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Numerical Simulation Study on Effects of Different Nucleation

Parameterizations on Electrification in Thunderstorms

SHI Zheng*® CHEN Haochen' FAN Yanfeng? QU Kaiyue! CUI Xuedong® CHEN
Jiahao'
1 Emergency Management College, Nanjing University of Information Science and Technology, Nanjing 210044
2 KeyLaboratory of Lightning, China Meteorological Administration, Beijing 100081

3 Zhejiang Meteorological Safety Technology Center, Hangzhou 310008

Abstract: In recent years, the interaction between aerosols and thunderstorm electrification had
emerged as a focal point in academic research. Homogeneous nucleation of soluble aerosol
droplets and heterogeneous nucleation of ice nuclei represent two primary mechanisms for ice
crystal formation. The size and concentration of ice crystals in thunderstorms significantly
influenced charge generation and distribution, which are critical factors in lightning occurrence.
This study employed a three-dimensional thunderstorm model to investigate the impact of three
distinct ice nucleation processes on lightning discharge characteristics, focused on a weak
mountain thunderstorm case study. The results demonstrated that homogeneous nucleation
generated a substantial number of ice crystals in the low-temperature region at the cloud top,
resulting in prolonged discharge duration within the thunderstorm. The charge structure was
predominantly dipolar, with a lower frequency of lightning, primarily consisting of cloud flashes
originating from higher altitudes. In contrast, heterogeneous nucleation formed ice crystals in
high-temperature regions, leading to an earlier charging process in thunderstorms. Ice crystals in
these regions readily met charge reversal conditions, significantly increasing the negative
non-inductive charging rate and favoring the formation of tripolar charge structures. Under these
conditions, lightning occurred earlier and initiated from relatively lower altitudes, with
heterogeneous nucleation facilitating lightning occurrence. When both homogeneous and
heterogeneous nucleation processes occurred simultaneously, the thunderstorm charging process
intensifies, resulting in a high lightning frequency. Furthermore, both nucleation processes
advanced the initial lightning occurrence time and expanded the height range of the initial
lightning trigger points. The tripolar charge structure promoted the occurrence of a substantial
number of negative cloud-to-ground flashes.

Keywords: nucleation processes; homogeneous nucleation; heterogeneous nucleation; lightning

frequency; numerical simulation
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SERE = F BKRMHEREER — B R AR O # e —, . i
R AR N B s 8l - B R e —, HERERPR RN S22 EW. AES
VS TR P 1) O A2 A D DK S SRR A2 DK WL T SR P b RV 17 7 28 2= UK R )
FRURFE RS FLAT 17 A2 Sy R — e e, 2 BN R AR B 3L —.

AT IR VR 1R TR B R A B AE R UK AZ A B R 58 ) S B AZALG » 2 2= oK ok
TE R ) B RV (Pruppacher and Klett, 1997; Koop et al, 2000; Liu and Penner, 2005; DeMott
etal, 20100, RKit, AFERZACERE AT EiEN SR oK AL TR IE RS R R R . T H Al
X B S AR T B LU R, AT E B T R AT UK i R B R =
ERESZMR RORIE S, T B 32 B R A TP AR I8 R SOKAZ N BR 23 0 B SR R A I
Skl e el b, Bl T (20160 FT 4R S MBI A S, WA FE IR
IR FER AR RN S F I AR REAT TR, BADEE IR R BEAE VAR T ORI &,
UK R 5 TR B BOR BE AR 7 N, RIAGHES RIS RIS AT, 2 A R a5 B K/ N
JRIEZFAE (2010) B TAEAFIAT I SLG6 I AVRF IS , W2 AR BT TR ABEF, K
[F] —FE SR AEAS RN BE T B A RE R I B2 22 . FERIRIX ] (IKT-16°C), K& HITE A
fe—MREIE R, H A O IR RS R S AL SRE R AL LT, FER IR B XA CA
IKT-12°C), VKA RN 2 migd R 35, X Az A 58 ANZAL L] .
BREES (202D T YR ZR B, TIA T RKE R PURZAL T 5, s T AR R
JRAZA IS RN T B O RR A S o 45 SRR IR IERZ A UK Sh A ) d R AL IS AR
B BRI UK B 2 s WIBES /K & &, MBS RE, SEER TS /KEAR, R
BRI AR A AR RN R FL S s A% A A BRI i e b, O B B = PR E 3~5 km 4b
VK i TTk, R BohL T ROK R R, SEOZT R NI I R R S DIRZAL T B
SRR H UK, AR TR B AUE 2R, RIS B3k &K E, (LR X AR
R AR K . IIESE (2023) BFFT 1 KKK BEAR AN T 2 =3 70 ) BE a5 1]
LT S5 A B RENA o 45 SRR KAUKERIR BEARTHA A T R B A G 5, UK 7E il XK
ARG M E BZ A RN, K SRR S R RIS, SRR DX Hh kL 2 B AR iy
i X R RURE BRAIG o AN R R A UKAZ MR 2 T 1) B 2 22 7% () LA S5 R 7E 7 2 2 R AT 1) S IR
ORI AT S5 o (R F s TEARY), BEA UKL IR BERG N, % A) v ey 45 4 el = R PR AR O
SR VUM A o 75T 5 2 T R B R AT 4 i 25 S DDA AR Ik R T Sy, LS DR AR P2 A 3 o
i 5 FEAE BT I/ o

BEAh, Bz R AR 2 MOBLH R B R T8 RIS AR AL . e FIF S
(2020 14 [l 2 A B M 00 19 2% 2 (AL 1 2 e DA RS 57 0t 6o 2 R v 0 5 3 X1 7 e R 2B I
HR BT T Goit b TKPESESSE (2021) 158 FY-4 [N FLRASAL, A RO R T xF
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ARG KRR RHE . Btiiss (2022) ERFF RS T VLF/ILF =4EN Bl sdE . S ik
B T 3 WL LA B 3 T ORI B2k, 387 M AE VKL = IS By, = ISR ik Bl de s, 17
TEH R B B WA KA o DK 8 1) S BBl I 25 SR LA B B 2R 7 A48 7 T 2 2o TN LR B ARRAIE
57 (] AT S5 B DA DG o Bl SR H AR 4R TE 210U, Takeuti et al (1978) il Brook
etal (1982) KILIEHINARA NS, 75 iy 45035 iKY . Carey and Rutledge (1998) &
P2 JE 0 3t LA 6 DK P 7 P Ay M R T LE R DR PR T2 B TRTOK S 25 2 BT LA RB A% A K &= 1 1
HuIA, TR = R IR AT A 0% (R X, 2006); X FHHLINT S, JRHIKIE
FL 7 O U &N 9648 (Clarence and Malan, 2010; Williams, 1989; Tanetal, 2014a). JE#B
UIE G XS KIN, K28 5 7 B R = I (5 %, 20025 ZRF5+5, 2005: Tanetal,
2014a). A HL AR ST B DA He bt s ) e 52 T B s AR AE RS (Tanetal, 2012;
Tanetal, 2014b). 55z AN RIS R 0T b F i 2 00 2 1] LA 65 4 P2 A B BRI, T 2%
(1) EEL A 45 ) S5 T8 i A R R AR G DRI AS [ A A 1o A T RS o 28 A FELYR B AR AIE 7= A 7 5
M. {HHAT{A Gonaalves etal (2012) KT X IR URF 78 T 48 A 14 UK AR o2 o) o 28 2=
B MK RN LR AR R IR R, 15 T AR KAZ 2 (R 25 P K B IR R, AT
AN HIR I, SRR D o (H B S A T R AR A, HRIERH T
VEAH A S EL AR F R

25 FRTR, UK EZ A R R e L A AE R, (E AN RIS R A R R G R
MR AR D o BRI, ZEARATH T ARUK A% AL I FERE I B 2 = T R AR B R R, A 2
TEIRAHRL B 7 o ANBHF FAUTE R M B m = 4ERENLE . OB CEERl b, K A A% AL
5 7R SHA T RN, SRR EZ AT 200 2 2 BB RHE 5, A A
PR ARRE

1 BN LR A

AR SR ) 2 R F o [ G R2E 7 Be CBHL A AU 05 , 1987 E Bl 538,
1990; TIA4ESE, 2001) JFRMIAEAMESE . 7EdbIEat b, 1M (2006) X Mansell et al
(2002) $& H HBEHUBCE 280 75 AT T 80t 852 TR H B R BAUS R S8 T &
=T B s AR AR, AR AR SO TORE PRI P R4 iR AA, R A AR 1 P 1
BALR 8 0 . B UK T MK SR, BT 22 ANTRINASE AT 5 M2 A
&, HROKSAERRs e S ARG AR A L RS R OSSR T
SCH R R A ) £ B S B T BT RIEANA

1.1 K@U BFR

15 Rk, KT ERE. ORI AR B AR ) B 256 A SR TH R UK iz AL
TR A G VUK b A2 A BRI AT AT SR — b 5 IR B AN BEAH 5 (1) 96 2 2 (Fletcher 1962;
Cooper 1986; Meyersetal, 1992). &3 AXHAATHEITMERNS, (HiTAFZBIKIZEY

A A B RE, TRIERAE L B R TR RKAUKAZIREE . 0 A AR A AR 4L, 48
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T FHILE Rl B R DUE SRR K R B, G, (R RS
i B SE K A A AR 4y FL

ALFINT Koop and Murray (2016) IR BRZAC T 56, @0t 70 R T ST
B AEMIASAL, B2 AR L TR B AL R . 10 um (R0 7E-35°C IR BEIR 1 T 7% 2t $u)s
I A REVR S, T 41K 2 -38°C 5 R 45 (X 75 BRI 6], R 1H-38°C A s A Al B AZ AL BRIE. (Liu et
al, 2005). {HIREER AT RER, FRZAIHARUREA, BT TRERTE R E
BRI, R S5 HER 1 R R TR AR REEFFSEIT ) (Knopfetal, 2020). =
[F SR A P T B 5 T2 R B, 3o A YRR 17 [ R A3k B B T4 e i P2 T 5T e e
A, [ERF, A RZE, IKT-45°CHY, FTA B AL B e AR g, ALURTR S50 5 &
fE-32°C. BMESHMN T R IINIESE (2023).

AR AN T Diehl and Gridzun (2018) 2 Hi (KUK i 5 FRAZ AL T %8, ¥ 57 A% 7y
N RIAZFITTR A =R, SR G HI8 T SRS B AR, b B R 45
TAIE A8 TR I A RS U R RS R AR . T RERHE R T LR =51 (D 3
BRil AR TR SIS s (2) VKRS I A AE FLAE s (3) FEMVKAZ IS kL7 Ttk
Ao RIEVRA IR S AR AE IELL DG R o ARAEBENLIR B, AN IV U IR AR T U
SEAR A R T4 22 I 7 0 N 2 TR TR G, 8 TR, SRR R0 B i SRR
(0 JLER A 2 B8 o DURRAZ AN A5 DK TR VR FE 2 DA DG, DK I I VR0 R PR 384 n vl R i vk A%
WA SRR A T RV WA RS (2020).

12 BERESHUER

BAPLREHIE 7 ARR SR R AN E RS & (B S50k (Fah) fEIE R
PR AR ION L L Sk T %R GZ (Gardiner/ Ziegler) J7 % (Gardiner etal, 1985; Ziegler
etal, 1991; Shietal, 2015); /EMEHEEHER () MW EIRE )&, KR
HT Ziegleretal (1991) FIJTE.

AR SR I BE LI 2 B 77 S T 1R (2006) 7758 27 [A) H b7 {Ek 3 b ik o
ZF XA H A A (Pl e B AR A ) R 2 AR A S B P P 3y i B R B ) 7 e o R
(160 kv -m™) i A 5 3, JEIE R BELIE AR FE, SR T Mansell et al (2005) 4 H (#1777,
XA v B DN LB B D R R, B IRE 58 IE & B A B 2 —AN 5 4k R TE 2. HA
KA, BIE AT AL T B S N, TR ZU S SR AR . D 1SN B AR AL
M A TR AR L S = N S B, AERSE b BR 1 )5 SR B BCE N T 5 IR N T R R
Fen A HEE R, AT AR S5 RS A L e 2 R 70%.

1.3 #HEAEFM

FEX 2 BAE A, S8 R A 5 AR A B 50 A5 3 P b R R 2 o 28— el
THREERF Bz J3a T U SR RS RE , BONR 2 TR S R s 5 — RO
BRI . AFEFCRBUGH, JFEHIER B SR R R, R N2 —
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RAVIEMITIL o A5 SR Y o R T 2 AR R (A D0 51 R -

6=90+A9-c052(g[3) (1

/[
Qv = QUO + (st - Qv) cos? (Eﬁ) (2)
KRN, 0 VISR (e N 25 KD, A AL KB ALIE,
0. Wi, o 0. HH1E T RN R AL

v0 ABIURIRIELE) (2N 80%),

,8 l x_xc yyryc> l (2

b x, y AR B S ALE, (g, yo) 2 0AER, x,, v 0 2 RE) X
FEPANAARR T TR AR

1.4 WIgEHEAN

RICRA T — R R s RO R AR AME] (£ 727, 2012; Shietal, 2015;
2016; Tanetal, 2017). Z MRS EBIEE 1 P, KRS T NCEP 173 5%
o AUKBH T B IL S T 2, WIGR LR EE 208 12°C, WIghEE rURZEZ)N 8°C. 0°C
R4 T4 550 hPa [ . BERUEHK Jy 90 min, IFTEIEK N 250 9 TR TR SUKEE AR
KAV T ZEXT TR I R BRI R R, ARSCHEAT T S A USSR IR T A%
WS R A 8 A% A AR DA [F) 2% R R B A A S U A 2, 753 il 444 Ho A
. He ML K& Co ANl
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Figure 1 Initial conditions of the experimental cases
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2 A
RLLEH T =RABIH NG CBFEE. SHNRIS D SR, WERHITLLUEIL, Ho A
1 A TN LRV e /b, 35 41 IR MR 1 IR IEBIN . He MR N AR IR 2, R4 T
148 Rz INFI 10 UKHb A, A iEHLIA 6 IR, St 4 ¥k, Co MELRAEIN IR %, Fhit
185 Kz [N 107 IR FuthIA o
% 1 REMIRINER AR STUR

Table 1 Frequency of Lightning discharges in different cases

R Ho Mk He Mk Co Mk
TEHEIA 1 6 0
HIA
B A 0 4 107
=N 41 148 185

245 T AR T 58 DA AT BB IR 1] 22 14 o Ho AMB A 1 YR 2 T HE BIAAE 565 24 min,
M —UCHB A A IEHLIA, R AEAESE 25 mine = VS ENESS 28 min A S, HA& min R4
T 21K, HE— RN FAE BT AR S 52 min. He M Kz N B BLEESS 19 min, (R HLIE
NI 1] 5955 24 min, HIARESE T 46 IREIN, G —IKZ R4S 31 min.
WIEEN 2 T-55 22 min R4, % min INAERRZE T 6 YRIEHLIA, 3 YfHhN. Co AMalH,
ZITES 19 min BB, T4 28 Fl 27 min S BHCTE T 41 UM 42 KB . BEAN, MEE
22 min FEAEMLIN R G, 7EES 30 A1 35 min, LIRS IC NI, S RIAR] T 48 YR
58 K. JBIEXF LG AT R RN E G, He F1 Co AN IR BTGBl AR B IR AH B Ho AN ZE 5L,
DRt 5 R A% AK T RE AT BTN HL AR AT R A2« 7 Ho il He Ml , NI R AR B Em T
HuIN, WITE Co AMEIFR, I KON 2810, FLR AR M3 S Il Sk R W 24 A A% AL
5 5 FAZAL RIS AR, SR AR T

30 60 60 —~
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JE BN RIS, FERX R BT 6 IRIEHIAN . 1 RGN A EIE 72 IR = N . 10 IR
Wb DN S S AR AR SR 22~27 min PN, HAG i 1 EEAE 5-6 km; TIAESS 19~82 min WA A T
148 IRz, FLIR R mimi BEMILE 4~6 km 2 (8], Co ML A T 107 IR biA), JLah A mi i
IR AL T 7 km A1 4.5 km, B RIVEEDYES 22~35 min. de4h, Al hudidsk 1 185
KW, FEERTE 45~55 km B E, KA NE 20 min~36 min. & AM71H =M
(KPR (£ 4.5 km, 5.5 km Al 6.5 km &7 5L T 29 . 39 UAN 14 3N TH =
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Figure 3 Initiation points of Lightning in three scenarios
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Figure 4 Temporal variation of maximum ice crystal mixing ratio and maximum number concentration for
three scenarios
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HI A2 T e s ) B B 0 P A, 7 2 TR DN ROk AN UK b7l A3 5 RS P P47
Bo BI5 4 T =R S ARNES F R BN TR AR, XA T okt . AN AT LA
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1o A TR B AZ A AR R B PR /N RUBE UK i X 8/ NDK it 55 R 7 ARl 43 B R s AR SR R b it
FE. 1X55 Shietal (2024) FIREANAERRZ . HTHRIBFRIAEERARSE LAAEE
S VKR TAEAFIRAR 2 AF T Pl B AR PEAN R IR AR T IR 2 -15°C I, ki1
WG, UK AR IR . B KRR R T R, HzKEEKT 01gm®
I, REFff I DUAAE TR, T AR BBORE T IE R, TR SRRE T . BbAh, B
Bt PRI, mAKEERADE01gmP LIRS, R R A T S A, UKRTE
-15 T LUK IE L (18] 4b, 4c) . He AN 1E R S HL R [ i KB4 14.10 pC m® s,
A7 AR SRR R LR ) B KA1 9-108.16 pC mP s, Co MBI SIS 2R 5 He AMIIARDL: IE
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Figure 5 Temporal variation of the non-inductive charging rate in the three cases(unit: pC m?®s™)

ARSI ASE FH B = 4 R 2 W8 B 3 22 MoK Bk 5 A B AR I R kS R R A
AR, e e 2 [ LA 5 A X HRURE A A FH 3 o A SCABGRE TR R AT 58 3 S A i B
1 1 km ACEA AN BV, 20060 . 1K 6 25 1 6 28 25 A 45 1) R A 45 440 A AR A AE, X
1B SR LA B RO R

Ho Mol R ik bR R M B 4544, JF HLAFEEIN IRl IR s X AR A7 B 2 =AM o
i) (8 km ZiA7), JF HA I L DA r Ay B SR, 7 o e R A PR P J00 7 i DX R B
HF DS, R EA X RO T 5~8km ik (K 6a). XFILG AR THRERK
AT VE BN, RI4  JR i  R v X, A £ R R Rt v K e i R sAAL 7= AE 0K
AR I 2R I . PRI Ho M Hh A TN B A i e o A 7a s, TR B K
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