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have only begun to be addressed. In the past, progress was hampered by the unpredictable
and transient nature of lightning and the difficulties in making direct measurements
inside thunderstorms, but advances in instrumentation, remote sensing methods, and
rocket-triggered lightning experiments are now providing new insights into the physics of
lightning. Furthermore, the recent discoveries of intense bursts of X-rays and gamma-rays
associated with thunderstorms and lightning illustrate that new and interesting physics is
still being discovered in our atmosphere. The study of lightning and related phenomena
involves the synthesis of many branches of physics, from atmospheric physics to plasma
physics to quantum electrodynamics, and provides a plethora of challenging unsolved
problems. In this review, we provide an introduction to the physics of lightning with
the goal of providing interested researchers a useful resource for starting work in this
fascinating field.
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1. Introduction
1.1. Overview

Lightning is the most impressive, commonly-experienced geophysical phenomenon. It produces the brightest light and
the loudest sound commonly occurring on Earth. Since lightning has been seen by virtually everyone (there are 30-100
cloud and cloud-to-ground lightning discharges per second worldwide; that is, roughly 9 million discharges per day
worldwide, or 6 km~2 yr~! averaged over the Earth), one might think that lightning is very well understood. That is not
the case. Lightning’s seemingly random occurrence in space and time and the wide range of its significant time variation,
from tens of nanoseconds for many individual processes to almost a second for the total discharge, and its obscuration
by the thundercloud producing it makes lightning particularly difficult to study. Nevertheless, more than a century of
measurement has produced a relatively complete picture of the phenomenology of lightning. A detailed understanding
of the physics, involving mathematical modeling, has lagged behind. The joint lightning research team from the Florida
Institute of Technology and the University of Florida, under the direction of this paper’s authors, have compiled a list of the
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ten most important unanswered questions about lightning. These serve as guides to our own research effort, and we hope
they will act as motivation to prospective lightning researchers. The questions are given in the final section, Section 1.5, of
this Introduction. First, we present a short review of the history, phenomenology, and terminology of lightning, presented
as background with which to view both the ten questions in Section 1.5 and the research in progress to answer them.
Some perspective on the history of lightning research can be obtained from a sequential look at the following monographs:
Malan [1]; Schonland [2]; Uman [3,4]; Rakov and Uman [5]. Additional information can be found in Refs. [6-8].

1.2. History

Lightning research can be considered to have begun with Benjamin Franklin. In 1746 he began his laboratory experiments
with electricity, made possible by (1) a familiarity with the frictional charge-separation mechanism occurring when
dissimilar materials are rubbed together and (2) the invention earlier that year of the Leyden jar, a capacitor to store electrical
charge. In 1749 Franklin described the similarities between lightning and the laboratory sparks he had created, and in 1750
he published the design of an experiment involving vertical metal rods insulated from the Earth intended to prove that
lightning was electrical. That experiment was first performed successfully in France in May 1752. Soon after, sometime in
the summer of 1752, Franklin flew his famous kite. Among Franklin’s many accomplishments was his measurement showing
that the major charge in the lower part of a thunderstorm was negative, his laboratory experiments having led him to define
the sign of electrical charge. Details of Franklin’s electrical experiments can be found in Dibner [9] and Cohen [10,11].

Following Franklin there was little significant progress in understanding lightning until the late nineteenth century
when photography and spectroscopy became available as diagnostic techniques. The early history of lightning photography
and spectroscopy is reviewed by Uman [12]. Investigators in England, Germany, and the United States used time-resolved
photographic techniques to identify the individual “strokes” that comprise a lightning discharge to ground and the “leader
process” that precedes first strokes. The invention of the double-lens streak camera in 1900 by Boys [13] in England made
possible the pioneering advances in our understanding of the main aspects of the phenomenology of cloud-to-ground
lightning by Schonland, Malan, and co-workers in South Africa in the 1930s and thereafter [ 14]. In the “Boys” streak camera,
film moves continuously behind one lens in one horizontal direction and behind the other lens in the opposite direction so
luminous events occurring at different times are displaced horizontally in different directions on the two pieces of film.

The first lightning current measurements were made by Pockels [15-17] in Germany. He analyzed the residual magnetic
field induced in basalt rock in the Earth by nearby lightning currents and by doing so was able to estimate the values of those
currents.

The modern era in lightning research can be dated to Wilson [18,19] in England, the same individual who received a Nobel
Prize for his invention of the cloud chamber to track high-energy particles. Wilson used remote, ground-based electric field
measurements to estimate both the charge structure in the thunderstorm and the individual charge involved in the lightning
discharge. Contributions to our present understanding of lightning have come from researchers throughout the world and
cover the time period from Wilson’s work to the present. Most notable prior to 1970 was the high-speed photographic and
correlated electric field measurements of the South African group under Schonland, as noted above, and the work of Berger
and colleagues (e.g., [20,21]) in Switzerland in measuring lightning currents on instrumented towers.

The period from about 1970 to the present has been particularly active and productive for lightning research, in part
due (1) to the development of new techniques of data taking and analysis involving high-speed tape recording before
about 1990 and direct 10 ns-scale digitization and storage under computer control of analog electromagnetic (from ELF
to optical to gamma radiation) signals after about 1990, and (2) to the motivation provided by lightning damage to
aircraft, spacecraft, and sensitive ground-based installations because of the vulnerability of modern low-voltage solid-state
electronics, including computers, to lightning currents and electromagnetic fields. Prior to about 1970, much of the practical
motivation for lightning research came from the need to adequately protect power utility distribution and transmission lines.

After about 1975 and continuing to the present, the use of rocket-and-wire triggered lightning from natural
thunderstorms became a widespread technique to study various aspects of lightning. Triggered lightning research, discussed
further in Section 1.3, is a major part of the present authors’ research and has been or is being employed in the US, France,
Brazil, Japan, and China.

It was only about 20 years ago that Transient Luminous Events (TLEs) (red Sprites of various types, Sprite halos, blue
starters, blue jets, gigantic jets, and Elves) were discovered to occur in the rarified air above thundercloud tops; and only
about 10 years ago that it was found that high-energy phenomena (runaway electrons, X-rays, and gamma rays including
the Terrestrial Gamma Ray Flashes (TGFs) observed on orbiting satellites) are produced by both thunderclouds and lightning.
The relatively-recently discovered TLEs and high-energy phenomena are presently the subject of intensive research, and are
further defined in Section 1.3. High energy lightning and thunderstorm phenomena are discussed in detail in Sections 4-6.

1.3. Phenomenology and terminology

Lightning can be defined as a very long electrical spark, “very long” meaning greater than about 1 km. Most lightning is
generated in thunderstorms and is characterized by a length of 5-10 km, at the extreme over 100 km (see Section 4.1).In a
thunderstorm, the primary charge transfer process is thought to involve collisions between (1) soft hail (graupel) particles
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Fig. 1.1. The charge structure of two simple isolated thunderclouds and some of the locations where the lightning can occur.
Source: Adapted from Ref. [489].

that are heavy enough to fall or remain stationary in the thunderstorm’s updrafts and (2) small crystals of ice that are
light enough to be carried upward in those updrafts, all in the presence of super-cooled (unfrozen, but colder than 0 °C)
water droplets. To produce the primary thundercloud charges that have been inferred from ground-based and balloon
measurements of cloud electric fields, these ice-hail interactions must take place at altitudes where the temperature is
considerably colder than freezing, generally —10 °C to —20 °C. After charge has been transferred between the colliding
ice and hail particles, the positively charged ice crystals are carried further upward in updrafts to the top part of the
thundercloud, to an altitude near 10 km above sea level in temperate summer storms; while the negatively charged hail
resides at an altitude of 6-8 km. Thus, the idealized primary charge structure of an isolated, mature thundercloud consists
of many tens of Coulombs of positive charge in its upper portions and a more or less equal negative charge in its lower
levels. In a typical thundercloud, a small positive charge is also found below the main negative charge, at altitudes where
the temperature is near or warmer than freezing. There are a variety of mechanisms that have been suggested to produce
this lower positive charge including corona discharge emanating from the ground and collisions between different types of
precipitation particles at temperatures warmer than 0 °C.

The idealized thundercloud charge structure discussed above is illustrated in Fig. 1.1 along with the potential locations
of some different types of lightning discharges. Note that while the two main charge centers are labeled, the small positive
charge region residing below the main negative charge is not labeled, for lack of space. Note also that, again for lack of
space, upward lightning from ground-based objects (discussion given later) is not illustrated in Fig. 1.1; nor is cloud-to-
ground lightning from either of the two positive charge regions; nor cloud-to-air discharges from other charge regions than
the main positive; nor intracloud lightning between the main negative charge center and the small positive charge below
it. The charge structure in a thunderstorm is actually more complex than shown in Fig. 1.1, varies from storm to storm, and
is occasionally very much different from the structure illustrated, even sometimes up-side-down with the main positive
charge on the bottom and the main negative charge on top. Further, the two isolated thunderclouds illustrated in Fig. 1.1
may comprise a portion of many contiguous and interacting storm “cells” that comprise larger storm systems. To read more
about cloud charge and cloud charging, the reader is referred to the book by MacGorman and Rust [22] and the references
found therein.

A typical small thunderstorm system produces a lightning flash to ground every 20-30 s for 40-60 min and covers an
area of typically 100-300 km? (roughly a circle on the ground with a radius between 6 and 10 km). Large storm systems can
produce more than one flash to ground each second over areas a hundred times larger or even more.

All lightning discharges can be divided into two categories: (1) those that bridge the gap between the cloud charge and
the Earth and (2) those that do not. The latter group as a whole is referred to as “cloud discharges” and accounts for the
majority of all lightning discharges. As illustrated in Fig. 1.1, cloud discharges that occur totally within a single cloud (or
“cell”) are called intracloud lightning (thought to be the most common cloud lightning and the most common of all the forms
of lightning); those that occur between clouds are called intercloud lightning (less common than intracloud lightning); and
those that occur between one of the cloud charge regions and the surrounding air are called cloud-to-air lightning.

The terms “lightning flash”, “lightning discharge”, and “lightning” are used interchangeably in the literature to describe
either cloud lightning or cloud-to-ground lightning, generally the whole event lasting about 0.5 s. There are four types
of lightning flashes that occur between the cloud and ground. The four types, illustrated separately in Fig. 1.2a-d, are
distinguished from each other by the sign of the electrical charge carried in the initial “leader” and by the direction of
propagation of that leader. Fig. 1.2a, c show flashes referred to as downward lightning; Fig. 1.2b, d depict upward lightning.
About 90% of cloud-to-ground lightning flashes are initiated by a negatively-charged, downward-propagating leader, as
shown in Fig. 1.2a, and result in the lowering of negative charge from the main negative charge region in the middle part
of the cloud to the ground. About 10% of cloud-to-ground lightning flashes are initiated by a positively-charged, downward
propagating leader, as shown in Fig. 1.2c, and results in the lowering of positive charge from the cloud to the ground, either
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(c) Downward lightning positively-charged leader. (d) Upward lightning negatively-charged leader.

Fig. 1.2. The four types of cloud-to-ground lightning flashes as defined from the direction of leader propagation and the charge on the initiating leader.
Source: Adapted from Berger [490].

from the upper or lower positive charge regions. The remaining two types of cloud-to-ground (actually ground-to-cloud)
lightning discharges (Fig. 1.2b, d) are relatively uncommon and are upward initiated from mountaintops, tall man-made
towers, or other tall objects, towards the cloud charge regions. Note that the branching shown in Fig. 1.2b, d is upward, in
the direction of propagation of the initiating discharge, whereas in the downward lightning of Fig. 1.2a, c the branching is
downward, again in the direction of the propagating, initiating “leader”, from the cloud charge to the Earth.

The most common cloud-to-ground discharge, downward lightning carrying negative charge, may well begin as a local
discharge between the bottom of the main negative charge region and the small lower positive charge region beneath it (see
Fig. 1.1). This local discharge would serve to provide free electrons previously immobilized by virtue of their attachment to
hail and other heavy particles. Because of the electron’s small mass, free electrons are extremely mobile (they move easily
when exposed to an electric field) compared to the heavier ionized air atoms or molecules, or to charged hail, ice, or water
particles which are essentially stationary on the time scale of lightning. Hence free electrons are the primary contributor to
the lightning current. In negative cloud-to-ground lightning, the free electrons over-run the lower positive charge region,
neutralizing a significant fraction of its small positive charge, and then continue their trip toward ground. The physical
mechanism for moving the negative charge to Earth is a propagating electrical discharge called the “stepped leader”. Prior to
observations of the overall electric field change and electric field pulses associated with the stepped leader propagation near
ground, there are often larger electric field pulses associated with a “preliminary” or “initial” breakdown in the cloud charge
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Fig. 1.3. A drawing depicting the development of a negative cloud-to-ground lightning flash, the most common type of cloud-to-ground lightning. The
time-scale is given in milliseconds from the first electrical breakdown processes in the cloud.
Source: Adapted from Uman [4].

region, as discussed further in Sections 3.2.3 and 4.1. Salient aspects of the negative cloud-to-ground flash are illustrated
in Fig. 1.3.

The stepped leader’s movement from cloud to ground is not continuous, but rather it moves downward in discrete
luminous segments of tens of meters length, then pauses, then moves another “step”, and so on. In Fig. 1.3 the luminous steps
appear as darkened tips on the less-luminous leader channel extending downward from the cloud. Each luminous leader step
appears in a microsecond or less. Studying and understanding the physics of negative step formation is an important aspect
of modern lightning research, as discussed in detail in Section 4.2. The time between luminous steps is about 50 s when
the stepped leader is far above the ground (and below the cloud base) and less, near 10 s, when it is near the ground. The
downward-propagating stepped leader branches downward, as noted earlier. Negative charge (free electrons) is more-or-
less continuously lowered from the main negative charge region in the middle of the cloud (Fig. 1.1) into the leader channel.
The average downward speed of the bottom of the stepped leader during its trip toward ground is about 2 x 10° ms~! so
the trip between the cloud charge and ground takes about 20 ms. A typical stepped leader has about 5 C of negative charge
distributed over its length, or about 10~2 C/m, when it is near ground. In order to establish this charge on the leader channel
an average current of about 100-200 Amperes must flow during the whole leader process. The pulsed currents involved in
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generating the leader steps have a peak current of the order of 1000 Amperes and microsecond duration. Each negative
leader step produces a pulse of visible light, a pulse of radio-frequency energy, and a pulse of X-rays, primarily in the 200
keV range. The luminous diameter of the stepped leader has been measured photographically to be between 1 and 10 m.
It is thought, however, that most of the stepped-leader current flows down a narrow conducting core a few centimeters in
diameter at the center of the observed leader. The large photographed diameter is probably due to a luminous “corona”, a
low-level, non-thermalized electrical discharge made up of a multitude of “corona streamers” surrounding the conducting
core.

When the stepped leader is near the ground, its relatively large negative charge induces (attracts) concentrated positive
charge on the conducting Earth beneath it and especially on objects projecting above the Earth’s surface. When the
electric field intensity near ground from these charges becomes large enough, upward-going, positively-charged electrical
discharges from the ground or from grounded objects will be initiated, as illustrated in Fig. 1.3 at 20.00 ms. One of these
upward-going discharges will contact a branch of the downward-moving leader, thereby determining the lightning strike-
point and the primary lightning current path (channel) between cloud and ground. Understanding the “attachment process”
is critical to the proper design of lightning protection systems. Unfortunately, the attachment process is sufficiently complex
and variable that it has not been possible to gain more than a relatively crude understanding of it. Hence, number 3 of the
top ten questions given in Section 1.5.

When a downward-moving, negatively-charged leader branch and an upward-moving, positively-charged leader
connect, negative charge near the bottom of the leader channel moves violently (increasing the ionization level of the
leader channel) downward into the Earth, causing large currents to flow at ground and causing the channel near ground
to become very luminous. Since electrical signals have a maximum speed of 3 x 108 m s~ - the “speed of light” - the leader
channel above ground has no way of knowing for a short time that the leader bottom has been connected to ground and
has become highly luminous and highly electrically conducting. The channel luminosity and current, in a process termed
the first “return stroke”, propagate continuously up the channel and out (down) the branches of the leader channel at a
speed typically between one-third and one-half the speed of light, as illustrated in Fig. 1.3 at times 20.10 and 20.20 ms. Even
though the return stroke’s high current and high luminosity move upward on the main channel, electrons at all points in
the main channel always move downward and, as noted earlier, represent the primary components of the current. Electrons
flow up the channel branches toward the main channel while the return stroke traverses the branches in the outward and
downward direction. Eventually, some milliseconds after the return stroke is initiated, the several Coulombs of negative
electric charge which were resident on the stepped leader all flow into the ground. Additional current may also flow to
ground directly from the cloud charge region once the return stroke has reached it.

The return stroke produces the bright channel of high temperature air that we commonly observe. The maximum return
stroke temperature is near 30,000 °C. We usually do not see the preceding, dimmer, downward-moving stepped leader with
our eyes, but it has been well recorded with high-speed film streak cameras and high-speed video cameras. One reason we
do not visually detect the stepped leader preceding a first return stroke is apparently because the eye cannot resolve the time
interval between the formation of the weakly luminous leader and the explosive illumination of the leader channel by the
return stroke, 10 ms or less depending on the height. Further, the human eye also cannot respond quickly enough to resolve
the upward propagation of the return stroke, and thus it appears as if all points on the return stroke channel become bright
simultaneously. The return stroke impulsively heats the current-carrying air which then expands and thereby produces
most of the thunder we hear. That thunder, a sound wave, originates as an outward propagating shock wave and is a shock
wave to 10 m to 100 m from the expanding return stroke channel.

After the first stroke current has ceased to flow, the lightning flash may end, in which case the discharge is called a
single-stroke flash. About 80% of flashes that lower negative charge in temperate regions contain more than one stroke,
usually three to five. The individual strokes are typically separated by 40 or 50 ms. Strokes subsequent to the first (called
“subsequent strokes”) are initiated only if additional negative charge is made available to the upper portion of the previous
stroke channel in a time less than about 100 ms from the cessation of the current of the previous stroke. When this additional
charge is available, a continuously propagating leader (as opposed to a stepped leader), known as a “dart leader”, moves
down the defunct return stroke channel, again depositing negative charge from the negative charge region along the channel
length, as illustrated in Fig. 1.3 at 60.00 and 61.00 ms. The dart leader thus sets the stage for the second (or any subsequent)
return stroke. The dart leader’s earthward trip takes a few milliseconds. To high speed cameras the dart leader appears as
a luminous section of channel tens of meters in length which travels smoothly earthward at about 1/30 the speed of light
(about 107 m s~1). The dart leader generally deposits somewhat less charge, perhaps a tenth as much, along its path than
does the stepped leader, with the result that subsequent return strokes generally lower less charge to ground and have
smaller peak currents than first strokes.

First stroke currents are typically near 30 kA, while subsequent stroke peak currents are typically 10-15 KA. First stroke
current risetimes are a few microseconds, likely influenced by the attachment process, while subsequent stroke risetimes
are faster, of the order of 0.1 s.

The first return stroke in a negative cloud-to-ground flash appears to be strongly branched downward because the return
stroke follows the path and branches of the previous stepped leader. Dart leaders generally follow only the main channel
of the previous stroke and hence subsequent return strokes generally exhibit little branching. There are types of leaders
preceding subsequent return strokes that are intermediate between the stepped leader and the dart leader. In fact, there may
be a more or less continuum of leader features between pure stepped leaders and pure dart leaders. Dart leaders propagating
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down the remains of more-decayed (either older or subjected to more wind turbulence) or less-well-conditioned return
stroke channels may at some point begin to exhibit stepping, either within the confines of those channels of warm, low-
density air or by leaving those channels and propagating into virgin air, in either case becoming dart-stepped leaders or
chaotic dart leaders, the latter characterized by especially noisy radio frequency (RF) emission and copious X-ray emission.
Because some of the dart-stepped leaders form new paths to ground, one-third to one-half of all cloud-to-ground lightning
flashes contact the Earth in more than one location.

A typical cloud-to-ground discharge lowers about 30 C of negative charge from the main negative charge region of the
cloud (Fig. 1.1) to the Earth. This charge is transferred in some tenths of a second by the several strokes and any “continuing
current” which may flow from the cloud-charge source to ground after a stroke. Most continuing current follows subsequent
strokes. Half of all flashes contain at least one continuing current interval exceeding about 40 ms. The time between strokes
which follow the same channel can be as long as tenths of a second if a continuing current flows from the cloud charge into
the channel after a given stroke. Apparently, the channel is receptive to a new dart leader only after all current, including
continuing current, has terminated. While the leader-return stroke process transfers charge to ground in two steps (charge
is put on the leader channel from the cloud charge, from the top down, and then is discharged to ground from the channel
bottom upward), the continuing current represents a relatively steady charge flow between the main negative charge region
and ground.

As noted earlier, about 10% of cloud-to-ground flashes are initiated by downward-moving stepped leaders that lower
positive charge (Fig. 1.2c), either from the main upper positive charge region of the cloud or from the small lower positive
charge region (Fig. 1.1). The steps of positive stepped leaders are typically less distinct optically than the steps of negative
stepped leaders if, indeed, there are steps at all. More discussion of the optical characteristics of positive leaders is found in
Section 4.3. Positive return strokes can exhibit currents at the ground whose peak value can exceed 300 kA, considerably
larger than for negative strokes whose peak currents rarely exceed 100 kA. Nevertheless, median positive peak currents are
similar to median negative peak currents, near 30 kA. Positive discharges usually exhibit only one return stroke, and that
stroke is almost always followed by a relatively long period of continuing current. The overall charge transfer in positive
flashes can considerably exceed that in negative flashes. Although positive flashes are less common than negative flashes,
the potentially large peak current and potentially large charge transfer of the positive flashes make them a special hazard
that must be taken into account when designing lightning protection.

In upward lightning (Fig. 1.2b, d), the first leader propagates from ground to cloud but does not initiate an observable
return stroke or return-stroke-like process when it reaches the cloud charge. Rather, the upward leader primarily provides
a connection between the cloud charge region and the ground. After that connection is made and the initial current has
ceased to flow, “subsequent strokes”, initiated by downward-moving dart leaders from the cloud charge and having the same
characteristics as strokes following the first stroke in cloud-to-ground lightning may occur. About half of all upward flashes
exhibit such subsequent return strokes. Natural upward lightning is similar to the upward lightning that can be artificially
initiated (triggered) from natural thunderstorms using the rocket-and-wire technique, noted earlier and discussed in the
next paragraph. The reason that the upward first leader in both natural upward and triggered lightning does not produce
a detectible downward return stroke is likely because there is no well-defined region of vastly different electrical potential
in the cloud from that of the leader, as there is in the case of the downward leader of negative potential 107-108 V striking
the well-conducting zero-electrical-potential Earth. For more information regarding the physics of all types of cloud and
cloud-to-ground lightning, the reader is referred to the books by Uman [4], and Rakov and Uman [5].

Lightning can be artificially initiated (triggered) from natural thunderstorms via the rocket-and-wire technique, either
with a grounded wire towed upward for a few hundred meters by a small rocket (classical triggering) or with an ungrounded
wire (altitude triggering) of a few hundred meter length whose bottom is raised 100 m or so above ground. Triggered-
lightning has been and is a major subject of study as part of modern lightning research because of its accessibility and
its similarity to aspects of all types of natural lightning. At the University of Florida and Florida Institute of Technology
lightning research facility in north-central Florida, the International Center for Lightning Research and Testing (ICLRT), we
trigger 20-30 lightning flashes per summer, and have triggered over 400 total.

The mechanisms of classical rocket-and-wire triggering are shown in Fig. 1.4 in a sequence of 6 panels, increasing in
time from left to right. Typically, when the rocket has lifted the trailing wire (in all ICLRT studies the conducting wire has
been unspooled from the rocket) to a height of several hundred meters in a time of 2 or 3 s, electrical breakdown occurs at
the top of the wire. For a several-hundred-meter length of vertical, grounded, conducting wire, the ambient electric field
at and above the wire top from the negative cloud charge overhead is enhanced to a level sufficient to launch an upward
propagating, positively-charged leader (UPL) from the wire top toward the negative cloud charge. At some point, not well
defined, the UPL transitions to an “initial continuous current” (ICC) of some hundreds of amperes flowing for tenths of
a second. The triggering wire, 0.2 mm diameter Kevlar-covered copper, generally explodes or melts after 10 ms or so of
current flow, during the propagation of the upward positive leader. See Fig. 1.9 for an example of the path followed by the
triggered lightning UPL and ICC as determined from the location of VHF radiation sources. When the ICC ceases to flow,
the flash may end, or, more preferably for lightning research, a negative dart leader (or dart-stepped or chaotic dart) may
traverse the defunct ICC channel in a downward direction from cloud charge to ground, followed by the propagation of a
return stroke from the ground up the negatively-charged leader channel, an essentially identical sequence to subsequent
strokes in natural lightning.
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Fig. 1.4. Processes involved in the artificial initiation of lightning by rocket-and-wire triggering. Drawing by J. Schoene.
Source: Adapted from Uman [491].

Rocket-triggered lightning has many features in common with upward-initiated lightning from tall structures. In rocket-
triggered lightning, the several hundred meters of vertical, grounded, conducting wire carried aloft by the rocket provides
the same function as the tall, stationary, conducting structure. In both cases, an upward-moving leader from the grounded
object is followed by an ICC; and these two processes replace the downward-moving stepped leader and upward-moving
first return stroke of natural lightning. In both cases, there may or may not be dart leader/return stroke sequences that
follow the ICC, sequences present in about half of both natural and triggered upward-initiated flashes. The fundamental
difference between the two cases is that the initiating electric field for rocket triggering must be relatively high and steady
(e.g., 20 kV m~! at 500 m altitude) whereas the initiating field for a stationary tall structure is thought to be either a rapid
electric field change of about the same magnitude caused by an overhead cloud discharge or nearby ground flash, or a high,
relatively steady field.

The preceding discussion addressed the triggering of lightning using a grounded wire, so-called “classical” triggering.
“Altitude” triggering, triggering with an ungrounded wire, has much less probability of success, but, when successful,
produces a stepped leader from the bottom on the ungrounded wire, simulating well the stepped leader of natural lightning.
A detailed discussion of classical and altitude rocket-triggered lightning and other prospective types of artificially-initiated
lightning, such as laser triggered, is found in Chapter 7 of Rakov and Uman [5].

We briefly discuss now so-called Compact Intracloud Discharges (CIDs), considered in more detail in Section 6. CIDs are
discharges of short vertical length, probably less than 1 km, high in the cloud that produce relatively large narrow bipolar
radio pulses accompanied by copious VHF radiation and little visible light. Although most CIDs appear as isolated events,
CIDs are sometimes followed by normal IC lightning and so are considered a type of preliminary breakdown pulse. Other
types of preliminary breakdown pulses are discussed in Sections 3.2.3 and 4.1.

We now list the general types of Transient Luminous Events (TLEs) that occur between cloud tops and the lower
ionosphere at about 90 km. Each type has several subtypes. “Sprites” are electrical discharges that occur when relatively
large cloud charges are discharged to Earth by lightning, generally positive lightning, transiently increasing the electric
field between cloud tops and the ionosphere. “Jets” (blue starters, blue jets, gigantic jets) are upward-going lightning from
high-altitude cloud charge into the low density air above cloud tops, gigantic jets reaching all the way to the ionosphere,
and blue jet starters going upward only a kilometer or so. “Elves” are the circularly-expanding luminous reaction of the
lower ionosphere when cloud-to-ground lightning’s radiated electromagnetic fields strike it. “Sprite halos” are horizontal
ionization caps, sometimes appearing above Sprites. The halos have sometimes been misidentified in the literature as Elves.
TLEs are further discussed in Section 7.

Terrestrial Gamma-Ray Flashes (TGFs), discussed in detail in Sections 5.3.4 and 5.4.8, are bursts of X-ray and gamma rays
usually of less than 1 ms total duration with energies of individual photons reaching tens of MeV. They represent one class
of high energy phenomena that are associated with thunderstorms and lightning. TGFs have been observed primarily on
orbiting satellites and are associated with the leaders of certain cloud discharges that occur near the tops of thunderclouds.
TGFs have been reported only twice on the ground, both times at the authors’ research facility [23,24], and once in a research
aircraft [25].

Finally, we say a few words about “ball lightning”, the subject of question 10 in Section 1.5. Further discussion of this
mysterious phenomenon is outside the scope of the present review. There are almost 5000 published eyewitness reports of
ball lightning, and many published theories, none of the theories being completely satisfactory [26-28]. Hill et al. [28] used
triggered lightning to reproduce the conditions of several leading theories of ball lightning, with limited success in producing
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ball lightning but perhaps generating some of its relatives. The most commonly reported ball lightning observation is of an
orange-to-grapefruit-size glowing sphere which is usually red, orange, or yellow in color with luminosity about as bright
as a 60 W light bulb. Larger and smaller spheres are also observed. Ball lightning typically has a duration of a few seconds,
during which time it generally moves horizontally (it does not rise as would hot air) and then decays either slowly and
silently or abruptly and explosively. Its luminosity is reported to be roughly constant until it extinguishes. It is most often
seen spatially close to and just after the occurrence of a cloud-to-ground lightning flash. There are a significant number of
credible reports of ball lightning occurring within metal (aluminum) aircraft, both commercial and military. Ball lightning, or
a similar phenomenon, has been also reported to be generated from high-power electrical equipment such as battery-bank
switches.

1.4. Experimental techniques

Itis of value to examine the various experimental tools that are used to study lightning since modeling and understanding
of lightning processes depend on the adequacy of the experimental data characterizing those processes. We can perhaps best
provide a general view of lightning experimental science by describing the equipment that has been assembled at our own
research facility, the ICLRT located on an Army National Guard Base 45 km northeast of the University of Florida campus in
Gainesville.

A schematic drawing of the ICLRT site is shown in Fig. 1.5. The ICLRT was founded in 1994, occupies about one square
kilometer of flat land, and has its military airspace controlled for launching rockets to trigger lightning. A photograph of one
of the two triggering facilities at the ICLRT is shown in Fig. 1.6 and one of the 26 instrumentation sites arrayed over the 1 km?
is shown in Fig. 1.7. As noted earlier, about 400 lightning flashes have been triggered at the ICLRT to date. Experimental
facilities at the ICLRT include two time of arrival (TOA) networks for locating lightning sources in 3D over the ICLRT, the
individual networks being composed of ten electric-field-derivative (dE/dt) antennas and ten co-located X-ray detectors
(eight plastic detectors and two Lanthanum Bromide X-ray detectors), a nine sensor electric field measurement network
(bandwidths from near DC to 15 MHz), the TERA network (TERA stands for Thunderstorm Energetic Radiation Array) of 45
Nal detectors, triggered lightning current measurements in the range from 1 mA to 60 kA, a seven-station Lightning Mapping
Array (LMA) network employing the TOA technique to map lightning VHF sources near 70 MHz to about 12 km in altitude
and about 25 km in radius, a 30 pixel imaging X-ray camera containing 30 unshielded Nal detectors aimed slightly above the
rocket launcher, and an X-ray spectrometer composed of seven Nal detectors with varying degrees of aluminum, steel and
lead shielding. The LMA sources for a natural cloud-to-ground discharge preceded by an intracloud flash, both occurring
near the ICLRT, are shown in Fig. 1.8.The LMA sources for the initial stage of a triggered lightning flash at the ICLRT are
shown in Fig. 1.9. The dE /dt and X-ray time-of-arrival networks each use 10 separate sensors from the 26 instrumentation
sites, connected together with nanosecond timing resulting in meter-scale location accuracy for both X-ray pulses and dE /dt
pulses within about 1 km?3. The ICLRT photographic setup for optically recording lightning includes eight Nikon digital still
cameras that take continuous sequential 5 s time exposures from different locations, five Canon high-definition (HD) video
cameras, one Phantom v711 high-speed camera (100 s frame rate), one Phantom v7.3 high-speed camera (100 ps frame
rate), one Photron SA1 high-speed camera (3.3 jus frame rate), and one Cordin 550 high-speed camera (0.25 s frame rate).
During the Summers of 2012 and 2013, the University of Oklahoma (OU) operated both a dual polarization C-Band radar and
an X-band radar from approximately 11 km south of the ICLRT in Keystone Heights in order to record the cloud hydrometer
characteristics over the ICLRT. Additionally, during Summers of 2012 and 2013 visiting scientists operated time-resolved
spectrometers, photometers, and streak cameras from the Optical Building 200 m from the main triggering site (see Figs. 1.5
and 1.6); and in 2013 a team from NSSL launched electric field and precipitation probing balloons into overhead storms at
the ICLRT.

1.5. The top ten questions in lightning research

Given below is our subjective view of the top ten questions in lightning research.

1. By what physical mechanism or mechanisms is lightning initiated in the thundercloud? What is the maximum cloud
electric field magnitude and over what volume of the cloud? What, if any, high energy processes (runaway electrons,
X-rays, gamma rays) are involved in lightning initiation and how? What is the role of various forms of ice and water in
lightning initiation?

2. What physical mechanisms govern the propagation of the different types of lightning leaders (negative stepped, first
positive, negative dart, negative dart-stepped, negative dart-chaotic) between cloud and ground and the leaders inside
the cloud?

3. What is the physical mechanism of leader attachment to elevated objects on the ground and to the flat ground? What
are the characteristics of upward connecting leaders from those objects or from the ground?

4. What is the physics of compact intra-cloud discharges (CIDs) (that produce a narrow bipolar wideband electric field
pulse, a narrow bipolar event or NBE, apparently multiple-reflecting propagating waves within 1 km height, and copious
HF and VHF radiation)? How are CIDs related to other types of preliminary breakdown pulses? Are CIDs related to
the Terrestrial Gamma-Ray Flashes (TGFs) observed on orbiting satellites or to the Transient Luminous Events (TLEs)
photographed above cloud tops, particularly to so-called “gigantic jets”?
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Fig. 1.5. A drawing of the layout of structures on one square kilometer of the International Center for Lightning Research and Testing (ICLRT) at Camp
Blanding. Some of the structures are shown in the photograph of Fig. 1.6. The compliment of instruments shown in the box at the bottom of the drawing
is found at 26 locations across the site, all connected by fiber optics to Launch Control and the Office Trailer. One such instrumentation site is shown in
Fig. 1.7.

Source: Courtesy, J.D. Hill.

5. By what physical mechanisms do lightning leaders emit pulses of X-rays? Do the X-rays play a role in lightning
propagation? By what mechanism do thunderclouds generate relatively-steady internal X-rays? Do X-rays and other
high energy radiation affect cloud electrification and play a role in lightning initiation?

6. By what physical mechanisms are Terrestrial Gamma-Ray Flashes (TGFs) produced? Do TGFs pose a hazard to individuals
in aircraft?

7. How do cloud-to-ground and intra-cloud lightning affect the upper atmosphere and ionosphere? What are the
physics of the Transient Luminous Events (TLEs), “Sprites”, “jets”, and “elves”? What is the energy input into the
ionosphere/magnetosphere from lightning?

8. How exactly does rocket-and-wire (“classical” with a grounded wire and “altitude” with a floating wire) triggering of
lightning work? Are there other possible and practical triggering techniques such as laser triggering? Can triggering
reduce or eliminate the local occurrence of natural lightning?

9. What are the power and energy of the component processes of lightning flashes and how are they distributed among
electromagnetic processes (DC to light), thermal processes, mechanical (acoustic) processes, and relativistic (high
energy) processes (runaway electrons, runaway positrons, X-ray, and gamma rays)?

10. What is the physics of ball lightning? Is there more than one type of ball lightning?

Questions 1, 2, 4, 5, 6, and 7 will be addressed directly in the following sections of this paper: Section 3. The Lightning
Initiation Problem; Section 4. Lightning Propagation; Section 5. High-Energy Atmospheric Physics; Section 6. CIDs; and
Section 7. TLEs.

2. Conventional discharges

2.1. Overview

Conventional discharges in a gas such as air involve the propagation of free low-energy (few eV) electrons and ions and
should be distinguished from discharges that involve runaway electrons in the keV to multi-MeV range. These high-energy
discharges will be discussed in detail in Section 5.
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Fig. 1.6. A photograph showing ground-based (Field) and Tower rocket launchers, Launch Control, and the Optical Building at the International Center for
Lightning Research and Testing (ICLRT) at Camp Blanding. About 100 electromagnetic and optical measurements are arrayed around the research area of
the ICLRT.

Source: Courtesy, J.D. Hill.

Fig. 1.7. Color photograph of one of the ICLRT instrumentation sites with the Tower Launcher and Launch Control in the background.
Source: Courtesy, J.D. Hill.

2.2. The microphysics of conventional discharges

When an electron-positive ion pair is created in air in the presence of an applied electric field, the free, low-energy
electron and the ion both move under the influence of the field. In air, the low-energy electrons quickly attach to oxygen via
either 2-body or 3-body attachment processes, forming negative ions. The electron attachment time, 7, is a function of the
electric field strength and the air density. At sea-level 7, has values between about 8 x 1078 s and 1.4 x 1077 s, depending
upon the electric field strength. At higher altitudes, t, increases more quickly than the air density decreases because of the
3-body electron attachment. For example, at thunderstorm altitudes, 7, is usually on the order of about 107 s.

Before tpe electrons attach, they experience multiple scatters with air molecules, resulting in a constant average velocity,
Ve = —u.E, known as the drift velocity, where . is the mobility of the electrons. Similarly, ions also drift in the electric
field, but at a much lower speeds due to Eheir larger masses and hence smaller mobilities. The positive and negative ions
have drift velocities given by v = +u+E, where the mobilities of the ions in dry air are 4 = (1.4 x 1074 m?/V s)/ng;
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Fig. 1.9. LMA source locations for the initial stage (IS) of rocket-and-wire lightning UF 11-24 that occurred on August 5, 2011. The bright green sources
are associated with successive electrical breakdowns (the so-called precursor pulses) at the top of the upward-moving triggering wire and occur during
550 ms of the roughly 2 s wire launch. The time of the LMA sources during the IS, including the precursor pulses, are color coded on the right.

Source: Adapted from Hill et al. [492].

and p_ = (2.1 x 1074 m?/V s)/ng;; [29], and ny;, is the air density relative to that at sea-level at standard conditions (1
atm pressure and a temperature of 0 °C), i.e., ngir = Ngir/Nsp, With Ng;; the number density of air molecules. At the electric
fields of interest, unlike the ions, the electron’s mobility, 1., is sensitive to the electric field strength, having sea-level values
between about 0.3 m?/(V s) and 0.04 m?/(V s), depending upon the electric field. However, if we consider, instead, the
same reduced electric field, E /ng;, then w, scales simply with air density as 1/n4;. More precise values of the attachment
rates and mobilities are found, for instance, using data from Refs. [30,31].

As the electric field is increased, the average energy of the drifting electrons also increases. At high enough fields, a
fraction of the electron velocity distribution will have energies sufficient to ionize air, predominantly due to the impact of
the electrons with the air molecules, thus generating additional electrons along with the original ones. These secondary
electrons may also ionize air, creating more elections. This growth in the number of electrons competes with the loss of
electrons due to attachment. For small electric fields, where the attachment rate is larger than the ionization rate, without
an external ionization source, the number of free electrons quickly declines. As the field strength is increased, however,
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conductive region (t = 0 s). The positive streamer propagates downward at the bottom of the figure. No negative streamer is initiated at the top of the
column in this simulation.

Source: Figure reprinted with permission from [37].
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the ionization rate increases rapidly, surpassing the attachment rate at about £, = 3 x 10° V/m x ng; [32], called the
conventional breakdown field. Note that this field scales linearly with air density, so at higher altitudes in the atmosphere
the breakdown field is lower than at sea level. Above E, the number of electrons grows exponentially with time and distance,
forming an avalanche of low-energy electrons. Of course, for the avalanche to be initiated there must be at least one free, low-
energy “seed” electron. Such seed electrons may be supplied by background radiation such as from atmospheric cosmic-rays
and natural radioactivity as well as from ultra-violet light.

The densities of the low-energy electrons and positive and negative ions, ne, n, and n,, may be found using the following
coupled equations (e.g., [30,31,33]):

on - - A o

37: + V- (Vene) — V- (De : Vne) = Se + NeVe(ate — 1) — ﬂepnenp; (2.1)
on, -

¥ + V- (Uphp) = Se + NeVette — BepheNy — BupMnMp; (2.2)
on, -

ot + V- (UnNy) = Neven) — BupNalp, (2.3)

where S, is the source of new ionization; ¢, is the number of ionizing collisions per unit length, and 7 is the number of
electron attachments per unit length. The parameter « is called the first Townsend coefficient, and n = (vet,) ' is called
the attachment coefficient, and both depend upon the electric field strength and the air density [34]. B, is the rate (per

second) of electron-ion recombination. S, is the rate (per second) of ion-ion recombination, and D, is the low-energy
electron diffusion tensor. In Egs. (2.2) and (2.3) the diffusion terms for the ions could be included, similar to Eq. (2.1) for the
electrons. However, for most cases of interested for electrical discharges in strong electric fields, the diffusion term is small
compared with the drift velocity term (2nd term on left).

Egs. (2.1)-(2.3) are often combined with Poisson’s equation for the electrostatic potential.

e
Vip = ——(n, —n, — ny). (2.4)
Eo

The electric field is then calculated, allowing the various coefficients in Egs. (2.1)-(2.3) to be found. These coupled equations
are usually solved numerically. Examples of such calculations are shown in Fig. 2.1.

As an example, let us consider avalanche multiplication from a single electron injected at the origin. For simplicity, we
shall consider a uniform electric field in the - z direction and low enough electron and ion densities so that we may ignore
recombination. In Egs. (2.1)-(2.3), the combination of the velocity times the density is the convective flux, e.g., F, = U,n,. If
we ignore the effects of diffusion, the total number of electrons passing through the plane at position z is then given by [35]

Ne(2) =/ / / Fe(x,y, z, t)dxdydt. (2.5)
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Integrating Eq. (2.1) as in Eq. (2.5) (and dropping the diffusion term) gives

dN,
— — Ne(ae — 1) = 8(2), (2.6)
dz

where §(z) is the Dirac delta function, describing the injection of one electron at the origin

For a uniform electric field both &, and n are constant, and so Eq. (2.6) may be integrated directly to give
ne = exp (e — 1)2) , (2.7)

the number of low-energy electrons in an avalanche at position z initiated by one seed electron. For strong electric fields,
E > Ei, the avalanche given by Eq. (2.7) can rapidly grow on sub-millimeter length scales.

If the number of electrons in the avalanche grows sufficiently large, the polarization of the medium due to the separation
of the electrons and the positive ions that trail behind can enhance the field at the front of the avalanche, increasing the
amount of avalanche multiplication at the tip. In this way, a self-propagating structure called a negative “streamer” may
form, which allows the avalanche to propagate into lower ambient fields, since the streamer carries the high field needed
for avalanche multiplication with it as it moves. Raether [36] estimated that about 108 electrons in the avalanche are needed
to create a streamer.

Similarly, positive streamers may propagate in the opposite direction of the electron avalanche. For a positive streamer,
electron avalanches move towards the column of positive ions. These avalanches create more positive ions, which extends
the channel and hence the streamer in the direction of the electric field. Fig. 2.1 shows numerical simulations of the low-
energy electron density and electric field strength for a positive streamer initiated by a conductive region, representing for
example a long hydrometeor [37]. In the figure, the electric field is directed downward, and so the electron avalanches move
upward. The positive streamer can be seen as a downward extension of the conductive region. No corresponding upward
extension is produced, indicating that no negative streamer was created.

Itis known that positive streamers can propagate in lower ambient electric fields than negative streamers (~5 x 10> V/m
versus ~1 x 10°V/m at sea level for positive and negative streamers, respectively), and so positive streamers are often
created before negative streamers [33]. Phelps and Griffiths [38] performed laboratory experiments in which positive
streamers propagated in a parallel plate geometry with different air pressures and humidities. The experiments used dark
adapted eyes to determine the minimum field required for positive streamers to cross a gap (usually 12 cm). It was found
that the critical field for propagation, Es, was about 5 x 10° V/m at sea-level. Furthermore, the critical field depended linearly
on the water vapor pressures from 0 to 30 mbar with values of E; between 4 x 10° V/mand 6 x 10° V/m at T = 25 °C. They
also found that the critical field decreased approximately as the 1.5 power of the dry air pressure. As an example, for the
mid-level of a thunderstorm (P = 300 mbar and T = —14 °C), they found the critical field for positive streamer propagation
is about 1 x 10° V/m. For fields at or just above the critical field, the streamer propagation speed is on the order of 10°> m/s.
Because the free electrons quickly attach to air, the conductivity of the streamer is only significant for a few cm behind
the tip. As a result, such streamers will not transport large amount of charge large distances. However, as the electric field
is increased, the speed of the streamers and the charges at the tips also increase, resulting in longer conducting columns
behind the tip.

As a streamer propagates through a strong electric field, the charge that accumulates at its tip may become sufficiently
large that the streamer splits into two or more streamers. The process may repeat many times, producing a branched
network of positive and/or negative streamers. If the currents produced by the streamers are large, the streamers may also
heat the air, which increases the conductively, allowing more current to flow, which causes more heating, and so on. This
instability tends to constrict the current along a narrow hot channel. Specifically, above about 1500 K, the conductivity of
air greatly increases, due to the rapid detachment of electrons from negative ions [39]. Gallimberti [40] hypothesized that
as the temperature increases, the energy initially transferred into the vibrational states of nitrogen molecules by the current
flow through cold air is transferred to translational energy states causing the temperature of the channel to rise quickly. At
high electron densities and temperatures, thermalization occurs and impact ionization between ions and neutrals becomes
important. Such hot (heated to 5000 K or more) narrow channels are often called “leaders”.

Without the presence of a metal electrode to supply an external current (no such electrode is present inside
thunderclouds) it is challenging to understand how the so-called streamer to leader transition actually occurs. For laboratory
sparks, it is observed that multiple streamers emitted from a small region of a metal electrode have a high enough current
density to heat the electrode and the nearby air (see Sections 4.2 and 4.3). For thunderclouds, without metal electrodes,
it is not clear how this process happens. In order to create and maintain a hot channel, the energy from the electrostatic
field must be concentrated into a much smaller volume, where the heating occurs. This may happen via the creation of an
extended streamer network, with many streamers feeding their current into a narrow channel, although this idea has not
yet been validated either experimentally or theoretically for the thunderstorm environment.

It is known that leaders may themselves propagate by producing large electric fields at their tips, these large fields
generating streamers that move out into the space in front of the leader. These streamers deliver current to the leader,
keeping it hot and allowing it to propagate. The space in front of the leader is called the streamer zone [41]. It is observed
that negative leaders propagate in a stepwise fashion (Section 1.3). For the leader to move forward, a leader segment in the
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space in front of the old leader channel, called a space leader, develops out of the preceding corona streamers. The space
leader propagates backwards until it connects to the old leader channel forming a longer channel. When the space leader and
old channel come in contact, there is a rush of current that brings the old and new segments to the same electric potential.
When this current wave hits the end of the new leader segment, a burst of streamers propagates out in front of the new tip,
called the corona flash. A new space leader then forms in front of the new tip and the cycle repeats. This process is discussed
further in Section 4.2. For natural cloud-to-ground lightning, the stepped leader lengths apparently range from a few meters
near ground up to perhaps a few hundred meters in the cloud [42] (see also Sections 1.3 and 4.2). It is not understood exactly
how or why negative leaders propagate in this stepped manner. In particular, it is not clear how the space leaders form and
why they form so far out in front of the old leader channel.

Another type of electrical discharge occurring between metal electrodes that does not involve hot leaders or arcs is the
so-called Townsend discharge [43,44]. For the Townsend discharge, positive ions and ultra-violet (UV) photons produced by
the electrons in an avalanche may interact with the cathode (negative electrode) or air, producing more free electrons and
thus secondary avalanches. These avalanches may, in turn, generate more ions or UV photons and the process continues. This
mechanism forms a positive feedback cycle allowing the production of avalanches to be self-sustaining. The parameter that
describes the Townsend feedback rate is called the second Townsend coefficient, yr, the probability per avalanche electron of
creating a new seed electron in one feedback cycle. If we multiply the Townsend coefficient by the total number of electrons
in the avalanche, yTNe“’“”, we get the number of new seed electrons in one feedback cycle per seed electron in the previous
cycle. When yTN(f"m’ > 1, the generation of seed electrons, and hence avalanche electrons, is self-sustaining, with an ever
increasing number of electrons generated with each feedback cycle. For a self-sustaining Townsend discharge, the number
of avalanches may increase exponentially. In this case, eventually, the number of electrons and hence the conductivity of
the air increases to the point where the field collapses, ending the discharge. Some authors distinguish between a Townsend
discharge that is self-sustaining and one that is not, calling the former a Townsend breakdown and the later a Townsend
discharge or, alternatively, a dark discharge. To complicate matters further, for gas-filled particle detectors, the Townsend
discharge mechanism is also called a Geiger mechanism, i.e., as in a Geiger counter. In this paper, because the underlying
mechanism is the same in all cases, we shall refer to any discharge that results from low-energy feedback processes as a
Townsend discharge, regardless of whether or not it is self-sustaining.

2.3. Electrical breakdown

An “electrical breakdown” is usually considered to be a self-sustaining discharge that produces a rapid increase in the
electrical conductivity that results in the collapse of the electric field. Electrical breakdown is an internal state of the system
and so it is not sensitive to external influences such external sources of ionizing radiation. The more general term “electrical
discharge”, in addition to describing an electrical breakdown, also describes processes that are not self-sustaining and so
may depend upon external influences. Electrical discharges may also describe slower processes such as leakage currents
that relax the electric field over a long period of time.

As discussed above, air usually breaks down at electric fields that exceed the conventional breakdown field: E, =
3 x 10° V/m x ng;. In non-uniform air gaps, it is not always necessary for the field to exceed the breakdown field for
all location in the gap, but for a conventional breakdown to begin, the field must exceed this value in at least one location in
the gap. Furthermore, there is no single way that air breaks down. Often a narrow, hot channel is formed, through which large
currents flow. Such a channel may be called a spark, an arc, a leader or a stroke, depending on the situation. Although small
gaps may discharge without a hot channel (e.g., via a Townsend discharge), for kilometer scale discharges, such as occurs
with lightning, a hot channel is usually (although not always) thought to be required. This is because the fast attachment of
free electrons in air causes the conductivity to rapidly decrease, making it difficult for currents to flow over large distances.
An alternative method for generating large scale currents is via the relativistic feedback discharge mechanism. Relativistic
feedback discharges, which are discussed in Sections 5.2.4, 5.4.4 and 5.4.9, do not involve hot channels and so are quite
different from normal lightning.

Normal lightning is known to propagate by forming a hot leader channel (Section 4). Leaders are highly conductive and so
transfer charge from one part of the cloud to another, between clouds and the surrounding air, between clouds, and between
the cloud and the ground. When leaders connect to the Earth (or conducting electrodes for laboratory sparks), large currents
will flow, further heating the channel and forming a hot, bright arc. In particular, when the leader contacts the ground, a
short circuit is created between the cloud and the ground with a very large potential difference between the leader tip and
the Earth. The upward rush of current, typically with tens of thousands of Amps, is called the return stroke, the brightest
part of the lightning flash, as discussed previously in Section 1.3. Similar fast processes within the cloud, connecting various
charge regions, are called “recoil streamers” (an unfortunate name since they are not really streamers) or K-changes [45].

Leader networks have been measured to extend within thunderstorm systems over 100 km (Section 4.1), which is quite
amazing considering that each leader segment is roughly as wide as a human finger. In order for the leaders to propagate,
they must generate high enough electric fields at their tips to break down the air in front of them. The electric current that
results must then feed into the leader channel, keeping the channel hot and transferring new charge to the tip. The physics
of how the leader channel is maintained over large distances has only begun to be addressed.
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2.4. Corona discharges

A corona discharge, or corona, is defined to be a localized discharge, consisting of electron avalanches and/or streamers,
that does not result in electrical breakdown with other objects. St. EImo’s fire, seen in the dark on sharp surfaces of aircraft
and the masts of ships, is an example of corona. Corona discharges are important when considering discharges associated
with water and ice particles (hydrometeors) inside thunderclouds (see Section 3).

Corona discharges come in a variety of types, which depend upon the polarity of the discharge: For negative discharges
these include Trichel pulses, negative glow discharges, and propagating negative streamers [46]. Trichel pulses are due to
a Townsend discharge with positive ions (and UV photons) interacting with the cathode (e.g., the negative hydrometeor
surface) to produce an increasing number of secondary avalanches. The discharge is eventually quenched when the space
charge produced by the negative ions becomes sufficiently large to locally reduce the electric field. Only after the ions have
drifted away, clearing out the space charge, can another Trichel pulse form. The repetition rate of Trichel pulses can be
quite large, reaching 10° s~'. For larger applied electric fields, the negative space charge is created far enough away from
the cathode that the Townsend discharge is not completely quenched and a steady state glow-like discharge occurs. For
even stronger applied fields, negative streamers can form and propagate away from the cathode. However, because of the
mutual repulsion of the electrons and the fact that they often propagate into lower fields after their formation, the negative
streamers tend to be weaker than the positive ones.

For positive discharges, corona starts with short duration pulses, called onset streamers, or burst pulses. The positive
streamers propagate by accumulating positive space charge (positive ions) near their tip, which enhances the electric field,
permitting more avalanche multiplication. As electron avalanches propagate towards the tip, they produce UV photons
that cause secondary avalanches that also move towards the tip (Townsend discharge in the air surrounding the tip). The
accumulated positive charge from the avalanches extends the high field region further away from the anode (e.g., the positive
electrode or hydrometeor surface), allowing the streamer structure to propagate in the direction opposite to the electron
motion. The pulsed nature of the onset streamers comes from the accumulation of space charge near the anode surface,
which inhibits further streamer development until the positive ions drift away. For larger applied electric fields, the space
charge distribution causes a steady state discharge, with no pulses, often called a positive glow that inhibits further streamer
production. The avalanche multiplication for the glow occurs near the anode, between the surface and the negative space
charge layer. As the applied field is increased further, vigorous pulses of streamers, called breakdown streamers occur, which
for laboratory experiments, results in the spark breakdown of the gap [47].

3. The lightning initiation problem

3.1. Overview

The problem of how lightning is initiated inside thunderclouds is not only one of the biggest unsolved problems in
lightning physics; it is also probably one of the biggest mysteries in the atmospheric sciences. At the heart of the problem
is the fact that decades of electric field measurements made directly inside thunderclouds have failed to find electric field
strengths large enough to make a spark (according to our current understanding), even when the effects of reduced air
density and the presence of water and ice particles are taken into account. And yet we routinely see very large sparks
being made inside thunderclouds in the form of lightning. This suggests that there is either something wrong with our
measurements or there is something wrong with our understanding of how electrical discharges occur in the thunderstorm
environment. When we consider how much we know about complex and exotic astrophysical objects half way across the
universe, it is quite amazing that we do not understand the basics of how something as common as lightning gets started in
clouds just a few miles above our heads.

Let us begin by defining precisely what we mean by lightning initiation. We define lightning initiation inside
thunderclouds as the processes that lead up to the creation of a propagating hot leader channel. Sometimes that “leader”
channel is called an initial breakdown or preliminary breakdown channel to distinguish its properties from those of leaders
in air below the cloud, as noted in Section 4.1. To understand lightning initiation, we wish to understand both the details
of the microphysical discharge processes that produce the leader and the processes within the thundercloud that create
the large electric fields needed for lightning to begin. Once the leader is created inside the thundercloud then the problem
becomes that of lightning propagation, which itself is rather poorly understood (see Section 4).

Of key importance to the problem of lightning initiation is determining what electric field is required at a given altitude
for a lightning leader to form. Presumably this involves the heating of air by streamers, but, as discussed in Section 2, it is
not well understood exactly how this occurs [48]. Stipulating that streamers must be present in order to create a leader
channel, just the presence of streamers does not guarantee that a leader will form, since streamers often propagate without
producing significant heating of the air. For electric fields just above the minimum field required for continuous propagation,
called the critical field, Es [38], the streamers are weak and propagate at relatively slow speeds. This means that after a
few centimeters the streamers become electrically isolated from their point of origin due to electron attachment to air.
For stronger fields, the streamers generate more charge at their tips and propagate faster, increasing the conductivity and
length of the channel behind. As the charge at the tip builds, the streamers also branch, allowing multiple channels to
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supply current back to the original channel, increasing the amount of heating (see Section 2). The electric field at which the
intensification, speed, and branching of streamers becomes large enough to heat a channel segment to several thousand
Kelvin is not known, but it must have a sea level equivalent field somewhere between the positive streamer critical field
of 300-500 kV/m and the conventional breakdown field of 3000 kV/m. Because the streamer-to-leader transition probably
occurs at field strengths above the fields required for other important processes, such as streamer initiation from ice and
water particles, and streamer and leader propagation, if the field is large enough for the streamer-to-leader transition to
occur, then it seems likely that lightning will also occur. As a result, we suggest that the streamer-to-leader transition field
may be viewed as the true lightning initiation field.

There seems to be a broad consensus that the field needed to initiate lightning is much larger than the maximum
fields observed inside thunderclouds. For example, Ref. [49] quotes a streamer to leader transition field of 2 x 10° V/m.
Since this field is several times larger than the largest thunderstorm fields measured, models have been developed to
help the thunderstorm locally enhance the electric field so that lightning may initiate. However, there appears to be little
experimental or theoretical justification for such a large streamer-to-leader transition field. If the required field is, in fact,
smaller, then perhaps the ambient thunderstorm fields developed through normal charging are large enough to initiate
lightning without assistance from other mechanisms.

Assuming that the predominate view expressed in the literature is correct and the observed thunderstorm fields are
too small to initiate lightning, we may divide the main hypotheses about lightning initiation into three types: (1) The
electric field somewhere within the thundercloud is really much larger than measured. (2) Lightning is created via streamer
initiation from liquid or ice particles, called hydrometeors. (3) Energetic runaway electrons (see Section 5) play a role in
lightning initiation. These three ideas are actually related. For example, if the runaway electron production (hypothesis 3)
is playing a role in lightning initiation, it is probably by locally enhancing the electric field to large values (hypothesis 1)
whereby streamers may be initiated from hydrometeors (hypothesis 2). Alternatively, it may be possible that the collective
effect of many streamers (hypothesis 2) locally enhances the electric field (hypothesis 1) to the point where lightning is
initiated. Finally, it is possible that thundercloud charging, all by itself, can produce isolated pockets with high electric field
(hypothesis 1), e.g., via charged eddies produced by turbulence within the thundercloud [50], allowing the air to break down
and lightning to form with the help of hydrometeors (hypothesis 2) or possibly even without hydrometeors present.

3.2. Thunderstorm and lightning phenomenology related to lightning initiation

3.2.1. Thunderstorm charge structure

The simplest picture of the charge structure of thunderstorms is the standard tripole model, which contains a
main negative, main positive and a lower positive charge center [51], also illustrated in Fig. 1.1 (also see Section 1.3).
Representative charge values are —40 C, +40 C and +3 C, respectively. In addition to the three charge centers in the standard
tripole model, there is often a fourth significant charge region called the upper screening layer, which is negatively charged.
(Actually, there is some amount of screening charge all around the cloud.) This layer is due to the higher conductivity of
the clear air outside the cloud, especially in the stratosphere above the storm. This higher conductivity expels the field
lines produced by the thunderstorm charges, forming the screening layer, similar to the surface charges induced on a
metal conductor embedded in an external electric field. The main negative charge center is found in a relatively narrow
temperature range, generally thought to be between —10 and —25 °C, regardless of the height of the ground below the storm,
where the cloud contains both ice and super-cooled water [52-54]. Both of these ingredients are thought to be necessary
for the so-called non-inductive charging mechanism to operate [55]. For summer time thunderstorms in Florida and New
Mexico, these temperatures occur roughly between 6 and 8 km above sea level. For Japanese wintertime storms, the negative
charge center also occurs at about the same temperature range, but because the atmosphere is cooler, these temperatures
occur at much lower altitudes, e.g., 2 km above sea-level [56]. The main positive charge region is usually more diffuse than
the main negative charge layer and resides in the upper parts of the cloud. Depending upon the height of the thunderstorm,
the upper positive charge can range between about 8-15 km in summertime storms, and has an altitude thickness of a few
km in wintertime storms. The lower positive region is located below the main negative change layer and the bottom of the
visible cloud, e.g., above 2 km altitude for summertime thunderstorms in Florida.

Using a series of balloon soundings of mesoscale convection systems (MCSs), isolated supercell storms and air-mass
thunderstorms, Stolzenburg et al. [57-59] found that within the updraft region (>1 m/s) the vertical electric field profiles
were relatively smooth and conformed to the basic tripole plus upper negative screening layer model described above (see
Fig. 3.1). They also found that the height of the main negative charge region correlated well with the updraft speed. This can
be understood by the fact that in regions with vigorous updrafts, the larger graupel particles that acquire negative charge
via the non-inductive charge mechanism can be elevated to higher parts of the cloud by the updrafts [60,61]. Outside the
updraft region, but still within the region of convection, Stolzenburg et al. reported that there were typically at least six
distinct charge regions, with larger peak fields and more rapid changes between polarities with altitude. They also found
that charge regions tended to be horizontally stratified with horizontal extents often much larger than the vertical extents.

In contrast to the picture described above, some storms are found to have inverted charge structures (lower main positive
and upper main negative) [62]. In addition, lightning has been observed to deposit or re-arrange charge within storms, and
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Outside Updraft

Fig. 3.1. Conceptual model of an isolated, mature thunderstorm. The diagram is based upon the balloon soundings through different clouds by Stolzenburg,
Marshall and collaborators. The region with upward convection has the four charge regions described by the standard tripole model plus the upper screening
layer. Regions with at least six charge regions are found outside the updraft region.

Source: Figure from Ref. [61].

the charge structures can evolve throughout the life of the storm, complicating the picture. Altogether, the charge structure
and hence the electric fields of thunderstorms are complex, depending upon time, location and the type of storm. As a result,
since in situ electric field measurements only sample a small part of the storm, by no means giving a complete picture of
the electric field environment, care should be taken when interpreting the observations using a specific model of the charge
structure.

3.2.2. Lightning initiation locations

Just as there is no single charge structure of thunderstorms, there is no single lightning initiation location, although
some patterns have been observed. Proctor [63] used the first 6-10 VHF source locations of lightning in South Africa to
calculate the distributions of 773 intra-cloud and cloud-to-ground lightning initiation heights. The distribution appeared to
be bimodal with broad peaks near 5 km and 9 km. The temperature ranges were roughly 0 to —10 °C for the lower peak
and —25 to —35 °C for the upper peak. When the data were separated into 221 CG and 559 IC flashes, the CG flashes were
found to fall almost entirely in the lower part of the distribution centered near 5 km. In contrast, the IC lightning followed
the same bimodal distribution as all lightning, with a slight propensity for the higher initiation location. Based upon the
temperatures, and given that most CG lightning has a negative polarity, it is reasonable to assume that most CG lightning
initiates near the main negative charge region. It is expected that the lightning would not start in the centers of the charge
regions, but instead at the edges, where the electric fields are larger, likely maximum. For lightning that initiates between the
main negative and the lower positive, the negative branch propagates downward. If the lower positive charge is not large, it
would provide an insufficient potential barrier to prevent the lightning from continuing on towards the ground, becoming
CG lightning [64]. In contrast, if the lower positive charge is large enough to prevent the further downward propagation, then
the flash would just neutralize itself in the positive charge and remain an IC lightning [64]. On the other hand, lightning that
initiates between the main negative and main positive or between the main positive and the upper screening layer, might
be expected to usually remain within the cloud in the form of IC lightning. Indeed, LMA and VHF interferometer data often
show IC lightning initiating between the main negative and main positive charge centers, vertically crossing the gap and the
branching horizontally through the two main charge regions [65]. Sometimes CG lightning can also appear as a minor branch
in an extensive IC flash, and so the distinction between IC and CG flashes is not always clear cut. Finally, it is significant that
about half of all lightning observed by Procter was found to initiate at temperatures below —25 °C with some initiating at
temperatures below —40 °C. It is unlikely that liquid hydrometeors would exist at those cold temperatures [66], making
lightning initiation mechanism that rely on liquid raindrops unlikely in those regions of the storm.

3.2.3. Preliminary breakdown

There is a considerable amount of lightning literature on preliminary breakdown of lightning, also called initial
breakdown, which usually refers to the first radio frequency pulses or electric field deflections detected in association with a
lightning flash [67]. These observations are most likely detecting the early stage of the formation of the leader or pre-leader
channel in the cloud. In this section we discuss preliminary breakdown in the context of lightning initiation. In Section 4.1,
preliminary breakdown is discussed in terms of lightning propagation.
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The discussion of preliminary breakdown is often divided into preliminary breakdown of CG flashes and IC flashes. For
CG flashes, preliminary breakdown, which usually lasts a few ms, describes the IC lightning activity that occurs before the
leader exits the cloud on the way to the ground. Preliminary breakdown pulses are observed to be large bipolar pulses, often
as large as the pulses generated by lightning return strokes, which typically have currents in the tens of kA range. Krider
et al. [68] recorded RF radiation between 3 and 295 MHz in coincidence with each bipolar pulse, indicating that the process
involved in the bipolar pulses also involves the breakdown of virgin air, i.e., streamer type breakdown [69]. Baharudin et al.
[70] investigated 1685 negative CG lightning flashes from 39 thunderstorms by simultaneously recording the slow electric
field, fast electric field and narrowband radiation field (3 and 30 MHz). They found that the start of the slow field change was
1.4-6.47 ms (arithmetic mean) after the first preliminary breakdown pulse, showing that significant charge motion always
followed the start of the preliminary breakdown.

Usually, the preliminary breakdown pulses will disappear before the leader exits the cloud followed by a period with
few and small pulses. Once the leader exits the cloud and approaches the ground the pulses intensify again becoming
normal stepped leader pulses, which are usually much smaller than the preliminary breakdown pulses (see Fig. 4.2). For
IC lightning, the preliminary breakdown usually lasts tens to hundreds of microseconds and often occurs during the so-
called early stage when the leader is bridging the gap between the main negative and main positive charge regions. These
sometimes large bipolar pulses, usually have several fast unipolar pulses superimposed on the initial rise. Weidman and
Krider [71] found that the large pulses have a full width of 63 s and a mean duration of 780 s, a value similar to the
earlier results of Kitagawa and Brooks [72]. The initial breakdown pulses for IC lightning are usually about a factor of two
longer and the pulse separated by a factor of a few larger than for CG lightning [73]. Coleman et al. [64] used LMA and
electric field data to study lightning propagation and interpreted their results in terms of a negative potential well between
the main negative and lower positive charge centers. They found that the presence of such a well alters the downward
propagation of the leader, causing horizontal branching within the well. They also concluded that CG flashes have a period
of preliminary breakdown if and only if there is such a potential well between the lightning initiation altitude and the
ground.

It is often suggested that preliminary breakdown pulses are a form of negative leader stepping similar to that seen during
negative stepped leader propagation near the ground. However, radio pulses produced by stepped leaders near the ground
look quite different from preliminary breakdown pulses. Stepped leader pulses near the ground are usually unipolar, smaller
in amplitude and more regular, with a pulse spacing of 10-50 s (see Fig. 4.2). In contrast, the preliminary breakdown pulses
are bipolar, appear more irregularly, are much larger - comparable to return stroke pulse amplitudes — and have much
longer spacing between pulses. If initial breakdown pulses are produced by a leader stepping processes, then it is natural
to infer that the step size is measured in hundreds of meters rather than the tens of meters as seen near the ground (see
Section 4.1). As for the bipolar shape of the pulses, since the electromagnetic radiation field is being measured, such pulses
are always bipolar, since they are proportional to the derivative of the current moment (see Eqs. (5.38) and (5.39)). Because
all electrical currents have a beginning and an end, the derivative of the current will always have one sign in the beginning
and the opposite sign in the end. The polarity and the shape of the radiation pulse, will depend upon the sign of the current
pulses and the how quickly the current rises and then decreases (e.g., see Fig. 4.7). For the pulses from stepped leaders near
the ground, the current pulse occurs when the old and new (space leader) segment come in contact. This produces a rush
of current to establish an equipotential along the conductive channel. The radio pulse is really bipolar but appears unipolar
because the leader channel is long and has a high conductivity, allowing the current pulse to propagate a long distance up
the old channel before it decays. In contrast, for the preliminary breakdown pulses inside the cloud, the pulses appear more
bipolar because the rise-time of the current is comparable to the fall-time and the channel carrying the current is probably
shorter. The longer step length may partially be explained by the lower air pressure at thundercloud altitudes, assuming
step length scales inversely with density, although this explanation is not entirely satisfactory, since it is not known how or
why leaders step.

Narrow bipolar pulses (NBEs) are another type of initial breakdown pulse (e.g., see Fig. 6.1) [74]. These are large, often
isolated, single bipolar pulses, which typically have durations of 10-30 s. The initial rise of the pulse is often very fast, on
the order of 1 jus. NBEs are unique since the sferic (LF and VLF) radio pulse, which is produced by a large current moment,
is observed to occur simultaneously with the HF and VHF signals caused by breakdown activity, giving the impression that
the NBEs “suddenly appear from nowhere”. NBEs, which are also called compact intracloud discharges, are quite mysterious
and will be discussed in more detail in Section 6.

Finally, there may be multiple breakdown events within the cloud with only one of them eventually producing the
CG lightning flash. For example, Krehbiel et al. [75] using eight station electric field measurements to infer the locations
of the breakdown events associated with the start of CG lightning, found a horizontal extent of several km prior to the
development of the leader that propagated down to the ground. Using VHF-band radar in East Georgia USSR, Mazur [76]
recorded rapidly occurring small scale discharges, with an average duration of 12.5 ms, within a narrow (1-2 km) region
inside the most electrically active part of a thunderstorm. Mazur proposed that these quasi-stable discharges were long
sparks (tens to hundreds of meters) produced by the lightning triggering mechanism inside the storm. Since these discharges
had a maximum occurrence rate of about 200/min, which was more frequent than the maximum lightning flash density of
the storm, Mazur concluded that not all long sparks created within the thunderstorm lead to the formation of lightning and
that most remained confined to the lightning initiation region, which he then inferred also had a length of 10-100 m (also
see Section 4.1 and Ref. [5]).
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3.3. Electric field measurements inside thunderclouds

Knowledge of the electric fields inside thunderclouds is key to understanding how lightning is initiated, since it provides
the framework on which models may be constructed. Unfortunately, measuring the electric field is difficult for several
reasons: (1) Thunderstorms are a large and violent environment, which makes it challenging to make in situ measurements;
e.g., it is dangerous to fly aircraft into thunderclouds and difficult (and sometimes dangerous) to launch balloons into
thunderstorms. It is also challenging to position and launch rockets into active thunderstorms. Furthermore, the large
volume of thunderclouds makes it unlikely that a balloon, aircraft or rocket will traverse the regions with the highest field,
which may be relatively small. (2) The thunderstorm fields often change rapidly, on the time scale of seconds, and so even
jet aircraft will only sample a small part of the cloud before the field changes. This is especially problematic for calculations
involving runaway electrons, since they depend on both the magnitude of the electric field and the total potential difference
in the high field region. (3) Finally, some lightning initiation models postulate that lightning forms from small (few mm sized)
water droplets or ice. Placing a large (sometimes wet) object, such as balloon, aircraft or rocket, could artificially discharge
the thundercloud before the field has a chance to build up to the point where lightning might be naturally initiated. In other
words, the act of observing the system may substantially perturb it.

When considering the electric field strength observations, it is important to know what altitude the observation was
made, since the breakdown field scales linearly with the air density. For example, a field of 700 kV/m, which is only about
1/5 the conventional breakdown field, Ei, near the ground, may be above E; near the tops of thunderclouds. Unfortunately,
many discussions of the electric field observations that appear in the literature do not report the exact altitude or the air
density at the time of the observations and so are difficult to interpret. A standard way of reporting the electric field, which
takes out the air density dependence, is the reduced electric field, E/Ng;, or equivalently E /ng;:, where N is the number
density of air molecules and ng; is the density of air relative to that at sea level at standard conditions. In this paper, we
shall use an exponential altitude dependence of the air density, ng;; = exp (—z/H), with the scale-height H = 8.5 km. The
reduced field, E/N,;, is commonly given in units of Townsends 1 Td = 1072! V m?. Alternatively, E/ng;, in units of V/m,
is called the sea-level equivalent (SLE) field. The breakdown field at all altitudes has the same sea-level equivalent field of
about 3 x 10° V/m, equal to 110 Td.

In the following, we present a sample of maximum electric field strengths recorded inside thunderclouds. These
maximum fields are also summarized in Table 3.1. When considering the electric field strengths presented below, in addition
to the conventional breakdown field, the values should also be compared with the positive streamer critical field for
propagation, which has sea-level equivalent values between about 3 x 10° V/m and 6 x 10° V/m depending upon the
altitude and humidity [38], and the runaway electron avalanche threshold field, which has a sea-level equivalent value of
2.84 x 10° V/m [77,78]. The latter will be discussed further in Section 5.

Gunn [79] made aircraft measurements at an altitude of 3.9 km and found a maximum electric field of 3.4 x 10> V/m just
before lightning struck (sea-level equivalent field, Es;; = 5.4 x 10° V/m). The average maximum field was 1.3 x 10° V/m
(Esie =2.1 x 10° V/m) for 9 different storms with the most intense field near the 0 °C level. Winn and Moore [80] made
sounding rocket measurements of the electric field component perpendicular to the long axis of the rocket and found
fields were commonly 1.0 x 10* V/m and occasionally reached 6.0 x 10* V/m at about 5.5 km (Es;; = 1.9 x 10* V/m
and 1.1 x 10° V/m, respectively). Winn et al. [81] reported a rocket measurement of the horizontal electric field of
4.0 x 10° V/m at 6 km (Es;z = 8.1 x 10° V/m). In another flight they recorded a field of up to 1.0 x 10% V/m at about 6
km (Es; = 2.0 x 10° V/m), although they did question whether this observation was reliable, since it should have created
a very large field near the rocket that should have initiated corona streamers. Overall, they concluded that in situ fields of
4.0 x 10° V/m do exist, with the highest fields near 5-6 km. These results agree with those of Gunn [79], who found a similar
high field near the same location. Using a balloon sounding, Winn et al. [82] reported maximum electric fields in excess of
1.4 x 10° V/m near 5.7 km (Eg;z = 2.7 x 10° V/m). Similarly, Weber et al. [83] measured fields in excess of 1.0 x 10° V/m
at 8 km (Eqz =2.6 x 10° V/m), although the balloon used was experiencing corona at the time, adding uncertainty to
the measurement. Fitzgerald [84] reported F-100F aircraft observations in central Florida and found a maximum vertical
field of 1.2 x 10° V/m at an altitude of 8.8 km, with 5.0 x 10* V/m being a more typical maximum field at that altitude
(Esie =3.4 x 10° V/m and 1.4 x 10° V/m, respectively). Fitzgerald also recorded horizontal fields with typical values of
about 2.5 x 10* V/m at 8.8 km, which is roughly consistent with typical horizontal fields recorded by Winn et al. [81] using
rocket soundings. They also recorded a rapid increase of the field to about 5.0 x 10* V/m when the balloon was above 10
km, suggestion that lightning deposited negative charge below and to the side of the balloon, demonstrating that lightning
may deposit significant charge within the thundercloud, increasing the field in some circumstances. Other electric field
measurements inside thunderclouds include ([54,85,86], also see Ref. [87]).

Marshall, Stolzenburg and collaborators conducted a large number of balloon soundings through various thunderstorm
types in different locations, e.g., see summaries in Refs. [61,88]. It was found that the maximum electric fields during the
soundings were usually less than the runaway electron avalanche threshold, E;,, and when the fields exceeded this threshold
lightning would often initiate [61,89,90]. This result has been interpreted as evidence that runaway breakdown is playing a
role in lightning initiation [89]. However, care should be taken with interpreting these observations, since the runaway
electron avalanche threshold is also close to the positive streamer critical field at thunderstorm altitudes. In addition,
runaway electron avalanches may help discharge the large scale electric field, keeping it near the threshold value. As a
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Table 3.1
Maximum electric fields observed inside thunderclouds.
Reference Type of Maximum electric field Altitude of maximum Sea-level equivalent electric
measurement (kV/m) electric field (km) field (kV/m)

Gunn [79] Aircraft 340 3.93 540
Winn and Moore [80] Rocket 60 55 110
Winn et al. [81] Rocket 400 6 810
Winn et al. [82] Balloon 1000 6 2000
Weber et al. [83] Balloon 100 8 260
Fitzgerald [84] Aircraft 120 8.8 340
Stolzenburg et al. [91] (i) Balloon 78.7 11.5¢ 309¢
Stolzenburg et al. [91] (ii) Balloon 115 8.4 310
Stolzenburg et al. [91] (iii) Balloon 245¢ 8.4 665°¢
Stolzenburg et al. [91] (iv) Balloon 97.5 10.1 327
Stolzenburg et al. [91] (v) Balloon 118.6 8.6 331
Stolzenburg et al. [91] (vi) Balloon 1359 7.6 336
Stolzenburg et al. [91] (vii) Balloon 79.0 13.1 376
Stolzenburg et al. [91] (viii) Balloon 87.9 13.0 413
Stolzenburg et al. [91] (ix) Balloon 135.2 10.0 445
Stolzenburg et al. [91] (x) Balloon 127.0 134 626
Stolzenburg et al. [91] (xi) Balloon 195 12.2¢ 833¢
Stolzenburg et al. [91] (xii) Balloon 220%° 12.1¢ 929¢

¢ Estimated values.
* Measurement was saturated.

result, the fact that the field often approached the runaway electron avalanche threshold may have more to do with the
difficulty in exceeding that field value over large distances than with the initiation of lightning.

Stolzenburg et al. [91] examined electric fields measured by 250 balloon sounding and found that 9 were adversely
affected (ascent stopped, data ended, or instrument burned or charred) by lightning. These nine soundings were interpreted
as ending near the lightning flash initiation point. By examining the electric fields just before the initiation of the lightning,
they found that the fields often increased to very large values over a short time period. For instance, seven cases had rapid
field increases (rates of increase 11-100 kV m~! s~ ') in the few seconds before the flash, and for three cases the maximum
field occurred 3 s or more before the flash. This is seen in the examples shown in Fig. 3.2. In one additional sounding, which
was not affected by the lightning, the field exceeded the runaway avalanche threshold more than 38 s before lightning was
initiated 2 km from the balloon as determined by LMA measurements. This last measurement shows that having the field
reach or exceed the runaway avalanche threshold is not always sufficient to initiate lightning.

3.4. Localized field enhancements from hydrometeors

The presence of hydrometeors may reduce the required ambient electric field for electrical breakdown by locally
enhancing the fields near the surface of the hydrometeors, both due to charges on the particles and polarization of the
water or ice. Hydrometeors, which are defined to be liquid or ice particles, include both small cloud droplets and cloud ice
particles as well as larger particles with appreciable fall speed (>0.3 m/s) called precipitation. For most of the discussion of
lightning initiation in this paper, the hydrometeors being considered will be in the category of precipitation. However, we
shall follow the standard convention of simply referring to them as hydrometeors.

Charges on individual hydrometeors have been measured to occasionally reach about 400 pC. For instance, observations
of the charges on particles in the 1-3 mm diameter range inside thunderclouds found charge magnitudes between 10 and
200 pC with a few particles having charges in the 200-400 pC range [92]; see Ref. [22] for a discussion of other observations.
There is a maximum charge that a rain drop can have, called the Rayleigh limit, before the electrostatic force exceeds the
surface tension of the drop, causing it to break apart. Although droplets measured within thunderstorms generally have
charges much less than the Rayleigh limit, it is conceivable that some droplets have charges that approach this limit. The
Rayleigh limit charge depends on the droplet radius, a, as ggq o a*/? [93], and so larger droplets are capable of holding more
charge. However, since the maximum field is proportional to a=2, the surface field can be greater on smaller droplets. The
electric fields at the surface of the hydrometeors, due to their charges, could conceivably surpass the local breakdown field
at thundercloud altitudes. For uncharged hydrometeors, a spherical water or ice particle will also polarize in an electric field,
reducing the electric field inside the particle and increasing the field just outside by up to a factor of three. Therefore, an
ambient field of 1/3 the breakdown field will result in the breakdown field near the surface of the hydrometeor. However,
exceeding the breakdown field near the surface of the hydrometeor does not automatically ensure that electrical breakdown
over a large scale will occur. This is because the field drops off rapidly with distance away from the particle, i.e., E o (a/r)?
and E o (a/r)>, for a charged and uncharged cases, respectively. For typical thunderstorm rain droplets, a is equal to a
millimeter or two. The fall off is even more rapidly for the fields near the points of ice shards.

Because the field required for the inception of an electrical discharge near the surface of a hydrometeor is less than the
field required for streamer formation, it is possible that the field near the hydrometeor will discharge before streamers can
form. Falling charged droplets can develop instabilities, generating sharp points that result in large fields in a very small
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Fig.3.2. Four balloon soundings from Ref. [91]. For all 4 soundings the electric field strength rapidly increased, beginning a few seconds before the lightning,
shown as red arrows. Also shown are the runaway electron avalanche threshold (labeled RBth) and the so-called breakeven threshold for runaway electron
propagation (labeled Ebe), both as a function of altitude (see Section 5 for definitions of each). In each sounding the electric field data stopped at the time
of the flash. Panel (a) is sounding (vii) in Table 3.1; (b) is sounding (iv); (c) is sounding (vi); and (d) is sounding (i). After recovery, the electric field meter
for panel (d) was found to have burn marks and charred components.

region near the points. These points can produce corona that reduces the charge on the droplet [94]. In addition, Liu et al.
[95] used numerical simulations to investigated the inception of corona (Townsend discharge threshold) from positively
charged spherical hydrometeors of a radius of 1 mm at atmospheric pressure and found that the onset surface field needed
is about 2.75 times the conventional breakdown threshold field. In humid air (a gas mixture of dry air and water vapor), they
found that a stronger field is required for the corona onset, and the effect of humidity is stronger for large hydrometeors.
Once the corona discharge began, the discharge current could remove all the charge on the hydrometeor in about 10 ms.

3.5. Laboratory measurements of corona from hydrometeors

There have been several attempts to measure discharges from hydrometeors in laboratories. Macky [96] found that
discharges could be initiated by falling water droplets in uniform fields as low as 8.0 x 10°> V/m at sea-level pressures.
Dawson [97] and Richard and Dawson [94] studied the corona emissions and instabilities of falling liquid raindrops at their
terminal velocities in an electric field. They found that the droplets form points at their upper surfaces from which corona
was emitted, resulting in a change in the net charge on the drops. They observed no mass loss associated with the instability.
They also found threshold fields for corona of 5.5 x 10° V/m and 9.5 x 10° V/m at sea-level pressures for charged and
uncharged droplets, respectively. Crabb and Latham [98] did experiments with colliding liquid drops and found that sea-
level fields as low as 2.5 x 10° V/m were needed to initiate corona. Blyth et al. [99] carried out similar experiments to those of
Crabb and Latham, considering colliding droplets at different temperatures and droplets colliding with ice. They concluded
that collisions of water droplets could indeed generate corona during thunderstorm conditions through the creation of long
liquid filaments.
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Griffiths and Latham [47] performed laboratory experiments from ice particles and found that corona starts with a
positive discharge of regularly spaced onset streamer pulses, produced at a rate of 1.6 x 103 s~!. These streamers would
either terminate in the air of the gap or at the negative electrode. The electric field threshold for onset streamers varied
with pressure, temperature, and shape of the ice particles, but was as low as about 3.5 x 10° V/m at 500 mb pressure and
T = —12°C. Asthe electric field was increased, the current also increased until a positive glow-like discharge began, at which
point the current suddenly decreased. As the field was increased further, the current in the glow-like discharge continued
to increase until breakdown streamers were emitted and the gap sparked at roughly 6 x 10° V/m. Griffiths and Latham
concluded the onset fields for corona emission from ice in the central regions of thunderclouds are probably in the range of
4—5x10° V/m. They also noted the importance of the conductivity of the ice for maintaining the discharge, which depended
upon temperature, with higher onset fields occurring at lower temperatures. They also noted that the streamers emitted by
the ice particles continued to grow as they traversed the 1 cm gap in their experiment. For thunderstorm condition with no
nearby electrodes, it is reasonable that the streamers would continue to strengthen and eventually branch. It is interesting
to point out that although strong electric fields were applied to ice particles for long periods of time, resulting in both burst
pulses and glow-like discharges along with accompanying negative discharges, the gap did not break down, despite the
presence of nearby electrodes until the field reached a sea-level equivalent field of about 1.2 x 10° V/m or about 0.4E;. As a
result, at least for laboratory experiments, vigorous corona from hydrometeors does not guarantee that a spark breakdown
will occur. Griffiths [100] performed additional experiments with charged ice particles, similar to Griffiths and Latham, and
used the results to estimate that charges on ice particles could reduce the initiation threshold of lightning by about 10%-20%.

Even stipulating that streamers can be created, the combined action of many streamers from a large number of
hydrometeors may discharge the electric field in that region of the thundercloud rather than initiating lightning. Griffiths
and Latham [47] measured discharge currents created by the corona from ice particles on the order of micro-amps, well
before spark breakdown occurred. A majority of streamers initiated by hydrometeors probably fail to form hot leader
channels [100], instead resulting in an increased conductivity and larger leakage currents in some volume, thus discharging
the electric field and inhibiting lightning formation. As pointed out by Dawson and Duff [101], the observations of radio
frequency noise from thunderclouds prior to lightning indicates that corona emission without the initiation of lightning
probably happens quite often [102,103].

Loeb [104] hypothesized that a collection of positively charged raindrops, carried by an updraft towards a negative
charge center, could initiate positive streamers that propagate upward and outward towards the negative charge. This
conical shaped region produces negative charge at the origin of the streamers, initiating more positive streamers from the
droplets below. The result is a funneling of positive charge upward with the negative stem of the funnel moving downward.
Eventually the field at the bottom stem reaches very large values, allowing conversional breakdown to occur. The idea
of positive streamers producing a propagating region that intensifies the electric field was also studies for charged rain
columns [101,105], although the validity of this model has been questioned since it would require an unrealistically large
number of droplets [49]. Griffiths and Phelps [106] performed numerical calculations on a variation of Loeb’s hypothesis:
that a network of positive streamers, initiated by a hydrometeor, could form a conical discharge region that leads to
the enhancement of the field at the boundary. They suggested that several overlapping streamer discharge regions could
combine to enhance the field to values that exceed the conventional breakdown field. Presumably such a large field would
facilitate lightning initiation, although this final step has not yet been modeled. In those models, the role of the hydrometeors
and the streamers they produce is not to directly initiate lightning but rather to locally enhance the field so that it reaches
the breakdown field over a meter scale region. An assumption in these model is that thundercloud electrification processes
could not achieve this strong electric field alone and the thundercloud requires some help getting the field to the point
where lightning can form.

Alternatively, Peterson et al. [107] suggested a two-step process in which runaway electron avalanches followed by
streamers enhance the field to the point where lightning could initiated, i.e., via a process similar to space leader formation
in front of negative stepped leaders. Finally, Nguyen and Michnowski [108] modeled lightning initiation as a series of
breakdown events between a chain of closely spaced hydrometeors. In this model and all other models that involve the
production of streamers by hydrometeors, the number of large hydrometeors in the high field region of the thunderstorm is
important, since it is these hydrometeors that initiate the streamers. Unfortunately, the likelihood of a region of the storm
having sufficient numbers of the necessary hydrometeors for lightning initiation is not known.

3.6. Modeling streamer initiation and propagation

A variety of models have been developed to study properties of corona initiation from hydrometeors (e.g., [95,109-111])
and streamer propagation (e.g., [37,112-117]). In particular, Liu et al. [95] modeled the initiation of a positive streamer from
the positive end of an ionization column, representing an elongated hydrometeor (see Fig. 2.1), and found that fields of 0.5E;,
(1.5 x 10° V/m at sea-level) were sufficient for positive streamer initiation, but found that no negative streamers appeared
from the other end, even for applied fields that approached the breakdown field. Schroeder, Baker and Latham [118] modeled
streamers from colliding raindrops and found that fields as low as 2 x 10° V/m at 500 mb pressure were needed. Since
2 x 10° V/m at 500 mb pressure is also about the minimum field needed for positive streamer propagation, according
to this model, this would be the minimum required field for lightning initiation at that altitude. It is doubtful, however,
that the colliding raindrop model could account for lightning initiation at higher and colder parts of the cloud where it is
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completely glaciated. For ice particles, Solomon et al. [110] surveyed the literature and concluded that positive streamers
required ambient fields of about 6 x 10° V/m at 500 mb for temperatures greater than —18 °C.

Bazelyan and Raizer [119] compared numerical models of streamer propagation in a uniform field [112] with laboratory
experiments of the critical field, E;, for steady state streamer propagation. While the laboratory measurements found
E; = 5 x 10° V/m at sea-level, the simulations found 8 x 10> V/m. Since the simulations agreed well with experiments
for non-uniform field, Bazelyan and Raizer questioned whether the experimental data on Es; were interpreted correctly.
However, Liu et al. [37] found a critical field of 5 x 10° V/m, in line with laboratory experiments.

3.7. Runaway electrons and lightning initiation

The threshold electric field for relativistic runaway electron avalanche (RREA) multiplication is E;; = 2.84 x 10° V/m x
ngr [77,78] (also see Section 5). Another field that is often cited in the literature is the so-called breakeven field E, =
2.18 x 10° V/m xng; [120]. The breakeven field is the electric field strength at which the rate of energy gain from the
field is equal to the rate of energy loss (mostly due to ionization of the air) for an electron moving directly along the
field line. However, because of elastic scattering, electrons never travel in a straight path along the field line, and so E,
underestimates the field necessary to generate runaway electrons. Monte Carlo simulations have shown that for fields above
E,, the number of runaway electrons will increase exponentially with distance. There has been a persistent misconception
appearing in the literature that once the RREA threshold is reached, then electrical breakdown will automatically ensue,
i.e., runaway breakdown will occur. Perhaps one reason for this misconception is that often the conversional breakdown
field only needs to be exceeded over a very small region (e.g., over a mm scale) in order to produce a spark breakdown of
a gap. In reality, the conventional breakdown field needs to be exceeded over a large enough distance for significant low-
energy avalanche multiplication to occur. Because the low-energy avalanche lengths can be quite small, this condition is
often met for electrodes in laboratory experiments and fingers approaching doorknobs after a walk across a carpet.

Similarly for RREAs, in order to generate a significant number of runaway electrons, not only does the field need to
exceed E, it needs to do so over many avalanche lengths. As will be discussed in Section 5, the RREA avalanche length
depends upon the field strength and the air density, but can be on the order of roughly 100 m inside the electrified regions
of thunderstorms. For example, a sea-level equivalent field of 4 x 10° V/m will produce a RREA avalanche length of 120
m at 6 km altitude. Clearly, as can be seen in Table 3.1, the maximum thundercloud electric fields do sometimes exceed E;;,
by a substantial amount. However, what is not clear from the electric field data, given that the fields often change rapidly
with time, is whether or not the electric fields exceed E;; over a large enough distance to produce a significant number of
runaway electrons to the point where the conductivity of the cloud is affected.

Marshall et al. [92] made in situ balloon measurements and inferred the field at 5.77 km reached 1.87 x 10° V/m with
a vertical depth of about 1 km. This would give a RREA multiplication factor of about 650. In other words, for every seed
particle from atmospheric cosmic rays [121], there would be 650 additional relativistic runaway electrons traversing the
end of the avalanche region. Such an enhancement in the flux of energetic particles will certainly increase the electrical
conductivity in that part of the cloud, but considering that these energetic electrons are produced over a large volume, it
not obvious that they would do more than introduce an additional leakage current that would either help counter balance
the charging or gradually discharge the thundercloud.

On the other hand, there a several encouraging facts for proponents of the importance of runaway electron physics
for understanding thunderclouds and lightning. Firstly, the electric fields needed to produce runaway electron avalanches
have been shown to be relatively common inside thunderclouds, both from the direct measurements of the field discussed
above and the frequent observations of gamma-ray glows from thunderclouds. Indeed, the amount of RREA multiplication
inferred by the Marshall et al. [92] observations should produce a significant enhancement of the gamma-ray flux from the
cloud. Such enhancement of the gamma-ray fluxes are routinely seen on the ground, and inside and near thunderclouds
(see Section 5.3.3), suggesting that significant amounts of RREA are common and so extended regions with field above the
RREA threshold are also common. Furthermore, the gamma-ray glows often occur before lightning and terminate at the time
of the lightning, indicating the high field regions that produce the gamma-ray glows are the same as the high field regions
subsequently discharged by lightning. Second, even if the RREAs do not directly result in lightning initiation, the impact they
have on the conductivity of the cloud may be important, since it will compete with the charging processes, affecting the
charge structure of the storm—a topic important to understanding lightning initiation. Indeed, the results of Marshall et al.,
showing that the maximum fields are often below E;, may be hinting that it is difficult for thunderclouds to produce large
electric fields above E;, over a large volume because of the rapid increase in conductivity due to runaway electron production.
Third, an avalanche multiplication of 650, as found above, is not far below the amount of avalanche multiplication needed for
relativistic feedback effects to become important (see Sections 5.2.4, 5.4.4 and 5.4.9). The relativistic feedback mechanism is
analogous to the Townsend discharge (breakdown), allowing the production of runaway electrons to become self-sustaining
and producing explosive growths in the number of energetic electrons and gamma-rays. This mechanism may explain the
bright bursts of gamma-ray seen from space, called Terrestrial Gamma-ray Flashes (TGFs). Even if a TGF is not produced, the
relativistic feedback mechanism may still dramatically increase the conductivity of the thundercloud and produce bright,
long lasting gamma-ray glows. Finally, RREA production, with or without feedback effects, may generate a region with a
large enough conductivity to discharge one part of the thundercloud, while enhancing the field in other parts. At the end of
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Section 5,in Section 5.4.11, we will discuss further two possible lightning initiation mechanisms involving runaway electrons
enhancing the electric field in this way.

4. Lightning propagation

4.1. Overview

As a consequence of the lightning initiation processes discussed in Section 3, one or more thermally-ionized, centimeter-
diameter conducting channels are formed within or near a region of cloud charge. Those conducting channels subsequently
elongate in the ambient electric field. Many researchers (e.g., [122]) have argued that the stage of the negative cloud-
to-ground flash immediately after initiation and before the few tens-of-milliseconds duration of the stepped leader
(Sections 1.3 and 4.2) is a separate process from the stepped leader, a process called “initial breakdown” or “preliminary
breakdown”, as defined above in Section 3.2.3. This process is identified by its relatively large, bipolar electric field
“preliminary breakdown pulses”, these being up to an order of magnitude larger in both amplitude and width than the
unipolar electric field pulses radiated by the stepped leader when it is near ground. [For more details, see the review in
Sections 4.3 and 4.4 of Ref. [123]]. The preliminary breakdown pulses may be associated with the optically-measured 8
stepped leaders that Schonland [14] described from streak camera (Section 1.2) measurements as stepped leaders initially
having higher propagation speed and longer step lengths than the « (apparently normal) leaders that follow below (e.g.,
[124,125]). It is also possible that the preliminary breakdown pulses should be considered part of the lightning initiation
process (see Section 3.2.3 above). Proctor et al. [126] treat all propagating processes before the first return stroke as the
stepped-leader since the character of the 355 MHz radiation used in their time-of-arrival (TOA) system to locate VHF sources
did not change over that period. However, Rustan et al. [127] and Rhodes and Krehbiel [128], using different VHF systems
(a 30-50 MHz TOA system and 274 MHz interferometer, respectively), reported that there were differences between the
later stepped leader radiation and the radiation from earlier process. Rakov and Uman [5] conclude from their review of
the literature on both preliminary breakdown and stepped leaders in negative cloud-to-ground flashes that the preliminary
breakdown process can be viewed as involving a sequence of channels extending in more-or-less random directions from
the cloud charge source, one of which evolves into the stepped leader to ground. Very recently, Stolzenburg et al. [129],
Karunarathne et al. [130], and Bitzer et al. [131] have provided data on the length, speed, and starting height of preliminary
breakdown pulses in both cloud and cloud-to-ground discharges from time-of-arrival measurements on the electric field
pulses and from high-speed video imaging (at about 50,000 frames per second) of the first luminosity. Stolzenburg et al.
[129], using high-speed video, imaged linear luminous channel segments of 20-100 ws duration, coincident with cloud-
to-ground preliminary breakdown electric field pulses, advancing downward for a few hundred meters at initial estimated
speeds of 4-18 x10° m s~ ! over the first few hundred microseconds, with speeds then decreasing. The initial speeds are
at the upper end of normal below-the-cloud-base stepped leader speeds, the higher speeds being consistent with streak-
camera photographic measurements of the so-called 8 stepped leaders described by Schonland [ 14]. Stolzenburg et al. [ 129]
found that sequential preliminary breakdown luminosity sequences repeatedly illuminated the same path away from the
location of the initial light.

In addition to being observed in negative cloud-to-ground flashes, preliminary breakdown electric field pulse trains (of
opposite polarity to the negative trains) precede positive stepped leaders in positive cloud-to-ground flashes [e.g., [132] and
references therein]. Schumann et al. [132] found a mean positive pulse train duration of 3.1 ms and a mean time of 157 ms
between the positive pulse train and the initiation of the return stroke for 80 single-stroke positive flashes.

Fig. 1.2a, c illustrate initial leaders in cloud-to-ground flashes from negative and positive cloud charge sources,
respectively. A more detailed illustration of the common downward-moving negative stepped leader in cloud-to-ground
lightning is given in Fig. 1.3. Initial leaders in upward flashes of each polarity are shown in Fig. 1.2b, d. All of the initial
leaders propagate many kilometers through virgin air, and it is the behavior of these virgin-air leaders on which we will
primarily concentrate. We will also examine some aspects of dart-stepped leaders, those leaders which traverse the upper
portion of defunct return stroke channels as continuously-moving dart leaders and then, in the lower portion, deviate from
those channels or trace through their remains as stepped leaders (Section 1.3). It is quite remarkable that initial leaders
of the type shown in Fig. 1.2 and those initiating cloud discharges can propagate virtually limitless distances through
seemingly clear air and/or cloud hydrometeors. Leaders of “Bolts from the Blue” (see Fig. 1.8), which can be of either
negative or positive polarity [e.g., [133,134]], commonly propagate more than 10 km through clear air from their cloud
charge source and strike ground many kilometers away from the side of the thundercloud. The record length observed for
leader propagation may be the 150 km through a frontal system determined by radar reflected off the conducting leader
channel [135]. As leaders extend, they draw their energy from the collapse of the electric field along their propagation path.
Since there are no fixed-potential, highly-conducting electrodes (like the Earth) within the cloud, the leader elongation must
be bidirectional, although, depending on the environment (e.g., atmospheric pressure, local charge density, hydrometeors
present), the different ends of the leader (of different polarities) may exhibit different characteristics: branch more and/or
elongate slower or less. The illustrations in Fig. 1.2a, ¢ do not show the development of the upper, opposite-polarity end
of the leader, rather treating it as part of the charge source feeding the leader current, but the illustration in Fig. 1.3 shows
some development of the upper, in-cloud portion of the negative stepped leader. The leader propagation properties in the
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Fig. 4.1. Streak-camera photograph of a downward negative stepped leader within 360 m of ground. Time advances from left to right. The left part of the
photograph was overexposed in the reproduction process in order to enhance the intensity of the early portion of the leader image.
Source: Adapted from Berger and Vogelsanger [139].

cloud may well be different from those properties in clear air outside (usually beneath) the cloud, perhaps as a result of the
decreased air density with altitude or the presence of hydrometeors in the cloud, as implied above in reference to Schonland’s
« and B stepped leaders. Winn et al. [ 136] observed, with an instrumented balloon and an LMA, a negative stepped leader at
8-9 km altitude exhibiting step lengths of 50-600 m and times between steps of a millisecond or so, consistent with other
data on the characteristics of negative leaders relatively high in the cloud [e.g., [72,137]].

4.2. Negative stepped leaders and dart-stepped leaders

The negative stepped leader propagates, as indicated by its name, by way of a stepping process, each step extending the
length of the leader channel. Meter-length spark-formation experiments in the laboratory provide information pertinent to
the lightning step process, the laboratory step process having been studied with better time and spatial resolution than the
natural lightning step process.

First we review general background information on average stepped leader speed and duration (averaged over both
the steps and the time between steps), and on the individual leader step lengths and inter-step time. The distances to
individual leader steps and their lengths in the earlier streak photographic and photoelectric experiments were often subject
to significant measurement error because they were estimated, for example, from thunder ranging on the return stroke or
from knowledge of the cloud base height. Additional length (and speed) errors occurred from the lack of knowledge of
leader step orientation relative to the vertical. Recent measurements [e.g., [ 138]] use multiple-station dE /dt time-of-arrival
techniques to accurately locate individual leader steps.

Schonland [14], using streak photography, reported that average two-dimensional speeds for 60 of the most common
a-type stepped leaders in South Africa were between 0.8 x 10° and 8.0 x 10° m s~! in the bottom 2-3 km of the
channel. Schonland [14] also estimated that the minimum average three-dimensional stepped leader speed was about
1 x 10° m s~!. Berger and Vogelsanger [ 139], also using streak cameras, found that average vertical speeds for 14 stepped
leaders in Switzerland ranged from 0.9 x 10° to 4.4 x 10° m s~ ! in the final 1.3 km above ground; and four stepped leaders
terminating on their instrumented towers had speeds between 1.9 x 10°-2.2 x 10° m s~! over the bottom 100 m of the
channel. A streak camera photograph of a negative stepped leader from Berger and Vogelsanger [139] is given in Fig. 4.1.
Chen et al. [140], who used the ALPS photoelectric imaging system [141], reported on two downward negative stepped
leaders, one of which exhibited an average speed ranging from 4.5 x 10° to 1.1 x 10® m s~! (mean value 7.3 x 10° ms~!)
between the heights of 367 and 1620 m above ground, and the other from 4.9 x 10° to 5.8 x 10° m s~! between 33 and
102 m. Proctor et al. [126], using the VHF TOA lightning-channel imaging system noted in Section 4.1, measured channel
extension speeds for 66 stepped leaders ranging from 3 x 10* to 4.2 x 10° m s~' with a median value of 1.3 x 10° ms~'.
Shao eg al. []142], using a VHF interferometer, found that stepped leaders to ground progressed at a typical speed of
2x10°ms™ .

The estimated duration of the stepped leader from measured stepped-leader electric field waveforms is some tens of
milliseconds [143]. Rakov and Uman [144] found a geometric-mean leader duration of 35 ms for 71 stepped leaders in
Florida. Using this latter value of leader duration and assuming a reasonable average stepped-leader speed of 2 x 10° ms~!
(see above), they estimated an average channel length of 7 km for Florida stepped leaders.

The lengths of the individual steps in stepped leaders were reported by Schonland [14] to vary from 10 to 200 m and the
interstep intervals to range from 40 to 100 s. Both the step lengths and their brightness were reported to increase as the
leader speed increased. Berger and Vogelsanger [139] reported step lengths between 3 and 50 m and interstep intervals
between 29 and 52 ps. According to Schonland [ 14], the leader steps showed increased average speed and step brightness as
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Fig. 4.2. Electric field waveforms produced by four negative first strokes in Florida at distances of some tens of kilometers. Each record is displayed on
two time scales, 8 jus per division (upper trace) and 40 s per division (lower trace), the two traces being inverted with respect to each other. Note that the
abrupt return-stroke transitions (clipped in the lower trace of Fig. 4.2d), labeled R, are preceded by small pulses characteristic of leader steps, each labeled
L. The vertical scale is shown on the left (this is to be reduced by a factor of 2 for the 8 s per division (upper) trace in Fig. 4.2d).

Source: Adapted from Krider et al. [147].

the ground was approached. Chen et al. [ 140] observed two downward negative stepped leaders using the ALPS photoelectric
imaging system. For one of these leaders, the step length ranged between 7.9 and 20 m for heights between 367 and 1620 m,
and the interstep interval ranged from 5 to 50 s. For the other leader, the step length was about 8.5 m between 33 and
102 m, and the interstep interval ranged from 18 to 21 s.

Beasley et al. [ 145] were the first to demonstrate the correspondence between individual leader-step light pulses and the
corresponding electric field pulses. They examined leader light pulses from an approximately 12-m-high channel section
about 80 m above ground and electric field pulses, both occurring 50-100 s before the first return-stroke. Both light and
electric field pulses in the three Florida flashes studied occurred at time intervals of 5-20 s. Thus, most electric field pulses
reported within some hundreds of microseconds of the first return stroke [e.g.,[124,138,146-149]] are likely to be associated
with the luminous-step-formation process near ground. Examples of step electric field pulses are given in Fig. 4.2, and
examples of step electric field derivative pulses are shown in Figs. 4.3a and 4.3b.
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Fig. 4.3a. A characteristic leader-step dE /dt waveform observed at five different locations on ground at the ICLRT. Step distance and the angle between a
downward vertical from the step and a line to the measurement station (0° signifies a station below the step) are given.
Source: Adapted from Howard et al. [138].

Chen et al. [140], using the ALPS photoelectric imaging system, reported that zero-to-peak risetimes of luminosity
associated with steps for one leader ranged from 0.5 to 3.5 s, with mean value 1.7 s, and for another leader ranged
from 0.6 to 1.2 ps. From earlier photographic and photoelectric measurements, the luminosity of the step was found to rise
to peak in about 1 s and fall to half this peak in roughly the same time [14,145,150,151]. These values might be affected by
the scattering of the step light by aerosol or cloud particles. If a step becomes luminous in 1 s or less and has an assumed
length of 50 m or less, the rate with which this luminosity fills the step (a process that is unresolved by ordinary streak
cameras) is in excess of 5 x 10’ ms~! [150,152].

Wang et al. [ 153], using ALPS to observe triggered lightning with 30 m spatial resolution, found that the luminosity pulses
formed at the dart-stepped leader tip propagated upward at a mean speed 6.7 x 10’ m s~! and exhibited a decrease in peak
amplitude to about 10% of the original luminosity value within the first 50 m. The spatial resolution of 30 m was insufficient
to resolve the step-formation process. Hill et al. [154] have confirmed the presence of the upward-propagating wave in
natural negative step formation using high speed video (3.3 s frame integration time), as discussed later.

As noted by many researchers [e.g., [124]], the step electric field peak amplitudes increase as the stepped leader
approaches ground. The last stepped-leader pulse is generally the largest, and its peak, on average, is about 0.1 of the return-
stroke pulse peak [147]. Krider et al. [147] found that the 10%-90% risetimes of the individual step electric field waveforms
are on average 0.2-0.3 ps and the half-peak width is typically 0.4-0.5 s, for waveforms that propagate across tens of
kilometers of salt water where the distortion of the waveforms due to ground propagation effects is minimal. Weidman
and Krider [155] reported that the 10%-90% risetimes of individual step pulse fields had a mean of 90 ns, again when the
propagation paths were over salt water. Krider et al. [156] reported the mean peak of dE/dt (the time derivative of the
electric field) for a step waveform, range-normalized to 100 km via the inverse distance relation characteristic of radiation
fields, was 13V m~! us~' (17 values) and the mean half-peak width (a measure of the risetime of E) was 69 ns (eight values).
Willett and Krider [157] found that the mean half-peak width of dE /dt was 54 ns for 114 stepped-leader pulses, and 64 ns
for 24 dart-stepped leader pulses. From measurements of the step electric field pulses Krider et al. [147], using a simple
transmission line model (an un-attenuated current pulse propagating upward from the bottom of the leader step with a
speed near 10® m s™!), inferred a peak step current close to the ground of at least 2-8 kA, a maximum rate-of-change of
step current of 6-24 kA us~', and a minimum charge involved in the formation of a step of (1-4) x 10~ C. Many additional
details of the fine structure of leader electric field wave shapes over salt water are given by Murray et al. [158].

Leader step electrical parameters similar to those given above have been found via measurements of steps at accurately-
known close distances, from tens to hundreds of meters, by Howard et al. [138] who used a TOA system to locate the leader
step via its dE /dt pulse radiation (see Figs. 4.3a and 4.3b). They found a mean value of half-peak width for the dE /dt pulse of
33.5 ns for 69 very close leader steps, about half the value of Willett and Krider [ 157] whose waveforms propagated over tens
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Fig. 4.3b. A more complex leader step dE/dt waveform than in Fig. 4.3a. Step distance and the angle between a downward vertical from the step and a
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Source: Adapted from Howard et al. [138].

of kilometers of salt water. For 103 leader steps, Howard et al. [138] found a mean peak dE /dt of 7.4V m~' us~! normalized
to 100 km, as opposed to Krider etal. [156]’s 13V m~! us~! viewed over tens of kilometers of salt water and also normalized
to 100 km, although Howard et al. [138] state that, because of system calibration issues and the line-of-sight of the close
steps being non-perpendicular to the step, their measurement may underestimate the actual value by a factor of 1.2 to 2.

In one of the few instances where lightning streak photographs showed evidence of the corona or corona streamers
commonly seen in laboratory high voltage discharges and recently observed in natural lightning leaders with high speed
video (both discussed next), Schonland et al. [ 150] reported that for one downward negative stepped leader there was faint
luminosity extending downward about 30 m below the bottom of a bright step, the last one seen in the streak photograph
before the occurrence of the return stroke. They also noted “a similar effect, but to a much smaller extent” in a few other
steps of this leader. Berger [20], also using streak photography, reported two cases of a brush-like corona occurring ahead
of the upward-moving negatively-charged leader tip in upward lightning from an instrumented tower (Fig. 1.2d). In one
case, the extent of the visible corona was estimated to be at least 3 m. It appeared that corona developed in less than the 5
s resolution of the streak camera, essentially simultaneously with the formation of each step; that is, the corona did not
appear to develop continuously between steps [ 159]. No corona at the tip of downward negative leaders or at the tip of either
upward or downward positive leaders (the positive leaders show less distinct, if any, steps, as we shall discuss in Section 4.3)
was reported by Berger [20]. Idone [ 160] gives a near-ultraviolet streak photograph showing a “diffuse, hemispherical corona
brush” extending over a distance of about 5-10 m above the bright steps of one upward-moving positive leader in altitude-
triggered lightning. He states that he observed the “corona brush” in almost all of his near-ultraviolet recordings of positive
leaders but not in the two recordings of negative leaders in altitude-triggered lightning imaged with the same system. Corona
and corona streamers associated with negative leader steps were first clearly observed by Biagi et al. [161,162] using high
speed video and will be considered below. But before we examine the most recent information on natural stepped-leader
step formation and step properties, it is instructive to look at experiments on long laboratory sparks since those experiments
provide a framework and terminology by which to examine lightning step formation.

Laboratory spark gaps several meters in length with applied voltages on the order of megavolts have been used to study
leader stepping mechanisms by optically time-resolving the spark leader process with photoelectric streak photography and
simultaneously measuring the electrode current and voltage. Fig. 4.4 shows Biagi et al. [ 162]'s adaptation of the description
by Gorin et al. [163] of a negative leader propagating via stepping from a negative rod to a ground plane across a 6 m
gap. Three to five leader steps were typically involved. Stepping of the type described by Gorin et al. [163] apparently
occurs only for gaps longer than 2 m [e.g., [164,165]]. Rakov and Uman [5], in their Fig. 4.25, show a schematic similar
to Fig. 4.4 but it is labeled differently. The diagram in Fig. 4.4a illustrates the “streamer zone” of a negative laboratory leader
several microseconds after its initiation from the high-voltage electrode: (1) the primary leader channel that grows from
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Fig. 4.4. (a) A diagram (snapshot) showing the streamer zone structure ahead of a negative leader tip, (b) a space-time diagram of negative leader
development with time increasing from left to right over 50 s, and (c) the corresponding current in the ground electrode.
Source: Diagrams are adapted from Gorin et al. [163] and Biagi et al. [162].

the negative high-voltage electrode, (2) the leader tip, (3) positive streamers (filamentary channels of low conductivity),
(4) space stems, and (5) negative streamers emanating from the space stems. The streamer zone apparently extends from
the primary leader channel intermittently [164]. Fig. 4.4b depicts negative leader development in time from left to right,
as interpreted from the streak photographic observations, with electrode current shown below (Fig. 4.4c on the same time
scale). The numbers (1) through (5) on Fig. 4.4b designate the same phenomena as on Fig. 4.4a. The leader tip develops quasi-
continuously down curve (2) in Fig. 4.4b, with the luminous “space stem” moving along the negatively sloped dashed line
labeled (4). The space stem eventually thermalizes and becomes a space leader (6) that develops bidirectionally. When the
positive end (top) of the space leader merges with the negative leader tip (at 7), the higher potential of the leader channel
is transferred to the negative end (bottom) of the space leader, followed by a burst of negative corona or corona streamers
(8). As we shall discuss later in this section and in Section 5.2.2, it may well be the electric fields of these negative streamers
that are the source of the runaway electrons that produce the X-rays associated with the step process in natural lightning.
When the space leader contacts the primary leader above it, current and luminosity waves travel up the leader channel,
completing the leader step process. The spark propagation continues in the corona created at (8) with the development of a
new space stem that initiates the next leader step. Current pulses in the grounded electrode are associated with each step, as
shown in Fig. 4.4c. Reports by other researchers (e.g., [33,165-168]) confirm the general description of negative laboratory
leader step formation given above. For gaps greater than about 2 m, space stems also sometimes occur in parallel (i.e., two
separated horizontally at about the same distance from the primary leader) and/or in series (i.e., one beneath the other)
(e.g.,[165,166]).

Measurements by Biagi etal.[161,162] on triggered lightning and Hill et al. [ 154] on natural lightning confirm that natural
lightning strokes form in the same general way as negative laboratory leader steps: via the formation of a luminous “space
stem” in the corona processes some meters below the primary leader tip, followed by the elongation of the space stem in
both directions as a “space leader” which connects to the leader tip above, forming a new step.

Biagi et al. [161] reported imaging two space stems that were associated with a dart-stepped leader in a triggered
lightning flash, the first observations of space stems outside of the high voltage laboratory. One space stem was 4 m in length
and was observed at a height of 250 m above ground. The other space stem, depicted with a 20 s frame integration time
in Biagi et al. [161] and reproduced in Fig. 4.5, was significantly more luminous than the surrounding corona streamers,
was about 2 m in length, and formed about 5 m below the downward negative dart-stepped leader tip and about 5 m
above the upward positive connecting leader from ground. While Biagi et al. [161] referred to these two luminous channel
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at the ICLRT along with (bottom) 100 s of electric field and current centered on return stroke 8. The current and electric field both saturated before the
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Source: Adapted from Biagi et al. [161].

segments as space stems, they might more accurately be called space leaders, space leaders being the expanding, more
spatially developed, and more luminous version of the preceding space stem.

As a continuation of the work of Biagi et al. [161,162] presented 10 high-speed video images that depict the bottom
150 m of a downward negative, dart-stepped leader in a triggered flash. The dart-stepped leader extended downward at
an average speed between 2.7 x 10% and 3.4 x 10°® m s~'. The video data were recorded at 240 kiloframes per second
(4.7 ps frame integration time), along with correlated measurements of the X-ray emission observed at 50 m, electric field
derivative (dE/dt) measured at 80 m, and the rocket-launch-tower current measured beneath the leader. Figs. 4.6a and
4.6b illustrate the observations of Biagi et al. [162]. They observed discrete segments of secondary channel that exhibited
luminosity greater than that of the surrounding corona streamers and were distinctly separate and beneath the downward-
extending leader channel. These segments appear similar to the space stems or space leaders that had been imaged in long
negative laboratory sparks.

Hill et al. [154] recorded high-speed video images of eight branches of a natural lightning stepped leader at a frame
rate of 300 kiloframes per second (kfps) (3.33 s frame integration time), representing the first published observations
of space stems/leaders associated with natural stepped leaders. Sixteen occurrences of space stems/leaders were imaged
in 14 different frames at various distances ahead of the descending leader tip. Eighty-two steps were imaged altogether.
The stepped leader exhibited characteristics similar to those observed in both dart-stepped leaders in triggered lightning
and in long laboratory sparks. In most cases, the space stem/leader in one frame connects to the leader tip above in the
subsequent frame, extending the leader channel. Thus, the 3.33 s time resolution is not sufficient to resolve the actual
connection process. Most connections are associated with significant isolated brightening of the space/stem leader and the
connection region, followed by frames of upward propagating re-illumination of the existing leader channel. Assuming the
leader to be 1 km distant (the possible range was 700 m-2 km, which changes the calculated vertical length measurements
proportionally), Hill et al. [154] measured the 16 space stems/leaders to be on average 3.9 m in length and separated from
the previous leader channel tip by an average distance of 2.1 m. For the 82 steps, interstep intervals were on average 16.4
s and step lengths on average were 5.2 m. The measured statistics for natural stepped leader space stem/leader length
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Fig. 4.6a. Ten high-speed video frames (240 kfps, 4.17 s per frame) depicting a dart-stepped leader in triggered lightning at the ICLRT developing from
150 m height to ground during a time of 41.7 ps. The top of the launch tower is 14 m above ground. The white arrows point to the luminous segments that
formed separately from and below the downward-extending leader channel (some of them are too faint to be seen in this reproduction, but are readily
identifiable in the original frames). The return stroke began during frame 10.

Source: Adapted from Biagi et al. [162].
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Fig. 4.6b. The bottom 20 m of the downward-extending leader channel in the first nine frames in Fig. 4.6a, shown expanded and contrast-enhanced. Each
image shows about 20 m x 20 m. The white arrows correspond to those in Fig. 4.6a and point to the luminous segments of interest.
Source: Adapted from Biagi et al. [162].

and separation from the previous leader channel tip given by Hill et al. [154] are in relatively good agreement with those
obtained by Biagi et al. [162] for a dart-stepped leader preceding a rocket-triggered lightning return stroke at a range of
430 m. Biagi et al. [ 162] reported space stem/leader lengths ranging from 1 to 4 m and separations from the leader channel
ranging from 1 to 10 m.

Hill et al. [154]’s measured interstep intervals and step lengths for the natural stepped leader are, in general, shorter in
duration and length than previously reported interstep intervals and step lengths obtained earlier using streak cameras.
From examination of published streak photographs, Hill et al. [ 154] argue that step lengths from streak photographs could
have been overestimated by recording on film not only the length of the newly-formed section of leader channel, but the
superposition of the newly-formed section and the luminosity wave that travels back up the leader channel after step
formation (see discussion in next paragraph), since the upward propagating luminosity wave often exhibits luminosity
comparable to that of the leader tip for some tens of meters up the existing channel. As noted earlier, most prior optical
studies of leader propagation used techniques such as thunder ranging and cloud-base height estimation to determine
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vertical scales and the distance to a given leader channel. The inherent errors in these lightning location techniques likely
contribute to the relatively wide range of values in the literature for step length, between 3 and 200 m. Finally, Hill et al.’s
measured average step leader propagation speeds, assuming a range of 1 km, are in good agreement with those of Schonland
etal.[150] and Schonland [ 14], on the upper boundary of those measured by Berger [20], and on the lower boundary of those
measured by Chen et al. [ 140].

Hill et al. [154] measured a minimum average velocity of about 10”7 m/s for the upward propagating luminosity wave
following steps in natural lightning, a minimum value due to the necessary assumption that the propagation observed in a
video frame took place during the full 3.33 jus frame. As noted earlier, Wang et al. [ 153], using the ALPS photodiode system,
measured the lengths of the upward propagating luminosity waves following step formation in triggered lightning and
reported that in the bottom 400 m of a dart-stepped leader those lengths were from several tens of meters to more than
200 m and the speeds of the upward propagating waves were from 1.9 x 107 to 1.0 x 108 m s~!, with an average value of
about 6.7 x 107 m s~ !, not unlike the speed of a return stroke.

In addition to the optical measurements just discussed, which must be an order of magnitude faster in order to adequately
resolve optical step formation (that is, must be sub-microsecond-scale), both electric field and X-ray emission measurements
associated with leader stepping contribute to the overall picture of the leader step process. Earlier we summarized the
existing data on step electric field and electric field derivative measurements, those having been made with sufficient
time resolution to resolve all the salient features of the waveforms. Next we look further at the most recent leader electric
field measurement and associated modeling of Howard et al. [138]. Then we look at the issue of X-ray emission from the
step process. Again, laboratory measurements of X-ray emission associated with meter-length high-voltage sparks provide
valuable clues to the natural lightning X-ray emission.

As noted earlier, individual leader-step locations were accurately determined by Howard et al. [138] with a dE/dt TOA
system. Example waveforms are given in Figs. 4.3a and 4.3b. The more complex waveform, Fig. 4.3b, likely contains in
its initial smaller pulses information on the space stem/space leader process. The leader-step field derivative is typically
a bipolar pulse with a sharp initial half-cycle of the same polarity as that of the return stroke, followed by an opposite
polarity overshoot that decays relatively slowly to background level. A “clean” version of this waveform is found in Fig. 4.3a.
The opposite polarity overshoot (that part associated with the electrostatic field, the initial peak being primarily radiation
field) increases in amplitude relative to the initial peak and becomes dominant as range decreases. The initial peak is often
preceded by a “slow front”, similar to the slow front that precedes the fast transition to peak in first return stroke dE /dt and
E waveforms. The slow front, which is apparent in the modeled current (see below) as well as in the electric field and field
derivative, may well be related to the space stem/leader process, the initial formation of the step, prior to the primary step
current. The overall step-field dE /dt waveform duration is typically less than 1 p.s.

From modeling dE/dt pulses of the type shown in Fig. 4.3a (the modeled currents were propagated upward at 1.5 x
108 m s~! from the bottom of the step, with their amplitudes decaying exponentially with a decay height constant of 25 m,
and their shapes adjusted until they matched the multiple-station dE /dt measurements), Howard et al. [138] determined
the properties of two step leader currents vs. time. They use one of these currents to calculate leader step E and dE/dt vs.
time as a function of source range and height, the results being in good agreement with their overall observations. One of
the derived step currents with the corresponding measured dE /dt and the calculated E and dE /dt predicted to be associated
with that current are given in Figs. 4.7 and 4.8, respectively. The two modeled current waveforms had maximum rates of
current rise-to-peak near 100 kA ws~!, peak currents in the 5-7 kA range, current half-peak widths of about 300 ns, and
charge transfers of about 3 x 1073 C, similar to the values estimated by Krider et al. [147] from distant lightning except
for Howard et al.’s much faster current rate of rise. The modeled currents were from the simple, “clean” bipolar dE/dt step
waveform. For the more complex step waveforms with multiple dE/dt pulses, as shown in Fig. 4.3b and in some of the
waveforms in Fig. 4.10, the modeling would likely need to consist of more than one current wave moving upward and,
ideally, would take account of the effect of space stems/leaders in forming the step.

Recently, ground-based X-ray sensors have provided new insights and raised new questions about the physics of
leader propagation. As will be discussed in detail in Section 5.3.1, it has been shown that both stepped and dart leaders
(including dart-stepped leaders and chaotic dart leaders [ 169]) produce X-ray emission as they descend towards the ground
[170-173]. Further, the production of X-rays in stepped leaders has been shown to be directly associated with the step
formation process [173], as illustrated in Fig. 4.9. Note that the shape of the close, overhead leader step waveforms in
Fig. 4.9 match those predicted in Fig. 4.8. For both stepped and dart leaders, the emissions were first observed when the
leaders were several hundred meters above ground, terminated near the time of the return stroke, and were composed of
multiple, brief bursts of X-rays in the 30-250 keV range, with each burst typically lasting less than 1 s [172,173]. Howard
et al. [174] were the first to report that there was both a close spatial and temporal association between the sources of the
X-rays and causative leader step electric field change, and that this relationship was similar for both a stepped leader in a
natural flash and a dart-stepped leader in a rocket-triggered flash. The X-rays are radiated just after the dE/dt peak (see
below). The similarities of the X-ray emissions from different types of leaders imply a common physical mechanism in all
downward negative leaders and further imply that dart leaders, which are generally viewed as moving continuously, may
well involve some degree of stepping. The mechanism by which leaders produce X-rays likely involves the acceleration of
high-energy electrons, so-called runaway electrons, under the influence of strong electric fields [ 120]. One of the currently
favored models in the so-called thermal (or cold) runaway electron mechanism [172,175,176], which does not require an
external source of energetic seed particles nor a strong electric field that extends for some tens to hundreds of meters in
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stroke. The start times of the eleven final steps are denoted by vertical dotted lines.

Source: Adapted from Dwyer et al. [173].

space, as does the Relativistic Runaway Electron Avalanche (RREA) mechanism [177,178]. However, the thermal runaway
model does require the electric field near the step formation to approach values equivalent to near 30 MV/m at standard air
conditions, approximately 10 times the electric field required for conventional breakdown. The fields are presumably found
at negative streamer tips (e.g., [176,179,180]). Laboratory spark measurements inform this issue, as described later.

An example of correlated leader-step electric field derivative and X-ray emission waveforms from co-located sensors is
given in Fig. 4.10, from data in Hill [181]. From Hill’s data and the earlier data of Howard et al. [174], it can be concluded
that the primary X-ray emission associated with the step process follows the dE/dt pulse associated with the step process
by 10 ns to a few s, and hence a reasonable inference is that the X-rays are emitted by the negative corona streamers
propagated downward beneath the space leader just after it has connected with the primary leader above to form a new
step. Hill [181] has located the X-ray sources and associated dE /dt sources in 3-D via TOA techniques with a location error
of about 1 m for dart-stepped leader steps in both natural and triggered lightning. For two triggered lightning dart-stepped
leaders, X-ray sources were emitted from locations separated from the locations of the associated dE/dt pulse peaks by
average distances of 22.7 m and 29 m, respectively. The X-ray sources occurred beneath the dE/dt sources in 88% of the
cases. X-rays were emitted from 20 ns to 2.16 s following the dE/dt pulse peaks, with average temporal separations of
150 ns and 290 ns, respectively, for the two triggered lightning events. For one natural lightning dart-stepped leader, X-
ray sources were emitted an average total distance of 39.2 m from the associated dE /dt pulse peak, and occurred beneath
the location of the dE/dt source in 86% of the cases. The X-rays were emitted from 10 ns to 1.76 s following the dE/dt
pulse peak with an average temporal separation of 280 ns. In each of the three events, the altitude displacement between
the dE/dt and X-ray sources dominated the total separation, accounting for 90%, 63%, and 72%, respectively, of the total
separation. X-ray sources were distributed randomly in the lateral directions about the lightning channel in each event. For
the triggered lightning events, X-rays were located from 2.5 to 83.5 s prior to the return stroke at altitudes ranging from
24 to 336 m. For the natural lightning event, X-rays were located from 40.4 to 222.3 s prior to the return stroke at altitudes
ranging from 99 to 394 m. Cumulatively, 67% of the located X-ray sources occurred between 60 and 280 m in altitude.

We now examine X-ray emission from meter-length, megavolt laboratory sparks. Unfortunately, X-ray emission has not
been studied in a spark long enough, over about 2 m [e.g., [164,165]], to generate steps via space stems, but we can gain
insight into the physical process generating the X-rays, apparently negative corona streamers (see Section 5.3.2 for additional
discussion). The first solid evidence that X-rays were produced by long high voltage sparks in sea-level air was reported by
Dwyer et al. [ 182]. The X-rays were in the 30-150 keV range and were very similar in characteristics to those from lightning,
arriving in discrete bursts less than 0.5 s in duration either when the voltage across the gap was maximum or was in the
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Fig. 4.10. Correlated electric field derivative and x-radiation from a dart-stepped leader in triggered lightning at the ICLRT.
Source: Adapted from Hill [181].

process of collapse. In the most recent laboratory measurements, van Deursen et al. [183], in a follow-on experiment to the
experiment of Kochkin et al. [184], reported that “negative streamers were a necessary and sufficient condition” for X-ray
production and that most X-rays produced in their studies of long laboratory sparks of either polarity occurred as negative
and positive streamers approached each other from the opposite electrodes. The characteristic X-ray energy emitted from
streamers in their 1 MV gap was about 200 keV. Other pertinent laboratory spark/X-rays studies are reported by Dwyer
etal.[185], Nguyen et al. [186], Rahman et al. [ 187], Nguyen et al. [ 188], and March and Montanya [ 189]. More about this in
Section 5.3.2.

4.3. Positive “stepped” leaders

Positive leaders have been much less studied than the negative leaders discussed in Section 4.2. There are several reasons.
First, positive flashes to ground are much less frequent than negative flashes (Section 1.3); second, positive leaders are
much less luminous than negative leaders making streak photography inefficient [21]; and third, positive leaders emit
much less VHF radiation than negative leaders making problematic the tracking of positive leader propagation via LMAs
or interferometers [e.g., [190,191]]. Positive flashes to ground are often, if not usually, preceded by cloud discharges with
durations of the order of hundreds of milliseconds [133,192-194], suggesting that a positive flash to ground may often be
just a branch of an extensive cloud discharge. While negative initial leaders apparently always propagate by intermittent
stepping, positive leaders can either step or move in a more continuous or pulsing fashion. When positive leaders do step,
the stepping mechanism is different from that discussed for negative stepped leaders in Section 4.2. Initial positive leader
electric field waveforms sometime show pulses similar to those of negative stepped leaders (Fig. 4.2) and sometimes do not.

Free electrons move away from (diverge from, are repelled by) the negative leader tip, whereas in the case of a positive
leader the free electrons move toward (converge on) the leader tip producing ionization in the high electric field near the
tip. The result is that the formation of ionization via corona streamers in the vicinity of the positive leader tip requires less
leader tip voltage and less overall electric field magnitude than for the negative leader. While the propagation of the two
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Fig.4.11. Four different types of lightning leaders: (a) downward negative leader, (b) upward positive leader, (c) downward positive leader, and (d) upward
negative leader. For each leader type, the polarity refers to that of the leader charge. Given for each type of leader are the sample size n and the range of
propagation speeds v. Additionally given, for clearly stepped leaders, are the range for average step lengths AL and the mean time interval steps AT.
Source: Adapted from Berger and Vogelsanger [159].

types of leaders takes place by different mechanisms, optically measured (in clear air) leader speeds, step lengths, and time
between steps are remarkably similar for positive and negative leaders.

Berger and Vogelsanger [159] describe streak camera measurements of the four types of leaders illustrated in Fig. 1.2.
Their observations are summarized in Fig. 4.11. Negative leaders, whether downward from the cloud or upward from the
Swiss instrumented towers, were always found to be optically-stepped and to have similar characteristics. There is only one
published streak photograph of a downward positive leader (see Fig. 4.11c), and it is reproduced in Fig. 4.12 from Berger and
Vogelsanger [139]. Compare Fig. 4.12 to the streak photography of a negative downward stepped leader in Fig. 4.1. Fig. 4.13
shows a streak camera image of (a) an upward positive leader (b) a dart leader/return stroke sequence, (c) an M-component,
and (d) a downward negative dart-stepped leader, all from triggered lightning. The differences in leader propagation modes
are apparent.

Berger and Vogelsanger [ 139] reported that the positive leader shown in Fig. 4.12 had a downward speed that increased
from 3.6 x 10° to 2.4 x 10® m s~ as the leader approached ground. Based on this singular result, positive leader speeds had
been generally viewed as being greater than negative leader speeds [e.g., [195,196]], until Saba et al. [193] compared high-
speed video measurements of the speed of 39 positive leaders and 303 negative stepped leaders and showed both groups
to be similar. The mean and median positive-leader 2-D speeds were 2.5 x 10° and 1.7 x 10° m s~ ', respectively, while the
comparable negative values were 3.0 x 10° and 2.3 x 10°> m s~ . Saba et al. [ 193] consider the Berger and Vogelsanger [ 139]
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Fig. 4.12. (a) Streak photograph obtained from a range of 3.3 km of the last millisecond of a positive leader followed by a return stroke, (b) a still camera
view from the same location, (c) a different still camera view showing the strike point on Lake Lugano, Switzerland and the “loop” at the bottom indicative
of an upward connecting leader.

Source: Adapted from Berger and Vogelsanger [139].

positive leader to have been an extreme case. Saba et al. [ 193] show that positive leader speeds increase by a factor of 1.1-6.5
as the leaders move toward ground, whereas negative leader speed observed with the same instrumentation increased
much less significantly as the negative stepped leaders approached the ground. Kong et al. [194], using high speed video
and electric field measurements, found one 2-D positive leader speed that varied from 0.1 x 10° to 3.8 x 10° m s~ !, with
26 electric-field leader pulses in the final 0.5 ms, and an average inter-pulse time of 17 ws, the pulses being evidence of
stepping. The intracloud process prior to this positive CG flash had a duration of 600 ms with channel branches developing
horizontally at a speed of the order of 10 m s~ .

It is interesting to note that the speed of the upward positive leaders in triggered lightning in Florida, both initially and
in later branches, for nine leaders was found by Hill et al. [197], using an LMA, to be generally between 10% and 10° ms~'.In
previous triggered lightning studies Biagi et al. [161] found one upward positive leader to step with a constant average speed
of 5.6 x 10* m s~ over its initial 100 m, and Biagi et al. [198] report one case of leader speed increase from 5.5 x 10* ms~!
between the wire top of 123 m and 134 m to 2.1 x 10°> m s~! at 350 m altitude. These upward-positive-leader speeds
are consistent with those reported by Fieux et al. [199], Laroche et al. [200], and Idone [160], whereas Yoshida et al. [201]
measured, for the same leader as Biagi et al. [198], but using interferometry rather than optical measurements, a higher
speed of 3.3 x 10° m s~ at higher altitude, between 1.5 and 3.7 km, which was inside the visible cloud. In New Mexico,
Edens et al. [202], using an LMA, found upward positive leader speeds along various branches of a triggered lightning to be
1-3 x 10* m s~!, which they state is slower than found in other studies. However, a number of the 9 triggered lightning
leaders studied by Hill et al. [197] (see above) have leader speeds in that range. Forty-five unconnected upward positive
leaders initiated in response to nineteen downward negative leaders have been studied by Lu et al. [203] using high-speed
video cameras. They report 2D upward speeds between 5.8 x 10% and 3.4 x 10°> m s~ for lengths between 0.45 and 399 m,
with 86% of the speeds being less than 1.7 x 10° m s~ . Finally, upward positive leader characteristics have been measured
with streak cameras by McEachron [204] on the Empire State Building and by Berger and Vogelsanger [139,159] on towers
in Switzerland. McEachron [204] found upward leader speeds of 5.2 x 10* to 6.4 x 10° m s~! with a mean of 2.5 x 10> ms~!
while the Swiss data yielded a range from 4 x 10 to 1 x 106 m s~'. Step lengths and inter-step intervals were similar in
the two studies, 4-40 m for step length and 20-120 s for interstep interval.
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Fig. 4.13. a, b, ¢, d. Streak-camera records of (a) an upward positive leader, (b) and (d), two downward-negative subsequent-leader-return-stroke
sequences, and (c) an M-component, in triggered lightning. Time advances from left to right. Records (a), (b), and (c) are from Kennedy Space Center
(KSC) flash 8827; record (d) is from ICLRT flash 9734. Note the pronounced stepping evident in the upward positive and downward negative leaders of (a)
and (d).

Source: All images courtesy of V.P. Idone, University of Albany, SUNY, and adapted from Rakov and Uman [5], Fig. 7.5.

We examine now the physics of the extension of positive leaders, as informed by one triggered lightning experiment
and numerous laboratory long-spark studies. Biagi et al. [198] present high speed video images (3.3 s frame integration
times) of an upward positive leader developing in “steps” from the 123-meter-high top of a grounded triggering wire. In the
bottom 11 m there were 10 steps. The step lengths ranged from 0.4 to 2.2 m, the interstep time from 16.6 to 30.4 ws. The
initial upward speed was 5.5 x 10* m s~!, as noted earlier. With each step there was a current pulse recorded at the bottom
of the grounded wire. The peak step currents at the wire top were estimated to range from 10 to 89 A. From the current at
the wire bottom, the positive charge per length on the leader was estimated as 51 uC m™', a value similar to that found in
laboratory measurements of long positive leaders by Domens et al. [205] (50 u.C m~! in a 16.7 m spark gap). The triggered
lightning upward leader is optically dark between steps, forms a new luminous step at the tip of the previous one with no
evidence of a space stem or space leader, and propagates a wave of luminosity (and current) downward from each new step.

Other researchers, using streak photography, have observed that upward positive leaders in triggered lightning develop
intermittently [e.g., [206,160,200]], but have not studied the first development from the triggering wire top coordinated
precisely with wire-base current pulses. The luminosity waves that appear to propagate downward from the leader tip as
reported by Biagi et al. [ 198] are consistent with similar reports by Refs. [160,207] from observations at higher altitude above
the triggering wire. The currents determined for each leader step (on average 34 A) by Biagi et al. [198] are consistent with
other reports of current pulses associated with the initiation of upward positive leaders [e.g., [161,200,208,209]], but are
up to two orders of magnitude less than the peak currents (on average 1.6 kA) reported for individual steps in an upward
positive leader at higher altitudes, between 300 and 500 m, by Rakov et al. [207]. The individual steps of the upward positive
leader examined by Rakov et al. [207] transferred on average 31 mC of charge, or about a factor of 500 more than the average
charge per step, 64 |LC, for the upward positive leader in Biagi et al. [198]. It is worth noting that Rakov et al. [207] defined
a step as an “impulsive process that periodically illuminates the extending leader channel ...regardless of the mechanism
involved”, and that the tip of the upward positive leader was not observed optically.

As noted earlier, Biagi et al. [198]'s upward-positive-leader speed of 5.5 x 10* m s~! near the wire top had increased

four-fold to 2.1 x 10> m s~ ! when the leader tip reached a height of 350 m. These speeds are consistent with those reported
by others (e.g., [160,161,199,200]) as noted earlier. Yoshida et al. [201], who presented a detailed description of the same
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upward positive leader in Biagi et al. [198] using 3-D interferometric images, reported that the leader propagated from 1.5
to 3.7 km with a higher three-dimensional speed of 3.3 x 10® m s~

The lengths of the Biagi et al. [198]'s leader’s first steps between heights of 123 and 134 m (0.8 to 2.2 m), were smaller
than those measured by Laroche et al. [200] (14 m) for a leader at a height of about 1 km. The mean inter-step time intervals
for the upward positive leader in Biagi et al. [198] was about 21 ps, which is consistent with the average inter-step time
interval reported by Laroche et al. [200] of 20 ws, but less than the average interstep time of 50 ws that Rakov et al. [207]
inferred from current and electric field records for an upward positive leader at a height of 300-500 m.

Both continuous and intermittent development of positive leaders have been observed in long laboratory sparks (e.g., [33,
40,163,205,210-212]), as they have in Nature. In the laboratory, whether a positive leader propagates (1) continuously, (2)
exhibits clear stepping via a mechanism different from negative stepped leaders, or (3) behaves in an intermediate manner is
influenced by the applied gap voltage and its rate-of-rise and the ambient humidity. The humidity apparently effects positive
streamer characteristics which determine the space charge injected into the gap ahead of the leader and other properties of
the overall discharge. When positive high voltage is applied to the rod electrode, free electrons randomly found near the rod
are accelerated toward it, avalanching and forming new electrons. This process leads to an initial impulse positive corona
from the rod, also referred to as “fast corona” in the literature. The streamers converging at the rod heat the air there and
form a conducting thermalized leader which elongates toward the grounded plane. In the case of continuous propagation,
there is a steady group of positive corona streamers ahead of the continuously-moving leader tip. Domens et al. [205] studied
this “continuous” type of propagation in a 16.7 m rod-plane gap and further described both a “restrike” type of intermittent,
stepped propagation and an “oscillatory” type of propagation which was intermediary between the “continuous” and the
“restrike” modes. According to Domens et al. [205], in the “restrike” mode, the discharge current and the discharge activity
vanish during given time intervals as a result of the propagation-inhibiting effect of a high-space-charge electric field created
by excessive corona activity. The halted leader then produced a new version of the “first corona” beneath it and propagation
continues as it did from the rod. There appears to be a delicate balance of experimental conditions to produce the three
types of positive leader propagation described by Domens et al. [205]. There is no indication in their paper that they are
trying to simulate the types of propagation recorded in natural positive leaders, but it appears that they have, although
there is no assurance that the qualitative mechanisms invoked to explain the stepping in the laboratory leader are the same
mechanisms operative in the natural positive leader. This would not appear unreasonable, however. It is interesting to note
that Bazelyan and Raizer [213] argue the continuously-moving positive leader in the laboratory would appear stepped if
image with sufficient spatial and time resolution. McEachron [204, p. 191] had previously made a similar argument for the
observed continuously-propagating upward positive leaders from the top of the Empire State Building.

Finally, there is only one report in the literature of X-ray emission from a positive leader and that report is not definitive in
that the X-ray emission begins about 8 ms before the initiation of an upward positive leader in a Japanese winter storm, this
early radiation being attributed to negative intracloud lightning, and continues through the positive leader initiation and
upward propagation, during which time it is attributed to the upward positive leader [214]. As we have discussed, negative
stepped, dart, dart-stepped, and chaotic leaders all produce X-rays [e.g., [169]], probably due to runaway electrons in the
very high electric fields of negative streamers. The absence of the detection of X-rays in most experiments associated with
positive leaders may be because downward positive leaders, due to their rarity, have not occurred near X-ray detectors;
while upward positive leaders in triggered lightning, which are triggered at the ICLRT in the center of a network of X-ray
detectors, are emitted at an altitude (generally the triggering wire extends higher than 200 m before initiating an upward
positive leader) where the X-ray signals are significantly absorbed in the air path to the detectors. On the other hand, the
positive streamers active in facilitating positive leader propagation just may not be producers of a significant flux of X-rays.
Finally, we noted at the end of Section 4.2 that X-ray emissions have been reported from positive polarity laboratory sparks,
but that it appears to be the negative streamers that produce the X-rays. The X-ray emissions from lightning and laboratory
sparks will be discussed in more detail in Sections 5.3.1 and 5.3.2.

5. High energy atmospheric physics

5.1. Introduction

The field of High Energy Atmospheric Physics began in 1925 with the work of C.T.R Wilson on energetic electron
production in our atmosphere [215]. Over the 75 years that followed, many researchers attempted to determine if
thunderstorms or lightning produced such energetic radiation, with mixed results [e.g. [216-226], also see Refs. [227,228]
for overviews of this earlier work]. In hindsight, it is likely that some of these observations were indeed detecting X-rays
and gamma-rays from thunderclouds or lightning. However, as late as the year 2000, the existence of energetic radiation
from thunderstorms and especially lightning was not widely accepted.

It is interesting and useful to look back at the state of the field in 2000, just before this research area underwent rapid
and continuing growth. At that time, it was known that Terrestrial Gamma-ray Flashes (TGFs), intense bursts of gamma-rays
seen from space, were produced in our atmosphere [229], but it was almost universally believed that they originated from
high-altitude (~70 km) discharges called Sprites (Sections 1.3 and 7.1) by a process called runaway breakdown [177,230,
231]. There had been a few reports of X-ray emissions from thunderclouds [232-236], but these were viewed by many in the
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field as a novelty, not central to the topics of interest in traditional atmospheric electricity. Finally, almost no one thought
that lightning really emitted energetic radiation, or, at the very least, it had not been established that it did. At the time,
Sprites seemed to be the one of the best examples of a source of energetic radiation in our atmosphere [120]. However,
because Sprites occur in regions of the atmosphere with air densities about 20,000 times lower than at sea-level, it was
not obvious if the intense energetic radiation observed was a consequence of the low-density environment and if the same
processes could happen in deeper parts of our atmosphere.

Today, after over a decade of research, we now know that high-energy radiation is commonly produced in our
atmosphere, including near the ground at sea-level. In addition, we know that Sprites are, in fact, not the source of Terrestrial
Gamma-ray Flashes and apparently do not produce any detectable energetic radiation at all. Instead TGFs come from inside
thunderclouds, deep within our atmosphere. This means that TGFs are much brighter near their source than originally
thought. Indeed, it has been shown that TGFs may present a radiation hazard to individuals inside aircraft. It is also now
known that some of the events originally identified as TGFs were in fact Terrestrial Electron Beams (TEBs) blasted out of the
atmosphere by the intense gamma-ray emissions from thunderclouds. It has been established that natural and triggered
lightning produce copious hard (hundreds of keV) X-rays, and the X-rays are usually produced in the high-field regions
associated with the lightning leaders, often during the stepping process, as noted in Section 4.2. It has been established, as
also noted in Section 4.2, that long, megavolt, laboratory sparks in air emit similar X-rays. Finally, it has been shown that the
original runaway breakdown theory that had previously been used to model TGFs and Sprites, cannot alone explain either
the X-ray emissions from lightning or TGFs. Instead, an old, previously discarded theory published in 1961, along with a new
theory published in 2003, appear to best explain these phenomena.

In this section, we shall first introduce runaway electron theory and the mechanisms for generating large fluxes of
energetic radiation in air. We shall then review recent observations of X-ray, gamma-rays and radio emissions within our
atmosphere, elaborating on and justifying the statements in this section. Finally, we shall discuss some recent models that
describe these observations.

5.2. Introduction to runaway electron physics

5.2.1. Wilson runaway electrons

Runaway electrons, the major component of high-energy atmospheric physics, were discovered by C.T.R. Wilson using
cloud chamber measurements and were first described by him in 1925 [215]. It is interesting to note that C. T. R. Wilson,
who is well known among particle physicists for his invention of the cloud chamber, and who won the Nobel Prize for this
work, invented the cloud chamber because he was interested in atmospheric physics, i.e., interested in clouds. And so, it
is fitting that a field that is a combination of particle physics and atmospheric physics was initiated by a man who made
important fundamental contributions to both.

Runaway electrons occur when the average rate of energy loss in a medium is less than the average rate of energy gain
due to an electric field, allowing them to reach high energies. For air at standard conditions, relativistic electrons below
several tens of MeV lose energy predominately via ionization and atomic excitations. At higher energies, the energy losses
from bremsstrahlung become important as well. For minimum ionizing electrons near 1 MeV, the energy loss per unit length
iS frin = 2.18 x 10° eV/m X ng;; along the electron’s path [237], with ng; being the density of air relative to that at sea-level
at standard conditions. An electric field E, = 2.18 x 10° V/m x ng; thus produces an energy gain per unit length, eE j,
equal to the minimum ionizing energy loss. The electric field strength, Ey, is called the breakeven field and has historically
served as a standard reference field when discussing runaway electrons. Because electric fields larger than E, have been
directly measured inside thunderclouds (see Section 3.3), it is immediately apparent that the effects of electric fields must
be considered when describing energetic electrons (and positrons) in air.

Consider what happens when the electric field, E, is less than E,. In this case, the change in energy is de = (eE—fyin)dz < O
(eE is positive), so the electron loses energy and eventually slows down to the point where it is lost (i.e., it attaches to an air
atom or recombines with a positive ion). Note that f,;, can also be thought of as an effective frictional force, and so eE — fiin
can be viewed as the total force in the direction of the electron’s motion along the field line. In this case, the effective total
force is negative, causing the electron to slow down. Because f,;, is the minimum energy loss per unit length for energetic
electrons in air, E > Ep, will result in all energetic electrons losing their energies and eventually stopping. On the other hand,
if E > Ej, then the change in energy is de = (eE — fin)dz > 0 for minimum ionizing electrons, and these electrons will “run
away”, gaining energy from the field. How much energy they gain depends upon how large the field is. This is illustrated
in Fig. 5.1, which shows the energy loss per unit length of an electron (or positron) in air as a function of kinetic energy, ¢.
The plot also shows the energy gain per unit length from a strong electric field (horizontal line). As can be seen, in order
for an electron to run away, it must have an initial kinetic energy above the threshold, &;,. Such energetic “seed” electrons,
with kinetic energies above &, may be provided from an external source such as cosmic-rays or radioactive decays. Note
that the kinetic energy, ¢, required for the seed particles decreases rapidly with increasing electric field. When the electric
field is increased above the critical field, E., above the energy loss curve for all kinetic energies, then all free electrons may
run away, and, in particular, the free thermal electron population created at low energies may run away. This mechanism
is sometimes called “cold runaway”, or “thermal runaway”, and does not require any external seed particles [175,238]. In
this paper, we shall refer to the production of runaway electron in such fields (E > E.) as “thermal runaway”, because the
source of the runaway electrons is the thermal electron population.
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Fig. 5.1. The effective frictional force (energy loss per unit length) experienced by a free electron (or positron) moving through air at STP as a function of
kinetic energy. The solid curve is due to inelastic scattering of the electron by air molecules, and the dashed curve indicates the effects of bremsstrahlung
emission. The horizontal line shows the electric force from a 5.0 x 10° V/m electric field. Runaway electrons occur for kinetic energies greater than the
threshold energy, ¢ > &4 In the figure, E, is the critical electric field strength for which low-energy thermal electrons will run away, and Ej, is the so-called
breakeven field.

Source: Figure from Ref. [172].

For fields below E, in order to create runaway electrons, energetic seed electrons with kinetic energies above &, must
be supplied by some means. According to C.T.R Wilson, the runaway electron mechanism increases the energies of the seed
electrons and increases their path lengths through air. For example, one might imagine atmospheric cosmic-ray electrons
traversing a region of a thundercloud with a strong electric field, gaining energy and traveling farther than they would
without the field. Strictly speaking, even electric fields below the E, will cause energetic electrons to lose energy more
slowly than if no field were present (assuming a favorable direction of the field), and so such weaker fields will also increase
the path length of energetic electrons such as atmospheric cosmic-rays. The runaway electrons are therefore an extreme
case, for which almost arbitrarily large energy gains and path lengths could be obtained.

More realistically, energetic electrons moving through air also experience elastic scattering, principally from atomic
nuclei, with a smaller contribution coming from scattering with atomic electrons. Elastic scattering causes the path of the
electrons to meander (straggle). Consequently, an electron moving from point A to B will almost always follow a longer path
then the straight-line distance between the two points. This results in a larger energy loss than f,,;, applied over the straight-
line distance between A and B. In particular, for electrons moving along an electric field line, the electrons will scatter off
and on the field line, following the field line only on average. For minimum ionizing electrons, the extra path length due to
elastic scattering produces an average energy loss per unit length of about f; = 2.8 x 10° eV/m X ng; along the field line.
This means that an applied electric field of about E; = 2.8 x 10° V/m X ny; is needed to keep an electron moving without
energy loss, which is about 30% larger than the breakeven field [239].

In addition, electrons lose much of their energy in air from electron-electron (Mgller) scattering with atomic electrons
[240]. The combination of many such scatterings, most involving small energy losses to the incident electron and a few
involving large energy losses, results in the average energy loss per unit length discussed above. However, the statistical
nature of the electron-electron (Meller) scattering has a dramatic effect on the runaway electrons, which we shall discuss
in Section 5.2.3.

5.2.2. Thermal runaway electron production

For the Wilson runaway electron mechanism, because there is a one-to-one correspondence between the energetic seed
electron injected and the runaway electron produced, the flux of runaway electrons will approximately equal the flux of
injected electrons. Consequently, we would not expect very large enhancements in the number of energetic electrons or
the X-rays and gamma-rays produced. As mentioned above, one way around this problem is to generate the seed electrons
internally via the thermal runaway electron mechanism. Because the critical field, E. ~ 3 x 107 V/m x ng; is about ten times
larger than the conventional breakdown field of air Ex = 3 x 10° V/m x ng; [32], such a very high field cannot exist in air
for very long, since conventional breakdown will rapidly discharge the field. It is conceivable that fields exceeding E. could
be briefly produced at, say, streamer tips in association with lightning leaders [176,241]. One might imagine a scenario in
which a localized high-field is generated by lightning; runaway electrons are then produced via thermal runaway out of the
free low-energy electron population; finally, these runaway electrons are energetic enough to continue to gain energy and
run away (i.e., Wilson’s runaway electron mechanism) in the lower field region in front of the lightning. This combination of
thermal runaway electron production augmented by Wilson’s runaway electron mechanism may be the dominant means
for generating the X-rays observed from lightning leaders and laboratory sparks (Sections 5.3.1 and 5.3.2).
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5.2.3. Relativistic runaway electron avalanches (RREAs)

In addition to external sources and thermal runaway, another way to generate seed runaway electrons (with & > &)
is via an avalanche process, first described in detail by Gurevich et al. [177]. For this mechanism, most commonly called
the relativistic runaway electron avalanche (RREA) mechanism, energetic runaway electrons undergo electron-electron
(Mgller) scattering with atomic electrons in air [240]. Some of the scattered atomic electrons have kinetic energies with
& > &, and so they also run away, along with the initial runaway electrons. The result is an avalanche of relativistic runaway
electrons that increases exponentially with time and distance. Of course, to start the avalanche process an energetic seed
electron is still needed. As a result, RREAs may greatly increase the flux of energetic electrons (e.g., by thousands), but the
flux is still tied to the flux of the initial seed electrons injected into the avalanche region. The RREA is analogous to a low-
energy electron avalanche (such as described in Section 2), except the length scale for avalanche multiplication is usually
on the order of tens to hundreds of meters, rather than sub-millimeter in the low-energy case. Because low-energy electron
avalanches alone are not considered a form of electrical breakdown (e.g., a normally operating gas-filled wire proportional
counter is not considered to be in a state of electrical breakdown), the RREA also should not be considered a form of electrical
breakdown [242,243]. An electrical breakdown is usually thought of as an internal state of the system producing a large self-
sustaining electrical current that results in the rapid discharge of the system — a description that does not appear to apply to
the RREA mechanism described by Gurevich et al. [177]. Nevertheless, the name “runaway breakdown” is sometimes used to
describe such runaway electrons avalanches [ 120,244,245]. In this paper, we shall instead refer to an avalanche of relativistic
runaway electrons by the descriptive name Relativistic Runaway Electron Avalanche (RREA). We refer the interested reader
to Ref. [246] for a discussion of the early theoretical work on the RREA mechanism.

Examples of RREAs can be seen in Figs. 5.2 and 5.3. The figures show the output of a Monte Carlo code that simulates
all the relevant physics of runaway electrons, positions and photons [77,242,247,248]. Fig. 5.2 shows the kinetic energy of
the electrons moving under the influence of an electric field in air for a small segment of an avalanche. As can be seen,
most of the electrons in the RREA do not runaway, instead quickly losing their energy. These intermediate energy electrons
create additional ionization. The runaway electrons are the trajectories that steadily gain energy in the figure. The occasional
sharp drops in energy are due to hard Meller scatterings and bremsstrahlung emissions. The horizontal dashed line is the
average energy of the runaway electrons (7.3 MeV) [78,172,249]. As runaway electrons gain energy, eventually exceeding
7.3 MeV, additional runaway electrons are added at lower energies, maintaining the same average energy for all the runaway
electrons.

Fig. 5.3 shows a whole avalanche, plotting the trajectories of runaway electrons moving through a uniform, vertically
downward field (between the two horizontal dotted lines), with the field set equal to zero outside the avalanche region.
As can be seen, the number of runaway electrons increases rapidly as they propagate upward. The meandering of the
trajectories, which results in a lateral spreading of the avalanche, is mostly due to elastic scattering of the electrons with
atomic air nuclei. At the top of the figure, the electrons leave the strong electric field (avalanche) region and slow down until
they are reabsorbed by the air. Bremsstrahlung X-rays and gamma-rays are mostly emitted upward (not shown) and may
travel up to a few kilometers at these altitudes before being absorbed [250].

Monte Carlo simulations show that the threshold electric field for avalanche multiplication is Ey, = 2.84 x 10° V/m x
ngir [77,78]. Because runaway electrons will sometimes undergo a hard (Mgller or Bremsstrahlung) scattering that results
in a sudden energy loss, runaway electrons that have energies above the threshold energy (¢ > &) may occasionally
become lost due to such scattering, reducing the number of runaway electrons propagating. On the other hand, such Mgller
scattering will also occasionally generate new runaway electrons adding to the number of runaway electrons propagating.
The threshold field E;, = 2.84 x 10° V/m X ng is the field where the two processes just balance and the avalanche length
is infinite (i.e., the number of runaway electrons remains constant with time and distance).

5.2.4. Relativistic feedback mechanism

To recap, in 1925, Wilson introduced the runaway electron mechanism, which increases the energies and path lengths of
energetic electrons, and in 1992, Gurevich et al. included the effects of Maller scattering to show that avalanches of runaway
electrons result. In 2003, Dwyer introduced a new mechanism for generating runaway electrons, built upon this previous
work. For this mechanism, illustrated in Fig. 5.4, positrons and energetic photons produce a positive feedback effect that
exponentially increases the number of runaway electron avalanches, the inclusion of which results in a dramatic change of
behavior that cannot be explained by the RREA mechanism alone [77,242]. In Fig. 5.4, avalanches of runaway electrons emit
bremsstrahlung X-rays that may either Compton backscatter or pair-produce in air. If the backscattered photons propagate
to the start of the avalanche region and produce other runaway electrons, either via Compton scattering or photoelectric
absorption, then secondary avalanches are created. This mechanism is called X-ray feedback (also sometimes called gamma-
ray or photon feedback).

Alternatively, the positrons created by pair-production of gamma-rays often turn around in the ambient electric field and
run away in the opposite direction of the electrons. Because the positron annihilation cross-section decreases with energy
and the positrons quickly accelerate to many ten of MeV, the positrons usually travel on the order of a kilometer at sea level
before annihilating. When the positrons propagate to the start of the avalanche region they produce additional runaway
electrons via hard elastic scattering with atomic electrons in the air (i.e., Bhabha scattering), thereby creating secondary
avalanches. This mechanism is called positron feedback. These secondary avalanches, from X-ray and position feedback, may
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Fig. 5.2. Example of a Monte Carlo simulation of a relativistic runaway electron avalanche in air. Each line represents the trajectory of one electron,
showing the kinetic energy of the electrons versus distance. The simulation is run at 1 atmosphere pressure and for a uniform, downward electric field
of 430 kV/m. This avalanche was initiated by injecting one 1 MeV energetic electron at the left side of the figure. The minimum energy is this simulation,
&min = 100 eV. The runaway electron threshold energy, &, is shown as a horizontal dotted line, and the average energy of the runaway electron, 7.3 MeV,
is shown as a dashed line. As can be seen, due to the statistical nature of the process, not all electrons with kinetic energies above &, run away.

Source: Figure from Ref. [239].
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Fig. 5.3. Monte Carlo simulation showing runaway electron trajectories inside a thundercloud at 5 km altitude. The electric field is uniform in the region
between the horizontal dotted lines and has a magnitude of 375 kV/m. Above and below the dotted lines the field is set to zero. The avalanche is initiated
by 10 energetic electrons at the bottom of the high field region, which might correspond to the injection of energetic electrons by a lightning leader. The
simulation calculates but does not plot the X-rays produced by bremsstrahlung emission. For a realistic thundercloud and lightning, the number of runaway
electrons could, in principle, be 10'* times larger than the number shown in the simulation.

Source: Figure from Ref. [259].

in turn emit more X-rays that Compton scatter or pair-produce, resulting in more feedback and more avalanches. As a result,
the number of runaway electron avalanches can increase exponentially on a timescale measured in microseconds [77,251].
In addition to X-ray and positron feedback, secondary feedback mechanisms include feedback from annihilation gamma-rays
and feedback from bremsstrahlung photons emitted by backward propagating positrons [242]. These secondary feedback
mechanisms are usually small (e.g., <10%) compared with the primary X-ray and positron feedback mechanisms [242].

Because backscattered Compton photons have a shorter attenuation length than runaway positrons, X-ray feedback
requires a shorter avalanche region than positron feedback in order to operate [77]. Indeed, Monte Carlo simulations show
that X-ray feedback is usually important for higher electric field strengths (i.e.,, E > 750 kV/m X ng;), which have shorter
avalanche lengths, and positron feedback dominates at lower field strengths.
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Fig. 5.4. Relativistic runaway electron avalanches (RREAs) and the relativistic feedback mechanism. Partial results of the Monte Carlo simulation are
shown. The light tracks are the runaway electrons, the dashed lines are the X-rays and the dark track is a positron. The entire avalanche is initiated by one,
1 MeV, seed electron injected at the top of the high field region (x = 0, z = 300 m). The horizontal dotted lines show the boundaries of the electric field
volume (E = 1000 kV/m). For clarity, only a small fraction of the runaway electrons and X-rays produced by the avalanche are plotted. The avalanches on
the left and right illustrate the X-ray feedback and positron feedback mechanisms, respectively.

Source: Figure from Ref. [77].

These feedback mechanisms described above are analogous to the feedback mechanisms that occur at low energies
during a Townsend discharge. For example, in a Geiger counter, UV photon and ion collisions at the cathode generate a self-
sustained breakdown, which terminates only when the voltage collapses. To distinguish the feedback mechanisms described
here, which involve high-energy particles, from the low-energy feedback mechanisms occurring in ordinary Townsend
discharges, these high-energy feedback mechanisms are jointly referred to as relativistic feedback [242].

Because relativistic feedback can create an exponentially growing number of runaway electron avalanches, the energetic
electron production and gamma-ray emissions generated by this mechanism can be up to trillions of times more intense
than for RREAs alone [242]. Consequently, relativistic feedback is a good candidate for explaining Terrestrial Gamma-ray
Flashes.

5.3. Observations of energetic radiation produced within our atmosphere

5.3.1. X-ray observations of lightning

As of 2001, little evidence existed that lightning emitted X-rays. Indeed, lightning had been seen to quench the emission
of X-rays from thunderstorms [233,234], presumably by discharging the large-scale electric field that had been responsible
for the emissions. From a theoretical point of view, there was also little reason to believe that X-rays should be observed
from lightning. Unlike thundercloud, which can produce very large electric fields over many kilometers, thereby generating
RREAs from the cosmic-ray background, the electric fields near lightning are not expected to result is significant RREA
multiplication. The reason is that even though the fields may reach or even exceed the conventional breakdown field near
the lightning channel, it falls off rather quickly on the scale of tens of meters or less and so not enough runaway electron
avalanche lengths are present to significantly enhance the background flux of atmospheric cosmic-rays. X-rays also would
not be expected to be produced in any measurable amount from thermal emission (not to be confused with thermal runaway
electron emission) from the hot leader and return stroke channels. The hottest part of lightning occurs during the return
stoke, at which time the channel heats up to about 30,000 K [252]. Although such a hot channel will emit copious visible
and ultraviolet light (this is why lightning is so bright), it is far too cold to emit even soft X-rays. It had been suggested that
perhaps the rarified return stroke channel could assist in the production of energetic electrons [226]. However, this idea has
not been worked out in detail. Finally, the thermal runaway electron model had never been demonstrated to occur naturally
in our atmosphere. It was also difficult to understand how the very high electric field needed for thermal runaway, which is
ten times larger than the field needed to breakdown air, could occur. Altogether, in 2001, a compelling case could be made
that lightning should not emit X-rays.

For this reason, it was all the more surprising when Moore et al. [170] reported intense energetic radiation during the
stepped leader phase of negative natural cloud-to-ground lightning strikes on the mountains in New Mexico. Moore et al.
used a Nal(Tl)/photomultiplier tube (PMT) detector and recorded large MeV pulses of energetic radiation for about 1-2 ms
before the start of the return strokes for 3 nearby lightning strikes. A control detector with the same electronics but no Nal
was also operated, and no detectable signals were recorded on the control during the 3 strikes, adding confidence that the



J.R. Dwyer, M.A. Uman / Physics Reports 534 (2014) 147-241 193

energetic radiation recorded by the Nal(Tl)/PMT detector was real and the signals were not due to lightning electromagnetic
fields coupling to electronics or power systems.

Shortly thereafter, Dwyer et al. [171] investigated the emission of energetic radiation from rocket-triggered lightning
at the International Center for Lightning Research and Testing (ICLRT) at Camp Blanding, Florida (see Section 1.4 for a
description of this research facility). For these experiments, great care was taken to shield the detectors from sources that
could possibly generate spurious signals that might be mistakenly taken for energetic radiation, such as light detected by
the PMTs or electromagnetic noise picked up by the electronics. A 12.7 cm by 12.7 ¢cm cylindrical Nal(Tl)/PMT detector
along with an identical control detector with no Nal were placed inside a heavy aluminum box that formed a nearly perfect
Faraday cage. The instrument was battery powered and fiber optics was used to transmit the analog signals from the PMTs
to a shielded control room where the entire waveforms were recorded. The instrument was placed 25 m from the rocket
launch tower (shown in Figs. 1.5-1.7) where the lightning was triggered.

It was found that rocket-triggered lightning makes intense bursts of energetic radiation during the dart (and dart-
stepped) leader phases [253], similar to the results of Moore et al. Furthermore, it was found that detectable emission was
recorded in 31 of the 37 leader/return stroke sequences, suggesting the emission of energetic radiation is a common feature
of lightning. It was also found, in agreement with Moore et al., that the energetic radiation always ceased near the start
of the return stroke, showing that the lightning leaders were producing the energetic radiation and not the rarified return
stroke channel.

As noted in Section 1.3, rocket triggered lightning is very similar to the subsequent strokes of natural lightning.
Furthermore, it was shown by later work that the small amount of metal vapor from the exploded triggering wire does
not affect, nor is it responsible for the emissions of energetic radiation. Specifically, for multi-stroke flashes, there is no
systematic difference between early strokes and later strokes. The energetic radiation originates from bremsstrahlung
of electrons with energies of several hundred keV, which is unaffected by atomic processes. Finally, later TOA location
determinations of X-rays (see below) show that the energetic radiation produced above the wire top is the same as for below
the wire top. The advantage of rocket-triggered lightning over natural lightning is that it is known ahead of time where and
when the lightning will strike, making it possible to make close-up and detailed measurements. The measurements can also
be repeated, making the study of lightning an experimental science, rather than relying on intermittent observations.

After the work made in the summer of 2002, reported in Ref. [171], detailed investigations were carried out at the ICLRT
to determine the properties of the energetic radiation emitted by lightning. In the summer of 2003, several new X-ray
instruments recorded rocket-triggered lightning, using detectors shielded with varying thicknesses of bronze attenuators
along with unattenuated Nal(Tl)/PMT detectors. It was found that the detected energetic radiation was in fact X-rays with
energies up to about 250 keV [254]. It was also found that the X-rays were usually emitted in very short, sub-microsecond
bursts during the dart leader and dart-stepped leader phases and possibly at the beginning of the return strokes of negative
triggered lightning (See Fig. 5.5). Using collimators over Nal(Tl)/PMT detectors, it was also found that the X-rays originated
from the bottom few hundred meters of the leader channel and that the source propagated downward with the leader as it
approached the ground.

One challenge in measuring the energy spectrum of X-rays from lightning is the X-rays are emitted in very bright and
very short pulses, with durations much less than a microsecond. Even fast plastic scintillators and fast LaBrs scintillators
fail to resolve individual X-rays and instead measure many X-ray photons arriving at nearly the same time, producing pulse
pile up. This can be seen in Fig. 5.5, where the deposited energy in the X-ray pulses is typically in the MeV range and yet the
individual X-ray photons have energies around 100 keV. For this reason, attenuators are used at the ICLRT to distinguish the
X-ray energies.

Dwyer [172], using the results of Ref. [254], compared the energy spectrum and intensity of the X-ray emissions with
predictions by the RREA mechanism to show that the RREA mechanism could not be producing the X-ray emissions
from triggered lightning. In particular, the energy of the X-rays (<250 keV) was much too soft to have been emitted by
runaway electron avalanches, which have an average energy of 7.3 MeV. In that paper, it was suggested that, instead, the
thermal (cold) runaway electron mechanism was responsible for the emission. Other theoretical work on thermal runaway
electrons has since been done by Moss et al. [176] and Celestin and Pasko [255], who modeled the creation of thermal
runaway electrons by streamers, showing that significant runaway electron production is plausible. Cooray et al. [256] also
modeled thermal runaway electrons in the low-density, hot dart leader channel. Finally, Gurevich et al. [179] introduced an
alternatively 2-step process for the production of runaway electrons in strong electric fields see comments by Ref. [246].

In 2004, two natural lightning strikes were recorded by the X-ray instruments at the ICLRT, both approximately 300 m
from the instruments [ 173]. Comparing the X-ray measurements with electric field (dE /dt) measurements, made with a flat-
plate antenna, it was found that the X-ray emission recorded during the stepped leader phase was similar to those recorded
from triggered lightning during the dart and dart stepped leader phases, with approximately the same X-rays energies.
Furthermore, it was shown that the X-ray pulses were usually produced at the time of the step formation of the leader
steps, connecting the production of X-rays with lightning propagation (see Fig. 4.9). This result was extended by Howard
et al. [174]. This connection of the X-ray emission with the leader steps can be seen in Figs. 4.10 and 5.7, which show later
measurements of triggered and natural lightning, respectively, in 2011 at the ICLRT [181].

After 2005, a new set of instruments were deployed at the ICLRT: The Thunderstorm Energetic Radiation Array (TERA)
was designed to measure energetic radiation (X-rays, gamma rays and energetic charged particles) from thunderclouds,
lightning and cosmic-ray extensive air showers (EASs). The TERA instruments are distributed at different stations across
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Fig. 5.5. Left: Photograph of rocket-triggered lightning at the ICLRT (courtesy Dustin Hill, UF). The illuminated straight triggering wire can be seen on the
left. Four wind-blown leader/return stroke sequences are on the right. Top right: waveform from one of the Nal(Tl)/PMT detectors for a single 662 keV
gamma-ray from a Cs-137 radioactive source placed temporarily on top of the instrument. The red diamonds show the data as recorded by the acquisition
system, and the solid line shows the detector response as calculated from the Nal light decay-time and the RC-times in the front-end electronics. Bottom
right: waveform for a time period just prior to a return stroke (att = 0) of triggered lightning. The detector response (solid line) is plotted over the measured
data (red diamonds). The arrows indicate the times and deposited energies of the X-rays.

Source: The figure is from Ref. [254].

the ~1 km? ICLRT site. TERA is also part of an experiment called the MSE (Multiple Station Experiment). Besides the X-ray
detectors, the MSE/TERA stations are equipped with instrumentation to measure electric fields and their derivatives as well
as magnetic fields using flat plate antennas and loop antennas [257].

In a typical configuration, TERA is made up of 24 stations, composed of forty-five 7.6 cm x 7.6 cm cylindrical
Nal(Tl)/Photomultiplier tube (PMT) detectors and two 7.6 cm x 7.6cm cylindrical LaBrs(Ce)/PMT detectors, all contained in
aluminum boxes to shield the instruments from moisture and light [ 185,258]. About half of the detectors were also enclosed
in 0.32 cm thick lead attenuators. These lead attenuators absorb X-rays below ~300 keV, thereby helping determine the
energy spectrum by comparing the signals from the un-attenuated (with 30 keV cut-offs from the Al lids) and the attenuated
detectors.

In addition, eight of the stations had detectors made of 1 m? by 2 cm-thick plastic (BC-408, Pilot F) scintillators. The
scintillators are shielded inside two (0.32 cm thick) aluminum light tight boxes and viewed by two PMT detectors. These
plastic detectors, which were designed to primarily measure cosmic-ray air showers, also have sensitivity to X-ray and
gamma-rays, but unlike the inorganic (Nal and LaBr3) scintillators they have poor energy resolution.

Saleh et al. [258] used TERA to make detailed measurements of the deposited X-ray energies versus radial distance from
three triggered lightning channels. Monte Carlo simulations were compared with the measurements to infer properties of
the energetic electrons created by the lightning that generated the X-rays. The X-ray emission was observed to occur during
the dart-stepped leader phase of each stroke, just prior to the time of the return stroke. Significant X-rays were observed
on all the detectors out to a distance of 500 m from the triggered lightning channel for times up to 200 s prior to the start
of the return stroke. It was found that the energetic electrons that emit the X-rays had a characteristic energy of about 1
MeV for one particular dart-stepped leader event, which was larger than the 250 keV found by Ref. [254], but still much
smaller than the 7.3 MeV that occurs during RREAs. The X-ray emission for all three events studied had a radial fall off most
consistent with the energetic source electrons, on average, being emitted isotropically from the leader. However, Hill [181]
found evidence that individual X-ray pulses often only illuminated a subset of detectors and so the emission may only be
isotropic on average. It was also found that the X-ray and energetic electron luminosities of the leader channel increased
as the leader approached the ground with a peak luminosity exceeding 10'® electrons/s. This luminosity is large enough
that the emission of X-rays from lightning is a good candidate for the RREA seed particles of Terrestrial Gamma-ray Flashes
(TGFs) inside thunderclouds, possibly unifying the two phenomena [259] (see Section 5.4.8).

Howard et al. [ 149] discovered that a commonly occurring burst of dE /dt pulses immediately prior to the return stroke,
called “leader burst pulses”, are one of the brightest sources of X-ray from lightning. Furthermore, Hill et al. [169] reported
the first observations of X-ray emissions from chaotic dart leaders preceding triggered lightning return strokes. In four
events, a relatively continuous and bright flux of X-rays was observed during the final 10-13 s of the descending leader
from altitudes of several hundred meters, determined from dE /dt time-of-arrival (TOA) measurements.

Schaal et al. [260] analyzed TERA data for 28 leaders from 12 different triggered lightning flashes plus 2 leaders from
2 natural lightning strikes at the ICLRT. It was found that the natural lightning appeared to arise from an extended spatial
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Fig.5.6. (a)The electron luminosity versus the return stroke peak current. (b) The total X-ray energy versus the return stroke peak current. (c) The amount
of energetic electrons per meter of downward propagation versus the return stroke peak current.
Source: Figure from Schaal et al. [260].

source, consistent with several stepped leader branches emitting X-rays. For the triggered lightning it was found that M-
components (current pulses occurring during a continuing current interval) do not emit any detectable X-rays. Furthermore,
it was shown that properties of the X-ray emission correlated with the current of return stroke, and there appeared to be
a threshold current of about 4 KA for there to be detectable X-rays. As the current increased, the intensity of the X-rays
increased exponentially until about 10 kA, at which point the X-ray intensity saturated, with a maximum runaway electron
luminosity between 10'® and 107 electrons/s. This can be seen in Fig. 5.6. Because the X-rays are emitted by the descending
leader before the return stroke, it is likely that the X-ray emission is in fact related to the charge density of the leader, perhaps
explaining the correlation with the return stroke current.

Howard et al. [174] reported the first TOA measurements of the X-ray source locations (see discussion in Section 4.2).
Using a subset of eight of the TERA Nal(T1)/PMT detectors that were co-located with dE /dt flat-plate antennas, they located
seven individual X-ray source locations and times, three were from a natural lightning flash in 2006 and four were from
a triggered lightning flash in 2007. Howard et al. found that the X-rays were emitted within 50 m of the dE/dt source
locations, and in all but one case, the X-ray locations were below the locations of the related dE/dt pulse. In addition, the
X-ray emission times followed the emission times of the dE/dt source by 0.1 to 1.3 ps. This meant that the X-rays were
being emitted in coincidence with the electrostatic field change that occurred after fast step pulse. This time period of the
electrostatic field change is usually identified as the time of the corona flash, in which many streamers propagate in the
steamer zone in front of the new leader tip. The similar relationship of the dE/dt and X-ray sources for both stepped leader
steps for natural lightning and dart-stepped leader steps for triggered lightning, suggests that the underlying physics of the
two discharge processes are similar [181].

Using an improved TOA network of eight 1 m? plastic scintillation detectors and two 7.6 cm LaBr3/PMT, Hill [181]
extended the TOA work of Howard et al. for 7 dart stepped leaders from triggered lightning and 1 stepped leaders from
natural lightning. Of these, 2 of the dart-stepped leaders and 1 stepped leader had measurable TOA X-ray locations, with a
total of 30 X-ray source locations and times found. For the dart-stepped leaders from triggered lightning, the X-ray pulses
could clearly been seen from well above the top of the exploded triggering wire, showing that the triggering wire did
not affect the X-ray production other than steering the leader along the channel created by the wire. An example of the
natural lightning data from Hill is shown in Figs. 5.7 and 5.8. Fig. 5.7 shows the dE /dt and X-ray data from a stepped leader
from natural lightning that struck the ICLRT in 2011. The numbers indicate the pulses in which the TOA X-rays source
reconstructions were possible using the arrival times of the TOA network. The association between the X-ray emissions and
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Fig.5.7. Inthe bottom panel, a 275 ps record of the X-ray emission recorded by the plastic scintillator at the ICLRT during the dart-stepped leader preceding
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this dart-stepped leader are annotated in the top panel with increasing integers.

Source: Figure from Hill [181].

the leader steps (dE /dt pulses) that was first reported by Ref. [173] can easily be seen in the figure. It can also be seen that
not every leader step produces detectable X-rays, a result also reported by Mallick et al. [261].

Fig. 5.8 shows the positions of the dE /dt sources and X-ray sources (black diamonds) for the stepped leader for the last
500 m above the ground. It was found that all the X-ray source locations generally agreed with the dE /dt positions to within
about 10 m in the horizontal directions, and the X-ray sources were systematically below the dE/dt sources by roughly 20
m and occurred about 0.1 s afterwards, detailed data being given in Section 4.2, all in agreement with Howard et al. [174].
This picture is consistent with the X-rays being produced by the corona flash part of the stepping process. However, it should
be pointed out that it is not well known exactly which part of the lightning leader step is producing the dE /dt pulse and so
care must be taken when interpreting the relationship between the two measurements. See Section 4.2 for a discussion of
TOA measurements of X-ray emission from triggered lightning.

The first high-time-resolution two-dimensional images of the X-ray emissions from triggered lightning were made at
the ICLRT in 2010 [262]. The images of two chaotic dart leaders were recorded at a rate of 10 million frames per second
using a new pinhole-type camera, located 44 m from the triggered lightning channel. In both events, as the chaotic dart
leader approached the ground, the X-ray source was also seen to descend along the previous lightning channel. For the
second event, the X-ray source exhibited a downward speed of 4.5 x 10’ m s~!, in agreement with independent dE /dt
time-of-arrival measurements of the speed of the leader front, demonstrating that the leader front was the source of the X-
ray emission. Fig. 5.9 shows a sequence of X-ray images of one rocket triggered lightning leader as it approached the ground,
showing that most of the X-ray emission originates from the tip of the descending leader. Because the background rate is
very low, virtually all the non-black pixels seen in Fig. 5.9 correspond to X-rays emitted by the lightning leader.

Finally, other groups have also reported observations of X-rays from natural lightning. For example, Yoshida et al. [214]
reported the detection of X-rays from a positive lightning leader, although this result has not been verified and no X-ray
emissions have been detected so far from upward positive leaders during rocket triggered lightning at the ICLRT (see also
discussion in Section 4.3). Chubenko et al. [263] and Antonova et al. [264] have reported observations of X-rays from natural
lightning at the Tien Shan High-Altitude Scientific Station of the Physical Institute of the Academy of Sciences [see Ref. [246]
for a discussion of this work].

In summary, it has been now firmly established that all types of negative leaders, including dart, dart-stepped, stepped,
and chaotic leaders emit X-rays. X-ray emission has been well studied for both natural and rocket-triggered lightning. As
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Fig. 5.8. Three projection views of the dE/dt and X-ray source locations for the dart-stepped leader preceding the second stroke of the flash shown in
Fig. 5.7. At left, the altitude versus easting projection; at middle, the altitude versus northing projection; and at right, the altitude versus time projection.
dE /dt sources are color-coded according to the key at right in 21 jus windows. X-ray sources are plotted as black diamonds independent of emission time.
Source: Figure from Hill [181].

found by TOA observations, the X-rays arrive in short sub-microsecond pulses that are closely associated spatially and
temporally with leader steps, with the X-ray emission slightly following the dE/dt pulses generated by the leader step
currents. X-ray images also show that the X-rays source propagates with the leader tip and that the X-ray source region is
often compact, appearing as a bright spot near the leader tip. The energy spectrum of the X-rays is variable but usually implies
runaway electron energies below about 1 MeV, which is inconsistent with RREAs being the dominate production mechanism.
The luminosity of the X-ray is sensitive to the amplitude of the return stroke current, with the runaway electron luminosity
increasing greatly up to return stroke currents of about 10 kA. Above that current, the runaway electron luminosity plateaus
between 106 and 107 electrons/s. Put together, these observations support that bremsstrahlung emissions from runaway
electrons produced by thermal runaway augmented with energy gain by Wilson runaway is the dominate mechanism for
generating the runaway electrons. For dart-stepped and stepped leaders, the picture that the thermal runaway production
is occurring at the negative streamer tips during the corona flash is plausible. For dart and chaotic dart leader, which do
not produce clear steps, the picture is less clear, although it is possible that these leaders also step, but the steps are much
shorter and hence difficult to discern.

Since it has now been definitively established that both natural and triggered lightning leaders commonly emit hard X-
rays and hence produce runaway electrons as they propagate, one may ask whether or not runaway electrons are important
to lightning processes. In our opinion there has been an exaggeration of the importance of runaway electrons, and especially
RREAs, in lightning processes [120,244,245]. Although X-rays may be a useful tool for studying lightning, based upon more
than a decade of detailed measurements of the X-ray emissions from lightning, we conclude that lightning can be mostly
viewed as a conventional discharge and runaway electron physics is probably not needed in order to understand lightning
propagation and attachment. For example, the current from the runaway electrons are not reasonable for generating the
leader channels. In a sense, the runaway electron production can be viewed as an interesting side-effect of leaders and
streamers in air. On the other hand, the presence of X-rays tells us that lightning is doing something unexpected. If we
stipulate that negative streamers tips are likely to be the source of the runaway electrons, then the X-rays tell us that
the electric fields in streamers often reach the critical field, E., ten times larger than the conventional breakdown field,
Ey. It is not obvious that researchers would have known this without the X-ray observations. Furthermore, because the
field at the streamer tip is sensitive to the ambient field through which it propagates, the presence of X-rays provides
new information about the electric field and charge configuration of the lightning. Understanding streamer physics is
important for many types of gas discharges in addition to lightning, and the electron phase space density is central to how
streamers work. The X-ray observations show us that a high energy tail sufficient to allow runaway electron production
is often present in this electron distribution, and so the runaway electrons can be viewed as an integral part of this larger
picture.
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Fig. 5.9. Successive 0.1 s images of the X-ray emission from lightning, recorded on August 13, 2010 at the ICLRT. The first image is in the upper left
corner and time progresses from left to right. The exposures cover the observation times from —1.53 s to +0.07 s relative to the return stroke. This
corresponds to the emission times from —1.94 s to —0.087 s before the return stroke. The rocket launch tower is illustrated at the bottom along with the
approximate location of the lightning channel. The color scale for each image has been adjusted so that the detector with the maximum deposited energy
appears as white. This maximum deposited energy is 5.5 MeV in the first image, increases as the lightning approaches the ground, reaching a maximum
of 28.2 MeV in the eleventh image, and then decreases to 16.6 MeV in the last image. Note that the deposited energy in each detector corresponds to the
detection of multiple X-ray photons.

Source: From Ref. [262].

5.3.2. X-ray observations of long laboratory sparks

Insights into the X-ray emissions from lightning may be gained from long laboratory sparks in air. Using a 1.5 MV Marx
generator, Dwyer et al. [182] discovered that long laboratory sparks in air at 1 atmosphere pressure emit X-rays similar in
to those emitted by lightning. Fig. 5.10 shows an image of the 1.5 m long arc produced during this experiment. Specifically,
it was found that both positive and negative polarity sparks, with lengths ranging from about 10 cm up to 2 m generated
X-ray pulses in the hundred keV range, usually when either the voltage was near its peak value or the voltage in the gap
was in the process of collapsing. While the former X-ray emission has been shown to originate from the spark gap, the later
emission appeared to originate from outside the gap, perhaps by discharges induced on other objects in the room [185].
The emission of X-rays from long laboratory sparks has since been confirmed and expanded upon by several groups in
different high voltage laboratories [ 186-189,265-270]. In particular, it has been found that X-ray emission is often linked to
negative streamer onset at the cathode [186,271]. For positive sparks, the X-rays have been found to be emitted at the time
the positive and negative streamers, emitted from the anode and cathode, respectively, meet in the air gap [184]. This is
illustrated in Fig. 5.11, which shows a sequence of images of the streamers in the spark gap along with recorded properties
of the discharge. This result may support the mechanism proposed by Cooray et al. [272], who suggested that the X-rays are
emitted (via thermal runaway) in the high field region created when positive and negative streamer tips meet.

It has been shown that, similar to lightning leaders, RREAs cannot be responsible for the runaway electron production
in laboratory sparks [273]. Theoretical work, using the thermal runaway electron mechanism, includes Gurevich [175],
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Fig. 5.10. Image of a 1.5 m spark in air generated by a 1.5 MV Marx generator for which it was discovered that long laboratory spark in air produces X-rays
similar to lightning [182].

Moss et al. [176], Gurevich et al. [179], Li et al. [274], Chanrion and Neubert [180,275], Colman et al. [276], and Celestin
and Pasko [255]. This body of work supports the hypothesis that the strong electric fields produced during lightning and
laboratory discharge are capable of generating runaway electrons, which result in the observed X-ray emissions. A review
of earlier work involving the X-ray emission in small (<few cm), highly stressed gaps can be found in Babich [228].

5.3.3. Gamma-ray glows from thunderclouds

Gamma-ray glows from thunderclouds are defined to be second to minute long X-ray and gamma-ray emissions
originating in or near thunderclouds [246]. Such emission appears to be distinct from the much shorter pulsed emissions
that occur during Terrestrial Gamma-ray Flashes or from lightning leaders (see Sections 4.2, 5.3.4 and 5.3.1). Other names
have been given to this kind of emission, depending upon where it has been measured. For example, Chilingarian et al. [277]
refer to this emission as Thunderstorm Ground Enhancements (TGEs), since they were recorded on the ground (at mountain
height). In this report, we shall follow Ref. [246] and refer to these emissions as gamma-ray glows, since this name refers to
the properties at the thunderstorm source and not the observer.

When discussing ground based measurements, it is important to consider the effects of radon daughter product washout,
which can cause a factor of a few enhancements in the background counts rates [227]. This enhancement, which correlates
with rainfall, may be distinguished from gamma-ray emissions from RREAs, since unlike RREAs, radon daughter product
washout exhibits line emission up to a few MeV and not the continuum spectrum up to tens of MeV as occurs for RREAs.
Most successful ground based measurements of gamma-ray glows have been made either on high mountains [227,278-285]
or in regions of Japan with thunderclouds with low charge centers [286-289]. For most gamma-ray glow observations, the
enhancement of gamma-ray fluxes is on the order of 10% above background. Exceptions include Chilingarian et al. [284],
who reported count rates at Aragats that more than doubled when a thundercloud was 100-200 m above the detector.
Torii et al. [286] reported measurements made at the Monju nuclear reactor in Japan during a winter thunderstorm with
enhancements up to 70 times the local background level. Modeling has shown that the many of the observed spectra are
consistent with Bremsstrahlung emission from RREA [282-284,286-288,290-292]. We also note that the thunderstorm
electric fields have been observed to either increase or decrease the flux of cosmic-ray secondary muons, depending on the
sign of the field relative to the positive and negative muons [281,293,294].

Not surprisingly aircraft and balloon observations of gamma-ray glows, which make measurements inside or near
thunderclouds, often record much larger enhancements than those seen on the ground. Parks et al. [232] and McCarthy
and Parks [233] performed X-ray observations inside active thunderstorms using a NASA F-106 jet carrying Nal scintillation
detectors. It was demonstrated that the X-rays emission, which lasted tens of seconds, extend to greater than 110 keV, and
lightning generally terminated, rather than caused, the X-ray glows.

Eack et al. [234-236], flying scintillators and electric field sensors with balloons through and above active thunderstorms,
measured hard X-ray glows up to 120 keV. Eack et al. [234] found that the X-ray emission occurred at the altitude (4 km)
with the highest electric field and lasted throughout the passage of the balloon through the strong electric field region within
the storm. However, the X-ray emission was interrupted and then restored by a pair of lightning flashes. Another balloon
sounding found a similar high X-ray flux in an anvil at 14 km [236]. Eack et al. [235] recorded three shorter X-ray pulses,
lasting about 1 s each, when the payload was at 15 km altitude, 3 km above the thundercloud.

Most recently, in 2009, the Airborne Detector for Energetic Lightning Emissions (ADELE) was flown on the Gulfstream
V jet over and next to active thunderstorm cells in Florida. ADELE included 12.7 cm diameter by 12.7 cm long plastic and
Nal scintillators for gamma-ray sensitivity above 10 MeV. ADELE observed one TGF during 37 h aloft [25] and observed
12 separate gamma-ray glows, lasting tens of seconds to more than a minute, during passes over or near the tops of
active thunderstorms [295]. It was possible that the durations of the gamma-ray glows were limited by the passage of
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Fig.5.11. A sequence of images showing the development of a 1 m long, 1 MV laboratory discharge in air. Each image is for a separate discharge. However,
because the discharges are all very similar, combining the images gives a reasonable representation of how a single discharge progresses. The shutter
always opens at t = 0.36 s (solid line (z)), and the exposure time varies from 60 (a) to 1000 ns (o). The deposited X-ray energy, voltage, and cathode
and anode currents are shown in the bottom plot (data from discharge (1)). The X-rays are detected when the downward positive streamers and upward
negative counter-streamers meet as shown in (e)-(h).

Source: Figure from Ref. [184].

the aircraft near the thunderstorms and so the gamma-ray glows might actually have lasted longer than observed. It is
reasonable that gamma-ray glows are the product of RREA emissions when the thunderstorms are in a highly charged state
between lightning flashes. Because the discharge currents that result from the ionization by the runaway electrons might
be substantial, it may be possible that the gamma-ray glows occur during a steady state when the thunderstorm charging
is temporarily balance by the runaway electron emission. For very active charging, relativistic feedback may become
important, since very large runaway electron fluxes could be produced that would be able to counteract the growth in the
electric field. Further research is needed in order to understand how gamma-ray glows are produced and what conditions
are present inside the storms. For a more detailed discussion on gamma-ray glows we refer the reader to Ref. [246].
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Fig. 5.12. Gamma-ray count rate for CGRO/BATSE TGF 106.
Source: Data courtesy Jerry Fishman.

5.3.4. Terrestrial gamma-ray flashes (TGFs)

Terrestrial Gamma-ray Flashes (TGFs) were discovered by Fishman et al. [229] using data from the BATSE instrument
onboard the Compton Gamma Ray Observatory (CGRO), put in low-Earth orbit by the Space Shuttle in 1991. TGFs were
originally assumed to originate from high-altitude discharges (i.e., Sprites), but it is now known that they originate from
thundercloud altitudes, usually in association with IC lightning. The TGFs were first recorded by BATSE’s 8 Large Area
Detectors (LAD), each made of sheets of 1.27 cm thick Nal with 2025 cm? of effective area [296], and were identified as
bright ms long pulses of gamma-rays originating from the Earth’s atmosphere. TGFs were notably shorter and had harder
energy spectra than cosmic gamma bursts, seen from other parts of the universe. Fig. 5.12 shows the count-rate versus time
for the first TGF recorded by BATSE. As can be seen, the TGF had two peaks, which is common for BATSE TGFs. BATSE also
recorded many single pulsed TGFs and several multi-pulsed TGF, some with as many as 6 separate gamma-ray pulses (see
Fig. 5.27). Later space instruments have recorded single, double and even triple pulsed TGFs, but so far not TGFs with the
large number of pulses seen by BATSE. When interpreting spacecraft data, it is important to understand whether or not the
data acquisition requires an onboard trigger. For BATSE, TGFs were only recorded when the number of counts in a 64 ms
window exceeded background by some level of significance. Because TGFs are usually less than 1 ms long, and there is a
maximum count rate that BATSE can measure, most TGFs would not have triggered BATSE’s data acquisition and thus were
not seen. Instead, BATSE was severely biased towards longer TGFs, including multi-pulsed one, which over a 64 ms window
will satisfy the trigger threshold. As a result, multi-pulsed TGFs are likely to be oversampled in the BATSE TGF data. Smaller
detectors, on other spacecraft, may not be able to efficiently find the multi-pulsed TGFs since each pulse is usually not as
bright as single pulsed TGFs.

Since the occurrence of BATSE TGFs followed the geographical pattern of thunderstorms on the Earth, it was immediately
and correctly interpreted that TGF are associated with thunderstorms. Sprites, high altitude discharges associated with
lightning, had been discovered a few years before [297]. Because gamma-rays are rapidly attenuated by the Earth’s
atmosphere, and since Sprites can extend up to about 80 km in altitude, the association of TGFs with thunderstorms was
(incorrectly) interpreted as being an association with Sprites. Indeed, much theoretical work was devoted to explaining both
TGFs and Sprites as byproducts of high altitude runaway electrons beams [120].

The basic idea behind these models is the conductivity of the upper atmosphere above thunderclouds is relatively high
and so as thunderstorms charge, the electric fields produced by these changes are expelled from the atmosphere above
the thunderstorms by the accumulation of a screening change layer (usually negative) on top of the cloud. When a large
lightning discharge occurs, it can neutralize most of the charge within the cloud, but not the screening charge layer. This
upper charge layer suddenly finds itself screening charges that no longer exists within the cloud, which results in an electric
field above the storm that falls off as a dipole field, roughly as 1/z> with height, z (see Section 7 and Fig. 7.3). In contrast, the
density of air decreases exponentially with height, n &~ exp(—z/8.5 km), and so both the runaway electron threshold field,
Epn = 2.84 x 10° V/m x ng; and the conventional breakdown field E, = 3 x 108 V/m x ng, also decrease exponentially
with height. Because the dipole field from the screening layer falls off with height more slowly than both E, and Ey, for a
large enough lightning discharge (e.g., with charge moment changes of several hundred C km), there will be altitudes at
which E>Eg;, and E>E . The former could occur almost immediately above the thundercloud, and the latter usually occurs
somewhere near 70 km altitude. High altitude runaway breakdown models of TGFs and Sprites assumed that both were
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Fig. 5.13. Locations of 805 RHESSI TGFs on the planet (diamonds). Coastal regions are shown in gray.
Source: Figure from Splitt et al. [299].

the manifestation of an intense upward beam of runaway electron generated after the lightning flash for altitudes with
fields above the runaway avalanche threshold (note we use the name runaway breakdown here, since that was the term
used at the time). In contrast, conventional discharge models of Sprites assumed that Sprites were streamer type discharges
initiated in the high fields for which E>E .

Improved temporal and spatial resolution images (and movies) of Sprites, eventually lead to the consensus that Sprites
are the result of conventional streamer type discharges [231] (see Section 7). Runaway breakdown models suffered from
the problem that above about 40 km runaway electron beams follow the Earth’s geomagnetic field, a behavior not seen in
Sprites. Nevertheless, despite these difficulties, high altitude runaway electron models continued to be developed for many
years and were the generally accepted as correct until about 2005.

Meanwhile, in 2003, while studying the X-ray emissions from rocket-triggered lightning at the ICLRT, a ground level
gamma-ray flash was observed that had a similar energy spectrum and duration as satellite-observed TGFs [23]. This event
was interpreted in that paper as originating from the overhead thundercloud and caused by charge motion from the triggered
lightning. It was also then suggested that TGFs may share similar thundercloud origins.

The Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI), a NASA Small Explorer spacecraft designed to
study X-rays and gamma rays from solar flares, was launched on 5 February 2002. RHESSI's germanium detectors and orbit
(inclination 38 ° and altitude 600 km) made it ideal for studying TGFs [298]. RHESSI also telemetered its photon data, so that
ground searches of TGFs could be performed, greatly increasing the detection efficiency of TGFs over BATSE. Indeed, RHESSI
recorded TGFs at an order of magnitude higher rate than BATSE. Fig. 5.13 shows the geographical occurrence of 805 RHESSI
TGFs [299]. The predominance of TGFs at low geographic latitudes and in regions with large amounts of lightning such as
south central Africa are apparent. TGFs are also noticeably absent from regions where Sprites are common such as the great
plains of the United States.

Cummer et al. [300] measured 30 kHz and lower frequency radio emissions during 26 RHESSI TGFs and found that 13
of them occurred within several milliseconds of detectable positive polarity (those that transfer positive charge downward
or negative charge upward) lightning processes. They also showed that the TGF-associated charge moment changes were
50-500 times too small to drive the RREA process at high altitudes, as had been assumed by most theoretical work up to
that point [also see [301]].

Combining Monte Carlo simulations of RREAs with simulations of gamma-ray emission and propagation through the
atmosphere, Dwyer and Smith [302] compared the average RHESSI TGF spectrum with model results for several source
altitudes. They found that the RHESSI TGF spectrum was inconsistent with a source altitude above about 21 km and was
consistent with spectra from 21 km down to 15 km, the lowest considered. This can be seen in Fig. 5.14.

As aresult, around 2005, a paradigm shift occurred: TGFs are not caused by high altitude discharges and are not associated
with Sprites. Instead, TGFs are produced either inside or just above thunderclouds. Further work confirmed and solidified
this picture. In addition, many papers have used RHESSI TGF data to infer properties of the TGFs, including TGF beaming
directions, geographical distributions, and the meteorology of thunderclouds associated with TGFs [303-309]. In particular,
radio observations of lightning associated with TGFs found that most TGFs are associated with the early stage of positive
intra-cloud (+IC: negative charge moving upward) lightning [310-312].

A consequence of a lower source altitude is that the luminosity of runaway electrons and gamma-rays at the source must
be much larger than originally supposed due to the additional atmospheric attenuation of the gamma-rays. Model fits find
that, on average, there are about 10!7 runaway electron for a 15 km source altitude [302,304]—an impressive number of
high-energy electrons. Indeed, it has been shown that an aircraft directly struck by the runaway electron beam that makes
a TGF would result in passengers inside the aircraft receiving a rather large radiation dose [259]. It is not clear how often, if
ever, this actually occurs, but on average every commercial aircraft is struck by lightning once per year, and so aircraft often
find themselves in thunderstorm conditions with strong electric fields, perhaps conducive to runaway electron production.

One problem with RHESSI is that its clock has a timing uncertainty of a few milliseconds, making it difficult to make
detailed comparison of the TGFs with radio sferics. The Gamma-ray burst monitor (GBM) onboard the Fermi Spacecraft,
which was launched in 2008, has also been recording a large number of TGFs [313]. Furthermore, GBM measures TGFs with
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Fig. 5.14. Relativistic runaway electron avalanche (RREA) spectra at different altitudes compared to the RHESSI spectrum of 289 summed TGFs. The
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Source: Figure from Ref. [302].

microsecond scale absolute timing accuracy, and so it is making important measurements for the relationship between TGF
gamma-rays and radio emissions (see Section 5.3.5).

A reanalysis of BATSE TGF data also found that BATSE suffered substantial dead-time due to the high count rates of
the TGFs, and so TGFs are actually much brighter at the spacecraft than originally thought [314]. This dead-time produced
instrumental effects that explained several previous results. For example, the combination of Compton scattering in the
atmosphere and instrumental dead-time tends to artificially lengthen the duration of the measured TGF and causes a
softening of the spectrum with time. It also contributed to erroneous high inferred source altitudes [315]. Using Fermi/GBM
data, Fishman et al. [316] studied the widths of TGFs and reported the (Tso) widths to range from ~50 s up to about
~700 ps, with 100 s being the median pulse duration. Note that this is considerably shorter than the ~1 ms duration
originally reported by BATSE, the difference presumably caused by the large dead-time that BATSE experienced during TGFs.

Finally, AGILE (Astro rivelatore Gamma a Immagini LEggero), an Italian astrophysics mission, has been recording
TGFs [317]. From AGILE data, Marisaldi et al. [318] found the geographical and diurnal distributions and the spectrum of
TGFs are consistent with the RHESSI measurements. Because the MCAL on AGILE has a higher energy range than previous
instruments used to study TGFs, individual photons up to 40 MeV were detected [also see [319]] Later, Tavani et al. [320]
reported that the average energy spectrum measured by the AGILE spacecraft had a power-law tail that extended to 100 MeV,
which is not consistent with the RREA mechanism. Given the success of RREAs at explaining most features of TGFs, further
work is needed to establish if this high-energy tail is indeed real and what consequences it has on TGF theories [321].

5.3.5. Radio observations of TGFs

When TGFs were discovered it was recognized that their locations follow a similar geographical pattern as thunderstorms
on the Earth. As a result, it was natural to assume that there would be some association of TGFs with lightning. One of the
best ways to investigate this association is with the radio observations of thunderclouds associated with the TGF.

We distinguish two kinds of results related to the investigation of radio emissions associated with TGFs: The first kind
involves the investigation, using radio observations, of the lightning environment near the time of the TGF, and, the second
is the direct association of specific radio signatures from the TGF. The former was discussed in Section 5.3.4. Specifically, it
has been established, primarily using RHESSI TGF data, that TGFs usually occur during the early stage of upward positive
intracloud (IC) lightning, supporting the hypothesis that TGF originate from inside thunderclouds.

We next consider the radio signatures directly related to the TGF source, or at least interpreted as being directly related.
Inan et al. [322] discovered that individual radio atmospherics (“sferics”), the signature of a lightning flash, were associated
with TGFs. Specifically, they found that for two BATSE TGFs, from very low frequency (VLF) radio measurements, that
lightning was occurring in storms beneath the satellite at the times of TGF detections. For one event, they found strong
VLF emission occurred within 1.5 ms of the TGF, which was interpreted as CG lightning associated with the TGF.

Using RHESSI TGFs, Inan et al. [323] found that most events were associated in time with detectable sferics to within
the several millisecond absolute timing uncertainty of RHESSI. These sferics showed that the radio emission resulted from
relatively large peak currents compared with other lightning from the same storms, but also had relatively modest charge



204 J.R. Dwyer, M.A. Uman / Physics Reports 534 (2014) 147-241

Number of TGFs as a function of time offset from WWLLN discharge
100 | ' ' ‘ ' ' ‘ '

80

60 |

# TGF

40 |
20

-10 5 0 5 10
Peak alignment (ms)

Alignment of Simultaneous TGF-WWLLN discharges
e . . . i ; ]

20|

15

# TGF

10

-0.4 -0.2 0.0 0.2 0.4
Peak alignment (ms)

Fig. 5.15. Temporal alignment of Fermi/GBM TGFs and measured WWLLN discharge times.
Source: Figure from Connaughton et al. [333].

moment changes, in agreement with Ref. [300]. Further close temporal associations between sferics and BATSE TGFs was
reported by Cohen et al. [324]. Cohen et al. [325] used multi-station VLF measurements to geolocate the sferic source
locations associated with 36 RHESSI TGFs and found that a majority matched the source of the RHESSI TGF to within the
uncertainties associated with the RHESSI observations. In other words, for a majority of events, the radio emissions appeared
to originate from the same location and time as the TGF. These results were supported by Lu et al. [326], who found that
most (96%) of the 56 RHESSI TGFs studied occurred within several milliseconds of detectable VLF sferics.

At the time, all of the above observations were interpreted as a close association between the TGF production and
lightning, the assumption being that normal lightning currents were generating the measured sferics. These results, along
with the radio observations showing that TGFs are associated with the early stage of +IC lightning (see Section 5.3.4),
appeared to constrain the source mechanism to ones that had a direct association between the runaway electron production
and the lightning leader activity. In particular, it appeared to strongly favor the thermal runaway electron mechanism from
lightning leaders, similar to the X-ray emissions from lightning seen near the ground.

This picture was strengthened by work by Connaughton et al. [327], who compared lightning location measurements
made by the world wide lightning location network (WWLLN) [328,329] and 50 TGFs recorded by GBM onboard the Fermi
spacecraft. Unlike RHESSI, which has an absolute timing uncertainty of a few ms, Fermi/GBM can determine the time of TGFs
with microsecond-scale accuracy. They found that 15 of the 50 TGFs were associated with WWLLN lightning detections.
When the propagation times of the gamma-rays and radio waves were included, it was found that of these 15 events, 13
had lightning times within a 40 s window of the TGF peak times at the source (Fig. 5.15).

Cummer et al. [330] made continuous (not triggered) 1-400 kHz radio measurements of 2 Fermi/GBM TGFs. The two TGFs
were geolocated to within 2 km by National Lightning Detection Network (NLDN) [331] and both were found to be about 500
km for the Duke LF sensor located in Melbourne, FL. The geolocations allowed a timing comparison with approximately 15 s
absolute uncertainty in each case. For both TGFs, a sequence of fast processes (a few tens of s duration) were recorded,
similar to previous observations [311,312,326]. However, these fast processes, which may be connected to lightning leader
stepping, did not appear to be directly related to the TGF, since they did not exhibit a consistent time relationship to the
TGF. On the other hand, for both TGFs, the LF signal from a much slower process (100-200 j1s duration) was found to closely
match the gamma-ray profile of the TGF as measured by Fermi/GBM, with the radio source and gamma-ray source lining
up to within about 10 ws, thus, suggesting that the radio signature of the TGF-generating process itself was being recorded.
This can be seen in Fig. 5.16, which shows the Fermi/GBM data and the LF signals.

The observations by Cummer et al. [330], led Dwyer [332] to investigate the electric currents generated by TGFs. In that
work, it was found that TGFs produce current pulses with current moments of several tens of kA-km and the durations of
these current pulses should put significant radio energy into the VLF and LF bands. Dwyer went on to predict that, although
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Fig. 5.16. Top panel. Fermi counts versus time for the August 3, 2010 TGF (black) as presented in Cummer et al. [326]. The smooth curves show different
model fits to the gamma-ray data. Because of Compton scattering the source function may be most similar to the red curve. Bottom panel. The magnetic
field measured by the Duke sensor in Melbourne, FL (black) for the same event [330]. The smooth curves show the predicted RF emissions based upon the
sources shown in the top panel. The models include the effects of propagation and the antenna response.

Source: Figure from Ref. [355].

IC lightning leaders may be present at the time of the TGF, the previous measurements of “lightning” sferics associated with
the TGFs were not actually measuring currents from normal lightning processes. Instead they were directly recording the
radio emission from the TGF itself, i.e., from the runaway electrons and associated currents produced by the low-energy
electrons and ions (see Section 5.4.6). In addition, it was found that the TGF time-intensity profiles and hence the electric
currents could naturally be explained by the relativistic feedback discharge mechanism. As a result, the close association of
the sferics with the TGFs does not necessarily mean that lightning processes (e.g., thermal runaway electron production)
are responsible for the TGFs.

Recently, Connaughton et al. [333] found that the rate of association between Fermi/GBM TGFs and VLF discharges
detected by WWLLN depended strongly on the duration of the TGF, with the shortest TGFs having a match with associated
WWLLN events over 50% of the time, and the longest TGFs having a match rate of less than 10%. This relationship can be
seen in Fig. 5.17. WWLLN also measured some non-simultaneous (within 200 ws) sferics, which could be interpreted as
normal lightning processes occurring inside the thundercloud. However, the simultaneous events, which also exhibited the
dependence on the TGF duration, were among the strongest measured by WWLLN. Connaughton et al. interpreted their
results as showing the WWLLN radio sferics directly associated with TGFs were being produced by the runaway electrons
(and accompanying low-energy electrons) supporting the hypothesis that TGFs are the source of the radio emissions.

It is still likely that many TGFs occur during the early stage of +IC lightning when positive leaders are crossing the gap
between the main negative and positive charge regions. However, these new theoretical and observational results suggest
that TGFs are then produced by very large discharges directly caused by the runaway electrons and their ionization. In
addition to making the gamma-rays that are seen from space in the form of TGFs, these discharges may well make some of
the largest electric current pulses in our atmosphere, rivaling lightning. It now appears that these TGF generating runaway
electron pulses are an alternative way that thunderclouds can discharge themselves, since these discharges can happen
faster than lightning. It is possible that previous radio observations of thunderclouds, independent of TGF observations, may
also have been detecting TGFs instead of lightning and so may have been misinterpreted.

5.3.6. Terrestrial electron beams (TEBs)

When TGFs were thought to originate from high altitude runaway electrons, with discharges extending up to 80 km,
it was natural to assume that many of the runaway electrons would subsequently escape to space where they could be
detected. However, when it was later shown that TGFs are actually produced deep within the atmosphere, <20 km altitude,
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Fig. 5.18. Terrestrial gamma-ray flash (TGF) spectrum and terrestrial electron beam (TEB) spectrum. The electron (and positron) beam escapes the
atmosphere and propagates into the inner magnetosphere where it can be detected by spacecraft thousands of km away.
Source: Figure from Ref. [334].

it was found that it was impossible for the runaway electrons to escape to space, since they are rapidly absorbed by the
atmosphere once they leave the strong electric field region of the thundercloud.

In 2004, RHESSI detected a bright event over the Sahara Desert that appeared to be an unusually long TGF (30 ms) with
two widely spaced peaks. It was found from weather data that no thunderstorms were near the spacecraft at the time, but
thunderstorms were present in south central Africa at the location of the geomagnetic foot-point that connected to the
spacecraft. This led Dwyer et al. [334] to develop a new electron beam mechanism. In their model, the energetic electrons
in space were not runaway electrons that escaped the atmosphere. Instead they are secondary electrons created primarily
via Compton scattering and pair production of the gamma-rays in a TGF. At roughly 40 km altitude there is still enough air
for the gamma-rays to readily interact, but not enough air to stop all of the energetic secondary electrons and positrons
from escaping to space. Once created, the energetic secondary particles propagate along the Earth’s magnetic field line, thus
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Fig.5.19. Left: the geomagnetic field geometry for a terrestrial electron beam (TEB) event observed by the Fermi spacecraft. The shaded region represents
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seen as the second pulse. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Source: Figure courtesy Briggs et al. [335].

forming a beam of particles. This picture can be seen in Fig. 5.20, which shows an artist’s impression of the TGF (pink) and
TEB (yellow are electrons and green are positrons).

Monte Carlo simulations showed that the electron/positron beam had about 2% as many particles as the number of
gamma-ray photons in the TGF [334]. Fig. 5.18 shows the energy spectra of the TGF and the TEB. As can be seen, the TEB
has a hard spectrum, extending to several MeV, making TEBs some of the more energetic particles in the magnetosphere.
Although the flux of TEBs is much smaller than that of TGFs at the top of the atmosphere, as the gamma-rays in the TGF
continue to propagate to spacecraft altitudes (e.g., 500 km), their intensity falls off as 1/r2. In contrast, the charged electrons
and positrons remain confined to the geomagnetic field line and so have roughly the same intensity as when they left the
atmosphere. As a result, simulations show that at low-earth orbit altitudes, TEBs can have higher fluences than the TGFs by
about a factor of 2.

For spacecraft in low earth orbit, such as CGRO, RHESSI and Fermi, TEBs may be observed as the beam propagates upwards
away from the atmosphere. They also may be seen near the distant conjugate point, as a descending beam. Because the
particles have a range of pitch angles, there will be a characteristic velocity dispersion in the arrival times, especially for
observations near the distant foot-point. Furthermore, if the geomagnetic field is stronger below the spacecraft, some of the
particles in the descending beam will “magnetic mirror” off of the stronger field, producing a second beam that strikes the
spacecraft from the opposite direction. These results could naturally explain the RHESSI Sahara event with its two widely
spaced peaks.

Reanalysis of the BATSE TGFs showed that 17% out of 36 BATSE “TGFs” available for study were likely to be high energy
electron beams striking the CGRO spacecraft [334]. One such event was over the Sahara desert (BATSE TGF 2221). By
modeling particle gyromotion along the Earth’s magnetic field, the time profile of the event, including a second reflection
peak 23 ms after the onset of the event, were well fit. Although the TEBs only strike the spacecraft about 0.01 times as often
as TGFs, because the TEBs are often longer and brighter than normal TGFs, the BATSE triggering algorithm preferentially
triggered on TEBs and so the set of events was heavily biased in favor of TEBs.

This scenario was confirmed by Briggs et al. [335], who reported several TEBs using the GBM instrument onboard the
Fermi spacecraft. One such event was a measurement made when the spacecraft was over the Sahara Desert, similar to the
TEB events recorded by BATSE and RHESSI. The Fermi TEB is shown in Fig. 5.19, which shows the magnetic field geometry
line, which connected the spacecraft to a thunderstorm in south central Africa. In the figure, the count rate of the event, along
with a model fit, are also shown. The second peak due to the reflection of the particles in the stronger magnetic field below
the spacecraft can easily be seen and is well fit by the model. In addition, this and several other events showed remarkably
large positron annihilation lines, indicating that a substantial fraction of the electrons in the beam were actually positrons.
This is expected since pair production by TGF gamma-rays in the atmosphere plays a major role in the creation of the TEBs.

An additional study of the properties of TEBs appears in Refs. [336,337]. Finally, Cohen et al. [338] identified the radio
signature from near the magnetic foot-point that was associated with a Fermi TEB. The charge moment change of this
detected discharge was too small to produce high altitude runaway electron avalanches, providing further support for the
model by Ref. [334].
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Fig. 5.20. Artist’s conception of a TGF (pink) and TEB (electrons are yellow and positrons are green).
Source: Image courtesy NASA.

5.3.7. Neutrons

Neutrons enhancements in association with thunderstorms and lightning have been measured by many research
groups [284,339-346]. The most likely mechanism for producing neutrons is photo-production of neutrons when gamma-
rays (e.g., from gamma-ray glows or TGFs) collide with air nuclei [342,347-352]. On the other hand, nuclear reactions have
been shown to have negligibly small neutron yields, even for unrealistically high fields of 3 MV/m in lightning [347]. Because
neutrons are likely to be a byproduct of gamma-rays from RREAs, they may provide additional information about how
energetic particles are accelerated by thunderclouds. At this time, however, despite some previous inferences that neutrons
might be associated with lightning, based upon the measured lightning X-ray spectra, it seem unlikely that lightning is a
significant source of neutrons. We refer the reader to the review by Ref. [246] for more information.

5.4. Theory and modeling

5.4.1. RREA propagation
Let us now consider the relativistic runaway electron propagation. The number of runaway electrons in a RREA, N,
passing through position z changes according to

dNre Nre
=, 5.1
dz A 51
where the e-folding length, A, describes the avalanche length when A > 0 and the attenuation length when A < 0. Eq. (5.1)
is analogous to Eq. (2.6) for low-energy electrons. The avalanche and attenuation length are both approximately described
by the empirical expression

L 7.3 x 10°V
" (E—2.76 x 10° V/m x ngy)’

determined from fits to Monte Carlo simulation results [77,248,332]. Eq. (5.2) is valid as long as E is not too close to the
threshold field, E;, = 2.84 x 10° V/m X ng;. This simple empirical description of the avalanche length agrees well with
other work [78,178,245,249,251,353,354]; see [246] for a detailed comparison.

(5.2)

If we consider an electric field pointed vertically downward, E = —E(z) z, then for one energetic seed electron injected at
position z = 0, Eq. (5.1) may be integrated to give the number of runaway electrons at position z along the avalanche [242]
Ne(z) =e / " (5.3)
=ex —, .
re p o )\,(Z)

where A(z) is found from Eq. (5.2) using the specified E(z). For a uniform electric field (and constant air density), Eq. (5.3)
gives

Nye(2) = exp (%) , (5.4)

a simple exponential growth, similar to Eq. (2.7) for low-energy electrons.

Realistically, an electric field cannot remain constant forever, and there must be positions below and above the avalanche
region where the electric field is smaller than the runaway electron avalanche threshold, E. In particular, beyond the end
of the avalanche region, the number of runaway electron will steadily decrease according to Eqs. (5.2)-(5.4) with A(z) < O.
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It is important to understand the behavior of the runaway electron avalanche near the end of the avalanche region
because this is the location where most of the runaway electrons are produced and where most of the accompanying
emissions (e.g., X-ray and radio) will be generated. To illustrate the behavior of the avalanche in this region consider an
electric field strength that linearly decreases with height near the end of the avalanche region, thatis E = E;; — I'(z — L),
where I' = |Z—f| is evaluated at z = L, the end of the avalanche region [355]. Substituting this electric field into Eq. (5.2)
and then doing the integration in Eq. (5.3) gives

<—(z - L)2>
Nie(z) = Npaxexp | ——— | » (5.5)

22

5 1/2 2
where k = (%) and Ny = exp ( ) is the maximum number of runaway electrons, at z = L. In other words,

the number of runaway electrons near the end of the avalanche region, where the avalanche is largest, is approximately a
Gaussian function of position.

The discussion above considers the total number of runaway electrons passing through a horizontal plane at position z,
independent of the time. If instead we are interested in both where the runaway electrons are and when they are there,
then we may use the diffusion-convection-type transport equation, similar to Eq. (2.1), to describe the density of runaway
electrons (electrons per unit volume) as a function of position and time [120,356]:

oy (E) . %nm) e (5.6)
8t Tre
where v is the average velocity of the runaway electrons. In Eq. (5.6), Sr. is the source function describing the injection rate
of seed energetic electrons, i.e., the number of seed particles per second per cubic meter. The second term on the left side
describes the flow of the particles due to their motion in the electric field. The average speed of the avalanche was found
in Ref. [248]. The speed changes slightly with electric field strength but is always fairly close to the value 0.89c, which is
in good agreement with the speed found in Ref. [357]. As a result, v = —0. 89cE/E where E is the electric field vector. The
third term on the left side describes diffusion of the runaway electrons, and the last term on the left describes avalanche
multiplication, with t,, being the avalanche e-folding time. The avalanche e-folding time is 7., & A/v. We note that Eq. (5.1)
is obtained from Eq. (5.6) in the same manner as Eq. (2.6) was obtained from Eq. (2.1) with the use of the convective flux.

The spatial diffusion of the runaway electrons, which occurs in both the longitudinal (along the avalanche) and lateral
directions is caused predominately by elastic scattering of the runaway electrons with atomic nuclei. The runaway electron
diffusion coefficients have been calculated by Monte Carlo simulations in Refs. [35,357]. In particular, it has been shown that
lateral diffusion causes considerable spreading of the avalanche, as can be seen in Fig. 5.3. Such spreading of the avalanche is
problematic for the hypothesis that RREAs somehow result in the initiation of lightning via the creation of a hot channel by
the runaway electrons [239,243,356,358,359]. In other words, it is difficult to understand how a large scale, diffuse runaway
discharge could result in a hot (>5000 K) channel, roughly a centimeter in diameter [243], as occurs with lightning.

As an illustration of the solution of Eq. (5.6), consider the injection of one seed particle at position and time, x,, Yo, Zo,
and t,, i.e., a Dirac delta-function source in Eq. (5.6). Furthermore, let us consider a uniform field as was used for Eq. (5.4).
The density of runaway electron in the avalanche is then

1 p((t—to)_ (* — %)’
(Ar (t — l’o))3/2D;/2D},/2D;/2 Tre 4Dy (t — to)

2 2
L0yt —t) — (- 2)) )m .
4D, (t — o) 4D, (t — t,)

Nre(X, ¥, Z, t5 Xo, Yo, Zo, o) =

(5.7)

where the step function, S, insures that only times, t > t,, after the injection of the seed particles, are considered [35,360].
The step function is defined to be 0 for t < t, and 1 otherwise. R

Eq. (5.7) is the number density of runaway electrons. The convective flux, F., (number per second per m?) of runaway
electrons at any position is found by multiplying the density by the velocity of the runaway electron avalanche, v. The
electrical current density (Amps/m?) produced by the runaway electron avalanche is found by multiplying this flux by the
charge of each electron, —e. As a result,

Je(,y,2, 1) = —eFre(x,y, 2, t) = — D (%, y, 2, 1). (5.8)

Note that Eq. (5.8) is the electric current density from just the energetic runaway electrons and does not include electric
currents produced by the low-energy electrons and ions that are created from ionization. Such currents will be discussed
below.

The longitudinal diffusion coefficient D, is generally small and so the spreading of the avalanche in the z-direction due
to diffusion can often be ignored. Furthermore, we are often not interested in the lateral profile of the avalanche (e.g., a
spreading of a few hundred meters will not affect gamma-ray observations seen 500 km away in space). As a result, for
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some applications we may ignore the diffusion and set Dy = D, = D, = 0. In this approximation, and for simplicity setting
Xo = Yo =20 =t, =0, fort > 0, Egs. (5.7) and (5.8) become

Fo=7 exp (%) S(vt —2)8()8(y)3. (5.9)

If instead of a uniform electric field, we consider the linearly decreasing field above, the flux and electric current of the
runaway electrons per seed runaway electron is given by [355,360]

2

. . z .
Fe(x,y,z,t) = vN, — | S(vt —2)6(x)6
e(X, ¥, 2, t) = UNpmay €XP <2K2> Wt =2)8x)sy)z (5.10)

_Ire = _eFre-
For convenience, here, we have chosen our coordinate system such that the end of the avalanche occursatx =y =z =0

and at t = 0. In summary, Eq. (5.10) is the approximate runaway electron flux and current for an avalanche resulting from
the injection of one seed electron at the start of the avalanche region.

5.4.2. Detailed runaway electron physics

Above a few hundred eV, the energy losses per unit length plotted in Fig. 5.1 can be described by the well-known Bethe
equation [237]

de  2mNuZrZmc?

f(E)E—a— B2

m2ct(y? — Dy — 1) 2 1 1 (y—-1?
X |:ln< 2 )_<]+y_)/2)ln2+y2+8‘)/2_Sden(y)]’ (511)

where here N, is the number density of the gas atoms (N, = 5.39 x 10% m™3 for air at sea level) and Z is the average atomic
number of the gas atoms (Z = 7.26 for air); r, = 2.818 x 10~ m is the classical electron radius; mc > = 511 keV is the
rest energy of an electron; 8 = v/c, which is a function of the kinetic energy of the electron, ¢,and y = 1/,/1 — B2 is the
Lorentz factor of the energetic electron; I is the effective ionization potential (e.g. I = 85.7 eV for air) and 84, is a small
correction due to the density effect. Eq. (5.11) is accurate above a few hundred eV and agrees with the curve in Fig. 5.1 for
these energies.

As the energetic electrons move through air, some of the secondary electrons are produced with substantial energies.
The production of secondary electrons is described by Mgller scattering (electron-electron elastic scattering), given by the
cross-section [240]

5.12
e2(me2(y' — 1) — )2 e(mc2(y’ — 1) —e)y’*  m2ciy’? 12)

dowoer 27 r2mc? (y' = 1)°m?c* Qy*+2y =1 1

de B
where ¢ is the kinetic energy of the scattered atomic electron and 8’ and y’ are the speed divided by c and Lorentz factor of
the incident electron.

For energetic runaway electrons, the most important mechanism for generating energetic radiation is bremsstrahlung
interactions with air atoms. Bremsstrahlung X-rays are mostly produced in the same direction as the incident energetic
electron, with an angular width of about 1/y, the Lorentz factor of the incident electron [250]. For a mono-energetic beam
of electrons, the energy spectrum of the bremsstrahlung X-rays is approximately 1/¢,, up to the energy of the incident
electrons, where gp; is the photon energy. By increasing the energy and path length of the energetic electrons, the runaway
electron mechanism also increases the amount of X-ray emission. Indeed, because runaway electrons may reach many tens
of MeV in energy, there will be significant X-ray emission in the MeV range. We shall refer to such high-energy photons
as gamma-rays, even though they are technically X-rays, since they are produced by energetic electrons and not nuclear
processes. Once emitted, X-rays and gamma-rays will usually travel much farther than the energetic electrons that produced
them. As a result, if runaway electrons are produced inside a thundercloud, for instance, it might be possible to measure
enhancements in the X-rays and gamma-rays outside the storm. Indeed, such enhancements have been measured (see
Section 5.3.3).

When photons are emitted via bremsstrahlung, the photon propagation involves four principle interactions:
photoelectric absorption, Compton Scattering, pair-production and Rayleigh scattering [240].

For positrons, which are mostly created via pair production, the ionization energy loss equation (Eq. (5.11)) is modified
slightly and the Mgller scatter cross-section is replaced with the Bhabha scattering cross-section [240]. The energetic
positron may run away exactly as the electrons do, but they will move in the opposite direction as the runaway electrons
due to their opposite charge. Thus, an avalanche of runaway electrons moving, say, in the upward direction will occasionally
result in runaway positrons moving in the downward direction. In practice, the propagation of the runaway positrons
looks very similar to that of electrons, with the exception that avalanches of runaway positions are not produced like the
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avalanches of electrons, and positron will eventually annihilate with atomic electrons. The runaway positrons are very
energetic, reaching many tens of MeV and so the annihilation cross-section for the positrons is small [240], allowing the
positrons to travel on the order of a kilometer at sea-level before annihilating [332]. This large propagation distance will
often allow runaway positrons to reach the start of the avalanche region. When the positrons eventually do annihilate, two
annihilation 511 keV gamma-rays are most often created. The positions also generate energetic secondary electrons (via
Bhabha scattering) that spawn new runaway electron avalanches; this is the positron feedback process (see Section 5.2.4).

Elastic scattering of the runaway electrons (and runaway positrons) with atoms with atomic number Z may be calculated
using the shielded-Coulomb potential

V() =

exp(—r/a), (5.13)
A1 g,
where in this equation r is the spherical radius. This potential is an approximate expression for the potential derived from
the Thomas-Fermi model of the atom when a = 183.8 xZ~'/3 [361], where - is the Compton wavelength. As already
discussed, elastic scattering of the runaway electrons with the individual atomic electrons (Mgller scattering) has already
been considered above.
As derived in Ref. [242], the elastic scattering differential cross-section per solid angle is given by

do 1 (Zre )2' (1 — B2sin®(6/2))
P/ (simern + L)z’

(5.14)

Qe 4
4p2l12

where all the symbols have their usual meaning. Accurately modeling this elastic scattering is very important, because it
results in the electrons being scattered off the electric field lines, affecting the rate of energy gain, and it causes spatial
diffusion of the runaway electrons as the avalanche propagates. The latter reduces the maximum conductivity produced by
a runaway electron avalanche, affecting models of lightning initiation [35].

5.4.3. Runaway electron energy spectrum

Animportant characteristic of runaway electron avalanches is their steady-state energy spectrum. After runaway electron
avalanches move more than a few avalanche lengths, the energy spectrum approaches a steady state configuration. Although
the number of runaway electrons grows exponentially, as the avalanche continues, the overall shape of the energy spectrum
does not change. The reason is that as individual electrons gain energy, they always create new lower-energy electrons via
Moller scattering, resulting in an exponential energy spectrum.

The steady state runaway electron energy distribution (spectrum) in an avalanche that grows exponentially with time
may be described by the approximate equation [239]

fre

o0
domoller f

d
o b+ Nz [ e, (5.15)
Tre de . de
where b(¢) = de/dt is the average rate of change of the energy of the electrons; f (e, t) = ‘;—’;’ is the number of electrons

per unit energy [362]; and t,. is the runaway electron avalanche time. The first term on the right side describes the rate of
change in the number of electrons due to energy loss or gain. The second term on the right describes the creation of new
electrons due to Mgller scattering.

In Eq. (5.15), for ¢ > &g, the electrons run away in a direction opposite the applied electric field vector, resulting in
a field-aligned beam. Therefore, b(¢) ~ v(eE — f;), where f; is the average energy loss per unit length along the field
line, which is approximately constant for relativistic particles. For relativistic electrons, Monte Carlo simulations find that
fa & 2.76 x 10° eV/m x ngi, and v = 0.89c. If we consider energies that are high enough above &, so that most of the new
electrons are injected below that energy, then Eq. (5.15) becomes

Jre dfre
— = —(eE — Fy)—, 5.16
. ( ) e (5.16)
where A = vT,,. The solution to this equation is
fe=1 — (5.17)
=foexp| —— ). .
re o €Xp (eE — Fd))\.
The avalanche length in Eq. (5.2) may be equivalently written
7.3 x 10°eV
A= = . (5.18)
(eE — 2.76 x 10° eV/m X ng;)
Substituting Eq. (5.18) into Eq. (5.17), we find the energy spectrum of runaway electrons to be
—&
=f,exp| ——— |, 5.19
fre =foexp (7. 3 MeV) (5.19)

independent of the electric field or the density of air.
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Fig. 5.21. Number of electrons per unit energy calculated by the full Monte Carlo simulations (diamonds), along with the simple model prediction of
Eq. (5.15) (solid line). For the runaway electrons above a few hundred keV, the spectrum is exponential as given by Eq. (5.19).
Source: Figure from Ref. [239].

Fig. 5.21 shows the differential energy spectrum (f = dN/de) for all electrons at time t = 57, i.e., 5 avalanche e-folding
times, along with the solutions to the simple calculation presented above for the runaway electrons. The energy spectrum of
runaway electrons has been independently calculated by several groups [178,354] and found to be in good agreement [246].
A similar calculation may be done for the intermediate energy electrons (see [239,354]), the results of which are shown as the
solid curve in the figure. The intermediate energy electrons, are the secondary electrons created by the runaway electrons
that are below ;. These electrons will eventually lose all of their energy and attach to air atoms. The spectrum in Fig. 5.21
is for the electric field E = 430 kV/m X ng, which corresponds to and 7, = 1.8 x 1077 s/n;. The avalanche length
A = 48 m/ny; for this field.

In contrast, the energy spectrum from the runaway electrons for the thermal runaway electron mechanism (such as from
lightning leaders) does not possess any specific shape and may extend to much smaller energies (e.g., a few 100 keV) than
the RREAs, depending upon the nature of the electric field. As a result, the observation of an X-ray (gamma-ray) spectrum
that only extends into the 100 keV range, which is typical for lightning and laboratory sparks (see Sections 5.3.1 and 5.3.2),
is a strong indication that thermal runaway plus Wilson runaway and not RREA is most important in the production of the
runaway electrons.

Finally, a useful approximation for the bremsstrahlung X-ray spectrum produced by RREA is

Jon i exp (81711) , (5.20)
Eph .
where &y, is the photon energy in MeV [246].

As can be seen in Fig. 5.1, given a high enough electric field strength with a large enough potential difference, runaway
electron could reach extremely large energies, i.e., >1 GeV. In our atmosphere, the largest (large scale) electric fields occur
inside thunderclouds. In situ electric fields measurements inside thunderclouds sometimes record fields well above E, (see
Section 3.3), so the production of runaway electrons by thundercloud fields is certain. The potential differences achieved by
thunderclouds is not well measured, but estimates range from about 100 MV to about 1 GV [363], so very high maximum
electron energies might possibly occur.

5.4.4. Relativistic feedback calculations

Because the discharge currents generated by relativistic feedback grow exponentially on very short time scales, the
electric field will be discharged very quickly, regardless of the charging currents. As a result, relativistic feedback describes
a new internal state of the system, a self-sustained discharge that does not rely upon externally supplied particles. Once
relativistic feedback starts and becomes self-sustaining, the electric field will almost always discharge, and so this process
may be considered a novel form of electrical breakdown [242]. Indeed, large electric fields can be highly unstable due
to relativistic feedback [77]. Relativistic feedback is important both because it may naturally explain very large fluxes of
energetic electrons and gamma-rays, and because it also severely limits the electric field regimes in which alternative
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Fig. 5.22. The maximum static electric field strength achievable in air versus the length of the electric field region for the cases where the lateral radius of
the high field regionis R = L/2,R = 2Land R >> L.These lines satisfy the condition that the feedback factor y = 1. The dotted line shows the conventional
breakdown threshold and the dashed line shows the runaway avalanche threshold. For electric field configurations on the upper right side of the figure,
the field is highly unstable and will quickly discharge until it drops below the feedback threshold, moving to the lower left side of the figure.

Source: Figure reprinted with permission from Ref. [242].
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mechanisms (i.e., runaway breakdown) may operate [247]. Fig. 5.22 illustrates the limit placed on the electric field in air
by relativistic feedback for three different electric field configurations. On the right side of the curves, the field is highly
unstable and will discharge rapidly.

The flux of runaway electrons from relativistic feedback was calculated and compared with results of the standard
RREA model in Refs. [77,242,247,332] (also see Ref. [364]). Let F, be the flux of external energetic seed particles that run
away, e.g., the flux due to atmospheric cosmic-ray particles and radioactive decays. Depending upon the altitude and the
geographic location, F, is in the range 100-10,000 m~2 s~! [365]. If no feedback were occurring, then according to the RREA
model, the flux of runaway electrons at the end of the avalanche region would be, according to Eq. (5.1),
L dz

=
In Eq. (5.21), £ is the number of e-folding lengths and is equal to L/A for a uniform field.

When relativistic feedback (RF) is considered, the number of individual RREAs also changes with time. An important
parameter for describing feedback is the feedback factor, y, which is the ratio of the number of runaway electrons to that in
the previous feedback cycle. The feedback time, 7z, is the average time for the runaway electrons and backward propagating
positrons (or X-rays) to complete one round trip within the avalanche region. The feedback factor, y, is analogous to the
second Townsend coefficient (times the total number of electrons in the avalanche), which describes a feedback process for
low-energy electron avalanches.

Following the calculation in Ref. [242], for simplicity we shall assume that for time t > 0 feedback is insignificant. For
t > 0, the runaway electron flux at time t is the sum of all the feedback generations up until that time:

Frrea = Foexp(§), where § = / (5.21)
0

t/Tpm

Frr = ZFn(f), (5.22)
n=0

where F,(t) stands for the flux of the (n+1)th runaway electron feedback generation and is given by the recursion relation

t
Fasr(t) = f D(t — )R (t))dt, (5.23)
0

where D(t — t’) is the normalized transfer function that takes a particle at some location at time t” and gives the distribution
of the next generation of particles at that same location, i.e., one feedback cycle later.

For the sake of illustration, if we ignore the time dispersion and use the approximation D(t —t’) = §(t — tp —t’), where
§ is the Dirac delta function, then

Fy = y""S, exp(§) S(t — ntp), (5.24)
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where S is the step function. Inserting this expression into that for Fyr gives

t/tm

Fre = Soexp(§) Y v". (5.25)
n=0

For the case t >>1p, Eq. (5.25), the flux of runaway electrons due to relativistic feedback, becomes

S,exp&)exp(t/t)/(y = 1), y>1
Fre = {So(t/7) exp(§), y=1 (5.26)
Soexp(§)/(1—y), y <1
where
' = 15/In(y) (5.27)

is the e-folding time to increase the flux of runaway electrons due to feedback (assuming y > 1).
As can be seen in Eq. (5.26), if y <1, then the feedback process enhances the flux of runaway electrons in Eq. (5.21) by a
simple multiplicative factor:

Fop = F, exp(§)

, fory <1, (5.28)
T-y

valid for times t >>1p,. In Eq.(5.28), F,/(1—y) is the flux of seed runaway electrons from both external sources, e.g., cosmic-
rays, and from relativistic feedback. Note that Eq. (5.21) is recovered in the limit ¥ — 0, i.e., Fgr — Fggga in this limit. On
the other hand, if the avalanche multiplication is increased, for example from thundercloud charging, causing the feedback
factor to increase and approach y = 1, then the flux of seed runaway electrons in Eq. (5.28) will become very large (also
see Eq. (5.26)), and relativistic feedback will dominate over external seed particles. However, even in this case, the flux
of runaway electrons is tied to the external seed particles and would eventually stop if the external supply of seeds were
removed. Because the behavior of the Egs. (5.28) and (5.21) is dependent upon conditions external to the system, RREAs,
even with the enhancement due to feedback, cannot be considered an electrical breakdown, which is an internal state of
the system.

Nevertheless, even when y < 1, large fluxes of runaway electrons may still be generated via relativistic feedback,
according to Eq. (5.28). Indeed, as thunderclouds charge, these runaway electrons may produce a significant discharge
current which may under some circumstances balance the charging currents, temporarily establishing an approximate
steady-state electric field configuration. This scenario may explain the long lasting gamma-ray glows discussed in
Section 5.3.3.

At first glance, it may seem impossible for y to exceed 1, since the discharge currents would become very large as y
increases towards 1. However, Eqgs. (5.26) and (5.28) are only valid after sufficient time has passed for the feedback process
toreach the steady-state. For a sufficiently rapid growth of the electric field, it is possible to drive y above 1 before the system
can respond with a large discharge current. This may be accomplished through the large scale charging of the thundercloud
or by charge motion during lightning. In addition, the currents resulting from the runaway electrons may drive the value of
y above 1 for some parts of the avalanche region while discharging other parts [356]. These processes are studied in detail
with the model discussed in Section 5.4.9.

When y > 1, then each feedback cycle increases the number of runaway electrons by a factor of y. In a very short time,
the flux of seed runaway electrons comes almost entirely from the feedback process, and the external source of seed particles
becomes unimportant. Once relativistic feedback dominates the production of seed particles, the runaway electron flux at
time t is given by

Frr = S, exp(§) exp(t/t))/(y — 1), fory > 1. (5.29)

That is, the system is in a phase of exponential growth of runaway electron avalanches. This growth will continue until the
electric field is reduced.

5.4.5. Comparison of runaway electron mechanisms

Table 5.1 summarizes the salient features of the four main runaway electron production mechanisms, along with
potential applications. Wilson’s runaway electron mechanism can be viewed as the low electric potential limit of the RREA
mechanism. For the RREA mechanism, in order to increase the number of runaway electrons by 1 e-folding, there must be a
minimum potential difference of 7.3 MV in the strong electric field region, with E > E, [247]. As aresult, a strong field region
with a potential difference much less than 7.3 MV will produce runaway electrons but hardly any avalanche multiplication.
Because the Wilson runaway electron mechanism does not involve avalanche multiplication, in order to produce significant
fluxes of energetic radiation above the ambient background, there must be a large population of energetic seed particles,
produced by some other means. Such a population may be provided by the thermal runaway mechanism, which accelerates
electrons out of the low-energy thermal population. A distinguishing feature of the thermal runaway plus Wilson runaway
mechanism is the runaway electrons will have a softer energy spectrum than for the RREA mechanism (Eq. (5.18)). We would
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Table 5.1
Runaway electron mechanisms.
Mechanism Key reference New feature Runaway electrons Applications
Wilson runaway electrons Wilson [215] Energy gained froman 1 per seed particle Lightning and laboratory
electric field can sparks when combined with
exceed energy losses thermal runaway
in air
RREA Gurevich et al. [177] Mgller scatter up to ~10° per seed Gamma-ray glows, TGFs
produces avalanche particle when combined with
multiplication thermal runaway
Relativistic feedback Dwyer [77] Positron and X-ray up to ~10'® per seed TGFs, gamma-ray glows,
feedback produce an particle thundercloud discharging

exponentially growing
number of avalanches

Thermal runaway Gurevich [175] Electrons are up to ~10'" per pulse Lightning and laboratory
accelerated directly sparks when combined with
from the free thermal Wilson run away, TGFs when
electron population combined with RREA

expect the thermal runaway plus Wilson runaway mechanism to occur when there are large electric fields generated but
not very large potential differences (<7.3 MV). Indeed, based upon X-ray observations, this combination of mechanisms
appears to be operating for lightning and laboratory sparks (see Sections 5.3.1 and 5.3.2).

Similar to Wilson runaway electrons, the RREA mechanism may be viewed as the low electric potential limit of the
relativistic feedback mechanism. For large enough potential differences in the strong electric field region, with E > E;, the
value of the feedback factor y will be close to or above 1, resulting is very large numbers of runaway electron avalanches
and this very large fluxes of runaway electrons. For a given average electric field strength, as the potential is decreased
(and hence the amount of avalanche multiplication is decreased), the feedback factor goes to zero, and the relativistic
feedback mechanism becomes the same as the RREA mechanism. Conversely, the electric field cannot be increased without
bound, since eventually the feedback threshold will be crossed causing the electric field to quickly collapse. For this reason,
the amount of avalanche multiplication for the RREA mechanism is limited in most cases to the modest value of about
10° [242,247]. For RREAs seeded by atmospheric cosmic rays or radioactive decays, this usually produces only relatively
small flux enhancements. Such enhancements might explain gamma-ray glows seen from thunderclouds (Section 5.3.3) but
not TGFs (Section 5.3.4) [247]. On the other hand, like the thermal runaway plus Wilson runaway mechanism for lightning,
thermal runaway electrons seeding RREAs could potentially account for the large fluxes seen for TGFs. Another possible
application for which RREAs that may be important is the modification of high-energy extensive air showers by thundercloud
electric fields. The RREA multiplication could greatly increase the size of the electromagnetic component of the shower,
affecting properties of the shower. The resulting electric currents could also produce measurable radio frequency pulses
(Section 5.4.7).

Finally, the relativistic feedback mechanism may produce up to 10'3 times more runaway electrons than the RREA
mechanism alone, dramatically altering the behavior. Because the number of runaway electrons, and hence the number of
gamma-rays, produced by relativistic feedback is only limited by the time it takes for the electric field to collapse, the study
of relativistic feedback must be coupled to the discharge of the thundercloud that results. Consequently, a more descriptive
name, in some cases, is the relativistic feedback discharge mechanism.

There are limits to the applicability of relativistic feedback. In particular, relativistic feedback requires large potential
differences to operate. For example, potentials ranging from a few tens of MV, at very high field strengths, to a few hundreds
of MV, at more moderate fields strengths, are required. There are some electric field geometries that are more favorable for
relativistic feedback, especially electric fields configurations in which opposite avalanche regions can provide feedback X-
rays and positrons to each other, either in a thundercloud field or around a lightning channel. Such configurations have been
named cross-fire feedback [242]. Given the large potentials needed for feedback and based upon the X-ray energy spectra
of lightning [172] it is very unlikely that relativistic feedback is involved in the production of X-rays from lightning and in
particular is unlikely to be involved in the lightning stepping process as proposed by Babich et al. [251].

On the other hand, detailed simulations have shown that relativistic feedback discharges can naturally explain many of
the observed properties of TGFs (Section 5.4.9). They also may generate large electric currents inside thunderstorms that rival
those produced by lightning, producing some of the largest radio pulses from thunderclouds (Section 5.3.5). Such currents
will partially discharge regions of the thundercloud more quickly than lightning. It is interesting that thunderclouds may
have two distinct paths for rapid discharge: normal lightning and relativistic feedback discharges. The relativistic feedback
discharge has also been called “dark lightning”, since it has been shown to produce little visible emission while producing
large lightning-like electric currents [366]; also see [367].

We end this section with the comparison of the high-energy processes discussed in this section with the low-energy
processes that occur in a conventional discharge, as discussed in Section 2. This comparison is summarized in Table 5.2.

At low-energies the basic unit of the discharge is the drifting low-energy (few eV) electron. At high-energies (keV to tens
of MeV) the basic unit is the Wilson runaway electron. At both low and high energies, avalanches of electrons and runaway
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Table 5.2
High-energy mechanisms and the analogous conventional low-energy dis-
charge mechanisms.

High-energy mechanism Conventional low-energy mechanism
Wilson runaway electrons Drifting low-energy electrons
RREAs Low-energy electron avalanches

Relativistic feedback discharge =~ Townsend discharge
Relativistic feedback streamer Positive streamer

electrons may form, both require the injection of a seed electron usually supplied by an external source. At high energies
these avalanches are called RREAs.

At low-energies, a self-sustained discharge, called a Townsend discharge, is produced by a positive feedback process
involving backward propagating ions and UV photons. At high energies, a self-sustained discharge, called a relativistic
feedback discharge, is produced by a positive feedback process involving backward propagating positrons and X-ray photons.
For both the Townsend and relativistic feedback discharges, large numbers of electrons and runaway electrons are produced,
respectively, often leading to the collapse of the electric field.

Positive streamers also have a high energy analog, called relativistic feedback streamers. A plot of one may be seen in
Fig. 5.25, which is quite similar in structure to the positive streamer shown in Fig. 2.1. Finally, if we look for a low-energy
analogy to thermal runaway electron production, it might be field emission of free electrons from sharp points, although
unlike the cases above, in this case, the comparison is not exact. Another way of looking at this issue is that thermal runaway
election production occurs in the regime where the high and low energy discharge processes merge.

Altogether, it is interesting that the high and low energy regimes for atmospheric discharges are so similar even though
they are separated in both energy and length scales by factors of about 1 million.

5.4.6. Electric currents

As the runaway electrons propagate, they ionize the air, generating secondary electrons below the runaway threshold
energy (see Fig. 5.2). These secondary electrons will very rapidly lose energy, further ionizing the air. The result is that each
relativistic runaway electron in a RREA produces a total ionization of about o & 8000 m~" x ng, which is the number of
low-energy (few eV) electron-ion pairs per unit length traveled by the runaway electron [239]. As discussed in Section 5.4.6,
the low-energy electrons and ions will drift in the electric field, creating additional electric currents.

Even though the low-energy electrons quickly attach to oxygen on a timescale, t,, due to 2 and 3-body attachment
processes, creating negative ions - at thundercloud altitudes, t, is on the order of 1 pus - the low-energy electrons
greatly outnumber the runaway electrons that produced them, causing a substantial contribution to the charge density,
conductivity, and current. Because the ions may drift for a long time (much greater than 1 j.s), they often make important
contributions to the transport of charge [247].

Let us consider the production of low-energy electron by the ionization created by runaway electrons, for electric fields
low enough that low-energy electron ionization is negligible, i.e., the first Townsend coefficient, o, is small. Ignoring the
spatial variations in the low-energy electron density, we may modify Eq. (2.1) to give the number density of secondary
low-energy electrons generated by the flux of runaway electrons

dne _ fle 5.30

dt = Irelre T . ( . )
The first term on the right describes the production of low-energy electrons by runaway electrons with convective flux F,
and the second term the loss due to attachment. Eq. (5.30) has the general solution

o0

ne(x,y,z,t) = are/ Fre(x,y, 2, t") exp(—(t — t")/7)S(t — t)dt’. (5.31)

—00

The electric current from the low-energy electrons is then
Jex,y,z,t) = —eueE ne. (5.32)

A similar expression for the number density of the ions and the ion current,j,-ons, can be found in Refs. [247,355].
We may insert Egs. (5.9) or (5.10) into Egs. (5.31) and (5.32) to find the low-energy electron density and current. For
instance Eq. (5.10) gives

)
je(x».% z,t) = _31\]1'mzxolrelleE exXp (ﬁ) exp(—(vt — 2)/vTg)S(vt — 2)8(x)3(y). (5.33)

The low-energy electrons, thus, produce a current pulse that propagates with and trails behind the runaway electrons with
a tail of length ~vt,. The total electric current from all sources is

T, 9,2, 8) = Jro(6, ¥, 2, 0) + Jo(X, ¥, Z, ) + Jions (%, ¥, 2, £). (5.34)
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Inspecting Egs. (5.10) and (5.33), we see that the electric current from the low-energy electrons is approximately ae it Ety ~
10-100 times larger than the current from the runaway electrons alone. As a result, in practice, the current from the runaway
electrons can usually be ignored. When investigating how the ionization from runaway electrons discharge the electric field,
both the low-energy electron current and the ion current must be considered. This is especially important for relativistic
feedback discharges. Alternatively, if we are instead interested in the radio frequency emissions from the runaway electrons
and their ionization, then the ion contribution can usually be ignored. We shall discuss these radio frequency emissions more
in the next section.

5.4.7. Radio frequency emissions

Once the electric current is known, the magnetic field at position R, and time ¢ is conveniently given by the equation
[368,369]

- 1 R J(,y., 2, t') x R 8t —t +R/c)S(t — '
P By P (S E ST LR L
o]
10 [ o [, 0X. Y. 2, t)xRSE —t+R/C)S(E—1)
ame,c? ot ‘“‘/‘“ cR ’ (5:35)
[

where R = ﬁo — X. The first term in Eq. (5.35) is the so-called induction term and the second term is the radiation term. A
similar expression can be written for the electric field, which in addition to the radiation and induction terms also includes
a dipole moment change term [368]. With the current found above in Egs. (5.33) and (5.34), Eq. (5.35) could be calculated
exactly using numerical methods. However, if we make the simplifying assumption that vt, < «, i.e., the length of the low-
energy electron tail is much smaller than the spatial scale of the runaway electron avalanche, then the electric current from
both the runaway electrons and the low-energy electrons is obtained by multiplying Eq. (5.10) by the factor (1 4 aeiteEtq).
If we define J to be in the —z direction, the cross product is in the —¢ direction. For Ny energetic seed electrons inject at
once, the total number of runaway electrons is Ny,.x = No exp(€), where £ is the number of avalanche lengths. The total
magnetic field is then

_¢ e(l + areHeEfa)NO eXP(f) v sin6 < 1 (t - RD/C)UZ ) ( _(t - RO/C)2U2

477 £,c2R,(1 — B cos ) R, cx2(1— B cosf)? 2k2(1 — B cosh)?

[See Refs. [230,360] for other variations of this equation.] We note that the horizontal component of the magnetic field

should be multiplied by an additional factor of 2 when measured near the conductive ground, due to the image currents.

For a wave propagating in the i = f?o /R, direction, the radiation electric field can be found from the radiation magnetic
field from

B(R,, t) = ) . (5.36)

>

Erad = —CA X Byaa. (5.37)

Eqgs. (5.36) and (5.37) could be applied to a cosmic ray extensive air shower (EAS) traversing a strong electric field region
inside or above a thundercloud. In this case Ny is the number of particles in the air shower at that altitude.

Since 2002, several authors have calculated the radio-frequency emission from cosmic-ray extensive air showers and
relativistic runaway electron avalanches [370-375]. A detailed investigation of the radio-frequency emission from runaway
electron avalanches seeded by air showers, for a number of geometries, including for inclined air showers, can be found in
Ref. [360]. It was also found that for reasonable thunderstorm conditions and air shower energies, relatively large radio-
frequency pulses would be produced, which could be measured many kilometers from the location of the air shower core
(see Fig. 5.23). These pulses are much larger than the radio emissions from air showers that is usually considered [376-381].
Previously, most models of these emissions involved so-called geo-synchrotron emission of electrons and positrons in the
shower moving in the geomagnetic field [382]. The e-folding fall-off distance from the shower center of geo-synchrotron
emission is expected to be about 100 m [383], which is much smaller than the fall-off seen in Fig. 5.23 when RREA
multiplication is included.

To date there have been only limited reports of such RREA enhanced radio-frequency emission in association with
extensive air showers [384], although several groups are currently searching for such emissions. Some researchers have
interpreted narrow bipolar events (NBEs) in terms of this EAS-RREA mechanism. This topic is discussed in more detail in
Section 6.5.

Instead of radio-frequency emission from an impulsive injection of seed particles, such as occurs from an air shower, we
may consider the radio-frequency emission produced by a longer duration production of runaway electrons such as occurs
during Terrestrial Gamma-ray Flashes (TGFs). TGFs last about 100 s and potentially may be produced by either relativistic
feedback or a by the combination of a large number of thermal runaway electron injections by lightning leaders into a RREA
region [247].

It has been found that many TGFs are measured by spacecraft to have an approximate Gaussian time intensity profile
[316,385]. Some TGFs are found to have a longer fall time than rise time, but some of this effect may be due to Compton
scattering in the atmosphere, which may be exaggerated due to instrumental dead time [314,315]. When investigating the
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Fig. 5.23. Peak vertical RF electric field magnitude versus horizontal distance produced by the EAS/RREA mechanism. The simulation used a 375 kV/m
upward electric field, ~300 m deep (10 avalanche lengths), traversed by a 10'7 e V air shower at 45° with respect to vertical. The air shower core strikes
the ground at 45 km in the figure. The off axis maximum near +5 km is due to the relativistic motion of the air shower.

Source: Figure from Ref. [360].

time-intensity profiles of the runaway electrons that produce the TGFs, it is especially useful to consider just the high-
energy photons (e.g., >1 MeV) which have been less affected by Compton scattering in the atmosphere. To illustrate the
radio-frequency emission from a TGF we shall model the TGF as having a seed electron population that follows a Gaussian
time profile. The flux of runaway electrons is then the convolution of Eq. (5.10) with this Gaussian, since Eq. (5.10) is for 1
seed electron.

In this case, a simplified version of Eq. (5.33) may be used, which depends only upon the electric current moment in the
source region (Amp-meters). The magnitude of the radiation magnetic field in this case is simply [368]

sin®  dlmom
4 e,c3R, Ot

As above, if we define the direction of the current to be in the —z direction, the magnetic field is in the —¢ direction.

For TGF durations that are long compared to the runaway propagation time in the avalanche region, « /v, and the electron
attachment time, t,, it is found that the magnitude of the electric current moment from runaway electrons and the low-
energy electrons is approximately equal to [332,333]

- - — etk eE Ty N —t?
Toom =f] dy = el He® Ta TrcE exp< ~ ) (5.39)
OTGF 2076k

Braa = (5-38)

where or¢r is the 1 sigma duration of the Gaussian shaped TGF and Ny¢r is the total number of runaway electrons created by
the TGF. It was found in Ref. [302] that Ny¢r is about 10'7. If we insert typical numbers for a TGF [332,333,355], it is found that
Imom can reach several tens of kA-km, which is comparable to the vertical current moments from lightning return strokes.
As a result, TGFs can generate some of the largest current pulses inside thunderclouds, some of which might be mistaken
for normal lightning.

Combining Egs. (5.38) and (5.39), we find the magnitude of the radiation magnetic field

—@ sin@ €OlreK,ueE'L’a NTGF ( _tz )
t exp

3 3 2
47 e,C R, Orcr 2076k

The peak magnitude magnetic field in Eq. (5.40) has maxima at t = Zorgr. Thus, the peak magnitude magnetic field in
Eq. (5.40) is seen to be proportional to 1/o7. As a result, shorter TGF have much larger magnetic field amplitudes than
longer ones. Indeed, it has been found that shorter TGF have a much better chance of being detected in radio waves than
longer ones, as was discussed in Section 5.3.5.

ool

(5.40)

rad =

5.4.8. TGF models

By comparing the flux and time structure of TGFs with various TGFs source models, when the limits imposed by relativistic
feedback are included, it was argued in Ref. [247] that models that rely on atmospheric cosmic-ray particles seeding RREAs
alone cannot explain TGFs. This conclusion applies to both the steady state atmospheric cosmic-ray background flux and
the impulsive injection of runaway electron seed particles by cosmic-ray air showers. It was also found in Ref. [247] that
the relativistic feedback mechanism and thermal runaway (e.g., from lightning leaders) augmented by additional RREA
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Fig. 5.24. Typical Gamma-ray flux at 15 km versus time produced by the RFD model.
Source: Figure from Ref. [332].

multiplication were the only two viable models of TGFs. Nevertheless, cosmic-ray models for which charge imbalances
caused by lightning discharges generate large electric fields above the upper negative screening layer, producing large
runaway electron avalanches seeded by atmospheric cosmic rays, have continued to be developed [e.g., [386,387], also see
Ref. [121]].

Refs. [247,259] considered thermal runaway electron production by lightning leaders, similar to the process that
makes the X-ray emissions from lightning recorded on the ground, enhanced by RREA multiplication by the large scale
thundercloud field through which the lightning is propagating. Using runaway electron luminosities from lightning found
by Saleh et al. [258], it was calculated that one such lightning leader propagating through a strong electric field region
just below the relativistic feedback threshold could account for the number of runaway electrons needed to produce a
TGF, i.e., 10" runaway electrons [259]. Because lightning is routinely observed to produce X-ray near the ground, and thus
produce runaway electrons, and because thunderclouds are known to have strong electric fields, sometimes above the RREA
threshold, this model seems quite reasonable, given how ubiquitous lightning leaders are inside thunderclouds. A slight
variation of this idea has been developed by several authors [179,255,321,388-391], in which the region with subsequent
RREA development is provided by the lightning field and not the ambient thundercloud field [392]. Although these lightning
leader models have made some limited progress in explaining TGFs, detailed models have only begun to be developed.

Alternatively, it has been shown that the intensities and durations of TGFs can be naturally explained by the relativistic
feedback mechanism [247]. A detailed and self-consistent model of relativistic feedback discharges inside thunderclouds,
which reproduces most of the observed properties of TGFs, is discussed in more detail in the next section.

5.4.9. Results of the relativistic feedback discharge model

One of the most detailed models of TGF production to date can be found in Refs. [332,393]. For this model, as
thunderclouds charge, the large-scale field approaches the relativistic feedback threshold. Positive intra-cloud (IC) lightning,
which initiates in the high field region within the thundercloud, quickly forces the large-scale electric fields inside the
thundercloud above the relativistic feedback threshold, causing the number of runaway electrons, and the resulting X-ray
and gamma-ray emission, to grow exponentially, producing very large fluxes of energetic radiation. As the flux of runaway
electrons increases, ionization eventually causes the electric field to discharge, bringing the field below the relativistic
feedback threshold again and reducing the flux of runaway electrons. In this model, thermal runaway electron production
from the lightning leaders is not included, and so the runaway electron fluxes arise just from the feedback processes.

In Refs. [332,393], these processes are modeled with a 2-D plus time (cylindrical symmetry) particle transport code
that includes the production, propagation, diffusion and avalanche multiplication of runaway electrons, the production
and propagation of X-rays and gamma-rays, and the production, propagation and annihilation of runaway positrons. In
this model, referred to as the relativistic feedback discharge (RFD) model, the large-scale electric fields are calculated self-
consistently from the charge motion of the drifting low-energy electrons and ions, produced from the ionization of air by
the runaway electrons, including 2 and 3-body attachment and recombination. The runaway electrons and positrons are
propagated according to Eq. (5.6), and parameters such as avalanche lengths and diffusion coefficients are found from Monte
Carlo simulations. Simulation results show that when relativistic feedback is considered, bright gamma-ray flashes are a
natural consequence of upward +IC lightning propagating in large-scale thundercloud fields. Furthermore, these flashes
have the same time structures, including both single and multi-pulses, intensities, angular distributions, current-moments,
and energy spectra as Terrestrial Gamma-ray Flashes (TGFs), and produce large current moments that should be observable
in radio waves.
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Fig. 5.25. Cross-sectional views of the low-energy ion density and electric field of a positive relativistic feedback streamer at thunderstorm altitudes.
The relativistic feedback streamer was initiated from a conductive region (t = 0 s) and propagates downward towards the bottom of the figure. Note the
similarity of the structure of the relativistic feedback streamer with that of the low-energy positive streamer seen in Fig. 2.1, even though the length scales
differ by a factor of 1 million.

Source: Figure from Ref. [393].
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Fig. 5.26. RFD model calculations of the gamma-ray flux (at 15 km) versus time generated by a linearly decreasing sea level equivalent electric field with
height.
Source: Figure from Ref. [332].

Examples of the simulation results are shown in Figs. 5.24-5.26. Fig. 5.24 shows the gamma-ray rate produced by the
model, when IC lightning triggers the TGF. It is found that gamma-ray pulses with the same duration as is typical for TGFs
are commonly produced by the model and the number of runaway electron is often around 10'7, the same number found
from TGF observations.

Fig. 5.25 is an example of the electric field and ion densities produced by the model of Ref. [393]. In this simulation the
runaway electrons are propagating upward and the positrons downward. The dark area at the top of the left panel is the
region discharged by the runaway electron and their ionization. As the number of runaway electrons increases, the region
discharged propagates downward in the figure, similar to a conventional positive streamer, but on a much larger scale. In
fact, the structure seen in Fig. 5.25 has been named a relativistic feedback streamer and has been found to propagate at a
speed of about 10° m/s, discharging the field and generating intense pulses of runaway electrons and gamma-rays.

Interestingly, it was found that a relativistic feedback streamer produces multi-pulsed TGFs as seen in Fig. 5.26. The
pulsing behavior of the relativistic feedback discharges in Fig. 5.26 comes about by the interplay between the low-energy
electron and ion currents (see Section 5.4.6). Specifically, when the flux of runaway electron becomes large due to feedback,
the low-energy electron current discharges the field at the end of the avalanche region, bring the feedback factor, y, below 1
(the self-sustaining threshold). This terminates the runaway electron and hence the gamma-ray pulse. After the pulse, over
some number of milliseconds, the current from the ions in the region beyond the avalanche region (i.e., in the discharge
channel seen at the top of Fig. 5.25) increases the field in the avalanche region so that ¥ > 1 again. The generation of
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Fig. 5.27. Gamma-ray counts rates versus time as measured by CGRO/BATSE for three multi pulsed TGFs (TGFs 1457, 7168, and 8006).
Source: Data courtesy Jerry Fishman. Figure from Ref. [332].

runaway electrons once again becomes self-sustaining and a second gamma-ray pulse is produced. These processes can
repeat itself indefinitely until the strong electric field region is discharged.

Fig. 5.26 from the relativistic feedback discharge model may be compared with 3 TGFs measured by BATSE in Fig. 5.27.
As can be seen, the model self-consistently reproduces many of the features seen in the real TGFs, including the wide first
pulse, and decreasing and narrowing subsequent pulses.

5.4.10. RREAs and cosmic-ray air showers

The idea of cosmic-ray extensive air showers causing lightning is frequently mentioned by the popular press. The idea
being that somehow the conductive channel carved by the air shower assists the thundercloud in initiating lightning. By
comparing the rate that lightning is produced by thunderclouds with the flux of cosmic-ray extensive air showers, it has
been found that air showers with energies above 10'® eV or so occur at a sufficiently high rate to account for lightning [394].
If correct, this idea connects lightning that we see on Earth with events in other parts of our galaxy, such as supernovae.
Although, for some, this idea may be aesthetically appealing, unfortunately, there is currently almost no theoretical work to
suggest that it is true, and almost no observational evidence to support it. A simple calculation shows that the conductivity
of even the largest air shower is insufficient to significantly affect the thundercloud, and so the enhancement of the air
shower via runaway electron avalanche multiplication has been considered. Gurevich et al. [358] introduced a model in
which extensive air showers (EASs) traversing a strong electric field region inside a thunderstorm seed relativistic runaway
electron avalanches (RREAs). In their model, the high conductivity generated by the runaway electron avalanche and the
accompanying ionization locally enhances the field to the point that lightning can initiate. Later, it was shown that when
lateral diffusion of the runaway electrons is properly taken into account [356], the avalanche and hence the discharge region
is too wide and diffuse to substantially increase the conductivity of the air to the point where lightning initiates. Babich
et al. [395] came to the same conclusion when they modeled, in more detail, the field enhancement generated by an air
shower and RREA multiplication. The basic problem is that, even ignoring the lateral extent of the air shower, due to elastic
scattering of runaway electrons with air atoms, the runaway electrons avalanches spread out laterally as the avalanche
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propagate (seen in Fig. 5.3). This results in a very wide diffuse discharge. It is difficult to understand how such a discharge,
hundreds of meters across, could result in a hot lightning leader just a centimeter or so across.

Worsening the discrepancy, extensive air showers also have considerable lateral widths. Although the core of the shower
might be quite narrow, most of the charged particles that seed RREAs are electrons and positions, which form a much wider
distribution around the core. Combining the lateral width of the electromagnetic component of the air shower and the lateral
spreading of the runaway electrons in the avalanche, the resulting field enhancements at the boundaries of the discharge
region are usually only modest, again making it hard to understand how an air shower could lead to lightning initiation,
even with the help of hydrometeors.

Gurevich et al. [396] reported the observation of an intracloud discharge in coincidence with an extensive air shower at
the Tien-Shan Mountain Cosmic Ray Station, but the discharge that they reported was not IC lightning. (Note that although
they did not claim that they were observing IC lightning, they did claim that they were observing “runaway breakdown”,
which implies that an electrical breakdown was occurring.) Instead, they observed a decrease in the gamma-ray background
rate at one detector at the time of the air shower and interpreted this decrease as being due to a discharge within the cloud.
Such a decrease in gamma-ray flux is conceivable since the RREA production from the air shower could result in a localized
reduction of the electric field, thereby reducing the amount of RREA production from the ambient atmospheric cosmic ray
flux in that location. However, this observation is a long way from showing that cosmic-rays air showers are involved in
lightning initiation.

In order to explain how lightning initiation from air showers might occur, one might consider larger electric fields inside
the thunderstorms in order to magnify the amount of RREA multiplication. Similarly, one might consider higher energy
showers, again to increase the number of runaway electrons. However, relativistic feedback places a strong limit on how
much RREA multiplication is possible [247], and the frequency of EASs decreases rapidly with increasing energy [397],
decreasing the fraction of lightning flashes that could potentially be explained by this mechanism.

Some authors have claimed that RREAs produce anomalously large conductivity increases, facilitating lightning
initiation [358]. However, recent work has shown that standard ionization rates still apply to RREAs [239], and so the
resulting conductivity increase from RREAs are too low to result in electrical breakdown, questioning the appropriateness
of the name “runaway breakdown”. Furthermore, it was shown that for the largest air shower ever observed, in the most
optimistic case, the maximum heating of the air caused by the EAS-RREA mechanism is only 0.1 K [243], far short of the
several thousand degrees needed to form a leader channel. Altogether, Ref. [35] concluded that no compelling theoretical
argument exists to suggest that cosmic-ray extensive air showers initiate lightning.

In order to observationally test the cosmic-ray lightning initiation hypothesis, one would need a way to identify the
time and trajectory of extensive air showers, and a way to identify the approximate lightning initiation location and time.
Operating a lightning mapping array (LMA) at a cosmic-ray air shower array such as the Pierre Auger Observatory, or
at the ICLRT, would be one possibility [398]. One would then look for EASs that traverse the region of the thundercloud
where and when lightning initiated. Unfortunately, such a study would be hampered by the lack of theoretical guidance.
Firstly, it is not known what threshold energy of air showers is needed to initiate lightning, since how such initiation would
proceed is not understood. If one considers low enough energy air showers, it will always be possible to find air showers
traversing the region where lightning initiation occurs regardless of whether or not the showers were actually involved
in the initiation process. Another challenge is when searching for coincidences of air showers with lightning, exactly what
part of the lightning flash should be searched? Presumably, the very beginning of the flash or perhaps even before the
flash, but, the exact instance of lightning initiation is still poorly understood, and so it is not known precisely when the
very beginning actually occurs. As a result, a rather long time window is needed to search for coincidences, increasing the
probability of accidental coincidences. Any such study would certainly be of a statistical nature and so it is likely that years
of data collection would be necessary in order to establish a link between air showers and lightning if one indeed exists. We
conclude with the remark that even if air showers do not initiate lightning, this does not mean that air showers seeding RREAs
are uninteresting. For example, the radio pulses generated by air showers seeding RREAs should be quite large and should
be measurable many kilometers away from the shower core. It is not clear if such radio pulses have been detected. Gurevich
et al. [394] reported that the first radio emissions from lightning were short (few hundred ns wide) bipolar pulses that
had widths and amplitudes in agreement with predictions of RREAs acting on air showers. Nag and Rakov [399] examined
2475 electric field records of lightning preliminary breakdown in attempted first cloud-to-ground leaders, i.e., preliminary
breakdown that had the characteristics of negative cloud-to-ground discharges but were not followed by return strokes. In
addition to the “classical” preliminary breakdown pulses (see Sections 3.2.3 and 4.1), they also observed that at the beginning
and end of the pulse trains, much narrower pulses occurred, often having durations in the range of 1-2 ps. Although longer
than the pulses observed by Gurevich et al., these pulse durations are still within the range expected by air showers/RREA
mechanism [360]. It has by no means been established that these short pulses are due to runaway electrons and not, say,
leader steps, but the air showers/RREA mechanism seems viable.

If correct, such radio pulses may be of interest to the cosmic-ray community and may have applications as a remote
observation tool for studying thunderstorm electric fields [360]. For the later, the RF pulse shape observed on the ground
could, in principle, be used to infer the static electric field strength inside the thundercloud, an observation that is obviously
important for understanding lightning initiation.
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Fig. 5.28. Sea-level equivalent electric field strength versus height during a discharge produced by runaway electrons. The curves go from black to red
to orange as time progresses. In the figure, the runaway electrons propagate from left to right, and the discharged region propagates from right to left,
increasing the electric field. The field at the head of the discharge structure may reach values at which conventional breakdown may occur.

Source: Figure from Ref. [356].

5.4.11. Runaway electrons and field enhancements

Building upon earlier work by Gurevich et al. [177], Dwyer [356] developed a diffusion-convection type transport model
of runaway electrons with parameters determined by Monte Carlo simulations. It was found that a charging thundercloud
could produce enough RREA multiplication to discharge a localized volume at the end of the avalanche region. This discharge
of the field produces a large dipole moment change in that region, enhancing the electric field at the boundaries of
the discharge region. The larger electric field produced within the avalanche region increases the amount of avalanche
multiplication, which causes the discharge region to extend. Often, as the discharge progresses, the relativistic feedback
threshold is crossed, causing the whole process to rapidly accelerate. A self-propagating structure is formed that discharges
the field in a wide channel and enhances the field at the head, very similar to a positive streamer, except this structure is
hundreds of meters across and kilometers long (see Fig. 5.25) [332,393]. A sequence of electric field profiles produced by
simulations of this propagating structure is shown in Fig. 5.28. As can be seen, the field can rapidly increase, perhaps to the
point where lightning can initiate with the aid of hydrometeors. Babich et al. [395] preformed similar modeling, but without
including feedback effects, and found very similar field enhancements.

In summary, modeling work has shown that runaway electron production, either via a slow process (many seconds)
without relativistic feedback, or via a faster process (few ms) with relativistic feedback, can create localized regions
(e.g., 10-100 m across) within thunderclouds with very large electric fields. The electric field enhancements seen in Fig. 5.28
are reminiscent of the rapid field enhancements observed by Stolzenburg et al. [91], although no work has been done to
directly compare these models to the observations. When combined with streamer emissions from hydrometeors, this may
result in lightning initiation [107]. However, at this time, it is not clear how important this mechanism is for lightning
initiation. An assumption in using these models to explain lightning initiation is that thunderstorms are incapable of
generating such strong electric fields without the help of runaway electrons. Or, more precisely, they assume that it is
more natural for thunderstorms to generate kilometer scale regions with moderate electric fields (E > E), than to produce
small regions with very strong electric fields. Balloon soundings show that the electric field profiles in regions with strong
updrafts tend to be smoother with lower peak fields, than in regions outside the updraft [61], perhaps hinting at a tendency
to produce kilometer scale regions with moderate electric fields in these updraft regions, but the issue has only begun to be
addressed.

In Refs. [332,393], the relativistic feedback discharge model was refined and the propagation of such structures, referred
to as relativistic feedback streamers, was investigated. It was found that not only do the fields enhance, as discussed above,
the gamma-ray emissions agree well with the multi pulsed structures seen in some CGRO/BATSE TGFs [316]. This suggests
a possible connection with TGFs and lightning initiation. Radio observations of TGFs shows that most TGFs occur after
lightning has been initiated, during the initial stage of +IC lightning when an upward negative leader is traversing the
region between the main negative and main positive charge regions [246,311,330]. These observations show that TGFs are
not responsible for most lightning initiation, although they are produced not long after the initiation occurs, so perhaps TGFs
provide information about the condition inside the thunderstorm that were present when lightning began.
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Fig. 6.1. A CID that occurs at the beginning of a normal IC flash. A close-up of the CID is seen in the inset.
Source: Figure from Ref. [406].

6. Compact cloud discharges (CIDs)

6.1. Introduction

CIDs are interesting because they produce the most power natural radio bursts (in VHF, above ~30 MHz) in the Earth
environment, with peak powers for some events exceeding 1 MW, much more powerful than normal intracloud lightning
or cloud-to-ground lightning return strokes. However, CIDs emit little visible light compared to normal lightning [400].

In 1980, Le Vine [74] discovered intense VHF emissions in a class of narrow bipolar events (NBEs), identifying these as
a new phenomenon. Early on, these events were sometimes called Le Vine pulses. More commonly, they have been called
Narrow bipolar pulses (NBPs) or Narrow bipolar events (NBEs), since they are observed as short bipolar radio pulses, with
full widths of typically 10-30 js. When recorded at VLF/LF frequencies, such RF waveforms are sometimes called sferics.
Based upon their short durations, the length of the assumed channel has been estimated to be a km or less, although this
length is highly model dependent, hence the name Compact Intracloud Discharge or CID [401]. Furthermore, pairs of strong
VHF pulses observed by satellites, called Trans-lonospheric Pulse Pairs (TIPPs), have been linked to NBEs [402]. The HF-VHF
emissions observed at ground level appear as random noise added on top of the slower field change waveform and are not
just the higher frequency extension of the sferic [403]. The number of powerful VHF sources seen from space exceeds the
number of NBEs observed on the ground [404], and the strength of the field change associated with the sferic observed
on the ground does not seem to be correlated with the strength of the VHF emissions [74,404]. Moreover, not all NBEs are
observed to produce strong VHF emissions. As a result, there may not be a one-to-one association between the powerful
VHF emissions and the NBE sferics. The VHF emissions is usually thought to result from the breakdown of virgin air, e.g., via
corona or streamer discharges. The field changes associated with the sferics may indicate that a hot channel has formed,
allowing a larger current to flow, although this has not been shown to be true for CIDs. Indeed, the lack of detectable optical
emissions constrains this picture. In this paper, we shall refer to the various phenomena discussed above as CIDs, keeping
in mind that the relationships between them have not yet been fully worked out.

At the ground, most CIDs are recorded at large enough distances (e.g., > several tens of km) that the signal is dominated
by the radiation component, although many CIDs have also been measured at closer distances allowing the dipole and
induction components to be recorded as well [405,406]. The peak electric field recorded at the ground from CIDs is quite
large, e.g., 10-100 V/m at a distance of 100 km, making them easily detectable (first return stroke peak fields at 100 km
average 5-10 V/m). At large distances, the bipolar CID sferics always have a short, 1-2 s rise time, the leading pulse
followed by a longer ~10-20 s trailing pulse of opposite polarity and lower amplitude (see Figs. 6.1 and 6.2). Because
electromagnetic radiation seen on the ground at large distances is simply proportional to the derivative of the current
moment, the current pulse that makes such bipolar radiation pulses is unipolar with a faster rise-time than fall-time. The
polarity of CIDs may be either positive or negative, with positive CIDs having a current downward at the source and negative
CIDs having a current upward at the source. Positive CIDs are more common than negative CIDs [407]. Figs. 6.1 and 6.2 show
two examples of CIDs.

CIDs often appear as isolated pulses with little or no observable discharge activity either before or after. When they
are accompanied by other pulses, those pulses almost always follow the CID and do not come before. In particular, when
they are accompanied by a normal IC lightning flash, they are usually the initiator (first recorded pulse) of the flash
[404,408]. As a result, CIDs are usually considered a type of preliminary breakdown (see Sections 3.2.3 and 4.1). Nag
et al. [406] used wide-band electric field and electric and magnetic field derivatives, and narrowband VHF (36 MHz) data to
study 157 positive CIDs. A range of events were recorded with some dominated by the radiation component and other the
induction and electrostatic components. They found that about 24% of CIDs occurred prior to, during, or following normal
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Fig. 6.2. Measured and inferred properties of a CID that occurred at a horizontal distance of 19 km, with an inferred height of 15 km, and had an inferred
channel length of 138 m. (a) Measured electric field strength, (b) measured electric field derivative, (c) inferred electric current, (d) inferred charge transfer,
(e)inferred radiated power, and (f) inferred radiated energy. The current and power values given in the parentheses are the peaks, and the charge and energy
values are estimated at 5 s.

Source: Figure from Ref. [411].

lightning, and 72% occurring in isolation. About 6% appeared to be associated with cloud-to-ground lightning. In three cases,
based on two CIDs that occurred within less than 200 ms of each other, a total of 4% of CIDs occurred in pairs. Wu et al. [407]
studied a large number of CIDs using their VLF/LF lightning location network and found that for positive polarity CID, 11.7%
of the CIDs preceded other discharge activity within 10 ms, but only 1.6% followed discharge activity within 10 ms. For
negative polarity CIDs, the percentages were 4.4% and 1.7% respectively.

Fig. 6.1 shows an example of a CID that is followed by a normal IC flash. Note that in the wideband electric field data,
the CID does not appear that remarkable. However, in terms of the VHF emission it clearly stands apart as a powerful VHF
source. As mentioned above, the CIDs usually appear without any detectable breakdown processes preceding the event. In
particular, the CIDs are unique in that the VHF and LF/VLF sferic (wide band) appear simultaneously, giving the impression
that the hot channel (assuming that there is one) and the first detectable electrical breakdown occur at the same time.

Many models of CIDs assume a hot conductive channel exists through which the current that generates the sferic
flows. From Eq. (5.38) is can be seen that the radiation electromagnetic field, when measured at large distances and at
angles perpendicular to the current direction, is proportional to the time derivative of the current moment. As a result,
integration of the electric field waveform with respect to time yields the current moment as a function of time. An additional
integration gives the charge moment change. In this way it is found that the charge moment change associated with CIDs
range between about 0.1 and 2 C km [405]. These charge moment changes are small when compared to those produced
by CG lightning, which are often on the order of 100 C km and sometimes exceed 1000 C km. Because the RF emissions
only provide information about the current moments and charge moments, in order to separately find the current or the
length of the channel, a particular model must be assumed or additional information must be provided. For example, Hamlin
et al. [409], found a small second peak in 133 NBEs located by the Los Alamos Sferic Array (LASA), which they interpreted
as resulting from the reflection of the current pulse from the end of the conductive channel, similar to reflection from an
impedance discontinuity along a transmission line. With this assumption they inferred that the channel lengths were less
than 2 km. Similarly, Nag and Rakov [410,411] reported the observations of multiple oscillations, or ringing, in the electric
field measurements of CIDs (see Fig. 6.2). Modeling these oscillations in terms of reflecting current pulses from both ends of
a short conductive channel, they arrived at channel lengths for nine events of 108 m-142 m. With this channel length they
were then able to find additional information about the CID, as is plotted in Fig. 6.2. Liu et al. [412] observed CIDs using VHF
broadband interferometers and their measurement of the evolution of the VHF source heights confirms oscillating patterns
reported in the earlier work.

In their model, Nag and Rakov [410] suggested that the HF and VHF emissions are produced by streamer emission from
the two ends of the conductive channels, similar to the corona flash seen during the lightning stepped leader formation.
This idea is similar to that discussed by Shao and Jacobson [413], who inferred a narrow discharge geometry of an assumed
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corona region from studies of the polarization of FORTE VHF-intense TIPP events. They found that at least 40% are highly
polarized, as compared to the concurrent background noise, implying that most of the selected TIPPs are well polarized at
their sources. Other modeling work with different assumptions include Refs. [402,414,415].

6.2. Trans-ionospheric pulse pairs (TIPPs)

Beginning in 1993, the Blackbeard radio-frequency waveform recorders on the Alexis satellite recorded powerful
HF/VHF noise pulses that arrived in pairs with a separation of tens of microseconds, named Trans-lonospheric Pulse Pairs
(TIPPs) [416]. Initially several explanations for the pulse pairs were considered, including an intracloud discharge followed
by a second discharge in the mesosphere. Because of its limited sensitivity, Blackbeard only recorded the most powerful
radio bursts, such as those reported by Le Vine [74]. Ground-based observations of dispersed HF pulse pairs similar to TIPPs,
called Sub-lonospheric Pulse Pairs (SIPPs) have also been reported [402], and appear to share a similar origin as TIPPs [402].

Later, the FORTE satellite demonstrated that the first TIPPs pulse was the radio emission that followed a direct path to the
satellite and the second pulse was from a ground reflection of the radio waves from the same source [417,418]. The FORTE
satellite was launched in 1997 with an approximately circular orbit with an 800 km altitude, and a 70° inclination (e.g., [408,
417]) It carried both optical and radio instruments. The dual-channel radio receiver has 25 MHz bandwidth, with a tunable
central frequency in the VHF. For most reported work the low band was set to 26-51 MHz (called the “38 MHz band”), and
a simultaneous high band was set to 118-143 MHz (called the “130 MHz band”). FORTE was much more sensitive than
Blackbeard and so could be used to study much weaker radio emissions, such as stepped leader emissions in addition to the
more powerful CIDs.

The vast majority of the intracloud radio pulses recorded by FORTE were coherent, polarized, and narrow pulses
(~0.05 s) that frequently appeared in pulse trains with irregular separations. These pulses appear to have characteristics
similar to negative leader steps. In contrast, the more powerful TIPPs were composed of pulse pairs with pulse widths of
several microseconds, e.g., typically 4 s envelopes in the 116-166 MHz pass band. It should be noted that in the literature
TIPPs are sometimes taken to be synonymous with CID events. However, two classes of FORTE TIPPS were routinely seen: the
“strong pulses”, which are the brightest RF signals recorded by FORTE, and the “coherent pulses”, which are two to three
orders of magnitude weaker, narrower, coherent and perfectly linearly polarized, as noted above [404]. It is the “strong
pulses” that are sometimes, but not always associated with CIDs. In the FORTE literature the two classes are usually divided
by those with effective radiated powers (ERPs) above and below 40 kW [419].

The FORTE radio instrument could not identify the source of the discharge and so coincidences with the FORTE optical
instrument and data from ground based networks such as NLDN and the Los Alamos array [420] were used. Knowing the
geolocation allowed the Effective Radiated Power (ERP) to be determined, which could be used to discriminate the CIDs, the
source of the TIPPs with strong pulses, from the larger set of stepped leaders.

Jacobson et al. [421] examined the multi-microsecond pulse-trains within individual TIPP pulses. The radio power
envelope of some individual CID events shows emission persisting for ~10 s in both bands, with the ERP at 130 MHz
within a factor of ~3 of the ERP at 38 MHz, indicating a very hard spectrum. Furthermore, the ERP envelope at 130 MHz
consists of both random variations and quasi-discrete distinct peaks. There appeared to be no correlation between the peaks
seen in the first and second pulses in the TIPP, which is puzzling given that both the first and second pulses are just different
views of the same source. It should be noted that the peak power often quoted for CIDs is the maximum ERP within the
events for the quasi-discrete distinct peaks. Ahmad [422] reported similar short nanosecond scale sub pulses within CIDs,
which they suggest could be responsible for the HF/VHF emission.

6.3. CID optical emissions

CIDs produced no optical signal that could be measured by the FORTE satellite [423]. In particular, from the required
luminosity to trigger the PDD optical photometer aboard the FORTE satellite, CIDs are found to be less luminous than ordinary
lightning [408]. CIDs have an effective isotropic cloud top light output less than 3 x 10® W. Integrating the pulse duration,
the upper bound for CID’s cloud-top radiance is about 10* J. In comparison, U-2 aircraft measurements of cloud-top effective
radiated energies for normal lightning found values from 10° to 10° ] [424], about an order of magnitude larger than the
upper bound for NBEs.

When optical concurrence is observed by FORTE, it is almost always with the weaker “coherent pulses” and not the strong
pulses associated with NBEs [404]. Interestingly, when the “strong pulses” are seen to initiate IC lightning flashes, if there
is any optical concurrence, it tends to occur only for subsequent pulses and not the strong initiator pulse [404,406].

If we suppose that CIDs involve a hot channel similar to that of a CG return stroke, then using a channel length of rough
1 km, which is a typical length estimated for CIDs (e.g., [402] also see Section 6.5 below) and a luminosity per unit length
of 4 x 10° W/m typical of the subsequent strokes of natural CG lightning [425], then we arrive at a total luminosity at the
source due to the incandescent channel of 4 x 108 W, of which no more than half should exit the top of

the cloud, consistent with the 3 x 102 W upper limit on the cloud top light output estimated by FORTE. As a result, based
upon the FORTE upper limit, it is possible that CIDs do have a short hot channel.
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6.4. CID association with thunderclouds meteorology

It has been found that CIDs are often associated with strong convection within thunderstorms. Positive CIDs have been
measured to have a source altitude between roughly 8 and 16 km, possibly corresponding to the region between the main
negative and positive charge regions above. Negative CIDs have been measured to have a source altitude between 16 and
20 km, possibly corresponding to the region between the main positive and upper negative (screening) charge regions
above [406,407,426]. Wu et al. [407] found that the fraction of negative CIDs relative to the positive ones appear to increase
with convective strength.

Jacobson and Heavner [427] compared CIDs recorded by LASA with ordinary lightning and used infrared cloud imagery
using GOES-East to infer that both were associated with severe convection. Similarly, Jacobson et al. [428] compared LASA
and TRIMM satellite observations and found NBEs and ordinary lightning behave similarly with regards to their proximity
to deep convective cores as measured by the TRIMM Microwave Imager. Other studies have found similar results that
CIDs occur in the same general meteorological environment as ordinary lightning, within or near the convective cores of
thunderstorms [402,429].

6.5. RREA models of CIDs

One class of models for explaining CID are those involving the joint action of large cosmic-ray extensive air showers
(EASs) with RREA multiplication [244,370-375]. These EAS-RREA models (also called EAS-RB models, with the RB standing
for runaway breakdown) model the sferic of the CID as arising from the electric current produced by runaway electrons
and resulting ionization impulsively seeded by an air shower traversing the strong electric field region of a thundercloud.
As discussed in Section 5.4.7, such a mechanism could produce bipolar RF pulses with microsecond rise times similar to
that seen in CIDs. There are a few difficulties with these models: (1) While the EAS-RREA could potentially reproduce some
characteristics of the sferic, they do not address one of the defining features of CIDs, namely the incoherent VHF emission.
(2) Detailed calculations have shown the amplitude of the sferic produced by the EAS-RREA mechanism may be too small
to account for CIDs [360]. (3) Because the electron attachment times, even in the upper regions of thunderclouds, is less
than a few microseconds [30], a continuous source of new ionization must be occurring to explain the total duration of
the CID current. For example, the current pulse shown in Fig. 6.2 lasts at least 23 s (and probably longer judging from
the rate the tail is decaying). If the source of the free electrons is the runaway electrons, then in this time these electrons
would traverse a region of the storm more than 6 km deep. This seems to be a rather large distance for such a high field to
exist, although it cannot be completely ruled out. Alternatively, this problem could be overcome if somehow the EAS-RREA
creates a hot channel that allows the current to continue to flow after the runaway electrons are gone. Indeed, the EAS-RB
mechanism has been invoked by Nag and Rakov [411] to explain how the hot conductive channel assumed in their bouncing
current wave model could form so quickly (in less than 1 ps). The bouncing current wave model can naturally explain the
ringing pattern seen in the electric field data from several CIDs. However, this model requires that the channel be formed
essentially instantaneously, i.e., at propagation speed of light. It is not easy to understand how this might happen with
conventional discharge processes and so the EAS-RREA has been suggested. However, as was discussed earlier, it is not at all
clear how a diffuse RREA discharge, even one seeded by a large EAS, measuring hundreds of meters across could result in a hot
channel measuring centimeters across, as was discussed regarding EAS-RREAs and lightning initiation. Nevertheless, despite
its difficulties, EAS-RREAs have continued to be discussed as a possible mechanism for explaining CIDs, largely because no
viable alternative as yet been found. If it can indeed be shown that CIDs are produced by EAS-RREAs and a hot channel was
created, then this would also provide a strong case that EAS-RREAs are also involved in lightning initiation.

7. Transient luminous events (TLEs)

TLEs are brief emissions of optical light from above thunderclouds in the stratosphere, mesosphere, and lower ionosphere,
generated either by upward discharges or in response to in-cloud and cloud-to-ground lightning. There are several types
of TLEs: Sprites (also called red Sprites), halos (also called Sprite halos), Elves, blue starters, blue jets, and gigantic jets, all
of which involve electrical discharges in the upper atmosphere. Fig. 7.1 shows an artist’s conception of several TLEs. Blue
starters are not shown, but appear as a blue jet that extends to a lower attitude. In this section we shall give a cursory review
of TLEs, pointing out a few interesting puzzles that are actively being pursued. We also refer the interested reader to the
following reviews [231,430-433].

7.1. Sprites and halos

Although TLEs had been anecdotally reported for at least 100 years, their existence was not established until 1990, when
Franz et al. [297] accidently recorded what would later become known as Sprites during tests of their low-light video camera.
Sprites, which last for up to a few tens of ms, are comparable in optical intensity to moderately bright auroral arcs and
are visible to dark adapted eyes [434]. Halos are brief descending ionization waves producing glows near the base of the
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Fig. 7.1. Artist’s conception of TLEs. From Pasko [465].
Source: Reprinted from Ref. [484] with permission from Nature..

Fig. 7.2. The initiation and development of a large Sprite.
Source: From Ref. [442]. Figure courtesy of Steve Cummer, Duke University.

ionosphere, with diameters less than 100 km, that sometime precede or accompany Sprites [435,436]. Halos are sometimes
confused with Elves (discussed in Section 7.2).

The discovery of Sprites led to a great deal of research activity and much progress has been made over the two plus
decades that followed [e.g., [437-444]]. Sprites have been found to come in a very large array of morphologies. High speed
video images show that Sprites usually start with a streamer tip forming at about 80 km altitude [445]. These positive
streamer tips, accelerate downward, brighten and move with an average speed between 10° and 107 m/s. At low frame rates,
as is seen in Fig. 7.2, the propagating streamers appear as elongating columns. However, at higher frame rates, e.g., >10,000
fps, the streamers appear as propagating bright spots, corresponding to the luminous streamer tips. Longer lasting emission
also appears in the channel following the streamer tip [446,447]. Events with just the downward propagating positive
streamers are the Column or C-Sprites. In some cases, upward streamers follow, forming the so-called carrot Sprites. These
upward streamers always appear to be initiated after and from lower altitudes than the initial positive streamers, and appear
to start from existing structures in the Sprite. These properties of the upward negative streamers are consistent with the
higher electric field strengths required for negative streamer initiation and propagation [37,448].

During the 1990s, one of the main hypotheses for Sprites was that Sprites were a manifestation of high altitude RREA
discharges produced in response to large electric fields generated by lightning (e.g., [230,449-451]). According to this
hypothesis, TGFs were produced by these same runaway electrons, and so Sprites and TGFs were assumed to be closely
linked. This picture was challenged when detailed observations showed that Sprites are composed of filamentary streamers
similar to seen during conventional breakdown [441]. Sprites also do not follow the geomagnetic fields as would be expected
for runway electron beams at high altitudes [452-454]. Fig. 7.2 shows a sequence of images of a Sprite. The filamentary
positive streamers can be seen propagating downward as the images progress in time.

In contrast, work since 2005 has demonstrated that TGFs originate from thundercloud altitudes below about 21 km and
are associated with lightning discharges with charge moment changes that are too small to initiate Sprites [300,302] (see
Section 5). Furthermore, the global distribution of TGFs does not match that of Sprites [299,455,456]. Although it is possible
that in response to lightning with large charge moment changes, some numbers of runaway electrons may be produced
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Fig. 7.3. Mechanism for producing a Sprite from a lightning discharge. The dipole electric field generated by the lightning, E, falls off less rapidly with
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Source: Figure from Ref. [465].

above the thundercloud, at present, it has not been established that any high altitude optical emissions are associated with
runaway electron avalanche processes.

The currently accepted model of Sprites is that they are an entirely conventional discharge process, usually involving
downward propagating positive streamers sometimes accompanied by an upward propagating more diffuse negative
discharge (see Fig. 7.2) [31,446,457,458]. Sprites are most often initiated by the electrostatic field generated in response to
large positive lightning cloud-to-ground discharges in and below the thundercloud [459]. Because of the high conductivity
of the atmosphere above thunderstorms, as a thunderstorm charges, the electric fields in the space above are expelled
and an upper screening charge layer is formed at the top of the cloud (see Section 3). Charge motion from lightning will
produce a rapid dipole moment change within the troposphere. Because the electric field from the sudden appearance of
this electric dipole is produced faster than the Maxwell relaxation time of the field in the upper atmosphere, an electric field
is produced that extends up to the ionosphere, falling off with altitude approximately as the inverse cube of the height above
the storm. Meanwhile, the conventional breakdown field scales linearly with the air density, which decreases exponentially
with altitude. This is illustrated in Fig. 7.3. For a sufficiently large lightning flash, the local electric field created above the
cloud will exceed the conventional breakdown field, often around about 70 km altitude. This electric field then initiates
positive streamers which grow and branch, forming the Sprite. This basic picture was first proposed by C.T.R Wilson in
1925 [460], 65 years before Sprites were discovered.

Because positive CG lightning more often produces very large change moment changes, e.g., > few hundred C km, much
larger than for most negative CG lightning, Sprites are usually initiated by large positive CG lightning flashes, typically with
large continuing currents. Indeed, approximately 99% of all Sprites are generated by positive lightning. This fact helps explain
the rarity of Sprites compared with lightning since the vast majority of CG lightning is negative. Indeed, it is estimated
that there are about 1000 Sprites per day world-wide [461], compared with 4 million lightning flashes per day [462].
Furthermore, Sprites are often produced above the trailing stratiform region of mesoscale convection systems and complexes
(MCCs and MCSs). Such large systems tend to be produced within continents, such as in the great plain region of the United
States [445,463]. As a result, the global pattern of Sprites is different than that of all lightning (and TGFs). Sprites are almost
always recorded at night, since they are primarily studied using low-light cameras that could not operate during the day. As
aresult, there is a strong observational bias with regards to the diurnal pattern of Sprites. However, because during the day,
the ionosphere is lower, requiring Sprites to initiate at lower altitudes during the day, a larger lightning discharge is needed
to produce daytime Sprites.

At the altitude range of Sprites, the discharges do not have sufficient time to heat the air to the point where a hot
leader channel may form, and so Sprites and the upper parts of blue jets and gigantic jets are similar to a corona discharge,
e.g., involving streamer discharges. When considering discharges on Mars, the atmospheric pressure at the surface of that
planet is similar to the pressures found at the lower boundary of Sprite altitudes. It has been suggested that lightning may
form on Mars from the triboelectric charging of dust, such as during dust devils and dust storms [464]. However, because at
such low pressures, hot leaders and return strokes are unlikely to form, the discharges, if they exist, will probably be similar
to Sprites. For this reason, the study of Sprites may give insight on Martian discharges. In addition, because Sprites are large,
bright, and last a relatively long time (milliseconds), they are easily recorded with high speed video cameras. The study of
Sprites is also the study of corona discharges and, in particular, the study of streamer discharges on a much larger scale than
in the laboratory. Because they are initiated in air far from metal electrodes, Sprites allow us to test models of streamer
initiation and propagation, topics that are important for understanding lightning initiation.
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Fig. 7.4. Seven consecutive images of part of a Sprite viewed at 10,000 fps. The time between successive images is 100 jvs. A single streamer head is seen
to enter the leftmost frame at an altitude of about 71 km. The streamers can be seen to undergo rapid branching, dividing into many separate streamers in
the subsequent images.
Source: From Ref. [447].

Of particular interest is the issue of Sprite initiation. The picture due to C.T.R. Wilson described above and shown
in Fig. 7.3 is quite compelling and indeed can explain much of the observed behavior of Sprites. One puzzle is when
Sprites are observed, electromagnetic models of the fields in the upper atmosphere from the parent lightning discharge
sometimes predict maximum fields that are considerably lower than the local conventional breakdown field, raising the
issue of how the Sprite was initiated [465-468]. This problem is very similar to the lightning initiation problem discussed in
Section 3. It has been suggested that conductive patches created by various processes in the lower ionosphere, e.g., meteors
[469,470], may help locally enhance the field to the point where positive streamers may be initiated, similar to the role
played by hydrometeors in lightning initiation inside thunderclouds. One possible difference between discharge processes
at high altitude and low altitude is the role played by electron detachment, which is more important at Sprite altitudes
than at thundercloud altitudes [468,471]. Recent modeling studies have demonstrated that localized conductive patches
in subbreakdown fields of lightning are able to initiate Sprite streamers [37,448]. Research work is currently pursued
to pinpoint which process is primarily responsible for the formation of such patches at ionospheric altitudes, such as
local field enhancement created by the Sprite halo [435]. Because Sprite initiation and propagation models can be tested
observationally, the study of Spites may help test ideas about lightning initiation, which are difficult to directly test.

Another interesting topic is the dynamics of Sprite streamer propagation, which sometimes show interesting interactions
between nearby streamers. For example, Sprite streamers are sometimes observed to collide, with streamer tips attracted
to channels left behind by other streamers [442]. At the point of collision, a long persistent glow is observed, called a Sprite
bead. Another issue is the branching of the streamer tips, which is found to be complex with single streamer tips sometimes
spontaneously branching into many separate streamers [447]. Such branching, which is seen in Fig. 7.4, is important for
understanding both Sprite and lightning propagation, and yet it has only begun to be modeled due to the challenge of
implementing the necessary fully 3-D codes.

7.2. Elves

Elves were discovered by Boeck et al. [472] a year after the discovery of Sprites. Elves are rapidly expanding rings of light
emission, up to about 300 km across, in the lower ionosphere. They are generated by the electromagnetic pulse (EMP) from
lightning return strokes (see Fig. 7.1) [e.g., [473-478]]. The name Elves was originally an acronym for Emission of Light and
Very Low Frequency perturbations due to Electromagnetic Pulse Sources, although few authors now mention this full name
since both Elves and Sprites are also named for supernatural creatures. Elves are more common over oceans, presumably
because lightning with large peak currents (e.g., >80 kA) are more common over the oceans than over land [456]. The
EMP propagates as a spherical wave up from the base of the lightning channel. It intersects the lower ionosphere in a ring
that expands outward faster than the speed of light. The electric field from the EMP is thought to produce heating of the
free electrons, enhancing the collision induced excitations, ionization and the optical light emissions [433]. Based upon the
ISUAL spacecraft observations, Elves are one of the most common TLEs, outnumbering Sprites 9 to 1 [456].

7.3. Blue starters blue jets, and gigantic jets

Blue starters and blue jets can be thought of as upward lightning that exits the tops of the thunderclouds and terminates
in the upper atmosphere (e.g., [479-482]), reaching approximately 25 and 40 km altitudes, respectively. Blue jets propagate
upward with speeds of about 10° m/s and have lifetimes of about 300 ms. Note that this long timescale does not match the
sub-millisecond timescale of TGFs, suggesting the two phenomena are not related. Blue jets are bright enough to be seen
by dark adapted eyes. Gigantic jets, which were the most recent to be discovered, are in some ways analogous to cloud-to-
ground lightning, except that rather than propagating from the thundercloud down to the conductive ground, gigantic jets
are lightning that propagates up to the conductive ionosphere at about 90 km (e.g., [483-487]).

Krehbiel et al. [ 134] modeled blue jets and gigantic jets as upward lightning. According to their model, blue jets begin as
electrical breakdown between the main upper charge region and the upper screening layer, shortly after a CG or IC discharge
produces a sudden charge imbalance in the storm, resulting in the upward propagating lightning that extends into the
stratosphere. In contrast, they modeled gigantic jets as an upward analogy to negative bolts from the blue (see Fig. 1.8).
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Fig. 8.1. Composite image of a Sprite. The black and white image was artificially colored to match the true color of Sprites.
Source: Courtesy Steve Cummer, Duke University.

These start out as normal IC lightning discharges between the dominant mid-level charge and a screening-depleted upper
level charge and continue to propagate up and out of the top of the storm.

8. Concluding remarks

We conclude this review with some thoughts about lightning physics and, more broadly, the atmospheric sciences. It is
often pointed out, and widely agreed upon, that the oceans remain poorly explored. Indeed, a common mantra is that we
know more about the surface of the moon than we do about the deep oceans [488]. A similar thought could be expressed
about our atmosphere. Just as the deep oceans are difficult and dangerous to access and explore, so are the thunderstorms
just a few thousand feet above our heads. Consider the image of a Sprite shown in Fig. 8.1. When viewed from a distance
equal to the length of the state of Kansas, this Sprite would have an area 25 times larger than the full moon. Even though
Sprites last about 1/1000 of a second, they are bright enough to see with the naked eye. It is incredible that something
as large and impressive as this Sprite, and the ~300,000 others that occur over the skies of our planet each year, could
go undetected until 1990. The equally impressive gigantic jets were discovered as recently as 2002. Similarly, it was only
8 years ago, in 2005, that it was realized that thunderclouds generate powerful flashes of gamma-rays, and it was only three
years ago, in 2010, that we realized that thunderclouds can generate so many high-energy electrons that they present a
potential radiation risk to individuals in aircraft. Indeed, aircraft measurements made directly inside thunderstorms often
find a veritable zoo of energetic particle phenomena. One wonders what further exploration will find.

There is a new urgency to better understand our atmosphere. Because many of the physical processes involved are already
familiar to physicists, lightning physics and especially high-energy atmospheric physics may provide a stepping stone to help
those that are interested begin work in this important field.
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