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Preface

Lightning is a natural phenomenon that has always produced much impact on
humans and their societies, mainly because of its impressive appearance and the
threats imposed on life and structures. As one consequence, modern lightning re-
search continues to develop effective tools and procedures suited to recognize severe
thunderstorms and to generate reliable alert. During the long time of past light-
ning investigation, much understanding of the discharge processes has been gath-
ered and efficient detection techniques have been implemented. Today, numerous
institutions all over the world deal with unraveling the numerous questions about
lightning that have remained open, with much success, but as is typical for research
in subjects of natural science, the complexity of the phenomena defies fast and
comprehensive clarification. Meanwhile, the many competent research efforts and
their impressive results render it impossible to present the gathered knowledge in
a single book. Thus, the present monograph is designed to describe in 27 chapters
merely some of the highlights of current research. Moreover, the topics have been
selected to elucidate the lightning phenomena that are readily understandable by
a general, educated readership, rather than addressing only specialists in the field.
Accordingly, a more deeply interested reader is referred to the ample reports in
literature.

At first, the basic phenomenon — the lightning return stroke — is introduced and
in the first four chapters, some fundamental charging and discharge mechanisms are
illustrated by Baba and Rakov, Rakov, Stolzenburg and Marshall, and Tessendorf.
The following five chapters describe lightning detection networks in Europe (Betz
et al.), Italy (Biron), Spain (Pineda and Montanya), Australia (Kuleshov et al.), and
Brazil (Pinto et al.). Systems that allow mapping of lightning channels are described
in two chapters (Defer and Laroche, and Lojou et al.), followed by three chapters
that deal with lightning observations from space (Finke, Adamo et al., and Hamlin
et al.). Dwyer explains the close coincidence between lightning and high-energy
radiation. In the next three chapters the connection between lightning and higher
atmosphere effects is depicted, including Schumann resonances that travel around
the globe (Satori et al.), and sprites that show up high above thunderclouds (Lyons
et al., Farges). The subsequent five chapters describe the relation between lightning
and micro-physical parameters (Katsanos et al.), precipitation (Soula), and strong
storms (Dombai, Dotzek and Price, Tuomi and Mikeld). Three chapters are devoted
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to climate (Price), and chemistry and climate (Grewe, Pickering et al.). Finally,
Loboda summarizes important aspects about lightning protection.

Although current topics of importance are addressed so that the reader receives
a quite comprehensive view about the status of modern lightning research, many
worthwhile techniques, procedures, and associated aspects are not covered. Nev-
ertheless, the presented material informs about our understanding of the lightning
discharge, and works out the many open questions that are often fascinating and
deserve future attention.

Hans D. Betz
U. Schumann
P. Laroche
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Chapter 1
Present Understanding of the Lightning
Return Stroke

Yoshihiro Baba and Vladimir A. Rakov

Abstract In this chapter, a general picture of downward negative lightning dis-
charges that take place between cloud and ground are described. Then, first and
subsequent return strokes, which are the optically brightest processes and produce
the most intense wideband electromagnetic signatures in the overall cloud-to-ground
lightning discharge, referred to as the lightning flash, are presented. The first return
stroke follows the path of initial downward-progressing stepped leader emerging
from the cloud, and subsequent return strokes are usually initiated by dart leaders
propagating downward along channels traversed by the preceding stroke(s). Repre-
sentative models of lightning return strokes are also described.

Keywords Lightning flash - Return stroke - First stroke - Subsequent stroke -
Stepped leader - Dart leader - Lightning return-stroke model

1.1 Introduction

Lightning discharges that take place between cloud and ground, referred to as cloud-
to-ground lightning discharges, are classified, based on the polarity of the charge
effectively transferred to ground and the direction of the initial leader, into four
types. These are downward negative lightning, upward negative lightning, down-
ward positive lightning, and upward positive lightning. The leader is a process that
precedes the return stroke. It creates a conducting path between the cloud charge
source and ground, and deposits charge along this path. It is believed that down-
ward negative lightning discharges account for about 90% of all cloud-to-ground
lightning, and that about 10% of cloud-to-ground lightning are downward positive
lightning discharges. It is thought that upward lightning discharges occur only from
tall objects (higher than 100 m or so) or from objects of moderate height located

Y. Baba (=)

Department of Electrical Engineering, Doshisha University, 1-3 Miyakodani, Tatara,
Kyotanabe, Kyoto 610-0321, Japan
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2 Y. Baba and V.A. Rakov
on mountain tops. Note that terms, “lightning”, “the lightning discharge”, and “the
lightning flash” are used interchangeably to refer to the overall lightning discharge
process.

In this chapter, only downward negative lightning discharges are considered. This
chapter is organized as follows. In Section 1.2, a general picture of downward neg-
ative lightning discharges to ground is presented. In Section 1.3, first return strokes
that follow the path of initial downward-progressing stepped leader emerging from
the cloud, and subsequent return strokes that are usually initiated by dart leaders
propagating downward along channels conditioned by the preceding strokes are
discussed. In Section 1.4, representative models of lightning return strokes are de-
scribed.

1.2 General Picture of Downward Negative Lightning Discharges
to Ground

In this section, a general picture of downward negative lightning flashes to ground
is presented. Figure 1.1a and b schematically show still and time-resolved im-
ages of a downward negative lightning flash containing three strokes, respectively.
Figure 1.1c shows the corresponding current at the channel base. In Figure 1.1b
and c, time advances from left to right. Each of the three strokes is composed of a
downward-moving process termed a leader and an upward-moving process termed a
return stroke. The leader creates a conducting path between the cloud charge source
and ground, and deposits negative charge along the path. The return stroke traverses
the leader path upward from ground to the cloud charge source and neutralizes the
negative leader charge. Thus, both leader and return-stroke processes contribute to
transporting negative charge from the cloud to ground. The leader initiating the

T

=\

(a)

(b)

1 2 3
Continuing
N, NG’

Current

_Time ©

Fig. 1.1 Diagram showing the luminosity of a downward negative lightning flash to ground con-
taining three strokes and the corresponding current at the channel base: (a) still image, (b) time-
resolved image, and (c¢) channel-base current. Adapted from Rakov and Uman (2003)
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first return stroke develops in virgin air, and appears to be an optically intermit-
tent process. Therefore, it is termed “stepped leader”. The stepped-leader branches
are directed downward, which indicates that the stepped leader (and the flash) is
initiated in the cloud and develops downward. The leaders initiating the two sub-
sequent return strokes in Fig. 1.1 move continuously, as a downward-moving dart,
along the pre-conditioned path of the preceding return stroke or strokes. Hence,
these leaders are termed “dart leaders”. Note that each downward negative lightning
flash typically contains three to five strokes.

In the following, a sequence of the processes involved in a typical downward
negative lightning flash is presented in more detail. The source of lightning is usu-
ally a thundercloud. The generally accepted features of the charge structure in the
thundercloud include a net positive charge near the top, a net negative charge below
it, and an additional positive charge at the bottom. The stepped leader is preceded by
an in-cloud process called the initial breakdown or preliminary breakdown. There
is no consensus on the mechanism of the initial breakdown. It can be viewed as a
discharge process between the negative and lower positive charge regions, but it can
also involve a sequence of channels extending in random directions from the cloud
charge source. One of these events (in the case of multiple channels) evolves into
the stepped leader which is a negatively charged plasma channel that bridges the
cloud charge source and the ground. The stepped leader extends toward ground at
an average speed of 2 x 10° m/s in a series of discrete steps, with each step being
typically 1 ws in duration and tens of meters in length, with the interval between
steps being 20-50 ps (e.g., Rakov and Uman 2003). The peak value of the current
pulse associated with an individual step is inferred to be 1 kA or greater. Several
coulombs of negative charge are distributed along the stepped-leader channel. The
stepped-leader duration is typically some tens of milliseconds, and the average
leader current is some hundreds of amperes. The stepped-leader channel is likely
to consist of a thin core that carries the longitudinal channel current, surrounded by
a corona sheath whose diameter is typically several meters.

As the stepped leader approaches ground, the electric field at the ground surface
or objects increases until it exceeds the critical value for the initiation of upward
connecting leaders. The initiation of an upward connecting leader from ground in
response to the descending stepped leader marks the beginning of the attachment
process. The process by which the extending plasma channels of the upward and
downward leaders make contact, after forming common streamer zone, is called
the break-through phase or final jump. The break-through phase can be viewed
as a switch-closing operation that serves to launch two return-stroke waves from
the point of junction between the two plasma channels. The length of an upward
connecting leader involved in a first stroke is some tens of meters if that leader is
launched from the ground, and it can be several hundred meters long if it is initiated
from a tall object.

The return stroke serves to neutralize the leader charge, although it may not
neutralize all the leader charge or may deposit some excess positive charge onto
the leader channel and into the cloud charge source region. The speed of the return
stroke, averaged over the visible channel, is typically between one-third and one-half
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the speed of light (e.g., Rakov 2007). The speed decreases with increasing height,
dropping abruptly after passing each major branch. The first return-stroke current
measured at ground rises to an initial peak of about 30 kA in some microseconds
and decays to half-peak value in some tens of microseconds while exhibiting a
number of subsidiary peaks, probably associated with the branches (e.g., Rakov and
Uman 2003). This impulsive component of current may be followed by a current of
some hundreds of amperes lasting for some milliseconds. The return stroke effec-
tively lowers to ground the several coulombs of charge originally deposited on the
stepped-leader channel, including that on all the branches. The high-current return-
stroke wave rapidly heats the channel to a peak temperature near or above 30,000
K and creates a channel pressure of 10 atm or more (e.g., Rakov and Uman 2003),
which results in channel expansion, intense optical radiation, and an outward prop-
agating shock wave that eventually becomes the thunder.

When the first return stroke ceases, the flash may end. In this case, the lightning
is called a single-stroke flash. However, more often the residual first-stroke channel
is traversed downwards by a leader that appears to move continuously, a dart leader.
During the time interval between the end of the first return stroke and the initiation
of a dart leader, J and K-processes occur in the cloud. The J-process is often viewed
as a relatively slow positive leader extending from the flash origin into the negative
charge region, the K-process then being a relatively fast “recoil streamer” that begins
at the tip of the positive leader and propagates toward the flash origin. Both the
J-processes and the K-processes in cloud-to-ground discharges serve to transport
additional negative charge into and along the existing channel, although not all the
way to ground. In this respect, K-processes may be viewed as attempted dart leaders.
The processes that occur after the only stroke in single-stroke flashes and after the
last stroke in multiple-stroke flashes are sometimes termed final (F) processes. These
are similar, if not identical, to J-processes.

The dart leader progresses downward at a typical speed of 107 m/s, typically
ignores the first stroke branches, and deposits along the channel a total charge of
the order of 1 coulomb (e.g., Rakov and Uman 2003). The dart-leader current peak
is about 1 kA. Some leaders exhibit stepping near ground while propagating along
the path traversed by the preceding return stroke, these leaders being termed dart-
stepped leaders. Additionally, some dart or dart-stepped leaders deflect from the
previous return-stroke path, become stepped leaders, and form a new termination
on the ground.

When a dart leader or dart-stepped leader approaches the ground, an attachment
process similar to that described for the first stroke takes place, although it prob-
ably occurs over a shorter distance and consequently takes less time, the upward
connecting-leader length being of the order of some meters. Once the bottom of the
dart leader or dart-stepped leader channel is connected to the ground, the second
(or any subsequent) return-stroke wave is launched upward and serves to neutralize
the leader charge. The subsequent return-stroke current at ground typically rises
to a peak value of 10-15 kA in less than a microsecond and decays to half-peak
value in a few tens of microseconds. The upward propagation speed of such a sub-
sequent return stroke is similar to or slightly higher than that of the first stroke (e.g.,
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Rakov 2007). Note that due to the absence of branches the speed variation along
the channel for subsequent return strokes does not exhibit abrupt drops. The radius
of return-stroke channels is about 3 cm, the conductivity is about 10* S/m, and the
resistance per unit length is about 0.035 (/m [= 1/(10* x 7 x 0.03%)] (Rakov 1998).

The impulsive component of the current in a subsequent return stroke is often fol-
lowed by a continuing current that has a magnitude of tens to hundreds of amperes
and a duration up to hundreds of milliseconds. Continuing currents with a duration
in excess of 40 ms are traditionally termed long continuing currents. Between 30 and
50 percent of all negative cloud-to-ground flashes contain long continuing currents.
The source for continuing current is the cloud charge, as opposed to the charge
distributed along the leader channel, the latter charge contributing to at least the
initial few hundred microseconds of the return-stroke current observed at ground.
Continuing current typically exhibits a number of superimposed surges that rise to
a peak in some tens to hundreds of microseconds, the peak being generally in the
hundreds of amperes range but occationally in the kiloamperes range. These current
surges are associated with enhancements in the relatively faint luminosity of the
continuing-current channel and are called M-components.

The time interval between successive return strokes in a flash is usually several
tens of milliseconds, although it can be as large as many hundreds of milliseconds
if a long continuing current is involved and as small as one millisecond or less. The
total duration of a flash is typically some hundreds of milliseconds, and the total
charge lowered to ground is some tens of coulombs. The overwhelming majority of
negative cloud-to-ground flashes contain more than one stroke. Although the first
stroke is usually a factor 2 to 3 larger than a subsequent stroke, about one-third of
multiple stroke flashes have at least one subsequent stroke that is larger than the first
stroke in the flash (e.g., Rakov et al. 1994).

1.3 First and Subsequent Lightning Return Strokes

In this section, parameters of lightning return-stroke currents, return-stroke wave-
front propagation speeds, and generated electromagnetic fields are presented.

1.3.1 Lightning Return-Stroke Current

The most complete characterization of the lightning return stroke in the downward
negative flash has been given by Berger et al. (1975). This characterization is based
on oscillograms of current measured using resistive shunts installed at the tops of
two 70-m high towers on the summit of a 915-m high mountain (above sea level).
Since the mountain contributed to the electric field enhancement near the tower tops,
the effective heights of the towers are considered to be several times greater than
the actual tower heights. Therefore, the majority of lightning strikes to the towers
was of the upward type. Here, only return strokes in downward negative flashes are



6 Y. Baba and V.A. Rakov

considered. It is important to note that Berger et al.’s direct current measurements
for downward flashes are unique in that they were obtained over a period of more
than 20 years, were continuous (that is, covering all processes in the flash), and were
often accompanied by time-resolved optical records.

Figure 1.2 shows, on two time scales, A and B, the average impulsive current
waveshapes for negative first and subsequent strokes. The rising portion of the first-
stroke waveform has a characteristic concave shape. Figure 1.3 shows the cumu-
lative statistical distributions (the solid curves) of return-stroke peak currents for
(1) negative first strokes, (2) negative subsequent strokes, and (3) positive strokes
(each of which was the only stroke in a flash), the latter not being further discussed
here. These empirical results are approximated by log-normal distributions (the

0.0

T I ! I I I ! I I I 1

0 80 160 240 320 400 Hs

0 20 40 60 80 100 us

Subsequent strokes

Fig. 1.2 Average negative first- and subsequent-stroke current each shown on two time scales, A
and B. The lower time scales (a) correspond to the solid-line curves, while the upper time scales
(b) correspond to the broken-line curves. The vertical scale is in relative units, the peak values
being equal to negative unity. Adapted from Berger et al. (1975)
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Fig. 1.3 Cumulative statistical distributions of return-stroke peak current from directr measure-
ments at tower top (solid-line curves) and their log-normal approximations (broken lines) for (1)
negative first strokes, (2) negative subsequent strokes, and (3) positive first (and only) strokes, as
reported by Berger et al. (1975)

broken lines) and are given as they appear on cumulative-probability-distribution
graph, on which a Gaussian cumulative distribution appears as a slanted straight
line, the horizontal scale being logarithmic to base 10. The ordinate gives the per-
centage of peak currents exceeding the corresponding value on the horizontal axis.
The lightning peak current distributions for negative first and subsequent strokes
shown in Fig. 1.3 are characterized by 95, 50, and 5 percent values based on
the log-normal approximations given in Table 1.1, which contains a number of
other parameters derived from the current oscillograms. Note from Fig. 1.3 and
Table 1.1 that the median return-stroke current peak for first strokes is two to three
times higher than that for subsequent strokes. Also, negative first strokes transfer
about a factor of four larger total charge than do negative subsequent strokes. On
the other hand, subsequent return strokes are characterized by three to four times
higher current maximum rate of rise. Note that the smallest measurable time in
Berger et al.’s oscillograms was 0.5 s versus the 95 percent value of 0.22 s
for the front duration for subsequent strokes in Table 1.1, which is a prediction
of the log-normal approximation. Only a few percent of negative first strokes are
expected to exceed 100 kA. The action integral in Table 1.1 represents the energy
that would be dissipated in a 1-{) resistor if the lightning current were to flow
through it.
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Table 1.1 Parameters of downward negative lightning derived from channel-base current

measurements
Parameters Units Sample size  Percentage exceeding
tabulated value
95% 50% 5%
Peak current (minimum 2 kA) kA
First stroke 101 14 30 80
Subsequent stroke 135 4.6 12 30
Charge (total charge) C
First stroke 93 1.1 52 24
Subsequent strokes 122 0.2 1.4 11
Complete flash 94 1.3 7.5 40
Impulse charge (excluding C
continuing current)
First strokes 90 1.1 4.5 20
Subsequent strokes 117 0.22 0.95 4
Front duration (2 kA to peak) ws
First strokes 89 1.8 55 18
Subsequent strokes 118 0.22 1.1 4.5
Maximum dZ/d¢ KA ps~!
First strokes 92 5.5 12 32
Subsequent strokes 122 12 40 120
Stroke duration (2 kA to half peak s
value on the tail)
First strokes 90 30 75 200
Subsequent strokes 115 6.5 32 140
Action integral AZs
First strokes 91 6.0x10° 5.5x10* 55x10°
Subsequent strokes 88 55%x102 6.0x10° 52x10*
Time interval between
Strokes ms 133 7 33 150
Flash duration ms
All flashes 94 0.15 13 1100
Excluding single-stroke 39 31 180 900
Flashes

Source: Adapted from Berger et al. (1975).

1.3.2 Lightning Return-Stroke Luminosity Profile
and Propagation Speed

Since the variation in current along the channel is impossible to measure directly,
the luminosity profile along the channel is generally viewed as representative of the

current variation.

When a first return stroke wavefront reaches a branch, there is usually a brighten-
ing of the channel below the point, this brightening being termed a branch compo-
nent. Branch components are thought to be responsible for the secondary maxima
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usually observed in the channel base current waveforms. Because of the lack of
branches, the light profile along a subsequent return-stroke channel is relatively
simple, usually showing a gradual intensity decay with height. Jordan et al. (1997)
found that in two out of three events the return-stroke luminosity peak at 480 and
1400 m had decayed to, respectively, 70-75 percent and 25-30 percent of its value
at the bottom of the channel and in the third event to, respectively, 90-95 percent
and about 70 percent of the channel-bottom value.

Besides a decrease in peak value, the return-stroke light pulses also exhibit an
appreciable increase in risetime with increasing height. Jordan et al. (1997) reported
that the 20—80 percent risetime increased from 1.5 to 4.0 ps (mean values) as the
return stroke propagated from ground to the cloud base at about 1400 m. Note that
Wang et al. (2005) found from their comparative analysis for the channel-base cur-
rent and light waveforms of rocket-triggered lightning strokes that the current and
light signals had a remarkable linear relationship in their rising portions although
the linearity disappeared after the peaks.

The average propagation speed of negative first or subsequent return stroke be-
low the lower cloud boundary is typically between one-third and one-half of the
speed of light (Rakov 2007). The speed usually decreases with height for both first
and subsequent return strokes. There exists experimental evidence that the nega-
tive return-stroke speed may vary non-monotonically along the channel, initially
increasing and then decreasing with increasing height. Note that the often assumed
relationship between the return-stroke speed and peak current is generally not sup-
ported by experimental data.

1.3.3 Electric and Magnetic Fields Produced by Lightning
Return Strokes

Typical vertical electric and horizontal magnetic field waveforms at distances rang-
ing from 1 to 200 km for both first and subsequent strokes were published by Lin
etal. (1979). These waveforms are drawings based on many measurements acquired
in Florida and reproduced in Fig. 1.4. Four features have been identified by Nucci
et al (1990) in these waveforms, which include (1) a sharp initial peak that varies
approximately as the inverse distance beyond a kilometer or so in both electric and
magnetic fields; (2) a slow ramp following the initial peak and lasting in excess
of 100 s for electric fields measured within a few tens of kilometers; (3) a hump
following the initial peak in magnetic fields within a few tens of kilometers, the
maximum of which occurs between 10 and 40 ws; and (4) a zero crossing within
tens of microseconds of the initial peak in both electric and magnetic fields at 50—
200 km.

The higher-frequency components of the return-stroke fields are preferentially at-
tenuated in propagating over a finitely conducting earth (e.g., Lin et al. 1979; Cooray
and Lundquist 1983). Lin et al. (1979) reported from two-station measurements
that normalized field peaks were typically attenuated by 10 percent in propagating
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Fig. 1.4 Typical vertical electric field intensity (left column) and azimuthal magnetic flux density
(right column) waveforms for first (solid line) and subsequent (broken line) return strokes at dis-
tances of 1, 2, 5, 10, 15, 50, and 200 km. The scales in the third row of diagrams from the top and
in the bottom row of diagrams are in ws. Adapted from Lin et al. (1979)
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over 50 km of Florida soil and 20 percent in propagating over 200 km. As to field
risetimes, they are increased by an amount of order 1 ps in propagating 200 km
across Florida soil for typical strokes (Uman et al. 1976).

1.4 Modeling of Lightning Return Strokes

In this section, classification of lightning return-stroke models is given and so-called
engineering models are discussed. General equations for computing the vertical
electric field and azimuthal magnetic field due to a lightning return-stroke current
wave are presented.

1.4.1 Classification of Lightning Return-Stroke Models

Lightning return-stroke models are needed in studying lightning effects on various
objects and systems and in characterizing the lightning electromagnetic environ-
ment. Rakov and Uman (1998), based on governing equations, have categorized
return-stroke models into four classes: gas dynamic models, electromagnetic mod-
els, distributed-circuit models, and “engineering”” models.

Gas dynamic models are primarily concerned with the radial evolution of a short
segment of the lightning channel and its associated shock wave. These models typ-
ically involve the solution of three gas dynamic equations representing the conser-
vation of mass, momentum, and energy, coupled to two equations of state with the
input being an assumed channel current versus time (e.g., Plooster 1971). Princi-
pal model outputs include temperature, pressure, and mass density as a function of
radial coordinate and time.

Electromagnetic models are based on a lossy, thin-wire antenna approximation
to the lightning return-stroke channel. In this class of models, Maxwell’s equations
are solved to yield the distribution of current along the lightning channel using
numerical techniques. These models allow a self-consistent full-wave solution for
both current distribution along the lightning channel and associated electromagnetic
fields. They have attracted considerable attention during the last ten years or so (e.g.,
Baba and Rakov 2007).

Distributed-circuit models of the lightning return stroke usually consider the
lightning channel as an R-L-C transmission line (e.g., Gorin 1985; Rakov and
Uman 1998), where R, L, and C are series resistance, series inductance, and shunt
capacitance, all per unit length, respectively. In an R-L-C transmission line model,
voltage and current are the solutions of the telegrapher’s equations.

Engineering models prescribe the longitudinal current along the lightning chan-
nel, based on the existing knowledge on evolution of return-stroke waveform as
it propagates from ground toward the cloud (e.g., Nucci et al. 1990; Rakov and
Uman 1998). The return-stroke wavefront speed in these models can be set arbitrar-
ily since it is one of the input parameters.
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Note that the so-called hybrid electromagnetic/circuit (HEM) model (e.g., Visacro
and Silveira 2004), which employs electric scalar and magnetic vector potentials for
taking account of electromagnetic coupling but is formulated in terms of circuit
quantities, voltages and currents, occupies an intermediate place between electro-
magnetic and distributed-circuit models.

1.4.2 Representative Engineering Return-Stroke Models

Out of four or five classes of lightning return-stroke models, the class of engineering
models is most widely used. An engineering return-stroke model is an equation that
relates the longitudinal channel current 1(z’,7) at any height z’ and any time ¢ to the
current /(0,7) at the channel origin (z” = 0). A number of simple engineering models
can be expressed by the following equation:

1(Z t)=u(t—2/vp) P (1) 1(0,1—2/v) (1.1

where u is the Heaviside function equal to unity for r > z//v; and zero otherwise,
P(Z 1) is the height- and time-dependent current attenuation factor, v is the upward-
propagating front speed, and v is the current-wave propagation speed. Table 1.2
summarizes P(Z',f) and v for five engineering models, the transmission-line model
(TL) (Uman and McLain 1969); the modified transmission-line model with lin-
ear current decay with height (MTLL) (Rakov and Dulzon 1987); the modified
transmission-line model with exponential current decay with height (MTLE) (Nucci
et al. 1988); the modified transmission-line model with linear current decay and dis-
persion with height (MTLD) (Baba and Ishii 2002); and the traveling current source
model (TCS) (Heidler 1985). The Diendorfer and Uman model (DU) (Diendorfer

Table 1.2 Height- and time-dependent current attenuation factor P(Z,f) and the current-wave
propagation speed v in Eq. (1.1), I(z', 1) =u(t-Z'/v)P(Z, HI(0,t-Z'/v), for five simple engineering
return-stroke models. Note that I(Z,7) is the longitudinal channel current at any height z' and any
time, 1(0,7) is the longitudinal current at the channel origin (' =0), v, is the upward-propagating
front speed, and u is the Heaviside function equal to unity for ¢ > z'/v; and zero otherwise

Model P(Z,1) v

TL (Uman and McLain 1969) 1 vy
MTLL (Rakov and Dulzon 1987) 1-7Z/H Ve
MTLE (Nucci et al. 1988) exp(—z//A) vy
MTLD (Baba and Ishii 2002) [1 —exp (— # A—Ij)] (1 - E) vy
TCS (Heidler 1985) 1 : —c

H is the total channel height for the MTLL model, X is the current decay constant for the MTLE
model (it is assumed to be A = 2000 m in Nucci et al. (1998)), and c is the speed of light. For
the MTLD model, 7(z'/A,) controls the risetime of the channel current (the risetime increases with
increasing the height z), and (1-z'/H) controls the attenuation of the channel current. Baba and
Ishii (2002) assumed that 7 = 0.3 s, A, = 1000 m.
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and Uman 1990) can be expressed by the following extension of Eq. (1.1) for the
TCS model (P(Z,5)=1,v=—c):

I(Z/,t)=u<t—z—/) [I(O,t—i—z—/)—I(O,Z—/—i-z—/)exp(—_t_zl/”f)]
v ¢ vp ¢ ™
(1.2)

where 7 is the discharge time constant. It is usually assumed that 7, =0.6 s or so.
Note that Diendorfer and Uman (1990) used a current waveform given as the sum
of two currents, each of which is given by Eq. (1.2) but has a different discharge
constant, in order to match model-predicted fields with measured fields. One of the
two time constants is for breakdown current and its value is assumed to be 0.6 s,
and the other is for corona current and its value is assumed to be 5 ws (Diendorfer
and Uman 1990).

The TL, MTLL, MTLE, and MTLD models are the TL-type models, and the
TCS and DU models are the TCS-type models. The TL-type models can be viewed
as incorporating a current source at the channel base. This is why they are also
referred to as lumped-source (LS) models. The source injects a specified current
wave into the channel, that wave propagating upward without either dispersion or
attenuation in the TL model, without dispersion but with specified attenuation in
the MTLL and MTLE models, or with both specified dispersion and attenuation in
the MTLD model. The conceptual illustration for the TL model and waveforms of
current at different heights along the vertical lightning channel calculated for the TL
model are shown in Figs. 1.5a and 1.6, respectively.

The TCS-type models can be viewed as incorporating a current source at the
wavefront, which moves upward with speed v, and injects a current wave into the

Lightning
channel

(a)

Fig. 1.5 Conceptual illustrations of (a) the TL model and (b) the TCS model. In the TL model, a
current source incorporated at the channel base injects a specified current wave into the channel,
and the current wave propagates upward with speed v = v, without either dispersion or attenua-
tion. In the TCS model, a current source at the wavefront moves upward with speed v, and injects
a current wave into the channel that propagates downward at speed ¢
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Fig. 1.6 Waveforms of current at different heights along the vertical lightning return-stroke chan-
nel calculated for the TL and TCS models. The channel-base current waveform, I(0, f), is charac-
terized by a magnitude of 11 kA and a 10-t0-90% risetime of 1 ps. The return-stroke front speed
is set to vy = 130m/ps. Current in the TCS model exhibits a discontinuity at the upward-moving
wavefront

channel that propagates downward at speed ¢ (see Fig. 1.5b). In the TCS model, cur-
rent at a given channel section turns on instantaneously as this section is passed by
the front, and therefore this model exhibits an inherent discontinuity at the upward-
moving wavefront. In the DU model (see Eq. (1.2)), the first term is the same as the
downward-propagating current in the TCS model, and the second term is an opposite
polarity current which rises instantaneously to the value equal in magnitude to the
current at the wavefront and then decays exponentially with a time constant tp. The
second current component in the DU model eliminates any current discontinuity
at the wavefront. The conceptual illustration for the TCS model and waveforms
of current at different heights along the vertical lightning channel calculated for
the TCS model are shown in Figs. 1.5b and 1.6, respectively. TCS-type models
can be also represented by current sources distributed along the lightning channel
and progressively activated by upward-moving return-stroke front. Therefore, they
can be viewed as distributed-source (DS) models, as suggested by Maslowski and
Rakov (2007).

Cooray (2003) showed that any LS model can be formulated in terms of sources
distributed along the lightning channel. This has been previously demonstrated for
one model (MTLE) by Rachidi and Nucci (1990). The approach suggested by
Cooray (2003) was used by Rachidi et al. (2002) to generalize five engineering
models in order to take into account a tall strike object. It has been recently shown
by Maslowski and Rakov (2007) that any engineering return-stroke model can be
expressed using an appropriate continuity equation in terms of either lumped or
distributed current sources with the resultant longitudinal current distribution (and
total charge density distribution) along the channel being the same. This property
can be viewed as the duality of engineering models. Lumped-source (LS)-type and
distributed-source (DS)-type models are illustrated in Fig. 1.7a and b, respectively.
Both longitudinal (upward or downward propagating wave) and radial corona (sinks
or sources) currents are shown in this Figure. The conversion alters the actual corona
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Fig. 1.7 Schematic illustration of engineering return-stroke models that employ (a) a lumped cur-
rent source at the lightning channel base (LS-type models) and (b) distributed current sources
along the channel (DS-type models). v is the upward return-stroke front speed, c is the speed of
light, and Zj is the characteristic impedance of the lightning channel (matched conditions at ground
are implied in DS-type models). LS-type models with longitudinal-current decay with height im-
ply current sinks distributed along the channel, as shown in (a). Adapted from Maslowski and
Rakov (2007)

current (if any) of the model. For LS-type models, the actual corona current is
unipolar and directed radially out of the channel core, while for DS-type models
it is unipolar and directed into the channel core. For LS-type models converted
to DS-type models, the corona current is the sum of the negated actual corona
current and a fictitious corona current, the later being bipolar. For the TL model
(no longitudinal-current attenuation with height) expressed in terms of distributed
sources, there is only a fictitious bipolar corona current component. Conversion of
the TCS model to its equivalent LS-type model involves replacement of the actual,
unipolar corona current with a fictitious one, the latter current being bipolar near the
channel base and unipolar at higher altitudes.

Baba et al. (2004) proposed a modification to the DU model, which could re-
produce all the four features identified in measured waveforms and listed in Sec-
tion 1.3.3 and one additional feature, a characteristic flattening within 15 s or
so of vertical electric fields observed at tens to hundreds of meters from triggered
lightning strokes (Rakov and Uman 1998). This model (modified DU model with
additional decay, referred to as the MDUD model here) is expressed by

Iypup (z’, t) =Ipy (z', t) [1 —exp (— ()Ld/z’)”)] (1.3)
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Fig. 1.8 Waveforms of current at different heights along the vertical lightning channel calculated
for the DU and MDUD models. The channel-base current waveform, 1(0, t), is characterized by a
magnitude of 11 kA and a 10-t0-90% risetime of 0.15 ws. The return-stroke front speed is set to
vy = 130m/ps. In the DU model, Eq. (1.2), the discharge time constant is set to 7p = 0.6 ps. In
the MDUD model, Eq. (1.3), 1; and n are set to 5000 m and 2, respectively. When these values
of input parameters are used, the magnitude of the MDUD model current is reduced, relative to
that in the DU model, to about 80 and 50% at heights z” = 4 and 6 km, respectively, while it is
essentially the same as that for the DU model at heights below z' = 2km

where Ipy(Z,1) is the channel current given by Eq. (1.2). The recommended con-
stant values are A, = 5000 m and n = 2. When these constant values are used,
the magnitude of the MDUD model current is reduced, relative to that in the DU
model, to about 80 and 50% at heights 77 = 4 and 6 km, respectively, while it is
essentially the same as the DU model current at heights below z' = 2 km. Figure 1.8
shows waveforms of current at different heights along the vertical lightning channel
calculated for the DU and MDUD models. The channel-base current waveform, /(0,
1), is characterized by a magnitude of 11 kA and a 10-t0-90% risetime of 0.15 ws.

1.4.3 Equations for Computing Electric and Magnetic Fields

The most general equations for computing the vertical electric field E, and az-
imuthal magnetic field B, due to an upward-moving return stroke for the case of
an observation point P on perfectly conducting ground (see Fig. 1.9) are given by
Thottappillil et al. (1997) and reproduced below.

1 H(r) 22/2 ) )
Ez(r,r):FSO/O = / 1(z,t—R(Z)/c) drdz
1 H(t) 2Z/2 , ,
o [ B =R ) a:
1 (HO 2 a2 —R(Z)[e)
— dz
21 e /0 2R3 (2) ot
1 r? dH (1)

e CRIH D) (H®).v) =4, (1.4
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Fig. 1.9 Geometry used in deriving equations for the electric and magnetic fields at a point P
on perfectly conducting ground at a horizontal distance r from the vertical lightning return-stroke
channel extending upward with speed v ;. Adapted from Thottappillil et al. (1997)

i H(t) r , , r ol Z/,t_R Z/ c ,

Btp(rvt)zﬁ/(; R3—(Z’)I(Z’I_R(Z)/c)+CR2(Z/) ( P ( )/ ) dz
Ho r dH (1)

ECRZ (H (t))l (H (), H (t)/vf) dr (1.5)

where I(Z, 1) is the current along the vertical lightning channel at height 7’ and time
t, and H(?) is the height of the front as seen by the observer at time ¢. This height
can be found from the equation, t = H(#)/v + R(H(#))/c. Iz, t) can be specified by
electromagnetic, distributed-circuit, or engineering lightning return-stroke model.
The first three terms in Eq. (1.4), traditionally referred to as the electrostatic,
induction, and electric radiation field components, respectively, and the first two
terms in Eq. (1.5), referred to as the magnetostatic (or induction) and magnetic
radiation field components, respectively, describe the field due to sources below the
upward-moving front. The last term in each of these two equations accounts for a
possible current discontinuity at the moving front. The front discontinuity produces
only a radiation field component, no electrostatic or induction field components.
Figure 1.10a, b, and ¢ show waveforms of vertical electric field on the surface
of perfectly conducting ground at horizontal distances » = 50m, 5 km, and 100
km from the vertical lightning channel, calculated using Eq. (1.4) for the MDUD



