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Heating, ionization and upward discharges in the mesosphere
due to intense quasi-electrostatic thundercloud fields

Victor P. Pasko!, Umran S. Inan!, Yuri N. Taranenko?, and Timothy F. Bell!

Abstract, Quasi-electrostatic (QE) fields that temporarily
exist at high altitudes following the sudden removal (e.g., by
a lightning discharge) of thundercloud charge at low altitudes
are found to significantly heat mesospheric electrons and pro-
duce ionization and light. The intensity, spatial extent, dura-
tion and spectra of optical emissions produced are consistent
with the observed features of the Red Sprite type of upward
discharges.

1. Introduction

Upward discharges are luminous glows occurring at alti-
tudes ranging from cloud-tops to ~90 km [Lyons, 1994; Sent-
man and Wescott, 1993). The Red Sprite type of upward
discharges exhibit predominantly red color, enduring for few
milliseconds and extending in altitude from ~50 to 90 km
[Sentman et al., 1994]. Ionospheric heating by electromag-
netic pulses (EMPs) released in lightning [Taranenko et al,
1993] produces ionization and light in a limited altitude range
of 80-95 km. A new mechanism based on the heating of
mesospheric electrons by QE thundercloud fields extends the
altitude of the emitting region down to ~65 km and also ac-
counts for the observed duration, spectra and spatial extent of
the Red Sprites [Sentman et al., 1994].

Following Dejnakarintra and Park [1974], we consider the
electrical response of the upper atmosphere to large quasi-
static charge distributions. We account for the nonlinear self-
consistent dependence of the conductivity ¢ on the ionization
and electron heating at different altitudes, and estimate the
distribution of the resulting optical emissions.

2. Model Formulation

Red Sprites are typically associated with 1 out of 20-40
especially energetic positive cloud-to-ground (CG) discharges
[Sentman and Wescott, 1993; Sentman et al., 1994]. Positive
CG discharges can involve transfer (to the ground) of up to
300 C in several ms [e.g., Brook et al., 1982], resulting in
large (up to ~1000 V/m at 50 km altitude) QE fields due to the
uncompensated negative charge left in and above the cloud.
The ambient electrons and ions at all altitudes above the cloud
are heated by the large QE fields, leading to optical emissions.
The observed several to tens of ms duration of Red Sprites is
consistent with the characteristic relaxation time of QE fields
due to finite conductivity of the medium [Dejnakarintra and
Park, 1974; Baginski et al., 1988].

We consider a QE field established in the mesosphere and
lower ionosphere due to the accumnulation of large thunder-
cloud charge and its evolution in time when the charge is
brought to the ground (exponentially with a time constant of
1 ms) by a CG lightning stroke. We use a cylindrical coor-
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dinate system (r, ¢, z) with the z axis representing altitude.
The ground and the cylindrical boundaries at =90 km and
r=60 km are assumed to be perfectly conducting. The effect
of the artificial conducting boundary at r=60 km on the QE
fields inside the system is small (e.g., ~10 % at r=50 km,
z=10 km). The ambient ion conductivity is assumed to vary
exponentially with altitude, with a scale height of 6 km [De-
Jnakarintra and Park, 1974]. The electron component of the
ambient o is based on the ‘tenuous’ ambient density model
of Taranenko et al. [1993a], ionization rates for atmospheric
and ionospheric breakdown of Papadopoulos et al. [1993],
and the electron mobility as a function of electric field ob-
tained from experimental data [Davies, 1983). Electrons are
assumed to have a small but non-negligible number density
at mesospheric altitudes [Reagan et al., 1981]. We neglect
chemical effects due to their relatively long time scales [e.g.,
Mitra, 1981] and the geomagnetic field since the plasma is
highly collision dominated even after minor heating.

We consider two different cases of charge accumulation
and removal (Figure 1a); a monopole charge +Q or separated
dipole charges +Q, -Q assumed to form in a thundercloud over
a time 7y (few seconds). The monopole or the positive half
of the dipole charge is then discharged to ground with a time
constant 7,. In each case, as the charges accumulate, high alti-
tude regions where 7 is greater than the local relaxation time
are shielded from the QE fields of the thundercloud charges
by induced space charge at lower altitudes. When charge is
quickly removed, a QE field appears at all altitudes above the
shielding space charge. As we show below in section 3.2, this
field is essentially identical for the monopole or dipole cases
at altitudes >55 km. Since charge removal can be viewed as
‘placement’ of an identical charge of opposite sign, the initial
field at ionospheric altitudes is approximately the free space
field due to the ‘newly placed’ charge. Thus, the important
physical consequences of the QE system depend on the mag-
nitude and altitude of the removed charge and are essentially
independent of the initial charge configuration. For simplicity,
we first ?c’:%nsider the monopole and discuss the dipole case in
section 3.2.
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Figure 1. (a) Monopole (1) and dipole (2) models of thunder-
cloud charge; (b) The assumed behavior of the source charge
(top panel) and the corresponding establishment and relaxation
of E, at selected altitudes at r=0 km; (c) Altitude distribution
of |E,| at £ =0.501 s for two cases shown in (a).
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The space-time variation of the QE field E= —V (where
¢ is the electrostatic potential) and charge density p are gov-
emned by the following system of equations:

0
-V lovel=0 M
VZ‘P =—(p+ps)/eo ¥))

where p,(7,t) is the source charge density which is assumed

to have a Gaussian spatial distribution (e~[¢—2+")/e%y yith
2,=10 km, a=3 km so that the total source charge Q(t) =
ps(7,t)dV. Below we represent (£) by its maximum value
100, 200 or 300 C), the charge separation time (74=0.5 s) and
the time of charge removal (i.e., duration of the CG discharge)
taken to be an exponential with decay 7,=1 ms.

We integrate equations (1), (2) numerically following Poz-
ter [1973, p.34] and Swarztrauber and Sweet [1975]. In (1) o
is calculated self-consistently by taking into account the effect
of the QE field on the electron component through changes
in mobility (due to heating) and number density (due to ion-
ization). The optical emissions are calculated using known
functions and crossections for impact excitation of electron
levels of ambient Ny [Taranenko et al., 1993].

3. Results

3.1. Electric Field and Charge Density. Figures 1b and 2
show results for Q=200 C. The slow (0.5 s) build-up of Q(?)
leads to the formation of small but finite steady state QE fields
(Figure 1b) which are similar in nature to the fair weather
electric field produced by charges maintained on Earth [e.g.,
Uman, 1974]. The removal of charge with a time constant
Ts=1 ms leads to (Figure 1b) QE fields of up to ~100 V/m,
lasting for several ms at ionospheric altitudes.
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Figure 2. A sectional view of the distribution of the abso-
lute values of p (left panels) and F (right panels) at selected
instants of time. At ¢=0.501 s the source charge (middle left
panel) has decreased by a factor of ¢! but appears roughly at
the same level as that in the top left panel due to the limited
dynamic range of the color display.
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Figure 3. The altitude distribution of the N, (left) and o
(right) for different Q at ¢ =0.501 s. The top panels show
altitude scans at r=0.
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Figure 4. The distribution of intensities (Rayleighs) of emis-
sions of the 1st (left panels) and 2nd (right panels) positive
bands of N, at ¢ =0.501 s for different source charge values.
Two top panels show the corresponding quantities as functions
of altitude at r=0.
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Figure 2 shows the spatial distribution of p and E just
before (¢ =0.5 s) and 1 ms after the initiation (¢ =0.501 s) of
the CG lightning and at the end of the simulation (¢ =1 s). The

‘explosive’ appearance of E at higher altitudes at ¢ = 0.501 s

can be physically understood as follows: At steady state, free
charges in the mesosphere and lower ionosphere redistribute

(Figure 2, left panels) to create an E approximately equal and
opposite to the ‘applied’ static E due to the large thundercloud

charge. Once the thundercloud charge is removed, only the E
due to the space charge remains, and this large field endures
for a time determined approximately (see discussion below)
by the local relaxation time (7, = &,/0) at each altitude.

3.2. Conductivity. Figure 3 shows the distributions of elec-
tron number density N, and ¢ for Q=100, 200 and 300 C
at t=0.501 s. The system exhibits a threshold dependence on
Q; N, does not change significantly for Q=100 C, whereas
(=200 and 300 C leads to changes in N, by factors of ~4
(at 79 km) and ~10% (at 72 km) respectively. The changes
in N, result in corresponding changes in o, although the net
o changes are determined by the interplay between changes
in N, (due to ionization) and electron mobility (due to heat-
ing). For example, the factor of ~10 decrease in o at ~80
km altitude for =100 C and 200 C is dominantly due to
electron heating, since N, changes are relatively small. Max-
imum values of the mean energy of the electron distribution
(obtained in the optical emission calculations (see section 3.3
below)) for Q=100 C, 200 C, and 300 C are 2.0, 4.4, and 5.1
eV, occurring respectively at altitudes of 79, 77 and 71 km.

The results in Figures 2 and 3 indicate that QE fields can
reach substantial values, significantly changing N, and o at
~65 to 90 km altitudes in regions with ~50-60 km transverse
extent. One manifestation of such o changes in experimental
data may be the so-called ‘early’ VLF signal perturbations
observed in association with lightning discharges [Inan et al.,
1993]. Also, these o changes modify the relaxation charac-

teristics of F at ionospheric altitudes as discussed below.
For a dipole thundercloud charge configuration (Figure 1a),

the E field as well as the N, and o changes at > 55 km
altitudes are identical to those in Figures 2 and 3. Figure
1c shows a comparison of the QE field values which appear
after the removal of positive thundercloud charge for both
monopole and dipole cases. Since the QE fields for the two
cases are essentially identical at z > 55 km, the heating, ion-

ization and optical emission (dependent only on |E|) results
given below pertain to both the monopole and dipole cases.

3.3. QOptical Emissions. The spatial distributions of opti-
cal emissions calculated for @=100 C, 200 C and 300 C at
t=0.501 s) are shown in Figure 4. The local optical emis-
sivities of the first (red) and second (blue) positive bands of
N, excited via impact excitation at different points in a cylin-
drically symmetric volume were integrated along horizontal
lines to determine the emission intensities (I) in Rayleighs
observed when viewed horizontally from a distant point. In
all cases shown, I corresponding to the red band is ~10 times
larger than that of the blue band, consistent with the dominant
red color of the Red Sprites. For Q=300 C, I is larger than
the typical reported intensity (~10-500 kR) of Red Sprites
by more than a factor ~10° when viewed through the center
of the heated region (at ~72 km). For =100 C and 200 C
the maximum values are 250 kR and 9x 103 kR (at ~81 km
and ~79 km, respectively). Additional calculations for =30
C, 50 C and 75 C (not shown) give values of the maximum
intensity of the first positive band of 15 R, 1 kR and 23.4 kR,
respectively, demonstrating a highly nonlinear dependence on
Q, consistent with the fact that the Red Sprites are associated
with only the most intense lightning discharges.

The temporal duration of the observed luminosity at > 65
km altitudes is determined by the duration of the QE field,
which relaxes with a time constant of ~1 ms at 80 km and
~3 ms at 70 km altitudes (see Figure 1b), consistent with
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the observed few ms duration of Red Sprites. The transverse
extent of the region of most intense emission (the central red
cores in Figure 4) is of order ~20-50 km, also consistent with
the observed ~10-50 km horizontal extent of Red Sprites.

Quantitative experimental data on the altitude extent of Red
Sprites is not yet published; however, our results are consistent
with what is known at this time. The Red Sprites are well
detached from the cloud-tops and typically extend to ~90 km,
with maximum intensities at >80 km altitudes, at which our
results exhibit broad maxima (Figure 4).

4. Discussion

4.1. Lightning Current and Charge. The density and con-
ductivity changes as well as the light output have a threshold
type of dependence on . The transfer of 100, 200 and 300
C with an exponential time constant of 1 ms corresponds to
peak currents of 100, 200 and 300 kA, respectively, which are
at the higher end of those observed for positive CG lightning
[Uman, 1987, p. 123]. Parameter values used in our work
are in general agreement with the impulsive transfer of 150
C with a stroke duration of 2 ms which may occur in ~5 %
of lightning [Uman, 1987, p. 124]. However, positive flashes
are generally composed of a single stroke followed by a pe-
riod of continuing current [Uman, 1987, p. 20], so that the
actual time of charge transfer could be longer. The results
of our model are valid as long as the time of charge trans-
fer does not significantly exceed the local relaxation time 7
at 50-90 km altitudes. We note that ion conductivities lower
than those used in our work (by factors of ~10? at 70 km)
have been observed above thunderstorm regions [Holzworth
et al., 1985]. In such cases, 7, would be longer, so that our
results would be consistent with a wider range of times of
charge transfer (r,;). For example if 7.=5 ms, the peak cur-
rents required would be only 20-60 kA. The peak emission
intensities would not depend significantly on the ambient o
profile since the self consistent o is determined largely by
the magnitude of the QE field. The existence of separated
charges of ~100 C at 10 km altitude is also consistent with
aircraft-based measurements of Blakeslee et al. [1989], who
reported intensities of up to 7 kV/m at ~20 km altitude.

The charge separation time (ry =~ 0.5) s used in our model
is less than the typical times of tens of seconds between suc-
cessive lightning discharges as observed [Blakeslee et al.,
1989] and as used in previous theoretical work [e.g., Dej-
nakarintra and Park, 1976]. However, the physics studied
and the results are unchanged since 7y ~ 0.5 s > 7, at all
altitudes of interest.

4.2. Relaxation Times of QE Fields. An important aspect
of our model with respect to previous work on the relaxation
of QE fields [Dejnakarintra and Park, 1974; Baginski et al.,
1988] is the self-consistent modeling of the conductivity o.
In Figure 5, we compare the temporal variation of |E,| at 70
and 80 km for three different models of o. At z =80 km |E,|
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Figure 5. The vertical component |E,| at z=70, 80 km at r=0

as a function of time after the initiation of the lightning stroke
for (=200 C for different models of o: (a) self-consistent
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for case (a) is ~4 times that for (b), and initially exhibits ~3
times longer time duration, followed by a faster decrease, re-
sulting from the decrease of o due to heating initially followed
by its increase due to ionization at later times. The QE field at
a given point depends on the charge distribution at surround-
ing points and does not relax with the local ambient rate (¢)
because in a medium with 7o 70 a local source current due
to the ‘external’ electric field essentially introduces new local
charge. In our particular system, charges relax much more
slowly at lower altitudes (Figure 3), constituting a source of
QE field at higher altitudes.

4.3. Comparison with EMP-induced heating. Taranenko et
al. [1993] used a one dimensional fully kinetic and self con-
sistent model to estimate optical emissions produced by the
heating of the ambient electrons by lightning EMP at ~80-
95 km altitudes. In this work, results were given for peak
EMP intensities Egp (normalized to 100-km horizontal dis-
tance) of Ejgp <25 V/m. In terms of our work, Ejgp=25
V/m corresponds to @ ~100 C [Orville, 1991]. Results of
Taranenko et al. [1993] indicate that optical emissions due
to EMP-heating endure for shorter periods (~100us) and ex-
hibit a broad maximum at altitudes of ~90 km, higher that
those excited by QE fields (Figure 4). Although comparisons
of peak emission intensities are difficult since the transverse
size of the EMP-heating is not known, estimates indicate that
EMP-heating leads to brighter emissions at >80 km.

5. Summary

Our model of the Red Sprites is based on the local heat-
ing of mesospheric/lower-ionospheric electrons by intense QE
fields resulting from large uncompensated charge distributions
that temporarily exist in and above thunderstorms following
removal of charge by lightning discharges. Results of self
consistent two dimensional solutions are consistent with the
observed spectra, temporal duration, and spatial extent of Red
Sprites.
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