#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 14 (2025) 141201

ET RS HMpHSERES FiEitE
b % N RS B REA

K EARVIE o e VI

FAD A2

1) (AL TR EERL 5 TR 2B, HEEE  056038)
2) (MESEFEEMR PR E RSP SR AL EE I E /P ES LR R E AR E, b 100081)
3) (REUINE 2P 5 p R Bl 22 e, R 300387)
4) (IS GKERREA T, KE 030002)
(2025 4F 4 1 6 HYH; 2025 4E 5 A 1 HUEE M)

FIFR o B R R BOARIREL T W B AR — RN T il & I L 38 T8 45 88 IR 1 6. JE O e Wy vk i
T % fih 2 TN RE T G H R A B KA S B/ME 2 B 30.9 kA RN 25.6 kA, ISR 4R HE I 5 U A% i 4R A 1R
(modified transmission line with linear current decay, MTLL) X} B i #E47 T BE40L. 78 SE JEaml L SR F A 380A KR
2243751 (finite-difference time-domain, FDTD) F{L 5 2B BT 55 T A [F) #5825 4 (49 #3723 A0 R AE, FF % 58 m
b7 R AT T SR R B Ml A 1.3x 108 m/s B, SRR SRR ERESRER K, H
5 FDTD F ikl E H B 76— 80 #E—, SR FDTD Jrik  ABH 75 vk . Hofar- i 3 BR A Bk T 5%
T 58 m, 90 m, 1.6 km [ #3740 40 . 550808 L £ B : ANRITHE I 6 5 S8 (E7E 58 m 190 m &b — &

25 {B7E 1.6 km 55 & —3k.

LG A TRREIN, SIS, WA 257k, SR, HRE

PACS: 12.15.Mm, 94.30.Kq, 91.25.Mf
CSTR: 32037.14.aps.74.20250448

il

1 3

INHLS ST O OC. TA L L AL A £ H R
(oA 3 B IR B LT BE 2 ARG | R BRI TN
FEL F) R DK TRl 2 T 7 A ) 5 20 P O St 2 el
e 1 RGN Aia T, FF HINARMEA T 2 42
SE DU B, s, S e RO B RE D, [H]
BrAHE, SR A RN AR 22 B U N T

DOI: 10.7498/aps.74.20250448

N (INFR 9 N TR 1) 8 A i o Jm S 2
K, TS K RSB B 8] B Y 2 i R P91 3
ST T FLICHY A AR I BT DR, AR5 Al A TR
F8y LI AN AR FL A B T R TR L Bl B,

fih Az DA R ) LR AR S A B T TR St L DA F
TR AL . Pokharel 25 O JF & 1 [A] L RN S50 Y
WF5E. i A B e 1 L ZR S DR R FRLRE R B 703
Aii. JCRTFATIBESE 1 fi 2 DN EL A R 3 ME G 42
ISR G IR RO AR S PR fi 10,

* RS GRS SR E TGRS (ES: 2024KELL-B012, 2022LASWB21) FlLLITE4 S 45 14 L 2y $H i D] 6 000

W H (ki SXKZDDW20217103) % By Agifys.
b RS TR
t iBIE1EE . E-mail: shenxz@tjnu.edu.cn
i BIE1E#E. E-mail: zhanghuaming980@163.com

© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

141201-1


http://doi.org/10.7498/aps.74.20250448
https://cstr.cn/32037.14.aps.74.20250448
mailto:shenxz@tjnu.edu.cn
mailto:shenxz@tjnu.edu.cn
mailto:zhanghuaming980@163.com
mailto:zhanghuaming980@163.com
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025)

141201

finh & DR FEL ) S5 P 2 D) R R 5 1) L
4 1 #B Y. Rubenstein 45 M 7R T 76 B 25 fil & I
H, 500 m A1 30 m ABIAS A3 E 3 E . Schoene
A 02 Bl Y T I HEES 15 m A1 30 m A A HL 5 R
J L7 5 fioh T A S v A 42 i 2 TET ) B S
A sk HAREE B GY T Il r= AR i H 3 AR i 2
BV IER K, 150 R B AT S a8 Y

finh & A EL P i S F 9 A 2 A5 T 7E. Schoene
A0 T 15 m 130 m ALAYREIZIGAE. 3514510
F5H 18 m, 130 m 1 1.55 km ZbAY SSRGS | Bl
e MG 5 r I (R MG R W 1
WG FE A T — 7 FH AR TR AR T 2k B 4 A
() R 7 e 2R 8, FH 48000 B Fh L 7 A R 7K A
W, 2 58 A 1130 0] AV AR 0 A% Jes XoF A P 388 38
T T RESA R T T W, I T _BATINE G
AR I A SR SR S ok b rT A T 2 TR ARG ).
HE— A5 i, 3 HARER 5] -t %o ik 2 DA E R 2R DR EL )
ot ML RS ST TR AR

it ek A R 2243 )5 (FDTD) F w0 2 At
B i 0 HsF () R 223 T A — B O AT, 38 3 7 o)
(B A AL P AL i A, IATATAS s 3 434 (4. #h
FZ 05 ] B B H sk sl #, o2z oA =
WEAN RS, A BIS R 2 i 254
IH I 7R S 2 5 F G 4 AT A5 31 1 T IZ .
m, BpRE 151 FI ] FDTD J5 3434 7 AuNPs K
~t R R [B) B X J= 8 R 7 R Ol e M 1 52 .
Piltya %5 161 $RIF T By 3847 FR 22 707k 5 A FROT L)
BUH S AL. J3 b, BB R 22 43 7 A H
TFHREIIIU, A S5 5 TN L A A SRR B A4
Ji .

2 FEp SRR
2.1 SRiESHR

DA LIS 45 8 RS T A SEAC B 1) R
S ARG ARG, 2) AL TR T
i (LTE)M7. i, AT (7,) nTRAZR 17

I\ FE
ln <gj4) == _kTe + Ca (1)
Hef 1N, g, A, k, EFR CA50 R 1% 48 1+ X 88,
BRI K G | BT R IR G
FH R R ) B e T & BE ARG pRESCH . FR At

HH

O E R T NI NIWN A, A B4
J R 824,

HFE TR B % (n,) 7T LA Saha 2430
25

L 22mmkT) T (gA X
© h? IA ion gA atom

*(V + Eion - Eatom)
) | 2)

Horp, M T M p o nl o i — e R T4
T2 me, b, V, EF T, 53 537 1Y B
P R B RE L R EUR SHO U REAN A
TR

FEE AR n, M T, 5HF% (o) B U
9‘%[27]7 il%i—\‘j\j [28,29]

xexp{

e = gt g2
e 2mekTe | 20 ¢22
-1
Q0 PO 02
% g0 g1 g2 7 (3)
20 @2l 2
Horfr g B 38 18 L -9 B L R 2% B R A i

By
NEBHLY) () SIEEHIR (1) ZEAICER N B0
1= *rtEimarf, (4
Horp o, Ul E AR, BCE SEBR YT 6
ZER 0L B WA RTE F R R BUE, & W N
10° V/m £ 47 12

~—

2.2 BHEBERES (FDTD) ik

WA R 224375 (FDTD) 22 e i35 i
AR B

VXH:a—DJrJ,

ot (5)
VXE:—a—B—Jm,

ot

Hv E, D, H, B, J M J, 53R e 750 |
FEL T 5 B | R B L R R L U N
T LT B 45 o) [R) M A T B N FE DG 2R FR A
TARYLY: D=¢cE, B=uH, J=cEM J, =
onH , Hrt o Fll o, 5 52 L SR ARG 3.

FE B FE AL bR 2 SRR TM % 10 55 3032 v
W3 R 250 07 ] LIS plin Mgt B3

141201-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 14 (2025)

141201

n+1/2 [ - - n—1/2 [ - .
H7 / <'L+2;j+2>H7 / <Z+27j+2)

At [/ o1 1
+ MOAT |:Ez <l+173+2> _Ez <Zvj+2>:|

At [ (1. L1
- MOAZ |:Er <Z+27]+1> _Er (Z+2,]>:|7

1\ 2 — oAt 1
En+1 .o = En (. L
2 <Z"7+2) % + oAl (Z’]+2>
2Nt 11
e Hn+1/2 . - -
t et oA A 2 e trydty

2At 11
- = Hn+1/2 e
(2 + oAt Ar T2 Tydty )

(6b)

1 2% — oAt 1
ntl (-1 2\ L n.,
Eq <Z+2"7) 2t oAt (Z+2’]>

2At 11
b Y = 5 o VN (ST S M
(2c + oA Az ¥ ttydty

2At 11
_ 2t e (j L L
* (QEJFUAt)AzHW+1 i <Z g 2> - (60)
Wi Hy, R H & B, fiEm 5 B,
AT D3 i B AR ).

2.3 EBRREIEERR
DA FEL 3 T 11 56 HL U pREC T LS T Heidler PRI
15 B8 IR AN

2
i(0,t) = 101‘&@71‘//72—}—]’02 (eft/Ti’» _e*t/7'4) )
(t/m)" +1
(7)

TAMEARIR R Ry B

i(z,t) =u(t—z/v)P(2)i(0,t —z/v.), (8)
Hou (t — 2/v) # 78 Heaviside BRE. X t > z/v.
BF, ZPRECSE T 1, IR 0. P(2) MM T & 2
4 PR I R 0 PR . o 2 R F I T B, e o
Foon Pl AL R, /F MTLL(modified tran-
smission line with linear decay) iR, —FAHAE.
LAY TR A 32 B A0HE Bruce Al Golde 151 !
(BG)B, LA 2R AL (TL) B0, 2 A w5 B 2t v 0
TR AB AL AR (MTLL)BY, HAT & B e
L I B UL A AL (MTLE) B, A7 f i
Ji (TCS) BT, K& Diendorfer #1 Uman 5% (DU)BS.
FEZ AT T AR, FRAT X e f IR AT 1 X

[t Z55RFW]: MTLL i 4 DA i L R A4 99,

24 HIBHESHEHL (TL) B

finh 42 DR R 2 (] 7 A 9 R 37 T B R A L
(Era) B8 (oo ) TN ALY ( Eina ) 14810
[RIF, FL A AR 28R W] il 3 EL 24 B Al
fer i B, U G EIE S = Ex H . X
R WY 5 W Y BT AR AR T ), RIVAR i) 73
B, 2 U SR Y L RUR TR LR B

WAL L (TL) B, FR Y B S5 0E(E
HLL & Z Bl SC R A

v
Erad =

Smee®D " ©)
Horbiey, ¢, D, o 5P BUR A A A8 i kT
B S S [

25 WESHHEEBWRFHZE

fih 2 DR EEL ) 245 [V i 1 6 5 JE L 1 3 R i 5 1
WL FEIE X (<1 km), BN G G T 1A
FR SN IR PR A DR AR A, e R A R H i
B, g X5 £ 5. AR R, w0 R
Sy IT ARG Hy, | BIVSEES 1 IR 53],

A R AR IC S5 /N B A2 (A -1 R H
GRS IR, e —Fh T R B A AT TR L
Bl 10, YEE BTN HEE R D Ak, Hoegig T
L™

Iy /OH [D6i(t—R/C) +Di(t—R/C)}d27

He = cR? ot R3
(10)

7 4n
Hrpri(t — Rje) h TLAHL, R =+/22 + D2.

2.6 SLIERESIRAE

SEER AN AR B N T itk Kz DR R FRL 37 RN G S
U= PUS (-2 B 90N N W N AN L NG R
BRI AR, T A B K5 A o —
SE B AL Y R T ) R T LA A DGR
K 1(a) iR EIE; B 1(b) BR T RN
HL A SR A T 1(c) s 1 LT AN R 38 3 45 15
TS R S o i A 2 S T Ak
R DR REL P PR 22 2R A TR L P 0 14 L D 0 2
T2 A — 7 P ALk ) P 1% 2 DM o 1 SR LR
L. DS A AR TR AL G
A, PR SER AR AT L2 25 SE R T4 ),

141201-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol.

74, No. 14 (2025) 141201

(b)

k T hunderclou\\diw

Rocket ‘

Measured
mstrument(B)

%l
Eaies

Measured
1nstrument(E)

p.
b

Spectra
Ay Ag, oy A " o ...
TV u Gratlng . 6] Channel
\ o
V= . .—>o 11
NI <_O.——> Fe 11
O1 <—.

®—> N II

Camera
Rocket launcher

B 1

Channel of artificially

P ‘/ triggered lightning
N -
i B |
: —- j—1
P S oS L
—- j
VEr
Jj+1
0 i—1 i i+l

(a) il 2 DR FLI 12 R TR IR (b)) s K TR L B SIS A7 M5 () itk TN RSB TE R T () BUEDTHRERRE R, @ FoR T AR T4t b

Fig. 1. (a) Schematic diagram of triggering lightning measurement device; (b) the experimental site; (¢) schematic diagram of light-

ning channel; (d) numerical calculation model. ® : pointing vertically towards the paper.
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Fig. 2. The spectrum of a triggered lightning captured on
July 5th, 2022 in Guangdong, China: (a) Trigger lightning
channel and its diffraction spectra; (b) spectral analysis for

triggering lightning.
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from Ref.[9].
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Fig. 5. (a), (b) Comparison between FDTD simulated electric field and the experimental electric field; (c) E, distribution;

(d) electric field comparison. Exp. Cai 2021 quoted from Ref. [41].
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Fig. 6. (a), (b), (c) FDTD simulation of magnetic field, dipole method for calculating magnetic field, charge magnetic field, and
(d) experimental magnetic field. Exp. Cai 2020 cited from reference [2].
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Abstract

The channel plasma characteristics of an artificially triggered lightning in Guangdong, China, are analyzed
using slit-free spectroscopy technology. Based on spectral diagnostic methods, the maximum and minimum
values of the triggered lightning channel current are determined to be about 30.9 kA and 25.6 kA (minimum),
respectively, and the current is simulated using a modified transmission line model with linear current decay
(MTLL). To investigate the electric field distribution, the finite-difference time-domain (FDTD) method and
transmission line (TL) model are employed. At a distance of 58 m, assuming a return stroke velocity of 1.3 X
10® m/s, the TL-predicted radiation electric field deviates from experimental electric field, but is very close to
the FDTD-simulation of the vertical electric field. Moreover, the analyses of magnetic fields at 58 m, 90 m, and
1.6 km are compared using FDTD simulations, dipole approximation, and charge magnetic field limit (CMFL)
estimation. The discrepancies between calculated value and experimental values appear at 58 m and 90 m,
which may be due to the near-field interference and measurement limitation. However, they become small at

1.6 km. This work is helpful for the study of lightning electromagnetic field properties and spectral diagnosis.

Keywords: artificially triggered lightning, spectroscopic diagnostics, finite-difference time-domain (FDTD)

method, channel current, electromagnetic field
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