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6 km!

Real time : 38 msec!



Lightning...it’s electrifying!



Cloud to ground lightning 
starts with a stepped leader

Typical (linear) charge density is 2 C/km

It is a hot plasma and is self propagating

It has a typical speed of 2x105 m/sec



The brightest, and most 
energetic, part of lightning 

is the return stroke

The return stroke can reach temperatures >5x
the surface of the sun (30000 K)

Typical peak current is 30 kA (early) and 15 kA (late)
Typical electron density of the channel is 1018 cm-3 



The current (and luminosity) wave propagates up the channel



As the stepped 
leader nears the 
ground, upward 

leaders are initiated

Once the connection 
is made, the large 
potential difference 
between cloud and 
ground is shorted

Typical connection 
height is ~100 m



Not just one leader....

14 ms total



3.3 km



7 ms total

As an aside, this stroke was located ~5km from the first...
50 milliseconds later....



1st leader

2nd leader



1st leader2nd leader



Same path!

We call this a 
dart leader

1st leader

2nd leader



1st 2nd

Depending on the instruments, 
we “see” different parts of lightning 



Even in “fair” weather, there is a current 
flowing in the atmosphere.....



We refer to this as the global electric circuit (DC)
The fair weather field is about -100 V/m (at the ground)





Harrison, 2013



Mach et al., 2011

Better way of counting lightning => better match



Including electrified showers => even better match



How does lightning vary seasonally?over 250 flashes per square mile per year!



on average, there about 45 flashes 
occurring worldwide per second

How about daily?





How do storms even get electrified?



Adapted from Byers and Braham, 1949

cumulus stage: Updraft rises, and particles grow by condensation (and 
deposition). Eventually, some particles grow large 
enough so that they begin to fall. Downdrafts begin to 
form due to drag of falling particles and evaporation/
sublimation.



Adapted from Byers and Braham, 1949

mature stage: Precipitation reaches the ground. The updraft 
increases and cloud grows. Downdrafts extend 
horizontally and vertically. These reach the ground and 
produce a diverging wind flow.



Adapted from Byers and Braham, 1949

dissipating stage: The area of downdraft completely extends across the 
cloud. The updrafts may continue, but are weak (and 
cut off). Precipitation slows and downdrafts weaken.



Supercooled water drops are riming on the ice crystal...



This is graupel - we can no longer discern the ice crystal





Krehbiel, 1986

The positively charged ice and negatively charged graupel
separate gravitationally...



Krehbiel, 1986

We commonly refer to the “tripole” structure 
of a thunderstorm



S
tolzenburg et al., 1998

The difference in conductivity for the atmosphere and 
cloud leads to a layer of charge at the boundary, 

the screening layer



As a thunderstorm 
nears, the electric 
field changes sign 
at the ground....

As the electric field at the 
ground increases, lightning 

danger increases!

and can be 
~10kV/m 

under a storm
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Problem with lightning initiation:
ambient electric field measurements are roughly an 

order of magnitude smaller than dielectric breakdown 
field of air



Hydrometeor 
Breakdown

Relativistic Runaway 
Breakdown

The ambient E-field is enhanced by 
hydrometeors 

(rain drops, ice, graupel, etc.) 

Energetic electrons are accelerated by the 
electric field and “runaway,” leading to a region 
of enhanced conductivity, enhancing the E-field
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Problem with lightning initiation:
ambient electric field measurements are roughly an 

order of magnitude smaller than dielectric breakdown 
field of air
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Relativistic Runaway Breakdown
A high energy cosmic ray enters the atmosphere and 
collides with an atmospheric molecule, resulting in a 

number of particles, in particular, pions.

These pions decay, emitting gamma rays. These 
gamma rays impinge on atmospheric molecules, 

resulting in initial high energy electrons.

If the field exceeds the “breakeven field” over some 
distance L, then these new electrons can become 
runaways. They will collide with other molecules, 

producing even more high energy electrons.

cosmic ray

In addition to the high energy electrons, numerous slow 
electrons are produced, but are unable to become 

runaways. The max concentration of these slow electrons 
occurs at the end of the high field region. This is thought to 

yield the plasma region responsible for lightning.
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However...
there are far too few cosmic rays of sufficient energy to 

account for measured flash rates (Dwyer, 2010)





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

Gurevich (1999) predicts that initiation via RRB 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:



Model ~7.5µs Dwyer, 2003

Measurement 685µs Bitzer, 2011

Measurements of time lag between initiation in 
wideband and VHF are incompatible with RRB!

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:



What about hydrometeor breakdown?

measured electric fields are a 
factor of 2-5 too small
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However, this critique largely ignores the 
required electric fields for HMB only need 
to exist over relatively short spatial scales!

Critique of HMB:

Hydrometeor 
Type Electric Field

Crabb and 
Latham, 1974 Colliding Drops 250-500

Blyth et al., 
1998

Supercooled 
Colliding Drops 300-350

Petersen et al., 
2006 Ice 400-800



Is initiation correlated to hydrometeors?

Using a “dual-pol” radar, 
hydrometeor environments 

in a cloud can be found

ARMOR
Advanced Radar for Operational 

and Meteorological Research
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