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Analysis on the Causes of the Extreme Winds on March 31,

2024, in Nanchang, Jiangxi Province
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Abstract: Extreme winds disaster occurred in Nanchang, Jiangxi Province in early morning on
March 31, 2024, which is responsible for the fall of three residents from a high building. Based on
SAD dual-polarization Doppler weather radar observations from Nanchang and surface
observations, this study analyzed the fine structure of the severe storm near the accident building.
The results revealed that a bookend vortex was embedded in the northern end of the bow echo
within a quasi-linear convective system around the time of the accident, with its horizontal scale

and vertical vorticity comparable to that of a strong mesocyclone. Tornado vortex signatures (TVS)
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with tornado debris signatures (TDS) were identified in the center of the bookend vortex which
passed over the accident building. The rotational velocity of the TVS exceeded 40 m-s™!. Damage
surveys conducted along the tornado path identified by TVS and TDS revealed multiple tornadic
damages, including strong cyclonic rotational winds, localized convergent rotational winds,
debarked trees and complete collapse of stone bridges. This indicated that an EF2 tornado
occurred very close to the accident building, most likely responsible for the fatal fall. It is
noteworthy that the tornado-related vortices include a bookend vortex and several leading-edge
misocyclones embedded within it, which emerged and intensified almost simultaneously in this
event. The observational study on the formation mechanisms indicated that those tornado-related
vortices resulted from the tilting of the horizontal vorticity. The horizontal vorticity is associated
with the strong low-level vertical shear of the elevated rear-inflow jet and the baroclinic vorticity
related to the gust front.

Key Words: tornado, bow echo, bookend vortex, TVS, TDS, damage survey

1 58

2024 £ 3 J 31 H 2—4 i} (Jbstid, FFED , A SHEEEMILErE &1, RS
B KU I 58 PR SRR R, S8 5 AETS. 10 R . Hf, mMETTHHE
TE KIS /IN X P AL B 52 IR S B B TR, 4R303 AFETS, 1%/ X S JH A /N X 2 Ak
RN, BlRAS T2 R . ARURISHRE R B XS GO L SR R B KR KL 36 mes,
AEZ AR R A HE B ERD )R b 35 B S R MR AE02E o AR I T RN, 5 2375 7K T /) DX B 30 3
Wk CHHER 3 km Z£4) 18R AIKRRIITE 25 m-sT LLF (B 1), FBHF R AR I 55 X
P mitth, sEmaya /N, R R A R AT

— TS, SR AR o A B R AT A KB T BRIRIE . s KUR R R R K
ATIE BN K R HBR R, BT NI R, 5 ONEEEUR . Fujita (1981) HIRIEH T T
i RLR I AR TR IR A MRS, e 5 AR R R TSR B b T 5] R )
IRV . BRI A REERT PL N e B (UM T 4 km) MR N 3R
CRT 4km) , ABCE 5 FRG I 2 B /N RBEE R R R (burst swath) o A&
7 MARTN 2= T 3 I A 2 1 ) PR 200 3% I I S HIR =4, BARZ9 08 100 m, A2 SR ZAE 10
SEPCLN, WA B EE4ERE 1 /D (Markowski and Richardson, 2010) - JG7E E A 4K
WA E, EF2 RUL BRI PR A 3.3 Ik GERARFAI/NG, 2015) , HE TR
LREE/N R B JTR, Iz EANO%ER, HilsERANRGT (g 4%,
2008; Meng and Yao, 2014; 5K/ 25 2016; 2JKE Z5 2017; Yao et al., 2018; K% £,
2020; IRMIA 5F,2024) .

MR A BEA MR EE M RRIE, W A 50 N SR AR e 5 AN AR - R R e, 38 AT
P BB R S e & A HE R AU &5 (Trapp and Davies-Jones, 1997) . S EL
HILAE B B R KP DDA v ROBER 2 B, T L 57 2 A A5 A T I8 5 TS A7 AR/
iR i€ (misocyclone) , b Ui 5 /2 5 A 26 B B IVEERTHT 1) /)N i JiE ( Wakimoto and Wilson, 1989;
Lee and Wilhelmson, 1997; Thompson et al., 2012) . B XVERTSUTH)ZE B N ien] 5] & F i
FRMAFEHEMBUR BN, JRA] 5K RERT e, (HaREE—MAE EF2 LA R (Fujita, 1978) o It
Ah, MELEL S TR ERRE v F REE iR E N IR ol IS, e RO 5 B4 AR N i,



74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

BERBOM e R, 5 BRIl ik, WA G/ ] 5l R BB KK, KA&EREIA
EF2 LA L (X5 4%, 1998; Trapp and Weisman, 2003; Weisman and Trapp, 2003; iy /> 54 All
HAOt, 20200 o Feulth, A RESRIE ST LA 5 T8 15 b s 1)U P i i 5 1w i
St i e o B, NFR“ 5447 e ” (bookend vortex ) (Fujita, 1978; Weisman, 1993) .
TERFR IR H R 8 5 S0E P i e 0 9 110 e S i g gk 55 7H 2% (Trapp and Weisman, 2003;
Wakimoto et al., 2006; Atkins and St. Laurent, 2009) , {7 = /[0l 35 b5 1 45 424 90 i . 7] B
H =4 (Pfost and Gerard, 1997) . SIERFAKZE v o R EE IR e £4 3R € 32 ZEE L
il m: (1) BN PR R R AR = A, X R R I ELPE X I RS
(quasi-linear convective systems, & QLCS) MM &, XFhKFimE 5 KA HRE
Ky KT RN QLCS T F, XMKFRE S FEMAR SN (rear-inflow jet, [#K RID T
T REEE IR G, 520 R R T IE AL T R S8~ . (Trapp and Weisman,
2003; Wakimoto et al., 20060 ;  (2) X T A 5 I IR1R,  MELL At AR PR KT i 2k
B TR B SRR T, AT A T e P i T e e 7 1R AH S BN iE CAttkins and St
Laurent, 2009; Markowski and Richardson, 2010) , X /& H 8 L2\ B 440 e 2 L i) ;
(3) HREESAE AT (200~300 m i BERAN ) PAAR KPR, T RUBE IR e )
JER] BEAFAEDTER (Xu etal., 2015)

e 2 () B DN P A B T 22 B R SRR A IR ) A AU AR A i R A ( Tornado
Vortex Signature, TVS) (Moller, 2001; @r/hgt 25, 2006) . e WX EH HIE N 2~10
km et iE, TEIWEEHR—BRER] 102 s, TVS M O AR 58 5 N AR )
FEZERITE 20 mes IAHAR T AL f XS (Brown et al., 1978; Meng and Yao, 2014; Bai et al.,
2017) o HRAIEFD TVS SEIRIEM BAR — R AR MR B R OB RO BE B R R . Y EER
JEE ()30 T AR K T B A AR TR B BN, 12085 i T P Tl o) Hh Lo 3 22 /D [ B — N 5
1, XMRERIE B AR E e B4 F1E (Tornado Signature, TS) (Brown, 1998) . 3Efr F,
T I A RO R B 2 Bl 5 e A R S S N O, Lk, A R ROBE Bl A T e 2 7 BE
IS RN TS 1M P 2 50 i R BN TVS (Brown et al., 2002) o« A SCAKRHI X 43 TVS
5TS, gi—FAETVS. Ak, WIRRAEFERIEREX 2 IR B SIEIRERY, M
WU SR A TR e N 25 SR AR, BRI WA WA, RS0k A RHAIE

(Tornado Debris Signature, TDS) , & Jo. 46 i I 1% (1) 5 £ 2% (Markowski and Richardson,
2010; Bodine et al., 2013) .

RATFBEEH T BN RN TS, e R E B fR 2 HEHR S K
EW IR E S AR RS CRAYE 45, 2018) o TERIE B R A5 0m M /K S5 e IR 22 11
DU, BIR AR TDS /] 88\ 86 &4 (Kumjian and Ryzhkov, 2008; Xue et al., 2016)
Fujita et al. (1970) FF8 7 XKL TAE, T 1971 SEHEH T KK R E SR A4S T AR HE (Fujita,
1971 , —BWRZN F &%, FEERERFEHEAR KRG Z MBI T LR F ST
THELT, ON EF %54, o E T PESCR XL T 2012 45 7 H 21 HAL R KB W
8] & A= AE I X B Bk 85 (Meng and Yao, 2014) o 045 XU R 25 /& @i ot Bl Al R
AE UL ENEE, BUIE PSRBT R e R 2 1 B e it B DA SR A ISR | B
FASEIYE R, HRIE A ARAR KBS TSR HEWT B G 1254 (Davies-Jones et al., 1978;
Meng and Yao, 2014; 7Kt 4, 2018; 5K¥%E 55, 20200 o Jo4518E A1 9 1 £ 2 BA ML :
a) RAFDXIBEE £ KA, b) BURY) BERG BORFIREHE; 52, THEHER SN
B R POE B AR T, R R BB 26, dhah, AN T B S A
W2 /NG B R Y RS ALB AR (Davies-Jones et al., 1978; Fujita, 1978,
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1981; Wilson and Wakimoto, 2001; Doswell, 2003; Meng et al., 2016; 87Kt 4§, 2016a; Kk
I &, 2016b; ACH| 25, 2016; 2JKEN &5 2017, BOLT £, 2023) . Fujita (1978) FRHY
A IS 58T T RN e 2 I PR RS IS B, A G HEn . A, b Rk G - R IA W
MR A EL TVS B4R AHVIG I, AT DUADE et kA

W VR P S AR i ROR SR AEAEARIA], AR SO 645 T ik 7 78 S H S 1) R, a3 i 17 R
TN RBEZER, B AT TR E; AR5 25 T Wi 75 5 4R K TVS #1 TDS 45
AL, B RIESELUE GRS RITRIG A, JF4 G5 R SRR T 5 R
B, B IR RB AT AR o 5 XU DR o b Ak, R T I BRI A A ST e T B R B
AT T8

2 Bokkg

2.1. &R

AR EEIETILIRE E (Z9571) ) SAD Y B A XURIRIHAEN 2 E 8 R HiL, K
Y OB SES TVLPEHRN (29574) MIEFH (Z29575) W SA BIRSREIA. S BB B LM
JEFEA 460 km, FEE I O MM (KITN 0.5°0 1.5°, 2.4°, 3.4°, 4.3°, 6.0°. 9.9°, 14.6°.
19.5°) , ARHENE ARG A 6 438l RRRAAEEEE 360 MEMEAE, FEK 250 m. HAEHGRS
i B ISR BS /N T 10 km, PTERIN B REICZRE IS 1), B35 /N RS IR e R = i AR AIE
TN TEIEL T B TRIE AR 1 84 km &b, HFEFEN T EFEFRME T 174 km & (WL
B o FEXTI SR E T R 2R 200 e 2 B i 7 A Wty o XU B, = 3508 A 15 14 T R 3]
G 5 TR RRAE, RIT DA 21 R 2 S FL R IR URARRAE . PRI, AW AR DA B =38R
REIEHAT A St F T 508 MR /N REEFA S5 K . BT 0.5 A1 HiHs 52t A e B 1)
T E, KYGEFIAH < R % (Cross-correlation Coefficient, CC) {&AE T WA EIE R B 2%,
BT CAASC oM ¥ AR 0.5 f B ik Bedl o hat, AR 1 IS8 /N i R0 A0 X 35 1
G BoIn ML GRS AT R B R AR

29°N
28.5" N+
e
28° N+
chhun ‘
275°N T T ;
114° E 1145°E 115°E 1155°E 116°E 116.5°E MM7°E 1174°E
D 160 260 360 400 500 660 TIIJO 860 9800

terrain (m)

B 12024 %3 H 31 Heg B XAEDHX 02—03 BF CEREXFD  03—04 B GEAXCE)D #id 17 m-st CHP
IEF 8 AR MARAE) WA FiswME (LafimE) SEEE Gaf, B4 m) .
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Fig. 1 The 1h maximum wind over 17 m-s™! in 02:00-03:00 BT (purple barb) and 03:00-04:00 BT (blue barb) at
observation stations, the positions of the radar station (red stars) and terrain height (shaded, units: m) in Nanchang

and surrounding areas on March 31, 2024.
2.2. RIAFGERFE

N T BB AS B RBE R R REERTE, AW 5T R PyDDA 3 (Jackson et al., 2020)
BT T IR AR ) B S =4 o 12K DA EHARAE Python 1B F 11, BEBEIRIUE &
B (10 T Al ASURH A X7 B VR A% [ T R B0 o A7) e 7 2 PR DB e R R = 478 ik
L AU IR 22 35 80 SG R  F TEkL o i AR 1 5 SRR AN 3205 G s A U=, T
HAT DU T — 5 A 7 55 X3 A X3 [ (Gao et al., 1999) o i I 384 jin 3 14 76 B3 P 7
FELIHR, AT DL e 3 B A SO HERFfPE (Potvin et al,, 2011) . 3&F PyDDA A7 i 45
XS] RPN “7.20”7 Mo AR R EEFRFL A AT R B, v S A BUREE R ié (Wang et
al, 2023) . ASCKHEE. M. BHHESHEEIT I RIE. B LR B IE N E, 1%k
HUIS TR Z24E 3 43 DA P H M AN B 2 B Ak AR T I OV — AT I, Bt 02 B 50
43 BRI SR s R B 02 B 50 43R5 BRIk 02 B 47 2N TEIA R 02 B 51 9 HFEFIEN
BRI PO A

2.3. TVS 1 TDS #iR %5

TVS W& A 3 MEbR, QTR FETT R R Rraltt, Horh U138 gk B i B 2.
BE & LT B oRs i Ak, 38 B B 5Kk AR B SR TIUE B Il Hh 0 (Warning Decision Training
Division, fii# WDTD, https:/training.weather.gov/wdtd/courses/ [2025-02-10]) 25 H ] TVS
FIERRIE O 2 A, BARN: A @ s VAL, RV ATCAT A 1R 368 T i JE Xof 4 [ 3ok 5 72
R 20 m-s, BRASA A 0 B K AR 1) T8 E 22680 30 mes!s 0 e T L v BE 2 /D IR B 1.5 km;s
YekFz b 5 5780, AL, WDTD b5 TimiiR Bik g5 il TDS 17775 B E AL E] Bl
BIEN TVS, i e 0 T A B 1 CC /N T0.9, H CC /NT 0.9 I X S R B
KT 35dBZ. Z4r R [A-F (Differential Reflectivity, Zpr) L ES NME. HH,
Zor FHIEBA CCHRHERZE, AEHIH TDS B Z2 1, (HA] DAMG AR S Rl {5 AL .

KHI9EZ2% WDTD K] TVS M TDS HIEbrHERF RN E . H4h, mEREMZEE R E
v AT i HH L B 2R TR 2R O B CC IR, il iR TDS HRAE, A SCH I 23 K1
SREBIMEM 35 dBZ A 45 dBZ, # CCIRBIME M 0.9 TR 0.8; i Gk [ XUEE FiT 1Y
CC MBI Zpr S HEFIRN TDS, ZE3K CC ARAENT B 1 98 213 X 5 5 T8 [l AR AHZE T E
5L, TDS —f&TEZ4) 1 km, & 1~3 km (Ryzhkov et al., 2005) . WFFLEHW, 58 EK) TDS
R EET S, EF2 & kLL EsE Er TDS KL/ ESR|fEM 3 km DL E (Entremont,
2015) , QiR TDS X iS4 2 5 75 B2 KT 50 dBZ, B4 EF2 ¢ UA_E e BRI

l% o
24. RI&AE

Bl R B AR S R MR I AT 1 BB R TS TR 2, 1B 2 45t 1 PR IR 1Y
T, B XKEHET 4 5 3 HFF#AT, WHEDy SRR &G A
FERA O E RAEVTRITT 30 HEHARZ 30 km (B 2 2020) o 55 KK EIH AR
[y 4 H7—9 H, D7RAEARYE AR ML G R, HERRE T RMHE R
(YIRS HTS /N T I 2 DRI ¥/N RS a2 v 0 G o Pl /N T R U AN VAR i 2 £ 27
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Fig. 2 The paths of damage surveys based on the Jilin-1 satellite map. The red and yellow line represent the survey
path on April 3 and April 7-9, 2024 respectively. The area circled by the white dotted lines represents Xianghu
Wetland Park.

3 RS0

3.1. SRZEEK T My R im e
3.1.1 REFRETFE LRI BIERNE

A URAETL P B B = A A KRR I R s WIAE 9T 28 AR AL, T 2024 4 3 H 30
H 23 i 40 53 2245 T KT RBEREEE 100 km B9 AR Ab— 78 7 17 2 1k JX\ 22, A2 T3 R 5 BH L 28
B J5 DLT-3549 70 kmehe! (8 EE [ RS B A5 5. 01 I A8 A3 Gt KBk NTT P4 P L8, e T
R DA T A R BB AR RN, ZRMERER R R N B S REZE, T 02 i34k 5 57,
PR R B T IAEEZ) 100 kmo MU AR ISR SR RIE R, 03 I AL A B Hidu B2,
Z Ja IR AR 8 ek 55 -

HI & 3 AT 0L, 02 B 39 43—03 B 08 43 (T SCICHR U6 B35 N Bk B AR F T 4R (1T s 1))
PIRELEHEARK: 29 200 km, 2R T, HIEPFEEBAHILT — AN RERIE (U1Kl 3 44
FiR) s AL FREZE R B — AN KSE RES A B 5 R, BY “BERiE” . 02 i 44
gy, WELE B S RIBAL T 7 B FH IRV IEVEZ) 16 km b, JALum BR4IRIETFIH . 02
B 50 73, PPAiRE A T R T R B, SR (SRR R AT
F B EIASPEIZ) 2 km Ab. 02 BF 56 4, FP4iRIEREREL %5 2R B Rl B, BERE
SERERELE AL, 03 B 08 43 G B Wi eg. 1ER 3 Z0MEARIC 154240 e AL & DARE %8 — Bt



206
207

208
209
210
211
212

213

214
215
216
217
218
219
220
221
222
223

B TRRE, PRI A: KR REAR RN & 24 ST R K REL, AR i B 4R m]
% (line echo wave pattern, LEWP) (Nolen, 1959) .

Kl 32024 4 3 J1 31 H 02 i 39 70—03 It 08 7B & ikl 1.5°014 45 dBZ DL EFEA UG R 73 (41
HEARIE X Iy F 4R e )
Fig. 3 The evolution of basic reflectivity above 45 dBZ at 1.5° elevation in Nanchang radar station from 02:39 to

03:08 BT on March 31, 2024 (the red box indicates the bookend vortex).
3.1.2 IR ERBIERNE

FRPE T B a8 4% ) B ] b TR e AN 22 Bk S s R T IR KT 4.5 X107 s (178
Fl, 02 I 44 23 FP4IRE BARZ 5 km, 02 I 52 A A A3 4 7 km, 02 5 58 434 03 IS} 04 43
15 9km (EBS) o 02 B 44 5 e Ay, BA5IRBEN BT 5 T BRRARZE (v H 90582 20 5T 5 T 4R
AN BB PKSPIIAR AL (B 4b) S ) AR bR FE I 0.9~3 km e 50 ] P 1930 A 3258
it 4.5X103 s (EBE) , DU IR FRO AL AT ARSE & RO, i e B AN I BT . 02 B
50 3 FEA, BEHE 0.3~2.2 km 5 BEVE 50 D) A8 dbim B35 I 5.5 X103 1 (JEmED , 0.9
km 155 R R Ao, LR IA R 8.5 X103 571, AT b AR “HE AR [k (K
4c) o 020 56 737y, BEHL 0.3~1.6 km @& FE IR H O 5.5X 1073 1, HA 1.1 km
K UL T s R R OB 6.5} 107 s FESIRIE T A » Bt 0.3 km Ak (IR JZ IR FE TR B0 ,
02 i} 50 43 5.5X 102 s, 02 if 56 434 6.5X 103 st (IS , HHRITHE k.
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Bl 42024 423 A 31 H 02 B 44 55, 02 B} 50 731 02 B} 56 43 0.9 km 5 A0 11 22 2 4 T TR AR S S 26 IR 7
(Hith, Bfi. dBZ) . WA (RE, B ms?) MRl (AOSEL, A 104D
SRR 1IX Tkm;  (a) 02 I 50 7ML BIEREAILE, () — (d) =ABKEHER .
Fig. 4 Doppler radar basic reflectivity (shaded, units: dBZ), wind (vectors, unit: m-s™') and vorticity (white
contours, units: 10 s retrieved from radar at 02:44, 02:50, and 02:56 BT on March 31, 2024, with resolution of
1x1 km. (a) the overall shape of the line echo wave pattern (LEWP) at 02:50 BT, (b) — (d) the bookend vortex at

the three respective times.
3.1.3 RENREE _ERER/NATER B IEREE

Bl 5 4 TR ERIE LM A BB e AR fE o 542570 e B s BEXTE 02 B
56 SR E IR (B S0, B Eak S ) A R AR )3 B O3 H L FE RO ([
Sby d FH £ B 2R AR X 40, ARBOH S AN E R O E S 40 mesT, e A IA
£ 48 m-s, WG 22 mes BRI ANEFE, XN HE ELIREECN 25~38 X103 571, RIS 4
PR e R g, MBS MR B R . TR0 N RO R R L, SR EE b, 2
“GERURT, TRRIHAERERNS Bﬁﬁﬁﬂei’% i 5d fros, B4 (02 1 50 7300 H4iR
TEAEAR ) 1k F5E ] b 2 SAR AN R PR PR FEEXoF, g ) R T Tl B e K T B FR A R, IR HI T
B S (R BEASER, R 34 mes!s

EAFERIZ, 02 B 50 435 m) Bk (1 R RUX P o] PR AN T8 B2 B o, R BOR 5 el
¥ 505 mes, & B 5 HAC R4 A I BEARAE H O A A AR 1~3 km BO/NIRTE Can &
5d HEFTR) o XPEAN/NRTER 02 B 44 43 BEREERTHT /N e CaniEl Sb AN K H AR
RIEMR, Ak, ZFALMBEAG —ANRRER R /N CanlE Sb /A FTRD o AN
WRE 02 I 44 7322 02 I 50 40385 HIZHETEEIL, 2 02 I 56 43 58 &I N T E4ImiE, /N iedH
UNIIREEED ol g2k L W LEE MY i U ol = KB ri) =R e W O /€ (A NS VS Ko =B e i
KA, R LIRSS 2 30 m-s' AR CEIB&) o $EMIEIE (03 I 04 43D 7EEEH 3 km DL
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Fig 5 Doppler radar basic reflectivity and radial velocity at a 1.5° elevation in Nanchang radar station at 02:44,
02:50 and 02:56 BT on March 31, 2024. The velocity-aliasing regions around bookend vortex are divided by the
black double dashed line. The black box in (a), (c) and (e) indicates the displayed area of Fig. 6 (a), (b) and (c)

respectively. The misocyclones are depicted by the white circles.
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Fig. 6 TVS and TDS at 02:44 (a), 02:50 (b) and 02:56 (c) BT in Nanchang radar (rows 1-4 show basic reflectivity,
radial velocity, Zpr, and CC, respectively. The circles indicate the mesoscale vortex. The thin-solid-line side

divided by the black double solid line indicates the velocity-aliasing region in radial velocity figures).
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Fig. 7 The time serial of TVS and TDS from 02:44 to 02:56 BT.
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Fig. 8 The suspected tornado path and reported serious damages based on the Jilin-1 satellite map (The white circle
indicates the TVS with TDS nearby and the blue circle indicate obvious TDS without TVS around. The red, yellow
and blue ellipse indicate victims, injury related with building and temporary building respectively).
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Fig. 9 The disaster survey results based on the Jilin-1 satellite map (red arrows indicate the direction of extreme

wind at the time of the disaster according to the direction of the tracer’s breakage and collapse).
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Fig 11 The surface observation at 02:30 (a, ¢) and 02:40 (b, d) BT on March 31, 2024, overlaid with composite
reflectivity above 30 dBZ (shaded, unit: dBZ) at 02:36 (a, c) and 02:42 BT (b, d), respectively. (a, b) 10-minute
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vectors (black wind barbs, unit: m-s™).
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Fig. 12 The basic reflectivity (unit: dBZ) and radial velocity (unit: m-s™') at 2.4° and 6.0° elevation in Nanchang
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position of the profile in Fig. 13.
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Fig. 14 Schematic showing the genesis of the tornado-related bookend vortex and misocyclones. The magenta

solid line denotes gust front. Blue and gray circles marked with G and D represent the thunderstorm
high-pressure and the preceding mesoscale low-pressure, respectively. The gray solid line indicates the
baroclinically generated vortex line. Dark blue and red arrows depict near-surface environmental winds, while
the blue dotted shading represents the convergence zone. The blue outline marks the forward-tilting storm.
Orange shading indicates the elevated rear-inflow jet (R1J), with black arrows showing the vertical wind shear
beneath the elevated R1J. Dark red arrows represent storm-relative updrafts. Upper-level wind (green arrow) and
lower-level wind (red arrows) in front of the storm form the near-storm vertical shear. Yellow and red

circulations represent the tornado-associated bookend vortex and embedded small-scale vortex, respectively.
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