
R K B R I A D67 3 T R FH BB AR L L SRR
I 45 T Btk — 2 45 e R g 45

&% ik

“75 ¢ 8VEEM LA 1977 RHTUTS « 877 AR T AL A D 45 43 AT
(—)[J]. K 4,3(7) :3-5. Special Research Team for the “75 « 8”
heavy rainstorm, 1977a. Preliminary analysis of causes of the
“75 « 8” heavy rainstorm. Part [ [J]. Meteor Mon,3(7):3-5(in
Chinese).

“75 « 87T SRR 1977h. WG T5 « 87K Kk T AL 1 #) 2B 43 AT
(ZO[J]. K 4.3(7) :6-8. Special Research Team for the “75 « 8”
heavy rainstorm, 1977b. Preliminary analysis of causes of the
“75 + 8” heavy rainstorm. Part [[ [J]. Meteor Mon, 3(7) :6-8(in
Chinese).

WRIIEF . 307 1 DL 45,2018, L AT™7 « 217 2§l W A1 B4 % A= FA% 4
PLEEL)]. & 23R, 71(4) :569-592. Chen M X, Wang Y C., Xiao
X, et al,2013. Initiation and propagation mechanism for the Bei-
jing extreme heavy rainstorm clusters on 21 July 2012[J]. Acta
Meteor Sin,71(4):569-592(in Chinese).

WO PN LARER L A5, 2012, b it 721 HF K 2 T AR e P 43 A e B
=) W 247 B S8 [T ], K% ,38(10) :1255-1266. Chen Y, Sun
J.Xu J,et al,2012. Analysis and thinking on the extremes of the

21 July 2012 torrential rain in Beijing. Part [ :observation and



A

1466

% 9549 %

thinking[ J]. Meteor Mon.38(10) :1255-1266(in Chinese).

T 10,2015 3BV HE 75 « 8RBT MY BT . ol B 5 PR LT ). KR
23R ,73(3):411-424. Ding Y H,2015. On the study of the un-
precedented heavy rainfall in Henan Province during 4 — 8
August 1975; review and assessment[ J]. Acta Meteor Sin, 73
(3):411-424(in Chinese).

T L. 2019. R ERW ISR L R S mE L] BRW R E,
38(5):395-406. Ding Y H.2019. The major advances and develop-
ment process of the theory of heavy rainfalls in China[ J]. Torr
Rain Dis, 38(5) :395-406 (in Chinese).

T 22 B2 3R BRI - 55,2017, %16 « 770 o 53k o K AR AIE B2 R
R AL, % .43(5) :528-539. Fu J L,Ma X K,Chen T,
et al, 2017, Characteristics and synoptic mechanism of the July
2016 extreme precipitation event in North China [ J]. Meteor
Mon,43(5) :528-539(in Chinese).

T 22 ARG 2 T 48,2023, %23 « 77U 2R T A R T SORS 20
PCRFAE B 3l J1 AR ) 2 AR BT HR [T ). A% 49(12) 1 1435-1450. Fu
J L.Quan W Q.,Mai Z,et al,2023. Preliminary study on the re-
fined characteristics of rainfall intensity and dynamic and ther-
modynamic conditions in the July 2023 severe torrential rain in
North Chinal[ J]. Meteor Mon,49(12) ;1435-1450(in Chinese).

LI A 22 25 45,2022, T G 21 « 77 R R AR T A A RUBEAIR S
TR 8 1 T R R E B P A BT LT . AR 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).

B INARAL T L 45,2017, %7 « 207 AU R R 2R T 2 i IR R R

HASHLHIBF 5[], R4 4] . 75(5) :685-699. Lei L.Sun | S, He
N,et al,2017. A study on the mechanism for the vortex system
evolution and development during the torrential rain event in
North China on 20 July 2016[J]. Acta Meteor Sin, 75(5) ; 685-
699(in Chinese).

SENG BT TR L 5, 2018, TR 7 « 197 b 2 LA K B T R K R
E Be e s Pk Ay B [J ], 5. 44(9) 1 1136-1147. Li H, Wang X M,
Zhang X, et al,2018. Analysis on extremity and characteristics of
the 19 July 2016 severe torrential rain in the north of Henan
Province[ J ]. Meteor Mon,44(9):1136-1147(in Chinese).

FEAE H R, T AT/ A5, 2023, TR 21 « 7ML AR T AL AR KR
R R G R i FppL ] 4 B [J]. A4 4, 81 (1) 1 1-18. Dorina
C,Wang X M,Yu X D,et al,2023. Analysis of the mechanisms
for development and maintenance of synoptic-scale weather sys-
tems during the 19— 21 July extreme heavy rainfall in Henan,
China[J]. Acta Meteor Sin,81(1):1-18(in Chinese).

P4 B, 254730 J8 ML 45,2021, 2021 4RI R 47 « 207 A% St 5 T 2l
SRR AR AE LI 23 7 L) ] RSB, 45(6) : 1366-1383. Ran
L K,Li SW,Zhou Y S,et al,2021. Observational analysis of the
dynamic, thermal,and water vapor characteristics of the “7 « 20”

extreme rainstorm event in Henan Province, 2021 [J]. Chin ]

Atmos Sci,45(6):1366-1383(in Chinese).

IRE ST BRI, 45,2022, AL 21 « TR i 48 T Ao R AR AE B AR
BT, A% .48(5) :556-570. Su A F.Xi L. Lyu X N.et al,
2022. Analysis on characteristics and causes of the July 2021 ex-
treme rainstorm in Northern Henan[ ] ]. Meteor Mon, 48 (5)
556-570(in Chinese).

IhEAe, 5 sk, BB, 2006, ©96087 45 & RUER Bt b 151 kAL 7 FE K
T b ROBEXT IR R GEWF e [T ). AR M, 64(1) :57-71. Sun ]
H,Qi L L,Zhao S X,2006. A study on mesoscale convective sys-
tems of the severe heavy rainfall in North China by “9608” ty-
phoon[J]. Acta Meteor Sin,64(1):57-71(in Chinese).

IhEAe B L AR, 45, 2013, 2012 4F 7 21 HAb aURE KR
W22 ROEHFAEL]]. KSR 2£.37(3):705-718. Sun J H, Zhao S
X,Fu S M,et al,2013. Multi-scale characteristics of record heavy
rainfall over Beijing area on July 21,2012[]J]. Chin J Atmos Sci,
37(3):705-718(in Chinese).

INE 2SR AN L 55,2012, b aT 721 Ry R 4% W AR o 1 43 BT B
(0 8 s e g K i PR 0 8 B S 25 [0 ] A% 5 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,
38(10):1267-1277(in Chinese).

PV - 1980, Al 2 B RT [ M. b it B2 i 4k 225, Tao S Y.
1980. Heavy Rainfalls in China[ M. Beijing: Science Press: 225
(in Chinese).

TE/NRE ARG IR, 45,2022, “21 « 7700 g 4 R 28 TR K VORI
PHIEIZ T A BT L) ], 4. 48(5) 1 533-544. Wang X K. Cui C G.
Wang J Y,et al,2022. Diagnostic analysis on water vapor and jet
characteristics of the July 2021 severe torrential rain in Henan
Province[]]. Meteor Mon,48(5) :533-544(in Chinese).

W A0 SRR, 45,2022, NRRUBE R AL AR B2 R 21 » 779 K
F T SRR EELT D, b E R IR A%, 52(10) : 1873-1886.
Xu J,Li R M, Zhang Q H.,et al, 2022. Extreme large-scale at-
mospheric circulation associated with the “21 « 7”7 Henan flood
[J]. Sci China Earth Sci,52(10) :1873-1886(in Chinese).

Bt JA SC TR /N RE - 55,2022, %21 « 770 B A K A% T R K AR AIE B AR O
PEAHTL)]. K% .48(5) :571-579. Yang H, Zhou W, Wang X K,
et al, 2022. Analysis on extremity and characteristics of the
“21 + 77 severe torrential rain in Henan Province[ ]J]. Meteor
Mon,48(5) :571-579(in Chinese).

e TE A i BETEHE 45 2020 a0 5T B — YR BB XK 2 R 1 180 1K) 43 A
[J]. W% E,40(5).455-465. Yang X L, Yang M, Duan Y H,
et al,2021a. Analysis on causes of a warm-sector torrential rain
event in the Beijing-Tianjin-Hebei region[ J]. Torr Rain Dis, 40
(5) :455-465(in Chinese).

Mbess At RS L 48, 2021 b, 5 WA B M X Jb L & XUREFE
Do LA S LAY T W AR 4 B [0 ). T B4R L 38 (4) £ 99-106.
Yang X L., Yang M, Long L. X, et al,2021b. The characteristics

of northward-moving typhoons affecting the Bohai rim Region



1z W We 554 23 « 77PN ALIRAT L AR 78 5 DL A R 48 T 4 AT S A A 1467

and the analysis of various types of related heavy rainfall processes

[J]. Marine Forecasts,38(4):99-106(in Chinese).

e ss . £ 75 WL . 45 . 2022, @R 8 T 72 T T L R 3t 3 IR K

il %2 5 AEFE WL A2 B (T, K4 ,48(6) :677-690. Yang X L, Wang
X M,Yang M, et al,2022. The trigger and maintenance mecha-
nism of local flash heavy rain under the control of subtropical

high in Hebei[ J]. Meteor Mon,48(6) :677-690(in Chinese).

AT/ 2012, 2012 4E 7 ] 21 HALSUAR R B AR 2r BT LT ). %,

38(11):1313-1329. Yu X D, 2012. Investigation of Beijing ex-
treme flooding event on 21 July 2012[ J]. Meteor Mon, 38(11)
1313-1329(in Chinese).

LS PR, 2019, T ] B FHL B 99 L F 7T HE e K% FG A G e R

[T, B K% . 38(5):422-430. Zhao S X. Sun ] H,2019.
Progress in mechanism study and forecast for heavy rain in China
in recent 70 years[ J]. Torr Rain Dis, 38 (5):422-430 (in Chi-

nese).

XM PR AR AR B, 452018, 7 « 207 AL AL s K 2 W AR 09 43

M) X4 ,44(3):351-360. Zhao S X,Sun ] H,Lu R, et al,

2018. Analysis of the 20 July 2016 unusual heavy rainfall in
North China and Beijing [ ]]. Meteor Mon, 44 (3): 351-360 (in
Chinese).

TKIFHE G ET I L 45,2023, 723 « 77RO A AR A AROR AR

fELT]. % .49(12) :1421-1434. Zhang F H, Yang S N, Hu Y,
et al,2023. Water vapor characteristics of the July 2023 severe
torrential rain in North China[ J]. Meteor Mon, 49 (12):1421-
1434 (in Chinese).

Luo Y H,Du Y,2023. The roles of low-level jets in “21 » 7” Henan

extremely persistent heavy rainfall event[]J]. Adv Atmos Sci, 40

(3):350-373.

Xia R D, Zhang D L, 2019. An observational analysis of three ex-

treme rainfall episodes of 19 — 20 July 2016 along the Taihang
Mountains in North China[ J]. Mon Wea Rev, 147 (11);4199-
4220.

XuJ,Li R M, Zhang Q H,et al, 2022. Extreme large-scale atmos-

pheric circulation associated with the “21 « 7” Henan flood[ J].

Sci China Earth Sci, 65(10) :1847-1860.

(AR SCTE 4 7K T5)



