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A Review of Natural Lightning: Experimental Data
and Modeling

MARTIN A. UMAN, SENIOR MEMBER, IEEE, AND E. PHILIP KRIDER

Abstract-A critical review is presented of the currents and the
electric and magnetic fields characteristic of each of the salient
discharge processes which make up cloud-to-ground and intracloud
lightning. Emphasis is placed on the more recent work in which
measured waveform variation is in the microsecond and submicro-
second range, since it is this time-scale that is of primary importance
in lightning/aircraft interactions. The state of the art of the modeling
of lightning currents and fields is discussed in detail. A comprehensive
bibliography is given of all literature relating to both lightning
measurements and models.
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I. OVERVIEW OF LIGHTNING

A. Introduction
IN the last few years, it has become evident that the electric

and magnetic fields of all important lightning processes can
vary on a submicrosecond time scale (e.g., Weidman and
Krider, 1978, 1980; Baum etal., 1980; Weidman etal., 1981).
The existence of these fast fields, in turn, implies that the
lightning currents which produce them contain large sub-
microsecond components (e.g., Weidman and Krider, 1978;
Clifford et aL, 1979; Weidman and Krider, 1980). Recent air-
bom measurements have directly confirmed the existence
of submicrosecond current rise times for some cloud discharge
processes (e.g., Pitts and Thomas, 1981). Submicrosecond
fields and currents represent a hazard to aircraft because they
can efficiently excite aircraft resonances. This hazard is partic-
ularly serious for the newer aircraft in which the increaseduse
of nonmetallic structural materials has reduced the electro-
magnetic shielding of the interior of the aircraft making flight-
critical low-voltage digital electronics susceptible to upset or
damage. In the present paper, we attempt to review all of the
lightning literature pertinent to this hazard.

Lightning is a transient,-high-current electric discharge whose
path length is measured in kilometers. The most common
source of lightning is the electric charge separated in ordinary
thunderstorm clouds (cumulonimbus). Well over half of all
lightning discharges occur within the cloud (intracloud dis-
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charges). Cloud-to-ground lightning (sometimes called streaked
or forked lightning) has been studied more extensively than
other forms because of its practical interest (e.g., as the cause
of human injuries and death, disturbances in power and com-
munication systems, and the ignition of forest fires) and be-
cause the channels below cloud level are more easily photo-
graphed and studied with optical instruments. Cloud-to-cloud
and cloud-to-air discharges are less common than intracloud
or cloud-to-ground lightning.

The definition and terminology of discharge components
for cloud-to-ground flashes and intracloud discharges which
follows is adapted from Schonland (1956) and Uman (1969).
While our primary interest is in the individual lightning flash,
it is worth noting that many basic lightning parameters, such
as the area density of flashes, the fraction of discharges which
are to ground versus the storm phase, the number of light-
nings versus storm duration, and the maximum and average
flashing rates, are subjects of current research interest (see,
for example, Livingston and Krider, 1978); and the ques-
tions of whether the characteristics of individual flashes de-
pend on the meteorological environment, the geographic lo-
cation, or other factors are also being studied. Thomson
(1980), for example, reports no significant correlation be-
tween the average number of strokes per flash or the aver-
age interstroke time interval and the geographic latitude of the
measurement. Although the average lightning characteristics
at any latitude may be similar, there are certainly differences
within a given region: frontal storms produce a higher flash-
ing rate and more strokes per flash than local convective
storms (e.g., Holzer, 1953; Schonland, 1956; Kitterman,
1980); topography affects the channel lengths to ground and
other properties (e.g., McEachron, 1939; Winn et al., 1973);
and there are seasonal effects such as winter thunderstorms
producing positive discharges to ground (Takeuti et al., 1973,
1976, 1977, 1978, 1980; Brook et al., 1982).

B. Cloud-to-Ground Lightning

A typical discharge between cloud and ground starts in the
cloud and eventually neutralizes tens of coulombs of negative
cloud charge. The total discharge is called a flash and lasts
about 0.5 s. A flash is made up of various discharge compo-
nents, among which are 3 or 4 high-current pulses called
strokes. Each stroke lasts about 1 ms and the separation
time between strokes is typically 40 to 80 ms. Lightning often
appears to "flicker" because the human eye can just resolve
the individual light pulses associated with each stroke.

In the idealized model of the cloud charges shown in Fig.
l(a) the main charge regions P andN are of the order of many
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Fig. 1. Stepped-leader initiation and propagation. (a) cloud charge
distribution prior to lightning. (b) discharge called "preliminary
breakdown" in lower cloud. (c)-(f) stepped-leader progression to-
ward ground. Scale of drawing is distorted for illustrative purposes.
Adapted from Uman (1971).
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Fig. 2. Return-stroke initiation and propagation. (a) final stage of

stepped-leader descent. (b) initiation of upward-moving discharges.
(c)-{e) return-stroke propagation from ground to cloud. Scale of
drawing is distorted for illustrative purposes. Adapted from Uman
(1971).

tens of coulombs of positive and negative charge, respectively,
and p is a smaller positive charge. The stepped leader initiates
the first stroke in a flash by moving from cloud to ground as

sketched in Figs. 1 and 2. The stepped leader is itself initiated
by a preliminary breakdown within the cloud, although there
is still some disagreement about the exact form and location of
this process. In Fig. 1, the preliminary breakdown is shown in
the lower part of the cloud between the N and p regions. The
preliminary breakdown sets the stage for negative charge
(electrons) to be channeled toward ground in a series of short
luminous steps (hence the name stepped leader). Photographi-
cally observed leader steps are typically I ps in duration and
tens of meters in length, with a pause time between steps of
about 50 gs (Fig. 1(c-f), Fig. 2(a)). A fully developed stepped
leader lowers about 5 C of negative cloud charge toward
ground in tens of milliseconds, and the average downward
velocity is about 2 X 105 m/s. The steps have pulse cur-

rents of at least 1 kA, and associated with these currents
are electric- and magnetic-field pulses with widths of about 1

ps or less and risetimes of about 0.1 ps or less. The average
leader current is of the order of 100 A. The stepped-leader
channel branches in a downward direction during its develop-
ment toward ground. The preliminary breakdown, the subse-
quent lowering of negative charge by the stepped leader, and
the resultant depletion of negative charge in the cloud com-

bine to produce a total electric-field change with a duration
between a few and a few hundred milliseconds.

The electric potential of the leader channel with respect
to ground is about -1 X 108 V. As the leader tip nears ground,
the electric field beneath it becomes very large and causes one

or more upward-moving discharges to be initiated at the

ground (Fig. 2), which starts the attachment process. The at-
tachment process to the ground has, as we shall see, many

elementsin common with the attachment to an aircraft in
flight. When one of the upward-moving discharges from the

(a) (b) (c) (d) (e,
Fig. 3. Dart-leader and subsequent return stroke. (a)-(c) dart leader

deposits negative charge on defunct first-stroke channel. (d)-(e) re-
turn-stroke propagates from ground to cloud. Scale of drawing is
distorted for illustrative purposes. Adapted from Uman (1971).

ground contacts the downward-moving leader some tens of
meters above the ground, the leader tip is connected to ground
potential. The leader channel is then discharged when a ground
potential wave, the return stroke, propagates up the previously
ionized leader path. The upward velocity of a return stroke is
typically one-third the speed of light (Fig. 2), and the total
transit time from ground to the top of the channel is typically
about 100 ps. The return stroke, at least in its lower portion,
produces a peak current of typically 30 kA, with a time from
zero to peak of a few microseconds. Currents measured at the
ground fall to half of the peak value in about 50,s, and
currents of the order of hundreds of amperes may flow for
milliseconds or longer. The rapid release of return-stroke en-
ergy heats the leader channel to a temperature near 30 000 K
and generates a high-pressure channel which expands and
creates the shock waves which eventually become thunder.
The return stoke lowers the charge originally deposited on
the stepped leader channel to ground and, in so doing, pro-
duces an electric-field change with time variations which
range from a submicrosecond scale to many milliseconds.

After the return-stroke current has ceased to flow, the flash
may end; on the other hand, if additional charge is made avail-
able to the top of the channel by discharges within the cloud
known as J- and K-processes, a continuous dart leader (Fig. 3)
may propagate down the residual first-stroke channel at a
velocity of about 3 X 106 m/s. The dart leader lowers a charge
of the order of 1 C and the average current is typically 500 A.
The dart leader then initiates the second (or any subsequent)
return stroke. Dart leaders and strokes subsequent to the first
are usually not branched.

Some leaders begin as dart leaders but toward the end of
their trips toward ground they become stepped leaders. These
processes are known as dart-stepped leaders. Dart-leader elec-
tric-field changes usually have a duration of about 1 ms, and
the subsequent-stroke field changes are similar to, but usually
a factor of two or so smaller than, first-stroke field changes.
Subsequent stroke currents have faster zero-to-peak rise times
than first strokes but a similar maximum rate-of-change. The
largest field impulses in a flash are often produced by return
strokes that are preceded by dart-stepped leaders.

The time between successive return strokes in a flash is
usually 40 to 80 ms, but can be tenths of a second if a con-
tinuing current flows in the channel after the stroke. Con-
tinuing currents are on the order of 100 A and represent a
direct transfer of charge from cloud to ground. The typical
electric-field change produced by a continuing current is
linear for roughly 0.1 s and is consistent with the lowering
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(a) (b)
Fig. 4. (a) The luminous features of a typical lightning flash as would

be recorded by a camera with relative motion (horizontal and con-
tinuous) between lens and film, a so-called streak camera. Scale of
drawing is distorted for illustrative purposes. (b) The same lightning
flash as recorded by an ordinary camera. Adapted from Uman
(1969).

of about 10 C of cloud charge to ground. Between one-quarter
and one-half of all cloud-to-ground flashes contain a contin-
uing current component.
A drawing of a streak photograph and a still photograph

of a typical lightning flash is shown in Fig. 4. In addition to
the usual downward-moving negatively-charged stepped leader
shown in Figs. 1, 2, and 4, lightning may also be initiated by a

positive downward-moving stepped leader. Positive discharges
are rather rare in most thunderstorms, but the peak currents
and total charge transfers can be extremely large (Berger and
Vogelsanger, 1966; Berger 1967, 1972; Takeuti et al., 1973,
1976, 1977, 1978, 1980; Brook et. al., 1982). Furthermore,
lightning can be initiated at the ground, usually from tall struc-
tures or mountains, by upward-going stepped leaders which
can be either positively or negatively charged (Berger and
Vogelsanger, 1966; Berger, 1967, 1972). The upward-going
leaders branch in an upward direction. In this study, we will
concentrate on the most-common form of cloud-to-ground
lightning, namely that which lowers negative charge from
cloud to ground and is initiated by, a downward-moving,
negative-charged stepped leader.

C. Cloud Discharges
Intracloud and intercloud lightning discharges occur be-

tween positive and negative cloud charges and have total
durations about equal to those of ground discharges, 0.5 s.

A typical cloud discharge neutralizes 10 to 30 C of charge
over a total path length of 5 to 10 km. The discharge is thought
to consist of a continuously propagating leader which generates
5 or 6 weak return strokes called recoil streamers or K-changes
when the leader contacts pockets of space charge opposite to
its own. The cloud K-changes are very similar to the K-changes
which occur in the intervals between return strokes in ground
discharges. Cloud discharges have not been studied nearly as

extensively as discharges to ground, and hence much less is
known about their detailed physical characteristics. The charge
motion produces electric fields whose frequency spectra have
roughly the same amplitude distribution as those of ground
discharges for frequencies below about 1 kHz and above 100
kHz. Between 1 kHz and 100 kHz, the ground discharge is
a more efficient radiator because of the very energetic return
strokes.

Ground Flash
JR

PB L E1lectros

Cloud Flash

KS
K

Ldatic Mieuds

t '

1-10 kc/s1~~~~~~~~~
100 kc/s

1 Mc/s

I O Mc/s

Fig. 5. Electric-field changes in the time domain and the correspond-
ing fields at different frequencies for a typical cloud-to-ground
flash and a typical intracloud flash, both at a distance of about 10
to 15 km and both having a duration of about 0.5 s. PB = pre-
liminary breakdown; L = leader; R = return stroke; J = J-process;
F = Final process which may be a continuing current or a cloud
discharge; K = K-change. Amplitude scales for different frequencies
are not the same. Adapted from Malan (1963).

Fig. 5. shows a comparison of typical ground-flash and
cloud-flash electric fields in both the time and frequency do-
mains. The time-domain field at close range shows a ramp-like
change with superimposed steps for both types of discharges,
but the steps in ground discharges, which are due to the re-
turn strokes, are much larger than the cloud-flash steps due to
K-changes. The outputs of narrow-band receivers centered
around the indicated frequencies are drawn below the time-
domain fields of each flash. For instance, the output from a
100 kHz receiver during a ground flash first shows a series of
pulses corresponding to preliminary breakdown and leader
activity and then a major pulse at the time of the first and
each subsequent return stroke. The pulses above about 10
MHz are of roughly equal magnitude for both ground and
cloud flashes and are probably produced by relatively small-
scale discharges that are primarily within the cloud. The re-
turn-stroke and K-change frequency spectra both have maxima
in the 5-kHz range, but the return-stroke spectrum has a
larger amplitude.

The term "cloud discharge" refers to all discharges which
do not contact the ground. It is important to keep in mind
that all cloud-to-ground lightning flashes have significant in-
cloud. components and, hence share many common features
with cloud discharges.

II. DETAILED REVIEW OF LIGHTNING FIELDS
AND CURRENTS

A. Introduction
The brief overview of lightning phenomenology given in

Section I provides the background which is necessary for a
detailed discussion of the fields and currents which are pro-
duced by a discharge. In this review, we will first consider
cloud filelds and charges, followed by the basic elements of
cloud-to-ground flashes; that is, the preliminary breakdown,
the stepped leader, the attachment process, the first return
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Fig. 6. Probable distribution of typical thunderstorm-cloud charge
distribution in South Africa according to Malan (1952). Solid black
circles indicate locations of effective point charges to give measured
electric-field strength at the ground.

stroke, the dart leader, subsequent return strokes, the con-
tinuing current, and J- and K-processes. For return strokes,
we will discuss the current, the electric and magnetic fields,
the frequency spectra, and the velocity and luminosity. We
will then discuss various aspects of cloud discharges. Finally,
we consider frequency spectra for both cloud and ground dis-
charges. In the discussions to follow, we will give only the most
pertinent literature references; however, the Bibliography con-
tains a relatively complete list of references for each of the
individual lightning processes.

B. Cloud Charges and Static Electric Fields

Recent reviews of the electrification processes which are
active in thunderstorms have been given by Magono (1980)
and by Latham (1981). Although some measurements have
been made of the electrical properties of nonthunderstorm
clouds (Simpson, 1949; Imyanitov and Chubarina, 1967;
Imyanitov et aL., 1972), the cumulonimbus is the most com-
mon lightning generator and is the cloud type which has re-
ceived the most study.

By the early 1930's, a simple-model for the charge structure
of a thunderstorm had evolved from ground-based measure-
ments of the cloud electric fields and lightning field changes
(Wilson, 1916, 1920; Appleton et al., 1920; Schonland and
Craib, 1927). In this model, the cloud charges form a positive
electric dipole; that is, a large positive charge, P, is located
above a large-negative charge, N, as shown in Fig. 6. Simpson
and Scrase (1937) were able to verify this basic dipole struc-
ture with sounding balloons, and they also found a small con-
centration of positive charge, p, at the base of the cloud as is
also shown in Fig. 6. More recent measurements have con-
firmed the general validity of this overall charge structure (e.g.,
Simpson and Robinson, 1941; Malan, 1952; Huzita and Ogawa,
1976; Winn et al., 1981), although it is now recognized that
there can be large horizontal displacements between the posi-
tive and the negative charges and that the positive charge may
be highly diffuse.

Because of the difficulty in interpreting electric-field meas-
urementstmde outside th e cloud:in the presence of spatial-

Fig. 7. Charge location for strokes and continuing current in four
multiple-stroke flashes in New Mexico. Each charge location is num-
bered sequentially. The numbers which contain two or more loca-
tions (i.e., flash 9, charge 6; flash 14, charge 5; flash 17, charge 4)
represent sequential continuing-current locations. The size of the
charge spheres is determined by measuring the charge and assuming
the charge density to be 20 C/km3. Adapted from Krehbiel et a!.
(1979).

and time-varying conductivities, the magnitudes and heights of
the actual cloud charges are uncertain (see Kasemir, 1965;
Moore and Vonnegut, 1977). The space-charge layers on the
surface of the cloud, for example, can lead to a substantial un-
derestimation of the cloud- charge magnitudes (Brown et al.,
1971; Hoppel and Phillips, 1971; Klett, 1972). Values ofp, N,
and P inferred from remote measurements and their altitudes
above ground level are roughly + 10 C at 2 km, -40 C at 5 kin,
and +40 C at 10 km in South Africa, ground level being Xabout
1.8 mk above sea level (Malan, 1952); and +24 C at 3 kmi
-120 C at 6 km, and +120 C at 8.5 km in Japan, ground level
being about 1 km above sea level (Huzita and Ogawa, 1976).
Jacobson and Krider (1970) have summarized most of the
available data for the location and size of the N charge neu-
tralized by cloud-to-ground lightning, and their values in
Florida (at sea level) are -10 to -40 C at an altitude of 6- to
9.5 km. Measurements of the electric fields inside clouds using
rockets, aircraft and balloons can provide relatively accurate
measurements of the charge altitudes (e.g., Simpson and
Scrase, 1937; Winn et al., 1981) but cannot determine the
charge magnitudes without making questionable assumptions
as to the size and shape of the charge distributions. Simpson
and Robinson (1941) reported +4 C at 1.5 km, -24 C at 3 kin,
and +24 C at 6 km above ground in England, the ground being:
about 1 km above sea level. Winn et al. (1981) found about
+1 C on rain at about 4 km above sea level and negative charge
of derisity 5 X 10-9 C/i3 between 4.8 and 5.8 km, the -2 to
-50C temperature range. Thus despite various uncertainties
and inaccuracies, both internal and external measurements
lead to a general model such as that shown in Fig. 6. The over-
all charge associated with- each major region is probably not-
uniformly distributed, but is concentrated in localized pockets
of high space-charge density. Evidence for these localized
charge distributions is provided by the obsrvation thati in-
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TABLE I
THUNDERSTORM ELECTRIC FIELDS MEASURED IN

AIRBORN EXPERIMENTS

Investigation Typical High Values Measurement
(V/m) Occasionally Observed Type

Winn et al. 5-8 x 104 2 x 105 Rockets
(1974)

Winn et al. (1981) - 1.4 x 105 Balloons

Rust, Kasemir 1.5 x 105 3.0 x 105 Aircraft
(private comm.)

Kasemir and
Perkins (1978) 1 x 105 2.8 x 10 Aircraft

Imyanitov 1 x 105 2.5 x 105 Aircraft
et al. (1972)

Evans (1969) - 2 x 105 Parachuted
Sonde

Fitzgerald (1976) 2-4 x 105 8 x 105 Aircraft

dividual return strokes in multiple-stroke ground flashes tap
different regions of cloud charge in succession (Krehbiel et
al., 1979), where these regions are displaced horizontally from
one another by distances of 1 to 3 km. Examples of these
charge locations are given in Fig. 7.

Since the threshold electric field for breakdown of dry air
between plane, parallel electrodes at sea level is about 3 X
106 V/m, one can assume that, in a cloud of water drops and
ice crystals, at the reduced pressures characteristic of 4- to
6-km altitude, the fields will probably not exceed 5 X I05 to
1 X 106 V/m. A summary of the electric fields measured inside
thunderstorms is given in Table I. Winn et al. (1974) report
a peak horizontal field of 1 X 106 V/m on one rocket flight,
although they express reservations about the validity of that
measurement. Fitzgerald (1976) reports measuring a peak field
of 1.2 X 106 V/m with an aircraft. Gunn (1947) found an
electric field of 3.4 X 105 V/m on the underbelly of an air-
craft just before it was struck by lightning and considers this
to be an underestimate of the true field.

C Preliminary Breakdown

The electric field change just before the first return stroke
in a cloud-to-ground flash has a duration from a few millisec-
onds to a few hundred milliseconds with a typical value of
some tens of milliseconds (e.g., Clarence and Malan, 1957;
Kitagawa and Brook, 1960; Takeuti et al., 1960; Harris and
Salman, 1972; Thomson, 1980; Beasley et al., 1982). Since
the duration of the stepped leader (see Section D) is usually
shorter than the duration of the overall pre-stroke field change,
some of the prestroke field behavior is attributed to a so-called
"preliminary breakdown" process within the cloud. Photo-
graphic evidence for cloud discharges preceding the stepped
leader is given by Malan (1952, 1955) who showed that clouds
often produce luminosity for a hundred or more milliseconds
before the emergence of the stepped leader from cloud base.
Stepped leaders propagate at a typical average velocity of about
2 X 105 m/s and thus should take about 25 ms to travel 5 km
from cloud to ground. It is a matter of some dispute as to
whether the relatively long prestroke field changes, say over
100 ms, should be associated with processes which initiate
stepped leaders, as argued by Clarence and Malan (1957),

or whether the long prestroke field changes should be treated
as relatively independent cloud discharges, as argued by Kita-
gawa and Brook (1960) and by Thomson (1980). Here we de-
fine the preliminary breakdown to be those discharge processes
which lead directly to the initiation of a stepped leader. In the
absence of a causal relationship, the prestroke processes will
be assumed to have the properties of a cloud discharge as dis-
cussed in Section II-J.

Here our main interest is the location of the preliminary
breakdown within the cloud, the nature of the electromag-
netic fields generated by it, and the currents which are neces-
sary to produce these fields. The location of the preliminary
breakdown has been determined in three ways: 1) from the
average variation of the initial part of the electric-field change
with distance for a number of single-station measurements
(Clarence and Malan, 1957), 2) from field changes measured
simultaneously at eight ground stations (Krehbiel et al., 1979),
and 3) from the location of the sources of the initial VHF (30
to 50 MHz) radiation produced within the cloud (Rustan,
1979; Rustan et al., 1980; Beasley et al., 1982).

Clarence and Malan (1957) assumed that the preliminary
breakdown channels were vertical and concluded that the
initial breakdown began between the N charge center and the
lower p as shown in Fig. l(b) and that the discharge was just,
as likely to start from p and go upward as to start fromN and
go downward. The location of this breakdown was between
1.4 km and 3.6 km above the ground in South Africa where
ground is about 1.8 km above sea level. Clarence and Malan
also suggest that, after the preliminary breakdown which lasts
2 to 10 ms, there is an intermediate stage which lasts from
zero to hundreds of milliseconds. During the intermediate
stage, the breakdown channels become negatively charged to
the point where they can generate a downward-propagating
stepped leader. During the preliminary breakdown, Clarence
and Malan (1957) report large VLF pulses, but their detailed
shapes were not resolved.

Unfortunately, investigators since Clarence and Malan
(1957) have not been able to verify the general validity of the
Clarence and Malan model (Kitagawa and Brook, 1960; Thom-
son, 1980; Krehbiel etaL, 1979; Beasley etal., 1982). Krehbiel
et al. (1979), for example, in a detailed study of two flashes

83



IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATABILITY, VOL. EMC-24, NO. 2, MAY 1982

Fig. 8. Log-amplitude VHF radiation, 40 to 60 MHz, at the beginning
of the 165959 flash on July 19, 1976 which stuck the 150-m weather
tower at the Kennedy Space Center. Adapted from Rustan (1979).

with long-duration preliminary field changes, found that the
initial charge motion was vertical but soon became horizontal.
Negative charge moved downward and horizontally away from
the cloud volume that was neutralized by the first return
stroke, and eventually one of the succession of these break-
down events initiated a leader to ground. Krehbiel et al. (1979)
suggest that the field changes observed by Clarence and Malan
(1957) can be interpreted more simply in terms of horizontal
channels, and hence there is no necessity for an intermediate
stage.

Rustan (1979), Rustan et al. (1980), and Beasley et a.

(1982) have located the sources of individual radio impulses
produced by lightning in Florida using the difference in the
time-of-arrival of the impulses at an array of VHF receivers.
The durations of the preliminary breakdown in the flashes
that were analyzed were on the order of several milliseconds.
These investigators found results contrary to those of Clarence
and Malan (1957) but in agreement with Krehbiel et at. (1979);
that is, the initial sources ofVHF tended to be vertical between
4 and 10 km, but the appearance of these sources preceded
any significant change the electrostatic field. The stepped

leader emerged from the bottom of the preliminary break-
down column, was characterized by a significant change
in the electrostatic field, and generated VHF pulses of much
lower amplitude and shorter duration than those of the pre-

liminary breakdown. Both the preliminary breakdown and the
stepped leader lowered negative charge toward ground. The
transition from the preliminary breakdown to the stepped
leader is marked by large VLF pulses which will be discussed
in the next paragraph. Fig. 8 shows an example of the VHF
signals which are detected during the preliminary breakdown,
stepped leader, return stroke, and FR (following first return
stroke) phases of a cloud-to-ground flash, and Fig. 9 shows an

example of the source locations determined using the VHF
time-of-arrival technique.

Many investigators (e.g., Kitagawa, 1957; Clarence and
Malan, 1957; Kitagawa and Kobayashi, 1959; Kitagawa and
Brook, 1960; Krider and Radda, 1975; Weidman and Krider,
a1979; BeaseXy et at., 1982) have published data which suggest

EAST (kmi)
Fig. 9. VHF source locations for the preliminary breakdown (AB)

and stepped leader (below B) for the lightning to ground whose
VHF radiation is shown in Fig. 8. Locations are 94-,s averages
determined by fnding time delays between VHF pulses arriving at
four ground stations from cross-correlating the recorded signals for
that time period. The first stroke charge Q1 is reported in Uman et
al. (1978) and determined using the technique of Krehbiel et al.
(1979). Adapted from Rustan et al. (1980).

that the beginning of the stepped leader or perhaps the end of
the preliminary breakdown is characterized by a train of rela-
tively large bipolar pulses which can be detected by systems
operating at frequencies ranging from VLF to VHF. In much
of the literature (e.g., Clarence and Malan, 1957) these pulses
are identified as the beginning of a :-leader, which will be dis-
cussed in Section II-D, but Beasley et al. (1982) have recently
determined that these pulses are produced at the location
where the preliminary breakdown ends and where the stepped
leader begins. Examples of the waveforms of these pulses are
shown in Fig. 10(a), and (b) and a frequency spectrum is
shown in Fig. 11.

Weidman and Krider (1979) have characterized the shapes
of the characteristic VLF pulses as follows: The initial polarity
tends to be the same as the return-stroke electric field which
follows. The overall shape is bipolar with about a 10-ps rise
to peak and an overall duration of about 50 ps. Two or three
microsecond-width pulses are superimposed on the initial half-
cycle, but the negative half-cycle is smooth. The peak ampli-
tude of a pulse often approaches that of the following return
stroke, and there are usually several pulses which occur at in-
tervals of about 100 ,s. It is not known whether the a-pulses,
of Clarence and Malan were similar to those described by
Weidman and Krider (1979), but it is likely in view of the fact
that the shapes of the pulses in cloud discharges which do not
precede return strokes are similar to the shapes of the pulses
during the preliminary breakdown, although the initial polarities
of the two types of pulses tend to be opposite (Weidman and
Krider, 1979). Since the cloud pulses and the preliminary
breakdown pulses are apparently generated by an intermittent
or stepped process, it is natural to expect that the literature
regarding the differences between these pulses and pulses as-
sociated with the photographed stepped leader would be con-
fused, as is apparently the case.

Prior to the occurrence of the characteristic VLF pulses
shown in Fig. 1O(a) and (b), there is appreciable VHF radia-
tion from the cloud (Malan, 1958; Brook and Kitagawa, 1964;
Iwata and Kenada, 1967; Rustan, 1979) which is probably
produced by localized breakdown processes that involve rela-
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Fig. 10. (a) Large bipolar electric fields radiated by lightning discharges
at end of preliminary breakdown or beginning of stepped leader at
distances of 100 to 200 km. Each waveform is shown on both a slow
(I100 gs/div) and a fast (20 ,s/div) time scale, the latter inverted with
respect to the former. The fast trace has been positioned so that the
centers of each trace coincide in time. A positive field is shown as a

downward deflection on the slow trace. The time interval between the
return stroke R and the discharge preceding it in (c) and (d) is shown
on the scale at left. Adapted from Weidman and Krider (1979).
(b) Large bipolar electric fields radiated by lightning discharges at
end of preliminary breakdown or beginning of stepped leader at
distances of 30 to 50 km. Each waveform is shown on both a slow
(20 Ms/div) and fast (4 ,us/div) time scale, the former indented with
respect to the latter. A positive field is shown as a downward de-
flection on all records. The time interval between the return stroke
R and the discharge preceding it in (c) and (d) is shown on the scale
at left. Adapted from Weidman and Krider (1979).
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Fig. 11. Frequency spectra of electric fields of 5 large bipolar pulses
between 15 and 45 km, normalized to 50 km. The decibel values given
are 20 times the logarithm (base 10) of the Fourier transform of the
electric-field intensity. Squares and triangles represent mean values;
vertical bars, standard deviations. Solid lines represent the first-re-
turn-stroke frequency spectra gi'en in Fig. 19. Time-domain wave-
forms of bipolar pulses are shown in Fig. 10(a) and (b). Adapted
from Weidman et al (1981).

tively small charge transfers. The detailed physics of the pre-

liminary break-down is not understood; however, there have
been a number of suggestions as to how breakdown could
start in the cloud, continue to grow, and eventually produce a

stepped leader (e.g., Loeb, 1966, 1970; Dawson and Duff,

1970; Phelps, 1974; Griffiths and Phelps, 1976, a, b; Diachuk
and Muchnik, 1979).

D. Stepped Leader

A significant fraction of what is known today about stepped
leaders was determined photographically by Schonland and his
coworkers in South Africa using streak cameras (Schonland et
al., 1938 a, b; Schonland, 1956). These photographic measure-
ments were also supplemented by slow (millisecond scale)
electric-field measurements at close range (e.g., Schonland et
al., 1938; Malan and Schonland, 1947; Schonland, 1956).
More recently, Krider and Radda (1975), Krider et al. (1977),
Weidman and Krider (1980), Baum et al. (1980), and Weidman
et al. (1981) have studied the electromagnetic fields radiated
by individual leader steps with microsecond and submicrosec-
ond resolution.
We now list some of the more important characteristics of

stepped leaders.
1) On the basis of step length and average earthward veloc-

ity, Schonland (1938) and Schonland et al. (1938 a, b) have
divided stepped leaders into two categories, a and 3. The type
a leaders have a uniform earthward velocity, of the order of
105 m/s, have steps that are shorter and much less luminous
than the : steps, and do not vary appreciably in length or
brightness. Type ,3 leaders begin with long, bright steps and a
high average earthward velocity, of the order of 106 m/s, ex-
hibit extensive branching near the cloud base, and, as they ap-
proach the earth, they assume the characteristics of at leaders.
Schonland (1956) states that the majority of photographed
leaders are type a, whereas the majority of electric-field
measurements suggest type 3. This fact and the fact that the
non-a characteristics of ('s are photographed at high altitude
suggest that the initial (3 processes are probably associated
with the end of the preliminary breakdown. As noted in the
previous section, we will adopt this interpretation and con-
sider all stepped leaders to have only ae characteristics.

The step lengths of type-a leaders are typically 50 m
when the leader is relatively far above the ground, with a
pause time between steps ranging from 40 to 100 Ms (Schon-
land, 1956). Longer pause times are followed by longer step
lengths, and vice versa. From time-resolved photographs,
Schonland (1956) states that the average two-dimensional
velocity of a stepped leader is between 0.08 and 2.4 X 106 m/s,
with the most probable value being close to 2 X 105 m/s.
From electric-field records, Kitagawa (1957) observed a mean
pause time of 50 ,s for steps far above the ground, decreasing
to 13 ,us as the leader tip approached the ground. Recent work
has verified that leader pulses on electric-field records just be-
fore the return stroke occur at about 15-jis intervals (Krider
and Radda, 1975; Krider et al., 1977); however, the shorter in-
tervals may, in part, be due to the fact that there may be steps
in different branches developing at the same time (Berger,
1967).

2) The luminosity of a step rises to peak in about I ps or
less and falls to half this value in roughly the same time (Schon-
land et a., 1935; Schonland, 1956; Orville, 1968; Krider,
1974). Thus for a 50-m step the velocity of progagation of
the light along the step must be at least 5 X 107 m/s. Negatively
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Fig. 12. Electric fields produced by close leader steps and return

strokes in Florida. (a), (b) Oscilloscope records from discharges at
2 and 3.2 km (c)-(e) Records from discharges at 15-30 km over
water. The initial portion of the lower (10 ,s/div) trace in (c)-(e) is
shown inverted with respect to (a), (b) and on a 2 gs/division time
base on the upper trace. Adapted from Krider et al. (1977).

charged leaders are photographically dark between steps, but
positively charged leaders emit some light and have less dis-
tinct steps (Schonland, 1956; Berger and Vogelsanger, 1966).

3) Photographs show a faint corona discharge extending for
about one step length in front of the bright leader step (Schon-
land et at., 1935; Berger and Vogelsanger, 1966). The luminos-
ity of this advance corona does not appear to develop between
steps but rather occurs simultaneously with the creation of the
bright step behind it. Luminous stepped-leader diameters have
been measured photographically to be between 1 and 10 m
with no apparent central core (Schonland, 1953). The expecta-
tion that there is a central current-carrying core follows from
the spectral measurements of Orville (1968) and the fact that
laboratory arcs of several hundred amperes, the average cur-
rent needed to lower 5 C in about 10 ms, have channel diam-
eters of some centimeters.
f 4) The millisecond-scale electrostatic field of the stepped
leader is reasonably well understood and is adequately modeled
by the lowering of negative charge down a vertical column
(Malan and Schonland, 1947; Beasley et al, 1982). The meas-

ured- field chane is relatiely smooth, which implies that the
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Fig. 13. Electric-field waveforms produced by four lightning dis-

charges in Florida at distances of 20 to 100 km. Each record con-
tains an abrupt return-stroke transition R preceded by small pulses
characteristic of leader steps. The polarities of all waveforms repro-
duced are in the sense of negative charge being lowered to ground.
The same waveform is shown on both a slow (40-gs/div) and an in-
verted fast (8-,s/div) time scale. The vertical gain of the fast trace
for d has been magnified by a factor of 2 in relation to the lower
trace. Adapted from Krider et al. (1977).

leader lowers charge continuously between steps and that the
step process itself does not lower appreciable charge (Schon-
land, 1953; Krider et at., 1977). Typical electrostatic fields
measured on the ground at various distances from the stepped
leader are given by Beasley et al. (1982).

5) Measurements of the fields radiated by leader steps near
the ground by Krider et al. (1977) and Weidman and Krider
(1980) are given in Figs. 12 and 13. These data and the data of
Baum et al. (1980) suggest that the step currents are in the kilo-
amperes range or larger, with rise times of the order of 0.1 ps
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or less. The average frequency spectrum of the field pulses from
individual steps obtained by Weidman et al. (1981) is shown in
Fig. 14.

There is considerable theory, primarily qualitative, on the
formation and propagation of the stepped leader (e.g., Schon-
land, 1956, 1953, 1938; Bruce, 1941, 1944; Loeb, 1966,
1968; Klingbeil and Tidman, 1974 a, b; Szpor, 1970, 1977;
Wagner and Hileman, 1958, 1961; Krider et al., 1977).

E. Attachment Process
When the stepped leader approaches any conducting ob-

ject, such as an aircraft or a transmission-line tower, the elec-
tric field produced by the charge on the leader can be en-
hanced by the object to the point where upward discharges
(called leaders, connecting leaders, connecting discharges, or,
sometimes, streamers) are emitted from the object. The char-
acteristics of these discharges are not well understood, but
have been the subject of considerable discussion in the context
of modeling lightning strikes to powerlines where the attach-
ment process plays a significant role in the design of overhead
ground-wire protection.

An important parameter in lightning protection is the
"'striking distance": the distance between the object to be
struck and the tip of the downward-moving leader at the in-
stant that the connecting leader is initiated from the object.
It is assumed that, at this instant of time, the point of strike
is determined. It follows that the actual junction point is
somewhere between the object and the tip of the last leader
step, and it is often assumed to be halfway between.

We now examine the attachment process as it relates to
lightning strikes to ground or to objects attached to the
ground. General reviews of this phenomenon have been
given by Golde (1967, 1977) who outlines the following
analytical approach: a reasonable charge distribution is as-
sumed for the leader channel, and the resultant fields on the
ground or nearby objects are calculated. The leader is assumed
to be at the striking distance when the fileld at some point ex-
ceeds a critical breakdown value that is determined by labora-
tory tests. Various authors have derived relations between the
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Fig. 15. Striking distance versus return-stroke peak current for ob-
jects attached to ground. [curve 1: Golde (1945); curve 2: Wagner
(1963); curve 3: Love (1973); curve 4: Ruhling (1972); X: Davis
(1962); o: estimates from 2-D photographs by Eriksson (1978); o:
estimates from 3-D photography by Eriksson (1978)]. Adapted
from Golde (1977) and Eriksson (1978).

striking distance and the leader charge (e.g., Golde, 1945);
however, the relationship of more practical value in power line
design is that of striking distance to the peak current of
the following return stroke. To make this connection, the peak
current must be related to the leader charge distribution. It has
not been proven that these two quantities are actually related,
since the leader charge may be spread over a rather large volume
and in various branches, whereas the peak stroke current is de-
termined in a few microseconds in the short channel section
that is attached to ground. On the other hand, Berger (1972)
shows that there is a correlation between the measured peak
currents in return strokes and the total charge transfer to
ground in the first 1 ms or so. According to Berger, the best fit
relating peak current I to charge transfer Q for 89 negative
strokes is

I= 10.6Q°-7

withImeasured in kiloamperes and Q in coulombs. According to
this expression, a typical peak current of 25 kA corresponds to a

total leader charge of 3.3 C. When this expression is combined
with the relation between charge and breakdown field, a re-
lation for the striking distance ds can be found in terms of
peak current. One example of several theoretical analyses re-
viewed by Golde (1977) yields

d5-1010.65

where ds is in meters and I in kiloamperes. In Fig 15, several
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Fig. 16. (a) Typical electric-field strength (left column) and magnetic
flux density (right column) for first (solid line) and subsequent
(dotted line) return strokes at distances of 1, 2, and 5 km. The fol-
lowing characteristic features of the waveforms are identified: for
electric field, initial peak, ramp-starting time, ramp, and 170-,us
value; for magnetic field, initial peak, hump, and half-value. (b)
Typical fields as described in Fig. 16(a) for distances of 10, 15, 50,
and 200 km. Characteristic waveform features identified in addition
to those noted in Fig. 16(a) are electric- and magnetic-field zero
crossings. Adapted from Lin et al. (1979).

theoretical curves discussed by Golde (1977) are shown together
with some experimental data. From the available experimental
data and theory, it is possible to conclude that striking dis-

tances are generally between a few tens and a few hundred
meters.

F. Return Strokes

The return stroke is the most studied and hence best under-
stood lightning process. This research has been motivated both
by practical considerations (e.g., the need to reduce lightning
injuries and deaths and lightning damage) and by the fact that,
of all the phases of lightning, the return stoke is easiest to
measure.

Several types of experimental data are available on return
strokes: 1) Wide band (dc to some megahertz) electric and mag-
netic fields at ground level (e.g., Tiller et al., 1976; Weidman
and Krider, 1978; Lin et al., 1979; Weidman and Krider, 1980)
and, to a very limited extent, above ground level (e.g., Baum,
1980; Nanevicz and Vance, 1980; Pitts, 1981; Pitts and
Thomas, 1981); 2) measured electric-field frequency spectra
(e.g., Taylor, 1963, Serhan et al., 1980; Weidman et al., 1981);
3) current waveforms at ground level (e.g., Berger et al., 1975;
Garbagnati et al., 1975; Eriksson, 1978) and, to a very limited
extent, above ground (e.g., Petterson and Wood, 1968; Pitts,
1981; Pitts and Thomas, 1981); and 4) return-stroke velocities
and luminosities (e.g., Schonland et al., 1935, Boyle and
Orville, 1976; Orville et al., 1978; Saint-Privat D'Allier Re-
search Group, 1979; Hubert and Mouget, 1981; Idone and
Orville, 1982). In order for any model of the return stroke to
be valid, it must be capable of describing in a self-consistent
way the above indepedently measured fields, currents, veloc-
ities, and luminosities. We now consider the above four types
of experimental data in detail.

1) The most complete description of the overall return-
stroke electric- and magnetic-field waveforms is given by Lin
et al. (1979). The bandwidths of the measuring systems ex-
tended from near dc to over 1 MHz. Measurements were made
simultaneously at two Florida stations separated by either 50
or 200 km, and fields were recorded from discharges at dis-
tances from 0.2 to 200 km. Typical first- and subsequent-
stroke waveforms from Lin et a. (1979) are sketched in Fig.
16(a), and (b). Actual waveforms are found in Figs. 10, 12,
13, and 18.

Since Lin et al. (1979) and previous studies in the same ex-
perimental program (e.g., Fisher and Uman, 1972; Tiller et al,
1976; Uman et al., 1976a) concentrated primarily on the over-
all shape of the waveforms, Weidman and Krider (1978, 1980)
have recently examined the microsecond and submicrosecond
structure of electric-field, E, and field-derivative, dE/dt, signa-
tures. These authors find that the first return stroke in a cloud-
to-ground flash produces an electric-field "front" which rises
in 2 to 8 ps to about half of the peak field amplitude and is
followed by a fast transition to peak whose mean 10 to 90
percent risetime is about 90 ns. Subsequent-stroke fields have
fast transitions very similar to first strokes, but fronts which
last only 0.5 to 1 ps and which rise to only about 20 percent
of the peak field. This fine structure in return-stroke fields is
sketched in Fig. 17 and illustrated by the waveforms in Figs.
18, as well as in Figs. 10 and 12.
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Fig. 17. Sketches of the detailed shapes of the radiation fields pro-
duced by (a) the first return stroke, (b) a subsequent return stroke
preceded by a dart-stepped leader, and (c) a subsequent stroke pre-
ceded by a dart leader in lightning discharges to ground. The field
amplitudes are normalized to a distance of 100 km. The small
pulses characteristic of leader steps L are followed by a slow front
F and an abrupt, fast transition to peak R. Following the fast transi-
tion, there is a small secondary peak or shoulder ce and large subsidiary
peaks, a, b, c, etc. The lower trace in each case shows the field on a
time scale of 20 Ms/div, and the upper trace is at 5 ,s/div. The origin
of the time axis is chosen at the peak field in each trace. Adapted
from Weidman and Krider (1978).

Unfortunately, the origin of the fronts in return-stroke
fields is still not well understood, particularly for first strokes
(Weidman and Krider, 1978). If fronts are produced by up-
ward-connecting discharges, then these discharges must have
lengths in excess of 100 m and peak 'currents of 10 kA or
more. A front may be produced by a slow surge of current in
the leader channel prior to the fast transition, but then this
surge must contain 10 kA or more and the associated channel
length must be at least 1 km. To date, the available optical
data are not adequate to determine whether either of these
processes (or both) does actually occur.

The fast rise times that are found in the initial return-stroke
fields suggest that return-stroke currents contain large sub-
microsecond variations (Weidman and Krider, 1978, 1980 a, b).
Submicrosecond rise times have been observed in currents
measured during strikes to towers, but very few of these are as
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Fig. 18. Electric-field waveforms produced by three lightning return
strokes. The same waveform is shown on both a slow (4-,ss/div) and
a fast (200-ns/div in (a) and (b), 100-ns/div in (c) time scale. The field
amplitude is shown to the left of the lower record. The vertical gain
of the upper trace is twice (X2) that of the lower trace. The range
R to the lightning discharge is shown for each flash. Adapted from
Weidman and Krider (1980).

fast as 90 ns (Berger et al., 1975; Table II). Thus the origin of
the fast transition is still not clear, although it is possible that
an upward discharge or the tower itself alters the current rise-
times measured at the ground from the values actually present
in the channel above ground.

To measure distant dE/dt signatures on a 10-ns time scale,
it is essential that the field propagation from the lightning
source to the receiving antenna be over salt water; otherwise,
there can be a significant degradation in the high-frequency
content of the fields due to propagation over the relatively
poorly conducting earth (e.g., Uman et al., 1976b; Weidman
and Krider, 1980 a, b). It is possible that lightning striking
salt water could produce inherently faster rise times than light-
ning striking ground, but Weidman and Krider (1978) argue
that this is probably not the case. Electric and magnetic fields
from close lightning where the source is sufficiently elevated
can be directly measured with 10-ns resolution (Baum et al.,
1980).

2) Data on return-stroke frequency spectra below 1 MHz
are given by Serhan et al. (1980). These spectra were obtained
by Fourier-analyzing the time-domain electric-field waveforms
of Lin et al. (1979) and Tiller et al. (1976) and extend over a
frequency range from 1 kHz to 700 kHz for lightning at dis-
tances over land between 1 km and 200 km. First-stroke spec-
tra at 50 km are shown in Fig. 19. To obtain the spectra of
strokes within 10 km, Serhan et al. (1980) truncated the elec-
tric-field records (see Fig. 16) and this artifically introduced a
high-frequency content which does not exist in nature. The
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Fig. 19. Frequency spectra for 13 first strokes over land (Serhan et
al., 1980) and 5 first return strokes over salt water (Weidman et AL,
1981) at a distance of about 50 km. The decibel values given are 20
times the logarithm (base 10) of the magnitude of the Fourier trans-
form of the electric-field strength. Solid symbols indicate mean
values; vertical bars, standard deviations.

extent of this artificial high-frequency enhancement is presently
under study.

Recently, Weidman et al. (1981) have extended the first-
stroke spectraof Serhan et al. (1980) to 20 MHz, as shown in
Fig. 19. The spectra of Weidman et al. (1981) were derived
from E and dE/dt measurements of lightning at distances of
about 50 km over salt water. Since the lightning and the
propagation paths were entirely over salt water, there should
be negligible ground-wave attenuation below about 10 MHz.
Such attenuation is clearly evident in the 50- and 200-km spec-
tra of Serhan et al. (1980) and, in fact, was used by them to
estimate the average conductivity of Florida soil.

LeVine and Krider (1977) have made narrow-band RF
measurements at 3, 30, 139, and 295 MHz correlated with
wideband electric-field measurements. They show that first
strokes have strong radiation at all of these frequencies, but
that the radiation does not peak until 10 to 30 ps after the
start of the wide band waveform, as is evident in Figs. 20(a),
(b). This e.vidence suggests that much of the RF emission may
be due to the effects of branches in first strokes and cloud
processes. Supporting this suggestion is the observation that
subsequent strokes, which usually do not have branches,
generate little HF or VHF radiation as shown in Figs. 21(a),
(b), and (c). There is, however, considerable radiation pre-
ceding a subsequent return stroke and due to the dart leader
(see Section 114G). The observations of LeVine and Krider
(1977) are in reasonable agreement with those of Takagi (1969)
at 60, 150, and 420 MHz, but not with those of Brook and Kita-
gawa (1964) at 420 and 850 MHz. Brook and Kitagawa (1964)
report that the RF was always delayed from 60 to 100 Ms in the
50 percent of return stroke for which RF was detected and
argue that the RF is due to breakdown at the top of the re-
turn-stroke channel.

3) Return-stroke currents measured in Switzerland are re-
viewed by Berger etal. (1975); in Italy by Garbagnati et al.
(1975, 1978); and in South Africa by Eriksson (1978). Berger's
and Garbagnati's measurements were obtained at the tops of
towers on mountains, and because of this, their published cur-
rent wavefoims may be differentfrom those of strikes to low
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Fig. 20. (a) Simultaneous oscilloscope records of the 3-MHz RF signal

(top trace) and the electric field (lower trace) due to a first return
stroke. The time base is 100 ,ts/large division for the top two traces
and 20 ,Ms/large division for the bottom two traces. Adapted from
LeVine and Krider (1977). (b) Simultaneous records of the 139-
MHz RF with horizontal polarization (top trace) and the electric
field (lower trace) due to a first return stroke. The time base is 100
jis/-large division for the top two traces and 20 gps/large division for
the bottom two traces. Adapted from LeVine and Krider (1977)i.
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Fig. 21. (a) Simultaneous records of the 3-MHz RF signal (top) and
the electric field (bottom) due to a subsequent return stroke. The
time base is 100 ,us/large division. Adapted from LeVine and Krider
(1977). (b) Simultaneous records of the 295-MHz RF with horizon-
tal polarization (top) and the electric field (bottom) due to a subse-
quent return stroke. The continuous pulses on the RF channel
prior to any electric-field activity are due to receiver noise. The time
base is 100 us/large division. Adapted from LeVine and Krider
(1977). (c) Simultaneous records of the 139-MHz RF with vertical
polarization (top) and the electric field (bottom) due to a subsequent
return stroke. The time base is 100 ps/large division. Adapted from
Levine and Krider (1977).

objects or the ground. Of particular interest is the early por-

tion of the first-stroke waveform, since this must partially be
due to an upward-going leader (see Section II-E) and thus might
be different for strikes to a tall structure than for strikes to
ground, low objects, or an aircraft. Also, first-stroke currents
striking tall objects are expected to be larger, on the average,
than those to normal ground (Sargent, 1972). In any event,
the extensive measurements of Berger et al. (1975) are sum-

0 20 40 60 80 100 As-A

SUBSEQUENT STROKES
Fig. 22. Average return-stroke currents measured by Berger and co-

workers as reported by Berger et al. (1975).

marized in Fig. 22 and Table II. The measurements of Gar-
bagnati et al. (1975, 1978) and Eriksson (1978) are, in gen-
eral, consistent with those of Berger.

The long first-stroke rise times shown in Fig. 22 must in-
clude a contribution due to an upward-going leader. Subse-
quent strokes have rise times for which the median value
from 2 kA to peak is reported to be 1 As. Berger et al. (1975)
state that 5 percent of the 120 front times measured were
less than 0.2 Ms and that 5 percent of the maximum rates-of-
rise of current exceeded 120 kA/ps. Fieux et al. (1978) report
that their 10- to 90-percent subsequent strokes rise times were
less than 1 gs in 70 percent of 63 measurements. Weidman and
Krider (1980) have derived maximum rates of rise of current
from first- and subsequent-stroke fields and find a mean of
about 180 kA/,us with maximum values about twice the mean.
(The mean value of 90 kA/,s found in Weidman and Krider
(1980) is in error by a factor of 2 due to a similar error in the
equation they use to relate the rate of change of field to rate
of change of current.) Peak currents for first strokes are gen-
erally thought to be in the 20- to 40-kA range with 200 kA
occurring at about the 1-percent level, although there is some
disagreement abouit the exact statistics (Szpor, 1969; Sargent,
1972).

Lightning currents which pass through an aircraft in flight
have been measured by Petterson and Wood (1968), Pitts
(1981), and Pitts and Thomas (1981). The aircraft were ap-
parently involved with few, if any, return strokes, but rather
with other portions of ground discharges or with cloud dis-
charges.

4) Return-stroke velocity measurements may be, to some
extent, arbitrary because the luminosity of the return-stroke
wavefront has a shape which varies with height and, there-
fore, it is often difficult to identify the same luminous feature
at different heights (Hubert and Mouget, 1981; Jordan and
Uman, 1980; Weidman and Krider, 1980). Recent velocity
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TABLE II
LIGHTNING CURRENT PARAMETERS. ADAPTED FROM BERGER

etal. (1975)

Percent of cases exceeding
tabulated value

Number
of Parameters Unit

Events 95% 50% 5%

Peak current
(minimum 2 kA)

101 negative first strokes kA 14 30 80
135 negative subsequent strokes kA 4.6 12 30
26 positive first strokes kA 4.6 35 250

(no positive subsequent
strokes recorded)

Charge
93 negative first strokes C 1.1 5.2 24

122 negative subsequent strokes C 0.2 1.4 11
94 negative flashes C 1. 3 7.5 40
26 positive flashes C 20 80 350

Impul se charge
90 negative first strokes C 1.1 4.5 20

117 negative subsequent strokes C 0.22 0.95 4.0
25 positive first strokes C 2.0 16 150

Front duration
89 negative first strokes Ps 1.8 5.5 18
118 negative subsequent strokes Ps 0.22 1.1 4.5
19 positive first strokes Ps 3.5 22 200

Maximum di/dt
92 negative first strokes kA/ps 5.5 12 32

122 negative subsequent strokes kA/ps 12 40 120
21 positive first strokes kA/ps 0.20 2.4 32

Stroke duration
90 negative first strokes Ps 30 75 200

115 negative subsequent strokes ps 6.5 32 140
16 positive first strokes ps 25 230 2000

Integral (i2dt)
91 negative first strokes A2 a 6.0x103 5.5x104 5.5x105
88 negative subsequent strokes A2 s 5.5x102 6.0x103 5.2x104
26 positive first strokes A2 s 2.5x104 6.5x105 1.5x107

Time
133 between negative strokes ms 7 33 150

Flash duration
94 negative (including ms 0.15 13 1100

single stroke flashes)
39 negative (excluding ms 31 180 900

single stroke flashes)
24 positive (only single stroke ms 14 85 500

flashes)

data have been published by Boyle and Orville (1976), Orville
et al. (1978), the Saint-Privat D'Allier Research Group (-1979),
Hubert and Mouget (1981), and Idone and Orville (1982).
The last paper is the most comprehensive to date on the sub-
ject. Seventeen first-stroke and forty-six subsequent-stroke
velocities are given. The first-stroke mean velocity within
about 1 km of ground was 9.6 X 107 m/s; the subsequent-
stroke mean velocity was 1.2 X 108 m/s. All velocities de-
creased with height. The fact that these velocities are gen-
erally higher than the earlier results (Schonland and Collens,
:1934; Schonland et aL, 1935; McEachron, 1947) is attributed
to the fact that the recent measurements are made near
ground where return-stroke velocity is a maximum.

G. Dart Leaders

Return strokes subsequent to the first in a flash to ground
are usually initiated by dart l-eaders. Dart leaders are so named
becauset they appear:on streak camera photographs as a 50-m

long dart of light propagating toward earth. Dart leaders carry
cloud potential earthward via an ionizing wave of potential
gradient (Loeb, 1966) and lower about 1 C of negative charge
(Brook et al., 1962) in about 2 ms. It follows that these
leaders must have a current of the order of 500 A. Dart leader
velocities range from about 1 to 27 X 106 m/s, with the higher
velocities being related to shorter interstroke intervals and the
lower velocities to longer intervals (Winn, 1965; Schonland
et al., 1935; Schonland, 1956).

The electric-field changes produced by dart leaders have
been described by Malan and Schonland (1951). At a range of
5 to 8 km, the first dart leaders in multistroke flashes produce
positive field changes and later ones have hook-shaped field
changes which begin with a negative polarity. Malan and
Schonland (1951) suggest that succeeding leaders originate
from charge volumes higher in the cloud, the typical increase
in height between successive leaders being about 0.7 km ac-
cording to Malan and Schonland (1951) and about 03 km ac-
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cording to Brook et aL (1962). Apparent leader heights varied
between 2 and 13 km (Brook et al., 1962). Krehbiel et al.
(1979) have pointed out thatsingle-station field observations
could also be explained in terms of a horizontal rather than a
vertical lengthening of the channel and have presented evidence
to show that this is the case. Schonland et al. (1938) have in-
ferred from the field ratios of 46 dart leaders and return-
strokes that the dart-leader channels tend to be uniformly
charged, although, as we will argue in Section IV-C, the
charge removed by subsequent return strokes is apparently
not uniform.

If the time interval between strokes is long, the dart leader
may make a transition from a continuously moving leader to a
stepped leader, a so-called "dart-stepped leader." The stepped
portion has a relatively high downward velocity (about 106
m/s), short step lengths (about 10 m), and short time intervals
between steps (about 10 ,us) (Schonland, 1956; Krider et aL,
1977).

The in-cloud portion of the dart leader produces consid-
erable radiation at VHF (Takagi, 1969 a, b; LeVine and
Krider, 1977; Rustan, 1979; Rustan et al., 1980) and in the
microwave region from 400 to 1000 MHz (Brook and Kita-
gawa, 1964). This radiation eminates primarily from within
the cloud rather than from the channel to ground (Proctor,
1971, 1976; Rustan, 1979; Rustan ct al., 1980). The RF as-
sociated with the dart leader starts about 250 Ms before the
return stroke (LeVine and Krider, 1977) and, at frequencies
above about 100 MHz, ceases about 100 ps prior to the re-
turn stroke (LeVine and Krider, 1977; Brook and Kitagawa,
1964). At 3 MHz, the dart-leader radiation often continues
up to and during the return stroke (LeVine and Krider, 1977).
These effects are illustrated in Fig. 21(a), (b), and (c).

H. Continuing Current

Return-stroke currents can last for about a millisecond with
the "intermediate" current during the final stage decreasing
from a few kiloamperes to zero (Hagenguth and Anderson,
1952). Following the current associated with the return stroke
proper, there may also be a low-level "continuing current" to
ground whose charge source is distributed horizontally in the
cloud as illustrated in Fig. 7 (Krehbiel et aL, 1979). Continu-
ing currents have been measured directly in strikes to towers
(Berger and Vogelsanger, 1965) and have been inferred from
remote measurements of interstroke electric and magnetic
fields. Brook et al. (1962) and Kitagawa et al. (1962) have
made correlated photographic and electric field observations
in New Mexico. So-called "long" continuing-current durations,
defined by the New Mexico group as those lasting longer than
a typical 40-ms interstroke interval, were found to have dur-
ations up to 500 ms, the average being 150 ms. The charges
lowered by continuing currents were between 3.4 and 29.2
C, the average being about 12 C. Current values were be-
tween 38 and 130 A. Williams and Brook (1963), also in
New Mexico, used a magnetometer to measure magnetic field
from which continuing current was derived. They found an

average current of 184 A, an average charge transfer of 31 C,
and an average duration of 184 ms. Krehbiel et aL (1979),
using multiple electric-field measuring stations in New Mexico,

found continuing currents between 50 and 580 A in three dis-
charges. The initial current values were 580, 185, and 150 A,
and all decreased with time. Livingston and Krider (1978) have
reviewed the statistics on the occurrence of continuing cur-
rent and have presented their own finding that 29 to 46 per-
cent of the flashes in Florida had a continuing current. About
half of the 200 flashes in New Mexico measured by Brook et
al. (1962) and Kitagawa et al. (1962) had long continuing cur-
rents and about one-quarter of all the interstroke intervals had
one. Schonland (1956) states that about 20 percent of all
flashes in South Africa contain a continuing current; Thomson
(1980) gives a figure of 48 percent for New Guinea.

The continuing currents measured by Berger and Vogel-
sanger (1965) in Switzerland following normal negative strikes
to a tower were found to be of the order of 100 to 300 A.
Half the flashes containing continuing currents lowered over
25 C, and the maximum charge lowered was 80 C. These values
can be compared to the stroke currents and charges given in
Table 11.

The "long" continuing currents referred to in the preceding
paragraphs are apparently the cause of burning effects (e.g.,
forest fires (Fuqua et al., 1967), burned-through overhead
ground wires on power systems, metal damage on airplanes).
Brook et al. (1962) and Kitagawa et aL (1962) also discuss
"short" continuing currents, i.e., those that last less than 40
ms. In either case, after the continuing current ends, a normal
interstroke interval, presumably containing a J-change, fol-
lows if there is to be another return stroke to ground.

An unusual class of continuing currents has been observed
in Japanese winter thunderstorms by Brook et al. (1982).
These lower positive charge and are characterized by larger
currents and charge transfer than normal negative lightning.
Brook et al. (1982) studied a continuing current which peaked
at 105 A and which remained above 104 A for more than 3 ms.
In two of eight positive flashes, the charge transfer to ground
was 200 C and 300 C.

L J- and K-Processes in Discharges to Ground

During the time interval between successive return strokes,
there is usually a slow, relatively steady change in the electric
field due to charge motion within the cloud. This change is
called a J-change, the J standing for "Junction." Impulsive
discharges termed K-changes are usually superimposed on the
J-change at intervals of 5 to 10 ms (Kitagawa and Kobayashi,
1959; Kitagawa and Brook, 1960; Kitagawa et al., 1958).
Kitagawa and Brook (1960) and Kitagawa (1965) suggest that
the slow J-process is actually the instrumentally-smoothed sum
of the field changes due to the rapid K-processes, each of which
lasts less than 1 ms. Kitagawa and Brook (1960) show that the
distribution of time intervals between K-changes in the inter-
stoke intervals of discharges to ground is essentially the same
as the distribution of K-change intervals in the final portion,
the so-called J-portion, of an intracloud discharge, although
the polarity of the K-changes may be different in cloud and
ground discharges. Ogawa and Brook (1964) state thatK-changes
in cloud discharges are an order of magnitude larger than
K-changes in ground discharges while others (e.g., Ishikawa,
1961; Wadhera and Tantry, 1967 a, b) claim they are of the
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same magnitude. We will discuss the J- and K-changes of cloud
discharges in Section II-J.

The J-field change in ground discharges is almost always
negative for flashes within a few kilometers and can be posi-
tive or negative for discharges beyond about 5 km (Malan and
Schonland, 1951 a, b; Malan, 1955 ,1963). During theJ-change,
there is no appreciable luminosity in the channel between
cloud base and ground. Further, Malan and Schonland (195 1b)
report that, for flashes in the 5- to 12-km range, J-field changes
occuring early in the flash are positive, while later ones are
negative. However, Malan (1965) states that 44 percent of in-
terstroke field changes beyond 25 km are negative, a result
similar to the authors' observations in Florida. If all distantJ-
changes were positive instead of a mixture ofpositive and nega-
tive, that would be clear evidence for J-changes being due to a
vertical motion of either negative charge downward or positive
charge upward. It is likely that all distantJ-changes are not
positive because 1) many of the J-processes are more hori-
zontal than vertical, and 2) some of the apparent negative field
change that occurs during the interstroke period is due to the
rearrangement of charge in the atmosphere between the meas-
urement point and the source, rather than at the source (Il-
lingworth, 1971). Evidence for nonvertical J-processes has re-
cently been reported by Ogawa and Brook (1969) and Kreh-
biel et al. (1979). Rustan (1979) found vertical J-processes in
some flashes and horizontal ones in others. The exact orienta-
tion of the J-process is ubdoubtedly related to the electrical
structure of the cloud.

Schonland (1938) suggests that, during the time interval be-
tween strokes, J-discharges progress downward from previously
untapped negative charge centers in the cloud to the top of the
previous return-stroke channel. Apparent confirmation of this
view of the J-process is given by Rustan et al. (1980) for one
flash. On the other hand, Bruce and Golde (1941) and Malan
and Schonland (1951b) argue that the J-change represents a
raising of positive charge from the top of the previous return-
stroke channel into a new region of negative charge. Further,
visual observations (Brook and Vonnegut, 1960) tend to con-
firm this view. Krehbiel et al. (1979) have deduced from
multiple-station electric-field measurements that J-processes
in New Mexico usually move negative charge horizontally to-
ward the top of a previous stroke, but this is not necessarily
the same negative charge that is involved in the next stroke
to ground.

The K-processes are generally thought to be "recoil
streamers" or small return strokes which occur when a propa-
gating channel encounters a pocket of opposite charge within
the cloud. In this view, the J-changes are not necessarily the
sum of their K-changes. The detailed characteristics of the
K-change currents are very much in doubt, although there is
evidence that there may be one or more fast pulses over an
interval that is between about 500 Ms and 750 /is (Kitagawa
and Kobayashi, 1959; Brook and Kitagawa, 1964; Rustan,
1979; Rustan et Al., 1980). Rustan (1979) and Rustan et al.
(1980) measured the location of VHF sources termed "soli-
tary pulses," which are probably associated with K-changes,
and found them to propagate upward for a few kilometers at
velocities between 1 and 4 X 1 07 m/s. Arnold and Pierce
(1964):,give a median value of 0.1 for the ratio of the maxi-

mum K-electric-field amplitude to the return-stroke electric-
field peak, which implies that K-processes are associated with
peak currents of the order of several thousand amperes, since
the K-processes have velocities several times lower than return
strokes (Rustan, 1979, Rustan et al., 1980, Arnold and Pierce,
1964). Steptoe (1958) and Muller-Hillebrand (1968) have pro-
posed expressions for K-process currents. Both investigators
suggest that the current rises to peak in 9 us, falls to half value
in tens of microseconds, and then remains at a low level until
a significant fraction of a coulomb of charge is transferred.

If an intermediate or a continuing current is flowing to
ground when a K-change occurs, the K-change will brighten
the channel below cloud and produce a luminous event which
is called an "M-component" (Malan and Schonland, 1947;
Kitagawa et L., 1962). The implication of this observation is
that the continuing-current discharge is propagating away from
the top of the return-stroke channel when it contacts a region
of negative charge, and that the resulting luminosity propagates
downward to ground, perhaps in a manner similar to that of a
dart leader.

J. Cloud Discharges
The term "cloud discharge" may well refer to a variety of

different phenomena. The cloud discharge which sometimes
precedes a flash to ground by more than 100 ms (see Section
II-C) may be different from an isolated cloud flash; and there
may be several types of isolated cloud flashes, the distinction
between intracloud lightning, intercloud lightning, and cloud-
to-air lightning being hardly discussed in the literature. Ogawa
and Brook (1964) and Brook and Ogawa (1977) argue that
these three types of cloud flashes are probably similar. Since
relatively little is known about cloud discharges, we shall
concentrate on the type about which the most is known,
the typical isolated intracloud flash.

The average durations of cloud discharges have been given
by a number of investigators, for example, 245 ms by Pierce
(1955), 490 ms by Mackerras (1968), 300 ms by Takagi
(1961), 420 ms by Ishikawa (1961), and 500 ms by Ogawa
and Brook (1964). The average change in the total electric
moment produced by cloud discharges has been found to be
of the order of 100 C-km (Pierce, 1955; Mackerras, 1968;
Takagi, 1960; Wang, 1963). Since the distance between charge
centers is roughly 5 km, the charge transfers are of the order
to 10 C, values which are similar to ground flashes. The bulk
of the available ground-based electric-field data suggests that
a typical intracloud flash contains an initial downward-moving
discharge which propagates at a velocity of about 104 m/s and
which lowers positive charge from the upper cloud region to-
ward the lower negative charge (see Figs. 6 and 7). When con-
tact occurs, several upward-moving K-changes are initiated.
Electrostatic-field measurements by Ogawa and Brook (1964),
Takagi (1961), Takeuti (1965), and Ishikawa and Takeuchi
(1966) show that 60 to 75 percent of the cloud-discharge field
changes are consistent with the downward movement of a
positive charge. On the other hand, Smith (1957), working in
Florida, found that 56 percent of the cloud discharges were
initiated by negative discharges moving upward from the lower
part of the thundercloud and only 17 percent were of the
downward positive type. Smith described the remaining cloud
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discharges as the neutralization of a dipole cloud charge where
the negative charge was above the positive. It is worth noting
that the interpretations of charge motion discussed above are
based on the assumption of vertical discharges and measure-
ments at one or two observing stations, and hence the existence
of nonvertical discharges could lead to errors in interpretation
(Huzita and Ogawa, 1976). Proctor (1981), using a VHF
source-location technique in conjunction with a ground-based
electric-field measurement, found that most cloud flashes in
South Africa were horizontal and were initiated by several
leaders moving negative charge away from a common origin.
Detailed data are given on three cloud discharges which moved
negative charge horizontally at altitudes of 2.9, 4.5, and 6.5
km above ground level, one which moved negative charge ver-
tically between 4.8 and 11.5 km, and one which moved posi-
tive charge horizontally at an altitude of 4 km, 1 km above the
freezing level. None of these discharges discussed by Proctor
(1981) are consistent with previously accepted views of a
typical cloud discharge based only on electric-field measure-
ments. Additional information is found in Proctor (1976).

To find the location of the cloud charges from ground-based
electric-field measurements, a minimum of five ground stations
are needed if the discharge is a vertical dipole with the ap-
propriate symmetry and a minimum of seven stations if it is
nonvertical. Seven stations provide enough information to
solve for the charge and the x, y, z coordinates of each end-
point (assuming the charge distribution to be spherically sym-
metric), and five stations provide enough data to determine the
charge, the x, y coordinates, and altitude of each end of the
dipole. Analyses of multiple-station electric-field records by
Workman et al. (1942) and by Reynolds and Neill (1955)
show that cloud discharges in New Mexico are primarily hori-
zontal: vertical charge separations are typically 0.6 km, with
the positive charge generally above the negative, and the hori-
zontal charge separations are typically 1 to 10 km. The mo-
ment changes are of the order of 10 C-km, an order of mag-
nitude smaller than the more recent measurements referenced
earlier, probably due to the small vertical charge separation,
but the charge transfers are similar, typically 10 to 20 C.
Smith (1957) used only two ground stations in Florida, and
hence could not find accurate charge locations. Takeuti (1965)
used only three stations in Japan, but was able to estimate
total path lengths of 2 to 8 km. It should be noted that si-
multaneous multiple measurements of electric fields are diffi-
cult to make and that data from different sets of stations in
the same experiment can give quite different results, pre-
sumably because of errors in measurement, difficulty in
identifying a unique portion of the discharge at all stations,
and lack of simple dipole behavior (Krehbiel et al., 1979).

The luminosity variation of an-intracloud event is usually
composed of a continuous, slowly-varying background on
which is superimposed a series of rapid pulses (Kitagawa and
Kobayashi, 1959; Takagi, 1961; Malan, 1955; Brook and
Kitagawa, 1960).

The electric-field change produced by a typical intracloud
discharge on a millisecond scale is shown in Fig. 23. Kitagawa
and Brook (1960) have divided this overall frield change into
three phases: 1) an initial portion having a duration of 50 to
300 ms- and characterized by small pulses with a mean -pulse

100 m sec

1: Initial V.A.: Very Active J: J-Type
Portion, Portion, Portion

Fig. 23. Diagram of the typical field change of a cloud discharge. The
upper and lower traces are recorded simultaneously by the fast and
slow antennas, respectively.Adapted from Kitagawa and Brook
(1960).

interval of 680 Ms. This initial process is quite different from
the more-rapid pulsations that characterize the beginning of a
discharge to ground; 2) a very active portion lasting of the
order of 100 ms and characterized by large VLF pulses and a
relatively rapid electrostatic-field change; and 3) the final or
J-type portion which is similar to the J-change in ground dis-
charge and which contains impulsive K-changes at intervals
ranging from 2 to 20 ms. Kitagawa and Brook report that 50
percent of 1400 cloud-discharge field changes contained all
three of the above phases, 40 percent were missing the initial
portion, and 10 percent contained just the initial portion or
the very active portion or both.

The larger fast pulses superimposed on the slow electro-
static-field change are usually called K-changes; the smaller
ones do not have a name. Ogawa and Brook (1964) state that
K-changes do not occur during the initial or very active por-
tions and interpret K changes as being due to upward-propa-
gating negative recoil streamers that are initiated by a down-
ward-moving positive discharge. Apparently, the cloud-dis-
charge K-changes are similar to those which occur during the
period between return strokes in flashes to ground (see Sec-
tion I) and hence the discussion in Section I is also valid
for the present case. On the other hand, the K-changes in
cloud and ground discharge usually have opposite polarity
and, according to Ogawa and Brook (1964), the mean moment
change of cloud K-changes, 8 C-km, is considerably larger than
the largest moment change, 2 C-km, found for ground
K-changes. Ogawa and Brook (1964) suggest that the negative
cloud K-changes (or recoil streamers) have the following prop-
erties: time duration 1 to 3 ms, channel length 1 to 3 km, veloc-
ity 2 X 106 m/s, charge neutralized 3.5 C, average current 1 to 4
kA. They also report that during the J-period there are most
frequently six of these changes. Rustan (1979), Rustan et al.
(1980), and Proctor (1981) have used a VHF source-location
technique to follow the propagation ofnoise sources apparently
associated with K-changes. Five studied by Rustan (1979) and
Rustan et al. (1980) in one discharge had a typical velocity of
2 X 107 m/s and propagated upward from a height of 5 to 8
km to a height of about 13 km. The cloud discharge involved
the raising of negative charge or the lowering of positive.
Proctor (1981) studied 19 events having VHF noise charac-
teristic of K-changes, but sometimes occurring without aK-
electric-field change and found velocities from 2.5 X 106 m/s
to 4.4 X 1i07 m/s for path lengths from 136 m to 4.4 km. All
but one of these events transferred positive charge, consistent
with the observed cloud discharges initially moving ne.gative
charge out of the main negative region- of the cloud. Although;
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Fig. 24. Trains of unipolar magnetic-field pulses produced by five dif-

ferent intracloud lightning discharges within 50 km in Arizona.
Adapted from Krider et al. (1975).
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Fig. 25. The relative Fourier amplitude as a function of frequency for
a typical intracloud pulse sequence as shown in Fig. 24. Adapted
from Krider et al. (1975).

Ogawa and Brook (1964) report that K-changes occur only in
the final portion of a cloud discharge, it is difficult to see how
their occurrence could be ruled out in the very active portion,
particularly in view of the multitude of electric-field pulses
that are observed during that time.

Krider et al. (1975), Weidman and Krider (1979), and
Krider et al. (1979) have examined the detailed shapes of in-
dividual field pulses generated by cloud discharges. Two types
of pulses were found: 1) regular sequences of primarily uni-

'polar pulses which occur at 5-ps intervals and which have a

total sequence duration of 100 to 400 ps. 2) large-amplitude,

bipolar pulses similar to those we have associated with the pre-

liminary breakdown (see Section II-C) but with opposite po-

larity and larger pulse intervals.
The unipolar pulses have risetimes of 0.2 Ms or less and a

full width at half maximum of about 0.75 Ms. Examples of
these pulses are given in Fig. 24 and the frequency spectrum of
one pulse sequence is given in Fig. 25. Krider et al. (1975)
noted the similarity of these pulse sequences to those radiated
by the dart-stepped leaders which sometimes preceded subse-
quent strokes in ground discharges (see Section II-G) and sug-

gest that a similar dart-stepping process may occur in the cloud
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Fig. 27. Frequency spectra of 6 large bipolar electric fields from in-
tracloud discharges as shown in Fig. 26. The decibel values given are

20 times the logarithm (base 10) of the magnitude of the Fourier
transform of the electric-field intensity. Solid symbols indicate mean
values; vertical bars, standard deviations. Lightning between 15 and
30 km, normalized to 50 km. The solid lines represent the first-
return-stroke frequency spectra given in Fig. 19.
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Fig. 26. Large bipolar electric fields radiated by intracloud discharges
at distances of 15 to 30 km. Each event is shown on time scales of
2 ms/div, 40 ,us/div, and 8 ,us/div. A positive field is shown as a

downward deflection on all records. Adapted from Weidman and
Krider (1979).

discharge. If each of the 20 to 80 pulses occurring at 5-,s in-
tervals has a length of 10 m (a value similar to dart-stepped

(c) leaders), the total channel length would be 200 to 800 m and
the propagation velocity would be 2 X 106 m/s. These values
are similar to the Ogawa and Brook (1964) description of a

K-change. Krider et al. (1975) find that the sequences of regu-

lar pulses occur throughout the cloud discharge, but state that
there is a tendency for the sequences to occur toward the end
of the discharge. This situation implies that some may well be
associated with K-changes.

Examples of the large bipolar waveforms are shown in Fig.
(d) 26 and the frequency spectrum of individual pulses is shown

in Fig. 27. Weidman and Krider (1979) have found that the
large pulses often have several fast unipolar pulses superim-
posed on the initial rise to peak. The shape of the fast im-
pulses is similar to individual pulses in the regular sequences

just discussed. The large pulses have a mean full width of 63
ps and a mean pulse interval of 780 As, a value which is similar

(e) to the 680 Ms mean pulse interval reported by Kitagawa and
Brook (1960) for the initial portion of the discharge. On the
other hand;, the bipolar pulses are among the largest events in
the cloud discharge and these perhaps should be associated
with the very active portion of the discharge. Weidman and
Krider (1979) suggest that the fast pulses on the initial rise
are due to a step-like breakdown current and that the subse-
quent large bipolar field is due to a slower current surge flow-
ing in the channel established by the steps. Krider et al. (1979)

(f) have shown that RF radiation at frequencies between 3 and
295 MHz is coincident with each bipolar pulse, as illustrated
in Fig. 28, in turn implying that the process which generates
the pulse probably involves the breakdown of virgin air rather
than propagation along an already-existing channel.

(g)

K. Flash Frequency Spectra

A number of investigators have used narrow-band receivers
at a variety of frequencies to sample portions of the lightning
frequency spectrum. A composite view of the flash integrated
frequency spectrum which incorporates essentially all pub-
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of ground-wave propagation must be considered at the higher
frequencies.
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Fig. 28. A large bipolar electric field and associated RF emissions at
3 and 69 MHz produced by an intracloud lightning discharge. The
polarity of the electric field is such that a negative potential gradient
is displaced upward. Adapted from Krider et al. (1979).
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Fig. 29. Spectrum of total lightning flash normalized to a bandwidth
of 1 kH:z and a distance of 10 km.

lished measurements is shown in Fig. 29. Similar composite
spectra have been published by Kimpara (1965), Oh (1969),
Otetzel and Plerce (19693, Pierce (1977), and others.

Since most measurements have been made for lightning at
distances greater than 10 km, the frequency content above
about I MHEz in Fig. 27 must be considered a lower limit to
fthe actual -value since the higher frequencies can be strongly
attenuated by ground-wave propagation (see Section 11-F and
fig. i 8(a), (b)). Unfortunately, from an integrated spectrum,
it; is not possible to determine which lightning process produces
~a varticular spectral emission.
0:Spectra below about 20 MHz are best determined by a

Fouiner analysis of time-domain waveforms, but the effects

III. AIRCRAFT MEASUREMENTS

An aircraft in flight can become attached to a lightning
channel by initiating discharges which connect to the stepped
leader or to any other phase of the discharge in which there is
a propagating channel (e.g., the J-process discussed in Section
II-I). Further, an aircraft can "trigger" lightning which other-
wise would not have occurred had the aircraft not been there
(Fitzgerald, 1967). Triggering is made possible by the field
enhancement caused by the presence of the aircraft in a re-
gion where the field is already high, and the resultant genera-
tion and propagation of leaders in two directions away from
the aircraft toward regions of opposite charge. Any charge on
the aircraft due to precipitation interactions may increase the
probability of a lightning strike. Further, the charge deposited
in the wake of the aircraft (which is opposite in polarity to
that on the plane) due to precipitation charging may serve
either to guide the lightning to the plane or to shield the plane
from it. A discussion of these and other effects is given by
Vonnegut (1965) and in the paper by Clifford and Kasemir in
this issue.

The attachment of a typical lightning to an aircraft in flight
probably takes place as follows: A leader with a typical charge
density of 10-3 C/m approaches the aircraft at a velocity of
105 to 106 m/s. When the fields on the wings, nose, tail, and
other extremities exceed a critical value, corona will begin and
outward-going discharges will be initiated. These discharges
will lower the electric field at the surfaces of the plane because
of shielding. The "striking distance" is determined by the dis-
tance to the incoming leader at the time when the aircraft in-
itiates the outward-going connecting discharges. The time for
the leader and connecting discharge to join is probably of the
order of 10 ,us, and the striking distance is probably of the
order of the plane length. When contact takes place, the air-
craft will be raised to the 108- to 109-V potential of the light-
ning channel in a characteristic charging time determined by
the channel surge impedance, roughly 1000 Q2, and the air-
craft capacitance, 10-9 to 10-10 F. Thus the charging time
will be 10-7 to 10-6 s, and the rate of change of the air-
craft voltage will be 108 to 1010 V ps. Contact will also cause
the electric field at the surface of the plane to reverse direc-
tion, and the aircraft may produce additional corona and
leaders. In any event, the leader current will propagate through
the aircraft in a relatively steady fashion, and then there may
be superimposed fast current pulses due to leader steps,
K-changes, return strokes, or any other impulsive lightning
process.

Currents and photographs of 52 lightning events measured
with an instrumented F-1OOF aircraft are given by Petterson
and Wood (1968). It is not known in which phases of the vari-
ous lightning discharges the plane was involved. Since positive
charge was usually transferred into the nose boom, Petterson
and Wood (1968) infer that most of the strikes were intra-
cloud discharges between the upper positive and lower nega-
tive cloud charge regions (Figs. 6 and 7). Most peak currents
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were several thousand amperes with millisecond rise times.
There were also fast current pulses with zero to peak risetimes
of about 1 ,us. The maximum current was 22 kA for which the
risetime was not recorded. One point of interest is that, when
a lightning channel became attached to the F-1OOF, the mo-
tion of the plane did not detach the channel, but rather
stretched it.

Data on electric and magnetic fields and currents during
strikes to aircraft have been reported by Pitts (1981) and
by Pitts and Thomas (1981). Ten strikes to an F-106B were re-
corded during 1980 as part of a research program at the
NASA Langley Research Center. Some of the electric- and
magnetic-field pulses have widths of less than 1 Ms and rise
times in the tens of nanoseconds range. The peak currents,
however, are only between 100 and 200 A with rise times be-
tween about 0.1 and 1.0 ,us. No apparent relation exists be-
tween the simultaneous electric field, magnetic field, and cur-
rent, although the data still have not been completely analyzed.
Information on the instrumentation and sensors used in the
NASA study is given by Baum et al. in this issue.

Baum (1980) has presented the initial results of airborn
electric- and magnetic-field and current measurements made
on a WC-130 aircraft as part of a U.S. Air Force study. Many
waveforms similar to those of return strokes measured at
ground level were observed from lightning in the 10-km range,
a result which is expected from theory (see Fig. 33). In addi-
tion, series of pulses were recorded with rise times as short
as 40 ns or less and with widths of about 1 p,s or less, similar
to those observed in the NASA study. Information on the
instrumentation and sensors used in the Air Force study is
given by Baum et aL in this issue.

Some data from recent French airborn measurements using
a Transall C- 160 aircraft are reported by Clifford and Kasemir
in this issue. Current pulses between I and 70 kA were found
to be superimposed on a steady current of the order of 1 kA
or less, the pulses having widths between 8 and 200,s.

IV. MODELING AND THE RELATION OF LIGHTNING
CURRENTS TO REMOTE ELECTRIC AND

MAGNETIC FIELDS

A. Modeling

A model can be defined as a physical or mathematical con-
struct which approximates to some degree certain aspects of
natural or man-made phenomena. Perhaps the most important
aspect of a model is that it can be used for prediction. We will
be concerned with the mathematical modeling of lightning
processes which result in the prediction of the electric and
magnetic fields produced by those processes.

There are basically three levels of sophistication in the
mathematical modeling of lightning.

1) The least sophisticated approach, but to date the one
which provides the closest approximation to nature, simply
assumes a temporal and spatial form for the channel current
and then uses this current to calculate the remote fields. The
form of assumed current is constrained to agree with the
properties of lightning currents measured at the ground and

Fig. 30. A drawing defining all geometrical parameters needed in the
calculation of electric and magnetic fields.

by the available data on the electric and magnetic fields. Lin
et al. (1980) have reviewed the literature on this type of
model for return strokes and have presented a new and
superior variation. Master et al. (1981) have further improved
the model of Lin et al. (1980) so as to provide more realistic
fields above ground level.

2) A more sophisticated approach involves mathematically
describing the lightning channel as an RLC transmission line
with circuit elements that may vary with height and time.
The intent is to predict a channel current as a function of
height and time, and to use this current to calculate the fields.
Price and Pierce (1977) and Little (1978, 1979) have used this
approach to model return strokes with reasonable success.

3) The most sophisticated model attempts to describe the
detailed physics of the lightning channel using equations of
conservation of mass, momentum, and energy, equations of
state, and Maxwell's equations. Unfortunately, this-type of
model requires a detailed knowiedge of the physical param-
eters such as the ionization and recombination coefficients
and of thermodynamic properties such as the thermal and
electrical conductivities; but one can still attempt to predict
the channel current as a function of height and time. A model
of this type has recently been developed for lightning return
strokes by Strawe (1979) and holds considerable promise for
providing a better understanding of the discharge. At present,
however, this model still does not produce realistic results.

Here, we only consider models of type (1) and judge their
validity by how well the assumed currents and predicted fields
agree with measurements.

B. The Relation of Lightning Currents to Remote Electric and
Magnetic Fields

For the present discussion, we assume all lightning currents
are contained in straight, vertical channels of negligible cross-
section above a perfectly conducting ground plane as shown
is Fig. 30. The extension of this approach to tortuous channels
with horizontal components will be discussed later. The dif-
ferential electric and magnetic fields at altitude z and range r
from a short length of channel dz' at height z' carrying a time-
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varying current i(z', t) are

dE(x, y, z, t)

dz'IJ
=4re0R

3rz 5z) /i('0

3r(z z') r(z Z')
+ c3 *i(z',t-R/c)+ c2]

a i(z' t-R/c) . 2(z-z 2 _- r2

a t ar4

i(zt ,T-R/c)dr± 2(z-z')2 -r2

r2 ai(z t-R/c)

ata
i(z', t-Rlc)_ 2 2 i( n -/c (l)

dB(x, y, z, t) = --| * i(z', t-Rc) +R
4irR RI2 cR

0 ~~~ai(z%t-R/c)l
. ~~~~asp (2)

at

where (1) and (2) are in cylindrical coordinates, eo is the per-
mittivity and ju0 the permeability of vacuum, and all geomet-
rical factors are defined in Fig. 30 (Uman et al., 1975; Master
et a., 1981; Master and Uman, 1982). The effects of the per-
fectly conducting ground plane on the radiation from the
source at z' are included by replacing the plane by an image
current as shown in Fig. 30 (Stratton, 1941). The electric and
magnetic fields of the image are obtained by substituting RI
forR and z4' for z' in (1) and (2). Once the expressions for the
fields of a short channel section are formulated, the fields for
the total channel can be obtained by integration over the

channel.
An important special case is that of the fields at-the ground.

For a vertical channel between the heights of HB and HT,
these are (Uman et al., 1975)

Ez(x,y, 0) t)

21rO [JHT(zR4 f0t/(z, R/C)d dz'
JHT (2z'2 -r2)

(HT r2 ai(z',t-R/c) R dJHT C2zR2 - ;3f Rcdzj(3

+ y,z
R

t)= F2 i(zt tR/c)dz'

ETI riz z't t-R/c)j

C. Calculations

Equations (1) and (2) have been used to calculate the elec-
tric and magnetic fields as a function of time at any specified
point in space with the channel currents as input parameters.
From the time-domain fields, the field frequency spectra are
obtained. As an example of the technique, we will present the
fields and frequency spectra for a typical subsequent return
stroke using the model of Lin et al (1980) and a modification
of that model due to Master et al. (1981). Other important
lightning processes (e.g., preliminary breakdown, stepped
leader, first return stroke) have been modeled using similar
techniques (Uman and Krider, 1981).

The model of Lin et aL (1980) postulates that the return
stroke current is composed of three components: a) a short-
duration upward-propagating pulse of constant magnitude and
waveshape that is associated with the electrical breakdown at
the return-stroke wavefront and that produces the fast peak
current. This pulse is assumed to propagate at a constant
velocity; b) a uniform current which is already flowing in the
leader channel (or which may start to flow soon after the
commencement of the return stroke); and c) a "corona" cur-
rent which is caused by a flow of charge radially inward and
then downward and which removes the charge initially stored
in the corona sheath around the leader channel after the pas-
sage of the return-stroke wavefront. These three current com-
ponents are illustrated in Fig. 31.

Two observations form the basis for a modification of the
Lin et;al. (1980) model by Master et al. (1981). i) Formerly,
subsequent strokes were thought to have both luminosities
(and, therefore, currents) and velocities that were constant
with height (Schonland, 1956). However, Jordan and Uman
(1980) have recently found that the peak luminosity of sub-
sequent strokes decreases to half the initial peak in less than
one kilometer above ground. The implication of this observa-
tion is that the breakdown pulse current [(a) in previous para-
graph] must also decrease with height. ii) When the break-
down pulse reaches the top of the channel, the model of Lin
et al. (1980) predicts a field pulse of opposite polarity to that
of the initial field with a waveshape that is a "mirror image"
of the initial field. A detailed discussion of the "mirror image"
effect is given by Uman et al. (1975). Mirror images are ob-
served occasionally in the fields from first-return strokes, but
almost never in the fields from subsequent-return strokes (Lin
et al., 1979). This observation is reasonable if the breakdown
pulse current decays with height so that it has a negligible ef-
fect when it reaches the end of the channel. In view of i) and
ii) above, Master et al. (1981) have proposed the following
modification to the model of Lin et al. (1980): the break-
down pulse current is allowed to decrease with height above
ground, but all other features of the original model remain
unchanged. As we shall see, the fields at ground level produced
by this new model are essentially the same as those of Lin et
al. except for the absence of the "mirror image." The fields in
the air, however, differ considerably, especially at close ranges.
We first calculate the electric and magnetic fields of a typi-

cal subsequent return stroke using the model of Lin et al.
(1980), and then we repeat the calculation using the improved
model. The current components at ground level are shown in
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Fig. 31. Current distribution for the model of Lin et al. (1980) in
which the breakdown pulse current is constant with height. The
constant velocity of the breakdown pulse current is v. Current pro-
files are shown at four different times t, through t4, when the re-
turn-stroke wavefront and the breakdown pulse current are at four
different heights zi through z4, respectively.

TiME (usec)

Fig. 32. Return-stroke current components at ground for a typical
subsequent stroke calculated from measured electric and magnetic
fields from Lin et al. (1980).

Fig. 32. The current parameters used in the field calculations
are as follows.

a) Breakdown pulse current: increases from 0 to 3 kA in
1.0 us, rises abruptly to a peak of 14.9 kA at 1.1 ,us, falls to
half peak value at 3.8 Ms, and zero at 40,s. The fast transition
risetime given in the previous sentence has been altered from
the value used by Lin et al. (1980) so as to be consistent with
the measurements of Weidman and Krider (1978). The break-
down current pulse propagates upward with an assumed con-

stant velocity of 1 X 108mIs.
b) Uniform current: 3 100 A.
c) Corona current per meter of channel: Ioe"z/(e-at

COt), with Io = 21 A/m, X = 1500 m, a= 10s-1, and=
3 X 106 s1. The total charge initially stored on the leader
and lowered by return stroke is 0.3 C. The channel length is
7.5 km. In the improved model, the amplitude of the break-
down pulse current decreases with height as e-Z /, with X =
1500 m; that is, the breakdown pulse current decreases with
the same scale height as the corona current. All other pa-

rameters in the improved model are the same as those for
the original model.

Calculated vertical and horizontal electric fields are shown
in Fig. 33(a), (b), xespectively, and calculated magnetic fields
in Fig. 33(c). Solid lines represent the original model of
Lin et al. (1980), dashed lines the modified version of the
model in which the breakdown pulse current decreases with
height. All zero times on the figures indicate the time at
which the return-stroke current originates at ground level. The
waveforms at the field points begin after the appropriate prop-
agation-time delay. The intersections of the slanted solid lines
with the horizontal dotted lines at various heights indicate the
times at which the return-stroke wavefront passes those heights.
Salient features of these waveforms are discussed by Master
et al. (1981). Fig. 34(a) and (b) give the amplitude spectra
of the vertical electric field at ground level at distances of 50
km and 200 m, respectively. The data in Fig. 34(a) compare
favorably with the measurements at 50 km given in Fig. 18(b).

The type of lightning model just discussed can easily be
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Fig. 33. (a) Calculated vertical electric fields for a typical subsequent
return stroke from Master et al. (1982). (b) Calculated horizontal
electric fields for a typical subsequent return stroke from Master
etal. (1982).
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Fig. 33. (c) Calculated magnetic fields for a typical subsequent re-
turn stroke from Master et al. (1982).

3-I

10

0

a
2
cc
t
es
a
.j
,2
AL

2
cc
t
.j
ui

-10

-30

40

-70

-90
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generalized to include the effects of nonvertical channels,
channel tortuosity, and branching. It can also be applied to
any other lightning process as long as the electric and magnetic
fields produced by that process have been adequately measured
as a function of distance. Uman and Krider (1981) have listed
the best present estimates of the input current parameters for
other important lightning processes that can be used in the
modeling approach discussed above. Unfortunately, the fields,
and hence the currents, for many of these processes are not
adequately known, and, therefore, more and better measure-

ments are needed before the modeling can be considered com-

pletely satisfactory.
Using simple return-stroke current models, Hill (1969) and

LeVine and Meneghini (1978) have investigated the effect of
channel tortuosity on distant radiation fields and Pearlman
(1979) has studied the effect on very close fields. It appears
that tortuosity adds frequency content above about 100 kHz
to the distant radiation fields, but does not have a significant
effect on the close fields. Additional work is needed to com-

bine a realistic model for tortuosity and branching with an

adequate return-stroke current model.

SECTION V
CONCLUSIONS

Although lightning has received serious study for most of
the 20th century, it is only within the last decade that the
electric and magnetic fields have been adequately measured
and that realistic models to predict those fields have been pro-

posed. The discovery of large submicrosecond variations in
fields and currents is in part, responsible for the major re-

examination of aircraft lightning protection and hazard test-
ing now in progress. Research currently taking place through-
out the world should soon fill in many of the present de-
ficiencies in our knowledge evident from this review.
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Triggered Lightning
DON W. CLIFFORD AND HEINZ W. KASEMIR

Abstract-Although the triggering of lightning to ground stations
using wire-trailing rockets has become somewhat routine, it has not
yet been proven that free-flying aircraft trigger lightning. However,
there is substantial evidence that aircraft are somehow involved in the
initiation of the: strikes which they experience. This paper reviews the
evidence and arguments for aircraft-triggered lightning. The trig-
gering mechanisms which have been suggested are discussed in light of
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ground-based triggering experience and recent flight data related to
weather conditions and discharge parameters associated with strikes
to aircraft. Some conclusions are drawn about the probable char-
acteristics of aircraft-triggered lightning and the implications of
triggering to aircraft safety.
Key Words-Triggered lightning, triggering mechanisms, weather

conditions, discharge parameters, aircraft strikes, aircraft safety.

I. INTRODUCTION
FOLLOWING THE DISCUSSION of natural lightning

processes in the preceding paper by Uman and Krider, this
paper will examine the possible triggering of lightning as a
result of introducing an aircraft or other aerospace vehicle into
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