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PROPERTIES OF LIGHTNING DISCHARGES FROM MULTIPLE-STATION
WIDEBAND ELECTRIC FIELD MEASUREMENTS

By

Stephen M. Davis

August 1999

Chairman: Dr. Ewen Thomson
Major Department: Electrical and Computer Engineering

There has been no detailed analysis of wideband electric fields recorded at a sufficient

number of sites, with adequate design constraints, such as baseline length and timing

resolution, to give three-dimensional locations of lightning sources. We describe a

system to locate and give times of occurrence of the sources of wideband dE/dt pulses.

The major focus of this study was sequences of regularly occurring dE/dt pulses, or pulse

trains. We identify pulse trains giving rise to three lightning processes: (1) leaders

preceding new terminations to ground, (2) dart-stepped leaders along a previously formed

channel propagating all the way to ground, and (3) intracloud discharge processes.

Leaders preceding new terminations were dart-stepped in nature prior to their

transition to stepped leaders. Speeds over the dart-stepped portion of leaders were 1.0-

12 x 10
6
m/s. Fine structure was present in the dE/dt waveform of both first strokes to

ground and subsequent strokes in new channels to ground. The duration of the fine

structure was shorter (37 ps median) for strokes in new terminations to ground than for

first strokes in a flash (141 ps median). Sources of fine structure were related to the

preceding stepped leader.
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We provide the first interpretation of the complete electric field waveform of dart-

stepped leaders. Near ground, dart-stepped leaders exhibited pulses at regular intervals of

several microseconds. Interpulse intervals were much smaller than several microseconds

early in the leaders, at which time their speed was greater. Seven dart-stepped leaders

decreased in speed towards ground, while two were found to increase, but only when

joining an earlier section of the channel. For dart-stepped leaders we found an inverse

relationship between average leader speed and interpulse interval.

We provide the first locations of the wideband sources from intracloud pulse trains.

Speeds of these trains were similar to those during the dart-stepped portion of leaders

preceding new terminations to ground and dart-stepped leaders near ground. A

comparison of average speed, interpulse interval and step length is undertaken for the

three types of pulse trains identified. Similarities include a constant or decreasing speed

and a tendency for interpulse intervals to increase with time. Several important

differences were found. Dart-stepped leader waveforms were comprised of pulses of

irregular amplitude, making the interpulse interval dependent on the amplitude threshold

used in pulse selection. Pulses from intracloud trains were more uniform in amplitude

and interpulse intervals were nearly constant with respect to an amplitude threshold used

to select pulses. Average step lengths of intracloud trains were several tens of meters,

while those of dart-stepped leaders and leaders preceding new terminations were more

difficult to determine. Average speeds near the beginning of dart-stepped leaders were

higher than speeds near the beginning of intracloud pulse trains. Pulse polarities

associated with intracloud pulse trains were dependent on channel orientation.
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CHAPTER 1

INTRODUCTION

Thunder and lightning have fascinated mankind for hundreds of thousands of years.

The first scientific study of lightning can be traced back to Benjamin Franklin in the last

half of the eighteenth century. In 1752 Franklin performed his famous kite experiment

proving his theory that lightning was electrical. Ever since, researchers have continued to

conduct experiments to increase their understanding of this natural phenomenon.

Photography and spectroscopy became available in the late nineteenth century allowing

investigators to identify the individual components of a lightning discharge. The early

part of the twentieth century saw the first electric field measurements used to study

lightning. Wilson [1916, 1920] estimated charges involved in the lightning discharge

from electric field measurements. More recently, in the past 25 years, improved

measurement and analysis techniques have proved particularly valuable in the study of

lightning. New high-speed computers have allowed the digitization, storage, and analysis

of large amounts of data not previously available.

Lightning discharges are typically classified as one of two types. The first is termed

cloud-to-ground discharges (CG) and produces the familiar, visible forked channel

between the cloud and ground. The second is collectively termed cloud discharges.

Lumped into cloud discharges are intracloud (within a cloud), cloud-to-cloud, and cloud-

to-air discharges. The earliest studies of lightning focused on cloud-to-ground discharges

for two primary reasons, (1) because they were responsible for the most severe lightning
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damage and (2) they were more easily photographed since they were visible below the

cloud. However, more than half of all lightning takes place within the cloud.

Historically, research on cloud discharges has lagged behind that of cloud-to-ground

discharges for the two reasons stated above. With recent improvements in recording

equipment and analysis techniques, the ability to study cloud discharges in greater detail

has become possible, opening new avenues in lightning research.

Figure 1.1 shows the time sequence of the various processes that comprise a typical

negative cloud-to-ground discharge. The discharge, also termed aflash, may be initiated

by preliminary breakdown within the cloud, which in turn initiates the stepped leader.

The stepped leader lowers negative charge to earth in a series of discrete steps, traveling

at an average speed near 2 x 10
5
m/s. When the leader tip nears ground, the electric field

at ground exceeds the breakdown value of air and one or more upward going positive

streamers may be launched. When one of these streamers contacts the negative tip of the

stepped leader, the attachment process, a connection to ground is established thereby

initiating the first return stroke. The return stroke is a ground potential wave that

propagates continuously up the previously ionized leader path at a fraction ofthe speed of

light. The return stroke lowers to ground the negative charge deposited along the trunk of

the leader channel and the branches.

After an interval on the order of tens of milliseconds, during which time the channel is

dark, i.e. no current flows, additional charge may be available near the top of the channel

and a continuos dart leader may propagate down the residual first stroke channel at a

speed near 10
7
m/s. The dart leader initiates the second stroke, also termed a subsequent

stroke. Leaders and return strokes after the first in a flash are termed subsequent. Some
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t = o

Preliminary Stepped

Breakdown Leader

1.00 ms 1.10 ms 1.15 ms 1.20 ms

19 ms 20 ms 20.10 ms 20.15 ms 20.20 ms

40 ms 60 ms 61 ms 62 ms 62.05 ms

Figure 1.1. Time sequence showing the typical components comprising

a negative cloud-to-ground discharge (Uman, 1987).

subsequent leaders are observed to follow the existing channel to ground, but appear

stepped in optical records. These leaders are termed dart-stepped leaders and travel at

speeds near 3 x 10
6
m/s.

Both CG discharges and cloud discharges are comprised of currents that can vary on a

sub-microsecond scale. These current variations give rise to wideband electric and

magnetic fields. In fact, the discharge physics of lightning processes that involve the

largest currents have been based on wideband measurements. The electric field

measurements of Weidman and Krider [1980] indicated that electric and magnetic field
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waveshapes associated with the peak return stroke current had a frequency content of 1

kHz to 4 MHz. A similar frequency range is observed for the peak electric field of

stepped leaders (Krider et al., 1977), bipolar pulses associated with preliminary

breakdown (Weidman and Krider, 1979), narrow bipolar pulses (Le Vine, 1980) and

regular pulse trains (Krider et al., 1975). While these and other studies have

characterized electric field signatures from lightning, there are no reports in the literature

of wideband electric fields recorded at sufficient number of sites with adequate design

constraints, such as baseline length and timing resolution, to give three-dimensional

locations of sources. At least four sites are required with baselines of the order of 10 km

with timing resolution better than 100 ns (Proctor

,

1971). We have developed a system

to locate the sources of wideband dE/dt (derivative of the electric field) using five sites

with appropriate baselines and a timing resolution of better than 50 ns. The system and

methods for analyzing data are described in Chapter 2.

One particular type of electric field signature, that of a regular sequence or burst of

microsecond-scale electric field pulses, is found in the wideband electric field records of

both CG discharges and cloud discharges (Krider and Radda et al., 1975; Krider and

Weidman et al., 1977, Rakov etal., 1996). These sequences, also termed pulse trains, are

comprised of more or less unipolar electric field pulses occurring at regular intervals of

several microseconds. Previous studies have shown that the time between pulses are

similar in pulse trains from both CG and cloud discharges, suggesting they may be the

result of a common physical process. To better answer this question a study of other

characteristics, such as average speed and step length, is needed. Until now, no sufficient

measurements of pulse trains have been available in this regard.
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This work provides the first source locations and electric field waveshapes, measured

on a sub-microsecond scale, of electric field pulse trains from both CG and cloud

discharges. We have identified three processes that produce pulse trains in the electric

field. Two of these processes occur in CG discharges, the third in cloud discharges.

Average speeds, pulse intervals, and step lengths of each are analyzed and compared.

Chapter 3 investigates pulse trains that were associated with leaders preceding new

terminations to ground. A new termination was defined to be a stroke after the first of the

flash that occurred in a new channel to ground. Pulse trains produced by dart-stepped

leaders are the focus of Chapter 4. Chapter 5 looks at characteristics of trains that

occurred in cloud discharges and compares these with the results of the previous two

chapters. Finally, Chapter 6 contains other observations from the current data set and

suggestions for further study.

Rather than including a detailed literature review prior to presenting the current

results, we have chosen to conduct a review in each chapter, as the topics are presented.

Chapters 3, 4, and 5 are broken into sections; the structure of each follows that of most

scientific journal publications. Each section begins with an introduction detailing the

current state of research on that chapter’s subject matter. The results of the current study

follow the introduction. The third section is the discussion where the findings of the

current study are analyzed and discussed in relation to pertinent information in the

literature. Each section ends with a conclusion of the important findings of that section.

A chapter summary is also included at the end of each chapter.



CHAPTER 2

EXPERIMENTAL SYSTEM AND DATA ANALYSIS

2.1 Introduction

In this chapter we describe the configuration of the recording system used in

collecting data and the techniques developed for analyzing those data. In section 2.2 we

present an overview of the system and describe the system components and recording

method. In section 2.3 we describe a scheme of frequency and phase compensation to

correct for differences in frequency responses of the individual sensing electronics and

signal propagation links of each channel. Section 2.4 details the methodology used to

derive source times and section 2.5 describes the method used in deriving source

locations. The technique used to find average speeds is presented in section 2.6. Finally,

a procedure to determine interpulse intervals is presented in section 2.7.

2.2 System Overview

The measurement system comprised five ground stations inal5kmx 15km network

at Kennedy Space Center, FL. A map showing the station locations is shown in Figure

2.1. The derivative of the electric field (dE/dt) was detected at each station by sensing

the displacement current intercepted by a flat plat antenna. Each antenna was placed near

the center of a 3.5 m x 3.5 m ground plane elevated 0.5 m above ground. Gains from

unity to 450 were achieved through the use of amplifiers and antenna plates as illustrated

in Figure 2.2. Signals were sent via microwave or fiber optic links to the

6
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Figure 2.1. Sensor station layout. Range rings are centered at the Shuttle

Landing Facility.

Flat Plato
Antennas

XI X3

&
€
5m coax

&

1—

I

Ibration

Generator

To

FIberoptics

Transmitter

Figure 2.2. Block diagram for sensor electronics
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central recording van. The signals were digitized at 20 MHz for 4096 samples (204.8 ps

records) once a trigger was received. Consecutive trigger records were digitized with a

30 ps dead time between records until the 128 kS LeCroy memory was full. A maximum

of 25 trigger records could be recorded per flash. The block diagram in Figure 2.3

illustrates the time sequence of a typical flash. Calibration signals were applied through a

known resistance to the input of the dE/dt amplifier. Calibration signals consisted of a

square wave, triangle wave, and an impulse. These signals were used to create digital

filters to remove waveform distortions arising from finite frequency responses of radio

transmitting and receiving equipment. The construction of these filters is now outlined.

2.3 Corrections for System Responses

Before processing data, we compensate for differences in the frequency response

(magnitude and phase) between the sensing electronics and signal propagation links in

each channel. To do this we first find the frequency response of each of the channels.

We then design suitable filters that correct for differences between channels. The

frequency response for each channel is determined from four distinct calibration signals;

positive impulses, negative impulses, the rising edge of the fast square wave

(differentiated with respect to time to give a positive impulse), and the falling edge of the

fast square wave (differentiated with respect to time to give a negative impulse). Since

each of these approximates an impulse, the Fourier transform is the system frequency

response, and the mean and standard deviation for the amplitude and phase spectra can be

found from the four responses. To minimize noise effects, we choose 1.6 ps windows

around each impulse and average 10 signals for each channel. For accurate alignment of
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Start

Of
Flash 30 ns

End
Of
Flash

n
Record # 1 Record # 2 Record # 25

204.8 fis
• •

204.8 ns 204.8 ns

4

Figure 2.3. Block diagram illustrating recording configuration of the system.
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these impulses we zero padded the frequency domain spectra (Oppenheim and Schafer,

1989). The zero frequency (DC) value is obtained from the amplitude of the average

square wave signals. From above DC to 1.25 MHz the spectrum is the mean of the two

square wave spectra, and the remaining spectral components, to the Nyquist frequency of

10 MHz (corresponding to our digitization rate of20 Ms/s), comprise the mean of all four

calibration spectral components. Since 1.6 p.s windows are chosen for the calibration

signals, 128 times smaller than the 204.8 |is data record, there are 2032 undefined

spectral components. These points are interpolated using a cubic spline fit for both the

amplitude and the phase spectra. The spectra that we find using this procedure are

reasonably smooth and physically consistent with the expected frequency responses. The

two amplitude frequency spectra shown in Figure 2.4 are those chosen for normalization.

The narrower response in Figure 2.4, curve a, is used whenever waveshapes are

compared with channel 1 since channel 1 has a significantly narrower bandwidth than the

other channels (6 dB down at 2 MHz compared with 4 MHz) as a consequence of the 32

|xs analog pretrigger delay at its input. Channels 2 through 5 are normalized to the

broader response in Figure 2.4, curve h.

Consider a channel with impulse response I(t) in the time domain and frequency

response, that is, the Fourier transform of I(t), given by A(f)e'*^ where A(f) is the

amplitude spectrum and <J)(f) is the phase spectrum. We normalize this channel by

defining a compensating filter as N(f)/{A(f) e'*®} where N(f) is the amplitude spectrum

in either curve a or b of Figure 2.4. That is, if a particular dE/dt waveshape is given by

g(t), then the normalized waveshape is found as the inverse Fourier transform
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Frequency in MHz

Figure 2.4. Idealized frequency responses for curve a, channel 1, and curve b,

channels 2 through 5. The idealized phase response is zero for all frequencies.

(2 . 1 )

where G(f) is the Fourier transform of g(t). Curves a and b in Figure 2.5 are the impulse

responses corresponding to the normalized amplitude spectra in Figure 2.4, curves a and

b, respectively, and a zero-phase spectrum.

2.4 Timing

The pulse times t, and timing errors Sti are determined from three time parameters on

each pulse: (1) the rising-edge half peak, (2) peak, and (3) falling-edge half peak. We

denote these as t„, tpi, and tg, respectively. For channels 2 through 5, ti is defined as the

mean value ofthese three time parameters where all measurements are made on
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Figure 2.5. Impulse responses for the frequency responses shown in Figure 2.4.

waveshapes that have been filtered with the wideband filter shown in Figure 2.4, curve b.

That is,

t
ri
+

1

,
+

1

_n pi fi_
i = 2-5 (2.2)

' 3

For channel 1 we use the narrower filter shown in Figure 2.4, curve a, on all signals to

obtain (different) values of these three time parameters, t™, tpi„, and tfm . The mean times

are found only for channel 1, ti„, and the channel from 2 through 5 that is most closely

correlated to channel 1, to,. The value ti is then defined as the adjusted time tc+ti„-tcn,

where tc is given by Equation 2.2 with i = c.

We find the timing errors Stj, from the variations between waveshapes recorded at

different stations, as evident from the relative scatter in either tn, tpi, and tf, or t™, tpin,
and

tfm,
as follows. Consider the rising-edge half peak for channels 2 through 5. First, we

find the mean deflection of each tr* from its time tag, t,



13

2X-0
(2-3)

4

Then, we determine the difference between each deflection and the mean

(2 -4)

Figure 2.6 illustrates this procedure. This figure shows tn, tpi, and tf, for a pulse recorded

on the i'*' channel, the time, appropriately shifted, corresponding to tn,
and the deflection

Stri- Noting that 6tn
2

is a measure of the variance, we define the total variance for the i

th

pulse as

v
i
=aH

2
+st

pi

2 +a/ (
2 . 5)

and the timing error as

where tps and tfs (corresponding to the peak and falling edge half peak, respectively) are

defined in a similar manner to tre (equation 2.3), 5tpi and 5tfi are defined in a similar

manner to Stri (equation 2.4), and v, the number of degrees of freedom, is 2 since

equation (2.2) is assumed in all the above calculations.

The error for channel 1, <Sr,
,
is found in a similar fashion with the exceptions that t„,

tpi, and tfi are replaced by t™, tpi„, and tfm,
respectively, and equation (2.3) becomes

rm = J=s—; (2-7)

This tends to overestimate the errors in 6t i since we obtain ti with reference only to the

channel that has the closest waveshape to channel 1

.
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Time

Figure 2.6. Sample dE/dt waveshape showing how timing parameters tn,

tpi, tfi, and 5tn are defined. The value t; is given by equation 2.2 and tr* is

given in equation 2.3.

2,5 Locations

Consider a radiation source at location (x,y,z) that turns on at absolute time t. The

start of the dE/dt pulse from this source arrives at the i

1*1

station (at location (Xi, Yj, 0) at

time t + Rj/c where

y-rf+z1
(2 .8)
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and is recorded at the central station after a further delay d; corresponding to the

cumulative propagation time along the corresponding combination of coax cable,

microwave, and fiber-optic links. For channel 1 we also subtract its 32 ps pretrigger

delay from the actual propagation delay between the SLF sensor and the recording site.

The digitization window begins at absolute time T, corresponding to the trigger time of

the window. Thus the pulse appears on the i* channel after a further interval ti where

f - 7
1

(2.9)
c

Equation 2.9 gives the relationship among the measured quantities ti (the pulse times

of the five channels), di (the calibration delays), T (the absolute time tag), and the

parameters that need to be determined: the location (x, y, z) and the time of occurrence, t.

Any four measurements give a unique solution for x, y, z, and t. Overdetermined

equation sets such as this can be dealt with by (1) minimizing the squares of residuals

based on equation 2.9 [e g. Peters and Crosson, 1972], or (2) choosing the set of

minimally determined equations (such as four equations of the form of equation 2.9) that

gives the smallest spatial errors [e g. Hofmann-Wellenhof et al., 1993], In a variation of

method (2), Proctor [1971] explains how different equation sets may be appropriate for

the different coordinates. While method (1) is computationally easier since only one

minimization is required to find all four variables, it is unreliable for locations close to

ground. Instead, we extend Proctor’s ideas to find the weighted mean values of x, y, z

and t independently using all five possible combinations of four-station data. We call this

the “weighted hyperbola” technique and a detailed description of the method can be

found in Thomson et al. [1994].
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2.6 Average Speeds

We describe here a method for determining average speeds in three dimensions.

Given a series ofn locations that lie along an apparent linear channel, we wish to find the

average speed along the three-dimensional track. We first divided the channel into linear

segments in each of x, y, and z using a “chi-by-eye” technique. In most cases one

segment was defined within a record (204.8 ps). Locations were obtained over, at most,

150 ps of data in each record owing to differences in the time of arrival of sources at

different stations. The average speed and its associated error were found using a reduced

chi-squared value as a guide for goodness of fit. The technique is as follows:

For a particular section ofthe channel we wish to find the best function

var(t) = a + bt (2.10)

to fit the data. Following the method ofBevington [1969] we define

*
2

=Z“T

(

var,-a-Z>02

(211 )

, o-,.

where a, is the error in the variable (x, y, or z) at the i
01

point. Minimizing %
2
and solving

for a and b yields

i i ’ i i
cr

1 * °i i °i
(2 . 12)

i &i i
Gi i G i

The error in either a or b is obtained from
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The errors in a and b become

T ovar,

‘ A (CTj
2

2 _ J_ v^_i_°b ~ k.La -2A
i

CTj

(2 . 13 )

(2 . 14)

The test of whether the calculated speed and associated error are reasonable is provided

by the reduced x
2
value with an expected value ofunity

xh=—
v

(2 . 15)

where v represents the number of degrees of freedom. Since we want the three-

dimensional average speed we can use the principle of linearity to combine the three

components to obtain

E~T(var-a-b’t,)
2

y* _ l gj

i-2

The three dimensional speed over the segment is given by

(2 . 16)

(2 . 17)

The error in the slope is found from

^ =y(y-°fcc )
2

(2 . 18)

The reduced %
2
value over the segment is given by

Xred
,

xl+xl+x]
segment

3
(2 . 19)
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The error in the speed was defined as the product of the reduced chi-squared and the error

in the slope (Hager and Wang, 1996)

AS ~ £
slop€

' Xnd.ugnunl (2.20)

As an example, a computation of the average speed over a segment of channel is

illustrated in Figure 2.7.

Figure 2.7. Segment of channel used in finding average speed

Using a “chi-by-eye” method we consider the locations in Figure 2.7 to resemble a

roughly linear channel section. The calculation of average speed over this segment

supports our assumption and was found to be 3.6 x 10
6
m/s with %

2
red

= 0.4 and an error

in the slope of 0.3 x 10
6
m/s. This leads to an error in the average speed of 5 %. In some
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instances, the “chi-by-eye” technique suggested more than one linear channel segment. If

errors obtained over these smaller segments were less than those for the entire segment,

the channel segment was partitioned in this way. One problem with subdividing the

channel into many small segments was an increase in the error in the slope when fewer

points were used. Channel segments were therefore subdivided only where obvious

kinks were observed and a sufficient number of locations were available.

2.1 Interpulse Intervals

We now outline a method for determining the time between individual dE/dt pulses in

trains. Amplitudes of pulses in trains of the current study were often not uniform and the

determination of whether a dE/dt pulse should be counted became somewhat subjective

based upon one’s criteria for the inclusion or exclusion of an apparent dE/dt pulse. No

definition exists in the literature for resolving this problem so we propose an amplitude

threshold be used in counting dE/dt pulses for the determination of interpulse intervals.

For a given train of pulses we determined the largest pulse in the sequence and chose 50

% of this value as the highest threshold. Successively lower thresholds were selected, in

5 % increments, until the noise floor was reached. The noise level was defined as being

four standard deviations above the mean as determined from a quiet portion of a record.

For each record, we found the median time between dE/dt pulses (rising edge) as a

function of threshold. This will be referred to as the median interpulse interval. In order

to directly compare average speed and median interpulse interval, we limit the

determination of intervals to the extreme pulses whose sources were located in each

record, i.e., the median interpulse interval is calculated from the first to last located pulse

within a record. An example of the determination of median interpulse interval is shown

in Fig 2.8. A curve of the median interpulse interval vs. threshold is shown in Fig 2.9. If
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there were fewer than five pulses at a given threshold, no median interpulse interval was

found.

Time In Microseconds

Figure 2.8. A section of data illustrating the use of different thresholds in

calculating median interpulse interval.

Threshold (percentage ofmaximum pulse amplitude)

Figure 2.9. Median interpulse interval as a function of threshold for

the sequence in Figure 2.8.



CHAPTER 3

LEADERS AND RETURN STROKE FINE STRUCTURE OF NEW TERMINATIONS
TO GROUND

3,1

Introduction

We investigate leaders and fine structure of new terminations to ground. In section

3.2

we present data from subsequent strokes to ground creating new terminations. We

relate the preceding leader characteristic to the following return stroke fine structure. In

section 3.3 we present several return strokes separated by one millisecond or less. We

investigate possible mechanisms that may produce the observed return stroke waveforms.

Section 3.4 contains a summary of the chapter’s findings.

3,2

Leaders Preceding Subsequent Strokes

First strokes in negative cloud to ground lightning discharges are preceded by stepped

leaders. The stepped leader propagates to ground in a series of discrete steps, each tens

of meters in length with pause times of tens of microseconds between individual steps

[iSchonland
,
1956], The duration of the stepped leader is typically 20-40 ms [Pierce,

1955; Kitagawa and Brook, 1957, Beasley et al., 1982; Rakov et al., 1990c], Stepped

leaders prior to first strokes are usually heavily branched and have a downward speed of

0.8 - 8.0 x 10
5
m/s [Schonland, 1956], After the leader reaches ground the leader channel

is discharged by the first return stroke which propagates up the previously ionized leader

path and out along the branches [Schonland et al., 1935], The return stroke effectively

21



22

lowers to ground charge deposited on the stepped leader channel. After an interval of

typically several tens of milliseconds a subsequent leader may propagate down the

residual first stroke channel. If this leader appears to propagate continuously, it is termed

a dart leader. Optical measurements give dart leader speeds in the range 2.9 - 24 x 10
6

m/s [Orville and Idone, 1982; Jordan et al., 1992] with a mean value near 1.0 x 10
7
m/s

[McEachron, 1939; Brook and Kitagawa (Winn), 1965; Berger and Vogelsanger, 1967;

Orville and Idone, 1982; Jordan et al., 1992], Upon reaching the ground the dart leader

initiates a subsequent return stroke that travels back up the dart leader channel. The dart

leader and subsequent return stroke are not usually branched (Schonland et al., 1935.)

Some subsequent leaders may follow an existing channel to ground but appear stepped

in optical and electric field records. These leaders are termed dart-stepped leaders and

have speeds intermediate between stepped leaders and dart leaders. Dart-stepped leader

speeds measured optically by Orville and Idone [1982] were 0.76 - 17 x 10
6
m/s while

those measured optically by Schonland [1956] were 5.0 - 17 x 10
5
m/s. Krider et al.

[1977] found that regular microsecond-scale electric field pulses prior to subsequent

strokes were associated with dart-stepped leaders. Median pulse intervals were 6.5 p.s in

Florida thunderstorms. Similar electric field pulse trains have been observed by Krider et

al. [1975] in cloud discharges and more recently by Rakov et al. [1996] in both cloud and

ground discharges.

Subsequent leaders in a discharge may branch from an existing channel to form a new

path to ground via a stepped leader. Schonland et al. [1938b] and Schonland, [1956]

observe this branching below the cloud base. Lightning discharges with spatially

separate channels below cloud base are also quite common. Clifton and Hill [1980]
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report 18 % of flashes with spatially separate channels, Brantley et al. [1975] 21 %, Winn

et al. [1973] 32 %, Kitagawa et al. [1962] 49 % and Rakov and Uman [1990b] 50 %. A

possible explanation for the observation of multiple channels below cloud base has been

proposed by Thomson et al. [1984]. Thomson et al. [1984] suggest that multiple channels

may be due to a subsequent leader following an old channel in the cloud and then

branching before reaching cloud base. Rakov and Uman [1990c] found leaders preceding

new terminations to ground to have a geometric mean duration of 15 ms. This value is

intermediate between the geometric mean duration of stepped leaders (35 ms) and dart

leaders (1.8 ms) found by Rakov and Uman [1990c], They suggest a scenario such as

that proposed by Thomson et al. [1984] to explain this intermediate duration of leaders

preceding new terminations, which would have a higher speed (dart or dart-stepped) in

the cloud and a slower speed (stepped) below cloud.

The large subsidiary peaks, also termed fine structure, in the electric field waveform

following the return stroke peak in first strokes were first studied in detail by Weidman

and Krider [1978], They attributed fine structure to the effects of branches as the return

stroke discharged the leader channel. Proctor [1988], using a VHF time-of-arrival

system, found sources of VHF radiation present during first strokes to be located

alongside the channel formed by the stepped leader, consistent with the view of Weidman

and Krider [1978]. Willett et al. [1995] recorded both electric field and the derivative of

the electric field (dE/dt) from return strokes. Both first strokes and new terminations to

ground exhibited fine structure after the return stroke peak. Subsequent strokes following

the same channel as an earlier stroke were associated with a “quiet” dE/dt waveform after

the return stroke peak. In one case, an “anomalous” waveform was recorded in which the
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dE/dt waveform was initially noisy after the return stroke peak but became quiet 12 ps

afterwards. Willett et al. [1995] proposed that fine structure in the dE/dt signature arose

from new channels to ground while old channels produced a quiet dE/dt signature. They

suggested that a critical test of this hypothesis might come from the “anomalous” type

signature “if it could be shown that at the instant the return stroke passed from the new

channel to an older channel that the corresponding dE/dt waveform became quiet”.

In this section we present data from 16 cloud to ground lightning discharges creating

at least one new termination to ground. In all cases the new termination was preceded by

a dE/dt pulse train of at least 400 ps duration with average speeds of 1.0 x 10
6
m/s to 1.2

x 10
7
m/s, similar to those of dart-stepped leaders. However, pulse amplitudes near the

end of trains fell below the trigger threshold of the system several milliseconds prior to

the following return stroke. The average speed between the last recorded pulse in the

train and the following return stroke was consistent with that characteristic of a stepped

leader. Hence we conclude that the leader became stepped, forming the new path to

ground. Fine structure was found in waveforms of both first strokes and strokes in new

terminations, but its duration was shorter for new terminations (median value 37 ps in 17

strokes) than in first strokes of a flash (median value 141 ps in 17 strokes). For new

terminations, locations of fine structure sources were consistent with having originated in

the stepped leader channel. We conclude that the new terminations to ground were

preceded by leaders which followed an old channel in a dart-stepped fashion and later

adopted a new channel to ground, formed by a stepped leader, and that fine structure was

a consequence of the stepped leader. The height at which the leader deviated from the

old channel occurred from near ground to a height of 3.4 km.
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3.2,1 Results In order to investigate dart-stepped leaders that did not appear to

propagate completely to ground, we chose ground flashes exhibiting a dE/dt pulse train

that ended several milliseconds prior to a return stroke. Pulse trains were defined to be

regular sequences of pulses lasting for at least 400 microseconds with interpulse intervals

of 1-30 ps. In all flashes we consider, these trains arose from leaders to ground as

opposed to intracloud (IC) K-changes which may also contain regular bursts of pulses

[Krider et al, 1975; Rakov et al., 1996]. Since the location at ground of each return

stroke origin was displaced from that of the previous stroke, it appears that a new

termination to ground was formed. Both the first stroke in a flash and the stroke in the

new termination exhibited fine structure in the dE/dt signature after the return stroke

peak. We determined the duration of fine structure by choosing the channel with the

largest signal (non-saturated) and defined the end of the fine structure to be when the

signal had dropped below 10 % ofthe return stroke peak value for at least 12 ps.

We first summarize results for all 16 flashes analyzed and then give detailed results

for three flashes. All data were recorded during the summer of 1992 at Kennedy Space

Center. Table 1 summarizes features of the 16 flashes analyzed. Flash 2541810

produced two new terminations that were preceded by pulse trains, hence there are 17

strokes listed in the table. The first column contains the flash ID with the number of

records triggered in parentheses. A maximum of 25 records could be recorded per flash

and hence some later records were probably missed in the seven flashes that had 25

records. The second column indicates the order of the stroke following the pulse train

analyzed, that is, in the new channel termination (counting each stroke from the first in

the flash). Strokes producing new terminations were either the second, third or fourth in
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the stroke sequence. The time between the preceding stroke and the stroke in the new

termination is listed in column three. The fourth and fifth columns are the height range

of sources associated with pulse trains. The sources always progressed downward. The

sixth column gives the duration of the pulse train. These durations were between 400 ps

(the minimum we observed) and 3.2 ms. Columns 7 and 8 indicate the minimum and

maximum observed speeds during each pulse train. An average speed was obtained for

each record (204.8 ps) containing a pulse train as described in Chapter 2. Speeds ranged

from 1.0 x 10
6
m/s to 12 x 10

6
m/s with speeds at the upper end, near 1.0 x 10

7
m/s,

always occurring near the beginning of trains (see details in flash 2442517 below). In all

16 flashes there was a time gap between the end of the pulse train and the following

return stroke since this was a major criterion for the flash selection. This time interval is

shown in column nine. The average speed, found from the lowest pulse source height

and this time interval, was between 0.8 - 5.8 x 10
5
m/s, in good agreement with stepped

leader speeds measured optically by Schonland [1956], Column ten lists the fine

structure duration for the stroke in the new termination and column eleven the fine

structure duration of the first stroke in that flash. In all flashes the duration of fine

structure was shorter for strokes in new terminations than in the first stroke of that flash.

Flash 2420760 produced two new terminations separated by 40 ps and we determined the

fine structure duration for strokes in both channels. For 14 first strokes, fine structure

was still present at the end ofthe record as indicated in Table 1. In most cases the criteria

we used to determine the end of the fine structure agreed well with visual inspection of

the dE/dt waveform, but the determination is still somewhat subjective and is discussed in

detail in the case studies that follow.
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Flash 2541403 . Flash 2541403 occurred at 20:16:43 on day 254, 17 km SSW of the

central recording station. Since we obtained 25 trigger records, we probably missed

activity following our last triggered record. This flash was a simple one and illustrates

well the dart-stepped portion of the leader prior to its creating a new termination to

ground. Figure 3.1 shows dE/dt source locations. The flash began with two sources at

t = 0 located at a height of 6.5 1cm represented by "0" in Figure 3.1. In all plots X is

east, Y is north, and Z is vertically upward relative to the central station. The sources

were associated with an electric field waveshape similar to the bipolar pulses described

by Weidman and Krider [1979] who suggest that the pulses may be associated with

preliminary breakdown. At t = 29.0 ms nine sources occurred at 2.5 km in height and

also are shown as "O" in Figure 3.1. The first return stroke of the flash occurred at

t = 38.0 ms and its dE/dt waveform is shown in Figure 3.2 (top trace). The location of

the return stroke is shown in Figure 3.1 as "O" and marked “1”. For simplicity we have

placed the locations of all return stroke peaks at ground level since calculated heights, of

typically several hundred meters, were less than the errors in height. Two sources

immediately prior to the first stroke were located several hundred meters high and are

shown as “O”. These sources were probably radiated from the stepped leader just above

ground since errors were also on the order of several hundred meters. The dE/dt

waveform of the first return stroke contained fine structure that persisted for at least 83

M-s, that is, until the end of the record. Locations for three sources during the fine

structure of the first stroke are shown in Figure 3.1 as “X”. Source locations increase in

height with time from the return stroke peak. The corresponding pulses are labeled “FS”

in Figure 3.2 and marked with arrows.
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-14 -12 -10 -8 -6

X (km)

-18 -16 -14 -12 -10

Y (km)

Figure 3.1. dE/dt source locations in flash 2541403. Sources preceding and

including first stroke shown as “O”. Locations of first stroke fine structure pulses

“X”. Pulse train locations preceding second stroke Locations of fine

structure pulses of second stroke Strokes 3, 4, 5, and 6 were co-located with

stroke 2 and are shown as “0”.
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t = 38.0 ms

r
Stroke 1

t = 38.0 ms

RS

RS

_ Stroke 2

t= 169.5 ms

"Vi N-

RS

Stroke 5

t = 220.0 ms

b+
1 _L
20 40 60 80 100 120

Time in microseconds

140 160 180 200

Figure 3.2. The derivative of the electric field of strokes 1, 2, and 5 in flash

2541403. Return stroke peaks are marked “RS” and located fine structure pulses

as “FS”. Time from the beginning ofthe flash is indicated on each trace.
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At t = 164.2 ms we recorded a dE/dt pulse train having a duration of 1.4 ms, spanning

6 records. All of the dE/dt waveshapes recorded at one station during this time are shown

in Figure 3.3 with a common scale factor. The earliest sources in the train were located

at a height of 2.6 km, coincident with the earlier sources at t = 29.0 ms. Locations of

sources during the train are represented by "+" in Figure 3.1. Source locations moved

progressively lower with time, the last sources in the train (see Figure 3.3) being located

near 0.9 km in height. The average speed over each record in the train varied from 1.5 ±

0.4 x 10
6
m/s for the top trace in Figure 3.3 to 2.5 ± 0.7 x 10

6
m/s for the fifth trace from

the top. Note that the pulse amplitudes become smaller in the last record. The second

return stroke occurred in a new termination at / = 169.5 ms, 4 ms after the last source in

the pulse train. The dE/dt waveform of this stroke is shown in the second trace of Figure

3.2. This stroke was displaced 1. 1 km horizontally from the first stroke and is shown as a

“0” in Figure 3.1. Fine structure associated with this stroke persisted for 33 ps after the

return stroke peak compared with more than 83 ps for the first stroke. Locations of

pulses during the fine structure, shown as in Figure 3.1, extended from near ground

to a height of 0.9 km, approximately where the pulse train ended. Four more return

strokes occurred at f = 186.0 ms, / = 204.3 ms, / = 220.0 ms, and t = 244.0 ms. All

four strokes were co-located with the second stroke of the flash. The dE/dt waveshape of

the fifth stroke in the flash (fourth down the channel formed by the second stroke) is

shown in Figure 3.2, bottom trace. The dE/dt waveshapes of strokes 3, 4 and 6 were

similar to the fifth.

Flash 2420739 . Flash 2420739 occurred at 17:34:54 on day 242 and was located 14.5

km ENE of the central recording site. This flash produced only 13 trigger records so that
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Figure 3.3. Pulse train recorded at one station preceding the second stroke

in flash 2541403. Time from the beginning of the flash is indicated at the right of

each trace. All traces have the same vertical scale.
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no records were missed as a result of the memory constraints of our system. Figure 3.4

shows dE/dt source locations for this flash. The first record, at / = 0, contained two

pulses. These sources were located near 6.6 km in height and are shown as “O” in Figure

3.4. The next record, at t = 5.0 ms, contained two pulses whose sources were located

near 6.2 km high, shown as “O” in Figure 3.4. The first return stroke followed at

t = 63.9 ms. Its location is shown as an “O” and labeled “1” in Figure 3.4 and its dE/dt

waveform is shown in the top trace of Figure 3.5. Fine structure after the first stroke

lasted for 97 (as. Locations of several sources indicated as "FS" on the dE/dt trace in

Figure 3.5 are shown as “X” in Figure 3.4.

At t = 236.6 ms a pulse train lasting at least 200 (is was recorded. Pulse train sources

were located 6.2 km high, near the sources preceding the first stroke at / = 5 ms, and are

shown as “+” in Figure 3.4. At t = 242.2 ms another pulse train, (“+” in Figure 3.4),

spanned three records, with a total duration of 900 ps. These sources began at a height

near 3 km and progressed to 1.9 km with speeds averaged over individual records ranging

from 1.8 ± 1.0 x 10
6
m/s to 2.9 ± 0.6 x 10

6
m/s. Eleven milliseconds after the last sources

in the pulse train, at t = 254.3 ms, the second stroke occurred. The location of the return

stroke peak, (shown as a large 0 in Figure 3.4) was displaced 0.5 km from the first stroke

in the flash and was therefore a new termination. The dE/dt waveform for the second

stroke is shown in the bottom trace of Figure 3.5. Fine structure after the return stroke

peak lasted for 37 ps, shorter than the 97 ps duration for the first stroke fine structure.

The locations of three pulses in the fine structure indicated on the bottom trace in Figure

3.5 are shown as in Figure 3.4.
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Figure 3.4. Source locations during flash 2420739. Sources preceding and

including the first stroke are shown as “O”. Locations of first stroke fine structure

“X”. LDAR locations preceding first stroke shown as small “0”. Pulse train

locations preceding second stroke are shown as Second stroke marked as

large “0”. Fine structure after the second stroke
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Figure 3.5. Derivative ofthe electric field of the two strokes in flash 2420739.

Return stroke peaks are marked “RS” and located fine structure pulses as “FS”.

Time from the beginning of the flash is indicated on each trace.
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For this flash we had available locations obtained simultaneously by the Lightning

Detection and Ranging (LDAR) system at Kennedy Space Center. The LDAR system is

a time of arrival system utilizing 7 stations operating at 66 MHz [Poehler and Lennon,

1979], The first LDAR locations for this flash occurred at t = 7 ms, or seven ms after

our first trigger record. LDAR source locations, shown as small “0” in Figure 3.4, began

near 6.6 km in height and progressed downward to a height of 1.8 km, ending one

millisecond prior to the first return stroke we record. The average speed of progression

ofLDAR sources was near 1.2 x 10
5
m/s, consistent with that of a stepped leader. None

ofthe sources detected by LDAR triggered our system.

Flash 2442517 . Flash 2442517 occurred at 18:26:47 on day 244 and was located 21.5

km WSW of the central recording site. This flash differed from the previous two by its

development of two simultaneous branches during the dart-stepped leader phase. Figure

3.6 shows locations of dE/dt sources in this flash. The sources of two pulses in the first

trigger record were located near 7.3 km in height. These are shown as “O” in Figure 3.6.

At / = 52.9 ms the first return stroke occurred. The dE/dt waveform is shown in Figure

3.7, top trace, and its location is shown as an “O” in Figure 3.6 and labeled “1”. Fine

structure persisted for 131 tis after the return stroke peak. Sources located during this

time are indicated on the trace in Figure 3.7 and mapped as “X” in Figure 3.6. Sources

active during the fine structure were located up to a height of 4 km.

Starting at / = 217.0 ms (164 ms after the first stroke) a pulse train spanned 13

records and 3.2 milliseconds. Figure 3.8 shows several of these records. The top two

traces are the first two records whose source locations (“+” in Figure 3.6) extended from

near 7.3 km in height (near the earliest sources in the flash at t = 0 ms) to 6.3 km. The
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Figure 3.6. Source locations in flash 2442517. Sources preceding

and including the first stroke are shown as “O”. Locations of first stroke

fine structure “X”. Pulse train locations preceding the second stroke are

shown as Second stroke is designated as “0”. Locations of pulses

after second stroke fine structure shown as
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Figure 3.7. Derivative ofthe electric field of the two strokes in flash 2442517.

Return stroke peaks are marked “RS” and located fine structure pulses as “FS”.

Time from the beginning of the flash is indicated on each trace.
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pulse sources formed a single channel, as shown in Figure 3.6. The average speeds

during the first two records were 12 ± 3.2 x 10
6
m/s and 5.7 ±4.1 x 10

6
m/s respectively.

Sources during the next 1.5 ms (6 records) formed simultaneous branches A and B shown

in Figure 3.6 at speeds of 2.8 ± 0.2 x 10
6
m/s and 2.3 + 0.1 x 10

6
m/s respectively. At

this time branch B stopped while branch A extended from 4 km to 1 km in height during

the next 1.2 ms at an average speed of 1.6 + 0.2 x 10
6
m/s. The last two dE/dt records in

the pulse train, during the end of the development of branch A, are shown in the bottom

two traces in Figure 3.8. Four hundred microseconds after these, an intracloud (IC) event

occurred, comprising two sources located at a height of 7.6 km, near the height of the

earliest sources of the flash but displaced horizontally by 4 km. The second stroke in the

flash occurred 2.5 ms after the IC event, or 2.7 ms after the last source in branch A, and

formed a new termination to ground that was displaced 0.3 km from the first stroke. The

dE/dt waveform for the second stroke is shown in Figure 3.7, bottom trace, and the

location of the return stroke peak is shown as a “0” and labeled “2” in Figure 3.6. Fine

structure in the dE/dt waveform of this stroke lasted for 3 1 (is, again shorter than the 130

(is of the first stroke, but we were unable to determine any locations during the fine

structure. The burst of pulses occurring between 60 and 70 (is after the return stroke in

Figure 3.7 was not considered to be part of the fine structure, based on the definition we

used. Their source locations are shown in Figure 3.6 as near 4 km in height.

The early portion of the pulse train merits further attention. In most flashes in this

chapter first records in pulse trains were characterized by pulses occurring at 5-7 (is

intervals as in Figure 3.3 but it was not clear that these first records represented the

beginning of the pulse trains. However, in this flash we did record what appears to be the



40

0 20 40 60 80 100 120 140 160 180 200

Time in microseconds

217.0 ms
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Figure 3.8. Pulse train preceding the second stroke in flash 2442517.

The train spanned 13 records. The first two records are shown at the top,

the last two records at the bottom. Time from the beginning ofthe flash is

shown to the right of each trace. All traces have the same vertical scale.
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beginning of the pulse train. In the first record (Figure 3.8, top trace) pulses occurred at

irregular intervals, much shorter than the 5-7 ps interval in other trains presented. The

average speed was 12 x 10
6
m/s, providing the upper limit we found for speeds of leaders

preceding new terminations to ground.

3,2,2 Discussion

3.2.2, 1 Pulse train characteristics

Dart-stepped leader phase . The flashes in this study radiated dE/dt pulse trains prior

to new terminations to ground. While interpulse intervals for large pulses were typically

several microseconds as in Figure 3.3, the beginning of some trains (see Figure 3.8)

consisted of pulses spaced by as little as 1 ps. Average speeds ranged from 1.0 x 10
6
m/s

to 1.2 x 10
7
m/s. Pulse intervals and average speeds during trains are consistent with

dart-stepped leader measurements. Krider et al. [1977] found that microsecond-scale

electric field pulses 200 ps prior to subsequent strokes in Florida had a mean interval of

6.5 ps. From optical records Schonland [1956] found the time between steps to be 7.4 -

25 ps while Orville and Idone [1982] found intervals from 2 - 9 ps. Dart-stepped leader

speeds from Schonland’s study were in the range of 0.76 - 17 x 10
5
m/s while the speeds

from Orville and Idone’s were 5.0 - 17 x 10
6
m/s. Our observations of pulse intervals

and average speeds agree well with the above observations.

Unlike the pulse trains radiated by dart-stepped leaders, the pulse trains considered in

this chapter did not continue up to the return stroke and therefore differ from those

reported by Krider et al. [1977] that occurred in the 200 ps immediately preceding the

return stroke. We record trains beginning at heights near 7 km, lasting several
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milliseconds, and progressing downward to heights near 1 km. This portion of leaders

was dart-stepped like in nature, but was followed by a median time interval of 5 ms to the

following return stroke during which time no pulses triggered our system.

Transition from dart-stepped to stepped leader . In 15 of the 17 strokes in Table 1, no

records were triggered between the last sources in the pulse train and the following return

stroke several milliseconds later. In the other two cases we recorded one and two dE/dt

pulses respectively that did not appear to be associated with the propagating leader tip

since their sources were in the cloud at a height of 7-9 km. In all cases the leader may

have continued earthward without triggering our system if the pulse amplitudes were

below our trigger threshold. Indeed this seems to have been the case since smaller

amplitude pulses were always evident during the 30 ps pre-trigger interval preceding the

following return stroke. Assuming that the leader continued, we estimated its speed over

the missing portion from the distance and time between the last source in the pulse train

and the following return stroke. For the three flashes presented above this was 1.4 x 10
5

m/s, 2.6 x 10
5
m/s, and 2.1 x 10

5
m/s respectively for the average speed of the leader.

For the strokes listed in Table 1 we find a range of speeds from 0.8 - 5.8 x 10
5
m/s over

the gap from the lowest source in the train to the following return stroke. These speeds

are consistent with stepped leader speeds of 0.8 - 8.0 x 10
5

m/s determined

photographically by Schonland [1956], The transition of a leader from dart-stepped to

stepped has been documented by Schonland et al. [1938b] who photographed this

transition and found a corresponding decrease in speed from 1.7 x 10
6
m/s to 3.8 x 10

5

m/s. We observe a similar decrease in speed from the end of the pulse train (about
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10
6
m/s) to the following gap that we interpret as a transition from dart-stepped to

stepped leader.

The formation of a new termination to ground may produce more than one visible

channel below the cloud base. Multiple channels below cloud base have been recorded

by many investigators [Kitagawa et al., 1962; Krider, 1966; Barasch, 1970; Winn et al.,

1973; Brantley et al., 1975; Clifton and Hill, 1980; Rakov and Untan, 1990b] with

estimates of this occurrence in anywhere between 17% and 50% of flashes. Thomson et

al. [1984] proposed that multiple channels below cloud base might be due to the leader

following an old channel in the cloud and then branching before reaching cloud base.

Rakov and Uman [1990c] found the geometric mean duration of leaders preceding new

terminations to ground (15 ms) to be intermediate between those of stepped leaders (35

ms) and dart leaders (1.8 ms). Rakov and Uman suggested this intermediate value might

arise from a leader that follows an old channel in part and adopts a new channel to

ground, similar to the view of Thomson et al. [1984], Schonland et al. [1938b]

photographed branching from the old channel, forming new terminations, in the lower

one-third of the visible channel but suggested that this branching could occur anywhere

along the channel. Our results show this to be the case. In Table 1, column five lists the

height of the last source in the pulse train prior to what we interpret as the transition to

stepped leader. The values range from 0.7 km to 3.4 km, indicating that the transition

may indeed occur at points inside the cloud as well as below. Cloud base is 1-2 km in

Florida. Some heights near 0.7 km may in fact be lower or higher than this since our

errors are several hundred meters in z at this height.
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Records in the 16 flashes of this study were rarely triggered by pulses associated with

the stepped leader preceding the first stroke to ground, but rather by the return stroke

peak. Difficulty in detecting the stepped leader is well documented in the literature.

Schonland et al. [1938b] photographed stepped leaders beginning as high speed, brightly

luminous leaders that became slower, fainter and harder to record. Orville and Idone

[1982] were unable to analyze three stepped leaders they recorded owing to the weak

intensity of the steps. We see what appear to be stepped leader pulses in the tens of

microseconds preceding both first strokes (see Figures 3.2 and 3.7) and new terminations

to ground (Figure 3.7) but rarely trigger on them. The dE/dt pulses produced by stepped

leaders appear to be smaller than those produced by dart-stepped leaders, that is, during

pulse trains. The last pulses received in each train (bottom trace in each figure) have

amplitudes 2-3 times smaller than those earlier in the train. This decrease in pulse

amplitude at the end of the train occurred in 14 ofthe 17 strokes listed in Table 1.

3,2.2.2 Return stroke fine structure

Fine structure locations . Using a multiple-station VHF time-of-arrival system,

Proctor [1988] found locations during “Q-noise” radiated during first strokes to ground

to be located alongside the leader path to ground and near earlier stepped leader sources.

Q-noise typically lasted 40 - 400 ps and locations were obtained by timing the leading

edges of pulses, changes in amplitudes, gaps in Q-trains, and the beginning and ends of

trains. Q-noise from one flash lasted for 180 ps after the first stroke and was located to a

height of 3.5 km. Q-noise was located in other flashes to heights of 4.5 km. Source

locations increased irregularly in height with time during Q-noise. Average speeds of

progression for sources active during Q-noise were 1.0-5.7xl07
m/s. Proctor suggests
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that VHF sources alongside the lightning channel may be associated with the tips of short

branches, similar to the view of Weidman and Krider [1978] regarding sources of

wideband electric fields during fine structure.

We could locate only a few sources of fine structure in each flash despite the many

dE/dt pulses present. The location of fine structure, or any pulse for that matter, requires

the alignment of common sources on at least 4 of the 5 traces. For pulses in the fine

structure after return strokes this task was particularly difficult for two reasons: (1) the

speed of the return stroke, up to 2 orders of magnitude higher than that of the dart-

stepped leader (that cause pulse trains), result in pulses in the fine structure to be out of

alignment after several microseconds; and (2) multiple sources may be active

simultaneously during the fine structure making it more difficult to distinguish common

sources at different stations. To illustrate these difficulties. Figure 3.9 shows a portion of

the fine structure from the first stroke of flash 24402517 (Figure 3.7, top trace) on an

expanded time scale. A set of common pulses are discemable at each of the five stations

and are marked “A” while at “B” pulses appear clearly at only 2 or 3 stations thus

precluding us from finding a location. Nevertheless, we were able to obtain confident

locations (with height errors of 500 m or less) for several fine structure pulses in each

stroke in this study. For example, pulses marked “A” in Figure 3.9 were located with a

height error of 255 m and had a *
2
value of 0.19. For the first stroke in flash 24200739

(Figures 3.4 and 3.5), the sources active during the fine structure coincide with earlier

stepped leader sources located by the LDAR system. During the first stroke of flash

24402517, we find locations of fine structure pulses to be alongside the channel that is

later followed by the dart-stepped portion of the leader preceding the second stroke. We
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Figure 3.9. Expanded time scale trace of dE/dt waveforms recorded at all five

stations during the first stroke in flash 2442517.
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infer that the stepped leader preceding the first stroke produced the section of channel A,

where these fine structure sources are located. In flash 25401403 (Figures 3.1 and 3.2),

fine structure sources of the first stroke were located in the region consistent with the

path the stepped leader probably took. Fine structure sources in first strokes were located

to a height of 4 km. Higher source locations may have been missed since we were unable

to obtain locations at the end of the fine structure in 14 strokes, owing to record length

limitations on one or more channels. Fine structure locations obtained during flashes

25401403 (Figure 3.2) and 24200739 (Figure 3.5) for the new terminations were between

ground and the last sources in the pulse train prior to the transition to stepped leader.

These locations are consistent with those of the inferred stepped leader forming the new

termination. An exception is flash 24402517 for which we were unable to locate any

sources during the 31 tis of fine structure immediately after the return stroke peak.

Locations of sources occurring 60-70 tis after the return stroke peak were located near 4

km high. These source locations are inconsistent with having been radiated from the

region of the stepped leader occurring after the pulse train, presumably between ground

and 1 km. It is interesting to note that the locations of the pulses 60-70 tis after the

second stroke coincide with the extent that branch A had reached when branch B ceased

propagating.

Origin and duration . Weidman and Krider [1978] suggested that fine structure in first

stroke electric field waveforms is due to the effects of branches. Schonland and Collens

[1934], Schonland et al. [1935], and Malan and Collens [1937] observed changes in

luminosity and speed near points of intersection of the return stroke with large branches

that may give rise to radiated fields. Weidman and Krider [1978] postulated that the
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contribution of channel tortuosity to the fine structure is not as great as that of branches

since the subsidiary peaks in subsequent strokes are quite weak and most subsequent

strokes are not usually branched [Schonland et al., 1935],

Willett et al. [1995] found that all 34 electric field waveforms containing fine structure

after the return stroke peak were associated with new channels to ground, including first

strokes. Fine structure after return stroke peaks appeared “noisy” in dE/dt, similar to the

waveforms we record (see Figure 3.2). Eighteen waveforms that were “quiet” in dE/dt

after the peak were found to have been radiated from subsequent strokes in old channels.

Bailey and Willett [1989] presented “anomalous” return stroke waveforms which were

preceded by stepped leader pulses and appear as first stroke waveforms (noisy dE/dt) for

the first few tens of microseconds, but resemble subsequent stroke waveforms thereafter

(quiet dE/dt). They suggested this signature might be produced by a new channel to

ground branching off an old channel within a few kilometers of ground, and postulated

that new terminations to ground produce noisy dE/dt waveforms while later strokes in the

same channel produce quiet dE/dt waveforms. They further hypothesized that a new fork

to ground off an old channel offers a test as to some characteristic (possibly the presence

of branches) that causes the noisy dE/dt structure. A new termination to ground would be

expected to be initially noisy in dE/dt as the return stroke traverses the new channel

segment, and later quiet upon reaching an older section of channel. We find sources of

fine structure pulses in new terminations to be between ground and the last sources in

pulse trains, consistent with having originated in a stepped leader channel. The

maximum height of fine structure pulse locations in new terminations generally

corresponds to the location of the last pulse in the preceding pulse train. These
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observations support the hypothesis of Willett et al. (1995) that the dE/dt waveform

becomes “quiet” after the return stroke has passed from the new channel segment (forged

by a stepped leader) to the old channel.

The “anomalous” cases reported by Willett et al. [1995] and Bailey and Willett [1989]

had fine structure durations of 10, 12, 20, and 6-17 ps. Willett et al. [1995] assumed a

return stroke speed of 1 x 10
8
m/s for the anomalous duration of 12 ps to obtain a height

of 1.2 km for the new branch off the old channel. However, for pulse trains ending at

heights near 1 km (see Table 1), we find fine structure durations 2-3 times as long as the

“anomalous” cases described by Willet et al. [1995] and Bailey and Willett [1989], This

suggests a lower average return stroke speed than 1 x 10
8
m/s over the lower 1-2 km of

the channel. Idone and Orville [1982] observe return stroke speeds in the range of 2.9 -

24 x 10
7
m/s for the lowest 1-2 km of the channel in Florida. Their mean speed was 6.6 x

10 m/s for first strokes and 11 x 10 m/s for subsequent strokes. In flash 2442517

(Figure 3.7) we locate fine structure pulses 130 ps after the first stroke to a height of near

4.1 km. This corresponds to an average return stroke speed of near 3 x 10
7

m/s,

consistent with the lower values for first strokes obtained by Idone and Orville [1982],

Strokes occurring in new terminations in our study had a median fine structure

duration of 37 ps. The strokes whose last pulse train sources were located at 1 km or

below had a median fine structure duration of 33 ps, while strokes with trains ending at

heights above 1 km had a median fine structure duration of 49 ps. This difference is to

be expected since pulse trains ending at greater heights would produce longer fine

structure owing to a longer stepped leader channel. In all flashes in this chapter the fine

structure duration following new terminations (median value 37 ps) was considerably
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shorter than that from the first stroke in the flash (median value 141 ps). The median

duration fine structure from first strokes we report, 141 ps, is very similar to the 137 ps

found by Cooray and Perez [1994] for HF radiation at 3 MHz after first strokes in

negative ground flashes. Longer duration fine structure associated with first strokes

versus that of new terminations is consistent with the view of a stepped leader beginning

at a greater height prior to a first stroke than a stepped leader preceding a new

termination. In Florida, for example, first strokes typically begin at heights near 5 - 6 km

[Krehbiel et al., 1979],

3,2,3 Conclusions

We have presented results of the properties of return stroke fine structure and leaders

associated with new terminations to ground. We find evidence to support the hypotheses

of Thomson et al. [1984] and Rakov and Uman [1990c] that multiple channels below

cloud base are due to a leader following an old path in the cloud and later adopting a new

path to ground forming a new termination. Strokes occurring in new terminations to

ground, subsequent to the first stroke, are preceded by a leader that is dart-stepped in

nature prior to a transition to a stepped leader. Leader speeds of 1.0 - 12 x 10
6
m/s are

calculated during the dart-stepped portion of leaders. Leader speeds are estimated to be

near 2 x 10
5
m/s after their transition from dart-stepped to stepped. The leader transition

is found to occur at heights between ground and 3.4 km.

Fine structure is present in the dE/dt waveform of both first strokes to ground and

subsequent strokes in new channels to ground. The duration of fine structure was found

to be shorter (37 ps median) for strokes in a new termination to ground than for first
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strokes of a flash (141 (is median). Sources of fine structure after strokes in new

terminations were between ground and the transition of the leader from dart-stepped to

stepped. This suggests that fine structure is the result of the preceding stepped leader and

is therefore shorter in strokes occurring in new terminations to ground, compared to first

strokes of a flash, owing to the shorter stepped leader path in the former. The stepped

leader path length preceding new terminations had a median value of 1.1 km in this

study.

3,3 Return Stroke Waveforms Separated by One Millisecond or Less

Electric field waveforms, indicative of two return stroke signatures separated by one

millisecond or less, have been reported by Schonland et al. [1935], Guo and Krider

[1982] and Rakov and Uman [1994], Guo and Krider [1982] found that five of 246

flashes contained records with two return strokes separated by 46 - 110 ps. Schonland et

al. [1935] observed two different branches of a single stepped leader that produced two

separate return strokes. They present streak-camera images showing two leader

branches, apparently originating from a single trunk inside the cloud, that resulted in two

return strokes separated by 73 (is. Rakov and Uman [1994] report nine cases where a

double electric field waveform (two return stroke signatures) occurred with simultaneous

double ground strokes, as determined from video records. These strokes were separated

by 15 ns -3.3 ms.

Guo and Krider [1982] note that multiple ground contacts by two branches of the

same stepped leader are rare. They hypothesize that in order for the first branch to reach

ground 50 - 100 ps prior to the second, the tip of the leader along the second branch must
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be within 5 - 40 m of ground. If not, it is assumed that the first stroke will travel up the

first branch and out along the second branch, thus discharging it. Rakov and Uman

[1994] point out that while the double field waveforms separated by up to 100 ps that

they recorded were consistent with the view of Guo and Krider [1982], those separated

by times greater than 165 [is were not. They proposed that double field waveforms were

the product of two sequential strokes, each initiated by its own leader, rather than from

the simultaneous branching of a single leader.

We studied five flashes, each containing two dE/dt signatures characteristic of return

strokes, separated by up to one millisecond. In all cases the locations of the two strokes

were distinct, indicating that they occurred in separate terminations to ground. The

duration of fine structure associated with the secondary stroke was shorter, in each case,

than that of the primary stroke, indicative of a shorter stepped leader channel prior to the

secondary stroke (see discussion in Section 3.2). The temporal separation of strokes in

two flashes was 40 ns and 50 ns. In the remaining three flashes, strokes were separated

by 250 - 1000 ns. In one of the latter, we find evidence that the strokes were preceded

by two simultaneous branches ofthe same stepped leader.

3.3,1 Results

Table 3.2 summarizes data from five flashes with return strokes separated by one

millisecond or less. All strokes produced first stroke type waveforms, i.e., the return

stroke signatures were followed by fine structure, and occurred in different channels.

Stroke orders are listed in column two of the table in accordance with their occurrence in

the overall flash sequence. Strokes will also be referred to as primary or secondary when
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discussing them together. In three of the five flashes the strokes were the first two of the

flash, while in the remaining two flashes, the strokes were preceded by an earlier stroke

at a nearby, but different location. The time between strokes is listed in column three.

The duration of the fine structure following each stroke is listed in the fourth column of

the table. In the first two flashes of the table, the two return stroke signatures occurred in

the same record (204 ps). Fine structure associated with the primary stroke of flash

2420744 was still present at the time of the secondary stroke. Notice that the difference

Table 3.2. Summary of five flashes with strokes separated by one millisecond or less.

Flash ID Stroke #’s AT
(ps)

FS Duration

(Us)

AD
(km)

2420760 2,3 40 28, 22 0.9

2420744 2,3 50 50+,43 0.9

2540472 1,2 273 143,45 1.3

2420770 1,2 504 140+, 65 1.2

2540638 1,2 1000 200, 48 1.4

in fine structure duration for the strokes in the last three flashes in Table 3.2 was a factor

of 2 - 4, similar to the differences between first strokes and strokes in new terminations

(see Table 3.1). The spatial separation between strokes is given in column 5 of the table.

We now present two flashes in detail.

Flash 2420760 . Flash 2420760 comprised 18 records in 740 ms. The final six records

were at a location distant from the start of the flash and were considered to be from a
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separate discharge. The first 12 records spanned 331 ms and contained six strokes to

ground. The first stroke occurred at t = 50.9 ms with fine structure lasting at least 150 ps.

At t = 121.2 ms we recorded the double field waveform, strokes 2 and 3, displayed in

Figure 3.10. Fine structure after strokes 2 and 3 lasted for only 28 ps and 22 ps

respectively, much shorter than that associated with the first stroke ofthe flash. Strokes 2

and 3 were preceded by a leader ofthe type described in Section 3.2. The leader began in

a dart-stepped fashion at t = 119.7 ms, 70.3 ms after the first stroke. Sources progressed

downward from 3.5 km to near 0.7 km at 4.9 - 5.6 x 10
6
m/s during the next 1.2 ms and

exhibited two distinct branches below 1.8 km. There followed a 1.5 ms interval during

which time we received no triggers, until the two strokes at t = 121.2 ms. Each stroke

occurred in a new termination, as evidenced by the fine structure after each. Locations of

dE/dt sources from flash 2420760 are shown in Figure 3.11. Sources preceding and

including the first stroke of the flash are shown as “O”. The second and third strokes

were located at points “2” and “3” respectively. Leader sources prior to strokes 2 and 3

are marked as “+” and followed branches A and B before creating the two new

terminations to ground. Locations of fine structure associated with the third stroke are

shown as “X” and were near sources from the leader along branch A. Strokes four, five,

and six were co-located with the second stroke ofthe flash and occurred at t = 156 ms, t =

241 ms, and t = 332 ms respectively. Little or no fine structure was associated with these

strokes.

Flash 2420770 . The first two strokes of this flash were separated by 504 ps and 1.2

km. The dE/dt waveforms of the two strokes are depicted in Figure 3.12. The first stroke

occurred at t = 48.0 ms and fine structure in the dE/dt waveform exceeded 140 ps. The
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Figure 3.1 1. dE/dt source locations during flash 2420760. Sources

preceding and including the first stroke are shown as "O". Locations

of second leader shown as "+". Second stroke represented by "box".

Third stroke and fine structure locations shown as "X".
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second stroke waveform contained fine structure lasting 65 (is. Locations of the two

return strokes, stepped leader sources, and several sources of fine structure after each

stroke are shown in Figure 3.13. Stepped leader and return stroke sources are shown as

“O”. Actual stepped leader heights are probably only a several hundred meters above

ground. Sources of fine structure after the first stroke are shown as “X“ in Figure 3.13

and extend to near 2 km high. Locations are near those of the stepped leader prior to the

first stroke. Fine structure after the second stroke was located to a height of 2 km and

locations are marked as in Figure 3.13. The third stroke in the flash occurred at t =

203 ms in a new termination to ground located 0.63 km from the second stroke. This

location is labeled “3” in Figure 3.13 and marked with “0”. The third stroke was

preceded by a leader of the type described in Section 3.2. Beginning at t = 195.9 ms, and

for 2.7 ms, we located sources that extended from 5.3 km to 0.8 km at 1.5 - 2.9 x 10
6

m/s, then the third stroke followed 4.5 ms after the last leader source we recorded. Fine

structure after the third stroke persisted for 40 ps and was located to a height of 1.8 km,

near sources of the third leader. Leader sources are shown as "+" in Figure 3.13.

Locations of fine structure following the third stroke are marked with “0”. When sources

from the leader preceding the third stroke are overlaid with those associated with the first

two strokes, it appears that the leader branched near 3 km high, one branch going towards

the location of the first stroke (1), the other towards the second (2), prior to creating a

new termination to ground (3).

3.3,2 Discussion

Guo and Krider [1982] have suggested that double stroke waveforms, separated by 50

- 100 ps, may be the result of simultaneous branches of the same stepped leader
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Figure 3.13. dE/dt source locations during flash 2420770. Sources preceding

the first twostrokes are shown as "O". First stroke fine structure marked "X",

second stroke fine structure "boxes". Third leader sources represented by "+".

Fine structure after third stroke shown as "diamonds".
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contacting ground at two points. For this scenario to occur, they argue that the secondary

branch must be within 5 - 40 m of ground when the primary branch contacts ground. If

this were not the case, the return stroke resulting from the primary branch would

propagate up the channel established by the primary branch and out along the secondary

branch, thus discharging it. Schonland et al. [1935] present streak-camera photographs

that support this view. Two leader branches, apparently originating from a single trunk

inside the cloud, produced two strokes separated by 73 ps. The leaders emerged from the

cloud 1.8 ms apart but due to differences in path lengths, arrived at ground 73 ps apart.

The first two flashes in Table 3.2 contain strokes separated by 40 and 50 ps. In each

flash the strokes were distinctly located. Fine structure following strokes was 22 - 50 ps,

much shorter than that of first strokes of flashes (median value 141 ps from Section 3.2),

indicating a new termination was formed near ground. Consider flash 2420760 with

strokes separated by 40 ps. The leader preceding strokes two and three was of the type

described in Section 3.2. The leader was dart-stepped from a height of 3.5 km to several

hundred meters above ground. From a height of 2 km the leader followed two branches

simultaneously, A and B. After reaching a height of several hundred meters above

ground, the leader became stepped along each branch and forged two new paths to

ground. The locations of the lowest dart-stepped leader sources and the short duration

fine structure after each stroke indicates a short section of stepped leader channel

preceded each stroke. We propose that the two branches, A and B, were formed prior to

the third leader, most likely by the first leader of the flash. The second leader followed

the two branches before deviating in the final few hundred meters of each branch, thus

forming the double field new termination waveform of Figure 3.10. Thus the second and
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third strokes were the result of two simultaneous branches of the same leader, consistent

with the view of Guo and Krider [1982] and the photographic evidence of Schonland et

al. [1935]. The two strokes of flash 2420744 were similar to those of 2420760, both

were associated with a relatively short fine structure and occurred after the first stroke in

the flash. We now discuss return stroke waveforms separated by more than 250 ps.

Using simultaneous video and electric field records, Rakov and Uman [1994] recorded

double field waveforms coincident with two visible channels to ground branched between

the top and bottom of the channel. Strokes were separated by 15 ps - 3.3 ms. In three

flashes strokes were separated by 15, 22, and 100 ps and were consistent with the

hypothesis of Guo and Krider [1982], Two flashes, however, contained return strokes

separated by 165 and 287 ps, longer than the time assumed necessary for the first stroke

to travel up to the branch point (observed below cloud base) and discharge the second

branch. Rakov and Uman [1994] argue that these double field waveforms were unlikely

the result oftwo return strokes initiated by two simultaneous branches of the same leader

as suggested by Guo and Krider [1982], Rakov and Uman [1994] also found three

flashes that contained strokes separated by 442, 513, and 596 ps. Each of these was

observed to produce two visible channels to ground and a double field waveform. No

branch point was observed but may have been hidden within the cloud.

The first two strokes of flash 2420770 were separated by 504 ps. The strokes

produced distinct locations at ground and were located 1.2 km apart. Locations of

stepped leader sources prior to the strokes and fine structure after the strokes, are

consistent with two separate channels below 2 km high (see Figure 3.13). It is not until

source locations of the leader prior to the third stroke are overlaid with those of the first
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two strokes that the complete picture ofthe flash is obtained. The leader prior to the third

stroke followed what we assume to be the channel established by the first leader,

branching near 3 km high. Several source locations extend out along branch A, near

earlier stepped leader and fine structure sources from the first stroke to ground. The vast

majority of leader sources, however, were located along branch B, coincident with earlier

stepped leader and fine structure sources from the second stroke to ground. When all

dE/dt source locations are considered, its appears that the first strokes shared a common

channel in the cloud, above 3 km high.

Rakov and Uman [1994] suggested that strokes separated by 165 and 287 ps were

inconsistent with being initiated by two branches of the same stepped leader. Based on a

maximum channel length of 2 km (below cloud) and a minimum return stroke speed of 2

x 10
7
m/s {Orville and Idone, 1982), they argue that the stroke along the more successful

branch would reach the end of the less successful branch in a time not exceeding 100 ps.

Rakov and Uman [1994] hypothesize that the double ground events separated by 165 and

287 ps may be the result of two sequential return strokes of the same flash, each initiated

by a different leader, rather than the simultaneous branching of a single leader. It is

assumed that either. (1) the primary leader develops two branches, both are grounded and

produce inseparable return stroke waveforms or (2) the second branch terminates close

to, but above ground. In either case, the secondary leader can follow the secondary

branch to ground or produce two inseparable return stroke signatures. Rakov and Uman

[1994] argue against several physical situations, other than two consecutive leader-return

stroke sequences, that may produce the observed double field waveform. We can also

dismiss several of these in regard to the last three flashes in Table 3.2 by noting that in
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each case, the two return stroke waveforms were indeed strokes to ground as verified by

locations. Thus we can eliminate the following possibilities: (a) a random overlap of

field signatures produced by strokes belonging to independent discharges, (b) the

secondary waveform being an ionospheric or other reflection of the first waveform, and

(c) the secondary waveform being associated with an M-component. We now address the

possibility of two separate, sequential leaders, as suggested by Rakov and Uman [1994],

producing the return stroke signatures separated by 504 (is in flash 2420770.

Let us assume that the first two strokes of flash 2420770 were initiated by two

separate leaders. The first stroke was initiated by a stepped leader that formed branch A

(Figure 3.13). It is likely that this leader began near 6 km high, the earliest sources of the

flash, and formed the channel to ground later followed by the subsequent leader. Fine

structure associated with the first stroke was located near sources of the stepped leader

along branch A, up to a height of 2 km. Fine structure lasted for longer than 140 (is,

consistent with the first strokes of flashes in section 3.2. If the second stroke were

initiated by a separate leader, as suggested by Rakov and Uman [1994], the duration of

the leader would be approximately 350 (is (allowing for the current from the first stroke

to cease). Although leaders with such a duration are rare, they have been reported.

Rakov and Uman [1990a] found about 6 % of dart leaders had a duration between 200 -

500 |is. We report two subsequent leaders with durations between 130 - 200 (is in

section 4.5. However, the waveform of the second stroke is inconsistent with the above

scenario. Fine structure after the second stroke persisted for 65 (is and was located to a

height of 2 km. This suggests that the second stroke was preceded by a stepped leader,

rather than a dart leader, and that fine structure was a result of the return stroke retracing
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the stepped leader channel. Fine structure persisted for longer than the median value of

37 ps associated with new terminations in Section 3.2, but shorter than that of first

strokes (median value 141 ps). The median lowest height of dart-stepped leader sources

preceding new terminations in section 3.2 was 1.1 km, thus sources of fine structure

located to a height of 2 km are consistent with a duration of 65 ps. It appears, therefore,

that the second stroke was preceded by a stepped leader, from a height of at least 2 km

that was not discharged prior to the second stroke. If the second leader was stepped over

this portion, the average speed required to reach ground in 350 (is would be at least 6 x

10
6
m/s, an order of magnitude faster than typical stepped leader speeds. Therefore it

appears unlikely that a second leader, separate from the first, could have produced the

second stroke waveform.

We propose an alternative to the scenario described above, namely that the two

strokes were the result of two simultaneous branches of the same stepped leader. We

assume that the secondary branch (B) was concurrent with the primary (A) and continued

to ground after the first stroke. In this scenario the leader tip along branch B would be

approximately 100 m above ground when the first stroke occurred (this assumes a

common stepped leader speed of 2 x 10
5
m/s). Prevailing assumptions in the literature

suggest that the 504 ps interval between strokes should be sufficient for the first stroke to

travel back up the primary branch (A), and out along the secondary branch (B), a total

path length of near 6 km, thus neutralizing branch B. Assuming a return stroke speed of

2 x 10
7
m/s, the minimum observed by Orville and Idone [1982], the first stroke would

reach the end of the second leader in approximately 300 ps, less than the observed 504 ps

interval between the two strokes. Orville and Idone [1982], however, have noted a
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decrease in return stroke speed between ground and cloud base of up to 25 % and

Schonland et al. [1935] found a speed of 1 x 10
7
m/s for a return stroke along a very long

horizontal branch (nearly 10 km). If a significant attenuation in speed occurs within the

cloud, it may be possible to achieve the 504 ps needed to prevent the return stroke from

reaching the end of the secondary branch. Another possibility may be that the first return

stroke failed to neutralize any of the secondary branch. The duration (65 ps) and location

of fine structure (to 2 km high) following the second stroke indicates that much of this

branch may not have been neutralized by the first stroke. We found no locations of fine

structure associated with the first stroke to be along the secondary branch, although only

a small fraction of pulses could be located. Flashes 2540472 and 2540638 were similar

to flash 2420770, the primary stroke in each case having a fine structure 3-4 times that

of the secondary. Each of these is consistent with the secondary stroke discharging a

relatively short stepped leader channel, similar to that of flash 2420770.

3,3,3 Conclusions

The first two flashes of Table 3.2, with strokes separated by 40 ps and 50 ps, were

consistent with the theory ofGuo and Krider [1982], the two strokes being the result of a

single branched stepped leader. Fine structure associated with both the primary and

secondary strokes was much shorter than that of first strokes in a flash, suggesting the

strokes were preceded by relatively short stepped leaders. In one case we found the two

strokes to be preceded by a leader that was dart-stepped along two branches, one towards

each stroke location, prior to becoming stepped several hundred meters above ground.
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The strokes therefore appear to be the result of two simultaneous branches of the same

stepped leader.

Two strokes separated by 504 ps were found to share a common leader channel,

branched below a height of 3 km. The waveforms and locations of the two strokes were

inconsistent with having been initiated by two separate leaders. We found data to support

the view that the two strokes may have been the result of two simultaneous branches of

the same stepped leader.

3,4 Summary Conclusions

In this chapter we have investigated leaders preceding new terminations to ground and

the fine structure associated with strokes in those flashes. Sources of fine structure

appeared to be the result of the preceding stepped leader, suggesting that shorter stepped

leader channels were associated with strokes having a shorter fine structure. We

extended these findings to cases where two return strokes occurred less than one

millisecond apart. Fine structure associated with the secondary stroke was shorter, in

each of five cases, than that of the primary stroke. This suggests the secondary stroke

was preceded by a shorter stepped leader channel than the primary, and that the two

strokes were possibly the result oftwo branches of the same stepped leader.



CHAPTER 4

LEADER OCCURRENCES AND CHARACTERSTICS IN SUBSEQUENT STROKES
TO GROUND

4. 1 Introduction

In this chapter we investigate characteristics of leaders preceding subsequent strokes

to ground. Unlike leaders preceding new terminations to ground in chapter 3, leaders

follow old channels completely to ground. In section 4.2 we present data from seven

subsequent leaders to ground that produce regularly occurring dE/dt pulses prior to the

following return stroke. We give 3-D track speeds for these leaders and analyze changes

in leader speed as a function of height. We present dE/dt waveforms of several leaders

and investigate the relationship between interpulse interval and leader speed. Two

leaders exhibiting an increase in speed towards ground and a corresponding decrease in

interpulse interval are examined in section 4.3. Finally, in section 4.4, we note three

cases in which pulses in the dE/dt waveform, indicative of a dart-stepped leader, continue

through the time of the return stroke. Sources of these pulses are found to originate from

locations higher along the channel to ground. The relationship between interstroke

interval and leader waveform is explored in section 4.5. A summary of the major chapter

findings is given in section 4.6.

4,2 Leader Speed and dE/dt Waveshape

Leaders preceding subsequent strokes to ground in a lightning discharge can be

classified based upon their appearance in optical and electric field records. Leaders that

67
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follow a previous channel and appear as continuous luminous sections of channel in

optical records are termed dart leaders. Speeds of dart leaders near ground, determined

optically, range from 1 - 24 x 10
6
m/s [Orville andldone, 1982; Jordan et al., 1992] with

a mean value near 10 x 10
6
m/s [McEachron, 1939; Winn, 1965; Orville and Idone,

1982], Subsequent leaders that follow the channel of an earlier stroke, but exhibit steps

in optical records after initially continuous propagation, are termed dart-stepped leaders.

Dart-stepped leader speeds are intermediate to those of stepped leaders and dart leaders.

Schonland [1956] found dart-stepped leader speeds of 0.5 - 1.7 x 10
6
m/s preceding six

subsequent strokes to ground, while Orville andldone [1982] found leader speeds of 0.76

- 17 x 10
6
m/s preceding four subsequent strokes. Time intervals between luminous

steps of dart-stepped leaders were near 10 ps in Schonland.'

s

[1956] study and between 2

- 9 ps in that of Orville and Idone [1982],

Krider et al. [1977], Le Vine and Krider [1977], Weidman [1982], and Izumi and

Willett [1991] have reported wideband electric field measurements of radiation from

subsequent leaders. Krider et al. [1977] found that dart-stepped leaders contained

regularly occurring pulses in the electric field waveform, 80 - 200 ps prior to the

following return stroke peak. Mean interpulse intervals were 6.5 ps in Florida

thunderstorms, consistent with the time between luminous steps observed by Schonland

[1956] and Orville and Idone [1982], Izumi and Willett [1991] and Willett et al. [1995]

have noted regularly occurring dE/dt pulses immediately (up to 20 ps) prior to

subsequent strokes.

Geometric mean duration of subsequent leaders, including both dart and dart-stepped,

as determined from electric field measurements, are 0.6 - 1.9 ms (Malan and Schonland,
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1951; Kitagawa, 1957; Workman et al., 1960; Krehbiel et al., 1979; Rakov and Uman,

1990c). However, these measurements were made on a millisecond time scale while

individual pulses vary on a microsecond scale. No electric field measurements, recorded

with sufficient bandwidth, to reveal microsecond scale variations, are available for the

whole duration of subsequent leaders. Ifwe assume a common dart-stepped leader speed

of 3 x 10
6
m/s, source locations of dart-stepped leader pulses measured 200 ps prior to

return strokes by Krider et al. [1977] correspond to heights below 1 km. The optical

measurements of dart-stepped leaders by Orville and Idone [1982] and Jordan et al.

[1992] were confined to the lowest 2-km of the lightning channel, corresponding to

heights below cloud base in Florida. Similarly, the measurements of Schonland [1956]

were limited to the lowest 2 - 2.5 km of the lightning channel. Therefore there is a lack

of electric field measurements on a microsecond scale for the full duration of subsequent

leaders.

Several investigators have made measurements of the change in speed of subsequent

leaders below cloud base with conflicting results. Schonland [1935] found little change

in dart leader speed as a function of height and noted that the speed never increased

towards ground. Optical measurements of dart leader speeds made by Mach and Rust

[1997] are consistent with this view as they found “no significant” change in dart leader

speed with height. Orville and Idone [1982], however, found 4 of 16 dart leaders to

increase in speed towards ground, the first such findings. Additionally, Orville and Idone

[1982] noted one dart-stepped leader that increased in speed towards ground and another

that decreased in speed.
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We investigate seven subsequent leaders to ground, each exhibiting regular pulses tens

of microseconds prior to the return stroke peak, indicative of a dart-stepped leader. In

each case the following return stroke peak is co-located with a previous stroke in the

flash and lacks fine structure in the dE/dt waveform, indicating the leader followed an old

channel completely to ground. Pulses in the derivative of the electric field are detected

0.6 - 2.0 milliseconds prior to these subsequent strokes. Several tens of microseconds,

during which time no dE/dt pulses appear above the noise, precede the first dE/dt pulses

in each leader record, suggesting we recorded leaders in full. The earliest leader sources

spanned heights between 3.8 and 6.2 km, well above the cloud base in Florida. Each of

the seven leaders exhibited a decrease in speed from its highest point to that near ground

(lowest 1 km). Leader speeds, averaged over individual records, were between 1.4 x 10
6

m/s and 35 x 10
6
m/s, spanning the range of observed dart leader speeds in the literature

as well as those of dart-stepped leaders. Speeds averaged 16 x 10
6
m/s during the first

record of dart-stepped leaders and 3.6 x 10
6
m/s during the final record, corresponding to

the lowest kilometer of the channel to ground. The median interpulse interval was

dependent on the threshold used in pulse selection. We therefore defined a median

interpulse interval as a function of threshold as described in Chapter 2. At a threshold of

20% of the maximum leader pulse, the median interpulse interval was larger, in each

case, near the return stroke than it was at the start of the leader. Source locations

progressed downward with time and were observed, in one case, to develop along two

branches simultaneously, only one ofwhich reached ground.
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4,2,1 Results

We present results of seven leaders preceding subsequent strokes to ground. Each

leader exhibited regular dE/dt pulses tens of microseconds prior to the following return

stroke peak. Prior to the first dE/dt pulses associated with each leader, there was a period

of several tens of microseconds during which time no dE/dt pulses were above the noise

threshold. Radiation from leaders was continuous (records were separated by 30 ps

owing to our system’s recording configuration) up to the time ofthe return stroke.

Table 4.1 summarizes characteristics of seven subsequent leaders to ground. Column

one contains the flash ID. Listed in column two are the records that the leader spanned,

each 204.8 ps in duration. Columns three and four list the 3-dimensional track speed and

its error observed in each record. In most instances a single average speed was

determined per record as described in Chapter 2. In some cases we determined more than

one speed in a given record. This was done when either (i) more than one branch was

discemable (branches are labeled a and b) or (ii) a measurable change in speed occurred

within a record (records are labeled fast or slow). Speeds ranged from a minimum of 1.4

x 10
6
m/s to a maximum of 35 x 10

6
m/s. Speeds during the final kilometer to ground are

shown with an asterisk and were estimated in the manner of stepped leader speeds

preceding new terminations in Chapter 3. The mean height of sources within a record is

given in column 5. The duration of each leader is listed in column 6 and represents the

time from the first dE/dt pulse to the return stroke peak. Durations were between 0.6 and

2.0 ms, similar to the geometric mean duration of subsequent leaders from several

previous studies (Malan and Schonland, 1951; Kitagawa, 1957; Workman et al., 1960;

Krehbiel et al., 1979; Rakov and Uman, 1990c], The median interpulse interval at
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Table 4.1. Summary of seven subsequent leaders to ground.

Flash Record Speed/10
6

error Height Duration At (8%) At (20%) At (30%)

ID # (m/s) % (km) (ms) ps ps ps

2541679 19 (fast) 35 11 4.2 0.83 0.8 1.1 1.7

1 9(slow) 24 9 3.4 0.8 1.1 1.7

20 3.3 14 2.1 0.8 1.4 2.8

21 3.3 14 1.4 1.8 3.7 4.0

22* 3.9
*

0.5 2.0 4.7 6.3

2420878 18 12 7 3 0.6 1.0 1.7 3.3

19 3.0 79 1.9 1.6 3.4 4.6

20* 5.4
*

0.7 2.1 3.8 3.6

2541487 14 12 9 3.7 0.69 0.8 1.1 1.5

15 5.4 28 1.5 0.7 1.2 1.8

16* 3.0
*

0.5 1.1 2.5 3.2

17* 3.0
*

0.5 1.6 2.9 3.6

2541810 19 16 10 4.3 1.2 1.2 2.2 4.8

20 6.7 11 1.9 0.8 1.9 2.5

21* 2.0
*

0.3 2.0 5.2 6.4

2541672 12(fast) 23 16 4.6 1.25 1.0 1.4 2.1

12(slow) 8 35 3.5 1.0 1.4 2.1

13 X X 2.8 0.7 1.1 2.2

14(b) 1.4 43 2.1 1.1 2.1 3.8

14(a) 2.2 14 2.7 1.1 2.1 3.8

15(b) 4.7 7 1.5 1.2 2.4 3.9

15(a) 1.9 61 2.2 1.2 2.4 3.9

16(b) 5.3 46 0.7 1.2 2.8 4.3

16(a) 1.9 18 1.9 1.2 2.8 4.3

17(b)* 2.0
*

0.2 1.2 3.1 5.4

2540223 17 14 7 4.8 0.75 1.0 2.3 3.4

18 9.1 11 2.7 0.9 2.5 4.7

19 6.9 20 1.2 1.6 3.2 6.6
«

oeg 6.2
*

0.5 1.9 3.3 3.3

2541062 9 14.0 18 5.5 1.4 1.1 1.5 3.1

10 7.8 9 3.7 0.9 1 1.8

11 6.0 23 2.2 1.0 1.5 2.4

12 2.9 34 1.5 1.2 2.9 5.3

13 3.0 37 0.7 2.5 5.4 8.1

14 1.4 99 0.4 3.6 5.5 7.7

15* 2.0
*

0.2 2.6 5.7 6.5
* - estimated speed (see text)
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thresholds of 8 %, 20 %, and 30 % of the maximum leader pulse amplitude are given in

columns 7 through 9 respectively. We now investigate three leaders in detail.

Flash 2541679 . Flash 2541679 occurred at 20:28:15 on 10 September 1992, 11.7 km

southwest of the central recording station. We recorded 25 records spanning 94

milliseconds, indicating we may have missed activity following our last record. Three

return strokes were co-located during the flash. The locations of all dE/dt sources of the

flash are shown in Figure 4.1. Source locations prior to the first return stroke are shown

as “O”. The earliest sources of the flash were located concurrently in regions A and B

(Figure 4.1). Five milliseconds after the start of the flash, region A became inactive and

sources were confined to the two branches, C and D, below region B. During the next 9

ms source locations progressed outward along branch C and down the main channel to

ground, D, where the first return stroke was located at t = 14 ms. Sources prior to the

first stroke propagated to ground with an average speed near 3 x 10
5
m/s, suggesting they

were associated with the stepped leader. Two records, containing tens of pulses each,

were recorded at t = 44 ms and t = 67 ms. Locations of these sources are shown as “X”

in Figure 4. 1, the earlier sources located near 4.5 km high and the latter near 5.6 km.

Beginning at t = 70.6 ms, radiation from the second leader to ground spanned four

records and 0.83 ms. Locations of leader sources are shown as “+” in Figure 4.1 and

progressed downward from a height near 4.8 km, terminating at t = 71.4 ms in the second

stroke, co-located with the first. Source locations associated with the second leader

below 3 km high were coincident with those along the main channel to ground preceding

the first stroke. The dE/dt waveform of the second leader is shown in Figure 4.2. The

return stroke peak does not appear on the trace of this channel, owing to differences in
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Figure 4. 1 . DE/dt source locations for flash 2541679. Source locations

prior to and including the first stroke are shown as "O". Locations of

sources from the second leader are shown as Sources active between

the first and second strokes are represented by "X".
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the time of its arrival at different stations, but was observed on others. The mean heights

of pulse sources in each record are indicated in column 5 of Table 4.1 and the average

speed in each record is listed in column 3. Source locations from the first record of the

leader (record 19) descended from near 4.8 km high to 2 km, at an average speed of 27 x

10
6
± 2.2 x 10

6
m/s. The average speed, determined over the next two records (20 and

21), was 3.3 x 10
6
± 0.5 x 10

6
m/s as the leader descended from 2.3 km to 1 km. During

the last record (record 22) the leader traversed the final kilometer to ground at an

estimated speed of 3.9 x 10
6
m/s. We estimated the leader speed from the last source in

record 21 to the return stroke by assuming a straight-line path between the two locations

and dividing by the time between them. At heights below one kilometer, errors in source

heights become comparable to the heights themselves, making a calculation of the 3-

dimensional track speed, as outlined in Chapter 2, susceptible to large errors. A profile of

the leader development vs. time is depicted in Figure 4.3 where x, y, and z source

locations are plotted individually vs. time. The four records of the leader are clearly

distinguished by gaps between them resulting from our recording configuration. It

appears that there was a kink in the leader track during the first record. This is most

noticeable in the plot ofthe x-component of the speed. When the track was subdivided to

reflect this we obtained speeds of 35 x 10
6
± 4.0 x 10

6
m/s over the first 16 ps and 24 x

10
6 ± 2.2 x 10

6
m/s over the next 45 ps.

A plot of median interpulse interval vs. threshold for the second leader is shown in

Figure 4.4. At a threshold of 20 %, the median interpulse interval increased from 1.0 ps

during the first leader record to 4.7 ps during the last. In fact, at each threshold, intervals

were larger for successively later portions of the leader record.
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Time from beginning of flash (ms) Time from beginning of flash (ms)

Time from beginning of flash (ms)

Figure 4.3. Profile of leader development versus time in flash 2541679.

Threshold (percentage of largest pulse)

Figure 4.4. Median interpulse interval vs. threshold for the second leader

of flash 25401679
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At t = 94 ms the third stroke in the flash occurred and was co-located with the first

two. The third stroke was not preceded by any dE/dt pulses above the noise level for 65

Us immediately prior to the return stroke peak. This record was the 25
th
of the flash and

any later events that may have occurred were not recorded by our system.

Flash 2420878 . Flash 2420878 occurred at 17:43:25 on 29 August 1992, 19.7 km

WSW of the central recording station. The flash comprised 25 records, including four

co-located return strokes, spanning 453 ms. Locations of dE/dt sources from this flash

are shown in Figure 4.5. The earliest sources were located near 6 km high and are shown

as “O”. During the first 5 ms sources progressed downward to a height of 4 km. The

horizontal spread of sources extended several hundred meters in both x and y. Since

errors in individual locations were 40 - 60 m in each of x and y, we conclude that the

spatial spread of sources was due to the presence of multiple branches, most likely

associated with the stepped leader. Seventeen milliseconds later, at t = 22 ms, we

recorded the first stroke of the flash, preceded by several small dE/dt pulses within the

last 30 ps, indicative of a stepped leader.

Beginning at t = 74.9 ms radiation from the second leader to ground spanned three

records and 0.6 ms. The dE/dt leader waveform is shown in Figure 4.6 and locations of

individual pulse sources are indicated by “+” in Figure 4.5. The first pulse sources were

located 3.8 km high, near the extent of the sources we detected 17 ms prior to the first

return stroke. Leader source locations progressed downward with increasing time. The

average speed during the first record of the leader (record 18), with source locations

descending from 3.8 km to 2.4 km, was 12 x 10
6 ± 0.84 x 10

6
m/s. Source locations from

record 19 spanned the heights 2.0 - 1.4 km at an average speed of 3.0 x 10
6
± 2.4 x 10

6
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Figure 4.5. dE/dt source locations of flash 2420878. Sources prior

to and including first stroke shown as "O". Locations of sources from

second leader are shown as "+M
. The second stroke occurred 54

milliseconds after first and in same channel. Stroke 3 followed the same
channel 26 milliseconds after stroke 2.



80

TOP

Figure

4.6.

dE/dt

waveform

of

the

second

leader

of

flash

2420878.

Time

from

the

beginning

of

the

flash

is

shown

to

the

right

of

each

trace.



81

m/s. During the final record (record 20) the leader traversed the last kilometer to ground

at an estimated average speed of 5.4 x 10
6

m/s. Note that the highest leader speed

occurred during the first leader record, similar to the second leader in flash 2541679.

Figure 4.7 summarizes median interpulse interval vs. threshold for the three records of

the second leader in flash 2420878. At a threshold of 20 % the median interval increased

from 1.7 ps to 3.8 ps over the course of the leader. At all thresholds below 25 % the

median interpulse interval was greater for successively later portions of the leader record,

consistent with the observations of flash 2541679. However, unlike flash 2541679, this

trend did not continue for all thresholds. At thresholds of 25 % to 35 %, the second

record of the leader exhibited the greatest median interpulse interval. At a threshold of

40 % larger intervals were again associated with successively later leader records.

The third and fourth strokes of flash 2420878 occurred at t = 102 ms and t = 475 ms

respectively and were co-located with the first two strokes of the flash. Waveforms of

these two strokes are given in Figure 4.8. Small, irregular pulses preceded each of these

strokes for 60 ps, the limit of our pretrigger delay. These small pulses appear similar to

the “chaotic” leaders sometimes found in the electric field waveform prior to subsequent

strokes [Weidman, 1977; Rakov and Uman, 1990b; Willett et al., 1995], In order to

compare these leaders with the second leader we used the same threshold values chosen

for the second leader. Median interpulse interval vs. threshold is plotted in Figure 4.9 for

the leaders prior to strokes three and four. At a threshold of 4.4 % (four standard

deviations above the noise) the median interpulse interval was found to be 0.9 ps and

1.45 ps respectively for the leaders preceding strokes three and four. At a threshold of 20

% we found no dE/dt pulses to precede stroke three, and only two immediately prior to
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Figure 4.7. Median interpulse interval vs. threshold for the leader

preceding the second stroke of flash 2420878.
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Figure 4.9. Median interpulse interval vs. threshold for the leaders

prior to strokes 3 and 4 of flash 2420878.
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stroke four. In fact, above a threshold of 10 %, there were no dE/dt pulses from either

leader other than those mentioned immediately prior to the fourth stroke.

Flash 2541672 . Flash 2541672 occurred at 20:27:56 on 10 September 1992, 17.9 km

SSW of the central recording station. This flash differed from the first two of this section

in that its second leader followed two simultaneous branches prior to reaching ground.

Twenty-five records spanned 882 ms and three return strokes were co-located. Source

locations for this flash are shown in Figure 4.10. The earliest sources, shown as “O” in

Figure 4.10, were located at a height of 5.6 km and were followed 60 ms later by the first

return stroke.

Beginning at t = 123.6 ms radiation from the second leader spanned 1.25 ms and six

records. The entire dE/dt waveform of this leader is shown in Figure 4.1 1. The earliest

sources were located at a height of 4.7 km. The channel followed by the leader during

the first record (record 12) was divided into two segments. The average speed over the

first portion (spanning 35 ps) was 23 x 10
6
± 3.7 x 10

6
m/s, and decreased to 8.0 x 10

6 +

2.8 x 10
6
m/s during the second portion (37 (is). Sources progressed downward from a

height of 4.7 km to 3.3 km. Beginning with record 14 of the leader, at t = 124.0 ms,

leader sources developed simultaneously along branches A and B (Figure 4.10) during

the next 600 (is (records 14 — 16). The profile of the leader development, x, y, and z vs.

time, is depicted in Figure 4.12 where the two branches are readily discernable. The

speed along branch A decreased from 2.2 x 10
6 ± 0.3 x 10

6
m/s to 1.9 x 10

6 ± 0.3 x 10
6

m/s during records 14 — 16 (124.0 — 124.6 ms). The speed along branch B increased from

1.4 x 10 ± 0.6 x 10
6
m/s to 5.3 x 10

6
± 2.4 x 10

6
m/s during this same time interval.
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Figure 4. 1 0. Locations of dE/dt sources of flash 254 1 672. Sources prior

to and including first stroke shown as
H0 M

. Locations of sources from leader

preceding second stroke represented by "+H
.
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Figure 4. 12. Profile of leader development versus time in flash 25401672.
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Branch B followed the main channel to ground, covering the remaining several hundred

meters at an estimated speed of 2.0 x 10
6
m/s.

The median interpulse interval vs. threshold curve of the second leader of flash

2541672 is shown in Figure 4.13. The first (record 12) and last (record 17) leader records

are represented by traces with circles, record 12 being the lower trace. Unlike the

previous two flashes in this section, we found the second record of the leader to exhibit

the smallest median interpulse interval at all thresholds, though not much different from

that of the first record. There was a tendency for successively later records to exhibit

greater intervals at a given threshold, although several exceptions are readily seen in

Figure 4.13.

4.2.2 Discussion

Leader speed vs. height . We first discuss the observed speed changes vs. height for

the seven leaders in Table 4.1. Correlation between two-dimensional leader speed and

height has been investigated by several researchers [Schonland, 1935; Orville and Idone,

1982; Mach and Rust, 1997] with conflicting results. Optical studies by Schonland

[1935] revealed that dart-leader speeds often decreased towards ground and never

increased. Mach and Rust [1997] found "no significant" change in dart-leader speed vs.

height. Contrary to the results of Schonland [1935] and Mach and Rust [1997], Orville

andIdone [1982], using high speed streaking photographic techniques, found 4 of 16 dart

leaders to increase in speed towards ground. The increase in speed they observed was not

more than a factor of two in any of the four leaders. Three of the leaders followed the

same channel in one flash. Each of the three leaders first exhibited an apparent increase
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Figure 4. 13. Median interpulse interval vs. threshold for the second

leader in flash 2541672. Threshold ranges from 4 standard deviations

above the noise level to 50 % ofthe largest dE/dt pulse in the leader.
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in speed at their upper ends, near 2 km high, followed by a decrease, and a further

increase near ground. The 2-dimensional height vs. speed profile (see Figure 4 of Orville

and Idone, 1982) of each of the three leaders was similar. Since all three leaders

followed the same path to ground it is possible that the observed profile could be

explained by a constant leader speed with the hidden third dimension of the leader track

accounting for the apparent speed change. In fact, Orville and Idone [1982] point out

that the speed changes may have been real or "more likely apparent due to viewing of a

2-D photograph". Orville and Idone [1982] also note a speed change vs. height in four

dart-stepped leaders. Three of these decreased in speed towards ground (17 - 0.76 x 10
6

m/s over 1.19 ms; 14 - 1.4 x 10
6
m/s over 0.46 ms; 5.3 - 1.9 x 10

6
m/s over 0.88 ms).

One increased in speed towards ground (2.3 - 5.3 x 10
6
m/s during 0. 1 1 ms).

We have plotted leader speed vs. height in Figure 4.14 for each of the seven leaders in

Table 4.1. Each exhibited a decrease in speed from its highest point to ground,

supporting the view of Schonland [1935], In 6 of the 7 leaders the decrease was

monotonic, within our errors in speed measurement. We found a mean speed of 16 x 10
6

m/s during the first record of leaders and a mean speed of 3.5 x 10
6
m/s during the final, a

decrease of a factor of 4.5 on average. Recall that each speed in our study represents an

average value measured over typically 80-150 ps (100 - 1000 m) in a record. In flashes

2541679 and 2420878 we subdivided the leader track during the first record and found

the average speed to decrease by 30 % and 60 %, respectively. Therefore, the decrease in

speed from the beginning of the leader to ground, a factor of 4.5 on average, should be

regarded as a lower limit in our study. Changes in leader speed ranged from a decrease

of a factor of 2.2 in flash 2420878 to 11.5 in flash 2541672. Orville and Idone [1982]
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noted decreases in dart-stepped leader speeds by factors of 2.5, 10, and 22. These

changes are similar to those we measure, although ours take place in the cloud (3 - 6 km

high) while theirs are measured in the final 1 -2 km of the channel. Furthermore, the

differences in leader speeds vs. height of the current study are real, and not apparent,

since we have calculated speeds over 3-dimensional track lengths. While the increase in

dart leader speeds observed by Orville and Idone [1982] may have been apparent, it is

probable that the decrease in speeds they observed in dart-stepped leaders was real, a

factor of 10 to 20 not likely to be explained by viewing a 2-D photograph. The one dart-

stepped leader they observe to increase in speed did so by a factor of two. We find no

evidence of an increase in speed for the dart-stepped leaders in Table 4.1 and it is

possible that the increase seen by Orville and Idone [1982] was the result of viewing a 2-

dimensional photograph.

The photographic studies ofSchonland [1935], Orville and Idone [1982], Jordan et al.

[1992] and Mach and Rust [1997], involved dart leader and dart-stepped leader speed

measurements below cloud base (lowest 1 -2 km above ground). Each of the dart-

stepped leaders in Table 4.1 was observed to decrease in speed from heights of 3 - 6 km

to ground. Rhodes et al. [1994] and Shao et al. [1995], using a VHF interferometer to

locate radiation from dart leaders, note several leaders decreased in speed over even

larger extents, 8-20 km. One leader of Shao et al. [1995] traveled at 8 - 10 x 10
6
m/s

over 6-8 km, and slowed down to 2 -3 x 10
6
m/s during the remaining portion of the

channel to ground, 8-10 km. The leader developed horizontally in the cloud for 6 - 8

km before coming to ground, consistent with the behavior of dart leaders measured by

Rhodes et al. [1994] and the findings of Krehbiel et al. [1979], Krehbiel et al. [1979]
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used a point charge model to determine charge source locations and found leaders

developed horizontally in the cloud, originating at distances up to 8 km from the flash

origin. The leaders in Table 4. 1 followed a predominately vertical path to ground and did

not appear to originate from appreciable horizontal distances. In fact, the earliest dE/dt

sources were often located near those prior to the first stroke in the flash (e.g. Figure 4.5).

One reason for the differences between our measurements and those of Rhodes et al.

[1994] and Shao et al. [1995] may be that our measurements were made at wideband

frequencies (0-4 MHz) while theirs were made at VHF. Several studies have found

differences in radiation from lightning processes at VHF and wideband frequencies. Le

Vine and Krider [1977] found radiation at VHF from first strokes to ground did not peak

until 10 - 30 ps after the start of the wideband return stroke electric field waveform.

Similarly, dart leader radiation at VHF ceased about 100 ps prior to the return stroke

according to Le Vine and Krider [1977] and Brook andKitagawa [1964], Therefore, it is

possible that a portion of subsequent leaders, such as those measured by Rhodes et al.

[1994] and Shao et al. [1995] at VHF, may not produce appreciable radiation at wideband

frequencies.

dE/dt pulse train characteristics of subsequent leaders . In previous studies

microsecond scale wideband electric field measurements for subsequent leaders have

been recorded in the last 200 ps prior to subsequent return strokes. Krider et al. [1977]

found about 10 % of all triggers were from subsequent strokes preceded by electric field

pulses of uniform amplitude occurring at short, regular intervals (compared to stepped

leader pulses) of 6 -7 ps. They suggested that these pulses were radiated by a dart-

stepped leader process similar to that observed photographically by Schonland [1935,
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1956], Each of the leaders in Table 4.1 exhibited pulses at regular intervals in the several

tens of microseconds prior to the return stroke. However, dE/dt pulse intervals for these

leaders were found to be dependent on the pulse amplitude used to determine pulse

selection, i.e., dE/dt pulses were often not of uniform amplitude. Alternatively, the

electric field pulses had varying rates of rise. No amplitude criteria for determining

interpulse pulse intervals are mentioned by Krider et al. [1977], presumably because

there was no ambiguity in identifying pulses. We suggest the use of a threshold, related

to some characteristic of the electric field waveshape, to determine whether or not a

particular pulse should be counted. We used thresholds based upon percentages of the

maximum amplitude of the largest leader dE/dt pulse. We found significant differences

in the median interpulse interval as a function of threshold as well as with time during the

leader. We now discuss some ofthese observations.

At a threshold of 20 % the median interpulse interval averaged 4. 1 (as during the final

record (204 ps) of leaders in Table 4.1, slightly smaller than those observed by Krider et

al. [1977] during the final 200 ps of dart-stepped leaders. At smaller thresholds intervals

were often much shorter. As an example consider the last leader record (22) of flash

2541679 whose dE/dt waveform is shown in Figure 4.2 and median interpulse interval vs.

threshold curve in Figure 4.4. At thresholds between 20 - 30 % the median interpulse

interval was 4.7 - 6.3 ps, consistent with the findings of Krider et al. [1977], However,

at the lowest threshold, 2 % (4 standard deviations above the noise level), the median

interpulse interval was 0.9 ps, significantly smaller than the mean interval found by

Krider et al. [1977], Figure 4.7 depicts median interpulse interval as a function of

threshold for the second leader in flash 2420878. During the last leader record (20) the
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interpulse interval was 3.8 ps at a threshold of 20 %. In fact at thresholds between 15 -

35 % the median interpulse interval varied little, 3.6 - 4. 1 ps. At the lowest threshold the

median interpulse interval decreased to 1.1 ps, again much smaller than that typically

associated with dart-stepped leaders immediately prior to return strokes. In fact, at a

threshold of 8 %, the median interpulse interval averaged 1.9 ps during the final record of

the seven leaders in Table 4.1, half the value found at a threshold of 20 %, indicating the

presence of smaller pulses in the dE/dt waveform. We discuss the origin of these smaller

pulses later. We now investigate dE/dt pulse intervals from leader records more than 200

ps before return strokes.

The measurements of the current study are the first to reveal the microsecond scale

structure of wideband dE/dt from subsequent leaders 1 - 2 ms prior to the return stroke.

While median interpulse interval, at a threshold of 20 %, during the final record of

leaders averaged 4.1 ps, median intervals at a similar threshold from earlier leader

records were significantly smaller. Consider again the second leader of flash 2541679

whose median interpulse interval vs. threshold curve is displayed in Figure 4.4 and dE/dt

waveform in Figure 4.2. Successively later portions of the leader record were

characterized by larger median intervals at all thresholds. At a threshold of 20 % the

median interpulse interval increased from 1.1 ps during record 19, to 1.4 ps, 3.7 ps, and

4.7 ps for records 20 - 22 respectively. Similarly, at a threshold of 20 %, during the

second leader of flash 2420878 (Figure 4.7), intervals increased from 1.7 ps, to 3.4 ps, to

3.8 ps for records 18, 19, and 20 respectively. In fact, the mean interpulse interval at 20

% for the leaders listed in Table 4. 1 was 1.6 ps during the first record of leaders, less than

half the value found at the same threshold during final records. Recall that the greatest
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speeds during the leaders in Table 4.1 occurred during the first dE/dt record, suggesting

that higher speeds may be associated with shorter interpulse intervals. We now

investigate leader speed vs. median interpulse interval.

Each of the leaders in Table 4.1 exhibited a decrease in speed and an accompanying

increase in the median interpulse interval. Orville and Idone [1982] observed an increase

in inter-step interval with decreasing speed in dart-stepped leaders. In flash 220:04 of

their study, they observed a leader that emerged from the cloud dart-like, or continuous in

appearance, at a speed of 14 x 10
6

m/s. Stepping began while the leader was still

travelling at a speed of 1 1 x 10
6
m/s. At the onset of stepping the leader track appeared

as "the superposition of the original continuous dart leader track and the just developing

stepping mode". Further into the stepping process the time between steps became 2-3

|is and the continuous luminosity of the leader track, while still visible, was diminished.

During the final 200 ps of the leader intervals increased from 5 to 9 ps, although not

consistently, while the leader speed decreased to 1.4 x 10
6
m/s. Now consider Figure

4.15, a plot of average leader speed vs. median interpulse interval (20 % threshold). Each

of the seven leaders showed a decrease in speed and an increase in median interpulse

interval from start to end. In most cases the decrease in speed and increase in interval

was monotonic. The average speed during the first record of leaders was 16 x 10
6
m/s

with median intervals at a 20 % threshold of 1.6 ps. Speeds of the three leaders of

Orville andIdone [1982] were between 14 - 17 x 10
6
m/s when emerging from the cloud,

each leader appearing continuous in nature. The first leader steps appeared 2 - 3 ps

apart, slightly larger than the 1.6 ps we see at the beginning of leaders. Resolution of

individual steps through optical techniques appear to be limited to around 2 ps {Idone, V,
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personal communication). Near ground the speeds of Orville and Idone [1982] decreased

to 0.76 - 1.9 x 10
6
m/s with inter-step intervals increasing to 4 - 9 ps. The seven leaders

of Table 4.1 had an average speed near ground of 3.5 x 10
6
m/s, slightly higher than that

observed by Orville and Idone [1982], but consistent with dart-stepped leader speeds near

ground measured optically by Schonland [1935, 1956], The median interpulse interval

averaged 4.1 ps near ground, similar to the value obtained by Orville and Idone [1982]

and consistent with other studies [Schonland, 1956; Krider et al. 1977],

Figure 4.16 shows a scatter plot of leader speed vs. median interpulse interval for

leader records in Table 4.1. There was an inverse relationship between leader speed and

median pulse interval (at 20 %) for these leaders. Triangles correspond to records 14 -

16 of flash 2541672, i.e., where branches A and B occurred simultaneously. While two

speeds were determined for each record, one along each branch, only a single value of

interpulse interval was found. During record 16 of the leader we found a nearly equal

number of pulses, at a 20 % threshold, attributable to each branch. There were a total of

93 pulses, of which 41 were attributable to branch A and 37 to branch B. Fifteen pulses

could not be attributed to either branch, some owing to the lack of simultaneous data

recorded at another station. The effect of two simultaneous branches on the median

interpulse interval, in this case, was to effectively cut in half the expected number of

pulses arising from the presence of either of the branches alone. Therefore the points

marked as triangles may be considered to correspond to pulse intervals twice as large, 4 -

5 ps, moving them near the right most points on the graph. These points would then be

consistent with other leader records exhibiting similar speeds.
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In summary, the leaders in Table 4.1 exhibited speeds and interpulse intervals (at a

20% threshold) near the return stroke, similar to values in the literature. Prior to the final

200 ps of leaders, we found speeds up to an order of magnitude faster and median

intervals less than half their value near the return stroke. Orville and Idone [1982]

observed three leaders with similar tendencies in addition to one showing the opposite

tendencies, namely, an increase in speed and decrease in interpulse interval. We have

observed two such leaders and discuss these in section 4.3.

We now return to the issue of small amplitude dE/dt pulses in leader records. There

are no reports in the literature of interpulse intervals from dart-stepped leaders shorter

than 2 ps. At a threshold of 8 %, interpulse intervals averaged 1.0 ps during the first

records of leaders and increased to 2.2 ps during final records. These values are less than

half those obtained at a threshold of 20 % and are equal to or less than the minimum time

between steps of dart-stepped leaders reported in the literature (Orville and Idone, 1982).

To investigate the origin of these smaller pulses, responsible for shorter median

interpulse intervals at smaller thresholds, we examined the second leader of flash

2541679. The dE/dt trace of the last record is shown on an expanded time scale in Figure

4.17. The timing offsets between the four stations have been removed so that common

pulses are aligned and a dotted line corresponding to a threshold of 10 % of the maximum

leader pulse has been included on the trace from station 5. It was not possible to obtain a

location for each dE/dt pulse since the times of occurrence of the pulses on at least four

stations were required. Small pulses, present at one or two stations, were sometimes not

discemable at others, thus precluding them from being located. However, we could

determine the proximity of any pulse source to a location along the leader channel by
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Figure 4. 17. dE/dt waveform of record 22 during the dart-stepped leader

of flash 2541679. Stations 3-5 are shown for a) 0-60 ps, b) 60-120 ps, and

c) 120- 180 ps.
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Figure 4. 17—continued.
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Figure 4.17--continued.
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comparing the relative alignment of pulses at two or more stations. Sources that

developed along the channel, with relatively small spatial displacements between sources,

maintained a similar timing offset on the traces from different stations. Pulses that occur

on the trace of one station without a common pulse on another may lie off the channel.

We have circled the pulses in Figure 4.17 that did not appear to have a common pulse on

the dE/dt trace of at least one other station. We found 70 % (75 of 107) of the pulses on

the trace of station five to have a corresponding pulse on that of at least one other station.

This indicated that a majority of the dE/dt pulses above a threshold of 10 % were from

sources along or near to the channel to ground. Notice the larger pulses in Figure 4.17

that were responsible for the 4. 1 p.s median interpulse interval found at a 20 % threshold.

Both these large pulses and the smaller pulses appeared to originate from locations along

or near to the channel to ground. A similar analysis during the first leader record of

2541679 indicated that 87 % (133 of 153) of the dE/dt pulses at a 10 % threshold likely

originated from sources along or near to the channel to ground. Thus, a majority of the

dE/dt pulses from this leader were associated with sources near to the channel to ground

and the median interpulse interval was dependent on threshold.

There are several possible reasons why we detect the smaller pulses in the dart-

stepped leader waveform prior to return strokes while Krider et al. [1977] may not. In

our study these pulses were roughly 3 times smaller than the larger pulses occurring at 4

— 5 pis intervals near return strokes. The waveforms of Krider et al. [1977] appear

smaller in amplitude since their events were more distant (tens of kilometers). Smaller

electric field pulses may have been obscured for this reason. Also, our bandwidth is
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approximately twice theirs and we recorded dE/dt, rather than E, which may accentuate

these smaller pulses.

4.2.3 Conclusions

Subsequent leaders to ground exhibiting regular pulses near the return stroke peak,

indicative of a dart-stepped leader, were found to progress at speeds from 1.4 x 10
6
m/s to

35 x 10
6
m/s. Each leader exhibited a decrease in speed between its highest point (3-6

km) and that nearest ground (last kilometer). Speeds decreased by a factor of 2.2 to 11.5,

with a mean value of 4.5 in seven leaders. The median interpulse interval during final

leader records averaged 4.1 ps at a threshold of 20 %. This interval is similar to that

between the electric field pulses from dart-stepped leaders recorded by Krider et al.

[1977], We present the first estimate of pulse intervals prior to the final 200 ns of leaders

in subsequent strokes. The median interpulse interval generally increased with

successively later portions of the leader record. During first leader records, median

interpulse intervals had a mean value of 1.6 ps at a threshold of 20 %, a value less than

half that during final records, 4. 1 ps. Speeds during first records of leaders had a mean

value of 16 x 10
6
m/s. Speed decreased towards ground and leaders had a mean speed of

3.5 x 10
6
m/s during final records.

In addition to a decrease in median interpulse interval over the course of leaders,

intervals were found to vary with the threshold used in pulse selection. At a threshold of

20 %, median interpulse intervals during the first record of leaders averaged 1.6 ps, near

the lower limit of dart-step intervals recorded optically by Orville and Idone [1982]. At a

threshold of 8 %, interpulse intervals were less than 1 ps at the beginning of leaders and
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2.2 }j.s near the return stroke. Examination of the leader waveform suggests these smaller

pulses were radiated from sources near to or along the channel to ground. These smaller

pulses should therefore not be overlooked when determining pulse intervals and step

lengths of leaders.

4,3 Subsequent Leaders Showing an Increase in Velocity

In the previous section we presented a class of subsequent leaders, each exhibiting a

decrease in speed towards ground. Two subsequent leaders that show a marked increase

in speed during their descent are analyzed in this section. These two leaders were

initially dart-stepped (large pulses several microseconds apart) and traveled at speeds

near 3 x 10
6

m/s. After several hundred microseconds, the dE/dt waveform became

similar to that seen during the first records of leaders in Table 4.1, i.e., there was a

decrease in the median interpulse interval. The decrease in interval was accompanied by

an increase in speed to greater than 10 x 10
6
m/s. In one of the two leaders, the transition

apparently occurred near the region where the leader joined a section of channel which

was newer (not as aged) than that prior to the transition. It is likely that this situation

existed in the second leader as well.

4,3.1 Results

Flash 2541487 . Source locations during flash 2541487 are shown in Figure 4.18.

This flash occurred at 20:20:11 on 10 September 1992, 16 km SW of the central

recording site. The flash consisted of 25 records comprising 4 strokes in 141 ms. The

earliest sources were located 5.5 km high and are indicated as “O” in Figure 4.18.
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Figure 4.18. dE/dt source locations from flash 2541487.



109

During the next 3 ms sources spanned 6 records and progressed downward to a height

near 4.9 km. The first stroke followed at t = 28.6 ms. The second stroke occurred at t =

74.2 ms, co-located with the first. The second stroke was preceded by the leader whose

dE/dt waveform is shown in Figure 4.19. Source locations are represented by “+” in

Figure 4.18. The average leader speed decreased from 12 x 10
6
m/s, at its highest point,

to 3.0 x 10
6
m/s immediately prior to the return stroke. Median interpulse intervals (20

%) increased from 1.1 ps to 2.9 ps. The third stroke of the flash occurred at t = 107.8 ms

and was preceded by a leader lasting 1 . 1 ms. The dE/dt waveform of the third leader is

shown in Figure 4.20. Notice that pulses appear somewhat regularly during the first four

records of the leader but become less regular and more frequent, 180 ps prior to the

return stroke. Sources from the beginning of the third leader (record 19) were located 6

km high, near the earliest sources in the flash, those preceding the first stroke. Source

locations, shown as in Figure 4.18, progressed downward at 2.0 - 5.0 x 10
6
m/s

during the first 0.7 ms of the leader, spanning four records, to a height of 3.6 km. After

the end of record 22 the leader increased in speed to 20 x 10
6
m/s and went to ground,

resulting in the third stroke, co-located with strokes one and two. The change in speed

was accompanied by a change in the interpulse interval, which can be seen in record 23

(Figure 4.20). Several sources during the final 180 ps of the leader, were located in the

lowest part of the channel to ground, coincident with those from the second leader, and

also along a small branch, about 2 km high, that was active during the second leader.

Note that the third leader was not coincident with the second leader above 3.6 km, that is,

it rejoined an old channel during record 23. The fourth stroke in the flash occurred at t =



110

IP/HP

Figure

4.

19.

dE/dt

trace

of

the

second

leader

of

flash

2541487.



Ill

1P/3P

Figure

4.20.

dE/dt

trace

of

the

third

leader

of

flash

2541487.



112

141 ms and was co-located with the first three in the flash. This was the 25
th

and final

record of the flash.

Flash 2541323 . Unfortunately the beginning of flash 2541323, which occurred at

20:13:32 on day 254, was missed. Stroke orders were not available for this reason, but

the leader waveform was of particular interest and was analyzed disregarding the lack of

knowledge of all details of the flash development. The flash was located 23.8 km SSW

of the central recording site. The first sources recorded in the flash were those from a

subsequent leader. The leader was determined to be subsequent based on the lack of fine

structure in the following return stroke waveform. The dE/dt waveform of the leader is

shown in Figure 4.21. Notice the similarity of records 4 and 5 to record 23 of Figure

4.20. The first two records of the leader were characterized by pulses at regular intervals.

Pulses in the final two records became less regular and more frequent, similar to the

beginning of the leaders in section 4.2. Note in particular that the transition occurred

within the second record and is remarkable. Source locations in the first two records

progressed downward from 6.2 km high to near 5 km at an average speed of 3.0 x 10
6

m/s. Near the end of record 3 the leader increased in speed to 16 x 10
6
m/s and traveled

to ground, resulting in a subsequent return stroke 400 (is later. The transition point is

readily discernable in Figure 4.22 showing the profile of the leader development. Two

sources were located near the end of the second record, after the transition, and form a

“break point” in the leader profile.

The median interpulse interval vs. threshold curve for the leader of flash 2541323 is

shown in Figure 4.23. The median interval, at a 20 % threshold, for records two and

three of the leader was 9.7 (is and 1 1.2 (is respectively. At the same threshold, intervals
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t

Figure 4.22. Profile of subsequent leader development of flash 25401323.
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Threshold (percentage of largest pulse)

Figure 4.23. Median interpulse interval vs. threshold for the subsequent

leader of flash 2541323.
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decreased to 2.0 (is and 2.7 (is during records four and five respectively, that is, after the

leader increased in speed from 3.0 x 10
6
m/s to 16 x 10

6
m/s. This leader was similar to

the third of flash 2541487; both exhibited a marked increase in forward speed and a

corresponding decrease in interpulse interval. These results are consistent with our

findings in section 4.2, namely, that higher leader speeds were associated with shorter

interpulse intervals.

4.3.2 Discussion

In section 4.2 we presented a class of leaders that exhibited a decrease in speed as

ground was approached. These findings were consistent with those of Schonland [1956],

who found no subsequent leaders to increase in speed towards ground. Orville and Idone

[1982] noted 4 of 16 dart-leaders increased in speed towards earth and one dart-stepped

leader that did so. The increase in speed they observed was a factor of two in each case

and may have resulted from a 2-dimensional recording of the leaders. The third leader in

flash 2541487 of this section showed an increase in speed from 2.0 - 5.0 x 10
6
m/s to 20

x 10
6
m/s. This increase was much larger than that noted by Orville and Idone [1982]

and was accompanied by a change in the overall dE/dt waveform near a height of 3.6 km

(Figure 4.20). The first four records of the leader were characterized by median

interpulse intervals, at the 20 % threshold, between 2.8 and 7.0 ps. During the final

record, the average speed increased to 20 x 10
6
m/s while the median interpulse interval

decreased to 1.1 ps. The decrease in the median interval and increase in speed are

consistent with the observations in section 4.2, namely, leaders exhibiting higher speeds

were associated with smaller median intervals than slower leaders. The subsequent
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leader of flash 2541323 increased in speed by a factor of 5. Here the change in the

overall leader waveform occurred within a record and can be easily seen in the second

trace from the top in Figure 4.21. Prior to the change in waveform the median interpulse

interval was between 9.7 ps and 11.2 ps. After the transition the median interpulse

interval was reduced to between 2.0 ps and 2.7 ps. These results are also consistent with

our previous findings of leaders at higher speeds being associated with shorter median

interpulse intervals.

The two leaders in this section differed from those in section 4.2, each showing an

increase in speed and decrease in interpulse interval with time. The reason for the

increase in speed can be found by examination of flash 2541487. Consider again Figure

4. 18 showing dE/dt source locations of this flash. The first three milliseconds of the flash

consisted of sources (shown as “O”) which progressed downward from 5.5 km to 4.9 km.

No trigger records were received by our system during the next 25.6 ms, at which time

the first stroke was recorded. It is likely that a stepped leader formed the channel to

ground (see 2
nd

and 3
rd

leader locations) during this time with dE/dt pulse amplitudes

below our triggering threshold. Sources associated with the second leader (shown as “+”

in Figure 4.18), began at t = 73.5 ms and were located from near 4 km to ground. It

appears that we recorded the entire leader (see Figure 4.19). Sources at the start of the

third leader (shown as in Figure 4.18), at t = 106.9 ms, were located near 6 km high,

above those of the second leader, and coincident with source locations prior to the first

stroke. During the first 0.9 ms of the third leader, sources retraced locations that

preceded the first stroke, but not the second, and extended downward to 3.6 km at an

average speed of 3.0 x 10
6
m/s. At this point the leader increased in speed to 20 x 10

6
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m/s. Several source locations after the increase in speed were found to be in the channel

followed by the second leader, between ground and 2 1cm high, indicating the third leader

followed the main channel to ground. It appears that the third leader, at the end of record

22, joined the channel followed by the second leader. Upon reaching the region near the

start of the second leader, active only 33 ms earlier, the third leader increased in speed by

more than a factor of six. We argue that the section of channel traversed by the second

leader had not decayed to the extent as that above it, and thus had a higher conductivity

resulting in the observed increase in speed of the third leader. In making this argument

we have assumed that no other sources were active in the channel above 4 km, during the

time between sources prior to the first stroke and those at the start of the third leader.

Figure 4.19 indicates that no sources associated with the second leader were missed and

that it began near 4 km high. While it is possible that we could have failed to trigger on

small pulses originating from heights of 4 - 6 km occurring between the first and second

strokes, or second and third strokes, the observation that leader speed was much smaller

in this section tends to corroborate our conclusion that the second leader did indeed begin

at 4 km and not higher. The increase in speed of the subsequent leader of flash 2541323

(see Figure 4.21) may have resulted from a similar scenario, although proof is lacking

since locations of sources prior to this leader were not available.

4,3,3 Conclusions

Two subsequent leaders were found to increase in speed by a factor of 5 - 10 during

their descent. The increase in speed was accompanied by a decrease in median interpulse

interval, consistent with the inverse relationship between average leader speed and
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median interpulse interval observed in the leaders of section 4.2. In one leader we found

evidence of the increase in leader speed resulted from joining a newer (less aged) section

of channel. A similar situation likely caused the increase in speed observed in the other

leader. The role that the channel age plays in determining the electric field waveform of

the following leader is explored in section 4.5.

4,4 Pulse Trains Present After Return Stroke Waveforms

DE/dt radiation from subsequent leaders in this study usually ceased at the time of the

return stroke. We have noted three cases where regularly occurring pulses were present

prior to and some tens of microseconds after, the return stroke peak. Locations of pulses

that arrived after the return stroke peak originated from several kilometers high, often

near earlier sources of the channel to ground. Further investigation shows that pulses

from similar locations were also present tens of microseconds prior to the return stroke,

simultaneous to sources from the channel near ground.

4,4,1 Results

Flash 2541323 . The subsequent leader of flash 2541323 was presented in section 4.3

as illustrative of a leader showing an increase in speed towards ground. The leader

waveform was shown in Figure 4.21. Several dE/dt pulses can be seen up to 15 ps after

the return stroke. The leader/retum stroke waveform at stations 2 - 5 is expanded in

Figure 4.24. Timing offsets have been removed so that the return stroke peaks are

aligned. Two sets of pulse alignments can be seen in this figure. The first is pulses

whose sources are from the lowest part of the channel to ground. These share a common

alignment with the return stroke peak and were broad, a result of conductivity effects
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Figure 4.24. Expanded time view of the subsequent leader of flash 2541323 at

four stations. The small pulses marked before the return stroke share the same

alignment with those occuring afterwards.
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over a finitely conducting ground (Cooray and Lundquist, 1983; Le Vine et al., 1986;

Cooray and Ming, 1994; Honma et al., 1998). Four pulses, occurring up to 15 ps after

the return stroke peak, can be seen in Figure 4.24. These pulses had a different alignment

than that of the return stroke peak and preceding leader pulses. Sources were located at

2.3 and 3.0 km high, near earlier sources of the leader, and are shown as “+” in Figure

4.25. A pulse that occurred just prior to the return stroke, but shared a common

alignment with those that occurred after the return stroke, is marked in Figure 4.24. The

small amplitude of this pulse made a location impossible, but the alignment suggests it

originated near others 2-3 km high. Furthermore, the pulse is very narrow, unlike the

other pulses around it, a result of less attenuation over a finitely conducting earth,

meaning the pulse likely originated from a greater height. In fact, several other such

sources were located tens of microseconds prior to the return stroke, each in the region 2

- 3 km high, near earlier sources along the channel. These source locations are also

represented with “0” in Figure 4.25.

Flash 2420760 . Flash 2420760 also exhibited pulses after the return stroke peak. The

leader/retum stroke waveform is shown in Figure 4.26. Pulses are aligned with those

occurring after the return stroke peak. Pulse sources present for 35 ps after the return

stroke peak were located at a height of 1 .7 km.

4,4,2 Discussion

Le Vine andKrider [1977] found radiation at 3 MHz from dart leaders often continued

up to and through that of the return stroke. Source locations were not available and the

origin of sources was unknown. We have shown that for wideband signals regular pulses
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Figure 4.25. dE/dt source locations of flash 2541323. Locations of the

subsequent leader to ground are shown as "O". Locations of sources prior

to and after the return stroke are represented by "+".
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in the dE/dt waveform following subsequent strokes originated from sources several

kilometers high, often near earlier regions of the channel to ground. In fact, we found

that these sources were also present immediately prior to the return stroke, though more

difficult to recognize due to the pulses associated with sources along the channel near

ground. Rhodes etal. [1994] found the location ofVHF radiation following a subsequent

stroke shifted to a higher location, near earlier sources of the channel to ground. No

activity was detected in this region prior to the stroke, but Rhodes et al. [1994] suggest it

may have been masked by radiation from the channel to ground. The sources after the

return stroke were located randomly with time. In our study, sources that occurred

simultaneous to, and after the leader reached ground, appeared to progress more slowly

than those from the main channel to ground, based upon their locations and the time

between pulses. However, it was difficult to distinguish a channel followed by these

sources and we were unable to estimate an average speed.

4,4.3 Conclusions

Pulses present through the time of the return stroke originated from locations several

kilometers high, often near earlier sources along the channel to ground. In one case the

pulses ceased 15 ps after the return stroke peak, and in another case the pulses continued

for at least 35 ps after the return stroke peak. Pulses that occurred after the return stroke

peak in the dE/dt waveform were narrower than those from the channel to ground prior to

the return stroke peak, a result of less conductivity effects from a finitely conducting

earth. Differences in pulse waveshape were helpful in identifying pulses whose sources

were from a region other than that of the leader tip near ground. The movement of these
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higher sources appeared to be slower than those along the channel to ground and their

direction of progression was difficult to determine.

4,5 Leader Occurrences

Schonland et al. [1935] found that higher dart leader speeds were associated with

shorter interstroke intervals and slower speeds with longer intervals. Jordan et al. [1992]

have shown a negative correlation between leader speed and the previous interstroke

interval in natural lightning flashes in Florida. In addition, Winn [1965] found that

laboratory sparks, similar to dart leaders, traveled slower along older, less ionized

channels. In the current study we reported that subsequent leader speeds were inversely

related to the median interpulse interval (see sections 4.2 and 4.3). It follows, therefore,

that there may exist a relationship between the leader electric field waveform and the

preceding inter-stroke interval. That relationship is the focus of this section.

Recall that subsequent leaders in a previous channel, which do not exhibit regular

pulses in the electric field waveform, characteristic of a dart-stepped leader, sometimes

appear "chaotic" during the tens of microseconds prior to the return stroke [Weidman,

1982], Examples in the current study are seen in Figures 4.8 and 4.20. Weidman [1982],

Rakov and Uman [1990b], and Izumi and Willett [1991] have also observed “chaotic”

electric fields prior to subsequent strokes. These type of waveforms have typically been

excluded from dart-stepped leader analysis in the past [Rakov and Uman, 1990b; Izumi

and Willett, 1991], In the cases where the electric field of a subsequent leader/retum-

stroke is neither stepped nor "chaotic", it appears as a "normal" subsequent stroke [Izumi

and Willett, 1991], No statistics such as those on dart-stepped leader occurrence [Rakov
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and Uman, 1990b] have been reported in the literature for "chaotic" or "normal"

subsequent leaders.

4,5.1 Results

Table 4.2 lists the interstroke intervals associated with several types of leaders

identified in this study. Leaders that exhibited regular pulses, indicative of a dart-stepped

leader, occurred after a geometric mean interstroke interval of 61 ms, prior to 12 second

strokes. For dart-stepped leaders we required that pulse amplitudes be at least 20 % of

the following return stroke peak. A similar interstroke interval, 77 ms, was found to

precede dart-stepped leaders that followed strokes in new terminations (see column 4).

Listed first is the order of the leader/retum-stroke in the overall flash sequence. In

parentheses is the order of the leader/retum-stroke in the channel in which it occurred.

Each leader preceded the second stroke in a channel, similar to those in column one.

Seven leaders that exhibited regular pulses in the dE/dt waveform occurred after two or

more strokes in the same channel. The interstroke interval preceding these leaders is

listed in column five. The geometric mean interstroke interval was 140 ms, roughly

twice the intervals found in columns one and four. Again, the first number indicates the

order of the leader/retum-stroke in the overall flash sequence while the value in

parentheses indicates its order in the channel. Leaders that showed no regular pulses

(above 20 % of the return stroke peak) in the dE/dt waveform, e.g. Figures 4.8 and 4.20,

occurred after a geometric mean interstroke interval of 23 ms. These intervals are listed

in column two and only leaders that preceded second strokes were included for reasons

that will be discussed later. Each of these leaders would be identified as either “chaotic”
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Table 4.2. Return stroke interval vs. leader characteristic.

Leaders were classified as either dart-stepped (D-S),

chaotic, or preceding a new termination to ground. All

times in milliseconds. Stroke order in flash (stroke order in

channel). Geometric mean intervals listed below each

column.

Second Strokes After NT After 2 RS

D-S "Chaotic" New-Term D-S D-S

76 28 170 78 4(2) 107 5(3)

105 16 116 57 4(2) 118 4(3)

57 15 119 94 3(2) 144 3(3)

57 27 132 83 3(2) 117 4(4)

59 31 190 127 5(5)

60 27 68 465 4(4)

54 19 147 85 3(3)

54 19 77

50 25 111

51 32 174

69 28 62

59 19

61 23 117 77 140
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or “normal”. Included in the third column of Table 4.2 are the intervals preceding second

strokes that occurred in new terminations to ground. Recall that leaders preceding new

terminations were initially dart-stepped and later became stepped. These were analyzed

in Chapter 3. The geometric mean interstroke interval prior to these leaders was 1 17 ms

in 1 1 flashes. Again only leaders preceding the second stroke in a flash were included.

We present two flashes to illustrate the relationship between leader characteristics, such

as speed and electric field waveform, and the previous interstroke interval.

Flash 2540223

Flash 2540223 occurred at 19:25:09 on 10 September, 19 km WSW of the central

recording site. The flash comprised 20 records and 5 strokes in 308 ms and no records

were missed due to our recording configuration. This flash exhibited several of the

leader types listed in Table 4.2. All dE/dt source locations are plotted in Figure 4.27.

The first sources in the flash were located 5.9 km high and progressed downward to 5.4

km during the next millisecond. At t = 47.0 ms the first stroke occurred, located at (-16

km, +7.3 km). Twenty-five milliseconds after the first stroke, the second stroke was co-

located with the first. No leader was recorded prior to this stroke, save that during the

pre-trigger delay. The dE/dt waveforms of the first two strokes are shown in the top two

traces ofFigure 4.28. Notice that fine structure following the first stroke lasted for longer

than 140 ps, consistent with the results of Chapter 3 where the median duration of fine

structure associated with first strokes exceeded 141 ps. The third stroke (third trace from

the top in Figure 4.28) occurred in a new termination to ground at t = 144.0 ms and was

located at (-16 km, +10.5 km), three kilometers directly north of the first two strokes.
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Figure 4.27. Source locations of flash 2540223. First two strokes in same

channel. Third stroke formed a new termination to ground. Fourth and fifth

strokes in same channel as third stroke.
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Notice that fine structure lasted only 65 ns after the third stroke, indicative of a stroke in

a new termination to ground that was preceded by a leader of the type described in

Chapter 3. The fourth stroke (fourth trace from the top in Figure 4.28) occurred at t
=

201.0 ms, or 57 ms after the third, and was co-located with the third stroke, that is, in the

channel of the new termination. The entire dE/dt waveform of the fourth leader is shown

in Figure 4.29. It appears that we missed the first dE/dt sources from the leader. The

first sources we located were 4.2 km high. The leader speed was 12 x 10
6
m/s during the

record 12, slowing to 6.7 x 10
6
m/s and 6.1 x 10

6
m/s during records 13 and 14

respectively. During the final record, 15, the leader speed was estimated to be 7 x 10
6

m/s. The overall leader duration exceeded 0.9 ms. The fifth stroke in the flash occurred

at t = 308.0 ms and was preceded by the leader shown in Figure 4.30. This leader lasted

0.75 ms, shorter than that of the fourth leader, and was recorded in its entirety. The

earliest leader sources were located 5.5 km high, 1.3 km above the earliest locations

associated with the fourth leader. Source locations from 4.2 km to ground retraced those

of the fourth leader. The fifth leader exhibited a speed of 14 x 10
6
m/s during record 17,

and slowed down to 8.6 x 10
6
m/s, 7.8 x 10

6
m/s, and 6.2 x 10

6
m/s during records 18 -

20, respectively.

Flash 2420289

This flash occurred at 17:00:04 on 29 August, 26 km SSW of the central recording

site. The flash comprised 25 records in 97 ms, and it is possible that some activity was

missed due to digitizer memory constraints. Five strokes, occurring in the same channel,

were co-located during the flash. Source locations are shown in Figure 4.31. Sources

prior to the first stroke are shown as “O” and were located beginning at a height of 5 km.
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During the next eight milliseconds source locations progressed downward, at an average

speed of 6 x 10
5
m/s, terminating in the first return stroke at t = 8.0 ms. These sources

were most likely associated with the stepped leader. The average speed is at the high end

of observed stepped leader speeds, but not unreasonable (Schonland, 1956; Orville and

Idone, 1982; Thomson et al., 1985). Fine structure in the dE/dt waveform followed the

first stroke for at least 150 ps. The second stroke occurred at t = 34.4 ms and the

leader/retum-stroke waveform is shown in the top two traces of Figure 4.32. The

duration of the leader was 200 ps and sources were located along the channel to ground

established by the first leader/retum-stroke. The average speed of the second leader was

estimated at 32 x 10
6
m/s. This is at the upper end of observed dart-stepped speeds, but is

similar to the value we found at the beginning of leaders in section 4.2. Note also the

similarity in the waveform of the third leader to those in section 4.2 (see Figure 4.2 e.g.).

The third stroke occurred at t = 56.3 ms and its leader/retum-stroke waveform is shown in

the third trace from the top in Figure 4.32. This leader would be considered “chaotic”.

Unfortunately, no locations were obtained during the leader itself. The fourth stroke

occurred at t = 71.4 ms and was preceded by a leader lasting 130 ps. This is the shortest

leader duration we have found in our data set thus far. The leader/retum-stroke

waveform is shown in the fourth trace from the top in Figure 4.32. Leader sources were

located starting at 6.8 km high and along the channel to ground. The estimated speed of

the fifth leader was 50 x 10
6
m/s, the highest of any in this study. The fifth stroke

occurred at t = 96.8 ms and its waveform is shown in the bottom trace of Figure 4.32.
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4.5.2 Discussion

Jordan et al. [1992] found that leader speed was negatively correlated to the previous

interstroke interval. This was in agreement with earlier results ofSchonland et al. [1935]

and Winn [1965]. We have identified several types of leader electric field waveforms in

the current study and found that these appear to be related to the previous interstroke

interval. Leaders associated with “chaotic” electric fields occurred after a geometric

mean interval of 23 ms prior to 12 second strokes. Examples of this type of leader

waveform can be seen in Figure 4.28 (second trace from the top). Figure 4.32 (strokes 2-

5) as well as Figure 4.8. Locations, and hence average speeds, were unavailable for most

of the twelve “chaotic” leaders in the second column of Table 4.2 because either (1)

pulses were difficult to align, or (2) only a small duration (tens of microseconds) of the

leader waveform was recorded on some channels. However, two exceptions occurred in

flash 2420289. The leader/retum-stroke sequences for strokes two and four (see Figure

4.32) provided a sufficient number of locations so that an average speed could be

obtained for each leader. The average speeds of these two leaders were 32 x 10
6
m/s and

50 x 10
6
m/s respectively. These are the highest speeds of the current study and higher

than those usually associated with dart-stepped leaders, and are consistent with those of

dart leaders. These two leaders occurred after intervals of 26 ms and 16 ms respectively,

relatively short interstroke intervals. Rakov and Uman [1990b] found a geometric mean

interstroke interval of 60 ms for all 270 strokes in their study. Thomson et al. [1984]

found a similar value, 69 ms. Jordan et al. [1992] report a maximum observed speed of

49 x 10
6
m/s for leaders that followed interstroke intervals of 0 - 30 ms. This is in good

agreement with the current findings. Our findings suggest that “chaotic” leaders,
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associated with second strokes, occur after short interstroke intervals and are associated

with high average speeds. A more extensive analysis is needed to confirm this

hypothesis.

The reason we limited our previous discussion on chaotic leaders to those associated

with second strokes is because of the role that continuing current may play in

conditioning the channel. Rakov et al. [1994] have shown that continuing current rarely

flows after the first stroke in a flash. Therefore continuing current was unlikely present

in any of the cases in the second column of Table 4.2. It is possible in later strokes in a

flash that continuing current may occur for tens of milliseconds after a stroke, thus

keeping the channel conductive longer so that relatively fast leaders might be associated

with long interstroke intervals. In addition, Rakov and Uman [1990b] argue that channel

conditioning, i.e. the number of strokes in a channel, will also affect the following leader

characteristic. The more strokes that occur in a channel, the better conditioned that

channel is, thus increasing the probability that fast subsequent leaders may follow at

relatively long intervals, even in the absence of continuing current.

Dart-stepped leaders that preceded second strokes occurred after a geometric mean

interval of 61 ms, nearly three times the interval preceding “chaotic” leaders. Recall that

dart-stepped leader speeds (section 4.2) varied between 1 x 10
6
m/s and 35 x 10

6
m/s.

The overall average speed of these leaders was probably near 3 - 5 x 10
6
m/s, an order of

magnitude slower than the two “chaotic” leaders described earlier. This is consistent

with slower leader speeds being associated with longer interstroke intervals. Schonland

[1956] suggested that a dart-stepped leader might occur after an unduly long inter-stroke

interval. However, Rakov and Uman [1990b] found a geometric mean inter-stroke
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interval of 54 ms preceding dart-stepped leaders that occurred prior to the second stroke

in flashes. This interval was not unduly long compared to the geometric mean inter-

stroke interval of all 270 strokes in their study, 60 ms. We conclude, therefore, that

second strokes preceded by a dart-stepped leader do not occur after an “unduly” long

interval as suggested by Schonland [1956], but rather, after “typical” intervals, similar to

the findings ofRakov and Uman [1990b].

We extend the preceding discussion of dart-stepped leader occurrence to those listed

in the fourth column of Table 4.2. Each of the dart-stepped leaders in column four

occurred prior to the second stroke in a channel after the creation of a new termination.

The geometric mean interstroke interval prior to these strokes was 77 ms, not too

different from that found in column one. Even though these leaders were the third or

fourth in the overall flash sequence, they behaved similar to those in column one, i.e.,

they were both the second in a channel. Only four such strokes have been identified in

our data set thus far, and more are needed to confirm the above findings.

One other occurrence of dart-stepped leaders is noted in Table 4.2. The leaders listed

in the fifth column occurred after two or more strokes in a channel. The geometric mean

interval preceding these strokes was 140 ms, twice the interval of dart-stepped leaders

preceding the second stroke in a flash (column one). We suggest a possible scenario to

explain the observed differences. First consider the theory of Rakov and Uman [1990b]

that successive strokes condition the channel. Two or more strokes occurring in a

channel would be expected to condition that channel better than just one. Perhaps the

leaders listed in the first column of Table 4.2, those occurring after just one stroke, occur

in a relatively poorly conditioned channel and hence a dart-stepped leader is observed
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after a “typical” interstroke interval. The leaders in column five most likely occur in a

better conditioned channel, since they occur after 2, 3, or 4 strokes in that channel. Here,

“typical” intervals may support a dart leader and a relatively long interstroke interval may

be required to produce a dart-stepped leader. In this case, Schonland’s [1956] view of an

unduly long interval preceding a dart-stepped leader may have merit. The interval of 465

ms stands out in the fifth column and may have resulted from our failure to record an

intervening stroke or the presence of a continuing current after the third stroke in the

flash. We consider the latter to be the most likely scenario.

4,5.3 Conclusions

Characteristics of subsequent leaders were analyzed with respect to the preceding

interstroke interval. Dart-stepped leaders that preceded second strokes occurred after a

“typical” interstroke interval of 61 ms while those that occurred after two or more strokes

in a channel occurred after an interstroke interval more than twice as long, 140 ms.

Channel conditioning was suggested as a possible reason for the difference in the

preceding interval. Some subsequent leaders were not dart-stepped and appeared as

either “chaotic” or “normal”. These leaders followed an interstroke interval of only 23

ms prior to second strokes. Two such leaders were found to travel at speeds of 32 x 10
6

m/s and 50 x 10
6
m/s, the highest in this study.

4.6 Summary Conclusions

Subsequent leaders to ground, that appeared dart-stepped in the tens of microseconds

prior to return strokes, were found to decrease in speed towards ground. Seven such

leaders began with a mean speed of 16 x 10
6
m/s and decreased to 3 x 10

6
m/s near
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ground. During the final record (204.8 ns) of leaders, median interpulse intervals, at a

threshold of 20 %, were 4.1 ps. During the first record of leaders, however, interpulse

intervals were only 2.6 ps at a similar threshold. There was a negative correlation

between average leader speed and median interpulse interval for dart-stepped leaders.

This relationship was also true for two leaders that increased in speed when joining a

newer section of channel. A “chaotic” or “normal” leader, rather than a dart-stepped

leader, preceded some subsequent strokes. These leaders occurred after a relatively short

interstroke interval of 23 ms and two leaders were found to exhibit the highest speeds of

the current study.



CHAPTER 5

COMPARISON OF PULSE TRAINS AND PULSE POLARITY REVERSALS

5.1 Introduction

We introduce pulse trains that occur in IC discharges. A summary and discussion of

characteristics of trains from IC discharges is presented in section 5.2. In section 5.3 we

compare average speeds, median interpulse intervals, and average step lengths from pulse

trains in each ofthree categories: ( 1 ) leaders preceding new terminations, (2) dart-stepped

leaders, and (3) pulse trains in IC discharges. The phenomenon of pulse polarity reversal

in IC pulse trains is explored in section 5.4. A summary of the chapter findings is given

in section 5.5.

5,2 Pulse Trains in Intracloud Discharges

Trains of pulses in the electric field waveform from lightning are not limited to cloud-

to-ground flashes. Krider et al. [1975] found an average of 5 - 6 (is between electric

field pulses in trains from intracloud discharges. Trains of pulses lasted from 100 to 400

|is. Rakov et al. [1996] found that bursts, or trains, of electric field pulses occurred in

both intracloud discharges and the intracloud portion of flashes to ground. The average

interpulse interval from bursts in six flashes was between 6 . 1 4s and 7.3 (is. The average

duration of bursts was 117-235 tis. Pulse amplitudes often increased initially, and then

142
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decreased, in the study of Rakov et al. [1996], In addition, Rakov et al. [1996] noted a

tendency for interpulse intervals to increase near the end of a burst.

Millisecond-scale ramps, or K-changes, in the electric field from lightning occur

during IC discharges and the intracloud portion of cloud-to-ground discharges (Kitagawa

and Brook, 1960; Kitagawa et al., 1962; Ogawa and Brook, 1964; Thottappillil et al.,

1990; Rakov et al., 1996). Krider et al. [1975] hypothesized that the regular bursts of

pulses observed in the electric field waveform of cloud discharges were related to K-

changes. Indeed, Rakov et al. [1996] found many pulse bursts occurred during electric

field ramps characteristic of K-changes. Ogawa and Brook [1964] suggested that K-

changes were associated with dart like streamers travelling near speeds of 2 x 10
6
m/s.

Shao et al. [1995] report speeds of K-processes between 10
6
and 10

7
m/s, similar to

speeds of dart and dart-stepped leaders. Furthermore, the bursts recorded by Rakov et al.

[1996] and Krider et al. [1975] occurred during the latter portion of discharges,

supporting the view that they were associated with previously conditioned sections of the

lightning channel, similar to dart and dart-stepped leaders.

We investigated pulse trains that occurred in 1 1 cloud discharges. Median interpulse

intervals and lengths of trains were similar to those of Krider et al. [1975] and Rakov et

al. [1996], Using individual source locations, we calculate average speeds of trains in the

manner described in Chapter 2. Speeds were 1.2 - 5.6 x 10
6
m/s, similar to dart-stepped

leader speeds near ground (Schonland',
1956; Orville and Idone, 1982; this work. Chapter

4). Additionally, the median interpulse interval was nearly independent of threshold,

allowing us to determine a “step length” as a measure of the average distance between

consecutive pulse sources, assuming that there was no channel extension between steps.
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Step lengths were between 7 and 30 m; consistent with the length of photographically

measured steps from dart-stepped leaders near ground (Schonland, 1956; Orville and

Idone, 1982). To our knowledge, these are the first estimates of speeds and step lengths

from intracloud pulse trains.

5,2,1 Results

We analyzed 35 pulse trains, each lasting 100 ps or more, that occurred in 11 cloud

discharges. Of these 35 trains, 30 spanned only a single data record (204.8 ps). It is

possible that pulses continued after the end of records, with pulse amplitudes being below

the trigger threshold of our system. The remaining five trains spanned multiple data

records. Unlike trains that occurred in channels to ground (Chapters 3 and 4), those in

cloud discharges were difficult to place in context of the overall flash since there was no

distinguishing event, such as the return stroke in a cloud-to-ground discharge, to serve as

a reference. In addition, the gaps between our data records, due to the configuration of

our recording system, made delineation of the flash structure very difficult. We chose,

therefore, to focus on characteristics of pulse trains such as average speed, median

interpulse interval, and the average step length defined here as the distance between

consecutive pulse sources.

A summary of the features of 35 IC pulse trains is presented in Table 5.1. Trains that

spanned multiple records are in italics. Median interpulse intervals varied from 2.1 ps to

12.6 ps at a 30 % threshold, with a mean value of 5.3 ps. At a threshold of 20 %, the

mean value of the median interpulse interval was 5.1 ps, not very different from its value

at a 30 % threshold. In fact, the median interpulse interval varied little with threshold, in
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Table 5.1. Summary of intracloud pulse trains

Flash Record Speed/10
6 % Error AT(30% AT(20%) As (30 %) Height

ID # m/s m/s ps ps m (km)

2541375 17 1.6 29 3.9 X 7.1 5.5

19 1.4 16 7.65 6.95 11.5 6.2

20 3.4 9 4.63 4.65 15 6.9

21 1.9 16 4.35 X 9 5.5

24 1.2 24 3.18 X 6.7 6.4

2541378 10 2.5 8 6.75 7.15 14.6 7.4

11 2.0 68 4.88 4.88 8.9 6.5

12 2.5 15 3.48 3.4 9.2 6.5

15 2.3 11 3.85 3.58 10.6 6.7

24 3.3 28 4 3.4 13.8 7.0

2541813 9 4.8 5 4 3.58 20.5 6.5

11 3.6 5 4.03 3.95 14.6 6.6

12 2.8 19 X 5.38 X 6.2

2541949 6 2.4 25 3.2 2.9 8 6.5

9 5.4 31 3.35 2.7 20.4 6.8

10 5.6 19 3.23 3.05 18.5 6.5

12 2.2 13 7.45 6.13 16.1 7.0

2541173 10 1.5 48 4.58 5.2 11.3 6.0

14 3.9 12 5.25 5.28 21 7.6

IS 2.5 45 8.6 8.63 17.5 7.3

20 3.5 25 3.95 3.8 14.9 6.6

23/24 2.1 9 12.55 8.5 20.7 7.5

2541979 4 4.7 27 4.7 4.73 20 7.1

17 1.3 26 9.3 5.95 10.1 6.9

19 1.9 16 7.15 3.55 15 7.8

20 2.5 7 4.03 3.9 11.9 6.6

2541581 6 2.4 12 4 4.15 9 6.1

11 2.6 15 5.35 5.2 13.1 6.2

2541363 7a 5.4 28 2.13 2.13 12.7 7.2

7b 2.2 18 5.65 5.65 12 7.1

8 2.9 14 6.05 5.85 16.1 8.2

9 1.8 38 10.6 9.65 25.6 7.9

2442822 8 2.5 33 3.58 3.58 8 6.4

15 2.2 29 4.93 4.4 11.6 6.9

17 2.3 32 8.2 7.03 17.2 7.2

21 2.7 7 10.8 7.9 30.2 7.5

2541931 3 2.5 23 5.75 5.8 15.4 8.2

11 2.4 24 3.55 3.55 10.5 7.1

2541361 20 2.6 8 4.6 4.6 11 5.8

24 2.5 13 6.6 6.58 17.9 6.5

Mean 2.7 5.3 5.1 14 6.8
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contrast to our earlier findings for pulse intervals in the waveforms of dart-stepped

leaders (Chapter 4). These values, 5.1 and 5.3 ps are similar to the average intervals of

Krider et al. [1975] and Rakov et al. [1996]. The average speed was calculated in the

manner described in Chapter 2, an average value found for each record (204.8 ps).

Average speeds were 1.2 - 5.6 x 10
6

m/s with a mean value of 2.7 x 10
6

m/s.

Multiplying the average speed of a train of pulses by its duration and dividing by the

number of dE/dt crossings yields an estimate of the distance between consecutive pulse

sources. We call this estimate the average step length. The number of dE/dt crossings

was found using a 30 % threshold. Step lengths were 7 - 30 m with a mean of 14 m. We

observed trains comprised entirely of pulses of positive polarity at all five stations as well

as trains comprised of pulses of negative polarity. In addition, we recorded several trains

with different polarities at different stations. We also noted both positive and negative

polarity pulses in the dE/dt trace at a single station, similar to the observation ofRakov et

al. [1996], A discussion of pulse polarities is reserved for section 5.4 of this chapter.

Several examples of pulse trains that occurred in IC discharges are presented next.

Flash 2541363

The dE/dt waveforms of two trains in flash 2541363 are illustrated in Figure 5.1.

Records 8 and 9 were triggered consecutively (30 ps gap) and were considered one train.

Sources were located 9 km west of the central recording site and are shown in Figure 5.2.

Movement of sources was in the direction of the arrow shown. The average speed during

record 7 was computed in two segments, designated a and b in Figure 5.1. The average

speed over segment a, lasting 33 ps, was 5.4 x 10
6
± 1.5 x 10

6
m/s, while that over
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Figure 5.1. dE/dt traces oftwo pulse trains in flash 2541363. Records

8 and 9 were triggered consecutively and were considered one train.
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Figure 5.2. dE/dt source locations of flash 2541363.
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segment b, lasting 92 ps, was 2.2 x 10
6 ± 0.39 x 10

6
m/s. The average speeds determined

from records 8 and 9 were 2.9 x 10
6 ± 0.42 x 10

6
m/s and 1.8 x 10

6 ± 0.69 x 10
6
m/s

respectively.

A graph depicting the median interpulse interval as a function of threshold is shown in

Figure 5.3. Two curves, corresponding to segments a and b in Figure 5.1, are displayed

for the train in record 7. Note particularly the lack of dependence of median interpulse

interval on threshold for the curves corresponding to records 7 and 8 of the flash. This is

in stark contrast to the dependence seen in the dart-stepped leaders of Chapter 4. Also

notice that section a of record 7 had a median interpulse interval less than half that of

section b, while its speed was more than twice as great. The average distance between

dE/dt sources, or “step length”, over section a of record 7 was 12.8 m. A similar step

length, 12.0 m, was found for section b. Thus the average step length remained nearly

constant while the median interpulse interval increased by a factor of 2.5 and the average

speed decreased by a like amount. Records 8 and 9 had average step lengths of 16.1 m

and 25.6 m respectively.

Flash 2541813

The dE/dt waveforms of two trains that occurred in the same channel 53 ms apart in

flash 2541813 are shown in Figure 5.4. Records 11 and 12 were triggered consecutively

and comprised a single train. Sources were located 10.6 km NW of the central recording

site and are shown in Figure 5.5. Sources from the second train, “+”, retrace those of the

first, “O”, except for a cluster near (-8.0, 7.5, 6.2) km. The average speed during record 9

was 4.8 x 10
6
± 0.24 x 10

6
m/s. The average speeds of records 11 and 12 were 3.6 x 10

6

±0.18 x 10
6
m/s and 2.8 x 10

6 ± 0.53 x 10
6
m/s respectively. A plot of the median
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Figure 5.3. Median interpulse interval vs threshold for the pulse trains of

flash 2541363. Threshold ranges from 4 standard deviations above the

noise level to 50 % ofthe largest dE/dt pulse in each train.
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Figure 5.4. dE/dt traces oftwo pulse trains of flash 2541813. Records 1 1 and 12

were triggered consecutively and were considered one train.
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Figure 5.5. dE/dt source locations for sources of records 9, 1 1, and 12 of

flash 2541813. Sources of record 9 shown as "O", and those of records 1

1

and 12 as "+".
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interpulse interval vs. threshold is presented in Figure 5.6. Again, the median interpulse

interval was nearly independent of threshold. Notice that between records 11 and 12

there was a decrease in speed accompanied by an increase in median interpulse interval,

consistent with the relationship between leader speed and median interpulse interval we

found for the dart-stepped leaders of Chapter 4. Average step lengths were 20.6 m and

15.6 m respectively for records 9 and 11. No step length was estimated for the train in

record 12 since there were fewer than 5 crossings at a threshold of 30 %.

Flash2541361

The dE/dt waveforms from two trains in flash 2541361 are shown in Figure 5.7.

These trains differed from those in the first two flashes of this section because they were

comprised of pulses of opposite polarity to those in Figures 5.1 and 5.4. In addition, the

vertical component of source to source progression was upward. In other respects, the

two trains were similar to those already presented. The speeds during records 20 and 24

were 2.6 x 10
6 ± 0.2 x 10

6
m/s and 2.5 x 10

6
± 0.3 x 10

6
m/s respectively. Figure 5.8

shows a plot of median interpulse interval vs. threshold for each of the trains. Again,

there was little dependence of interval on threshold. Step lengths were 11m and 18 m

respectively for records 20 and 24.

5,2.2. Discussion

The median interpulse interval from IC discharges was 5.1 ps at a 20 % threshold and

5.3 ps at a 30 % threshold respectively. These intervals are similar to the intervals

between pulses in the electric field from IC pulse trains found by Krider et al. [1975] and
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Figure 5.6. Median interpulse interval vs. threshold for the trains of flash

2541813. Threshold ranges from 4 standard deviations above the noise

level to 50 % ofthe largest dE/dt pulse in each train.
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Rec # 20

Rec # 24

Figure 5.7. dE/dt trace oftwo trains of flash 2541361.
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Figure 5.8. Median interpulse interval vs. threshold for trains of flash 2541361.

Threshold ranges from 4 standard deviations above the noise level to 50 % of

the largest dE/dt pulse.
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Rakov et al. [1996], Rakov et al. [1996] noted a tendency for pulse intervals to increase

throughout a sequence. The first train of flash 2541363 illustrates this tendency. Note

again record 7 in the top trace of Figure 5.1. Figure 5.9 summarizes the change in pulse

interval with time. The first few pulses, at the beginning of the train, occur less than 2 ps

apart. The time between pulses increases with time, approaching 6 ps near the end of the

record. While not all IC pulse trains exhibited such an increase in interval with time,

none showed a decrease in interpulse interval with time. The increase was most notable

near the beginning of a train, such as record 7 of flash 2541363 (Figure 5.1), but was seen

to a lesser degree in the latter portions of trains as well. Take for example record 1 1 of

flash 2541813 (Figure 5.4). A plot of pulse interval vs. pulse number is shown in Figure

5.10 for record 11. There was a tendency for intervals to increase throughout the record.

Notice that the smallest interval is near 3 ps. Intervals smaller than this were typically

associated with the beginning of trains, such as in the top trace of Figure 5.1. In this

respect, IC pulse trains were similar to dart-stepped leaders, in which the shortest

intervals also occurred near the beginning ofthe leader.

Krider et al. [1977] noted that pulse amplitudes often decreased during a sequence.

Rakov et al. [1996], however, found that individual pulse amplitudes showed a tendency

to first increase and then decrease throughout a sequence. Rakov et al. [1996] suggested

the beginning of trains recorded by Krider et al. [1975] consisted of pulses with

amplitudes that were too small to trigger their system, resulting in their missing the

beginning of trains. We find variations in dE/dt pulse amplitudes during bursts. The

train in record 7 of flash 2541363 (Figure 5.1) is an example of one that first increased in

amplitude and then decreased. The beginning of the train was characterized by small
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Figure 5.9. Interpulse interval vs. pulse number for the first train (rec # 7)

of flash 2541363. A threshold of20 % was used to determine pulse intervals.
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Pulse number

Figure 5.10. Interpulse interval vs. pulse number in record 1 1 of flash 2541813.

A 20 % threshold was used to determine pulse intervals.
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pulses, separated by about 2 ps. Pulse amplitudes increased with time, as did the time

between pulses, with pulse amplitudes again becoming smaller near the end of the record.

Pulse amplitudes in record 9 of flash 2541813 (Figure 5.4) showed a clear tendency to

become smaller towards the end of the record. We missed the beginning of this train and

as a result, it appears like many of the trains of Krider et al. [1975], Pulse amplitudes of

records 11 and 12 (comprising a single train) of flash 2541813 (Figure 5.4) exhibit

several fluctuations in amplitude before decreasing near the end of the train in record 12.

No further analysis of pulse amplitude is undertaken at this point because pulse

amplitudes were found to be sensitive to channel orientation (see Figure 5.31 e.g.).

Speeds of IC pulse trains ranged from 1.0 - 5.6 x 10
6
m/s with a mean value of 2.7 x

10
6
m/s. These speeds are similar to speeds of K-processes, 10

6 - 10
7
m/s, measured by

Rhodes et al. [1994] and Shao et al. [1995], Unfortunately we lacked slow field records

necessary to detect whether K-changes accompanied pulse trains. However, it is likely

that some of the pulse trains were associated with K-changes as suggested by Krider et

al. [1975] and confirmed by Rakov et al. [1996], Krider et al. [1975] also hypothesized

that intracloud pulse trains were the result of an intracloud dart-stepped leader process.

We find some evidence to support this theory. In addition to the fact that pulse intervals

were similar to those of dart-stepped leaders near ground, speeds of IC pulse trains were

in good agreement with those of dart-stepped leaders near ground (e.g. Schonland, 1956;

Orville and Idone, 1982). Further evidence in support of this hypothesis can be found by

examining flash 2541813. Recall Figure 5.5 showing the locations of sources from two

pulse trains separated by 53 ms. Locations of sources in record 1 1
(“+”) retraced those in

record 9 (“O”). Thus, pulse sources from the second train followed a previous channel,
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analogous to a dart-stepped leader that follows an existing channel to ground. Krider et

al. [1975] and Rakov et al. [1996] also found IC trains to occur in the latter portion of

discharges, suggesting the trains were associated with processes in old channels rather

than with new breakdown. However, there were some differences between IC trains and

dart-stepped leaders in our study and these are discussed in section 5.3.

Since the median interpulse interval was nearly independent of threshold (see Figures

5.3, 5.6, 5.8), we found it convenient to define an average step length between

consecutive pulse sources. Average step lengths were 7 — 30 meters with a mean value of

14 m. To our knowledge, these are the first reports of the average step length between

pulse sources of intracloud pulse trains. Step lengths are consistent with those from dart-

stepped leaders near ground found by Schonland [1956], 7 - 25 m, and Orville and Idone

[1982], 10 - 30 m. To see if there was any correlation between average step length and

interpulse interval we plot the two quantities against each other in Figure 5.11. Each

point on the graph represents measurements over a portion of a single record listed in

Table 5.1. With the exception of record 7 of flash 2541363, pulse intervals were fairly

constant during the portion of the record used to determine average step length. Median

interpulse intervals were calculated using a threshold of 20 %. There appears to be some

correlation between average step length and median interpulse interval, although there is

a lot of scatter on the plot. We also investigated average step length vs. average speed.

This relationship is shown in Figure 5.12. Correlation was worse than in Figure 5.11

(step length vs. median interpulse interval). An interesting relationship between average

step length and interpulse interval is found in flash 2541363 (Figure 5.1). Recall that the

train of record 7 was divided into two sections, a and b. The median interpulse interval
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increased by a factor of 2.5 from section a to b, and was accompanied by a corresponding

decrease in speed by a factor of 2.5. Thus the average step length remained nearly

constant at 12 - 13 m while both the average speed and median interpulse interval

changed. The tendency for intervals to increase during a sequence suggests it might be

instructive to investigate the relationship between pulse interval and average step length

within individual trains to determine whether the step length remains nearly constant, as

in flash 2541363, or changes over the course of the train. The determination is best made

from the beginning of the train where pulses occur more frequently, and speeds are

greater, thus allowing measurable changes in these quantities during a sequence.

Unfortunately, we missed the beginning of most trains in Table 5.1 and more data must

be obtained before a thorough study can be attempted. The existing data set may be

sufficient for this once more flashes are analyzed for these features.

The median interpulse interval during the trains in Table 5.1 did not decrease during

any train, and often increased (see e.g. Figures 5.1, 5.9 and 5.10). All of the trains that

spanned two records showed an increase in median interpulse interval across records.

Conversely, no train exhibited an increase in speed while some were observed to

decrease. Three of the four trains that spanned more than one record decreased in speed

between consecutive records, the speed of the fourth remained essentially constant. Also,

recall that the train in record 7 of flash 2541363 (Figure 5.1) decreased in speed while the

median interpulse interval increased. Individual IC trains therefore exhibit an inverse

relationship between average speed and median interpulse interval, similar to the dart-

stepped leaders of Chapter 4. A plot of median interpulse interval vs. speed for records in

Table 5. 1 is shown in Figure 5.13. There appears to be a tendency for higher speeds to be
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associated with shorter interpulse intervals, although the correlation was worse than that

associated with records of dart-stepped leaders (Figure 4.16), 0.28 compared to 0.53.

5.2.3 Conclusions

Intracloud pulse trains were characterized by median interpulse intervals, average

speeds, and average step lengths similar to those found in dart-stepped leaders near

ground, supporting the hypothesis of Krider et al. [1975] that IC pulse trains are

associated with an intracloud dart-stepped leader process. In one case we found sources

to retrace locations active in a previous train, similar to the retracing of the channel to

ground of dart-stepped leaders and leaders preceding new terminations. We have

discussed, individually, trains of electric field pulses from (1) dart-stepped leaders

(chapter 4), (2) leaders preceding new terminations (chapter 3), and (3) intracloud

discharges. We now turn to a discussion of a comparison of some of the properties

associated with each. We find that, despite similarities, several important differences do

exist. These are explored in the next section.

5,3 Pulse Train Comparison

Similarities in interpulse interval and average speed exist among the pulse trains

described above. The time between electric field pulses from dart-stepped leaders are

similar to the interval between pulses of intracloud pulse trains (Krider et al., 1975;

Krider et al., 1977, Rakov et al., 1996). In addition to similarities in the electric field

signatures, there are reports of similar speeds for dart leaders and K-processes. Rhodes et

al. [1994] found essentially no difference between dart leaders and K-processes, except



167

the former had enough energy to reach ground. Shao et al. [1995] found speeds between

1 - 2 x 10
6
m/s and 2 - 4 x 10

7
m/s for dart leaders and K-processes. Additionally,

Rhodes et al. [1994] and Shao et al. [1995] found that at VHF attempted leaders (those

following a previous channel to ground but not reaching ground) often produced K-

change type fields and traveled at speeds similar to K-processes. They postulated that

except for their greater extent, attempted leaders were similar to K-processes. Shao et al.

[1995] argued that at VHF, dart leaders, attempted leaders, and K-changes are one in the

same process.

From the previous discussion and the results of Chapter 3, 4 and section 5.2, it follows

that similarities exist between the three types of pulse trains we have identified. In this

section we compare characteristics such as average speed and median interpulse interval

for trains in each category. Among the similarities we find are a non-increase in speed

and a tendency for pulse intervals to increase during a sequence. Some differences are

noted as well, namely speeds at the beginning of trains, speeds and pulse intervals at

common heights in channels to ground, and the dependence of pulse interval on

threshold.

5.3.1 Average Speeds

Krider et al. [1975] suggested that intracloud pulse trains were the result of an

intracloud dart-stepped leader type process. Indeed, in section 5.2, we found that average

speeds of intracloud trains were similar to those of dart-stepped leaders near ground.

Recall also that the average speeds of leaders preceding new terminations (Chapter 3)
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were in good agreement with those of dart-stepped leaders near ground. The mean speed

of 40 IC records was 2.7 x 10
6
m/s and the distribution of speeds is shown in Figure 5.14.

Similarly, for 82 measurements, comprising seventeen leaders preceding new

terminations, the mean speed was 3.1 x 10
6
m/s. The mean speed from 30 records in

seven dart-stepped leaders was 8.0 x 10
6

m/s. Speeds of dart-stepped leaders were

between 1.4 x 10
6
m/s and 35 x 10

6
m/s. The range of observed speeds was smaller in IC

trains and leaders preceding new terminations, 1.2 - 5.6 x 10
6
m/s and 1.2 - 12 x 10

6
m/s

respectively. The observed minimum speeds from trains in each category were similar,

near 1 x 10
6
m/s. Upper limits, however, were quite different, as each dart-stepped leader

exhibited a speed in excess of 10 x 10
6
m/s, greater than the speed observed in any record

of an IC train and all but two records of leaders preceding a new termination to ground.

The high dart-stepped leader speeds are about an order of magnitude greater than those

measured near ground by Schonland [1956], but similar to the upper limit of dart-stepped

leader speeds measured by Orville and Idone [1982] and dart-leader speeds ofRhodes et

al. [1994] and Shao etal. [1995].

Recall that the highest speeds in dart-stepped leaders occurred during the first record

(204.8 (j.s), corresponding to the beginning of the dE/dt waveform and the highest source

locations of leaders. Consider again Figure 4.14 illustrating dart-stepped leader speed vs.

height. In each leader, speed decreased with decreasing height and with time from the

beginning of the leader. No leader increased in speed towards ground, except for two

that joined old channels (section 4.3). This result was in agreement with the results of

Schonland [1956] and Mach and Rust [1997]. A similar analysis for leaders preceding

new terminations to ground, see Figure 5.15, shows that while three leaders exhibited an
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Figure 5.14. Histogram of speeds during IC records. Mean value shown.
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appreciable decrease in speed with decreasing height, most were nearly constant (within

our measurement errors) during the dart-stepped leader phase. This could be a result of

our failure to trigger on the start of such leaders, assuming they were similar to those in

Figures 4.2 and 4.6. In each of the three leaders that decreased markedly in speed in

Figure 5.15, the highest speed occurred during the first leader record. Figure 3.8 shows

the dE/dt waveform of one such leader. Notice that even though the beginning of the

leader was missed, it appears similar to that early in the dart-stepped leader (see Figure

4.2 e.g ). Only one of seventeen leaders increased in speed towards ground. The increase

may be exaggerated since source locations were in the lowest kilometer of the channel

were errors were largest. None of the IC trains in Table 5.1 exhibited an increase in

speed. In fact, three of four IC trains that spanned multiple records decreased in speed

between successive records, the speed of the fourth remained essentially unchanged (see

Table 5.1). In addition, a decrease in speed over a short interval was noted during the

first train of flash 2541363 (see Figure 5.1). Therefore, average speeds of pulse trains in

each category did not increase, and often decreased, with time.

Each of the three types of processes identified takes place in a previously ionized

channel, similar to a dart leader prior to a subsequent stroke. Schonland [1935, 1956]

found that dart leader speeds often decreased towards ground and never increased. All

but four of the dart leaders of Orville and Idone [1982] decreased in speed, the increases

for the other four (a factor of two) may have been apparent due to the use of a 2-D

photograph. Winn [1965] describes luminous ionizing waves, similar to dart leaders,

which decrease in velocity when traveling along defunct laboratory spark channels. A

decrease in speed for the three processes described is therefore not unexpected.
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Shao et al. [1995] found that a change in the apparent conductivity along a channel

affected the nature of the radiation of a breakdown event along that channel. They

observed several breakdown events (dart leaders, M-components) that joined an earlier

section of channel and subsequently increased in intensity at VHF. We found a similar

situation to exist in the two subsequent leaders of section 4.3. Each of these leaders

exhibited an increase in speed of nearly an order of magnitude. In one case, the leader

was confirmed to have joined an earlier channel section, presumably with a higher

conductivity, hence, the increase in speed. These are the only cases of measurable

increases in speeds of the current study.

Comparison of Figures 4.14 and 5.15 shows that dart-stepped leaders and leaders

preceding new terminations spanned similar heights in our study. Although both

occurred in existing channels to ground, the average speeds of dart-stepped leaders were

noticeably faster than leaders preceding new terminations, at heights of 3 - 6 km. Each

of the seven dart-stepped leaders of Table 4. 1 was observed to begin between 3-6 km

high with a speed in excess of 10 x 10
6

m/s. Only three of seventeen leaders that

preceded new terminations exhibited speeds near 10 x 10
6
m/s. Recall that we did not

record the beginning of any leader preceding a new termination and it is possible that

these leaders exhibited higher speeds prior to our recording them. We may also assume

that if this were the case, these leaders began at greater heights than the dart-stepped

leaders in Table 4.1. It is interesting to note that there was a large difference in the age of

the channel followed by dart-stepped leaders vs. that followed by leaders preceding new

terminations. The seven dart-stepped leaders occurred after a geometric mean interval of

69 ms from the preceding stroke. Seventeen leaders that preceded new terminations to
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ground occurred after a geometric mean interval of 119 ms from the preceding stroke,

nearly twice as long as the interval preceding dart-stepped leaders. There is evidence for

slower leader speeds following longer inter-stroke intervals. Schonland et al. [1935]

found lower dart leader speeds with increasing time from the previous stroke and

suggested this was a result of a decrease in the channel conductivity with time. Jordan et

al. [1992] also found a tendency for lower leader speeds to be associated with longer

preceding interstroke intervals. Data of Brook and Kitagawa [published in Winn, 1965]

also support this finding. Winn [1965] also found that luminous waves, similar to dart

leaders, decreased in velocity with increasing decay time when traveling along a 10 cm

spark channel in atmospheric air.

For completeness, a plot of average speed vs. height for IC pulse trains is shown in

Figure 5.16. There appeared to be no relationship between source heights and average

speeds of IC pulse trains. Average source heights from 35 records were between 5.5 km

and 8.2 km high. It is interesting to note that this height range corresponds to the

negative charge region of the cloud, 6-8 km high, in Florida thunderstorms [Krehbiel et

al., 1983], No trains were observed at heights above 8.2 km, heights that might be

associated with the positive charge region of the cloud.

5.3,2 Median interpulse intervals

The electric field from both dart-stepped leaders and IC trains contain pulses that

occur at regular intervals. Krider et al. [1977] found an average of 6.5 ps between

electric field pulses of dart-stepped leaders 200 ps prior to return strokes in Florida.

Krider et al. [1975] and Rakov et al. [1996] found averages of 6.1 ps and 6 - 7 ps
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respectively, between electric field pulses in IC trains. We have measured the median

interpulse interval for waveforms associated with each of the three processes identified.

Since the median interpulse interval for dart-stepped leaders was dependent on threshold,

we chose one threshold, 20 %, at which to compare intervals. We chose 20 % because at

this threshold there appeared to be a one-to-one correspondence between electric field

pulses and their derivatives, thus allowing comparison with results in the literature for the

time between electric field pulses. Figure 5.17 illustrates both E and dE/dt for a portion

of each type of pulse train. Pulses in the E waveform had a corresponding dE/dt pulse, at

a threshold of 20 %. Analysis of the E waveform proved difficult due to artificial low

frequencies introduced through integration. Also note that electric field pulses,

particularly those associated with IC trains, were not symmetrical, i.e., they had a sharper

rise than fall. These are unlike the more symmetrical pulses measured by Krider et al.

[1975], A separate analysis of median interpulse intervals at smaller thresholds is

undertaken later in this section. Histograms of the number of records vs. the median

interpulse interval for IC and leaders preceding new terminations are shown in Figures

5.18 - 5.20. The median interpulse interval for pulse trains in IC discharges had a mean

value of 5.1 pis. The median interpulse interval for records of leaders preceding new

terminations had a mean value of 7.6 pis. Each of these values is similar to the inter-pulse

intervals for the trains of Krider et al. [1975], Krider et al. [1977], and Rakov et al.

[1996], The mean value of median interpulse interval for dart-stepped leaders was 2.8

pis, however, interpulse intervals increased significantly with time. The median

interpulse interval for the first record of dart-stepped leaders averaged 1.6 pis at a

threshold of 20 %, and increased to 4. 1 pis during the last record. This latter value is in
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Figure 5.18. Histogram ofthe interpulse interval in IC pulse trains. A threshold

of 20 % was used to find intervals. The mean value is indicated on the graph.
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was used to find intervals. The mean value is indicated on the graph.
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better agreement with intervals from IC pulse trains and leaders preceding new

terminations to ground. The average pulse intervals of Krider et al. [1977] from dart-

stepped leaders and those of Krider et al. [1975] and Rakov et al. [1996] from IC trains

are similar to those from trains in each of the three categories of the current study if a

threshold of 20 % is assumed and measurements are confined to the final record of dart-

stepped leaders.

As we have seen, the median interpulse interval increased with time during dart-

stepped leaders. Median interpulse intervals for IC pulse trains also showed a tendency

to increase with time, although more rapidly than dart-stepped leaders. The seven dart-

stepped leaders averaged 1.0 ms in duration and spanned between 4 and 7 records.

Median interpulse intervals increased from an average of 1.6 ps to 4.1 ps over the course

of leaders. In IC trains an increase in median interpulse interval was often noticeable

within a single record (204 ps). Figures 5.9 and 5.10 are examples of such increases.

The time between dE/dt crossings increased from less than 2 ps to near 6 ps during 200

ps in record 7 of flash 2541363 (see Figures 5.1 and 5.9). A smaller increase, from 4 ps

to 5 ps, was seen in record 1 1 of flash 2541813 (Figures 5.4 and 5.10). While the median

interpulse interval for dart-stepped leaders increased with successively later leader

records, little systematic change was noticeable within a record. Figure 5.21 shows the

time between dE/dt crossings vs. crossing number for records 19 - 22 of the second

leader of flash 2541679 (Figure 4.2). The median interpulse interval is marked on each

graph and increased between records. Little systematic change in interval was seen

within any given record. Pulse trains associated with the dart-stepped leader portion of
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Figure 5.21. Interpulse interval vs. pulse for the second leader in flash

2541679. The median interval between crossings is shown on each trace.
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leaders preceding new terminations showed no systematic change in interval either within

an individual record or over several records.

We find median interpulse intervals for dart-stepped leaders and IC discharges to

systematically increase with time. The increase found in the case of IC trains is

consistent with the findings of Krider et al. [1975] and Rakov et al. [1996], We provide

microsecond-scale measurements of the dart-stepped leader for times greater than 200 p.s

prior to the return stroke, the first such measurements. We find median interpulse

intervals during dart-stepped leaders to increase with time, similar to those for IC trains.

We now turn to a discussion involving the relationship between average speed and

median interpulse interval.

Average speed vs. median interpulse interval . The preceding discussions suggest a

possible correlation between average speed and median interpulse interval in pulse trains,

namely, a decreasing leader speed with an increasing median interpulse interval. Each of

the seven dart-stepped leaders in Table 4.1 showed a decrease in speed towards earth

accompanied by an increase in the median interpulse interval. This was summarized in

Figure 4.15, where leader speed was plotted vs. median interpulse interval (@ 20 %) for

each of the leaders of Table 4.1. A scatter plot of speed vs. median interpulse interval for

all records in Table 4.1 (Figure 4.16) showed good correlation (R
2 = 0.53), especially

when the two branches of flash 2541672 were taken into account. Pulse trains in cloud

discharges also exhibited a decrease in speed and an increase in median interpulse

interval. This was the case for three of the four trains that spanned multiple records as

well as within the first train of flash 2541363 (see Figure 5.1). Figure 5.13 shows the

relationship between speed and median interpulse interval for all records of cloud
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discharges. Overall, correlation was weaker (R
2 = 0.28) than in the case of dart-stepped

leaders (R
2 = 0.53, see Fig. 4.16) and there was quite a bit of scatter. A similar plot for

the dart-stepped portion of leaders preceding new terminations is shown in Figure 5.22.

Correlation was similar to that ofIC trains (Figure 5.13).

Notice in Figure 4.16 that all five dart-stepped leader records, with median interpulse

intervals greater than 4 ps, were associated with average speeds of less than 5 x 10
6
m/s

while the average speeds of 15 of 19 leader records with intervals less than 4 ps exceeded

5 x 10
6

m/s. Figure 5.22 indicates that all 46 records of leaders preceding new

terminations, with median interpulse intervals of 4 ps or greater, had average speeds less

than 5 x 10
6
m/s, a result similar to that of dart-stepped leaders. Four of seven records of

leaders preceding new terminations had interpulse intervals less than 4 ps and speeds

greater than 5 x 10
6
m/s. All 23 records of intracloud trains, Figure 5.13, with intervals

that exceeded 4 ps, had speeds less than 5 x 10
6
m/s. Only three of fourteen records with

intervals less than 4 ps had speeds that exceeded 5 x 10
6
m/s, although the three did

correspond to records with the smallest median interpulse intervals. We observed no

trains, associated with any of the three processes, that consisted of pulses separated by 4

ps or greater, with an average speed in excess of 5 x 10
6

m/s. Dart-stepped leader

records with speeds exceeding 5 x 10
6
m/s were almost always associated with median

interpulse intervals less than 4 ps. IC pulse trains and leaders preceding new

terminations rarely exhibited speeds greater than 5 x 10
6
m/s (3 of40 and 4 of 53 records,

respectively), and those that did were associated with median interpulse intervals less

than 4 ps in each case. The reason we find so few records of IC pulse trains and leaders

preceding new terminations with speeds greater than 5 x 10
6
m/s may be because we
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appear to miss the beginning of these trains. Pulses occurring more frequently than every

4 pis were often associated with the beginning of trains (see Figures 4.2, 4.6, 5.1).

Median interpulse interval vs. threshold . The median interpulse interval of dart-

stepped leaders was a sensitive function of the amplitude used to determine intervals.

This is clearly visible in the median interpulse interval vs. threshold curves in Figures 4.4

and 4.7. The average median interpulse interval at a threshold of 8 % was 1.4 p.s for the

dart-stepped leader records in Table 4.1. At a threshold of 20 % the average median

interpulse interval doubled to 2.7 p.s. The reason for these differences was examined in

the second leader of flash 2541679 (Figures 4.2, 4.4, 4.17). During the last record of the

leader we found a median interpulse interval of 4.7 tis at a threshold of 20 %. At this

threshold only the large pulses in Figure 4.17 contributed to the median interpulse

interval. At a threshold of 8 %, the median interpulse interval during the same record

was 2.0 ns, less than half its value at a 20 % threshold. Small pulses on one channel,

responsible for this difference, often could be aligned with common pulses on another,

indicating the pulses originated from locations near to the channel to ground. In contrast

to pulse trains associated with dart-stepped leaders, little dependence was found between

median interpulse interval and threshold for IC pulse trains (Figures 5.3 and 5.6).

Consider the train of record 11 in flash 2541813 (Figure 5.4) again. The median

interpulse interval between crossings was nearly independent of threshold (Figure 5.6).

The median interpulse interval increased by only 10 % between thresholds of 8 - 50 %.

Close examination of the leader waveform (Figure 5.23) shows no discernable pulses

between the large, regularly occurring pulses, even at thresholds below 8 %. As another
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example, consider the train of record 20 in IC flash 2541361 (Figure 5.24). Again, no

pulses other than the regularly occurring large pulses are found. A common feature

among pulse trains in IC discharges was the lack of smaller pulses, the result being little

dependence of median interpulse interval on threshold. Median interpulse intervals of

leaders preceding new terminations to ground exhibited some dependence on threshold.

Figure 5.25 shows a curve of median interpulse interval vs. threshold for record 13 of the

leader preceding the new termination in flash 2541403 (see Figure 3.3 and Chapter 3 for

analysis). There are two distinct regions on the plot. Between thresholds of 10 and 30 %

the variation in median interpulse interval was relatively small within a record. At

thresholds below 10 %, down to 4 %, the median interpulse interval decreases

substantially from its value at 10 %. For example, the median interpulse interval in

record 13 dropped from 4.4 ps at 10 % to 1.3 ps at 4 %. A closer look at the dE/dt

waveform will reveal the reason for this. Inspection of Figure 5.25 reveals that many of

the dE/dt pulses found at the lower threshold can be attributed to what appears to be the

recovery of the dE/dt signal after large pulses, i.e., a dE/dt pulse following within about 2

ps of a large pulse. This was not the case in the dart-stepped leader of flash 2541679

(Figure 4. 17). Only a few of the dE/dt pulses in that case could be considered to be part

of the recovery of a larger pulse. The smaller pulses present in the dart-stepped leader

were interspersed between the larger pulses and could often be aligned with common

pulses on other channels, the alignment being similar to that of the larger pulses,

suggesting that the smaller pulses were radiated from a location near those of the larger

pulses. The pulses associated with the “recovery” in the dE/dt waveform in Figure 5.25,

often appear different at different stations. In this case it may be incorrect to consider
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Figure 5.25. Expanded time view of a portion of the leader preceding the

second stroke of flash 2541403.
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these crossings as coming from separate sources as they may be related to the source

responsible for the larger pulse. Figure 5.26 shows the dE/dt waveform for the leader

preceding a new termination in flash 2540666. This waveform appears similar to those

of IC trains of this section. Median interpulse interval varied little with threshold, a vast

majority of the crossings resulting from the large dE/dt pulses. Like the leader in flash

2541403, some larger pulses are associated with more than one crossing at a small

threshold. These pulses, however, are again different from those in the dart-stepped

leader of flash 2541679 as they do not appear to be associated with separate sources.

There were differences in the median interpulse interval for trains in each category.

Median interpulse intervals in IC trains were largely independent of threshold. Dart-

stepped leaders were characterized by median interpulse intervals that depended heavily

on threshold. At the smallest threshold, dE/dt pulses were present that appeared to

originate from the channel to ground. These smaller pulses were of insufficient

amplitude so as to be included at thresholds of 20 - 30 %. Median interpulse intervals of

leaders preceding new terminations to ground exhibited some dependence on threshold.

In one case it appeared that the recovery of large dE/dt pulses produced dE/dt crossings at

small thresholds. These crossings did not appear to be the result of a separate source, but

rather, part of the preceding dE/dt pulse

5.3,3 Step lengths

Optically determined lengths of individual steps of dart-stepped leaders near ground

are on the order of tens of meters. Schonland [1956] found step lengths from 7 - 25 m.

Orville andldone [1982] estimated step lengths between 10 - 30 m. No estimates of step



dE/dt

dE/dt

dE/dt

dE/dt

191

0 5 10 15 20 25 30 35 40 45 50

150 155 160 165 170 175 180 185 190 195 200

Figure 5.26. Expanded time view of a portion ofthe leader preceding the second

stroke of flash 2420666.
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lengths are available from intracloud processes, such as the pulse trains recorded by

Krider et al. [1975] and Rakov et al. [1996], We find average step lengths between

consecutive pulse sources in intracloud trains to be 7 - 30 m, similar to those from dart-

stepped leaders near ground. Average step lengths were estimated by counting the

number of dE/dt crossings at a 30 % threshold. The choice of a different threshold did

not appreciably change these values since intervals in IC discharges were nearly

independent of threshold. This was not the case, however, for the dart-stepped leaders of

Chapter 4. Recall that the median interpulse interval increased with increasing threshold

(see Figures 4.4 and 4.7 for example). Clearly the average step length, as we define it,

will vary as a function of the threshold used to determine the number of dE/dt crossings.

Average step lengths in dart-stepped leaders spanned 4 - 108 m at thresholds between 8 -

30 %, the upper limit much larger than values reported in the literature. Median

interpulse intervals during the final record of dart-stepped leaders averaged 4.8 p.s at a

threshold of 30 %. This value is similar to the average pulse interval of 5 - 6 p,s reported

by Schonland [1956] and Krider et al. [1977] from dart-stepped leaders near ground.

Using this threshold, the average step length during the final record of dart-stepped

leaders would be 13 - 39 m. These step lengths are in good agreement with optical

measurements of individual dart-step lengths near ground, 10 - 30 m (e.g., Schonland,

1956; Orville and Idone, 1982). It appears, therefore, that the large pulses (amplitudes at

30 % or larger) in the dE/dt waveform, 200 (is prior to return strokes, correspond to the

optically observed steps in dart-stepped leaders. The presence of smaller pulses leads to

more dE/dt crossings at lower thresholds, resulting in a smaller estimate of the average

step length. Assuming a threshold of 8 %, step lengths would be only 4 - 12 m during
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the final record of leaders, 2-3 times smaller than those found using crossings at a 30 %

threshold. The smaller pulses responsible for this difference appear to originate from

sources near the channel to ground but may not be visible on optical records.

Average step lengths in leaders preceding new terminations to ground were between

11 - 53 m using a threshold of 30 % to determine the number of dE/dt crossings. These

are similar to those in cloud discharges mentioned above. Therefore, average step

lengths, defined using a 30 % threshold, associated with trains in each of the three

categories were similar if we again limit our measurements to the final record of dart-

stepped leaders.

5,3,4 Conclusions

Pulse trains in this study were associated with three different processes. Two of these,

dart-stepped leaders and leaders preceding new terminations, occurred in channels to

ground, the third in IC discharges. Several common features were associated with each

type of train. The first of these was a non-increase in speed. Dart-stepped leaders and IC

trains often exhibited a noticeable decrease in speed with time. Leaders preceding new

terminations were nearly constant in speed. Two dart-stepped leaders were observed to

increase in speed (see section 4.3) as the result of joining a newer section of channel.

Mean speeds of leaders preceding new terminations and IC trains were 3.1 x 10
6
m/s and

2.7 x 10
6
m/s respectively, similar to speeds of dart-stepped leaders observed optically

near ground. Speeds of dart-stepped leaders of the current study near ground (lowest 1

km), were 3.6 x 10
6
m/s, in good agreement with those of the other two types of trains.
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Another common characteristic was an increase in the median interpulse interval with

time. Both dart-stepped leaders and IC trains showed a systematic increase in median

interval with time. Leaders preceding new terminations, however, exhibited no

systematic change in median interpulse interval with time. The median interpulse

interval in IC trains averaged 5.1 ps at a threshold of 20 % of the maximum pulse

amplitude. A slightly higher value, 7.6 ps, was associated with leaders preceding new

terminations to ground. Both of these intervals are similar to interpulse intervals in the

literature. Median interpulse intervals, at 20 %, were 4.1 ps during the final record of

dart-stepped leaders. This was slightly less than the interval found in IC trains, but also

consistent with the time between dart-stepped leader steps near ground reported in the

literature.

We found an inverse relationship between average speed and median interpulse

interval. Each of the seven dart-stepped leaders in Table 4.1 decreased in speed and

exhibited an increase in the median interpulse interval. Likewise, trains in IC discharges

decreased in speed, accompanied by an increase in the median interpulse interval. The

relationship also proved valid for the two subsequent leaders that increased in speed in

section 4.3. Each of these showed a decrease in median interpulse interval while

increasing in speed. Scatter plots for records of each type of train showed the inverse

relationship between average speed and median interpulse interval to different degrees.

The best correlation was associated with dart-stepped leaders. Weaker correlation was

seen in the case of IC trains and leaders preceding new terminations to ground. All three

scatter plots were consistent with trains of pulses with median interpulse intervals greater

than 4 ps (20 % threshold) being associated with speeds less than 5 x 10
6
m/s. All trains
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with average speeds exceeding 5 x 10
6
m/s were associated with median interpulse

intervals less than 4 ps.

Despite the similarities mentioned above, several important differences between pulse

trains were found. While maximum average speed during IC trains was 5 x 10
6
m/s,

several leaders preceding new terminations exhibited speeds near 10 x 10
6
m/s. The

maximum speed in dart-stepped leaders was 35 x 10
6
m/s. In fact, the beginning of each

dart-stepped leader was characterized by a speed greater than 10 x 10
6
m/s, greater than

the speed observed in either ofthe other two types of trains.

Median interpulse intervals associated with dart-stepped leaders varied both as a

function of time and threshold. At a 20 % threshold, median interpulse intervals of dart-

stepped leaders averaged 4.1 ps near ground (lowest 1 km). However, at a similar

threshold, intervals averaged only 1.6 ps near the beginning of leaders, half that near

ground. This is the first report of the microsecond scale nature of the dart-stepped leader

electric field more than 200 ps prior to the return stroke. Median interpulse intervals

were much shorter earlier in the leader, and smaller than the shortest time between dart-

stepped leader steps quoted in the literature. Median interpulse intervals of dart-stepped

leaders also varied as a function of threshold. Near the return stroke, median interpulse

intervals averaged 4.1 ps at a threshold of 20 %, but just 2.2 ps at an 8 % threshold.

Small pulses (less than 20 %) in the dE/dt waveform were responsible for this difference.

The alignment of these smaller pulses suggested they originated from sources near to the

channel to ground. In the case of IC trains, no such smaller pulses were present. Instead,

median interpulse intervals were nearly constant as a function of threshold. Leaders

preceding new terminations to ground sometimes exhibited an increase in median
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interpulse interval at small thresholds, although in those cases, the increase appeared to

be the result of the “recovery” of larger dE/dt pulses.

5.4 Polarities of Pulses in Intracloud Pulse Trains

5.4.1 Introduction

Workman et al. [1947], Smith [1957], and Krehbiel et al. [1979], have reported

differences in measured electric field polarities from lightning at multiple stations. These

measurements were made on the time scale of 1 - 100 ms. Krehbiel et al. [1979]

attributed the difference in polarities to the movement and orientation of dipole charge

centers. Differences in pulse polarities on the time scale of microseconds have also been

reported (Krider et al., 1975; Weidman and Krider, 1979; Rakov et al., 1996).

Measurements of the electric field in each of these studies were made at a single station,

so polarity differences at more than one station, or in relation to the orientation of the

source, could not be determined. Weidman and Krider [1979] note both positive and

negative polarity bipolar pulses while Rakov et al. [1996] found an almost equal number

of positive and negative pulse trains. In addition, Rakov et al. [1996] noted a polarity

reversal during a train. Weidman and Krider [1979] and Rakov et al. [1996] used the

atmospheric electricity convention; a positive electric field change corresponded to the

removal of negative charge overhead. We will employ a physics convention when

deriving expressions for the electric field. An upward deflection of dE/dt corresponds to

a negative value ofthe z component of the electric field in the equations to follow.

We record intracloud pulse trains associated with different polarity pulses at different

stations and also polarity reversals at a single station. Using a general theory, we develop
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a method to test current flow between pulse source locations to determine the most likely

channels. We present an example illustrating differences in pulse polarities and the

delineation of probable branches based on measured pulse polarities.

5,4.2 Theory and Method

Theory, Consider an arbitrarily oriented linear channel carrying a conventional

current /(r
',
t)

,

flowing in the direction / as in Figure 5.27. If the source of dE/dt

radiation arises from the current at the i

411

location, then the far-field expression for the

electric field at the/*
1

station from this element is (Thomson,
1999):

£,(r,,0 =-^ |
[/(?',/--)]•[/ -(/ R )R (5.1)

47T Ot J r K
channel

~ ,dV_

R

The far-field expression for the electric field dominates since the static field (a:—

)

K

and the induction field can be neglected at distances of several kilometers or

more for frequencies greater than 1 MHz which are typical of the duration of the in-cloud

pulses we investigate.

Further, since the time tag used in calculating the source location occurs during the

first 100 ns of the pulse, the maximum channel length for current flow is 30 m or less if

current is the result of a wave that originates at /; and travels at or less than c. Since R is

at least several kilometers for in-cloud sources, we can neglect changes in R and — over
R

the segment. Equation (5.1) hence becomes
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Fig 5.27. Geometry used to derive the relationship between

the measured derivative ofthe electric field at the ground

and the current at the i* source.
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where R
tj
=r

J
-r

i
. Note that the dependence of the retarded current time variation on R

remains since it may be significant.

For measurements on the surface of a perfectly conducting earth, the electric field has

an additional contribution from the image current and is given by (e.g. Le Vine and

Willett, 1992)

E
js {fj ,t)

= 2[z-E
j
{r

j
,t)]z (5.3)

tied™, C
(5.4)

(5.5)

channel

where I(r

t

) is assumed positive if conventional current flows in the direction of / .

A A

The polarity of the measured field is a product of the polarities of 0
{j

• / and the term

d R
in brackets, — f I(r',t )dl'

.

For example, a typical return stroke, with

dtcd~i c

conventional current flowing up the channel, will produce a negative value for Ez in

Equation 5.5 (an upward dE/dt deflection in waveshapes presented here). If the term in

square brackets of Equation 5.5 has the same polarity in each of the five expressions for

A A

E, then the pulse polarity is dependent solely upon the polarity of the term 0
V

• / since

A A

sin(0,. )> 0. Hence the polarity of 6
t]

• / determines the polarity of the measured electric
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field, i.e., dE/dt and E peak polarity, which are the same (see Figure 5.17). It is possible

A SK A

for E = 0, and hence dE/dt = 0, if Q
tj
•/ = 0. In this case the vector / lies in the plane

whose normal is 0^ . Note that is tangential to this plane but / • Ry is not necessarily

zero.

^ « Y — f*.

Method . We determine if a particular path / = /* =p—p is a possible direction for

\

r
k
~ r

i\

a segment of the lightning channel passing through the point r
j
(the location found for

the i* pulse). Note that rk is the location of the k* pulse where k can be any pulse

number either before or after i. We test whether all measured pulse polarities for the i

th

pulse are consistent with that predicted by Equation 5.5. If all pulse polarities and

Oy-I/t ’s can be determined unambiguously, there are four independent conditions for the

d R
five measurements, since the term — f I(f', t )dl' has an unknown, but assumed

dt ,

J
,

c
channel

constant, polarity. A pulse polarity is considered indeterminate if there is no peak above

the noise threshold (four standard deviations above the mean) on that channel. At most,

one measurement in each set was excluded in this way. A more important problem arose

when r
t
and r

k
were separated by a displacement comparable to their location errors.

Specifically, if 6
jf

is less than or equal to 0
{j

• A/* ,
where A/* is the rms error in 4 >

then the test condition is indeterminate. In other words, locations separated by distances

less than the rms error in /* yielded no information concerning possible channel

segments. We tested all possible combinations of current paths. This meant testing a

particular segment twice by using
,
for the source at r

t ,
and /

fa ,
for the source at rk .

«



201

Each ofthese paths has a different physical interpretation, e.g. ifk > i, current flowed in a

new channel extension and if i > k then current flowed in a previously formed channel.

Of particular interest were the cases in which measured pulse polarities were not

consistent with current flow in the possible channel between two locations since these

inconsistencies do not allow the existence of a possible lightning channel, hence limiting

the choices for that channel.

Pulse polarities were defined by the first dE/dt crossing above (or below) a threshold

that was four standard deviations above the noise level on a particular channel. If no

dE/dt deflection was noted above this threshold on a particular channel, an indeterminate

polarity was the result. In some instances the dE/dt deflection started away from zero in

one direction, not crossing the threshold, and turned in the other direction and crossed the

threshold. An example is shown in Figure 5.28. This pulse was considered positive

(dE/dt increasing downward) although it appears to have an initial deflection in the

negative (upward) direction.

5,4,3 Results

We present results from an intracloud pulse train to illustrate the dependence of

observed pulse polarity on channel orientation for pulse trains that were associated with

apparently unbranched channels. The discharge produced different polarity trains of

dE/dt pulses at the five stations and also a change in polarity at a single station.

Flash 2540071

Flash 2540071 occurred at 19:16:10 on day 254, seven kilometers SSW of the central

recording site. The flash comprised 18 trigger records and spanned 326 ms. Figure 5.29
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Figure 5.29. dE/dt locations of flash 2540071. Early processes shown as circles.

The locations ofthe three pulse trains are shown as "diamonds" and labeled "ch".
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shows locations of all dE/dt sources. Sources during the first 246 ms of the flash are

shown as “O” and spanned the first five records. These records contained single pulses

and short bursts of pulses (< 100 ps). Locations from the first five records are labeled a -

d according to the order in which they occurred. The sixth trigger record occurred at t
=

246 ms and marked the first of three co-located pulse trains. The trains were separated

by 43 ms and 35 ms and spanned two, four and three records respectively. Locations of

individual pulses are shown as “0” in Figure 5.29, the channel they followed labeled

“ch”. The channel is expanded in Figure 5.30 and is divided into two segments,

reflecting a large-scale change in channel direction. Two locations, A and B, one along

each segment, have been marked. Each of the three trains had a source whose location

was within 50 m of point A, and one within 50 m of point B. The dE/dt waveshapes of

these sources are shown in Figure 5.31. Figure 5.31(a) shows waveshapes, corresponding

to location A, recorded at each of the five stations for three different times, each window

from a different pulse train. Notice the difference in pulse polarities among the five

stations. All three trains produced pulses of positive polarity at stations 1, 2, and 3. At

station 4, the dE/dt pulse polarity was negative in each case. The pulse polarity at station

5 was negative during the first two trains, and indeterminate during the third. The

polarities at each of the five stations are consistent with a negative current flowing in the

assumed channel through point A if the term in brackets in Equation 5.5 has the same

polarity for each station. This means that the polarities at each station are those predicted

A A a
by Oy-l, if / is through point A as shown in Figure 5.30. The dE/dt waveforms

corresponding to location B are shown in Figure 5.31(b). Again, pulse polarities were

positive at stations 1, 2, and 3 during each pulse train. The polarity of the pulse at the
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Figure 5.30. Locations of the three pulse trains in flash 2540071.

Trains are marked with “O”, “0”, and “+” to represent the trains

respectively. The most likely channel directions are drawn in.
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fourth station was again negative. Notice, however, the polarity of the pulse at the fifth

station is now positive in each case. The measured polarities are again consistent with

current flow along the channel through point B if the term in brackets of Equation 5.5 is

the same at each station. The change in polarity of the pulse at station 5 is consistent

with the new direction of the channel. The polarities are consistent with an assumed

channel direction through point B, as shown in Figure 5.30.

5,4,4 Discussion

Continuous channels . We can use Equation 5.5 and measured pulse polarities to test

whether or not pulse sources may lie along a linear channel directed between two source

A A

locations. Since sin(0) is always of the same sign, the term 6
tj •/* is the determining

factor in the pulse polarity, assuming the term in brackets of Equation 5.5 has the same

polarity at each station. Determination of the integral term requires specific knowledge

of the source current and even the polarity of the integral requires some knowledge of the

current distribution. The polarity of pulse sources at two points along the channel (see

Figures 5.30 and 5.31) were consistent with current flowing in the direction of the

apparent channel, if the term in brackets in Equation 5.5 is assumed to have the same

polarity at each station. This assumption is valid, for example, in the case of the

transmission line model [Uman andMclain, 1970], In this special case the current wave

travels at constant speed v that is equal to the speed of the extending channel and has the

form

V
(5.6)
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and turns on at t = 0 at r
t
and does not turn off during the time of interest. Then

Equation 5.5 becomes

Ej,(fp t) =
Mo sm(O)(0ir T)z

[!--/•«»]
c

c c
(5.7)

which has a polarity that is independent ofR.

We tested whether or not the polarity of pulses in the three trains was consistent with

current flowing in the linear channel between consecutive source locations. We found 66

% (66 out of 100) ofthe pulses were consistent with this view. A path was determined to

be a possible section of the lightning channel only if pulse polarities were consistent with

current flow in both directions along the linear channel between two consecutive

locations, i.e. from location i to k and from location k to i. We did this since it is possible

that current may flow in the direction of channel propagation or opposite to it. The

requirement that the pulse polarity be consistent with a channel in two directions at a

point is somewhat stringent and most likely accounts for the relatively small percentage

(66 %) of pulses being consistent with a continuous channel. However, in this study we

were primarily interested in pulses whose polarity was not consistent with a continuous

channel. We investigate several of these cases later. We now examine sources that were

associated with an indeterminate pulse polarity at a station.

Indeterminate pulse polarities. In some instances a source produced no discemable

pulse at one station. The threshold used in this determination was four standard

deviations above the noise level on that particular channel. We see from Equation 5.5

that the electric field amplitude approaches zero when any of the following terms go to
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A A
f

zero: (a) sin(0), (b) 6
{j ,

or (c) the term in brackets. The first case, sin(0)
,
is ruled

out, since this occurs only when the source is directly overhead of the station. This was

not the case for any sources in this flash. The term in brackets approaches zero when the

current is zero, but then no dE/dt pulse would be produced at any station. The remaining

case is when G
tj

• lA is zero. This condition arises when /* lies in the plane with normal

0ir As an example consider Figure 5.32 showing the first eight pulses of the second

train. Beginning with the first pulse, we use equation 5.5 to solve for the polarity of the

bracketed term with regard to station 1. Substituting this into the expression for E

associated with measurements from stations 2 - 4 we find that all /* are consistent with

the observed pulse polarities. This means that all paths, /* and lh were possible.

Furthermore, the negative polarity of the bracketed term indicates that negative charge

was moved in the direction of pulse-to-pulse propagation, or similarly, a conventional

current flowed in the direction opposite to pulse-to-pulse propagation. Figure 5.33

represents the normal distance of locations 1-7 from a plane through pulse source 1 with

normal 6
Xj

. Sources 2-7 move away from the planes associated with stations 1 - 3, in

the increasing 6 direction, consistent with negative pulse polarities (remember E is

increasing downward in Figure 5.32). Sources 2-7 move away from the plane

associated with station 4, in the decreasing 0 direction, consistent with a positive pulse

polarity (negative deflection). However, sources did not deviate much from the plane

referenced to station 5. Here l -0
i5

is approximately zero, consistent with the negligible

deflection seen at station 5. Notice in Figure 5.32 that the dE/dt waveshape at station 5
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Figure 5.33. Distance of sources 1 through 8 (Figure 5.3 1) from a plane

containing the vector from location 1 to the respective station with normal

in the theta direction (theta measured from the vertical). Distances are

normal to the plane. Locations move in the increasing theta direction

referenced to stations 1,2,3 and in the decreasing theta direction referenced

to station 4. Locations are approximately in the plane referenced to station 5.
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changes at the 8
th

source. This indicates a change in the channel direction and is

discussed next.

Branched channels. We now discuss some of the pulses whose polarities were not

consistent with a channel between consecutive sources. Consider Figures 5.32 and 5.34

showing pulses from the second train. The locations of the first seventeen sources are

shown in Figure 5.35. First, notice that the eighth source produced a negative field

(positive deflection) at station 5, in contrast to the seven sources preceding it. The

polarities associated with the eighth pulse were not consistent with current flowing in a

channel between location seven and eight, and this path is shown dashed in Figure 5.35.

We also found the path between locations 6 and 8 to be inconsistent with the observed

polarities. Current flowing along the path between 5 and 8, however, would produce the

observed polarities of the eighth pulse, suggesting that a branch may have occurred here.

Another example of possible branching that was deduced from pulse polarities is seen

in sources 11 - 17, shown in Figure 5.34. Paths, which were inconsistent with current

flow producing the observed pulse polarities, are shown dashed in Figure 5.35. The path

between locations 17 and 14 was consistent with a current flow producing the observed

polarities but the paths 16-17 and 15-17 were not. Also, the path 13-14 was

inconsistent with current flow producing the observed polarities. Notice here that the

polarity of pulses 16 and 17 was the same at all five stations. Nonetheless, the path

between 16 and 17 was inconsistent based upon equation 5.5. It was not necessary,

therefore, to have differences in pulse polarities to discern possible branches. It was

enough to test whether a particular path was consistent with the observed pulse polarities

as predicted by Equation 5.5.
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Figure 5.35. Expanded view ofthe early part ofthe second

pulse train of flash 2540071. Paths which are not consistent

with current flow based on the measured waveshapes are shown

dashed. The most probable channel based on measured polarities

is shown solid.
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Flash structure. The pulse trains of flash 2540071 are of further interest regarding the

direction of charge movement. Each of the three trains was consistent with negative

charge being moved in the direction of propagation. From 5.29 the direction of

propagation is away from the probable flash origin, the region near sources labeled a.

These results are in contrast to those provided by Shao et al. [1996], They found that K-

processes moved negative charge towards the flash origin by retracing a previous

channel. Successive K-processes started at further distances from the origin, thus

extending the channel in a retrograde manner. Each pulse train in flash 2540071

extended the channel but did so in a manner opposite to that described by Shao et al.

[1996],

5,4,5 Conclusions

Differences in pulse polarities are examined and a method is developed to determine

possible segments of the lightning channel. Using electromagnetic theory in conjunction

with source locations and pulse source polarities we are able to distinguish possible

branches in the lightning channel. Pulse polarities are related to channel geometry and

reversals in pulse polarities are explained.

5.5 Summary and Conclusions

In this chapter we investigated pulse trains in IC discharges and compared

characteristics among the three types of trains identified in this study. Several similarities

were found, among them a non-increase in speed and a tendency for interpulse intervals

to increase with time. There was a negative correlation between average speed and
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median interpulse interval. This was strongest in the case of dart-stepped leaders.

Among the differences in characteristics were maximum speeds and interpulse interval as

a function of threshold. Dart-stepped leaders always began with speeds in excess of 10 x

10
6
m/s while pulse trains in IC discharges and leaders preceding new terminations rarely

did so. This may be due in part to our failure to record the beginning of trains in the

latter two categories. Further research is needed in this regard. Interpulse intervals in IC

pulse trains were nearly independent of threshold while intervals in dart-stepped leaders

were most sensitive to threshold.



CHAPTER 6

RECOMMENDATIONS FOR FURTHER STUDY

The data analyzed in this work involved only a small fraction of the data collected on

days 242, 244 and 254 during the summer of 1992. As a result of this work, software

programs have been developed to determine the locations and times of occurrence of

dE/dt pulses at multiple stations, making it possible to process large amounts of data in a

relatively short amount of time. In this chapter we suggest topics for further research

using the current data set. Some topics follow up on the results of Chapters 3, 4, and 5

while others are suggestions based on the author’s observations in sifting through large

amounts of data for the current study.

6,1 Pulse Trains

Several topics investigated in this work deserve further study. Recall that we recorded

the beginning of only one IC train and no leader preceding a new termination to ground.

The beginning of dart-stepped leaders exhibited the highest speeds in this study and it is

possible that IC trains and leaders preceding new terminations also began at similar

speeds.

An analysis of speed vs. interpulse interval for IC trains would be a productive avenue

for investigation once sufficient IC trains (recorded in full) are obtained. Recall that the

first pulse train in flash 1363 (Figure 5.1) exhibited a decrease in average speed and an

218
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increase in interpulse interval. This led to a nearly constant average step length. Full IC

pulse train records will allow further investigation of a constant or changing step length

since noticeable changes in speed and interpulse interval take place near the beginning of

trains.

Another topic of consideration for further work is that of “chaotic” leaders. Again, in

most instances we record only 50 - 60 ps of these leaders (pretrigger data) prior to

subsequent strokes. In two cases we were fortunate to record these in full and found

these leaders to exhibit average speeds of 32 - 50 x 10
6
m/s. An analysis of the leader

waveform would be of interest. Interpulse intervals in these leaders appeared to be on the

order of one microsecond and amplitudes were several times smaller than dart-stepped

leader pulses near return strokes.

6.2 Observations of Other Field Waveforms

Small bursts of pulses often occurred prior to the first stroke in ground flashes.

Weidman and Krider [1979] suggested that the bipolar pulses they record prior to the

start of flashes were associated with preliminary breakdown occurring in the cloud.

Pulses occurring at the beginning of flashes in this study were located between 5 - 7 km

high (see e g. Figures 3.4 and 4.5). An example of the both the dE/dt and E field

waveform at the start of a flash is presented in Figure 6.1. These appear to be different

than the waveforms recorded by Weidman and Krider [1979] and an analysis of these

types of pulses with regard to their location and movement may shed new light on the

process of preliminary breakdown. We have also observed a single electric field pulse,

often occurring several hundred of microseconds to a few milliseconds after a return
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stroke. The location of this pulse is in the cloud near heights of 6 - 9 km, often near

earlier sources prior to the first stroke to ground. It is possible that these pulses may be

associated with the initiation of M-components, an increase in channel luminosity and

current following subsequent return strokes (Malan and Schonland, 1937). Shao et al.

[1995] observed M-components were usually initiated by fast moving negative streamers

connecting to the upper extremity of the conducting channel to ground. In many cases a

large spike, only a single data point wide (1 ns), occurred in the electric field waveform.

The single pulse we record after subsequent strokes may be similar to that seen by Shao

et al. [1995], Microsecond scale electric field pulses associated with M-components have

also been recorded by Rakov et al. [1992] and a mechanism for the lightning M-

component put forth by Rakov et al. [1995],

6,3 Summary Conclusions

It is the author’s opinion that this data set is far from exhausted. With the software

developed in the course of this study, analysis of large amounts of data is possible in a

relatively short period of time. Several topics that may provide fruitful results have been

outlined in this chapter.
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