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Preface 

Lightning is a natural phenomenon that has the most impressive appearance but 

poses severe threats on life and various infra-structures on various occasions. According 

to whether it strikes the ground or not, lightning flashes are basically classified into cloud-

to-ground (CG) and intra−cloud (IC) lightning. Each CG flash possibly has upward and 

downward propagation directions, and effectively neutralizes the charge of positive, 

negative, and bipolar polarities. Therefore, CG flashes could have six types if considered 

from the combinations of the channel development direction and the neutralized charge 

polarity. IC flashes can be subdivided into normal and inverted types based on whether 

or not the initial leader shows an upward propagation direction. In this thesis, we have 

separately used a low−frequency mapping system called Fast Antenna Lightning 

Mapping Array (FALMA) and a very−high−frequency mapping system called Lightning 

Mapping Array (LMA) to study many interesting topics involved in three kinds of 

lightning flashes, namely to normal IC flashes, negative downward CG flashes and 

upward bipolar lightning flashes (UBLFs). The structure of this thesis is organized as 

follows. 

Chapter 1 will introduce the basic types of lightning discharges and propose four yet-

to-be answered issues in three types of lightning flashes. Besides, to better understand 

these issues, I have given a review of each topic.   

Chapter 2 has given a detailed description of our observation data from FALMA 

and LMA. The commonly used time-of-arrival locating method in both LF and VHF 

systems are also introduced. 

The specific research content has been grouped into four topics that are respectively 

reported in Chapter 3~6.   

The first topic—Temporal and spatial characteristics of preliminary breakdown 

pulses in normal intracloud lightning flashes, is analyzed and discussed in Chapter 3. It 

was found that preliminary breakdown (PB) processes started with a stage of preliminary 



 

 

isolated pulses (PIPs) and followed by classic PB pulse (PBP) clusters. A typical PBP 

cluster consists of several narrow pulses (NPs) and one classic PBP. During one PIP stage, 

the pulses occurring later usually have a lower altitude, indicating a kind of backward 

extension relative to the overall upward progression of PB process. In each PBP cluster, 

PBP is always located at the lowest height and behind its preceding NPs, while these NP 

locations could have various patterns in terms of extension. Furthermore, we have made 

a statistic of the horizontal and vertical extensions in a PIP stage and typical PBP cluster. 

For both the PIP stage and PBP cluster, their vertical extensions are apparently longer 

than their horizontal extensions, reflecting a predominantly vertical channel of PB process. 

Based on the temporal and spatial characteristics of PB pulses, we have proposed a model 

to interpret how the PIPs, NPs, and PBPs are produced. 

The second topic—A Comparison on the E-change Pulses Occurring in the Bi-level 

Opposite-polarity Charge Regions of the Intracloud Lightning Flashes is presented in 

Chapter 4. We have compared the E-change pulses occurring in the upper positive charge 

region (UPCR) and the middle negative charge region (MNCR) of 41 normal intra-cloud 

(IC) flashes. E-change pulses can be roughly grouped into isolated pulses and pulse trains 

with both positive and negative polarities. Although isolated pulses occurred about 

equally in UPCR and MNCR, there were much more pulse trains in MNCR than UPCR. 

Overall, the average amplitude, rise time, half-peak width, and fall time of isolated pulses 

(pulse trains) are 56% larger (115% larger), 31% faster (43% slower), 25% narrower (46% 

wider) and 26% shorter (62% longer) in UPCR than in MNCR. Interestingly, in the same 

charge region, positive and negative pulses share similar characteristics. Based on a 

typical well-structured IC, it was found that the majority of isolated pulses in both UPCR 

and MNCR occurred at or close to the leader tips. In contrast, about 30% UPCR pulse 

trains occurred at or close to the tip, while the remaining 70% pulse trains occurred in the 

leader channel retracing along the leader channel away from the flash origin; for MNCR 

pulse trains, about 60% occurred close to the tip and 40 % occurred in the channel with a 

backward extension to the flash origin. Based on these characteristics, we have discussed 



 

 

the physical nature of various types of pulses and pointed out that a leader is likely to 

progress with a fluctuating behavior when it is neutralizing space charge distributed in a 

region with sufficient thickness and width. 

The third topic—Correlation between the first return stroke of negative CG lightning 

and its preceding discharge processes is given in Chapter 5. We have shown the general 

characteristics of PB and stepped leader (SL) process, including PB altitude, PB/SL 

vertical speed, PB/SL pulse rate, and SL duration, and further studied the correlation 

between the first return stroke (RS1st) intensity and its preceding discharge processes. The 

results demonstrate that on average, lower initiation altitude, faster PB/SL vertical speed, 

higher PB/SL pulse rate, and shorter SL duration tend to be followed by stronger RS1st. 

Compared to the PB process, the correlation coefficient between the SL process and the 

negative RS1st intensity is larger. We speculate that the combination of a wide middle 

negative charge region and a small lower positive charge region is a favorable condition 

for an intense RS1st. 

The fourth topic—Leader polarity-reversal feature and charge structure of three 

upward bipolar lightning flashes is studied in Chapter 6. We have found that During the 

several tens of milliseconds (lightning A: 56 ms, lightning B: 21 ms, lightning C: 67 ms) 

before the initiation of the polarity-reversal leader, one branch of the preceding leader in 

bipolar flashes was nearly decayed while other branches of the preceding leader were still 

in propagation. Then the polarity-reversal leader will be initiated at the end of the decayed 

branch of the preceding leader. Initial sources of the polarity-reversal leader are 

characterized by relatively strong very high frequency power (average value in lightning 

A, B, and C, 24, 18, and 14 dBW) and obvious upward progression. Two of the three 

upward lightning (lightning A and B) occurred at a normal dipolar charge structure, while 

the remaining one (lightning C) occurred at an inverted dipolar charge structure. Based 

on the common features of the polarity-reversal leader and charge structure, we have 

proposed a scenario to interpret the process of upward bipolar lightning flashes. 

Chapter 7 has summarized all the conclusions of this thesis.  
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Table 1. List of abbreviations used in this thesis 

Abbreviation Full name Abbreviation Full name 

3-D Three-dimensional MNCR Middle negative charge region 

AM Arithmetic mean NP Narrow pulse 

BPL Backward positive leader PB Preliminary breakdown 

CG Cloud-to-ground PBP Preliminary breakdown pulse 

E-change Electric field change PIP Preliminary isolated pulse 

FALMA Fast Antenna Lightning 

Mapping Array 

RL Recoil leader 

FNL Forward negative stepped leader RNP Range-normalized peak 

GM Geometric mean RS Return stroke 

GPS Global Positioning Systems SL Stepped leader 

IB Initial breakdown SL* Space leader 

IC Intracloud UBLF Upward bipolar lightning flash 

IEC Initial E-change UPCR Upper positive charge region 

LF Low frequency UNL Upward negative leader 

LPCR Lower positive charge region UPL Upward positive leader 

LMA Lightning mapping array VHF Very high frequency 

MS Mega samples   
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Chapter 1 

Introduction 

1.1 Types of Lightning Discharges 

Lightning is a transient discharge process of transferring a large amount of charge in 

a short period along the channels initially created by its leader processes. Such a discharge 

process is found to be associated with the charge structure in the cloud. One of the most 

accepted charge structure is described as a standard tripolar model, which contains an 

upper positive, a middle negative, and a lower positive charge region, as shown in Figure 

1-1. According to whether lightning channel extensions attach to the ground or not, 

lightning is mainly classified into two types, intra-cloud (IC) lightning flash and cloud-

to-ground (CG) lightning flash. 

The terminology IC flash is used to represent three types of lightning shown in 

Figure 1: (i) intra-cloud lightning discharges, those occurring within the confines of a 

thundercloud, (ii) inter-cloud discharges, those occurring between thunderclouds, and (iii) 

air discharges, those occurring between a thundercloud and clean air [Rakov et al.,2008]. 

Often, the abbreviation IC refers to all cloud flashes.  

Considered from the polarity of the charge lowered to the ground and the leader 

movement direction, the CG lighting flashes are usually subdivided into four groups (e.g., 

Uman et al., 1987), namely to upward positive, upward negative, downward positive and 

downward negative CG flashes. Recently, as seen in Figure 1-2, this classification has 

been extended due to the occurrence of bipolar lightning flash, which transfers both 

positive and negative charge to the ground in the same flash (Wang and Takagi, 2008a). 

So, upward and downward bipolar lighting flashes should be also included into the basic 

CG classifications. 
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Figure 1-1. Lightning discharge in thunderstorms. 

 

Figure 1-2. The basic lightning classifications. 

1.2 Overview of Yet-to-be Answered Questions in Various Types of 

Lightning Discharges  

Due to its development randomness and transient, there are so many lightning 

questions that are waiting to be answered. Dwyer and Uman (2014) have subjectively 

proposed the top ten questions in lightning research. For example, by what physical 

mechanism or mechanisms is lightning initiated in the thundercloud? In this thesis, we 
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have also proposed four of our most concerned questions and addressed these topics in 

Chapters 3-6, involving three types of lightning flashes, namely normal IC flashes, 

downward negative CG flashes, and upward bipolar flashes. 

1.2.1 Topic 1 — Preliminary Breakdown Process in Normal IC Flashes 

As a well-established observation fact, the low-frequency (LF) electric field change 

(E-change) waveforms produced by lightning discharges usually start with a series of 

characteristic pulses often called either preliminary breakdown (PB) pulses (e.g., Gomes 

et al., 1998; Wu et al., 2015) or initial breakdown (IB) pulses (e.g., Stolzenburg et al., 

2013). Some of the pulses apparently look larger in amplitude and tend to have a bipolar 

shape, as shown in Figure 1-3. This type of pulses is usually called classic PB pulses 

(PBPs). Weidman and Krider (1979) found that each classic PBP had two or three narrow, 

fast-rising pulses superimposed on the initial half cycle of its bipolar shape. After 

examining microsecond- and submicrosecond-scale pulses of 12 cloud and 12 ground 

flashes in detail, Nag et al. (2009c) concluded that the majority of pulses at the PB stage 

are small in amplitude and duration, occurring almost during the whole PB period. The 

small-amplitude pulses preceding the first classic PBP have been recently studied by 

Marshall et al. (2014; 2019). They defined the period between the actual lightning 

initiation and the first classic PBP as the initial E-change (IEC) stage, indicated by the 

pink curve in Figure 1-3. Marshall et al. (2019) found that the fast antenna (LF) pulses at 

each IEC stage were coincident with some very high frequency (VHF) pulses and thus 

speculated these small-amplitude pulses at the IEC stage were possibly caused by positive 

corona streamers serving as the events enhancing the channel conductivity to maintain 

the development of the nascent leader. For those small-amplitude pulses between classic 

PBPs, Stolzenburg et al. (2014) found that these pulses were associated with new, dimly 

luminosity acting as precursor events to classic PBPs.  
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Figure 1-3. Expanded views of IC flash process including lightning initiation and classic PB pulses. 

The blue curve is a LF waveform and the orange curve is the measured VHF power. Adapted from 

Marshall et al. (2019). 

The overall locations of these pulses, no matter how large or small in magnitude, 

indicate that the PB processes in the normal IC flashes usually exhibit an obvious upward 

progression. So, does each PB pulse correspond to an advancing (upward) progression? 

To examine this question, further researches are needed. 

1.2.2 Topic 2 — Pulses in the Bi-level Channels of Normal IC Flashes 

Lightning discharge electric field change (E-change) waveforms recorded by so-

called fast antenna have been used for studying the characteristics of intra-cloud (IC) 

lightning discharges from the early days of lightning research (e.g, Kitagawa and Brook, 

1960; Krider et al., 1975; Weidman and Krider, 1979). For a typical IC discharge, its E-

change waveform usually contained many pulses with some of them occurring in trains 

or bursts while others in isolation (e.g., Kitagawa and Brook, 1960; Krider et al., 1975; 

Villanueva et al., 1994). By mapping these pulses, recently it has become easy to visualize 

how an IC discharge progresses inside clouds (e.g., Bitzer et al., 2013; Wu et al., 2018; 

2019a). As shown by Bitzer et al. (2013), the lightning mapping using low-frequency E-

change pulses can also indicate the bi-level polarity-opposite charge regions of a typical 

IC flash, similar to the lightning mapping using VHF radiation achieved (e.g., Shao and 

Krehbiel, 1996; Rison et al., 1999). Apparently E-change pulses occur in both charge 
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regions and therefore three-dimensional (3D) lightning mapping using E-change pulses 

makes possible to perform a comparative study on the characteristics of the pulses in 

different charge regions. Taking advantage of Fast Antenna Lightning Mapping Array 

(FALMA) that was recently developed by us (Wu et al., 2018), we will carry out such a 

study and then report on our results. 

1.2.3 Topic 3 — The First Return Stroke Intensity in the Negative CG Flashes 

Both direct measurement (e.g., Berger et al., 1975) and indirect measurement (e.g., 

Cummins et al., 1998) on the peak current of lightning return strokes indicate that the first 

return stroke (RS1st) of the negative CG lightning discharges could have a peak current 

ranging from as low as 5 kA to more than 100 kA, an amplitude ratio of a factor of at least 

10. The reason for such a difference is interesting in the view of lightning physics. It is 

known that the RS1st is generally preceded by a PB and a stepped leader (SL) (referred to 

Figure 4.3 in Rakov and Uman, 2003). Does the RS1st peak current depend on PB and SL? 

Or, are there any correlations between RS1st and PB or SL? So far only a few studies have 

investigated such issues (e.g., Zhu et al., 2016a; Nag and Cummins, 2017). For the 

correlation between the RS1st and the PB process, it was found that RSs with high currents 

(≥50 kA) were characterized by short SL and very small PB-RS interval with an average 

value of less than 6 ms (Zhu et al., 2016a). Nag and Cummins (2017) reported that the SL 

durations, defined by the time interval between the first detected negative cloud pulse in 

a flash and the negative RS1st, had an inverse relation to the RS currents over both land 

and ocean. The further correlations between the RS1st intensity and its preceding 

discharges of negative CG flashes are necessary to be studied. 

1.2.4 Topic 4 — Upward Bipolar Lightning Flashes 

Bipolar lightning is so named because its electric current waveform exhibits polarity 

reversal, indicating both positive and negative charges are transferred to the ground, as 

first observed by McEachron (1939) and later observed by many others (e.g., Berger, 
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1978; Gorin & Shkilev, 1984).  

As concluded by Rakov and Uman (2003), there are basically three types of bipolar 

lightning discharge, shown in Figure 1-4. The first type is associated with a polarity 

reversal during a slowly varying current component, such as the initial continuous current 

(Goto and Narita, 1995). The second type is characterized by different polarities of the 

initial-stage current and of the following return strokes (e.g., Nakahori et al., 1982; Berger, 

1978). The third type involves return strokes of opposite polarity (e.g., McEachron, 1939; 

Berger and Vogelsanger, 1965). 

 

Figure 1-4. Examples of three types of bipolar lightning flashes. Adapted from Zhou et al. (2011). 

For a typical upward bipolar lightning flash (UBLF), since its positive and negative 

currents share the same channel as evident from many photos and videos (Berger & 

Vogelsanger,1966; Wang & Takagi, 2008; Zhou et al., 2011), there must exist a polarity 

reversal in the leader discharges that caused the currents along the shared channel. An 

interesting question about UBLF is how the polarity reversal occurs. Wang and Takagi 

(2008) proposed a scenario for such leader polarity reversal and assumed that there must 

be two branches in the upward leader of bipolar lightning, with one branch having stopped 

progression while another branch being still in progression. The latter causes the electric 



7 

 

field along the decayed branch reverse in direction. If the decayed branch is reactivated 

by the reversed electric field, a leader with reversed polarity will be generated. To test the 

scenario proposed by Wang and Takagi (2008), the leader progression inside cloud needs 

to be observed. Another interesting question about UBLF is what its charge structure 

looks like. Narita et al. (1989) explained that charge of both polarities followed the same 

channel to ground, but from the opposite-polarity charge regions separated horizontally 

in cloud. To test the charge structure suggested by Narita et al. (1989), the leader 

progression inside cloud also needs to be observed. Hence, it is essential to provide the 

intra-cloud locations of bipolar flashes for answering these questions. 

1.3 Objective of This Thesis 

This study will try to give reliable explanations for the above four topics by using 

the locations from the recently developed mapping systems. The thesis structures are 

organized as follows. 

In chapter 2, I will give an introduction to the winter and summer experiments. 

During the observation, although LF and VHF mapping systems are separately deployed, 

the time-of-arrival method is commonly used. In this chapter, I also simply describe this 

locating method.  

In chapter 3, temporal and spatial characteristics of PB pulses in the normal IC 

flashes are given. Based on these characteristics, we have proposed a model to interpret 

how each kind of pulses at the PB stage is produced. 

In chapter 4, We have compared the E-change pulses occurring in the upper positive 

charge region (UPCR) and the middle negative charge region (MNCR). 

In chapter 5, we first show the general characteristics of the PB and SL processes. 

To do this, we characterize PB using its initiation height, vertical speed, and pulse rate; 

we characterize SL using its vertical speed, pulse rate, and duration. Based on these well‐

located flashes, we have further examined the correlation between the RS1st intensity and 

its preceding discharge processes. 
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In chapter 6, we reported on the leader polarity-reversal feature and charge structure 

of three upward bipolar lightning flashes occurring in Japanese winter thunderstorms. The 

common features in these bipolar flashes provide us an opportunity to discuss the 

corresponding physical mechanism.  

The main conclusions are drawn in chapter 7. 

Chapter 2 

Experiment and Data Processing 

In this section, we will first introduce the winter and summer experiment. Then, the 

common locating methods adapted in both LF and VHF systems, namely to time of arrival 

(TOA), are described in detail. 

2.1 Winter Observation in Uchinada, Japan 

In the winter of 2014, we have conducted a comprehensive observation campaign of 

lightning striking on the windmill and its protection tower at Uchinanda, Ishikawa 

prefecture, Japan. As shown in Figure 2.1, the windmill and the tower, both being erected 

on a small hill about 40 m above the sea level with a distance of 40 m, are 100 and 105 

m in height, respectively. 
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Figure 2-1. Pictures of the windmill and tower. 

Taken the windmill as a lightning observation center, the experiment includes two 

parts. The first part involves the VHF mapping system called Lightning Mapping Array 

(LMA) and the second part is associated with traditional measurements to lightning 

striking on the windmill. 

2.1.1 Lightning Mapping Array 

A brief review of LMA is as follows. The initial version of LMA was designed and 

built by New Mexico Tech from 1996 to 1998, which is conceptually modelled after the 

previous LDAR systems, but has significant technological differences. Because of readily 

available GPS technology, timing is achieved locally at each individual sensor. Having 

the timing locally determined also allows for on-site digitization; analog data no longer 

needs to be transmitted over microwave links to be ingested and digitized and is done 

independently at each sensor. In its simplest form, each LMA sensor can run stand-alone 

and record continuous data for weeks to even months at a time without much intervention. 

The LMA exploits the latest technology and has brought the TOA technique (introduced 

in the section 2.3) into a realm where modern computing systems can be used to 

completely automate the source location determinations. The LMA is currently able to 
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process decimated data in real-time; as the solution algorithms continue to improve 

(along with wireless communication technologies), the system can retrieve and process 

its entire data stream in real-time. (Hamlin, 2004). 

LMA working in the frequency band of 60-66 MHz and impulsive events are located 

in a time window of 80 µs. Using sounding balloon measurements, airplane tracks, and 

observations of distant storms, the locating accuracy of LMA is about 6–12 m rms in the 

horizontal and 20–30 m rms in the vertical. The accurate locations provide more detailed 

images on the lightning. 

In the winter season, in order to research the upward bipolar lightning flashes 

initiated from the windmill and its protection tower, such a LMA system consisting of 

nine stations was deployed for the first time along the coastal area of the Japanese sea 

from 3 November 2014. The geographical locations are shown in Figure 2.2. The 

observation network covers an area of about 18╳18 km2. The windmill and its protection 

tower are in the center of the network. The coordinate (0,0) corresponds to the tower. 

 

Figure 2-2. The geographical locations of LMA sites. 

2.1.2 Traditional Measurements 

One of the most representative measurements is the optical observation. Figure 2-3 

(a) shows our observation room at the Uchinanda. In this room, there are ordinary video 
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recordings and high-speed images by using the ALPS (Automatic Lightning Progressing 

Feature Observation System), as shown in Figure 2-3 (b). Since the research data in this 

thesis does not involve the optical measurements, the detailed description is omissive and 

anyone interested in our optical observation can refer to our published literature (e.g., 

Wang et al., 2016). 

 

Figure 2-3. Traditional measurments to the lighning hit on the windmill and tower. 

Additional observation equipment includes a Rogowski coil and a field mill. 

Simultaneous current data with a sampling rate of 200 kHz is recorded by the Rogowski 

coil installed at the base of the tower, as shown in Figure 2-3 (c). The extra effort is done 

to record the small-amplitude initial lightning current from 1.0 A and low frequency from 

0.1 Hz. The electric field with atmospheric convention sign is recorded by the field mill 

with a distance of around 1.4 km from the windmill, as shown in Figure 2-3 (d). Note that 

the field mill, with a time resolution of 50 ms, is not equipped with GPS timer and its 

synchronization with LMA can be done only manually with uncertainty up to several 

hundred milliseconds. 

2.2 Summer Observation in Gifu, Japan 

During the summer of 2017, Wu et al. (2018) developed a newly LF mapping system 
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called Fast Antenna Lightning Mapping Array (FALMA). The FALMA consisted of 12 

fast antennas and was deployed over an area of about 90 km × 90 km in the central part 

of Japan. Locations of 12 sites are shown in Figure 2.4. Distances between neighboring 

sites are from 20 to 30 km. 

 

Figure 2-4. Locations of 12 FALMA sites in the summer of 2017. 

As the name of FALMA suggests, this system uses an array of the fast antenna to 

receive electromagnetic radiation from lightning discharges in order to realize the lighting 

3-D mapping. Hence, at each site, a typical antenna was installed, as shown in Figure 2-

5. This antenna is newly designed by our lab before observation and has much higher 

sensitivity than the old ones. It had a time constant of about 200 μs and received radio 

waves in the frequency range of about 500 Hz to 500 kHz.  

Except for the fast antenna, there is a controlling box at each site, consisting of an 

AD converter, a personal computer, and some other devices. The resolution of the AD 

converter is 16 bit. The recording length is 1 second with a sampling rate of 25 mega 

samples per second (MS/s) in order to achieve a high timing accuracy. All the sites are 

synchronized with Global Positioning Systems (GPS).  
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Figure 2-5 A photo of a FALMA site. 

Normally during the time when a large amount of data is being written to the hard 

drive, new signals cannot be recorded, and the so-called “dead time” arises. We have 

developed a new data recording scheme to completely eliminate the dead time. This 

system can continuously record the full waveform data at 25 MS/s as long as there is 

space on the hard drive. Specifically speaking, when there comes a trigger and the 

triggered data are being written to the hard drive, the input data from the AD converter 

are temporarily stored in the memory and are processed after the writing of the triggered 

data is finished. More details can be referred to our lab homepage (www1.gifu-

u.ac.jp/~lrg/index.en.html) and the published research papers (Wu et al., 2018). 

2.3 Data Processing 

The mapping systems, no matter working in an LF and VHF band, seek to solve a 

system of four unknowns: the time and the three-dimensional coordinates of a source 

event. For both FALMA and LMA, the time-of-arrival (TOA) locating method is adopted. 

There are mainly three steps to retrieve the lightning source location before using the 

common TOA locating method. In this section, we will show a brief data processing of 

these steps. 



14 

 

Step 1: we need to match the E-change waveforms, corresponding to the same 

lightning discharge process but recording at different sites. This process involves the 

technology of identifying E-change waveforms.  

Step 2: From the matched E-change waveform, we select the peaks in one certain 

window. The window size may depend on the research needs. Then these peaks are 

matched through the waveform correlation method. 

Figure 2-6 gives an example of the matched 1-ms E-change waveforms recorded in 

three sites. We can see that these peaks captured by various sites apparently have time 

differences. Based on this fact, step 3 will be subsequently done.  

 

Figure 2-6. Example of the matched E-change waveforms recorded by three sites. 

Step 3: according to the information (x, y, z, t) of the matched peaks, the TOA 

method will be adopted to retrieve the initial source three-dimensional locations. 

Figure 2-7 illustrates the locating method. Assume that the impulsive lightning event 

associated with the lightning discharges occurs at (x, y, z) at the time t and is captured by 

the closest station to the actual event at some time later, then subsequently the remaining 

stations in order of increasing distance to the actual event. 
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Figure 2-7. Illustration of time-of-arrival locating method. 

From the simple geometric considerations, the time of signal arriving at a given 

station, site i, is  

𝑡𝑖 = 𝑡 +
1

𝑐
(√(𝑥 − 𝑥𝑖)2 + (𝑦 − 𝑦𝑖)2 + (𝑧 − 𝑧𝑖)2 

Where c is the speed of propagation of the signal, xi, yi, zi are station location coordinates 

and ti is the arrival time at station i. In each site, there is correspondingly a function like 

this. Koshak (1996) and Koshak (2004) showed a method of obtaining a linear system of 

equations to solve for the unknowns from at least five arrival-time values. Derivation of 

a linear system for solving for (x; y; z; t) can refer to the above-reported literature. 

To minimize the goodness-of-fit parameter χ2, the Levenberg-Marquardt method is 

then used.  

χ2 = ∑
(𝑡𝑖

𝑜𝑏𝑠 − 𝑡𝑖
𝑓𝑖𝑡

)

σ 2

𝑁

𝑖=1

 

The best-fit model parameters (x, y, z, t) will be found when χ2 gets minimum value. 

N is the number of stations and σ is the uncertainty of the timing measurements, which 

can be influenced by factors such as the GPS timing accuracy, the signal propagation 

distance, the electromagnetic environment, and so on. In this paper, we set σ as the time 

precision of the recorded data, and we normalize χ2 to χ𝑣
2, which is known as the reduced 

chi-square value (χ𝑣
2 = χ2/𝑣 where v=N−4 is the number of degrees of freedom). Finally, 

those locating results with the reduced chi-square value less than 2 are used for further 

researches. 
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Chapter 3  

Temporal and Spatial Characteristics of Preliminary 

Breakdown Pulses in Intracloud lightning Flashes 

As mentioned in section 1.2.1, it seems that all PB pulses, no matter how large or 

small in magnitude, have certain roles in advancing the preliminary progression of 

lightning discharges. In order to better understand the underlying mechanism of such 

preliminary progressions, we have examined the three-dimension (3-D) locations of PB 

pulses occurring in 32 normal IC lightning flashes recorded by FALMA. This paper is to 

report on the temporal and spatial features of the located PB pulses. 

3.1 Observation and Data 

3 of 12 FALMA sites were installed at which there was a very low noise level. For 

this study, we intentionally choose lightning flashes occurring close to these three sites 

so that all PB pulses in the E-change waveforms can be examined in great detail. 

Eventually, the PB processes in 32 normal IC lightning flashes, propagating from the 

middle negative charge region to the upper positive charge region, were chosen for the 

detailed study. As shown later, based on the temporal and spatial features, PB pulses are 

generally classified into three types: preliminary isolated pulse (PIP), classic preliminary 

breakdown pulse (PBP), and narrow pulse (NP). In this paper, to avoid wordy expressions, 

such abbreviation names as listed in Table 1 are used on many occasions. 

3.2 Results 

3.2.1 Temporal and spatial features of an example PB process 

This PB process occurred on 18 August 2017 at 01:50:03 (Local Time). Totally we 
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identified and located 37 pulses during the PB process. Among the 37 pulses numbered 

in Figure 3-1a, 8 pulses (#7, #13, #16, #22, #26, #27, #32 and #37) with apparently large 

amplitude and bipolar shape were classified as classic PBPs and they were marked by red 

dots. Centered on each classic PBP (sometimes two), there were several pulses with 

smaller amplitude and shorter duration, and they were marked by green dots. We called 

these pulses as narrow pulses (NPs). Temporally those pulses can be subjectively grouped 

into cluster 1, cluster 2 and so on. In this PB process, we have identified 6 clusters as 

shown in Figure 3-1a. At the beginning of the PB process, there were 4 pulses occurring 

in isolation relative to the following clusters. As shown later, these 4 pulse locations were 

not associated with the following classic PBP in cluster 1 while the locations of the 

following NPs appeared to have certain relations to the classical PBP. Therefore, we treat 

these 4 pulses separately and call them as preliminary isolated pulses (PIPs) herein.  

Figure 3-1b shows the 3-D locations of the 37 pulses. Each colorful square 

corresponds to a PB pulse location. The color depth represents the time as denoted by the 

color bar on the right side. The PB process propagated vertically from 7.1 km to 9.3 km 

with a duration of 5.4 ms, measured from pulse #1 to pulse #37. The resultant average 

vertical speed was 4.1×105 m/s.  
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Figure 3-1. (a) E-change waveform of an example PB process. 37 pulses, numbered from 1 to 37, are 

identified with 4 as preliminary isolated pulses (in black dots), 8 as classic PB pulses (in red dots) and 

25 as narrow pulses (in green dots). These pulses can be divided into seven groups, PIP stage, cluster 

1 ~ cluster 6. (b) 3-D pulse locations shown by colorful squares, with their colors corresponding to 

their timing represented by the color bar at the right side of Figure 3-1b, and 2-D pulse locations in 

the view of X-Y, X-Z and Y-Z shown by gray squares.  

In order to have a close look at the spatial features of the PB pulse locations, we have 

divided the PB process into 7 stages denoted by the dashed lines in Figure 3-1a, and then 

shown the pulse locations one stage by one stage in Figure 3-2. The left column in Figure 

3-2 shows the E-change waveform, superposed by the pulse located height, and the right 
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column shows the locations projected on the horizontal plane. The approximate PB path 

is denoted by a black line with an arrow indicating the PB progression direction. Figure 

3-2a is the PIP location results. These four PIPs happened in pairs. In each pair, the 

locating height of the second PIP (#2 and #4) was lower than that of the first PIP (#1 and 

#3). Correspondingly, the PIP horizontal locations showed a backward progression, 

relative to the channel advancing direction. 

Figures 3-2b~3-2g illustrate the expanded E-change waveforms and the locations of 

six clusters, respectively. The left plots are the E-change waveforms superposed by the 

pulse located height with time. Each pulse is denoted by a colorful square. The right plots 

show the corresponding horizontal pulse locations. Gray squares indicate the previous 

pulse locations. It is interesting to note that cluster 3 in Figure 3-2d, cluster 5 in Figure 3-

2f and cluster 6 in Figure 3-2g exhibit three common features: (a) Each cluster consists 

of several NPs and only one classic PBP; (b) In locations, NPs in each cluster are always 

in the front of its classic PBP and are apparently separated from the pulse locations in the 

previous clusters. (c) PBP in each cluster is always behind its preceding NPs and at the 

lowest height. More specifically, NPs in one cluster first exhibited a significant 

advancement as evidenced both in the horizontal view and height (e.g., #17~#19 in Figure 

3-2d; #28~#30 in Figure 3-2f; #34~#36 in Figure 3-2g). Then their subsequent NPs 

traversed backward (e.g., #19~#21 in Figure 3-2d; #30~#31 in Figure 3-2f) and a PBP 

occurred at the lowest height of the cluster (e.g., #22 in Figure 3-2d; #32 in Figure 3-2f; 

#37 in Figure 3-2g).  

Compared to these three clusters described above, in cluster 1 there are two NPs, 

one NP pulse (#5) located in the front of the classic PBP (#7) and the other NP pulse (#6) 

located behind the classic PBP (#7). Since NP pulse (#6) in cluster 1 is very close to the 

previous PIPs, it could be a PIP, rather than an NP in cluster 1. In cluster 2 and cluster 4, 

there are two classic PBPs. The two classic PBPs in cluster 2 could be caused by a branch 

while in cluster 4, there is no NP preceding the latter PBP #27. Except for such differences, 

the features seen in clusters 3, 5, and 6 can be also identified in clusters 1, 2 and 4. 
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However, in order to avoid confusions, the clusters like cluster 1, 2 and 4 will not be 

selected into the statistical analysis in section 3.3. 
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Figure 3-2. Locating results of an example PB process. In each subplot, the left columns are the E-
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change waveforms superposed by the pulse located height with time. PIP, NP and PBP peaks in the E-

change waveform are indicated by black, green and red dots, respectively. The right columns are the 

pulse locations projected in the horizontal view. Colorful and gray squares represent the analyzed and 

previous pulse locations, respectively. Specially, the purple squares indicate the PBP locations. The 

approximate PB path is denoted by a black line with an arrow indicating the PB progression direction. 

From the results shown in Figure 3-2, we can measure the duration, the vertical and 

horizontal extensions for the PIP stage and each PBP cluster. The duration is measured 

from the interval between the peaks of the first pulse and the last pulse in the concerned 

events. The vertical extension is measured from the distance between the lowest pulse 

and the highest pulse. The horizontal extension is estimated as the longest horizontal 

distance between any two pulses. Table 3-1 gives the results. The PIP stage lasted 560 µs. 

In contrast, the PBP cluster durations ranged from tens to hundreds of microseconds. The 

vertical extension of PIPs is 258 m. In the vertical direction, all PBP clusters extended 

longer than PIP, with a distance from 323 m to 1069 m. For both PIP stage and each PBP 

cluster, their horizontal extensions are several times smaller than their vertical extensions, 

reflecting a vertically oriented channel.  

Table 3-1. Extension and duration of PIP stage and clusters in an example PB process 

 Horizontal extension (m) Vertical extension (m) Duration (µs) 

PIP stage 55 258 560 

cluster 1 44 341 36 

cluster 2 189 803 612 

cluster 3 133 389 309 

cluster 4 220 323 433 

cluster 5 194 1069 234 

cluster 6 120 332 82 
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3.2.2 Statistical analysis 

Totally we have studied the PB processes in 32 normal IC flashes. In each IC flash, 

there is one PB process. 30 of 32 PB processes began with the detectable PIPs. However, 

we are able to locate the PIPs for only 26 PB processes in three dimensions. The 

remaining 4 PB processes lack sufficient apparent PIPs in some of our fast antenna sites. 

The frequency histogram of PIPs in the PB process is given in Figure 3-3. It is found that 

50% (13/26) of the PB processes have two PIPs while about 31% (8/26) of the PB 

processes have three PIPs. The PB processes with more than four PIPs only account for 

19% (5/26). Figure 3-4 shows the corresponding PIP height versus time in these 26 PB 

processes. In 24 PB processes, the successive PIPs showed a decreasing height, similar 

to the results in Figure 3-2a. The successive PIPs in 2 PB processes (Figure 3-4II and 

Figure 3-4III) exhibited an ascending height. 

 

Figure 3-3. The frequency histogram of PIPs in the PB process. 
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Figure 3-4. E-change waveforms and the PIP located height as indicated by the yellow squares. PIP 

peaks in the E-change waveforms are marked by black dots. In each subplot, the left axis is E-change 

and the right axis is altitude. 

In 27 of 32 PB processes, we have identified total 56 clusters that consist of several 

NPs and one or two classic PBPs. Figure 3-5a is the frequency histogram of such clusters 

in the PB process. Since we have manually discriminated the most apparent classic PBPs, 

the majority (12/27) of PB processes have only one cluster, which may not be able to truly 

reflect the PBP number. In these total 56 clusters, 46 of them belong to the typical PBP 

cluster consisting of several NPs and one classic PBP, similar to cluster 3, 5 and 6 in 
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Figure 3-2. The frequency histogram of the NPs preceding the PBP in each classic PBP 

cluster is shown in Figure 3-5b. We can see that for the majority (37/46) of PBP clusters, 

there are no more than three NPs preceding the classic PBP. After examining these 3-D 

NP locations, we have found that these 46 clusters can be classified into five groups 

according to their height variations as shown in Figure 3-6. In Figure 3-6-1, the NPs of 

all 16 PBP clusters exhibited a decreased height with time. In Figure 3-6-2, the NPs of all 

14 PBP clusters exhibited an increased height with time. In Figure 3-6-3, the NP located 

height in all 7 PBP clusters first increased and then decreased with time. In Figure 3-6-4, 

the NPs in 6 PBP clusters first exhibited a decreased height and then an increased height 

with time, while in 3 PBP clusters, the heights varied in an irregular way. However, 

whatever the variation pattern of the NP height looks like, the classic PBP in each typical 

PBP cluster is always located at the lowest height.  

As to 26 PIP stages in Figure 3-3 and 46 typical PBP clusters in Figure 3-6, we also 

have performed a statistical study on the duration, the horizontal and the vertical 

extensions, and the result is shown in Figure 3-7. As seen from Figure 3-7, the PIP stage 

has an AM duration of 129 µs, while the AM duration of PBP cluster is 193 us. The 

horizontal and vertical AM extensions of the PIP stage are 60 m and 216 m, respectively. 

In contrast, the horizontal and vertical AM extensions of the PBP cluster are 161 m and 

515 m, respectively. Comparing to the PIP stage, the typical PBP cluster apparently lasted 

longer and extended longer. For both PIP stages and PBP clusters, their vertical extensions 

are about two or three times longer than their horizontal extensions. 
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Figure 3-5. (a) histogram of clusters in one PB process. (b) the frequency histogram of NPs preceding 

the PBP in each typical PBP cluster. 

 

Figure 3-6-1. E-change waveforms and pulse located height in the typical PBP clusters. NP and PBP 

peaks in the E-change waveforms are represented by green and red dots, respectively. Pulse located 

height is represented by the colorful squares. In each subplot, the left Y axis indicates E-change while 

the right Y axis indicates altitude. Specially, the purple square indicates the PBP location. Here, the 

located height of NPs preceding the PBP shows a decreasing trend and hence these clusters are 



27 

 

classified into group 1. 

 

Figure 3-6-2. PBP clusters in group 2. The preceding-PBP NPs exhibit an increasing trend in height. 

 

Figure 3-6-3. PBP clusters in group 3. The located height of the preceding-PBP NPs first increases 
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and then decreases. 

 

Figure 3-6-4. PBP clusters in group 4 and group 5 that are circled by two black rectangles, respectively. 

The located height of the preceding-PBP NPs in group 4 first decreases and then increases. The located 

NP height in group 5 exhibits a complicated variation. 



29 

 

 

Figure 3-7. Comparison on extension and duration of PIP stages and typical PBP clusters. The 

abbreviations of AM and GM stand for arithmetic mean value and geometric mean value, respectively. 

3.3 Discussion 

In this section, we would like to first discuss whether PIPs and NPs are the same in 

nature and then propose a model to interpret how PIPs, NPs and PBPs are produced. 
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3.3.1 Are PIPs and NPs the same in nature? 

As shown in Figure 3-4, the PIPs in the most (24/26) PB processes have a decreasing 

tendency in height. Similarly, the NP height in major (16/46) PBP clusters also decreases, 

as shown in Figure 3-6a. Such a similarity makes us question whether PIPs and NPs are 

the same in nature. Figure 3-8 gives a comparison on the rise time, fall time, duration and 

half-peak width between PIPs, NPs and PBPs. The majority (41/46) of PBPs have 

durations larger than 10 µs, which is consistent with the range of 10-230 µs reported by 

Weidman and Krider (1979).  

Compared to PBPs, it appears that there is no significant difference between the 

pulse parameters of PIPs and NPs. Therefore, the combination of the pulse parameters 

and the corresponding 3-D locations make us assume that PIPs and NPs are the same in 

physical nature but serve different discharge processes. 
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Figure 3-8. Comparison on rise time, fall time, duration and half-peak width between PIPs, NPs and 

PBPs.  

3.3.2 How are PIPs, NPs and PBPs produced？ 

Recent observations have clearly shown that PB pulses are preceded by some 

processes which can be identified in VHF waveforms (Rison et al., 2016; Marshall et al., 

2019; Lyu et al., 2019). These processes apparently indicate the existence of positive 

streamers which could play a role in concentrating electrostatic energy stored in a wide 

space. As shown in Figure 3-9a, when a downward positive streamer system has 

concentrated sufficient electrostatic energy at its upper end, denoted by point A, we 

believe that a negative streamer, propagating in opposite direction of the positive 

streamers, will be launched there as suggested by many authors (e.g., Petersen et al., 
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2008). Similar to the situation in negative stepped leaders (e.g., Stolzenburg et al., 2014; 

Petersen and Beasey, 2014; Hill et al., 2011; Gamerota et al., 2014; Wang et al., 2016), a 

space stem will occur at the head area of the negative streamer and gradually transform 

into a space leader. Then the positive portion of the space leader, as illustrated by the 

backward positive leader (BPL) in Figure 3-9b, will develop from the stem origination 

and propagate backward along the trail of the negative streamer. IC lightning discharge 

usually initiates at a height of more than 6 km above the ground and the air density there 

is small. On the other hand, the electric field at the lightning initiation region should be 

strong (Stolzenburg et al., 2007). These two factors lead us to believe that the negative 

streamer launched by the collective movement of a large number of positive streamers 

could extend as long as several hundreds of meters. When a BPL propagates along such 

a long negative streamer, there could be two types of the negative discharges followed. 

Due to the nature of bidirectional development of lightning leaders (e.g., Kasemir, 1960; 

Mazur and Ruhnke, 1993), the first type of the negative discharge should be caused by 

the negative portion of the space leader, namely to the forward negative stepped leader 

(FNL) in Figure 3-9b. The second type of the negative discharge should be the recoil 

leader (RL) forming on the decayed positive leader (e.g., Mazur et al., 2013). Its negative 

ending propagates in a retrograde direction away from the advancing positive tip (e.g., 

Saba et al., 2013). We suggest that the PIPs are produced by these two types of negative 

discharges. As shown in Figure 3-4, PIPs in most cases showed a downward propagation. 

It seems that in such cases, the FNL occurs first and the RL occurs later. Once the BPL 

reaches to the origination of the negative streamer (point A), the strong electric field 

region at point A will be shifted to the front end of FNL and launch a new negative 

streamer and stem, as shown in Figure 3-9b. 

Meanwhile, the previous space leader in Figure 3-9b will emerge as a preliminary 

negative leader in Figure 3-9c. Then the stem, BPL, FNL and RL will repeat as described 

above. At this time, the two types of the negative discharges produce NPs. In Figure 3-6, 

NP height exhibited 5 progression patterns. It seems that for these cases in Figure 3-6, RL 
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could sometimes occur earlier than the FNL. We believe that the 5 patterns of NPs in 

Figure 3-6 could be formed by various combinations of the occurring sequences and the 

locations of the two types of negative discharges. The BPL at some point will attach to 

the conductive preliminary negative leader in Figure 3-9c and thus produce a much 

stronger pulse, that is, PBP, at a height lower than all its preceding NPs as shown in Figure 

3-6.  

However, we should point out that so far, we are not able to estimate the vertical 

location error of FALMA. Since a location error as large as 100 m could potentially affect 

some tendencies shown in Figure 3-6 and consequently the relevant discussion, further 

study is needed.  

      

Figure 3-9. Illustration of the formation of PIPs, NPs and PBPs in the PB process. (a) Assume that a 

downward positive streamer system has concentrated sufficient electrostatic energy at its upper end 

(point A) and thus has launched an upward negative streamer there. Forward negative leader (FNL) 

and recoil leader (RL) accompanying the backward positive leader (BPL) together produce PIPs (b) 

and NPs (c). Finally, PBP occurs at point B due to the connection of the BPL and the preliminary 

negative leader channel. The numbers from 1 to 10 labelled in parentheses represent the time sequence 

of the discharge events.  
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Chapter 4 

A Comparison on the E-change Pulses Occurring in the Bi-

level Opposite-polarity Charge Regions of the Intracloud 

Lightning Flashes 

For researching the characteristics of the pulses in the bi-level opposite-polarity 

charge regions, two criteria are used to select the IC flashes. We first manually chose the 

normal IC flashes with apparent bi-level structures as potential cases. Then, in order to 

reduce the effect of the electrostatic field, we take one certain site with a very low noise 

level as a center and the distance between the bi-level IC flashes and the central site should 

be larger than 30 km. Eventually, in one thunderstorm day (18 August 2017), we have 

identified 41 bi-level IC flashes for further study.  

4.1 Basic Mapping and Pulse Classification of an Example IC Flash 

Figure 4-1 shows the E-change waveform and basic mapping of an example IC flash 

that occurred on 18 August at 06:21:54.2. The E-change waveform analyzed in this paper 

follows the atmospheric electricity sign convention. A total of 2,565 pulses have been 

identified from the E-change waveform in Figure 4-1a. For all these pulses, we have 

obtained their locations as shown in Figure 4-1b (heights versus time), Figure 4-1c (x-z 

locations), and Figure 4-1d (y-z locations). In these figures, 797 red-coded ones are for 

pulses from the upper positive charge region (UPCR) and 1,414blue-coded ones are for 

pulses from the main negative charge region (MNCR). 21 green-coded ones are for 

preliminary breakdown pulses. As shown in Figure 4-1c and Figure 4-1d, the preliminary 

breakdown process produced a nearly vertical channel connecting UPCR and MNCR. 

303 yellow-coded ones are for pulses that also occurred between UPCR and MNCR but 

after the preliminary breakdown process.   
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Figure 4-1. E-change waveform (a) and basic mapping (b, c, and d) of an example bi-level IC flash 

that occurred at 06:21:54.2 on August 18, 2018. The pulses produced in the preliminary breakdown 

process (PB) are marked by green dots. Red and blue dots indicate the pulses in UPCR and MNCR, 

respectively. The yellow dots are for the pulses between UPCR and MNCR after PB. The basic 

mapping includes (b) pulse location height versus time, (c) pulse location x-z vertical view and (d) 

pulse location y-z vertical view. The expanded E-change waveforms at the time point a ~ h are shown 

in Figure 4-2. 

Pulses in Figure 4-1a can be further divided into isolated ones and pulse trains. The 

corresponding examples are shown in Figure 4-2. In this study, we define an isolated 

pulse as a pulse around which there are no other pulses during the interval of 200 µs. We 

define a pulse train as a series of pulses which consist of at least three pulses with the 

interpulse interval fewer than 200 µs. Moreover, each individual pulse in Figure 1a can 

be treated as a kind of bipolar pulse with either a positive or negative dominant peak as 

shown in Figure 4-2. If a pulse has a positive dominant peak, we define it as a positive 
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pulse. If a pulse has a negative dominant peak, we define it as a negative pulse. Taking 

all these into consideration, we group the pulses in Figure 1a into eight types as shown in 

Figure 4-2 (a) ~ (h), respectively. 

 

Figure 4-2. Example E-change pulse waveforms with (a) and (c) for isolated positive and negative 

pulses in UPCR, (b) and (d) for pulse trains consisting of positive and negative pulses in UPCR, (e) 

and (g) for isolated positive and negative pulses in MNCR, (f) and (h) for pulse trains consisting of 

positive and negative pulses in MNCR. 

Table 4-1 summarizes the pulse classifications for the example flash in Figure 4-1. 

The isolated pulses including positive and negative polarities in the UPCR account for 

16% (128/797), slightly larger than that in the MNCR (11%, 157/1,414). In contrast, the 

percentage of pulses in the form of trains is higher in the MNCR than in the UPCR (80% 

versus. 69%). 
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Table 4-1. Summary on the counts of different types of pulses for an example IC Flash 

Region Polarity Isolated pulses Pulse trains (Pulses) 

UPCR 

Positive 61 32 (298) 

Negative 67 31 (250) 

MNCR 

Positive 71 64 (656) 

Negative 86 66 (479) 

Figure 4-3 compares locations of different types of pulses with black dots for entire 

UPCR pulses, gray dots for entire MNCR pulses, red dots for specified UPCR pulses, and 

blue dots for specified MNCR pulses. As evident in this figure, locations of UPCR pulses 

formed a more or less single channel while the locations of MNCR pulses formed a 

relatively complicated channel with multiple branches. For both UPCR and MNCR pulses, 

no matter whether they are positive or negative, isolated or in trains, each type of pulses 

scattered in their respective channels without much difference. However, if discharge 

progression information is included, the following differences can be identified in the 

behaviors of isolated pulses and pulse trains. 100% (61/61) of UPCR positive isolated 

pulses and 85% (60/71) of MNCR positive isolated pulses are found to occur at or close 

to the discharge progression tip as the examples shown in Figure 4-4a and Figure 4-4b. 

The remaining 15% (11/71) MNCR positive isolated pulses occurred in the leader channel 

far behind the tip. In contrast, 34% (11/32) of UPCR positive pulse trains occurred at or 

close to the tip as shown in Figure 4-5a, while the remaining 66% (21/32) pulse trains 

occurred in the channel and retraced along the leader channel away from the flash origin 

as shown in Figure 4-5b. For MNCR positive pulse trains, 63% (40/64) of them occurred 

close to the tip and 37% (24/64) of them occurred in the leader channel with a backward 

extension to the flash origin as shown in Figure 4-5 for examples. Similar statistical 

differences have been identified in the negative isolated pulses and pulse trains as well.  
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Figure 4-3. Respective locations for different types of pulses in the example IC flash. In each subplot, 

the upper is the locations in the x-z view. The corresponding x-y views in UPCR and MNCR are shown 

separately in the middle and bottom subplots. The black and gray dot dots indicate total pulse locations 

in UPCR and MNCR, respectively. The red and blue dots indicate the pulse locations of the respective 

types specified in the corresponding subplots. 
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Figure 4-4. Example locations of positive isolated pulses. (a) is for the pulses in UPCR. (b) and (c) 

are for pulses in MNCR. In (a), (b), and (c), the top is E–change pulse waveform; the bottom is the 

locations with red dot denoting the specific pulse. The black and gray dots indicate the locations of 

the pulses which precede the specific pulse. The lines with arrows indicate the channel progression 

directions. 
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Figure 4-5. Similar to Figure 4-4, but showing the examples of positive pulse trains. The insets in (c) 

and (d) are the expanded views of pulse train locations. The colorful dots are color-coded in time to 

show progression. 

4.2. Statistical Comparisons on the Pulse Parameters 

From 41 IC flashes studied in this paper, we have identified 39,741 pulses from the 

bi-level polarity-opposite charge regions. Figure 4-6 gives a simple comparison of the 

pulse counts between different types of pulses. As seen in Figure 4-6, pulses from MNCR 

are about five times more than that from UPCR (32,873 versus 6,868). Interestingly, for 

pulses from both MNCR and UPCR, positive and negative pulse counts appear similar. 

On the other hand, pulses in MNCR appear much more often in trains than in isolated 
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modes. In contrast, for pulses in UPCR, it seems that there is not much difference between 

those in trains and in isolated modes. For each category of pulses, we have measured the 

pulse amplitude, rise time, half-peak width, and fall time. The pulse amplitude is range 

normalized as done before (Shi et al., 2019). The rise time is calculated by the interval 

from 10 to 100 percent of the peak value while the fall time is given by the period ranging 

from 100 to 10 percent of the peak value. The half-peak width is the duration measured 

between two points which are half of the peak amplitude. Comparisons on these 

parameters are given next. 

 

Figure 4-6. Data summary on the different types of pulses in the upper positive and middle negative 

charge regions. 

4.2.1 Isolated Pulses 

In the 41 IC flashes studied in this paper, we have identified 2,781 isolated pulses in 

UPCR, consisting of 1,411 positive and 1,370 negative pulses, and 3,065 isolated pulses 

in MNCR, consisting of 1,371 positive and 1,694 negative pulses. The statistical results 

on these isolated pulses are shown in Figure 4-7 with (a) for amplitude, (b) for rise time, 

(c) for half-peak width, and (d) for fall time. As evident in Figure 4-7, in both UPCR and 

MNCR, positive and negative pulses in the same charge region tend to have similar 

characteristics of amplitude, rise time, half-peak width, and fall time. However, such 

characteristics are obviously different between the pulses in UPCR and MNCR, 

respectively. Pulses in UPCR tend to have bigger amplitude, smaller rise time, narrower 
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pulse width, and shorter fall time than the pulses in MNCR.  

Taking positive and negative pulses together, on average, isolated pulses in UPCR 

are 56% larger in amplitude (126.3 versus 80.9 DU), 31% faster in rise time (2.0 versus 

2.9 µs), 25% narrower in half-peak width (1.8 versus 2.4 µs), and 26% shorter in fall time 

(2.4 versus 3.2 µs) than those in MNCR.   

 

Figure 4-7. Cumulative probability distribution and corresponding statistical results of the isolated 

pulse parameters. (a) E-change amplitude in a digital unit (DU), (b) Rise time, (c) Half-peak width, 

(d) Fall time. Here, Min, Max, AM, and SD=are abbreviations for Minimum, Maximum, Arithmetic 

mean, Standard deviation, respectively.  
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4.2.2 Pulse Trains 

In the same 41 IC flashes, we have identified 499 pulse trains in the UPCR, 

consisting of 226 positive and 273 negative trains, and 2,819 pulse trains in the MNCR, 

consisting of 1,598 positive and 1,221 negative trains. The sample size of pulse trains is 

82% smaller (499 versus 2,819) in the UPCR than in the MNCR. Pulses in trains account 

for 41% (2,823/6,868) and 83% (27,440/32,873), respectively, in UPCR and MNCR. 

Apparently, pulses in MNCR tend to occur in trains.  

The statistical results on pulses in trains are presented in Figure 4-8 with (a) for 

amplitude, (b) for rise time, (c) for half-peak width, and (d) for fall time. As evident in 

Figure 4-8, similar to isolated pulses, in both UPCR and MNCR, positive and negative 

pulses in the same charge region tend to have similar characteristics of amplitude, rise 

time, half-peak width, and fall time. However, similar to isolated pulses, such 

characteristics are apparently different between the pulses in UPCR and MNCR, 

respectively. Pulses in UPCR tend to have larger amplitude, longer rise time, wider pulse 

width, and bigger fall time than the pulses in MNCR. Here we should point out that this 

relationship is different from that for isolated pulses in terms of rise time, pulse width and 

fall time. Although isolated pulses in UPCR are faster in time than those in MNCR, pulses 

in trains in UPCR become slower than those in MNCR. 

Taking positive and negative pulses together, on average, the train pulses in UPCR 

are 115% larger in amplitude (95.5 DU versus 44.4 DU), 43% slower in rise time (2.3 µs 

versus 1.6 µs), 46% wider in half-peak width (1.9 µs versus 1.3 µs) and 62% longer in 

fall time (2.1 µs versus 1.3 µs) than those in the MNCR. 
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Figure 4-8. Similar to Figure 4-7, but for the parameters of pulse trains. 

4.3. Discussion 

An E-change pulse is caused by an impulsive electric current wave propagating in a 

certain direction along a discharge channel as modeled by many authors (e.g., Uman et 

al., 1975; Karunarathne et al., 2020). Such an impulsive current wave is usually produced 

when two leader channels in opposite polarity collide. For example, in the case of a 

negative return stroke, its impulsive current is produced when a downward negative 

leader and an upward connecting leader collide; in the case of a negative stepped leader, 

each step impulsive current wave is produced when the forward negative leader channel 

and a backward positive ending of a space leader collide. Given that 100% isolated E-

change pulses from UPCR occurred at the discharge channel tip and a majority of pulse 
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trains in the charge regions occurred behind the leader tip with a progression behavior as 

described above, we believe that all the isolated pulses from UPCR are produced by 

negative stepped leaders in virgin air. In contrast, the majority of pulse trains occurred 

behind the leader tip with each pulse train having a progression behavior. In UPCR, the 

progression is away from the flash origin. While in MNCR, the progression is toward the 

flash origin. All these features support that pulse trains are produced by negative dart 

stepped leaders as first suggested by Krider et al. (1975). In MNCR, such dart-stepped 

leaders are usually called recoil leaders which retrace the preexisting positive leader paths 

of their preceding positive leaders (e.g., Mazur et al., 2013; Wu et al., 2019b) and 

sometimes extend further along the PB channel to retrace the negative leaders in UPCR 

as well (e.g., Stock et al., 2014). We have estimated that about 7% of such recoil leaders 

in MNCR propagate through the PB vertical channel into UPCR as shown in appendix A. 

That is, a small percentage of pulse trains or negative dart or dart-stepped leaders in 

UPCR are in fact caused by such recoil leaders from MNCR. All the remaining dart-

stepped leaders in UPCR originated in UPCR with many of them propagating in the same 

direction as their preceding negative stepped leaders in virgin air. As to isolated pulses in 

MNCR, they may be produced by a kind of brief but bright negative discharges 

connecting two cut-off branches of positive leaders as reported by Takamatsu et al. (2015). 

However, further investigation is needed in future studies. 

Equal probability of positive and negative polarities of pulse trains in three CG discharges 

and three cloud discharges has been previously found by Rakov et al. (1996). Our finding 

indicates that in the same charge region, either UPCR or MNCR, not only the total counts 

but also the parameters of positive and negative pulses are similar as shown in section 4. 

This leads us to speculate that when a bidirectional leader, like that in a typical bi-level 

IC, is neutralizing two hypothetical uniform space charge regions with sufficient 

thickness and width, each leader in the two respective charge regions will fluctuate in 

progression direction and height as shown in Figure 4-9 so that maximum electric fields 
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between the two leader tips and their surrounding space charge can be always achieved. 

According to the atmospheric electricity sign convention, positive pulses are produced 

when a negative leader, either in UPCR or MNCR, is in a downward progression; while 

negative pulses are produced when a negative leader is in an upward progression. As 

shown in Figure 4-9, so long as the upward and the downward progressions of the leaders 

are equal in terms of channel length, the probability of positive and negative polarities of 

pulses should be similar. Indeed, in many ICs we have studied, such a height fluctuation 

can be clearly identified from those well-structured channels traversing by dart-stepped 

leaders in UPCR and recoil leaders in MNCR. As examples, Figure 4-10 shows the 3D 

channel locations, E-change waveforms and pulse located heights of two dart-stepped 

leaders, one in UPCR (Figure 4-10a, 4-10b) and the other one in MNCR (Figure 4-10c, 

4-10d). As seen from the 3D channel locations in Figure 4-10a and Figure 4-10c, the two 

leaders clearly exhibited fluctuating behavior in both progression direction and height. 

Correspondingly, the pulses have changed polarities as shown in Figure 4-10b and Figure 

4-10d.  

Similar fluctuating behavior can also be recognized in the negative leaders mapped by 

other authors who used low-frequency lightning mapping systems (e.g., Lyu et al., 2016; 

Zhu et al., 2020). 
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Figure 4-9. Illustration of fluctuating behavior in the X-Z vertical view of the leader progression in 

two hypothetical charge regions of an IC discharge with black, blue and orange thick lines indicating 

the PB, negative leader and positive leader channels, respectively. The arrows on the lines indicate 

their progression directions. The thin straight arrowed lines, which are inside the thick lines, indicate 

the dart-stepped leaders along the pre-established leader channels with their progression directions 

shown by the corresponding arrows. When a negative leader, either stepped or dart-stepped, progresses 

upward, negative pulses will be produced. In contrast, when a negative leader, either stepped or dart-

stepped, progresses downward, positive pulses will be produced. 

 

Figure 4-10. Examples showing the fluctuating behavior of two dart-stepped leaders, one in UPCR (a, 

b) and the other one in MNCR (c, d) with their 3D locations in (a) and (c), E-change waveforms and 

pulse located heights in (b) and (d). In (a) and (c), the color of the dots represents their heights as 

indicated by the color bar on the right side, and gray dots show the leader’s 2D projections in the views 

of X‐Y, X‐Z, and Y‐Z, respectively. The progression direction of each leader projected on the X‐Y 

view is indicated by a black arrow. In (b) and (d), the left Y-axis is for E-change amplitude (unit: DU) 
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and the right Y-axis is for height (unit: km). 

Appendix A: A simple method of estimating the pulse trains in UPCR produced by 

the recoil leaders in MNCR 

In the analyzed IC flashes, some pulse trains in the UPCR are temporally close to 

the preceding pulse trains in the MNCR. If they are relevant, how many pulse trains in 

the UPCR are in fact caused by the extension of the recoil leader from MNCR? To 

investigate this question, we have further re-classified the pulses into isolated pulses and 

pulse trains without distinguishing the pulse polarity. Eventually, in 41 IC flashes, we 

have recognized 619 and 2,490 pulse trains in the UPCR and MNCR, respectively.  

Taking each pulse train in the UPCR as a center, we search for its preceding adjacent 

pulse train in the MNCR and then simply match them as a pair. Finally, we have found 

324 such pairs while the remaining 295 pulse trains are unsuccessfully matched. Assume 

that the extension of the recoil leader from the MNCR will continuously progress upward 

into the UPCR with a 3-D speed roughly ranging from 106 to 2×107 m/s by referencing 

to the reported K process, recoil leaders and typical dart-stepped leaders (Chapter 4.7.5 

in Rakov and Uman, 2003; Akita et al., 2010; Stock et al., 2014). If the matched pulse 

trains are relevant, its time difference should be within a time period in which the leader 

progresses through the distance between the matched pulse trains with the above-assumed 

speed arrange. Based on this simple method, among 324 pairs, we have found that 52% 

(170/324) is relevant while 48% (154/324) is irrelevant. Figure A1 is relevant and 

irrelevant examples of the same flash in Figure 4-1. In the relevant example shown by 

Figure A1a, the locations of the pulse train in the MNCR propagate upward into the UPCR 

with a speed of 1.3×107 m/s. Besides, during the interval of the matched pulse trains, there 

are some pulse locations (yellow dots) along the PB channel, to some extent further 

indicating the existence of the progression from MNCR to UPCR. However, in the 

irrelevant example shown by Figure A1b, the calculated 3-D speed is 2.3×105 m/s, out of 

the assumed speed arrange. 
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Hence, we estimate that 7% (170/2,490) of recoiled leaders appeared propagating 

through the PB vertical channel into UPCR. Note that since the assumed speed range is 

more or less biased due to the limited referencing samples, a more accurate statistic on 

the estimation of the recoil leader speed is needed in the future. 

 

Figure A1. 3-D locations of a pair of pulse train in the UPCR and MNCR. (a) relevant and (b) 

irrelevant examples. 
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Chapter 5 

Correlation Between the First Return Stroke of Negative CG 

Lightning and Its Preceding Discharge Processes 

In this chapter, using the negative CG lightning flashes well located by a Fast 

Antenna Lightning Mapping Array (FALMA), we first show the general characteristics 

of the PB and SL processes. To do this, we characterize PB using its initiation height, 

vertical speed, and pulse rate; we characterize SL using its vertical speed, pulse rate, and 

duration. Based on these well-located flashes, we have further examined the correlation 

between the RS1st intensity and its preceding discharge processes. 

5.1 Observation and Data 

From nine thunderstorm days, we have selected 279 negative CG flashes for which 

PB was located well as shown in Figure 5-1 for correlating RS1st and PB, and 167 negative 

CG lightning flashes for which SL was located well as shown in Figure 5-2 for correlating 

RS1st and SL. The so-called good locating cases are characterized by two features, 

including the continuous sources’ height variation as shown in Figures 5-1b and 5-2b and 

the well-identified structure in three dimensions as shown in Figures 5-1c and 5-2c. For 

comparison, we also show cases without good locating in Figure 5-1d ~ 1f and Figure 5-

2d ~ 2f. 

With these selected data, we first show the general characteristics of PB and SL in 

section 5.2 and then the correlation between the RS1st and its preceding discharge 

processes in section 5.3 and section 5.4. 
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Figure 5-1. Illustration of PB processes with and without good locating. (a)~(c) is for the case with 

good locating in the PB process. (a) the E-change waveform of the negative CG lightning flash. The 
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PB process is circled by a rectangle. (b) PB source height with time. (c) PB source distribution in three 

dimensions. (d)~(f) are for the case without good locating and share the same meaning as (a)~(c).   

 

Figure 5-2. Illustration of stepped leader processes with and without good locating. (a)~(c) is for the 

case with good locating. (a) E-change waveform. The stepped leader process is circled by a rectangle. 
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(b) source height with time. (c) source distribution in three dimensions. (d)~(f) are for the case without 

good locating and share the same meaning as (a)~(c).  

5.2 General Characteristics of PB and SL 

The PB process occurs a few tens of milliseconds prior to the RS1st and usually starts 

with several bipolar pulses. We search for bipolar pulses during the period prior to a given 

RS1st pulse. Figure 5-3 is an illustration showing how to identify the PB and SL processes. 

The electric field change (E-change) waveform is under the physics sign convention. As 

seen in Figure 5-3a, the E-change waveform of a negative RS1st and its preceding 

discharge process is superimposed with their source heights. Clearly, the PB initiated at 

the altitude of 5.3 km and immediately started to move down. After about 2 ms, the PB 

developed to an altitude of 4.2 km. The SL started at an altitude of 4.2 km and then 

propagated down all the way to the ground during a period of about 14 ms. Figure 5-3b 

shows the PB pulses identified through the procedures described in the following subplots.  
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Figure 5-3. Illustration for identifying the PB and SL processes. (a) E-change waveform and source 

located height of an example negative CG lightning. The abbreviation d.u. stands for digital unit. (b) 

Expansion of the PB process. Red and green points represent positive and negative pulse peaks, 

respectively. Inset is an example of bipolar pulse. Red and green lines represent upper and lower noise 

levels, respectively. (c) Histogram and cumulative probability of the negative amplitude in the prior-

to-RS1st waveform. (d) Histogram and cumulative probability of the positive amplitude in the prior-

to-RS1st waveform. (e) Expansion of the SL process. Green points indicate the SL pulses. The pink 

line corresponds to lower noise level. 

Since the PB pulse has a bipolar shape and a relatively large amplitude compared to 

the SL pulse, the noise levels of the PB and SL processes need to be separately estimated. 
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Figure 5-3c and Figure 1d illustrate the estimation of the lower and upper noise levels for 

the PB process. To calculate the lower noise level, we have made a histogram of the 

negative amplitude in the prior-to-RS1st waveform and then given the cumulative 

probability as shown by the red line in Figure 5-3c. Here, the prior-to-RS1st waveform 

indicates the entire period from the PB to the RS1st. When the cumulative probability 

reaches up to 99%, the corresponding amplitude is considered as the lower noise level 

shown by the green line in the inset of Figure 5-3b. The upper noise level is derived from 

the same method, illustrated in Figure 1d. Unipolar pulses are recognized when their pulse 

magnitudes are larger than the noise level. Each individual PB pulse is a bipolar pulse 

consisting of two successive unipolar pulses and the polarity of its initial half circle should 

be negative, the same as the following RS1st. A pulse train including at least three detected 

bipolar pulses with pulse intervals no larger than 2 ms is considered as the existence of 

the PB process. This method is similar to that used in Nag and Rakov (2008) and 

Baharudin et al. (2012).  

We identify SL as the process from the end of PB to the onset of RS1st. The expansion 

of the SL process is shown in Figure 5-3e. To separately estimate the noise level, we have 

also made the histogram and cumulative probability of the negative amplitude for the SL 

waveform (not shown in Figure 5-3), similar to that for PB process. The lower noise level 

of the SL process is indicated by the pink line in Figure 5-3e. Furthermore, in order to 

exclude pulses caused by noises, only pulses with a pulse width larger than 1 µs and 

amplitude greater than the lower noise level are identified as the reliable SL pulses. 

During the SL process, the unipolar pulses with the same polarity as RS1st are recognized 

and marked by green points in Figure 5-3e. For the same PB/SL process recorded by 

multiple sites, we choose the E-change waveform with the most apparent PB/SL pulses 

for the following analysis.  

Figure 5-4 is the frequency histogram of the studied parameters and Table 5-1 is the 

corresponding statistical results. In the PB process, the highest frequency of the PB 

altitude histogram in Figure 5-4a occurs between 5 km and 5.5 km. The PB altitude ranges 
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from 3.7 km to 7.3 km, with the arithmetic mean (AM) height of about 5.6 km, which is 

similar to the average value of 5.7 km in Wu et al. (2015). Figure 5-4b is the histogram 

of the PB vertical speed. In this paper, the vertical speeds of both the PB and SL processes 

are estimated from the slope of the fitted curve of source height versus time. The PB 

vertical speed ranges from 1.6×105 m/s to 12.4×105 m/s. This is consistent with the PB 

speed range of 4-11×105 m/s reported by Stolzenburg et al. (2013), also comparable to the 

PB speed in the intracloud flashes reported by Wu et al. (2015). In Figure 5-4c, the pulse 

rate ranges from 0.7 ms-1 to 12.1 ms-1, with an AM value of 5.1 ms-1. The average pulse 

interval observed by Wang et al. (2016) was 130.4 µs, which was equivalent to a pulse 

rate of 7.7 ms-1, similar to our results. However, the pulse interval reported by Nag and 

Rakov (2009a) was 65 µs which was equivalent to a pulse rate of 15.4 ms-1, more than 

three times larger than our results. Nag and Rakov (2009a) might have identified smaller 

(narrower) pulses as the PB pulses.   

For the SL process, its AM SL duration in Figure 5-4d is 34 ms, which is close to 35 

ms reported by Rakov and Uman (1990). As a contrast, the scatterplots of the PB and SL 

durations are given in the inset of Figure 5-4d. For most of the cases, the SL lasts much 

longer than its corresponding PB. On average, the AM period from the PB to the RS1st is 

36 ms while the AM PB duration is 2.6 ms. In terms of duration, PB is only a small portion 

of the total PB-RS period. Both the PB and PB-RS1st durations are consistent with those 

findings reported previously (e.g., Nag and Rakov, 2009a; Zhu et al., 2015). In Figure 5-

4e, the arithmetic and geometric mean (GM) SL vertical speeds are 1.7×105 m/s and 

1.6×105 m/s, respectively. The magnitude of the vertical speed is in agreement with 

previous researches (e.g., Proctor et al., 1988). For the pulse rate at the SL stage, the AM 

and GM values are 2.4 ms-1 and 1.3 ms-1, respectively. As the interstep interval 

documented in the optical observation ranged from tens to hundreds of microseconds (e.g., 

17~32 µs in Krider, 1974; 0.2~15.7 µs in Lu et al., 2008; 16.4 µs in Hill et al., 2011), the 

corresponding SL pulse rate could be up to several tens per millisecond, apparently larger 

than that obtained in this study. It seems that a large number of small-amplitude SL pulses 
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could not be identified in this study.   

Based on the above comparison between the statistical results in this study and the 

previous researches, it demonstrates that our results properly reflect the general 

characteristics of PB and SL, except for the underestimated SL pulse rate. 

 

Figure 5-4. Frequency histogram of parameters in the PB and SL processes. (a) PB initiation 



58 

 

altitude. (b) PB vertical speed. (c) PB pulse rate. (d) SL duration. The inset is a scatterplot of the PB 

and SL duration. (e) SL vertical speed. (f) SL pulse rate. 

Table 5-1. Statistical results of parameters in the PB and SL processes 

 Parameters (unit) AM GM Min Max Sample size 

 

PB 

Initiation altitude (km) 5.6 5.5 3.7 7.3 279 

Vertical speed (×105 m/s) 4.7 4.4 1.6 12.4 279 

Pulse rate (ms-1) 5.1 4.5 0.7 12.1 279 

 

SL 

Duration (SL/PB) (ms) 34/2.6 30.5/2.2 5.0/0.2 73.2/8.4 167 

Vertical speed (×105 m/s) 1.7 1.6 0.6 4.6 167 

Pulse rate (ms-1) 2.4 1.3 0.1 16.5 167 

*The abbreviations of Min, Max, AM and GM stand for minimum, maximum, arithmetic mean and 

geometric mean values. 

5.3 Correlation Between PB and RS1st 

As shown by the theoretical transmission-line-model approach (e.g., Uman et al., 

1975) and the triggered-lightning experimental data (e.g., Rakov et al., 1992; Mallick et 

al., 2014; Carvalho et al., 2017), the return stroke peak current is proportional to its peak 

radiation field. In this paper, we use the RS1st peak radiation field to estimate its intensity. 

In order to compare the peak radiation field recorded from different sensors, the RS1st 

peak field has been normalized to 100 km and then the range-normalized peak (RNP) is 

unified to the RNP at the central station GFU by using the electric field conversion 

coefficient, which is calculated from the ratio of the RNP between GFU and any other 

stations. This process is referred to Figure 5-5. The range-normalized peak (RNP) is 

calculated by multiplying the measured field peaks by r/100, where r is the horizontal 

distance in kilometers (km) between the RS and the specific sensor. Besides, r should 

satisfy the relation r > 50 km because for r < 50 km, the RS pulse may be distorted by 

electrostatic and induction electric field. The conversion coefficient between station IBG 
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and KSM, estimated through the slope of the red fitted line in Figure 5-5b, is 1.49. The 

corresponding R2, indicating the fitting goodness, is 0.991. The conversion coefficient 

between any other two stations will be calculated through the same process. 

 

Figure 5-5. (a) Red points indicate the horizontal distribution of the recognized RSs. Triangles are the 

stations’ geographic locations. The plotted view is limited to a range of 100 km from the center station 

TMK. Two black circles represent the range of 50 km from station IBG and KSM, respectively. (b) 

Example of calculating conversion coefficient between station IBG and KSM. Black points are RNP 

at two stations and red line is the fitted regression line. Abbreviation of Cof and R2 in the up right of 

Figure 5-5b represents the conversion coefficient and goodness of fit, respectively.  

Figure 5-6 exhibits the correlation between the PB and the RS1st intensity with the 

corresponding Spearman’s correlation coefficients for both the raw data and the averaged 

data given in Table 5-2.  

Figure 5-6a shows the scatterplot between the PB altitude and the RNP of RS1st. Both 

parameters are very scattered and no correlation can be identified. The correlation 

coefficient between the PB altitude and the RNP using raw data is -0.07. However, if we 

average RNP in 500 m bin of height as shown by the black squares, a strong correlation 

appears and the correlation coefficient is -1 for the averaged data. 

Figure 5-6b is the scatterplot between the PB vertical speed and the RNP. Both the 
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PB vertical speed and the RNP are very scattered and no clear correlation can be identified. 

The coefficient using the raw data is 0.31. Similar to Figure 5-6a, if we average RNP in 

2×105 m/s bin of vertical speed as shown by the black squares, a more positive correlation 

appears if the averaged data are used, and the resulting coefficient is 0.93. 

Figure 5-6c is the RS1st intensity versus the PB pulse rate. It seems that there is no 

obvious correlation between the pulse rate and the RS1st intensity either, and the 

correlation coefficient is 0.12. Similar to the relationship between the PB altitude and the 

vertical speed, if we average RNP in 2 ms-1 bin of pulse rate, the average RS1st intensity 

and the pulse rate are positively correlated with a correlation coefficient of 0.89. 
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Figure 5-6. Scatterplot of the parameters in the PB process and the normalized RS1st peak field. Y 

axes in Figure 5-6 is in a logarithmic scale. The abbreviation d.u. stands for digital unit. Black squares 

indicate the average RNP. (a) Initiation altitude. (b) Vertical speed. (c) Pulse rate. 
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Table 5-2. The Spearman’s correlation coefficient between the RS1st intensity and the PB parameters 

  Initiation altitude Vertical speed Pulse rate 

RS1st intensity 

Scatter dots -0.07 0.31 0.12 

Averaged value -1 0.93 0.89 

In conclusion, the scatterplots in Figure 5-6 hardly exhibit meaningful correlations 

between the PB process and the RS1st intensity if the raw data are used. However, on 

average the PB processes with lower initiation altitude, faster vertical speed and higher 

pulse rate tend to be followed by stronger RS1st, as seen in Table 5-2. 

5.4 Correlation Between SL and RS1st 

Figure 5-7a is the scatterplot of the SL duration and the RNP. The corresponding 

Spearman’s correlation coefficients are given in Table 5-3. Apparently, the RS1st intensity 

and the SL duration are negative correlated. The correlation coefficients using the raw 

and the averaged data are -0.71 and -0.98, respectively. Zhu et al. (2015; 2016a) reported 

that the RS peak current and the PB-RS interval were negatively correlated. In Zhu et al. 

(2015), for the RSs with current ranging from tens to two hundred kiloamperes, the 

average PB and SL (roughly estimated by subtracting the PB duration from the PB-RS 

interval) duration are 2.2 ms and 21.8 ms, respectively. In Zhu et al. (2016a), for those 

RSs with currents larger than 50 kA, the average PB and SL duration are 2.7 ms and 6.1 

ms. These results indicate that the PB duration is relatively stable while the SL duration 

tends to decrease with the increasing RS current. Figure 5-7a supports the results obtained 

by Zhu et al. (2015; 2016a).  

Unlike the relationship between the PB vertical speed and the RNP, the SL vertical 

speed clearly has a positive correlation with the RS1st intensity shown in Figure 5-7b and 

the correlation coefficient using the raw data is 0.74. As seen from the black squares in 

Figure 5-7b, the average RNP and the SL vertical speed almost exhibit a positive linear 

relation and the corresponding correlation coefficient is 1. Compared to the PB vertical 

speed, the SL vertical speed is more positively correlated to the RNP (e.g., correlation 
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coefficient using the raw data: 0.74 vs. 0.31; using the averaged data: 1 vs. 0.93).  

Figure 5-7c exhibits the correlation between the SL pulse rate and the RS1st intensity. 

Apparently, the SL pulse rate has a positive correlation with the RNP. Compared to the 

PB pulse rate, the SL pulse rate is more positively correlated to the RNP (correlation 

coefficient using the raw data: 0.44 vs. 0.12; using the averaged data: 0.96 vs. 0.89).  

Overall, the scatterplots in Figure 4 indicate that a stronger RS1st tends to follow a 

SL with a shorter duration, a faster vertical speed and a higher pulse rate. 
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Figure 5-7. Scatterplots of the parameters in the SL process and the normalized RS1st peak. Black 

squares indicate the average RNP. (a) SL duration. (b) Vertical speed. (c) Pulse rate. X and Y axes in 

Figure 5-7c are logarithmic scales. 
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Table 5-3. The Spearman’s correlation coefficient between the RS1st intensity and the SL parameters 

  SL duration Vertical speed Pulse rate 

RS1st intensity 

Scatter dots -0.71 0.74 0.44 

Averaged value -0.98 1 0.96 

5.5 Discussion 

As shown in Figure 5-8, a typical negative CG lightning flash initiates between the 

middle negative charge region (MNCR) and the lower pocket positive charge region 

(LPCR) of the tripolar charge structure of thunderstorms with PB accompanied, and its 

stepped leader propagates from the LPCR all the way downward to the ground (e.g., Nag 

and Rakov, 2009b). For convenience, in Figure 5-8, the electric field caused by the LPCR 

and the MNCR are denoted by ELPCR and EN, respectively. As described by Nag and 

Rakov (2009b; 2016), the electric field between the MNCR and the LPCR will be 

enhanced by the superposition of ELPCR and EN while the field below the LPCR will be 

reduced due to the opposite directions of ELPCR and EN. The PB process occurs between 

the MNCR and the LPCR and its progression is driven by the enhanced electric field, 

denoted by EPB. The SL process develops between the LPCR and the ground, and its 

progression is driven by the reduced field, denoted by ESL. As seen in Table 5-1, the PB 

speed is more than twice higher than the SL (4.7×105 m/s vs. 1.7×105 m/s). This speed 

difference not only provides additional evidence of LPCR’s effect, but also indicates that 

EPB is larger than ESL. 

As shown by Cooray et al. (2007), return stroke peak current is roughly proportional 

to the charge density along the channel of SL and the charge density is in turn proportional 

to the background electric field ESL. Presumably, return stroke intensity is proportional to 

the background electric field ESL. On the other hand, a smaller LPCR weakens the 

enhanced field EPB and could delay the initiation of a CG. Such delay allows more time 

for EN and thereafter ESL to be built up for a stronger RS1st. Therefore, a smaller LPCR is 

a favorable condition for a stronger RS1st. 
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A simple comparison between Figure 5-6 and Figure 5-7, as well as the 

corresponding coefficients in Table 5-2 and Table 5-3, allows us to conclude that the 

correlations between the RS1st intensity and the SL are more obvious than those between 

the RS1st intensity and the PB. This result further manifests the effect of LPCR. As 

discussed above, a stronger RS1st is more likely to be associated with a smaller LPCR. 

However, the PB caused by a smaller LPCR could be correspondingly weaker. This 

apparently weakens the positive correlations between the RS1st intensity and the PB 

process.  

As an extension of the above discussion, we speculate that a uniform and wide 

horizontal distribution of MNCR is also a favorable condition for a stronger RS1st. To 

explain our speculation, we show some simple simulation results in Figure 5-9. In the 

simulation, we assume both the MNCR and the LPCR can be treated as ideal charge discs 

without thickness and their electric charges are 1 C and 20 C, respectively. The radius of 

LPCR is set at 1 km, while the radius of MNCR is adjustable. Both the LPCR and the 

MNCR are centered at a common vertical axis with the heights of 5.6 km and 4.4 km, 

respectively, as shown in Figure 5-8. We choose the electric field at point A, middle 

position of the vertical axis between MNCR and LPCR, to represent EPB; the electric field 

at point B, middle position of the vertical axis between LPCR and the ground, to represent 

ESL.   

As shown in Figure 5-9a and 5-9b, with the increase of the MNCR’s radius, both the 

ESL and EPB decreases. However, the electric field radio, 
ESL

EPB
 , increases. Such feature 

indicates that ESL could increase more relative to EPB as the radius of MNCR becomes 

larger. Therefore, a uniform and wide horizontal distribution of MNCR could delay the 

initiation of a CG for a bigger ESL to be built up.  

Finally, we should point out that our data are from different thunderstorms. As 

reported by Yoshida et al. (2014) and Karunarathna et al. (2017), the CG initiation height 

changes with both thunderstorm types and development stages. Storm types and 
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development stages may also have certain effect on the correlation between the RS1st and 

its preceding discharges and thus deserve to be taken into consideration for future study. 

 

Figure 5-8. A schematic illustration of the electric field in the tripolar charge structure. The parameters 

shown for PB and SL are obtained in this study. 
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Figure 5-9. EPB, ESL at two representative points and their radio under the condition of increasing 

radius of the MNCR. (a) EPB, the electric field at point A. (b) ESL, the electric field at point B. (c) The 

ratio of 
ESL

EPB
. 

Chapter 6 

Leader Polarity-Reversal Feature and Charge Structure of 

Three Upward Bipolar Lightning Flashes 

Upward lightning can be sub-classified into two types: self-initiated ones and other-

triggered ones (Wang et al., 2008b). If upward lightning is triggered by some nearby 

lightning discharge activities, it will be defined as other-triggered upward lightning. If 

upward lightning is initiated without any nearby preceding discharge activities, it will be 

named as self-initiated upward lightning. In the winter season of 2014, we recorded 

several self-initiated and other-triggered upward lightning flashes. Among them, three 

flashes are identified as upward bipolar lightning flashes (UBLFs), one directly by current 

waveform and the remaining two by crosscheck of field mill data and LMA source 

locations. In this paper, we will report on the leader polarity-reversal feature and charge 

structure of UBLF identified from their VHF source progressions in the cloud.  

6.1 Results 

6.1.1 Upward Bipolar Lightning A 

Upward bipolar lightning A occurred on December 2, 2014, hitting the lightning 

protection tower. Figure 6-1a shows altitude progression and initial stage current 

measured at the bottom of the tower. Figure 6-1b is the source radiation VHF power. 

Figure 6-1c and Figure 6-1d are the vertical views along the direction of west-east and 

south-north, respectively. Figure 6-1e is the corresponding electric field. An upward 
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positive leader (UPL), which transferred negative charge to the ground, was initiated from 

the tower at t1 and then propagated upward with an average speed of 104 m/s. After 

propagating for about 21 ms, UPL reached up to a height of about 0.5 km at t2. At the 

height of 0.5 km, a positive leader turned into the horizontal direction as shown in Figure 

1c and 1d, and continued its progression. There was no obvious change in the 

corresponding electric current until t3. At t3, the current started to increase rapidly in its 

magnitude. At t4, the current reached its negative peak of 2.4 kA, recovering to zero after 

about 62 ms. The total negative charge transferred to the ground during the negative 

current of initial stage was about −40 C. The transfer of the negative charge to the ground 

was also reflected in the corresponding electric field change from A to B shown in Figure 

6-1e. 

The current started to reverse its polarity at t7 and rose to its positive peak of 1.68 

kA with 10-90% rising time of 2 ms at t8. In the LMA source altitude progression, 

correspondingly, an upward negative leader (UNL) was observed to propagate from the 

altitude of 1.5 km to 2.8 km with vertical speed of 2.0×105 m/s. The corresponding source 

power of this upward leader, as seen in Figure 6-1b, was apparently larger than that 

produced by its previous discharges from t1 to t7 (average power: 24 dBW vs. −1 dBW). 

Both electric current and source power indicated that this upward leader was negative. 

This leader then turned into the horizontal direction and transferred more positive charge 

to the ground. The duration of positive current was around 94 ms ranging from t7 to t9 

and positive charge of 45 C was transferred to the ground. The negative change of electric 

field from B to C in Figure 1e also indicated that there was a positive charge transferred 

to the ground. After t9, VHF sources rapidly fell to an altitude of 1 km and lasted for 

about 90 ms.  
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Figure 6-1. Three-dimensional source locations with recorded electric current and electric field of 

lightning A. (a) Current waveform superposed with source height versus time. (b) Power versus time. 

Figure 6-1a and 6-1b share the same time span at horizontal axis. (c) West-east vertical view. (d) South-

north vertical view. (e) Ground electric field measured by the field mill. Figure 6-1e utilizes the 

independent time span at horizontal axis. The specific time represented by the marks in Figure 6-1a is 

listed as follows. 
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t1=UT01:08:03.910, t2=UT01:08:03.940, t3=UT01:08:04.030, t4=UT01:08:04.054, 

t5=UT01:08:04.060, t6=UT01:08:04.096, t7=UT01:08:04.116, t8=UT01:08:04.120, 

t9=UT01:08:04.210,  t10=UT01:08:04.300 

According to the distribution of source height and VHF power with an average value 

of −9.4 dBW, these sources between t9 and t10 were produced by the positive breakdown 

and the negative charge was neutralized, which was also supported by the corresponding 

positive change from C to D in the electric field waveform. However, source locations 

between t9 and t10 did not share the same channel of preceding activities from t1 to t9. 

Therefore, current waveforms recorded at the tower base maintained positive polarity 

between t9 and t10. 

Figure 6-2a indicates the three-dimensional (3-D) source distance from the tower 

and Figure 6-2 (b) ~ (d) shows the planar view of lightning sources at different stages. 

Around t5, the first source (shown by a cyan square in Figure 6-2) that was near (3-D 

distance less than 1 km) the initial location of UNL indicated by a pink triangle, was 

apparently isolated from the preceding discharge channel at a horizontal distance of more 

than 2 km as shown in Figure 6-2b. During the following 36 ms after t5, the leader 

propagated toward south-west direction as shown by red dots in Figure 6-2c. Between t6 

and t7, the leader traversed back and reconnected to the disconnected path. Seen in Figure 

6-2d, when the leader propagated backward, there were two obvious terminations marked 

by A and B. Apparently, blue dots and red dots are from two branches, namely branch 1 

and branch 2 in Figure 6-2d.  

Initial sources of UNL occurred around the end of branch 1, about 56 ms (time 

interval from t5 to t7) after a few sources, blue dots in Figure 6-2b, happened near the 

same location. During the 56-ms period, branch 1 stopped propagating forward while 

branch 2 continued to develop toward south-west direction shown in Figure 6-2c. It seems 

that the process of polarity reversal has a strong relationship with the branches of the 

preceding leader. Specific discussion will be given in section 6.2. 
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Figure 6-2. (a) Three-dimensional source distance from the tower with time, pink triangle representing 

the first source of UNL. Blue and red dots indicate sources of branch 1 and branch 2, respectively. 

Cyan square is the earliest source of branch 1 that is near the UNL initiation. Planar view of sources 

distribution at different stages is shown in (b)~(d). (b) Sources distribution before t5. (c) Sources 

distribution before t6. (d) Sources distribution before t7. Two obvious terminations are marked by A 

and B. 

The planar view of the charge structure for lightning A is given in Figure 6-3. 

Positive charge regions (PCR, inferred from t2 to t7) and negative charge regions (NCR, 

inferred from t8 to t9) are indicated by orange and cyan circled lines. Initial sources of 

UNL are indicated by triangles. The horizontal area covered by PCR and NCR is 134 km2 

and 24 km2, respectively. PCR was above the NCR, forming a normal positive dipolar 

charge structure. 
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Figure 6-3. Planar view of charge structure for lightning A, orange and cyan circled lines representing 

positive and negative charge regions, respectively. Symbol size indicates source height. Triangles 

suggest initial sources of UNL with large VHF power and their color represents sources’ time with 

legend seen on the right side. 

6.1.2 Upward Bipolar Lightning B 

This lightning occurred on November 14, 2014, also hitting the protection tower. Its 

source locations, radiation power, and electric field recordings are shown in Figure 6-4. 

As seen in the source altitude progression (Figure 6-4a), prior to the initial upward leader, 

there were nearby preceding discharges as indicated by black points. Apparently, this 

lightning belonged to other-triggered type (Wang et al., 2008b). Correspondingly, the 

electric field in Figure 6-4e, exhibiting a negative change before initiation of lightning B 

at the time of point A, supported the above inference as well.  

At t1, lightning B was initiated by UPL since the electric field in Figure 6-4e first 

showed a positive change from point A to B, indicating negative charge was transferred 

to the ground.  
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Figure 6-4. Three-dimensional source locations of lightning B. (a) Source height versus time. (b) 

Power versus time. Figure 6-4a and 6-4b share the same time span at horizontal axis. (c) West-east 

vertical view. (d) South-north vertical view. (e) Ground electric field measured by the field mill. Figure 

6-4e utilizes the independent time span at horizontal axis. The specific time represented by the marks 

in Figure 6-4a is listed as follows. 
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t1=UT 17:31:35.190, t2= UT 17:31:35.250, t3= UT 17:31:35.365, t4= UT 17:31:35.386, 

t5= UT 17:31:35.400, t6= UT 17:31:35.497 

Corresponding radiation power in Figure 6-4b showed a slightly decreasing 

tendency during the stage of upward development. 60 ms after the initiation of lightning 

B, the initial positive leader reached up to an altitude of 1.5 km with the propagation 

speed of 104 m/s and then turned into horizontal direction with slight height variation as 

shown in Figure 6-4c and 6-4d. As evident in Figures 6-4a and 6-4b, LMA sources 

between t4 and t5 exhibited a systematic altitude ascending from 2 km to 3.5 km and VHF 

power increasing from 3 dBW to 21 dBW, with an average value of 18 dBW. Meanwhile, 

the electric field in Figure 4e showed a negative change from point B to C, indicating 

positive charge was transferred to the ground. These features are similar to those observed 

in lightning A, and they combined lead us to judge that lightning B is an upward bipolar 

lightning flash.  

The horizontal view of lightning B at different stages is given in Figure 6-5. Before 

t3, positive leader propagated with several branches, with two branches being denoted as 

branch 1 and branch 2 in Figure 6-5b. Seen from Figure 6-5b, the earliest source of branch 

1 that was near (within 1 km in three dimensions) the initiation of UNL was marked by 

cyan square and happened at t3. After about 21 ms, namely to the interval between t3 and 

t4，initial UNL sources (shown by triangles in Figure 6-5d) happened around the same 

position. These sources exhibited a 3-D speed of 1.2×105 m/s, which was estimated from 

the slope of source distance with time in Figure 6-5a. Similar to the phenomenon found 

in lightning A, during the 21-ms period, branch 2 continued to be in progression while 

branch 1 was nearly decayed and stopped further development, as indicated in Figure 6-

5c. And then UNL was initiated at the end of the nearly decayed branch 1. It further 

implies that the occurrence of the polarity-reversal leader is related to the branches of the 

preceding leader discharges. 

The planar view of the charge structure for lightning B is shown in Figure 6-6. PCR 

(inferred from t2 to t4) overlapped NCR (inferred from t5 to t6). PCR and NCR showed 
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almost the same wide extension (NCR vs. PCR: 55 km2 vs. 59 km2), which was different 

from what lightning A showed (NCR vs. PCR: 24 km2 vs. 134 km2). Since two UBLFs 

were both initiated with UPL, exhibiting a typical dipole charge structure, which 

contained a middle NCR and an upper PCR. However, charge layers inferred from 

lightning B were higher compared to that inferred from lightning A. For lightning A and 

B, middle NCR was at a height of 0.8 km and 1.7 km, respectively. Upper PCR was at a 

height of 2.8 km and 4.2 km, respectively. 

 

Figure 6-5. (a) Three-dimensional source distance from the tower with time. Planar view of sources 

distribution at different stages is shown in (b)~(d). (b) Sources distribution before t3. Cyan square is 

the earliest source that is near the initiation of UNL. Blue and red dots represent sources of branch 1 

and branch 2. (c) Sources distribution before t4. (d) Sources distribution before t5. Triangles suggest 

initial sources of UNL, its transparency representing time. 
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Figure 6-6. Planar view of charge structure for lightning B, orange and cyan circled lines representing 

positive and negative charge regions, respectively. Symbol size indicates source height. Triangles 

suggest initial sources of UNL and their color represents sources’ time with legend seen on the right 

side. 

6.1.3 Upward Bipolar Lightning C 

Lightning C occurred on November 14, 2014, with a horizontal distance of more 

than 8 km from the tower. We also recognized this lightning as a bipolar type because it 

was characterized by similar features of both LMA source locations and field mill data 

(shown in Figure 6-7) compared to what lightning A exhibited. However, since the electric 

field in Figure 6-7e showed the negative change from point A to B, lightning C was 

initiated with UNL, firstly transferring positive charge to the ground. Similar to lightning 

A, there was no obvious change in the electric field before initiation of lightning C at the 

time of point A in Figure 6-7e and so we can classify lightning C into self-initiated type.  

Lightning C was initiated at t1. In Figure 6-7a, initial UNL propagated from 0.8 km 

to 2.5 km between t1 and t2, with a propagation speed of 105 m/s. During the process of 

obvious vertical development, the average VHF power of around 15 dBW in Figure 6-7b, 
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relatively as strong as negative breakdown radiated among lightning A and B, was another 

demonstration for negative breakdown. Between t2 and t4, the leader turned into 

horizontal development in Figure 6-7c and 6-7d. Initial sources for polarity-reversal 

leader were between t4 and t5 since height transition from 3.5 km to 5.0 km occurred and 

corresponding average vertical speed was 1.25×105 m/s. According to our observation, 

average VHF power of these initial sources of UPL was 14 dBW, apparently larger than 

positive breakdown radiated in lightning A (−1 dBW) and lightning B (4 dBW). However, 

since the preceding leader in lightning C was negative and VHF power of negative 

breakdown was naturally high (Rison et al., 1999), these initial sources of UPL in 

lightning C did not show rapid rise in VHF power as shown in Figure 6-7b, which was 

different from what lightning A and B exhibited in Figure 6-1b and Figure 6-4b, 

respectively. After t5, recovery of electric field from point B to C in Figure 7e indicated 

that there was mainly negative charge transferred to the ground. In the whole process, 

source height exhibited two-layer distribution with center heights of 2.5 km and 5 km in 

Figure 6-7c and 6-7d, implying leaders’ propagation in charge regions with different 

polarities. 
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Figure 6-7. Three-dimensional source locations of lightning C. (a) Source height versus time. (b) 

Power versus time. Figure 6-7a and 6-7b share the same time span at horizontal axis. (c) West-east 

vertical view. (d) South-north vertical view. (e) Ground electric field measured by the field mill. Figure 

6-7e utilizes the independent time span at horizontal axis. The specific time represented by the marks 

in Figure 6-7a is listed as follows. 



80 

 

t1=UT19:14:27.785, t2=UT19:14:27.805, t3=UT19:14:27.858, t4=UT19:14:27.925, t5=UT 

19:14:27.936, t6=UT 19:14:27.990 

For lightning C, we plotted the planar view as shown in Figure 6-8. After UNL was 

initiated, the leader propagated with several branches, denoted by branch 1, branch 2 and 

branch 3. Initial UPL sources were between t4 and t5. The earliest source that was close 

(3-D distance less than 1km) to the origination of UPL happened at t3 and was marked 

by cyan square. During the 67-ms period, namely to the interval between t3 and t4, branch 

1 represented by blue dots has nearly stopped developing forward while branch 2 and 

branch 3 were still in progression, as shown in Figure 6-8c. The UPL was finally initiated 

around the end of the nearly decayed branch 1, very close to the position marked by a 

cyan square in Figure 6-8. Here, we need to point that since there were multiple 

concurrent branches of UNL in lightning C and LMA location results were discrete in 

space, the distinguish between branches for this lightning was not clear as in the cases of 

Lightning A and Lightning B. However, the phenomenon that UPL initiation in lightning 

C occurred close to the end of one branch of the preceding UNL, was still seen in lightning 

C. It indicates again that polarity reversal has a strong relationship with branches of the 

preceding leader. 
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Figure 6-8. (a) Three-dimensional source distance from the tower with time. Planar view of sources 

distribution at different stages is shown in (b)~(d). (b) Sources distribution before t3. Cyan square is 

the earliest source that is near the initiation of UPL. Blue dots indicate sources of branch1. Red dots 

represent sources of branch 2 and branch 3. (c) Sources distribution before t4. (d) Sources distribution 

before t5. The span of Y axis is between 4 km and 10 km. 

At the horizontal view, the charge structure of lightning C is different from that of 

lightning A and B. Symbols in Figure 6-9 share the same meaning as those in Figure 6-3 

and Figure 6-6. Middle PCR (inferred from t2 to t4) extended more widely than upper 

NCR (inferred from t5 to t6) did (PCR vs. NCR: 182 km2 vs. 62 km2). The average height 

of PCR and NCR is 2.5 km and 5 km. Furthermore, for both lightning A and lightning B, 

there existed a normal dipole charge structure with a middle NCR and an upper PCR. But 

lightning C, exhibited an inverted-dipole charge structure with a middle positively 

charging region and an upper negatively charging region, consequently leading to the 

initiation of UNL followed by UPL. Hence, the charge structure in thunderstorms has a 

significant influence on the polarity of initial upward leader. 
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Figure 6-9. Planar view of charge structure for lightning C, orange and cyan circled lines representing 

positive and negative charge regions, respectively. Symbol size indicates source height. Triangles 

suggest initial sources of UPL and their color represents sources’ time with legend seen on the right 

side. 

6.2 Discussion 

As seen from the planar view of three UBLFs (Figure 6-3, Figure 6-6 and Figure 6-

9), for lightning A and lightning B, PCR overlaps the NCR, exhibiting a positive dipolar 

charge structure, while for lightning C, NCR is above the PCR, exhibiting an inverted 

dipolar charge structure. Apparently, UBLF does not necessarily need a unique charge 

structure, as opposed to that suggested by Narita at al. (1989). Besides, Japan winter 

thunderstorms are characterized with low cloud base, ranging from 200 m to 800 m (Goto 
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and Narita, 1992; Matsumoto et al., 2008). Consequently, charging height in Japan winter 

season, with center height of 2 km and 4 km, is much lower than that in other regions’ 

summer season (Krehbiel,1986), resulting in relatively small vertical distance between 

two opposite-polarity charge layers. These factors combined may be conducive to the 

higher percentage of UBLF in Japanese winter thunderstorms. 

As seen from the source locations in Figures 6-1a, 6-4a, and 6-7a, the two charge 

layers either in the dipolar or inverted-dipole structure were clearly bridged by an 

ascending leader that had opposite polarity to its previous upward leader. It is the bridge 

that channeled the charge of opposite polarity to the ground. Similar ascending leader 

serving as a bridge has been observed by Hill et al. (2013) in a bipolar lightning triggered 

with rocket-wire technique. As shown in Figures 6-2, 6-5 and 6-8, the ascending leader 

was formed at the end of a decayed branch. During the decay of the branch, discharges in 

other channels (or branches) are clearly in progress. All these observed facts basically 

support the scenario proposed by Wang and Takagi (2008a) for the leader polarity reversal 

of UBLFs. With considering the charge structure and the detailed leader progression 

observed in the paper, Figure 6-10 presents an improved schematic to illustrate how a 

leader in reversed polarity is formed. 

(1) In Figure 6-10a, UPL propagating in NCR exhibits two branches, annotated as 

branch 1 and branch 2.  

(2) After branch 1 is nearly decayed, branch 2 still continues to be in progress. 

Because of occurrence of cutoff in the trunk channel, positive charge in the whole channel 

will be deposited along the forward direction of branch 2, but negative charge neutralized 

by branch 2 could not be transferred to the ground. On the contrary, since natural leader 

is bidirectional, those negative charge will be transferred in opposite direction along 

branch 2 and some of them are deposited at the end of branch 1 along the existed ionized 

channel, as indicated by Figure 6-10b.  

(3) With the further development of branch 2, more negative charge will be gathered 

at the end of branch 1, resulting in converting from the main positive to negative charging 
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and then reversing the electric field, shown in Figure 6-10c.  

(4) In Figure 6-10d, UNL is initiated at the end of branch 1, thus the decayed branch 

1 being reactivated by the reversed electric field. The trunk discharge channel is 

reconnected and positive charge is transferred to the ground, leading to polarity reversal 

in recorded current waveforms.  

  

Figure 6-10. Process of leader polarity reversal of upward bipolar lightning flashes. 

 

With this leader polarity reversal process embedded, we present a more complete 

progress of UBLF in Figure 6-11.  

(a) At time of t1, UPL is initiated on the tall object surrounded with corona charge.  

(b) At time of t2, UPL shows almost vertical propagation channel and attempts to 

access to the main charge region. At this time point, channel-base current is negative with 

low value due to relatively small amount of negative charge transferred to the ground. 

(c) At time of t3, positive leader travels through the center of NCR with slight height 

variation, which exhibits transition from vertical to nearly horizontal propagation. 
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Meanwhile, negative charge is transferred to the ground continuously and electric current 

reaches up to negative peak. 

(d) At time of t4, with development of positive leader, some branches continue 

propagation motivated by ambient electric field while other branches stop developing, 

which validly reduces channel conductivity. According to our observation, we assume 

that cutoff occurs at somewhere of the trunk channel and consequently impedes the 

progress of lowering charge to the ground. Conversely, negative charge is deposited as 

much as possible at the end of already decayed branch 1. 

(e) At time of t5, deposited negative charge in the decayed branch 1, where positive 

charge was predominant, will produce a new electric field with reversal direction 

compared to original electric field. Model of inversing electric field and initiating UNL 

is depicted as Figure 6-10. Initial UNL shows obvious vertical propagation with relatively 

high VHF power. The trunk channel is reconnected since the initiation of UNL makes the 

channel well ionized again. Positive charge is transferred to the ground along the channel 

ionized by preceding positive breakdown and the current polarity reversal takes place 

simultaneously. 

(f) At time of t6, negative leader with decreasing VHF power traverses through the 

center of PCR and transfers positive charge to the ground continuously before the channel 

conductivity decays. 
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Figure 6-11. Schematic diagram for upward bipolar lightning flashes. 

Finally, we should point out that there is a type of bipolar lightning that is 
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characterized by return strokes of opposite polarity (Saba et al., 2013; Saraiva et al., 2014; 

Tian et al., 2016; Zhu et al., 2016). For this type of bipolar lightning, either upward or 

downward, a recoil leader has been used to explain the polarity-reversal process by 

several authors (Saba et al., 2013; Saraiva et al., 2014; Tian et al., 2016; Zhu et al., 2016b). 

So far, we haven’t observed such type of bipolar lightning with LMA. Whether the 

scenario shown in Figure 6-10 is applicable to this type of bipolar lightning is not known. 

In the future researches, this needs to be tested. 

Chapter 7 

Conclusions 

In this thesis, we have discussed four interesting topics involving three types of 

lightning discharges. The main conclusions for each topic are drawn as follows. 

Topic 1—Temporal and Spatial Characteristics of Preliminary Breakdown Pulses in 

Intracloud Lightning Flashes.  

In 32 normal IC lightning flashes, we have examined the temporal and spatial 

characteristics of the PB pulses. From the E-change waveforms, it is found that the PB 

processes begin with a PIP stage, followed by the typical PBP clusters. Each PIP stage 

usually has two or three PIPs. Each typical PBP cluster consists of several NPs and one 

classic PBP.  

(1) The duration of PIP stage ranges from 6 µs to 560 µs, with the AM value of 129 

µs. The horizontal and vertical AM extensions involved in a PIP stage are 60 m and 216 

m, respectively. The PIP heights in the majority (24/26) of PB processes have a downward 

tendency, indicating a kind of backward extension relative to the overall upward 

progression of PB process.  

(2) The AM duration of a typical PBP cluster is 193 µs. Each typical PBP cluster on 

average involves with horizontal and vertical extensions of 161 m and 515 m, respectively. 

For both PIP stage and PBP cluster, their vertical extensions are apparently longer than 
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their horizontal extensions, reflecting a predominantly vertical channel of PB process. 

(3) In a typical PBP cluster, whatever the variation pattern of the NP height looks 

like, PBP commonly occurs behind its preceding NPs and at a relatively low height.  

Topic 2—A Comparison on the E-change Pulses Occurring in the Bi-level Opposite-

polarity Charge Regions of the Intra-Cloud Lightning Flashes.  

We have compared the E-change pulses occurring in UPCR and MNCR of 41 normal 

IC flashes recorded by FALMA. E-change pulses in both charge regions are roughly 

grouped into isolated pulses and pulse trains with both positive and negative polarities. 

Different types of pulses have shown significantly different characteristics in both 

locations and parameters. The comparative results are concluded as follows. 

(1) Based on a typical well-structured IC, it was found that the majority of isolated 

pulses in both UPCR and MNCR occurred at or close to the leader tips. In contrast, about 

30% UPCR pulse trains occurred at or close to the tip. The remaining 70% pulse trains 

occurred in the leader channel and retraced a portion of the leader channel while moving 

away from the flash origin; for MNCR pulse trains, about 60% occurred close to the tip 

and 40 % occurred in the channel with a backward extension to the flash origin. 7% of 

pulse trains in MNCR apparently propagating into UPCR is found by a further 

investigation. 

(2) Although isolated pulses occurred about equally in UPCR and MNCR (2,781 

versus 3,065), there were more pulse trains in MNCR than UPCR (499 versus 2,819). On 

average, isolated pulses in UPCR are about 56% larger in peak amplitude, 31% faster in 

rise time, 25% narrower in width, and 26% shorter in fall time than those in MNCR. In 

contrast, pulses in trains in UPCR are about 115% larger in peak amplitude, 43% slower 

in rise time, 46% wider in width and 62% longer in fall time than those in MNCR. 

Different physical nature of isolated pulses and pulse trains may contribute to such a 

contrast. Interestingly, in the same charge region, positive and negative pulses share 

similar characteristics. 

Based on these characteristics, we think that isolated pulses in UPCR are most likely 
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produced by negative stepped leaders in virgin air, while pulse trains in both UPCR and 

MNCR are produced by negative dart-stepped leaders. We also speculate that a leader 

would progress with a fluctuating behavior when neutralizing a hypothetical uniform 

space charge region with sufficient thickness and broadness. 

Topic 3—Correlation Between the First Return Stroke of Negative CG Lightning 

and Its Preceding Discharge Processes.  

We have studied the general characteristics of the PB and SL processes, and their 

correlations with the RS1st intensity using the data recorded by FALMA. 

(1) The AM PB altitude for 279 CG lightning flashes whose PB is well located, is 

about 5.6 km. Although the scatterplots of the PB altitude and the RS1st intensity hardly 

show a meaningful correlation, on average lower PB heights are usually correspondent to 

more intense RS1st. 

(2) The AM vertical speed for PB is about 4.7×105 m/s, more than twice higher than 

the speed at the SL stage, an AM value of 1.7×105 m/s for 167 CG lightning flashes whose 

SL is well located. For both the PB and SL processes, their average vertical propagation 

speeds exhibit positive correlations with the RS1st intensity.  

(3) The pulse rate at the PB stage is much higher than that in SL (AM value: 5.1 ms-

1 vs. 2.4 ms-1). One explanation for such a difference may be the underestimation of the 

SL pulse rate. On average, the PB and the SL of an intense RS1st tend to have bigger pulse 

rates. Overall, it appears that the SL process has larger Spearman’s correlation coefficients 

than the PB process if the raw data are used. (vertical speed: 0.74 vs. 0.31; pulse rate: 

0.44 vs. 0.12). 

(4) The AM duration of the SL is about 34 ms. The RS1st intensity and the SL duration 

are negatively correlated, with a correlation coefficient of -0.71. 

Topic 4—Leader Polarity-Reversal Feature and Charge Structure of Three Upward 

Bipolar Lightning Flashes.  

We have reported three upward bipolar lightning flashes (UBLFs) observed in 

Japanese winter thunderstorms, one determined by current waveform, the other two co-
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confirmed through field mill and LMA source locations. The leader polarity-reversal 

process and charge structure that is conducive to the occurrence of UBLFs are 

characterized by the following common features. 

(1) A normal dipolar or an inverted dipolar charge structure in Japan is conducive to 

the occurrence of UBLF.  

(2) No matter of the initiation with UNL or UPL, LMA sources associated with 

polarity reversal exhibit height ascending with propagation speed of 105 m/s in a short 

time. We infer that this phenomenon has a strong relationship with separation of charge 

regions and UBLF does traverse through two charge regions of different polarities. 

(3) VHF power of initial sources in the polarity-reversal leader (average value in 

lightning A, lightning B and lightning C: 24 dBW, 18 dBW and 14 dBW) is significantly 

higher than that of subsequent sources with the same-polarity breakdown events. We 

suppose that the high VHF power attributes to breakdown in virgin air and strong electric 

field at the junction area between PCR and NCR. 

(4) Several tens of milliseconds (lightning A: 56 ms; lightning B: 21 ms; lightning 

C: 67 ms) before the initiation of the polarity-reversal leader, the nearly decayed branch 

of the preceding leader has propagated to the position around which the subsequent 

polarity-reversal leader will be initiated. Model of inversing the electric field and the 

whole process for UBLF are proposed in section 6.2. 
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