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Fig. 1. Composited optical image shows the flash channel
structure in the high-speed field (the upper part of the dotted
line shows the partial natural channel, and the lower part
shows the wire vaporization channel, with a height of about
171 m).
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Fig. 2. Results of multiple simultaneous observations of the overall lightning discharge process vary with time: (a) Relative lumino-
sity for natural channel (without wire channel) from high-speed optical images; (b) channel-base current and normalized fast elec-
tric field change of the main observing station, ¢; (i = 0, 1, 2, 3, 4) is listed as follows: ¢, = 0 ms, t; = 123.9 ms, ¢, = 152.755 ms,
t; = 218.6 ms and ¢, = 239.98 ms, RL1-3 shows three recoil leaders of late stage of the lightning; (c) elevation of VHF sources vary
with time, color of radiation sources change from blue to red with time, the same blow; (d) azimuth-elevation of VHF 2D map, the
blue, green and red arrows indicate the development direction of UPL, NL and RL1-3 channels, S1 shows the branching point of
the UPL after developing to the cloud, P shows the initial point of NL, the same blow.
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Fig. 3. Azimuth-elevation of VHF 2D map of UPL compared
with the composited high-speed optical image: (a) Azimuth-
elevation of VHF 2D map of UPL; (b) composited optical
image shows the flash channel structure in the high-speed
field.

t = 101 ms B HL 0 3k 3] 67 ) W E, 0.5 mQ A
[R50 7 s D) 5 08 P A 2438 KA. I 3 3RS
B HL A IRAELT BR 2 I/ 1N, 25 PRCFRAR AR DA R ¢

AN B B e RN T (BTG BR AN SRR R
FIUsZ%. 24 t, = 123.9 ms I}, — e Sl ELE S N
T B A I AR PR E A P S B AN K, 1A AR
/N T ) R, A0 4(b) FIE 4(c), RS IR
4 FRGTSR AN H FE BLAR R E L, v
W 22 43 SGE I R 2 R T W i R i R
2 2D L E E LY 1.59 x 10° m/s. FEAM A HAIR
A5 22 43 ST HE A R O LI AT 9 PN
(LI 1 0K s), Xof g PR Fi 3 28 Ak gl T 28 in e
(R TE AR i e 51, Al 4(a), 2630 A A0 975G
Sl A RIBRH R JRRHE, th SEHEWT, & — 3
2 R ARG T A5G X0k 55 5] PRl
A5 ) 22 3 i R R ARAF I L YR TN FL 3D 5 v 435 21
R, X — B B e T RERTE I )3 B A Y
I ) K.

FER S S R R A e, 00 38 22 v () B )
PR S P U A A P T S e
i 4(c) e adisk o, - HATFER 4(a) HFE
FY ¢ = 128.2 ms B30 18 JICH HL VL A R (A 15 K
FARAE, HEIN 25 PN AR P AT E 2 R, i e b
ES RN P: TR LY/ iR

3.2 ICCP &REENBLER

W H IE S S KRR P A ) VHF 58514055, X
DAAE A H Y B S S 290 S B R Hh AR AR I S
WA T R BRI WIIE S R R e
I, AT AR S FEEAE R IR Sl AR, D
A6 TN AT R ) 3R L O DA R I T R P R B T
ICCP JitH 2, DUF ¥ ERT UL ICCP 55 &
DA 25 SR B P A 3 U il 7R

ICCP B4 ZINHEE R Z) 54 ms N, HLFY
BT PGS R R A T e/ N AT R DU LI, AL
I B 8 A e G Bk AT G YR AR A, R O
DN L) SR TE AT PR RS 500, TR AR e
BT 3 WA TRk e, XS VHE S8 505
P 2E FE e 3 UG SEYE ) I b A, WL 2(b) H
PRIFHAY RL1-—3.

WE 5(a), RLLGG& T F@EA M, THERK
WIRE S TR 1 o A0 1 A R 2R b FE M A ST T
JaH ik, RL2 Al RL3 ¥3is % F FiE £, VAR
WA % EIEERES) RLL @ |, 7Y RL1 @ 4ks:
K. AT, 3 YR b T A R G A B, H A
ZCIA AR R B 1 A JR 2 ST BT, eI E AR TN

189201-5


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. 69, No. 18 (2020)

189201

< 0 |-
4
~
<
S 0.2
“ —0.10 37
—0.4 Z
80 -
L
< 70
~
Z L
=2 60
]
2 re
= 50 [
&3] I ! [
a0t ! - e,
N 1 1 1 1 1 1 1 1
124 126 128 130 134 136 138
Time/ms
Time/ms
80
- © (0| W38
75 F
70 i 136
r > ma 1
¥ il o
s — 2 134
5 r L i
g 55t ' 14130
]
& r |
1
50, . 1128
45
I 126
40
L 124
35 1 1 1 1 1 1 1 1 1 1 1

165 170 175 180 185

Azimuth/(°)

195 200 205 210

[ o4 eI KGR 20 LI O B )R AL (a) 3838 A F i AR i 3 R L B 5 (b) VHF S8 ST A B4 ; () I7 L
F-AM A A e AL AR, KA R & I 2R A DR H S T E LR L AT Sk O U R R R R 2 R AL B 1 S o AR

Fig. 4. Results of multiple simultaneous observations before and after the initiation of the NL vary with time: (a) Channel-base current

and fast electric field changes; (b) elevation of VHF sources varies with time; (c¢) azimuth-elevation of VHF 2D map. Gray scatter

points are locations of radiation sources before t;, and the red arrows are a series of recoil leaders during the development of the NL.
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Fig. 5. Azimuth-elevation of VHF 2D map of three RLs occurrs between the end of ICCP and the end of the lightning: (a) Azimuth-
elevation of VHF 2D map of three RLs. Gray scatter points represent radiation sources location of UPL in Fig. 3; (b) schematic dia-

gram of lightning positive branching channels and trunk channel near S1, the blue channel shows the first RL (RL1), the red channel

shows the second and third RLs (RL2&RL3).
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Fig. 6. Results of multiple simultaneous observations before and after the first polarity reversal vary with time: (a) Channel-base
current and fast electric field changes; (b) elevation of VHF sources vary with time; (c) azimuth-elevation of VHF 2D map, gray
scatter points are radiation sources location before the initiation of NL and RL1-3 in Fig. 5, the black solid line and dashed line
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negative breakdown discharge, the red arrow is the breakdown discharge after the negative polarity pulse. The subgraph is an
enlarged view of the radiation source in the dotted box at ¢ = 152.71-152.72 ms.
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Fig. 9. Schematic diagram showing the mechanism of the
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(a) Branching and cutoff of upward positive leader; (b) gene-
ration of negative leader; (c) the first reversal of the polarity
of charge transferred to the ground ; (d) the second reversal
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Abstract

Characteristics of a triggered bipolar lightning flash obtained in the Shandong triggering lightning

experiment (SHATLE) are analyzed based on simultaneous observation results of lightning very high frequency
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(VHF) interferometer map, channel-base current, fast electric field change and high-speed optical images. The
flash lasts about 315 ms with only the initial continuous current (ICC). As the polarity of charges transferred to
the ground varies from negative to positive and then to negative, the ICC can be mainly divided into three
stages including the first negative ICC stage, positive ICC stage, and second negative ICC stage, respectively,
for 152.755 ms, 87.225 ms and 75.02 ms. Charges transferred to the ground during the three stages are about
-40.0 C, +13.3 C and —1.0 C, respectively, with the peak current of about -3.8 kA, 1.6 kA and -2.25 kA.
According to the VHF interferometer map, during the first negative ICC stage, the upward positive leader
(UPL) initiated from the top of the wire as negative charges starts to be transferred to the ground. The UPL
develops at a two-dimensional (2D) speed of 3.7 x 10* m/s into the cloud and multiple positive branches
develop in the form of small-scale and dense recoil leaders, keeping the increase of negative charge transferred to
the ground. Then a negative leader (NL) initiates on a previously ionized positive branch channel and develops
into the virgin air horizontally as a floating channel at a 2D propagation speed of 1.59 x 105 m/s. About
28.816 ms later after the NL develops, a negative pulse is detected in the fast electric field change, caused by a
negative polarity breakdown discharge from the grounding trunk channel to the floating channel which is
observed for the first time. Then about 39 ps later, the first polarity of the channel-base current changes from
negative to positive, and rapidly reaches a positive peak in 1.75 ms. Subsequently, with the positive ICC
decreasing, the negative leader gradually terminates about 65.85 ms after the first polarity reversal, and then
21.38 ms later the channel-base current slowly changes to the recognizable negative polarity as the second
polarity reversal. A recoil leader generating in a previously ionized positive branch channel connects to the
trunk channel, resulting in the initial continuous current pulse (ICCP) during the second negative ICC stage.
Then several negative recoil leaders occur, tracing back to the previous positive channels without obvious
current changes until the flash ends. Based on the analysis, the positive branch channel persistently transfers
negative charge to the ground in the whole discharge process by the positive breakdown on the tip or the
negative recoil leaders retrograding along the previous positive channels. The trunk channel is connected to the
floating channel through negative breakdown discharges, linking at the positive charge accumulation area at the
tail end of the negative leader or the positive polar end of a bidirectional leader towards the trunk channel, if
the negative leader develops as a bidirectional leader later. Then, the net charge transferred to the ground is
dominantly positive and the reversal of first channel current polarity occurs. With the negative leader
disappearing, the supply of positive charge ceases, so the current polarity reverses again (the second reversal).
Connection of the negative leader to the grounding trunk channel and continuous development of the positive
leader are inferred to play an important role in reversing the two current polarities. In this case, the negative
leader developing in virgin air might be initiated transversely in an ionized positive channel or from the end of a
decayed positive leader branch of the ionized positive channel which is small and undistinguishable from the

VHF interferometer map.
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