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Abstract On June 25, 2020, Tianjin Xiging was affected by a convective storm accompanied by a
mesovortex (MV), which produced record-breaking gust (41.4 m s1) since the observation started in 1957.
In order to improve the scientific understanding of extreme thunderstorm winds caused by such mesoscale
vortex, the thermodynamic structure characteristics and maintenance mechanism of MV were analyzed by
using the Variational Doppler Radar Analysis System (VDRAS) technique of radar data combined with
multi-source observation data. The results show that the MV in this process was initially born at a height of
2.0 km, and the contracting and stretching vertical vortex rapidly descended to surface from 2.0 km height
with the rotation speed increasing and vortex diameter contracting. During this process, the surface
transition from warm and dry to cold and wet cyclonic vortex, extreme wind appeared in the overlap area
of western of MV and rear inflow jet (R1J). The evolution of MV was closely related to the different
properties in convective storms. In the mature stage of MV, the vertical circulation was formed by tilt
updraft (TUD), RIJ, front flank downdraft (FFD) and forward low-level inflow (FLI). During the
strengthening and descent of MV, the rainwater evaporated and absorbed heat during its descent, leading to
a significant enhancement in the intensity of RIJ and its continuous downward extension. The
configuration of the cold pool and vertical wind shear plays crucial role in the evolution of MV: from the

formation to development stage of MV, the cold pool and low-level vertical wind shear from 0-3 km height



reach a stage of equilibrium; from the development to mature stage of MV, the cold pool and bulk vertical
wind shear from 0-6 km height reach a balanced stage; from the mature to dissipation stage, the intensity
of cold pool exceeds the bulk vertical wind shear, which is unfavorable for the storm development. Distinct
from the ground-reaching RIJ associated with typical bow echo, the RIJ in this event did not reach the
ground, but instead coupled with the vertical downdraft of MV in near an altitude of 1 km, generating a
vertically downward perturbation pressure gradient force. Meanwhile, the drag effect of rainwater
facilitated the strengthening of the downdraft. During its descent, evaporation and heat absorption
weakened the cold pool, which in turn intensified the surface wind speed, collectively leading to the
extreme gale.

Keywords extreme wind, mesovortex (MV), bow echo, rear inflow jet (R1J)
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e 7 B R CEURNRIRR: #ldm KX A48 UKGE>25 m s (10 20 HAEA & AR iR
A CHIBEEA, 2019), ARG RS B R AUBIAE L am T8 e B R e FERENRIG. K
R bR R AR AEREE v HFORE (2~20km, Orlanski, 1975) i®jiE (mesovortex, LA FfEi#x
MV) KR JEiEA (Weisman and Trapp, 2003; Wheatley et al., 2006; Xu and Xiao, 2024). HF
MV RAREIGE, JRtvEss, H#RShHEmEa, tHEE MV R KRR RA R IR IR
JIR - B AR B o Y00 A P ey SR o, BRI E SO IR R 98 46 32 Q8 (e AN Pk Ay, 2019,
PR A, 2023; EWEESE, 2023; Xuetal., 2024).

W R, EREL XTI R4 (Quasi-Linear Convective Systems, QLCSs) HIHTVE # fE(E4EHF
AR E 1he A2 F KREARZERH REERBE (Trapp and Weisman, 2003; Atkins and Laurent, 2009a,
LR &% AL09a, 2009b; Xuetal., 2015a, 2015b). MV JEid S I FHL I SRR RS, P dRH
[ RPN UBESE Fy, R B R UOERREE, 3 -S Bk KRE 2 &R B (Schenkman and
Xue, 2016; #ES, 2021). Roberts and Wilson (1989) #FE& W, MV #isih BT = WAIGE T
PO A . 53— 00, Bdm KX A S EMAR S (Rear Inflow Jet, DLRfRIFR RID) T
BE A S (Johns and Hirt, 1987; Grim et al., 2009), i MV 7E RIJ &5 FFI50 5 [ & i A2 o
EEEEN/EM (Mengetal., 2012). Atkinsetal. (2005) & IR FE A XA AZ I AR 5
WIS, T2 HILE MV RIS RIJ AZICAL . Weisman (1993) Ak 5 Rl T (0 M i K XU R1J
FIBhE TR LA, T RID 2 Peah 0T 51 2 # K- Peah U b B /57 A (Lafore and Moncrieff,
1989). MV ML FEE A F BN ERLE /1 (vertical pressure gradient force, VPGF) & HK/Z RIJ



ISR E AR (Xuetal., 20152), SOBIEBUERALIIIE (Xuetal., 2024) #7187 &H 5[
Ferb, XHRE IR T MV LR S, EEEREN R 3 MV B TR R, &
MV HJJE R SR & D= A VG s R R EE R K. AT I, 5 MV Bk
A K XVRFF 76 3 R 7E T 1 AN T A MV TR R AR U 5 DA IR RS B P O 2R

BT MV R A B 250 (4555, 2023). Weisman and Trapp (2003) @il
PAREE RIS AT TR ORI = 2 BRI AR AR R A R Be XA R T S TR R MV A
%, F4RHH QLCSs th EJHR AR EAMBUR L RE T MV IRIRRE, W FtiE i 1 omr il &
BHEAy5EE X MV )58 85 B BE/ERH .. Matthew et al. (2024) BFFE 7AK)Z 8 ELRDIAR K75 [ AR
NI RRER S5 MV T BRI REME , RS R SAR J2 IRIE R i <38 Iy BT % e B B R B8 9 1B
Wi, TR NI ESRFUAEE A MV K. Nielsen and Schumacher (2018) frI%E R LA 7¢
5 7R R 0~1 km T BRI EEH H] T MV KSR, H A i8R Piah Uk
JE R RBARZE ) LTS3 . 55— J71H, 1 MV R REZR R T, /e H R A A 200 B
Fi¥E i (Trapp and Weisman, 2003; #5445, 2023), ¥l IR RIS EEAE R U A /8
T2 MV BJERK. Liu et al. (2023) faHAERERK. EEXNVIRRIGHIERAEH, &I
5B R R RIS T il 1 AR S5 B 1A MV, XA REIA LA R T bR HIX, ATe 5 IbRtX 5
TR A MR ) RID A 5%, BRAl, FEREERTIY MV 54 A ZTER B F N 7ECER, MV (1 flf
i U FEXEERIER G 16T, Bo oG IFges, TERCER KRR, T3 B0 I KRN 5 i
(VAR 2022). BIRBRFRR, H|ERDIZBNAR SN MV KR RIEAE B A EE g, (HF
H I EX MV KRR A A, I8 Rt — DT

2020 4 6 H 25 HAIA], Hedb-F R X I 1 — BORTE Bl R 2 R XU RE (VRIS L4, 2023),
Horp R T P RUXGEIA $) 41.4 m s, O 1957 4E45 5e 3 GO BB LUK A B s e L. 4R
T 20 5 PR A s KRR I A R 2R, 4n 2009 4 6 3 3 HVRTRA /T B 2015 42 6 H 1 HAL A
2016 4F 6 F 10 Highifgil. 2021 45 4 H 30 HYL75RGIE T H DU T S AR E MR R EFHE . X 2tk
i KREAFE S MV BRRIEAR B VIR (CEFHUIEE, 2012; K005, 2016 VR LA, 2022;
SRS, 2023; Luoetal., 2024). R Tangetal. (2020) Giitor#r 17 R EVLAER M MV (145
FIRFE, ABSZERR MV 55 30 KRR IS 25 T B A L)) ) S5 K AR R AE J7 TR ST A AP E A A2, 1
ANRE ARG HE TR i R XK S ETE I AL B R IR AL . Dl ASCERXT 2020 4F 6 H 25 HRKAEAE
L2 o : 3 Rt/ € NGO Pl 10 e YN 20 S5 T RN S NEZ B R S ST E T U IN
RBIBERLE] (K L5, 2023), ASHFFURFI s 0 R I BUEBEAE B, E— 255001 MV 7
BN I SGERRAAE B LR R AEREILA, MDA R A v R0 i 18 0 i R XL PR TR R B
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AR P B PR R AR (D BRI IR ARk 08 5 ARk # Bkl (the fifth
ECMWEF reanalysis, UL RTEFR ERAS TEkL), BfEZ;#HFFA 1 /NS, Ko #E5 N 0.250.25<
By HEE Ny 25 hPa, L J7 3L 37 2 (Hersbach et al.,2020), =% T3 A AL AR 2347
A WRF (Weather Research and Forecasting Model) 1 R FERE SR HERI 437 Ml 77 (2) JbEETKR
M FIR S PEH CINRAD/SA 2 B R AEBAHTR, ERAFFREASIER T A E
PR G RS2+, By #E20 6 408h, 7 a2 (A Bh 2023 4F 6 H 25 H 20:00~24:00 (b3t
B, FRED, AT G ARRFE: (3) HJb-FJE X i B zhu il skt, ZRaHER
I B AGRE . SRR, WP 5 sk, ERiaBC 25 H 20:00~24:00, H T4
MV S5 RTEARRAE: (4D HEAbF IR DX B shub K ERE, IR 73 Hk2eh 1/, 78 s A B
N 25 H 20:00~24:00, AT #ramsd il FE R R KVE X (5) JLRTuE R ViRl BERAE
FE X RE , VORME IR 6 H 25 H 20:00, I T-5%F ARG 30 a6} i 72 7 WRF R0 45 SR A1 VDRAS
SIS R SO ZE 1 L
2.2 MARGNH. BEARK

AW T TR (A8 5y 22 M 8 5 34 20 BT 2 48 (Variational Doppler Radar Analysis System, LA R féj#k
VDRAS) &f£ Sun and Crook (1997, 1998) H#]A Mt T I AL & BRI 2 Bk Iy S i =4 A 3 C A
TRk VU4 )y 4 H AR (4-D variational assimilation, LR f&#% 4DVar) (35t E, 20l — R0 sk
(Sunand Crook, 2001; FREA4TAE, 2011) @ESZESRIES T RUEERMIX K ERAZR S 2% (Fk
WFFRI A, 20125 PHEL4E, 2015; Xiao et al, 2019, 2022). ¥4, HREW I ML T
VDRAS ZURARHEE (RUIFFSE, 2012). N T RBIASENTE R, AUUENET WRF-ARW
(Advanced Research WRF) 4.1.1 B[] 3 km 73 #HE B E5 RAE 9 527, WRF AR H7KF
Sr R 9 km FI 3 km IR BN TR (B 1), EEHCH 512, BZRTAUE 50 hPa.
Bk F B0 A8 250 U7 S B4 Lin ST %€ RRTM KRR AR S 77 2. Yonsei i1 574207
%, Noah [T 77 £ M1 Kain-Fritsch iz 6 7€ (VAT dOD), X677 R4 iR iE /5 3. 4
RIRTSEI %104 2020 4 6 H 25 [ 08 I, MR 7> 24 h, 26 J] 26 [H 08 Itf . WRF 54
WAL T35 iE H ERAS 43 1T 71k

HKk, AEFAM VDRAS RGMEH T iR MX 5 2 S RAHEE (F 1 “+” fig) &
VCP21 AT KR I GO, G5 AR ) BN S S 2 [ o AEASREA T, KF 7 [ X A%
RE BN 200200, KP4 HEEN 2 km, BEEHEDNY 400 kmx400 km.o B0 BOE T



(39.58N,116.18 ). {EZBNRGLHIN, [FNX 5 HZEHEHRAFEX dbw. RE. ARE.
ZE RN S PO TRHEHT R CRIABALE K 1 “+7 Pros), Hh&EEa#Exy vep2l
(6 min [EfF. 9 M. EHTABNIKE N 60 2, THEHDPERN 150 m, BERBKERENE
BP0 100 m, RBERUE BN 11.9 km (Xiao etal., 2022). ASCHLE Ik HRHKA AR E
R, A R iR 22 0 AR, AL BB T A8 4 M 22 Gt LAHGH 5 9 06 2 5 Rig AT
Hp S —MEH R R ), BEE RS WEMA 4DVar 53R 12 min, @8 LIRRHEEIRE
VCP21 B R A BERHIEIML, FFFIH BT 6 min T, 1E4 F—k BR85S (50
%, 2015). UkAh, VDRAS R4G0H| A MR GHEA U EE AT A s 2 e M AR (Sun and
Crook, 1997), ZWRRAHL, EARRHGAF] 35~40 I, AU B H BRI T B3I LR P22 10
Wi Bk, BOEIRAURECN 40 1k, EDZIEAA B s MEE R, IRt R g R . AR,
FIH AT 6 min B, 1EA N —FEIRIAIME. A F0HE R A SR 4 ot MV 1 25 i
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Fig. 1 Domain of the Weather Research and Forecasting (WRF) model (the whole region with 9 km resolution, the middle
rectangle with 3 km resolution) and Variational Doppler Radar Assimilation and Analysis System (VDRAS) (the innermost
rectangle). The five radar sites of the operational China New Generation Radars (CINRAD) network are marked (+symbols)

as: BJ, TJ, SJZ, CZ and QHD. The gray shaded indicates terrain heights (unit: m).
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Fig. 2 Root mean square error of temperature (a) and relative humidity (b) betweem Variational Doppler Radar Analysis

System and Weather Research and Forecasting and Beijing sounding station at 20:00 BJT 25 June 2020.

3 RREREAHIFEN
3.1 LHLE5RE

2020 ¥ 6 H 25 HA[A], Hdb-F s 3Py s 22 W) B KRR A (& 3b), Herp 8 R bL B KK
vl 63 4>, 10 ZE LA B, 16 AN, 12 AR 1A, SRR H BRAE R B VE 5 0, 15 41.4 m s
(13 Z0), HIUWHEY 22:54, 7y 1957 P HH 76 8RN TR K 1 g5 AR R X o /] i A7
JEJERYs . REVETE . HBEEZHHIKE, RRKERIL 25 B, EBRUKERME. HIod i AL
HEFERBEERHE T KBE, VHAL 4 h, FRHEE#ED 50 km hl, SRS,
W KRG BRI R B2 b RS, BEESHRRIL 5.16 140 (K L5, 2023).
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Fig.3 (a) Hourly precipitation (=30 mm h, color spots)and wind speed>17 m s* (wind barbs) from 2000 BJT to 2400 BJT
25 June 2020 (Blue “x” indicates Xiqing station. The gray shaded indicates terrain heights (unit: m)); (b) Evolution of
convective storm from 2054 BJT to 2354 BJT 25 June (color shaded: composite reflectivity>40 dBZ, green “x” indicate
MV)
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FIH] ERAS BERM T LI ER AR AR R AL AT R SUUE S 5. 6 A 25 H 14:00, SHi)2H 2
500 hPa 5 | (5] 4a) i Oz T S5 Tl (i O ERE AR (T) 9-20 °CHELR (o
N2 g kgt AL, AP IRAL T m A e I AR B B A XA, 20:00 BEA S (KR A 22 52
(RS, SZRERTIER BE RS, el T2 g AT Msh hAtaett, e R TR ME RS
S ETHEEh R, ASHRECE 850 hPa FEHAEI AT LAE H, W HIFE—REH L, £
bGP 552 B 23 VAR R i 0 45 p SR SR BRI R, < B4 FRRIB MM B A R T 28R
FERRFE . LT b s X AL T3 IR R AR P 38, 2RI (T>28°C, =18 g kgD ##Hili&
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Fig. 4 Synoptic pattern at 14:00 BJT 25 June 2020
(a) Geopotential height (blue solid line), temperature (red dashed line) , specific humidity (green solid line, only the values
less than 2 g kg!) and horizontal wind at 500 hPa. The red letter “D” denotes low pressure, brow line is trough. Blue “x”
indicates Xiqing station; (b) Geopotential height (blue solid line), temperature (red dashed line) , specific humidity (green
solid line, only the values greater than 8 g kg*) and horizontal wind at 850 hPa; (c) Surface pressure field (blue solid line),2
m specific humidity (green solid line, only the values greater than 12 g kg™), 2 m temperature (red dashed line, only the
values greater than 24 °C) and horizontal wind; (d) Skew T-logp diagrams at Xiqging (The blue, black and red line indicate
dew point curve, stratification curve and state curve, respectively. Shading in red is CAPE. The full barbs indicating speeds

of 4ms?)



JLT ERAB BORZ: (1 25 H 14:00 FFHEH R I (K 4d) BAEUTHRE: © BORMXHRE
A7 fiE (Convective Available Potential Energy, CAPE A 1484 J kg) F155 (%3 A3 1l i€ & ( Convective
Inhibition, CIN & 0Jkg™D); @ JHIEEFZ 2 X A!: 700 hPa LA L &2 8 T2, 900~850 hPa
UTHIAT, T EAHEL 850 hPa AHXTELT, XA IRE = N LIRSS (FEESE, 2014,
S A, 2022), T2, 77500 hPa fffir: @ i)z 1000~850 hPa HIFFEE KR E KL S
TLUILITT-FAT, R EB R B, X AR IR SRR T AR = KR T T B
MR RAH (THASE, 2013; SIS, 2023), HATHEAKIEKR: @ 900 hPa LA
TIEHUE AARER, H AR, 0~6km EERIIA N 21 mst, BT iRy,

i IR AT, R AR R IR X7 AL B AR, A TR e i
ARE, FECFUURRRZIZE R EN, BRI T s FUTm S B N IRE i RHE IR (Davies-Jones,
1984), RAMIBN NI FAFAER AR T X RE T MV 1TE BRTR .

4 JHFRER MV SRR I 247

6 5 25 H 20 BRI, AbatPaALESLL X MR R A T B 2R R Hh s, YRR R T
B PR - 5 B -5 A L = AN B (VPR S, 2023), HETIIAKE MV IR EHEE, R
MV IRFRAE (Tang etal., 2020): (1) AKCFRE 2~20 km; (2) B A& & AT 2~3 km LA
T (3) FBEFMAYIAIT 108 s, AWK MV T 21:30 &, 23:20 3kIa7H T, ARG 45 ks
ARHERI S ATE R KR BEAFIEHIUANB B, RS0 MV (25 R AR REREAT 4047 -

4.1 M B

6 H 25 H 20 B, dbst bl X pxd i A s, PRIE I AR B W AR 7 R sl, 21 i
FRR A (VPR LA, 2023)0 A 2.0 km &2 S 2 8 1 IR 0, R R Ak Bk S 3 R iR R
i 60 dBZ (P 5a), AKJZSHLH A SRR [T S5 FRRAE, A5 0 3o B P b T4 0 BB 1 e e R ik

(] e tf X ™), MV SR TIAE A 1.0108 s, M EAHEEE N 1.5~3.5 km, K FREL
N 17 km, HUERBUNBETH y R BEERE (7 5a thex, T 24~26 °C, TR % 6~7°C),
UEH T B 12X 10 ' st B MV PRI B 21 6 msT (9 %) FTE B KR
4.2 RIEW B

6 H 25 H 22 I, XHR AR A 5 1 5 4k 82 m R 7 RIS BN, [0 Hh O B K R 26 IR T
SRFEIGSRZE 65 dBZ, [HlUHTIY RA R SO R R TR, JEMIAEEAJTE I (Rear Inflow Notch,
PAFFR RIN, [ 5b). 5 3R R BRI F U N JAe s PO I8, 5 i o 2 P U0 381 s 0 N IS i

(Rear Inflow Jet, ATNFK RIJ, 14 560 MV A2 5 J1 [ml g s g 0, H 707 M V130 950y 1.8>10°3
s1, MEMBEREN1.2~35 km, A TREM 17 km Bk li4ih 6 km. 5 E—rBAALe, iR

&



JZ (22~24 °C) G PTEEAC, 15 MV AT5xF RIIE 1) y H REE Ui MERR i (18] Bb Hrese, JRE 8 2% 5~
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HIEFER, MV TR BT RS 0.7~3.0 km, BN 9.4 km BIRINSE S 6.7 km, Fel s 5 i
17.0 m s 19555 20.56 mst, R MV fETEE[A] MR RIS, K-F ROBEPRs i i B gl injal . 33t
[ MV o 2 v U R e (] Bb Hhese, JRE 16~20 °C, TiJE 5 s 22 2~5°C), MV Fa{ll i 7e
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Fig.5 (&~ b. c. d) Radar reflectivity (shaded, unit: dBZ) at 2.0 km height, automatic weather station wind field (barb, unit:
m 1), temperature(color denote, unit: ‘C), temperature and dewpoint temperature difference (numbers)) and vorticity field
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Table 1 Comparison of evolution characteristics in the development stage of MV based on observation data
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P A% o A THEL
FFIE &
ACEREE (km) 17 6 8 12
M EAPEERE (km) 15~35 1.2~35 0.7~3.0 04~28
T v (103%s1) 1.0 1.8 2.4 0.9
JeFEHE (mst) 15.5 24.0 18.0 13.5
I HOTHI R B 5 (10%s) 1.2 0.9 1.4 2.0
BRE (°C) 24~26 22~24 16~20 18~20
RAEEFE 2 (°C) 6~7 5~8 2~5 2~3
H KRR (m s 21.6 (9 %) 28.5 (11 40 41.4 (13 90 22.9 (940
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Fig.6 (a) Schematic diagram illustrating damaging and nondamaging mesovortices formed within a bow echo (AL09a) (b)

Schematic diagram for the evolution of bow echo mesovortice at 25 June 2020.
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Frigss, B MV BMITTEE I N oiizsh. NEERES, MV HEE 4km &% (& 8b), HEEHIRE
IR S 12x103sL, KRB S AR A . KRG R PO AT 3~4 km, 4R TR
X, TR FEAMLE 4 km LUFRXHRZEICSE, JF5 MV IERREE (5 8b).
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