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Abstract. A new two-dimensional cylindrically symmetric electromagnetic model
of the lightning-ionosphere interaction includes effects of both the lightning radiated
electromagnetic pulses (EMP) and the quasi-electrostatic (QE) fields, thus allowing
effective studies of lightning-ionosphere interactions on time scales ranging from
several microseconds to tens of milliseconds. The temporal and spatial evolution of
the electric fleld, lower ionospheric electron density, and optical emissions calculated
with the new model are used to investigate theoretically the effects of the lightning
return stroke current waveform (i.e., the current rise and fall timescales) and of
the observational geometry on the optical signals observed with a photometer.
For typical lightning discharges of ~100 us duration the ionospheric response is
dominated by the EMP-induced heating leading to the highly transient and laterally
expanding optical flashes known as elves. The optical signal characteristics are
found to be highly sensitive to both the observational geometry and the current
waveform. The onset delay with respect to the lightning discharge, the duration,
and the peak magnitude of optical emissions are highly dependent on the elevation
and azimuth angles of field of view of individual photometric pixels. The shape of
the optical signal clearly reflects the source current waveform. For a waveshape
with risetime of ~50 us or longer a double-pulse shape of the photometric signal
is observed. For cloud to ground lightning discharges of ~1 ms duration removing
substantial amount of charge (i.e., ~100 C from 10 km alt‘tude), heating and
ionization changes induced by the QE field lead to the mesospheric luminous glows
with lateral extent < 100 km, referred to as sprites.

1. Introduction

During the past few years, a dramatic new experi-
mental evidence has demonstrated the electrodynamic
coupling between electromagnetic fields produced by
lightning discharges and the lower ionosphere. Phe-
nomena indicating the lightning-ionosphere coupling in-
clude “early/fast” VLF events [e.g., Inan et al., 19962/,
sprites e.g., Sentman et al., 1995], blue jets [ Wescott et
al., 1995], gamma ray bursts of terrestrial origin [Fish-
man et al., 1994; Inan et al., 1996b] and “elves” [Fuku-
nishi et al., 1996; Inan et al., 1997].

The aforementioned experimental findings have been
accompanied by a number of theoretical models. Inan
et al. [1991] modeled the interaction of intense elec-
tromagnetic pulses (EMPs) released by lightming dis-
charges with the lower ionosphere, assuming a Maxwellian
dis-tribution function of ionosphere electrons heated by
EMP. A one-dimensional (1-D) quasi-stationary fully
kinetic model of ionization changes and exitation of
optical emissions induced by heating of ambient elec-
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trons caused by lightning EMPs was developed by Tara-
nenko et al. [1993a, b. Rowland et al. [1995] developed
a two-dimensional (2-D) model of the lightning EMP-
ionosphere interaction assuming a fixed electron tem-
perature (~6 eV) as a result of heating of the ambient
electrons to saturation by the EMP.

The primary result of the EMP-ionosphere interac-
tion is transient optical flashes now referred to as elves,
documented with recent high time resolution photomet-
ric measurements [Fukunishi et al., 1996. Elves occur
at lonospheric altitudes of > 80 km, have ~300 km lat-
eral extent and endure for < 1 ms [Inan et al., 1997..
The observed temporal and spatial aspects of elves are
consistent with a 2-D modeling of the interaction with
the lower ionosphere of EMPs, which indicated that
elves would appear to expand laterally at a rate faster
than the speed of light when observed from a distance
‘Inan et al., 1996¢, 1997 .

The above mentioned models of lightning EMP iono-
sphere interaction have exclusively treated the “radi-
ated” EMP pulse without accounting for the quasi-
static (QE) field resulting from the sudden removal of
charge in a lightning discharge. The separate treat-
ment of the EMP is fully justified in most cases, since
the charge removal and the establishment of a signifi-
cant QE field is relatively slow (~1 ms), while the EMP
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radiated by the return stroke is produced at the initial
phase of the discharge and propagates through the sys-
tem in less than 1 ms. The QE field, on the other hand,

is the important driver for the luminous glows, referred

to as sprites, typically occuring at 50 - 90 km altitudes
with 10 - 50 km lateral extent and duration of a few to
many tens of milliseconds le.g., Sentman et al., 1995;
Fukunishi et ol., 1996; Inan et al., 1997].

A quasi-electrostatic heating model, which leaves out
the radiated EMP component, has been successfully ap-
plied to explain many aspects of sprites e.g., Pasko
et al., 1997, and references therein!, with the separate
treatment of the QE field being fully justified in most
cases due to the relatively slow development of the field
and few milliseconds timescales of sprites. A new model
of lightning-ionosphere interaction which includes the
effects of both the EMP and the QE field has recently
been developed [Pasko et al., 1998a]. In this paper, we
describe this model, and we apply it to investigate the
temporal structure of elves as measured from different
points of view. In particular, we discuss the dependence
of optical emissions on the rise and fall times of the cur-
rent waveform. We also examine the temporal structure
of optical emissions as a function of different observa-
tional geometries. We calculate the response curves as
would be observed with finite field of view photome-
ters having different elevation and azimuth angles. Fi-
nally, we apply the new model to calculate ionization
changes and optical emissions associated with long du-
ration lightning flashes leading to sprites.

2. Model Formulation

In this section we separately describe the new elec-
tromagnetic model and the optical emission calculation
algorithms for different viewing geometries.

2.1. Electromagnetic Model of the
Lightning-Ionosphere Interaction

We use a cylindrical coordinate system {r,¢,2), where
the z axis represents altitude, and assume no azimuthal
dependence (8/8¢ = 0). Our numerical simulation box
extends from 2z=0 km to z=100 km and from r=0 km
to r=400 km, with grid spacings of Az=0.5 km and
Ar=2 km. We assume perfectly conducting boundaries
at z=0 km, 2=100 km and r=400 km. The peak spec-
tral content of lightning radiated electromagnetic fields
is in the VLF range (3 — 30 kHz) [Uman, 1987, p. 118].
In this frequency range the ground can be assumed to
be perfectly conducting. Strong attenuation and reflec-
tion in the lower ionospheric layers (< 95 km) results in
a negligible amount of energy penetrating to altitudes >
95 km [Taranenko et al., 1993a] and justifies perfectly
conducting (reflecting) boundary at 100 km altitude.
Additional tests were performed indicating that results
are insensitive to position of the upper boundary. The
radial perfectly conducting boundary at r=400 km has
no effect on the accuracy of our results, due to the fact
that the radiated field pattern consists of an expand-
ing cylindrical shell [Inan et al., 1996b] which produces
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negligible optical emissions for » >300 km. In addition,
we limit the simulation time to the time required for the
radiated field to propagate to radial distances of ~400
km and thus exclude unphysical effects of reflections
caused by the radial boundaries.

The electric and magnetic fields are calculated using
the following system of equations:

OE, _ s

" oE, 5,10
ot e - Eo 7-6278?‘(?”8@) @
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where J, = J, (r, z,t)% is the return stroke current den-
sity. We use these equations since only transverse mag-
netic fields are excited in our system by the source cur-
rent density.

We adopt previously used models of ambient elec-
tron number density, ambient ion conductivity and am-
bient neutral density profiles [Pasko et al., 1997]. The
Earth’s magnetic field is neglected, since even under
mild heating conditions the effective collision frequency
of the electrons is much larger than the electron gyrofre-
quency. The conductivity ¢ in (1) and (2) is calculated
self-consistently by taking into account the effect of the
electric field on electrons through changes in mobility
{(due to heating) and electron density (due to attach-
ment and/or ionization). We use the electron mobil-
ity, ionization and attachment coefficients derived from
kinetic models and swarm experiments [Pasko et al.,
1997). The ionization v; and attachment v, coefficients
are used to calculate electron density changes using

dN,
7 4

The expressions used for mobility, ionization and at-
tachment coefficients are valid for lightning radiated
EM fields exhibiting relatively slow time variations (less
than ~10 us) [Taranenko et al, 1993al. However,
Glukhov and Inan [1996] showed that even in the case of
rapid variations of the lightning-induced fields (risetime
of a few microseconds) the resultant optical emissions
are very similar to those calculated using the quasi-
stationary model le.g., Taranenko et al., 1993a).

The source current density fs has smooth spatial vari-
ation in both r and z. The spatial distribution is given
by

= (Vz' - Va)Ne
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where a=10 km, To=3Ar, z0=3Az2, so that the total
source current is I;(t) = [ J4(F,t)dS. The time depen-
dence of the total source current is described by the
relation
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where 7, is the current waveform risetime, 7y is the fall
time and I, is the peak current at ¢t = 7,. The current
I, is available experimentally from measurements of the
National Lightning Detection Network (NLDN) le.g.,
Idone et al., 1993]. We note that the actual duration
of the lightning flashes as well as the functional time
dependence of the total source current are not available
from measurements provided by NLDN. However, these
parameters constitute critically important inputs for
modeling lightning-ionosphere interactions. The above
choice of the functional dependence of I(t) is quite re-
alistic and consistent with the observed current wave-
forms of lightning return strokes [Uman, 1987, p. 122..
By properly selecting the parameters 7, and 75 we are
able to investigate a variety of different current wave-
forms. The thundercloud charge removed from cloud
to ground over a time tis calculated using the relation
Q) = [y Is(8) dt.

We solve (1)-(4) using space and time centered finite
differences [Birdsall et al., 1991, p. 353]. For the time
integration we use a modified version of the leap-frog
scheme described by Birdsall et al. [1991, p. 353], which
is sketched in Pigure la. The electric fleld has to be
advanced by a half time step (from n — £ to n) before
the conduction current is calculated in (1) and (2). The
relative spatial locations of the field components are
chosen as sketched in Figure 1b and provide centered
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spatial differencing. Equation (4) has to be integrated
in time both at n and n+% time steps (Figure 1a), since
the conduction current has to be calculated at both time
steps. N, at n time steps is used in the calculation of
the conduction current in (1) and (2), while N, at n+3
time steps is used in the half time step advancement of
the electric field. Figure lc shows the simulation box.
Several considerations have to be taken into account
in the selection of the appropriate time step for the nu-
merical model. First, the time step At must satisfy the

P e

Courant condition [Birdsall et al., 1991, p. 355}, namely
At < e (ary 2+ (Az}"zﬁ—z/2 so that no nonphysi-
cal damping or growth occurs. In addition, since the
quasi-electrostatic component of the lightning fleld is
included in our model the time step is limited to be
less than the minimum relaxation time of the medium
( At < {€6/0)min )- This constraint is the major lim-
itation to the numerical efficiency of our model, owing
to the vast differences (many orders of magnitude} be-
tween the ambient conductivity of the medium at low
altitudes versus ionospheric altitudes le.g., Inan et al.,
1996d]. Finally, since (4) is used to calculate the tem-
poral dynamics of the electron density, the time step
must satisfy the condition At < 1/V; gmax -

In order to check the validity of our model, we made
several comparisons with previous models of the lightning-
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Figure 1. (a) Temporal layout of quantities used in the leapfrog integration; (b) location of the
field components on the spatial grid; and {¢) simulation box.
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ionosphere coupling. We compared results obtained
with the new model with those from both the EMP-
ionosphere interaction models [e.g., Inan et al., 1996,
1997 and from the QE models [e.g., Pasko et al., 1997..
In all cases we obtained almost identical results.

2.2. Optical Emission Calculation Algorithms

Once the electric field and the electron density are
celculated via the electromagnetic model described in
the previous paragraph, the intensities of the various
optical emissions are determined. We consider the first
positive band of N, since the photometers’ signal is
expected to come primarily { > 90%) from this band
{Inan et al., 1997; Pasko et al., 1997; Taranenko et al.,
1993bl. The effects of Rayleigh scattering and narrow-
band molecular line absorption are not taken into ac-
count. The number density of excited particles ng in
state k is governed by the relation:

Ong _ mk

—— Y N Am VN, (5)
ot Tk %:
where the optical excitation coefficients vy obtained
from kinetic calculations as a function of the electric
field, and the total lifetime 73 of state k, and the ra-
diation transition rate 4, can be found in the work of
Pasko et al. [1997).

The intensity of optical emissions in Rayleighs is
given by the expression [Chamberlain, 1978

‘

I(t) =107 / Apni(l,t — i—)dl, (6)
L
where ny and | are measured in cm™% and cm, respec-
tively. The integral is taken along L, which represents
the individual line of sight of each pixel. Since the elves
associated optical emissions induced by the lightning-
EMP interaction occur at ionospheric altitudes of >75
km, we only consider the portion of L which lies above
70 km altitude. In the calculation of L we consider the
individual elevation and azimuth angle of each pixel as
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well as the distance of the photometer from the center of
the coordinate system. Since this distance is usually of
the order of several hundreds of kilometers, it is essen-
tial to take into account the curvature of the Earth. We
also note that the photons that arrive at a pixel at time
to, originating from a point within the line of sight at a
distance [ from the pixel, were emitted at t = to —{/c.

2.3. Model Parameters

We use the typical midlatitude night ion conductivity
profile from [Hale, 1994 and the electron density profile
1 employed by Pasko et al. [1997..

Since we are interested in studying the effect of cur-
rent waveform on optical emissions, we consider vari-
able risetime and fall time return stroke current wave-
forms. By properly selecting the parameters 7, and
75 we are able to investigate a wide range of current
waveforms. We first consider three different cases as
Hustrated in Figure 2a. We choose the parameters 7,
and 75 so that the total duration of current pulses in
all three cases is approximately the same. The total
duration chosen (~100 us} is consistent with the typ-
ical return stroke duration of real lightning discharges
[Uman, 1987, p. 124]. We perform calculations for peak
current [,=150 kA, the choice of which is justified by
the NLDN-estimated peak currents of lightning flashes
associated with elves [Inan et al., 1997]. I, > 100 kA
is rare for negative CG flashes. However, positive CG
discharges are usually more intense and may have peak
currents I, >200-300 kA [Uman, 1987, p. 200]. The op-
tical emissions’ intensity is a highly nonlinear function
of I,. If I, is less than 2 certain threshold there are no
optical emissions produced. As a result, lightning asso-
ciated flashes like sprites and elves are produced by the
most intense lightning discharges. The risetime and fall
time parameters which are used in our calculations are
=10 us , 7y=100 pus; 7,=30 us , 7y=70 ps; 7.=50 us
. Ts=50 us for cases 1, 2, and 3, respectively, as illus-
trated in Figure 2a. With this choice of parameters we
are able to simulate realistic return-stroke current wave-
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Figure 2. The four current waveforms used in calculations.
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shapes which most commonly have two distinct parts:
an initial surge reaching a peak value over a timescale of
a few microseconds followed by a more gradual change
over a timescale of ~100 us [Uman, 1987, p. 122].

The risetimes and fall times chosen for the three cur-
rent waveforms are characteristic of negative lightning
flashes. In the case of & positive lightning typical cur-
rent waveform parameters are quite different from those
listed above. Positive lightning discharges have slower
current risetimes and much slower current fall times
than do negatives [Uman, 1987, p. 199]. As a result,
the total flash duration is typically many times larger in
positive cloud to ground (CG) discharges and the total
charge removed is over an order of magnitude larger for
positive than for negative single-stroke flashes [Uman,
1987, p. 200]. In order to illustrate the effects of pos-
itive lightning, we consider a fourth current waveform
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with 7,=100 us , 7y=1 ms and I,=150 kA, as illus-
trated in Figure 2b. Optical emissions associated with
these flashes (case 4) exhibit quite distinct character-
istics from optical emissions associated with discharges
of short duration current waveforms {cases 1, 2, and 3),
as we discuss in detail below.

The geometry of the model problem is illustrated in
Figure 3. The observer is located 700 km from the
center of the coordinate system. At this distance the
ground under the lightning return stroke is ~38 km be-
low the horizon from the point where the observer is
located. As a result, neither light generated directly
by the lightning flash nor cloud-scattered light would
be visible from the location of the observer and the
only visible flashes would be those associated with the
lightning-mesosphere/lower ionosphere interaction. We
calculated the lightning induced optical emissions that

s ) 8 2D 5% 100 km

te Susec 3 : WW 2 70 km
— /
700 km

tp=487usec 3 D et
tg=628usec I hd 2
ty=769usec I
t5=010usec 3 3
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— 346
:\\ 487
910 769 628 Time {usec)

Figure 3. Observation geometry of the problem. Ey is the the excitation threshold of the first

positive band of Ns.
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Figure 4. Space-time structure of the electric field for the waveforms of Figure 2. In Figures
4a, 4D, and 4c times t1,%2,%3,t4 correspond to the first four snapshots of onu“e 3.

would be recorded by a 3x5 photometer array with pix-
els 2.2° wide and 1.1° high, spaced by 5° horizontaﬂy
and 1.4° vertically, as shown in Figure 3. These angular
dimensions were chosen since they correspond to typical
dimensions of pixels of photometric instruments used in
the observation of sprites and elves [Inan et al., 1997].
Bach pixel is aimed at different elevation and azimuth
angles, to enable us to investigate the dependence of
the observed photometer response on the observational
geometry of the problem. The elevation angles of pixels
are Oy = 3.47°,6; = 4.87°,65 = 6.27°,85 = 7.67°,6, =
9.07°, each corresponding to an individual row. The
azimuth angles are ¢p = 0°,¢1 = 5°,é5 = 10° , each
corresponding to an individual column (Figure 3)

3. Results and Discussion

3.1. Dynamics of the Electric Field

For calculations shown in Figure 3 we used current
waveform 1 (Figure 2). In Figure 3a we present five dif-
ferent snapshots of the observational geometry. In each
snapshot we show the altitude and radial distribution
of the total electric field for z >70 km, since elves occur
at ionospheric altitudes of > 75 km as was mentioned

above. We only show values of the total electric field
above the excitation threshold (Ey) of the first positive
band of Ny, where Ey ~0.3Ey, and E;, = 3.2x 10SN/N,
V/m is the characteristic air breakdown field, N is the
number density of air molecules, and N, = 2.688 x 10?°
m~? le.g., Pasko et al., 1997]. In other words, in each
snapshot we show the spatial distribution of the elec-
tric feld which results in excitation of optical emis-
sions. The snapshots clearly present the space-time evo-
Iution of the electric field. At ¢=346 us the wavefront
has reached the ionospheric altitudes and has been re-
flected. In the other snapshots the wave propagates
in the Earth-Ionosphere waveguide in the form of an
expanding cylindrical shell of ~60 km thickness corre-
sponding to the ~200 us duration of the source cur-
rent pulse [Inan et al., 1996¢]. The expanding cylin-
drical shell consists of a double pulse structure consis-
tent with the positive and negative peak of the electric
field. As the shell expa*xés the intensity of the elec-
tric field decreases as r~ This is clearly illustrated
in Figure 3a where we observe that at t=910 us the

wavefront has reached r=~250 km and the peak electric
field is just above the threshold for excitation of optical
emissions. When the wavefront reaches r~300 km (not
shown) the peak electric field is below the threshold, in-
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Figure 5. Photometric responses for pixel F;,¢ =
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for waveforms 1, 2, and 3 of Figure 2 respectively.
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dicating that the lateral extent of the luminous region
does not exceed ~600 km [Inan et al., 1997]. It should
also be noted that the radiation field intensity has a
minimum directly above the source current [Inan et al.,
1997]. During the reflection process the peak electric
field increases and when the double peak structure is
formed the peak electric field is maximized, afterwards
decreasing with the 7~* dependence. Thus, for small
r the field intensity is an increasing function of r, it
is maximized when the double-pulse cylindrical struc-
ture of the electric field is formed, and it decreases with
the ! dependence as this cylindrical shell structure
expands. This variation of the peak field intensity is re-
flected in the observed optical emissions, as we discuss
below. The photometer pixels with different elevation
angles receive photons excited by different portions of
the electric field pattern at different times. This will be
discussed in detail in section 3.2.

The space-time structure of the electric field for a
different current waveform is similar to the described
above with the exception that the relative magnitudes
of the two pulses in the expanding cylindrical shell are
different. The lightning-radiated field has a positive and
a negative peak. This is consistent with the fact that the
electric feld is proportional to the time derivative of the
current waveform. Thus the relative magnitudes of the
two pulses in the electric field structure at ionospheric
altitudes are dependent on the risetime and fall time
of the source current waveform. This is llustrated in
Figure 4 where we plot the absolute value of the electric
field at altitude z==87 km as a function of radial distance
and at different instants of time for current waveshapes
1, 2, and 3. We observe that for waveform 1 the first
pulse is much bigger than the second, while for wave-
form 3, which has a substantially bigger risetime 7, the
two pulses have almost the same magnitude. The shape
of the electric field waveform is reflected in the observed
optical emissions, as we discuss below. The intensity of
the radiated electric field decreases as 7% in all 3 cases
because of the radial expansion of the shell structure. In
Figure 4 we also present for comparison the electric field
structure at z=75 km for current waveform 4 {Figure
2b), which, as we mentioned above, simulates long du-
ration positive lightning flashes. In this case we observe
that the central quasi-electrostatic component of the to-
tal electric field dominates the radiation one. The radi-
ation component, although several times smaller than
the quasi-electrostatic component, is still present. We
also note that, while the radiation component decreases
as the wave propagates as a result of the expansion of
the cylindrical shell, the quasi-electrostatic component
increases as more charge is removed by the lightning
discharge. Optical emissions associated with the quasi-
electrostatic component of the electric field dominate in
the case of long-duration lightning flashes, as we discuss
below. In cases 1, 2, and 3 we observe that the radia-
tion component dominates and the quasi-electrostatic is
almost negligible, especially as far as optical emissions
are concerned.
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Figure 6. View of the sky with a camera for the case of waveform 3 of Figure 2. The photometric

response of pixel Py is also illustrated for comparison.

In Figure 3b we show snapshots of the same elec-
tric fleld pattern at z=87 km in horizontal cross sec-
tion. We observe that pixels with different azimuth
angles view different portions of the expanding cylin-
drical shell. The variations of the peak field amplitude
as the shell expands are well illustrated in Figure 3b.
We observe the minimum field amplitude at the cen-
ter of the system, the maximum when the double-pulse
structure is formed and the ™! decrease as the wave
propagates. Figure 3b also shows that the expanding
shell consists of the front and back part with respect to
the observer. This distinction [Jnan et al., 1996¢] will
be further discussed in section 3.2.

3.2. Photometer Responses

Figure 5 shows the results for the photometric re-
sponses for each pixel theoretically calculated using the
model described in section 2 with the model parame-
ters of section 2.3. Figures 3a, 5b, and 5¢ correspond
to the results obtained with source current waveforms
1, 2, and 3 (Figure 2), respectively. The photometer
signals are calculated with 10 us time resolution. The
vertical axes show intensity in MR and are identical for
all pixels. The time axes show milliseconds after the on-
set of the source current waveform. The time axes are
identical for pixels with the same azimuth angle. For
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convenience, we will refer to the pixel with elevation an-
gle §; and azimuth angle ¢; as P;;. The §; and ¢; values
are the elevation and azimuth angles shown in Figure
3. In the following we discuss the main characteristics
of the photometric responses.

3.2.1. Onset of photometric signal. We ob-
serve that the onset of the response is not the same for
all pixels, although it clearly does not depend on cur-
rent waveform. Each photometric pixel has a narrow
field of view and only a small part of the expanding
electric field pattern at ionospheric altitudes of ~90 km
(altitude range at which optical emissions occur) (Fig-
ure 3b) lies inside its field of view. The onset delay of
the signal of each pixel with respect to the onset of the
source current waveform is equal to the travel time of
the electromagnetic wave from the lightning discharge
to the field of view of the pixel plus the travel time of
the emitted light from that point to the observer. Be-
cause of the geometry of the system, the onset delay is
almost the same for points in the front of the expanding
shell (Figure 3b), while it increases with distance from
the center of the system for points in the back. This
effect leads to focusing of light from the front and de-
focusing of the light from the back [Inan et al., 1996c].
Thus we observe that the signals of pixels Py, Pao, Pao
which aim at the front have almost simultaneous onset.
However, the signals of pixels Py and Pjp,which aim
at the back, have increased onset delay with respect to
Poo., Psg, Psy. The onset for other pixels can be similarly
interpreted.

3.2.2. Duration of photometric signal. The
duration of the photometric signal for each pixel de-
pends on the azimuth and elevation angles of the pixel
and it does not depend on the current waveform. For a
pixel P aimed at the front, photons emitted at different
points inside its fleld of view arrive simultaneously at
P because of focusing. Thus, the duration of the opti-
cal signal is approximately equal to the duration of the
electric field pattern. We observe that the signal dura-
tion of Pyg, Psg, Pyo is roughly ~200 us which is equal
to the duration of the electric field pattern. However,
for a pixel P aimed at the back, photons emitted at dif-
ferent points inside its field of view arrive at different
times at P because of ‘defocusing’. Thus, the duration
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of the optical signal is approximately equal to the du-
ration of the electric field pattern plus the maximum
difference of arrival times for photons emitted at dif-
ferent points inside the field of view. We observe that
the signal duration of Py, Po1, Poz is much longer than
the current waveform duration as a result of defocus-
ing. This is one of the main reasons that the current
waveform shape is not reflected in these pixels’ signals,
as we discuss below.

3.2.3. Peak intensity of photometric signal.
The peak intensity of the photometric signals depends
mainly on two factors. As we discussed above, only a
small portion of the electric field pattern lies inside the
narrow field of view of each pixel. Clearly, the peak
intensity of the photometric signal depends nonlinearly
on the peak of the electric field crossing the pixel’s field
of view. However, pixels aimed at portions of the elec-
tric field pattern with the same peak intensity do not
necessarily have the same peak intensity of optical sig-
nal. This is again due to the effect of focusing and
defocusing. Thus the fact that the peak intensity of
Py is smaller by a factor of ~5 with respect to the
peak intensity of P is due to defocusing of light for
Py compared to focusing of light for Pg. However, the
difference in peak intensities for Pag, Pso, Pyo is due to
the r~! attenuation of the peak electric field intensity.

In a similar way we can interpret the reduction of
peak intensities with increasing azimuth for pixels in
rows 2. 3, and 4 which is not observed for pixels in rows
0 and 1. Pixels with increasing azimuth have increasing
distances of their field-of-view from the center of the
system. However, the peak intensity of the electric field
as we discussed above is not a monotonically decreasing
function of distance. In the center of the electric field
pattern, the peak electric fleld intensity is increasing
with increasing distance, while at the sides it is decreas-
ing. For example, pixels Py, Ps; are aimed at the sides.
Thus, the peak intensity of Py; is smaller than the peak
intensity of Py because of the r~! attenuation of the
peak electric field intensity. However, pixels Py, Po:
are aimed at the center of the system. Thus the bigger
distance of the field of view of FPy; from the center of
the system results in bigger peak electric field intensity
and thus bigger photometric signal intensity.
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Figure 7. The altitude distribution of electron density N, for the case of waveform 4 at ¢ = 1

ms.
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Figure 8. View of the sky with a camera for the case of waveform 4 of Figure 2.
3.2.4. Shape of photometric signal. As we emission shell begin to reach the field of view of the

mentioned above, the current waveform shape is not
reflected in the signals of Pyg, Pp1, Poz because of defo-
cusing. Thus we observe that the signals for these pixels
are almost the same for waveforms 1, 2, and 3 (Figure
2). The current waveform is also not reflected in the sig-
nals of Pig, Pi1, Pio. This is due to the fact that these
pixels are aimed at the center of the system where the
reflection occurs and the double peak structure has not
yet been formed. On the contrary, we observe that the
current waveform shape is clearly reflected in pixels in
rows 2, 3, and 4. Their shape depends on the shape of
the electric field pattern. Thus we see that their signals
consist of two pulses. The relative magnitudes of these
optical pulses depend on the relative magnitudes of the
pulses of the electric field structure which in turn de-
pend as we discussed above on the rise and fall times of
the source current waveform. As a result, waveform 3
produces optical emissions with double pulse structure
and almost equal relative pulse magnitudes, while wave-
form 1 produces optical emissions with different pulse
magnitudes.

Figure 6 shows the view of the sky with a photometer
with a broad fleld of view aimed at 6.27° elevation angle.
The angular dimensions were chosen so that they corre-
spond to typical dimensions of a video camera. Twelve
snapshots with 15 us time resolution are presented. The
box in the middle of the camera corresponds to the field
of view of Pay. Current waveform 3 is used for the cal-
culations. We observe the rapid lateral expansion of
the observed optical luminosity [Inan et al., 1997. At
t=2.47 ms the photons emitted from the front of the

camera. As more photons arrive from the front, the
optical emissions intensities increase, as is observed in
the second and third frame. The light arriving from
the front gradually decreases, while the light emitted
from the back begins to reach the camera. Since the
back corresponds to lower elevation angles, as observed
by the camera, the optical luminosity appears to move
downwards, as observed in the fourth and fifth frame.
As a result, the photometric signal of Pyg, whose field
of view is in the center of the camera, decreases. As
we already mentioned, the two pulses in the expanding
cylindrical shell of the electric field structure result in a
similar structure of the optical emission region. Thus,
at t=2.545 ms light from the second pulse of the opti-
cal emission structure begins to reach the camera and
the photometric signal of Pyg increases. The optical lu-
minosity associated with the second pulse exhibits the
same characteristics as the first one. Its intensity in-
creases and downward movement is observed. The two
optical luminosities gradually converge and move out
of the field of view of Py, as it is observed in the last
three frames. Figure 6 thus illustrates the space-time
dynamics of elves which lead to the double-pulse shape
of the photometric signal of Pyq.

3.3. Ionization Changes and Optical Emissions
Associated with Long-Duration Discharges

Figure 7 shows the spatial distribution of the electron
density N, at t=1 ms in the case of current waveform
4 (Figure 2b). Intense ionization changes are observed
above ~70 km altitude. As we mentioned above, the



VERONIS ET AL.: OPTICAL EMISSIONS PRODUCED BY LIGHTNING

quasi-electrostatic component of the electric field dom-
inates in this case. As charge is removed by the dis-
charge, the large QFE fleld develops slowly and exceeds
the breakdown threshold F; above 70 km altitude. At
lower altitudes attachment dominates leading to elec-
tron density decreases below ambient values. The trans-
verse extent of the disturbed region is ~100 km.
Figure 8 presents the view of the sky with a camera
with a broad field of view aimed at 6.27°. The observa-
tional geometry is exactly the same as in Figure 6. How-
ever, current waveform 4 is used instead of waveform 3
for the calculations. Thus, we are able to compare op-
tical emissions associated with long-duration lightning
flashes with optical emissions of short-duration light-
ning flashes. As we mentioned above, in short-duration
lightning flashes the radiation component of the elec-
tric field dominates, while in long-duration discharges
the quasi-electrostatic component dominates. This is
reflected in the optical emissions. We observe that the
structure of the optical luminosity when current wave-
form 4 is used {quasi-electrostatic case) is initially very
similar to the optical emissions structure of Figure 6,
although the intensities are smaller. The weak opti-
cal luminosity observed in the first frames is associated
with optical emissions excited by the small radiation
component of the electric field. However, at t=2.74 ms
light generated by the strong quasi-electrostatic com-
ponent of the electric field begins to reach the cam-
era. An intense optical luminosity appears in the cam-
era and gradually increases, as more charge is removed
by the lightning discharge. This luminosity associated
with the quasi-electrostatic component of the electric
field does not appear in Figure 6, since in the case of
short lightning discharges the quasi-electrostatic field
is small and below the excitation threshold of opti-
cal emissions. The intensity of the luminosity gener-
ated by the quasi-electrostatic component of the electric
field is 2 highly nonlinear function of the total removed
charge Q [Pasko et al., 1997]. In the case of Figure 6,
where waveform 3 is used, the total removed charge is
~10.4 C and optical emissions generated by the quasi-
electrostatic component are negligible. In the case of
Figure 8, where waveform 4 is used, the total removed
charge is @=~140.4 C and optical emissions associated
with the quasi-electrostatic component dominate. The
highly nonlinear dependence of optical emissions on the
total removed charge is due to the threshold-like behav-
ior of the optical excitation cross sections [Pasko et al.,
1997]. The intense optical luminosity generated by the
quasi-electrostatic field in the case of Figure 8, does not
resemble flamentary sprite structure observed in video.
This is due to the fact that it is not computationally
possible to resolve the small-scale sprite optical struc-
ture in the model used in the present paper {i.e., using
spatial grids ~1 km}. One needs to have very fine res-
olution to be able to model the fine spatial structure of
sprites (see Pasko et al. [1998b] and further discussion
by Pasko et al. [19982]). On the other hand, large-
scale characteristics of the space-time dynamics of opti-
cal emissions generated by the quasi-electrostatic field
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uch as the altitudes at which they occur; their lateral
extent and their duration are in good agreement with
those of sprites.

4. Summary

We have used a new model of lightning-ionosphere
interaction which includes the effects of both EMP and
QE fields to study the characteristics of optical flashes
observed under different viewing geometries. In particu-
lar, we have considered short-duration lightning flashes
(~100 us) characterized by distinct rise and fall com-
ponents of lightning current, for which the electric field
pattern is an expanding cylindricel shell consisting of a
double-pulse structure. In this case the radiation com-
ponent of the electric field dominates above the quasi-
electrostatic component and the relative magnitudes of
the two pulses depend on the risetime and fall time
of the current waveform. The dynamics of the electric
Feld are reflected in the optical emissions produced by
lightning discharges. Optical emissions are sensitive to
both the observational geometry and the current wave-
form. For short-duration flashes with risetime of ~50
us or longer the space-time dynamics of optical emis-
sions lead to double-pulse shape of the signal observed
with a photometer.

For long-duration flashes (~1 ms) optical emissions
generated by the quasi-electrostatic component of the
electric field dominate above those produced by the ra-
diation (EMP) component.
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