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ABSTRACT
First principles, fully electromagnetic, 2-D simulations of high-altitude discharges that occur from cloud tops to
approximately 90 km altitude were carried out. Both conventional and runaway air breakdown are included. The sprite
simulation discussed in this paper is characterized by the formation of streamers that initiate at 70 km and propagate
down to 55 km altitude followed by the development of a runaway discharge that propagates upward. At altitudes above
70 km conventional breakdown produces airglow over a large horizontal region with a diameter that can exceed 100
kilometers. Corresponding optical spectra, gamma ray emissions, and radio emissions are calculated.
INTRODUCTION
The existence of high-altitude optical transients that occur over the tops of thunderstorms is now well documented (see
[1] for a review). Their association with high-altitude electrical discharges, first proposed by Wilson [2], seems no
longer to be in question [3]. 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 breakdown), or some combination of these various mechanisms. In this paper we extend our previous 2-D sprite
simulations to a fully electromagnetic treatment that includes the important effects of induction and radiation. Both the
runaway (as predicted by [4]) and conventional (as observed in the laboratory) breakdown mechanisms are included and
evidence for the occurrence of both processes exists in the simulations as well as the observations.
The most direct observational evidence for the occurrence of runaway breakdown in association with high-altitude
discharges arises from the measurements of the BATSE [5] experiment on the Compton Gamma Ray Observatory. This
experiment measured bursts (several ms in duration) of energetic (10 keV to > 300 keV) photons that seemed to
originate from thunderstorms. In order to escape the atmosphere these photons must have originated from altitudes
above 25-30 km. Further evidence for the occurrence of the runaway mechanism in conjunction with other lightning
discharge processes includes measurements taken from aircraft and balloons flying through thunderstorms and more
recently from the ground in association with the leader activity that precedes the return stroke. One has the impression
that runaway breakdown exists throughout the range of thunderstorm electrical discharges. There is the additional fact
that the threshold for the runaway mechanism is a factor of ten less than that needed to initiate a conventional
breakdown and that the macroscopic electric fields measured inside thunderstorms often exceed the runaway threshold
but never reach that of conventional breakdown.
The evidence for conventional breakdown is rooted in comparisons between observations of natural lightning and the
discharges that are induced in the laboratory. The smaller scales (mm) required for the development of a strong
conventional discharge compared to the runaway scale-lengths (avalanche lengths exceeding tens of meters) makes it
easier to develop streamers. The significantly smaller volumes and faster time scales thought to be associated with the
conventional mechanism make it more likely to heat the air and produce blackbody radiation and to generate very high
frequency (VHF) radiation in the radio bands of the electromagnetic spectrum. High spatial resolution observations of
sprites above 60 km altitude reveal structures that are tens of meters in radial extent. These dimensions are more
consistent with conventional breakdown. In addition, the threshold for conventional breakdown is more easily exceeded

at high-altitudes where the large scale lengths needed to drive runaway preclude its initiation there and prevent it from
raising the electrical conductivity sufficiently to eliminate the electric field before reaching the conventional threshold.
We have noted only a few of the considerations that arise in distinguishing the runaway mechanism from conventional
breakdown. Many details require further elaboration and will be left for a future, more extensive publication. We
proceed with a discussion of our simulations and a presentation of preliminary results from one example.
SPRITE MODEL
We now describe an extension and modification of earlier work [6] that allows us to predict the full temporal evolution
of lightning discharges. In the present analysis, we replace the quasi-electrostatic equations with the full set of
Maxwell’s equations. As a result we are now able to compute the induction and radiation fields (electric and magnetic
fields) and include their effect on the electron and ion populations self-consistently. Our new formulation also allows
for imposing a spatially divergent and temporally varying lightning current anywhere within the computational grid.
This modification allows us to simulate the build-up of charge within a thunderstorm and to model high-altitude
discharges. A momentum equation for the relativistic electrons has been added to our equation set. This added feature
allows us to include the effect of magnetic pinching that is characteristic of high-current, relativistic electron beams.
Our overall analysis can be described as follows.
Electromagnetic Equations
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The electric field in this formulation is the total field due to charge buildup from the lightning current density, due to
charge buildup from the primary and secondary electron currents, and due to electromagnetic radiation. We use the
vacuum†values of m and e for air, and measured values for the ground. We deduce the air conductivity from the
maximum of electron and ion currents, sei (see below) and a measured altitude dependent ambient
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Here, we have assumed that the electrons and negative ions are moving anti-parallel to the electric field and that the
positive ions are moving parallel to E. We have also assumed that the ions are singly ionized and possess a mobility of:
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In our formulation we assume that the processes we are studying – lightning and lightning related discharges – can only
increase the air conductivity.
The ground electrical conductivity is set equal to a constant measured value.
†
Electron and Ion Continuity Equations and Primary Electron Momentum
We evolve in time the secondary and primary electron populations (ns, np), and the positive and negative ion populations
(n+,n-). We do not currently independently solve for the secondary electron momenta (or velocity) and energy. For, the
ions we use the previously listed mobility to find the ion velocities. For the secondary, or slow, electrons we compute
their velocity (Vs) from fits to swarm data. For the primary, or relativistic, electrons we compute the velocity (Vp) from
their energy taken from fits of Boltzmann equation solutions for the avalanche process. The source and sink terms for
various particle species include Rp, the avalanche rate of runaway electrons, Fc, the flux of cosmic-ray produced highep
energy electrons, Rs =
Rp, the production rate of secondary electrons by means of primary ionization, ei = 34 eV is
ei
the energy loss per ion pair produced in air, n i, the avalanche rate for low-energy electrons (ionization minus
dissociative attachment), a, the three-body attachment rate, aR, the radiative recombination rate, and a I, the ion-ion

†

recombination rate. Following [6]:
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SIMULATION RESULTS

†
In our model a high-altitude discharge/sprite is initiated by first producing a simulated positive cloud-to-ground
discharge. We accomplish the latter by introducing negative charge into the cloud over a distributed spatial volume and
within a certain period of time. In the simulation presented here we deposited 200 C at an altitude of 8 km over an
ellipsoid with a maximum radial diameter of 6 km and a maximum thickness of 1 km. The time to build up the charge
was set to 8 ms. The computational grid included 120 radial cells from 0–36 km and 300 vertical cells extending from
0-90 km altitude. The spatial resolution was 300 x 300 m. The ambient atmospheric conductivity was taken from the
measurements of Hale [7].
After approximately 0.5 ms the electric field begins to exceed the threshold for runaway breakdown at an altitude of 83
km. This over-voltage (defined to be the ratio of the electric field to the threshold field necessary to initiate a runway
avalanche) grows in spatial extent and in magnitude as time proceeds. At 1.6 ms the threshold for conventional
breakdown is exceeded over a region 4 km thick and 30 km in diameter. Conventional breakdown develops in this
region and leads to an enhanced secondary electron population. The over-voltage continues to grow (to a value, d0 =
20) until sufficient conductivity develops to eliminate the electric field over a sizeable region (2 km thick by 20 km in
diameter). As the field increases an over-volted front develops below the field-depleted region and moves downward.
In this region the ionization rate is slower than the electrical relaxation rate so that the field is eliminated rapidly behind
the front as it moves downward with a speed Vf ~ 5x106 m/s. At an altitude of 70 km the ionization rate exceeds the
relaxation rate and charge builds up more rapidly than the field can be eliminated. In addition, the ionization rate is
sufficiently high so as to cause a rapid increase in electron density. As a result inductive processes begin to contribute
to further enhancement of the electric field and to the development of a streamer. The streamer itself increases the field
around it and causes the development of another streamer that in turn contributes to initiation of other streamers and so
on until approximately seven streamers are produced by 8 ms into the simulation. The streamers propagate at
approximately Vst ~ 8x106 m/s and terminate at an altitude of about 55 km where the ambient over-voltage is too weak
to support further evolution of the streamer. It is also possible that our limited grid resolution does not permit sufficient
field enhancement in front of the streamer head. A snapshot at ~ 7.2 ms into the simulation is provided in Fig. 1a and
shows the spatial distribution of the secondary electron density (panel 1), the primary electron density (panel 2), and the
over-voltage (panel 3).
A second process begins at approximately 10-11 ms into the simulation at which point the field is over-volted over a
large altitude range from 15 km to 85 km altitude. At this stage a runaway discharge develops near the cloud top and is
observed to propagate out of the top of the grid. Roughly 0.5 C of primary electrons exit the grid and a patch of
secondary electrons forms at 45 km with a density of 1012 el m-3 and persists for several ms. A snapshot at ~ 11 ms into
the simulation is provided in Fig. 1b in the same format as Fig. 1a.
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Figs. 1(a) and 1(b). Simulation results for the secondary and primary electron densities (m-3) and the over-voltage as a
function of height (km) and radius (km) at 7.3 ms and 11 ms respectively.
CONCLUSIONS
Our sprite simulations show the development of both conventional streamers and a runaway discharge. The streamers
will produce significant optical emissions (tens to hundreds of kR) from 55 km to 70 km with a morphology reminiscent
of columniform sprites. Observations however indicate that these sorts of sprites tend to form at somewhat higher
altitudes from 75-85 km [8]. An alternative mechanism for their formation is provided in [9]. The runaway discharge in
our simulation will produce more than enough X- and g- radiation in the 30-300 keV range to account for the BATSE
measurements. The electron density patch produced at 45 km altitude is consistent with the measurements of Rumi,
[10], see also [11]. The flux of energetic electrons out of our grid is large and suggests that runaway discharges could
be contributing to the population of the radiation belts provided that these events are frequent enough on a global scale
and at the appropriate L-shells. Further work is needed to establish the driving mechanism for sprite formation and to
assess the impact of high-altitude discharges on the various chemical and electrical processes inherent to the
mesosphere, ionosphere, and magnetosphere.
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