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Computer simulations on sprite initiation for realistic lightning models

with higher-frequency surges
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[1] Computer simulations on transient luminous emissions in the mesosphere and lower
ionosphere have been performed for realistic lightning modelings with fast-varying current
surges (M components) superimposed on the lightning continuing current (CC). The
algorithm used here is an electromagnetic (EM) code, which enables us to estimate
self-consistently the reduced electric field, electron density, conductivity, and luminosity
as a function of space and time by solving the Maxwell equations. It is found that M
components in the CC with small amplitudes, but with a fast-varying EM effect, can
initiate or enhance the occurrence of sprites. Even for a return stroke (RS) without CC,
subsequent high-frequency current variations (like M components) are found to lead to
dramatic changes in the sprite occurrence. The physics underlying these changes is
studied by means of, e.g., temporal and spatial variations of luminosity, electron density,
and conductivity. As the conclusion, the RS is a fundamental agency for spites, but
high-frequency variations as EM effects exhibit an additional essential influence on sprite
occurrence. These computational results are used to offer some useful ideas concerning the

unsolved problems of sprites and halos, including polarity asymmetry, long-delay

characteristics, and morphological shapes of sprites.

Citation: Asano, T., T. Suzuki, Y. Hiraki, E. Mareev, M. G. Cho, and M. Hayakawa (2009), Computer simulations on sprite initiation
for realistic lightning models with higher-frequency surges, J. Geophys. Res., 114, A02310, doi:10.1029/2008JA013651.

1. Introduction

[2] Transient luminous events (TLEs) are large-scale
optical phenomena occurring at stratospheric and meso-
spheric and lower ionospheric altitudes, which are directly
related to the electrical activity in underlying thunderstorms.
The most typical category of TLEs is red sprites, which
have been studied for over a decade [e.g., Fiillekrug et al.,
2006]. Results indicate that these sprites are excited mainly
by positive cloud-to-ground (CG) lightning discharges
[Lyons, 2006; Rycroft, 2006; Pasko, 2006; Williams et al.,
2007]. Despite a lot of extensive studies (as summarized by
Fiillekrug et al. [2006]), the following essential questions
associated with sprites are far from being well understood:
(1) polarity asymmetry of sprite-producing lightning [ Williams
et al., 2007], (2) presence of long delay of the occurrence of
sprites with respect to their parent lightning discharges
[Lyons, 2006], and (3) morphological characteristics or
difference of sprite shapes (carrot type, columniform etc.)
[Cho and Rycroft, 2001; Asano et al., 2008].
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[3] As regards the polarity asymmetry, Williams et al.
[2007] have mentioned that beginning with prescient cal-
culation by Wilson [1924], considerable evidence has accrued
that sprites represent dielectric breakdown in the meso-
sphere triggered by ground lightning flashes, and the
vertical charge moment is the key parameter in the initiation
of sprites. The initiation criterion envisioned by Wilson
[1924] is broadly consistent with recent sophisticated mod-
ern computations [Pasko et al., 1995; Cho and Rycroft,
1998]. So the initiation threshold is considered to be
independent of the polarity of ground lightning discharges.
However, most of sprites are caused by ground flashes with
positive polarity [e.g., Lyons, 2006]. As for the further
understanding of polarity effect, Williams et al. [2007] have
suggested an important role of another type of TLE; the so-
called “halo”, a quasi-uniform electrical breakdown in the
mesosphere. This halo is interpreted as arising from elec-
trostatic stress by lightning [Barrington-Leigh et al., 2001].
Bering et al. [2004] have recently found the occurrence of
numerous halos associated with negative CG lightning
discharges. This circumstance may produce a possible
explanation for the sprite polarity paradox, which is the
reason why Williams et al. [2007] have mentioned this halo
as the dark horse in the race to understand TLEs.

[4] The second question on the long delay of sprites
behind their parent lightning discharges has been extensively
investigated by several workers [Reising et al., 1996; Bell et
al., 1998; Cummer and Fiillekrug, 2001; Lyons, 2006; Hu et
al., 2007]. These authors suggested the important role of the
CC in the delayed sprites. Cummer and Fiillekrug [2001]
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indicated that long CCs are responsible for long-delayed
sprites, while Bell et al. [1998] conjectured that horizontal
currents between clouds are responsible for the charge
removal and ensuing mesospheric electric field increase
that generates long-delayed sprites. In spite of these spec-
ulations related to the CC, the details are poorly understood,;
for example, (1) in which way the CC is associated with
long delay of sprites (simply by increasing the total charge
transfer?) and (2) any microprocess in the CC might be
involved in the long delay of sprites etc.

[5] The third point is the morphological difference of
sprites. There have been already observed different shapes
of sprites, and two fundamental ones are carrot types
[Sentman and Wescott, 1995] and columniform structures
(or simply called columns) [e.g., Wescott et al., 1998]. Some
other structures have been further observed for winter
lightning in the Japan Sea side [Matsudo et al., 2007]. Fine
structures within these different kinds of sprite shapes, have
been interpreted in terms of the streamer developing model
[Liu and Pasko, 2004; Hayakawa et al., 2007b]. However,
the most fundamental question is what is the main factor in
determining the morphological shape of sprites (carrots or
columns) [Cho and Rycroft, 2001], which is poorly under-
stood and needs further theoretical and experimental stud-
ies. Also, is there any relation of this third point with the
previous point? That is, is there any relationship between
the sprite shape and sprite delay time?

[6] This paper intends to offer some hints on the above
mentioned unsolved issues by means of computer simula-
tions for more realistic lightning discharge current model.
Having in mind the present situation on the above men-
tioned three fundamental issues related to sprites, we have
to indicate our own position to this problem. In our paper by
Asano et al. [2008], we have assumed only a single return
stroke (RS) and studied the sprite occurrence (initiation) by
means of the EM code by solving the Maxwell’s equations.
By changing different parameters of a RS, we have obtained
one important point that the risetime of the RS is extremely
important in sprite initiation, indicating an essential role of
the EM effect in sprite initiation. Independently, Yashunin et
al. [2007] have suggested the high-frequency component
(like M components) so as to enhance the mesospheric
electric field to initiate a sprite. Then, we have considered,
for the first time, the coexistence of a RS and fast-varying
high-frequency surges (M components) in our EM computer
simulations. Finally, the computer simulation results for
much more realistic models of lightning discharges are
presented, which are extensively discussed in the context
of the above mentioned unsolved problems of sprites.

2. Polarity Independence of Sprite Initiation
by our Computer Simulations

[7]1 Williams et al. [2007] have summarized the observa-
tional (experimental) evidence on the polarity asymmetry of
sprite-producing lightning. As is already mentioned in
section 1, the initiation threshold of sprites is independent
of the polarity of the charge of the parent lightning flash.
The initiation criterion envisioned by Wilson [1924] is
found to be further supported by more sophisticated modern
computations by Pasko et al. [1995] on the basis of the ES
(electrostatic) code. We have further used the more general
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EM code (this includes the effects observed by ES code) for
the sprite problem for a single RS [A4sano et al., 2008] and
our first important conclusion of Asano et al. [2008] is the
confirmation of polarity independence in the sprite initiation
problem.

[8] Hence, on the basis of these computer simulation
results by means of both ES and EM codes, it might be
more reasonable for us to attribute the observational polarity
asymmetry of sprite-producing lightning as discussed by
Williams et al. [2007] to the essential differences in the
electrical characteristics of parent lightning flashes (positive
and negative), including (1) polarity asymmetry in vertical
charge moments, (2) impulsiveness of lightning flashes, and
(3) polarity asymmetry in the forcing of sprites and halos by
lightning, as suggested by Williams et al. [2007].

[0] In the next section, we will perform the computer
simulations with paying particular attention to different
types of positive lightning flashes as a generalization of
different lightning currents, and we study the temporal and
spatial behaviors of TLEs (sprites, halos etc.) in the meso-
sphere and lower ionosphere.

3. Classification of Elves, Halos, and Sprites
in the Computer Simulation Results

[10] First, we briefly review the model we used here. As
in the approach formulated by Pasko et al. [1995], the
lightning stroke downloads instantly the upper positive (or
lower negative) charge of a cloud, so that an electric dipole
that is excited prior to the stroke initiation turns into a
negative (or positive) monopole. This scheme is preserved
even with an account for CC and high-frequency variations.

[11] We use again the same EM code, the details of which
have already been described by Cho and Rycroft [1998] and
Asano et al. [2008]. Two-dimensional (axisymmetric) com-
puter simulation is adopted, and our code solves Maxwell’s
equations via the Finite Difference Time Domain (FDTD)
method. Hence, we treat all electric field components (static,
induction and radiation fields). Once the electric field is
known at a given grid point, the reduced electric field, E/N,
where N,, is the neutral density, is calculated. The electron
temperature, the ionization rate and the attachment rate are
expressed as a function of E/N,, on the basis of the electron
swarm data available. The rate equation for the electron
density is integrated with respect to time and the electrical
conductivity at each grid point is updated using the new
electron density and temperature. Finally, Maxwell’s equa-
tions are integrated in time to give the electric and magnetic
fields of the next time step. So that we can determine self-
consistently the temporal and spatial evolution of different
physical parameters in order to examine the optical
emissions and related phenomena; (1) reduced -electric
field (E/N, in V m?), (2) electrical conductivity (o) (in S/m),
(3) luminosity R (in Rayleigh) and (4) electron density
perturbation ANe (in m ) (as a difference from the
ambient profile).

[12] A few and essential improvements have been done
over our previous computation by Asano et al. [2008]. The
most important point is that we extend very much the
computational time from a few ms in the work by Asano
et al. [2008] to ~30 ms or even more in order to investigate
the long-time history. Being closely related to this elonga-
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An example of computer simulations on the reduced electric field of TLEs for a RS

(Q=+200C, 7=25 us, and ds = 10 km). Regions of sprites and elves are defined. Also, the region of sprites
is further classified into (1) a halo region, (2) a diffuse region, and (3) a sprite region (carrots, columns, etc.)

as a function of height.

tion of computer time, we have adopted Mur’s second-order
scheme as the absorbing boundaries unlike the previous
Mur’s first-order scheme as in the work by Asano et al.
[2008]. Because the computer region is also extended up to
the radius of 300 km in this paper, we need to avoid the
spurious effect due to unwanted reflected waves. The grid
sizes, are Ar and Az = 1 km (r: radial and z: vertical) just as
before.

[13] As in the work by Asano et al. [2008], a RS current
is expressed as follows.

11/t
1= 0,0) = 0~ (=) exp(~(t/1)"”)
In this expression, the whole waveform is determined only
by the two parameters Q (charge transfer) and 7 (risetime).
The peak current Ipeak =1(z= 0, t=47) is observed at t =47,
which can be also considered as the definition of 7.

[14] Figure 1 illustrates an example of our computer
simulations on the reduced electric field (E/N,) at 0.4 ms
after the onset of a single RS with Q (charge transfer) =
+200C, 7 (risetime) = 25 us, ds (charge height) = 10km and
the charge radius = 50 km as in the work by Asano et al.
[2008]. On the basis of the early observations [e.g., Lyons,
2006], the spatial extent of sprites is known to be within a
radius of 50 km from the overhead of their parent lightning,
while elves extend up to a radius longer than 50 km which
is now concluded to originate from EM radiation field of
lightning flashes [Nickolaenko and Hayakawa, 1995; Inan
et al., 1996]. So, we define the region with radius smaller
than 50 km as the sprite region, while the outer region is
defined as the elve region [Fukunishi et al., 1996]. The
sprite region is furthermore divided observationally and
theoretically into a few regions [Lyons, 2006; Pasko,
2006]: (1) a halo region as a layer of optical emissions

above the altitude of ~85 km [Barrington-Leigh et al.,
2001; Bering et al., 2004], (2) a region with diffuse optical
emissions in a height of 75~85 km (we call it diffuse region
[Pasko and Stenbaek-Nielsen, 2002]), and (3) a sprite region
with carrots, columns or so on below about 75 km.

4. Computer Simulations on the Realistic
Lightning Modelings Simulating Positive
and Negative Lightning Flashes

[15] Our latest paper [Asano et al., 2008] has indicated
that charge transfer (Q) and the height where the charge is
removed (ds) of a RS are key parameters in initiating
sprites, which is consistent with the former ES code
simulation by Pasko et al. [1995]. An additional important
finding only by the use of EM code is the important effect
of risetime (7) of a RS. When we suppose only a single RS,
its smaller 7 is much more effective in initiating a sprite.
This theoretical conclusion seems to be inconsistent with
the larger risetimes associated with positive ground flashes
with CC [Lyons, 2006; Rycroft, 2006]. So that, in order to
dissolve this inconsistency, we have suggested an important
role of fast-varying components (like M components) super-
imposed on a RS. At the same time, Yashunin et al. [2007]
have indicated an important additional role of M compo-
nents to enhance the mesospheric electric field by means of
an analytical analysis of only electric field for a combination
of a RS and radiation field.

4.1. Computer Simulations for a Single RS

[16] Before going into the complicated lightning config-
uration, we will summarize our previous computer simu-
lations for the simplest case of a single RS [Asano et al.,
2008]. We have concluded that there is no polarity asym-
metry in the initiation of sprites and that three parameters of
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Figure 2. Three cases of our computations, case 1 to case 3. Cases 1 and 2 are the situations in which
pseudo M components followed the RS, but the succession manner of pseudo M components is different.
The electrical parameters of a RS are Q = +100C, 7 =25 us, and ds = 10 km, while those of each pseudo
M component are Qy = +10C, 7y = 25 us, and dsy; = 10 km. Case 3 simulates the situation with a long
CC (Q =+100C, ds = 10 km, but 7 = 100 ps) and with a series of M components (the parameters for M
components are the same as before). The boxes in each case indicate the observational times when the
computational results are illustrated in Figures 3, 6, and 7.
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a RS (that is, Q, ds and 7) are both important in the sprite
initiation. When Qds > 400 C km and 7 is small enough of
the order of a few tens us, there is observed a rather narrow
width region just above the underlying lightning (r~0)
where the reduced electric field intensity is strong enough
for the dielectric breakdown [Asano et al., 2008]. This
might be a very possible candidate for generating a simple
sprite structure (or columniform sprite) just at r~0 for a
lightning discharge without any CC.

4.2. Computer Simulations for More Realistic
Lightning Models

[17] When we have a larger risetime (7) for a positive RS
as in the previous lightning waveform, it is likely to have an
associated long tail, just like a CC. Higher-frequency surges
(M components) are likely to be superimposed on such
CCs [e.g., Rakov and Uman, 2003]. The mechanism of M
components is not well understood, but probably as mani-
festation of processes of unknown nature, e.g., branching
inside the could [Kifagawa et al., 1962]. Almost all of the
literature on M components is based on negative lightning
discharges (triggered and natural) [Rakov et al., 1992;
Fisher et al., 1993; Thottappillil et al., 1990, 1995; Campos
et al., 2007], and it seems that there are no papers on the
characteristics of M components for the positive lightning.
So that, there must be some uncertainties in modeling these
M components in the positive lightning discharge. Accord-
ing to a recent work by Ballarotti et al. [2005], 28% of the
negative strokes are followed by some kind of CCs (long
(>40 ms), short (10—40 ms) or very short (<10 ms)). But,
there have been scarce information on the M components
for positive lightning discharges. Of course, it seems likely
that this percentage would be significantly higher than that
of negative discharges by Ballarotti et al. [2005]. A recent
paper by Campos et al. [2007] has summarized other
properties of M components for negative natural lightning,
including CC waveform, the time of an M component
behind a parent RS, the duration of M components, the
interval of successive components etc. Again we do not
know whether these characteristics apply for the positive
lightning as well, but in our modeling we have to reply on
the information in the paper by Campos et al. [2007] even
though these are the results for negative lightning.

[18] Figure 2 summarizes our lightning current models
studied in this paper, which combine a RS and a few M
pulses. Three cases are treated (case 1 to case 3). The last
case of case 3 well represents the situation most likely
reflecting the positive lightning case with M components.
As is seen for case 3 in Figure 2, we have the following
electrical properties of an RS and M components. For the
RS, Q =+100C, ds = 10 km and 7 = 100us, which results in
the lightning current waveform in Figure 2 with the pres-
ence of CC. This general current waveform seems to be well
supported by the recent paper by Campos et al. [2007] for
negative lightning, because they have found that the two
type of CC (more or less exponential decay and low
intensity plateau) constitute 60% of the combinations of
RS and CC. As regards the M components, we have always
adopted the following values for the electrical parameters:
™ = 25us, Qum = +10C (one tenth of that of the RS),
dsy = 10km. Since most of the literature shows M compo-
nent risetime to be hundreds of pusec [e.g., Rakov and Uman,
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2003], we have changed 7 in a wide range of 25 pus,
100 ps and 200 us, After having confirmed that the similar
results are obtained, we present only the results for 7y =
25 ps. Cases 1 and 2 indicate the RSs without any CC, but
by performing quantitative estimation of high-frequency
surges, we want to suggest that the presence of higher-
frequency surges (like M components) exhibits significant
influence on the initiation of sprites. Though these two cases
(cases 1 and 2) might be unrealistic for the actual lightning.
M components are defined as the high-frequency surges
only present during the CC phase, so that we use the
terminology of pseudo M components as the higher-
frequency surges in cases 1 and 2. The electrical parameters
of the RS are the same as follows in cases 1 and 2. The
electrical parameters of the RS are fixed as follows in cases
1 and 2: Q =+100C, ds = 10 km and 7 =25 ps. Ten km for
ds seems to be the extreme bound of likely size ranges, and
much smaller values are expected for winter lightning
[Hayakawa et al., 2004, 2005, 2007a; Asano et al., 2008].
The characteristics of pseudo M components are chosen in
an analogy to those of M components described above.
Actually few workers have recently noticed significance of
higher-frequency components in association with sprite
occurrences or sprite morphology [Ohkubo et al., 2005;
van der Velde et al., 2006; Suzuki et al., 2006; Matsudo et
al., 2007].
4.2.1. Results for Case 1

[19] As is shown in case 1 of Figure 2, three high-
frequency components (pseudo M components) are supposed
to take place regularly with the same time internal of 4 ms.
Figure 3 illustrates a series of the computational results for
the luminosity (approximately corresponding to the reduced
electric field (E/N,)) at several observation times denoted by
boxes in Figure 2 (case 1) (time t is counted from the onset of
a RS), and we use t = 0.6 ms (just after the RS), t = 5.5 ms
(after the onset of first pseudo M component), t = 9.5 ms
(after the occurrence of 2nd pseudo M component) and t =
13.0 and 13.5 ms (at two successive times after 3rd pseudo
M component). Each image covers the radius up to 50 km
and height range 60 to 110 km, in order to investigate the
spatial structure of optical emissions as well. You will be
surprised with dramatic changes in the images of luminosity
(or reduced electric field, E/N,) in Figure 3 as significant
consequences of having the fast variations. White parts in
Figure 3 indicate that the luminosity exceeds the upper
bound of the color code. Let us look at the series of pictures
in Figure 3. Att= 0.6 ms just after the RS onset, we find a
rather faint and diffuse layered optical emission in the height
range 80—90 km, which can be defined as a “halo”. This
kind of halos is found to appear 0.6—1.0. ms after the largest
current peak of the RS and to last only for ~ 1 ms. As the
time goes, this halo goes down and its brightness also
reduces. As is shown by Asano et al. [2008], when t =
1.3~2.0 ms, we can observe a sprite only just above the
underlying lightning at r?0 (this is not clearly seen in
Figure 3a for t = 0.6 ms). When there is only the RS, these
phenomena would just relax. During this relaxation phase
we introduce a pseudo M pulse, which results in the
enhancement (clearly seen just along the r = 0 axis in
Figure 3b) of the sprite (h = 70—80 km) just above the
lightning and also to have excited a faint, diffuse emission
in the height of 80—85 km. Four ms after the 1st pseudo
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Figure 3. Computational results on the spatial distribution of luminosity for case 1 at different
observation times (indicated by boxes given in Figure 2). Regular occurrence of pseudo M components is
every 4 ms.
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Figure 4. The temporal evolution of ANe (m ) for case 1 at different observation times (0.0, 2.0, 4.0,
6.0, 8.0, and 13.5 ms after the RS onset). ANe is change in electron density with respect to the assumed

ambient profile.

M component we assume a 2nd pseudo M component, and
1.5 ms after the onset of 2nd pseudo M component (t =
9.5 ms) we find a clear enhancement of the sprite lasting
from t = 5.5 ms just above the lightning and also an
enhancement in brightness of the diffuse part. The preexist-
ing sprite just above the lightning is seen to be enhanced

and extended in height range at t = 13.0 and 13.5 ms (as
seen in Figures 3d and 3e). Further, we notice a conspicuous
enhancement in the optical emissions in the height range of
70—85 km and also in a wide radial distance up to 30 km.
The lower boundary of possible sprite region at t = 13.0 ms
in a radial distance from 10 to 30 km, seems to be increasing
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Figure 5. The same as Figure 4 but for conductivity (log o(S/m)). The conductivity o is expressed by

10%, and this power index («) is plotted in color.

in height, as the apparent consequence of significant effect of
EM (radiation) field as analytically suggested by Yashunin
et al. [2007]. The time t = 13.0 ms (Figure 3d) is one ms
later than the onset of 3rd pseudo M component, so that we
see again the halo region in the upper altitude (85—95 km).

[20] To better understand the phenomena observed in
Figure 3; that is, to study the fundamental physical process-
es underlying in the optical phenomena in Figure 3, we have
presented the temporal behaviors of two relevant plasma
parameters (ANe (change in background electron density;
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difference from the assumed background electron density
profile) (in m ) and conductivity o (in S/m)) for case 1
(corresponding to Figure 3) in Figures 4 and 5. In Figures 4
and 5 the observation times are a little different from those
in Figure 3 (t = 0.0, 2.0, 4.0, 6.0, 8.0 and 13.5 ms). In
Figure 5, the conductivity o (z, r) is plotted in color in a
logarithmic scale (10%), and this power index («) is illus-
trated. While, ANe is positive when the electron density is
increasing with respect to the background value, while ANe
is negative for decreasing the electron density with respect
to the background. We compare corresponding observation
times in Figures 4 and 5. At t = 2.0 ms, the electron density
is seen to be decreased. This is due to the fact that even
though the quasi-electrostatic (QE) field is generated by a
RS, the value of E/N, does not exceed the breakdown
threshold. Because when E/N, is not above the threshold,
the electron attachment is exceeding the ionization. The
conductivity o is found to exhibit the same behavior, a
decrease just as the case of ANe because E/N, does not
exceed the threshold. Especially, above the altitude of 65 km,
the conductivity ¢ is dominated by the effect of electron
density, so that both of the conductivity and electron density
decrease. At the times of t = 4.0 ms (when we had the 1st
pseudo M component), t = 6.0 ms and t = 8.0 ms (when we
had the 2nd pseudo M component), the E/N,, is enhanced so
as to exceed the threshold, so that we expect an increase in
electron density. This is because the ionization becomes
dominated over the electron attachment. In the regions
where the E/N,, exceeds the threshold, the conductivity is
enhanced because of the enhanced electron density. While,
in the regions where the E/N,, is below the threshold, the
electron density is decreased, and the conductivity remains
low. At t = 13.5 ms (after the 3rd pseudo M component at
t = 12.0 ms), we find different regions with high E/N,, in a
wide spatial range, probably because of the EM effect of
successive occurrence of pseudo M components. The increase
in electron density is found to have a significant influence
on the conductivity when E/N,, exceeds the threshold. When
the conductivity is high, the rate of increase in electron
density is also large, but the rate of subsequent decrease in
density is also large. While, if the conductivity is lower
when E/N,, exceeds the threshold, then we expect slower
increase in density and also slower subsequent decrease in
density. These behaviors might have resulted in extremely
complicated spatial distributions.
4.2.2. Results for Case 2

[21] Figure 6 shows the computational result for case 2,
and four observation times are studied (t = 9.5, 11.0, 11.5,
and 13.5 ms). Especially, we concentrate on the effect of
closely spaced (separated in time only by 2 ms, unlike 4 ms
in case 1) pseudo M components in this case. Figure 6a
for t =9.5 ms is nearly the same as the situation of Figure 3c.
At t = 11.0 ms, 1 ms after the onset of 3rd pseudo M
component (Figure 6b), a few points are clearly recognized
because of close occurrence of the pseudo M components.
First, the sprite luminosity just above the lightning (i.e.,
very close to r ~ 0) is found to be extremely enhanced and
extended in height. Because the observation time (t =
11.0 ms) is 1 ms after the 3rd pseudo M component, we can
observe a clear layered halo with radial extension of 40 km
or so. Then, the most significant effect is a dramatic
enhancement in the reduced electric field (or optical emis-
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sion) below 80 km and enrichment in complexity of its
structures. At later observation times of t = 11.5 ms
(Figure 6¢) and t = 13.5 ms (Figure 6d), the phenomena
exhibit just relaxation.

4.2.3. Results for Case 3

[22] The risetime of the RS in this case is taken as 7 =
100 us, so that this RS seems to be representing well a long
CC, corresponding to the observed CC by Campos et al.
[2007] (more or less exponential or low-intensity plateau in
their definition). A few conventional M components are
assumed to take place during the CC stage. The repetition
period of M components is assumed to be 4 ms, which is a
little bit smaller than the average value by Campos et al.
[2007], but is not so unrealistic. Also, the duration of M
components in our model appears to be a typical value (a
few ms) obtained by Campos et al. [2007]. Figure 7 is the
corresponding computational result. At t=0.6 ms (Figure 7a)
we can notice a halo, but a very weak one because of a large
T effect as it was already found by Asano et al. [2008]. As
compared with case 1, the luminosity of halo in Figure 7 is
extremely weak. At the observation times of t = 5.5 ms
(Figure 7b) and t = 9.5 ms (Figure 7c) (each 1.5 ms after the
Ist and 2nd M components, respectively) we notice no
significant changes in halo, except an appearance of a sprite
just above the lightning (r ~ 0) as the accumulated conse-
quence of a few M components (definitely the QE field). A
third M component is found to have significant effects on
the images in Figure 7d; (1) enhancement of the sprite just
above the lightning, (2) an additional region for sprites in
the height from 75 to 82 km and with a radius of ~25 km,
and (3) a halo, a layered structure in the height of 80—85 km,
seen as a background of the former sprite region.

[23] The underlying physics can be studied by plotting
the similar graphs on electron density change, conductivity
etc. as in Figures 4 and 5 for case 1. Though we have the
results, we will not show them because we can understand
the physics easily in analogy to Figures 4 and 5 for case 1.

5. Summary of EM Code Computational Results
and Some Hints on the Unsolved Sprite Problems

[24] The EM code in this paper [4sano et al., 2008] can
be used to study both the QE and lightning radiation (or
EM) field in the sprite problem, and actually Asano et al.
[2008] have found that both of these two fields are equally
important in the sprite problem, by suggesting an additional
importance of a fast-varying effect (small 7 values) to the
QE field. Of course, it is already widely accepted that EM
field of lightning is the source of elves [e.g., Nickolaenko
and Hayakawa, 1995; Inan et al., 1996].

[25] Another point of view of our present computational
study is based on the hypothesis that the unsolved three
important issues on sprites and halos in section 1, are related
to the asymmetrical nature of the forcing of TLEs by
positive and negative flashes. So the present paper has
presented the 1st attempt of TLEs using a much more
realistic lightning modeling than the previous works based
on only a simple and single RS [Pasko et al., 1995; Cho and
Rycroft, 1998; Asano et al., 2008].

[26] We have introduced fast-varying higher-frequency
components (like M (or pseudo M) components) super-
imposed on the single RS waveform. This assumption is
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Figure 6. The same as Figure 3 but for case 2.

based on the recent few papers by Hiraki and Fukunishi
[2006], Yashunin et al. [2007] and Asano et al. [2008].
Hiraki and Fukunishi [2006] have studied the occurrence
criteria of sprites (and halos) in terms of major lightning
parameters (charge moment and discharge time scale) even
on the basis of ES code, and pointed out that sprites can be
initiated by an impulsive current during the M component
stage. In the latter paper by Asano et al. [2008] we have
found that the risetime (7) of the RS is also very important
in addition to the important values of charge transfer (Q)
and charge height (ds). That is, small 7 values are favorable
for initiation of sprites, which have led them to consider that
fast-varying or high-frequency components might play an
essential role in the sprite initiation. Independently, Yashunin
et al. [2007] have suggested an important role of EM field
of M components in the sprite initiation by means of their
analytical analysis.

[27] On the basis of our results for three cases, case 1 to
case 3, we can summarize new and interesting inferences
here. It is quite uncertain which case among the three
studied (cases 1 to 3) represents very well a real positive
lightning. However, case 3, in which there is a combination
of a RS and its CC, seems to be a typical case for positive
lightning, which is supported by some observational results

[Reising et al., 1996; Bell et al., 1998; Cummer and
Fiillekrug, 2001]. Conventional M components (or pulses)
are superimposed on the CC in case 3, as is actually
observed by Campos et al. [2007] for negative CGs. Cases
1 and 2 correspond to the situation when there is an isolated
RS without any CC, but even in this situation there may
happen some high-frequency current variations (named
pseudo M components in this paper) as a generalization of
conventional M components. These two cases are used to
indicate that such a high-frequency current variation during
the relaxation phase of the RS might play an important role
in the sprite problem. These information would be of
extreme importance for the general sprite problems. Spatial
extent (height and radial extension) observed of optical
emissions will also be used to offer some hints to the
morphological features of sprites (3rd unsolved problem).
Though, of course, we imagine that there is uncertainty
whether the spatial scale of optical emission is the only
parameter in determining the morphological shapes (carrot;
column etc.), we believe that it has an important and definite
information on the sprite morphology to some extent. We
will summarize below what we have obtained from our
computer simulations.
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Figure 7. The same as Figure 3 but for case 3, which seems to be a typical case for positive lightning
with CC.
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5.1. Key Parameters (Qyg, 7, dsyy) for a Single
M Component

[28] Whenever only one M (pseudo M) component hap-
pens after a RS, we have found that the charge transfer (Qy)
(though this is much smaller than Q of the RS) and charge
height (dsy;) (assumed to be the same as the RS (dsy; = ds))
are equally important just as those of the RS. When either
Qum or dsy is small (just like the case of Japanese winter
sprites [e.g., Hobara et al., 2001, 2006; Hayakawa et al.,
2004, 2005; Suzuki et al., 2006]), the optical emission
occupies a small region and its luminosity is low. Any
significant difference is not expected in the effect of an M
component occurring at any time after the RS so long as its
occurrence time is within the relaxation time of the meso-
sphere (~100 ms).

5.2. Parameters of a Multiple of M (or Pseudo M)
Components

[29] For a more frequent occurrence of M (or pseudo M)
components, we have found that their effect would be more
significant in the following way. With higher occurrence
frequency, the diffuse region in Figure 1 is found to exhibit
dramatic changes in such a way that the region with higher
optical emissions expands very much radially, leading to the
appearance of high-luminosity optical emissions The spatial
distributions of E/N, and luminosity, are found to exhibit a
rather complicated structure inside the region, as a definite
consequence of a combined effect of QE and EM fields (as
suggested by Yashunin et al. [2007]). As inferred from these
complicated structures, it is highly likely to expect rather
complicated structures like big carrots, hair or so. But, the
duration of the optical emissions is short, of the order of
~1 ms. On the other hand, the situation seems to be
considerably different in the lower-altitude carrot column
region in Figure 1. However, there is one effect of elongation
of the region with higher intensity for the higher occurrence
of M (or pseudo M) components, leading to the consequent
enhancement in sprite duration. The sprite shapes would be
carrots [Sentman and Wescott, 1995], V-shaped [Matsudo et
al., 2007], or so.

[30] Next we go to the effect of repetition period of M
(pseudo M) components. A shorter repetition period of
successive M (or pseudo M) components is found to have
the similar influence as the higher occurrence frequency of
M (or pseudo M) components.

5.3. Timing of the Occurrence of a M (or Pseudo M)
Component

[31] When we have a single RS with sufficient Q and ds
(e.g., Qdsz 1000 C km), the computation simulations by
Asano et al. [2008] have indicated that a sprite is expected
only 1.5~2.0 ms after the onset of a RS. However, the
observational facts on the delay by Lyons [2006] have
suggested that the average delay is of the order of 10 ms,
and sometimes 50—100 ms. In this paper, we have found
that a small amplitude, but fast-varying (enhanced EM
radiation effect) M (pseudo M) component has increased
the probability of sprite initiation. These M components are
likely to be very universal for positive lightning flashes with
CC, and case 3 in our paper seems to indicate this situation.
The statistics of M components with respect to their parent
RSs indicate the similar values as used in this paper;
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average delay etc. [Campos et al., 2007] though for negative
lightning. As the conclusion of these considerations, the
delayed effect of sprite occurrence can be satisfactorily
explained in terms of the above lightning modeling with
M components. Column-like simple shapes of sprites are
found to take place 1 -2 ms just after a single RS, so that we
can suggest smaller delay time for column sprites, but much
larger time delays for complicated or spectacular structures
(carrots or so) because of possible involvement of M
components.

[32] By making full use of the computer simulation
results obtained above, we address to the three unsolved
fundamental issues related to sprites. First of all, we discuss
the second issue of long-delay sprites. As is summarized
above as the Point (3), the occurrence of M components in
the CC is of essential importance in triggering a sprite as in
case 3. So, when a RS is strong enough to have a sufficient
Qds, there will be a sprite with small delay. But, when a RS
is not so strong enough, but not so weak, the occurrence
characteristics of M components seem to control the delay
of a sprite. Even without a CC as in cases 1 and 2, the high-
frequency variation (called pseudo M components here, but
a generalization of higher-frequency, fast-varying compo-
nents in the lightning current) plays a significant role in
sprite initiation. Any delay of sprites is feasible, just
depending on the occurrence of high-frequency variations.

[33] Next the first issue of polarity asymmetry of sprites is
discussed. As is mentioned in Section 2, the condition of
initiation of sprites with all the electrical parameters (Q, ds, 7)
being the same for both polarity, our computer simulation
indicates no polarity asymmetry in sprite initiation. The key
for this problem would be the fact that positive lightning
over the land is absolutely much more frequent than
negative lightning (the ratio being about 9:1) when speci-
fying the condition of exceeding 500C km, as already
indicated by Williams et al. [2007]. Also, as is found in
terms of more enhanced impulsiveness of current moment
spectra for negative lightning by Williams et al. [2007], it is
likely that negative lightning tends to have only a RS
without any CC, unlike the positive lightning. So that, it
is highly required for a single negative RS itself to have
sufficient Qds for sprite initiation, while the CC contributes
to the increase in total charge transfer for positive lightning
case. We have found the important role of high-frequency
surges after the RS in sprite initiation, which cannot be
easily detected by ELF measurement, but can be detected by
higher-frequency observation [Suzuki et al., 2006; Matsudo
et al., 2007]. It is feasible that there might be additionally a
difference in the characteristics of high-frequency current
surges between + and — CGs. These together would be a
possible reason for the polarity asymmetry.

[34] We here further comment on the usefulness of Qds
(charge moment changes) as observed by ELF waves [e.g.,
Williams et al., 2007]. When we have a single RS and a
sprite, the observed Qds by means of the ELF method surely
provides us with the exact information on the lightning.
However, when we have a few M components and a sprite,
the situation is significantly changed. Because the ELF data
would provide only the lower-frequency information on
Qds, we have the following scenario. The charge transfer
by an M component is not so large as that by a RS, but
we have to understand a significant contribution of total
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M components to the estimation of Qds. That is, the Qds
deduced by ELF data does not seem to reflect the actual
situation. The higher-frequency effect of M components is
of essential importance in the initiation of sprites, which
suggests a combined use of ELF and high-frequency infor-
mation of lightning discharges [e.g., Matsudo et al., 2007].
In future we are obliged to think that Qds values by ELF
method are not so serious a parameter as before, but we can
say that it still keeps its importance to some extent.

[35] In our previous paper by Asano et al. [2008], we
have presented the following threshold criterion by Hiraki
and Fukunishi [2006].

(Ids)(Qds) = 1.6 x 10(A km)(C km)

This condition is based on the assumption that a single RS is
able to excite a sprite. This concept can be generalized to
above cases with including M (or pseudo M) components.
The 2nd factor in the above equation (we name it “sprite
factor” in the work by Asano et al. [2008], suggesting the
effect of QE field and CC), while the st factor (we call it
“elve factor” in the work by Asano et al. [2008]) refers to
the EM effect. The QE effect acts as a seed (or embryo) to
prepare the upper environment to be ready for sprites, and
the elve factor (fast variations like M components) act as a
trigger of sprites. In this case, the threshold value on the
right hand side of the above equation seems to have no
serious significance. Former studies on the lowest threshold
of Qds have suggested the value of ~200-300 C km
[Huang et al., 1999; Hu et al., 2002; Cummer and Lyons,
2005] and 600 C km [Lyons et al., 2003] for summer sprites
in the U.S.. While, Japanese results for winter sprites
indicate ~200—-300 C km [Hobara et al., 2001; Hayakawa
et al., 2004, 2007a]. As was noted before, the Qds values
found by using ELF methods do not always reflect the
reality, especially when the (pseudo M) pulses occur. Even
so, those observed lowest thresholds seem to be signifi-
cantly far below either one of any thresholds (conventional
breakdown, positive and negative streamer [Pasko, 2006])
for a single lightning. Taking into account these all, we will
be again led to an idea that M components play an important
role in the sprite problem.

[36] We here discuss the last problem of sprite shapes
(morphology). Much finer structures with the order of less
than 0.1 km, like streamer propagation [Liu and Pasko,
2004; Hayakawa et al., 2007b], are beyond the scope of the
present computer simulation. Our spatial computational
results as shown in Figures 3—6 with the spatial resolution
of 1 km, would provide us with a lot of information on the
sprite shape (carrot, column or complicated ones). The
spatial size of the higher electric field, is surely indicative
of higher possibility of more complicated or spectacular
structures. The last topic related with this morphological
characteristics of sprites, is the presence of lateral displace-
ment of sprites with respect to a parent lightning. Lyons
[1996, 2006] summarized that the position of a sprite is
distributed within a radius of about 50 km from a parent
lightning, which we will try to interpret this. As is seen from
Figures 3, 4, and 5 for case 1, Figure 6 for case 2 and Figure 7
for case 3, there seems to exist a certain region with the most
enhanced electric field at a lateral distance of r = 10—20 km
from the parent lightning. This oblique phenomenon is
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apparent to be a combined effect of the QE field and EM
radiation field, which has been analytically suggested by
Yashunin et al. [2007]. This oblique effect as obtained in this
paper would give us a theoretical support to the earlier
observational evidence of lateral displacement being up to
~50 km [Lyons, 1996].

[37] Finally, the present computer simulations have pro-
vided us with some useful information on the relationship
between sprite shapes and delay of a sprite behind its parent
CG, though there have been published very few reports on
this particular subject.

[38] Acknowledgments. The authors would like to express their
sincere thanks to NiCT (R&D promotion scheme funding international
joint research) for its support.

[39] Zuyin Pu thanks Alexander Nickolaenko and another reviewer for
their assistance in evaluating this paper.

References

Asano, T., M. Hayakawa, M. Cho, and T. Suzuki (2008), Computer simula-
tions on the initiation and morphological difference of Japan winter and
summer sprites, J. Geophys. Res., 113, A02308, doi:10.1029/
2007JA012528.

Ballarotti, M. G., M. M. F. Saba, and O. Pinto Jr. (2005), High-speed
camera observations of negative ground flashes on a millisecond-scale,
Geophys. Res. Lett., 32, 1.23802, doi:10.1029/2005GL023889.

Barrington-Leigh, C. P., U. S. Inan, and M. Stanley (2001), Identification of
sprites and elves with intensified video and broadband array photometry,
J. Geophys. Res., 106, 1741—1750, doi:10.1029/2000JA000073.

Bell, T. F., S. C. Reising, and U. S. Inan (1998), Intense continuing currents
following positive cloud-to-ground lightning associated with red sprites,
Geophys. Res. Lett., 25, 12851288, doi:10.1029/98GL00734.

Bering, E. A., III, J.R. Benbrook, L. Bhusal, J. A. Garrett, A. M. Paredes,
E. M. Wescott, D. R. Moudry, D. D. Sentman, H. C. Stenbaek-Nielsen,
and W. A. Lyons (2004), Observations of transient luminous events
(TLEs) associated with negative cloud to ground (—CG) lightning
strokes, Geophys. Res. Lett., 31, L05104, doi:10.1029/2003GL018659.

Campos, L. Z. S., M. M. F. Saba, O. Pinto Jr., and M. G. Ballarotti (2007),
Waveshapes of continuing currents and properties of M-components in
natural negative cloud-to-ground lightning from high-speed video obser-
vations, Atmos. Res., 84, 302—310, doi:10.1016/j.atmosres.2006.09.002.

Cho, M., and M. J. Rycroft (1998), Computer simulation of the electric field
structure and optical emission from cloud-top to the ionosphere, J. Atmos.
Sol. Terr. Phys., 60, 871 —888.

Cho, M., and M. J. Rycroft (2001), Non-uniform ionization of the upper
atmosphere due to the electromagnetic pulse from a horizontal lightning
discharge, J. Atmos. Sol. Terr. Phys., 63, 559—580, doi:10.1016/S1364-
6826(00)00235-2.

Cummer, S. A., and M. Fiillekrug (2001), Unusually intense continuing
current in lightning produces delayed mesospheric breakdown, Geophys.
Res. Lett., 28, 495—498, doi:10.1029/2000GL012214.

Cummer, S. A., and W. A. Lyons (2005), Implications of lightning charge
moment changes for sprite initiation, J. Geophys. Res., 110, A04304,
doi:10.1029/2004JA010812.

Fisher, R. J., G. H. Schnetzer, R. Thottappillil, V. A. Rakov, M. A. Uman,
and J. D. Goldberg (1993), Parameters of triggered-lightning flashes in
Florida and Alabama, J. Geophys. Res., 98, 22,887—-22,902, doi:10.1029/
93JD02293.

Fukunishi, H., Y. Takahashi, M. Kubota, K. Sakanoi, U. S. Inan, and W. A.
Lyons (1996), Elves: Lightning-induced transient luminous events in the
lower ionosphere, Geophys. Res. Lett., 23, 2157-2160, doi:10.1029/
96GL01979.

Fullekrug, M., E. A. Mareev, and M. J. Rycroft (Eds.) (20006), Sprites, Elves
and Intense Lightning Discharges, NATO Sci. Ser., I, vol. 225, Springer,
Dordrecht, Netherlands.

Hayakawa, M., T. Nakamura, Y. Hobara, and E. Williams (2004), Observa-
tion of sprites over the Sea of Japan and conditions for lightning-induced
sprites in winter, J. Geophys. Res., 109, A01312, doi:10.1029/
2003JA009905.

Hayakawa, M., T. Nakamura, D. Iudin, K. Michimoto, T. Suzuki, T. Hanada,
and T. Shimura (2005), On the structure of thunderstorms leading to the
generation of sprites and elves: Fractal analysis, J. Geophys. Res., 110,
D06104, doi:10.1029/2004JD004545.

Hayakawa, M., T. Suzuki, T. Nakamura, K. Michimoto, and D. Iudin
(2007a), Fractal analysis of radar images of Japanese winter thunder-

13 of 14



A02310

clouds inducting sprites and its comparison with their corresponding life
cycle, J. Atmos. Electr., 27, 113—121.

Hayakawa, M., D. L. Iudin, E. A. Mareev, and V. Y. Trakhtengerts (2007b),
Cellular automaton modeling of mesospheric optical emissions: Sprites,
Phys. Plasmas, 14, 042902, doi:10.1063/1.2721079.

Hiraki, Y., and H. Fukunishi (2006), Theoretical criterion of charge moment
change by lightning for initiation of sprites, J. Geophys. Res., 111,
A11305, doi:10.1029/2006JA011729.

Hobara, Y., N. Iwasaki, T. Hayashida, M. Hayakawa, K. Ohta, and H. Fukunishi
(2001), Interrelation between ELF transients and ionospheric disturbances
in association with sprites and elves, Geophys. Res. Lett., 28, 935—938,
doi:10.1029/2000GL003795.

Hobara, Y., M. Hayakawa, E. Williams, R. Boldi, and E. Downes (2006),
Location and electrical properties of sprite-producing lightning from a
single ELF site, in Sprites, Elves and Intense Lightning Discharges,
NATO Sci. Ser, I, vol. 225, edited by M. Fillekrug, E. A. Mareev,
and M. J. Rycroft, pp. 211-235, Springer, Dordrecht, Netherlands.

Hu, W.,, S. A. Cummer, W. A. Lyons, and T. E. Nelson (2002), Lightning
charge moment changes for the initiation of sprites, Geophys. Res. Lett.,
29(8), 1279, doi:10.1029/2001GL014593.

Hu, W., S. A. Cummer, and W. A. Lyons (2007), Testing sprite initiation
theory using lightning measurements and modeled electromagnetic fields,
J. Geophys. Res., 112, D13115, doi:10.1029/2006JD007939.

Huang, E., E. Williams, R. Boldi, S. Heckman, W. Lyons, M. Taylor, T. Nelson,
and C. Wong (1999), Criteria for sprites and elves based on Schumann
resonance observations, J. Geophys. Res., 104, 16,943 —16,964.

Inan, U. S, W. A. Sampson, and Y. N. Taranenko (1996), Space-time
structure of optical flashes and ionization changes produced by light-
ing-EMP, Geophys. Res. Lett., 23, 133—136, doi:10.1029/95GL03816.

Kitagawa, N., M. Brook, and E. J. Workman (1962), Continuing currents in
cloud-to-ground lightning discharges, J. Geophys. Res., 67, 637—647,
doi:10.1029/J20671002p00637.

Liu, N., and V. P. Pasko (2004), Effects of photoionization on propagation
and branching of positive and negative streamers in sprites, J. Geophys.
Res., 109, A04301, doi:10.1029/2003JA010064.

Lyons, W. A. (1996), Sprite observations above the U. S. High Plains in
relation to their parent thunderstorm systems, J. Geophys. Res., 101,
29,641-29,652.

Lyons, W. A. (2006), The meteorology of transient luminous events—An
introduction and overview, in Sprites, Elves and Intense Lightning Dis-
charges, NATO Sci. Ser., I, vol. 225, edited by M. Fiillekrug, E. A.
Mareev, and M. J. Rycroft, pp. 19—56, Springer, Dordrecht, Netherlands.

Lyons, W. A., T. Nelson, E. R. Williams, S. A. Cummer, and M. A. Stanley
(2003), Characteristics of sprite-producing positive cloud-to-ground
lightning during the 19 July STEPS mesoscale convective systems,
Mon. Weather Rev., 131, 2417-2427, doi:10.1175/1520-0493(2003)
131<2417:COSPCL>2.0.CO;2.

Matsudo, Y., T. Suzuki, M. Hayakawa, K. Yamashita, Y. Ando, K. Michimoto,
and V. Korepanov (2007), Characteristics of Japanese winter sprites and
their parent lightning as estimated by VHF lightning and ELF transients,
J. Atmos. Sol. Terr. Phys., 69, 1431—-1446, doi:10.1016/j.jastp.2007.05.
002.

Nickolaenko, A. P., and M. Hayakawa (1995), Heating of the lower iono-
sphere electrons by electromagnetic radiation of lightning discharges,
Geophys. Res. Lett., 22, 3015-3018, doi:10.1029/95GL01982.

Ohkubo, A., H. Fukunishi, Y. Takahashi, and T. Adachi (2005), VLF/ELF
sferic evidence for in-cloud discharge activity producing sprites, Geo-
phys. Res. Lett., 32, 1.04812, doi:10.1029/2004GL021943.

Pasko, V. P. (2006), Theoretical modeling of sprites and jets, in Sprites,
Elves and Intense Lightning Discharges, NATO Sci. Ser., II, vol. 225,
edited by M. Fiillekrug, E. A. Mareev, and M. J. Rycroft, pp. 253311,
Springer, Dordrecht, Netherlands.

ASANO ET AL.: SIMULATIONS ON SPRITE INITIATION

A02310

Pasko, V. P, and H. C. Stenbaek-Nielsen (2002), Diffuse and streamer
regions of sprites, Geophys. Res. Lett., 29(10), 1440, doi:10.1029/
2001GL014241.

Pasko, V. P, U. S. Inan, Y. N. Taranenko, and T. F. Bell (1995), Heating,
ionization and upward discharges in the mesosphere, due to intense quasi-
electrostatic thundercloud fields, Geophys. Res. Lett., 22, 365—368,
doi:10.1029/95GL00008.

Rakov, V. A., and M. A. Uman (2003), Lightning: Physics and Effects, 687
pp., Cambridge Univ. Press, Cambridge, U.K.

Rakov, V. A., R. Thottappillil, and M. A. Uman (1992), Electric field pulses
in K and M changes of lightning ground flashes, J. Geophys. Res., 97,
9935-9950.

Reising, S. C., U. S. Inan, T. F. Bell, and W. A. Lyons (1996), Evidence for
continuing current in sprite-producing cloud-to-ground lightning, Geo-
phys. Res. Lett., 23, 3639-3642, doi:10.1029/96GL03480.

Rycroft, M. J. (2006), Introduction to the physics of sprites, elves and
intense lightning discharges, in Sprites, Elves and Intense Lightning Dis-
charges, NATO Sci. Ser, II, vol. 225, edited by M. Fiillekrug, E. A.
Mareev, and M. J. Rycroft, pp. 1—-18, Springer, Dordrecht, Netherlands.

Sentman, D. D., and E. M. Wescott (1995), Red sprites and blue jets:
Thunderstorm-excited optical emissions in the stratosphere, mesosphere,
and ionosphere, Phys. Plasmas, 2, 2514—2522, doi:10.1063/1.871213.

Suzuki, T., M. Hayakawa, Y. Matsudo, and K. Michimoto (2006), How do
winter thundercloud systems generate sprite-inducing lightning in the
Hokuriku area of Japan?, Geophys. Res. Lett., 33, L10806, doi:10.1029/
2005GL025433.

Thottappillil, R., V. A. Rakov, and M. A. Uman (1990), K and M changes
in close lightning ground flashes in Florida, J. Geophys. Res., 95,
18,631-18,640, doi:10.1029/JD095iD11p18631.

Thottappillil, R., J. D. Goldberg, V. A. Rakov, M. A. Uman, R. J. Fisher,
and G. H. Schnetzer (1995), Properties of M components from currents
measured at triggered lightning channel base, J. Geophys. Res., 100,
25,711-25,720, doi:10.1029/95JD02734.

van der Velde, O. A., A. Mika, S. Soula, C. Haldoupis, T. Neubert, and U. S.
Inan (2006), Observations of the relationship between sprite morphology
and in-cloud lightning processes, J. Geophys. Res., 111, D15203,
doi:10.1029/2005JD006879.

Wescott, E. M., D. D. Sentman, M. J. Heavner, D. L. Hampton, W. A.
Lyons, and T. Nelson (1998), Observations of “columniform” sprites,
J. Atmos. Sol. Terr. Phys., 60, 733—740, doi:10.1016/S1364-6826(98)
00029-7.

Williams, E., E. Downes, R. Boldi, W. Lyons, and S. Heckman (2007),
Polarity asymmetry of sprite-producing lightning: A paradox?, Radio
Sci., 42, RS2S17, doi:10.1029/2006RS003488.

Wilson, C. T. R. (1924), The electric field of a thundercloud and some of its
effects, Proc. Phys. Soc. London, 37, 32D-37D.

Yashunin, S. A., E. A. Mareev, and V. A. Rakov (2007), Are lightning M
components capable of initiating sprites and sprite halos?, J. Geophys.
Res., 112, D10109, doi:10.1029/2006JD007631.

T. Asano and M. Hayakawa, Department of Electronic Engineering,
University of Electro-Communications, 1-5-1 Chofugaoka, Chofu, Tokyo
182-8585, Japan. (hayakawa@whistler.ee.uec.ac.jp)

M. G. Cho, Kyushu Institute of Technology, Kitakyushu 804-8550,
Japan.

Y. Hiraki, Solar-Terrestrial Environment Laboratory, Nagoya University,
Nagoya 464-8601, Japan.

E. Mareev, Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod 603600, Russia.

T. Suzuki, Air Weather Group, Japan Air Self-Defense Force, Fuchu,
Tokyo 183-0001, Japan.

14 of 14





