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PREFACE 

This book is an attempt to  present under one cover the current state of 
knowledge concerning the potential lightning effects on aircraft and the means 
that are available to  designers and operators to  protect against these effects. The 
impetus for writing this book springs from two sources--the increased use of 
nonmetallic materials in the structure of  aircraft and the constant trend toward 
using electronic equipment to handle flight-critical control and navigation 
functions. Nonmetallic structures are inherently more likely t o  be damaged by  a 
lightning strike than are metallic structures. Nonmetallic structures also provide 
less shielding against the intense electromagnetic fields of  lightning than d o  
metallic structures. These fields have demonstrated an ability to  damage or cause 
upset of electronic equipment. 

Such concerns, when added to the continuing apprehension regarding 
the vulnerability of fuel systems to lightning, have led in the past decade to 
increased research into lightning effects o n  aircraft. The results of this research 
are contained in the technical reports and literature published by ourselves and 
by researchers in other laboratories who are also working on  these problems. 
Conferences and symposiums have been held so that researchers could exchange 
ideas and information; there is a high degree of cooperation among all of those 
working towards the goal of complete safety-of-flight in the lightning environ- 
men t. 

The persons who can best use information on aircraft protection from 
lightning are the aircraft designers and operators, but generally they are not 
among those who produced this information. Moreover, they are often unaware 
of its existence, and they seldom have the background to distill from it the 
important facts that can and should be applied to  achieve safer designs. The 
purpose of  this book is to present the most important parts of this body of 
knowledge in a manner most useful to the designer and the operator. 

This book is organized into seventeen chapters. In the first of these we 
review what lightning is and how it originates. The second chapter describes how 
the aircraft becomes involved with the lightning Slash and why it is that aircraft 
d o  not produce their own lightning flashes, but  may, we think, sometimes trigger 
natural ones. Chapter 3 considers how often and under what conditions aircraft 
have been struck, reviews avoidance procedures now in use by operators, and 
reviews their degree of success. We also take up  the question of whether or not 
strikes could be totally avoided. The fourth chapter summarizes the various 
effects which have occurred when lightning has struck aircraft, giving the 
operator an idea of  the direct and indirect effects which he may expect when his 
aircraft is "zapped ." 

Since our main purpose is t o  help the designer protect against those effects 
that may be hazardous, the remainder of  the book is devoted t o  this purpose. 
Chapters 5, 6 ,  and 7 deal with protection against the direct physical damage 
effects. Chapter 5 sets forth three philosopl~ical steps which guide us in the 
design work that follows. Attention is also called to  government standards or 



certification regulations which deal with aircraft lightning protection. 
Chapter 6 reviews in some depth what is known about lightning effects on 

aircraft fuel systems and tells how to design protection against these effects. We 
give considerable attention t o  this subject and urge the designer to d o  likewise 
because of the serious consequences in the past of lightning effects on  these 
systems. Chapter 7 deals with the protection of the aircraft from structural 
damage resulting from lightning, with emphasis on the nonmetallic materials-- 
materials that may be more vulnerable than the metal structures they are 
beginning to replace. 

The remainder of the book deals with indirect effects. Chapter 8 
introduces the reader t o  the basic mechanisms by which induced voltages occur 
in aircraft electrical circuits, and Chapters 9 through 14 treat these mechanisms 
in greater detail. Chapters 15 and 16 then consider the impact of induced 
voltages upon solid state electronic devices and tell how these devices may be 
protected. Here, concepts such as the transient control level philosophy are 
presented. Concepts of this kind may form the basis for future specifications 
that define the roles to  be played by both the aircraft designer and the 
electronics equipment designer. Finally, in Chapter 17 we show how aircraft can 
be tested t o  determine their actual susceptibility t o  indirect effects and how 
equipment can be tested t o  determine its vulnerability or prove that protection 
design goals have been met. 

To some extent,  each chapter stands by itself and can be utilized without 
knowledge of the others. Dependencies often exist, however, among the 
lightning effects on structural, electrical, and fuel systems; for the most 
thorough understanding of lightning effects on  any one of these systems, the 
reader is urged t o  read the entire book. 

Part of  the research upon which this book is based was conducted by  
ourselves, but a significant amount was conducted by  researchers at other 
laboratories. We have referred to or incorporated that work frequently. Without 
it our present understanding of lightning effects--as well as this book--would 
not have been possible. Not all of the work conducted in this field could be 
referenced, of course, but we have carefully studied most of it. The work we 
reference is that which we consider to  be definitive, and we have taken care to  
provide complete source details so that the reader can refer to  them for 
additional information. 

Even though much has now been learned about lightning effects on 
aircraft and how t o  design protection, there are still some lightning effects which 
are not fully understood. Examples of  these are (1) the mechanisms by which 
lightning currents diffuse into interior structural members and conducting parts 
together with the extent t o  which this happens and (2) the effects of 
electromagnetic radiation from the lightning arc upon aircraft electrical and 
electronic systems. We have tried to identify these areas as they are encountered, 
and we caution the reader to  remain alert for developments in these areas in the 
future. 

While much of this book may appear oriented t o  the designer, there is 



much here of benefit to the operator as well. Familiarity with its contents will 
enable him to  know what to expect, what not t o  expect, and why particular 
th ing  happen when lightning strikes his aircraft. The book will show him where 
to look for damage after a strike, and, we hope, help him to  better identify 
potential problem areas and to communicate them to researchers and designers 
in time to avert future problems. 

The preparation of this material was supported by the Aerospace Safety 
Research and Data Institute, Lewis Research Center, National Aeronautics and 
Space Administration under Contract NAS3-19080. We wish to  acknowledge the 
support of that organization. We also wish to  acknowledge the support of H. V. 
Bankaitis, Solomon Weiss and, in particular, of Paul T. Hacker of that 
organization. It was Mr. Hacker who first suggested that a book of this nature be 
written. 

Also, we deeply appreciate the help of Beryl I. Hourihan in digging 
through our fiIes for materials and in preparing the rough draft; and the 
diligence, skill, and long hours applied by Catharine L. Fisher, who edited this 
book, bringing order and clarity to a sometimes confusing array of facts and 
figures. 

F. A. Fisher 
J. A. Plumer 

April 1977 
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CHAPTER 1 
THE LIGHTNING ENVIRONMENT 

1.1 Introduction 

The lightning flash originates with the formation of electrical charge in the 
air or,  more commonly, clouds. The most common producer of lightning is the 
cumulonimbus thundercloud. Lightning, however, can also occur during sand- 
storms, snowstorms, and in the clouds over erupting volcanos. Lightning has 
even been reported to occur in clear air, though this phenomenon is rare and is 
possibly a result of  lightning originating in conventional clouds beyond the 
observer's field of vision. Lightning originating in sandstorms and volcanic 
eruptions is not o f  serious concern to  aircraft, but lightning associated with 
snowstorms occurs sufficiently often as to  present a problem, not because its 
nature is different from lightning associated with thunderstorms but because it is 
apt t o  occur when it is unexpected. 

The most common types of  lightning are those involving the cloud and 
ground, called cloud-to-grou~zd lightning, and lightning between charge centers 
within a cloud, called intracloud lightning. This latter is sonletimes erroneously 
called intercloud or cloud-ro-cloud lightning. True cloud-to-cloud I~glltning 
between isolated cloud centers is possible; however, what appears t o  be cloud-to- 
cloud lightning is often a spectacular manifestation of intracloud discharges. 

Most research on lightning has centered on cloud-to-ground l~ghtning; 
despite its importance t o  aircraft operation, much less information on the 
characteristics of intracloud lightning than on those of cloud-to-ground lightning 
exists, for a variefy of reasons. The first is simply that intracloud lightning, 
unlike cloud-to-ground lightning, is largely hidden from direct observation. The 
second is that conducting research on the characteristics of lightning is often a 
labor of love requiring both extensive apparatus and extreme patience. Observing 
lightning from a fixed ground station is rnuch easier and cheaper than observing 
lightning from a moving aircraft. The third is that most of the funding for re- 
search on  lightning has come, directly or indirectly, from those who are con- 
cerned with the effects of  lightning on electric power transmission and distribu- 
tion lines, which are affected only by cloud-to-ground strokes. 

The characteristics of lightning are discussed in the sections which follow. 
However, much of the material relative to  the physics of lightning will be dis- 
cussed primarily in terms of cloud-to-ground strokes for the reasons cited 
above and because frequently it is difficult to say for any given flash which type 
was involved. While aircraft may be involved with any of the three types of 
lightning, cloud-to-ground and intracloud lightning flashes are the most common 
types. But where aircraft design and operation are of  concern, the type of flash 
makes little difference. 

Figure 1.1 shows a generalized waveshape for the current flowing t o  
ground from a typical negative cloud-to-ground flash and presents terms for the 
five main regions shown: the leader, the initial return stroke, an intermediate 



current, a continuing current, and one or more restrikes. Each of  these aspects 
will be discussed. 

INTERMEDIATE RESTRIKE 

Figure 1.1 Generalized waveshape of current in negative cloud-to-ground 
lightning. (Note that the drawing is not t o  scale.) 

1.2 Generation o f  the Lightning Flash 

1.2.1 Generation of  the Charge 
The energy that produces lightning is assumed t o  be provided by warm air 

rising upwards into a developing cloud. As the air rises it becomes cooler, and at 
the dew point, the excess water vapor condenses into water droplets, forming a 
cloud. When the air has risen high enough for the temperature to  drop t o  -40 O C ,  

the water vapor will have frozen t o  ice. At lower elevations there will be many 
supercooled water drops that are not frozen, even though the temperature is 
lower than the freezing point. In this supercooled region, ice crystals and 
hailstones form. 

According t o  one theory, the cloud becomes electrically charged by the 
following process (Reference 1.1). Some of the ice crystals which have formed 
coalesce into hailstones. These hailstones fall through the cloud gathering 
additional supercooled water droplets. As droplets freeze on to  a hallstone, small 
splinters of ice chip off. Apparently, these splinters carry away a positive 
electrical charge, leaving the hailstone with a net negative charge. The vertical 
wind currents in the cloud carry the ice splinters into the upper part of the 
cloud, while the hailstone, being heavier, falls until it reaches warmer air, where 
some portion of it melts and the remainder continues t o  earth. Thus, the upper 
part of  the cloud takes on a positive charge while the lower region takes on a 
negative charge. In some other manner, another smaller pocket of positive charge 
may be formed near the front of  the base of the cloud and below the main body 
of  negative charge. 

Other theories have been proposed t o  account for the electrification of the 
cloud (References 1.2 t o  1.7). All of  them are based on experimentally observed 
evidence that the charge in the top of the cloud is positive. There may also be a 
body of positive charge near the front of the base of the cloud. The charge in the 



rest of the cloud is negative. Figure 1.2 shows a typical cloud with the charge 
distributed as previously described. The cloud is moving t o  the left. The 
unbroken lines represent stream lines of air. 

NEGATIVE RAIN 

Figure 1.2 Generalized diagram showing distribution of air currents and 
electrical charge distribution in a typical cumulonimbus cloud. 

The air currents and the electrical charges tend t o  be contained in localized 
cells and the cloud as a whole t o  be composed of a number of cells. A typical 
cloud might have the cell structure shown in Figure 1.3 (Reference 1.8). The 
electrical charge contained within a cell might appear as shown in Figure 1.4 
(Reference 1.9). The temperature at the main negative-charge center will be 
about -5 OC and at the auxiliary pocket of positive charge below it, about 0 "C. 
The main positive-charge center in the upper cloud will be about 15 "C colder 
than its negative counterpart. 

The lifetime of a typical cell is about 30 minutes. At its mature stage the 
cell as a whole will have a potential, with respect t o  the earth, of 10' t o  lo9  
volts (V). It  will have a total stored charge of several hundred coulombs (C) with 
potential differences between positive- and negative-charge pockets again on the 
order of lo8  t o  lo9  V. The cell as a whole will have a negative charge. 

1.2.2 Conditions o n  the Ground 

As the cloud passes over a point on the ground, an electrical charge is 
attracted into the ground under the cloud. The average electric field at  the 
surface of the ground will change from its fair-weather value of  about 300 volts 
per meter (V/m) positive (air positive with respect t o  the earth) t o  as high as 
several thousand volts per meter. Generally, when a cloud is overhead, the field 
from cloud to earth will be negative, but when a localized positive region is 
overhead, the field may be positive. The potential gradient will be concentrated 
around sharp protruding points on the ground and can exceed the breakdown 
strength of the air, which has a nominal value of 3 0  0 0 0  V/cm. When the 
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Figure 1.3 An idealized cross section through a thunderstorm cell in its mature 
stage. Key: 0, rain; *, snow; +, ice crystals. 

breakdown strength of the air is exceeded, current into the air increases sharply 
and a bluish electrical discharge called corona forms around a point. This 
discharge is the St. Elmo's fire that appears on such places as masts of ships, 
aircraft wing and tail tips, and from trees and grass on high ground. The 
magnitude of  the  current from a single discharge point may range from 1 or 2 
microamperes (PA) to  as high as 400 PA. 
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Figure 1.4 Estimated charge distribution in a mature thundercloud (after 

Phillips). 

1.2.3 Development of the Leader 

At some state in the electrification of the cloud, a discharge towards the 
earth takes place. I t  starts as  a slow-moving column of ionized air called the pilot 
streamer. After the pilot streamer has moved perhaps 30 to  50 m, a more intense 
discharge called the stepleader takes place. This discharge lowers additional 
negative charge into the region around the pilot streamer, recharges it, so t o  
speak, and allows it t o  continue for another 30 t o  50 m,  after which the cycle 
repeats. 

A discharge propagating in this manner is called a streamer discharge; its 
development is illustrated in Figure 1.5. The streamer is initiated when a free 
electron is accelerated in a sufficiently high electrical field (a). An electron (b) so 
accelerated collides with neutral molecules of air (c), ionizes them, leaving them 
with a positive charge, and creates new electrons at a rate of a per unit length. 
The electrons, being much less massive than the positive ions, move under the 
influence of  the electric field, leaving the positive ions behind. If the discharge 
continues t o  develop over the length a,  there will be a t  the head of  the discharge 
(d) a number of electrons given by 

N = exp (J: (a-n)) dx 

where a is the Townsend ionization coefficient and g is the attachment 
coefficient. In air at atnlospheric pressure, electron multipIication can exist only 
where the field is higher than 25 kV/cm because only in this case is a greater 
than 7. 
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Figure 1.5 Stages in the development of a leader. 

Left in the wake of these electrons will be positively charged ions (e). If 
the electric field is high enough, the initial avalanche will reach a critical size 
(approximately lo8 electrons) for another avalanche of electrons (f) to  be 
initiated by photoionization (g) from the initial discharge. The electric field that 
accelerates this secondary discharge is the sum of the initial electl-ic field and 
that produced by the positive space charge left behind by the initial avalanche. 
Under the action of the total field, these successive avalanches reach the positive 
space charge (h), neutralize it, and leave a new positive charge a little farther on. 
With such a mechanism a positive charge moves step by step into the un-ionized 
air leaving behind it a partially ionized filament (i). This filament is a conductor, 
though at  this stage o f  its development perhaps only a poor conductor. 

The processes just described relate t o  a positive electric field. In a negative 
electric field a similar, though more complicated, phenonienon occurs. The 
initial avalanches seem t o  develop in the air farther ahead of the leader and to 
propagate both ways: into virgin air and back toward the more fully developed 
leader. The end result is much the same; behind the advancing head of  the leader 
is an ionized column in this ease with a predominance of negative charge and 

' having at its center a more heavily conducting filament. 
If the initial development of the leader takes place in the charged cloud, 

the developing streamer branches and begins to  collect charge from its 
surroundings. Because it collecrs charge in this way, the streamer may be viewed 
as connected to  the cloud and at the same potential as the cloud. As the head of 
the leader moves farther into the un-ionized air, charge flows down from the 
charged regions of the cloud, along the partially conducting filament and toward 
the head of the leader, thus tending to keep all parts of the leader at a very high 
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potential. The amount of  charge, qo, lowered into the leader will be  on the order 
of 2 t o  20  x loe4 C/m of length. A leader 5 km long would then have stored 
within it a charge of  1 to  1 0  C. 

Since the potential of the leader is very high, there will be a high radial 
electric field along the leader. This field will be high enough t o  exceed the 
breakdown strength of the air, and secondary streamers will branch out  radially 
away from the central filament. The filaments will branch out radially until the 
field strength at the edge of the ionized region falls to about 30 kV/cm. 

It can be shown that the electric field strength at the edge of  a cylinder 
containing a charge, qo, per unit length is 

Froni this and the above breakdown strength of air, it can be deduced 
that the radius of the leader will be 1.2 to  12 m. At higher elevations the 
breakdown strength o f  air is less; hence the leader radius may be  more. 

Figure 1.6 The lightning leader as postulated by Wagner 
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As postulated by Wagner (Figure 1.6 [Reference 1.101 ), the head of the 
leader may have a larger diameter than that of the rest of the leader, though this 
is difficult to prove by photographs. The head of  the leader, nevertheless, is 
generally visible because of  the optical radiation associated with the extension of 
the electron avalanches, But once the growth ceases, the radiation stops; 
consequently, the corona sheath surrounding the central conducting filament is 
not visible. 

The process can be  studied in the laboratory, albeit on a smaller scale than 
that of  natural lightning. Figure 1.7 shows typical phenomena observed during 
the breakdown of  the air between electrodes about 10 m apart. The sketch is 
based on a series of short-duration (about 1 microsecond [ps]) photographs 
taken at intervals of  about 25 ps with an image-converter camera. As the 
electrons are attracted out of  the initially ionized region at the head of  the 
leader, the conducting filament lengthens and the corona discharge at the head 
of the leader occurs farther on in previously un-ionized air. 

Figure 1.7 The development of a leader in the laboratory. 
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Photographs of  actual lightning leaders may be taken with a Boys camera, 
a camera in which the film moves relative to  the camera lens. An example of 
such a photograph is shown in Figure 1.8 (Reference 1.1 1 ). The leader is seen 
originating at the top  left-hand corner of the picture and lengthening as time 
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increases. The bright line at the right of the picture is called the return stroke 
and will be  discussed shortly. 

Figure 1.8 Boys camera photograph of a lightning leader. 

From such hotographs it has been learned that the leader advances at tF about 1 t o  2 x 10 m/s, or 0.03 t o  0.06% of the speed of light (Reference 1.12). 
In order that a charge of 2 to  2 0  x 1 o - ~  C be deposited by a leader advancing at 
the rate o f  1 x lo5 m/s requires the average current in the leader, ip, t o  be 20 to 
200 A. A current of  this magnitude could be carried only in a highly conducting 
arc discharge, the assumed central conducting filament of the leader. Such an arc 
would have a diameter on the order of a few millimeters and an axial voltage 
gradient, gp, of about 5 x lo3  V/m. A leader 4 km long would then have a 
voltage drop along its length of 2 x l o 7  V. The longitudinal resistance, RQ, of 
the conducting filament gy/iQ would then be in the range of 4 0  t o  4 0 0  ohms per 
meter (Rim). 

While of less importance as regards aircraft, it might be noted that leaders 
sometimes start at the ground and work their way toward the sky. This happens 
most frequently from tall buildings or towers, o r  from buildings or  towers 
located atop hills. Generally, one can tell from the direction of the lightning 
flash branching whether the leader started at  the cloud or at the ground: if the 
branching is downward (Figure 1.9), the leader originated at  the cloud; if the 
branching is upward, the leader originated at the ground. 

1.2.4 The Return Stroke 

As the negatively charged step-leader approaches the ground, positive 
charge accumulates in the ground underneath it or,  more accurately, negative 
charge is repelled away from the region under the leader. At some point the 
electric field strength around objects on the ground becomes sufficiently high 
that a streamer starts a t  the ground and works its way toward the downward- 
approaching leader. When the streamers meet, the conducting filament in the 
center of each streamer provides a low-impedance path so that the charge stored 
in the head of the leader can flow easily t o  ground. As the current in the central 
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Figure 1.9 Leader direction as determined from direction of branching. 

(a) Downward-branching leader starts at cloud. 
(b) Upward-branching leader starts at ground. 

filament rises from its initial current of  a few tens of amperes t o  higher values, it 
gets hotter,  its diameter expands, its longitudinal gradient decreases, and it 
becomes an even better conductor, which in turn allows even more current t o  
flow in the arc. As the charge in the lower part of  the leader is neutralized, the 
heavily conducting arc reaches higher into the charged leader channel. The head 
of the region in which this neutralization takes place moves upwards at a rate of 
roughly 100 0 0 0  km/s (or one-third the velocity of light) until it reaches the 
cloud. This heavily conducting region, called the return stroke, produces the 
intense flash normally associated with the lightning stroke. Some stages in the 
development of the return stroke are shown in Figure I .  1 0  (Reference 1.13). 

The velocity with which this return stroke propagates, together with the 
amount of charge deposited in the leader channel, determines the amount of 
current developed in the return stroke. Let v be the velocity of  the return stroke 
and q be the amount of charge deposited per unit length, dQ, along the leader 
channel. Since 

and 

then 



As a numerical example let 

The velocity of  the return stroke is not constant from one stroke t o  the 
next. It seems t o  vary with the magnitude of  current that is ultimately 
developed. The relationship between current and velocity may be deduced either 
from theoretical concepts or experimentally. The relationship derived by  Wagner 
(Reference 1.14) is shown in Figure 1 . 1  I .  Considerations of the return stroke 
velocity are primarily of importance in studying the time history of the electric 
field produced by the lightning flash. The velocity, however, may affect the 
surge impedance of  the lightning stroke, and thus the way that the stroke 
interacts with a metallic conductor like an aircraft. 
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Figure 1.10 Stages in the development of the return stroke. 
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Figure 1.11 Relation between stroke current and velocity of return stroke. 



The velocity of propagation of the return stroke is less than that of the 
speed of light for two basic reasons. The first reason involves the longitudinal 
resistance of the return stroke channel. 

Some of the factors associated with this longitudinal resistance are shown 
in Figure 1.12. Central t o  the phenomenon is the fact that the current in the 
lightning channel must increase fairly rapidly from the 200 A (approximately) 

(4 
Figure 1.12 Phenomena associated with passage of the return stroke. 

(a) Current 
(b) Longitudinal voltage 
(c) Longitudinal resistance 



current associated with the initial development of the leader to a current of 
perhaps 100 kA as the return stroke becomes fully developed. It is a 
characteristic of an arc channel discharge that if the current through the arc is 
increased, the arc channel expands in diameter, keeping a fairly constant current 
density across the channel. This channel cannot expand instantaneously, since 
energy must be put into the channel to cause the channel to heat up sufficiently 
to force it to expand. Accordingly, if the current through the arc channel is 
increased suddenly by a large magnitude, as in Figure 1.12(a), the longitudinal 
voltage gradient of the channel must suddenly increase. Since the rate at which 
energy is injected into the channel is the product of the current and the 
longitudinal voltage gradient, the increased longitudinal voltage gradient may be 
taken as the mechanism forcing the arc channel to get hot enough to expand to 
the diameter required to carry the high currents. It is not known what the 
maximum longitudinal voltage gradient would be in a lightning channel, but it is 
known from studies of arcs in laboratories that the gradient will fall to values on 
the order of 100 kV/m in a fraction of a microsecond. Presumably in a few 
microseconds, the channel dianreter will have expanded to its final value, and the 
longitudinal voltage gradient will have decayed back toward values on the order 
of 5 to 10 kV/m. The longitudinal resistance, then, would fall from values on the 
order of 40 n / m  to values on the order of a small fraction of an ohm per meter, 
in times on the order of a few microseconds. 

This collapse of longitudinal resistance, however, is far from instantaneous. 
The initial resistance of the leader is sufficiently high to retard the development 
of the upward-going return stroke and hence reduce its velocity of propagation 
below that of the speed of light. Presumably, leaders which lead to the 
formation of high-amplitude lightning currents either have a sufficiently low 
longitudinal resistance to begin with or the longitudinal resistance is reduced to 
low values sufficiently fast by the high-amplitude return strokes that the 
longitudinal resistance presents less of an obstacle for the upward-going return 
stroke than it does for the flashes which involve lower peak currents, 

An additional factor that affects the velocity of the return stroke and is 
the second reason that the velocity is less than the speed of light is shown in 
Figure 1.13. As explained earlier, the leader deposits in its wake a column of 
electrical charge with diameters on the order of several meters. At the center is a 
highly conducting core, which has a diameter of a few millimeters for the leader 
and which expands to a few centimeters during the passage of the return stroke. 
The inductance of this return stroke is determined by the diameter of the highly 
conductive central core, and the capacitance by the diameter of the column of 
electrical charge. The lightning stroke may then be modeled as shown in Figure 
1.13(b), in which a highly conductive central conductor is fastened onto a series 
of projecting splines, much like the backbone of a fish. A better analogy might 
be to view the lightning flash as a piece of tinsel rope for decorating a Christmas 
tree: a central piece of string is surrounded by a tube of fine filaments projecting 
radially away from the central core. In either case, the radial filaments can carry 
a radial current, i,, but cannot carry an axial ~ u r r e n t ,  ia. Accordingly, the 



lightning return stroke has both a high capacitance and a high inductance per 
unit of  length. In this respect it differs from a solid conductor of large diameter 
which, while possessing a high capacitance per unit length, simultaneously 
possesses a low inductance per unit length. It follows that the surge impedance, 
governed by the ratio of  inductance to  capacitance, is high while the velocity of 
propagation, governed by the product of inductance and capacitance, is less than 
that of the speed of light. 

(a) 

(b) 
Figure 1.13 Effect of corona cloud on velocity of propagation. 

(a) Distributed charge surrounding a highly conductive central 
core 

( b )  Highly conductive central conductor fastened o n t o  a series 
of projecting splines 

Wagner (Reference 1.15) concludes that the surge impedance of  the 
lightning flash is of the order of 3 000  52 for return strokes of  large amplitude, 
1 0 0  kA. This value is large compared to the surge impedance ( ~ 5 0 0  a) o f  a 
simple conductor in air and remote from a ground plane or other current return 
path. 

The waveshapes of  lightning-flash currents measured at  ground level are 
reasonably well known, principally from the work of Berger (Reference 1.16). 
Typical waveshapes detailing the front of the initial return stroke are shown in 
Figures 1.14 and 1.1 5 (References 1.17 and 1 .I 8). In all cases, the current is 



seen t o  have a concave front,  the current initially rising slowly but then 
increasing t o  a maximum current rate of  change just before crest amplitude is 
reached. It may be speculated that the initial slowly changing portion of these 
current oscillograms (which, of  course, were measured at ground level) 
represents the growth of an upward-going leader from the lightning tower 
reaching upwards t o  contact the downward-approaching lightning leader. I t  can 
also be speculated that the maximum rate of change of  current, which occurs 
just before crest, is most representative of the rate at which the current can 
increase in the lightning channel as the return stroke passes one particular point 
in space. This is supported by the observation that subsequent strokes in a 

- lightning flash, even measured at ground level, exhibit front times considerably 
faster than the rise time of  the initial stroke in the flash. 

The true front time of the leading edge of the return stroke as it passes a 
point remote from ground has probably never been measured. I t ,  however, seems 
appropriate t o  assume that it will be faster than the leading edge of currents 
measured at  ground level. 

Figure 1. 14 Front waveshapes of lightning currents as measured by Berger. 
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Figure I. I5 Current oscillograms from single strokes or first downward strokes. 
1) Fast time-scale t 1 ; 2) Slow time-scale t2. In osc. No. 6 1 19 TI, 

chopping may be caused by a flashover in the measuring equipment. 

1.3 Further Development of the Lightning Flash 

After the charge has been drained from the leader by the upwardly moving 
return stroke, the current measured at the ground decays, though at a rate 
slower than that a t  which the current rose to  its peak. Oscillograms showing 
typical decay times are shown in Figure 1.15 (Reference 1.18). The figure 



displays the current on two different time scales, emphasizing the front and the 
tail. Some of  the oscillograms showing the front are the same as those shown in 
Figure 1.14 (Reference 1.17). 

As the return stroke approaches the cloud, it may encounter other 
branches of  the leader, as shown in Figure 1.16. As i t  passes these branches, the 
charge stored in them will feed into the developing lightning stroke and 
momentarily increase the current. Eventually, the return stroke will reach the 
cloud. Our understanding of  the phenomena occurring within the cloud is 
hindered by our not being able t o  see the phenomena, but we can infer some of 
the phenomena from measurements of the electrical radiation produced by  the 
developing flash and from the usual behavior of the flash after the initial return 
stroke has passed. As the return stroke reaches into the cloud, it appears t o  
encounter a much more heavily branched leader than it did in the air below the 
cloud. The return stroke can thus tap the charge diffused through a large volume 
of the cloud, rather than only the charge in the more localized leader. It would 

CHARGE ON BRANCHES 

UPWARD-MOVING RETURN STROKE 

Figure 1.16 Further development o f  the flash. 
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appear t o  be during this period that the intermediate current (Component D of  
Figure 1.1) is developed. As the discharge continues t o  spread through the cloud, 
for times on the order of  fractions of a second, currents on the order of  a few 
hundred amperes continue t o  flow in the lightning flash. These are referred t o  as 
continuing currents (Component E of Figure 1.1). As one may expect, there is 
no clear-cut demarcation between the tail of the return stroke and the 
intermediate current, or between the end of the intermediate current and the 
start of the continuing current. 

Eventually, and usually, the developing discharge within the cloud reaches 
into a different cell o f  the cloud or, at any rate, into a region where there is 
another localized body of  electrical charge. At this stage there occurs what is 
called a restrike (Component F of  Figure 1 .I). The restrike starts with additional 
charge being lowered from the cloud to form a new leader, or, more properly, to  
recharge the central portion of  the old leader. Presumably, because of  the 
residual ionization in the channel, this charging process occurs smoothly, not in 
the step-by-step process by which the initial leader penetrates into the virgin air. 
Accordingly, this is called a dart leader instead o f  a step-leader. Unlike the initial 
step-leader, the dart leader is seldom branched. When the dart leader reaches 
ground level, a return stroke again occurs. The amplitude of this return stroke is 
again high, since the current comes from an intensely ionized region close to  the 
ground. While the amplitude is usually not as high as that of the first return 
stroke, the current rises to crest more rapidly than does that of the initial return 
stroke, presumably because the upward leader from the ground does not have to 
propagate into virgin air. 

1.4 Lightning Polarity and Direction 

Most Iightning flashes originate in the cloud and lower negative charge to  
earth. The question of direction of the lightning flash is sometimes confusing. 
With the intent of clarifying matters, the statement is sometimes made that 
lightning strikes upward and not downward. This is at least partially true; the 
return stroke that produces the high peak currents, thunder, and the highest 
intensity light, in fact does start near the ground and grow upward into the 
ionized channel previously established by the step-leader, thus tapping the 
charge in the step-leader. The step-leader, nevertheless, originated at the cloud. 
The source of energy is in the cloud, and the lower amplitude and longer 
duration currents have their origin in the charge stored in the cloud. Thus, in 
terms of the engineering definition of current, these flashes result in the 
direction of current flow from the earth to the cloud. This type is commonly 
called a negative polarity flash. 

When tall buildings or mountain tops are involved, the lightning flash often 
does originate at the ground; the step-leader starts a t  ground level and propagates 
upwards into the cloud. Such flashes seem to be triggered by the high electric 
field concentrated around the top of the building or mountain. They may be 
recognized by  the upward direction of branching, as mentioned earlier and 
shown in Figure 1.9(b). This type of  flash therefore results in current flow from 



the cloud to the ground and is called a positive polarity flash. Positive polarity 
flashes usually have lower peak currents than d o  flashes that originate at the 
cloud. 

About 10% of all flashes are positive polarity flashes, and a fraction of 
these involve the highest peak currents and charge found associated with 
lightning. Examples of  some of these strong positive flashes are shown in Figure 
1.17 (Reference 1.19). The positive flashes typically have only one high current 
stroke; they lack the restrike phase generally noted on flashes of negative 
polarity. 

Figure 1.1 7 Examples of strong positive strokes. Currents are recorded on  time- 
scales t 1 and t2; Qs electric charge (coulombs) within 2 p s  from 

the origin; Qk electric charge (coulombs) in the continuing 
current after 2 ps. 

1.5 Intracloud Flashes 

Intracloud flashes occur between charge centers in the cloud. A distin- 
guishing characteristic o f  intracloud flashes is that they seem t o  lack the intense 
return stroke phase typical of  flashes to  the ground, o r  at least that the electrical 
radiation associated with true intracloud discharges lacks the characteristics 
associated with the return stroke of  cloud-to-ground flashes. Discharges between 
charge centers take place during cloud-to-ground flashes as well, and, to  an 
observer within the cloud, it may be difficult to  tell whether or not a flash to  
ground occurred. 



With regard to  aircraft the matter may be academic. Aircraft are struck 
underneath clouds by clear-cut cloud-to-ground flashes and by flashes within 
clouds. Based on the damage observed, the peak current sometimes is very high. 
Whether the high current was associated with the upper end of a cloud-to-ground 
flash or  with a true intracloud flash makes little difference. 

In temperate regions about two-thirds of  all flashes are intracloud flashes. 
In tropical regions, where there is more lightning activity, the ratio is higher. 

1.6 Measured Characteristics of the Lightning Flash 
Lightning flashes are quite variable from one to another. Peak currents, 

total duration, waveshapes, number of strokes in the flash, charge transferred, 
etc., may all vary over wide limits, and only in general terms can one find a 
correlation between different parameters. Data on the characteristics of lightning 
are best presented in statistical terms, the mode that will be used in the 
following sections. 

One item that needs to be emphasized is that virtually all the data on 
lightning comes from measurements made at ground level, and these measure- 
ments may be influenced by the growth of  an upward leader. Very few 
measurements have been made of the amplitude and waveshape of lightning 
currents passing through aircraft. Most of the measurements that have been 
made were of strokes with lower peak currents and longer times to  crest than 
those often observed at ground level. In part this may be explained by chance 
and in part by the fact that many of  the flashes intercepted may have been 
intracloud flashes and not cloud-to-ground flashes. As noted earlier, intracloud 
flashes often lack the well-defined high-amplitude return stroke of cloud-to- 
ground flashes. 

The best summary of the statistical characteristics of lightning is that 
compiled by Cianos and Pierce (Reference 1.20). They observed that many of 
these characteristics were nearly linear when plotted as a log-normal distribution. 
They then made a judgment as to  the linear distribution that was the best fit to 
the experimentally observed data. The figures that follow are reproduced from 
their report. 

Figure 1 . I  8 (Reference 1.2 I )  shows data on the peak current amplitude in 
lightning strokes. Regarding the damage that may be caused by lightning, this is 
one o f  the most important parameters. There are two curves shown, one for the 
first return stroke in a flash and one for subsequent return strokes. The first 
return stroke is generally of  the highest amplitude. For engineering analysis, 
Cianos and Pierce have determined that subsequent return strokes may be 
represented as half the amplitude of the first return stroke. Marked on the curves 
are the amplitudes corresponding to the 2, 10, 50,90, and 98% probabilities. 

The peak value of the current is related to the explosive, or blasting, effect 
of  lightning. It is also relative to the maximum voltage developed across ground 
resistance and hence to the risk o f  side flashes occurring in the vicinity of  objects 
struck (or, related to the maximum voltage developed across loading resistors 
struck (or, related to  the maximum voltage developed across bonding resistance 
and hence to  the possibility of  sparking at  structural interfaces). 
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