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Abstract A rare and severe hailstorm occurred on 16 August 2019 in Zhucheng, Shandong province is analyzed to investigate the
structure of the hailstorm and the formation mechanism of large hailstones. Radar observations from Weifang CINRAD-SA (China
New Generation Radar, S-band) and Qingdao S-band dual polarization Doppler weather radar, soundings and surface observations
collected at various meteorological stations, and hail information obtained from field surveys are analyzed to reveal the weather
background, the storm disaster situation, the evolution of radar echoes, the structure of the hailstorm and the formation mechanism of
large hailstones. The results show that under the influence of a cold vortex system, the low levels are warm and wet while the upper
levels are dry and cold over the central mountainous area and the southeast of Shandong province. Strong vertical wind shear of
around 30.3 m/s from surface to 6 km altitude is conducive to the development of strong hailstorm. The hailstorm developed rapidly
and went through five stages: Initiation, leap increase, brewing, hail fall and extinction. In the initiation stage, mesocyclone and
Bounded Weak Echo Region (BWER) could be observed, which continuously strengthened and maintained for a long time. In the hail
fall stage, the hailstorm showed characteristic structures such as BWER—overhang echo—echo wall and S-type horizontal circulation
field. Furthermore, the BWER was associated with the configuration of the rotating updraft and the "0 line" structure where the
horizontal velocity was zero. The "0 line" crossed the overhang echo and the strong echo region above the BWER and pointed to the
top of the clouds with a specific hail forming function. In the heavy hail fall stage, the horizontal reflectivity factor (Zy) in the echo
wall to the north of BWER and the strong echo region in the upper hail clouds was greater than 60 dBz, and differential reflectivity
(Zpr) values were mostly between —1—0 dB, indicating it was the accumulation area of hailstones. Based on the shape of the radar

echo, radial velocity and three-dimensional circulation field in the mature stage of the hailstorm, the framework of the main updraft in
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the hailstorm and the schematic diagram of the "0 line" structure with hailstorm forming function are revealed in the present study.
The results are helpful for better understanding possible mechanisms of the "0 line" structure in the growth of large hailstorms.
Key words Hailstorm, Structure of the hailstorm, Characteristics of polarization, Observational analysis, Formation

mechanism of large hails
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Fig. 1 Accumulative rainfall between 14:00 and 16:30 BT
16 August 2019 (thin solid lines, unit: mm, interval: 5) and hail
falling area (black dotted line, the numbers to the left of the red
dots are the maximum hail diameters at various location, unit: cm)
(the arcs a and b are 100 km distance circles of Weifang and

Qingdao radar stations, respectively)
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Weifang Radar
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Fig. 7 The hailstorm structure displayed by CAPPI radar reflectivity (a;—a4) and radial velocity (b;—by) at various
heights (1—11 km, interval 2 km) at 15:30 BT 16 August 2019 (The arrows point to the BWER center.
The white circle shows the area of mesoscale cyclone. The lines AB and CD in Fig. a; show locations

of the vertical cross sections in Fig. 8)
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Fig. 7 Continued

HA U] 0y A58 Wl IX g4, Horp 103 km s J& M5 9 kem 155 B 7 B9 9 2 IS R PR A% R S R A
%A 5 553 [0l 62 X 1) 2K 7 b g 7 1) O 10, X6 2 T T A B X T . 2 PR AR, 7, 9 km
SUA X5 5.7 km 5 BE 1A 555 0] 9 X 22 P 5 R = T BT BA B R AR =l



FEMFIGE: 2019 4F 8 J1 16 H LA TE IR — IR 7% D 5 B3 28 285 4 0 82 OB 1l 178 SO 43+ A 681

558 2 1R 2 R O

M 1—11 km 5 BE A% ] 3 B2 (& 7b,—b,) A UL,
A 555 L X H AR 6N AT 5 1] B S Y T X,
R BB S AT 7 KR A W AR R A A
Fi55 [0 DX PENAT IE BB KAEIX, LA 1. 5, 7 km
o R R B . A O | 07 R X ) A I 2R

W, RJZE (1, 3 km) 9568 5 B AU 2N e, )= (5,

7 km) Ry SRS A BER , =52 (90 11 km) R 4R
S e SBE 5% , 5 A LR B B rp A0 Y B D R AE
(A7, 2005) o

B84y & Wy &l 7a, % AB. CDZE B i
1505 30 3 TR T Rm s . AB H14k
FEARW AR ), W] R WA 1) SR AR L fR A CD K
HORYIm, v R B ER . I 8a AR T

A 1) ) T T D, R s ELAT RS Y A B 55 Il X — &
A [a] 7 — [l % 1% 25 4, [l B% 4 b, SEE 49 3 km,
MU AB 2k B 4% 1] 3 )3 300 1T (141 8b) 0] UL, A5 555
[l 3 DX %t o7 % B 1 O e WA 0, 78 TP 2 S5 I A
W RUE A, 3—6 km & B A ol 9 km DL LR iR
FEH K 8c WY CD L By i S 3 K ) 1, v
4 i B e LD AT TS D X 454, 5 km 1R B 55
M3 X ARV FE 20 5 km, BFALTEL 4 km, G = N
HAESE WEN ETHZ 8. W CD 4B A% 1)
T (& 8d) 7 2 A v T 30 A 7 TR JEE 1) 3 B 41 e
B0, B T i ) T ARE TR R 7.3 km, e K
PIAR TR ) 35%107 s7", Horprt o B JE A 545 55 [l
WX E A, 454 E 8 i vl i s th = iRk b 2 A7
TER B TERE B 8.

B8 8H 16 H 151 30 /358 7a, ' AB. CD LB RS F T (a. o) FIRMBHE (b, d) HIH

Fig. 8 Vertical cross sections of radar reflectivity (a, ¢) and radial velocity (b, ¢) along AB and CD (shown in Fig. 7a;)
at 15:30 BT 16 August 2019
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Fig. 9 Horizontal polarization reflectivity Zy (aj, the white circle is the mesocyclone, and the line AB shows location of the vertical

cross section in Fig. by, ¢; and d,), the cross section of Zy (b, the white line area represents Zy>60 dBz, "B" represents the BWER),

differential reflectivity Zpg (c;) and correlation coefficient CC (d,) observed by Qingdao radar at 0.5°elevation scan at
15:24 BT 16 August 2019; Fig. a,—d, are the same as Fig. a,—d, but for observations at 15: 30 BT (The mark A

and the number to its right in Fig. a, are the hail-falling point and the maximum hail diameter (unit: cm) based on survey)
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Fig. 10 Horizontal wind field and radar reflectivity (shaded) within hail clouds at the some levels (a. 2 km, b. 3 km, c. 4 km,
d. 6 km) at 15: 30 BT August 16 retrieved from Weifang and Qingdao dual Doppler radar (The white curves and circles

in Fig. a—c indicate the convergence line and the rotating airflow. Fig. d shows the "S" shaped horizontal circulation field.

The wind vector arrow and value in the lower right corner of each panel show the minimum and maximum wind speeds, unit: m/s)
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Fig. 11  Cross sections of radar reflectivity, vertical airflow (a, black thick dotted line is '0 line'), and radial velocity

(b, arrows indicate airflow direction) at 15: 30 BT August 16 observed by Weifang radar
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Fig. 12 The "0 line" structure and hailstorm growth track diagram at 15: 30 BT derived from observations of Weifang radar

(a, dotted circle indicates main updraft area, and the rising speed increases from outside to inside), VIL (b, white arrow

indicates the moving direction of high altitude anvil clouds)
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