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Analysis of Formation Mechanism and Raindrop Size Distribution
Characteristics of a Severe Precipitation Supercell in Southern

Shandong
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Abstract: On the night of 12 July 2023, a rare extreme heavy rainfall event occurred near Feixian
County, Shandong Province, under the influence of a severe precipitation supercell. This study
comprehensively uses multi-source observational data and ERAS reanalysis data to investigate the
circulation background, coupling mechanism of upper- and lower-level jets, characteristics of
meso-small scale weather systems, and microphysical features of precipitation associated with this
extreme event. The results show that this precipitation was driven by the synergistic effect of
multi-scale systems. Favorable circulation patterns, environmental wind fields, and water vapor
transport provided large-scale background conditions for short-term heavy rainfall. The rapidly
developing southwest boundary layer jet (SW-BLJ) coupled with the synoptic-scale southwest
low-level jet (SW-LLJ) over southern Shandong enhanced upward motion in the middle and lower
troposphere. Convergence in the middle and lower troposphere, combined with upper-level
divergence in the northeastern divergent zone of the South Asian High, further strengthened
deep-layer upward motion. Under the combined influence of the double low-level jets, mesoscale
convective systems developed intensely, promoting the occurrence of heavy rainfall. Furthermore,
the event exhibited mixed characteristics of both tropical maritime and continental convective
types. At the initial stage of precipitation, there was a sharp increase in raindrop number
concentration and a significant enlargement of raindrop diameter. During the peak rainfall period
(21:00—22:00 BT), small particles with a mass-weighted mean diameter (D,,) <2 mm accounted
for nearly 85%, and the number of large raindrops increased with the intensification of rainfall
intensity. In terms of contribution to precipitation, although medium-sized particles (2—3 mm)
only accounted for 11.77%, they contributed the most to rainfall, reaching 32.74%. This was
followed by small particles (1—2 mm). Although particles with D,<1 mm were the most
numerous, accounting for 43.35%, their contribution to precipitation was less than 4%. The severe
precipitation supercell stage showed an "upscaling" feature. Particles in the 3-4 mm range,
although accounting for less than 6% in terms of frequency, contributed 30.04% of the total
precipitation, while particles with D, greater than 6 mm contributed 8.81% to the precipitation.
Key words: extreme rainfall, severe precipitation supercell, upper- and lower-level jets, raindrop
size distribution characteristics
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Fig.1 (a) Accumulated precipitation from 08:00 BT on 12 to 08:00 on 13 and (b) 10 min precipitation at the night
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on 12 at Shangzhuang Station in Feixian County in July 2023

1 202347 A 12 H 08 i 5 13 H 08 i} 11 7R 4432 i 5 K B /K i o e 2%
Table 1  Hourly maximum precipitation intensity from 08:00 BT 12 to 08:00 BT13
in Shandong Province in July 2023
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Fig.2 (a) 200 hPa geopotential height field (red contour, unit: dagpm), high altitude jet stream (full wind
speed > 30 m s, colored) and wind field (barb), (b) 500 hPa geopotential height field (red contour, unit: dagpm) ,
wind field (barb), 850 hPa specific humidity (colored) and (c) 850 hPa geopotential height field (red contour,
unit:dagpm), wind field (barb), low-level jet stream (total wind speed > 12 m = s, colored) at 08:00 BT 12 July
2023
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Fig.4  Height-time evolution of (a) relative humidity and (b) liquid water mixing ratio content at Shangzhuang
from 16:00 BT12 to 02:00 BT 13 July 2023
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Fig.8 (a) Reflectivity factor at 0.5 <elevation angle of Linyi Doppler radar at 21:16 12 July 2023, and (b)

reflectivity factor profile along the black solid line in Figure 8a
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Fig.11 Time series changes of raindrop spectrum characteristics in Feixian County from 19:00 BT to 23:00
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Fig.12 Distribution map of precipitation particle velocity (V) and raindrop diameter (D,,) observed by the
Feixian Raindrop Spectrum Observation Instrument from 21:00 to 22:00 on July 12, 2023. The black solid line is
the empirical formula for the final velocity of raindrops falling, and the black dashed line is the data quality control

line
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Table 2 Contribution rates and frequency ratios of particles with different diameters to precipitation

kT E 5 Eb/% B 7K DT R 26 1%
D,<1 43.35 3.78
1<Dy<2 41.17 23.48
2<Dy<3 11.77 32.74
3<Dp<4 2.95 23.11
4<Dp<5 0.63 10.77
5<Dpn<6 0.11 3.51
6<Dn<7 0.01 0.63
Dn>7 0.01 1.98
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Fig.13 Distribution of raindrop spectrum (left vertical axis, color scale) and minute precipitation intensity
(right vertical axis, solid line) at Feixian Station from 21:00 to 22:00 on July 12, 2023

BET 9 B E LA B AT (BB A: 21:01—21:02, F§5% 0.6 mm « min) . 33
B KR 2% R S T B B (BB B: 21:13—21:14, FI#R 3.2 mm « min™) A1 44 1] 35k J )
MR R Z KIS m (BrBE C: 21:44—21:45, M3 0.2 mm « min™) 3 MEFER B, £
P B AFRTER T KM BRI 22 5 (B 14) , SRR X IR FY R4 B 7K 11
DTHRZE I L. TERY B A, SRR IR R T RO A > (1519 A, BLEA/D
T 2mm /NN E, S EETA 88.08%. A /INIIE L 3 AL, (HEARE 2~3 mm X
(] FRRL T HI00 N PR PR B DTk B ok, (b ELIE 3 46.31%. 1bAh, LI SIHR /D 1) f oK RS I L
& (Dma) AN 3.7 mm (fRLFo XFHEL B, WoREEWGE, SOPERR A W RRL T 20 R
% 4699 AN, ML H BRI RIRAR T, iZM BN (BAR<1mm) SHEHCRRE, E|
KR & E BT Rl ELAR 1~2 mm BRI T 5 oK, 35 41.22%, T ELAE 3~4 mm IR T
i EE AL 6%, (HCYFRKE RO TTIRIEAR, & 30.04%. AXSI B A BARAE 2~3 mm [X
[ A RL 7% P /K B TR R, I T RL T AR RS “THRE” [RRE. [EfAERNZ, BR

15



>1 mm R B K B sTER A T 97%,  HLWIN B B AR >6 mm R KK T (Dipax 34 7.5
mm) , RFRRLT XS K TR A 8.81%. T L, Ll M AR AR TGRS AR R D R,
1 YA PEE /N R T oL SRl P RS KO R, TSR A, AT 2 BT B R R
FEWT B C, Wiy B it b 2 504 4, RAE T LE AR/ T 2 mm (kL1083 (A LE 90.08%),
{5 2~3 mm BRSO K B B TTREER (42.14%) , SBrBe B MHEL, W1
BHARRER “FERE” IR . CHrBmEKTRILEREE 6 mm KT,  Duye Jl/NE
3.2 mm. ZEE=ABOT I, WOGREUNS Bt NREOY T R SRS ORI, R R
%, RPN B 2 R, BB B MM EAREROR. W R) T, TR TAE R TR P
FSARe S 5 A 7K T R LA T /N U AT J o B K

50

a5 i s BSe EAC 4 A S8 EBc
40 & 10 ’
£ B § 35
L A
2 30 § § : 30 §
B s % § - a gzs b
4 L § . . .
§ 20 § % &z() §
15 § % B 15 § §
1o % § - e 10 § ) §
d B BB . B i
L M W o LN . s
01 (L2 (23 34 45 [56 [67) (7.8 01 1,2 [23) B4 K15 I56 [67) 7.8
HE (mm) HE (mm)
K14 202347 J3 12 H 20 9 Euf AL B A C IR (a) ANFESFEERR T HHAT (b)) Hox KRR 5T

Fig.14 (a) Proportion of particles with different average diameters and (b) their contribution rates to precipitation
at time A, B, and C at Feixian Station at 21:00 on July 12, 2023

6 &5t

ARSI T S ROM I ES A « PR H 22 i R AR AR O B i T R A
Y5 0L K ERAS FEAMTORL 90 T 2023 4 7 J 12 F 1l 2R B Bl X — s e Kk S £ RS,
o R RSP N R RGRTE 3D M K A BRE, S50 R
(17 A 12 HILZR Ak B K 2R R 2EF 500 hPa Ji i A AT . 200 hPa ¥ s e 7R 0 2k
EHRIX, B ARITIESE . TR KA ST o W B /K N B = J2 5
ML T AE (1 25 500 hPa, BEZ 2 SR8 R KIRAS/KIR & b A B fE o0 S Mo siR e /K R B
USRI EPS R

(2) WK FEH SW-BLI 5 SW-LLJ 7E LI AR F A XA &, U S AT R I e s 2R
B 53 X e S R TR A BAE A, TR O B3 5 48 S - O B, B i P
KB B F B R R T HE ) R 0, et 1N S B 9 o R AR RS A
TR PRERE L. DR AR E R RS Rl sm b K . M o ROEER & 2ok

16



AMRAE XA R AR R, PR AR b R It T R KRR R B RIMIC 5T O B = 7K
fiE
(3D AR i 7 P 7K P P R A1 2 S IR A IR S R i i = 2 kiR b, 54
JEAT BN, SRS KR TER G RE, SBITHEEEIE . KA, R %
TR SR SG N AE B Y B R G OR . MK EER AR B (21—22 1), R Dy<2 mm 11
INKLFAEECE B AL (B 85%) , (XK I SEbrpuiik E2oR | by KRR T,
Horf 1<<Dp<d mm HIRL 7 3L [ DTk 1 BB KE R 79.33%, 52 2~3 mm KAz IR 1 5
PPN 11.77%, HTTHR T 32.74% ) /K&, Oyl F PR ot iR, o 1~2
mm /MK, Dp<<d mm B RO IR ZE, & 43.35%, (H2TTERE AL 4%. FIHHIK
VRA AR AL R T B4R 58 0 SR IS 1) TR RHAE, WL BOKEE S BRI R, mikE
/N R S A I R R A O KR o SRR AR M B B, 3~4 mm KL EEEAS
A 6%, (HXFFERTTHIRAF K, 15 30.04%.

SE 0k

AN, EE R, WHERL, 5§, 2022, 2021 457.207 B S KPS E M H R R AURE RG], KR, 46(3): 725-744.
Bueh C L, Zhuge A R, Xie Z W, et al, 2022. Water vapor transportation features and key synoptic-scale systems of the “7.20”
rainstorm in Henan province in 2021[J]. Chin J Atmos Sci, 46(3): 725-744 (in Chinese).

PRI, RIS, 227, 55,2023, “23- 7R JURe K B A2 i SRS 4 AL RFAIE B 3 JI R0 S IR ). AR, 49(12): 1435-1450. Fu
J L, Quan W Q, Mai Z, et al, 2023. Preliminary study on the refined characteristics of rainfall intensity and dynamic and
thermodynamic conditions in the July 2023 severe torrential rain in North China[J]. Meteor Mon, 49(12): 1435-1450 (in Chinese).

R AR, WE, 2022, ZURBTRLT S VG R R R K B ORI BRAIELD]. R, 48(11): 1475-1476. Gao A C, Shen G H,
2022. Causes and precipitation microphysical characteristics of localized heavy rainstorm in Western Shandong based on
multi-source data[J]. Meteor Mon, 48(11): 1475-1486 (in Chinese).

SEBE T, R, BRI, 4%, 2023. il AR HIX — VR A v A N R R SR SR IR AR I R LR 2 T 9], R AREEE, 47(3):
786-804. Gong W D, Zhou Y S, Zhong S S, et al, 2023. Evolution process and mechanism analysis of the mesoscale system of an
extreme summer rainstorm in Shandong Province[J]. Chin J Atmos Sci, 47(3): 786-804 (in Chinese).

WA, IMRRR, AU, 58, 2017, <7207 HEALRR BRI AR G R R LB FL[3]. B4R, 75(5): 685-699. Lei L, Sun J S, He
N, et al, 2017. A study on the mechanism for the vortex system evolution and development during the torrential rain event in North
China on 20 July 2016[J]. Acta Meteor Sin, 75(5): 685-699 (in Chinese).

i, EBRFF, ZEEF, 2, 2023, KT R ORIRRAE I 5 MK A R S SR E XS ER[D]. BRI, 42(1): 1-12. Li S S, Wang X F, Li
G P, et al, 2023. Comparative analysis on characteristics of raindrop spectrum of short-term and persistent heavy rain[J]. Torr Rain

Disasters, 42(1): 1-12 (in Chinese).

17


http://d.old.wanfangdata.com.cn/Periodical/qxxb201705001

LA, 24, AR, 2023, XU SR <2170 m Al i 2% R ARSI [0]. RAURFE, 47(5): 1611-1625. Ma C J, Li Y, Xu B Q,
2023. Impact of double low-level jets on the extreme rainstorm in Henan Province in July 2021[J]. Chin J Atmos Sci, 47(5):
1611-1625 (in Chinese).

TSR, PRI, I A, 2023, ARGV — IR DX R KR W AR AR AE AR SR ALE] 2247 [J]. SR, 49(2): 201-212. Pu Y L, Lu X
S, Hu S, et al, 2023. Convective characteristics and development mechanisms of an extreme warm-sector rainfall in the coastal area
of South China[J]. Meteor Mon, 49(2): 201-212 (in Chinese).

FA3, 280, TR, 45, 2021, 2021 ST R <720 B B AOIRUKICRFIERLIN 3 #T[0]. KR, 45(6): 1366-1383. Ran
L K, Li SW, Zhou Y S, et al, 2021. Observational analysis of the dynamic, thermal, and water vapor characteristics of the “7.20”
extreme rainstorm event in Henan Province, 2021[J]. Chin J Atmos Sci, 45(6): 1366-1383 (in Chinese).

HENL R, 2R, 2020, R A OURR A S PORME — R KIS R MR H[I). R, 47(6): 737-745. Shen G H, Gao A
C, Li J, 2021. Application of raindrop spectrum and dual polarization radar data to a heavy rain process[J]. Meteor Mon, 47(6):
737-745 (in Chinese).

HETG, RS, BB, 45, 2022, HrAbe21-7 8w N IS FEAEAE KRR T [I]. AR, 48(5): 556-570. Su AF, Xi L, Lyu X N, et al,
2022. Analysis on characteristics and causes of the July 2021 extreme rainstorm in Northern Henan[J]. Meteor Mon, 48(5):
556-570(in Chinese).

EUEE, M, DEOTOR, 5, 2023. <7117l pa B AR o o R AR R OWARE AW 9] =R, 42(5): 1232-1246. Wang H X,
Miao A M, Qiu G Q, et al, 2023. Macro and micro characteristics of extreme heavy rainfall process in Jincheng of Shanxi Province
on 11 July 2021[J]. Plateau Meteor, 42(5): 1232-1246 (in Chinese).

TR, BRER, FES, 45, 2023, FBHI“7-20"K5 KB M R IAFE T[], MR, 42(5): 1247-1259. Wang J, Chen B J, Zhou S
L, et al, 2023. Analyzing the characteristics of raindrop size distributions of the “7-20” torrential rain in Zhengzhou on 20 July
2021[J]. Plateau Meteor, 42(5): 1247-1259 (in Chinese).

FR, EXF, T, &, 2020 WIFRACES— R ARG R AR T RFAEY]. SR 244K, 32(3): 370-384. Wang J, Wang W Q,
Wang H, et al, 2021. Hydrometeor particle characteristics during a late summer hailstorm in northern Shandongl[J]. J Appl Meteor
Sci, 32(3): 370-384 (in Chinese).

FR, WRIRT, R, £, 2016, — AL FER MR RFAERT T[], TR 5K, T4(3): 450-464. Wang J, Yao ZY, Hou S M, et al,
2016. Characteristics of the raindrop size distribution in a squall line measured by Thies optical disdrometers[J]. Acta Meteor Sin,
74(3): 450-464 (in Chinese).

FENEE, REFOL, IR, &, 2022, <217 B RER BRI KIS SURRHEZ AT, %, 48(5): 533-544. Wang X K, Cui C G,
Wang J Y, et al, 2022. Diagnostic analysis on water vapor and jet characteristics of the July 2021 severe torrential rain in Henan

Province[J]. Meteor Mon, 48(5): 533-544 (in Chinese).

‘}H;

I, Bt WS, &R, 2018, 5.7 MR TR RS R B i R BERHE BSUR 3T [0]. AR AR, 76(4): 511-524. Xu J, Bi B G,
Chen Y, et al, 2018. Mesoscale characteristics and mechanism analysis of the unexpected local torrential rain in Guangzhou on 7
May 2017[J]. Acta Meteor Sin, 76(4): 511-524 (in Chinese).

lk, M, XL, 45, 2023. TG K 1L O 5 B KGO AR MY SRR AE AR FE[3]. KASURL, 47(5): 1495-1509. Yang T, Yang L

18


https://www.cnki.com.cn/Article/CJFDTOTAL-QXXB201804002.htm

M, Liu F, et al, 2023. Raindrop size distribution characteristics of two short-term heavy precipitation processes in Western Tianshan,
China[J]. Chin J Atmos Sci, 47(5): 1495-1509 (in Chinese).

B/, BEFSHE, REAERE, %, 2006. IR FRFEIE S RMAM]. dbnt: K G HRRAE: 91-180. Yu X D, Yao X P, Xiong TN,
et al, 2006. Doppler Weather Radar Principle and Business Applications[M]. Beijing: China Meteorological Press: 91-180 (in
Chinese).

skom B, EREE, EBEST, 45, 2024, . RS SRR G X L AR FIRT T 6 MR I IS RIS W ST [0]. KRR, 48(2): 445-462.
Zhang D Y, Wang J C, Wang X F, et al, 2024. Diagnostic research on heavy rain growth in Shandong province influenced by landing
Typhoon Lekima due to the coupling of upper- and low-level jet streams[J]. Chin J Atmos Sci, 48(2): 445-462 (in Chinese).

KI5, I, FLW, 4%, 2022, 2018 4F 5 A 21 H DY G B RS R R RUBE BRI AT TR 22 24T [0]. 4, 48(6): 691-704.
Zhang F, Zhang F H, Kong Q, et al, 2022. Mesoscale mechanisms and forecast bias of the extreme rainstorm in Sichuan Basin on 21
May 2018[J]. Meteor Mon, 48(6): 691-704(in Chinese).

SRIEAN, BRIZSE, BRI, 45, 2022, B2 1L AR — R H SO VR 2 R A RUBERFE ). 4R, 48(7): 801-812. Zhang X R, Chen Y'Y,
Yao S S, et al, 2022. Mesoscale characteristics of a local severe convective rainstorm at the eastern foot of Helan Mountains[J].
Meteor Mon, 48(7): 801-812(in Chinese).

o, MM, A, 4, 2023, <217 ERER BRI R RGO EIFHED]. RAFY, 47(4): 1196-1216. Zhang Y C, Sun J
H, Fu S M, et al, 2023. Active characteristics of mesoscale systems during the heavy rainfall in Henan Province in July 2021[J]. Chin
J Atmos Sci, 47(4): 1196-1216 (in Chinese).

TR, WA, ZEARR, S8, 2022, 2021 SFEHRMI<T7-207 8% 5 2 1T R SRR A FO X T A E BRI A (D). SRR, 46(4):
1002-1016. Zhang Z, Qi Y C, Li D H, et al, 2022. Raindrop size distribution characteristics of the extreme rainstorm event in
Zhengzhou 20 July, 2021 and its impacts on radar quantitative precipitation estimation[J]. Chin J Atmos Sci, 46(4): 1002-1016 (in
Chinese).

IR, PhARKS, 2024, ZR LIHETEAT — VAL GO SR SRR I AT 0], AR5 4R, 82(2): 155-167. Zheng L N, Sun J S,
2024. Observational analysis of the topographic effect of Mount Tai on an extreme rainfall event occurring at the edge of the
subtropical high[J]. Acta Meteor Sin, 82(2): 155-167 (in Chinese).

KHZHR, 2000, KACEFRILATIEIMI. 3 . dbat: AR ML Zhu Q G, 2000. Principles and Methods of Synoptic Meteorology[M].
Beijing: China Meteorological Press (in Chinese).

Beard K V, Johnson D B, Baumgardner D, 1986. Aircraft observations of large raindrops in warm, shallow, convective clouds[J].
Geophys Res Lett, 13(10): 991-994.

Bringi V N, Chandrasekar V, Hubbert J, et al, 2003. Raindrop size distribution in different climatic regimes from disdrometer and
dual-polarized radar analysis[J]. J Atmos Sci, 60(2): 354-365.

Chen'Y, Zhai P M,2013. Persistent extreme precipitation events in China during 1951—2010[J]. Climate Res, 57(2): 143-155.

Du Y, Chen G X, 2019. Heavy rainfall associated with double low-level jets over Southern China. Part II: convection initiation[J]. Mon

Wea Rev, 147(2): 543-565.

19



Du Y, Shen Y A, Chen G X, 2022. Influence of coastal marine boundary layer jets on rainfall in South China[J]. Adv Atmos Sci,
39(5): 782-801.

Gan Y T, Li N N, Li J, 2019. Differences in the rainfall characteristics between Mount Tai and its surrounding areas[J]. J Meteor
Res, 33(5): 976-988.

Liu X, Yang M X, Wang H, et al, 2023. Moisture sources and atmospheric circulation associated with the record-breaking rainstorm over
Zhengzhou city in July 2021[J]. Nat Hazards, 116(1): 817-836.

Luo Y H, Du'Y, 2023. The roles of low-level jetsin  “21 «7” Henan extremely persistent heavy rainfall event[J]. Adv Atmos Sci, 40(3):
350-373.

Luo Y L, Gong Y, Zhang D L, 2014. Initiation and organizational modes of an extreme-rain-producing mesoscale convective system
along a Mei-Yu front in East China[J]. Mon Wea Rev, 142(1): 203—221.

Moller AR, Doswell Tl C A, Foster M P, et al, 1994. The operational recognition of supercell thunderstorm environments and storm
structures[J]. Wea Forecast, 9(3):327-347.

Schumacher R S, Johnson R H, 2000. Organization and environmental properties of extreme-rain-producing mesoscale convective
systems[J]. Mon Wea Rev, 133(4): 961-976.

Xia R D, Zhang D L, 2019. An observational analysis of three extreme rainfall episodes of 19—20 July 2016 along the Taihang
mountains in North China[J]. Mon Wea Rev, 147(11): 4199-4220.

Xu J, Li R M, Zhang Q H, et al, 2022. Extreme large-scale atmospheric circulation associated with the “21 +7” Henan flood[J]. Sci
China: Earth Sci, 65(10): 1847-1860.

Zhou XY, Bai Z J Yang Y H, et al, 2017. Linking trends in urban extreme rainfall to urban flooding in China[J]. Int J Climatol, 37(13):

4586-4593.

20


http://dx.doi.org/10.1175/1520-0434(1994)009%3c0327:TOROST%3e2.0.CO;2

