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Abstract: Based on a persistent severe convective event that occurred in March 2023 over the hilly terrain in
the southeastern coastal regions of China, we comparatively analyze the surface spectral characteristics of
precipitation particles associated with isolated convective storms and squall-line convective systems by

using the S-band dual-polarization radar data and the observations of surface precipitation particle spectra. The
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results show that the isolated convective storms during the hailfall concentration area exhibit larger particle
sizes, more complex spectral structures, more pronounced fluctuations in total particle number concentra-
tion, and greater dispersion in the velocity and size spectra. All these features indicate that the internal ice-
phase processes are even more vigorous in this stage. In contrast, squall-line convection systems are
characterized by high-density hailstones, a relatively high concentration of small raindrops, and simpler
spectral structures. For the two convective types, the peaks in precipitation particle concentration both
appear near the high-reflectivity precipitation region following the concentrated hailfall stage, accompanied
by narrowing spectral width and reduction in large particles. Moreover, the precipitation process is further
divided into four distinct stages, each showing markedly different spectral characteristics. These findings
could enhance the understanding of the microphysical processes of isolated and squall-line hail clouds and
provide scientific support for short-time nowcasting and hail suppression operations.
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Fig. 1 Composite reflectivity factor of radar corresponding to the hailfall time at
(a) Shicheng Station at 16:07 BT 22, (b) Guangze Station at 22:31 BT 22, (¢) Shunchang Station
at 09:01 BT 23, and (d) Yongding Station at 07:11 BT 24 March 2023
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Fig. 2 Dual-polarization radar echo characteristics at 0. 5° elevation corresponding to the hailfall time at
(a—d) Shicheng Station at 16:09 BT 22, (e—h) Guangze Station at 22.:31 BT 22,
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Fig. 3 Time evolution of microphysical parameters of precipitation particle spectra during the hail processes at
(a) Shicheng Station from 16.:07 BT to 16:32 BT 22, (b) Guangze Station from 22:29 BT to 22.:43 BT 22,
(¢) Shunchang Station from 08.55 BT to 09:20 BT 23, and
(d) Yongding Station from 07:06 BT to 07:35 BT 24 March 2023
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Fig. 4 Average spectra of precipitation particle size in the (a) forward flank of the cloud system,

(b) concentrated hailfall region, (c¢) high-reflectivity precipitation region, and (d) rear flank of

the cloud system at different stations from 22 to 24 March 2023
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Fig. 5

Average spectra of precipitation particle size at different stages during the hail processes at

(a) Shicheng Station from 16:07 BT to 16.:32 BT 22, (b) Guangze Station from 22.:29 BT to 22.43 BT 22,
(¢) Shunchang Station from 08:55 BT to 09:20 BT 23, and
(d) Yongding Station from 07:06 BT to 07:35 BT 24 March 2023
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Fig. 6 Particle velocity and size spectra in the forward flank of the convective system during the hail processes at
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(d) Yongding Station from 07:06 BT to 07:10 BT 24 March 2023

A EORE , PKERL - BRI AT R B UK 5 T
5T 3t 1 7K S 3l e L0 380 1 oACRRDASE - D LA s %85 B UK
B34 3 I HLORER 43 B /K RE - 55 46 v A T 2R BT
BEAI B2 Hp I B 10 V) A oty O 00 381 ) R 9 80k T A
A A 3 /0 o i) A TR AR S OIS B ) O 5
/b B b T 3] 1) K R RLJE 5 H Al 3l B TRt
T BT I A e 2D 0 I 3R A T R OKE TR IR K
R HIE #E K 1T ¥ K (Heymsfield et al, 19805
Zakinyan, 2008 ; Kaltenboeck and Ryzhkov,2013),

Sl B | VAR 2R N1 S DO e R 1 1 )
AU 3 22 e KRR Ry 0 R K IS BRI
AR S/ & € AT E L) s Wl R )

7 B BURL T RO A L 3K 5 Li et al(2024)
WG I 38 X 5 2 U &5 1 i B4 22 777 8]k 173 1
A TP b R AR 53O0 U 25 2R O H T 0 R R ) A2
T R AKORE AR RORL ¥ (AR >5 mm) . /h-HkL
F(HZEN 1~5 mm) fi & KNI % 378 = 1 5 M &
i 3 SINTIRSES Coling i & w12/ P N e ]
Hh IR ST B A O 1 1) K R AR 2 K T R % AR
SRR Zog B e i AT AR 7~ 8 km, K EE [l 2k
4~6 km, A T Z T ML I 1Y Zor 4 B i LA 5~
6 km, K FEFEE 2 H 2~3 km, Ui B 987 SR N AFTE
Ham ) _E TS (Aregger et al, 2025; Klaus and
Krause,2024) ; A7 BAK (18 55 R A1 38 548 B8 o 0 8 B2



&7

SR R A < R T T 9 3t DX IR ST 55 R ko 3 I 2 AL DK 2 i TR AR KORE - 1 AR AR 843

V/(m - s)

V/(m - s)

D/mm

— W - - KEmEKE -

WA ND) AL A« m 3

B EIKE

D/mm

— BRI —— IE A IR

emm !,

B 7 20234F3 H(a)22 H 16:09—16:21 Akuh.(b)22 H 22.31—22.34 S5 uG .

()23 H 08:56—09:01 L & 3 » ()24 H 07:10—07 13 7K Ui VKB 3 745 vP W 5 DXk Tl 32 - R J3E 3%
Fig. 7 Particle velocity and size spectra in the concentrated hailfall region during the hail processes at
(a) Shicheng Station from 16:09 BT to 16:21 BT 22, (b) Guangze Station {from 22:31 BT to 22.34 BT 22,
(¢) Shunchang Station from 08:56 BT to 09:01 BT 23, and
(d) Yongding Station from 07:10 BT to 07:13 BT 24 March 2023

WA & (2928 7 km) , L2 h 4.5 km, 15 B
PRI KE R Tk R mEA KA R
FRIKE I L (Allen et al,2020), [& A}, J57
PR BLH B Oh B B H R 22 R K X G X 0 °C
JALLE Zy>50 dBz, Zpr<<0 dB, Kpp il ; #R3C5
2020) , T M 2 X6 i v DU 3 BLAS B R L 3 B S R A
Hh 78 R 1 3 ¥ K I R B B BB 8 i 2 pKCRT 170 P
A K F B K (Forcadell et al,2024), JRS7 iR H A
SR 2B J) S A R T o R R R A
R Ao 8 7 RN 38 R BR A hy B OR RS KR 9 A
BRI A A SR AL A B S . PRI 2 T R KORL
TG RHAE S ST B A 7 A 10 B KOREL 7 S B0k T 4R

RS XA AR R 3 RUBE % 22 08 445 44 1] d HL vk
AERL 28 7Y 22 B 1T I 2 Xof i Hh 6 90 A B 1) 15 K R
JE i 22 W A5 Ak e 55 HL VK AR R - 28 B B — , R B IS
PATRE A T E A KA R (Zawadzki et al,
2001;Yin et al,2021;Dong et al, 2024; Guo et al,
2024 ;Liu et al,2025),

4 % B
ASCHTF 2023 4F 3 H 22—24 HRAHFERE R

T T T 10 DX B M DX R P 28 DK 2 (IR ST B4R R
4 I ) B4 3t T A ARORE T R A S R i L 2



844 A

% 952 %

IR 53 BT P 28 VKR 25 45 A B B 1) Bl ) 3 R A
I 253

(D TEZ PRRT M S 52 ) 722 5% i, 91 ST B {4 1 g
2R 6F L 1R T3 3 26 B R B0 D 1 KOk T L RS
BT BB 2 B K T IR e 2% /b i KRS 1 B T e
48 YAt 00 347 Ry KR

(2) FE 55 R R IX 19 S0 378 R K A s RO i
5 T s IRSL B 7= A 1 VKBS RO K R % 3, 9IRS
BRSO B AR AR BB RS 2 0 5 R
L VKA 20 Z2 B, T e 25 % 370 v 26 B0 hy i) 494
R % 22 U 235 0 A 55 L DKCRE S A8 B — | BICST B IR
W Fof T P 13 A % o Bt

(3)Z )5 R4y Mo 4 rp 2 B2, PICST B A 0 G 2k
XoF it R KO - 300 B 1) WA {389 5 B o PR T 4 b R
L5 R K DX, ROBE 5 3 T W R, KORL - B
b K i W IR R 5 06 R LD IR AE X B B HL 5 R AR
R R W (R[] 2

1 A SO 9 I F R yGE gkl R b B
PRSL LA 2 5 30 P 28 vk = A B SR o B SR A —
SERRFE I BERS KRB KB = MY FRAE 22 5 (HLH 25
T 38 30 AT A E — 8 S B M A R 1 BIF 9 K B )
Tl g2 A G o BT B A S A e, i —
A B VK 2= I 3 BAL ] L 48 T VKR TR U
5 92 Yok < 1 it 42 Rk 2 A 4

&% ik

SR H F I ARIKIL, 2009, ) A UK I 25 20 A 5 KA UBEFHE 7
WrlI]. BRI E %], 18(4) :43-48.Cai Y Y. Wang H. Yu Y J.
2009. Spatiotemporal distribution and weather characteristics of
hail in Fujian Province[ J].J Nat Dis,18(4) :43-48(in Chinese).

W BK S W 5 15 v 35 8, 462, 2015, #2012, 4. 117 B 388 B8 8 4% o 1
FFAE AT )], A% . 41(1):25-33. Chen Q P, Chen Q C,Feng ]
Q. et al,2015. Analysis of two severe hail supercell storms on 11
April 2012[J 7. Meteor Mon,41(1) ;:25-33(in Chinese).

W A AR L AF 2022, T AL DU B8 1 RIS AR T ik T
A Y R )], PR G249, 38(6) £ 854-869. Chen Y, Kou
L L,Jiang Y F,et al,2022. Variational raindrop size distribution
retrieval from dual-polarimetric radar based on a new observa-
tion operator[ J]. ] Trop Meteor,38(6) :854-869(in Chinese).

FE R 2 o X I 3, JEAS 1R L 45, 2022, S0V B — UL A 5 0 I O FE 1 22
TR ARLT]. B % .41(2):174-183. Du M Y, Zhao X T,
Zhou L L, et al, 2022. Analysis of an early spring convective
weather event in southwest of Hubei Province based on multi-
source data[ J]. Torr Rain Dis,41(2):174-183(in Chinese).

T By W SO AT T L S, 2024, Bk U A P i R K e R R A T R
S RFAE B L) ] B AR 2 4. 35(5) : 577-589. Feng ] Q.

Pan J] W, He Q F,et al, 2024. Characteristics and evolution of
radar polarization during extremely persistent heavy rainfall[ J].
J Appl Meteor Sci,35(5) :577-589(in Chinese).

]38 35 5 BROC, SRR 5 55, 2022, [ 74 15 b X — YR A 7 e R 5 R 1) AL
I Bk 2 8 B Wi AORL Tl R E LT ], U4 ,48(7) :856-867. He Q F,
Lin W,Zhang S S, et al,2022. Dual polarization parameters and
precipitation particle spectrum characteristics of a spring hail
event in southwestern Fujian[J]. Meteor Mon, 48(7) : 856-867
(in Chinese).

SHL ORI, WL AF L2015, BN B TR — R LR A B 00 TR
FECT]. BE <% % . 26 (6): 725-734. Jin Q, Yuan Y, Ji L.
et al, 2015. Characteristics of raindrop size distribution of a
squall line case in summer in Chuzhou, Anhui Province[J]. J
Appl Meteor Sci,26(6),725-734(in Chinese).

AW AL 0, 45,2017, — VK KA B 9 £ 8 BORNIL I 43
Mri)]. K% .43(9):1084-1094. Li C, Jiang Y S, Jiang D, et al,
2017. Observation and analysis of a hailstorm event based on
multi-source datal J]. Meteor Mon, 43 (9):1084-1094 (in Chi-
nese).

ZERGHL, FVL L kG , 45, 2025, 36 T IR B 24 2T 1Y LR R Gk 508
A vk & RS []]. K 4. doi: 10. 7519/j. issn. 1000-0526.
2025.121001. Li H Q, Wang H J,Gu T F, et al, 2025. Deep
learning-based hail identification using fusion of satellite and
radar data[ J]. Meteor Mon. doi: 10. 7519/j. issn. 1000-0526.
2025.121001(in Chinese).

ARIC, AR5 2009, T BB B2 R = WK W9 i FRAE 0 #7 [0 ]. KR
FF2,29(1):97-101. Lin W, Niu S J,2009. Analysis of the char-
acteristics of raindrop size distribution for stratiform clouds pre-
cipitation in midsummer over Ningxia[J]. Sci Meteor Sin, 29
(1):97-101(in Chinese).

ARICMACIR - 22 1R L 58, 2016. BBl £ XU 78 09 A (7] 398 2 R 7K 3R
BB RRAELT]. B R G228 4R . 27(2) 1 239-248. Lin W, Lin C C, Li
B L,et al,2016. Rainfall intensity and raindrop spectrum for dif-
ferent parts in landing Typhoon Matmo[]J]. ] Appl Meteor Sci,
27(2):239-248(in Chinese).

MRSC BRI A B B 2R L AL 20200 AN [A) 5 BE SR XTI = &S B B i Ik
FE I AT, 2% . 46(1) :63-72. Lin W, Zhang S S, Luo C
R,et al, 2020. Observational analysis of different intensity se-
vere convective clouds by S-band dual-polarization radar[]].
Meteor Mon,46(1) :63-72(in Chinese).

XWEFT 7K BB, 2015, 75 1 15 1K 2 504 [ 25 5k B 1) 85 3% 43 A 4 AL
[J]. REFB2F# 4, 38(6) : 845-854. Liu X L, Shui X Q,2015.
The hail size distribution characteristics of two multi-cell hail
processes in Qinghai[ J]. Trans Atmos Sci, 38 (6):845-854 (in
Chinese).

AT B 1999. UK 0 A K Ze E R RIBI B 4 Hr LT .
RG2F.57(2) :217-225. Niu S ], Ma L, Zhai T,1999. Prelimi-
nary analysis of the hailstone spectra distribution and the rela-
tions between Ze and E[J]. Acta Meteor Sin,57(2) :217-225(in
Chinese).

RS BNG  BR N L 45 2020, 4] R L X R UK B R 2 R 1 JE R Y L



&7

SR R A < R T T 9 3t DX IR ST 55 R ko 3 I 2 AL DK 2 i TR AR KORE - 1 AR AR 845

IR ERAE A HT )], K4, 46(12) :1608-1620. Pan ] W, Wei M,
Guo L J,et al,2020. Analysis of dual-polarization characteristics
of a large hail supercell evolution in southern Fujian[J]. Meteor
Mon,46(12) :1608-1620(in Chinese).

E I 1987. HHETAMNA B E IR I 0 A TR L] K4, 13(8):3-7.
Wang Y Z,1987. The current status of hail suppression experi-
ment in the field[J]. Meteor Mon,13(8) :3-7(in Chinese).

TRANEL, AR 2%, XS4, 55, 2022, KB = DRI 5 B 3h 9
[J]. R B2#,46(1):98-110. Xu X H, Yu X, Liu G H,et al,
2022. Early identification and automatic warning of hail clouds
by satellite[ J]. Chin J Atmos Sci.46(1):98-110(in Chinese).

T IR IR LI L 5L 2021, YR = BRI E R BE STl R — Sk
EERRANLHERARTI RG] KRB #1105
141-148. Yang N,Su D B,Su L J,et al,2021. Research progress
of hail cloud observation technology—based on field campaigns
in Bayannur[J]. Adv Meteor Sci Technol, 11(5):141-148 (in
Chinese).

IR E B4y, 2018, PRPETE Jb — R B8 o A R T 3% 45 Ak 20 A7 LT .
ERAR4,37(6):1716-1724. Yue Z G, Liang G, 2018. Charac-
teristics of precipitation particles in a hailstorm process in Wei-
bei Area of Shaanxi Province[ J]. Plateau Meteor,37(6):1716-
1724 (in Chinese).

AROCHE R T E L5, 2025. T BN B IX — KR R R K E
0 IR I A5 AE [T ], R 4:.51(5):595-606. Yu W M., Chen Y
Y.,Ma G T,et al,2025. Radar observation characteristics of a
local outsize hail in Liupan Mountains. Ningxia [ J]. Meteor
Mon,51(5) :595-606(in Chinese).

Allen J T,Giammanco I M,Kumjian M R,et al,2020. Understanding
hail in the Earth system[]J]. Rev Geophys, 58 (1):e2019RG-
000665.

Aregger M ,Martius O ,Germann U ,et al, (2025-05-21). Differenti-
al reflectivity columns and hail;linking C-band radar-based esti-
mated column characteristics to crowdsourced hail observations
in Switzerland[ J/OL]. Quar ] Royal Meteor Soc, 151 (771):
€5003. https: // doi. org/10. 1002/qj. 5003.

Dong Y,Hua S F, Chen B J,et al,2024. Numerical simulation of a
pulse hailstorm in the plateau region in southwestern Chinal J].
Atmos Res,299:107218.

Forcadell V, Augros C,Caumont O, et al,2024. Severe-hail detection
with C-band dual-polarisation radars using convolutional neural
networks[ J]. Atmos Meas Tech,17(22) :6707-6734.

Friedrich K,Kalina E A,Masters F J,et al,2013. Drop-size distribu-
tions in thunderstorms measured by optical disdrometers during
VORTEX2[J]. Mon Wea Rev,141(4):1182-1203.

Gunn R, Kinzer G D, 1949. The terminal velocity of fall for water
droplets in stagnant air[J]. ] Atmos Sci, 6(4) ;243-248.

Guo X,Guo X L,Fu D H,2024. Synoptic,dynamical and microphysi-

cal properties for splitting and non-splitting hailstorms [ ] J.

Atmos Res,299:107203.

Heymsfield A J,Jameson A R,Frank H W,1980. Hail growth mech-
anisms in a Colorado storm: Part ][ ; hail formation processes
[JJ.J Atmos Sci,37(8):1779-1807.

Jia X, Liu Y.Ding D.et al,2019. Combining disdrometer, microscopic
photography,and cloud radar to study distributions of hydro-
meteor types, size and fall velocity[ J]. Atmos Res, 228; 176-
185.

Kaltenboeck R,Ryzhkov A,2013. Comparison of polarimetric signa-
tures of hail at S and C bands for different hail sizes[ J]. Atmos
Res.123:323-336.

Klaus V,Krause J, 2024, Investigating hailstorm updrafts and now-
casting hail size using a novel radar-based updraft detection[]].
Wea Forecasting,39(12) :1795-1815.

Knight C A, Heymsfield A J,1983. Measurement and Interpretation
of hailstone density and terminal velocity [J]. ] Atmos Sci,
40(1):1510-1516.

Kumjian M R,Ryzhkov A V,2008. Polarimetric signatures in super-
cell thunderstorms[ J]. J Appl Meteor Climatol, 47 (7); 1940-
1961.

Li HR,Yin J F, Kumjian M, 2024. Zpg backwards arc: evidence of
multi-directional size sorting in the storm producing 201. 9 mm
hourly rainfall[J]. Geophys Res Lett,51(10):e2024G1.109192.

Liu Q Q, Zhou A, Zhao K, et al, 2025. Microphysical evolution of
heavy rainfall during a bow echo event in South China: charac-
teristics and the mesovortex-related impacts[ J]. ] Geophys Res
Atmos,130(2) :e2024]JD041381.

Locatelli J] D, Hobbs P V,1974, Fall speeds and masses of solid pre-
cipitation particles[ J]. ] Geophys Res,79(15) :2185-2197.

Meng Z Y.,Yan D C,Zhang Y J,2013. General features of squall lines
in East Chinal J]. Mon Wea Rev,141(5) :1629-1647.

Rosenfeld D,2007. Cloud top microphysics as a tool for precipitation
measurements| M| // Levizzani V,Bauer P, Turk F J. Measuring
Precipitation From Space, Advances In Global Change Re-
search. Dordrecht: Springer:67-78.

Yin L,Ping F,Xu H B,et al,2021. Numerical simulation and the un-
derlying mechanism of a severe hail-producing convective system
in East China[J]. J Geophys Res Atmos., 126 (11):e2019]D-
032285.

Yuter S E, Kingsmill D E, Nance L. B, et al, 2006. Observations of
precipitation size and fall speed characteristics within coexisting
rain and wet snow[J]. ] Appl Meteor Climatol, 45(10);: 1450~
1464.

Zakinyan R G,2008. On the theory of hailstone growth[J]. Izv At-
mos Ocean Phys,44(2):207-212.

Zawadzki 1, Fabry F, Szyrmer W, 2001. Observations of supercooled
water and secondary ice generation by a vertically pointing

X-band Doppler radar[J]. Atmos Res,59/60:343-359.

(AR 3C 5 4 < ] VOO



