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Fundamental 
question for 

scientific
validation: 

What is the best 
way from the ground 
to characterize what 

LIS “sees?”
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Both arrays can 
locate sources via 

time-of-arrival; 
HAMMA can also 
provide energetic 

information













preliminary breakdown pulse train



early return stroke



subsequent return stroke





Negative CGs produce a 
preliminary breakdown pulse 

train with negative polarity 
pulses

Flashes with an initial 
intracloud component begin 
with positive polarity pulses
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the wideband and VHF are 
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...but what does this mean 
for the initiation 

mechanism?

On average, initiation in 
the wideband and VHF are 

spatially and temporally 
similar...



Gurevich (1999) predicts that initiation via relativistic 
runaway breakdown would produce wideband radiation 

prior to VHF radiation...



gamma-rays, produced by the runaway avalanche, propa-
gate to the electric field region with the highest negative
potential and produce more energetic seed electrons.
[5] Figure 1 shows partial results of the Monte Carlo

simulation, illustrating the processes involved in the run-
away breakdown of air. In the figure, one high-energy
(1 MeV) seed electron is injected at the top center of the
region containing a uniform electric field. This electron runs
away, producing an avalanche of relativistic electrons (light
tracks). Bremsstrahlung gamma-rays (dashed lines) are
produced when the runaway electrons collide with air.
The figure also illustrates the two feedback mechanisms
that generate additional seed electrons, producing more
runaway breakdown. Positron feedback: The gamma-ray
on the right side of the figure produces a positron (dark
trajectory on right) via pair production. This positron runs
away, traveling to the top of the figure and producing more
runaway electrons via hard elastic scattering, resulting in the
secondary avalanche on the right. Because the positron is
quickly accelerated to relativistic energies, it can travel
many hundreds of meters before annihilating. Gamma-ray
feedback: The gamma-ray on the left side of the figure
Compton scatters to the top and produces another seed
electron via the photoelectric effect (shown) or via Compton
scattering. This seed electron then runs away producing the
secondary avalanche on the left. These secondary ava-
lanches, in turn, produce more feedback electrons via the
two mechanisms described above, allowing the whole
process to increase exponentially. This mechanism is anal-
ogous to the Townsend discharge, which describes conven-

tional electric breakdown caused by feedback mechanisms
involving positive ions and optical photons [Brown, 1966].
However, unlike the Townsend discharge, which involves
only low-energy particles (<100 eV), the present mecha-
nism involves high-energy particles with energies up to
many millions of electron volts.
[6] In order to study the role of positron and gamma-ray

feedback in runaway breakdown, the simulation uses a
uniform electric field, with magnitude greater than the
runaway threshold, directed up along the axis of a cylindri-
cal volume of length L and radius R with R ! L. Outside
the volume, the field is zero, and all particles continue to be
propagated after they leave the volume until their energy is
lost. The generally small effects caused by the earth’s
magnetic field are ignored, and variations in atmospheric
pressure are not included. Each simulation is initiated by
injecting a high-energy seed electron into the top of the
simulation volume, representing, for example, a knock-off
electron produced by a cosmic-ray muon. The avalanche is
then propagated until all the particles leave the volume and
lose their energy.
[7] A useful parameter for describing runaway break-

down is the characteristic length for an avalanche to
develop, l [Gurevich and Zybin, 2001]. The number of
runaway electrons in one avalanche, produced by No seed
electrons, is given by Nre = Noexp(z/l), where z is the
distance from the start of the avalanche. The dependence of
l on the electric field strength as calculated by the simula-
tion is shown in Figure 2. For 300 kV/m " E " 2500 kV/m,
l is well fit by the empirical formula

l ¼ 7200kV $ E % 275kV=mð Þ%1; ð1Þ

where E is the electric field strength measured in kV/m.
(Note: throughout this paper all results are for a pressure of

Figure 1. Partial results of the Monte Carlo simulation
showing the runaway breakdown of air. The light tracks are
the runaway electrons, the dashed lines are the gamma-rays
and the dark track is a positron. The entire avalanche is
initiated by one, 1 MeV, seed electron injected at the top
center of the volume. The horizontal dotted lines show the
boundaries of the electric field volume (E = 1000 kV/m).
For clarity, only a small fraction of the runaway electrons
and gamma-rays produced by the avalanche are plotted. The
avalanches on the left and right illustrate the gamma-ray
feedback and positron feedback mechanisms, respectively.

Figure 2. Characteristic length for an avalanche to
develop, l, as a function of the electric field strength, E.
The data points are calculated by the Monte Carlo
simulation and the solid curve is given by Equation 1.
The vertical dashed line shows the threshold, Eth, for
runaway breakdown to occur.
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Figure 1. Partial results of the Monte Carlo simulation
showing the runaway breakdown of air. The light tracks are
the runaway electrons, the dashed lines are the gamma-rays
and the dark track is a positron. The entire avalanche is
initiated by one, 1 MeV, seed electron injected at the top
center of the volume. The horizontal dotted lines show the
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gamma-rays, produced by the runaway avalanche, propa-
gate to the electric field region with the highest negative
potential and produce more energetic seed electrons.
[5] Figure 1 shows partial results of the Monte Carlo

simulation, illustrating the processes involved in the run-
away breakdown of air. In the figure, one high-energy
(1 MeV) seed electron is injected at the top center of the
region containing a uniform electric field. This electron runs
away, producing an avalanche of relativistic electrons (light
tracks). Bremsstrahlung gamma-rays (dashed lines) are
produced when the runaway electrons collide with air.
The figure also illustrates the two feedback mechanisms
that generate additional seed electrons, producing more
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on the right side of the figure produces a positron (dark
trajectory on right) via pair production. This positron runs
away, traveling to the top of the figure and producing more
runaway electrons via hard elastic scattering, resulting in the
secondary avalanche on the right. Because the positron is
quickly accelerated to relativistic energies, it can travel
many hundreds of meters before annihilating. Gamma-ray
feedback: The gamma-ray on the left side of the figure
Compton scatters to the top and produces another seed
electron via the photoelectric effect (shown) or via Compton
scattering. This seed electron then runs away producing the
secondary avalanche on the left. These secondary ava-
lanches, in turn, produce more feedback electrons via the
two mechanisms described above, allowing the whole
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lost. The generally small effects caused by the earth’s
magnetic field are ignored, and variations in atmospheric
pressure are not included. Each simulation is initiated by
injecting a high-energy seed electron into the top of the
simulation volume, representing, for example, a knock-off
electron produced by a cosmic-ray muon. The avalanche is
then propagated until all the particles leave the volume and
lose their energy.
[7] A useful parameter for describing runaway break-

down is the characteristic length for an avalanche to
develop, l [Gurevich and Zybin, 2001]. The number of
runaway electrons in one avalanche, produced by No seed
electrons, is given by Nre = Noexp(z/l), where z is the
distance from the start of the avalanche. The dependence of
l on the electric field strength as calculated by the simula-
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l is well fit by the empirical formula
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Figure 1. Partial results of the Monte Carlo simulation
showing the runaway breakdown of air. The light tracks are
the runaway electrons, the dashed lines are the gamma-rays
and the dark track is a positron. The entire avalanche is
initiated by one, 1 MeV, seed electron injected at the top
center of the volume. The horizontal dotted lines show the
boundaries of the electric field volume (E = 1000 kV/m).
For clarity, only a small fraction of the runaway electrons
and gamma-rays produced by the avalanche are plotted. The
avalanches on the left and right illustrate the gamma-ray
feedback and positron feedback mechanisms, respectively.
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The data points are calculated by the Monte Carlo
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The vertical dashed line shows the threshold, Eth, for
runaway breakdown to occur.

ASC 8 - 2 DWYER: A FUNDAMENTAL LIMIT ON ELECTRIC FIELDS

D
w

ye
r, 

20
03

Gurevich (1999) predicts that initiation via relativistic 
runaway breakdown would produce wideband radiation 

prior to VHF radiation...

for STP initiation height of 6km

electric field of 175 kV/m

Assume:

avalanche length is ~200m

total length of the high field 
region is ~2km

Implies:



gamma-rays, produced by the runaway avalanche, propa-
gate to the electric field region with the highest negative
potential and produce more energetic seed electrons.
[5] Figure 1 shows partial results of the Monte Carlo

simulation, illustrating the processes involved in the run-
away breakdown of air. In the figure, one high-energy
(1 MeV) seed electron is injected at the top center of the
region containing a uniform electric field. This electron runs
away, producing an avalanche of relativistic electrons (light
tracks). Bremsstrahlung gamma-rays (dashed lines) are
produced when the runaway electrons collide with air.
The figure also illustrates the two feedback mechanisms
that generate additional seed electrons, producing more
runaway breakdown. Positron feedback: The gamma-ray
on the right side of the figure produces a positron (dark
trajectory on right) via pair production. This positron runs
away, traveling to the top of the figure and producing more
runaway electrons via hard elastic scattering, resulting in the
secondary avalanche on the right. Because the positron is
quickly accelerated to relativistic energies, it can travel
many hundreds of meters before annihilating. Gamma-ray
feedback: The gamma-ray on the left side of the figure
Compton scatters to the top and produces another seed
electron via the photoelectric effect (shown) or via Compton
scattering. This seed electron then runs away producing the
secondary avalanche on the left. These secondary ava-
lanches, in turn, produce more feedback electrons via the
two mechanisms described above, allowing the whole
process to increase exponentially. This mechanism is anal-
ogous to the Townsend discharge, which describes conven-

tional electric breakdown caused by feedback mechanisms
involving positive ions and optical photons [Brown, 1966].
However, unlike the Townsend discharge, which involves
only low-energy particles (<100 eV), the present mecha-
nism involves high-energy particles with energies up to
many millions of electron volts.
[6] In order to study the role of positron and gamma-ray

feedback in runaway breakdown, the simulation uses a
uniform electric field, with magnitude greater than the
runaway threshold, directed up along the axis of a cylindri-
cal volume of length L and radius R with R ! L. Outside
the volume, the field is zero, and all particles continue to be
propagated after they leave the volume until their energy is
lost. The generally small effects caused by the earth’s
magnetic field are ignored, and variations in atmospheric
pressure are not included. Each simulation is initiated by
injecting a high-energy seed electron into the top of the
simulation volume, representing, for example, a knock-off
electron produced by a cosmic-ray muon. The avalanche is
then propagated until all the particles leave the volume and
lose their energy.
[7] A useful parameter for describing runaway break-

down is the characteristic length for an avalanche to
develop, l [Gurevich and Zybin, 2001]. The number of
runaway electrons in one avalanche, produced by No seed
electrons, is given by Nre = Noexp(z/l), where z is the
distance from the start of the avalanche. The dependence of
l on the electric field strength as calculated by the simula-
tion is shown in Figure 2. For 300 kV/m " E " 2500 kV/m,
l is well fit by the empirical formula

l ¼ 7200kV $ E % 275kV=mð Þ%1; ð1Þ

where E is the electric field strength measured in kV/m.
(Note: throughout this paper all results are for a pressure of

Figure 1. Partial results of the Monte Carlo simulation
showing the runaway breakdown of air. The light tracks are
the runaway electrons, the dashed lines are the gamma-rays
and the dark track is a positron. The entire avalanche is
initiated by one, 1 MeV, seed electron injected at the top
center of the volume. The horizontal dotted lines show the
boundaries of the electric field volume (E = 1000 kV/m).
For clarity, only a small fraction of the runaway electrons
and gamma-rays produced by the avalanche are plotted. The
avalanches on the left and right illustrate the gamma-ray
feedback and positron feedback mechanisms, respectively.

Figure 2. Characteristic length for an avalanche to
develop, l, as a function of the electric field strength, E.
The data points are calculated by the Monte Carlo
simulation and the solid curve is given by Equation 1.
The vertical dashed line shows the threshold, Eth, for
runaway breakdown to occur.

ASC 8 - 2 DWYER: A FUNDAMENTAL LIMIT ON ELECTRIC FIELDS

D
w

ye
r, 

20
03

Further, Coleman and Dwyer (2006) show that the 
avalanche progresses with a speed of 0.89c

Gurevich (1999) predicts that initiation via relativistic 
runaway breakdown would produce wideband radiation 

prior to VHF radiation...

for STP initiation height of 6km

electric field of 175 kV/m

Assume:

avalanche length is ~200m

total length of the high field 
region is ~2km

Implies:



The modeling work provides a testable parameter if 
relativistic runaway breakdown is responsible for initiation:
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Model ~7.5µs Dwyer, 2003
Coleman and Dwyer, 2006

Measurement 685µs Bitzer, 2011

Measurements of time lag between initiation in 
wideband and VHF are generally incompatible 

with relativistic runaway breakdown!

Further....
simulations (Dwyer, 2010) show the region of slow electrons 

is far too diffuse to yield the required conductivity.

The modeling work provides a testable parameter if 
relativistic runaway breakdown is responsible for initiation:



LIS (and by extension, GLM) 
does not 

detect flashes...
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LIS is an optical event detector

Validation of LIS/GLM measurements 
should use instruments sensitive to the part of the lightning 

discharge which produces optical emission

These events can be classified into 
strokes groups and flashes.
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What is a hit?
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Wideband record 

indicates activity during 
LIS groups
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What is a miss?

1.1 V/m

0.8 V/m

Electric field measurements indicate that LIS missed 
these strokes because they are not very energetic

25ms

3ms
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What can VHF tell us?

Nothing is 
really unique 
about VHF 
sources...

...in fact, there are LIS groups 
without any detected VHF sources!
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4.9 V/m

Again, the wideband record is active...
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4.9 V/m

Again, the wideband record is active... ...and there are LIS groups
without detected VHF sources.

8ms 4ms
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13.9 V/m

10.8 V/m
Without an array of 
wideband sensors, 
these might have 

been misinterpreted 
as “misses”
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we must find a way to validate what 

LIS/GLM does detect.



Since LIS/GLM does not detect “flashes,” 
we must find a way to validate what 

LIS/GLM does detect.

Clearly, wideband measurements are 
better correlated to these optical events...



Since LIS/GLM does not detect “flashes,” 
we must find a way to validate what 

LIS/GLM does detect.

Clearly, wideband measurements are 
better correlated to these optical events...

and even suggest there is a 
lower limit to what LIS can detect!
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scientific
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way from the ground 
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Wideband 
measurements are 
ideally suited to the 

processes in 
lightning that 

produce optical 
emission
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scientific
validation: 

What is the best 
way from the ground 
to characterize what 

GLM “sees?”


