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Abstract.

The origins of mysterious <y ray and radio flashes recently detected by satellite-

based instruments passing over thunderstorms are examined in the context of upward
propagating discharges initiated by runaway air breakdown. Preliminary calculations
normalized by the recent optical measurements of so-called sprites indicate that the
runaway mechanism may well be the source of these emissions. If this is true, then upward
discharges represent the first known manifestation of a fundamental, new process in

plasma physics.

1. Introduction

Sightings of optical flashes over the tops of thunderstorms
have been reported sporadically for nearly a century (see Lyons
and Williams [1993] for an excellent historical review) [Everett,
1903; Boys, 1926; Malan, 1937, Wilson, 1956; Gales, 1982;
Vaughan and Vonnegut, 1989; Fisher, 1990]. Only recently,
however, has the scientific community acquired optical mea-
surements of sufficient quality and quantity to quantify the
morphology, frequency, and brightness of the events [e.g.,
Franz et al., 1990; Boeck et al., 1990; Winckler et al., 1993;
Vaughan et al., 1992; Vaughan, 1993; Lyons and Williams, 1993;
Lyons, 1994; Sentman and Wescott, 1993; Boeck et al., 1995].
Measurements have been taken from various platforms includ-
ing the space shuttle, from aircraft flying near the tops of
thunderstorms, and on the ground looking at storms near the
horizon. In most cases the data were obtained by using low
light level video imaging equipment, and the most extensive
recordings were made at night for frontal type storm com-
plexes over the U.S. midwest. The observations have yielded
new and interesting information on the characteristics of these
optical emissions. As described by Sentman and Wescott,
events will last from <17 ms to 300 ms, occur over a height
range of 25-90 km, and possess a maximum horizontal extent
of 10-50 km. The emitting volume is generally >1000 km?® and
has a brightness of 10-50 kR. The frequency of occurrence
over large thunderstorm complexes is approximately 1 every 2
min, corresponding to a ratio of 1:500 negative cloud-to-
ground flashes or 1:34 positive cloud-to-ground flashes. The
more recent 1994 Colorado sprite campaign [Lyons et al., 1994;
Wescott et al., 1995; Sentman et al., 1995; Winckler et al., 1994]
has yielded additional information on the duration, spectrum,
energetics, and dimensions of these events and has led to a
distinction between two types of flashes: “blue jets,” which
have a dominant blue color and extend from cloud tops to
~35-km altitude and “red sprites,” which have a dominant red
color above 60-km altitude and extend to 90 km in height. Blue
jets develop slowly with a vertical velocity of =100 km/s and
occupy a full-angle cone of 20° just above the top of a thun-
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derstorm [Wescott et al., 1995]. Red sprites have a measured
duration of 1-4 ms, maximum intensities of 600 kR, and lateral
dimensions of tens of kilometers [Sentman et al., 1995]. High
time resolution photometer measurements (100-kHz sam-
pling) have revealed temporal fine structure down to 100 us
[Winckler et al., 1994], and the maximum total energy in sprites
has been measured to be several kilojoules [Sentman et al.,
1995]. While our understanding of optical flashes over the tops
of thunderstorms has improved dramatically as a result of
these newly acquired data, many questions remain regarding
their nature and origin.

In 1926, C. T. R. Wilson pointed out that thunderstorm
electric fields should exceed the threshold for air breakdown at
altitudes above 80 km and should therefore trigger an upward
propagating discharge. In 1956 he further noted that these
discharges should be a regular occurrence but that the majority
would be too diffuse and dim to be readily observed. The
optical observations seem at first glance to support Wilson’s
insightful predictions. However, one key discrepancy lies in the
fact that the discharge appears to originate at low altitudes
ranging from 20 to 50 km where the field strengths calculated
in Wilson’s model li¢ well below the air breakdown threshold.
Indeed, measurements of the electric field over a thunderstorm
at 20-km altitude [Blakeslee et al., 1989] indicate values well
below the breakdown limit.

Even more intriguing are the recent satellite measurements
of radio and vy ray flashes that appear to be associated with
thunderstorms. First results from the Blackbeard experiment
aboard the Alexis satellite [Holden et al., 1995; Massey and
Holden, 1995] yielded the measurement of transionospheric
pulse pair (TIPP) events. These events, previously not docu-
mented in the literature, consist of a time-correlated pair of
VHF spherics, separated in time by several tens of microsec-
onds to more than 100 ws, but having individual full widths at
half maximum of 3-10 us and characterized by a frequency-
time dispersion consistent with passage through the iono-
sphere. They are some 10>~10* times more intense than radio
frequency (RF) emissions from normal cloud-to-ground and
intracloud lightning strokes. Although the origin of this phe-
nomenon is presently not known, a best guess is that it is
associated with lightning because of the proximity of the Alexis
subsatellite point to thunderstorms when the TIPP events are
detected. Another newly discovered phenomenon may also be
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Figure 1.

Rate of electron energy loss in air. The frictional drag dE/ds experienced by an electron as it

propagates through air is plotted as a function of the electron energy.

related to high-altitude discharges, but again, corroborating
optical observations were not available to make a definitive
association. Bursts of intense, hard <y ray emission from the
atmosphere were observed by the Burst and Transient Signal
Experiment (BATSE) aboard the Compton Gamma Ray Ob-
servatory (CGRO) when the subsatellite point was above large
thunderstorm complexes near the equator [Fishman et al.,
1994]. The events generally contained multiple (up to four),
short (rise and fall times between 0.1 and 2 ms), intense (en-
ergy fluences between 10® and 10” ergs), and high-energy (con-
sistent with a bremsstrahlung spectrum having 1-MeV charac-
teristic energy) pulses. Although only 12 confirmed events
were observed in 2 years, the high threshold and operational
characteristics of the trigger circuit of the BATSE experiment,
which was set for cosmic vy ray bursts, may have missed poten-
tially many more of a general category of atmospheric vy ray
bursts. The association of these emissions with the optical
flashes stems not only from the proximity of the subsatellite
point to thunderstorm activity but also from the fact that
strong atmospheric absorption and scattering limit the
source region to altitudes above 25 km, a finding that hap-
pens to coincide well with the altitude range of the optical
measurements.

If the y ray measurements obtained by BATSE can be di-
rectly linked to the sprites and blue jets defined by the optical
observations, then we must rule out the Wilson model and any
model that is based on conventional air breakdown [e.g.,
Taranenko et al., 1993a, b; Milikh et al., 1995; Rowland et al.,
1995; Pasko et al., 1995]. An alternative solution for the initi-
ation of upward discharges is rooted in the runaway air break-
down mechanism, and the purpose of this paper is to illustrate
how this mechanism can account for both the vy ray and radio
flashes and for the optical measurements of sprites. In this
paper we use the measured total optical energy to normalize
the magnitude of the runaway beam. From simple analytic
estimates for the beam evolution in the background atmo-
sphere and a model for the thunderstorm-generated electric
field we then compute numerically the corresponding opti-
cal intensity profile and the associated -y ray and VHF elec-
tromagnetic emissions. A more detailed two-dimensional

hydrodynamic model has been developed by Taranenko and
Roussel-Dupré [1996] to treat the beam and secondary elec-
trons. However, this model does not attempt to calculate the
VHF emissions. In addition, we have taken a simpler,
semiempirical approach here in order to better elucidate the
essential physics and to emphasize the general role that
runaway breakdown can play in initiating thunderstorm dis-
charges.

A review of the salient features of runaway breakdown is
provided in section 2 together with a general quantitative anal-
ysis of the breakdown morphology and the emissions expected
from a discharge of this type. The results of our calculations
are then applied in section 3 to the development of a rough
model for upward discharges. A summary of our findings is
provided in section 4.

2. Runaway Breakdown
Basic Description

Runaway breakdown was first described in a paper by Gurev-
ich et al. [1992]. A more detailed kinetic treatment that de-
scribes the temporal evolution of the electron distribution
function in a uniform background electric field is presented by
Roussel-Dupré et al. [1994]. The basic elements of this mecha-
nism are rooted in the well-known fundamental works of Bethe
[Bethe, 1930; Bethe and Ashkin, 1953] on high-energy particle
interactions with matter. To illustrate how runaway breakdown
proceeds, we have plotted the frictional force experienced by
high-energy electrons in air as a function of electron energy in
Figure 1. We see that a minimum exists at approximately 1
MeV. Clearly, if ai electric force whose magnitude exceeds the
minimum is applied to the medium, then electrons with ener-
gies greater than the critical value ¢, at which the electric force
equals the frictional force (see Figure 1) will be maintained
and accelerated (runaway) to higher energies. While Wilson
[1925, 1956] and more recently McCarthy and Parks [1992]
appreciated this fact and studied its effects in the context of
thunderstorm electric fields, they overlooked the possibility
that an avalanche might develop: It is also weil known that
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impact ionization of the air by energetic electrons will lead to
the production of energetic secondary electrons. Those sec-
ondary electrons whose energies exceed the critical value e,
become part of the runaway population and contribute to
further ionization that also populates the runaway regime. The
net result is an avalanche in which the electron population
grows exponentially. Collimation of these relativistic electrons
by the electric field leads to the formation of an electron beam,
which grows exponentially as it propagates through the me-
dium as long as the electric field exceeds the threshold defined
by the minimum of the frictional force.

While these results have been substantiated by detailed cal-
culations, experimental validation is not presently available,
primarily because of the large (on a laboratory scale) dimen-
sions (tens to hundreds of meters at sea level) required for the
avalanche to develop. Nevertheless, the shear simplicity of the
mechanism and the fact that it is founded on such well-known
physical principles argue strongly in favor of its existence. In
addition, the large-scale lengths and electric potentials associ-
ated with thunderstorms provide ideal conditions for develop-
ment of runaway breakdown, and indeed, the recent measure-
ments of upward discharges may well be the first available
evidence for its existence.

One important feature of this mechanism is that the thresh-
old electric field needed to initiate the avalanche lies a factor
of 10 below that for conventional breakdown (as observed in
the laboratory). Interestingly, macroscopic field strengths ex-
ceeding the threshold for conventional breakdown have never
been measured in thunderstorms, while values near and ex-
ceeding the threshold for runaway breakdown have often been
measured [see Winn et al., 1974, 1981; Uman, 1984; Krehbiel,
1986; Marshall and Rust, 1991]. With these facts in mind we can
view the evolution of thunderstorm electric fields and the pre-
conditioning stage of lightning discharges in a new light. As
cloud electrification proceeds, the electric field in a thunder-
storm slowly grows in amplitude in the weakly conducting
background atmosphere until the threshold for runaway is
exceeded. At this point, many discharges are initiated, and
depending on the range and configuration of the field, suffi-
cient current can be generated to limit the field strength to the
threshold level. At 5 km the threshold field is approximately
100 kV/m, whereas the value at 10 km is 50 kV/m. Vertical
soundings (see previous references) of the electric field in
thunderstorms tend to support this picture. In cases where the
field grows more rapidly than neutralizing currents can de-
velop, the threshold for runaway is exceeded by a larger factor,
which in the presence of sufficient field range results in strong
discharges that deposit a substantial amount of charge hun-
dreds of meters to kilometers from the initiating charge layer.
This new charge region can itself drive a runaway discharge,
and in this way the runaway mechanism can cause the devel-
opment of an electrical channel that preconditions the atmo-
sphere for a lightning discharge (return stroke in the case of
cloud-to-ground lightning). More quantitative estimates of
these effects can be found in a report by Roussel-Dupré et al.
[1993]; however, much theoretical and experimental work re-
mains in order to substantiate this basic picture.

One of the unique signatures of runaway breakdown is the
strong vy ray flux produced by the beam interaction with air.
Unfortunately, vy rays are also readily absorbed in air, and the
detection of such emissions necessitates a distance to the dis-
charge of less than several hundred meters to 1 km at sea level,
depending on the strength of the discharge. At high altitudes
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Table 1. Electron Beam Parameters
Case & =15 §=20 §, =50 8§ =80
Avalanche time pressure, 53.8 14 3.5 1.5
ns/atm
Mean energy, MeV 1.6 0.95 1.2 0.82
Energy spread, MeV 2.0 1.45 1.9 14

above 25 km the atmosphere becomes transparent to these
emissions, and remote detection becomes feasible. In addition,
because the frictional drag on electrons decreases exponen-
tially with height and the dipole field from thunderstorms de-
cays slowly (as 1/r*), the threshold for runaway is more easily
exceeded over larger distances at high altitude. As a result,
runaway breakdown is more likely to be detected in high-
altitude discharges. Indeed, we believe that the vy rays detected
by BATSE originate from the same upward propagating dis-
charges that are observed as sprites and blue jets.

In concluding this section we would like to emphasize that
the basic form of the frictional force derived by Bethe [1930]
has application to all forms of matter (solids, liquids, and
gases) and that runaway breakdown may therefore have its
manifestation in many different natural phenomena.

Physical Characteristics

The basic properties of the electron beam formed in run-
away breakdown such as its mean energy, velocity, energy
spread, and avalanche rate depend on the magnitude of the
applied electric field divided by the atmospheric pressure
(E/p) or equivalently in terms of the parameter 8, = E/E,,
where E, is the magnitude of the threshold electric field for
runaway breakdown. The threshold field is given by E, = 218
(p/po) kV/m [Gurevich et al., 1992; Roussel-Dupré et al., 1994],
where p is the atmospheric pressure and p,, is the pressure at
sea level. A summary of the runaway beam characteristics
obtained from detailed kinetic calculations is shown in Table 1
for four values of §,,.

The spatial diffusion of the electron beam due to scattering
was described by Gurevich et al. [1994]. The results indicate
that the beam is constrained to move along the electric field
with a lateral diameter D ~ 30 (2/8,)*(po/p) (n/mo)"'? m,
where 7 is equal to the total number of e-foldings of the beam
population and 71, = 40. A plot of D as a function of altitude
for 8, = 2,5, and 8 and n = ) is shown in Figure 2. The length
of the beam along the electric field is L ~ 68 (po/p) (n/mg)m
and is also shown as a function of height for = 7, in Figure 2.

The electron beam formed as a result of runaway breakdown
collides with air molecules, causing them to fluoresce in the
visible part of the electromagnetic spectrum. At the same time
these collisions scatter the beam electrons, causing them to
slow down and to emit bremsstrahlung radiation (braking ra-
diation). Electrical breakdown of the air also leads to the
formation of low-energy, secondary electrons, which in turn
accelerate in the thunderstorm field. Together the beam and
secondary electron populations carry a significant current that
changes rapidly in time and results in the production of radio
waves. The magnitudes of these emissions depend explicitly on
the field strength 8, the total number of avalanche lengths =,
and the air pressure p. The optical, vy ray, and radio fluxes are
estimated below.
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Figure 2. Diameter and length of discharge. The maximum diameter of the runaway discharge region after
40 avalanche lengths is plotted as a function of height for three values of §, = 2, 5, and 8. The length of the
discharge region is independent of §, to a first approximation and is also plotted as a function of height.

Optical Emissions

Given the total energy of the runaway electron beam, it is
possible to calculate the optical emissions based on the air
fluorescence efficiencies measured by Davidson and O’Neil
[1964], Hartman [1968], and Mitchell [1970]. The efficiencies
are known over the entire optical range and into the ultraviolet
(250-1000 nm) and are independent of the beam energy in the
energy range of interest. The fluorescence efficiency x is de-
fined to be the optical energy or power divided by the beam
energy or power deposited in air. The energy deposited by the
beam is equal to its total energy simply because the electric
field is constantly doing work against friction to maintain the
electrons. Davidson and O’Neil give x = 0.01 for the band
from 330 nm to 900 nm at low pressures (p < 0.1 torr). A
general expression that accounts for quenching at high pres-
sures is x = 0.01/(1 + 1.13 p), where p is the atmospheric
pressure in torr. From the spectra provided by Davidson and
O’Neil and the results of Mitchell it is also possible to derive
efficiencies for various wavelength bands. A plot of the effi-
ciencies as a function of altitude is provided in Figure 3. Note
that the red emissions begin to dominate at altitudes above
approximately 60 km in agreement with observations of red
sprites [Sentman et al., 1995].

Thus total optical energy produced by runaway air break-
down in various bands can be written

W,~1.6 X 10" °yN(e) J (1)

where N is the total number of electrons in the electron beam
and (e) is the average energy of the beam electrons in eV.
Equation (1) can be rewritten in such a way as to separate out

the explicit pressure dependence. For the entire band from 330
to 900 nm we find

o L6x 102N e(e) )
o 1+1.13p )

where N, is the number of high-energy electrons that initiate
the breakdown. A plot of W (1 + 1.13 p) versus nwith N, =

1 is provided in Figure 4 for §, = 2, 5, and 8. Note that if we
omit the ultraviolet lines, the magnitude of the emissions drops
by a factor of 3-5. We also point out that W has only a very
weak dependence on §, through (¢). Thus these results can be
used in conjunction with the observed emissions from upward
discharges to obtain a value for N, e™ or an effective ), such
that .z = nln N,,.

The vy Ray Emissions

The flux of +y radiation expected from a single runaway
discharge and measured at a distance R from the source can be
written

e V,e PR
F,~ Rz photons/cm?s eV 3)
where ¢, is the emissivity of the discharge volume for photons
of energy hv, V, is the source volume, p is the air mass density,
and w is the absorption coefficient (in cm? g) for photons of
energy Av. The emissivity

2 d’xr
€,= 2Ny | dp p*| dQ f(p, p) 7 -6 Be. (4)

where f(p, n) is the self-similar electron velocity distribution
function obtained from detailed kinetic calculations, N,,, is the
air number density, and d*yg/dv dQ)' is the Bethe-Heitler
doubly differential cross section for bremsstrahlung emission
by a relativistic electron. The reader is referred to Roussel-
Dupré et al. [1994] for details. Because ¢, is proportional to the
electron density, the product ¢,V is proportional only to the
total number of electrons, i.e., varies as e™.

To calculate the average -y flux measured by an observer at
a distance R from the source and located at an angle 6 relative
to vertical, equation (3) is first integrated over time (or height),
assuming that a runaway discharge initiated by a single high-
energy electron is developing vertically upward along the thun-
derstorm electric field. The resulting integral is then divided by
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Figure 3. Fluorescence efficiencies. The fluorescence efficiencies for the optical plus ultraviolet emissions
resulting from electron impact excitation of air by an energetic electron beam are plotted as a function of
altitude. The efficiencies are plotted for three spectral bands: total optical plus ultraviolet (300-900 nm), blue
(N, 2P emissions from 400 to 500 nm plus N, 1N emissions from 400 to 500 nm), and red (N, 1P emissions

from 600 to 700 nm).

the total duration of the event to obtain an average flux. The
flux at a distance of 500 km from the source was computed in
this way for several values of §, (= 2, 5, and 8) and for several
angles 6 (= 0°, 30°, and 60°), assuming that §, remains constant
while all other parameters vary with height or atmospheric
pressure. The results plotted as a function of y ray energy for
8y = 2 and for start altitudes of 25, 26, and 27 km are presented
in Figures 5a, 5b, and 5c, respectively. Note that the y ray flux

1.0E+07

is very sensitive to the altitude at which runaway breakdown is
initiated because of the rapid increase in both the avalanche
length and the photon absorption scale length with height.

Radio Emissions

The radio emissions from runaway breakdown as measured
by a distant observer are estimated by adopting a simplistic
representation for the primary and secondary currents pro-
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Figure 4. Optical energy. The total scaled optical energy [W,(1 + 1.13 p)] emitted during the passage of
an electron beam through air is plotted as a function of the number of beam avalanche lengths. Read 1.0E-07

as 1.0 x 107.
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Figure 5. Bremsstrahlung flux. The flux of y ray photons
produced by runaway air breakdown and observed at 500 km
from the source and angles of 0°, 30°, and 60° from vertical is
plotted as a function of vy ray energy for three start altitudes:
(a) 25 km, (b) 26 km, and (c) 27 km.

duced in the discharge. The relativistic electron beam is ap-
proximated as a single primary charge with a magnitude Q,, =
—N,e (where N, is the total population of primary electrons
produced in the breakdown and e is the charge of a proton)
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that grows at the avalanche rate ». The primary charge is
assumed to move with a constant relativistic velocity v,. The
low-energy secondary electrons are represented as a single
charge whose instantaneous magnitude in the frame of the
beam Q; = (&,/e,;) Q,, where g, is the mean energy of the
runaway beam electrons and &, (= 34 eV in air) is the energy
expended per ion pair produced. The secondary charge moves
with a drift velocity v, defined by the balance between the field
acceleration and the frictional deceleration. The positive ions
are represented as a single stationary charge with instanta-
neous magnitude O, = —(Q, + Q). With this simple rep-
resentation it is possible to use the Lienard-Wiechart poten-
tials to compute the radiation fields. The flux measured at a
distance R from the source and an angle 6 relative to the
direction of motion of the electron beam (or relative to vertical
in upward propagating discharges) is found to be

e, B, 1 — B, cos 9\ *
;Fpl—BSCOSﬂ ’

(%)

where 8, ; = v, /c. Note that the flux is proportional to the
avalanche rate squared and that a significant forward peaking
of the radiation results for the contribution from the relativistic
beam. A plot of sin® /(1 — B, cos 6)* is provided in Figure
6. The peak emission for the beam occurs at approximately
6, = 13° with a full width at half maximum of about 20°. The
contrast in emission between 6, and 90° is about a factor of
1000. The contribution of the secondary electrons increases
rapidly with angle and is in general important over nearly the
entire angular range. A plot of the angular distribution includ-
ing the effect of secondaries when 8, = 2 (B,/B, = 10™%) is
also shown in Figure 6. Note that the radiation is much less
sharply peaked, and the contrast between the peak emission
and that at 90° is now only a factor of approximately 100.
Taking the Fourier transform of the calculated electric field
and multiplying by the corresponding complex conjugate yields
a function that falls off as 1/[v* + (1 — B, cos 6)* w’]. The
avalanche rate v in air has a value that ranges from 20 to 600
MHz at sea level to 0.5 to 20 MHz at 25-km altitude. Thus
thunderstorm discharges initiated by the runaway mechanism
will produce significant amounts of VHF radiation. We note
that the relativistic nature of the source further enhances the
high-frequency component of the emissions depending on the
angle of the observer, as reflected in the factor (1 — 8, cos ).

At frequencies much greater than v the flux drops off slowly as
1/w?

e sin?

F_c(ev2 -
R~ 4m\Rc) (1 - B, cos 9)*

Effect of the Geomagnetic Field

The magnetic field becomes important in the development
of runaway breakdown when the electron gyrofrequency
equals or exceeds the angular scattering rate. For §, = 2 this
condition is met at altitudes above 40 km. As §, increases, the
runaway population becomes more collision dominated (the
critical energy e, drops to values where collisions become
more important), and the condition is met at higher altitudes,
50-60 km. In order for the electrons to run away in energy in
the presence of a magnetic field the electric field component
along the magnetic field must at the very least exceed the
threshold. In latitude regions where the dip angle of the mag-
netic field is large the latter condition will be more easily
satisfied, and runaway will generally proceed with minor mod-
ifications. However, at lower latitudes the increased path
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Figure 6. Angular distribution of radio emissions. The quantity sin® 6/(1 — B,, cos 6)*, corresponding to the
angular factor for radio emission by primaries, is plotted as a function of angle 6 (solid line). The angular
factor including the contribution from secondaries is also plotted as a function of angle 6 (dashed line).

length due to particle gyration leads to energy loss, and run-
away is quenched. Nevertheless, the fact that electrons no
longer run away does not mean that the avalanche is quenched.
Indeed, in a process called thermal runaway the redistribution
in angle of the electrons by the magnetic field acts together
with scattering and the electric field to maintain a population
of high energy electrons with a net increase in the avalanche
rate. Detailed kinetic calculations [Roussel-Dupré and Miller,
1994] of this process show enhancements by as much as a
factor of 10 in the regime where the gyrofrequency equals the
scattering rate. Thus the magnetic field will be important at low
geomagnetic latitudes and high altitudes, changing both the
basic nature and the development of the discharge. We note
that the gyration of the energetic electrons at high altitudes will
result in low-frequency (<1 MHz) radiation not considered in

this paper.

3. Model of Upward Discharges

As was shown in the previous section, the basic characteris-
tics of runaway breakdown are defined entirely in terms of two
parameters, §, and m. Thus, given a representation for the
electric field above a thunderstorm (§,) and an estimate for the
total number of electrons in the discharge or in an equivalent
single runaway beam (i.e., N = N e"), it is possible to specify
the basic properties of the discharge. The method used to
determine these parameters is described below.

Our model for upward propagating discharges begins with a
simple electrostatic dipole representation for the thunder-
storm electric field. We allow for currents within the conduct-
ing atmosphere to establish a counter polarization field so that
the net field is the sum of the thunderstorm electric field plus
the polarization field E = E; + E,. We then simulate a cloud-
to-ground or intracloud flash by neutralizing a portion of the

dipole charge in a time 7, which results in a corresponding
decrease in the thunderstorm electric field. For an atmosphere
with a finite conductivity we obtain the following expression for

the resulting electric field as a function of height & along the
axis of the dipole,

o[ 1 ! 1
% =F, [(h “h) —h_)z] [~ 4mor

. [e —dwat __ e ~t/r]eh/H , (6)

where Q is the magnitude of the charge, 4, (%) is the altitude
of the positive (negative) charge layer, o is the conductivity of
the atmosphere, H is the atmospheric scale height (taken to be
7 km), and E, is the threshold electric field for runaway at sea
level. Because the background conductivity cannot respond to
the change in field strength (which occurs over tens of milli-
seconds), the remaining field is dominated by the polarization
field in the region above the neutralized charge. If the charge
that is neutralized is primarily positive (for example, the trans-
fer of negative charge to the top of the cloud via an intracloud
strike), then the net field will point downward so that electrons
are accelerated upward. The magnitude of the neutralized
charge will determine the altitude and extent of the region that
lies above the threshold for breakdown. A sketch of this basic
model is shown in Figure 7. In addition, we plot the electrical
relaxation time for the background atmosphere as a function of
height in Figure 8. For a nighttime atmosphere the values
exceed 1 ms for altitudes below 70 km. Above 70 km the
polarization fields will be shorted out on rapid timescales. In
the daytime this altitude drops to 60 km. At altitudes below 55
km the relaxation time exceeds 100 ms for both day and night-
time conditions.

The magnitude and distribution of the net field form the
initial condition for the discharge. As an example, suppose that
a layer of positive charge located at the top of a giant thun-
derstorm possesses a total charge of 100 C distributed over a
1-km-diameter spherical region at 18-km altitude and that a
similar negative charge distribution exists at 5-km altitude.
Assuming that an intracloud stroke neutralizes this region of
charge in a timescale of the order of 10 ms, the resulting
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— 70 km

— 25km

— 15km

Figure 7. Model of upward propagating discharges. A cartoon depicting the electric field configuration
above a thunderstorm following an intracloud strike and the ensuing development of a runaway upward

discharge is shown.

polarization field normalized to the local threshold electric
field (E,) will have the magnitude shown in Figure 9 along the
vertical axis of the dipole as a function of height for the night-
time conductivity profile shown in Figure 8. The latter results
correspond to a snapshot of the field at the time when the field
is a maximum at 25-km altitude. We find that the threshold for
runaway is exceeded throughout the altitude range above the
cloud up to approximately 65 km. Above 75 km the threshold
for conventional breakdown would also be exceeded, as pre-
dicted by Wilson [1925], were it not for the high electrical
relaxation rate of the atmosphere in this region.

Although one can argue about the detailed charge configu-
ration, the thunderstorm conditions discussed above are not
extreme. As discussed by Uman [1984, pp. 96-101 and refer-
ences therein], measurements of cloud discharge moment
changes of several hundred coulomb kilometers have been
reported. In addition, charge neutralizations of 100 C have
been found to occur quite often in intracloud discharges. Pos-
itive cloud-to-ground discharges which neutralize the positive
charge in a cloud will have the same effect as the intracloud
discharge in our model, namely, there will be an enhancement
in the negative electric field above the cloud. These discharges
have been measured to lower an average charge of 87 C
[Uman, 1984, p. 125] in less than 200 ms. More recently, pos-
itive ground flashes with “extraordinarily” large dipole mo-
ment changes have been found to occur “systematically” in
association with “sprites,” as noted by Boccippio et al. [1995].

While many discharges can be initiated over the entire re-
gion where the threshold fields are exceeded, the dominant
observationally will be those that are initiated at the lower
altitudes, because they will develop over many avalanche

lengths. To illustrate this fact, we plot in Figure 10 the number
of avalanche lengths between a start altitude H,; and 100-km
altitude as a function of H, for §, = 2, 5, and 8, assuming that
the avalanche develops vcrtlcally and that §, remains constant
with height. Note that the number of avalanche lengths de-
creases rapidly with height. Given that the polarization field
points downward in this case, we expect an observable upward
discharge to start at low altitude (H ~ 25 km) and proceed
upward. One consequence of this result is that the discharge
spatial characteristics at higher altitudes will be defined by the
diffusion of the electron beam rather than the dimensions of
the source region in which the threshold field is exceeded,
provided the latter region is larger than the beam dimensions.
In addition and more important, the electrical relaxation times
are much larger at lower altitudes, and therefore the currents
required to neutralize the 100 C needed to initiate these dis-
charges is substantially reduced.

To proceed further, we will use the magnitude of the optical
observations of sprites and the results presented in Figure 4 to
determine the number of avalanche lengths or the strength of
the beam. Taking an observed flux F,, = 25 kR over a 17-ms
integration time and an emitting surface area of 100 km? [see
Sentman and Wescott, 1993], we obtain W, ~ 175 J for the
total optical energy. More recent measurements have yielded
values corresponding to several kilojoules. In order to allow for
emission processes not included in our model (see discussion
below) we will normalize the beam strength to 500 J of total
optical energy. Given the total number of avalanche lengths 1
as a function of height (or pressure, p) from Figure 10 and the
energy as a function of m and p from Figure 4 (essentially two
equations in two unknowns), we can determine values for p
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Figure 8. Electrical relaxation times. Typical electrical relaxation times for a daytime and a nighttime

atmosphere are plotted as a function of altitude.

and 7 that are independent of §,. Taking into account that the
cameras used to measure these discharges have poor sensitivity
in the ultraviolet, we find 1. = 41.5andp = 19 torr or H, =
26 km.

Thus the basic picture of the discharge that emerges from
these calculations can be summarized as follows. Following an
intracloud or positive cloud-to-ground flash of sufficient

5.0

strength (e.g., 100 C of charge neutralized in 10 ms), an electric
field that exceeds the threshold for runaway breakdown is
established above the neutralized charge region up to 65-km
altitude. Energetic electrons produced by cosmic ray interac-
tion with the air accelerate and avalanche in the presence of
this field. Though many individual discharges are initiated,
only those that start at low altitudes will develop over sufficient

30

E/E,

20

1.0 +

0.0 . L

Q=100C
H,=18km

L

20 30 40
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Height (km)

Figure 9. Thunderstorm electric field. The normalized magnitude of the electric field above a thunderstorm
following an intracloud strike that neutralizes 100 C of charge in 10 ms is plotted as a function of altitude for
a time when the field maximizes at 25-km altitude. The values plotted here are for the altitude range along

the axis of the neutralized charge.
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Figure 10. Number of avalanche lengths. The total number of avalanche lengths that develop between the
start altitude (H,) of a runaway discharge and 100-km altitude (or infinity) is plotted as a function of start

altitude for three values of §, = 2, 5, and 8.

avalanche lengths to be observed. The optical observations can
be used to determine the total energy (total number of elec-
trons) in the overall discharge and indicate that an equivalent
discharge initiated by a single energetic electron requires over
40 e-foldings in order to account for the observed emissions.
This requirement then sets the altitude at which the avalanche
was initiated. This basic scenario is illustrated in Figure 7.
With the value of m specified, it is now possible to obtain all
of the parameters associated with the runaway breakdown
region. The total energy contained in the electron beam
(=e™ (e)) is approximately 170 kJ. The diameter of the dis-

charge region as a function of height is shown in Figure 11. At
60-km altitude we obtain a diameter of 28 km, which lies within
the observational range of 10-50 km. The corresponding pro-
file of optical intensity is shown in Figure 12. Note that there
are two peaks. The strong, first peak (~27 MR) results from
the small dimensions (<1 km in diameter) and fast timescales
(~1-ps risetime) associated with the low-altitude portion of
the discharge. The observations simply do not have sufficient
spatial and/or temporal resolution to measure this first peak.
The second peak occurs at ~60 km and yields 13 MR. This
value for the intensity when taken together with the dimen-

100

10
E
=
g
K
E
g
=]

1
0.1 + L - o :
20 30 40 50 60 70
Height (km)
Figure 11. Discharge diameter. The diameter of the discharge region is plotted as a function of height.
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sions (28 km X 10 km) and the emission timescale (1 = 25 us)
yields a total energy of 450 J in basic agreement with the
imposed value of 500 J. The early observations of sprites [e.g.,
Sentman and Wescott, 1993] could not resolve the temporal
profile of the emissions, while more recent measurements
[Winckler et al., 1994] still do not have a sufficient combination
of spatial and temporal resolution to permit a detailed com-
parison with the intensities computed here. However, the pho-
tometric data taken with 10-us resolution have shown fine
structure down to 100 us, as would be expected based on our
model, and durations of 1-10 ms (see also Sentman et al.
[1995]), which is longer than those computed here. In addition,
the total optical energy has recently been measured to be
closer to several kilojoules [Sentman et al., 1995]. The addi-
tional energy and extended emission time relative to our cal-
culations are most probably associated with the continuing
current of secondary electrons in the presence of the thunder-
storm electric field. The secondary electron temperature can
be obtained from swarm data [see Ali, 1986]. For the electric
field value at 60 km the mean secondary electron energy is &,
= 1.5 eV. The secondary electron density n, as noted in
section 2 is equal to & ,/¢, times the density of primaries. Thus
ny = (e,/e;) N/V, where V is the volume of the discharge and
N is the total number of primary electrons. At 60-km altitude
we obtain an electron density of n, =
energies and densities there can be substantial optical radia-
tion [e.g., Taranenko et al., 1993b]. The fastest timescale for
decay of emissions associated with the secondary electrons
(including the effects of attachment and recombination) is de-
fined by the conductivity resulting from the secondary elec-
trons themselves. For a collision-dominated plasma the con-
ductivity is simply o = n,e*/m,v,,, where v,,, is the electron-
neutral collision frequency. With v,,, (Hz) = 5.3 X 10°p (p is
atmospheric pressure in torr) we obtain a relaxation timescale
of 1 ms in excellent agreement with recent observations. A
quantitative assessment of the additional energy associated
with the continuing current of secondary electrons is beyond
the scope of this paper. The remaining discrepancy between
the several-kilojoule measured optical energy and the model
could be resolved by increasing the number of avalanche
lengths (lowering the start altitude). Thus, depending on the
magnitude of additional optical emissions produced by the
secondary current, renormalization of the model could lead to
better agreement with the measurements.

10° cm™3. At these’

50 60 70

Optical intensity. The computed optical intensity is plotted as a function of height.

The vy ray flux is obtained directly from Figure 5b. Note that
the spectrum peaks at approximately 70 keV and subsequently
falls off with gamma energy as ¢~ '-”° to approximately 2 MeV.
The emission also falls off sharply with increasing angle from
the vertical, primarily because of increased absorption. Inte-
grating the spectrum over energy and multiplying by the
BATSE detector area of 2000 cm?, we calculate that a total of
between 1400 and 40,000 photons would reach the detector in
0.1 ms, depending on the angle of the observer. This result
would more than account for the measurements. We also cal-
culate a total duration of approximately 0.17 ms for the dis-
charge, in good agreement with the BATSE measurement of
approximately 0.1 ms for the risetime of their events. The
longer duration of the BATSE pulses (1-3 ms) is most prob-
ably a result of photon scattering by the atmosphere, an effect
not included in our calculations.

The results for the radio frequency emissions are shown in
Figure 13, in which we plot the total radial Poynting flux
(equation (5)) observed by a satellite receiver at a distance of
800 km and positioned at an angle 6 = 45° from vertical as a
function of time. Note that m in equation (5) can be written
m = vt and that the time ¢ in turn is given by ¢t = (H — H,)
(1 = B, cos 0)/u,, where H is the altitude of the discharge
(electron beam) and H, is the start altitude of the discharge.
One salient feature of these calculations is the obvious pres-
ence of two pulses, as would be seen by a receiver whose noise
environment yields a signal-to-noise ratio (or whose dynamic
range is) less than 40 dB. The first pulse is produced by the
onset of the discharge at low altitudes where the avalanche
lengths are small and the corresponding avalanche rates are
high. The second pulse is produced by the rapid increase in &,
which leads to large increases in the avalanche rate in spite of
the declining atmospheric pressure. The duration of the signal
depends on the SNR but would typically not exceed several
microseconds for the first pulse. The duration of the second
pulse is longer, but this result depends strongly on the conduc-
tivity profile, which is not well known, particularly in the tran-
sition region around 50 to 70-km altitude, above which the
formation of the ionospheric D region begins. The separation
of the pulses in time is seen in this case to be approximately 34
ps. Recall that all of these times depend on the angle of the
receiver relative to vertical. The peak fluence Fy gy in the
VHF band above f = 25 MHz was calculated for the first pulse
by taking a Fourier transform of the radiated electric field
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Figure 13. Sprite radio emissions. The total Poynting flux for the electromagnetic radiation produced by a
runaway upward discharge is plotted as a function of time in the frame of reference of an observer located at
800 km from the source and at an angle of 45° relative to the vertical.

profile corresponding to the flux shown in Figure 13, multiply-
ing by the complex conjugate, and integrating above 25 MHz.
Because the temporal shape of the radiated field is not simply
exponentiating in time, the spectrum falls off as 1/f* instead of
1/f as discussed in the previous section. The peak fluence was
found to be Fy . = 1.1 X 107'* J/m?. This result is directly
proportional to the optical energy used to normalize the model
and depends strongly on the angle of the receiver relative to
vertical (see equation (5)). The second pulse has an amplitude
a factor of 60 less than the first; however, this result is strongly
dependent on the conductivity of the atmosphere. To illustrate
this fact, we decreased the conductivity by a factor of 2 in the
region 40-70 km and recomputed the radio frequency emis-
sions. The results are shown in Figure 14b with the correspond-
ing electric field profile shown in Figure 14a. The peak flux in
the second pulse now exceeds the first by a factor of 15, and the
maximum is shifted to a later time (or higher altitude). In
addition, we obtain a sharply decreasing amplitude for times
greater than 50 us. This component enhances significantly the
high-frequency emissions. Thus the conductivity plays a signif-
icant role in defining the electric field profile, which in turn
determines the associated optical, y ray, and RF emissions. We
note that the strong forward directed nature of the radio emis-
sions would explain why these pulses are not as easily identified
from the ground. Finally, the reflection of a lightning spheric
by the ground has been advanced as a potential explanation for
the second pulse observed by Blackbeard. However, as pointed
out by Massey and Holden [1995], at VHF frequencies the
ground becomes a poor reflector with irregularity scale lengths
of the same order as the wavelength. Thus it would be difficult
with a reflection hypothesis to explain the fact that the second
pulse is observed to be brighter than the first in 30% of the
measurements. The basic qualitative and quantitative results of
our model are in excellent agreement with the observations of
TIPP events obtained by the Blackbeard experiment [Holden et
al., 1995; Massey and Holden, 1996]. More detailed calculations
to examine the precise effects of the atmospheric conductivity
are left for future more comprehensive studies.

The results obtained in our rough model are strongly depen-
dent on the magnitude and configuration of the electric field,
and a number of different scenarios are possible. However, the
basic shape of the normalized field, namely, a dip at interme-
diate altitudes (30—40 km) followed by a rise to higher alti-
tudes and a subsequent decline above 65-70 km (due to the
rapid rise in air conductivity), will remain the same and in the
context of runaway breakdown is the primary ingredient for the
development of a double pulse in the VHF with the measured
temporal characteristics of several microseconds in width and
tens of microseconds in pulse separation. In addition, for
weaker charge neutralization the field can dip below the
threshold for runaway breakdown, and therefore the region
between 30 and 40 km marks a natural separation point for the
development of blue jets versus sprites, as observed in the
optical, in agreement with the observations [Wescott et al.,
1995].

As noted previously, the geomagnetic field becomes impor-
tant at low geomagnetic latitude and high altitudes. While the
bulk of the optical measurements were taken at midlatitudes
where the effect of the magnetic field is minimal, it is never-
theless worthwhile to comment on potential effects at other
locations. We have omitted the field in our model only because
of the lack of available kinetic computations for the parameter
space of interest. However, we do not believe that the magnetic
field will alter the basic characteristics of the model. First, the
runaway beam develops primarily at altitudes below 40 km,
where collisions dominate. It is from this altitude range that
the bulk of the optical intensity and +y ray emissions as well as
the first radio pulse originate. At higher altitudes we see that
the normalized electric field (8,) increases rapidly, causing the
critical altitude at which magnetic field effects become impor-
tant to increase to 50-60 km. In the intermediate regime,
between the collision-dominated and magnetic field dominated
regimes, the avalanche rate will be enhanced over that used in
our model, and this effect will help to carry the beam to higher
altitudes, where the larger normalized fields exist. The en-
hanced ionization rate will also contribute to an increase in the
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Figure 14. Sprite radio emissions with reduced atmospheric conductivity. (a) The normalized electric field
under the same conditions described in Figure 9 but with the nighttime atmospheric conductivity (shown in
Figure 8) enhanced by a factor of 2 between 40 km and 70 km plotted as a function of height. (b) The
corresponding total Poynting flux for the electromagnetic radiation produced by a runaway upward discharge

plotted as a function of time.

amplitude of the second radio pulse at lower altitudes. The
precise magnitude of these effects will have to be determined
in future more comprehensive models.

Recent attempts to account for the optical flashes termed
sprites have been based primarily on conventional breakdown
of the air, either as a result of large-amplitude (greater than
hundreds of volts per meter at 70-km altitude or greater than
tens of volts per meter at 100 km) electromagnetic pulses
launched by strong (producing currents in excess of tens of
kiloamperes) horizontal lightning strikes [Taranenko et al.,
1993a, b; Milikh et al., 1995; Rowland et al., 1995] or as a result
of quasi-static electric field changes caused by strong lightning
strikes [Pasko et al., 1995]. The advantages of the runaway
model are numerous. The threshold electric field needed to
initiate runaway air breakdown is a factor of 10 less than that

required for conventional breakdown. As a result the runaway
mechanism will proceed first under any electric field configu-
ration that has sufficient scale lengths (tens to hundreds of
meters). The magnitude and morphology of the optical emis-
sions computed with our model are more in line with the
observations. None of the models based on conventional
breakdown shows emissions below about 65-km altitude, in
direct contradiction with the observations. In the case of run-
away breakdown, most of the avalanching takes place below 30
km (see Figure 10), so that the beam is well developed by this
point, and as a result, substantial optical emissions exist start-
ing at 25-30 km. A recent one-dimensional model based on
runaway breakdown was developed by Bell et al. [1995]. Their
results indicate that in order to reproduce the observed inten-
sity of red sprites, a minimum of 250 C would have to be
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Table 2. Comparison of Model With Observations

Model

Observations

Total optical energy
Optical intensities 13 MR at 60 km
Optical spectrum

28 km
>25 km

Maximum diameter
Altitude of source region
Peak gamma flux

Energy of peak gamma flux 70 keV
Risetime of gamma pulse ~ 0.17 ms
Duration of gamma pulse 0.3 ms

fixed to measurements (500 J)

blue dominates at low altitude
red dominates at high altitude

7 X 10°-2 X 10° photons/cm?/s

~100 J to several kJ

10-600 kR (insufficient temporal
and spatial resolution)

blue dominates at low altitude

red dominates at high altitude

10-50 km

25-90 km

100 counts/cm?/s

0.1 ms
2-5 ms

(enhanced by scattering)

Tipp duration
Pulse separation
Radio flux above 25 MHz

several us

tens of us depending on viewing angle
1.1 X 10~ '* J/m? at 800 km from

mean of 5 us
mean of 51 us
median of 1 X 107'* J/m?

source and a 45° angle

neutralized in the quasi-electrostatic field model. Our model
only requires 100 C with the primary difference between the
two being the assumed charge configuration. The runaway
model presented here is the first to associate both the BATSE
v ray observations and the Blackbeard radio flashes with the
same mechanism that is potentially responsible for sprites.
Conventional breakdown cannot account for the vy ray obser-
vations, and there is no existing theory (ground reflections
aside) for the TIPP events.

4. Summary

The excellent agreement between the observations and our
model predictions summarized in Table 2 suggests that run-
away breakdown is the driving mechanism for upward dis-
charges and that these discharges are the source of the mys-
terious radio and vy flashes. Confirmation could be attained by
simultaneously measuring the optical, vy, and radio frequency
emissions. These measurements, when interpreted with models
of the discharge, would provide a wealth of information on
thunderstorm electricity and its role in coupling to the upper
atmosphere and the overall global circuit.

If our analysis is correct, then upward discharges represent
the first known manifestation of a fundamental, new process in
plasma physics. Observations of these spectacular natural phe-
nomena offer us an excellent opportunity to verify the theo-
retical predictions of runaway air breakdown.
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