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Numerical simulation of the initation and discharge characteristics of
lightning under the double-layer uniform pocket charge model

LUO Linjie', TAN Yongbo!*, ZHENG Tianxue'?
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2 State Key Laboratory of Severe Weather, Chinese Academy of Meteorological Sciences, Beijing 100081, China

Abstract A large number of studies based on observation have proposed that the extension scale of
lightning channels is closely related to the charge distribution pattern, and these small and frequent
lightning in the strong convection area is likely to be formed in the pattern of charge pockets. In order to
verify that such cloud flashes can be formed under the background of pocket charge, and give the general
law of lightning initiation and discharge under this charge distribution pattern, in this study, the lightning
discharge parameterization scheme was coupled into the double-layer uniform pocket charge model, and a
large number of random simulation tests were carried out. The total dimension of the charge region was
fixed while changing the pairs of charge region in the simulation process to discuss the similarities and
differences of lightning initiation and discharge behavior under each charge background. Simulation results
indicate that (1) With the increase of charge pairs, the charge concentration and the total charge quantity
for lightning start-up both increase. (2) The axial ratio of each small charge region is the key factor
affecting the lightning initiation behavior. In addition, the spatial configuration relationship of multiple
pairs of charges and the runaway breakdown threshold, these two key factors also make the lightning
starting position and probability different in the horizontal and vertical directions in each case. (3) The
spatial characteristics of lightning are limited by the geometric characteristics of small charge region. (4)
Besides, the distribution of charge region significantly affects the development shape of lightning. Under
each charge background, the distribution range and concentration area of initial leader angle are different.
Compared with the previous charge structure(flat ellipse), when the vertical and horizontal radius of the

small charge region are equal, the variation range of initial leader angle is significantly increased, and the
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number of horizontal development cases is significantly increased.

Keywords Numerical simulation, Pocket lightning, Charge distribution pattern, Pockets charge, Initial

position, Flash Size
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TINRRAEAE R —FhaR 2B B IR, IR RS U 5 A AL e 3R] R R A 1 2
5R B R TN SRR, 9 AT N AT A 5 TE R S 1% R A A
KRR T EE SRR (F4n: Shao and Krehbiel, 1996; # /3 J1E45, 2003; Qie et al., 2009; Qiu et
al., 2009; Lu et al., 2009; Wu et al., 2015) o SXJ it X BN B BA JA S, ke, /K-FE
264% 15 (Calhoun et al., 2013; Zheng and MacGormanet, 2016; Zhang et al., 2017) 25| 7 AT 12 5%
. CABIREM, NIRRT R W IE SR At o, B s 55 RIS, R
P, FHRHE B S5 R 3R Z UIAH G (Sun et al., 2002; 8R\#E %%, 2003, 2007; Zheng et al., 2008; Zhou and
Guo, 2009) . ZZ5 EFH IR, ADIAE. RAEEM N (Zhang etal., 2017) , BT BT I HLAT
SER TN A, Hor XA AT Ao tH I VE 2 “ AR AT CAN[RI AR M F iy 52 I 5 428 RAFDGH VL ) A1 D
BEAMmL A A FT RE R A R “ AR BAT 7 B2 — (Mareev and Dementyeva, 2017) .

[t 25 2 DR AR IE 5 T 2 LT 445 44 2 1 56 AR IR TN, AT TR 04 DA FL SR 1 S 9 B
“II4SHL” BERE 2. Bruning and MacGorman (2013) 42 “ A4S HGT 7 MOMES, AhAi1f
SRR TR AT 2 A A R AR r A A A T A P TE 1R R 0 AR I R G SR 1 B/
FHLATVREE, Fi AR 2R AR R X KT RUBE R S YE R R AN Tk s 0 X 19 TR
FL, Z/TE KT ) b TR RN e AR (AR A, ELAE VS AT A 0 A AR T 7 A R S 4R A DA LYY
SR T B R OR R LR B CRE R A X AR, i & /) o BEJS, Calhoun etal. (2013)
S EG T G A BB 5 B TSR R A ATy, D E S R R 1 FL A 45 A A
{EW % 5% . Zheng and MacGormanet (2016) LAk A HL I 5 ARFEHEAT T VELNIPRTT, AR ATTAR s
Lemon and Doswell (1979) %5 Hi 11758 2 5L {4 A3 141 TH 56 A 45 g 1] e T ~F T S IR X 4k DA L 2 4
B IR EAIEEE . WSS EMZER, YONRTE X LT SE M RRER . KT E
T A A g, e ORI =4, THAE DR RIERTR, J5 45 Zor IR &5 XL 48
WA, WA TN . Zhang etal. (2017) #E—#5 Fbi T B TH0000 A BRI R Al X DA H R BE A
ACUR R TE IR B AR, 4A AN TR XA A B A o A A O U SE 2 T RE IR 3R (et A B
) o BbAh, HAT X AT TR I AT A6 S0 T R PE AT R E U . Zheng et al. (2018) Sttt [ 5



80

81

82

&3

84

&5

86

&7

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

FIIE BN FE XA R TR e S0 T ZHRIE, I ELAT 2 A7 10 2 I B AR T R R AR SR ) ) X G R 11
N B AR e S B TR /N . R TT M2 RE . 0 BE B0 R S5 A I R o R T LI O F 7 AR
H TR 2R 2 Y B E 7 X (¥ FLAR ARG T R TS LTI 0 A A 2K

EIRTEFTAR SRR DA LR AR AT RS AR A S LA R 5 S AR AT IR T, IR AN g
AR T % AT TS S T AC LA M I ERL A — S, E “ AR X — M R 2 S T E
D AT g I, BT O S W I 45 SRR 53 BT 2 DT RFAE 5 8 B AT A0 Al L IR R, 72
FE/INRUBE TR FRL R 2 HR AT 5 R R HE L AT 3 32 TR S TR R Bl AR A0 TR AR IE S5 H e 445 44 F R e 2 e
BRI Y X p] E DL W INE S, TR R 34 7E T mT RS RO h A — o B Ak AT —
Py R e R AR — LB R, DRI A 0 B R A L 1 AR UL X Lo i BEHEAT b SR M o A SRR
TREH O N g m R (KRG =N RS HUL 7 RA R XUZ 5] AR, 4R
DIIBLE AL B2 G A R I B, LEBCANT] LA 2A T 2K R (I B O AE S i, DUYIAE SORHAL X 4 K T
FEL ) A AR R HE AR AR A7 A 77 THI 48— S, A o v A7 225 0 (R AR
2 EANA

KRS NHTR S HE )7 R GEIRDE, 2006; Tan et al., 2006) , KEMF 7T &K B 1% B S50 )7
ZATLA AR BT RN, AR RN MR AT IR L, R LAl e R A B TS 1) 2 LR
fE (Tan et al., 2006, 2007, 2014, 2016, 2019; MHESE, 2018, EXIH5F, 2020; HRES, 2022) . R
{7 B2 AR A 110 A e HL KB R R R LA IR
2.1 WHEBEBESHLTE

RATE BN AR NI L4 b JUA TR BRI S3), BiAS 40k S5 % Mansell
etal. (2002) Hl Tanetal. (2006) .

A B P AR 40 R F W o 7 2 — B O AR B I /K B kL 7~ o b 2, ARHIT 9 Hh i 0 o 5 R ELEX 500
kV/im, ZE T WHLFE =%, [RBRETER B WN SR (Winn et al.,1974; Dye et al., 1988;
Marshall and Rust, 1991) ; — iy Bk 1 R6% o 57, #63% i 7~ Je 47 Y e AT 1 2 1 Marshall et al
(1995) &5 IR BE e BER AL IO BME A 2, AR 5 4 2 At 70 2 8 e % 2 S 1 33 PR DR) FRL R A T
B IEBT 7% (Symbalisty et al., 1998; Dwyer, 2003; Stolzenburg et al., 2007) . AHF7Ti% £
(¥ e AL b 36 o 7 77 246 DA L ) R AR B Eie 201

E,.(2) =%300(1.208exp(- z/8.4)) (1)
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HA, Ewi BN KV/m, z NEREE RO km) , (1.208exp(-z/8. )R = H I, 1EEALH
AUEMARREET, BB E B K A SR RRGIX K (Edens et al,, 2014) , filf
i AR T LB BN, TEAS Sy o, bty o M v (03 I o 363 I (RSD IR/
BB 1.5 kmx1.5 km, 4% B A &% m 0 37 5 Rl R 3 o 27 I AN DX 33ty s s MRAE — AN T
REMUALAR A (Gurevich et al., 1992; Solomon et al., 2001) .

25 HE AR SR FH 28 068 FRLART 1) 43 A T 20 DA B o 5 0 M1 v JEE Jet ok, 21 L A A P8 384 K ) U
Seg b, TR [ B2 AL R B B L o 2F S AR IR0 AR £, FEIX LSRR AT AA b (T U Bl
FEATI T — AR . Oy T RAE AN [F] i 2 SR VR KT T b 30 1 5 Ak B — 5 B AL
M, AR A E BN LR AR 10 7 2, BRI BT 7E e B o 2R BRMEL I Lol ks, A2 5 DA e 0 R A8
K, ARWT (poyiZe, FRE—AGRE, ENTBREEA SR EEME, 8008 kvim) -

VF\(E. -E ) E. . E|>|E. .
p,(E) — { / Q( i Omzt )/ init )|E| |< 1|E'> init (2)
F= Zk Q(Ez -E,, )/Eim't ) 3)

NG, 1E. 5756 FE AR AR, A ST b DA B 0 2 498 0 {0t FH B v B2 326 D )
WE TN, ZEIE. LSRRI (Williams, 2006; Montanya et al., 2015; Qie et al., 2017;
Kostinskiy et al., 2018) , £ Syssoev etal. (2020) %o FAEAFERE R E, BEA R T HIF R
BEERRHON 0.8, TG EFSEFAERRTFI (RS) W AMIEREBIE (Eain ARG S 1%
FERAE, Eoie ARIES G SAERRRIE, SHALE08 kVim)

{EcritN 7 Eim‘t 5 EcritP =0.8F (4)

critN RSV\]
E  =2E,.E =08E RS/
o R IEIE IR, N HIEIE PR . AHIEIE AL PRS2 Mansell et al. (2002) IBE. 2
S SIEIE K B BRI IA S ek o S i S L B PR 2 TR P L e R R 248 B AN A% R R
S ILAERE, R &L,

22 BRAMGNRE

AT FC AR ORI CVAR HL e 70 A T 3R TN R 4 S FRCAT S RFAE s 225 2 A PR S [ v
FEM A EAT R A AT, AT b TR DX RV el DA S A T b R L X B (kX

7225 2004; Calhoun et al., 2013; Davies-Jones, 2015; Zheng and MacGorman, 2016; Zhang et al., 2017)
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VRN ST AR . AR/ 30 kmx20 km FIREIE,  Horh B X RNy 12 kmx6 km, (A F
JECEAL R A 8] 72 B3O8 10 mo BEEIISI AR SKARAIBUZ AT S5, 73 mlBEAT AT X 80y 1.
2+ 3. 4 BN, ARG T, A DS R DR FFANAR . AT FE I R A4 ) LR o 2 7 5% Ao
Mo 7 B 1 s

(@) 14 0.1 (b) 14} . 4

B FEREEREMRERE. (- A4 HBTECh 1. 20 3. 4 NI RBMoMm. KPS OS5 E L0 F By
X, RAARTEMX, RAREFELN0.1 nC/m® JFh, [HIEH 0.5 nC/m?,

Fig. 1 Schematic diagram of thunderstorm background charge. (a)-(d) give the distribution of background charge when the
pairs of charge regions are 1, 2, 3 and 4 respectively. Black solid lines are for positive charge and dashed lines are for

negative charge with contour values starting at 0.1 nC/m? with intervals of 0.5 nC/m?.

FHR WA B X R, MY s EAEE NS/ X R Ak E —2
JIN BT X ) EEL AT R P AE b b B R, FF e A AN B EGE I, R A . FEAT IR A i EL A
N1 N

p:poeX}{-4((x—x0)2/l;2 +(Z_Zo)2/’22)) ®)

Fort, po /N BEAF DX H O e K AR FE B nC/m®) AR AT DAFRAIE FL Ay X B A4 BT VA FE 17
x0 T 2o 970N B DX ARG fLARKR - T e 233909 /08 FELAES XKD KT AN B A2, BR300 ke 2 HEATIR
JEREPZE 0.1nC/m?, € BEAL Ay )y B AT X PRI 5 o ANIR] FLer 254 TR TN R BEADLIK) BAR 2800036 1 R .
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Table 1 Parameters of thunderstorm background charge configurations

IKT2EAR FHFIE AERAE AT YA EE pinie e BT FEE popinm

FA ff X0 4
(km) (k) (nC/m?) (nC/m®)
1 1.5 1.4 1.8
2 3 1.5 1.9 2.4
3 2 1.5 2.6 3.3
4 1.5 1.5 3.3 4.2

et T AT RO R I LA AR S R DX A R N BT DX res s po AN EC
SEE, HAARZ ML, BRItz A, R 1RGSR i 12K TR AT
S T W A2 DR FELER A6 2 AR IR Ay v de K BT IR P, S I B0l SR IR I VG AR AR AT, 1D R AL ik
TR EH KIS Emad CRALKV/mD 5 Fe LT E poprim F7E pinie I 2ERH _E, BL 0. InC/m? 20K
AN b FRTR BEAL,  EL A DS B 37 9 D 1.3 B 1605 IR FE) o o B K AT R EE
ARSI RO RURESESR,  IR4 tH AR HL R AR5 TN LS 3 DL R AR SR RFIE 2 B (56 &R O 1R IX
R ZARAR, FER— DA E 20 G R LR s F RO, FFIT R KR AR
W, MREORIES P i A B T IE B 4G BRI 5 SEPR TG DL Z AL K, PR B 13X A R e LT i
JZ o AEZ AR A HE A I AL A [F) A2 B AR 40 AT 1000 OB, DU AR R BB R BT
T 4000 TN HL RS o

3 ML RS ST

3.1 WHEERIES FRBEMEHKXR

IR B PR S AU HL ok T B AT ), B TR 2 AR B AT A AT, R AR . = AR
SRPER S 2 Fh 2 it s 2548, T AR R BB 1 ORI, 1 I DXL A DX R i 55 4 P AR
AR (Schuur et al., 1991; Stolzenburg et al., 1994, 1998; K 7E 545, 2008) . 4R LS TE 2 =
TS M LML SR Y it 22 S 2818 2, FE9RZL BT URMAESD T, M X ATIR . A, K
FE¥ T RER AR AL, A NA MBI R B N RE MRS BT RO Y 32 X
(Calhoun etal., 2014) , 3Zimift. WPIAE. RAGAEFLN, HIG EEURBASS MR, ForH#
HEHERRE S I £ 8 #E AT (Bruning and MacGorman, 2013; Zheng and MacGorman, 2016;
Mareev and Dementyeva, 2017; Zhang et al., 2017) o =% F£ (1) /]y B faf £04H B2 8] AR EE B 3T, FH G2 AR
(58t L oV DA B PR AT S 2, [ Bk o /) B [X 58 8 14 FEL AT 3 A T XA 3 IR L T DATE A
FAEE bR AT B LA E B G544 R DA FLS B T A BN AT URE AT RE LA A B
AR & s BRRAR, WP ASEAULAS B 11 TA] L S S RFALE 5 T 2 F A 45 ) 2 B 1) 6 R AT T 22 43 H
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Nipimit [ 8 1.4. 1.97 2.6+ 3.3nC/m?, FAS/NEAR X ] HLA 5 Oin 7370008 9.19%100, 6.36%10°,
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(2018,2019) FRMIFRI 5B /3 27 X I AL (1 LA 25 BEAR R, AELER T AT IXORUBE /DS, A ik FRLAF 2/ R 0L
MEA B

AR BN HAT T T I LR R BB, A S () LA 45 A E 5 B pinie Flpopiim ™ BT 1T L
S RIOALE, IR U I IR AR & P B IA RUS BRI KN e 24 LT IR BE M pinic B, TR LA AT
B AT U 240 I E 900 AR AT P S A FELAT 1) CPRIBE ) s 2 PRI BE 38 2 popuim B, 7S [ FEL 7T 485 44
I AT B ARG s A B KTy BT B XA HAE O 3 I, R KA AR AR
Tr B HR I T AT REFRIRC AR o, A RO — 01 & 4 W, D HLAE b0 KT AR A0 S AR b e 4 16 e 30 F)
FRKIGI,  F 2T 3 BLAR AR A P Ao (] P05 B s [ Re, AL v ey LB S L (] — [X 3
i, I RER.
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Fig. 2 Distribution of possible starting positions under popim. (2)-(d) indicate the case when the pairs of charge regions are 1,
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2, 3 and 4 respectively. Black solid lines are for positive charge and dashed lines are for negative charge with contour values
starting at 0.1 nC/m? with intervals of 0.5 nC/m?. The shadow represents the positions of all possible starting points, and the
legend represents the initial probability p; of each possible starting point.
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3 NN B AT RE R AL B R AL A ], AT, 2 XA R A O 2 I, AR I R R
N HALIR R EL T R, N R IX AR e B AR KK A R g e, Ho TR A B R E
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Fig. 3 Distribution of possible starting positions and potential under popiim. (a,b) indicate the case when the pairs of charge

regions are 3 and 4 respectively, black solid lines are for positive potential and dashed lines are for negative potential with

contour values starting at £10 MV with intervals of 30 MV/m. The shadow represents the positions of all possible starting

points, and the legend represents the initial probability p; of each possible starting point.
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A H ETFXFR, p BT A F 7 5 R i BE (AR AR, R — DX, A A AL A
PRI S8R P B U B 5360k, AT 1) Fl b i PR o R T RS s B 1R, L 0 R M1 v 32 A A e 2
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L8 L BTA, [ ELA S AL T DA R R REAT A 5 AL B RN R SRR TE KT, E T LI ER
72 HLART X [ B AR AE AN 8 o 2 BB P SRR R 45 SR . 388 S R dme R 1 — VD DN L PR AR 4 2
FAE BB % A DX PCoyf 2R I DA RS 46 i FE (PR AL CApinie FF AR BA 0.1nC/m? g B KAT J5 388 10
) K 4R FTUES], FHEAERT, WS SESA ek, B R E RS
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PR LI P M pinie BT 52 PR 25 AV B DR R ARG I, T L S AR 1A P HE B S AL 11 FL A B8 P K T K
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Fig. 4 Variation of lightning initial height with central charge concentration. (a)-(d) indicate the case when the pairs of charge
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Fig. 5 Lightning channels and charge distribution. The specific values of charge refer to the case when the pairs of of charge
regions are 4 in Table 1. The black diamonds represent the initiation points of flashes, the solid red lines represent positive

leaders, and the solid blue lines represent negative leaders. The details are same as those in Fig.2.
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Fig. 6 Statistical diagram of characteristic parameters of lightning discharge under different charge structures. (a) Initial lead
angle(finit); (b) Flash size. The specific values of the concentration of positive and negative charge center under each charge
structure refer to popim in Table 1. In (a,b) the lines from bottom to top represent the lower limits, the first quartile, the

median, the third quartile and the upper limits respectively, and the red plus sign is the outlier.
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Fig. 7 The probability and cumulative distributions of the initial lead angle. (a)-(d) indicate the case when the pairs of charge
regions are 1, 2, 3 and 4 respectively. The blue line is the probability density function curve and the red line is the cumulative
distribution function curve. The specific values of the concentration of positive and negative charge center under each charge

structure refer to poptim in Table 1.
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