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Abstract In order to understand the propagating process of upward positive leader and related burst-type electromagnetic
pulses, in this paper we analyze three cases of downward propagation of positive leader channels obtained by SHATLE
(SHAndong Triggering Lightning Experiment) on August 23, 2014. The results show that the reversals in the polarity of
magnetic pulses observed in the stage of initial continuous current are related to the variation of projection direction of
positive leader head relative to the observation position. Thereby it can be inferred that the burst-type magnetic pulses are
emitted by small spatial scale discharge process of positive leader head. For the cases analyzed in this paper, the discharge
scale is about 2 m, and the maximum discharge intensity reaches 2.49 kA. The radiation mechanism for these magnetic
pulses is different to the radiation mechanism for the magnetic pulses generated by the initial pulse current in the channel
measured at the initial stage of rocket-triggered lightning, which may be related to the stepped propagation of positive
leader.

Keywords Artificially triggered lightning, Upward positive leader, Initial continuous current, Burst-type magnetic

pulses, Polarity reversal
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Fig. 1 Three cases of triggered lightning flashes during SHATLE (SHAndong Triggering Lightning Experiment) in the summer of 2014, in which the lightning

channel appeared to bend down at different heights
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Fig. 2 Measurements of the triggered lightning in case 1: (a) Comparison of current at the bottom of the channel and optical relative brightness; (b) magnetic

field signal at the subjective site
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Fig. 3 Combined observations of the upward positive leader in case 2: (a) Propagation trajectory of the upward positive leader shot by high-speed camera; (b)
propagation process diagram of the positive leader (black curve represents the trajectory of rocket traction wire off, B to E show the continuous glowing process
of positive leader channel, and 4 to E are several important time nodes of positive leader propagation); (c) superposition result of magnetic field data and

grayscale data. B to E display the burst-type magnetic field pulses, which are the focus of the present study
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Radiation source

Electromagnetic
H radiation

/ Launch site

K6 iR

z Dipole radiation model

Fig. 6 Schematic diagram of magnetic field radiation



13 HRFSE: NLIIHE BATIES AL IR IR b e e 7 I R P S R I (0 5 43
No. 1 ZHENG Tianxue et al. Observation and Analysis of Polarity Reversal for the Burst-type Magnetic Pulses during ... 131

R4 EXRSKBEBRMEEGESHR

Table 4 Parameter table of positive leader head discharge current estimation

B4k

SH WKk 5% I T E v i ¢ R d

0 B S sin(kR) sing sinf BEwmax

B 0.003m' 1.01X10°ms" 3X10°ms” 1146m 970m 610m 76.8°

4x107TmA™" —0292 09736 0.8464 —2216nT

K%, 2004; Thottappillil and Rakov, 2007). 1%
WIS dl /N TP UL AR 7 IR 2
MIPE RS R, HAE TSI As r REEAR AN, PRl n] A
ZEAR A 25w AR IR B 3 AR N R AL
HIZE, 193 P S R RAT Ky

|

I“O o ,—JkR
A, =—"2eMd], 1
0 4nR (D

b, wo NEZHESR, koS, Ho=ke, H
W o B HROGTH, v I AR R A R TS
ity B30, 18 P U B, KGR AT
Apo RIEEFFE] P i AL RN 5% o 25 FR R IR
L, P RiAbSERR PRGN 8L Bpo, A
et sin(@)1,d/ e _
2nR
A (2) BB TIC d2'7E P UG
R, AN Bl IR 2 1E 56 T Sk A/ 4% ] JUBE 17
JCREBRSE, /N R TBORAE P oS A IR S 3 TR
NI IR SRS AL, 2 dlEas N, TR
KA, H I HESR Y, OB R L /N4
S, FURIERE v ROWINEE 25, DRk 2 rL AR
Wiz, 1535
B&):jp%Lshwﬁﬂﬁmeﬁm.
AR
B E S 3 e R e R A S R R Bk e A
1E5%9%,  HLSCH i 3 50 2 25 78 )y 1) g 2k Pl
AT, PRI S Brdm st (PRGN 5 5 Bp, EAT
Ji s, Wik 6 frox, TR E] Bew:

gLy, sin(@)sin(P) _ iz
Boy =J R e , 4
FRAE L0 A (104 Y 5 2 Bew S HE HH 56 3k
LN OB T H FL R D SR Do
. c-RB.y
1 uv, sin(@)sin(g)sin(kR)
A (5) FTLAAFBNBCRSREE Tne, SBOR R
TR, XS SRR AR A 1
THEAG 3 56 T Sk AN ROBE TR 0 85 KB A

B 2

(3)

(5)

2.49 kA, IXF1 Wangetal. (1999) 153 [k HL I
PRVEAE R — RS, BEWTZ T V20 Sk AN R T
HL R A B AT — 2 S50 .
4 B

H 2013 45 2] AT R 26 40 1L AR A0
T | S w4 T 4 S B IR R X
Wisplikim2 J5 (Luetal., 2014), 2014~2016 {F&
F N T 51T SE 6 2 00 I 380 45 e R 3 ik i B
%o AR 2014 4E 8 A 23 HERMK—IXK AL
IR (M) 2) TR TGS, fEIE%
SIS R R AR T 2 380 IR ikt
b e B TR AE Ky 33 s, ke ) R R £ 2 ) R
JEL 5 m, IESES RN 4y 6.50 X
10" # 1.31X10°m s ', “PHHEEL L 1.74X 10°
ms ', HBEE R L Tr, IE GGk i e i
Ko 1EFE TR RE thm 565 1 B ke QR Ik o &
T Sk 350 PR /0 2 ) ROBSE T8 Pl LA P A YD, S P R
290 2 m, JEOHBRE O EIA S 2.49 KA. %465
HUHI 5 1E 56 5 46 A I B T8 A 470 46 ik o B 90 1
SERUHIARE X, AT e 1E56 3 BT Uk EAH
Ko

ARG Ay AR B o N T ISk
Ji 3ok P e A 3 Wk b AR SR 5 T S B
fifeRe,  ELOF P AR i o k3 i PR IS ROBE T
LU SR IR 45 T AR AR (BES S 53k
T 5 TS A P (192 58 e 1) P TR, RS
TP AT LE R/ (Gao etal., 2014), X4y
SECRI AL S 4 R SE B E DR K . X T IR T
IR R BN 2 SRR, VP2 I e AN RE
fiERE, Ll R SR ikt 5 52 B AR A 4
KT RS R, IS SR ARG
Je 3 PR EMN T RIS . Rtz S &
1 EAT e SR A AP AR R A ik I %, 1
I S UR R W B AR R Tk b g 3 2 At B P
NSRS, XU ERATT B . Xt



X A B % 42 3%

132 Chinese Journal of Atmospheric Sciences

Vol. 42

IKLEIRAF AR L, B T ZEARELTT REAOC I SE 56
A, R HE TS BT ST AR, BN
AR FR A I EAT G iR, PR A B A 45
BRI PG ATRE L W AR

BUST  RRENLRAMN TGS S B LR BE 45 A B AT R T AR
N GER RGN L5 | 520k — R A AR AR ) S s Sl b R
FHER B S R BT 0 B RS B TR LU P
SRPETT B A B LR A S MBS i Ak A 5

St (References)

Biagi C J, Jordan D M, Uman M A, et al. 2009. High-speed video
observations of rocket-and-wire initiated lightning [J]. Geophys. Res.
Lett., 36 (15), doi:10.1029/2009GL038525.

Biagi C J, Uman M A, Hill J D, et al. 2011. Observations of the initial,
upward-propagating, positive leader steps in a rocket-and-wire triggered
lightning discharge [J]. Geophys. Res. Lett,, 38 (24), doi:10.1029/
2011GL049944.

BREAZR, Tk LZ, Bbas, S 2009, # AU S LR I bt N T3]
IR AT (] B ERAHL LR AR, 29 (): 113-119. Chen
Shaodong, Zhang Yijun, Yang Shaojie, et al. 2009. Characteristics of
analysis of two negative artificially triggered lightning discharges with
only continuous current [J]. Proc. CSEE (in Chinese), 29 (1): 113119,
doi:10.13334/j. 0258-8013.pcsee.2009.01.013.

Diendorfer G, Mair M, Schulz W. 2002. Detailed brightness versus lightning
current amplitude correlation of flashes to the Gaisberg tower [C]//26th
International Conference on Lighting Protection. Cracow, Poland: ICLP,
8-13.

BEHaWE, B, kg, 45 2016, A Tfi DA L 5256 Th R A A v ke
SRR O SR D] R R EOR, 42 (2): 987-993. Fan
Yanfeng, Lu Gaoping, Zhang Hongbo, et al. 2016. Observations and
simulations of magnetic fields radiated by initial current pulses in
rocket-triggered lightning [J]. High Volt. Eng. (in Chinese), 42 (2):
987-993, doi:10.13336/j.1003-6520.hve.20160524001.

B, Bl e, ELOR, 55 2017, FURMCHTES R 48 Bl it A 15|
P RIA S R [T]. KRR, 41 (4): 1027-1036.  Fan Yanfeng,
Lu Gaopeng, Jiang Rubin, et al. 2017. Application of low-frequency
magnetic sensor for remote measurement of the initial continuous current
in rocket-triggering lightning [J]. Chinese Journal of Atmospheric
Sciences (in Chinese), 41 (4): 1027-1036, doi:10.3878/j.issn.1006-9895.
1702.16248.

Fuchs F, Landers E U, Schmid R, et al. 1998. Lightning current and
magnetic field parameters caused by lightning strikes to tall structures
relating to interference of electronic systems [J]. IEEE Trans. Electrom.
Compatib., 40 (4): 444-451, doi:10.1109/15.736205.

Gao Yan, Lu Weitao, Ma Ying, et al. 2014. Three-dimensional propagation
characteristics of the upward connecting leaders in six negative tall-object
flashes in Guangzhou [J]. Atmos. Res., 149: 193-203, doi:10.1016/].
atmosres.2014.06.008.

Horii K. 1982. Experiment of artificial lightning triggered with rocket [J].

Mem. Fac. Eng. Nagoya Univ., 34 (1): 77-112.

Jiang R B, Qie X S, Wang C X, et al. 2013. Propagating features of upward
positive leaders in the initial stage of rocket-triggered lightning [J].
Atmos. Res., 129-130: 90-96, doi:10.1016/j.atmosres.2012.09.005.

Jiang R B, Qie X S, Wu Z J, et al. 2014. Characteristics of upward lightning
from a 325-m-tall meteorology tower [J]. Atmos. Res., 149: 111-119,
doi:10.1016/j.atmosres.2014.06.007.

Lu G P, Jiang R B, Qie X S, et al. 2014. Burst of intracloud current pulses
during the initial continuous current in a rocket-triggered lightning flash
[J]. Geophys. Res. Lett, 41 (24): 9174-9181, doi:10.1002/
2014GL062127.

Lu G P, Zhang H B, Jiang R B, et al. 2016. Characterization of initial
current pulses in negative rocket-triggered lightning with sensitive
magnetic sensor [J]. Radio Sci., 51 (9): 1432-1444, doi:10.1002/
2016RS005945.

Miki M, Rakov V A, Rambo K J, et al. 2002. Electric fields near triggered
lightning channels measured with Pockels sensors [J]. J. Geophys. Res.,
107 (D16): ACL 2-1-ACL 2-11, doi:10.1029/2001JD001087.

Miki M, Rakov V A, Shindo T, et al. 2005. Initial stage in lightning initiated
from tall objects and in rocket-triggered lightning [J]. J. Geophys. Res.,
110 (D2), doi:10.1029/2003JD004474.

Qie X S, Zhang Q L, Zhou Y J, et al. 2007. Artificially triggered lightning
and its characteristic discharge parameters in two severe thunderstorms
[J]. Sci. China Ser. D: Earth Sci., 50 (8): 1241-1250, doi:10.1007/
511430-007-0064-2.

Qie X S, Zhao Y, Zhang Q L, et al. 2009. Characteristics of triggered
lightning during Shandong artificial triggering lightning experiment
(SHATLE) [J]. Atmos. Res., 91 (2-4): 310-315, doi:10.1016/j.atmosres.
2008.08.007.

751, Wi, o, 5. 2010, BiR N LSIT B R K L kG 1T
SIS AR [J]. KAFRE, 34 (5): 937-946.  Qie Xiushu, Yang Jing,
Jiang Rubin, et al. 2010. A new-model rocket for artificially triggering
lightning and its first triggering lightning experiment [J]. Chinese Journal
of Atmospheric Sciences (in Chinese), 34 (5): 937-946, doi:10.3878/j.
issn.1006-9895.2010.05.09.

Qie X S, Jiang R B, Wang C X, et al. 2011. Simultaneously measured
current, luminosity, and electric field pulses in a rocket-triggered
lightning flash [J]. J. Geophys. Res., 116 (D10), doi:10.1029/
2010JD015331.

A, by, FaoR, 5. 2012, IR AN LE DR REEa 0 556 & ]
AP ERAE [7]. KRR, 36 (1): 77-88. Qie Xiushu, Yang Jing,
Jiang Rubin, et al. 2012. Shandong artificially triggering lightning
experiment and current characterization of return stroke [J]. Chinese
Journal of Atmospheric Sciences (in Chinese), 36 (1): 77-88,
doi:10.3878/.issn.1006-9895.2012.01.07.

Rakov V A, Uman M A. 2003. Artificial initiation (triggering) of lightning
by ground-based activity [M]// Rakov V A, Uman M A. Lightning:
Physics and Effects. Cambridge: Cambridge University Press, 265-307.

Rakov V A, Uman M A, Rambo K J. 2005. A review of ten years of
triggered-lightning experiments at Camp Blanding, Florida [J]. Atmos.
Res., 76 (1-4): 503-517, doi:10.1016/j.atmosres.2004.11.028.

Schoene J, Uman M A, Rakov V A, et al. 2003. Statistical characteristics of



13 HRFSE: NLIIHE BATIES AL IR IR b e e 7 I R P S R I (0 5 43
No. 1 ZHENG Tianxue et al. Observation and Analysis of Polarity Reversal for the Burst-type Magnetic Pulses during ... 133

the electric and magnetic fields and their time derivatives 15 m and 30 m
from triggered lightning [J]. J. Geophys. Res., 108 (D6), doi:10.1029/
2002JD002698.

Schoene J, Uman M A, Rakov V A. 2010. Return stroke peak current versus
charge transfer in rocket-triggered lightning [J]. J. Geophys. Res., 115
(D12), doi:10.1029/2009JD013066.

Thottappillil R, Rakov V A. 2007. Review of three equivalent approaches
for computing electromagnetic fields from an extending lightning
discharge [J]. J. Lightn. Res., 1: 90-110.

Uman M A, Rakov V A, Schnetzer G H, et al. 2000. Time derivative of the
electric field 10, 14, and 30 m from triggered lightning strokes [J]. J.
Geophys. Res., 105 (D12): 15577-15595, doi:10.1029/2000JD900046.

Uman M A, Schoene J, Rakov V A, et al. 2002. Correlated time derivatives
of current, electric field intensity, and magnetic flux density for triggered
lightning at 15 m [J]. J. Geophys. Res., 107 (D13): ACL 1-1-ACL 1-11,
doi:10.1029/2000JD000249.

TR, B5D, Bk, 2 2012, — RN Tk N B _EATIE % T 1
HidF e [J]. W REAEdR, 61 (3): 039203. Wang Caixia, Qie Xiushu,
Jiang Rubin, et al. 2012. Propagating properties of an upward positive

leader in a negative triggered lightning [J]. Acta Phys. Sinica (in Chinese),

61(3): 039203, doi:10.7498/aps.61.039203.

Wang D, Rakov V A, Uman M A, et al. 1999. Characterization of the initial
stage of negative rocket-triggered lightning [J]. J. Geophys. Res., 104
(D4): 4213-4222, doi:10.1029/1998JD200087.

Wang D, Takagi N, Watanabe T, et al. 2005. A comparison of channel-base
currents and optical signals for rocket-triggered lightning strokes [J].
Atmos. Res., 76 (1-4): 412-422, doi:10.1016/j.atmosres.2004.11.025.

Wang Z C, Qie X S, Jiang R B, et al. 2016. High-speed video observation of
stepwise propagation of a natural upward positive leader [J]. J. Geophys.
Res., 121 (24): 14307-14315, doi:10.1002/2016JD025605.

Yang J, Qie X S, Zhang G S, et al. 2010. Characteristics of channel base
currents and close magnetic fields in triggered flashes in SHATLE [J]. J.
Geophys. Res., 115 (D23), doi:10.1029/2010JD014420.

Yoshida S, Biagi C J, Rakov V A, et al. 2010. Three-dimensional imaging of

upward positive leaders in triggered lightning using VHF broadband
digital interferometers [J]. Geophys. Res. Lett., 37 (5), doi:10.1029/
2009GL042065.

K SCE, IR, HIRE. 1997, v [E I I6 5 7 Bk S N L fid A P LRk
AT ] mEAZ, 16 (2): 113-121.

Xiao Qingfu. 1997. A analysis of characteristics of thunderstorm and

Zhang Yijun, Lin Xinsheng,

artificially triggered lightning in the north and south of China [J]. Plateau
Meteor. (in Chinese), 16 (2): 113-121, doi:10.3321/j.issn:1000-0534.
1997.02.001.

KX, L, BRF51E, . 1998 N L51A T HLX o SRR T e S
H’]X)uﬂl ﬁffﬁ [l mEAR%, 17 (4): 412-419.
Muhong, Qie Xiushu, et al. 1998. Observation and analysis of influences

Zhang Yijun, Yan

of artificially triggered lightning on characteristics of thunderstorm [J].
Plateau Meteor. (in Chinese), 17 (4): 412-419, doi:10.3321/j.issn:
1000-0534.1998.04.010.

TR SCFE, GRBH, KSHR, % 2016. 2008-2014 ) A N LA & A L B RY
fE [J]. EHEFIAR, 42 (11): 3404-3414.  Zhang Yijun, Zhang Yang,
Zheng Dong, et al. 2016. Current Characteristics of triggered lightnings
in Guangdong from 2008 to 2014 [J]. High Volt. Eng. (in Chinese), 42
(11): 3404-3414, doi:10.13336/j.1003-6520.hve.20160412005.

S B, 2010, filk N HUBCBS RERDE BRSNS 04 (D). R
PR K2 L2247 8. Zhou Enwei. 2010. Simultaneous optical and
electrical observations and analysis of rocket-triggered lightning [D]. M. S.
thesis (in Chinese), University of Science and Technology of China.
JAIGAE, XK. 1993, AL PR R0 R, R A 1 TR] 000 e B AP AE 23
M (1. ERA ‘% 12 (1): 67-76. Zhou Zhonghua, Lin Xinsheng. 1993.
Indirect measurement of artificially triggered lightning discharge current
and its characteristic analysis [J]. Plateau Meteor. (in Chinese), 12 (1):
67-76.

BLEAK, VG5, TH], &5 2004 HIZHRE 0 R < TSR 280 (7).
HG 2R, 62 (4): 498-503.  Zhu Baoyou, Tao Shanchang, Ma Ming, et
al. 2004. Evaluation of in-cloud lightning discharge parameters from
remote electromagnetic fields [J]. Acta Meteor. Sinica (in Chinese), 62

(4): 498503, doi:10.11676/qxxb2004.051.



