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% B ABE AT H (02342207 ;42075020) 3 9¢ F 1 I 5 05 S2 30 28 P04 B I H (2021 LASW-A12) 5 B 5T K M b ER 49y 57 416 37 A1
WERL 2 U IFY B4 vh e B A S AR 55 3% (020914380103 5020914380104 ) 5 117548 A5 A8 Ak W [ 1) v 0 B Bh i B

HWE 202147 A 19—22 8, TH 5085« FUHKER, HLZERILT 2 | KEH
MEHRE, BN, 217 Tha R BROFFE K $ 40 kA, 5| R s M kg | “2177 7T 4
SARFMABRPH, ACETFERE & AN TELLE S5 Lok S FH | RER;

%2 NCEP/NCAR B9 AT 5 55 T 1960—2021 446 b i K B 5 K BB ALon ok Tk | B SO AR 3%
MEBRARAR, RGBT T 2.7 Tha X BAOL AR, SRAY, “21.77 | XFH;
OB RRERLALTLRAA T FEA-FE L FMIBGEES & RESFEHE | RATE;
OB FENRFHELS FERALOGLHE, ERAHEATHRT £anR | HRE

B RIRMMRERFH5.97%,27 5 FHE BB ERFN, &R Aa] &2
89 BAT A B RKE AR K P iE 2 iy, ARSI ER AR I E I A& H
LI EFHFHT 2.7 A HERGL AL, THRAR AR AR EKE L miE A E
iz 5 A 2 o I Z ) 69 B R AR R AL AT 21T A A AR - RAE Ta R
Rtk KRR E R T 5% KRBT A B A e 55 TR K AL “21. 77 7 dy Fh @ 0 B
20 5 R IR % KPR T 23 IR FALA

il 2 4 TR AR I 118 5 M0 AN BT ) 0 g R <Ak
L NLSTh Y AR ek AR o0 A Y | NG = &7 o g =18
S B 1Y B ( Douville et al. ,2021) o Hirp # s
R 7K = A2 DR et s ) PR R 7K i 88 R 52 M R 4 v

H e U | B s B /K B2 i $2 3 (Luo et al., 2016;
Wu et al., 2016; J7 i Fl 7% = 5%, 2019; 17 # %%,
2023) , MeAh, Aedb i XM 0 Mo B 5 5 2% ) Hh 3R
SAFHAS Y b B o B & DX AR R K, 0

Oy AR R F AR R, M A S A R RS
BT T R (3% 1542020 Qin et al., 2021 ; Fh R
it ,2021) , IPCC 557N KB A4 PN AFR , B Bae 7K
FAFTE RGN B30, BAE ARG S8 e
BRABBE R T, KAATRE PERRZIG 08 Rk IR
AR E— 2 e ( Seneviratne et al.,2021) , 4E
AU Hl X I 237 0 R M AR, %o PR g AR AL B

757 AF 8 H (Li et al.,2015;Sun et al.,2019) ,
“0. 7T R RE RN A AEAE 2021 427 A 19—22
H ,J&—3 S0 TCHT Y DS P AR it K 7 (Yu et
al.,2022;Sun et al.,2023) , tLJEMEEE H 1960 4F LIk
KRS R EE T (Xu H X et al.,2022b) . IR [
TRFAFAERETY M DX 38 BT I R 198 b i g 7K ™ B
(R Es a s EAT D s 200 P B) Sy Rl

SRR KBS, TR T B, 5, 2024 WS AR BEERAR < 21, 77 Tl e 4 R R O AL 1] R AR 41,47 (5) :681-700.
Zhang Z Y ,Huang A N,Huang D Q,et al.,2024.Understanding the formation mechanism of the “21.7” extreme heavy rainfall event in
Henan , China from a climatic perspective[ J].Trans Atmos Sci,47(5) :681-700.doi ; 10. 13878/j.cnki.dgkxxb.20240515001. (in Chinese).
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SEREIE, “21. 77 AT AR IR TR 2 A A T) I s e K
HR#/K I8 624. 1 mm, 8 J7 52 5 K H FE/K Y 3
% (Cheng et al.,2022;Li C J et al.,2022) . M4h, %
P /N A K B T 3K 201, 9 mm, FT8% 1 A [ P i
XN R K 40 5% (Li W et al., 2022; 5538 H #8245,
2022), S PR E B KA 21, 77 R AR AR
FAEL Y HLBUN A B B T W 2 T R
S, 30300 2 AFET-HIZ) 1 000 1270 AR
HAZA TR (Huang et al.,2022)
VLG, <21, 77 0] B 4 KR TR A T
BRI ARG Z A 221 2 RS BAE RS
(PHBZR%E 2022;Zhu Z et al.,2022) . 58 Jw 75 I
ALY 500 hPa P4 AV Bl HAHT = Fe | S5 O AR fi b
) 100 hPa R 5 e A F PH Ik K- 25 1 5 K
“HRAE” PR i 125 1 & K AR LSRR I
AHE AR, A i) e 2% T =5 R 8 g T R & 1K
TMAER (Li C et al.,2022;Ma Y et al.,2022; 7E/
FRSE,2022) , FRERZ RN RS0, i R iR
JiE(Si et al.,2021;Li W L et al.,2022; Sun et al.,
2023) A AU (TE/DBRESE 2022) P 2 A i
(Zhu et al.,2022) , HIL R F AR E T H R0 A5
o, PRIERSG WIS K (Deng et al.,2022) Al
KIUBE F G W0 P4 K1V Bl #4755 s (Huang et al.
2022 ) 2 8] AR ELAE 6 e R K 7= A T
SO, LT TR B B9 21, 77 0 R R R R T
V)b I R e R 4 ARG 6 T 4 SR e B, XL ) 2 o)
Tt 72 GEXRT- S BIOH 15 R RO {18 A R i 3 B gk
(Chen et al.,2022;Qin et al.,2022) , =T HiJE A
A RZ A A B (AR S OUIE ot s ) 1 b 2 0 B i A
XF“21. 77 B R R TR Y B2 IR ( Du et al. 2022 ; Luo
et al.,2023) . SR, X LEAL Py« 21, 77 ) 1o R 2%
o 32 M R 2R 1A A 5 T ik DA 2 o B35 205 1 AR
Bk B (1 B i e e N S B i 1 € F= R o
RATEAG 24 8 K AR DX P ) 3 — i BA
TS | HARAF DX 51 ] — X s o ) A RS, L
RERAER 22 & 4784k (Luo et al.,2016; Neal et al.,
2020) . X T 4% G2 19 43 25 J7 ¥ (Huang et al.,
2018;Ma Q R et al.,2022;Xu J et al.,2022b) , #F
MLES 27 > Bk 257, 40 K-means SRR
R A B A 42w SR 2 R4 ( self-
organizing map,SOM ) % ( Hu et al.,2019; Ohba and
Sugimoto,2019; Tuel and Martius,2022) E#) 72 i
AT RAAPN, EAMF5R RN, 42t X 5 B4
i A K 1 5 3 BRI R A 5 DA R 1) 2R I L R
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5 i PG I ) PG A1 R BT 1 T )RR AE (Sun
et al.,2015;Zhao et al.,2019; Tang et al.,2021) ,
ARSI EGEE T “21. 77 I R R R B W B IR IR
KA —MRIE , A ST R 45 A6 F8 Y PG R R
T e e TE S 5 T R AP £ i S ] B AR
T KUK P08 18 i 2 S22 R R R R (Xu
J et al.,2022a; Zhang et al.,2022) , —LEHF5EIA L
BT R —RABT BY R E B v o T >4, dn
“21. 77 T R R R FR AN 75, 87 YAl e 4 K B R ( Liu
Y et al.,2021;Li Z et al. ,2022) , SR, X EEHF5T )
SRR R ¢ S i B 21, 77 ) R R R R
DL EFEFR IR Z 2R —BARE SRR
R RO RAH e A RARME, (HFE AR L
DX 2= DXt MR e K b B 2 3 OB S R, X
FIRESE T R ZH0 M T4 0 KA BT R 2
PAFE 4 € 55 B 2 B IR 1 o KA 20 42
(Hu et al., 2019; Xu J et al., 2022a; Wu et al.,
2023 ) , oK 7% S8R RUEE BRI Y = 4 2 (8] iE
WA, R Z BT B ] T AL b IX 46 i 22 46 2
TU L PRt A AR i e K T s AT SRS T 20 T 1
Ui P38 7K 1) DX 20 P 5 AR PR U R SR 2 ] R A G
KR, AN e AU B R K D SR T RE A TR b
W /INUASE AN 32 A i R 7K = 4 0A O 381 DX sl Al i
RE7K A2 ) DTG i Aty DX 3l B o e K =42 K A 1
B (Tu et al.,2011;Ren et al.,2012) .

AMFFENGHE T 1R S T77k (Neal et al.,2020) fif
SE 1960—2021 AFEAEY 4 X BT 7 X I 1 A3 i 4 K
PR IR IR R A, i — B WE 5T “ 21, 77 T R AR R
7 TR I PR SR A AR, 48 735 1H 26 DX A0 i g 7K
AR LT . FRATDRE 124 LR 3 AR, 1) 48t
D521, 77 1) g A R 2 I Xof 0 174 L TR A 3 R A<
A ) IERXFPRAAT, “21. 77 W R R R 2R T
SR AR 7 3) AEAR R A R AR, 21, 779
A RE R R AR R TR AT T 2 5 6] 2

1 JBITTIE

1.1 #ARSEEARX

1) HESZREZ G B0 AR 1960—
2021 AEE 2 6—8 % 12 h Byl 508 I 4 K B4
TZEHE 53 A [R) RN 8] 4 B[] B 2R 4T B 7K 08 I A1
sk, Hoh gzl SO A st IR — H 20.00 24 H
0800, H a5 X At mtista] 24 H 0800 324 H20.00,
{8171 Python Scipy i H 0 — 4L R4 {1 0B, 45 38 15
TCSRARE A A D 5%, LAFRAS 5 P AT B0 3 A DL i



TRARAEL, A5 NG B PR < 20, 77 T R R R TR TR ML B

(47K B4 ( Virtanen et al.,2020) .

2) % FE EZEIREE M s | 5 H FE R R
/0> (NCEP/NCAR) 1960—2021 4FE 3% 6 h F47
Mg, K R 2.59%2.5° T By ) 280 17
JZ (https : //psl. noaa. gov/data/ gridded/ data. ncep. re-
analysis.html) G55 T 7 #Gm B2 7KF X 32 BXGE |
AR 48 XTI R AR B AT R K R S B S8
(Kalnay,1996) , AAF50K% 6 h £l kb0 & H
00:00—12:00,12:00—24 ;00 ( tH: FLAs} ) W4~ 7] ] i
()7 (B (R AE 5] 08 :00—20:00,20: 00— H
08.00) , LAVCHLAE 12 h X K&K B (8] 77 51) , DA I 5
XFAEA L b X 2 DXl A o R K R P 3 R SR A T
THEMFFE(Ma Y et al.,2022;Zhu C et al.,2022) ,
1.2 RigERmMEK BEIESEMEKTEFE R

BEEX

A 3 AR T8 SO sk B WL 5
5 (Bonsal et al.,2001;Li et al.,2017) . AH#F5H,
ATV 95 F 2k g ST 53l fy A8 i e 7K R X
BPERR ORI K . FET 1960—2021 4F 62 4N H Y %
12 h Bk EBE , T T 2 X PN A a5
=0.1 mm « (12 h) "' WA D7 5 R KIE S5 95
DA SOIEE, YKL TR SR R B R R1 25 5 1) B
ANl pR AT 5 95 T A 6r B, RIS — R B i A
K, TERIE K B AL I FRATTZE A Xie et al.
(2018) Fll Tang et al. (2021) 1y ik, t—HE LT
DX Sl 1 i i A K BB SE G R S IX 8 1960—
2021 4 62 AN ZAE 12 h [] Ak H B SR 7K Ak 1
B, AR TR [ I R R i R K A i B (= 1) %
MONBNSHER , TR 95 A4~ B 2 Bk ol 5 85
SR RE 12 M X 1 A A DX sl W i A K = A Y
{8, 2 [R]s Jh A AW si  7KC P ity 5 50 3 3 — 8 1 s
WA T — IR X IR iR K e, ABIFGEIEE T
AL S R B H R i b X (110° ~ 122.5°E, 30° ~
42, 5°N, TR HE AL 11X ) A Shy DIl i s e oK AT
Y RE#IX (Xu J et al.,2022a) , 7F 1960—2021 4F 62
ANE 7% 12 h i) F 8 A2 At IX (862 /N &
Uil ) DX P R i A 7K 1) s 5B A 50, IF LAt 1
RGN 21 469 A DX I AR S P K 1

AHFFE R, 5 1 ( South Asia high, SAH)
AL 100 hPa = )2 1 16 760 gpm S5 35
RN (TRLARAF, 2005) , 7Y K P 7 B A & TR
(western Pacific subtropical high, WPSH) [ i1 % £k
i1 500 hPa =5 )2 [ 5 880 gpm &5 (i 3V ig i 4k R
(Wei et al.,2014)

1.3 WB|RFINEREE X

TS )5 7 (spectral clustering ) 42— F JC Wi &
FIMLERE 2 R e )z W H TR B R 4%
P B A AR 2 A 4 (von Luxburg, 2007 ; Nasci-
mento et al. ,2011) , 5 K-means Jy 5L G RISA
AR, T R R BCR R, o eI
/N, AT RIS 4 R e, HLREAS AT B AR A
AZ3[H] (Jia et al.,2014) , TEARBEFE AL T
Python Scikit-learn HL#%2% > P 1 1) pR £X ( Pedregosa
et al.,2011) , 5% R KT N T 1960—2021 4
62 ~EL AR L IX 469 A X I8k e 3 g 7K =
A ) R TR] 5 B )2 (925,850, 750, 500 A 200
hPa) K- KU I RSB 500 . 1 5, %> R A% 1Y)
pi S T | RV w4 STV 271 i R R A o e
YR RE (4B 20 B Al B2 ) RO — 4B
. RJEEE v B HREE R w A ZE
T2 K uw A1y BB —ZEE AL (B A3 [R) ) & 9F
E—, B B T8 R 2 0 fi A ZiE ( Tang et al.,
2021) ., fF BE RIS AT, i Calinski-Harabas
VR LA [R) SRS 00 SR 2R AOR i T e 3R
KABCH 3 M, wa, Bl 20, 158 7RI
B PP H 25 5L | LA K 55 B[] 2 80 RH X6 02 1) 3 A R A< 8
B LA, AIEAE R A b b DX DX S8 AR o B 7K =424
B EEAR R, MRS R R, XAt X 3
FELR 23 BT N TR BEAS S5 X RS I i 22 57
1.4 XRBEVAIBEENX

YT B BE ( convective available potential en-
ergy,CAPE) 2 KRS H IRAELS € I L 72
HRIE I AR B g i 1 3 B A, R T e R AR IR)Z
X B9 PR 5 i % VDA OC 19 5 ( Doswell and Ras-
mussen, 1994) . AHF 5% 1 fifi ] Python MetPy J% 1
[ PREL(May et al.,2022) , 2k H F X 1 (Tevel
of free convection, LFC) FI-F fif = & ( equilibrium
level ,EL) Z [8] (1) 25 52 = 25 1) 1 A AR Je A2 R4 7
it ( Wallace and Hobbs, 2006 ) , 315 28 & v LA
=)

Ecpp == R, jhEL (Tvpa,cel - Tvem,) d Inp, (D)

Hr R, BTARAMHFE287.04 T - K - kg™’
T, S HICER T, AR
1.5 AMEERIEINSH

WM 3 ELAZ B2 W 5 i RORUEE BRI R A
T HI SN2 W 2l 1L AL AT BT
PLE 1% ( Bluestein, 1992) .

683



AeBFFR

20244E9 H HE4THE FES5Y

+ w(]iao (2)

temp

2 2

St V)= e R p AR TR T
X oy

HHREESH 0=2%x10°"m* - Pa” - s B H K
FISE e fE IR RS, 107 s
(2) A, = A A T, 0, Mo, 5300 3%
TR BE ST I BT Y 0 A s B AT, =
I At —4 2278 4 (Zhou et al.,2011) ;

fo
ou= o V@] ()
_Rd 2
wmmp_a—pv,, v, -v,11, (4)
R d
Wiy =~ - 27Q0 (5)
oc,p "dt

Eﬁ%%=ﬁﬂ”€ﬂﬁ%iiﬁjﬁ%%ﬁ%ﬁﬁ
dx ay

it EREEART ], TR EER, =
287.04J - K" - kg'', TEAM L EEREc,=
1004 J « K™« kg™, 45005 B 76 1 1507 1) bl B 43
SRR S FE L A 3 f

R Yanai et al. (1973) AR5, RWAIE 0,
ALARIRA

aT
0, =cp5—cp (wo,~Vg-V,T), (6)
. . RT oT
,ﬁﬂjﬁ%jﬁ%mﬁﬂ%‘zmjﬂ o, :C——g,ﬂlﬁé’éiﬂﬁﬂ
P

d
?ﬂﬁ%T?:Ql(Strahl et al.,2001 ;Hsu and Li,2011;
Zhang J et al.,2023) ,

2 2.7 BB RXKEWAE KA

I HdE B
UL B 5=

“21. 77 R FRFE LA 624. 1 mm (1) H i K&
JKEFTRE T 220 5% (Liu C et al.,2021), {1& la
Fiw,2021 427 H, B REK oA T pE 48 7Y
ALEB, Wi 21. 770 e R R T ] R R A L
HELT HAEYRE K T 200 mm - d7AYREK HLO
(BERGEE 2022 XML 45, 2023) , H &K H 00 F
KATI SRR AR KB (& 1b) . RG4S K AE
JUH X 25 B —HF 2021 4F 7 H FEK B A SR
IR AR 160% (& 1c) 3«21, 77 T R R R AE] 3 d
FTRE KB X 2021 45 7 H TG A KR i H X R
JK B BT R AE 30% ~60% Z 4], 3t 60% 1 i 7
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fRF D EEAL T A AL (E 1d) . ik,
2021 4 7 H ) BE AR B OK & O R A, T
“21. 7" EERE R AR WA 3 d BEK &L A 2021 4 7
H B R 60% L)L | K Sl ik 28

K2 451 T “21. 7" I EE R R 2R M A TE] 3 d P8
ABCE . WA LS RE AR MY 100 hPa B &
JERZR AT PSR L4 6 500 hPa P§ A7 8l #y
R (E 2a) 21, 77 VT e RER R T ) & AR SR AL T
A HN Y s R B R (EAESE,2019), S [E
1 N T o B g = Al i A 1l 3 € Sl
YERL, 5143 6 WAL G R RZ I 7R B A0, KR
AT AP i 2 e b i X (& 2b) |, kol 44 A it
REAK 0 A AR R T 78 2 B /K IR 5 (Xu H X et al.,
2022b) , TuI R AE 2R AN W7 P it b 4 B9 P P )
FRAHT 1 | 1 2 e e 4 i) 1) e S e RDAEG )2 58 B AN
VBT 348 R e I 8 00 5 AU ) R R A 3 I -, VT P
A EAE SR TN Z )2 i 2 K AR
3 850 1 200 hPa f= B )2 22 [i] ) IRUHBURE 22 1 B 4l 35
s (K 2c) , E— 51K T B 5 ) — H A2 5]
hiEmE R BTzl (Bl 2d) . <210 77 TR AR
TR AW RRUE 1 R ICZ PRI B 5 | R Rk K ik
L@ ZU0) BT ), A TR 23 W s B K )T
BRI R JIEHE B8 15 XU, S D P4 1Y) PG RS- 3 A
A re Sl 2 A ) e I g e ) R R A B
SIETHRBAG KIS 7 5548, %t <21. 77 0]
BRI I 0 A B R ok

B3 i — 2B 1«21, 77 ) e 4 K 5 W 30 ]
B 12 h [RIE S B i A K 0 2 550, LA B P RF
TERIT & R R B R e Al R
(Xu H X et al.,2022a) 850 hPa & & /K X374 )
HWAE M, 7 A 19 H 08:00—22 H 08: 00, 1£
“20. 77 MR RF R BT FRFEE 0 3 d MK it v, i 252
60 h I T 5 YR Xl P A i A K (1Bl 3b—T) o 7
207" M EFER B A — B (7 H 19 H
08:00—20:00 ) , il iy 558 B 5 55 | PG AN BH 2, 7 W0
B AR AR AL, 3E R B 5 R B B4R, s [T B
BB 1S ) IR & v R d @] ) e X O
fH. S —FB(7 A 19 H 20.00—21 H 08:00), 74
TP Rl BRaE e FE P AL+ SRR, R W R 4k
LIRSS R, B KU EAE [ W 1 Y AR T
WA SRRSO IS AR e UM BEAE R AR
JUH X 123 B T 4R T XL 3 R i, A B 349 A Xk
PERR A K A, LR s AR, 3t B3 7K 1 2l L B0OAS
Wrdsm, Hidr 7 A 20 H 20.00—21 H 0800, [A] i}



TR A A2 P B < 2. 77 Y R R 5 T AT A LB

mm-d-! mm-d-!
a b
3
el 0 i 240
25 200
20 160
2 35on | 15 . 120
®
10 80
5 40
3OON C 1 1 1 0 C 1 1 1 0
0 50 100 500 1 000 1500 2 000
% %
c 160 d 60
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Fl1 2021 4E7 A (a) 17 H 19 H 08:00—22 H 08:00 #[H] (b) Ak Hy X Py K 1428 (8] 43 A3 (B mm - 7).,
() FI(b) H bR 6 5 i (A, 2% ) FOR @RS (R JrBiea sk ) 43l R oK i FE @ B, (o) M (d) 435 s
T 2021 4 7 HFEAHIN T 1960—2021 A3 57 11 40 LS 18] 70 Ai LA K 21, 77 T R R R B R IH] 3 d 2R3
WAL X 2021 4F 7 A BB KR I TTRR (A7 %) o () HAREERACEORMN AT 962 E, (b) HLT (" Taihang” F1* Fu-
niu” SR RAT IR A4 LA S, TR T B P SR R AR R 4 02 8 (T )

Fig.1 Spatial distribution of mean precipitation (a) in July 2021 and (b) during 08;00 BST on July 19 to 08:00 BST on July
22, 2021 over North China Plain (units; mm - d™'). The colorful dots ( right color bar) and black shadings ( bottom col-

or bar) in (a) and (b) show the precipitation amount and terrain height, respectively. Spatial distribution of precipitation

anomaly percentage in July 2021 relative to the climatic mean of 1960—2021 and the contribution of the 3 d accumulated

precipitation during the “21.7” EHRE( extreme heavy rainfall event) to the total rainfall in July 2021 are shown in (c)

and (d) ,respectively (units; % ).Black star in (a) represents Zhengzhou city,red characters of “Taihang” and “Funiu”

in (b) indicate the location of Taihang Mountain and Funiu Mountain,and black boundary contours in all subplots high-

light the Henan Province,China ( same as below )

HH AR i B K il S B UR 23K 92 A (1B 3d) , U B
FEM G Z 12 h KL 150 mm - d7' I B FFEK K
WM, 5B5=FrEL(7 A 21 H 08:00—22 H 08:00),
Il R SRR | P o W BV AR 3 KR B4
AN R S AT AR e AU SO 5 , A 7 kXU e
B LY BAT 389 Ay DX S AR i A K A2 L R 1 R
e ity B8 7K (8 3l i B0 BT AL, Ll s 43 A A Tl AL S
SRR, FEC21. 77 IR R R RN 3 d BEK G R
Bl P LR A s B KA AR, S8
AR DX 12 18 AT 7R p IR 5 08 L /)

REHR https://www.cnki.net

A BE TG 1), 3R A AT AR i R 7K s S B R B S

P S P (R AR A, 2022)

3 Lt EFXIEERIREKES
R RKEM2.7" A EH KR
X Rz ) RS BYHFE
KR ERRFL A X il & <21, 77 W R KR I &

KT (A B4 2021 Jin et al.,2022; Yin et al.,

2022;Zhu et al.,2022) , SN T HfE IS DT S B 2RALF

“20. 77 0] e AR R T I DX B i B K SRR 1) R
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AEBEF® 200490 BB H5M
60°N 60°N
a mm- (12 h)™! b kg ms!
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100°E  110°E  120°E  130°E  140°E 10 m-s™! 100°E  110°E  120°E  130°E  140°E 500 kg-m™'+s~!
ZIE ZIE
60°N 200 106 57!
c 106 s7! d 3
) 12 6
50°N | 9 300 4
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:ﬂ)( o <
= 40°NE 0 = 0
r 500F )
_2 .
30°N| - _6
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_?2 N
- 850
o 925 10 m-s™!
20°NE | | | I I I to10m-s!
100°E  110°E  120°E  130°E  140°E 100°E 110"EA 120°E  130°E  140°E
S 2
B2 (a)“2l. 7" pgFE K Z M H] 850 hPa P37 I (Fide, B m - s7') SPREKE (B, B0 .mm - (12h)7") |
PR IR R T (ZL 504k ) FTRE 2 i T (50 4R) IO PRIEIC B, 21 (R (0 B 42 70001 26 1960—2021 4E K %
G B TR T BT 2 TR V5 . (b) M2 3 300 hPa 1Y% J2 /K V08 1 BRSP4 (87 R AR SE , 000
kg - m™ +s7") . (c¢)850 FI 200 hPa = 2 ] 7K 7 XUBILRE 22 BEF (B2 10771 ) o (d) T 34. 8°N i) PRI (#i 2%,
BT m - 57T ECEUEIOKR 100 £5) FIUXUBIEE (B3, 500 1070 ) BESP BERI TR, (b) 2R ni 23 AR 3R 5 KU i
A8 AR G ALE  (d) A = ATE R AR 4 5 3R A M T AL E (113, 65°E,34. 8°N) I JE i
Fig.2 (a) The configuration of mean horizontal wind at 850 hPa ( vectors, units; m + s™'), mean precipitation ( shadings,

units; mm - (12 h) "), WPSH (red solid line) and SAH (blue solid line) during the “21.7” EHRE. The red and blue
dash lines in (a) indicate the climatic mean WPSH and SAH of 1960—2021,respectively. (b) Anomalies of the water

vapor flux integrated from surface to 300 hPa (vectors and shadings, units;: kg - m™ - s™'). (¢)The difference in hori-

“). (d) The pressure-longitude cross-section of zonal cir-

zontal wind divergence between 850 and 200 hPa (units; 10™s
culation ( vectors, units;m - s~' ;the vertical velocity is enlarged by 100 times) and wind divergence (shadings, units;
107%s™") along 34. 8°N relative to the climatology of 1960—2021. The black dots in (b) indicate the center locations of
Typhoon In-fa and Cempaka, respectively. The red triangles and black shadings in (d) indicate the location of Zhengzhou

city (113.65°E,34. 8°N;same as below) and the topography, respectively
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Fig.3 Evolution of the distribution of the stations where the precipitation extreme occurs ( blue dots) ,WPSH (red contour) ,SAH

(blue contour) , geopotential height ( shaded, units: dagpm) and horizontal wind ( vectors, units: m/s) at 850 hPa during
08:00 BST on July 19 to 08:00 BST on July 22,2021 with every 12-hour interval (a.08:00 BST—20.00 BST on July 19;
b.20.00 BST on July 19—08:00 BST on July 20;c.08:00 BST—20:00 BST on July 20;d.20.00 BST on July 20—08 .00
BST on July 21;¢.08.00 BST—20:00 BST on July 21;f.20:00 BST on July 21—08.:00 BST on July 22).The number at the
right top corner of each subplot shows the number of stations with precipitation extreme and the red (black) number indi-
cates the occurrence (absence) of REPE (regional extreme precipitation event) over NCP ( North China Plain) , which is in-
dicated by the black box (110°—122. 5°E,30°—42. 5°N;same as below) in each subplot.The black dots indicate the center

locations of Typhoon In-fa and Cempaka,respectively
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Fig.4 (a—c)The geopotential height ( contours,right color bar,units:dagpm) at 850 hPa under each synoptic pattern responsible
for the REPE over NCP in summer.The occurrence times of REPE and proportion of each synoptic pattern to the total occur-
rence of REPE are shown in the subtitle of (a—c).Shadings in (a—c) indicate the occurrence probability of precipitation
extreme (bottom color bar) which is defined as the ratio of total precipitation extreme occurrences at a given site under a
given synoptic pattern to the total occurrences of this synoptic pattern. The blue solid (dash) lines in (a—c) indicate the
mean position of SAH under each synoptic pattern (climatic mean of 1960—2021).The red dash lines indicate the climatic
mean position of WPSH over 1960—2021,and red solid lines denote 5 860 and 5 880 gpm contours under each synoptic pat-
tern.Black lines and black letters of “L” (black letters of “H”) in (b) and (c) show the low vortexes (high pressure cen-
ters) at 850 hPa.(d—f) The horizontal wind at 850 hPa ( vectors,units;m - s~') and difference of horizontal wind diver-
gence between 850 hPa and 200 hPa ( shadings;units,10°s™") under each synoptic pattern.(g—i) The water vapor flux

1

(shadings and vectors,units:kg - m™' -+ s™') vertically integrated from surface to 300 hPa
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The composite mean winds ( vectors, units; m + s™') at 850 hPa, CAPE ( contours, bottom color bar,units: J « kg™') and
the precipitation ( shadings,right color bar,units; mm + (12 h) ') shown in (a) ,the moisture transport integrated from

"+ s7") and the difference in horizontal wind divergence ( shadings, units;

surface to 300 hPa ( vectors, units; kg + m~
107% s") between 850 and 200 hPa shown in (e) ,and the pressure-longitude cross-section of zonal circulation ( vectors,
units;m + s~ the vertical velocity is enlarged by 100 times) and horizontal divergence ( shadings, units; 107°s™") aver-
aged along 32.5°—35°N shown in (i) at 36 h ahead the REPE under P3. (b—d), (f—h), and (j—1) are the same as
(a), (e), and (i), respectively, but they are the relative physical field differences of the 24, 12, and 0 h before the oc-
currence of the regional extreme precipitation event under P3 compared to the 36 h before the occurrence. The red triangle

and black shading in (i—1) indicate location of Zhengzhou city and the topography, respectively
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ESPNTTE R KA ] (AL R ) R /h SEH KBRS/ (mm - (12 h) )
“60.7” 1960 4£ 7 A 27 H 20 it = 28 H 08 fif 12 16. 84
“63.8” 1963 48 A 4 H 08 1FZ 9 H 08 I 120 16. 51
“64.8” 1964 4E 8 A 12 H 20 = 13 H 08 fif 12 22. 64
“75.8” 19754F- 8 A 6 H 08 IFZ 7 H 08 it 24 15.37
“88.7” 1988 4F- 7 A 30 H 08 i % 30 H 20 K 12 12. 14
“89.7” 1989 4£ 7 A 30 H 20 3 31 [ 08 i 12 15. 85
“96.8”" 1996 4% 8 A 3 H 20 B} Z 5 H 08 K 36 21.71
“00.7” 2000 47 A 3 H 20 ZE 5 H 20 i} 48 20. 60
“21.7" 2021 4E7 A 19 H 20 B % 22 H 08 I 60 24.36
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Fig.6 The positions of SAH (blue contours) and WPSH (red contours) and water vapor flux vertically integrated from surface to
300 hPa (vectors,units;:10° kg + m™" + s™") for each REPE under P3.The red and blue solid (dash) lines indicate the mean
position of WPSH and SAH under each REPE ( climatic mean of 1960—2021) ,respectively.Black slashes indicate where the

ascent speed is more than 1 cm - s~ at 700 hPa.The averaged 12-hourly precipitation amount and the position of typhoon center

during each historic precipitation extreme is demonstrated by shadings (bottom color bar) and purple dots,respectively
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Fig.7 (a) Configuration of the composite mean precipitable water content (contours,units; kg + m™) and precipitation ( shadings, u-

nits; mm + (12 h)™"), (b) the differences in horizontal wind divergence between 850 and 200 hPa (units; 10°s™), and

(c) the water vapor flux vertically integrated from surface to 300 hPa under P3( shadings and vectors, units; kg + m™ «s7").

Their differences between the “21.7” EHRE and the composite mean of P3 are shown in (d—f), respectively
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Fig.8 The pressure-latitude cross-section of composite mean (a) relative humidity (shadings,units; %) and pseudo-equivalent
potential temperature (contours, units;C), (b) horizontal wind divergence ( shadings,units;: 107 s™') and longitudinal
circulation ( vectors, units:m - s~ ;the vertical velocity enlarged by 100 times) ,and (c) precipitation (units; mm - (12
h) ") averaged along 110°—115°E under P3.Their differences between the “21.7” EHRE and the composite mean of P3
are shown in (d—f) ,respectively. The red triangle and black shading in (a,b,d,e) indicate the location of Zhengzhou

city and the topography ,respectively

R ZE T FAARXS T P3 RORR S, RN b R iR XAy B 2 BRI 0 A, Rl SR b b IX Y
Thiz s FIHE G AR RERG B A s O T & & CAPE {ELARRS R (18] Sa—d) , 38 2404 L T iz s 4

693

hE4NM  https://www.cnki.net



r [ %71 Y

XEMERIL  204F0H Harh H5W

REAHE TR DT, B2, “21. 77 Rp R R 5
PEAHXT T P3 R AR5 5, K IR AG AR X 3055
PRI v e J2 010 B S 2 O A R 0 A T B ph R 2
HRAZEEATRE TR,

YRS P3 AHEE 21, 77 B R R I R
B T KA = A i SR FRATT R o G e B2
Sy R AR X IR R A AT T 12 Wb, an oy

(2)—(5) FIi7R , ., 2B T 10 B - 3t B o SR RRAIT
HVAEAE @ oy 7S T U TRAERF A 5 B 2 2Z ] 1Y
8y, M oy, AR T A AR 248 BB 52 ) 4 45
SR WA S T A0 B (Hsu and Li, 2011) o Horr,
AR HINAAITS T T3z 2 1 s ik K, JLT 2 iR 3
S AL S BTk 9 10 A% (&9 FIE 10)

K9 Jern THEALHLIX @, @ g, T 0, AL F)

42°N F F
a €
39°N -
o
i= 36°N 3
£ 6°N
33°N - 1083 kg m=+s73
30°N 1 1 1 1 C 1 1 1 1 30
27
AN, ot 24
21
39°N -
18
y 15
LE( 36°N =
® L 12
33N | - T’
- 6
30°N 1 1 1 1 C 1 1 1 1 T3
L0
42N F e |,
L 6
39°N -
L 9
% F-12
i= 36°N 3
§ -15
33°N + - -1
=21
30°N ¢t 1 1 1 1 C 1 1 1 1 24
=27
AN h -30
39°N L
:hp(
Z36°N b -
£ N
33°N | L
30°N 1 1 1 1 C 1 1 1 1
110°E 113°E 116°E 119°E 122°E 110°E 113°E 116°E 119°E 122°E

2R

£

B9 AEALHLIX P3 T 0,0,(2) @y (b) g, (¢) B =T FI(d) NHBFE] 200 hPa 3 EF- 225 [0 435 (B2 1077 kg - m™ « s7)
(e—h) [l (a—d) (EH“21 7" FFR BRI SHARNS P3 G2 (H

Fig.9 The spatial distribution of (a) @, ,(b)®,,,,(c) @y, and (d) their combination vertically averaged from surface to 200

hPa under P3 over NCP (units; 107 kg - m™ -

mean of P3 are shown in (e—h) ,respectively

694

https://www.cnki.net

s7).Their differences between the “21.7” EHRE and the composite



r [ %71 Y

TR A A2 P B < 2. 77 Y R R 5 T AT A LB

200

300

Q:S
< 400
=
500

200

S JE/hPa

700

850
925

200

300
£ 400
s
& 500

700

850
925

30°N

1 1 1 1
33N A 3N 39°N 42°N
2

10—]3 kg.m—3. S—3

40

32

24

16

30°N

33N A 3N 39°N 42°N
2

10 [ 9, HHT 110° ~ 115°E Zh1 B @00 10 oy F 0,4, S =TT 55 BE T (B2 1077 kg - m ™ + 877

Fig.10 Same as Fig.9,but for the pressure-latitude cross-section of w,,,

115°E (units;: 107" kg + m™ « s7)

200 hPa & B 5 B 5 ) - S48 1Y 25 8] 43 A, X P3
(1 9a—d) TTH , 5 @0 @ e T LI, @, XF HE FLH
BE A BTRR K, JE R AR ARl b DX ) R, Xt 5 AT
R K | 7K P RUHICRE AN K 7538 e 5 R A KRR X
(K 9a—c) . AHXS BTEREL DY @0, 1 @, I RAE X
FEA TR XA, =3 3 R A A T4
AUl DX 3 7= A A X A ) T LAz B

2L TRER B FAE P3 AL (K 9g) , 04,

https://www.cnki.net

@ s @Wgia and their combination averaged along 110°—

s “temp 2

B IE S ol S A X 2 {12 36 B D) A8 7 (8
X ([ 7e) HAMRAF BXF R R, B 52 AR 4 44
SO <21, 7 R R R ], 850 T 200 hPa Z i)
FIZF IRUHLEE ARG P3 BLH N 2, Ak, LSRR K
AT S B AR - V8 e 5 T A, 3K R WD T M BE
PEXFRRAK AR IR R, 5 P3 AL, “21. 77 R K2 W
S 2 0 P I A X ) AR - P i 4 A 0 )
BT (K 9e—h) , X521, 7“kF R B FH M FH

695



XEMERIL  204F0H Harh H5W

VYL A A PG AT R BRHY  He Rz BE 25 15 RUA T
BT | A R SR Z A AR e XU s M AR T T

K10 o T 3 B Oy B2 4 0T 110° ~ 115°E
i - EE R, AnPE 10a—d fis  7EP3 R,
W M 850 hPa K ¥ i )2 vh B ik )t K, 850 hPa L
O g AAEL O X HBIH B S8 140 340 DX X 2 A2 1) T
B E A EBIHK, 850 hPa LLF i FE 11 @, TR 1%
X IR E I A 2 5 7 5T Ak, FH &1 10e—h AT LA
FilL 5 P3 ML, 0 S21.77 R I N
7 LD e b X J2 B T 3l Y 1 s AR Ol T
B BRI AE 850 hPa LA TR AU 2 % e 1 5 i
R SE I B, 36 85 SF- 32 WU #E 200 hPa BRI A /1 )2 X
T HHFEIEI K, o4, 76 5 IR)Z #5801 5200
RO . SRR PSR E, <21, 77 R
TR S P3 MR- vl 4 B B i) 5 21 3
i, SR T K HE LA R b X ) _E T Bl AN = XD
7 R 1S 5 BT IR B K, JC L& 7E 850 hPa DL 1 500
hPa LA 4> g B 2 v, AT -5 50 2 il [X ) 8 7K
R (& 10e—h) .

5 Z5iemitig

ABEFESDT T A0 DR AE PR R L I 1L
AL, AR A BB 7S 1 TR 21 77 R R B T
PERIE RN, SRR, 21, 77 R R B S )
TP WA RFE PR R R R (P3) , X — RN
i eI i DX 2 DXl A g 9 7KL R AR Y
5.97% . SR, 7E 38 e b H DX 2 DX e A sy e
IK KRR 3 FHERIAL R I R, DA AR AL SE il A9 B
5 R 5 P AT b 25 i 0 e B 8 5 KURH LA
FONFRFAERY P3 T BB AR A4 A LR A S T e e

P3 R B R ER N (] 3 AL 45 SRR B v 2 5
H [0 AR U HE A g T e s S P A R4 A PG R

22 3Lk ( References)

14,2007 3 50 4F TR [EFF MR M A9 SETH 0 A SOHOR R EE BRI 75 57

TR B AR Z AN B 5K 18 R 2 0 15 XU e
BRI IX 2SR B ) T HE s FK R A
TR R RAT AR 2 L AR R M 4R T
YERt AR TR 22 GiEsh, S P3 AT
A IHAA L RAE “ 21, 77 F KR T S5 A % T
P3 /K PB4 A 0 BRI 2L - FHE 3
RAKFER TR A KR, X217 R
7 T 2 w5 1) XL 5 XU S R L A e ) 7 A
TER AT B R A A ORISR E 5 I BTk K T
XFARVRBER F Tk, o HOR A R A AL Es, 5 P3 A
Fo AE“21. 77 A R R R 4 rh, 850 i1 200 hPa Z [H]
TR B R A2 KT XU 25 AR S ZU () b Tz sl k)
e ity B2 7K 11 = A A 2 o B LA

FETHEM L T s sh Rz W v KWL 5
P3 BRI A IAAH L, <21, 77 R R 2 Y 4
] bz gh s, i — 20 5 80m IR Z Z B 5 i 2
HLEE 22 FIX DD AR, o AR B #RamifE <21, 77
R W H A R K2 KA s 50 ) bz sh i &
T HEEREMEN, FEAAERRRER R KT,
s AN I Fhiz il i 5 AL oA i) 5 1 U
BaR T FEAK AR S 21, 7 R R R A S
RSN S C v o2

AWFFEERIT T “21. 77 i fe KR W 1 32 5
RIRBERRTRR AT WA BT T R LAY
DRI AR it R K = 2 R R ML IR B0 X
AR e o2 7K A ) 7 A 43T 5 BRI R AR R AR BB
R FAE AN A b X AR A i B K A T —
AHHIAA . ASRATFFE T FRoAT TR R ELA K 4 s
AT HER B B AR — e X N n)

Bt &t W K F S At 3 oo S KA LR AR
TR

[J]. RSR,31(5) :779-792.  Bao M,2007.The statistical analysis of the

persistent heavy rain in the last 50 years over China and their backgrounds on the large scale circulation[ J].Chin J Atmos Sci,31(5) :779-792.(in

Chinese) .

Bluestein H B, 1992.Synoptic-dynamic meteorology in midlatitudes : principles of kinematics and dynamics[ M ].Oxford ; Oxford University Press.

Bonsal B R,Zhang X, Vincent L A et al.,2001.Characteristics of daily and extreme temperatures over Canada[ J].J Climate, 14(9) :1959-1976.doi

10. 1175/1520-0442(2001)014<1959 ; codaet>2. 0.co;2.

Chen G,Zhao K,Lu Y H,et al.,2022. Variability of microphysical characteristics in the “21.7” Henan extremely heavy rainfall event[ J].Sci China;

Earth Sci,65(10) :1861-1878.doi: 10. 1007/s11430-022-9972-9.

Chen J,Dai A G,Zhang Y C,et al.,2020.Changes in convective available potential energy and convective inhibition under global warming[ J].J Cli-

mate,33(6) :2025-2050.doi: 10. 1175/JCLI-D-19-0461. 1.

Cheng J B,Zhao Y H,Zhi R et al.,2022.Analysis of the July 2021 extreme precipitation in Henan using the novel moisture budget equation[ J].Theor

696



TRARAEL, A5 NG B PR < 20, 77 T R R R TR TR ML B

Appl Climatol,149( 1) :15-24.doi: 10. 1007/s00704-022-04022-7.

Deng L,Feng J N,Zhao Y et al.,2022.The remote effect of binary typhoon In-Fa and Cempaka on the “21.7” heavy rainfall in Henan Province , China
[J].J Geophys Res: Atmos,127(16) :e2021jd036260.doi ; 10. 1029,/2021jd036260.

Doswell C A,Rasmussen E N, 1994.The effect of neglecting the virtual temperature correction on CAPE calcu lations[ J ].Wea Forecasting ,9(4) :625-
629.doi; 10. 1175/1520-0434( 1994) 0090625 ; TEONTV>2. 0.CO ;2.

Douville H,Raghavan K, Renwick J, et al.,2021. Water cycle changes[ R ]//Masson-Delmotte V,Zhai P, Pirani A, et al.Climate change 2021 ; the
physical science basis.Cambridge, United Kingdom and New York,NY,USA :Cambridge University Press:1055-1210.

Du H B,Donat M G,Zong S W et al.,2022.Extreme precipitation on consecutive days occurs more often in a warming climate[ J].Bull Amer Meteor
Soc,103(4) :E1130-E1145.doi: 10. 1175/bams-d-21-0140. 1.

D5t gt 2019, E R TR 20 K I 28 43 70 Je R S [T ] By 4 %41k, 35(4) :517-527. Fang H, Qiao Y T,2019. Temporal and
spatial distribution of summer extreme precipitation and circulation background over eastern China[J].J Trop Meteor,35(4) :517-527.doi:
10. 16032/j.issn.1004-4965. 2019. 047. (in Chinese) .

Hsu P C,Li T,2011.Interactions between boreal summer intraseasonal oscillations and synoptic-scale disturbances over the western North Pacific.Part
Il . apparent heat and moisture sources and eddy momentum transport[ J].J Climate,24(3) :942-961.doi: 10. 1175/2010jcli3834. 1.

Hu Y,Deng Y,Zhou Z M, et al.,2019.A synoptic assessment of the summer extreme rainfall over the middle reaches of Yangtze River in CMIP5 mod-
els[J].Clim Dyn,53(3) :2133-2146.doi ; 10. 1007/s00382-019-04803-3.

Huang D Q,Zhu J,Xiao X C,et al.,2021.Understanding the sensitivity of hourly precipitation extremes to the warming climate over eastern China[J].
Environ Res Commun,3(8) :081002.doi;10. 1088/2515-7620/acl7el.

Huang L,Luo Y L,Zhang D L,2018.The relationship between anomalous presummer extreme rainfall over South China and synoptic disturbances[ J].J
Geophys Res; Atmos, 123(7) :3395-3413.doi ; 10. 1002/2017JD028106.

Huang Q J,Ge X Y, Melinda P, et al.,2022.Sensitivity analysis of the super heavy rainfall event in Henan on 20 July (2021) using ECMWF ensemble
forecasts[ J].J Trop Meteor,28(3) :308-325.doi: 10. 46267/j.1006-8775. 2022. 024.

Jia H J,Ding S F,Xu X Z,et al.,2014.The latest research progress on spectral clustering[ J].Neural Comput Appl,24(7) :1477-1486.doi; 10. 1007/
800521-013-1439-2.

Jin B,Lu A,Zhang P, et al.,2022.Cause analysis of the July 2021 extreme rainstorm in northern Henan|[ J].Meteor Environ Sci,45(2) :65-74.

Kalnay E, Kanamitsu M, Kistler R, et al.,1996.The NCEP/NCAR 40-year reanalysis project[ J].Bull Amer Meteor Soc,77(3) :437-471.doi; 10. 1175/
1520-0477(1996) 077<0437 ; tnyrp>2. 0.co;2.

Li CJ,Lu T,Fu B J,et al.,2022.Sustainable city development challenged by extreme weather in a warming world[ J ].Geogr Sustain,3(2) :114-118.
doi; 10. 1016/j.geosus.2022. 04. 001.

TR, W, AN, 2022421, 77 (T R A S 2 1Y 2 B TR MERE 23 AL [ 7] Rk 41, 45 (4) :573-590.  Li H, Wang X M, Zhu F,2022.
Comprehensive evaluations of multi-model forecast performance for “21.7” Henan extreme rainstorm[ J].Trans Atmos Sci,45(4) ;573-590.doi;
10. 13878/j.cnki.dgkxxb.20211019002. (in Chinese).

Li H Q,Cui X P,Zhang D L,2017.A statistical analysis of hourly heavy rainfall events over the Beijing metropolitan region during the warm seasons of
2007—2014[J].Int J Climatol,37(11) :4027-4042.doi: 10. 1002/joc.4983.

Li W,Zhao S S,Chen Y et al.,2022.State of China’s climate in 2021[ J].Atmos Ocean Sci Lett,15(4) :100211.doi; 10. 1016/j.a0s1.2022. 100211.

Li W L,Ma H,Fu R, et al.,2022.Development and maintenance mechanisms of a long-lived mesoscale vortex which governed the earlier stage of the
“21.7” Henan torrential rainfall event[ J ].Front Earth Sci, 10:909662.doi: 10. 3389/ feart.2022. 909662.

Li Z,Yan Z W, Tu K, et al.,2015.Changes of precipitation and extremes and the possible effect of urbanization in the Beijing metropolitan region dur-
ing 1960—2012 based on homogenized observations[ J].Adv Atmos Sci,32(9) :1173-1185.doi: 10. 1007/s00376-015-4257-x.

Li Z,Chen Y,Wang X et al.,2022.Thinking of extreme rainstorms from the August 1975 event to the July 2021 event[ J ] .Meteor Environ Sci,45(2) ;
1-13.

PRAR R gh e, 2448 %2022, 2021 4F 7 H 107 R A o B R 0 AR B 22 ROBERRAE MR [ 7] Bl 384,67 (10) :997-1011.  Liang X D, Xia R
D,Bao X H,et al.,2022.Preliminary investigation on the extreme rainfall event during July 2021 in Henan Province and its multi-scale processes
[J].Chin Sci Bull,67(10) :997-1011. (in Chinese).

Liu C,Lii J,Zhai X,et al.,2021.Risk simulation and comparative analysis of “21.7"” heavy rainfall and flood in Henan Province[ J].Express Water
Resour & Hydropower Inf,42(9) :8-14.

XA, B , ] 21k, 45,2023 5 T Rt Y BERE 7 0k (X Al 43 HE U WRE BT R “ 21, 77 FF R B I TR DA [ 1] R IRHA2240 46
(5):725-737. Liu K,Chen C H,He H R, et al.,2023. Assessment of the convection-allowing scale WRF model using LBGM theory ; a case stud-
y of severe torrential rain in Henan Province,July 2021[ J].Trans Atmos Sci,46(5) :725-737.doi: 10. 13878/j. cnki. dqkxxb.20220830001. ( in
Chinese) .

Liu Y B,Zhang C,Tang Q H,et al.,2021.Moisture source variations for summer rainfall in different intensity classes over Huaihe River valley,China
[J].Clim Dyn,57(3) ;1121-1133.doi; 10. 1007/s00382-021-05762-4.

697



XEMERIL  204F0H Harh H5W

Luo Y L,Wu M W,Ren F M, et al.,2016.Synoptic situations of extreme hourly precipitation over China[ J].J Climate,29 (24 ) ;8703-8719.doi:
10. 1175/jcli-d-16-0057. 1.

Luo Y L,Zhang J H, Yu M, et al.,2023.0n the influences of urbanization on the extreme rainfall over Zhengzhou on 20 July 2021 :a convection-per-
mitting ensemble modeling study[ J].Adv Atmos Sci,40(3) :393-409.doi; 10. 1007/s00376-022-2048-8.

Ma Q R,Hu R,Wu Y P, et al.,2022. Variations in July extreme precipitation in Henan Province and the related mechanisms|[ J].Int J Climatol,42
(16) :9115-9130.doi; 10. 1002/joc.7805.

Ma Y,Zhang J,Li L,et al.,2022.Maintenance mechanism of the extremely severe torrential rain process in Henan Province in July 2021[ J].Meteor
Environ Sci,45(4) :1-12.

May R M, Goebbert K H, Thielen J E, et al.,2022. MetPy : a meteorological python library for data analysis and visualization[ J ].Bull Amer Meteor
Soc,103( 10) : E2273-E2284.doi; 10. 1175/BAMS-D-21-0125. 1.

Nascimento M C V,de Carvalho A C P L F,2011.Spectral methods for graph clustering ;a survey[ J].Eur J Oper Res,211(2) ;221-231.doi; 10. 1016/
j.ejor.2010. 08. 012.

Neal R,Robbins J,Dankers R, et al.,2020.Deriving optimal weather pattern definitions for the representation of precipitation variability over India[ J].
Int J Climatol,40( 1) :342-360.doi ; 10. 1002/joc.6215.

Ohba M, Sugimoto S,2019.Differences in climate change impacts between weather patterns ; possible effects on spatial heterogeneous changes in future
extreme rainfall[ J].Clim Dyn,52(7/8) :4177-4191.doi: 10. 1007/s00382-018-4374-1.

Pedregosa F, Varoquaux G, Gramfort A et al.,2011.Scikit-learn; machine learning in Python[ J].J Mach Learn Res,12:2825-2830.

FEIE HAR, TS0, T, 4F,2022.47. 207 A 1 B i 2% FRORS 20 WL K 3l g R [ 1] 8 TR 441,33 (1) : 1-15. Chyi D,He L F, Wang X
M, et al.,2022.Fine observation characteristics and thermodynamic mechanisms of extreme heavy rainfall in Henan on 20 July 2021[J].J Appl
Meteor Sci,33(1) :1-15.doi; 10. 11898/1001-7313. 20220101. (in Chinese) .

Qin H, Yuan W, Wang J et al.,2022.Climate change attribution of the 2021 Henan extreme precipitation ; impacts of convective organization[ J |.Sci
China Earth Sci,65(10) :1837-1846.doi 10. 1007/s11430-022-9953-0.

Qin P H,Xie Z H,Zou J,et al.,2021.Future precipitation extremes in China under climate change and their physical quantification based on a regional
climate model and CMIP5 model simulations| J ].Adv Atmos Sci,38(3) ;:460-479.doi; 10. 1007/s00376-020-0141-4.

PRI ZEEFSC, R I, 55,2021, 2021 £EITRE 7. 207 A & R Bl R FARAREMLI 23 A [ T]. R ,45(6) :1366-1383. Ran L K,Li S
W ,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 J Atmos Sci,45(6) :1366-1383.doi; 10. 3878/j.issn.1006-9895. 2109. 21160. (in Chinese) .

Ren F M,Cui D L,Gong Z Q,et al.,2012.An objective identification technique for regional extreme events[ J].J Climate,25(20) ;7015-7027.doi
10. 1175/jcli-d-11-00489. 1.

Seneviratne S I,Zhang X, Adnan M et al.,2021.Weather and climate extreme events in a changing climate[ R ]//Masson-Delmotte V,Zhai P, Pirani
A et al.Climate change 2021 the physical science basis. Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press:
1513-1766.

Si F,Zhang Y ,Zhao H,et al.,2021.Analysis on formation and extremity of the 9 July extreme torrential rain in the north of Henan province[ J].Meteor
Environ Sci,44(1) :65-73.

Strahl J L S, Smith P J,2001.A diagnostic study of an explosively developing extratropical cyclone and an associated 500 hPa trough merger[ J].Mon
Wea Rev,129(9) :2310-2328.doi : 10. 1175/1520-0493 (2001 ) 129<2310: adsoae>2. 0.co;2.

Sun J H,Zhang Y C,Liu R X, et al.,2019.A review of research on warm-sector heavy rainfall in China[J].Adv Atmos Sci,36(12) :1299-1307.doi :
10. 1007/500376-019-9021-1.

Sun J H,Fu S M,Wang H J et al.,2023.Primary characteristics of the extreme heavy rainfall event over Henan in July 2021 J].Atmos Sci Lett,24
(1):ell31.doi:10. 1002/asl.1131.

IMEGZE ,2021. 5 25 [ AR 3 X S AR i B K 2B R S5 060 2 L2 AL Rossby A IGSIEX R [ D] Bt B 5L fi B T K%, Sun S Y,2021.
Relationship between regional extreme precipitation events in eastern China in summer and baroclinic Rossby wave packet activities in the upper
troposphere[ D ].Nanjing ; Nanjing University of Information Science and Technology. (in Chinese).

Sun W,LiJ,Yu R C,et al.,2015.Two major circulation structures leading to heavy summer rainfall over central North China[ J].J Geophys Res: At-
mos, 120( 10) ;4466-4482.doi ; 10. 1002/2014JD022853.

L B, PN | 45,2005, B ZE R S LR AR PU AR G AR IEIT 5T [ 1] P B0 R B2 41k, 28 (4) :452-460.  Tan J, Yang H,Sun S Q, et al.,2005.
Characteristics of the longitudinal oscillation of South Asia high during summer[ J].J Nanjing Inst Meteor,28(4) :452-460.doi; 10. 13878/j.cnki.
dqkxxb.2005. 04. 003. (in Chinese) .

M, Fa BSOS, 55,2023, 2021 45T R4 — U) 5 D0 2 I 5 AR I R KRR AE BRI [ 0] RSB ,47(2) :517-533. Tang B,Wang Z M, Hu W
T,et al.,2023.Characteristics and causes of precipitation for a rare rainstorm process in Henan Province in 2021[ J].Chin J Atmos Sci,47(2) ;
517-533.(in Chinese).

Tang Y,Huang A N, Wu P L, et al.,2021.Drivers of summer extreme precipitation events over East China[ J].Geophys Res Lett,48 (11).doi:

698



TRARAEL, A5 NG B PR < 20, 77 T R R R TR TR ML B

10. 1029/2021g1093670.

Tu K, Yan Z W, Wang Y, 2011. A spatial cluster analysis of heavy rains in China [ J ]. Atmos Ocean Sci Lett, 4 ( 1): 36-40. doi.
10. 1080/16742834. 2011. 11446897.

Tuel A,Martius O,2022.Subseasonal temporal clustering of extreme precipitation in the Northern Hemisphere : regionalization and physical drivers[ J].J
Climate,35(11) :3537-3555.doi; 10. 1175/jcli-d-21-0562. 1.

Virtanen P, Gommers R, Oliphant T E, et al.,2020.SciPy1. 0; fundamental algorithms for scientific computing in Python[ J].Nat Methods,17(3) :261-
272.doi: 10. 1038/541592-019-0686-2.

von Luxburg U,2007.A tutorial on spectral clustering[ J].Stat Comput,17(4) ;395-416.doi; 10. 1007/s11222-007-9033-z.

Wallace J M, Hobbs P V,2006. Atmospheric science: an introductory survey|[ M |.2nd ed.Forest Hills, NY ; Callisto Reference ;488.

TAE, BFE, A39%,2019. 2018 4F 7 A AL2PERI G KRS FAF KA FURRAE M [ 7] KRB 25 40,42 (1) . 28-35.  Wang Q, Zhai P, Yu R,
2019.Analysis of extreme weather and climate events and circulation characteristics in the Northern Hemisphere in July 2018[ J].Trans Atmos Sci,
42(1):28-35.doi: 10. 13878/j.cnki.dgkxxb.20181129001. (in Chinese).

TE/NRE A FOL, B, 45,2022.421. 77 TR R R/K A SR AHE W[ 1] X5 ,48(5) :533-544. Wang X K,Cui C G,WangJ Y,
et al.,2022.Diagnostic analysis on water vapor and jet characteristics of the July 2021 severe torrential rain in Henan Province[ J |.Meteor Mon,48
(5) :533-544.doi; 10. 7519/j.issn.1000-0526. 2021. 122902. (in Chinese) .

AR, KT, 2009, H R i B K AR ORISR BEARFAE [ 1] K FH#EPEE ,20(1) :1-9. Wang Z F,Qian Y F,2009.Frequency and intensity of
extreme precipitation events in China[ J].Adv Water Sci,20(1) ;1-9.(in Chinese).

Wei W, Zhang R H,Wen M, et al.,2014.Impact of Indian summer monsoon on the South Asian high and its influence on summer rainfall over China
[J].Clim Dyn,43(5) :1257-1269.doi: 10. 1007/s00382-013-1938-y.

Wu P L,Clark R, Furtado K,et al.,2023.A case study of the July 2021 Henan extreme rainfall event:from weather forecast to climate risks[ J].Wea
Clim Extrem,40;100571.doi:10. 1016/j.wace.2023. 100571.

Wu Y J,Wu S Y,Wen J H,et al.,2016.Changing characteristics of precipitation in China during 1960—2012[ J].Int J Climatol,36(3) : 1387-1402.
doi: 10. 1002/joc.4432.

Xie Z Q,Du Y,Zeng Y,et al.,2018.Classification of yearly extreme precipitation events and associated flood risk in the Yangtze-Huaihe River valley
[J].Sci China;Earth Sci,61(9) :1341-1356.doi; 10. 1007/s11430-017-9212-8.

Xu H X,Duan Y H,Xu X D,2022a.Indirect effects of binary typhoons on an extreme rainfall event in Henan Province , China from 19 to 21 July 2021 .
1.ensemble-based analysis[ J].J Geophys Res: Atmos, 127(10) ;€2021jd036265.doi : 10. 1029/2021jd036265.

Xu H X,Duan Y H,Li Y,et al.,2022b.Indirect effects of binary typhoons on an extreme rainfall event in Henan Province, China from 19 to 21 July
2021 :2.numerical study[J].J Geophys Res: Atmos,127(15) :€2021jd036083.doi: 10. 1029/2021jd036083.

Xu J,Li R M,Zhang Q H, et al.,2022a.Extreme large-scale atmospheric circulation associated with the “21.7” Henan flood[ J].Sci China: Earth Sci,
65(10) :1847-1860.doi; 10. 1007/s11430-022-9975-0.

Xu J,Zhang Q H,Bi B G,et al.,2022b.Spring extreme precipitation days in North China and their reliance on atmospheric circulation patterns during
1979—2019[J].J Climate,35(7) :2253-2267.doi: 10. 1175/jcli-d-21-0268. 1.

Yanai M, Esbensen S,Chu J H, 1973.Determination of bulk properties of tropical cloud clusters from large-scale heat and moisture budgets[ J].J Atmos
Sci,30(4) :611-627.doi; 10. 1175/1520-0469( 1973) 0300611 : DOBPOT>2. 0.CO;2.

Yin J F,Gu H D,Liang X D, et al.,2022.A possible dynamic mechanism for rapid production of the extreme hourly rainfall in Zhengzhou city on 20
July 2021[J].J Meteor Res,36( 1) :6-25.doi;:10. 1007/s13351-022-1166-7.

Yu Y,Gao T,Xie L,et al.,2022.Tropical cyclone over the western Pacific triggers the record-breaking ‘21/7’ extreme rainfall in Henan , central-east-
ern China[ J].Environ Res Lett,17(12) ;124003.doi: 10. 1088/1748-9326/aca2c4.

WG RERL, EFE, 42020, 08 A 5T A6 5T A R R R A SR B B AR RRAE [ ] R AR 25,43 (5) :802-809.  Yuan F,Zhang J
Z,Wang J et al.,2020. Variation characteristics of intensity and pattern of short duration rainstorm in Beijing under the background of climate
change[ J].Trans Atmos Sci,43(5) :802-809.doi: 10. 13878/j.cnki.dqkxxb.20191129001. (in Chinese) .

Zhang J,Tang X, Peng J,2023.Characteristics of apparent heat source and apparent moisture sink of “8. 11” rainstorm in Sichuan[ J].Plateau Mt Mete-
or Res,01(43) :43-53.

Zhang J H,Yang L, Yu M, et al.,2023.Response of extreme rainfall to atmospheric warming and wetting: implications for hydrologic designs under a
changing climate[ J].J Geophys Res: Atmos, 128 (12) :¢2022jd038430.doi : 10. 1029/2022jd038430.

Zhang S H,Chen Y,Luo Y L, et al.,2022.Revealing the circulation pattern most conducive to precipitation extremes in Henan Province of North China
[J].Geophys Res Lett,49(7) :e98034.doi: 10. 1029/2022GL098034.

Zhao Y ,Xu X D,Li J,et al.,2019.The large-scale circulation patterns responsible for extreme precipitation over the North China Plain in midsummer
[J].J Geophys Res: Atmos, 124(23) :12794-12809.doi : 10. 1029/2019JD030583.

Zhou X,Liu S,Wang X et al.,2011.Further study of the Q-vector based on the quasi-geostrophic omega equation[ J].Chin J Geophysics,54(5) :660-
669.doi; 10. 1002/ cjg2. 1649.

699



XEMERIL  204F0H Harh H5W

Zhu C,Chen Z,Li Y, et al.,2022.Effects of stratospheric high PV intrusion on the July 2021 extremely severe torrential rain in Henan Province[ J |.Me-
teor Environ Sci,45(2) :27-37.

Zhu Z,Liu X,Lu R et al.,2022.Unprecedented extreme rainfall over East Asia in July and August 2021[ C]//Blunden J,Boyer T.State of the climate
in 2021.Bull Amer Meteor Soc:S423-S444.

Zou X K,Ren F M,2015.Changes in regional heavy rainfall events in China during 1961—2012[ J].Adv Atmos Sci,32(5) :704-714.doi . 10. 1007/
500376-014-4127-y.

- ARTICLE -
Understanding the formation mechanism of the “21.7” extreme heavy
rainfall event in Henan, China from a climatic perspective

ZHANG Zhiyu' ,HUANG Anning'* ,HUANG Danging' ,ZHAO Dajun’ ,ZHANG Yan*,
GU Chunlei' ,CHEN Shuang'

YSchool of Atmospheric Sciences ,Nanjing University , Nanjing 210023 , China;;

2Qinghai Lake Comprehensive Observation Research Station , Chinese Academy of Sciences ,Gangcha 812300, China
3State Key Laboratory of Severe Weather , Chinese Academy of Meteorological Sciences ,Beijing 100081, China;

4 National Satellite Meteorological Center,Beijing 100081, China

Abstract An extraordinary extreme heavy rainfall event during 19—22 July 2021 (“21.7” EHRE) attacked
Henan Province of North China Plain (NCP) and led to tremendous catastrophes due to the record-breaking rain-
fall.Previous studies mainly focus on the individual case study of the “21.7” EHRE, which cannot give a general
view of circulation characteristic from the climatic perspective, particularly for the extraordinary precipitation ex-
tremes with a rare occurrence. Based on 12-hourly observed precipitation data from rain gauge stations during
1960—2021 from CMA ( China Meteorological Administration) and NCEP/NCAR reanalysis data, this study in-
vestigated the typical synoptic patterns responsible for the summer regional extreme precipitation events ( REPEs)
over NCP during 1960—2021 via the spectral clustering method and systematically revealed how the “21.7”
EHRE occurred.Results show that the “21.7” EHRE occurred under a rare synoptic pattern featured by a distant
typhoon over western Pacific accompanied by the farther northwestward extended western Pacific subtropic high
(WPSH) and northeastward extended South Asia high ( SAH).This synoptic pattern only contributes 5.97% of
the total summer REPE occurrences over NCP but can lead to much stronger precipitation extremes.The water va-
por transported by the strong southeasterly winds between the Typhoon In-Fa and WPSH from the western Pacific
to Henan, and the intense ascending motion caused by wind shear between lower and upper troposphere over
Henan Province led to the occurrence of the “21.7” EHRE.In addition, diagnosis analysis based on quasi-geo-
strophic omega equation indicates that the positive feedback on intense ascending motion and diabatic heating at
lower troposphere over Henan province and surrounding areas distinguishes the “21.7” EHRE from the others
under the same synoptic pattern.This study investigates the dominant large-scale synoptic pattern of the “21.7”
EHRE in Henan to figure out the formation mechanism of the rarest REPEs in a climatic aspect.Findings of this
study provide a novel perspective on characterizing and predicting future precipitation extremes in NCP by linking

the occurrence and distribution of REPEs with the synoptic patterns.

Keywords “21.7”7 extraordinary extreme precipitation event in Henan;regional extreme precipitation event;

synoptic pattern ;spectral clustering
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