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Abstract An overview of the recent modeling efforts directed on interpretation of ob-
served features of transient luminous events (TLEs) termed sprites, blue jets,
blue starters and gigantic jets is presented. The primary emphasis is placed
on discussion of similarity properties of gas discharges and interpretation and
classification of the observed features of TLEs in the context of previous exper-
imental and theoretical studies of gas discharges of various types. Some of the
currently unsolved problems in the theory of TLEs are also discussed.

12.1 Introduction

Transient luminous events (TLEs) are large scale optical events occurring at
stratospheric and mesospheric/lower ionospheric altitudes, which are directly
related to the electrical activity in underlying thunderstorms (e.g., Sentman
et al., 1995; Neubert, 2003; Pasko, 2003b) and references cited therein. Al-
though eyewitness reports of TLEs above thunderstorms have been recorded
for more than a century, the first image of one was captured only in 1989,
serendipitously during a test of a low-light television camera (Franz et al.,
1990). Since then, several different types of TLEs above thunderstorms have
been documented and classified. These include relatively slow-moving foun-
tains of blue light, known as ‘blue jets’, which emanate from the top of thunder-
clouds up to an altitude of 40 km (e.g., Wescott et al., 1995, 2001; Lyons et al.,
2003a); ‘sprites’ that develop at the base of the ionosphere and move rapidly
downwards at speeds up to 10,000 km/s (e.g., Sentman et al., 1995; Lyons,
1996; Stanley et al., 1999) and ‘elves’, which are lightning induced flashes
that can spread over 300 km laterally (e.g., Fukunishi et al., 1996a; Inan et
al., 1997). Recently several observations of ‘gigantic jets’, which propagated
upwards from thunderclouds to altitudes about 90 km, have been reported (Su
et al., 2003). It appears from observations using orbiting sensors that TLEs
occur over most regions of the globe (in temperate and tropical areas, over the
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oceans, and over the land) (Boeck et al., 1995; Yair et al., 2003, 2004; Blanc
etal., 2004; Israelevich et al., 2004; Su et al., 2004; Mende et al., 2004). To date
TLEs have been successfully detected from ground and airborne platforms in
North America (e.g., Sentman et al., 1995), Central and South America (e.g.,
Heavner et al., 1995; Holzworth et al., 2003; Pinto Jr. et al., 2004), in the
Caribbean region (Pasko et al., 2002a,b) in Australia (Hardman et al., 1998,
2000), over winter storms in Japan (e.g., Fukunishi et al., 1999; Hobara et al.,
2001; Hayakawa et al., 2004), on the Asian continent and over the oceans
around Taiwan (e.g., Su et al., 2002, 2003; Hsu et al., 2003) and in Europe
(Neubert et al., 2001).

The total electrostatic energy associated with charge separation inside a
thundercloud is on the order of 1-10 GJ and a substantial fraction of this en-
ergy is released in one lightning discharge on time scales less than 1 sec (e.g.,
Raizer, 1991, p. 372), making lightning one of the most spectacular and dan-
gerous phenomena on our planet. One of the important aspects of lightning
phenomena at low altitudes is that the energy release is happening in highly
localized regions of space leading to formation of spark channels with tem-
peratures ~25000°K and plasma with electron densities exceeding 10'"cm 3
(e.g., Raizer, 1991, p. 373). Due to the exponential decrease in the atmo-
spheric neutral density as a function of altitude even a small fraction of the
thundercloud electrostatic energy released at mesospheric/lower ionospheric
altitudes during TLE phenomena may have a profound effect on the thermal
and chemical balance of these regions; nevertheless these important aspects of
TLEs are not yet well understood and quantified. Although the bright ionized
channels observed in TLEs (e.g., Gerken and Inan, 2002, 2003, 2005; Pasko
et al.,, 2002a) may indicate high localized energy deposition rates, very little
is known at present about actual microphysics of these important elements of
TLESs and their effects.

Early theories of TLEs have been reviewed by Rowland (1998), Sukhorukov
and Stubbe (1998) and Wescott et al. (1998). The goal of this chapter is to
provide a limited overview of some of the recent modeling efforts directed
on interpretation of observed features of TLEs termed sprites and jets. We
primarily attempt to interpret and classify the observed features in the context
of previous experimental and theoretical studies of gas discharges of various
types. Some of the currently unsolved problems in theory of TLEs are also
discussed.

12.1.1 Phenomenology of Sprites

Sprites are large luminous discharges, which appear in the altitude range of
~40 to 90 km above large thunderstorms typically following intense positive
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cloud-to-ground lightning discharges (e.g., Sentman et al., 1995; Boccippio
et al., 1995).

The remote sensing of sprite-producing lightning discharges using Extremely-
Low Frequency (ELF) waves and by utilizing a known charge moment change
threshold for sprite initiation (see Section 12.3.1 for a definition of the charge
moment change) provides an estimate of the global occurrence rate of sprites
~720 events/day on average (Sato and Fukunishi, 2003). However, it is known
that sprites are not always associated with ELF transients (e.g., Price et al.,
2004), and estimates by other authors indicate that 80% of ELF signatures pro-
duced by positive lightning are related to sprites (Fiillekrug and Reising, 1998),
but only 20% of all sprites are associated with ELF signatures (Fiillekrug
et al., 2001; Reising et al., 1999), which leads to an estimate of ~5 sprite
events/minute or 7200 events/day globally (Fiillekrug and Constable, 2000).

Recent telescopic imaging of sprites at standard video rates (i.e., with
~16 ms time resolution) revealed an amazing variety of generally vertical fine
structure with transverse spatial scales ranging from tens to a few hundreds of
meters (Gerken et al., 2000; Gerken and Inan, 2002, 2003, 2005). First high-
speed (1 ms) telescopic imaging of sprites has been reported indicating that
streamer-like formations in sprites rarely persist for more than 1-2 ms (Mar-
shall and Inan, 2005). Also recently, it has been demonstrated that sprites of-
ten exhibit a sharp altitude transition between the upper diffuse and the lower
highly structured regions (Stenbaek-Nielsen et al., 2000; Pasko and Stenbaek-
Nielsen, 2002; Gerken and Inan, 2002, 2003, 2005). Many sprites are observed
with an amorphous diffuse glow at their tops, the so-called sprite “halo” (e.g.,
Barrington-Leigh et al., 2001; Wescott et al., 2001; Miyasato et al., 2002, 2003;
Moudry et al., 2003; Gerken and Inan, 2003; Moore et al., 2003).

In addition to well documented optical and ELF/VLF radiation associated
with sprites, well distinguishable infra-sound signatures of these events have
recently been reported (Liszka, 2004; Farges et al., 2005).

The appearance of the fine structure in sprites has been interpreted in terms
of positive and negative streamer coronas, which are considered as scaled
analogs of small scale streamers, and which exist at high atmospheric pres-
sures at ground level (e.g., Pasko et al., 1998a; Raizer et al., 1998; Petrov and
Petrova, 1999; Pasko et al., 2001; Pasko and Stenbaek-Nielsen, 2002). These
aspects of sprite phenomenology will be discussed in Section 12.3 of this chap-
ter.

12.1.2 Phenomenology of Blue Jets, Blue Starters and
Gigantic Jets

Blue jets develop upwards from cloud tops to terminal altitudes of about
40 km at speeds of the order 100 km/s and are characterized by a blue conical
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shape (Wescott et al., 1995, 1998, 2001; Lyons et al., 2003a). Blue starters can
be distinguished from blue jets by a much lower terminal altitude. They pro-
trude upward from the cloud top (17-18 km) to a maximum altitude of 25.5 km
(Wescott et al., 1996, 2001). Blue jets were originally documented during air-
plane based observations (Wescott et al., 1995). Ground observations of blue
jets are believed to be difficult due to severe Rayleigh scattering of blue light
during its transmission through the atmosphere (Wescott et al., 1998; Heavner
et al., 2000, p. 74). Several ground based video recordings of blue jets, which
also electrically connected a thundercloud with the lower ionosphere, have re-
cently been reported (Pasko et al., 2002a; Su et al., 2003; Pasko, 2003b). This
type of events is now termed gigantic jets (Su et al., 2003). Recent photo-
graphic (Wescott et al., 2001) and video (Pasko et al., 2002a) observations of
blue jets at close range have clearly shown the small scale streamer structure
of blue jets, earlier predicted in (Petrov and Petrova, 1999), and similar to that
reported in sprites. The modeling interpretation of the observed features of
blue jets will be presented in Section 12.4.

12.2 Classification of Breakdown Mechanisms in Air
12.2.1 Concept of Electrical Breakdown

The subject of gas discharge physics is very broad and is extensively cov-
ered in many textbooks devoted to industrial applications of plasmas and to
studies of electrical phenomena associated with naturally occurring lightning
(e.g., Raizer, 1991; Roth, 1995, 2001; Lieberman and Lichtenberg, 1994; van
Veldhuizen, 2000; Rakov and Uman, 2003; Cooray, 2003; Babich, 2003). In
the most general sense, the electrical breakdown is the process of transfor-
mation of a non-conducting material into a conductor as a result of apply-
ing a sufficiently strong field (Raizer, 1991, p. 128). The specific observed
features depend on many factors, including: gas pressure (p), inter-electrode
gap size (d), applied electric field (£) magnitude, polarity and time dynam-
ics, electrode geometry, gas composition, electrode material, external circuit
resistance, levels of medium pre-ionization, initial energy of seed electrons,
etc. (e.g., Raizer, 1991, Chapters 7-12). The presence of electrodes (i.e., the
cathode serving as a source of secondary electrons in the discharge volume
due to positive ion bombardment) represents an important component of the
classical Townsend/Paschen breakdown theory based on simple exponential
multiplication of electrons as a function of distance from the cathode, with no
significant space charge effects (e.g., Roth, 1995, p. 275). Although the pres-
ence of such electrodes, or their analogs, is not immediately obvious in the
case of TLE discharges, some of the discharge events (i.e., needle-shaped fila-
ments of ionization, called streamers, embedded in originally cold (near room
temperature) air and driven by strong fields due to charge separation in their
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heads (Raizer, 1991, p. 334)) can effectively proceed without any significant
contribution from the secondary cathode emission. The streamers also serve as
precursors to a more complicated leader phenomenon, which involves signifi-
cant heating and thermal ionization of the ambient gas and which represents a
well known initiation mechanism of breakdown in long gaps and in lightning
discharges at near ground pressure (Raizer, 1991, p. 363). The understand-
ing of particular parameter regimes in which streamer and leader discharges
can occur may therefore still be useful for interpretation of TLE events, even
though the electrode dominated Townsend/Paschen theory is not directly ap-
plicable to them. In the following subsections we provide a brief overview of
a classification of breakdown mechanisms in terms of pd and E/p (or E//N,
where N is the ambient gas number density) values. The usefulness of these
two parameters will be further discussed in Section 12.2.4 devoted to discus-
sion of similarity properties of gas discharges.

12.2.2 Classification of Breakdown Mechanisms in Terms
of pd Values

Here we assume relatively low overvoltage conditions, with overvoltage de-
fined as AV=V-V;,, where V4, is the Paschen theory breakdown voltage (e.g.,
Roth, 1995, p. 278).

At pd values such that pd<10~2 Torr-cm an electron crosses the gap prac-
tically without collisions, so there is no multiplication of electrons in the dis-
charge volume (Raizer, 1991, p. 137). In this chapter we choose Torr as a unit
for pressure (760 Torr = 760 mmHg = 1 atm = 101.3 kPa = 1.013 bar) follow-
ing commonly accepted practice in existing literature on gas discharges (e.g.,
Raizer, 1991; Lieberman and Lichtenberg, 1994; Roth, 1995).

The 10~ '<pd<200 Torr-cm is the Paschen curve range in which
Townsend’s breakdown model of multiplication of electron avalanches via sec-
ondary cathode emission is predominant (Raizer, 1991, p. 325). This is a
parameter regime under which glow discharges typically operate. The glow
discharge can be generally defined as a self-sustaining discharge at a moder-
ately large pd (10~! <pd<200 Torr-cm) with a cold cathode emitting electrons
due to secondary emission mostly due to positive ion bombardment (Raizer,
1991, p. 167). The discharge is self-sustained in a sense that it can maintain
itself in a steady state of primitive reproduction of electrons in the discharge
volume, when total outflow of electrons and ions through the boundaries is
fully compensated by inflow due to the emission of secondary electrons from
the cathode and production of both types of species in the discharge volume
due to ionization (Roth, 1995, p. 275). Typical characteristics of stable glow
discharges used in practical applications include: tube radius R~1 cm, tube
length L~10-100 cm, pressure p~10~2-10 Torr, voltage V' ~10%-10% V and
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current I1~10"%-10"1 A (Raizer, 1991, p. 167; Roth, 1995, p. 284) . The
discussion of voltage-current characteristic, distribution of glow intensity and
nomenclature of various regions appearing in low pressure DC discharges can
be found in numerous textbooks on the subject, some of which are cited at
the beginning of the preceding Section 12.2.1. For the purposes of this chap-
ter we only note that the cathode region layered structures observed in low
pressure DC discharges generally scale with pressure p as a mean free path of
electrons Ao (A~ 1/p) (Raizer, 1991, p. 168). At p=0.1 Torr (65 km altitude)
in air A\e~ 0.3 cm leading to the important conclusion that the dark horizontal
bands and bright beads with sizes of tens of meters, which are sometimes ob-
served in sprite discharges (e.g., Gerken and Inan, 2002), cannot be explained
by using direct analogy with stratification observed in discharge tubes at the
same pressure. It is also well known that the presence of boundaries in dis-
charge tubes, and loss (due to ambipolar diffusion) and production (i.e., due to
secondary electron emission) of charged particles on these boundaries play a
definitive role in maintaining the particle and energy balance in this type of dis-
charges and in defining the discharge properties (i.e., temperature and density
of electrons) (e.g., Lieberman and Lichtenberg, 1994, p. 454). In contrast to
discharge tubes in which electron energy distributions are defined by the bal-
ance of the ambipolar diffusion of discharge plasma to the walls and production
of charged particles in the discharge volume, the energy distributions in large
volumes of TLEs are controlled by the local electric field (see discussion and
related supporting references concerning the local field approximation in Liu
and Pasko, 2004). Additionally, discharge tubes most commonly operate under
quasi-steady conditions, which do not directly correspond to sprite discharges
having a very transient nature (see Section 12.3.1). The discharge tubes there-
fore cannot be used as direct analogs of sprite discharges and comparison of
any visually similar aspects of these two should be done carefully and with full
realization of the above discussed physical differences.

In the range 200 <pd <4000 Torr-cm the Townsend and streamer breakdown
can be observed depending on specific conditions, i.e., electrode geometry,
applied voltage, etc. (Raizer, 1991, pp. 327, 342).

In the range 4000<pd<~10° Torr-cm the Townsend/Paschen theory fails,
streamer breakdown dominates. In this range of pd values the breakdown
of plane gaps develops much faster than is predicted by multiplication of
avalanches through cathode emission in Townsend/Paschen theory. The break-
down proceeds in this case in a streamer form dominated by space charge ef-
fects and at much lower fields than predicted by the Paschen’s curve. The
secondary cathode emission can be ignored because there is not enough time
for ions to cross the gap (Raizer, 1991, p. 326).

The streamer breakdown theory was put forward in the 1930’s to explain
spark discharges (Loeb and Meek, 1940). The theory was based on the con-
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cept of a streamer. Streamers are narrow filamentary plasmas, which are driven
by highly nonlinear space charge waves (e.g., Raizer, 1991, p. 327). At ground
level, the streamer has a radius of 10~! — 10~2 cm and propagates with a ve-
locity of 10° — 107 m/s. The dynamics of a streamer are mostly controlled by
a highly enhanced field region, known as streamer head. A large amount of net
space charges exists in the streamer head, which strongly enhances the electric
field in the region just ahead of the streamer, while screening the ambient field
out of the streamer channel. The peak space charge field can reach a value
about 4-7 times of the conventional breakdown threshold field F;. (see defini-
tion of Ej in Section 12.2.3). This large space charge field results in a very
intense electron impact ionization occurring in the streamer head. This ioniza-
tion rapidly raises the electron density from an ambient value to the level in
the streamer channel, resulting in the extension of the streamer channel to the
head region. Therefore, streamers are often referred to as space charge waves.
The streamer polarity is defined by a sign of the charge in its head. The posi-
tive streamer propagates against the direction of the electron drift and requires
ambient seed electrons avalanching toward the streamer head for the spatial ad-
vancement (e.g., Dhali and Williams, 1987) The negative streamer is generally
able to propagate without the seed electrons since electron avalanches origi-
nating from the streamer head propagate in the same direction as the streamer
(e.g., Vitello et al., 1994; Rocco et al., 2002). At low atmospheric pressures, at
sprite altitudes, streamers may be initiated from single electron avalanches in
regions, where the electric field exceeds the conventional breakdown threshold
field Fy (see Figure 6 and related discussion in Section 12.3.4). In this case
double-headed streamers are expected to form (e.g., Loeb and Meek, 1940;
Kunhardt and Tzeng, 1988; Vitello et al., 1993) with the negative head prop-
agating upward toward the ionosphere and the positive downward toward the
cloud tops, assuming the positive polarity of a typical cloud-to-ground light-
ning discharge producing sprites (e.g., Hu et al., 2002).

For many years, the studies of streamers in air at ground pressure have been
motivated by their known ability to generate chemically active species, which
can be used for treatment of hazardous and toxic pollutants (e.g., Kulikovsky,
1997; van Veldhuizen, 2000), and references cited therein, and in connection
with high voltage external insulation problems (e.g., Allen and Ghaffar, 1995).
The electrons in the streamer head can gain sufficiently high energy to ionize,
dissociate, and excite molecules, and the chemically active excited molecules,
radicals and atoms can initiate multiple chemical reactions in the ambient air
(Kulikovsky, 1997).

The values pd>~10° Torr-cm correspond to the leader breakdown mecha-
nism. At ground pressure p=760 Torr the leader mechanism is predominant in
gaps >1 m (Raizer, 1991, p. 363).
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The above classification represents a highly condensed and simplified ver-
sion of that given in (Raizer, 1991), nevertheless, when considered in con-
junction with similarity laws (Section 12.2.4), it can provide useful insights
into expected breakdown features at low pressures in large TLE volumes
(>1000s of km?). In particular, streamers propagating in relatively cold (i.e.,
300 °K) atmospheric pressure (p=760 Torr) air are known to initiate spark dis-
charges in gaps d>5-6 cm (Raizer, 1991, p. 327). At a typical sprite altitude
of 65 km, p=0.1 Torr and an effective spatial scale needed for development
of streamers can be estimated as d>400 m, which is readily available in this
system. In atmospheric pressure air leader mechanism works in gaps with
d>1 meter. At 65 km, p=0.1 Torr, the pd=10° Torr-cm gives d~10 km, so one
generally would expect that spatial scales available at sprite altitudes are also
sufficient for development of the leader phenomena. Additionally, recent mod-
eling of neutral gas heating times associated with a streamer-to-leader transi-
tion processes for the altitude range corresponding to the transient luminous
events indicates a substantial relative (scaled by neutral density as discussed in
Section 12.2.4) acceleration of the air heating, when compared to the ground
level (Pasko, 2003a). This acceleration is attributed to strong reduction in
electron losses due to three-body attachment and electron-ion recombination
processes in streamer channels with reduction of air pressure. However, the
very transient nature of the electric field at mesospheric altitudes (see Sec-
tion 12.3.1) may prevent the streamer-to-leader transition since the driving
field may not persist long enough to cause significant heating of the neutral
gas. From this point of view the streamers are expected to dominate at least
in the upper portions of sprites. The exact altitude range in which streamer to
leader transition occurs in transient luminous events is not known at present
and represents one of yet unsolved problems in current TLE research (see Sec-
tion 12.5.1).

In addition to the time dynamics of the electric field mentioned in the previ-
ous paragraph, the medium pre-ionization (i.e., due to the presence of the lower
ionospheric boundary) is of great importance for interpretation of discharge
processes in transient luminous events. In particular, following arguments pre-
sented above we expect the streamer mechanism to be applicable at ~80 km al-
titude in sprites. However, a relatively dense lower ionospheric electron popu-
lation prevents streamers from developing, and even though pd>4000 Torr-cm,
the ionization proceeds at these altitudes in the form of the simplest volumetric
multiplication of electrons initially provided by the lower ionospheric bound-
ary (Pasko et al., 1997, 1998b) (this aspect will be further discussed in Sec-
tion 12.3.2).
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12.2.3 Classification of Breakdown Mechanisms in Terms
of Applied Electric Field

The magnitude of the applied electric field has a strong effect on the type
of discharge, which is observed in gaps with the same pd values. The in-
crease in electric field leads to streamer formation even in relatively short gaps
d<5-6 cm at ground pressure. For instance, (Raizer, 1991, p. 342), indicates
that in molecular nitrogen gas at 400 Torr in the gap with size d=3 cm the tran-
sition between Townsend mechanism of electron multiplication to streamer
discharge occurs at ~17% overvoltage. Therefore, it is essential to attempt
a classification of different discharge mechanisms in terms of applied electric
field values.

The most important reference field for gas discharges in air is the conven-
tional breakdown threshold field Ej, which is defined by the equality of the
ionization and dissociative attachment coefficients (e.g., Raizer, 1991, p. 135).
We note that at large values pd>1000 Torr-cm the breakdown voltage V}, de-
fined by the Paschen curve is almost proportional to pd (or d if p is kept con-
stant) and Fx~V},/d (Raizer, 1991, p.135; Lieberman and Lichtenberg, 1994,
p.- 460). The E}, field therefore can be used as an approximate reference field
needed for Townsend breakdown at relatively high pd values discussed in the
previous subsection. We assume E;,~32 kV/ which agrees with typical figures
observed in centimeters-wide gaps (Raizer, 1991, p. 135), and also with the
ionization and two-body attachment models used recently for streamer model-
ing in (Liu and Pasko, 2004).

The minimum field required for the propagation of positive streamers in
air at ground pressure has been extensively documented experimentally and
usually stays close to the value £ =4.4 kV/cm (Allen and Ghaffar, 1995), in
agreement with recent results of numerical simulations of positive streamers
(Babaeva and Naidis, 1997; Morrow and Lowke, 1997). The absolute value
of the similar field E,. for negative streamers is a factor of 2-3 higher (e.g.,
Raizer, 1991; Babaeva and Naidis, 1997, p. 361). One estimate of this field
is E_=-12.5kV/cm (in accordance with Figure 7 of Babaeva and Naidis,
1997). It should be emphasized that the fields E. and E, are the minimum
fields needed for the propagation of individual positive and negative streamers,
but not for their initiation (e.g., Petrov and Petrova, 1999). Streamers can be
launched by individual electron avalanches in large fields exceeding the con-
ventional breakdown threshold E},, or by initial sharp points creating localized
field enhancements, which is a typical case for point-to-plane discharge ge-
ometries (e.g., Raizer et al., 1998). The possibility of simultaneous launching
(in opposite directions) of positive and negative streamers from a single midgap
electron avalanche is well documented experimentally (e.g., Loeb and Meek,
1940; Raizer, 1991, p. 335 ) and reproduced in numerical experiments (e.g.,
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Vitello et al., 1993). In addition to the F, E/ and E_, fields discussed above
there are several other important reference fields, which can most conveniently
be described using a so-called dynamic friction force of electrons in air

F = ZN]‘U]‘(E)(SE]‘
J

which is shown as a function of electron energy in Figure 1. Here the summa-
tion is performed over all inelastic processes characterized by energy depen-
dent cross sections o;(¢), with the corresponding energy loss per one collision
de;. The N; represents a partial density (in m~?) of target molecules in air cor-
responding to a particular collision process defined by the cross section o (in
plotting F' in Figure 1 we assumed partial densities 0.8 Ny and 0.2 Ny for Ny
and Oy molecules, respectively, with Ny=2.68x10%> m~3 being a reference
value corresponding to ground pressure). The total of 43 different processes
were taken into account in Figure 1 using cross sectional data provided by
A. V. Phelps at http://jilawww.colorado.edu/www/research/colldata.html. The
electron energy losses due to non-zero energy of secondary electrons emerg-
ing from ionizing collisions with N2 and Oz molecules are accounted for us-
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Figure 1.  Dynamic friction force of electrons in air. Reference fields (shown by horizontal
dashed lines) corresponding to different discharge regimes in air at ground pressure are: E. —
thermal runaway field; E;, — conventional breakdown field; E;'; and F_, — minimum fields re-
quired for propagation of positive and negative streamers, respectively; F; —relativistic runaway
field; and Ej — field needed for advancement of leaders in long gaps (see text for references and
discussion).
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ing differential ionization cross sections provided in (Opal et al., 1971). The
dashed line in Figure 1 shows F' values for energy range 20 eV-1 GeV taken
from (ICRU, 1984), which combine radiative and collisional losses of electron
energy. We note that the radiative losses exceed collisional losses at energy
~100 MeV (ICRU, 1984). The friction force F' shown in Figure 1 is conve-
niently expressed in units of eV/cm and can be directly compared to the applied
electric field £ in V/cm to provide intuitively simple insight into the expected
dynamics of electrons at different energies. We note that ' may be directly
used in the equation of motion of electrons only under an approximation that
electrons move along the applied electric field and scatter mostly in forward di-
rection at small angles (a reasonable approximation above energies ~50 eV).
A description for electrons moving at an arbitrary angle with respect to the
applied electric field can be found in (Gurevich et al., 1992; Babich, 2003,
p. 65). There is a maximum in F' at ~150 eV, which is called the thermal
runaway threshold (£,~260 kV/cm) and a minimum around ~1 MeV, called
the relativistic runaway threshold (F;~2 kV/cm). The maximum is created
by a combined action of the ionization and excitation of different electronic
states of Ny and Oy molecules. At higher energies >150 eV the friction force
F' decreases with increasing electron energy. The main reason for this is that
scattering at these energies mostly governed by Coulomb’s law interaction of
projectile electrons with individual electrons and nuclei constituting ambient
gas molecules. The corresponding scattering potential ~1/r, where r is the
center-of-mass scattering radius, leads to scaling of the scattering cross section
with energy o ~ 1/¢? and effective scaling of F' ~ 1/e (e.g., Liebermann
and Lichtenberg, 1994, p. 57; Gurevich and Zybin, 2001, p. 57). At higher
energies the decrease in the dynamic friction force becomes weaker due to
relativistic effects; for ¢ >1 MeV it reaches its minimum and then a logarith-
mically slow increase begins (see Figure 1 in Gurevich and Zybin, 2001). The
previously discussed Ey, EY. and E_, fields are also shown in Figure 1 by
horizontal dashed lines. Additionally, we include a reference minimum field
FE;~1 kV/cm needed for propagation of leaders in gaps >30 m at ground pres-
sure in air (Raizer, 1991, p. 362). It has been shown in the case of lightning
discharges that the average field for stable leader propagation can be as low as
100 V/m (Gallimberti et al., 2002, and references cited therein). We note that
Ey, E;;, E_, and Ej fields do not associate with any particular features of the
F ' curve and are shown in Figure 1 simply for easy comparison with F, and E}
fields.

If we apply to the weakly ionized air an electric field with magnitude above
the E. peak shown in Figure 1, electrons with any (even zero) initial energy
will gain more energy from the electric field than they lose in inelastic colli-
sions (i.e., they will become runaway electrons). Some electrons can be ener-
gized to very high energies in this way (a substantial population of electrons
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will still be present at low energies due to large angle scattering and low energy
secondary electrons produced in ionizing collisions). In reality, however, it is
not easy to produce and maintain fields above E., since the electron runaway
is also accompanied by an avalanche multiplication of electrons and strong in-
crease in plasma conductivity, which tends to reduce (screen out) the applied
field. At lower fields, comparable to the conventional breakdown threshold
field Ey, electrons starting with low energies of several eV are expected to
remain at low energies and be trapped in the region of energies <20 eV, as
evident from Figure 1. And finally, at very low applied fields (i.e., a fraction of
FE)) electrons are expected to be trapped by the first bump in F' around 1-2 eV,
which is a result of strong electron energy losses in air due to excitation of
vibrational degrees of freedom of nitrogen and oxygen molecules.

As evident from Figure 1, the relativistic threshold field E;~2 kV/cm is the
minimum field needed to balance the dynamic friction force acting in air on
a relativistic electron with ~1 MeV energy (e.g., McCarthy and Parks, 1992;
Gurevich et al., 1992; Roussel-Dupré et al., 1994; Lehtinen et al., 1999; Gure-
vich and Zybin, 2001). In fields above the F} threshold the 1 MeV electrons,
which are readily available in the Earth’s atmosphere as cosmic ray secon-
daries, gain more energy from electric field than they lose in collisions with
ambient neutral gas (i.e., become runaways). The possibility of acceleration of
energetic cosmic ray secondary electrons in thunderclouds was first suggested
by Wilson (1925), and the role of this process in charge redistribution in thun-
derclouds, in lightning initiation, and in production of observed X-ray fluxes in
thunderstorms still remains a subject of active research (see related discussion
and references in McCarthy and Parks, 1992; Marshall et al., 1995; Eack et al.,
1996b,a; Moore et al., 2001; Dwyer et al., 2003, 2004a,b; Dwyer, 2003, 2004).
An interesting aspect of the relativistic runaway process is that an avalanche
multiplication of electrons is possible when a fraction of secondary electrons
produced in ionizing collisions appear with energies high enough to become
runaways themselves (Gurevich et al., 1992; Gurevich and Zybin, 2001). A
substantial progress has been made in recent years in modeling of the rela-
tivistic runaway process (e.g., Symbalisty et al., 1998; Lehtinen et al., 1999;
Gurevich and Zybin, 2001; Dwyer, 2003); and references cited therein. This
process has also been extensively discussed in recent literature with applica-
tions to TLE phenomena (e.g., Bell et al., 1995; Roussel-Dupré and Gurevich,
1996; Taranenko and Roussel-Dupré, 1996; Lehtinen et al., 1996, 1997, 1999,
2000, 2001; Roussel-Dupré et al., 1998; Yukhimuk et al., 1998a,b, 1999; Kut-
syk and Babich, 1999). The relativistic runaway air breakdown is admittedly
the most viable mechanism by which terrestrial gamma ray flashes (TGFs)
(Fishman et al., 1994; Smith et al., 2005) can be produced in the Earth’s at-
mosphere (Lehtinen et al., 1999, 2001; Inan, 2005; Milikh et al., 2005) and
references therein. The first one-to-one correlations of TGF events and light-
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ning discharges have been established (Inan et al., 1996; Smith et al., 2005;
Cummer et al., 2005; Inan et al., 2005). There is no strong evidence at present
time of direct correlation of TGFs and sprites (e.g., Cummer et al., 2005) and
the most recent modeling of energy spectrum of TGFs agrees with relativistic
runaway breakdown at 16.5 km altitude (Dwyer, 2005).

We note that Figure 1 presents E, £, E_., E, E. and E fields at ground
pressure. For discussion in this chapter we assume that most of these fields can
be directly scaled proportionally to atmospheric pressure p (or neutral density
N) to find corresponding values at TLE altitudes. This approach is generally
justified by similarity laws for the electric field in gas discharges discussed in
the next subsection. We note, however, that the actual scaling of ECJ; and £,
for the altitude range of TLEs has not yet been verified experimentally (see
Section 12.5.3), and the simple scaling of E}. and E_, proportionally to neu-
tral density adopted in modeling studies discussed in the subsequent sections
of this chapter therefore should be considered as one of the approximations,
which can be improved as more data on this subject become available. The
exact details of the minimum field for leader formation (Fj) scaling with N
are not known at present. The Ej field is related to Joule heating processes
and may exhibit substantial deviations from the IV scaling due to non-similar
behavior of this process (see Section 12.2.4).

12.2.4 Similarity Relations

A problem which often arises in the design of DC glow discharge devices
is the scaling in size of a glow discharge from a size which is known to work
satisfactorily, to a larger or smaller size (Roth, 1995, p. 306). We have already
encountered some of the similarity properties of gas discharges earlier in this
chapter when we discussed pd values (i.e., discharges preserve similar proper-
ties for the same pd=const values) and the scaling of critical breakdown fields
proportionally to pressure p (i.e., discharges preserve similar properties for the
same F /p=const values). Here we provide a summary of useful similarity re-
lationships for gas discharges. Note that we use neutral density /V in place of p
therefore assuming constant temperature of ambient neutral gas. The physical
quantities with “0” subscript correspond to reference values at ground pressure.

Length (i.e., mean free path, discharge tube length or diameter, streamer
radius, etc.) scales as:

N,
L= L%

(note that this statement can also be written as /N L=const, which is identical to
the previously discussed pd=const).
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Time (i.e., between collisions, dielectric relaxation, 2-body attachment, etc.)

scales as:
N,
TETN
Velocity does not scale (i.e., electron or ion drift velocity, streamer velocity,
etc.):

v = L/T = const

Temperature and energy of electrons and ions do not scale remaining the
same in similar discharges (for the same reason as v=const).
Electric field (i.e., in streamer head, in streamer body, etc.) scales as:

E=F,—
o NO
(note that this statement can also be written as £/ N=const, which is identical
to the previously discussed E/p=const).
Mobility (electrons and ions) scales as:

No

= E: o
p=v/E=po—s

Diffusion coefficient (electrons and ions) scales as:

N,
D=Doy

Plasma and charge density (i.e., electron and ion densities in the streamer
body, etc.) scale as:

N2
noﬁg
(the above relationship can be easily verified using 7 and p scaling and defini-
tion of the dielectric relaxation time 7 = &,/q.nu, where ¢, is the permittivity
of free space and g, is the absolute value of electron charge).

Charge (i.e., in the streamer head) scales as:

n =

N,
Q = QOWO
Ionization and two-body attachment coefficients scale as:

=1 = —_—
v=1/t VONO

Conductivity scales as:
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Current density scales as:
N2

N2

o

J =qenv =J,

Current does not scale remaining the same in similar discharges:
I = JL? = const

The discharge parameters do not always scale in accordance with the above
described similarity laws. Examples of processes which do not obey similarity
laws are discussed below.

The characteristic time of the three-body attachment of electrons in air (im-
portant at high pressures) 7,3=1/1,3, where 1,3 is the three body attachment
coefficient, scales as:

2
Ta3 = TGSO%
The joule heating characteristic time scales as
2
Th = 7—ho‘N-i(;

Electron-ion recombination is described by a quadratic term including prod-
uct of electron and ion densities and therefore does not obey similarity laws
(the electron-ion recombination in streamer discharges is dramatically reduced
at TLE altitudes due to reduction of electron and ion densities ~N? as dis-
cussed above).

Non-similarity of photoionization in air is introduced by quenching of Ny
excited states which give rise to UV emissions photoionizing O (e.g., Liu and
Pasko, 2004).

Additional discussion of similarity relationships pertinent to a particular
case of streamer discharges can be found in (Pasko et al., 1998b).

12.3 Physical Mechanism and Numerical Modeling of
Sprites

12.3.1 Large Scale Electrodynamics

The possibility of large-scale gas discharge events above thunderclouds,
which we currently know as sprite phenomenon, was first predicted in 1925
by the Nobel Prize winner C. T. R. Wilson (Wilson, 1925). He first recognized
that the relation between the thundercloud electric field which decreases with
altitude r (Figure 2) as ~r~2 and the critical breakdown field £}, which falls
more rapidly (being proportional to the exponentially decreasing atmospheric
density) leads to the result that “there will be a height above which the electric
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Figure 2. Physical mechanism of sprites Wilson (1925): “While the electric force due to
the thundercloud falls off rapidly as r increase, the electric force required to causing sparking
(which for a given composition of the air is proportional to its density) falls off still more rapidly.
Thus, if the electric moment of a cloud is not too small, there will be a height above which the
electric force due to the cloud exceeds the sparking limit.”

force due to the cloud exceeds the sparking limit” (Wilson, 1925). It should be
noted that due to the finite atmospheric conductivity above thunderclouds the
dipole field configuration shown in Figure 2 is realized at mesospheric altitudes
only during very transient time periods ~1-10 ms following intense lightning
discharges, in part defining similarly transient nature of the observed sprite
phenomenon (e.g., Pasko et al., 1997), and references cited therein.

The mechanism of the penetration of the thundercloud electric fields to the
higher-altitude regions is illustrated in Figure 3. As the thundercloud charges
slowly build up before a lightning discharge, high-altitude regions are shielded
from the quasi-electrostatic fields of the thundercloud charges by the space
charge induced in the conducting atmosphere at the lower altitudes. The ap-
pearance of this shielding charge is a consequence of the finite vertical con-
ductivity gradient of the atmosphere above the thundercloud. When one of the
thundercloud charges (e.g., the positive one as shown in Figure 3) is quickly re-
moved by a lightning discharge, the remaining charges of opposite sign above
the thundercloud produce a large quasi-electrostatic field that appears at all
altitudes above the thundercloud, and endures for a time equal to approxi-
mately (see related discussion in Pasko et al., 1997) the local relaxation time
(¢ = &,/0, where o is the local conductivity and ¢, is the permittivity of
free space) at each altitude. These temporarily existing electric fields lead to
the heating of ambient electrons and the generation of ionization changes and
optical emissions known as sprite phenomena. Figure 4 illustrates the above
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Figure 3. Illustration of the mechanism of penetration of large electric fields to mesospheric
altitudes (Pasko et al., 1997). Reprinted by permission from American Geophysical Union.

discussed scenario by showing model calculations of the vertical component
of the electric field at altitudes 50, 60, 70 and 80 km directly above a posi-
tive lightning discharge removing 200 C of charge from altitude 10 km in 1 ms
(Pasko et al., 1997). During a very transient time period ~1 ms, mostly defined
by atmospheric conductivity profile, the electric field can reach values on the
order of the critical breakdown threshold field Ej, at mesospheric/lower iono-
spheric altitudes. The quasi-static approximation employed here is valid for
relatively slow source variations with time scales >0.5 ms (Pasko et al., 1999).

It should be emphasized that the simplified schematics shown in Figure 3
is used to discuss the physical concept of penetration of large electric field
transients to mesospheric altitudes and by no means reflects the complexity
of charge distributions observed in thunderclouds. In cases of more realistic
charge distributions in the thundercloud, which sometimes involve up to six
charge layers in the vertical direction (e.g., Marshall and Rust, 1993; Shepherd
etal., 1996), each of the charge centers can be viewed as generating its own po-
larization charge in and above the thundercloud, and the resultant configuration
of the electric field and charge density can be obtained by using the principle
of superposition. This consideration is helpful in visualization of the fact that
the electric field appearing at mesospheric altitudes after the charge removal
by cloud-to-ground lightning discharge is defined mostly by the absolute value
and altitude of the removed charge and is essentially independent of the com-
plexity of the charge configuration in the cloud. The charge removal can also be
viewed as the “placement” of an identical charge of opposite sign. The initial
field above the cloud is simply the free space field due to the “newly placed”
charge and its image in the ground which is assumed to be perfectly conduct-
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ing. The most recent observations indicate that most of the charge responsible
for production of sprites can be lowered from relatively low altitudes 2-5 km,
with an average height 4.1 km for one particular storm studied in (Lyons et al.,
2003b), and references therein. The charge moment change Qh¢ (i.e., charge
removed by lightning () times the altitude from which it was removed hq) rep-
resents the key parameter which is used in current sprite literature to measure
the strength of lightning in terms of sprite production potential (e.g., Cum-
mer et al., 1998; Hu et al., 2002; Cummer, 2003). One of the major unsolved
problems in current sprite research, which is also directly evident from the
Figure 2 depicting the field created by a charge moment (Qhg=1000 C-km, is
the observed initiation of sprites at altitudes 70-80 km by very weak lightning
discharges with charge moment changes as small as 120 C-km (e.g., Hu et al.,
2002), and references cited therein. Several theories have been advanced to ex-
plain these observations, which include localized inhomogeneities created by
small conducting particles of meteoric origin (e.g., Zabotin and Wright, 2001)
and the formation of upwardly concave ionization regions near the lower iono-
spheric boundary associated with sprite halos (Barrington-Leigh et al., 2001).
The problem of initiation of sprite streamers in low applied electric fields is
one of unsolved problems in current TLE research (see Section 12.5.2).
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Figure 4. Time dynamics of the vertical component of the electric field at selected altitudes
directly above a positive cloud to ground lightning discharge (Pasko et al., 1997). Reprinted by
permission from American Geophysical Union.
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12.3.2 Altitude Structuring of Optical Emissions

In spite of the apparent simplicity of the basic mechanism of penetration
of large quasi-electrostatic fields to the mesospheric altitudes described in the
previous section and depicted in Figure 3, the sprite morphology, and sprite
altitude structure in particular, appear to be quite complex.

Pasko et al. (1998a) proposed a theory indicating that sprite structure as a
function of altitude should exhibit a transition from essentially non-structured
diffuse glow at altitudes >85 km to the highly structured streamer region at
altitudes <75 km (Figure 5). It is proposed that the vertical structuring in
sprites is created due to interplay of three physical time scales: (1) The dis-
sociative attachment time scale 7, (which is defined by the maximum net at-
tachment coefficient as 1/(v4-V;)max, Where v; and v, are the ionization and at-
tachment coefficients, respectively); (2) The ambient dielectric relaxation time
scale 7,=¢,/0; (3) The time scale for the development of an individual elec-
tron avalanche into a streamer ¢5. This time is an effective time over which
the electron avalanche generates a space charge field comparable in magni-
tude to the externally applied field (e.g., Pasko et al., 1998b). The interplay
between these three parameters creates three unique altitude regions as illus-
trated in Figure 5: (1) The diffuse region (7,< 74, To<ts) characterized by
simple volumetric multiplication of electrons (Townsend electron multiplica-
tion mechanism); (2) The transition region (7,>7,, To<~ ts) characterized
by strong attachment of ambient electrons before the onset of the electrical
breakdown; (3) The streamer region (7,>7,, T,>ts) also characterized by
the strong attachment as well as by individual electron avalanches evolving
into streamers. The upper and the lower boundaries of the transition region
shown in Figure 5 represent an estimate of the altitude range in which the ac-
tual transition between the diffuse and streamer regions is expected to occur.
The upper boundary may shift downward under conditions of an impulsive
lightning discharge which generates substantial electron density (i.e., conduc-
tivity) enhancement associated with the sprite halo at the initial stage of sprite
formation (e.g., Barrington-Leigh et al., 2001). The lower boundary may shift
upward due to streamers originating at lower altitudes but propagating upward
toward the lower ionosphere (e.g., Stanley et al., 1999). Barrington-Leigh et al.
(2001) conducted one-to-one comparison between high-speed video observa-
tions of sprites and a fully electromagnetic model of sprite driving fields and
optical emissions. Sprite halos are brief descending glows with lateral ex-
tent 40-70 km, which are sometimes observed to accompany or precede more
structured sprites. The analysis conducted by Barrington-Leigh et al. (2001)
demonstrated a very close agreement of model optical emissions and high-
speed video observations, and for the first time identified sprite halos as being
produced entirely by quasi-electrostatic thundercloud fields. Sprites indeed of-
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Figure 5.  The altitude distribution of different time scales characterizing the vertical structur-
ing of optical emissions in sprites (Pasko et al., 1998b). Reprinted by permission from American
Geophysical Union.

ten exhibit sprite halos which appear as relatively amorphous non-structured
glow at sprite tops, and which convert to highly structured regions at lower
altitudes (e.g., Stanley et al., 1999; Gerken et al., 2000, and cited references
therein). This vertical structure in sprites is apparent in recent high-speed video
images of Stenbaek-Nielsen et al. (2000) and also was reported during tele-
scopic observations of sprites by Gerken and Inan (2002, 2005).

12.3.3 Large Scale Fractal Models of Sprites

The large scale plasma fluid models based on continuity equations for elec-
trons and ions coupled with either Poisson (Pasko et al., 1997) or the full set
of Maxwell’s equations (Pasko et al., 1998a; Veronis et al., 1999; Barring-
ton-Leigh et al., 2001) have been successfully used to reproduce some of the
observed features of sprites, including their ELF radiation (Cummer et al.,
1998) and optical emissions coming from their upper diffuse (“halo”) region
(Barrington-Leigh et al., 2001). Such direct modeling of the lower, highly
structured sprite regions poses insurmountable computational difficulties due
to the dramatic differences between the scale of individual ionized channels
(i.e., streamers) constituting sprites (on the order of several meters Gerken
et al., 2000) and the overall spatial extent of sprites (of order 10 to 100 km).
To overcome this difficulty, two-dimensional (Pasko et al., 2000) and three
dimensional (Pasko et al., 2001) fractal models have been proposed, which al-
low the reproduction of the observed large scale volumetric shapes of sprites.
One of the important questions, which can be studied with this type of models
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is the question about attachment of sprites to cloud tops (Pasko et al., 2001).
This question is of fundamental importance for understanding a role of sprites
in the global atmospheric electric circuit, since it directly relates to the pos-
sibility of establishing a highly conducting link between the Earth’s surface
and the lower ionosphere. The fractal type of the model simulates the prop-
agation of branching streamers associated with sprites as a growth of fractal
trees composed of a large number of line channels, and allows realistic mod-
eling of upward, downward and quasi-horizontal propagation and branching
of sprite ionization. The model is based on a phenomenological probabilistic
approach, which was proposed in (Niemeyer et al., 1989) for modeling of a
streamer corona and uses experimentally and theoretically documented prop-
erties of positive and negative streamers in air for a realistic determination of
the propagation of multiple breakdown branches in a self-consistent electric
field. The fractal model effectively follows the dynamics of highly branched
streamers in large volumes of space without actually resolving the internal
physics of individual streamer channels, but rather relying on demonstrated
collective characteristics of streamers in air (Pasko et al., 2000). The fractal
model uses E}=4.4kV/cm and E,=12.5kV/cm as minimum electric field
magnitudes required for propagation of positive and negative streamers in air
at ground pressure, respectively (see discussion in Section 12.2.3). The criti-
cal fields £ and E_, are assumed to scale with altitude proportionally to the
atmospheric neutral density as shown in Figure 6.
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Figure 6. Altitude scans of the electrostatic field corresponding to two different charge mo-
ments. The conventional breakdown field E}, and the minimum fields required for the propaga-
tion of positive (F,.) and negative (E,,.) streamers are also shown for reference by the dashed
lines (Pasko et al., 2000). Reprinted by permission from American Geophysical Union.
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Figures 7a, 7b and 7c illustrate the development of a sprite initiated by a
single electron avalanche at altitude 80 km using a two-dimensional version of
the fractal model (Pasko et al., 2000). The starting field is defined by the re-
moval of +100 C of charge by a positive cloud-to-ground (CG) lightning from
10 km altitude (Figure 6). The sprite is characterized by the upward devel-
opment of negative, and downward development of positive, streamers. This
behavior agrees with high speed video observations of initial sprite develop-
ment (Stanley et al., 1999). We note that this type of model cannot provide
information on the velocity of streamers. Figure 7b illustrates the moment
of attachment of negative streamers to the lower ionosphere and Figure 7c
shows the final configuration after the arresting of propagation of all streamer
trees. A large “jelly fish” sprite is formed with its lower extremities reaching
an altitude of ~38 km. Figure 7d illustrates the corresponding configuration
of the field characterized by the expulsion of the field from the body of the
sprite and the enhancement of the field on the sharp edges of streamer trees.
As was already emphasized previously the field exceeding the conventional
breakdown threshold Fj, is needed for initiation of streamers from individual
electron avalanches. The initiated streamers can propagate in fields £ or E_,
depending on the streamer polarity, which are substantially lower than E},. We
note that in Figure 7 positive streamers propagated downward well below the
point at ~50 km altitude above which the initial field exceeded the £ value
(Figure 6). This effect is due to self-consistent focusing and enhancement of
the field around lower streamer branches (Figure 7d).

12.34 Modeling of Small-scale Sprite Streamer Processes
and Photoionization Effects

It is well established that the dynamical properties and geometry of both
positive and negative streamers can be affected by the population of the ambi-
ent seed electrons, and many of the recent modeling studies have been devoted
to the understanding of the role of the ambient medium pre-ionization, includ-
ing effects of photoionization by UV photons originating from a region of high
electric field in the streamer head, on the dynamics of negative (e.g., Babaeva
and Naidis, 1997; Rocco et al., 2002) and positive (e.g., Babaeva and Naidis,
1997; Kulikovsky, 2000; Pancheshnyi and Starikovskii, 2001) streamers in dif-
ferent mixtures of molecular nitrogen (N2) and oxygen (O2) gases, and in air
at ground pressure.

The importance of the photoionization effects on sprite streamers at low
air pressures at high altitudes is underscored by the fact that the effective
quenching altitude of the excited states b'IT,, b 'S and ¢,' ¥ of Ny that
give the photoionizing radiation is about 24 km (corresponding to the air pres-
sure p=p,=30 Torr) (e.g., Zheleznyak et al., 1982). The quenching of these
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Figure 7. The dynamics of sprite development produced by 100 C of charge removed from
10 km altitude. The sequence of Figures (a)-(c) shows cross-sectional view of discharge trees;
(d) A cross-sectional view of the distribution of the absolute values of the electric field cor-
responding to the structure shown in (c) (Pasko et al., 2000). Reprinted by permission from
American Geophysical Union.

states is therefore negligible at typical sprite altitudes 40-90 km, leading to
an enhancement of the electron-ion pair production ahead of the streamer tip
due to the photoionization, when compared to the previous studies of stream-
ers at ground level. This and other effects have recently been studied by Liu
and Pasko (2004) using a newly developed streamer model and some principal
results of these studies will be outlined below.

Figure 8 illustrates results of model calculations of electron densities corre-
sponding to double-headed streamers developing at altitudes 0, 30 and 70 km in
electric field Ey=1.5FE},. In accordance with the similarity laws (Section 12.2.4),
the streamer time scales, the streamer spatial scales, and the streamer electron
densities scale with the air density as ~1/N, ~1/N, and ~N 2, respectively,
and the scaled streamer characteristics remain otherwise identical for the same
values of the reduced electric field E/N (Pasko et al., 1998). In order to fa-
cilitate discussion of similarity properties of streamers at different altitudes/air
densities, the results presented in Figures 8b and 8c are given at the moments
of time, which are obtained by scaling (~1/N) of the ground value, 2.7 ns,
specified in Figure 8a. The horizontal and vertical dimensions of the simu-
lation boxes in Figures 8b and 8c also directly correspond to scaled (~1/N)
ground values shown in Figure 8a. The electron density scale in Figures 8b
and 8c also corresponds to scaled (~NN?) values given in Figure 8a. The dif-
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ferences observed between model streamers at the ground and at 30 and 70 km
altitudes in Figure 8 are primarily due to the reduction in photoelectron pro-
duction at high atmospheric pressures through the quenching of UV emitting
excited states of Ny (Liu and Pasko, 2004). In all cases shown, the model
streamers exhibit fast acceleration and expansion (Liu and Pasko, 2004). The
results presented in Figure 8 correspond to a “free” (i.e., not affected by elec-
trodes) development of double headed streamers under conditions of the same
E/N reduced field values. In this context we note that discussion of similarity
of streamers obtained in point-to-plane discharge geometry (e.g., Panchesh-
nyi et al., 2005; Briels et al., 2005) necessitates inclusion of electrode effects,
and, assuming a relatively fast voltage rise time, similar streamer patterns are
expected at the same F/N values (see additional discussion of the quench-
ing effects on streamer similarity properties and branching at high pressures
in Section 12.5.4) only under conditions when electrode geometry (i.e. inter-
electrode distance, point electrode diameter, etc.) are scaled as ~1/N. The
fast expansion and acceleration are important characteristics of the considered
model streamers. For instance, a positive streamer initiated in a 1.1F, field
at 70 km altitude would reach an effective radius of 55 m and speed of about
one tenth of the speed of light (2.2x 107 m/s) by traveling a distance of only
1 km (Liu and Pasko, 2004). Such high speeds of sprite streamers indeed have
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Figure 8. A cross-sectional view of the distribution of the electron number density of the
model streamers at altitudes (a) 0 km, (b) 30 km, and (c) 70 km (Liu and Pasko, 2004). Reprinted
by permission from American Geophysical Union.
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been recently documented by high-speed video (Stanley et al., 1999; Moudry
et al., 2002, 2003) and multi-channel photometric (McHarg et al., 2002) sys-
tems. The initiation of sprites at altitudes 70-75 km in a form of simultaneous
upward and downward propagating streamers is also well documented (Stanley
etal., 1999; Stenbaek-Nielsen et al., 2000; Moudry et al., 2002, 2003; McHarg
et al., 2002). It is clear, however, that the effective streamer diameters ob-
served by an imager zooming on sprite structures at different altitudes would
inevitably depend on the geometry of the mesospheric electric fields and the
history of the sprite development (i.e., the altitude of the initiation point(s)).
Gerken et al. (2000) and Gerken and Inan (2002, 2003) have recently employed
a novel telescoping imager to measure effective streamer diameters at different
altitudes in sprites. The measured diameters are 60-145 m (+=12 m), 150 m
(£13 m), 19 m (413 m), for altitude ranges 60-64 km (44.5 km), 76-80 km
(£5 km), 81-85 km (+£6 km), respectively. Although the 60-145 m (£12 m)
is more than one order of magnitude greater than the scaled initial diameters
of streamers shown in Figure 8c (at 60 km, 2r,~4 m), given realistic charge
moments available for the sprite initiation (Hu et al., 2002), it is likely that
streamers appearing at these low altitudes were initiated at much higher alti-
tudes and propagated long distances experiencing substantial expansion. All
observed diameters by Gerken et al. (2000) and Gerken and Inan (2002, 2003)
can therefore be realistically accounted for by the modeling studies presented
in (Liu and Pasko, 2004).

12.3.5 Optical Emissions Associated with Sprite
Streamers

Figures 9 and 10 illustrate distributions of the electric field magnitude and
intensities of optical emissions (in Rayleighs) corresponding to the model
streamers at 30 and 70 km altitudes, respectively, at the same instants of time as
specified in Figure 8. The strong blue emissions (associated with 1st negative
N; (1NN;') and 2nd positive N2 (2PN3g) band systems, Figures 10c and 10d)
originating primarily in the streamer heads are expected to be produced during
the early time of sprite development, as the sprite develops over its altitude
extent on a time scale short with respect to the total sprite emission time. This
agrees well with recent narrow-band photometric and blue-light video observa-
tions of sprites (Armstrong et al., 1998, 2000; Suszcynsky et al., 1998; Morrill
et al., 2002) indicating short duration (~ms) bursts of blue optical emissions
appearing at the initial stage of sprite formation. The time averaged optical
emissions are expected to be dominated by red emissions associated with the
first positive band system of No (1PNg, Figure 10b), which has the lowest en-
ergy excitation threshold (~7.35 eV) and can effectively be produced by rel-
atively low electric fields in the streamer channels, in agreement with sprite
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Figure 9. The magnitude of the electric field (a) and the intensity of optical emissions (in
Rayleighs) in selected band systems (b)- associated with the model streamers at altitude 30 km
(Liu and Pasko, 2004). Reprinted by permission from American Geophysical Union.
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Figure 10.  The same as Figure 9 only for model streamers at altitude 70 km (Liu and Pasko,
2004). Reprinted by permission from American Geophysical Union.
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observations (Mende et al., 1995; Hampton et al., 1996; Morrill et al., 1998,
2002; Takahashi et al., 2000; Bucsela et al., 2003). We also note that the sup-
pression of 1PNy emissions due to the strong quenching of the B3Hg state at
altitudes below 50 km (e.g., Vallance-Jones, 1974, p. 119) (note the intensity
scale difference between Figures 9b and 9c) is the primary factor which is re-
sponsible for making the blue color a dominant color of streamer coronas at
lower extremities of sprites (e.g., Sentman et al., 1995) and in blue jet type
phenomena observed near thundercloud tops (e.g., Wescott et al., 1995). The
red (1PN2) emissions are not completely quenched at altitudes <50 km and
have been detected in red-filtered images of sprites (Armstrong et al., 1998).
A detailed calculation of the streamer color requires knowledge of the spec-
tral range of the color TV system, the specifics of the observational geometry,
allowing to account for the effects of the atmospheric transmission, and such
factors as the transmission through an aircraft window (e.g., Wescott et al.,
1998; Morrill et al., 1998). The interested readers can find more discussion
on related topics in Section 12.4.2 of (Pasko and George, 2002) and references
cited therein. The related aspects will also be discussed with relation to blue
jets in Section 12.4.4.

Recently, the ISUAL instrument on FORMOSAT-2 (former ROCSAT-2)
satellite has successfully observed far-UV emissions from sprites due to Ny
Lyman-Birge-Hopfield (LBH) band system (Mende et al., 2004; Frey et al.,
2004). Modeling results on LBH emissions from sprite streamers at 70 km
altitude indicate that the LBH emissions are stronger by up to a factor of 10
than those from the first negative band system of N2+ (Liu and Pasko, 2005).

124 Physical Mechanism and Numerical Modeling of
Blue Jets, Blue Starters and Gigantic Jets

Petrov and Petrova (1999) were first to propose that blue jets correspond
qualitatively to the development of the streamer zone of a positive leader and
therefore should be filled with a branching structure of streamer channels.
These predictions appear to be in remarkable agreement with recent experi-
mental discoveries indicating the streamer structure of blue jets (Wescott et al.,
2001; Pasko et al., 2002a). Following the suggestion of Petrov and Petrova
(1999), we outline below a possible scenario of events leading to the upward
launch of blue jets and blue starters, which occupy large volumes of the atmo-
sphere above thunderstorms measured of thousands of cubic kilometers; many
orders of magnitude greater than volumes typically associated with the con-
ventional lightning processes at lower altitudes.
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12.4.1 Blue Jets as Streamer Coronas

It is now well-established that electric fields measured from balloons at dif-
ferent altitudes in thunderstorms very rarely exceed 0.5-1 kV/cm (e.g., Winn
et al., 1974; Marshall et al., 1996, 2001), and references therein. Results of one
study specifically devoted to the investigation of electric field magnitudes and
lightning initiation conditions in thunderstorms indicate that in most observed
cases the thundercloud electric field as a function of altitude is bounded by the
relativistic runaway threshold field E;, which has a value close to 2 kV/cm at
ground level (see Figure 1) and is reduced with altitude proportionally to the
atmospheric neutral density (e.g., Marshall et al., 1995). The F; field has been
discussed earlier in Section 12.2.3 and is referred to as the breakeven field in
some publications (e.g., Marshall et al., 1995). For the purposes of our dis-
cussion in this section we use E; only as a reference upper bound on fields
which are typically observed inside thunderclouds, making no direct associ-
ation of the relativistic runaway phenomena with blue jets and blue starters.
The E; field as a function of altitude is illustrated in Figure 11. We note
that the threshold field E; appears to be very close to the documented mini-
mum fields (F;~1 kV/cm, see Figure 1) required for propagation of positive
and negative leaders in long gaps with sizes exceeding several tens of me-
ters at ground pressure (Raizer, 1991, p. 362). The leader process is also a
well-documented means by which conventional lightning develops in thunder-
storms (Uman, 2001, p. 82). We note that the electric fields in thunderstorms
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Figure 11.  Altitude scan of the electrostatic field produced by a 120 C thundercloud charge
placed in the center of the simulation box at altitude 15 km (solid line). Dashed lines show the
characteristic fields F, E:; E.,, and Ej; (Pasko and George, 2002). Reprinted by permission
from American Geophysical Union.
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can occasionally exceed the F; threshold, and in those rarely observed cases
lightning usually followed, immediately destroying the electric field meters at
the place where the electric field went substantially above the E; value (Mar-
shall et al., 1995). In two out of three such cases reported in (Marshall et al.,
1995), the E} threshold was exceeded at altitudes close to 10 km, and in both
cases the electric field was upward directed, so that positive streamers would
have propagated upward (Marshall et al., 1995). The maximum field enhance-
ment observed by (Marshall et al., 1995) before the instrument was struck and
destroyed by lightning is 1.6 F;. The maximum electric field of 1.86 kV/cm at
5.77 km altitude (i.e., ~1.8E}) in close proximity to a lightning initiation lo-
cation has recently been reported in (Marshall et al., 2005). Another report of
electric field observations substantially greater than F is that by (Winn et al.,
1974), whose authors observed fields on the order of 4F;. A summary of other
observations of maximum electric field magnitudes measured in thunderclouds
is given in (Rakov and Uman, 2003, p. 83). The fact that fields greater than E}
are observed only rarely in balloon sounding data does not necessarily mean
that they are uncommon in thunderclouds, if one considers a reasonable argu-
ment that regions exhibiting these fields may be localized and also that their
persistence in time may be limited by the fast development of a lightning dis-
charge which would try to reduce them. (Marshall et al., 1995) point out that
the balloon soundings give the electric field only at the balloon location and
that electric fields substantially larger than E; might be present elsewhere in
the cloud.

It is assumed that as soon as the electric field inside the thundercloud ap-
proaches the F; threshold the leader process is developed. The normal role
of the leader process is to initiate a discharge of the system, leading to a re-
duction of charge accumulation in the thundercloud responsible for the field
enhancement. The leader process itself is known to be quite complex, and its
initiation mechanism and internal physics are not yet fully understood (e.g.,
Uman, 2001, p. 79; Raizer, 1991, p. 370, Bazelyan and Raizer, 1998, p. 203,
253). For the purposes of discussion here, we do not consider specifics of
the leader initiation and postulate presence of this process in high field (~F})
regions of the thundercloud.

The head of the highly ionized and conducting leader channel is normally
preceded by a streamer zone looking as a diverging column of diffuse glow and
filled with highly branched streamer coronas (e.g., Bazelyan and Raizer, 1998,
p- 203, 253). Due to its high conductivity, the leader channel can be considered
as equipotential and therefore plays the primary role in focusing/enhancement
of the electric field in the streamer zone, where the relatively weakly conduct-
ing streamer coronas propagate (e.g., Raizer, 1991, p. 364). Leaders of posi-
tive polarity attract electron avalanches, while in those of negative polarity the
avalanching electrons move in the same direction as the leader head. In large
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experimental gaps (>100 m) and in thunderclouds, the electric fields required
for propagation of leaders of the positive and negative polarity are known to
be nearly identical, but the internal structure of their streamer zones, which is
closely associated with the direction of electron avalanches, is very different
(Raizer, 1991, p. 375; Bazelyan and Raizer, 1998, p. 253) . We note that the
experimentally documented electric fields £ and E, required for propaga-
tion of streamer coronas, which constitute essential components of the leader
streamer zone, are substantially higher than the ambient E; (Figure 1), and as
a result the leader streamer zone is normally confined to a limited region of
space around the leader head. A remarkable feature of the streamer corona
is that in spite of its internal structural complexity, involving multiple highly
branched streamer channels, its macroscopic characteristics remain relatively
stable under a variety of external conditions and the field measurements inside
the streamer zone of positive (Petrov et al., 1994) and negative (Petrov and
Petrova, 1993) leaders indicate that the minimum fields required for propaga-
tion of positive E. and negative F_, streamers discussed in Section 12.2.3
and shown in Figure 1 are also close to the integral fields established by posi-
tive and negative coronas, respectively, in regions of space through which they
propagate.

Figure 11 shows an altitude scan of the electric field created by a static
charge of 120 C, having a Gaussian spatial distribution with spatial scale 3 km
placed at 15 km altitude between two perfectly conducting planes positioned
at the ground (0 km) and at 40 km altitude, as well as the critical fields F, ECJ;
E_,, and E}, which assumed to scale with altitude proportionally to the neutral
atmospheric density (see additional discussion on scaling in Section 12.5.3 and
additional references for physical factors defining the position of the upper
boundary at the end of Section 12.4.2).

We note that the fields (E}., E_,, Ey) can be comfortably exceeded at high
altitudes (>70 km) following intense positive cloud-to-ground lightning dis-
charges leading to the sprite phenomenon (see Figure 6). However, these fields
(especially E},) are much greater than the large scale fields typically observed
inside thunderclouds, as discussed above and illustrated by the E; altitude dis-
tribution shown in Figure 11. The large-scale electric field enhancement inside
thunderclouds above even £ (which is closest to the E;) should be considered
as an unusual and rare circumstance.

In view of the above discussion it is clear that if, due to the fast growth
of the thundercloud charge, the large-scale electric field does exceed the £
threshold, then positive streamer coronas, which are normally confined close
to the leader head, can quickly (with propagation speeds >10° m/s, substan-
tially exceeding typical leader speeds ~2x 10 m/s (e.g., Bazelyan and Raizer,
1998, p. 227) fill a large volume of space in the vicinity of a thundercloud.
Such field distribution, which exceeds E. in a relatively narrow (+2 km) re-
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gion around 20 km altitude, is illustrated in Figure 11. Although the initial
volume of space occupied by streamer coronas is defined by the geometry of
thundercloud charges (the volume of space in which electric fields exceed the
E. threshold), the streamer coronas themselves self-consistently modify the
electric field distribution. Results of three-dimensional modeling of streamer
coronas under these circumstances (Pasko and George, 2002) clearly demon-
strate that under a variety of initial conditions the streamer coronas form up-
ward propagating conical shapes closely resembling the experimentally ob-
served geometry of blue jets. An example of these calculations will be shown
in Section 12.4.3 below.

124.2 Thundercloud Charge and Current Systems
Supporting Blue Jets, Blue Starters and Gigantic
Jets

The formulation of large-scale charge and current systems in thunderclouds,
which support upward propagation of blue jets and blue starters and which
we discuss here, closely follows that given in (Pasko and George, 2002), and
is based on a fast-growing positive charge at the thundercloud top. It is as-
sumed that this charge is a primary source of the electric field which drives
blue jets and starters, with no association with lightning activity. The posi-
tive (top) and the negative (bottom) thundercloud charges (Figure 12) accumu-
late due to the current j; associated with the separation of charges inside the
cloud and directed opposite to the resulting electric field. We assume that the
charge accumulation time scale can in some cases be very fast (fraction of a

Figure 12.  Currents, charges and electric fields associated with blue jets (Pasko and George,
2002). Reprinted by permission from American Geophysical Union.
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second). This time scale, in combination with the middle atmospheric conduc-
tivity profile, plays a primary role in defining the upper termination altitude of
blue jets (Pasko and George, 2002, Section 2.6). The current Jz, may be re-
lated to the small, light and positively charged ice splinters driven by updrafts
and heavy negatively charged hail particles driven downward by gravity (e.g.,
Uman, 2001, p. 65). Unusually intense precipitation of large hail was indeed
observed in association with blue jets and blue starters (Wescott et al., 1995,
1996) and due to negative charge associated with hail particles discussed above
is a strong indication of intense electrical activity inside the cloud. The recently
observed blue jet event in Puerto Rico (Pasko et al., 2002a) was produced dur-
ing a fast growth stage of thunderstorm development. The electromagnetic data
which was available for both the Wescott et al. (1995, 1996) and the Pasko et al.
(2002a) observations indicate no direct triggering of blue jets and blue starters
by a lightning event. It is assumed that a charge of ~110-150 C with Gaus-
sian spatial distribution of scale ~3 km can accumulate at altitude ~15 km,
creating electric field magnitudes capable of crossing the E. threshold as de-
picted in Figure 11 and discussed in the previous section. As a general note, we
emphasize that although our model results presented in the following section
depend on the spatial scale of the charge, the charge value and the charge alti-
tude, and these parameters are expected to vary for conditions existing in real
thunderclouds, the results appear to be very robust in terms of production of
upward conical shapes of blue jets as long as the large-scale fields exceed the
E. threshold at the thundercloud top. In part this has to do with the general ge-
ometry of electric field lines created by a localized charge placed between two
conducting plane boundaries and the exponential reduction of £ as a function
of altitude. Following (Pasko and George, 2002), we neglect the lower (nega-
tive) thundercloud charge due to its proximity to the ground (Figure 12). This
charge also may be removed by a series of negative lightning discharges during
several seconds before the appearance of jets (Wescott et al., 1995, 1996). The
electric field is non-zero inside the positive streamer coronas constituting blue
jets and blue starters, and an integral upward directed current always flows in
the body of the jet (Figure 12). The blue jet propagates when this current is sup-
ported by a source in or near the cloud. Otherwise, the negative charge flowing
towards the positive thundercloud charge would reduce the source charge and
the electric field above the cloud and would eventually suppress the propaga-
tion. Thus, the blue jet or blue starter can propagate as long as JZ can deliver
sufficient positive charge to the thundercloud top. An equal amount of negative
charge is accumulated at the thundercloud base so that the overall charge in the
cloud-jet/starter system is conserved. For the fractal model calculations which
we show in the next section, we simply assume that the source thundercloud
charge remains unchanged during the development of the phenomena, which
physically corresponds to a situation when thundercloud current JZ compen-
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sates any reduction in the source charge due to the jet current. We note that
in the fractal model of Pasko and George (2002) the upper terminal altitude of
blue jets is defined by the location of the upper boundary of the simulation box,
as discussed in the next section (i.e., 40 km, in Figure 11). The discussion of
physical factors, which determine terminal altitudes of blue jets, blue starters
and gigantic jets, providing effective classification of different phenomena as
a function of their vertical extent, can be found in (Pasko and George, 2002,
Sections 2.6 and 4.1).

12.4.3 Numerical Simulation of Blue Jets and Blue
Starters

The large scale volumetric shapes of blue jets, blue starters and gigantic jets
can be successfully modeled with two and three dimensional fractal models
discussed in Section 12.3.3, and related results are documented in (Pasko and
George, 2002). Figure 13a shows an example of the model calculation corre-
sponding to the same charge configuration as in Figure 11, but with the upper
simulation box boundary set to 70 km altitude, corresponding to the terminal
altitude of the blue jet event reported in (Pasko et al., 2002a). Figure 13b shows
one of the images of the blue jet phenomena, taken from the video sequence
reported in (Pasko et al., 2002a) and corresponding to the moment of the at-
tachment of the blue jet to the lower ionospheric boundary. This stage of the
blue jet development is similar to the “final jump stage” of the leader process
observed in laboratory experiments, when the streamer zone makes contact
with the opposite electrode (Bazelyan and Raizer, 1998, p. 212). The range of
observed speeds during the final jump, 5x10* m/s to 10° m/s (Bazelyan and
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Figure 13.  (a) Fractal model results for thundercloud charge Q=120 C at altitude hg=15 km
and the upper simulation box boundary at 70 km (Pasko and George, 2002). Reprinted by
permission from American Geophysical Union. (b) Image of a blue jet at the moment of attach-
ment to the lower ionospheric boundary (Pasko et al., 2002a). Reprinted by permission from
Nature.
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Raizer, 1998, p. 212), is similar to the range of speeds, from 5x 10* m/s to
more than 2x 10% m/s, reported in (Pasko et al., 2002a). Although this type
of model cannot provide information on the velocity of streamer coronas, Fig-
ure 13 demonstrates a good agreement between model results and observations
in terms of the general volumetric shape of the blue jet.

1244 Modeling of Optical Emissions from Blue Jets and
Blue Starters

Blue jets and blue starters have been captured by black and white and color
video cameras, allowing for some important suggestions concerning optical
bands responsible for the observed blue color (Wescott et al., 1995). Evidence
from color TV suggesting that the blue light must have an ionized 1st negative
N;r component has been presented in (Wescott et al., 1998). The first conclu-
sive evidence of 427.8 nm (Ist negative N; ) emission in blue starters has been
recently reported in (Wescott et al., 2001). Wescott et al. (2001) also analyzed
color TV frames associated with blue starters and concluded that the combined
red and green channel intensity constituted 7% of the total blue channel inten-
sity.

The fractal model allows accurate determination of the macroscopic electric
fields in regions of space occupied by streamers. The results reported in (Pasko
and George, 2002) indicate that for a variety of input parameters these fields
are very close (within several %) to the minimum electric field required for
propagation of positive streamers in air, E.. This behavior is consistent with
earlier findings (Niemeyer et al., 1989; Pasko et al., 2000, 2001) and experi-
mental measurements of Petrov et al. (1994). We note, however, that the low
fields on the order of £ are generally not sufficient to excite any observable
optical emissions (Pasko and George, 2002).

The fractal model does not allow resolution of microscopic properties of
individual streamer channels constituting streamer coronas and therefore does
not allow resolution of the regions of space around streamer tips. It is known
that under a variety of conditions the electric field enhancements around
streamer tips reach values ~5 E}, (e.g., Dhali and Williams, 1987; Vitello et al.,
1994; Babaeva and Naidis, 1997; Kulikovsky, 1997; Pasko et al., 1998b),
where E), is the conventional breakdown threshold field discussed in Sec-
tion 12.2.3 and shown in Figure 1. This property of streamers is also valid
for positive streamers propagating in low ambient electric fields comparable to
E;;, (e.g., Grange et al., 1995; Morrow and Lowke, 1997), similar to the am-
bient conditions for propagation of streamer coronas considered in (Pasko and
George, 2002) and illustrated in the previous section. Our conclusion, there-
fore, is that the observed optical luminosity in blue jets and starters arises from
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large electric fields existing in narrow regions of space around tips of small-
scale corona streamers constituting them.

Figure 14 presents comparison of recent spectral observations reported by
Wescott et al. (2001) and the calculated ratio of the combined red and green
emissions to the total blue emission assuming the driving field to be 5 Ey, using
optical model formulation documented in (Pasko and George, 2002; Liu and
Pasko, 2004), and also accounting for the atmospheric transmission and aircraft
window corrections pertinent to experimental conditions of (Wescott et al.,
2001). The resultant ratio appears to be in good agreement with the recent
analysis of color TV frames associated with blue starters reported in (Wescott
etal., 2001), who concluded that the combined red and green channel intensity
constituted 7% of the total blue channel intensity.
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Figure 14.  Ratio of the combined red and green emissions to the total blue emission as a
function of altitude (Pasko and George, 2002). Reprinted by permission from American Geo-
physical Union.

12.5 Unsolved Problems

12.5.1 Relationship of Sprites and Jets to High Air
Pressure Leader Processes

Although the streamer-to-leader transition (e.g., Raizer, 1991, p. 363);
(Bazelyan and Raizer, 1998, p. 238), may be a part of the blue jet/starter and
even sprite phenomena, their branched appearance is suggestive that their ini-
tial formation is due mostly to the streamer coronas expanding from the leader
streamer zone at lower altitudes in case of blue jets, and from single electron
avalanches, or some other, yet unknown, initiation agents in case of sprites.
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The available imaging data reported recently in Wescott et al. (2001); Pasko
et al. (2002a); Su et al. (2003), and some earlier observations of lightning-like
phenomena at thundercloud tops reviewed recently in (Lyons et al., 2003a)
indicate that the streamer-to-leader transition may be occurring in the lower
parts of blue jets and at the later stages of their development (see also related
discussion in Pasko and George, 2002). The transition involves a collective
action of streamers leading to an increase in ambient gas temperature to several
1000s of °K sufficient for development of the thermal ionization (Raizer, 1991,
p- 365). In this respect we note that the understanding of ambient gas heating
processes initiated by streamers, embedded in originally cold (near room tem-
perature) air represent a long standing problem, which is of interest for studies
of long laboratory sparks and natural lightning discharges (e.g., Gallimberti
et al., 2002). As we have already discussed in Section 12.3.4, many of the
small-scale features observed in sprites at higher altitudes (e.g., Gerken and
Inan, 2003) can be interpreted in terms of corona streamers, which, after ap-
propriate scaling with air density, are fully analogous to those, which initiate
spark discharges in relatively short (several cm) gaps at near ground pressure
(Liu and Pasko, 2004, and references therein), and which constitute building
blocks of streamer zones of conventional lightning leaders in long gaps (Gal-
limberti et al., 2002). The recent reports of infrasound bursts originating from
60-80 km altitudes in sprites, with durations consistent with the optical widths
of the sprites (Farges et al., 2005), and recent modeling results indicating the
relative acceleration of the air heating with reduction of pressure discussed in
Section 12.2.2, provide additional motivation for studies of the heating of the
ambient air and associated chemical effects caused by streamers in transient
luminous events. The streamer-to-leader transition at low air pressures repre-
sents one of unsolved problems in current TLE research.

12.5.2 Initiation of Sprite Streamers in Low Applied
Fields

As it has already been briefly mentioned in Section 12.3.1, the initiation
mechanisms of sprites produced by lightning discharges associated with charge
moment changes as small as 120 C-km (Hu et al., 2002) are not understood at
present, and it is likely that details of the related physics are more compli-
cated than simple scaling of the breakdown and thundercloud fields shown in
Figure 6. In particular, Adachi et al. (2004) found that the number of sprite
columns in each sprite event was proportional to the peak current intensity of
positive cloud-to-ground lightning discharges (CGs) while the average verti-
cal length of columns was proportional to the charge moment of the causative
positive CGs. Recent studies of Gerken and Inan (2004) indicate that rela-
tively faint and diffuse sprites confined to small altitude range are associated
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with very high peak currents and short time duration of causative lightning
discharges. Ohkubo et al. (2005) reported association of sprites with clusters
of VLF radio atmospherics (sferics), similar to those observed previously in
association with subionospheric signal perturbations referred to as “early/fast”
VLF events (Johnson and Inan, 2000). These studies indicate a possible and
not yet fully understood role of the time characteristics of the lightning currents
in the initiation of sprites.

High speed imaging of sprites has captured their temporal development,
indicating that most sprites are initiated with a bright column or streamers
and followed by the upward and downward branching (Stanley et al., 1999;
Stenbaek-Nielsen et al., 2000; Gerken and Inan, 2003; Moudry et al., 2003).
On the other hand, sprite halos are observed typically preceding the occur-
rences of sprites (Barrington-Leigh et al., 2001; Wescott et al., 2001; Miyasato
etal., 2002, 2003; Moudry et al., 2003; Gerken and Inan, 2003). It has recently
been speculated that an enhancement of the electric field at the bottom of the
sprite halo may create favorable conditions for subsequent streamer breakdown
(Barrington-Leigh et al., 2001). The recent observations of early/fast VLF
events by Moore et al. (2003) provide additional evidence for the electron den-
sity disturbances associated with sprite halo events.

Other proposed approaches to initiation of sprite streamers in very weak
electric fields include localized inhomogeneities in the mesospheric medium
(Moudry et al., 2003), electromagnetic pulses from horizontal lightning dis-
charges forming localized peaks of electron density in the altitude range 75-
85 km (Cho and Rycroft, 2001), and external triggers such as meteors or mi-
crometeors (Suszcynsky et al., 1999; Wescott et al., 2001; Zabotin and Wright,
2001). We note that initiation of sprite streamers in low fields (£ < E},) requires
strong conductivity enhancements comparable to conductivity of streamers
themselves. At a typical sprite initiation altitude of 70 km the required elec-
tron density perturbations should be on the order of 105%cm~2 (see Figure 8c).
Cosmic rays contribute to the background ionization at these altitudes, how-
ever, the related electron densities are expected to be low even under condi-
tions of relativistic runaway phenomena (i.e., F>FE>FE}, Section 12.2.3) due
to prohibitively long avalanche distances [, of relativistic runaway electrons
at low pressures (i.e., at 70 km [,=50 mx(E;/FE)(N,/N)~370 km assuming
E/E;~2 (Gurevich and Zybin, 2001)).

12.5.3 Propagation of Sprite Streamers

The overall volumetric effects of sprites on the upper atmosphere can be
evaluated using two and three dimensional phenomenological fractal models
of streamer coronas (Pasko et al., 2000, 2001), and references therein (see Sec-
tion 12.3.3). In this type of models the minimum fields required for positive



290 SPRITES, ELVES AND INTENSE LIGHTNING DISCHARGES

and negative streamer advancement at various pressures are specified exter-
nally as input parameters. It should be emphasized that these fields have not
yet been determined at air pressures corresponding to sprite altitudes and the
existing models employ a highly simplified assumption by using the ground
level values scaled linearly with pressure (e.g., Pasko et al., 2000) (this as-
sumption, contradicts to a limited amount existing experimental data on the
subject, as will be discussed below). The determination of the minimum fields
needed for propagation of streamers at low pressures represents one of the im-
portant tasks of the current sprite research. The information about these fields
is needed for the correct evaluation of the total volume of atmosphere affected
by sprite phenomenon as well as for evaluation of the possible role of sprites
in establishing a direct path of electrical contact between the tropospheric and
mesospheric/lower ionospheric regions (see Pasko et al., 2001, for references
to relevant experimental data).

As it has already been discussed in Section 12.2.3 the minimum field re-
quired for the propagation of positive streamers in air at ground pressure (E.})
has been extensively documented experimentally and usually stays close to
the value 4.4 kV/cm (Allen and Ghaffar, 1995) which agrees well with recent
results of numerical simulations of positive streamers (Babaeva and Naidis,
1997; Morrow and Lowke, 1997). The information about the absolute value of
the similar field (£,,) for the negative streamers at present is very limited. The
existing sources indicate that this field is a factor of 2-3 times higher than the
corresponding field for the positive streamers (Raizer, 1991, p. 361; Babaeva
and Naidis, 1997).

The data on minimum fields required for propagation of streamers at pres-
sures lower than atmospheric are very limited in currently available literature
(e.g., Griffiths and Phelps, 1976; Aleksandrov and Bazelyan, 1996; Bazelyan
and Raizer, 1998, p. 216). Although from the streamer similarity laws one gen-
erally would expect the minimum fields required for streamer propagation to
scale with altitude proportionally to the air neutral density /N, the actual scal-
ing for the altitude range of sprites has not yet been verified experimentally. In
experiments reported in Griffiths and Phelps (1976) and Bazelyan and Raizer
(1998), p. 216, the measurements were performed for a set of relatively high
pressures corresponding to altitudes <12 km, and the E}. was found to drop
with altitude faster than /N. These deviations may be a manifestation of the
effects, which are able to destroy the streamer similarity at high pressures (i.e.,
possibly related to the neutral gas heating and the three-body electron attach-
ment) and which are not yet well understood at this time. On the other hand,
the data presented by different authors remain controversial, and some studies
of streamers indicate nearly linear scaling of E with pressure (Aleksandrov
and Bazelyan, 1996, and references cited therein).
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12.54 Branching of Sprite Streamers

The complex morphology of sprites is well documented in existing litera-
ture (e.g., Stenbaek-Nielsen et al., 2000; Gerken and Inan, 2003; Moudry et al.,
2003). Early video observations have revealed upward and downward branch-
ing structures in sprites (Sentman et al., 1996; Taylor and Clark, 1996; Stanley
et al., 1996; Fukunishi et al., 1996a). Complex time dynamics with upward and
downward propagating tree-like structures has also been reported during more
recent high-speed video observations of sprites (Stanley et al., 1999; Stenbaek-
Nielsen et al., 2000). The observed tree-like structures are likely to be related
to the branching property of individual streamer channels. The upward (nega-
tive streamers) and downward (positive streamers) branching has been clearly
seen in some of the sprites (Moudry et al., 2003; Gerken and Inan, 2003).

The branching phenomenon has received increasing attention in recent ex-
perimental and modeling studies of streamers at ground pressure (Popov, 2002;
Arrayas et al., 2002; Rocco et al., 2002; Yi and Williams, 2002; van Veld-
huizen and Rutgers, 2002; Ono and Oda, 2003; Akyuz et al., 2003; Hallac
et al., 2003; Arrayas and Ebert, 2004; Pancheshnyi et al., 2005; Briels et al.,
2005). Interest in these studies is largely motivated by numerous chemical ap-
plications of streamers, including treatment of large gas volumes for the pur-
poses of pollution control and ozone production (e.g., van Veldhuizen, 2000,
and references therein). The branching features of sprites (Gerken and Inan,
2003) and ground (van Veldhuizen and Rutgers, 2002) streamers are very sim-
ilar, although their spatial scales are different by several orders of magnitude
(i.e., decameter streamers in comparison with a fraction of millimeter ground
streamers, as discussed in Section 12.3.4 and illustrated in Figure 8).

Finding the exact physical factors, which define the transverse spatial scale
of a streamer, is a difficult task since simplified streamer models do not usu-
ally provide a characteristic spatial scale for the streamer radius (e.g., Raizer
and Simakov, 1998, Bazelyan and Raizer, 1998, p. 277; Kulikovsky, 2000,
and references cited therein). It has recently been demonstrated that nega-
tive streamers developing in high ambient fields, when no is pre-ionization
available ahead of the streamer, are reaching an unstable “ideal conductivity”
state with approximately equipotential and weakly curved head (Arrayas et al.,
2002; Rocco et al., 2002). It was proposed that this new state exhibits a Lapla-
cian instability, like that in viscous fingering, which leads to branching of the
streamer (Arrayas et al., 2002; Rocco et al., 2002). However, the authors also
pointed out that the branching of streamers does depend on the numerical dis-
cretization to certain degree. There still exists disagreement on whether the
branching of model streamers is a pseudo-branching and is a consequence of a
numerical instability (Pancheshnyi and Starikovskii, 2001, 2003), or correctly
reflects the real splitting physics of streamers.
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A limited set of modeling studies conducted by Liu and Pasko (2004)
indicate that the maximum radius of the expanding streamers is pre-
dominantly controlled by the combination of the absorption cross section
Xmin=3.5%x10"2 cm~'Torr~! of the molecular oxygen (O3) at 1025 A and
the partial pressure of Oy in air, po,, and streamers exhibit branching when
their radius becomes greater than 1/xminpo,. Model results indicate a lower
branching threshold radius for positive streamers in comparison with nega-
tive streamers, under otherwise identical ambient conditions. These results are
in good agreement with recent results of high-speed photography of labora-
tory streamers in near-atmospheric pressure No/O mixtures (Yi and Williams,
2002; van Veldhuizen and Rutgers, 2002; Ono and Oda, 2003) and similar mor-
phology documented during recent telescopic and high-speed video observa-
tions of sprites (Moudry et al., 2003; Gerken and Inan, 2003). The importance
of photoionization effects for the branching of streamers has also been noticed
in the recent numerical study of ground streamers by Hallac et al. (2003). Fol-
lowing arguments presented in (Liu and Pasko, 2004) we note that non-similar
reduction in photoelectron production at high pressures due to quenching of
UV emitting excited states of Ny is expected to lead to enhanced branching
activity and smaller transverse scales of streamers at high pressures. Such be-
havior indeed was noted in recent experiments (Pancheshnyi et al., 2005; Briels
et al., 2005).

The investigation of streamer splitting characteristics is still in the very pre-
liminary stage. Although some pre-branching features, such as extremely high
peak field and electron density in the head with a weak curvature, have been
commonly observed in recent studies by several authors (Arrayas et al., 2002;
Rocco et al., 2002; Liu and Pasko, 2004), the results on branching morphology
reported by different research groups remain highly controversial (Kulikovsky,
2000; Pancheshnyi and Starikovskii, 2001; Kulikovsky, 2001, 2002; Ebert and
Hundsdorfer, 2002; Hallac et al., 2003; Liu and Pasko, 2004). The documenta-
tion of exact branching conditions of positive and negative streamers in sprites
constitutes one of the important tasks of the current TLE research.

12.5.5 Thermal Runaway Electrons in Streamer Tips in
Sprites

As it has been already discussed in Section 12.3.4 the observed filamentary
structures in sprites (Gerken and Inan, 2003) have recently been interpreted in
terms of thin channels of ionization called streamers, which exhibit accelera-
tion, expansion and branching (Liu and Pasko, 2004). The expanding streamers
can reach a branching state for a wide range of applied electric fields and an
extremely high peak field can be generated in the streamer tip immediately pre-
ceding the branching (Liu and Pasko, 2004) (see also discussion on streamer
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branching in the previous section). The acceleration of electrons in tips of
highly overvolted streamers (Babich, 1982) has been proposed for interpre-
tation of X-ray radiation observed in experiments reported by Tarasova et al.
(1974). It has also been proposed that the high electric fields in streamer tips
can accelerate electrons to energies of several keV, initiating electron runaway
in relatively low ambient electric fields E~FE}, (Pasko et al., 1998b), and ref-
erences cited therein, where F. is the conventional breakdown threshold field
defined in Section 12.2.3. The peak charge moment changes of 3070 C-km (Hu
et al., 2002) and 5950 C-km (Cummer and Fiillekrug, 2001) corresponding to
E~23FE) and E~4.4E}, respectively, at 70 km altitude, may create favorable
conditions for the streamer tip runaway phenomena. It is known that X-ray
emissions produced by corona discharges in high voltage equipment can be a
serious personnel hazard (Roth, 1995, p. 256; Roth, 2001, pp. 48-49). The re-
cently reported X-ray emissions observed in association with natural lightning
stepped leaders and triggered lightning dart leaders (Moore et al., 2001; Dwyer
et al., 2003, 2004b, 2005) may be related to the enhancement of electric field
in the leader streamer zone (Dwyer et al., 2004a) leading to the generation of
runaway electrons in streamer tips. The quantitative calculation of fluxes of
thermal runaway electrons generated in streamer tips and evaluation of their
overall importance in conventional lightning as well as in sprite phenomenon
represents an example of another outstanding problem in sprite research. Since
streamers can represent a robust source of runaway electrons, the related stud-
ies may also be relevant to gamma ray flashes of terrestrial origin (e.g., Smith
et al., 2005), and references therein.
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