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a b s t r a c t

Minimum length to which a leader channel has to grow before it can propagate continuously as a stable
leader as a function of the background electric field inside a thundercloud is estimated. For electric field
magnitudes comparable to the values measured inside thunderclouds, the minimum length of the leader
channel that is required for it to propagate continuously is about 3–5 m. In other words, a leader dis-
charge that originated inside a thundercloud has to grow to a length of 3–5 m before it can culminate in a
stable and continuously propagating leader discharge that can give rise to a lightning flash. The mini-
mum size of charge concentrations that can make this event possible have radii in the range of 2–4 m
and should carry about 300–900 μC of electric charge, respectively. This in turn shows that the high field
regions inside the cloud where electrical discharges that can culminate in stable leader discharges, and
hence in lightning discharges, may be confined to volumes which are no larger than a few meters in
radius.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Measurements conducted inside thunderclouds show that the
bulk background electric field inside the cloud during lightning
initiation lies somewhere around 85 kV/m to 150 kV/m with a
tendency for the lower limit to be associated with the higher al-
titude (Marshall et al., 1995). These measurements were con-
ducted at altitudes between 5 km and 8 km and there is a ten-
dency for the lower fields to appear at high altitudes. In order to
cause electrical breakdown in air the electric field has to exceed
the dielectric strength of air. The dielectric strength of air at at-
mospheric density at sea level is about 3�106 V/m and it de-
creases with decreasing air density (Raizer, 1997). For electric
fields that lies below the dielectric strength of air the electron
attachment coefficient overwhelms the Townsend's first ionization
coefficient (referred to hereinafter as ionization coefficient) and no
cumulative ionization is possible. As the electric field exceeds the
dielectric strength the ionization coefficient becomes larger than
the attachment coefficient and this makes the cumulative ioniza-
tion possible (Raizer, 1997). The result is the generation of electron
avalanches. However, electrical breakdown in air will not result
until the electric field exceeds the dielectric strength of air over a
critical distance. This critical distance depends on how large the

background electric field is in comparison to the dielectric
strength of air. If the background electric field is just above the
dielectric strength of air at atmospheric density this critical dis-
tance is about 18 cm (Nasser, 1971). Since the ionization coefficient
increases very rapidly with increasing electric field, this critical
length decreases with increasing electric field (Nasser, 1971).

As mentioned above the dielectric strength of air decreases
with decreasing air density (Raizer, 1997). At heights where
lightning flashes originate in thunderclouds the air density is
about half of that at ground level (Ahrens, 1985). Thus, the di-
electric strength of air at that height is about 1.5 106× V/m.
Consider a precipitation particle located inside the cloud and ex-
posed to the background electric field of the cloud. Due to polar-
ization of the precipitation particle the electric field at the ex-
tremity of the particle would be larger than the background
electric field. In the case of a spherical particle the maximum
electric field at the surface is three times larger than the back-
ground electric field (Moon and Spencer, 1961). The field would be
much higher if the particle has an elongated shape (Cooray et al.,
1998). Thus depending on the size and shape of the precipitation
particles the electric field at their extremities may exceed the di-
electric strength of air leading to electrical breakdown. This in turn
suggests that in the presence of precipitation particles the elec-
trical breakdown may take place inside the cloud when the
background electric field is about 0.5 106× V/m. However, such
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high electric fields are rarely observed in lightning producing
thunderclouds (Marshall et al., 1995). Of course, in order to create
electrical breakdown the electric field need not reach the above
value over bulk of the cloud volume. Electrical breakdown can take
place even if in a small volume inside the cloud the electric field
exceeds this value. This is the case because once the electrical
breakdown initiation conditions are satisfied in a small volume the
maintenance and the continuation of the electrical breakdown
over a large volume in the form of leader discharges requires much
lower electric fields than the one requires for discharge initiation
(Gallimberti et al., 2002).

One of the unsolved problems in lightning research is the
mechanism or mechanisms that will give rise to these regions of
locally enhanced electric fields where the electric field is strong
enough to initiate electrical breakdown in thunderclouds. Loeb
(1966) suggested the initiation of positive streamers from polar-
ized raindrops and the resulting concentration of charge could
lead to the initiation of a lightning discharge. In his model in-
dividual streamer tracks were assumed to conduct charge from a
disperse region into a localized region. This hypothesis failed due
to lack of conductivity along streamer channels. Actually, streamer
channels remains conductive only for a few tens of nanoseconds
due to rapid attachment of electrons into oxygen neutrals. The
hypothesis of (Griffiths and Phelps, 1976a, 1976b) solved this
problem by assuming that a given burst of streamers would cause
a small retrograde progression of negative charge along the
streamer paths, consistent with the limited streamer conductivity,
and that a series of overlapping streamer systems could effectively
funnel charge enhancing the electric field locally by an ‘order of
magnitudeʼ. Nguyen and Michnowski (1996) suggested that series
of interacting water drops could lead to the formation of strea-
mers. A similar suggestion is also made by Cooray et al. (1998).
Recently, Gurevich et al. (1999) suggested that a runaway break-
down avalanche seeded by a large number of initial electrons from
a cosmic shower could produce large amount of thermal electrons
generating a region of cold plasma and the polarization of this
plasma in the background electric field could provide the high
electric field necessary for lightning initiation. However, Dwyer
(2005) suggested that this mechanism may not produce large field
enhancements due to the dilution of charge density due to the
lateral spreading of the relativistic avalanches. But he suggested
that continuous generation of relativistic avalanches in the same
region due to feed back mechanisms could lead to significant field
enhancements. In a more recent study Petersen et al. (2008)
suggested that compact regions of high electric field may exist by
ordinary means and such compact high field regions could support
the mechanism suggested by Griffiths and Phelps (1976a, 1976b)
and Petersen et al. (2008). The latter also went into describe mi-
crophysical terms how the initial lightning leader forms by ana-
logy to 'space leader' that is being observed in negative stepped
leaders (Les Renardiéres Group, 1981). This qualitative description
of the formation of the leader is somewhat similar to the ideas
used in the present paper.

Initiation of an electrical discharge in air takes place in several
stages (Cooray, 2014). When the electric field exceeds the di-
electric strength of air, ionization becomes cumulative making it
possible for the generation of electron avalanches by the accel-
eration of free electrons available in air thanks to cosmic radiation
(Loeb, 1955). The number of electrons at the head of these ava-
lanches increases as they grow in the electric field and the larger
the background electric field the larger will be the number of
electrons at the head of these avalanches. At normal atmospheric
density when the number of electrons at the head of the avalanche
reaches about 108 the electric field created by the space charge of
positive ions left behind by the forward moving avalanche be-
comes comparable to the dielectric strength of air and the

avalanche will be converted to a self-propagating streamer dis-
charge (Loeb and Meek, 1940). This condition is called avalanche to
streamer transition condition. Once this condition is satisfied a
burst of streamers could be initiated from the origin of the dis-
charge and all streamers of the burst usually branch out from a
common stem located at the origin. The current generated during
the creation of the streamer burst is flowing through this stem.
Due to Joule heating caused by this current the stem slowly ex-
pands increasing the electric field to air density ratio leading to
further ionization and heating of the stem (Gallimberti et al.,
2002). When the temperature of the stem reaches about 1500 K or
above the rapid release of electrons by the electron detachment of
negative ions increases the conductivity of the stem. This rapid
increase in conductivity of the stem is called the streamer to lea-
der transition and the resulting conducting channel is called the
leader. Experimental and theoretical evaluations show that in or-
der to cause streamer to leader transition the charge associated
with the streamer discharge should be larger than about 1 μC
(Gallimberti, 1979). In order for this series of processes to take
place the electric field at some place inside the thundercloud has
to exceed the dielectric strength of air inside the cloud. Let us call
such places locally enhanced high field regions. Furthermore, the
electric field necessary for the propagation of a leader depends on
its length. The temperature of a newly created leader channel may
lie in the region of 1500–5000 K and the current associated with
the leader is no more than a few amperes (Gallimberti et al., 2002).
Such a leader is not thermalized and the temperature of the
electrons in the leader channel is about 2�104 K (Gallimberti
et al., 2002). In other words the electrons are not in thermal
equilibriumwith the neutral gas. A newly created leader may need
an electric field several times larger than 100 kV/m for its propa-
gation but with increasing length it will require lower and lower
background electric fields to propagate. As the leader grows in
length the current fed into the leader from the streamer bursts
increases and the electron density and the temperature of the
leader channel continue to increase. When the electron density in
the channel increases to about 1017 per cm3 a rapid heating of the
channel caused by the transfer of electron energy to neutrals via
the coulomb interactions between the electrons and positive ions
takes place (Gallimberti, 1979). This process is called thermaliza-
tion and the result is a leader channel with a temperature in the
range 10–20�103 K. Such thermalized leaders could propagate in
background electric fields as low as several kV/m (Gallimberti
et al., 2002). Since the background electric field inside a thun-
dercloud is about 100 kV/m, a leader has to grow to a minimum
length before it can propagate continuously inside the thunder-
cloud. This means that the locally enhanced high field region
where the leader is initiated should also be able to support the
subsequent growth of the leader to the minimum length necessary
for it to start continuous propagation inside thunderclouds. To the
best of our knowledge, none of the papers addressing the me-
chanism of lightning initiation has applied these conditions in a
quantitative manner to investigate whether the mechanisms
suggested in these papers could actually lead to a leader discharge.
On the other hand, whatever the mechanism that leads to a
lightning discharge in the low-field environment of the cloud it
has to generate a high concentration of charge in a small volume,
where leader discharges could be initiated and subsequently grow
to the minimum size necessary for the continuous propagation in
the bulk background electric field of the thundercloud. The goal of
this paper is to obtain, utilizing the theory pertinent to the in-
itiation of electrical discharges in the atmosphere, the minimum
length of the leader channel that is required before it can start
propagating continuously inside the background electric field of
the thundercloud. We will also estimate the minimum radius and
the corresponding electric charge of space charge concentrations
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