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Abstract: On the afternoon of June 1, 2023, five tornadoes occurred in Liaoning Province. Multi-source
observations and ERA5 reanalysis data are used to analyze the causes of the occurrence of multiple tornadoes,
especially the environmental conditions, evolutionary characteristics, and possible formation mechanisms of the
Fuxin enhanced Fujita 1 scale and Kaiyuan enhanced Fujita 2 scale tornado storms. The results show that Liaoning
is located in the southwest quadrant of the Northeast China Cold Vortex and on the south side of the upper trough.
The strong vertical temperature lapse rate between the surface (or 850 hPa) and 500 hPa is the key environmental
condition factor causing this process. Fuxin in the northwest of Liaoning Province is affected by the low-level
shear line and dry line. Fuxin EF1 tornado storm is formed by the merger of two isolated storms generated on the
dry line, characterized by hook echo, descending reflectivity core (DRC), and tornado vortex signature (TVS). The
strong echo at the east side of Fuxin EF1 tornado storm produces a strong cold pool with a temperature drop of
more than 6°C in an hour, and the outflow of the strong cold pool intersects with the dry line, forming a strong
convergence on the edge of the strong cold pool. The Fuxin tornado is generated under the DRC and TVS, when
the hook echo moves to the strong convergence area. In the meantime, the northern part of Liaoning Province is
located inside the low-level jet stream, where the vertical wind shear from 0 to 1 km is much stronger. Multiple
storms triggered on the ground convergence line quickly merge into a linear convective system. During the storm
merger, multiple microcyclones appear on the ground convergence line, leading to four tornadoes in the northern
part of Liaoning Province. Among them, the microcyclone causing the Kaiyuan tornado has a western storm that
produces a cold pool with a temperature drop of 10°C in an hour. This cold pool forms a stronger outflow,
intersecting with the ground convergence line to form a stronger convergence than that in Fuxin. When the
microcyclones pass through the strong convergence area, the low-level rotation reaches the strongest of its life and
first meets the TVS criteria, and influenced by the favorable environment, the Kaiyuan tornado is generated.
Keywords Tornado, Northeast China Cold Vortex, Dry line, Misocyclone
5 &5

o2 MRS B AR B 5 5 K. (Brooks et al., 2003; Craven and Brooks,
2004; Rotunno, 2013; Markowski et al., 2018) , #i&pE KM ARG T- A F=17%, (H
e F T HRUEE/IN, OGRS BE AR, R D26 F4 T RO B AT A 3008 75 3
FH AT & EBRS R TS (X 5555, 1998; Trapp etal., 2005; Schenkman et al.,
2012; FRKOESE, 2021) .

ARAEHBIX & e B A 22 R X 2 —, T T G FB R A 52 7t 2R 7 58 F IX el AR bt
X EERFERX (EHWES, 2015 A0k, 20200 , 5T HISRMERSE, Bl 2017 4
8 H 11 HNZ L ARl EF4 s (BRSZT14%, 2023) #2019 4F 7 A 3 HILTJT AT EF4



HE (FFR “T7 3”7 o) ORANEE, 2020; =%, 2021) o RIEXT1ZH X845 10
MRFAERIE AL O B 2 090 (EF5 %, 2015; A &S, 2022) .

FRALA I CERR “Wim” D WAL T R X A {8E R4 (Nieto et al., 2005,
2007; Porctietal., 2007; FEWUNAE MY, 2023; PSS, 2024) , HE SFHIRILHIX
HEEE (EHHZ, 2015, AZEESE, 2022) . HHEC TR ETTHERSAERE S, &b
X A0 G R AE ARG TGS = R A s DML THAE S B BRI AR T, [FR AR A
BOKBRE B, smEE XYL, XA ZE P2 SRR T SURSERE, RICRERBE
PR T2l (EFHEE, 2015) o PRk, ZRAGHE X A3 e 45 (T8 ok A R0 R AR AE D
BElR CGRFEAHEND §R MR EBHAEER, PR A LER RIS e K AR A H
DRI 2R 4R SRR A B FT

e B ] o A AR s (WARE AR ) MR ARl (BUPRERE S Ak T
%) (Davies-Jones etal., 1984) , ZRALHLIX [FIFEHIILE A RSB K. RS T
HE R HAAR N VR SR HF A B BARAE 2 2] 20 km )y O RS i ie; 5 vh Ui SRR BT /T 1
km i, AR R AR AL 40% (Trapp et al., 2005; @i/hE%%, 20200 , “7 3”7 Jpd:
BARZMIT S GFAOLEE, 20205 =%, 2021) . e E WA Lo NP
XK, FE—RKAEPANE A B IAELOIRA R R G AT 4ERF BN L 1 hy AT RAURER v b
REEWRE CHEAFRATIRE) A (Weisman et al., 2003; Trapp etal., 2003; Atkins et al.,
2009a, 2009b) , 4N 2020 4= 8 H 18 Hi#rK e (Yang and Zheng, 2024) ; 25—k
A AR AN T 2 km IO E SR N, 18I e fe 4618 5 tH AL s T AS (]
PR BT R IA 2 sR A4k b, B0 2019 42 8 H 16 HE Dk (RWi&E, 2022) . A
[ A A5 T LB A AE 2 e, (LS 5 R 10 3553 PO ATt X6 R 0 I PR 4 e Al 35 TR T &
I EEMER (Markowski and Richardson, 2010; Schultz et al., 2014) . %4b, WiEiEs
Ll LRI R A8, IR RN RIZR MR 51X 8 (Reed and Albright,  1997;
Wakimoto et al., 2006) , @it T H - FFIE a5 e hn A R B kA A g
(Wurman etal., 2014; Schumacher, 2015; Baietal., 2024a, 2024b) .

2023 £ 6 H 1 H 13:20~14:20 (bxiny, F[FED , 7 3k4 5 M, Oy 1951 4E 1
YARE 1 RN B2 KRS (A4ES%E, 2023) , HARZ REEREGRT 2505,
AU R AN 2 (45, SRR A VO RN M i B T ReAt 4 2 AR
2 BEAAR R E 1) R AR IR 28 A« BRI L TR L) S R A T S P S 1 2% AT
AL, NAFAE? CA W TR I8 5 R A LE XTI AR 1 55 741 X 48 (Markowski
and Richardson, 2010; Schultz etal., 2014; X{/K)6%%, 2020) , IXKELFE MONAAT 7R~ 0%
MR RE 2Rt 2 W e AE ? A SO B2k} BEEAT 204, JFE] “7 « 37 it
(KK I6EF, 20200 ARG CHG ISR (EHHS, 2015) Xftl, HASE A45E A
T AL e A5 ) PR G IR a1, DAMEINIRXT IR T 52 T 2 5 1 AR T B B T
1 BERS 7k

AR FAT B TR R R . 2R ERAS Bt 7k .

B R HE RN BRI ELN, SHRE S CPESR)E, 2019 MEE
EF £ (McDonald and Mehta, 2006) 4> ZiAnifE, N2HRA G HIFREENT (8], G om S g
FAGEAE S A6 S RN A #8508 5 min [ E SR REE TR, 0 HT SR S
AT S5, B 1 NFBEIRAE 0~4°C. 4~10°CHIRT 10°C 7ML Bl E SN FIA .
SRV AR SRV o T B A I SRt ) RUBR 2 B A BB B 1 km DU SRR, 70 A R



FLERZEFN 1 km PUR i K RGE AR RHE, 298508 5 mine (A2 9 5 TE LK N
11.2 um LA IR TORIR 73 T 0L 25 REAIE

18 FERH CD AL P SC 2 #h KA FEIAIZE 6 min FA S R AR FGEE VR, 4R
IS B AR RS R IR R 4510 . S BB AR ZRRX IR S o AH 5 H /N RS S Tie ot
I G5 IRE 2R (Lemon and Doswell 111, 1979; Schenkman and Xue, 2016) , 4R R 5%
FIT Ak 78 SR IS Bl (1) 75 5 DA B A% Tr) e B T /N RS T 4 KSR, 52 IR e BT Ak (1) o7
FUBERET71A), MR IE « 573 5 [X 355 P 43 ) i OORH 7 1 3B AR )5 e RO, b T SR T
V8 P e 2 R AIE

FIH ERAS F T ZORM BT A UG FE K 32 BRI R G RIIA BT 26 1F, I 2SR 45
N 1h A1 0.25° 5 A SRR X R BRI E B0 R BT IE ERAS BT BRI
i ZACIRIE R, AT EM B S R EN TS E,

NT XA ARSI RS DAES IR R BRI E 2 5, BT M@K s (2023)
5T SR 1) 2017~2021 475 B R REEAS, $eHURAE7E 5 H 15 H~6 H 15 HAw i IR
TERRKAFEAR (BiF 477 3500, HHEZHEE R ARG S BN FIEMEE o . 8
T EE AR R AN DA [RI AR IR S5 T B K I FR IR BT 25 5, 0 T 38 HE AR VG R P AR o TR 2%
2 oA R

2023 £ 6 H 1 H, T HILLEREKRAEMEMNTARS, KA EHAIX . LHEE

AR R A A KIZROEE) « FEF. BT R E RS (B 1l o fERER
HIIX A, 186 wULIE] 8 Z¢ LA B Z AR, 10 s E] 10 2L E B RR, (FALHIL 3
St L P AR K, R R DR XU L 3l Y 3 v TR SR PR K, R R IR R AETE T R R
W G RE, 52015410 H 4 HIV RBILG XA KA. 2016 4° 6 H 23 HILIR kv
A1 2018 4F 8 H 14 HEEHE & KUp 4% KA TEZ IS o 1089 B B AN ko,
2020; RELIFSE, 2024)

o e

(b) E#1320-1350

-
Ve Gy 5 — T T 3

43° N

41° N

B kT AL HBE
TIEF1 (574 R A3 1532 4
‘ el 7 EF0

39° N

1200-1300 W 1300-1400 [0 1400-1500

118° E 120° E 122° E 124° E 126° E8 f

(d) FETF1352-1414

‘‘‘‘‘‘

9 er2 § > | ‘ el iyl - By
Q EF1 s e 8 e D QR i A5 S S
Q EFO | & ’ i EM%MHEH

Bl1 202346 H 1 HEMFHASMMSEZNR () MM EKRZEE (b~e)
B a v RURI AT T 2 KR, [B A5 A  FF i Fe K, T C RN 40 66 10 1 0 ) Pk B SCRIEHBH CD B R iA A E,




“ARREBRELFEIEAME; B b-e PO GLEREEFEEE, EF0. EFL Al EF2 23 HI3R7R “I8 05k
B 0 2% 140/ 2 9%

Fig.1 Observations of severe convective weather (a) and the pathes of the different tornadoes (b~e) on 1 June
2023. ( The wind barb in Fig.a represent thunderstorm gusts, the circle represent short-duration heavy rain, the
blue and red pentagrams represent the locations of Shenyang SC and Chaoyang CD radar, respectively, and the
triangle denotes the location of Panjin wind profiler; The red lines in Fig.b-e represent the moving paths of

tornados, EF0, EF1 and EF2 represent Enhanced Fujita scale 0, 1 and 2)
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Table 1 Field survey of the tornadoes in Liaoning Province on 1 June 2023
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Fig. 2 The geopotential height (blue lines, unit: dagpm), temperature (red lines, unit: °C), wind (barbs) and
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relative humidity (shaded, unit:%) at 500 hPa at 11:00 BT (a) and wind (barb), temperature (contour, unit: °C) and
divergence (shaded, unit: 10°s™) at 925 hPa at 11:00 BT (b) 1 June 2023 (the red X denotes Fuxin, and the blue
X Kaiyuan); the surface winds, temperatures (red line, unit: °C), dew point temperature (yellow line, unit: °C)
and infrared blackbody brightness temperature (shaded, unit: °C) at 11:00 BT 1 June 2023 (c); the time-height
wind profiles and the maximum wind speed below 1 km during 8:00~13:00 BT from Panjin wind profiler (the
shaded areas denotes vertical speed, unit: m/s; the left vertical axis represents the height from ground, unit: m; the

right vertical axis represents wind speed and the dotted line is the maximum wind speed below 1 km, unit: m/s) (d)
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Table 2 Comparison between environmental conditions of the tornadoes in Fuxin, Kaiyuan at 11:00 BT on 1 June

2023, tornadoes in Northeast China, the tornado in Kaiyuan on 3 July 2019, and thunderstorm gusts in Northeast
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Fig. 7 Radial velocity at 0.5° elevation at 13:41 BT (a) and 13:57 BT 1 June 2023 Cunit: m/s) (The circle
represents the tornado vortex signature TVS) ; (c) Time—height evolution of tornado vortex in Kaiyuan during

13:30~14:28 BT on 1 June 2023 (the digits are the adjacent azimuthal shears; the size of the cylinder represents the



diameter of the vortex, and the color of the cylinder represents the rotational speed of the vortex, the red asterisk
indicates the vortex that cannot be identified due to noise effects; the gray shaded area represents the existing time
period of the tornado)
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