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Abstract. Transient luminous events (TLEs) occasionally
observed above a strong thunderstorm system have been the
subject of a great deal of research during recent years. The
main goal of this review is to introduce readers to recent
theories of electrodynamics processes associated with TLEs.
We examine the simplest versions of these theories in order
to make their physics as transparent as possible. The study is
begun with the conventional mechanism for air breakdown at
stratospheric and mesospheric altitudes. An electron impact
ionization and dissociative attachment to neutrals are dis-
cussed. A streamer size and mobility of electrons as a func-
tion of altitude in the atmosphere are estimated on the ba-
sis of similarity law. An alternative mechanism of air break-
down, runaway electron mechanism, is discussed. In this sec-
tion we focus on a runaway breakdown field, characteristic
length to increase avalanche of runaway electrons and on the
role played by fast seed electrons in generation of the run-
away breakdown. An effect of thunderclouds charge distribu-
tion on initiation of blue jets and gigantic jets is examined. A
model in which the blue jet is treated as upward-propagating
positive leader with a streamer zone/corona on the top is dis-
cussed. Sprite models based on streamer-like mechanism of
air breakdown in the presence of atmospheric conductivity
are reviewed. To analyze conditions for sprite generation,
thunderstorm electric field arising just after positive cloud-
to-ground stroke is compared with the thresholds for prop-
agation of positively/negatively charged streamers and with
runway breakdown. Our own estimate of tendril’s length at
the bottom of sprite is obtained to demonstrate that the run-
away breakdown can trigger the streamer formation. In con-
clusion we discuss physical mechanisms of VLF (very low
frequency) and ELF (extremely low frequency) phenomena
associated with sprites.

Keywords. Meteorology and atmospheric dynamics (Light-
ning; Mesoscale meteorology; Middle atmosphere dynam-
ics)

1 Introduction

Transient luminous events (TLEs) that occasionally occur
above a large thunderstorm at stratospheric and mesospheric
altitudes have been studied intensively during the last two
decades and much is now known of their properties. Since
their discovery (Franz et al., 1990), several different types
of TLEs were well documented in the ground-based obser-
vations (e.g. Neubert et al., 2008, and references herein) as
well as in aircraft (Sentman and Wescott, 1993; Sentman et
al., 1995; Wescott et al., 1995), satellite (Chern et al., 2003;
Mende et al., 2005; Cummer et al., 2006a; Chen et al., 2008),
and space shuttle measurements (Boeck et al., 1992; Yair et
al., 2004).

The TLEs can be divided into several classes depending on
their properties (e.g. see Chen et al., 2008). Conventionally,
these are sprites/red sprites, blue jets, elves and recently dis-
covered blue starters and gigantic jets. With a luminous red
glow occurring at 50–90 km altitude range gradually chang-
ing to blue color below 50 km, sprites are more frequent than
others in ground-based observations (Sentman et al., 1995;
Pasko, 2006). Almost without exceptions, the sprites are as-
sociated with positive cloud-to-ground (CG) lightning dis-
charges lowering positive charges from clouds to the ground
(Boccippio et al., 1995; Williams et al., 2007). Some events
of sprites triggered by negative CGs have been observed, and
thus these observations are of great interest (e.g. see Tay-
lor et al., 2008). A sprite can expand upward and down-
ward from the initiation point with velocity of the order of
104 km s−1 (e.g. Stanley et al., 1999; Cummer et al., 2006b).

Published by Copernicus Publications on behalf of the European Geosciences Union.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/193160914?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


1186 V. V. Surkov and M. Hayakawa: Underlying mechanisms of transient luminous events: a review

Their visible sprite duration is from a few to several tens
of ms. Typically, the sprite consists of the upper diffuse re-
gion in red color and lower tendril-like filamentary structure
in blue color with lateral dimension from 20–30 km to 50–
100 km (e.g. Pasko, 2006; Neubert et al., 2008; Stenbaek-
Nielsen and McHarg, 2008; Montanyá et al., 2010).

A visible inner structure of the tendrils and branches is
very complicated due to presence of bright streamer heads
moving upward and downward at velocity∼ 104 km s−1

(Stenbaek-Nielsen et al., 2007). The streamer head scale size
is believed to be from∼10 m to∼100 m.

Blue jets (BJs) are beams of luminosity propagating up-
wards into the stratosphere from the tops of thunderclouds
and exhibiting primarily blue color (e.g. Wescott et al., 1995;
Boeck et al., 1995; Mishin and Milikh, 2008). BJs propagate
with velocity of the order of 100 km s−1 up to 40–50 km alti-
tude which gives a jet lifetime of 300 ms. It appears that the
blue jet initiation results from charge buildup at the top of a
thundercloud, and it may or may not be associated with CG
flashes (e.g. Neubert et al., 2008). Blue starters differ from
BJs jets by a lower terminal altitude since they stop at max-
imum altitude about 25 km (Wescott et al., 1996; Heavner et
al., 2000; Pasko, 2006), whereas another type of jets termed
gigantic jets (GJs) (Wescott et al., 2001; Pasko et al., 2002;
Su et al., 2003) has a much greater length and can propagate
up to the bottom of the ionosphere.

The GJs occasionally occurring between thundercloud top
and lower ionosphere manifest themselves as more intensive
discharges than the BJs do. Their upward propagation results
in formation of electrical connection between thundercloud
tops and the conducting E-layer of the ionosphere (Wescott
et al., 2001; Pasko et al., 2002; Su et al., 2003; van der Velde
et al., 2007; Kuo et al., 2009; Cummer et al., 2009). Ground-
based photographic and video-recordings of TLEs reveal a
filamentary structure of the BJs and GJs.

Excitation of molecules of N2 and O2 by electron impact
is assumed to be the main cause of red and blue optical emis-
sions associated with TLEs. Above 50 km, the emissions of
the first positive band of N2 (N21P) prevail over other emis-
sions that result in the predominance of red color in the opti-
cal emission. At altitudes below 50 km, the strong quenching
of B35g state gives rise to the suppression of N21P emis-
sion (e.g. see Vallance-Jones, 1974). The result is that below
50 km the blue optical emissions become dominant mainly
due to excitation of the second positive band of N2 (N22P).
We cannot come close to exploring these topics in any detail
since in this paper the main emphasis is on major generation
mechanisms for TLEs. The reader is referred to the reviews
by Pasko (2006, 2010) for the details on optical emissions
associated with TLEs.

An “elf” is a concentric ring of optical emissions asso-
ciated with a CG flash of either polarity. The elves, which
are visible for less than 0.1 ms, can appear at the bottom of
ionosphere at∼90 km altitude and then expand over 300 km
laterally (Boeck et al., 1992; Fukunishi et al., 1996; Inan et

al., 1996a, b, 1997; Cheng et al., 2007). The elves got their
name as an abbreviation for Emission of Light and VLF per-
turbations due to EMP Sources (Fukunishi et al., 1996). They
are caused by the perturbation of ionospheric plasma due to a
strong electromagnetic impulse radiated by the CG discharge
current (e.g. see Nickolaenko and Hayakawa, 1995; Inan et
al., 1996b; Cho and Rycroft, 1998; Rowland, 1998; Kuo et
al., 2007). In this review, we do not concern a theory of this
effect and refer the reader to a discussion by Rowland (1998)
for details.

By convention, the theories of lightning-produced phe-
nomena can be split into two groups depending on the mech-
anism of air breakdown. The first group is based on the mech-
anism of conventional air breakdown, that is, on the thermal
ionization of the air by low energy electrons in the pres-
ence of electric fields (e.g. see Pasko et al., 1995, 1996a, b,
1997a, b, 1998a; Winckler et al., 1996; Fernsler and Row-
land, 1996; Pasko, 2006; Raizer et al., 2007; Krehbiel et al.,
2008; Riousset et al., 2010a, b; Raizer et al., 2010). Typi-
cal energy of electrons producing the ionization is about 10–
20 eV while the mean electron energy is about 2 eV. This so-
called conventional breakdown occurs as the electric field ex-
ceeds the threshold value. The second group of the theories
assumes the relativistic runaway electrons as the proper can-
didate for producing the air breakdown at stratospheric and
mesospheric altitudes (e.g. see Gurevich et al., 1992, 1994,
1996, 2000; Roussel-Dupré et al., 1994; Roussel-Dupré and
Gurevich, 1996; Lehtinen et al., 1997, 1999; Babich et al.,
1998, 2008; Gurevich and Zybin, 1998, 2001; Lehtinen,
2000; F̈ullekrug et al., 2010, 2011). The runaway breakdown
requires the presence of seed relativistic electrons with ener-
gies greater than 1 MeV.

To treat the electromagnetic phenomena in plasma asso-
ciated with TLEs, a set of transport kinetic and Maxwell’s
equations is required, which, in their full form, are rather
complicated. Thus, the most portion of theoretical study is
based on numerical calculations and only a few papers in-
clude simple estimates of the TLEs parameters. It is not sur-
prising, then, that the interpretation of the recent observations
is basically based on results of numerical modeling of the
TLEs (e.g. see special issueJ. Phys. D Appl. Phys., 41, 2008;
recent reviews by Ebert and Sentman, 2008; Roussel-Dupré
et al., 2008; Pasko, 2010; Ebert et al., 2010; Inan et al., 2010;
Milikh and Roussel-Dupŕe, 2010, and references therein).

The main goal of this review is to present an overview
of basic physical principles and mechanisms thought to be
a major contributor to the TLEs. The analytical results are of
our prime interest here despite that they are not so numerous.
In order to gain a better understanding of these mechanisms
and to make physics of phenomena as transparent as possible,
we chose the simplest way to estimate basic parameters of
the TLEs. Here our approach is much more modest in scope,
aiming at physical intuition rather than detailed analysis.

After some introductory material, the study is begun
with the conventional mechanism for air breakdown at
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stratospheric and mesospheric altitudes. In this section, a
streamer size and mobility of electrons as a function of alti-
tude in the atmosphere are estimated on the basis of similarity
law. Section 3 covers the basics of runaway electron break-
down. In Sect. 4, we review different streamer-leader models
of jet and sprite discharges and examine effect of thunder-
clouds charge distribution on their initiation. In the remain-
der of this review, the current problems of TLEs simulation
are discussed.

2 Conventional mechanism for high-altitude air
breakdown

Wilson (1925) was the first to establish the crucial role of
thundercloud static electric fields that can exceed the break-
down threshold of air at higher altitude above thunderclouds.
Despite that the electrical structure of a typical thundercloud
is rather a stratiform, the most part of positive charges tend
to pile up at the upper portion of the thundercloud, whereas
most of negative charges predominantly accumulate at its
bottom (Lyons et al., 2003; Lyons, 2006; Krehbiel et al.,
2008; Pasko, 2010). The simplest model of the spatial charge
separation in the thundercloud is shown in Fig. 1. The sep-
aration of oppositely charged particles is thought to be due
to slow hydrodynamics processes inside the thundercloud. It
appears that updrafts drag small and light positively charged
ice fragments, whereas heavy negatively charged hailstones
predominantly fall downward due to gravity. Since the cur-
rent is upward inside the thundercloud and approximately
zero outside, charges pile up at the thundercloud bound-
aries as shown in Fig. 1. Herejg is updrafts- and gravity-
driven current density inside the thundercloud. This current
causes the charge separation in the thundercloud, and thus it
plays a role of a battery/source for generation of upward or
downward-directed lightning discharges.j f denotes the so-
called fair weather current, that is, a weak current flowing
from mesosphere to the ground. The lightning can be oper-
ative as long as the currentjg can separate the charges and
provide the top of the thundercloud with sufficient amount of
positive charges.

It is usually the case that the net charge of certain sign
amounts to several tens of coulombs, which yields a strong
quasi-electrostatic (QE) electric field inside and around the
thundercloud. Certainly, this is only an idealized geometry
of the thundercloud that ignores actual multi-layered charge
distribution inside the thundercloud. We return to this point
in more detail in Sect. 4.1. A model of BJ propagation shown
in the top of Fig. 1 is discussed in Sect. 4.2.

In this section, we first study a conventional thermal break-
down of air in the presence of a strong QE field, which occa-
sionally occurs inside and around thunderclouds.
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Fig. 1.The simplest model of spatial charge distribution in thunder-
cloud and a scenario of blue jet development considered as a gigan-
tic leader-like discharge. This figure is partly adapted from Uman
(1987) and Pasko et al. (1996a). Herevj is the vector of blue jet
velocity, jg is updrafts- and gravity-driven current density, while
j j andj f are the conduction current density and fair weather mean
current density, respectively.

2.1 Ionization and electron attachment to neutrals

The near-surface air conductivity is mainly due to the pres-
ence of positive and negative ions, charged aerosols and dust
particles, whereas the concentration of free electrons is very
small. The air breakdown followed by the production of free
electrons results in enhancement of the electron contribution
to the air conductivity. It is customary to assume that the free
electrons can play a crucial role in the ionization of neutrals
in the ambient electric field, because their mobility is much
greater than that of ions.

A conventional CG lightning originates from propagation
of negative/positive leaders that are in turn surrounded by
streamer zones. The streamer zone of leader contains a highly
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branched system of the streamer channels (Uman, 1987;
Rakov and Uman, 2003). The conductivity at streamer head
is mainly controlled by the dominant inelastic processes for
energized electrons such as the ionization and electronic ex-
citation of neutrals and electron attachment to neutrals.

The changes in electron number densityNe are described
by the following equation (e.g. see Ebert et al., 2006):

∂tNe+ ∇ · (vdNe) = (νi − νa)Ne+ ∇ · (De∇Ne) + Sph, (1)

wherevd is the drift velocity of electron due to electromag-
netic field,νi andνa are the ionization and dissociative at-
tachment rates, correspondingly,De is the coefficient of elec-
tron diffusion and the termSph stands for the nonlocal photo-
ionization. All the transport and ionization parameters de-
pend on altitude.

To simulate electrodynamics of the sprites and BJs, it is
necessary at this point to construct a suitably idealized model
of the medium. For simplicity, the effects of electron-ion pair
production due to photoionization and electron-ion recombi-
nation are assumed to be negligible (e.g. see Pasko, 2006;
Asano et al., 2009a, b). According to the early theory of ther-
mal breakdown, the electron density variation due to elec-
tron mobility and diffusion inside the jet are neglected as
well, so that the changes in electron density are calculated
by taking into account only the effects of electron impact
ionization and dissociative attachment, which is described
by the first term on the right-hand side of Eq. (1) (Pasko et
al., 1997b; Veronis et al., 1999). The ionization rateνi de-
pends on the density of neutrals, and on the applied electric
field through electron temperature. Asνi < νa, the electron
number density falls off quickly due to the dissociative at-
tachment of electrons to electronegative species, essentially
to molecules of O2. In the inverse case, i.e.νi > νa, the elec-
tron density may increase exponentially with time creating
electron avalanches. The critical value of electric field at
whichνi = νa is known as the conventional breakdown elec-
tric field, Ek.

In the air, the impact ionization of oxygen and nitrogen
molecules plays a major role in production of the free elec-
trons:

e−
+ O2 → 2e−

+ O+

2 ,

e−
+ N2 → 2e−

+ N+

2 .
(2)

The dissociative attachment of electrons to molecules of O2
prevails as the energetic electrons overcome the 3.6 eV en-
ergy barrier:

O2 + e−
→ O−

+ O. (3)

The rateνa of this reaction is dependent on the applied elec-
tric field through electron temperature and is proportional to
the neutral molecule number densityNm, which falls off ap-
proximately exponentially with altitudez:

Nm ≈ N0exp
(
−z
/
h
)
, (4)

whereh ≈ 8–10 km and denotes the height of standard at-
mosphere. According to Barrington-Leigh (2000), the rateνa
tends to maximize at an electric field value slightly below
the conventional breakdown thresholdEk, and the maximum
reaction rate can be roughly approximated by the following:
logνa = 7.9− 0.065z, whereνa is measured in s−1 andz in
km.

The proper conditions for the reaction (3) may exist in
the upper atmosphere. For example, consider a BJ emanat-
ing from the top of a thundercloud and propagating up to
the stratospheric altitude (∼ 50 km) with the mean velocity,
vj , about 100 km s−1. Although the inverse reaction rateν−1

a
varies from∼ 0.2×10−6 to ∼ 10−5 s (nighttime conditions)
in the 20–50 km altitude range, it is still much smaller than
the typical time (∼ 0.3 s) of BJ propagation. Moreover, this
means that the energetic electrons at the jet front may disap-
pear for a short distance∼ vjν

−1
a ≈ 0.02–1 m due to the dis-

sociative attachment to O2. This reaction seems to be more
important at the mesospheric altitude typical for the sprites.

A plausible candidate, which is capable of explaining the
persistence of electron density behind the jet front for a long
time, is the three-body attachment processes involving either
O2 and N2 or two O2 molecules (Glukhov et al., 1992):

O2 + e−
+ A → O−

2 + A + 0.5 eV, (5)

whereA is another neutral molecule. The rateνa of this re-
action is a function of the electric field as well and is approx-
imately proportional to the neutral molecule number density
Nm squared. In this case, the relationship between the peak
value ofνa andz can be roughly approximated by the follow-
ing: logνa = 7.9−0.13z (Barrington-Leigh, 2000), whereνa
is measured in s−1 andz in km. In the same altitude range,
the nighttime inverse rateν−1

a varies from∼ 0.2× 10−5 to
∼ 2× 10−1 s. It is important that first the rate of the three-
body reaction given by Eq. (5) is slower than the rate of re-
action given by Eq. (3), and secondly the energy barrier for
the reaction (5) is absent. The interested reader is refereed to
the special issue on streamer, sprites and lightning (J. Phys.
D. Appl. Phys., 2008, 41, No. 23 and references herein) for a
more complete treatise on the role played by both attachment
reactions in TLEs generation.

Laboratory tests of low-pressure electric discharges in air
have shown that the electron attachment can be accompanied
by inverse fast process of associative attachment (Moruzzi
and Price, 1974; Rayment and Moruzzi, 1978). This pro-
cess enhances at the pressure below 0.1 atm, which corre-
sponds to the altitudes above 15 km. Recently, Luque and
Gordillo-Vázquez (2011) have assumed that the electron re-
alized through associative detachment to N2,

O−
+ N2 → N2O+ e−, (6)

can be of great importance for the sprite generation. Ac-
cording to Neubert et al. (2011), the detachment rate can be
greater than both the ionization and attachment rates only if
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the normalized electric field at 70 km altitudeE
/
Ek < 0.38,

whereEk denotes the breakdown threshold, while the dis-
sociative attachment prevails over detachment and ionization
as 0.38< E

/
Ek < 1 (e.g. see Fig. 4 in the paper by Neubert

et al., 2011). As compared to the above processes, the three-
body attachment given in Eq. (5) is thought to be of minor
importance above 40 km altitude.

2.2 Conventional breakdown threshold

Laboratory experiments have shown that the main charac-
teristics of gas discharge depend on the gas pressurep and
inter-electrode gap sized in such a way that the breakdown
voltageVb is approximately proportional topd at least under
conditionpd > 106 Pa m (e.g. see Raizer, 1991; Lieberman
and Lichtenberg, 1994). The breakdown threshold is propor-
tional to the gas pressure becauseEk ≈ Vb

/
d ∼ p. We have

p = NmkBT wherekB stands for Boltzmann constant, so that
the value ofEk is proportional to number densityNm of the
neutral gas at constant gas temperature,T . The same ten-
dency is assumed to be valid at the altitudes where BJs, GJs,
sprites, and other TLEs occur. For example according to Pa-
padopoulos et al. (1993), the conventional breakdown thresh-
old in the air is related to the ambient gas number density
through

Ek = 32Nm
/
N0, kVcm−1. (7)

HereN0 = 2.7×1025 m−3 and is the constant of the order of
air number density at the ground level. According to Eqs. (4)
and (7), the conventional breakdown threshold falls off ap-
proximately exponentially with altitude along with the air
number density.

Considering the important role played by the plasma con-
ductivity in the electric discharges, we dwell on electron/ion
mobility µ, which is defined byvd = µE, wherevd is the
drift velocity of charged particles. According to the elemen-
tary theory, the electron/ion mobility in a weakly ionized gas
is given by

µe,i =
e

mνen,in
, (8)

whereνen and νin are the elastic electron-neutral and ion-
neutral collision frequencies, respectively,e is elementary
charge andm denotes the reduced mass of the electron/ion
and neutral. Here the electron-ion collisions were ignored.
The collision frequency can be roughly estimated through
ν = v̄

/
λ ∼ v̄σcNm, where λ denotes the free length of

charged particles, and̄v andσc are the mean particle veloc-
ity and scattering cross section, respectively. It immediately
follows from Eq. (8) and above estimates that the mobility
of charged particles is inversely proportional to the neutral
number density.

The main distinctive property of electron mobility mani-
fests itself through the dependenceµe not only onNm but

also on the ratioE
/
Nm (e.g. see Huxley and Crompton,

1974; Eletsky et al., 1975). The reason is that the electrons
have lost a small amount of their kinetic energy by elas-
tic collisions with neutrals since the electron mass is much
smaller than the neutral mass. It is usually the case that,
even with a weak electric field, the mean electron energy ex-
ceeds the mean energy of heavy particles. The mean elec-
tron energyε̄ in the weakly ionized gas is approximately
proportional to the energy that the electron would acquire
between two successive collisions with neutrals, that is,ε̄ ∝

eEλ ∼ eE
/
(σcNm), where the scattering cross sectionσc (ε̄)

is a complex function of̄ε. This relationship is an implicit
function which can be solved for̄ε or for v̄ as a function
of E

/
Nm. This means that both the collision frequency and

electron mobility are dependent onE
/
Nm as well.

However, the experimental study of the dependence
µe
(
E
/
Nm

)
shows that the electron mobility is almost con-

stant as a function ofE
/
Nm within an interval from 10−21

to 10−19 V m2 for a variety of gases including N2, CO2, etc.
(Eletsky et al., 1975). On account of the estimateEk

/
Nm ≈

1.2× 10−19 V m2 that follows from Eq. (7), one may expect
that the electron mobility is only dependent onNm as the
electric field is close to the conventional breakdown thresh-
old. For example, Pasko et al. (1996a) have used the relation-
ship

µe ≈ 4× 10−2N0
/
Nm, (in m2 (V s)−1) (9)

for E ≈ Ek to interpret the results of their numerical simula-
tion of blue jets.

The numerical value of the electron drift velocity forE ≈

Ek can be estimated throughvd ∼ µeEk. Substituting Eq. (7)
for Ek and Eq. (9) forµe into the above equation forvd
yields vd ≈ 130 km s−1. Notice that this value is of the or-
der of the BJ velocityvj = 40–130 km s−1 (e.g. see Neubert
et al., 2008).

Returning to the reaction rates, we note that both values
(i.e.νi andνa) are dependent on the electric field and electron
mobility (Eq. 9). The impact ionization rate deduced from
Townsend approximation is frequently used for the streamer
simulations (e.g. see Ebert et al., 2006):

νi = µeαiE exp
(
−Ei

/
E
)
. (10)

On account of the scaling factorN0
/
Nm, the Townsend ion-

ization rate and ionization field are given byαi = αi0Nm
/
N0

andEi = Ei0Nm
/
N0. The similar approximation of the elec-

tron attachment rate has been recently used by Luque and
Ebert (2009) to describe the sprite streamer development:

νa = µeαaE exp
(
−Ea

/
E
)
, (11)

where the Townsend attachment rate and attachment field are
given byαa = αa0Nm

/
N0 andEa = Ea0Nm

/
N0.
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Fig. 2. A positive streamer model. Herevs is streamer velocity,
rh is curvature radius of the streamer head,Nh is number density
of uncompensated/unbalanced positive charges,Eh is electric field
in front of the streamer head, andEs is electric field inside the
streamer.

The breakdown threshold is derivable from the condition
νi = νa and Eqs. (10) and (11):

Ek =
Nm (Ei0 − Ea0)

N0 ln
(
αi0
/
αa0
) . (12)

Substituting numerical parametersEi0 = 2× 102 kV cm−1,
Ea0 = 30 kV cm−1, αi0 = 4.3× 103 cm−1 and αa0 =

20 cm−1 (Luque and Ebert, 2009), we obtain that
Ek ≈ 32Nm

/
N0 kV cm−1, which is compatible with

Eq. (7).

2.3 Streamers

As the electric field becomes much greater than the break-
down threshold (Eq. 7), air breakdown may take place in-
stead in the form of streamers (Bazelyan and Raizer, 1998),
which are often referred to as ionization waves. A typical
streamer is the self-propagating narrow filamentary of cold
low-conducting plasma which can propagate at the velocity
102–104 km s−1 as measured at the ground pressure. Once
the steamer is generated, it can propagate through the re-
gion where the electric field is smaller thanEk. Initiation of

streamers due to individual electron avalanches will occur
most likely in the vicinity of the sharp portion of an elec-
trode, which is typical for point-to-plane corona discharges
(e.g. Raizer et al., 1998; Pasko, 2006). The charge density at
streamer head is so large that the electric field in the vicinity
of the head can reach a value about 4–7 timesEk (Celestin
and Pasko, 2010). The electron impact and photo-ionization
in the streamer head cause an enhancement of ionization co-
efficient up to the value occurring at the streamer channel that
results in moving forward of the streamer channel.

There are two types of streamers, i.e. positive and neg-
ative, depending of the sign of the space charge in their
heads. A negative streamer propagates due to ejection of
electrons from its head. By contrast, the head of a posi-
tive streamer propagates due to injections of ambient/seed
electron avalanches from surroundings. The strong electric
field caused by the spatial charge of the head results in the
high rate of impact and photoionization at the streamer front
thereby producing the seed electrons (Bazelyan and Raizer,
1998). In electronegative gases, such as air, the presence of
oxygen and nitrogen ions and fast electron detachment in an
electric field could be an effective source of seed electrons,
which in turn results in the positive streamer head formation
and leads to the streamer branching phenomena (Panchesh-
nyi, 2005). Other channels of the seed electron production
are cosmic rays and photo-ionization of air due to solar radi-
ation.

The minimum value of electric field required for the prop-
agation of positive streamers in the air at ground pressure
is E+

cr = 4.4 kV cm−1, while the same value for negative
streamers isE−

cr = −12.5 kV cm−1 (Raizer, 1991; Allen and
Ghaffar, 1995; Babaeva and Naidis, 1997; Pasko, 2006). It
should be emphasized once again that the streamer initia-
tion requires an electric field greater than above critical fields
and greater than the convention breakdown threshold given
by Eq. (7). The requirements for transition from an electron
avalanche to a streamer generation also include the critical
number of avalanching electrons and a minimum radius of
the avalanche region, sharp points of the electrode surface to
enhance the local electric field, and many other factors (e.g.
Raizer et al., 1998; Bazelyan and Raizer, 1998). Streamer
breakdown is not addressed in any detail in the present work,
and the reader is referred to above works for details about
streamers.

In what follows, we estimate the streamer parameters
based on similarity law and on dimension attributes rather
than on detailed analysis. Consider, for example, a positive
upward-propagating streamer schematically shown in Fig. 2.
Once the seed electrons have moved through the streamer
head boundary, the uncompensated/unbalanced positive spa-
tial charges arise on their spot, that is, in the layer around
the streamer head. This positively charged layer can spread
upward together with the streamer head at the streamer ve-
locity (Raizer et al., 2010). The electric fieldEh of the
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uncompensated charge is described by Maxwell’s equation:

∇ ·E = eNh
/
ε0, (13)

where the number density,Nh, of the uncompensated pos-
itive charges is of the order of the number density,Ne, of
seed electrons flowing through the head boundary. Letrh be
curvature radius of the streamer head. Substituting the rela-
tionship |∇ ·E| ∼ Eh

/
rh into Eq. (13), we obtain a rough

estimate of the electric field in front of the streamer head:
Eh ≈ eNerh

/
ε0.

Now we shall show that the fieldEh is greater than the
electric fieldEs inside the streamer body. The surface charge
density at the head boundary can be estimated asq

/(
πr2

h

)
,

whereq is the total positive charge at the streamer head.
Assuming for the moment that the boundary/front of the
streamer head is very thin, then the electric field component
normal to the boundary has a jump (Fig. 2):

Eh − Es ≈ q
/(

πε0r
2
h

)
. (14)

The current density of the seed electrons flowing into the
streamer head from the surroundings can be estimated then
as follows:jh ∼ eNevs, wherevs stands for the streamer front
velocity. Normal component of the electric current density
must be continuous at the boundary of streamer head, so that
eNevs ∼ σsEs, whereσs stands for the conductivity inside
the streamer.

Combining the above estimates, we come to

Es

Eh
≈

vsε0

rhσs
, (15)

which coincides with estimate given by Vitello et al. (1994)
and by Pasko et al. (1996a). Substituting numerical parame-
ters into Eq. (15) shows that the valueEs

/
Eh can vary in the

range 0.1 < Es
/
Eh < 1 (Pasko et al., 1996a). Thus, to the

first approximation, the fieldEs in Eq. (14) can be consid-
ered as negligible compared withEh. This is not a surprise
given the strong electric field produced by a great number of
charges situated around the head of streamer.

A streamer-like structure of BJs, GJs and sprites has been
well documented with a high-speed camera and with a high-
resolution detector in many observations (Wescott et al.,
2001; Pasko and George, 2002; Cummer et al., 2006a, b;
Pasko, 2007; McHarg et al., 2007). As we have noted above,
the ionizing collisions and photoionization are predominant
in the vicinity of streamer head because of stronger electric
field, which in turn causes the charge buildup at the head of
streamer (Fig. 1a). The streamer length is substantially lim-
ited by timescale of electron loss due to attachment and re-
combination. As we have stated above, the typical timescale
of the three-body electron attachment isτa ∼ ν−1

a ∼ N−2
m .

Taking into account thatτa ∼ 0.1 µs at the ground level,
we obtainτa ∼ 10 µs at the 18 km altitude, which is typical
altitude for BJ nucleation (Pasko, 2010). In this notation,

one may expect that the characteristic length of individual
streamer,ls ∼ vsτa (vs is the streamer velocity), cannot be
large due to such a small value ofτa (Raizer et al., 2006,
2007). For example, a typical length of the streamer filaments
propagating inside the sprite is of the order of several meters.

A total currentIs flowing through the streamer cross sec-
tion can be estimated as follows:

Is ≈ eNevdπr2
h . (16)

In a steady-state injection of the seed electrons, the total cur-
rent (Eq. 16) has to be conserved along the streamer tube
whereas the electron number densityNe and the head radius
rs can be the functions of streamer length. As the total cur-
rent is a constant, the chargeq at the head of streamer has to
be increased in time. One may expect thatq ∝ t and thusq
is directly proportional to the streamer length or the head ra-
diusrh. This implies that the head radiusrh in Eq. (14) varies
in inverse proportion to the electric field jumpEh −Es ∼ Eh
which in turn is of the order of the conventional breakdown
thresholdEk (Eq. 7); whence it follows that

rh ∝ N−1
m ∝ exp

{
z
/
h
}
. (17)

As is seen from Eq. (17), the radius and characteristic cross
section of the streamer increase with heightz, and thus they
can be much greater than that at ground level pressure. This
conclusion is consistent with the observations of sprites and
BJs.

Notice that we have just derived the so-called similarity
relations for gas discharge according to which typical dis-
charge sizeL (such as discharge tube length, streamer radius
etc.) scales asL ∝ N−1

m . In a similar fashion, we may obtain
that the typical time intervalT (such as relaxation time, mean
free time and etc.) scales asT ∝ N−1

m . Typical velocity does
not scale, which is independent ofNm. The scaling/critical
electric fieldE ∝ Nm, whereas a typical chargeq ∝ N−1

m .
According to our estimate obtained in Sect. 2.2, the

electron drift velocityvd is approximately constant at the
streamer head. Taking the notice of this fact and combining
Eqs. (16) and (17), we getNe(z) ∝ N2

m. In the same approx-
imation, the streamer conductivity inside the streamer head
σs = eNeµe ∝ Nm. By contrast with our estimates, the early
numerical modeling of blue jets as streamers (e.g. Pasko et
al., 1996a) suggested thatσj behind the jet front remains ap-
proximately constant. This may be due to the simplified ap-
proach, which leaves out of account altitude dependence of
ionization and attachment parameters in Eq. (1).

A detailed description of the similarity relations is found in
many papers (e.g. see Raizer et al., 1998; Pasko, 2006). From
the above analysis, it is clear that the streamer parameters in
the sprites and GJs are scaled by reduced air density in the
same manner.

Interestingly enough, the recent numerical simulation of
sprite behavior has shown that initial stage of sprite for-
mation departs from simple similarity law discussed above
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Fig. 3. A schematic plot of dynamical friction force of electrons in
the air versus electron kinetic energy. The figure is partly adopted
from Pasko (2006).

(Luque and Ebert, 2009, 2010). Moreover, the blue jet veloc-
ity is not as constant as the similarity law predicts. Typically,
the blue jet is started at the velocity∼ 40 km s−1 and then
reaches the valuevj = 100–130 km s−1 at the altitude range
35–50 km until the jet stops (Pasko et al., 1996a).

To summarize, we note that the theory of streamers/leaders
propagating at stratospheric and mesospheric altitudes is still
far from being accurate. So, in what follows, our study pre-
dominantly focuses on the similarity and dimension law as
well as on the scaling properties of the streamers rather than
detailed analysis.

3 Runaway electron breakdown

When the electric field is greater than the conventional break-
down threshold, it produces the mean thermal electron en-
ergy of the order of several eV. In contrast to the thermal
breakdown of air, the runaway breakdown is based on the
mechanism of relativistic electrons avalanches. One of the
merits of this mechanism is that the electric field threshold
required for air breakdown may be one order of magnitude
lower than that due to the conventional breakdown. In what
follows, the runaway electron breakdown will be treated in a
sketchy fashion and then this mechanism of air breakdown is
examined as a possible source for TLEs.

3.1 Elementary model of relativistic runaway

We deal first with the simple one-dimensional model in
which all the electrons move along z-axis in opposition to
the vector of constant electric field,E. To justify this model
for electron motion, one should note that the electron for-
ward scattering at small angles prevails if the electron energy
is greater than 50 eV (Pasko, 2006). In such a case, the equa-
tion of electron motion is given by (Gurevich et al., 1992,
1994)

dp

dt
= eE − Ffr (ε) , (18)

where the so-called dynamical friction forceFfr (ε), pointed
oppositely to the vector of electron momentump, describes
the electron collisions. In a more accurate model, one should
take into account the angle included between the electric
forceeE and the electron momentum (Gurevich et al., 1992;
Babich, 2003).

The dynamical friction force equals the electron energy
loss due to the electron collisions per unit length:

Ffr (ε) =
dε

dz
. (19)

For high-energy electrons, the friction force is determined
predominantly by electron energy losses due to the ioniza-
tion of air. Since the energy of the fast-moving electron is
much greater than the energies of atomic electrons, it in-
teracts with atomic electrons and nuclei as with free parti-
cles. A rough estimate of the friction force isFfr (ε) ∼ ε

/
λ,

where the free length of the electronsλ ∼ (ZNmσc)
−1 de-

pends on the number density of moleculesNm, the mean
number of electrons in moleculeZ, and the scattering cross
sectionσc. In the non-relativistic energy range, the interac-
tion is governed by the Coulomb law through Rutherford
scattering cross sectionσc ∼ e4

/
ε2 (e.g. see Gurevich and

Zybin, 2001). Combining the above relationships, we arrive
at the estimateFfr (ε) ∼ e4ZNm

/
ε, which is in good agree-

ment with the formula

Ffr (ε) =
2πe4ZNm

ε
ln

ε

Jz

, (20)

derived by Bethe (1930) in a more accurate model. HereJz ∼

Zεi , whereεi is the energy of ionization.
The dynamical friction force of electrons in air is schemat-

ically shown in Fig. 3. As is seen from this figure, at first the
friction force approximately increases with the electron ki-
netic energy up to the energy∼ 150 eV as shown with dashed
line. The maximum of the friction force at the energyε∗ cor-
responds to the so-called thermal runaway threshold, which
occurs at the electric fieldEth ≈ 260 kV cm−1. In the 102–
106 eV energy range, the friction force falls off with increas-
ing of the electron energy according to Eq. (20). We recall
that this tendency is due to Coulomb interaction of the fast-
moving electron with atomic electrons that results in a de-
crease in scattering cross section.

At higher energies, the contribution of relativistic effects,
which we have just ignored, results in gradual changes in
the above tendency so that the friction force has a minimum
Fmin at the energyεmin ≈ 1.4 MeV, and then a logarithmi-
cally slow increase begins due to relativistic effects (Gure-
vich and Zybin, 2001).
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3.2 Runaway breakdown

As illustrated in Fig. 3, the possibility for generating runaway
electrons results from the fact that the fall off of the friction
force dominates in the energy range fromε∗ to εmin. It fol-
lows from Eq. (18) that the runaway electrons can appear
under the following requirement:

eE > Ffr (ε) , (21)

which can be valid for the ambient electric fieldE > Ec =

Fmin
/
e. The implication here is that, if Eq. (21) holds true,

then the electric field will accelerate such electrons continu-
ously so that they become runaway electrons. In the inverse
case (that is, ifeE < Ffr (ε)), the electron energy falls off
quickly due to the ionization of air and other inelastic pro-
cesses resulting in the energy losses.

Taking into account that, in the vicinity of the minimum
point, the logarithm in Eq. (20) is approximately equal to
a ≈ 11; the minimal value of the friction force and threshold
electric field are given by (Gurevich and Zybin, 2001)

Ec =
Fmin

e
=

4πe3ZNma

mec2
. (22)

Combining Eqs. (20)–(22), we obtain that the runaway elec-
tron energy must be greater than the threshold value,εc,
which depends on the ambient electric field:

ε > εc ≈
mec

2Ec

2E
. (23)

Generation of large amount of secondary low-energy elec-
trons due to the neutral molecule ionization by runaway elec-
tron impact is the main cause of the runaway breakdown of
air. Although a majority of secondary electrons have a small
energy, a portion of such electrons may have energy greater
than the threshold value, that is,ε > εc. The electric field will
accelerate these energetic electrons, so that they also become
the runaway electrons, which in turn results in additional ion-
ization of air and the generation of a new portion of runaway
electrons. As a result, one may expect an exponentially in-
creasing avalanche of runaway electrons (e.g. see Colman et
al., 2010). A great deal of the secondary slow electrons is
produced along with the runaway electrons, and eventually it
brings the breakdown of air.

It should be noted that, if the electric field is greater than
Eth ≈ 260 kV cm−1, then the electric force acting on elec-
trons becomes greater than the maximal friction force, which
corresponds to the maximum in the graph of Fig. 3. Under
such a strong electric field, all the thermal electrons become
runaway ones. As is seen from Fig. 3, the thermal runaway
breakdown requires the threshold 100 times greater than that
given by Eq. (22) (Papadopoulos et al., 1996).

The runaway breakdown field (Eq. 22) is dependent on the
neutral number density and thus is dependent on height. On

account of Eq. (3), this dependence can be approximated as
follows (Gurevich and Zybin, 2001):

Ec = 2.16exp
(
−z
/
h
)
, kVcm−1, (24)

where h ≈ 8–10 km. It is important that the value of the
runaway breakdown thresholdEc is one order of magni-
tude smaller than the conventional breakdownEk. For ex-
ample, comparing Eq. (24) with Eq. (7), one can find that,
at the ground-level pressure,Ec = 2.16 kV cm−1, whereas
Ek = 32 kV cm−1.

In this section, we have studied the simplified model, in
which, as we have noted, a single fast electron is subject
to the friction force that approximates the fast electron scat-
tering by electrons and nuclei of molecules. This model ig-
nores the energy losses due to radiations of relativistic elec-
trons, although Roentgen and gamma quanta are able both to
ionize the molecules and to generate electron-positron pairs
when interacting with nuclei of molecules. In a more accu-
rate theory, the runaway electrons are described by the Boltz-
mann transport equation for fast electron distribution func-
tion f (r,p, t) over the coordinatesr and momentap (e.g.
see recent reviews by Roussel-Dupré et al., 2008, and by Mi-
likh and Roussel-Dupré, 2010):

∂f

∂t
+ v

∂f

∂r
+ eE

∂f

∂p
= S (f,Fm) . (25)

HereS stands for the collision integral dependent on the dis-
tribution function of electronsf and neutral moleculesFm.
Owing to the complexity of Eq. (25) and the collision in-
tegral, we omit the analysis of Eq. (25) and its solutions.
The interested reader is asked to consult Gurevich and Zy-
bin (2001) and Trakhtengertz et al. (2002, 2003) for a more
complete treatise on runaway electron processes.

3.3 Characteristic length of avalanche and role played
by fast seed electrons

The energy losses of the fast electrons are mainly due to the
ionization of neutrals, which results in the generation of sec-
ondary electrons. LetdN be the number of secondary elec-
trons generated over a small lengthdz due to the ionization
of neutrals. In what follows we consider only that part of the
secondary electrons that has the energy greater than the cer-
tain valueεs. Additionally, we suppose that the chosen value
εs is much smaller than the energy of the incident fast elec-
tron. In this case, the number of that part of the secondary
electronsdN (εs) is given by (Landau and Lifshits, 1982)

dN (εs)

dz
=

πZNme4

mec2εs
. (26)

In the energy rangeεs > εc, the electric field will acceler-
ate the secondary electrons in such a way that they become
runaway, giving rise to a runaway electron avalanche. As the
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electric field is parallel to z-axis, the number of runaway elec-
trons increases exponentially with coordinatez:

N = N0exp
(
z
/
la
)
. (27)

The number of slow/thermal electrons increases exponen-
tially along with the runaway electrons.

The rough estimate of the characteristic lengthla of run-
away electrons avalanche can be found from Eq. (26) at
εs = εc (Gurevich and Zybin, 2001):

la =

(
dN

dz

)−1

εs=εc

=

(
mec

2
)2

2πZNme4

Ec

E
. (28)

Here we have used Eq. (23) forεc.
As long as the electric fieldE is close to the breakdown

thresholdEc, the characteristic length of exponential growth
(Eq. 28) varies approximately inversely proportional toNm.
In the atmosphere at the ground surface level, the value ofla
is of the order of several tens of meters. This value increases
with altitude due to fall off of the neutral number densityNm.

To initiate runaway breakdown, the presence of seed rel-
ativistic electrons, which have the energy greater than the
critical value, that isε > εc, is necessary. These seed elec-
trons are produced by cosmic rays and extensive cosmic
ray showers. The distribution of primary high-energy cosmic
rays with energies above a few GeV or much greater is well
documented over many orders of magnitude in energy (e.g.
Nagano and Watson, 2000). The models of runaway break-
down in the atmosphere are based on the assumption that cos-
mic rays are capable of producing the shower of secondary
particles called an extensive air shower (EAS) (Gurevich et
al., 1999b; Lehtinen et al., 1999; Gurevich and Zybin, 2001,
2004; Inan and Lehtinen, 2005; Roussel-Dupré et al., 2008;
Milikh and Roussel-Dupŕe, 2010). The incident cosmic ray
particle energy to initiate runaway breakdown was estimated
to be greater than or of the order of 1015 eV (Gurevich et
al., 1999b). The flux of the secondary particles typically con-
sists of 89 % photons, 10 % electrons with the energy up to
30 MeV and 1 % other particles, largely muons (e.g. Carlson
et al., 2008). For the runaway breakdown, the secondary/seed
electrons are the most important.

Since the primary cosmic rays are highly relativistic, the
secondary particles all travel predominantly along the pri-
mary’s direction as a consequence of the principle of conver-
sation of momentum. However, the particles in the electro-
magnetic cascade of an EAS form a pancake-like structure
due to lateral expansion of the EAS caused by the decay of
neutral pions into two momentum-conserving gamma rays
(Gurevich and Zybin, 2005; Gurevich et al., 2009; Milikh
and Roussel-Dupré, 2010). Typically, an EAS has just a few
meters along the direction of the primary cosmic ray’s mo-
tion, but about 100–150 m across.

It follows from the theory that the EAS-produced currents
of relativistic runaway and thermal electrons in the strong
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Fig. 4. A schematic illustration of upward avalanche of fast seed
electrons resulting from a cosmic ray shower in the presence of
the downward-directed ambient electric fieldE. Trajectory of the
secondary downward-directed electrons can be distorted due to the
scattering by nuclei. 1 – incident primary particle, 2 – secondary
fast seed electrons, 3 – nucleus, 4 – upward avalanche of electrons.

quasi-static fields of thundercloud can result in narrow bipo-
lar radio pulses and gamma emission. An indirect observa-
tional hint that the EAS can trigger these pulses was provided
by Gurevich et al. (1999b).

An alternative mechanism for runaway is based on the
electron acceleration during propagation of the lightning
streamers and stepped leaders (e.g. Carlson et al., 2010;
Chanrion and Neubert, 2010). The numerical simulation has
shown that, at the stage of negative corona flash, the exponen-
tial growth of potential differences in streamers can give rise
to the production of runaway electrons with energies as high
as∼100 keV (Celestin and Pasko, 2011). Moreover, the elec-
tric field produced by stepped leaders can accelerate those
energetic electrons up to the MeV energies.

The secondary fast electrons may come out from the ra-
dioactive decays in air as well. Paiva et al. (2009) have re-
cently assumed that the decay of a rest muon after an intr-
acloud lightning discharge can provide the relativistic elec-
trons. This model predicts 107 relativistic seed electrons per
ms at about 15 km altitude with mean energy of 35 MeV.

For the sprite initiation to succeed, the strong QE field
must occur over a lightning storm. Essentially for all events,
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the sprite generation is associated with a positive flash (Boc-
cippio et al., 1995; Williams et al., 2007). Just after a pos-
itive CG return stroke, the uncompensated negative charge
of the thundercloud results in the generation of downward-
directed electric field over the thundercloud. Originally, this
electric field decreases the energy of downward-moving fast
seed electrons and changes their momentum. The turn of
the seed electron trajectories towards the ionosphere can be
due to the interaction of the electrons with massive nuclei
of molecules as schematically shown in Fig. 4. When the
scattering of the seed electrons by nuclei occurs, it produces
the electrons moving in all directions. As the field exceeds
the breakdown threshold, it can generate the upward-directed
runaway electron avalanche, thereby exciting the breakdown
of air at stratospheric and mesospheric altitudes.

The mean flux density of the secondary electrons at
the thundercloud altitude, that is 4–8 km, is estimated
as 103 electron m−2 s−1 (Bazilevskaya and Svirzhevskaya,
1988). The detailed Monte Carlo simulations of the cosmic
ray secondary flux distributions of the relevant to relativis-
tic runaway electron avalanche seeding have shown the close
value of the flux density about 2× 103 m−2 s−1 at the 15–
25 km altitude range (Carlson et al., 2008). Notice that only
a portion of these downward electrons can turn the trajectory
to create the upward electron avalanche.

It should be noted that the Earth’s magnetic field may
greatly affect the motion of relativistic electrons as their gy-
rofrequency prevails the electron-neutral and ion-neutral col-
lision frequencies. In the atmosphere, 1 MeV electrons be-
come magnetized ones above approximately 20 km altitude.
In such a case, the Earth’s magnetic field turns the electron
trajectories along the magnetic field lines and weakens the
runaway breakdown (Gurevich et al., 1996; Lehtinen et al.,
1999; Milikh and Roussel-Dupré, 2010).

An observational hint about the existence of runaway
electron breakdown and associated X-ray emissions under
high temperature and ionization was provided by Kurzan et
al. (1995) and Kuznetsov et al. (1999) using measurements
in tokamak. Laboratory tests have shown that long sparks in
air are accompanied by a rapid increase in the number of fast
electrons with wide energy spectrum (1–300 keV) followed
by X-ray bursts and strong flashes ofγ photons up to a few
MeV possibly related to the runaway breakdown (Gurevich
et al., 1999a; Babich et al., 2004; Dwyer et al., 2005; Rah-
man et al., 2008; Milikh and Roussel-Dupré, 2010). How-
ever, these experiments cannot provide us with unambiguous
evidence of the leading mechanism of the effect since the ap-
plied field was about 1.1 MV m−1, which is smaller than that
of conventional breakdown and greater than that of runaway
breakdown. At the moment, the laboratory imaging of spatial
structure of runaway avalanches has not yet been observed.

The runaway electron mechanism can serve as a promising
candidate for explanation of the so-called terrestrial gamma
ray flashes (TGFs), that is, short bursts of gamma rays orig-
inating from Earth. The TGFs have now been extensively

studied for more than a decade, beginning with their modern
discovery (Fishman et al., 1994). It is generally believed that
the TGFs are associated with an individual lightning strike
since they occur in the form of narrow beams within a few
ms of the lightning (Fishman et al., 1994; Inan et al., 1996a;
Inan and Lehtinen, 2005; Cummer et al., 2005; Smith et al.,
2005, 2010; Briggs et al., 2010). The observed rate of TGF
events is much smaller than that of lightning flashes maybe
due to the fact that it is difficult to detect the TGFs.

Some problems arise because the runaway theory predicts
that the lightning charge moment change needs to be about
5000 C km to generate the runaway breakdown at the altitude
range 30–50 km followed by the TGFs events (Lehtinen et
al., 2001). This contradicts with observations since the mea-
sured lightning charge moment changes in TGF-associated
strokes are 50–500 times smaller than what the runaway the-
ory predicts (Cummer et al., 2005). However, it is still possi-
ble that some TGFs are generated by enormous lightning dis-
charges with charge moment changes of several thousands of
C km (Stanley et al., 2000; Cummer and Füllekrug, 2001).

The model of TGF production by runaway breakdown in
a strong electric field at the tip of lightning leader channels
has been recently studied (Trakhtengertz et al., 2002, 2003;
Gurevich et al., 2004, 2007; Dwyer, 2008; Dwyer et al.,
2010; Carlson et al., 2010; Celestin and Pasko, 2011). An-
other promising viewpoint on TGFs supposes that the gamma
bursts are generated in thunderclouds as a result of the com-
bined action of runaway breakdown and EASs (Gurevich and
Zybin, 2004). On the other hand, one should take into ac-
count a strong damping of gamma radiation in the lower at-
mosphere. In this notation, it would be expected that the TGF
sources occur most likely at∼10–15 km altitude. Addition-
ally, one may hypothesize a possibility for transport of the
runaway electrons from the source to the desired height of
30–35 km where the gamma emission due to Bremsstrahlung
can escape into space to be detected by on-board sensors.

4 Underlying mechanisms of transient luminous events

The foregoing analysis has demonstrated that two different
models based on thermal and relativistic electrons, respec-
tively, can explain, in principle, the molecular ionization in
an electrically heated ionized gas. As would be expected, the
same approaches can be applied to the process of air break-
down above a lightning storm at stratospheric and meso-
spheric altitudes.

4.1 Effect of charge distribution in thunderclouds on jet
discharges

Most of the BJ events are analogous in character to propaga-
tion of positive leader of conventional breakdown, whereas
the majority of GJs manifest themselves as a negative leader-
like propagation (Krehbiel et al., 2008). Other types of high
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Fig. 5.Simplified model of electric charge distribution in a thunder-
cloud. The spatial charge densities are constant inside the spherical
regions whose centers are located on the z-axis at different altitudes
z1,z2,z3 andz4.

altitude discharges, i.e. sprites, usually take place just after
intense positive cloud-to-ground strokes followed by the for-
mation of a large amount of uncompensated negative cloud
charges (Boccippio et al., 1995; Williams, 2007). In contrast
to sprites, the thunderstorm charge redistribution due to the
stroke appears to have no effect on the generation of blue and
GJs.

The BJs are supposed to occur under certain relatively rare
conditions, when large positive charge piles up at the top of
thundercloud. The negative charges at the bottom of thun-
dercloud compensate, in part, the field of positive charges in
the region just above the thundercloud. However, local in-
homogeneities of the spatial charge distribution at the top of
thundercloud may result in the enhancement of electric field
in this region.

The presence of the strong QE field above the thunder-
cloud is extremely important in the modeling of streamer
type processes at stratospheric and mesospheric amplitudes.
For example, in the early model of the blue jet (Pasko et
al., 1996a), the positive charges were assumed to reach a
total value about 300–400 C as high as 15–20 km altitude.
As another example, in the 3-D model by Pasko and George
(2002), it was assumed that a positive charge of 100–150 C
can accumulate at altitude about 15 km to provide the elec-
tric field magnitude capable of exceedingE+

cr threshold just
above the thundercloud.

Notice that the electrical structure/charge distribution of
actual thundercloud is much more complicated as com-
pared to the modeling. Moreover, a certain charge imbal-

ance may persist in thunderstorm, which causes strong varia-
tions of the electric field with altitude. Recently, Krehbiel et
al. (2008) and Riousset et al. (2010b) have discussed a strat-
iform/multilayered thundercloud model to demonstrate the
difference between the conditions for downward-propagating
discharges in the form of usual−CG lightning and for
upward-propagating discharges like jets. The charged re-
gions situated at different altitudes in the thundercloud are
sketched in Fig. 5 with white circles. For example, a nor-
mally electrified storm, which corresponds to typical−CG
lightning, was characterized by the following numerical val-
ues:qi = 12.5, −60, 40, −20 C, wherei = 1, 2, 3, 4 (Kre-
hbiel et al., 2008). The spatial distribution of these charges
was assumed to obey Gaussian low and was not spherically
symmetric.

To simplify the problem and to interpret the results by
Krehbiel et al. (2008), we assume that all the charges are
uniformly distributed in spherical regions shown in Fig. 5.
The earth is considered to be a perfect conductor. This im-
plies that the vertical component of the net electric field taken

along the z-axis is given byEz =

4∑
i=1

Ezi, where

Ezi = kqi (z − zi)
/

r3
i + E′

zi (29)

inside the charged balls and

Ezi = kqi (z − zi)
/

|z − zi |
3
+ E′

zi (30)

outside the balls. HereE′

zi = kqi
/
(z + zi)

2 stands for
the electric field of mirror electric images of thun-
dercloud charges,k = (4πε0)

−1, ε0 is the electric con-
stant/permittivity of vacuum, andzi and ri denote coordi-
nates of centers and radii of the charged spherical regions,
respectively. The variations of the net electric field,Ez, as
a function of altitudez can be easily calculated after these
simplifications.

To illustrate the results of this simulation, we
made use of the following numerical parameters:
zi = 3.7, 6.9, 12.1, 15.7 km, andri = 1.0, 2.2, 2.3, 1.3 km
and above-mentioned values ofqi taken from Krehbiel et
al. (2008). The results of calculations shown in Fig. 6 with
solid line are in qualitative agreement with the vertical pro-
files of thunderstorm electric field as measured by balloon
equipment (Marshall et al., 1995). The first two peaks at
the bottom of Fig. 6 are basically due to the field of pair
of chargesq1 = 12.5 C andq2 = −60 C, whereas the two
peaks at the top of Fig. 6 are caused by the upper charges
q3 = 40 C andq4 = −20 C. It should be noted that both the
magnitude and location of the peaks are very sensitive to the
distances between the charges.

The lightning leader propagation is accompanied by the
streamer zone formation. The electric field required for the
propagation of negative and positive streamers in the air is
shown in Fig. 6 with dashed lines 2 and 3. The runaway
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Fig. 6 Fig. 6.Model calculations of thunderstorm QE field preceding con-
ventional−CG stroke. The vertical electrical field profile along z-
axis as a function of altitudez is shown with solid line. A runaway
breakdown field is shown with dashed line 1, while the electric
fields required for propagation of negative and positive streamers
in the air are shown with dashed lines 2 and 3. The numerical val-
ues of parameters are assumed to be typical for generation of−CG
strokes.

breakdown field (Eq. 24) is shown with dashed line 1. The
same lines are shown symmetrically on the right of Fig. 6.
Despite that the calculated value of electric field does not
exceed the breakdown threshold for streamer propagation,
the −CG may be initiated in the vicinity of the first peak
at 4–6 km altitude range due to presence of spatial inhomo-
geneities of the charge distribution that may result in the local
enhancement of the field. Notice that the runaway breakdown
can serve as another trigger mechanism for the streamer ini-
tiation since the runaway threshold (line 1) is the nearest to
the peak values of thunderstorm electric field (e.g. see Milikh
and Roussel-Dupré, 2010).

A BJ may occur under certain meteorological conditions
when large amount of positive charge is concentrated at
the top of thundercloud. To simulate a normal blue jet dis-
charge in the framework of the stratified thunderstorm model,
Krehbiel et al. (2008) have suggested the set of parameters
qi = 5, −40, 57.5, −20 C. In Fig. 7, we plot the numerical
calculation of the vertical field versus altitude based on the
simplified model shown in Fig. 5. In making the plot ofEz,
we have used the same parameterszi andri as in Fig. 6. It is
obvious from this figure that the positive peak ofEz exceeds
E−

cr (line 2) and becomes close toE+
cr (line 3) atz ≈ 14 km.

On account of the field direction at this altitude, it would be
expected that the upward-directed positive leader originating
at this point can propagate towards the ionosphere.

It is generally accepted that the GJ events should be asso-
ciated with great deal of negative electric charges situated
at the middle region of thundercloud. Typical parameters,

 
 

Fig. 7 Fig. 7.Model calculations of thunderstorm QE field preceding blue
jet discharge.

 
 
 

Fig. 8 

Fig. 8. Model calculations of thunderstorm QE field preceding gi-
gantic jet discharge.

which correspond to this situation, are as follows (Krehbiel
et al., 2008):qi = 25, −120, 82.5, −3 C. Figure 8 shows the
model calculations of QE field preceding generation of gi-
gantic jet. The numerical values of parameters used in mak-
ing this plot are as follows:zi = 4.3, 8.0, 13.2, 15.4 km and
ri = 1.1, 2.6, 1.9, 0.3 km. As is seen from this figure, the GJ
can develop originally as an upward-propagating intracloud
discharge originating from the site situated above the charge
q2 = −120 C within the altitude range 10–12 km where the
thunderstorm electric field exceeds the breakdown thresh-
old. The jet current bears a negative charge of the order of
100 C through the region with upward/positive electric field
(above the chargeq3 = 82.5 C, the altitudes 13–15 km) to-
wards the thundercloud top. One may assume that the GJ can
overcome the region with the positive field to propagate out
of the thundercloud towards the ionosphere (Krehbiel et al.,
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2008; Pasko, 2010). However, we cannot explain in any de-
tail why the gigantic jets look more powerful than the blue
jets and why they can extend to higher altitudes.

4.2 Blue jets and gigantic jets

Typically, the BJ has a conical shape whose transverse
size increases from 1–2 km up to several kilometers in the
15–50 km altitude range. In early theories of BJ, Pasko et
al. (1996a) and Sukhorukov et al. (1996a, b) considered the
BJ as a mesospheric analog of upward-propagating posi-
tive/negative streamer similar to that observed at the labo-
ratory conditions. A possible scenario of BJ evolution shown
in Fig. 1 assumes that the BJ originates from a sharp posi-
tively charged irregularity situated at the top of the thunder-
cloud (Pasko et al., 1996a; Pasko and George, 2002). Such
irregularity with lateral extent about 102–103 m can serve as
an analog of the point electrode in laboratory point-to-plane
corona discharge experiments. The head of jet streamer bears
a positive charge to the conducting electrosphere, which
plays a role of the plane electrode.

These models assume initial transverse size of the streamer
of about 1 km that contradicts with estimates of the streamer
size based on similarity law (Pasko, 2007, 2010). According
to this law, the transverse size of typical streamer should be of
the order of several centimeters at 30 km altitude where blue
jets usually occur. The BJ modeling is further complicated by
the fact that below 40 km the streamer conductivity falls off
faster due to electron attachment to the atmosphere oxygen
in triple collisions according to reaction (5). Additionally, the
jet streamer lifetime (∼1 s) contradicts with the short decay
time of cold plasma in streamer channel (∼10 µs) because
the jet streamers cannot be supplied with current during their
lifetime (Raizer et al., 2010).

In later work, Petrov and Petrova (1999) proposed a more
realistic model in which BJ is treated as upward-propagating
positive leader with a streamer zone/corona on the top as
schematically displayed in Fig. 1. The leader transfers a pos-
itive charge from the thundercloud up to altitude about sev-
eral tens of kilometers at the velocity much slower than that
of individual streamers. A great number of the short-lived
streamers are emitted from the leader thereby producing a
streamer corona. A majority of the streamers are assumed to
be upward directed to produce a branching structure of BJs,
which is consistent with the observations. A conical shape of
BJs follows the similarity law (Eq. 17) according to which
the scale of individual streamers and of the whole streamer
zone has to increase with height.

The streamer-to-leader transition is accompanied by the
Joule heating and subsequent detachment processes (Bon-
diou and Gallimberti, 1994). In this picture the BJs are simi-
lar to hot leader-like discharges rather than cold streamer-like
discharges (Raizer et al., 2010).

Considering the streamer zone, we note that our calcula-
tions have demonstrated that the electric field required for

propagation of positive streamer is still greater than the field
caused by thundercloud charges (Fig. 7). This leads us to the
conclusion that any kind of electrical inhomogeneity needs
to start breakdown ionization of the air. Following Pasko et
al. (1996a) and Pasko and George (2002), one may suppose
that the electric irregularity/overcharge about 10 C with char-
acteristic radius about 500 m occurs in the upper portion of
thundercloud; then, the electric field reaches a value about
400 kV m−1 in the vicinity of this irregularity. As is seen
from Fig. 7, this value is greater than threshold for positive
streamer (line 3) and it is the same order as the conventional
breakdown threshold taken at the altitude 15–20 km. How-
ever, such a large value of the thundercloud charges that is
required to sustain the BJ seems to be well-nigh impossible
(Mishin and Milikh, 2008; Raizer et al., 2010).

Raizer et al. (2006, 2007) have supposed that BJ can be the
result of the formation of a bidirectional uncharged leader
at the point where the electric field reaches a maximum
value inside the thundercloud (see positive peak shown in
Fig. 7). Owing to the exponential profile of the air density,
the streamers are assumed to grow predominantly upward in
contrast to laboratory conditions.

The gigantic jets are believed to be due to the predomi-
nance of negative charges at the top of thundercloud as shown
in Fig. 7. Since the gigantic jets show up the visible patterns
similar to inverted images of conventional−CG, it appears
that the most of gigantic jets develop in the form of upward-
propagating negative leaders (Pasko, 2010). For example, a
gigantic jet recently observed by Cummer et al. (2009) was
estimated to transfer the negative charge of−144 C from the
thundercloud to the lower ionosphere. However, the onset
time of the current due to gigantic jet is about 30 ms, that
is, much greater than that (∼5 µs) (Rakov and Uman, 2003)
due to normal−CG.

In contrast to the early study, the first documented GJ,
which can be referred to as the class of positive cloud-to-
ionosphere discharge (+CI), has been recently observed by
van der Velde et al. (2010) during winter thunderstorms in
the Mediterranean. Despite the short duration (120–160 ms),
this GJ is estimated to transfer negative charge∼136 C from
the ionosphere to the positively charged origins in the cloud
only 6.5 km tall, showing high altitudes are not required for
initiation of GJs. This event is characterized by a huge charge
moment change of 11 600 C km and a maximum GJ current
of 3.3 kA (van der Velde et al., 2010).

In conclusion we note that, although the similarity law
for leader does not exist (Raizer, 1991), with some care the
above qualitative estimates given in Sect. 2.3 are applicable
not only to the streamer scales but also to the scales of jet
streamer zone as whole. In particular, one may expect that
the streamer zone radius as well as the cross section of BJs
and GJs will increase with altitude in accordance with esti-
mate given by Eq. (17). This simplified model can explain, in
principle, a blue conical shape of jets, which was well docu-
mented by airplane and ground-based observations (Wescott
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et al., 1995; Neubert et al., 2008). Certainly the numerical
estimates of the BJs and GJs are quite different, because the
minimum value of electric field required for the propagation
of negative streamers in the air is greater than the field, which
is necessary to trigger positive streamers (Raizer, 1991). It
appears that the typical size, velocity and other parameters of
BJs and GJs can be very sensitive to the initial conditions at
the top of thundercloud such as the charge distribution shown
in Fig. 5 and rate of charge accumulation.

An analytical solution describing the jet evolution has not
been found yet except for the simple similarity relationships
(Raizer et al., 2010).

4.3 Sprites

Worldwide sprites and halos are predominantly excited due
to large CG flashes almost exclusively with positive polar-
ity (e.g. Boccippio et al., 1995; Williams et al., 2007). The
sprites and mesospheric TLEs occur infrequently since the
charge moment change of the causative +CG must be more
than a value of the order of 500 C km in order to initiate
the sprite discharge (Stanley et al., 2000; Cummer, 2003;
Rycroft, 2006; Hiraki and Fukunishi, 2006). The point of
sprite initiation occurs in the 60–80 km altitude range, while
the brightest region of the sprite body is usually observed in
the altitude range 65–85 km (Neubert et al., 2008).

The high-speed video recording of sprites has shown the
streamer-like pattern of the sprite discharges (Cummer et
al., 2006b; Stenbaek-Nielsen and McHarg, 2008; Liu et
al., 2009; Montanýa et al., 2010). It is generally accepted
that there are two basic visible shapes of sprites: “carrot”
or “jellyfish” configuration and columniform (e.g. Cho and
Rycroft, 1998; Matsudo et al., 2007). The carrot type sprite
contains diffuse tops and lower tendrils extending down to al-
titudes of 30–40 km, while the columniform sprite has a very
fine spatial structure as compared with the “carrot” sprite
(e.g. Hayakawa et al., 2004; Wescott et al., 1998). The faint
red glow diffusion region lies in the altitude range 85 to
90 km, while the brightest region occurs in the 65–85 km al-
titude range. The sprite measurements during winter thun-
derstorms in the Hokuriku area of Japan have shown that the
“column” sprites occur several ms after an intense +CG dis-
charge (∼100 kA), while “carrot” sprites might be delayed
by some tens of ms after a +CG discharge (e.g. Matsudo et
al., 2009). It appears that the “carrot” sprites are associated
with a smaller +CG discharge (∼30 kA) but with a strong
continuing current (Neubert et al., 2008). A few active thun-
derstorms and thunderstorms with precipitating stratiform
clouds may excite more complex sprites possibly associated
with the CC of the causative lightning (Suzuki et al., 2011).

Recent studies of the sprite structure based on the high
speed camera observations have shown that columnar sprites
arise from downward propagating streamers, while the carrot
sprites start as columnar sprites followed by upward prop-
agating streamers (McHarg et al., 2007; Stenbaek-Nielsen

and McHarg, 2008). The branches are the trail afterglow
of the upward and downward propagating streamer heads
which manifest themselves as very bright small formations.
As for the sprite morphology, this study has demonstrated
that columnar and carrot sprites cannot be split into two in-
dividual classes.

The positive CG flashes preceding the sprite initiation may
result in the extraordinary large charge transfer of the order
of hundreds of coulombs (Uman, 1987; Rakov, 2000; Rakov
and Uman, 2003). The positive charges can disappear for
the short time about 1 µs that gives rise to the strong quasi-
stationary electric field caused by negative charges predomi-
nantly located at the bottom of the thundercloud. The electric
field may exceed the breakdown threshold between the thun-
dercloud top and the ionosphere. Below 50–60 km altitude,
the field relaxation timeτ = ε0

/
σa due to air conductivity,

σa, is about or greater than 0.1–1 s, which makes it possible
to generate a sprite for that period.

Pasko et al. (1998a) and Pasko (2010) have assumed that
the “carrot” sprite morphology and spatial structure can be
explained in terms of the conventional breakdown theory and
three physical timescales. The first timescale,ts, is the time
necessary for development of the streamer zone that may
cause the relaxation of the applied electric field. In the highly
structured lower region below 75 km, it is conjectured that
ts < τ = ε0

/
σa; that is, the streamer mechanism of the field

amplification prevails over the field relaxation due to conduc-
tivity. The diffusion zone(ts > τ) above 85 km is assumed to
be due to the usual Townsend electron multiplication mech-
anism. The transition zone(ts ∼ τ) sandwiched between the
diffuse and streamer regions in the 75–85 altitude range as
well as the streamer zone is assumed to be characterized by
strong attachment of ambient electrons so that the dissocia-
tive attachment timescale(νa− νi)

−1 is smaller thanτ . The
boundaries of the transition zone can shift depending on the
condition for the streamer generation (Stanley et al., 1999;
Pasko, 2006; McHarg et al., 2007).

Consider first a short period1t � τ just after the
causative +CG lightning. This implies that the conduction
current,σaE, is much smaller than the displacement current,
ε0∂E

/
∂t , so that the air conductivity can be neglected in

the first approximation. Since we study the electric field at
sprite altitude beyond thundercloud, the actual charge distri-
bution in the thundercloud is of no importance. The uncom-
pensated/unbalanced negative charges arising in the thunder-
cloud just after +CG are assumed to be uniformly distributed
inside the ball with radiusr. The center of the charged ball is
located on z-axis at the altitudeh. The electric field of these
charges and of their electrical images in the perfectly con-
ducting ground is described by equations similar to Eqs. (29)
and (30). The calculated electric fieldsEz on z-axis at the nu-
merical valuesh = 10 km andr = 2 km are shown in Fig. 9
with lines 1–3, which correspond toq = 50, 100 and 150 C,
respectively. Notice that the initial chargeq can gradually
increase just after the main stroke due to strong continuing
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Fig. 9 
Fig. 9. Model calculations of thunderstorm QE field preceding
sprite discharge. Absolute value of the vertical electric field is
shown with lines 1–3, which correspond to the thunderstorm charge
q = 50100 and 150 C, respectively. In making these plots, the air
conductivity was ignored. Altitude dependences of breakdown elec-
tric field that correspond to different air breakdown mechanisms are
shown with dotted lines: 4 – conventional breakdown threshold, 5
– negative streamer propagation, 6 – positive streamer propagation,
7 – relativistic runaway breakdown. Dashed-and-dotted line 8 illus-
trates the effect of atmospheric conductivity, which obeys exponen-
tial law (Eq. 31), on thunderstorm QE field. This plot corresponds
to the thunderstorm chargeq = 150 C.

current (CC) in sprite-associated +CG lightning. This CC is
normally much greater than that due to negative stroke, and
its value amounts to 5–10 kA for a period 10–100 ms (Rakov,
2000). In this notation, the lines 1–3 can illustrate the en-
hancement of QE thunderstorm field that resulted from the
thunderstorm charge accumulation during the CC.

We recall that the electron avalanches caused by thermal
ionization can develop under condition that the electric field
exceeds the conventional breakdown thresholdEk, whereas
the streamer may propagate in the electric field lower than
Ek. All the threshold fields exponentially decrease with al-
titude. The conventional breakdown threshold is plotted in
Fig. 9 with dotted line 4, while the propagation thresholds for
positively and negatively charged streamers are shown with
dotted lines 5 and 6. The threshold for runway breakdown is
shown in Fig. 9 with dotted line 7.

It is obvious from Fig. 9 that the electric field of the thun-
derstorm can exceed all the breakdown thresholds in the alti-
tude range 50–80 km (for example, see line 3). This result is
readily apparent from the fact that the dipole electric field
caused by the thundercloud charge and its electric image
in the conducting ground falls off inversely as the cube of
the distance from the source, whereas the breakdown field
falls off exponentially with altitude, that is, more rapidly
than does the thunderstorm electric field. So, there may be

a height above which the thundercloud electric field exceeds
the breakdown threshold (Wilson, 1925). As is seen from
Fig. 9, this situation may exist at the mesospheric altitude
range.

An exponential increase of the atmospheric conductivity
with altitude may greatly affect the sprite formation, which
is likely to proceed at mesospheric altitudes. The generation
of QE electric fields above a thundercloud is restricted by the
relaxation process due to air conductivity. The latter depends
on the ionization caused by cosmic rays, the ion-neutral col-
lision rate etc., which in turn exponentially decreases with
altitude due to changes of the air density. Notice that the air
conductivity is mainly due to the presence of ions since free
electrons are captured by molecules for a short time about
0.1 µs at the ground level (e.g. see reactions given by Eqs. 3
and 5). The air conductivity as a function of altitudez can be
approximated via

σa = σ0exp(αz) (31)

whereα is a constant andσ0 denotes the conductivity of the
standard atmosphere at the ground level.

Considering the thundercloud as a point current source lo-
cated on z-axis at the altitudeh, we assume that the time scale
of the source variations is much greater than the relaxation
time, that is,1t � τ . In this extreme case, a distribution of
electric potentialϕ is described by Poisson equation. Taking
into account an axial symmetry of the problem, using cylin-
drical coordinatesz,r, and with assumption that variations of
σa occur only in the z-direction, the Poisson equation reads

σa

r

∂

∂r

(
r
∂ϕ

∂r

)
+

∂

∂z

(
σa

∂ϕ

∂z

)
=

Iδ (r0)

4πr2
0

, (32)

wherer0 =
{
r2

+ (z − h)2}1/2. Hereδ stands for Dirac delta-
function andI denotes the total current flowing from the
source.

This equation should be supplemented by the proper
boundary conditions for the conducting ground and at the
infinity, that is,ϕ = 0 atz = 0 andϕ → 0 whenz → ∞. The
solution of this problem is given by (e.g. see Soloviev and
Surkov, 2000)

φ =
I

4πσ0
exp

[
−

α

2
(z + h)

]
{

1

r0
exp

(
−

αr0

2

)
−

1

r1
exp

(
−

αr1

2

)}
, (33)

wherer1 =
{
r2

+ (z + h)2}1/2. The electric field is derivable
from a potentialϕ throughE = −∇ϕ. The total chargeq of
the source/thundercloud can be related to the source current
I through Gauss theorem and Ohm law; whence it appears
thatI =

(
qσ0

/
ε0
)
exp(αh).

The exponential factors in Eq. (33) describe the field atten-
uation due to air conductivity. Indeed, whenα → 0, the po-
tential (Eq. 33) corresponds to a field of point chargeq and its
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mirror image in the conducting ground. A model calculation
of the vertical component of electric field along z-axis in the
presence of atmospheric conductivity is shown in Fig. 9 with
dashed-and-dotted line 8. In making the plot ofEz, we have
used the numerical valuesq = 150 C andα ≈ 0.15 km−1.

It is obvious from Fig. 9 that the conduction current due to
the atmospheric conductivity may decrease the thunderstorm
field to such an extent that it makes impossible the air break-
down in the mesosphere. Certainly the above considered ex-
treme case cannot provide us with detailed information about
effect of the air conductivity on the evolution of the thunder-
storm QE field. In a more accurate model, the electric field
shape in the continuing current stage can be situated between
lines 3 and 8 (Mareev and Trakhtengerts, 2007).

The electron associative detachment from atomic oxygen
ions (Eq. 6) is capable of explaining the electron production
under electric field below the conventional breakdown field.
Since the increase of thundercloud electric field is accom-
panied by impact ionization and electron dissociative attach-
ment according to Eqs. (2) and (3), the O− ions may pile
up at the upper ionosphere. It should be noted that O− ions
are short-lived, because they are attached to oxygen O2 by
a three-body clusterization reaction thereby producing much
more stable ozone ions O−3 . Assuming that this reaction is
negligible during tens of milliseconds, Luque and Gordillo-
Vázquez (2012) have shown that the number density of O−

ions can be high enough to produce free electrons due to
associative detachment (Eq. 6), which in turn may result in
breakdown of air.

Figure 10a displays a model of the carrot-like or jelly-fish-
like sprite evolution after +CG lightning (Raizer et al., 2010).
The sprites build up very quickly just after the causative
lightning discharge for the short period limited by the re-
laxation timeτ that varies within 1–100 ms in the altitude
range 60–80 km. At first the initial downward-propagating
positive streamer is launched from a diffuse glow, termed a
halo, as observed by Cummer et al. (2006b). Several mil-
liseconds after this initial stage, a number of new stream-
ers/filaments begin to propagate downward, and branch as
they propagate downward, thereby exciting the main flash of
the sprite (Stenbaek-Nielsen and McHarg et al., 2008). The
tips of the streamers are attracted to and can collide with ad-
jacent streamer channels (Cummer et al., 2006b). At the final
stage, the downward-propagating streamers terminate at the
altitudes 40–50 km because of increase of the electric field
required for the streamer propagation. The numerical simu-
lations based on this model have been reported by Raizer et
al. (2010).

As we have noted above, the sprite morphology includes
not only carrot-like sprites but also column and intermediate
sprite structure (e.g. see Myokei et al., 2009). In this nota-
tion the scenario of sprite development shown in Fig. 10a
cannot describe all observations. For example, Cummer et
al. (2006a, b) have reported high speed video observations
of TLEs originated from brightening inhomogeneities at the
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Fig. 10.A schematic plot of sprite originated from a sprite halo(A)
and from an inhomogeneity(B) in the presence of quasi-static elec-
tric field generated above thundercloud after +CG lightning.

bottom of a halo. Figure 10b displays schematic of the
sprite evolution according to observations by Cummer et
al. (2006b). At first a bright vertical column begins to ex-
pand simultaneously upward and downward from the inho-
mogeneities. This expansion was followed by the develop-
ment of bright upward-propagating streamers terminated in
diffuse emissions and down-propagating streamers that form
the bright core of the sprite and tendrils.

It appears that not only the sprite halo but also different
kinds of a plasma patch can serve as sprite nucleus depend-
ing on meteorological and seasonal conditions, proximity to
ocean or land and etc. (e.g. see Myokei et al., 2009; Mon-
tanýa et al., 2010). This demands the search for physical
mechanism for such patch formation (Raizer et al., 2010).

The sprite origination, visible evolution and their relation-
ship with intra-cloud process treated here are so complex
that quantitative theory of the sprites has not been estab-
lished yet except for a number of numerical simulations.
In an early study, the fluid plasma model and conventional
breakdown threshold as a critical value for electric field have
been used for numerical simulation of the sprite behavior
(e.g. Pasko et al., 1998b; Veronis et al., 1999; Barrington-
Leigh et al., 2001; van der Velde et al., 2006, 2007; Asano et
al., 2009a, b). Pasko et al. (2000, 2001) have developed 2-D
and 3-D fractal models to describe the lower, highly struc-
tured sprite region. In these models, the sprite body builds
up as a result of simultaneous upward-propagating negative
and downward-propagating positive streamers coming from
the same point (see Fig. 10b). In many instances, this sce-
nario is compatible in character with the observation of initial
stage of sprite development (Stanley et al., 1999; Stenbaek-
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Nielsen et al., 2000, 2007; Moudry et al., 2003; Cummer et
al., 2006b; McHarg et al., 2007; Li and Cummer, 2009).

The detailed calculations of the optical spectrum gener-
ated by a sprite are in good agreement with the early video
observations and photometric and spectral measurements of
sprites (Pasko et al., 1996b; Milikh et al., 1997). Neverthe-
less, these calculations are based on averaged/simplified dis-
tributions of ionized plasma constituents inside the sprite.
The recent high-resolution measurements have shown that
the largest portion of the optical emission comes from the
high-ionized streamer heads which manifest themselves as
mobile bright compact balls (Liu and Pasko, 2006; McHarg
et al., 2007).

Luque and Ebert (2009, 2010) have developed a numerical
discharge model, which takes into account Eq. (1) includ-
ing photoionization effect and altitude-dependent transport
and ionization parameters of electrons and neutrals given by
Eqs. (10) and (11). The actual charged thunderstorm cloud
arising due to +CG was approximated with a point charge
increasing linearly in time. This model does not require any
kind of seed electrons since the sprite origin is assumed to be
due to drift of the background electrons under the influence
of QE field. This implies that the initial sprite firstly arises
from the region of sprite halo (70–85 km altitudes) similar to
that shown in Fig. 10a. Their numerical simulations show
that (1) several ms after the causative +CG a downward-
propagating electron density shock wave can develop in the
lower ionosphere; (2) this wave can sharpen and thus trans-
form into the positive sprite streamer as it propagates far-
ther down, and (3) the photo-ionization in the vicinity of
streamer’s front, where the impact ionization is the high-
est, could play an important role for the streamer propaga-
tion. This electron density shock wave, termed as screening-
ionization wave, is considered as a possible candidate for the
visible sprite halo.

It was suggested by Luque and Ebert (2009, 2010) and
by Luque and Gordillo-V́azquez (2011) that the enhanced
electric field and the vertical gradient of the air density
around the streamer head may result in formation of upward-
propagating negative streamer as well as the attraction of
downward-propagating sprite streamers to a neighboring
channel as observed by Cummer et al. (2006b) and Stenbaek-
Nielsen and McHarg (2008) in high-speed observations.

To interpret the results of numerical calculations shown
in Figs. 1 and 2 in paper by Luque and Ebert (2009), we as-
sume that the electric field at the front of screening-ionization
wave is close to the breakdown threshold given by Eq. (12).
Away from the charged thundercloud, the electric field of the
thundercloud and its mirror image arising in the perfect con-
ducting ground can be considered in dipole approximation:

E =
kp(

r2 + z2
)3/2

(
1+

3z2

r2 + z2

)1/2

, (34)

wherer andz are cylindrical coordinates shown in Fig. 10a.
The dipole momentp = 2QL, whereQ is the thunderstorm
charge andL is the distance from the thundercloud to the
ground.

We set this field equal to the breakdown threshold (Eq. 12).
In this approach, the electric field of charges accumulated at
the wave front is ignored. Taking into account Eq. (4), this
results in the implicit dependencer (z) or z(r), which defines
the surface/line of the wave front. This line crosses z-axes at
the pointz∗ that can be found from the following equation:

2kp

z3
∗

= Aexp
(
−

z∗

h

)
,A =

(Ei0 − Ea0)

ln
(
αi0
/
αa0
) . (35)

To simplify the problem, we consider the caser � z, which
is valid around the axis of symmetry. In this case, we come
to the explicit dependence:(z ≥ z∗)

r = 2z

{
A

15kp

[
z3
∗ exp

(
−

z∗

h

)
− z3exp

(
−

z

h

)]}1/2
. (36)

The wave front given by Eq. (36) is schematically shown
in Fig. 10a with red line. In the model by Luque and Ebert
(2009), the thunderstorm chargeQ and dipole momentp in-
crease linearly in time. Hence, it follows from Eq. (35) that
the pointz∗ and the wave front (Eq. 36) propagate downward.
This qualitative analysis is consistent with the results of nu-
merical simulations reported by Luque and Ebert (2009).
Nevertheless, the above approach cannot predict the sharp
prominence/streamer nucleating center arising in the center
of the wave surface. This point requires the precise analyt-
ical analysis, because this effect can be due to any kind of
plasma instability.

The sprite delay between a sprite and its causative +CGs
can reach a few hundred ms (Cummer, 2003; Cummer et
al., 2006a). It appears that the initiation of the long de-
layed sprites can be the result of the long-lasting intense
CC (about hundreds of ms (Rakov and Uman, 2003) in
the positive causative lightning (Reising et al., 1996; Cum-
mer and F̈ullekrug, 2001; Lyons, 2006; Hu et al., 2007).
The important role of higher frequency components (like M-
component) in the CC in explaining the long-delay sprites
has been suggested (Yashunin et al., 2007; Asano et al.,
2009a, b; Kudintseva et al., 2010). Ohkubo et al. (2005), Bell
et al. (1998) and Cho and Rycroft (1998, 2001) have specu-
lated that horizontal lightning currents between clouds and
intra-cloud (IC) lightning discharges could be responsible
for non-uniform ionization of the upper atmosphere and the
enhancement of mesospheric electric field followed by the
sprite generation. Kudintseva et al. (2010) have emphasized
the relevance of transient electric field that resulted from
interference between electromagnetic wave radiated by the
horizontal branch of the parent lightning discharge and the
waves reflected from the night ionosphere and the ground.
The modeling has revealed the non-stationary fine structure
in the spatial distribution of electric field in the mesosphere
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above the lightning discharge. The peak value of the elec-
tric field exceeds the runaway electron threshold that sup-
ports the idea of free electron bunching in the mesosphere
by the pulsed electric field (Kudintseva et al., 2010). Based
on comparison between observations and model calculations,
Gamerota et al. (2011) have assumed that the sprites can be
initiated in the vicinity of inhomogeneities in comparision to
streamer generation as observed in laboratory tests. Luque
and Gordillo-V́azquez (2012) have emphasized the role of
associative detachment (Eq. 6) in time lag and altitude of the
generation of delayed sprites.

The high-resolution video and telescopic imagining of
the sprite filament evolution can serve as indirect evidence
that overall the sprite structure is physically similar to the
streamer zone observed in laboratory at atmospheric pressure
(Luque and Ebert, 2009, 2010; Liu, 2010). Nevertheless, the
runaway breakdown cannot be ruled out since this mecha-
nism can trigger the streamers formation.

In conclusion we consider a possible scenario of the run-
away electron breakdown in a strong QE thunderstorm field
originated just after a +CG return stroke (Gurevich and Zy-
bin, 2001). As we have noted above, the incident cosmic
particles can serve as a source of the extensive EAS, which
contains the secondary fast seed electrons (Gurevich and
Zybin, 2005). The upward-propagating runaway electrons
over the thunderstorm can be the result of the interaction
of the secondary/seed fast electrons with massive nuclei of
molecules as schematically shown in Fig. 4. The ionization
of neutral molecules due to their interaction with the upward-
propagating runaway electrons gives rise to a great number
of thermal electrons, which dominate over the runaway elec-
trons. We can thus speculate about this population of thermal
electrons which can serve as a nucleus for generation of the
initial streamer.

It is clear from Fig. 9 that the conditionE > Ec holds in
the altitude range of the order of tens of km, which is greater
than the lengthla (Eq. 28) of exponential growth of runaway
electron avalanche. Owing to the exponential growth of the
upward-propagating electron avalanches and because of the
diffusion beam broadening, the lateral dimension of the total
avalanche region can reach a value about 30 km, which is the
order of the scale of the brightest sprite region at the altitude
40–60 km (Gurevich and Zybin, 2001).

In principle the runaway breakdown can explain the exis-
tence of tendrils/plasma filament in the bottom of sprite as
well. To speculate about this, we shall make our own esti-
mate of the characteristic tendril length based on this mech-
anism. Consider first the flux of seed fast electrons resulted
from the EAS. These fast electrons cannot create downward
runaway avalanches because they move against the electric
force, but they can excite downward avalanches of thermal
electrons followed by enhancement of the air conductivity
that in turn can trigger the streamers formation, that is, the
tendril-shaped structures in the bottom of sprite.

The length of these tendrils is limited by the mean distance
travelled by the fast electron before it will be thermalized. To
estimate this length, we consider a 1-D model in which the
highly collimated beam of the fast electrons moves down-
wards along the downward-directed vertical axisz. The thun-
derstorm QE fieldE (z) is positive parallel to z-axis. In this
simplest model, the fast electron undergoes the electric force
−eE (z) and the dynamic friction forceF fr (ε,z), whereε is
the fast electron energy. Both forces have negative projection
on the axisz since they decelerate the electron. Assuming
that the electric field is a constant and the friction force is
independent of altitude, Eqs. (18) and (19) reduce to

dε

dz
= −eE − Ffr (ε) , (37)

wheredε is the electron energy loss within the lengthdz

due to both the electrical and friction forces. Notice that this
equation follows from the principle of energy conversation.

Integrating Eq. (37) yields

z =

εin∫
ε

dε

eE + Ffr (ε)
, (38)

where εin = ε (0) > εc is initial kinetic energy of the fast
electron atz = 0.

The friction force for non-relativistic electrons is given
by Eq. (20). As the electron energy exceeds approximately
10 MeV, the friction force begins to increase as shown in
Fig. 3 because of the relativistic effect. For simplicity, we
will ignore the relativistic correction to Eq. (20). Addition-
ally, the density of neutrals is assumed to be constant and
Bethe logarithm,3 = lnε

/
Jz, in Eq. (20) is considered as a

constant. Substituting Eq. (20) forFfr (ε) into Eq. (38) and
performing integration overε, we arrive at

z =
1

eE

(
εin − ε + εc ln

ε + εc

εin + εc

)
. (39)

To estimate the distancezmax required of the fast electron
thermalization, one should substituteε = εc into Eq. (39).
The charge moment change1Mq for initiation of sprite is
believed to be of the order of 500 C km (e.g. see Cummer,
2003). To estimate QE field arising just after a +CG stroke,
one may substitute1Mq ≈ 2× 103 C km into Eq. (34) in-
stead of dipole momentp. Whence, it follows thatE ≈

0.3 kV m−1 at altitude 50 km. Substituting this value of elec-
tric field into Eq. (39) and taking the initial electron en-
ergyεin ≈ 10εc ≈ 3–5 MeV gives the valuezmax = 7–12 km,
which is compatible with the tendril length observed at the
bottom of carrot sprites.

As we have noted above, the upward-propagating runaway
avalanches and streamers can arise from the body of an ear-
lier downward tendrils/plasma filaments followed by gener-
ation of downward and upward expanding column according
to the model shown in Fig. 10b. Eventually, one may expect
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multiplication of both runaway and thermal electrons that
can result in formation of the diffusion zone. It should be
noted that a portion of the upward-moving fast electrons can
turn their trajectories through the angle greater than 90◦ due
to strong interaction with nuclei. As a result the downward-
moving population of the fast electrons can be supported by
this portion of electrons coming from the upper diffusion
zone of the sprite that in turn can serve as additional source
for tendril formation. So the runaway electrons can trigger
both downward and upward propagating streamer.

It should be noted that the characteristic length (Eq. 28)
of runaway avalanches in the upper atmosphere is so large as
to present problems for laboratory tests, because it is diffi-
cult to obtain visible images of the runaway breakdown pro-
cess in order to compare these laboratorial images with sprite
structure observed in in-situ measurements. Nevertheless, the
runaway mechanism can serve as a promising candidate for
explaining TGFs (e.g. see Milikh and Roussel-Dupré, 2010).

A sophisticated treatment of runaway breakdown is based
on the Boltzmann transport Eq. (25) for the distribution func-
tion of fast electrons. In a simple model, the ambient electric
field, the number density of neutrals and their nucleus charge
Zeare assumed to be constant. It is usually the case that the
solution of Eq. (25) is assumed to be independent of spatial
coordinates; that is, Eq. (25) is solved only in the momen-
tum space (p). Some numerical modelings that take into ac-
count the initial charge distribution and temporal dependence
of runaway electron process have been treated in more de-
tail (e.g. Taranenko and Roussel-Dupré, 1996; Babich et al.,
1998; Symbalisty et al., 1998; Roussel-Dupré et al., 1998,
2008; Yukhimuk et al., 1998, 1999, Lehtinen et al., 1999;
Milikh and Roussel-Dupŕe, 2010).

At first glance, the comparison between the streamer type
and the runaway electron mechanism shows that the thresh-
old for runway breakdown, shown in Fig. 9 with line 7, is ap-
proximately an order of magnitude smaller than that for the
conventional breakdown. On the other hand, the focusing of
the electric field in the vicinity of any inhomogeneity could
lower the conventional thresholdEk for thermal breakdown
by a factor of 10 or 30 (Fernsler and Rowland, 1996). Alter-
natively, the actual field for runaways needs to be 2–3 times
the runaway threshold value to get sufficient ionization and
airglow (Rowland, 1998). Actually, both thresholds could be
closer than that shown in Fig. 9 in such a way that the con-
ventional breakdown and runaway breakdown may occur si-
multaneously.

This implies that there may be a hybrid model of the
sprite development in the mesosphere. Roussel-Dupré and
Gurevich (1996) and Yukhimuk et al. (1999) have studied
the model based on combination of different mechanisms,
that is, the thermal breakdown in a QE field and the run-
away electron mechanism. The numerical 3-D calculations
for streamer propagation including production of runaway
electrons have been performed (Li et al., 2009, 2010; Chan-
rion and Neubert, 2010). Rowland (1998) has noted that

the conventional breakdown and runaway breakdown can be
triggered at different altitudes, which are separated by only a
few kilometers. Once either process is triggered prior to the
next one, it brings the increase of plasma density followed by
fast relaxation of the electric field due to polarization. As a
result, this can suppress the other process from triggering.

4.4 VLF and ELF phenomena associated with sprites

Since direct measurements of the sprite parameters are im-
possible, our knowledge of underlying mechanisms of sprite
generation is mostly based on video observations of sprite
morphology, optical and spectral measurements (e.g. Neu-
bert et al., 2008). Simultaneous measurements of optical
emission and ELF (extremely low frequency,<3 kHz)/VLF
(very low frequency, 3–30 kHz) electromagnetic field pro-
duced by both the sprite and its causative lightning are be-
lieved to be an effective technique for detecting and improve-
ment of the spatial and temporal resolution of the sprites
(Füllekrug and Constable, 2000; Sato and Fukunishi, 2003;
Hobara et al., 2006; Cummer et al., 2006a, b; Surkov et al.,
2010).

The perturbation of ionospheric and mesospheric conduc-
tivity due to the sprite ionization column and sprite halos has
been observed by measuring changes in the amplitude and
phase of signals from distant narrowband VLF transmitters
passing over a thunderstorm region (Dowden et al., 1994;
Inan et al., 1995, 1996a, b, 1997, 2010; Molchanov et al.,
1998; Hobara et al., 2001; Otsuyama et al., 2004; Neubert et
al., 2008). The perturbations of VLF transmitter signals have
been observed a few ms after the causative lightning stroke.
This effect referred to as early/fast Trimpis (Inan et al., 1995)
is thought to be similar to lightning-induced electron precip-
itation effects (LEPs). The latter is due to ionization of D-
region caused by lightning discharge and whistler-induced
precipitation of radiation belt electrons. What these effects
have in common is that they are long-lasting processes since
the duration of the early VLF Trimpi event recoveries varies
from 30 s to 300 s (Neubert et al., 2008).

To simulate early VLF event recoveries observed simulta-
neously with sprite discharges in the D-region, a set of con-
tinuity equations for four kinds of charged particles (that is,
electrons, positive ions, negative ions, and positive cluster
ions) has been treated by Glukhov et al. (1992) and Hal-
doupis et al. (2009). To simplify this problem, we take into
account that the early VLF perturbations are characterized
by abrupt signal onsets and long recoveries. In this notation,
one may neglect the short-term stage of electron production
due to the ionization caused by a causative lightning and its
sprite and focus on a more slowly process of plasma recom-
bination. The continuity equation for electrons can be thus
written as

dNe

dt
= −αdNeNi − αc

dNeNx, (40)
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whereNe, Ni , andNx stand for electrons, positive ions, and
positive cluster ions number densities, respectively. Hereαd
denotes the coefficient of dissociative recombination, while
αc

d is the effective coefficient of recombination of electrons
with positive cluster ions. A majority of positive ions are
constituted by O+2 and NO+, while the positive cluster ions
are produced from positive ions via a hydration chain reac-
tion. Notice that the interaction between electrons and nega-
tive ions due to electron attachment and detachment does not
enter this simplified equation.

Taking into account that the dissociative recombination of
electrons and single positive ions dominates above 80–85 km
(Glukhov et al., 1992; Haldoupis et al., 2009) (that is, in the
altitude range of interest), one may ignore the last term on
the right hand side of Eq. (40). Additionally, taking notice of
plasma quasi-neutrality, one should substituteNi ≈ Ne into
Eq. (40). Integrating this equation results in usual law for
binary plasmas:

Ne =
Ne0

1+ αdNe0t
, (41)

whereNe0 stands for the initial electron density that arises
after short-term stage of electron production.

SubstitutingNe = Ne0
/

2 into Eq. (41), we obtain the
estimate for plasma relaxation timetr ∼ (αdNe0)

−1, which
defines the duration of early VLF events. In the altitude
range of interest, the numerical values of parameters, i.e.
αd = 10−7

−3×10−7 cm3 s−1 (Lehtinen and Inan, 2007) and
Ne0 = 6× 104 cm−3 (Haldoupis et al., 2009), give the esti-
matetr ∼ (1.7− 5) × 102 s which is compatible with the ob-
servations.

To summarize, the early VLF events seem to be a by-
product of sprite-produced extra ionization in the D-region
and lower ionosphere followed by the recombination of elec-
trons and positive ions. In this picture the duration of these
events is controlled by the relaxation timetr that it takes for
the recovery of plasma density and conductivity.

A new type of the so-called “early/slow” VLF perturba-
tions associated with sprites has been recently observed. The
long onset duration of these events of up to 2.5 s can serve as
an indirect hint about a slow change in the conductivity and
ionization of the lower ionosphere (e.g. Neubert et al., 2008).
The experimental evidence provided by the Crete receiver to-
gether with Nançay broadband time series has shown that the
early/slow VLF events can be accompanied by a few sequen-
tial CG lightning strokes and bursts of IC lightning (Neubert
et al., 2008). It was hypothesized by Haldoupis et al. (2006)
that the observed ionization of the lower ionosphere builds
up as a result of sprite-produced electrons accelerated by se-
quential electromagnetic pulses radiated upwards from hori-
zontal IC discharges. One may speculate that the electron im-
pact upon the ionosphere can result in the generation of sec-
ondary electron avalanche thereby ionizing the ionosphere. It
seems likely that the source mechanism of this effect is still
an open question.

The currents flowing inside the sprite body may result in
the generation of ELF electromagnetic field at a level com-
parable to that produced by a causative CG flash (Cummer et
al., 1998, 2006a). Measurements of ELF field currents asso-
ciated with sprite-producing flashes have exhibited two cur-
rent peaks. The first peak corresponds to the causative light-
ning, whereas the second peak was found to be simultaneous
in time with sprite luminosity and it appears to be propor-
tional in amplitude to the brightness of the sprite. Based on
the ELF field measurements, the charge moment change of
the sprite can be extracted (Boccippio et al., 1995; Hobara et
al., 2001, 2006; Cummer, 2003; Hayakawa et al., 2004; Mat-
sudo et al., 2009). In several cases the sprite current moments
responsible for the ELF pulse were estimated to be of several
hundred kA km (Cummer et al., 1998, 2006a).

Interference between electromagnetic fields,Bc, origi-
nated from the causative lightning discharge, and from the
delayed sprite,Bs, may result in an approximately quasi-
oscillatory shape of ULF/ELF power spectrum of magnetic
variations (Surkov et al., 2010). The spectrum of net mag-
netic field variations resulted from the causative lightning
and the delayed sprite is given by

B (ω) = Bc (rc,ω) + Bs(rs,ω)exp(iωT ), (42)

whereω is the frequency,T is the sprite time lag,rc and
rs are the position vectors of the lightning and sprite, respec-
tively. Taking into account that the power spectrum is propor-
tional to|B (ω)|2, it is obvious that the presence of the oscil-
latory factor exp(iωT ) in Eq. (42) will cause the amplitude
modulation of the power spectrum with “period”ω = 2π

/
T .

A technique of extracting sprite parameters based on the
sprite-producing lightning power spectrum has been recently
proposed (Surkov et al., 2010). The ULF/ELF measurements
thus show considerable promise for understanding of the role
played by long-lasting CC and intra-cloud processes in the
delayed sprite generation.

5 Discussion and conclusions

The high-speed video observations and the high-resolution
telescopic images of sprite formation have shown that over-
all the sprite structure is close to that of the streamer-like dis-
charges observed in the laboratory (Cummer et al., 2006b;
McHarg et al., 2007; Neubert et al., 2008) that are in favor of
the streamer mechanism of the air breakdown in the sprites.
Moreover, the shape of BJs and GJs has a close similarity
with the inverted image of conventional CG discharge and
thus can be interpreted in terms of the streamer-leader mech-
anism of the air breakdown. It is generally believed that this
concept based on streamer and leader propagation at meso-
sphere reflects basics of the sprite and jet physics (e.g. see
Pasko, 2006; Raizer et al., 2010). Nevertheless, at the mo-
ment the theory is not far enough advanced to explain the
sprite behavior and the relationship between sprites and their
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causative lightning in any detail (e.g. Neubert et al., 2008;
Pasco, 2010; Raizer et al., 2010). The polarity asymmetry
of sprite-producing lightning (Boccippio et al., 1995; Lyons,
2006; Rycroft, 2006; Pasko, 2006; Williams et al., 2007),
as well as the fact that the charge moment change of the
causative +CG must be greater than∼500 C km to produce
sprites (Stanley et al., 2000; Cummer, 2003; Rycroft, 2006),
is far from being well understood.

One of the challenges of sprite simulation is a variety
of the sprite types and their complex structures. So the nu-
merical modeling has been a basic instrument for theoret-
ical study of sprite behavior except for simple estimates,
which follow the similarity law. The majority of sprite simu-
lations are based on assumption that QE field arising at meso-
spheric altitudes just after strong +CG lightning must exceed
the threshold for the streamer propagation (e.g. see Pasko,
2010). According to the new mode of thought, the breakdown
field may arise at the front of electron density/screening-
ionization wave originating from the lower ionosphere after
+CG and then propagating downward in background plasma
(Luque and Ebert, 2009, 2010, 2012). The computer simula-
tions have shown that this wave can be compressed in trans-
verse direction (Derks et al., 2008) and then be transformed
into downward-propagating streamer head. This interesting
result may be indicative of any kind of plasma instability and
thus must be supported by an analytical condition that has
not been established yet.

The models based on a combination of the streamer
and runaway electron mechanisms can be useful (e.g. see
Roussel-Dupŕe and Gurevich, 1996; Yukhimuk et al., 1999;
Li et al., 2009, 2010; Chanrion and Neubert, 2010), be-
cause the runaway electron mechanism has lower breakdown
threshold than the conventional one and thus it can trigger
the sprite streamers as well. In this picture the air break-
down in mesosphere can start with the runaway electron
avalanches followed by ionization and generation of thermal
electrons that gives way to formation of the sprite streamers.
Our own estimates have shown that this mechanism can ex-
plain 7–8 km length of the sprite tendrils. An observational
hint that the runaway electron mechanism does occur in the
atmosphere is the observations of TGFs. It appears that these
events are due to Bremsstrahlung emissions from energetic
(∼1 MeV) electrons interacting with neutral molecules (e.g.
see Dwyer et al., 2010; Carlson et al., 2010).

As we have noted above, the majority of the theoreti-
cal study deals with the numerical simulations of TLEs,
which cannot provide us with analytical results/formulae.
These simulations cannot explain what kind of param-
eters/conditions can influence upon sprite structure and
branching of sprite streamers, especially taking into consid-
eration the difference between upward and downward prop-
agating streamers of different polarities. Moreover, the rela-
tionship between the sprite structure and meteorological con-
ditions, IC lightning activity, and etc. does not enter these
models at all. Physical mechanism of the delayed sprite is un-

clear since we do not have analytical formulae related to the
sprite current/charge moment change and time lag to the pa-
rameters of causative lightning. There are a lot of such prob-
lems to be solved.

To summarize, this review has demonstrated that the prob-
lem of underlining mechanism for TLEs is very complex.
Despite much progress toward an understanding of the ori-
gin of TLEs, which has been recently achieved, the analyt-
ical theory of these phenomena is still far from accurate. A
great deal of work has to be done to sort out this interesting
problem and to distinguish between different physical mech-
anisms that may have a dominant role in TLE origin.
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