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Abstract Positive leaders branch less frequently than negative counterpart, and the physical processes and
properties of positive leader branching remain a mystery. We investigated 10 m laboratory discharges under

four positive voltages using a high-speed video camera. Positive leaders differ from negative leaders by either
directly splitting or connecting with floating bidirectional leaders to form branching, and the number of leader
branches shows a positive correlation with the applied voltage, that is, the branched channels increased from 1 to
4 when the voltage increased by a factor of 1.5. Grounding points are positioned beneath the electrode and are
more concentrated with lower voltage. During the stable progression of the leader, there is a slight increase in its
development speed as the applied voltage rises. When the voltage is increased by 70%, the average breakdown
time decreases by 40%. These characteristics provide insights into the branching mechanism of positive leaders.

Plain Language Summary The discharge mechanisms in natural and laboratory discharges are
highly complex. This study aims to unravel the branching mechanism of positive leaders through laboratory
experiments. A specific 10 m rod-to-plate discharge gap was designed to vary the maximum applied voltage,
making it possible to examine the effects of applied voltage on the leader discharging trunk and branched
channels. The statistical results indicate that as the peak voltage increases, the number of leader channels during
the discharging process also increases. In natural lightning, positive leader channels generally exhibit low
bifurcation rates, whereas in our study, the maximum number of discharging channels reached four with a
sufficiently high applied voltage. The strike ground points of the trunk channel tend to be more dispersed when
the applied voltage increases. Additionally, as the voltage rises, the average propagation speed of the leader
trunk channel also increases. Our study presents the first systematic findings in this field, with crucial
implications for a comprehensive understanding on the leader branching process and the development of
discharge models.

1. Introduction

Understanding the formation of discharge branches and zigzags is a fundamental and intriguing question in both
laboratory discharges and natural lightning (Mansell et al., 2002). Historically, research on leader branch char-
acteristics has primarily focused on negative leaders (Ding et al., 2021; Hill et al., 2011; H. Huang et al., 2018;
Jiang et al., 2017). However, studies on characteristics of positive leader branches are relatively scarce. Positive
flash channels are typically smooth and unbranched (Nag & Rakov, 2012). As a result, the characteristics and
underlying physical processes of positive leader branches remain poorly understood.

Here, we provide a concise overview of the characteristics of negative leaders. It is widely recognized that the
negative leader follows a stepping mechanism (Cooray & Arevalo, 2017; Kostinskiy et al., 2018; Pu et al., 2017).
Positive streamers originate from the space leader and propagate upward toward the leader tip, while negative
streamers emerge from the other end of the segment and propagate in the opposite direction (Ding et al., 2021;
Gallimberti et al., 2002; Qi et al., 2016). The tortuosity of the negative leader channel is believed to be a result of
the random direction of each step (Scholten et al., 2021; Schonland, 1956). Jiang et al. (2017) identified two
scenarios that can lead to leader branching: the first is multiple space leaders connecting to the same leader
channel, and the second is space leaders/stems connecting a leader in a different direction.
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Figure 1. Arrangement of a 10 m rod-to-plate air gap discharge test platform. (a) Schematic diagram of test equipment
arrangement, including the current measurement unit, voltage measurement unit, a high-speed video camera, and two static
cameras. (b) On-site image of the outdoor test platform, with clear markings indicating the Marx generator, voltage divider,
and current measurement unit.

The research on positive leader has been primarily focused on investigating fundamental physical processes,
initiation meteorological conditions, velocity-current relationships, and analysis of two-dimensional (2-D) ve-
locity (Kitagawa & Michimoto, 1994; Nag & Rakov, 2009; Saba et al., 2009; Yuan et al., 2017). Extensive studies
have been conducted to explore leader stepping, cloud charge configurations, electric field (E-field) waveforms,
multiplicity and transferred charge (Qie et al., 2005; Lu et al., 2009, 2016; Saba et al., 2010; S. Huang et al., 2022;
Wang et al., 2023). Nag and Rakov (2012) reported on the investigation of cloud charge configurations, iden-
tifying at least six configurations capable of producing downward positive lightning discharges. In terms of the
velocity-current relationship, the correlation between leader velocity (v;) and leader current (i; ) is commonly
described as v; ~ i % with a values varying between 0.3 and 0.67 (Andreev et al., 2008; Hutzler & Hutzler-
Barre, 1982; Zhao, He, & He, 2016). Moreover, the positive leader development velocity has been observed to
range from 0.23 X 10° to 17.1 x 10° m/s in different studies (Gao et al., 2014; Kong et al., 2008; Lyu et al., 2013;
Saba et al., 2008). Despite these advances, reports on three-dimensional (3-D) velocity characteristics of positive
leaders are limited due to the challenges and scarcity of 3-D observations. Furthermore, one notable feature in
both lightning discharge and laboratory discharge, which has received relatively less attention compared to
negative lightning, is the branching mechanism of positive leader.

Positive leader branching could be a cause of positive leader tip split or float bidirectional leader connection
(Yuan et al., 2019). Leader branching has been observed to exhibit a relationship with discharge current and air
pressure. Zhao, He, He, Li, and Huo (2016) discovered that leader current waveform spikes were associated with
leader branching, indicating an increase in current during branching. Ma et al. (2019) reported that positive
leaders tend to branch more easily at higher air pressure. Similarly, branching characteristics have also been
studied in streamer discharges. Liu and Pasko (2004) conducted numerical simulations and found that photo-
ionization can lead to positive streamer branching. However, in the case of positive leader, it is still unclear what
factors promote leader branching and further research is needed to investigate this phenomenon.

In this study, we provide optical recordings of positive leader branches, capturing their branching and zigzagging
behavior with a remarkable temporal resolution of 200,000 frames per second (fps). This high-speed recording
allows for a detailed analysis on the characteristics of positive leader branches. Firstly, we investigate the
properties of leader branching across different voltage levels. Furthermore, we examine the development trends of
the leader channel. Finally, we present the 3-D velocity distributions of the leader trunk channel at varying voltage
levels.

2. Experimental Instruments

The experimental data utilized in this paper were obtained from an outdoor test laboratory situated at the National
Engineering Laboratory of UHV Engineering Technology in Wuhan, Hubei Province. Figure 1 illustrates the
schematic diagram and test setup of the experimental equipment. This experimental platform consists of a high-
voltage power supply, electrode structure, data acquisition system, and data storage system. The high-voltage
power supply was a Marx generator, which could generate an impulse voltage up to 7.5 MV. The test plat-
form included a 10 m rod-to-plate gap. The rod electrode was made of copper and with a diameter of 2 cm. The
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Figure 2. Leader channels under four different voltages. (a) Typical positive leader channels at 464, 336, 314, 271 ps (from
left to right) under four different applied voltages. For 1.78, 2.13,2.57, and 3.02 MV, the number of bright and long branched
channels is 1, 2, 3, and 4, respectively. (b) Discharge channel frames during 30 discharge events under different peak
voltages.

plate electrode was a well-grounded iron plate measuring 20 X 20 m”. The high-speed video camera (Photron SA-
Z CMOS) was configured with a frame rate set to 200,000 FPS, featuring a single frame resolution of 176 X 384
pixels. Two orthogonal constrained cameras were applied to reconstruct the 3-dimensional (3D) discharge
channel. The two still cameras are Nikon D750 with an exposure time of 5 ms. A digital oscilloscope and a current
sensor were employed for recording voltage and current waveform, respectively. Additional details regarding the
experimental setup can be found in Peng et al. (2022).

The experiments were conducted in winter, with an absolute humidity ranging from 3 to 5 g/m3. The average dry
temperature was 3.2°C, and the wet temperature was 0°C. Additionally, the air pressure in the experimental
environment was at standard atmospheric pressure.

3. Results
3.1. Effect of Applied Voltage on Leader Branching

Figure 2a shows the leader development under four different patterns of applied voltage, that is, 1.78, 2.13, 2.57,
and 3.02 MV. For each voltage, 30 gap breakdown tests were conducted. It can be observed that there are few
bifurcations under the 1.78 MV voltage and the discharge channels appear relatively concentrated. Conversely, at
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Table 1
Statistics for the Number of Leader Discharge Channels During Leader Development for Discharge Breakdown Events,
Under Four Different Applied Voltages

Applied voltage Single channel Two branched channels More than two branched channels

1.78 MV 30 0 0
2.13 MV 8 22 0
2.57T MV 0 21 9
3.02 MV 0 7 23

the applied voltage of 3.02 MV, three long leader branched channels are observed, with two small initial branches
in the process of growth. The light intensity of the discharge channels is represented by pseudo-color, with red
indicating brightness and blue representing darkness.

It is important to note that the phenomena depicted in Figure 2a are not unique. In Figure 2b, we have shown 30
images of leader channels at various voltages, providing a more comprehensive view. During each discharging
process, the selected discharge trunk channel (i.e., the channel finally reaching ground) has developed to a length
of 6-8 m within the 10 m air gap. The discharge lasted approximately 310, 350, 420, and 460 ps, reaching the
position depicted in Figure 2a, for voltage levels of 1.78, 2.13, 2.57, and 3.02 MV, respectively. During this
period, the leader trunk and branch channels (i.e., the channel eventually failing to reach grounded) reach maturity
and exhibit clear luminosity, making them easily distinguishable. If the air gap experiences a complete break-
down, the light emitted from the trunk channel will overshadow that of the branch channel. As the applied voltage
is increased, the leader channels become more randomized and spread out. Furthermore, an increasing number of
branches emerge along the discharge channel.

At the applied voltage of 1.78 MV, no prominent bright branch channels are visible along the leader's trunk
channel. However, upon careful examination of each frame of the main channel, it can be observed that there are a
few minor branches near the leader's discharge channel. These minor branches can be observed in Frame 21 of
Figure 2b. These small branches contribute to the zigzagging of the leader discharge channel (Zhao, He, &
He, 2016). When the applied voltage is increased to 2.13 MV, it becomes easier to generate two light branches
along the discharge channel. This is evident in the images captured in Figure 2b. Regardless of whether the
applied voltage is 2.57 MV or 3.02 MV, the leader channel is accompanied by three or four leader branches. These
branches are clearly visible in the images presented in Figure 2b.

Table 1 provides a summary of the number of evident branch channels observed during the leader discharge at
various voltages. At the applied voltage of 1.78 MV, all recorded discharge events exhibited a single leader
channel, representing 100% of the cases. When the applied voltage increased to 2.13 MV, the proportion of
discharge events with a single leader channel decreased to 26.6%, while the proportion of events with double
leader channels increased to 73.4%. At the applied voltage of 2.57 MV, 70% of the recorded discharge events
displayed two clearly branched channels, while the remaining 30% exhibited three branched channels. With a
higher amplitude of 3.02 MV, discharge events with two branches accounted for 23.3%, while events with three or
more channels represented 76.7% of the total.

3.2. Effect of Applied Voltage on Leader Strike Points

To investigate the influence of applied voltages on the zigzagging of leader channels, we conducted a study by
counting the locations of leader strike points on the ground. The density distribution of these strike points is
presented in Figure 3a. Under the 1.78 MV applied voltage, the leader strike points appear to be more concen-
trated. The majority of strike points are located within a circle with a radius of 2 m below the vertical electrode,
accounting for 67.5% of the total. For discharging events with applied voltages of 2.13, 2.57, and 3.02 MV, the
strike ground points appear to be more dispersed. There is no significant difference in the distribution of strike
ground points among these voltage levels. The average locations under each applied voltage are (0.9, 0.9) m,
(=0.1, 0.2) m, (0.4, —0.3) m, and (—0.1, —0.2) m for 1.78, 2.13, 2.57, and 3.02 MV, respectively. Furthermore,
Figure 3b illustrates the density distribution of strike points under the four applied voltages. It can be observed that
the ground strike points are primarily clustered around the center along the x-axis and y-axis. From a two-
dimensional (2D) perspective, the core strike points are located at approximately (0.9, —1.3) m. Overall, the
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Figure 3. Leader strike point locations on the ground. (a) Scatter plot distribution of the leader strike location, with the portion
circled by a solid line indicating the strike location at an applied voltage of 1.78 MV. (b) Density distribution of all strike
points. The maximum density of the strike points is located near the center of the x-axis and y-axis, which is directly below
the electrode.

results indicate that the base point of the strike is still close to the bottom of the anode, but there is some deviation
in its precise location.

The standard deviations of strike locations were statistically analyzed for different branching probabilities. A
larger standard deviation indicates a more dispersed impact location. For voltage levels of 1.78, 2.13, 2.57, and
3.02 MV, the corresponding standard deviation was 2.36, 3.21, 2.78, and 2.60 m, respectively. That is, among the
four applied voltages used in our study, the greatest variation in the distance of impact location is reached for
2.13 MV. In the case of a single discharge channel, the standard deviation of impact location distribution was the
smallest. With increasing applied voltages, the number of leader branches also increased. The increased number
of branches leads to the discharge trunk channel for breakdown not being concentrated directly beneath the
electrode. It is hypothesized that the channels of branching discharges bring more randomness to the propagation
channel, subsequently affecting the final strike points.

3.3. Three-Dimensional (3-D) Velocity of Positive Trunk Leader

The positive laboratory discharge at peak voltages of 1.78, 2.13, 2.57, and 3.02 MV were comprehensively
captured using our orthogonally placed single-lens cameras and a high-speed video camera. These cameras
enabled us to obtain images that were used to reconstruct the 3-D path of the leader channel. The process of
reconstructing a 3-D channel from two views has been extensively described by Gao et al. (2014). The upward
positive leader discharge model currently mainly used 2-D data for analysis due to the limited availability of 3-D
data (Becerra & Cooray, 2008). In Figure 4a, we present the reconstructed 3-D leader trunk channel and branch
channel. The color of the points in the figure corresponds to the vertical height at which the leader has developed.
It is important to note that the leader originates from the tip of the positive electrode, which is located 10 m above
the ground. By utilizing the reconstructed 3-D path of the leader channel, we can examine the characteristics of
development for both leader trunk and branched channels.

We calculate the velocity of the leader trunk channel at different crest applied voltages, including 1.78, 2.13,2.57,
and 3.02 MV. Figure 4b illustrates the vertical growth distance of the trunk leader over time, ranging from 0 to
10 m, for each voltage level. The average breakdown times for these voltages were found to be 577, 532, 440, and
390 ps, respectively. Notably, when the voltage increases by a factor of 1.7, the breakdown time decreases to
approximately 0.6 times the original value. This trend suggests that as the applied voltage increases, the average
development velocity of the final jump process also increases.

Figure 4c provides insights into the 3-D development velocity of the leader under different peak voltages. In the
early stage of leader development, the peak voltage does not have a significant impact on the velocity. The leader
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Figure 4. The positive leader 3-D development characteristics under different applied voltages. (a) 3-D leader discharge
channel reconstruction based on orthogonal images, with applied voltage of 2.13 MV, accompanied by leader branching
channel. (b) Distribution of vertical development distance of leaders over time under four different peak voltages (1.78, 2.13,
2.57, and 3.02 MV). (c) Distribution of 3-D development speed of leaders over time under four different peak voltages (1.78,
2.13,2.57, and 3.02 MV).

usually extends at a 3-D velocity below 10° m/s during this stage. However, as the leader continues to develop and
enters into the final jump stage, closer to the ground, the voltage level becomes more influential. From Figures 4b
and 4c, it is evident that as the applied voltage increases, the time to reach the final jump stage occurs earlier, and
the height of the final jump is higher. Specifically, at the applied voltage of 3.02 MV, the maximum 3-D
development speed during the final jump stage can reach 6 X 10> m/s. Which is to say, as the applied voltage
decreases, the development velocity during the grounding process gradually decreases as well. The average 3-D
speeds for the entire discharge process are 3.28 X 10* m/s, 3.53 x 10* m/s, 3.89 x 10* m/s, and 4.33 x 10* m/s for
1.78, 2.13, 2.57, and 3.02 MV, respectively. The entire discharge process means that the leader's vertical
development distance ranges from O to 10 m, as shown in Figure 4b. Due to the limitations of the statistical
process, not all leader branches could be reconstructed in 3-D. The average 2-D speeds the branches were
measured to be 1.05 x 10* m/s, 1.44 X 10* m/s, and 1.95 X 10* m/s for voltages of 2.13, 2.57, and 3.02 MV,
respectively.

4. Discussions

The formation of positive leader branches is a fundamental issue in lightning physics and studies on laboratory air
gap discharge. We made an intriguing discovery in this study that the application of voltage visibly promotes the
formation of leader branching. When the voltage is applied at approximately 50% of the breakdown voltage, there
are minimal branched channels formed along the leader discharge trunk channel. However, when the voltage is
increased by 1.5 times, the leader discharge channel becomes accompanied by two distinct and long branching
channels. Coleman et al. (2003) found a strong correlation between lightning branched channels and electric
potential extrema, suggesting a necessary condition for leader branching. Similarly, Lalande and Mazur (2012)
interpreted the branching of upward positive leaders from tall towers as a result of high E-field changes, indicating
significant potential drop values. The results observed in our study are consistent with these explanations.
Furthermore, Figure 2b illustrates that most of the leader branches initiate at the electrode head. This observation
can be attributed to the fact that the E-field at the electrode head is directly influenced by the applied voltage. We
speculate that the increase in applied voltage results in an enhanced E-field at both the electrode head and the
leader tip, thereby intensifying local ionization activity. This enhanced ionization activity leads to instability in
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the distribution of local electrons, consequently promoting the formation of branches in the leader. In addition to
the branching phenomena observed in positive leader discharge, similar branching can also occur in the streamer
discharge at the head of the leader. Liu and Pasko (2004) used a physical model to investigate the formation of
streamer discharge branching. They found that photoionization plays a critical role in streamer branching process.
Furthermore, the formation of streamer discharge branching may also contribute to the generation of leader
branching.

In our study, the 3-D speed of the positive leader ranges from 0.01 x 10° to 6.01 x 10° m/s. This speed is
influenced by the ambient E-field, which correlates with the height of the leader tip above the ground and in-
creases as the propagation advances. Laboratory-scale discharges conducted by the Les Renardieres Group (1977)
obtained 2-D speeds ranging from 0.12 x 10° to 0.42 x 10° m/s. The average 2-D leader velocity varies from
0.08 x 10° to 0.15 x 10° m/s under a 3-m air gap discharge (Gu et al., 2010). Saba et al. (2008) reported 2-D
speeds for nine natural positive cloud-to-ground leaders, ranging from 0.23 x 10° to 13.0 x 10° m/s. For natu-
ral upward positive leaders, the 3-D speed values range from 0.8 x 10°> m/s to 14.3 x 10°> m/s (Gao et al., 2014).
The 2-D speed of triggered upward positive leaders increases with altitude, ranging from 0.55 X 10° to
2.1 x 10° m/s (Biagi et al., 2011).

The 3-D velocities of positive leader observed in both negative cloud-to-ground and intra-cloud flashes are in the
range of 1-3 X 10* m/s (Wu et al., 2019). The 3-D velocities of positive leader in positive cloud-to-ground exhibit
significant variability, spanning orders of magnitude from 10* to 10® m/s. Wu et al. (2019) noted that the hori-
zontal development speed of positive leader within thundercloud is relatively slow (~10* m/s) and stable, likely
due to the relatively stable E-field inside cloud.

Figures 4b and 4c illustrate that there is minimal disparity in the development speed of the leader trunk channel
during the initial 5 m of growth. At this initial phase, the trunk channel tends to expand alongside branched
channels as the electric field intensifies. This phenomenon suggests that the development of branching channels
might draw some energy from the trunk channel, consequently impeding a substantial acceleration in the growth
rate of the trunk channel. As discussed by Zhao et al. (2019), the discharge current of the leader needs to be
distributed among the branches to establish a relationship between the discharge current and the leader's
development velocity.

The observed leader branching mode and development velocities in this study are of significant reference value
for constructing physical models of positive polarity long air gap discharge and relevant lightning models. It is
evident that the E-field at the head of the positive leader plays a crucial role in the branching of the positive leader
(Lalande & Mazur, 2012). In the later stages, the influence of applied voltage on the conditions and number of
leader branches can be further explored in conjunction with physical models.

5. Conclusions

In this study, we conducted 10 m positive long air gap discharges at different applied voltages with maximum
ranging from 1.78 to 3.02 MV. By utilizing a high-speed optical observation system, we were able to characterize
the positive trunk channel and branch channel of the discharges. One notable finding of this study is the positive
correlation observed between the number of leader branches and the gap potential. This discovery holds sig-
nificant importance in comprehending the mechanism behind positive leader branching and in constructing
corresponding models for positive leader branches. Furthermore, our observations revealed that although there is
a certain level of randomness in the main channel of the leader discharge, the final strike position of the channel
breakdown consistently occurs very close to the bottom of the electrode. When comparing the 3-D development
velocities of the leader under different applied voltages, it is observed that in the initial few meters of leader
development, the speed difference in the main channel is minimal.

Data Availability Statement

The high-speed video of positive leader observations and the associated long exposure image data used to produce
the main results in this paper are publicly available at Peng et al. (2024).
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