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Abstract

Detailed 2D hydrodynamic and quasi-electrostatic simulations of high-altitude discharges driven by runaway air
breakdown are presented for four cases, corresponding to sprites initiated by positive cloud-to-ground lightning strikes
in which 200 C of charge is neutralized at an altitude of 11.5 km in 10, 7, 5 and 3 ms. We find that the computed optical
emissions agree well with low-light level camera images of sprites, both in terms of the overall intensity and spatial
distribution of the emissions. Our results show the presence of blue emissions extending down to 40 km (blue tendrils)
and red sprite tops extending from 50 to 77 km. Simulated spectra show that N, 1st positive emissions dominate in the
wavelength range from 550 to 850 nm, in good agreement with observations. Strong radio pulses with durations of
~300 ps and peak electric field amplitudes ranging from 20 to 75 V/m at an altitude of 80 km and an approximate
distance from the discharge of 50 km were computed. The magnitude and duration of these pulses is sufficient to cause
breakdown and heating of the lower ionosphere (80-95 km) and leads us to suggest that sprites may also launch the
EMP responsible for the production of elves. The computed values for the y-ray fluxes are in agreement with observations
of y-ray bursts of atmospheric origin and the peak secondary electron densities which we obtain are in good agreement
with recent measurements of HF echoes at mesospheric heights and associated with lightning. © 1998 Elsevier Science

Ltd. All rights reserved.

1. Introduction

The existence of high-altitude optical transients that
occur over the tops of thunderstorms is now well docu-
mented (see e.g., Franz et al., 1990; Boeck et al., 1990,
Winckler et al., 1993; Vaughan et al., 1992, 1993; Lyons
and Williams, 1993; Sentman and Wescott, 1993; Lyons,
1994; Winckler et al., 1994; Wescott et al., 1995; Sentman
et al., 1995; Boeck et al., 1995). Their association with
high-altitude electrical discharges, first predicted by Wil-
son (1925, 1956), seems no longer to be in question. The
only remaining issue is whether these events are glow
discharges, ‘streamers’, breakdown caused by strong
quasi-electrostatic fields, breakdown caused by strong
electromagnetic pulses launched by cloud-to-ground or
intracloud lightning, electrical breakdown of the air
initiated by relativistic electrons (i.e. runaway air break-
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down), or some combination of these various mech-
anisms. In this paper we examine the viability of the
runaway breakdown mechanism for the production of
sprites and elves, but first we proceed with a review of
the existing observational database and a discussion of
the strengths and weaknesses of competing theories.

The initial measurements of high-altitude optical tran-
sients prior to 1994 served to define the brightness, alti-
tude range, morphology, and frequency of the events.
More recent observations have yielded additional infor-
mation on the duration, spectrum, energetics, and dimen-
sions of these events and has led to identification of
several types of associated phenomena including red spri-
tes, blue jets, blue starters, and elves (Lyons, 1994;
Winckler et al., 1994; Wescott et al., 1995; Sentman et
al., 1995; Boeck et al., 1995; Rairden and Mende, 1995;
Fukunishi et al., 1996; Lyons, 1996). Sprites tend to occur
above the anvils of large mesoscale convective systems
(Lyons, 1994) and to be correlated with strong positive
ground strokes with peak currents in excess of ~ 100 kA
{Boccippio et al., 1995). They are predominantly red in
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color above 60 km altitude and can extend to 90 km in
height. The region of maximum brightness lies in an
altitude range 6674 km, while faint tendrils may extend
downward to 40-50 km where blue emissions dominate
(Sentman et al., 1995). The lateral dimension of a sprite
ranges from 5 to 50 km with the largest dimensions associ-
ated with clusters of sprites and its duration is typically
several ms but can extend to 200 ms (cf, Winckler et al.,
1994). In some cases several intensity maxima have been
observed during a single event (cf, Winckler et al., 1994;
Boeck et al., 1995). Typically, the brightest central part
of a single sprite has a diameter of 2 km and an onset
time to peak intensity of approximately 0.3 ms (Rairden
and Mende, 1995). The maximum brightness across a
video field as reported by Sentman et al. (1995) is roughly
600 kR while estimates of the corresponding total optical
energy yield is 1-5 kJ per event. Spectral measurements
of sprites (Mende et al., 1995; Hampton et al.,, 1996)
clearly show that the red color is associated with the N,
1P system, indicating electron impact excitation as the
source of the emissions. While both of these papers have
noted the absence of the Ni Meinel system in their
measurements, Armstrong et al. (1996) have shown that
the Meinel band is quenched at the altitudes of peak
sprite emission (see also Piper et al., 1985). In addition,
Armstrong et al. (1996) present Nf 1IN 1 4278 pho-
tometer data associated with sprites at close range and
argue that the lack of N3 1N emissions in the data of
Mende et al. (1995) is probably a result of atmospheric
extinction. Supporting photometer data of A 4278 emis-
sions were obtained by Suszcynsky et al. (1996) who also
present the first blue imagery of a sprite observed from
the ground. These results together with measurements
of very low frequency (VLF) radio wave perturbations
associated with sprites (Inan et al., 1995) indicate that
these events are accompanied by strong, transient ion-
ization or breakdown of the upper atmosphere. Sprites
generally occur in clusters and have even been observed
to ‘dance’ across the screen of a video display. Sprites in
the latter configuration are often referred to as ‘dancers’.

Recent attempts to account for elves and sprites have
been based primarily on conventional breakdown of the
air, either as a result of large amplitude (>hundreds of
V/m at 70 km altitude or >tens of V/m at 100 km)
electromagnetic pulses (EMP) launched by strong (pro-
ducing currents in excess of tens to hundreds of kA)
horizontal lightning strikes (Inan et al., 1991; Taranenko
et al., 1993a, b; Milikh et al., 1995; Rowland et al., 1995;
Inan et al., 1996; Sukhorukov et al., 1996) or as a result
of quasi-static electric field changes caused by strong
lightning strikes (Pasko et al., 1995; Pasko et al., 1996).
Because EMP models produce enhanced electron heating
and ionization of the air primarily at altitudes above 80
km where the electric field threshold for breakdown is
sufficiently smail and where the coupling to the back-
ground plasma is most efficient, these models are gen-

erally invoked to explain elves. Early theoretical papers
(e.g. Inanetal., 1991; Taranenko et al., 1993a, b) modeled
the interaction of EMP from conventional lightning with
the lower ionosphere and established the major par-
ameters of the perturbations for electron energy, electron
density and emissions of light. In terms of optical emis-
sions it was established that only strong lightning EMP
with electric fields above 20 V/m are capable of producing
optical flashes with an intensity above the background
nighttime luminosity at 85-95 km altitudes (Taranenko
et al., 1993b). The horizontal and vertical dimensions of
the perturbed region as well as its altitude location
coincide well with the experimental observations. Later
computations by Rowland et al. (1995) and by Glukhov
and Inan (1996) for an extended range of EMP
parameters, and by Inan et al. (1996) for details of the two
dimensional interaction, confirmed the range of optical
intensities and electron density perturbations obtained
by Taranenko et al. (1993a, b) for the corresponding
EMP range.

The quasi-electrostatic models based on conventional
breakdown extend to lower altitudes where emissions
from sprites are observed, but must invoke large con-
tinuing currents and field enhancements around the
initial high-altitude portion of the discharge in order to
drive a propagating ionization channel to altitudes below
60 km. The introduction of an arbitrary recombination
term for the purposes of numerical smoothing makes it
difficult to assess the validity of these models. In addition,
large amounts of charge (~200-475 C) must be neu-
tralized in order to establish mesospheric fields above the
conventional breakdown threshold. The advantages of
quasi-electrostatic models based on runaway air break-
down are numerous. The threshold electric field needed
to initiate this mechanism is a factor of ten less than that
required for conventional breakdown. As a result, the
runaway mechanism will proceed first under any electric
field configuration that has sufficient scale lengths (tens
to hundreds of meters) and will limit the strength of
the driving electric field, thereby preventing conventional
breakdown from proceeding. The amount of charge neu-
tralization required is also substantially reduced for run-
away. Depending on the initiating charge distribution,
the runaway threshold can be exceeded throughout the
atmosphere above the thundercloud and the ensuing dis-
charge can therefore produce substantial emissions both
at low altitudes where blue tendrils are observed as well
as high altitudes (~ 65 km) where the head of the sprite
is formed. Initial models based on runaway breakdown
(Taranenko and Roussel-Dupré, 1996; Roussel-Dupré
and Gurevich, 1996; Bell et al., 1995) show very good
agreement with the gross features of sprites.

The occurrence of runaway discharges in and above
thunderstorms is supported by a number of additional
observations. Parks et al. (1981) and McCarthy and
Parks (1985) have flown X-ray spectrometers through
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thunderstorms at altitudes of 12 km and observed sharp
enhancements in the X-ray flux from 3 to 110 keV just
prior to a lightning strike. 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 Observatory (CGRO) when the
subsatellite point was above large thunderstorm com-
plexes near the equator (Fishman et al., 1994). In order
to escape the atmosphere these y-rays would have to
originate above 25 km altitude. More recently Eack et al.
(1996) measured strong X-ray pulses lasting approxi-
mately one second from a balloon at 15 km altitude above
a mesoscale convective system. Only discharges initiated
by the runaway mechanism could account for y-ray bursts
and such enhanced fluxes of X-rays.

The purpose of this communication is to present the
results of a series of two dimensional, quasi-electrostatic
simulations of high-altitude discharges initiated by run-
away breakdown and to illustrate their close cor-
respondence to the more recent and more detailed obser-
vations of sprites. As noted by Roussel-Dupré and
Gurevich (1996), high-altitude runaway discharges can
be a powerful source of radio bursts. In this paper we
show that for certain initial conditions runaway dis-
charges can launch radio pulses strong enough to cause
enhanced heating and breakdown of the airglow layer at
altitudes around 85 km. We propose then that intense
sprites could themselves be the source of elves.

In our simulations a multifluid approach similar to
that of Taranenko and Roussel-Dupré (1996, hereafter
TR) is used to model the relativistic electrons, secondary
electrons, and the positive and negative ions. The primary
difference between this work and TR is that the runaway
discharge is evolved self-consistently throughout the time
during which charge neutralization (initiated by a cloud-
to-ground or intracloud discharge) in the cloud occurs.
The calculations are also carried out at much longer
times, until the discharge itself or the background con-
ductivity eliminates the fields. The electrostatic equations
are solved in a different way, providing significant savings
in computational time. We present calculations of the
optical emissions, spectra, radio emissions for frequencies
less than 1 MHz, and y-rays. Several cases corresponding
to different types of initiating lightning strikes are dis-
cussed and a direct comparison with observations is pro-
vided.

2. Simulations
2.1. Hydrodynamic equations

The mechanism of runaway air breakdown was first
proposed by Gurevich et al. (1992). A detailed kinetic

treatment that describes the temporal evolution of the
electron distribution function in a uniform background

electric field is presented in Roussel-Dupré et al. (1994).
Spatial diffusion of the runaway electrons due to scat-
tering was described in Gurevich et al. (1994). In the
collision dominated regime the runaway breakdown
mechanism can be characterized by two populations of
electrons, namely, primaries or energetic (> 10 keV) run-
away electrons, and low energy secondaries (<100 eV).
The secondary (low energy) electrons produced in the
avalanche process are collision dominated and establish
equilibrium distributions on time scales much shorter
than the time for runaway breakdown. Their mean
properties are defined by the local electric field E and
pressure p (scaled in the usual way as £/p) and can be
derived from the standard swarm parameters (Huxley
and Crompton, 1974). Because we have included the ava-
lanche rate for secondary electrons in our equation set,
we note that conventional breakdown is also included in
our analysis.

We now describe an extension of earlier work (TR)
that allows us to predict the full temporal evolution of
upper atmospheric discharges now known as red sprites.
In the present formulation (contrary to TR), the positive
and negative ions produced as a result of ionization and
attachment are permitted to contribute to the total elec-
trical current density and hence the evolution of the self-
consistent fields. Because of their large densities at low
altitudes, the ion contribution to the net current is impor-
tant for slow discharges (hundreds of ms, a regime not
addressed in TR) even though they do not move far from
their creation point during the time of the simulation. As
a result, the advection terms for the positive and negative
ions are dropped from the continuity equations.

Thus, except for minor modifications, the hyd-
rodynamic equations that we use in this paper to describe
a runaway discharge are equivalent to that adopted by
TR and can be written: :

on F,

B—tpz ~V-np,+ Ry, + T 1)
on,

Py — V- np+ Rn,—an+vin,—an n, 2)
on_

o T, (3)
on,

= R, + Ry +ving—amn n_—o,n, n, 4)
J=em,, —n_v_—nu,—nw,), (5)
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where 7, is the density of primary electrons (high energy
runaway electrons), », is the density of secondary elec-
trons, n, is the density of positive ions, n_ is the density
of negative ions, R, is the production rate of runaway
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electrons, v, is the mean primary electron velocity, F. is
the flux of cosmic-ray produced high-energy electrons,
R, = &,/& R, is the production rate of secondary electrons,
& = 34 eV is the energy loss per ion pair produced in air,
v, is the mean velocity of secondary electrons, « is the
three-body attachment rate, oy is the recombination rate,
v, is the avalanche rate for low-energy electrons (ion-
ization minus dissociative attachment), «; is the ion
recombination rate, v, and v_ are the positive and nega-
tive ion mobility velocities, respectively, E is the total
self-consistent electric field and E; is the field resulting
from charge neutralization in the cloud, i.e. the normal
lightning event that provides the driving field for the
upper atmospheric discharge. The diffusion and detach-
ment terms of TR were dropped because they are insig-
nificant. The ion mobilities are approximated by:

2

m| _p(z=0)
,u[VJ x2.27x10 e
where p is the neutral density of the air. The mean free
path, Ang, of high energy electrons with mean energy ¢,
is well defined in terms of the energy loss formula of
Bethe (1930) and Bethe and Ashkin (1953): Ang = £,/Fp
where

4nZe*N,, 7*
et
me> yr—1

Fp
and where

S = 1n<’”7" NG 1)/2)

In(2)/2 1 2 —1)?
,Q(A__%ﬂg y
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In the above equations we have Z = 14.5, N,, is the neu-
tral air number density, m is the electron mass, e is the
electron charge, and 7 = 80.5 eV. We also note that eqn
(6) can be derived from Poisson’s equation and the con-
tinuity equation in the electrostatic limit, and that it is
more efficient computationally to solve because the cur-
rent density is defined locally and the external lightning
field is known analytically.

The parameters ¢, v, and R, are available as a function
of Ejp from the detailed kinetic calculations for a limited
number of values of E/p. These tabular data are fitted
with smooth polynomials that are then used in the
numerical simulations. Near an altitude of about 55 km
the mean free path of the primary electrons becomes large
and, in fact, comparable to an atmospheric scale height
and to computational cell dimensions. A simple pre-
scription is invoked to allow the primary electrons to free
stream out the top of the computational grid. Because
we are assuming a 2D cylindrically symmetric geometry,

the free streaming primary electrons are given a vertical
velocity component only. Their speed is adjusted to con-
serve kinetic energy. In reality, the electrons would be
circulating around and moving in the direction of the
geomagnetic field. We note that this effect does not alter
the results of our model of the discharge because in run-
away breakdown the energetic electrons escape in energy
as well and do not alter their velocities significantly. In
addition, detailed kinetic calculations show that the ava-
lanche rate is determined entirely by the lower energy
electrons near the threshold for runaway. These electrons
are collision dominated and have smaller mean free paths.
As a result the use of an avalanche rate based on the local
value of E/p is completely justified. The reader is referred
to Taranenko and Roussel-Dupré (1997) for a discussion
of geomagnetic field effects. The free streaming model
also allows us to estimate the flux of primary electrons
to the ionosphere as a function of time. The continued
evolution of the primary electron beam through the iono-
sphere along geomagnetic flux tubes is the subject of
future research.

The parameters v,, , og, op, and v; are available as
a function of E/p from the literature (e.g. Huxley and
Crompton, 1974; Ali, 1986). Note that the associated
primary and secondary electron conductivities can be
obtained by dividing the corresponding currents by the
electric field. These conductivities are evolved self-con-
sistently in time (as are the currents) and include changes
in electron energy through the parameterization of elec-
tron mobility (and/or drift velocity) in terms of E/p. The
flux F, of high-energy secondary electrons is also avail-
able from the literature (e.g. Daniel and Stephens, 1974)
for energies greater than 10 MeV. We extend the energy
down to 1 MeV by assuming that the distribution func-
tion, f, varies as: f = fy(go/p)'" with the result that the
integrated flux of electrons with energy above 1 MeV is
given by:

electrons
~ —(H—11.2){11.3
{4—, ] ~2.5e
cm’s

where H is the altitude in km. Given that the electric field
lies above the threshold for air-breakdown, then eqns
(1)-(6) can be used to evolve the electron and ion densities
as well as the electrostatic field vector E.

In thunderstorms, cloud electrification generally pro-
ceeds over a time scale (tens of seconds to tens of minutes)
sufficiently long to permit the conducting atmosphere
above the cloud to polarize and short out the thun-
derstorm electric field. When a lightning strike rapidly
neutralizes the cloud charge layers (on time scales of ms
to tens of ms), strong quasi-electrostatic fields can
develop in the stratosphere and mesosphere. Given the
background conductivity profile shown in Fig. 1, we can
compute the resulting quasi-electrostatic fields that
develop above the cloud for different charge con-
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Fig. 1. Electrical conductivity profile. The electrical conductivity of the air ({/S) is plotted as a function of height.

figurations. Hence, the external, or normal lightning dis-
charge field is found analytically. The positive cloud to
ground strike in a storm complex is modeled by the cre-
ation of a monopole of opposite polarity in free air. The
total charge, — Qischarge- 1S Created on an exponential time
scale (1) or via a constant current for a limited amount
of time. For the exponential case, we have

Q(r’ Z t) = Q(O’H’ t) = _Qdischarge(l _e-r,'r)

where H is the altitude of the discharge. For the case of
an intracloud discharge in a storm complex the event is
modeled as the creation of a dipole of opposite polarity
in free air. The charges of opposite sign are now created
at two altitudes with an exponential build up or with a
constant current. This model neglects the complicated
hydrodynamic and electrical processes within the storm
complex and is therefore only valid well above the cloud
tops. We have assumed that charge layers or charge cen-
ters can be approximated as point charges. Roussel-
Dupré and Gurevich (1996) have solved for the electric
field from these models, neglecting the resulting currents
and charge distributions from the runaway process and
neglecting the enhanced electrical conductivity due to the
runaway process. This solution is useful for estimating

the model parameters needed to produce different kinds
of events. The solution for the dipole model of the intra-
cloud discharge is reproduced here:

[~—4n01 —tjt
—e L

Q.(r—ry) QO@—r.) 1
ne

r—r.  r—r? J1—4n0t

(7

where @, (Q_)is the magnitude of the positive (negative)
charge, r, (r_) is the location of the positive (negative)
charge layer, and ¢ is the background conductivity of the
atmosphere. The image charges through a ground plane
and an ionospheric plane (set at 100 km) are also included
analytically in our analysis but not in eqn 7. We emph-
asize that eqn 7 was derived in the quasi-electrostatic
limit (no radiation fields or propagation effects, i.e. the
speed of light is effectively infinite) and assuming that the
conductivity is constant with time. This equation is used
only to estimate the parameters (Q and t) necessary to
initiate a runaway discharge. In the detailed numerical
simulations, eqns 1-6 are solved self-consistently with the
currents and associated conductivities determined from
kinetic theory and/or swarm measurements par-
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Fig. 2. Computational mesh. The cylindrical grid used in our simulations is shown. Note the variable spacing in both the radial and

vertical directions.

ameterized as a function of E/p. Thus, changes in primary
and secondary electron energies are incorporated into the
conductivities which are also evolved self-consistently in
time. The strength of the total electrical field, relative to
the local threshold value for runaway breakdown to
occur is defined as:

(_SO = E(f’, Z)/EThreshold(Z)' (8)

A transient, multimaterial, compressible, fluid dynam-
ics code (CAVEAT) developed at Los Alamos (Adessio
et al., 1992) was adapted to solve eqns (1)~4) on a cyl-
indrical grid with variable spacing as shown in Fig. 2.
CAVEAT utilizes arbitrary mesh motion according to
the ‘arbitrary Langrangian-Eulerian’ formulation. All of
the simulations reported here were run in the pure Eul-
erian mode. A rectangular, but non-uniform, grid in r—z
geometry is used in order to resolve the avalanche process
at all altitudes. The avalanche length scales as 1/p and
therefore increase exponentially in altitude. In our simu-
lations there is square zoning near the left hand corner
of the grid, typically 200400 m. The radial and vertical
grid spacings then increase at a constant factor (different
in each direction) to reach the maximum radius and
maximum height of the computational grid. Second order

spatial differencing was employed along with explicit time
marching. The independent state variables—densities
and the electric field—are specified on cell centers. The
derived velocity fields are cell centered. The advection
terms in eqns (1) and (2) require face centered electron
velocities which are computed from face centered electric
fields. The face centered electric fields are computed from
a simple average of the neighboring cell centered values.

The boundary conditions are described next. The elec-
tric field is set to zero above 80 km and therefore at the
top boundary. The simulations are two dimensional with
a left hand symmetry boundary. At this boundary the
radial component of the electric field is set to zero, and
the vertical component is set to the cell centered value
next to the boundary. The bottom and right hand bound-
aries use the analytical expression for the electric field.
On these two boundaries the time dependent conductivity
of the neighboring real cell is used in the analytic
expression. The primary and electron boundary velocities
are derived from the electric field boundary values in
the same way as the interior velocity distributions are
determined. Outflow is allowed on the top and right hand
boundaries, and outflow/inflow is allowed on the bottom
boundary. The right hand boundary is chosen to be large
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enough so that there is no significant avalanching near it
and therefore the analytic electric field with the nearest
real cell conductivity is appropriate. The bottom bound-
ary is clearly an ad hoc situation. We have found that we
must allow a current to flow across the boundary. In the
case of no current flow an oscillating condition evolves
where net charge near the bottom is allowed to build,
which becomes large enough to attract opposite charge
to neutralize it, which then allows it to build again and
the cycle repeats. The combination of fine grid resolution,
the analytic E field with nearest real cell conductivity, and
the nearest real cell number densities in our estimation
provide the most reasonable approximation to the actual
current at this boundary.

The main effect of the runaway mechanism is to
enhance the electrical conductivity greatly, This in turn
affects the time evolution of the electric field through the
dissipative current density term in eqn (6). Therefore we
start our simulations just before the threshold for the
runaway process is exceeded anywhere in the grid. At this
problem-dependent, initial time the total and external
electric fields are computed from eqn (7), i.e. the threshold
for avalanching has not been reached anywhere and
hence there is no runaway contribution to the fields. The
simulation is ended when the maximum primary electron
concentration is small, e.g. less than one per m®. At this
time the total electric field has been eliminated due to the
enhanced electrical conductivity as well as the ambient
electrical conductivity at high altitudes. The secondary
electron populations persist to later times and in fact
their existence may already be inferred from ground
based radar echoes (Roussel-Dupré and Blanc, 1997)
near and above thunderstorms.

2.2. Simulation results

The analytic expression for J, allows us to search
quickly the multi-dimensional parameter space of init-
iating lightning strokes. Figures 3(a)-(c) display snap-
shots in time of J, for the case of —200 C discharged in
an exponential time scale of 10 ms at an altitude of 11.5
km. This represents a positive cloud-to-ground stroke.
Values greater than one, i.e. where the electric field
exceeds the threshold for the relativistic avalanche to
proceed, are color coded and values less than one are left
white. We see that the avalanche first begins at high
altitude (about 71 km) and moves downward encompass-
ing the entire region from 22 km (the bottom of the grid)
to 71 km. We have found, by numerical experiment, that
the runaway region must extend down to about 35 km in
order for the primary electron beam to traverse enough
avalanche lengths to produce optical emissions strong
enough to be detected by current low-light level cameras.
Figure 3(d) displays the time evolution for the same case
along the vertical axis of symmetry. The maximum value
of , is 8.2 and therefore §, lies below the threshold for

conventional breakdown at any time along the z-axis.
However, in the course of runaway breakdown there are
two competing processes which can alter this result. The
free streaming of primary electrons out of the discharge
region will tend to increase the field while the enhanced
conductivity associated with secondary electrons will
tend to reduce it. In all the cases studied to date, we
have found little or no contribution from conventional
breakdown to the discharge.

We now describe results from four full simulations
that reproduce the basic properties of red sprites. The
initiating lightning strike is a positive cloud-to-ground
stroke at 11.5 km altitude neutralizing 200 C. The
exponential time scales are 10, 7, 5, and 3 ms for cases 1—
4, respectively. Case 1 corresponds to the full detailed
simulation of the analytical study described in the pre-
ceding paragraph. Case 2 represents a case that best mat-
ches visible observations of Sentman and Wescott (1993).
Cases 3 and 4 allow us to study the effect of even smaller
exponential time scales. The electron population mor-
phology is quite similar for the four cases. There are
several primary electron enhancements during the time
evolution, but only three dominant, and optically visible,
flashes. The first flash is an on axis beam [Fig. 4(a) for
case 3] that flares radially [Fig. 4(b)] as it approaches the
ionosphere. The second flash is spatially outside of the
region of the first flash. It follows the first flash by 10, 6,
4, and 2 ms for cases 1-4, respectively. The third flash
follows the second flash quite closely in time and is spa-
tially at low altitude and outside the volume of the first
two flashes. It is also much weaker. Note that the units
in Figs. 4(a)-4(d) are in electrons/m, the color bars are
identical for Figs 4(a) and 4(b), and also identical for
Figs 4(c) and 4(d). The primary electron population dies
rapidly after the third flash (see following paragraph).
Figure 4(c) displays the secondary electron population at
the same time (5.5 ms) as Fig. 4(a) for the primary elec-
tron population. Figure 4(d) displays the secondary
population at 10 ms, for case 3, by which time the primary
population has disappeared (i.e. less than 1/m).

Figure 5(a) displays the kinetic energy of the electron
populations as a function of time for case 2. There are
three peaks clearly visible for the primary electron popu-
lation and each of these peaks corresponds to a flash of
optical emissions. The first peak, as described above, is
principally an on axis beam of electrons with a radius of
5-10 km. This beam eliminates the electric field within
this region but the normal lightning stroke is still able to
drive an avalanche around this region, about 5.5 ms later.
This is the second peak in the kinetic energy plot. The
third peak corresponds to a low altitude avalanche out-
side the first two regions in space. The primary beam
abruptly shuts off at just over 14 ms because these three
flashes have shorted out most of the spatial volume and
the driving field (lightning stroke) is essentially over by
2t. The peak kinetic energy of the secondary electron
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Fig. 3. Temporal evolution of §,. Two dimensional color contour plots showing the predicted magnitude of &, produced by a positive
cloud-to-ground lightning discharge are presented for Case 1 (neutralization of 200 C at 11.5 km altitude in 10 ms) at three times: (a)
¢t = 1.6 ms, (b) = 10 ms, and (c) t = 30 ms. The temporal evolution of d; along the axis of the charge distribution in the cloud is shown
in (d). Color bars for the magnitude of &, are shown at the top of each plot. Values of d, that are greater than one are color coded while
those less than one are left blank.



R. Roussel-Dupré et al./|Journal of Atmospheric and Solar-Terrestrial Physics 60 (1998) 917-940 : 925

1 2 3 4 5 6 7 8
t = 1.0136-02 ncyc = 19

Sol L l L ] s i L i 2 { s

z (km)

20+ T T r J i T i T " T T
0 10 20 30 40 50 60

r (km)
Deita O
H+ =11.5 H- = 0.0 tou =0.010 Q =-200.0 rpan= 0.0

Fig. 3(b).



926 R. Roussel-Dupré et al.{Journal of Atmospheric and Solar-Terrestrial Physics 60 (1998) 917-940

t = 3.040E-02 ncyc = 57

sol s i L ! X { . ] L 1 A

z (km)

04+
0 10 20 30 40 50 60

r (km)

Deita O
H+ =115 H- = 0.0 tou =0.010 Q =-200.0 rpan= 0.0

Fig. 3(c).



R. Roussel-Dupré et al.jJournal of Atmospheric and Solar-Terresirial Physics 60 (1998} 917-940

80

70

60

50

z (km)

40—

30

20
.000 .005 .010 .015 .020 .025 .030 .035 .040

t (s)
Detto O on oxis
H+ =11.5 H- = 0.0 tou =0.010 Q =-200.0 rpan= 0.0

Fig. 3(d).

927



928 R. Roussel-Dupré et al./Journal of Atmospheric and Solar-Terrestrial Physics 60 (1998) 917-940

10! 102 103 104 10° 108
t = 5.458E-03 ncyc = 10995

| 1 1 ) 11 " i L

T T T T T T T T

20 30 40 50 60
r (km)

Primary Electron Density (#/mss3)

H+ =11.5 H- = 0.0 tou =0.005 Q =-200.0 rpon= 0.0

Fig. 4. Temporal evolution of primary and secondary electron densities. Two dimensional color contour plots showing the magnitude
of the primary densities (in electrons/m®) produced in a high-altitude runaway discharge initiated by a positive cloud-to-round lightning
strike are presented for Case 3 (neutralization of 200 C at 11.5 km altitude in 5 ms) at two times: (a) ¢ = 5.46 ms and (b) ¢ = 5.57 ms.
Similar plots for the secondary electron densities are presented for two times: (¢) ¢ = 5.51 ms and (d) ¢ = 10.4 ms. Color bars for the
magnitude of the densities are shown at the top of each plot. Densities that are less than the minimum color coded values (dark blue)
in each plot are left blank. [
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Table 1
Selected stmulation results

T n, KE, Tionosphere E Airplane Ground y
Case (ms) (#/cc) (kJ) (kA) (V/m) (kR) (kR) (#/cm? s)
1 10 0.4 107 4.0 19 518 129 16800
2 7 0.5 144 5.7 37 647 162 17900
3 5 0.7 248 12 45 811 203 22500
4 3 1.2 376 19 75 1102 292 30500
P . . . 200

population is 1000 times less than the primary beam, its ]

dynamic range is much less than the primary beam, and 175 -

it persists longer. The secondary electrons persist because ) .

they are moving much slower and remain in the discharge g 150

volume, because even weak avalanche regions act as a ~ 125 _'

significant source of secondary electrons, and because the ) ]

attachment rates are small compared to the duration of "',_': 100 -

the discharge at altitudes above 40 km. Figure 5(b) dis- ()] 1

plays the current to the ionosphere due to primary elec- 5 75 —

trons for the same case. Numerically, we spatially inte- + 50 -

grate the flux of primary electrons across the top 'ﬁ A

boundary and then differentiate, numerically, between 25 -

computational time dumps. The three distinct flashes of 1

the primary electron population are again seen in the 0 L L

currents, which reach several kA for a few tenths of a
millisecond.

Table 1 summarizes some key outputs from the four
sprite simulations. Recall that in each case 200 C was
discharged at 11.5 km altitude, modeling a strong positive
cloud-to-ground stroke. The tabulated outputs include
the maximum primary electron number density (n,); the
maximum primary electron kinetic energy (KE,); the
maximum primary electron current to the ionosphere
(Zionosphere); the maximum radiation electric field strength
(E); the maximum, first flash, visible intensity as seen
from 11 km altitude (Airplane); the maximum, first flash,
visible intensity as seen from the ground (Ground), and
the maximum y-flux (y’s). The visible emissions are cal-
culated 300 km from the discharge center. The maximum
radiating electric field is calculated 50 km from the dis-
charge center (which is around 45 km altitude) and at an
altitude of 80 km. The maximum y-ray flux is calculated
at 1000 km from the center of the discharge. The y-ray
flux is highly angular dependent and has a dynamic range
of seven orders of magnitude over the range of observer
positions relative to the vertical axis of the discharge.

We are presenting only the maximum visible intensities
for the first flash because we are neglecting a significant
emission process due to secondary electrons. The
enhanced conductivity in the discharge region reduces
the electric field below the threshold and the residual field
maintains a low energy ( ~ I eV) population of secondary

Time (ms)
Fig. 6. Instantaneous optical intensity. The instantaneous optical
intensity (in MR) at 51 km altitude is plotted as a function of
time for Case 3 (neutralization of 200 C at 11.5 km altitude in §
ms).

electrons which produces predominately red emissions.
This process becomes important between flashes, i.e.
when there are abundant secondary electrons but very
few primary electrons left. In fact, the primary electron
population drops by more than four orders of magnitude
between flashes. Figure 6 plots the instantaneous visible
intensity (note the short duration of these flashes), at 51
km altitude, as a function of time for case 3. At this
altitude the first flash dominates and the third flash does
not even develop. The neglected secondary electron emis-
sion process would contribute between 5.5 and 9 ms and
after 9.5 ms when the primary electron population is
negligible. We are therefore underestimating the optical
emissions or, alternatively, we are overestimating the
amount of charge needed in the normal lightning event
to drive the red sprite formation. Finally, we find that all
outputs increase with increasing case number or as the
exponential neutralization time scale decreases. The vis-
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ible emissions, radio output, and y-ray flux are described
in more detail in the next section.

3. Predicted emissions

We compute the spatial and temporal distribution of
optical, radio and y-ray emissions for each of the four
cases discussed above. The results of the kinetic theory
of runaway air breakdown (Roussel-Dupré et al., 1994)
are used in our numerical calculations.

To calculate the optical emissions we use the air flu-
orescence efficiencies measured by Davidson and O'Neil
(1964) and Mitchell (1970). Thus, given the spatial and
temporal distribution of the number density and energy
of primary electrons and integrating along the line of
sight, it is possible to compute the corresponding dis-
tribution of optical emissions in space and time. We
emphasize that the efficiencies used in our calculations
are appropriate only for energetic particles in air without
an applied electric field. The effect of the field is to main-
tain a population of secondary electrons at energies (~ |
eV, for §, = 1) sufficient to cause additional excitation of
the N, Ist positive lines. Thus our results underestimate
the red emissions and overestimate the charge neu-
tralization needed to produce a discharge of this magni-
tude. Atmospheric attenuation from the source to the
detector is incorporated in our calculations using the
extinction coefficients measured by Guttman (1968).

The intensity of optical emissions averaged over 17 ms
(corresponding to one camera frame) for the case when
200 C of charge is neutralized by a positive cloud-to-
ground strike in 7 ms at an altitude of 11.5 km (case 2) is
shown in Fig. 7(a). In this case the attenuation is cal-
culated for a detector situated at an altitude of 11 km
above sea level (corresponding to an aircraft) and the
resulting image is shown on a true linear color scale. The
maximum intensity is calculated to be 647 kR, while the
spatial dimensions of the emitting region extend over 35
km x 30 km. The spectral intensity of the emission in the
wavelength range from 400 to 900 nm as a function of
altitude is shown in Fig. 7(c). Note that the red emissions
resulting from the first positive band of nitrogen pre-
dominate at altitudes higher than 55 km, while at alti-
tudes lower than 55 km the blue emissions resulting from
the second positive and first negative bands of nitrogen
predominate. Figure 7(b) shows optical emissions for the
same discharge region as viewed from an altitude of 1
km above sea level (corresponding, for example, to the
Yucca Ridge Field Station observing site in Colorado).
The maximum intensity in this case is 162 kR. The spec-
tral intensity viewed from this altitude is shown in Fig.
7(d). Our calculations show that the duration of the peak
intensity of this simulated sprite is in the range from 0.3
to 3.5 ms, depending on altitude. At lower altitudes the

duration of optical emissions is shorter than at higher
altitudes.

The radio emissions produced by high-altitude dis-
charges are computed using the space-time distribution
of electrical current density and charged particle number
density provided by the numerical simulations. The tem-
poral evolution of the radiated electric field for an
observer at an altitude of 80 km and a distance of 50 km
from the center of the discharge is shown in Fig. 7(e) for
case 2. The maximum electric field amplitude is 37 V/m.
Our results show that radio emissions from sprite dis-
charges can be comparable with those from regular light-
ning {see Uman (1984) for details] both in terms of ampli-
tude (maximum values observed are about 50 V/m at an
altitude of 80 km) and duration (in the range from 25 to
2000 us for the case of a positive stroke). Therefore, it
seems reasonable to conclude that ionospheric phenom-
ena usually associated with radio emissions from a con-
ventional lightning strike such as ionospheric heating and
airglow, lower-hybrid wave generation, explosive spread
F, and others can also be initiated by high-altitude dis-
charges.

Given the velocity distribution and number density of
relativistic electrons in space and time, we compute the
corresponding spatial and temporal distribution of y-rays
generated by the discharge. In our calculations we employ
the emissivities obtained by Roussel-Dupré et al. (1994)
based on the Bethe—Heitler doubly differential cross sec-
tion for bremsstrahlung emission by a relativistic elec-
tron. We consider y-ray photons with energy E > 30 keV.
The temporal evolution of the y-ray flux seen by an
observer at an altitude of 700 km and a distance from the
center of the discharge of 1000 km is shown in Fig. 7(f)
for case 2. The maximum value of the y-ray flux is ~ 120
photons/cm”s while the duration of a single pulse is
about 0.3 ms. The peak y-ray flux angle distribution at a
distance of 1000 km from the discharge center is shown
in Fig. 7(g). The angle distribution is calculated without
taking into account atmospheric absorption which for
energies above 30 keV can only be neglected for a rad-
iating source situated above 50 km altitude.

Figures 8(a) and (b) show the optical intensity for case
1 where 200 C of charge is neutralized by a positive cloud-
to-ground strike in 10 ms at an altitude of 11.5 km as
seen from altitudes of 11 km and 1 km above sea level
respectively. The maximum optical intensities for these
cases are 518 kR and 129 kR, respectively. The radiated
electric field as a function of time for an observer at an
altitude of 80 km and a distance from the center of the
discharge of 50 km is shown in Fig. 8(c). The peak y-ray
flux angle distribution at a 1000 km distance from the
discharge center is shown in Fig. 8(d).

Figures 9(a) and (b) show the optical intensity for case
3 where 200 C of charge is neutralized by a positive cloud-
to-ground strike in 5 ms at an altitude of 11.5 km as
seen from altitudes of 11 km and 1 km above sea level,
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Fig. 7. Computed optical, radio frequency, and X- and y-ray emissions for Case 2. The computed optical image averaged over 17 ms
for a detector situated at an altitude of 11 km is presented in (a) for Case 2 (neutralization of 200 C at 11.5 km altitude in 7 ms) on a
true linear color scale. The color bars give the intensity in kR. The corresponding image for a detector situated at an altitude of 1 km
is shown in (b). The spectral intensity (kR) in the wavelength range from 400 to 900 nm and averaged over 17 ms is plotted as a function
of height on a log color scale for a detector at an altitude of 11 km in (c). The corresponding spectra for a detector at | km altitude is
shown in (d). The temporal evolution of the radiated electric field (in V/m) for an observer at an altitude of 80 km and a distance of 50
km from the center of the discharge is shown in (e). The temporal evolution of the X- and y-ray flux (photons/cm®s) above 30 keV as
seen by an observer at an altitude of 700 km and a distance from the center of the discharge of 1000 km is shown in (f). The peak X-
and y-ray flux (photons/cm®s) angle distribution at a distance of 1000 km from the discharge center is shown in (g).
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Fig. 8. Computed optical, radio frequency, and X- and y-ray emissions for Case 1. The computed optical image averaged over 17 ms
for a detector situated at an altitude of 11 km is presented in (a) for Case 1 (neutralization of 200 C at 11.5 km altitude in 10 ms) on a
true linear color scale. The color bars give the intensity in kR. The corresponding image for a detector situated at an altitude of 1 km
is shown in (b). The temporal evolution of the radiated electric field in (V/m) for an observer at an altitude of 80 km and a distance of
50 km from the center of the discharge is shown in (c). The peak X- and y-ray flux (photons/cm®s) angle distribution at a distance of

1000 km from the discharge center is shown in (d).

respectively. The maximum optical intensities are 811 kR
(view from 11 km) and 203 kR (view from 1 km). The
radiated electric field as a function of time for an observer
at an altitude of 80 km and a distance from the discharge
center of 50 km is shown in Fig. 8(c) for this case. The y-
ray flux angle distribution at a 1000 km distance from
the discharge center is shown in Fig. 8(d). Finally, we note
that the optical, y-ray, and radio emissions computed for
case 4 are quite similar to those obtained for case 3.

4. Comparison with observations

The computed intensity of optical emissions for the
case when the observer is at an altitude of 11 km above
sea level [Figs 7(a), 8(a), 9(a)] is in excellent agreement
with the results of aircraft observations (Sentman et al.,

1995). The peak value of the intensity measured by Sent-
man et al. (1995) for the brightest sprite is about 600 kR,
and is comparable to the computed value of 647 kR for
case 2. Both the observational picture and the pictures
[Figs 7(a)-9(a)] obtained from our simulations show the
presence of blue emission at the bottom of the red sprite
(blue tendrils), extending down to 40 km. The blue tendril
is visible only from high altitudes (h ~ 11 km), and
becomes invisible from low altitudes because of Rayleigh
scattering and scattering from aerosols. This result is in
agreement with certain ground-based observations of red
sprites (Winckler et al., 1996; Rairden and Mende, 1995;
Lyons, 1996), which show no evidence for blue tendrils.
Recent ground-based observations of red sprites (Lyons,
1996) show sprite tops at an average altitude of 77 km
and sprite bases at an average altitude of 50 km. As one
can see in Figs 7(b), 8(b), and 9(b), which represent the
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Fig. 9. Computed optical, radio frequency, and X- and y-ray emissions for Case 3. The computed optical image averaged over 17 ms.,
for a detector situated at an altitude of 11 km is presented in (a) for Case 3 (neutralization of 200 C at 11.5 km altitude in 5 ms) on a
true linear color scale. The color bars give the intensity in kR. The corresponding image for a detector situated at an altitude of 1 km
is shown in (b). The temporal evolution of the radiated electric field (in V/m) for an observer at an altitude of 80 km and a distance of
50 km from the center of the discharge is shown in (¢). The peak X- and y-ray flux (photons/cm®s) angle distribution at a distance of

1000 km from the discharge center is shown in (d).

images of red sprites obtained assuming that the observer
is at low altitude, our results are consistent with these
observations.

The computed spectra of optical emissions are in agree-
ment with observational data obtained by Hampton et
al. (1996) in the wavelength range from 550 nm to 850
nm. Both the data and the calculations clearly show the
dominance in sprite spectra of red emissions resulting
from transitions in the 1st positive band of nitrogen. The
lack of recorded spectra in the blue makes it impossible
for us to compare our calculations with observations and
is partially a result of the strong atmospheric attenuation
that occurs over the long path lengths from source to
detector, as demonstrated in the calculations. We also
point out that our simulations indicate that the energetic
part of the runaway discharge has a much shorter dur-
ation (a few ms) than the camera integration time (17 ms)

and that a large component of the recorded spectra in
the red could originate from additional excitation caused
by a residual population of low energy (~1 eV) sec-
ondary electrons maintained by a persistent thun-
derstorm electric field that lies just below the threshold
for runaway. The latter effect, which is not included in
our simulations, will be the subject of future inves-
tigations. Thus while the camera sensitivity is able to
register the much stronger and longer duration red com-
ponent, it may not be sufficient to record the attenuated
and shorter duration blue component. The duration of
the peak intensity of optical emissions of sprites obtained
from our calculations is in the range from 0.3 to 3.5
ms. These results are in agreement with the photometer
measurements of Winckler et al. (1996), who show an
average duration for sprites of about 3 ms. A more
detailed description of the optical (including detailed
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spectra with references to the N3 1st negative and Meinel
bands and to the N, 2nd positive band) emissions pro-
duced by runaway discharges appears in a companion
paper (Yukhimuk et al., 1997).

The computed values for the y-ray fluxes caused by
upward propagating discharges are in agreement with
observations of y-ray bursts of atmospheric origin as
reported by Fishman et al. (1994). The scintillation detec-
tors used for the observations are sensitive to photons
with energies above 20 keV; in our calculation we con-
sidered y-ray photons with energy £ > 30 keV. As one
can see from Fig. 7(g), the peak y-ray flux depends sig-
nificantly on the angle of observation. For an observer
at approximately 90°, the computed flux is 0.25 photons/
s-cm?, while at approximately 0° the flux is larger than
10* photons/s-cm®. The measurements of Fishman et al.
(1994) yield a y-ray flux of about 100 photons/s-cm®. It
should be noted that we calculate the y-ray flux without
taking into account atmospheric scattering and absorp-
tion. Scattering will lead to an increase in the duration of
the pulse simultaneously with a decrease in the flux peak
value. Our simulations show that upward discharges have
a tendency to produce several short (with a duration of
about 0.1-0.5 ms) y-ray pulses with a time separation of
about 01.—1 ms. Depending on the source altitude for a
given event, multiple pulses of this type would become
blended and yield an event composed of fewer individual
peaks and with an extended duration as a result of scat-
tering. Indeed, such a temporal structure was observed
by Fishman et al. (1994) and y-ray pulses with durations
of about 1-3 ms usually possess multiple peaks.

A more detailed comparison of optical (including
detailed spectra with references to the N3 1st negative
and Meinel band emissions), radio, and y-ray emissions
produced by runaway discharges are being published in
a companion paper (Yukhimuk et al., 1997).

5. Summary

Detailed 2D hydrodynamic and quasi-electrostatic
simulations of high-altitude discharges driven by run-
away air breakdown were presented for four cases cor-
responding to sprites initiated by positive cloud-to-
ground lightning strikes in which 200 C of charge is
neutralized at an altitude of 11.5 km in 10, 7, 5 and 3 ms.
We find that the computed optical emissions agree well
with low-light level camera images of sprites, both in
terms of the overall intensity and spatial distribution of
the emissions. The computed spectra in the wavelength
range 550-850 nm are also in good agreement with obser-
vations as is the altitude (55 km) which marks the tran-
sition from the dominance of red emissions to that of
blue emissions. The computed time dependence of the
optical emissions is also in good agreement with obser-
vations and is characterized by several intensity peaks

with durations ranging from several hundred s to several
ms. The simulations indicate that these peaks are associ-
ated with several discharge events.

When the driving quasi-electrostatic field exceeds the
runaway threshold, it initiates a discharge that creates a
highly conducting medium of finite spatial extent near
the axis of the charge distribution in the cloud. The con-
ductivity is sufficiently high to eliminate the field in this
region rapidly; however, the field continues to grow on
the edges (as the driving lightning discharge proceeds)
and eventually exceeds the threshold on the edges. A
runaway discharge then occurs in a region surrounding
the initial core breakdown region. Meanwhile three-body
attachment reduces the conductivity in the core and leads
to recovery of the field and a second discharge is driven
in the core region at lower altitudes. This basic cycle can
be repeated several times depending on the duration and
strength of the driving lightning discharge and results in
several bursts of optical emissions. Following an initial
discharge (or set of discharges) the conductivity relaxes
back to the background value, and depending on the
relaxation times and the evolution of the discharge, it is
also possible for a residual electric field that is below the
threshold for runaway to persist for long periods of time.
This field can maintain a low energy (~ 1 V) population
of secondary electrons which would predominately pro-
duce red emissions. Thus we would expect to see rapid (a
few ms) emissions across the visible spectrum followed
by a persistent (several hundred ms) red component.
Indeed the observations support this picture (see Winck-
ler et al., 1996); it is also not surprising that red emissions
would dominate when integrated over a camera frame.
We note that the peak secondary electron densities
(~5x 10" m?) obtained in our simulations as well as
their lifetimes (several hundred ms) are in good agreement
with recent measurements of RF echoes associated with
lightning (see Roussel-Dupré and Blanc, 1997).

All four cases considered in this paper have yielded
strong radio pulses with durations of ~ 300 us and peak
electric field amplitudes ranging from 20 to 75 V/m at an
altitude of 80 km and an approximate distance of 50 km.
The magnitude and duration of these pulses is sufficient
to cause breakdown and heating of the lower ionosphere
(80-95 km) and leads us to suggest that sprites may also
launch the EMP responsible for the production of elves.
This subject will be discussed in more detail in a future
publication. We note that these particular simulations did
not produce pairs of pulses that resembled the measured
transionospheric pulse pairs (TIPPs, see Holden et al.,
1995) as suggested by Roussel-Dupré and Gurevich
(1996); however, the latter calculations did not allow for
the self-consistent annihilation of the field due to the
enhanced conductivity created by the discharge. On the
basis of the discharge characteristics and the computed
pulses we conclude that. faster initiating lightning dis-
charges than those considered here and by Roussel-
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Dupré and Gurevich would be required. These discharges
in turn may not produce sufficient optical emissions
(when integrated over a camera frame) to be observed.
In this case, TIPPs may not be associated with observable
sprites but could still be produced by high-altitude dis-
charges. The relation of TIPPs to high-altitude discharges
is presently under investigation.

The y-ray bursts of atmospheric origin reported by
Fishman et al. (1994) can only arise from a source situated
at an altitude above 25 km in the atmosphere. Therefore
it seems only natural to associate these measurements
with high-altitude discharges. Our sprite simulations
yield results in good agreement with both the amplitude
and the temporal signature of the measured y- and X-ray
fluxes above 30 keV.

The bremsstrahlung emissions produced by the elec-
tron beam in a runaway discharge is a unique signature
of this mechanism and there is mounting evidence to
suggest that runaway breakdown is at work not only at
high-altitudes (e.g. sprites) but also in the discharges and
overall electrical activity occurring within and below
thunderstorms. A high-altitude experiment in which a
balloon platform is outfitted with appropriate optical and
X- and y-ray diagnostics and is directed over a mesoscale
convective system at an altitude of ~ 25 km could provide
final confirmation for the role of runaway processes in
producing sprites and other high-altitude discharges.
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