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Three types of bidirectional leader
development in triggered lightning
flashes

Rui Su®2, Fukun Wang'?, Jianguo Wang'*, Li Cai'*, Jinxin Cao! & Junlin Wang*

Eight cases of bidirectional leader (BL) development in artificially triggered lightning flashes are
reported with synchronous high-speed camera images and electric field signals. Based on optical
progressing characteristics, the eight cases can be divided into three types: a reflection type, a
discontinuity type, and an inducement type. For the reflection type, the tail of a dart leader may
begin to extend backward when the leader’s head reaches a branch point, or the top of the exploded
triggering wire. For the discontinuity type, the initiation of a bidirectional leader below a decayed
attempted leader may occur more than once preceding one return stroke. For the inducement type,
the approach of another leader with the same polarity will turn a dart leader into a bidirectional leader.
The reflection type and inducement type are first observed here. Two cases of the discontinuity type
are observed, and both are multiple-bidirectional leaders observed for the first time. For the reflection
type and inducement type, there are fluctuations in the electric field related to the BL development.
The dissipation of the downward leader slows down the negative increase of the electric field. Once
the BL development starts, the downward negative end of the BL moves towards the ground with

the E-field negatively increasing. For the discontinuity type, the close electric field result shows no
fluctuations. The BL development has a much longer duration than the other two BL types.

The concept of bidirectional leader (BL) propagation that a leader has two ends developing simultaneously in
opposite directions with opposite polarity was first proposed by Kasemir et al.'. The dynamics of the two leader
ends in terms of the propagation speed can be different>*. The positive end can propagate faster*® or slower than
the negative end®’, or the two ends can propagate at similar speeds®.

The BLs, which have been documented by various observations, can be divided into two main kinds. The
first kind of BL originates from metallic objects such as aircraft®, suspended conductors’, and floating triggering
wires'®!!. The second kind of BL is electrodeless discharge, whose formation has been concluded by Tran and
Rakov? to have four main scenarios: (1) initiation of lightning in the cloud'?, (2) lightning channel branching
process'>!4, (3) space leader involved in the negative leader step-formation process'®, and (4) recoil-leader-type
process giving rise to K-changes, dart leaders, and M-components'®.

Recoil leaders, which usually develop in a bidirectional way, are fast, short-lasting leaders retracting the
decaying channel of a preceding leader in a retrograde fashion®'”. Recoil leaders were initially concluded to be
negative leaders retracting the decaying channel of a positive leader'®!*. Recent observations have revealed that
recoil leaders can also be formed in decaying negative leader channels. Jiang et al.*° reported the high-speed video
evidence of a dart leader with bidirectional development in the decaying negative leader channel of an upward
cloud-to-ground lightning flash. Qie et al.* reported two cases of BL development in two negative artificially-
triggered lightning flashes. The three cases of BL development observed by Jiang et al.? and Qie et al.* shared
some similar characteristics. All these BLs originated from a point below the termination point of a preceding
attempted leader that just died out. The positive ends of these BLs retracted the decaying channel of the preceding
attempted leader at higher speeds than the negative ends which propagated downwards along the remnants of the
channel created by the previous stroke or initiate a continuous current. Jiang et al.*! reported an intracloud light-
ning flash where a positive leader from the cloud induced a bidirectional luminous segment ahead of the leader
tip. It follows that various reasons contribute to the formation of bidirectional leaders. Thus, more observation
cases are needed to analyze and study, which is very important to understand the lightning discharge process.

Here we exhibit eight cases of bidirectional leader development in a residual channel of several artificially
triggered lightning flashes. Synchronous high-speed camera (HSC) images, current, and electric field signals
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are processed and reported to show different progressing characteristics of bidirectional leaders. In addition, the
eight cases are divided into three types. For each case, bidirectional leaders’ initiation and development process
are introduced, along with an analysis of electric field waveforms. This paper’s work will help deepen the under-
standing of bidirectional leaders by showing various types of bidirectional leaders.

Results

The eight cases were contained in six negative triggered lightning flashes, of which one was the altitude-triggered
lightning flash and the other five were classical triggered lightning flashes. Except for the triggering type of each
flash, Table 1 lists the numbers of return strokes (RSs), the peak value of the studied RSs current, the observation
distances of recorded current and electric field signals, and the corresponding relationship between flashes and
cases. No relevant current and electric field data were recorded in Flash F. The HSC did not capture the whole
process of Flash F, only including four return strokes.

Optical features of BL development. Figure 1 shows the arranged consecutive frames revealing the
eight cases of BL development. Case 1 contained a BL preceding the 8th return stroke (RS) of Flash A, which was
triggered at 08:22:36 (UTC), 5 June 2019, as shown in Fig. la. In Frames 1 through 5, the dart or dart-stepped
leader (only referred to as dart leader below) propagated down near the top of the exploded triggering wire,
while the length of the luminous channel was shorter and shorter. Then in Frames 6 and 7, the dart leader turned
to be a BL without any visible pauses, indicated by the backward propagating leader tail. In the next frame of
Frame 7, the BL induced the 8th RS. From Frames 5 to 7, the positive end of the BL moved upward with an aver-
age speed of 2.09 x 10° m/s, while the negative end extended downward with an average speed of 9.71 x 10° m/s.

Case 2 contained a BL before the 4th RS of Flash B triggered at 09:15:50 (UTC), 30 June 2019, as shown in
Fig. 1b. The dart leader had a decaying downward propagation in Frames 1 through 10. In Frame 10, the leader’s
head was near the top of the exploded triggering wire. Then in Frame 11, the leader began to propagate bidirec-
tionally. The 4th RS was induced by the BL in the next frame of Frame 15. From Frames 10 to 15, the positive
end of the BL moved upward with an average speed of 1.97 x 10° m/s, while the negative end extended downward
with an average speed of 1.30 x 10° m/s.

Case 3 recorded a BL before the 4th RS of Flash C which was triggered at 07:15:04 (UTC), 2 July 2019, as illus-
trated in Fig. 1c. The initial decaying downward propagation can also be found in Case 3 from Frame 1 to Frame
7.In Frame 8, the leader began to propagate in the channel of the exploded triggering wire, while the tail of the
leader started extending upwards. From Frames 8 to 10, the positive end of the BL moved upward with an aver-
age speed of 3.90 x 10° m/s, while the negative end extended downward with an average speed of 1.92 x 10° m/s.

Figure 1d,e depict Case 4 and Case 5, where two BLs induced the 3rd and 4th RS of Flash D, respectively.
Flash D, an altitude-triggered lightning flash, was triggered at 10:02:22 (UTC), 7 July 2019. The two leaders
were also decaying dart leaders propagating unidirectionally before they reached the branch points. The tail of
the two leaders turned to extend backward when the upward propagating branches were produced at the two
branch points, indicating that the two leaders had turned to be BLs. From Frames 8 to 10 in Case 4, the upward
positive end of the BL moved with an average speed of 2.14 x 10° m/s. Between Frames 8 and 9, the speed of the
downward negative end was 1.11 x 10° m/s. Then the downward negative end branched to two channels in Frame
10, having two propagation speed of 1.19x 10° and 1.79 x 10° m/s. In Case 5, the upward positive end of the BL
had an average speed of 2.66 x 10° m/s from Frames 9 to 11. The downward negative end branched to two ends,
extending with an average speed of 1.71 x 10° and 1.39 x 10° m/s.

Figure 1f shows Case 6 mentioned in*’, where a multiple-bidirectional leader initiated the 4th RS of Flash
E triggered at 09:12:47 (UTC), 30 June 2019. This leader is a multiple-bidirectional one whose propagation
involves such a process that a bidirectional leader is initiated, or a unidirectional leader turns to be a bidirectional
leader, more than once. The leader entered the field of view in Frame 1 and extended downwards in the next
three frames. Then the leader channel became invisible even if in the recolored and contrast-enhanced portion
of Frames 5, 6, and 7. The tail of the leader did not appear in Frames 1 through 7 therefore it is hard to figure
out whether the leader was a bidirectional one. In Frame 8, a BL was initiated, which will be referred to as the
first BL below. If the first BL originated from the height where the preceding leader’s head stopped in Frame 4,
the negative end of the first BL was more luminous than the positive end in Frame 8. From Frame 8 to 14, the
luminosity of the channel was mainly concentrated in the leader’s head. In Frames 15 and 16, the leader channel

Flashes Classical/altitude | RSs | Current (kA) | Electric field Cases | The studied RS
A Classical 12 8.17 80 m 1 8th
B Classical 7 9.05 18 m 130 m 2 4th
C Classical 13 5.69 58m80m 1550 m |3 4th
4 3rd
D Altitude 8 - 130 m 1550 m 5 4th
8 8th
E Classical 9 13.13 130 m 6 4th
F Classical 4 - - 7 4th

Table 1. The basic information about six triggered lightning flashes.
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Figure 1. Consecutive frames revealing the eight cases of BL developments with background luminosity
removed, contrast-enhanced, and intensity inverted. Some areas are recolored for a better presentation. Blue and
green arrows show the bidirectional propagation of leaders.

became invisible again, but the leader channel was found to have quite low luminosity and kept extending
downward in the recolored and contrast-enhanced portion. The positions of the leader’s head were indicated
by the red triangles. From Frames 8 to 15, the positive end of the BL moved upward with an average speed of
6.01x 10° m/s, while the negative end extended downward with an average speed of 4.80 x 10° m/s. If the first
BL was considered to have been terminated in Frame 15 for its quite low luminosity, then the BL that originated
in Frame 17 is the second BL. When the second BL originated, it propagated in a bidirectional way as shown
in Frames 17 through 19. During this period, the average speed of the upward positive end and the downward
negative end were 8.20 x 10° and 4.73 x 10° m/s respectively. The tail of the second BL once decayed in Frame
20 and then extended upwards again in Frame 21, indicating that the second BL propagated in a bidirectional-
unidirectional-bidirectional way. The head of the second BL began to decay in Frame 24, and the third BL origi-
nated in Frame 26. From Frames 26 to 33, the positive end of the third BL rose about 600 m in height with an
average speed of 1.70 x 10° m/s, while the negative end dropped less than 400 m within 0.4 ms with an average
speed of 9.58 x 10° m/s. The downward propagation of the third BL eventually reached the ground and induced
the return stroke. It should be noted that the speed of the upward positive end of three BLs was calculated only
when the upward positive end was not beyond the top view of the HSC.

Figure 1g shows Case 7 containing another multiple-bidirectional leader recorded at a lower frame rate of
8000 fps. The multiple-bidirectional leader induced the 4th RS of Flash F triggered at 08:20:04 (UTC), 5 June
2019. The leader first entered the field of view in Frame 1 and then extinguished in Frame 2. A luminous segment
whose tail was higher than the head of the just terminated leader occurred in Frame 3. Frames 1 through 3 may
record the propagation of a stepped leader or the propagation of an attempted leader and a subsequent bidirec-
tional attempted leader. The luminous segment will be referred to as the first BL below. The first BL extinguished
in Frame 4 of which the speed of the upward positive end and the downward negative end were 4.66 x 10* and
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1.12 x 10° m/s respectively. The second BL with quite low luminosity originated in Frame 5. The negative end of
the second BL propagated downwards continuously and then induced the return stroke. From Frames 5 to 10, the
positive end of the BL moved upward with an average speed of 9.29 x 10* m/s, while the negative end extended
downward with an average speed of 1.96 x 10° m/s.

Figure 1h shows Case 8 mentioned in?® containing a BL that was caught up by another leader in Flash D.
The chased BL and the chasing leader both propagated in the same path and occurred subsequently. The chased
leader entered the field of view 1.9 ms earlier than the chasing leader. The length of the luminous channel of
the chased leader decreased gradually from Frames 1 through 4, indicating it may become weaker and weaker
until it approached the head of the chasing leader in the next few frames. From Frames 5 through 8, the tail
of the chased leader extended backward with increased luminosity when the head of the chasing leader was
approaching. The bidirectional chased leader then connected with the chasing leader, forming a larger leader
that eventually induced the 8th RS. From Frames 5 to 8, the positive end of the BL moved upward with an aver-
age speed of 1.81 x 10° m/s, while the negative end extended downward with an average speed of 9.91 x 10° m/s.

Speed characteristics of BL development. The propagation speed of the upward positive end and the
downward negative end was exhibited in Fig. 2 for each BL development in eight cases. The propagation speed of
the upward positive end is absent in C6-BL1 to C6-BL3 and C7-BL2. That was because the upward positive end
reached the top of view of the HSC as shown in Fig. 1. Except for Case 7, the upward positive end traveled faster
than the downward one in the other seven cases. The lower speed of the upward positive end in Case 7 may be
related to the zigzag propagating path and the calculation error caused by reaching the top of view of the HSC.

The observation results on the propagation speed of two ends of BL development were in accordance with the
results observed by Qie et al.%. Qie et al.* observed two rocket-triggered lightning flashes of which the positive
leader propagated with an average speed of 1.3 x 10° m/s and 2.2 x 10° m/s, roughly twice as fast as its negative
counterpart with the speed of 7.8 x 10° m/s and 1.0 x 10° m/s, respectively. In our observation, BLs usually initi-
ated around the place where the previous downward dart or stepped leaders decayed. So, there were residual
negative charges on the track of the previous downward leaders. When the BL development began the upward
positive end went into the track. The neutralization reaction of positive and negative charges promoted the
advance of the upward positive end. The downward negative end moved toward the ground along the discharge
path of the previous return stroke. Compared with the upward positive end, the residually same polarity charges
and the cooler discharge path were not conducive to the rapid propagation of the downward negative end.

The upward positve end

Co6 Cc7 C8

Speed (x10° m/s)

C6-BL1 C6-BL2 C6-BL3 | C7-BL2

5| c3 |
C7-BL1

Speed (x10° m/s)

The downward negative end

Figure 2. The propagation speed of two ends of BL development in eight cases. C1 represents Case 1, C2
represents Case 2, and so on. C4-B1, C4-B2, and C5-B1, C5-B2 represent the two branches of the downward
negative end in Case 4 and Case 5. C6-BL1 to BL3 represent the three BL development in Case 6. C7-BL1 to BL2
represent the two BL development in Case 7.
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Electric field features of downward leader processes related to seven cases. Figures 3, 4, 5 and
6 show the electric field (E-field) waveforms at different observation distances of downward leader processes
related to seven cases. For comparison, the E-field waveforms of their previous and subsequent downward
leader-return stroke sequences are also presented. In Fig. 3a there was a slow change during the downward
leader process of the 8th RS (Case 1), compared with that of the 7th and 9th RSs in the E-field waveform at
80 m. The E-field waveform in Fig. 3¢, compared with that in Fig. 3b, made the difference clearer between the
downward leader processes of the 3rd, 4th, and 5th RSs. The slow change of the 4th RS was about twice as long
as the fast decrease of the 5th RS, and its amplitude was about half of that of the fast decrease. The insert figure of
the 4th RS (Case 2) in Fig. 3¢ exhibits not only a slow change but also a fluctuation during the downward leader
process. The fluctuation referred to that the E-field waveform was not monotonically increasing in the nega-
tive direction preceding the RS. In Fig. 4, the E-field waveforms all presented slow changes before the 4th RS at
58 m, 80 m, and 1550 m. Especially, a fluctuation took place before the 4th RS (Case 3) in the E-field waveform
at 1550 m.

Cases 4 and 5 were included in the downward leader processes of the 3rd and 4th RSs in Flash D, which was
conducted as altitude-triggered lightning. Slow changes both appeared in the E-field waveforms at 130 m and
1550 m as shown in Fig. 5. There were fluctuations before the 3rd and 4th RSs in the E-field waveform at 1550 m.

In Fig. 6a, Case 6 presented a long-time downward leader process before the 4th RS in the E-field waveform
at 130 m, which was caused by the multiple BL processes in Fig. 1f. The downward leader process before the 4th
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Figure 3. The E-field waveforms of Cases 1 and 2, along with their previous and subsequent downward leader-
return stroke sequences.
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Figure 4. The E-field waveforms of Case 3 at different observation distances.

RS lasted for 1.85 ms in sight of the HSC while the downward leader processes before the 3rd and 5th RS lasted
for 0.65 and 0.25 ms. Both the E-field waveforms at 130 m and 1550 m had slow changes before the 8th RS (Case
8) in Fig. 6b,c. A fluctuation was also in the E-field waveform at 1550 m before the 8th RS.

From Figs. 3, 4, 5 and 6 slow changes were recognized during downward leader processes in the E-field wave-
forms at 58 m, 80 m, 130 m, and 1550 m, not at 18 m. These slow changes made the downward leader processes
of seven cases longer than those before the previous and subsequent downward leader-return stroke sequences.
In addition, fluctuations occurred in the E-field waveforms at 130 m in some cases and the E-field waveforms
at 1550 m in all cases.

Electric field characteristics of the BL development of seven cases. The analysis in Part C shows
that the downward leader processes of seven cases were changing slowly in the E-field at more than 80 m. In
some cases, the E-field waveforms of the downward leader processes had non-monotonic fluctuations. In this
part, we research the E-field features related to BL development.

In Fig. 7a, the BL development of Case 2 was contained in the fluctuation. The stagnation of the downward
leader development led to the E-field no longer negatively increasing but entering a plateau period from Frames
1 to 10. Then the BL development from Frames 11 to 15 activated the negative change of the E-field waveform.

The E-field waveform of Case 3 was further enlarged in Fig. 7b. The waveform related to Frames 8 through
10 was colored with an uncertainty of 50 ps in the insert figure. The small positive pulses superimposed on the
slowly increasing E-field waveform were scarce before the start of the bidirectional development or Frame 8.
The unique slow decrease and the small positive pulses were the common features of Case 3 and the two cases
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Figure 5. The E-field waveforms of Cases 4 and 5, along with their previous and subsequent downward leader-
return stroke sequences.

reported by Qie et al.*. The BL development was accompanied by the positive increase of the E-field maybe
because the 4th RS followed closely behind the BL development.

Cases 4 and 5 belonged to the two adjacent RSs of one Flash. The fluctuations of the E-field waveforms in
Fig. 7c,d were related to the BL development of Cases 4 and 5. From Frames 1 to 8 in Fig. 7¢,d, the E-field wave-
forms increased positively or entered a plateau period. When the BL development began the E-field waveforms
changed negatively again. The difference between the two fluctuations in Fig. 7c,d was the positive increase in
the amplitude of the E-field between the BL development. The state of the downward leader contributed to the
difference. In Fig. 1d,e, the downward leader before the BL development of Case 4 had a higher dissipation than
that of Case 5, resulting in a less negative influence on the E-field.

In Case 6, three BLs originated before the return stroke was induced in Fig. 7e. The intervals between the
termination of a preceding attempted leader and the initiation of a BL were at least 149 ps, 99 us, and 49 ps,
respectively. Qie et al.* reported the first two cases of BL in a preexisting channel in triggered lightning flashes.
Only one BL originated in the two cases, and the intervals were about 160 ps and 300 ps, respectively.

In Fig. 7f, the waveform before the chasing leader entered the field of view of the high-speed camera was
painted black, the waveform corresponding to the existence of the two leaders was painted blue, and the wave-
form after the connection of the chased leader and chasing leader was painted green. The BL development of Case
8 was included in the fluctuation of the E-field. From Frames 1 to 4 in Fig. 1h, the chased leader became faint
gradually. After Frame 5 the BL development started, and the E-field changed negatively. The E-field waveform
in the red box is enlarged in the small figure, in which a lot of small positive pulses were superimposed on the
positive increase.

Cases 2, 4-5, and 8 show that the slow change and fluctuation of the downward leader E-field was related to
the BL development. The dissipation of the downward leader slowed down the negative increase of the E-field.
Once the BL development started, the downward negative end of the BL moved toward the ground. Meanwhile,
the E-field negatively increased until the RS occurred. For Case 6 Multiple BL development made the downward
leader process much longer without obvious fluctuation, compared with Case 2 at the same observation distance.
The small positive pulses before the RSs could be seen in some cases, for example, Cases 3-5 and 8 at 1550 m. In
Case 3 the BL development was close to the 4th RS by chance. Therefore, whether the small positive pulses are
related to the BL development or the process just before the RS needs further study in the future.

Discussion
We divided the eight cases of BL development reported here into three types based on their progression char-
acteristics. The first type was a reflection type of BL development representing Cases 1 through 5. The second
type was a discontinuity type with multiple-bidirectional leaders representing Case 6 and Case 7. The third type
was an inducement type including the chased bidirectional leader and the chasing leader, representing Case 8
reported here.
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Figure 6. (a) The electric field waveform of Cases 6, along with its previous and subsequent downward leader—
return stroke sequences. (b-c) The electric field waveforms of Case 8 and its previous two downward leader—
return stroke sequences because the 8th RS was the last one in Flash D.

Figure 8 shows a conceptual diagram of the three types of BL development in artificially-triggered lightning
flashes. For the reflection type in Fig. 8a, the unidirectional leaders in Cases 1 through 3 turned to be the BLs
when their leader heads reached the top of the exploded triggering wire, while the unidirectional leaders in
Case 4 and Case 5 turned to be BLs when their leader heads reached the branch points. The top of the exploded
triggering wire is the dividing point between the channel of the initial upward leader and the channel of the
exploded triggering wire, where exists an impedance discontinuity. The branch points are the connection points
between the main channel of a leader and the branches, where also exists an impedance discontinuity. The exist-
ence of the impedance discontinuity may result in the reflection of some portions of the leader current, causing
the unidirectional leader to be bidirectional visually. Kotovsky et al.** reported two attempted leaders that also
had the visual reflection process.

In the discontinuity type, an initial dart leader or dart-stepped leader propagates downwards and then dies
out or decays to be invisible. Then the first BL originates from a point below the head tip of the just terminated
dart leader. The first BL may propagate continuously to reach the ground or die out soon to be an attempted
leader. If the first BL dies out, the second BL may originate from a point below the head tip of the first BL. A
similar process may cycle several times until a BL reaches the ground and induces the return stroke or all these
leaders fail to reach the ground. It should note that the so-called termination here only means the channel of a
leader become invisible or hard to be figured out in the high-speed speed frames. The two cases reported by Qie
et al.4, which are the first two reported cases of BL in a preexisting channel in triggered lightning flashes, also

Scientific Reports |

(2023) 13:5276 |

https://doi.org/10.1038/s41598-023-32003-x nature portfolio



www.nature.com/scientificreports/

(a) Case2 130m | Small positive pulses
~ 2 4th —_ 0.1 l \
g (BL) Frames 11-15 -—------------- =)
= = 0.05 e .
S Frames 1-10 ——— > 05 i 4th
= 0 J—'— = ! 8 9 0 |
= B = -0.05 1
o) o) 0.88325 0.8833  0.88335
£ g
= 2 =
205 (b) Case3 1550m "~/ " T Frames 1-10
-4
0.571 0.572 0.573 0.574 0.575 0.88 0.881 0.882 0.883 0.884 0.885
Time (s) Time (s)
0.1 0.1
(¢) Cased 1550m (d) CaseS 1550m
—~ ~
= 0.05 =) 0.05
> >
2 0 (BL) Frames 9-10 = 0 Frames 9-11 (BL)
= Frames 1-8 ---------------- = Framies 1-8
o ! L !
- < =
= -0.05 = -0.05
0.1 0.1
0.471 0.4712 0.4714 0.4716 0.4718 0.472 0.4722 0.552 0.5522 0.5524  0.5526  0.5528 0.553
Time (s) Time (s)
4 0.6 0
5 (¢) Case6 130m oo Frames 1-33 Small positive pulses
_
< 2 \ 2 2t 015 (BL) |
=i 0 0 BL3 z T0.712 0.72005 0.7201 Frames 5-8 |
o -0.1 ° o
U= BL1 BL2 = |
Lé 4 o -"d 0 Frames 1-4 —1 -
6 -03 —i
0572 05725 0573 0.5735 ® Case8 1550m
-8 0.2
0.5715 0.572  0.5725 0.573 0.5735 0.574  0.5745 0.7175 0.718 0.7185 0.719 0.7195  0.72
Time (s) Time (s)
Figure 7. The E-field waveforms of the BL development of Cases 2-6 and 8.
belong to this type. Only one BL originated in the two cases reported by Qie et al.%, and the intervals were about
160 ps and 300 ps, respectively.

The inducement type of BLs develops from decaying unidirectional leaders. In the inducement type, the
approach of the faster chasing leader is the key factor causing the unidirectional leader to be bidirectional. In this
type, the chasing leader propagates downward along the residual discharge path with a faster speed compared
with the chased leader. The gradually approaching chasing leader with negative head causes the decaying chased
leader to polarize. The unidirectional chased leader turns to a bidirectional one. Different from the discontinuity
type, the reflection type and inducement type of BLs were leaders propagating continuously without the invis-
ible duration as recorded by the high-speed camera. At the same time, the occurrence of the reflection type and
inducement type of BL is not the result of the initiation of a new leader but the result of the ends of a decaying
unidirectional leader beginning to extend forward and backward.

The results in Part D present the features and differences of the E-field between the three types. For the reflec-
tion type (Cases 2, 4, and 5) and the inducement type, there are fluctuations of the downward leader E-field
related to the BL development. The dissipation of the downward leader slows down the negative increase of the
E-field. Once the BL development starts, the downward negative end of the BL moves towards the ground with the
E-field negatively increasing. It should be pointed out here that if the BL development is closely followed by the
RS (Case 3), the change of the E-field may be different. This situation needs further study. For the discontinuity
type (Case 6), the close observation result shows no fluctuations in the E-field. The BL development has a much
longer duration than the other two BL types.
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Figure 8. Concept maps of three types of bidirectional leader development. (a) A reflection type. (b)
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Methods

The eight cases of BL propagation were observed in an altitude-triggered and five classical-triggered lightning
flashes in the summer of 2019 at the Guangzhou Field Experiment Site for Lightning Research and Testing in
Conghua, Guangdong. Three electric field sensors (Sensors 1 to 3) and one electric field sensor (Sensor 4) were
respectively installed at the launch site and the distant observation site. The distant observation site was 1.55 km
away from the launch site. Sensors 1, 3, and 4 had the same equipment parameters, with a time constant of 1 ms
and a 3 dB bandwidth ranging from 160 Hz to 500 kHz. Sensor 2 had a frequency bandwidth of ~80 Hz to 2 MHz
and a decay time constant of 2 ms. At the launch site, there was a ground launcher and a tower launcher. The
observation distances between Sensor 1 and the ground launcher and the tower launcher were respectively 58 m
and 18 m. Sensor 2 was 80 m away from the ground launcher while Sensor 3 was 130 m away from the tower
launcher. The electric field signal from Sensor 1 was recorded by an acquisition card having a sampling rate of
10 MS/s and a recording duration of 2 s. Three oscilloscopes were respectively used to record the electric field
signals from Sensors 2, 3, and 4, with the recording duration of 55, 2 s, and 2 s and the sampling rate of 10 MS/s,
50 MS/s, and 5 MS/s. Oscilloscopes, the acquisition card, and the high-speed camera were synchronized through
GPS. More details and the layout of other equipment could be found in these papers*~2’.

Two types of high-speed cameras (HSCs) at the distant observation site, were adopted at different times?.
The lightning flashes triggered before 30 June were recorded by a Phantom M310 HSC configured with a Nikon
16 mm lens, operating at a rate of 8,000 frames per second (fps). The exposure time of the M310 camera was
120 s, so the dead time was 5 ps. The actual space size corresponding to each pixel taken by M310 was 1.94 x 1.94
m? The Phantom V2512 HSC with the same 16 mm lens had been in use since 30 June, operating at a rate of
20,000 fps. The exposure time of the V2512 camera was 49 ps, so the dead time was 1 ps. The actual space size
corresponding to each pixel taken by V2512 was 2.71 x2.71 m?.

Conclusion

In this paper, we reported eight cases of BL development in a residual channel of artificially-triggered lightning
flashes through the records of the high-speed camera and electric field signature. We presented and described
the BL development by the processed HSC images. We calculated the speed of the upward positive end and the
downward negative end. The upward positive end usually moved faster than the downward negative end because
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of the residual negative charge in the channel. The RS with BL development exhibited slow changes in the down-
ward leader process of the electric field, compared with the previous and subsequent RSs.

The eight cases of bidirectional leaders can be divided into three types: a reflection type, a discontinuity type,
and an inducement type, for their unique progression characteristics. Reflection type and inducement type are
first observed here, and the initiation of a bidirectional leader may occur more than once in the discontinuity
type. In reflection type and inducement type, the bidirectional leaders develop from dart leaders whose lumi-
nous bodies are shorter and shorter. The tail of the dart leader begins to extend backward when the leader’s
head reaches a dividing point in the reflection type or when the head of another leader is close enough in the
inducement type. Two cases of discontinuity type are observed, and both are multiple-bidirectional leaders
observed for the first time. For the reflection type and the inducement type, there are fluctuations of the down-
ward leader E-field related to the BL development. Before the BL development, the dissipation of the downward
leader slows down the negative increase of the E-field. Once the BL development starts, the downward negative
end of the BL moves towards the ground with the E-field negatively increasing. For the discontinuity type, the
close observation result shows no fluctuations in the E-field. The BL development has a much longer duration
than the other two BL types. In some cases, small positive pulses appear simultaneously in the BL development
and before the RS process.
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