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In this work, we studied the waveforms of all lightning discharges from about 15 min. Eighty-three percent of all lightning discharges contain particular waveforms called regular pulse bursts (RPBs), which have regular microsecond-scale electric or magnetic field pulses. Maximum proportion of RPBs occur in middle or rear of lightning discharges. Prior to or after RPBs, there is always a chaotic pulse period. The analysis indicated that RPBs are caused by a secondary discharge in the fractured old breakdown channel, likeness to dart-stepped leader occuring in negative cloud-to-ground discharge (-CG). Four types of RPBs, namely, category of normal RPBs, category of back RPBs, category of symmetric RPBs, and category of reversal RPBs, were sorted in the light of the evolution of the pulse amplitude, interval between neighboring pulses and pulse polarity. In addition, the difference between normal RPBs and back RPBs was considered to be caused by the distance between neighboring charge pockets and the magnitude of the charge in every charge pocket. The symmetric RPBs were considered to be caused by a discharge channel with a large central charge area. Reversal RPBs were considered to be caused by a bending channel or superposition of two or more RPBs. We located some RPBs in a typical intra-cloud flash (IC) in three-dimensional. The analysis showed that the developing velocity of RPBs ranged from approximately 1.2 × 106 m/s to 3.0 × 106 m/s, which slower less than both of the dart leader or dart-stepped leader process from previous studies. And we found it is several meters to dozens of meters that the lengths range of discharge step which between two adjacent pulses.
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HIGHLIGHTS

• Most lightning discharges have regular pulse bursts.
• The physical mechanisms of different types of RPBs are discussed.
• RPBs are located with high spatial and temporal resolution.
1 INTRODUCTION
Researchers have performed excellent work using high-speed cameras or coaxial shunts (Wang, D. H. et al., 2014; Jiang, R. B. et al., 2015; Tran and Rakov, 2017). However, compared with lightning discharges close to the ground (e.g., return strokes and step leaders), the discharge portion of a lightning discharges in the cloud cannot be observed directly by instruments (e.g., high-speed cameras, coaxial shunts, etc.) under certain conditions. Studies rely on radio waveforms detected by ground-based instruments [Rison et al., 1999; Qie et al., 2009; Zhang et al., 2010; Liu et al., 2013; Wang et al., 2021]. Generally, the pulse trains in waveforms generated by lightning discharges can be classified into chaotic pulse trains and regular pulse trains. Chaotic pulse trains were first studied by Wiedman (1982), who pointed out that the subsequent strokes were preceded by ‘chaotic leaders’. Moreover, further studies have been performed on chaotic pulse trains (Bailey et al., 1988; Rakov and Uman, 1990; Willett et al., 1989). Chaotic pulse train events in negative cloud-to-ground (CG) flashes were imaged by three-dimensional very high-frequency (VHF) broadband digital interferometers by Liu et al., 2013, who found that the breakdown process associated with a chaotic pulse train is negative and similar to an attempt leader or dart leader; moreover, they suggested that some chaotic pulse trains may be a part of dart or dart-stepped leaders. Regular pulse trains include stepped leaders or dart-stepped leaders (Beasley et al., 1983; Cooray and Lundquist, 1985; Krider et al., 1977; Weidman and Krider, 1978) in cloud-to-ground and RPBs (Krider et al., 1975; Muller-Hillebrand D., 1962; Rakov et al., 1996; Kolmasová and Santolík, 2013; Ismail et al., 2017) associated with K-changes and M-components. RPBs have high rate of fluctuation of lightning discharges and may play an important role in lightning discharges (Füllekrug Martin, 2011; Kolmasová and Santolík, 2013), and they were earliest studied in detail by Krider et al., 1975, they observed microsecond-scale RPBs in a large part of the waveforms generated by long-distance lightning discharges in Florida and Arizona. These RPBs are basically unipolar pulses. Based on their observations, the RPBs exhibited two principal characteristics, first is a typical duration of 100–400 μs and second is mean time intervals of several microseconds between adjacent pulses. Generally, a pulse lasts for 1–2 μs and the rising edge is about 0.75 μs and followed by a weak overshoot waveform. RPBs usually begin with the largest pulses, and the pulse amplitudes decrease with time. Krider et al., 1975 suggested that the RPBs are related to “an intra-cloud (IC) dart-stepped leader process” and possibly associated with K streamers (Ogawa and Brook, 1964) that developed in the previously formed channels. Muller-Hillebrand (1962) and Krider et al., 1975 suggested that interference or upset can occur in sensitive electronic systems. Rakov et al., 1996 analyzed RPBs in both CG and IC lightning discharges and found that large proportion of RPBs occurred in falling edge of K-changes in both IC and CG. However, Krider et al., 1975 stated that pulse amplitudes often decrease during bursts, and they observed that pulse amplitudes often increase first and then decrease with time and that the interval between adjacent pulses tends to increase toward the end of RPBs (Rakov et al., 1996). According to these observations, Rakov et al., 1996 suggested that an adequate definition of the standard lightning environment needed to develop after considering more experimental data in aircraft-measured lightning currents and in lightning electromagnetic radiation.
Using a multi-point measurement of the time derivative of the electric field with five stations, Davis et al., 1999 estimated the three-demensional locations and develop speeds of the leaders. The average intervals between two pulses of RPBs were 2.8 μs in dart-stepped leaders, 7.6 μs in leaders preceding new ground termination, and 5.1 μs in intra-cloud (IC) discharges respectively. They found that the polarity of 66% pulses was consistent with the current flowing direction in discharge channel. The polarity reversal may be caused by change of channel develop direction and may be caused by development of branches. Kolmasová and Santolík (2013) pointed out that the distances changed between adjacent charge pockets and increase of leader propagation speed could probably also explain the different sort of the trains of the pulses. Ismail et al., 2017 analyzed chaotic pulse bursts and pointed out that RPBs are probably caused by dart-stepped leaders or K-changes in cloud; moreover, they suggested that superposition of electric fields of two and more pulses trains which propagating simultaneously formed chaotic pulse trains. This hypothesis is supported by the observation fact that regular pulse trains tend to ocurred at beginning, middle or later stages of RPBs.
In this work, the RPBs in lightning discharges were analyzed with high time resolution in the inland plateau in China using a lightning mapping system working in VHF and VLF/LF frequency bands (Qie et al., 2009; Zhang et al., 2010; Wang et al., 2010). We analyzed four typical RPBs and mapped some RPBs. A comparative analysis of RPBs parameters in a positive cloud-to-ground discharge (+CG), a negative cloud-to-ground discharge (–CG), and an intra-cloud discharge (IC) are presented. Some location results of RPBs are analyzed and discussed in this work.
2 OBSERVATION AND CLASSIFICATION OF RPBS
In this work, the data was observed by a lightning mapping system (Zhang et al., 2010). The study area was the northeastern edge of the Qinghai-Tibet Plateau (center station: Mingde (MD); 37.01°N, 101.62°E; other station: Yaocao (YC), Liangjiao (LJ), Xiegou (XG), Jile (JL), Miaopu (MP), Xinzhuang (XZ)), and data were collected from 2009 to 2011. The stations were evenly spaced approximately 10 km around the center station, as shown in Figure 1. Each station was arranged with a lightning mapping system detector working at VHF and VLF/LF passband (Qie et al., 2009; Zhang et al., 2010), the bandwidth of VHF detector is about 267–273 MHz and the bandwidth of VLF/LF detector is approximately 200 kHz to 10 MHz. This lightning mapping system can mapped radiation sources which indicate spatial and temporal development of lightning discharges similar to a lightning mapping array (LMA) (Rison et al., 1999). In addition, a high-precision GPS clock (±25 ns) was equipped to synchronize all equipment at each station. Data collection was controlled either by the central station via a broadband wireless network system or operated freely. The arrival time of radiation pulses were caught by all seven stations, and then a set of nonlinear equations was used to get solution of equation each station as follows:
[image: Figure 1]FIGURE 1 | Layout of the detectors (unit = meter; longitude and latitude of the central stations = E101.6,200,592 and N37.0133,483, respectively).
[image: image], where c is the speed of light in a vacuum; t is start time of break from source location (x, y, z); and ti is the arrival time at station i (xi, yi, zi). The typical horizontal error and altitude error was less than 100 and 300 m respectively on a network plane in the range of about 100 km and this two system error was increasing with distance.
We checked all data during a period of 00:00:00–00:15:00 on August 15, 2011 (GMT+8). The results showed that 430 RPBs occurred in 67 cases of all 81 lightning discharges in this period. The rest of the lightning discharges that did not contain RPBs were considered to have lost some detailed sections in their waveforms and occurred far from the observation site in this work. A statistical analysis of all these 430 RPBs shows that the typical width of pulses in RPBs was 1.0 μs, the typical interval between pulses of RPBs was approximately 5.0 μs and the typical duration of RPBs was several hundred μs. Obviously, the ranges of typical intervals and durations of RPBs were greater than those observed by Krider et al., 1975 and Rakov et al., 1996 with the application of broad electric change (EFC) receivers in this paper. A chaotic pulse period always occurred prior to or after an RPB. Maximum proportion of RPBs occur in middle or rear of lightning discharges, which is similar to the observations of Krider et al., 1975 and Rakov et al., 1996. Moreover, most RPBs were associated with VHF radiation. Generally, RPBs were associated with K-changes or M process. RPBs were considered widely distributed events in lightning discharges in this work. We found that the initial part of a normal RPBs is a periodic vibration similar to that observed by Rakov et al., 1996. In addition, some other RPBs did not show regular pulses similarities with those observed by (Rakov et al., 1996; Kolmasová and Santolík, 2013; Ismail et al., 2017). To further understand the RPBs, the waveforms of RPBs are sorted into four categories as follows.
2.1 Normal RPBs
The category of normal RPBs tend to occur in the latter part of a ramp-like [ Rakov et al., 1996] field change (see Figure 2A). The initial part of RPBs waveform has a chaotic wave shape and changes to a periodic vibration. RPBs gradually develop into intensive pulses as the pulse amplitude increases. Then, the pulse amplitude decreases and the interval between two pulses gradually increases with time. It is intense that the VHF radiation synchronized with RPBs. The VHF pulses and EFC pulses are one-to-one correspondence. The amplitude of RPBs pulse in VHF band does not decrease obviously with time for logarithmic amplification. More RPBs belong to normal RPBs, which is similar to the findings of Rakov et al., 1996 and Kolmasová and Santolík (2013). Kolmasová and Santolík (2013) explained that the distances between adjacent charge pockets in thundercloud is nearly constant and they imaged a periodic charge structure which spatial scales is about order of 10 m. The speed of RPBs development decreases with time; therefore, the wave shape shows that the interval between two pulses increases with time. These authors pointed out that the amplitude of the pulses decreases with time, which could be explained reasonably based on the opinion of Uman and McLain (1970), who suggested that the radiated magnetic field is related to the develop speed of leader. However, we can see that the amplitude of pulses increases with time in VLF/LF band of radiation in the initial part of RPBs in Figure 2 in our work. The amplitude of pulses is stable in the VHF band and dissimilar to that in VLF/LF. Almost all normal RPBs have this characteristic in wave shape. In general, the wavelength of radiation in air gap discharge depends on the discharge gap and discharge velocity. We consider that the discharge is weaker in the initial stage than in the later stage; therefore, the discharge step size is shorter than that in the later stage. Because its radiation spectrum focuses on an even higher VHF band, the quantity of radiant energy in the VLF/LF band is less than that in the VHF band in the initial stage. Furthermore, we think the distribution of charge pockets is not regular absolute in detail; thus, small charge pockets that are uniformly distributed in the vicinity of a large charge pocket was named the charge group, although the distance between the neighboring charge groups in the thundercloud on the macro level is nearly constant, which is similar to the finding of Kolmasová and Santolík (2013). The small charge pockets uniformly distributed in the vicinity of large charge pockets may represent cessation sites of the leader step in the initial stage of RPBs for lower discharge energy. Therefore, the discharge gaps in the initial stage of RPBs are shorter than those in the later stage.
[image: Figure 2]FIGURE 2 | Categories of RPBs. Here (and same below), the upper part is the relative change in VHF radiation and the lower part is the relative change in the VLF/LF radiation in picture. (A) Normal RPBs, (B) back RPBs, (C) symmetric RPBs, and (D) reversal RPBs.
2.2 Back RPBs
The category of back RPBs represent a recoil version of the normal type in the time series (see Figure 2B). The pulses in the initial portion of RPBs are sparse, and the amplitude of pulses is lower in the beginning period. Over time, the time interval decreases gradually, the pulse amplitude increases, the pulse amplitude decreases and the interval between two pulses decreases so that the wave shape reaches a chaotic waveshape at all times. The VHF radiation is intense, and the VHF pulses and EFC pulses are one-to-one correspondence similar to normal RPBs. The proportion of this type of RPBs is less than that of normal RPBs in lightning discharges. Based on the hypothetical periodic charge structure of Kolmasová and Santolík (2013), the distances changed between adjacent charge pockets and increase of leader propagation speed could probably also explain the different sort of the trains of the pulses. We suggest that the speed increase of the leader propagation provides a better explanation of the discharge process of the back RPBs.
2.3 Symmetric RPBs
In this study, some RPBs developed symmetrically in the time series (see Figure 2C), and these pairs consisted of one normal RPBs and one back RPBs, with the latter followed by the former. The distances between neighboring pulses are large, and the amplitude of pulses is lower in the initial portion. Over time, the time interval decreases gradually, the pulse amplitude increases, the pulse amplitude decreases and the interval between neighboring pulses decreases and then changes to a chaotic periodic vibration wave shape. After a period of intensive and chaotic wave shape, the wave shape reached periodic vibration again and developed into pulses that burst gradually as the pulse amplitude increased. Then, the pulse amplitude decreased and the interval between two pulses increased with time. The VHF radiation also is intense, and the VHF pulses and EFC pulses are one-to-one correspondence, which is similar to normal RPBs. Ismail et al., 2017 suggested possible mechanisms it is that superposition of electric fields of two and more pulses trains which propagating simultaneously formed chaotic pulse trains, which could explain chaotic pulse trains of symmetric RPBs. However, the detailed evolution of pulse amplitude and time intervals cannot be explained reasonably by the opinion of Ismail et al., 2017. We consider that there is a neighboring large charge area at the discharge channel, with back RPBs occurring before this charge area and normal RPBs occurring after this charge area.
2.4 Reversal RPBs
In reversal RPBs, the pulse polarity of the RPBs inverts one or more times in the develop process (see Figure 2D). The reverse develop process is always associated with more intense VHF radiation. Some RPBs of this type could be explained by the mechanism suggested by Ismail et al., 2017, which is the superposition of electric fields caused by two RPBs with different polar pulses simultaneously. It is conceivable that the proportional wave shapes of RPBs belong to the type that is superposed by two RPBs with different or the same polar pulses. Of course, not all reverse RPBs present this mechanism, as suggested by Ismail et al., 2017, and we have obtained direct evidence proving this supposition (see ‘4. Three-dimensional map and characterization of RPBs’).
3 STATISTICAL DATA ON THE PRBS UNDER VARIOUS LIGHTNING DISCHARGES
A statistical analysis of all 430 RPBs over a period of 15 min indicates that the width of the pulses in RPBs is approximately 0.5–2.0 μs, with a typical width value of 1.0 μs; the interval of neighboring pulses of RPBs is approximately 2.0–10.0 μs, with a typical interval value of approximately 5.0 μs; and the duration of RPBs is approximately 20.0–2000.0 μs, with a typical duration value of several hundred μs. A total of 224 normal RPBs accounted for approximately 52% of all RPBs, 73 back RPBs accounted for approximately 17% of all RPBs, 89 symmetric RPBs accounted for approximately 21% of all RPBs, and 44 reverse RPBs accounted for approximately 10% of all RPBs.
Six typical lightning discharges, including two + CG, two -CG and two IC lightning discharges, are analyzed in detail in this work. Table 1 and Table 2 show comparisons between the statistical parameters presented by Rakov et al., 1996 and those from our observations. All parameters in our work are similar to the RPBs observed by Rakov et al., 1996. Moreover, the average duration and pulse number from our observation are slightly greater than those from Rakov et al., 1996. The number of RPBs was five in the-CG (00:02:28), three in the-CG (00:04:26), 10 in the + CG (00:03:27), six in the +CG (00:05:24), eight in the IC (00:01:57), and seven in the IC (00:02:49).
TABLE 1 | Statistical comparison of data from CG. Rows one to three are statistical data given by Rokav et al., 1996; rows five to six are statistical data of–CG from Qinghai; and rows seven to eight are statistical data of +CG from Qinghai.
[image: Table 1]TABLE 2 | Statistical comparison of data from IC. Rows one to three are statistical data from Rokav et al., 1996; and rows five to six are statistical data of IC from Qinghai.
[image: Table 2]In this study, we only considered regular RPBs with atypical characteristics. The sign ‘/’ indicates absence for this data. The average interval between adjacent pulses of RPBs in lightning discharges observed in Qinghai was slightly lower than that of Rakov et al., 1996. The number of normal-type RPBs shown in Table 1 is greater than that of the other RPBs, which indicates that most RPBs originate from the hypothetical periodic charge structure which spatial scales is about order of 10 m, as suggested by Kolmasová and Santolík (2013).
RPBs tend to occur at the end of discharge, where many K-changes often occur. More RPBs discharge always occurs in the latter part of a ramp-like field change characteristic of a K-changes. Many RPBs were found to be related with hook-shaped field change M-components (Rakov et al., 1996). In this work, the RPBs can be synchronously detected by broad EFC and VHF detectors. Krider et al., 1975 and Rakov et al., 1996 considered that maximum proportion of RPBs occur in middle or rear of lightning discharges. However, some weak RPBs occurred in the initial stage of lightning discharge in this work. These RPBs were due to “an intra-cloud dart-stepped leader process”, as suggested by Krider et al., 1975. Therefore, we think that many secondary breakdowns similar to dart leaders occurred for–CG in the initial stage of lightning discharges.
4 THREE-DIMENSIONAL MAP AND CHARACTERIZATION OF RPBS
The lightning mapping system (LMS) takes advantage of 1.2 s uninterrupted waveforms after the detector was triggered, so we can analyze every fragments of lightning discharge with high time resolution (time resolution is 50 ns). The power waveform was converted from a VLF/LF waveforms using the Hilbert transform (see Figure 3), which is similar to the work of Shao et al., 2005. Accordingly, we developed a algorithm which could automatically match pulses from seven stations based sevral intervals between pulses of RPBs (see Figure 3). This algorithm improved the efficiency of locating RPBs in three dimensions in a high time resolution although limited by different amplitudes of pulses in different stations. We initially located 11 RPBs in three dimensions and one regular pulse train associated with a dart-stepped leader.
[image: Figure 3]FIGURE 3 | (A) Original VLF/LF radiation waveform. (B) Power waveform.
Figure 4 shows a VHF map of a typical IC which including four process of RPBs. In addition, Figure 5 shows a three-deimensional picture of a typical RPBs in Figure 4. The analysis shows that the ranges of RPBs developing velocity is about from approximately 1.2 × 106 m/s to 3.0 × 106 m/s, which is slightly less than that of the dart-stepped leader process or dart leader (Biagi et al., 2010), and the lengths range of break step which marked by pulses is about from approximately several meters to dozens of meters. The developmental span of RPBs reaches 5 km in this work. The developed channel of RPBs always along the original channel which formed in earlier discharges, which indicates RPBs are re-breakdown processes in IC and similar to dart-stepped leader processes in CG. Many VHF three-dimensional pictures of RPBs show clusters in position of earlier formed channels, and their developing diameters are less than 1 km. Generally, the developmental scan of RPBs cannot reach the ends of old channels.
[image: Figure 4]FIGURE 4 | Typical intra-cloud lightning discharges includes four RPBs (In this work, the time-variant of radiation sources marked by different colors from blue, green, yellow to red. The green square denotes the LMS station. The height versus time plot (the units of time are hour:minute:second:microsecond) exhibited in top panel; the north-south vertical projection exhibited in mid-left panel; the height distribution of number of radiation events exhibited in mid-right panel shows; the plan view exhibited in bottom-left panel; and the east-west vertical projections exhibited in bottom-right panel).
[image: Figure 5]FIGURE 5 | Third RPBs in Figure 4.
Multi-polarity inversions of these RPBs are shown in Figure 6. The enlarged wave shape of part of the RPBs indicates that the initial half of wave of pulse one is entirely positive. Then, the polarity starts to reverse in the second pulse, with a slightly negative change in the wave shape in the initial half of the wave. Then, the negative change wave shape increases with each pulse until the ninth pulse, which forms an obvious negative half wave pulse, and in the eleventh pulse, the amplitude of the negative half wave is greater than that of the positive half wave and polarity reversal is completed. This phenomenon could not be explained by Ismail et al., 2017. We think that the formation of reverse RPBs may be caused by bending of the lightning discharges channel. The entire RPBs process has multiple reversals and generally develops with snaking discharge channels from the three-dimensional picture in Figure 5, although the details are indistinguishable in detail. In addition, a dart-stepped leader was located in three-dimensional in this work (Figure 7). The developed velocity of the dart-stepped leader is approximately 1.2 × 106 m/s (Figure 7).
[image: Figure 6]FIGURE 6 | Part of the RPBs waveform related to the third RPBs is shown in Figure 4.
[image: Figure 7]FIGURE 7 | RPBs (dart-stepped leader) in a -CG.
5 SUMMARY AND DISCUSSION
In this work, we studied the waveforms of lightning discharges from about 15 min.In addition, some typical RPBs were loacted in three dimensions and analyzed in detail. Several conclusions are presented below.
1) The typical width of pulses in RPBs is approximately 1 μs, and the typical interval between pulses of RPBs is approximately 5 μs. According to the interpulse interval and pulse polarity, category of normal RPBs, back RPBs, symmetric RPBs, and reversal RPBs are sorted. Moreover, these four types were related to the different discharge processes and structures of the discharge channels.
2) A total of 83% of all lightning discharges include one or more RPB. RPBs are similar in both broad EFC and VHF radiation waveforms. Generally, RPBs are associated with K-changes, M processes or dart-stepped leaders. Maximum proportion of RPBs occur in middle or rear of lightning discharges. However, some RPBs was found to occur at the preliminary stage of lightning discharges.
3) The lasting time of RPBs is about from 20 to 2000 μs which larger than that in earlier literature (Krider et al., 1975; Rakov et al., 1996).
4) The RPBs developing velocity ranges from approximately 1.2 × 106 m/s to 3.0 × 106 m/s, which is slightly less than the dart-stepped leader process. The developmental span of RPBs could reach 5 km in this work.
Compared with the primary discharge channel of lightning discharges, such as the preliminary breakdown process and step leader, the secondary breakdown activity is more difficult to be caught by the instrument due to its short time duration and speed of development. Obviously, RPBs are a typical secondary discharge. The dart-stepped leader in CG is similar to this phenomenon. The development of high-speed acquisition technology has allowed detailed observations of the secondary discharge, which can even be mapped in three dimensions.
RPBs are typical waveshapes in the process of lightning discharges. Four types, i.e., normal RPBs, back RPBs, symmetric RPBs, and reversal RPBs, were sorted according to the interpulse interval and pulse polarity. More RPBs belong to normal RPBs. The classification in this paper can enable a more thorough analysis of the different RPBs. Kolmasová and Santolík (2013) investigated the evolution of the pulse amplitude and interval in normal RPBs and suggested that the observed time interval between the adjacent pulses increases with time based on a hypothesis that the equal distance between the neighboring charge pockets and speed of the movement of the RPBs decrease with time. The back RPBs represent a recoil version of the normal type in the time series, which could be explained by the suggestions of Kolmasová and Santolík (2013). In the observation data, we also found some interesting examples, such as symmetric RPBs and reversal RPBs. Symmetric RPBs present normal RPBs followed by back RPBs. A chaotic process occurs between normal RPBs and back RPBs. The superposition of electric fields of two and more pulses trains which propagating simultaneously formed chaotic pulse trains suggusted by (Ismail et al., 2017); however, this explanation cannot easily be applied to symmetric RPBs because these RPBs included a whole back RPBs followed by a whole normal RPBs in the waveform. Thus, the evolution of the amplitude of pulses and the interval between neighboring pulses cannot be well explained by Ismail et al., 2017. We consider that there is a neighboring large charge area at the discharge channel, with back RPBs observed before this charge area and normal RPBs observed after this charge area. For the reversal RPBs, the pulse polarity of RPBs inverts one time or more in their life cycle. (see Figure 2 4) and Figure 6). Some RPBs of this type could be explained by the mechanism suggested by Ismail et al., 2017, which is the simultaneous superposition of electric fields caused by two RPBs with different polar pulses. However, some cases, including chaotic waveshapes, could not be explained by Ismail et al., 2017. Inverse processes can be observed in the EFC waveform in Figure 6, and they are associated with a part of the RPBs channel in Figure 5. From the waveform, we can see that the inverse process is frequent and gradually changes in the enlarged waveform in Figure 6. We considered that some inverse pulse polarity in RPBs originates from bending of the discharge channel in RPBs.(Wang et al., 2014).
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