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Abstract Affected by the residual vortex of Typhoon Haikui (2311), an extreme rainstorm
occurred in the southeast coast of Guangxi from September 10 to 11, 2023, with large rainfall
intensity, overlapping falling areas and obvious night rain characteristics, and the rainfall in many
places broke the observation records since the establishment of the station. Based on the
multi-source observations and ERAS reanalysis data, the cause of the extreme rainstorm and the
possible mechanism of residual vortex maintenance were analyzed. The results are as follows:
Under the background of the weakening of the continental high and the stable maintenance of the
western Pacific subtropical high, the "Haikui" residual vortex between the two is weakly guided
by the steering flow, remaining stationary over Guangxi, which cooperated with the strong
southwest monsoon flow and contributed to the extreme rainstorm. There is obvious strong
precipitation potential near the rainstorm center, and the precipitable water is abnormally large
before the heaviest precipitation. The boundary layer jet on the southeast side of the residual
vortex is the key influencing system for extreme rainstorm, which plays a cross-scale pivotal role
in connecting the residual vortex with local extreme rainstorm. Its development at night is related
to the local kinetic energy increase driven by work done by the meridional pressure gradient force
in the southeast side of the residual vortex.The negative meridional potential height horizontal
gradient on the southeast side of the residual vortex combined with southerly wind increases the
local kinetic energy, resulting in enhanced development of boundary layer jet at night. The
development of boundary layer jet is conducive to the formation of strong vertical helicity through
low-level convergence uplift combined with positive vorticity circulation of residual vortex, on
the one hand, and the frontogenesis forcing of convergence and deformation at low level provides
dynamic conditions for the development of heavy precipitation. On the other hand, is conducive to
the rainstorm center maintains high temperature and high humidity at low level, and thicker wet
layer depth. The deep warm advection heating layer and the middle troposphere latent heating
provide favorable thermal conditions for the maintenance of residual vortex circulation. At night,
the perturbation downslope wind on the eastern slope of the Yunnan-Guizhou Plateau and the

perturbation onshore wind in the Beibu Gulf cooperate with each other to point to the center of the
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residual vortex, enhance the convergence effect of the wind field, and provide dynamic conditions
for the development and maintenance of the cyclonic vorticity of the residual vortex.
Key words Residual vortex extreme rainstorm of Typhoon Haikui, Boundary layer jet,

Frontogenesis force, Perturbation downslope wind, Perturbation onshore wind
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Fig.1 (a) Distribution of accumulated rainfall (unit: mm) from 08:00 BT 10 September to 08:00 BT 11 September

in 2023 and (b) hourly evolution of the represent stations (unit: mm)
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Fig.2 Distribution of geopotential height at 500 hPa (contours, unit: dagpm; thick solid line indicate 588 dagpm),
wind and vapor flux (shaded, unit: g:cm™'-hPa -'-s') at 850 hPa at 20:00 BT (a) 8, (b) 9, (c) 10 September in 2023

(the red markers denote the position of residual vortex center)
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Fig.3 (a) T-logP figure of Beihai station at 20:00 BT 10 and (b) precipitable water (contour, unit: kg':m2) and its

normalized anomaly (shaded) at 22:00 BT 10 (cross indicates the record-breaking station) September 2023
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Fig.4 925 hPa (a-c) horizontal divergence (the dash contours indicate the value less than -0.8x10-s!) and wind
(vector and shaded, unit: m's™), (d-f) horizontal frontogenesis function (shaded, unit: 10 K-m-s*!), fs (contour,
unit: K) and its flux (vector, unit: K-m-s™), (g-i) specific humidity (contour, unit: g-kg™"),vapor flux (vector, unit:

g-cm*hPa "!'s!) and its divergence (shaded, unit: 10 kg'm-s") at (a, d, g) 20:00 BT 10, (b, €, h) 00:00 BT 11

and (c, f, 1) 04:00 BT 11 September 2023
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Fig.5 K index (red line), precipitable water (black line) at 22:00 BT 10 (solid part indicate pass 30), 1 h and 3h
accumulated rainfall (blue, gray column respectively) at 04:00 BT 11, vertical —meridional cross sections of (a)
horizontal divergence (shaded, unit: 10 s!), vertical helicity (contour, unit: -1x10- Pa-s2) and horizontal
frontogenesis function (shaded, unit: 10° K-m's™), (b) specific humidity (contour, unit: g-kg™"), vapor flux
divergence (shaded, unit: 10~ kg-m2-s™!) and circulation (-20xw) averaged from 22:00 BT 10 to 04:00 BT 11
September in 2023 along 110°E
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frontogenesis function (red line) of the rainstorm region
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VP 5EX T RERBIXTR RS K. CHEREY, SN RS, RET
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RRARERGIIBNREANT AT A, anh N REE R G Re B AERIS (Robertson
and Smith, 1980; ¥EIIA%E, 2019) o« Mz 2G L& TBB BR7EZM BALE R ALHAEAER
FEIZETHEK AR 7 [, 10 H 23 If-72 °CHJ TBB T AAASE] 2000 km?,  BE & TR K A
RIEESHRZRS, 11 H 04 i/ 45-72 °CH) TBB [HAE L 27000 km?, o5 H5 BEA LS 435 (&
W% o SXFONIR R G R AR R B RSN Rk, WRES RMIEE (BHUE) ARE
SENB e B REERE (A UL R EE 45 R R E) A% (Ma etal., 2023; Fifif
5, 2023a, 2023b) , BARNURIEA R s o BB S B S AR — PR . B
B 3 B A% R R B BRI AI, BKTTIA-5%107 m¥/s® (J57b) , R BhAEHE LR IRk
Xk LU R G A T K (41 30 R A 340 43 3 B i) At 0 38 J2 a6 o LA o Bl i i i
I, ERRIRARARM, S b3 i KRR (0d/ox >0) Bk, BRA MR R, (75 -u-0d/ox >0,
WK REHENRE (B 7e. 72> o FBAY, TR AR B SUE L AL 35 BEK TR (o/ay) BT
G g W43 -v-0@/0y NIEE, Rithshgesg (5 760 7h) o BT 20X F A TR AR E
i, HEHBEIEK F i -v-0d/0y STk, XTEVHL R B2 B TZIX X 5 A R 2 (1]
Th) FrRBREA e RRR B R CIRJ3TAE, 2006 9K E S, 2024) o TERR R
ZRACI, FH - O/ Ox TTTiE F ¥ 21 B 1 A 26 T 43 A ot E B RE I (1] 7D BA B-v-ob/ay 13T (4]
7h) AR BRI AR R R A REI G, AR SRR AR E

(@KF P : (b) T EL i 15t : (0B BEfHE T : (d)REH ’
v’ X X » X =

13E

P172023 49 A 10 H 23 B —11 H 04 BF¥1f) 925 hPa (a-d) BhEEH ST (A, Hfr: 107 mY/s’s
LN R R LTD , (o) od/ox CGHE, FfL: 10°mes?) flu CGEELZ, B4 msD ,
o®/oy A, ®BA7i: 107 m-s?) My (FEHLk, #B47: ms') , (g) wod/ox GHE, Hfi: 10°m?s) ,
& (HfHZE, Bh: m>s?) MR CRE, B ms') ,  (h) -vod/oy (B, HA: 10°m>s) , &
(ZE(ELR, #f7: m?s?) MR (K&, #B47: msh)
Fig.7 Distribution of (a-d) kinetic energy equation (shaded, unit: 10> m?s, contours indicate the trend of local
kinetic energy), (e) 0®/0x (shaded, unit: 103 m*s?) and u (contours, unit: m's™), (f) 0®/0y (shaded, unit: 103 m-s?)
and v (contours, unit: m-s), (g) -u-0®/0x (shaded, unit: 10> m?-s), & (contours, unit: m?-s?) and wind (vector,

unit:m-s™), (h) -v-0®/0y (shaded, unit: 10 m?-s), @ (contours, unit: m?-s2) and wind (vector, unit:m-s’') averaged
from 23:00 BT 10 to 04:00 BT 11 September in 2023
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5 BRI E 4R E

PAEAMHT AT L, BRI PR IALLE ) I 9 T B ) 0 R ity 5 N (0 ) B AT Ry,
— 77 THI EL#  W i B W )R A R AR BBt 1 R AR BBl KoK, 53— D T A R IL 5
JE B RPR LI 5, RS U — DR SR A ) SR R 1T R M AR v R R LR
AR ANEA R 3)) 73 75 75 T 3 AT b PR LE ) 78 P iR 5 4k e e 0 B A
51 BRERREHRBRBOHRIER

T AT AR, R RS B A e« dhRm Lo BT (107~110.5°E, 21~
24°N, FHED {RBE-FHRAIEEBILR W (K 8a) , 10 H20—11 H 00 B, BEFIAKE A
T 800—400 hPa, 10 FHAL T 500 hPa T, X2 i1 2550 BLAE KBl B iz &
MERIX, B A AL SR T, B 10 H 20 B bR 2 363, MUK K2 5
400 hPa ", &2 RIS £ e ke ik, XN (14 3a) o ZJafI T U5 2 SR K e,
HES) T SR PR R BRI, S ECA TR TR B AR, 925 hPa ISR L. 11 H
00—04 I, 5% 350 hPa BEACNBE IR, ¥ 2 MBE-F-I In#24 FI 2 etk & e 4t
.

HI T RIS AERF I B K RE A%, [ 176 R 28 A€ BRI ik KR, LR 20 i % 500
R AT TE o BT KASKIRI, R FRAE K IR 45 B JB0E R 51 18 R #
(Yanaietal, 1992) :

QZ:—L(%g+\Q-Vq+1vggj (6)
A g NI, LMK, B RAMKRICEERL T LLE S, BB 0T 10
H 20 BF—11 H 04 B BEACR B8, 5 B 7 A EagAOm B g sg,  n Aol 2 0 24
T 700 hPa BT (Pl 8b) o X2 2 BT RV P I B A5 0 e o v BE 58, A ) R
JEARJE IR FE R B SR B e R, X TR R G A IERBHER .
5.2 AEEEREEEBIENHIER
FESN I YEFERUH T, I W By e AT A0 #, RIA T

%:—(ua—é/-FVa—é’J—(ug-‘rvgj—a)a—;'F(a—wa—u—a—w@]—(f'f—é’)(a—u'i‘@j'i‘F (7)
ot Ox oy ox Oy op Oy Op Ox Op ox Oy

FARIRSH. TS MR LB, 4540 M EE — RN T Al s FE TRt il b
Fm ol  ERET. AT KT BRI AR ZE T A2 0t AR T E 215 2
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K 8c 4 HHBRIAMEFERN BE (2023 429 H 10 H 20 i —11 H 08 i) Frfta b i 25 73
(iR P 5 FE S BRI TR B 0 Ao FHSE S AT L, 1000—800 hPa | 4 IE IR EE A4 T, £ i%
B Bl SRR IR IR R R AR . o, W R R AERE F EOKT U U STk, R E AL T
925 hPa, KT ZAKT RIZIHE G AR TR AERF o 03 BE T DUHE X R AR Z R 5 BTk
R HRJE KT IR JEE (PR azs E 45 5 M IR BE IS, AR T akim4ERE . AR =, B E
1% TR HL S T TR /N o T ELAAIE TOUE I T8 S (02 i e P03 3 1 7o 2 1% o 1L 10
Y% 925 hPa b3 B R\ YIAR 55 3 B BE/K T4 A0 AN S B R R, 7E— e e Lt
FRANAERE o M T 10 B2 THUAE BE J2 35 09 /NI, Bk vl 22

200

200

10H 208 200 10H 208 B FHIR
— LLH 008 (a) — 11 Hoost MR (c)
—— LLHO048f —— 1LHO48} ——EHHER
e
— kT B
300 { 300 300{ —mmanm
< 400 < 400 < 400
& & &
< < <
S 500 S 500 S 500
600 { 600 600
700 700 700
850 850 850
9251 925 925 ~/¥
1000 . . 1000 1000
5 -3 -1 35 =5 -3 -1 5 -05 -03 -01 0 01 03 05

K8 AR IIE () WEEFR CEAZ: 10°Ks) , (b)) FUKKRICHEERL CAf: 1031-kg' s
PABe (o) BRimERpp BOR TR & T (FRAAL: 108 s2)

Fig.8 Vertical profile of (a) temperature advection (unit: 10° K-s™), (b) apparent moisture sink (unit: 10~ J-kg!-s!)

and (c) individual terms in vorticity equation during residual vortex maintenance stage (unit: 10-® s2) at the center

of residual vortex

BARGHACFUE . % 1 4 AW B 925 hPa /KT HUE AU, o] IWLIESR IR 4E R B
S G KT B0 TR 4 45 IE 5k, L 0.31x108 s2 iBWi K & 0.53x10°% 52, BB
H0.46x10°% 52 JE— DA JFLA 4 K I 20 il S Ao B S AR bR X i, AT LU B
RS B AE A AR R SRR S, T A4UN 0.02x10° 520 FERR A 4E REbh B E 2R A 3%
WAy EE S T EF TAERH, STk 0.28x 108 2 BTG KZ 0.51x10°% 52, T34 0.44x108 52,
REARRE /K PHUE I 4 K 7 GEE] 96%) o 1 11 H 04 B (¥ 925 hPa A 34 = fE SoK-F#E
Loy A n] LB R B, AERRIA O M AR AP RUE R X (14 92) , FF B4 KRH5

R Xy B TThk (15 9b) T PR AT g (15[ 9c) , 5 Ry .
Rl FRIm YRR B A O ML e BT R B . (A 108 2)

Table 1 The value of horizontal divergence term of the vorticity equation at the center of the residual vortex in the

maintenance stage (unit: 108 s2)

B AL AR K B Mo X oy

10 H 20 i 0.31 0.28 0.03
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11 H 00 i 0.36 0.33 0.02

11 H 04 i 0.53 0.51 0.01
10 H 20 BV & 11 H 08 33 0.46 0.44 0.02
@ " _ ¢ SO 9
¥V o 2 ‘-\\ s *—\\
22 . @ ED:: ) | /®/ ED:) ) | /O/
72 - -t 72 - - 72
Ll O T omad O/ e W g

T 1 T T
103 106 109 112 115°E 10: 108 109 1z 115°E 103 108 109 1z 115°E

K192023 429 A 11 H 04 BF (¥ 925 hPa hr & (SE{ALZ, HA7: dagpm) A () FiRE. () JF
Mooy BLL K (o) MuEE Xy B BT REACF BRI R, Ffr: 10%s2) 4pA

Fig.9 Distribution of 925 hPa geopotential height (contours, unit: dagpm), horizontal divergence term of the

vorticity equation (shaded, unit: 10 s2) of (a) original wind, (b) geostrophic wind and (c) ageostrophic wind

at 04:00 BT 11 September 2023

3 BT AR Hu A AR P4 £ A U P (i FE S K T R SRR, BL 10 H 17 IF—11 H 04
I ) 10 e A IR AR 1 L. X HLS % Zhang etal (2019) , ¥ KI5 HF KIS
R ZE T A AR K CR ORI . h3h - B ARSI v 5 2 80,

WA AL TSR0 2 T R AR b e KUK B T4 2 0 45 2R 5 AT SO A, BRI - B 7
Bro ERERBIRAM AT 0L (10D, BRiR O RS — MU AL — i, $Rsh Mg Bt 1) 45 1k
B W SIS BB AE R AL L o R re 16 R sl X, 2E i i ki rh oL fE G, 2t
T PE KB S /R F R B3k T BRI IR TR R R A HE . DR USRI, LS — il 2k
IR CIRB RO [ IS e 5 2 5 i el A 7 72 S e i R AR B0 7 2 R 1 B AL
MAEFR (Duetal, 2020; Kongetal, 2020; Dongetal, 2021) »

WEAT s TE I8 oo TG 0 ) R A7 EAIE 2 K370 B B MR - J e REAIE - FR /T i 5 IR i e
FRBARPE A, R O AR A BT ER IR AR (15 10) o TP AL = B R S AR R TR
I FE B Y, b i P — Al Sl KU 5 A P I A 2 e 1 LR A B DA G . O
FOAG FBR A T T4 RTE 58 19 A SRR S o 1 DR G e S AR O 33X 0 )1 23 AR
(Zhangetal, 2019)  BR=AACH N SHER IR BRI (Rao etal, 2022) LAKKAT
LUK 5 B <7 207 B 5% 7 (Rao et al, 2023; Zhangetal, 2023) %, FEARKERES, 45
1T 32 R B AL RS NG, T P P 0 2= 53 SR O IE RSl R B (5] 102D, R
TRAE i S — 0 A RSl n b TR P9 R P A RSN T, KRR i AR A S B3R
(112> o BT 308, BEERBERAINAIRES, IR B dikss, LR Eh IR
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FAEABIE, & E R B PLsh KUREHe Ju g X (I 10, 11b) o B TURBG, PR A A
PAEBER T, F R MBS PEEhIRE (4 100) , R 2R I FAE = IR N UTE K
PEBNE S, I e A R It AR e D fi 78 X, AT T TR RSO i B o BRI DI B0 T 30X
(A Tled et o i 1 s Ui PR 2 o

i B

1 5 )
114°E 102 106 108 111 114°E
ECS

K10 MR (B, ffi: m) BA& 2023459 A (b) 10 H 178,  (b) 10 H 22 A (o) 11 H 04
IR 925 hPa (3 I (2R, (ARG 1 dagpm) , PRSI CRE, Bfr: mes') DLLMREEZ 775 KU L
IR (A, WAL, ¥ KD 20
Fig.10 Distribution of terrain height (shaded, unit: m), geopotential height (contours, unit: dagpm) and perturbation
wind (vector, unit: m-s™) at 925 hPa and perturbation surface temperature above 775 m altitude (red and blue

contours, unit: K) at (a) 17:00 BT 10, (b) 22:00 BT 10 and (c) 04:00 BT 11 September 2023
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700
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925 925

1000

1000 1000

°E

BI1120234E9 A (b) 10 H 171, (b) 10 H 22 A1 C(e) 11 H 04 I 22.5°N s E EHE (HE,
Bz Pass) PARIENTYS (EEEEEY R-10 %) RIZRE —m i
Fig.11 Vertical —longitudinal cross sections of perturbation vertical velocity (shaded, unit: Pa-s™!) and perturbation
circulation (-10xw) along 22.5°N at (a) 17:00 BT 10, (b) 22:00 BT 10 and (c) 04:00 BT 11 September 2023

104 106 108°E

R B B B 1] R AR B SR DX (43 50 P 10c Hr 2L 3 ¢ 7 HE T L IX 33k, B 106.5°
—107.5°B, 21.5°—23°N I 108°—109°E, 20.5°—21.5°N) {744 nl WL, X 5h K
KEIIAE 24 b Z PORUBES SRR — A (B 12) o FIEILEIRRELE 11 H 04 B A A5 [
R, FFH 04 B4 ROy Sk BR K. (ERIT RS B, R s AR BAE 11 H 00—06
AR R AR 7 1] o TR 1] R R MR B 5 R E R B AR EAH I 4, LR S8 T
FRIERIE O RSN, AU M 10 R P A
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Fig.12 Evolution of the area-averaged (red and blue correspond to the same-color box area in Figure 9¢

respectively) perturbation wind vector from 08:00 BT 10 to 08:00 BT 11 September in 2023

6 LipSiTie

2023 £ 9 H 9—11 H, &GN Imem, | s 7 —xWiom R midiEg, 20
Y B0 S SR SE A . R 2555 BT O R OB A B IR EAT T2, et TR
Uity 2 Y R S AR I AERF T REMLA, 25 DEERE AL ()5 13) , FERRLG R T

(D {fEmZEE I E RSO A ERE . A2 RN R S 855 10 78 KR & fe s 43 DR E
PHR 2= KR R R MR 5, 6 R RInAL T 2 8, 251 S50 S EBEHAE
IR AR DB, FEAWTE AR IR KR, R T AR v 2R M A . 7 R K T UG
A, TR0 S P Y i B I O 2L A B W R PR K 34, R BFKERERERZ .

(2) FRIBAR ML A2 S0m (13 Wh e i AR ST Sk ) A BoAR it 2 WY 1R S B 2 1
ARG, AT RER RS R B W E R, AR RS T SRR
B R PERT . R 7T, AR SRR I 9 T IRk, FEEWHOKRES,
WZEIEE, R RAERKSURE R RS, AR TRRRCERE K, 307, LRE
SRR R — 7 TR 3k e T A A DA S H T PR AR S 0 T, FEIC & 5k i 1 i BE TP R e i P
KAEX, FsmFEAKR A KRB A R 2%t 55— 77 TR 3k 5% W A O B AR T 0, %5 2
W, HERFEGRMFEG . WREARIE, R ERE.

(3) WEAFE SR RS Rthsh e K E VI Rzttt shae . 3hReHE
PSR MR RS R Gl 4 =38 ik, Ferb 3l e il ok i o o Bt 2R i I SR B 280 1 7 34 v 2
TP Aef PE L A O i RV 1S S ML B BEE K, X V0% [X 4 R 37 2 e 25 T 28 5 SR B0 1R 3,
AR E 2B

(4) TR JE BRI A8 2 DL KR 2 2 BT 38 #oim #4E e it (1] 13 A g £ 25 iy s
Fidk) RIRAAIM R RLERF G RIS 61F. 8 154 L, R ZAEREE 8K X%
MG RN BE T SR i B R R AERF . Horh, &t AR TS XL L BRI 1) 430
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Fig.13 Conceptual model of Typhoon Haikui residual vortex maintenance mechanism and extreme rainstorm

mechanism
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