Journal of
ATMOSPHERIC AND
SOLAR-TERRESTRIAL

PHYSICS

PERGAMON Journal of Atmospheric and Solar-Terrestrial Physics 60 (1998) 811-829

Time resolved N, triplet state vibrational populations and
emissions associated with red sprites

J. S. Morrill**, E. J. Bucsela®', V. P. Pasko®, S. L. Berg®, M. J. Heavner®,
D. R. Moudry®, W. M. Benesch?, E. M. Wescott®, D. D. Sentman®

*E. O. Hulburt Center for Space Research, Naval Research Laboratory, Washington, DC, U.S.A.
Y STAR Laboratory, Stanford University, Stanford, CA, U.S.A.
¢ Computational Physics Inc., Fairfax, VA, U.S.A.
4 Institute for Physical Science and Technology, University of Maryland, College Park, MD, U.S.A.
¢ Geophysical Institute, University of Alaska Fairbanks, Fairbanks, AL, U.S.A.
f Raytheon STX. Lanham, MD, U.S.A.

Received 31 March 1997; accepted 11 February 1998

Abstract

The results of a quasi-electrostatic electron heating model were combined with a time dependent N, vibrational level
population model to simulate the spectral distributions and absolute intensities observed in red sprites. The results
include both N, excited state vibrational level populations and time profiles of excited electronic state emission. Due to
the long atmospheric paths associated with red sprite observations, atmospheric attenuation has a strong impact on the
observed spectrum. We present model results showing the effect of atmospheric attenuation as a function of wavelength
for various conditions relevant to sprite observations. In addition, our model results estimate the variation in the relative
intensities of a number of specific N, emissions in sprites (1PG, 2PG, and VK) in response to changes in observational
geometry. A recent sprite spectrum, measured from the Wyoming Infrared Observatory (WIRO) on Jelm Mountain,
during July, 1996, has been analyzed and includes N, 1PG bands down to v/ = 1. In addition to N, 1PG, our analysis
of this spectrum indicates the presence of spectral features which are attributable to N3 Meinel emission. However, due
to the low intensity in the observed spectrum and experimental uncertainties, the presence of the N3 (A’T],) should be
considered preliminary. The importance of both the populations of the lower levels of the N,(B*I1,) and the N,(B*IL,)/
N7 (A’I1,) population ratio in the diagnosis of the electron energies present in red sprites is discussed. While the current
spectral analysis yields a vibrational distribution of the N,(B*IT,) which requires an average electron energy of only 1-2
eV, model results do indicate that the populations of the lower levels of the N,(B’I1,) will increase with increases in the
electron energy primarily due to cascade. Considering the importance of the populations of the lower vibrational levels,
we are beginning to analyze additional sprite spectra, measured at higher resolution, which contain further information
on the population of B(v = 1). © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction sprites from the Mt. Evans Observatory on 22 June 1995.

The spectra of sprites were also acquired on 16 July 1996

Red sprites are recently-discovered luminous glows
occurring above large thunderstorm systems at altitudes
typically ranging from 30-90 km. The lateral extent of
sprites is typically 5-10 km and they endure for several
milliseconds (e.g., Sentman et al., 1995; Funkunishi et al.
1996). Hampton et al. (1996) obtained optical spectra of
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from an observation site near Ft Collins, Colorado, by
Mende et al. (1995). The optical spectra were measured
in the wavelength range from ~ 4500~ 8400 A, and four
distinct features in the 6000-7800 A region have been
identified as the N, First Positive System (1PG, B*I1, —
A’EF) Av =2, 3 and 4 band sequences which reflect
emission from vibrational levels 2 through ~8 of the
BI,. Although the observed emissions were found to
be primarily those of the 1PG of N,, there were also
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indications of the N5 Meinel emission (A°TI, —» X*Z})
as discussed by Green et al. (1996). More recently, spec-
troscopic measurements have been made from the
Wyoming Infrared Observatory (WIRO) on Jelm Moun-
tain (altitude ~3 km) (Heavner et al., 1996; Bucsela et
al., 1998) which extend to longer wavelengths (~ 9000
A). These recent measurements include the Av =1
sequence of the N, 1PG which feature band emissions
from the B°I1, vibrational levels, v = 1, 2 and 3.

Spectrally resolved emissions obtained by Mende et al.
(1995) and Hampton et al. (1996) have been analyzed in
detail by Green et al. (1996) who used energy-dependent
electron excitation cross sections and laboratory data to
extract information on the energies of electrons pro-
ducing the sprite radiance. A similar analysis has been
performed by Milikh et al. (1997). The results of these
steady state models indicate excitation by electrons with
a Boltzmann temperature of 1 eV (range 0.4-2 ¢V). How-
ever, Green et al. (1996) suggest that a Druyvesteyn dis-
tribution with a suppressed high energy tail may be more
realistic. Green et al. (1996) also suggest the presence of
N7 Meinel to be important as an indicator of electron
energies in sprites, and they present upper bounds on the
relative vibrational populations of the N,(B) and N3 (A).
Our analysis of the recent sprite spectrum, mentioned
above, also indicates the presence of emission features
which appear to be due to N; Meinel emissions in
addition to the N, IPG. However, due to the low intensity
the presence of the N7 (A’[1,) and the relative popu-
lations of the N3 (A’[1,) and N,(B’I1,) states should be
considered as being preliminary. Nonetheless, certain
spectral features in the observed spectrum are best explai-
ned as N> Meinel emissions and, if confirmed, this may
have implications relative to the shape of the electron
energy distribution. Additional evidence of N7 emission
is presented by Armstrong et al. (1998) who report obser-
vations of N, PG (CIL—B'TI) and N;j ING
(B’Z,-X’%Z}). However, unlike the N (B) state,
N7 (A) is reported to be strongly quenched (Vallance
Jones, 1974; Piper et al., 1989), and this will be discussed
below.

A detailed review of the current theories of sprite pro-
duction is presented by Rowland (1998). However, we
will present here a brief discussion of the three primary
theories. The basic mechanism in the quasi-electrostatic
model involves the buildup of positive charge in a thun-
dercloud prior to the lightning discharge and the induced
space charge in the conducting atmosphere above the
thundercloud (Pasko, 1996; Pasko et al., 1997a). When
the lightning discharge quickly removes the positive
charge, a large quasi-electrostatic field appears at all alti-
tudes above the thundercloud. The resulting field accel-
erates the ambient electrons and collisionally excites the
neutral atmosphere. A similar mechanism to the quasi-
electrostatic model is the EMP-induced breakdown
which includes the addition of an upward propagating

electromagnetic pulse (EMP) associated with a large
lightning stroke (Rowland et al. 1996a, b, 1998; Milikh
et al. 1995) which can produce breakdown at altitudes
above 60 km. The third mechanism involves the possible
role of runaway electrons which has been considered by
a number of groups (McCarthy and Parks, 1992; Gur-
evich et al., 1992, 1994; and Roussel-Dupre et al., 1994)
who showed that, under certain conditions, secondary
cosmic ray electrons with energies of ~1 MeV can
become runaway electrons. Model results (Bell et al.,
1995) suggest that runaway electrons produce optical
emissions similar to the observed spectra when positive
cloud-to-ground discharges involve 250 C or more. The
threshold runaway field is ~ 10 times lower than the
threshold field of the conventional breakdown and, on
this basis, it was suggested by Taranenko and Roussel-
Dupre (1996) that the runaway mechanism could proceed
at lower quasi-electrostatic field levels.

It is now well known (Sentman et al., 1996, Wescott et
al., 1996; Taylor and Clark, 1996) that, rather than simply
diffuse and unstructured, sprites are in fact highly struc-
tured and that they continue to produce significant emis-
sion for relatively long periods (some tens of ms) and
show ‘rebrightening’. Indeed, under certain geophysical
conditions the electric breakdown associated with sprites
may develop in the form of streamers (Stanley et al.,
1996; Fukunishi et al., 1996). The electric field in very
narrow regions around the tips of streamers (scale ~1 m
at 70 km altitude) can be much greater than the break-
down field and generally lead to localized enhancements
in N, 2PG and N3 ING emissions in comparison with
N, 1PG emissions (Pasko et al., 1997b). Within most of
the volume of the sprite and during a majority of the time
associated with the sprite, the electric field is expected to
remain at the level only slightly above the breakdown
field. From simple physical arguments, it is clear that
new ionization produced by the discharge would tend
to reduce the electric field due to the enhancement in
conductivity. However, rather than examine the detailed
spatial structure observed in sprites, in this paper we
consider the spectrum summed over several scan lines to
improve the signal to noise ratio.

Specifically, in this paper we use a quasi-electrostatic
(QE) model of lower ionospheric/mesospheric heating
and ionization (Pasko et al., 1997a), a recently developed
time dependent model of N, triplet state vibrational
populations (Morrill and Benesch, 1990; 1996), and an
atmospheric transmittance model, MOSART (Cornette
et al., 1994), to perform detailed time dependent simu-
lations of the N, emissions associated with sprites. Model
N,(B) vibrational distributions, summed over ~ 30 ms,
agree reasonably well with those resulting from fitting
the spectral observations of Mende et al. (1995) and
Hampton et al. (1996) to the 1PG system of N, (Green
et al., 1996). The current results also provide predictions
for future spectral or photometric observations ranging
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from UV (Vegard-Kaplan (VK), Second Positive (2PG))
through the visible to the near-infrared (1PG), and the
variety of observational geometries, including obser-
vations from the ground, mountains, aircraft and
balloons. We analyze one of the recent spectra measured
from Jelm Mountain, WY, in July 1996 (Heavner et al.,
1996; Bucsela et al., 1998) and the resulting vibrational
distributions of the N,(B) and N3 (A) states are presented
below along with the recent populations determined by
Green et al. (1996). As is the case in the aurora (Car-
twright, 1978), it is found that the relative populations of
the lower B[N, levels are important indicators of the
electron energies in red sprites. In addition, the possible
presence of the N3 (A) Meinel emission has implications
regarding the electron energy distribution (Green et al.,
1996). The current N,(B) vibrational distribution, as with
Green et al. (1996), indicates a low electron energy (~1-
2 eV). However, the possible presence of the N7 (A) Mei-
nel emission implies a much higher average electron
energy (> ~ 10 eV) or an enhancement in the high energy
tail of the electron energy distribution.

2. Atmospheric transmission

Spectroscopic studies of sprites generally entail obser-
vations made across long, nearly horizontal paths
through the atmosphere. Observations of the aurora, in
contrast, are seldom affected by path lengths more than
a few percent longer than a single vertical path through
the atmosphere. Accordingly, while auroral spectra in the
visible and near ultraviolet are only minimally distorted
by atmospheric absorption and scattering, these pro-
cesses constitute major factors in the production of the
apparent spectrum of a sprite as observed from platforms
at different altitudes (e.g., ground, aircraft, or balloons).
This distortion must be accounted for in order to deter-
mine the vibrational distributions associated with an
observed spectrum (Green et al., 1996).

It is molecular absorption and scattering that primarily
contribute to the attenuation of the spectra of sprites.
Ozone, oxygen and water vapor are the main absorbers
through the visible and near infrared, while Rayleigh
scattering dominates the shorter wavelengths. The influ-
ences of these mechanisms have been taken into account
in the present model. Their impact on the sprite spectrum
as calculated for various paths through the atmosphere
is displayed by Fig. 1.

The atmospheric transmission profiles in Fig. 1 were
calculated by the Moderate Spectral Atmospheric Radi-
ance and Transfer (MOSART) mode! (Cornette et al.,
1994) as implemented in the Naval Research Lab-
oratory’s Synthetic Scene Generation Model (SSGM)
(Wilcoxen and Heckathorn, 1996). This model was used
to generate atmospheric transmittance with a spectral
resolution of 5 cm™' between an emission point at 65 km

and an observation point at a lower altitude (0-20 km).
MOSART is local thermodynamic equilibrium (LTE)
model and has combined the best features of the Air
Force Phillips Laboratory’s MODTRAN code (Berk et
al., 1989) and the Atmospheric Propagation and Radi-
ative Transfer (APART) model (Cornette, 1990). MOS-
ART contains all of the atmospheric features of
MODTRAN. The MODTRAN one-dimensional Mid-
latitude Summer model atmosphere was used for these
calculations.

Figure 1 shows the wavelength dependent transmission
of the atmosphere from an altitude of 65 km to the
observation altitudes indicated on the figure (0, 5,10, 20
km) along two different path lengths (a) 100 and (b) 500
km. The observation altitudes (0, 5, 10, 20 km) were
chosen to be representative of observations from the
ground, mountains, aircraft and balloons, respectively.
The 20 km altitude would also include high altitude air-
craft such as the U2 and WB-57F. The actual path lengths
and zenith angles associated with Fig. 1 are presented in
Table 1.

As Fig. | indicates, the atmosphere permits the trans-
mission of sprite radiation beginning at the long-wave-
length end of the absorption by the ultraviolet bands of
ozone at about 3000 A, depending on path length. For
the longer path lengths, transmission has already been
much attenuated below 4000 A by Rayleigh scattering.
Ozone again contributes significant absorption via the
Chappius bands which are broad and diffuse with peaks
at about 5730 and 6020 A. Vibrational bands of water
vapor then appear and become increasingly significant
into the infrared. The sharp double peak near 7600 A is
due to molecular oxygen, the (0-0) O, Atmospheric band,
and serves to cut into the Av = 2 sequence of the sprites
First Positive spectrum of N,.

3. Spectral analysis

Prior to the determination of the vibrational dis-
tribution associated with an observed spectrum, the
atmospheric attenuation must be accounted for (Green et
al., 1996). This was accomplished by scaling the synthetic
IPG ¢” progressions (common upper vibrational level)
with the model atmospheric transmission and then using
a least-squares spectral fitting procedure. Our analysis of
the N, 1PG spectrum measured from Jelm Mountain,
during July 1996, mentioned above, extends up to ~9000
A and was done assuming a 520 km path length, an
emission altitude of 57 km and an observation altitude
of ~3 km, as determined from the video image taken
simultaneously with the spectrum. The superposition of
the spectrograph slit on the video image of the sprite
shows the spectrum to be of an upper portion of a tendril
which extends downward from the main body of the
sprite. This 1PG spectrum includes emission of the Av = 1
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Fig. 1. Atmospheric attenuation between 65 km and observation altitudes of 0, 5, 10 and 20 km along (a) 100 km and (b) 500 km path

lengths.

sequence and so provides a measure of the relative popu-
lation of the v = 1 level of the B*I1, through the intensity
of the (1,0) band with a band origin at 8884 A (Gilmore
et al., 1992). We have also included the N3 Meinel tran-
sition in our analysis and a number of bands of this
system are indicated in the fit of this spectrum. Previous
measurements of sprite spectra were done for emission
from higher altitudes (Mende et al., 1995; Hampton et
al., 1996) and our choice of altitudes for the modelling
portion of this study (65 and 75 km) was based on these
values. However, a detailed examination of the obser-

vational geometry determined the 57 km altitude of emis-
sion associated with the sprite spectrum in Fig. 2.

The details of the spectral analysis routine are given
elsewhere (Bucsela and Sharp, 1997) but we present a
brief description here. A multiple linear regression algo-
rithm was used to determine the relative intensities of
the molecular band progressions in the spectrum. The
procedure is similar to that employed by Fraser et al.,
(1988). A set of unit-intensity 1PG vibrational bands
are each multiplied by an intensity scaling factor and
combined with the other bands to produce a synthetic
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Table 1
Atmospheric attenuation: actual path lengths and zenith angles

Path length (km) Zenith angle (%)

Observation

altitude (km) 100 500 100 500
0 107.3 495.5 53.1 84.7
5 104.4 495.1 55.3 85,2
10 101.6 494.7 57.6 85.8
20 96.7 494.1 62.6 87.0

The actual path lengths and zenith angles used in the calculation
of atmospheric attenuation. The column headings ‘100’ and *500°
correspond to the nominal path lengths shown in Fig. 1.

spectrum. The intensities are varied independently to
minimize the chi-square in fitting the features to the data.
The features included in the fit were the (1, 0) band, the
(v’-v") progressions (2, 0-1), (3, 0-3), (4, 0-4), (5, 0-5),
(6, 2-6), (7, 3-8), (8, 4-9) for the N, IPG and the (v'-v")
progressions (2, 0-1) and (3, 0-2) for the N Meinel, as
well as a uniform continuum background. Progressions
originating from higher ¢” levels in both band systems
proved too weak to yield meaningful intensities when
fitted to the spectrum. Also, negative intensities for sev-
eral band progressions resulted when the background
level was allowed to vary freely in the fit. Therefore the
background was fixed at a level just below its fitted value
so that all feature intensities were positive.

Shapes of the vibrational bands were calculated by
synthesizing the rotational lines of molecular band pro-
gressions and multiplying by an atmospheric trans-
mittance profile, as already described. The attenuated
features were convolved with a Gaussian function rep-
resenting the instrumental line shape. The resolution was
varied from a full width at half maximum of 9 nm at the
shorter wavelengths to 14 nm at 1000 nm and this was
found to produce the best fit to the spectral data. The
rotational line strengths and wavelengths were calculated
with a band synthesis algorithm that has been described
by Bucsela and Sharp (1994). Molecular constants for
the Nx(A) and N,(B) states and the N3 (X) and N5 (A)
states were obtained from Laher and Gilmore (1991) and
Huber and Herzberg (1979), and the relative intensities
of bands within the progressions were fixed according to
the transition probabilities of Gilmore et al. (1992). The
temperature of all bands was set at 230 K but, due to the
current resolution, the fit was relatively insensitive to the
choice of rotational temperature.

Figure 2a shows the observed spectrum corrected for
instrument sensitivity as well as our best fit which includes
both 1PG and Meinel band emissions. In this figure the
observed spectrum is shown by the solid line, the full
spectral fit (1IPG+ Meinel) by the dashed line, and the
Meinel portion by the dotted line. The resulting N, (B*I1,)

vibrational distribution appears in Fig. 2b as well as the
N7 (A’Il,) populations for levels 2 and 3. The overall
scale is arbitrary but the relative population of the N, (B)
and N7 (A) vibrational levels has been preserved.

The presence of the Meinel band in the 55-60 km
altitude region is difficult to explain since this emission
has a quenching height of 85-90 km (Vallance Jones,
1974). Consequently, we have attempted to fit the
observed spectrum without the Meinel band and we are
currently preparing these results for inclusion in a pub-
lication discussing the analysis of a number of other sprite
spectra {Bucsela et al., 1998). Our attempt to fit this
emission without the Meinel band produced two basic
scenarios regarding the observed emission in the 7800~
8200 A region. First, if the spectral fitting model is con-
strained as it is with the Meinel bands present (e.g. the
weight associated with the intensity at a specific wave-
length is based on the noise in the calibrated spectrum at
that wavelength), then the model produces a good fit
to the emission at most wavelengths except the region
between 7800 and 8200 A which is very poorly fitted.
Furthermore, the observed spectrum appears to have
excess emission in this wavelength range. Secondly, if the
model is constrained to fit only the longer wavelengths
(> 7300 A), then the 7800 to 8200 A region is well fitted.
However, in this case the model spectrum contains
tremendous enhancements near 6550 and 7650 A, largely
due to v" = 7 band emissions. These enhancements are
beyond anything explainable in terms of uncertainty in
the observed spectrum. In addition to the spectral fitting,
significant effort has been expended to ensure that all data
processing and calibrations have been done properly.
Although the possibility remains that the features in the
7800-8200 A region are due to either an instrumental or
processing artifact which has not been considered, we are
forced to conclude that the observed spectrum in this
region is best explained as Meinel emission. In order to
confirm these results, we are currently examining
additional sprite spectra to determine if the emission in
the 7800-8200 A appears during other observations.

4. Quasi-electrostatic model

The electric field transients capable of causing break-
down ionization at mesospheric altitudes can be pro-
duced by cloud to ground lightning discharges removing
large amounts of positive thundercloud charge on a time
scale of several milliseconds (Pasko et al., 1995, 1997a).
The quasi-electrostatic (QE) heating model quan-
titatively describes the evolution of the electric field in
the conducting atmosphere resulting from a given charge
dynamics at tropospheric altitudes (e.g., accumulation of
thundercloud charge and its removal by lightning). The
electric field and charge density are calculated using the
Poisson and continuity equations. The conductivity of
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Fig. 2. (a) Sprite spectrum and least-squares fit which consists of the 1PG spectrum of N, and the Meinel spectrum of N : (b) N(B)

and N7 (A) vibrational distributions determined by the fit.

the medium is calculated self consistently by taking into
account the effect of the electric field on the electron
component through changes in mobility (due to heating)
and electron density (due to ionization). A detailed
description of the QE model is presented by Pasko (1996)
and Pasko et al. (1997a).

It is important to note that results of the QE model
generally demonstrate large variability as a function of
input parameters (e.g., altitude profile of atmospheric
conductivity, discharge duration and thundercloud

charge geometry (Pasko et al., 1997a)). This is a direct
consequence of the highly nonlinear nature of the inter-
action of thundercloud electric fields with the meso-
sphere/lower ionosphere, leading to large heating and
ionization changes, which significantly modify the ambi-
ent conductivity. In spite of this large variability, under
a variety of conditions the magnitude of the electric field
does not significantly exceed the characteristic air break-
down field £, (which varies proportionally to the ambient
air density, N (e.g., Papadopoulos et al., 1993)). This
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effect is mostly defined by the fast (~ 1 ms) screening of
the electric field due to enhancements of the conductivity
produced by the breakdown ionization and leads to an
important conclusion that spectral results obtained for
the limited number of cases considered in this paper are
valid for much wider range of input parameters (not only
those chosen here for the calculations). It is important to
note in this regard that heated electron energy dis-
tributions are self similar at different altitudes for the
electric fields £ ~ E, (i.e., remain the same for the same
E/N ratios).

For the purpose of the studies in this paper we take a
case of the removal of 475 Coulombs of charge from
altitude 10 km in 20 ms (called case (e) in Pasko et al.
(1996)), associated with the formation of a columnar
channel of breakdown ionization and relatively long
optical emission. This case leads to the intense production
of excited electronic states at higher altitudes (> 65 km)
which makes it preferable in comparison with other simi-
lar cases in (Pasko et al.,, 1996c, d) from the point of
view of the application of existing vibrational population
models (see next section). The dynamics of the electric
field and electron number density are readily calculated
by the model at any time during the 100 ms period con-
sidered. Figures 3 and 4 show these two quantities as a

0
10¢  10° 10% 10"
Time (s)
Fig. 3. The electric field as a function of time at two selected
altitudes 65 and 75 km. The characteristic breakdown field cor-
responding to each altitude is shown by horizontal dashed lines.

3
10 75 km
€ 102
g 65 km
10’
00
104 10° 102 10"
Time (s)

Fig. 4. The electron number density as a function of time at two
selected altitudes—65 and 75 km.

function of time and at two selected altitudes 65 and
75 km. The characteristic breakdown field E, at these
altitudes is also shown in Fig. 3 by horizontal dashed
lines.

The electric field and electron density values shown in
Figs 3 and 4 are used to calculate the temporal variation
of the electron distribution function ®(¢) in units of
(1/cm*-s-eV) (here ¢ is the electron energy) using the solu-
tion of the Boltzmann equation, taking into account
inelastic collisions consisting of rotational, vibrational,
optical, dissociative, dissociative with attachment and
ionizational losses (Taranenko et al., 1993a, b). Results
are shown in Fig. 5a and b for altitudes 65 and 75 km,
respectively, at selected instants of time.

The average energy of the electron distribution is
shown in Fig. 6, demonstrating that the average energy
does not exceed 5.5 eV. This indicates that most of the
ionization is produced by the relatively small number of
electrons in the tail of the electron distribution function
which appear in the region of energies of ~15 eV (cor-
responding to the ionization threshold of N, and O,).
Lastly, Fig. 7 shows the temporal variation in the pro-
duction rate of vibrationally excited N, calculated using
the electron energy distribution functions and known
cross section of this process (Taranenko et al., 1993a, b;
Phelps, 1987).

107 10° 10 10°
€ (eV)
Fig. 5. The distribution of heated electrons as a function of

energy at selected instants of time, and at two selected altitudes
(a) 65 and (b) 75 km.






