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OPTICAL SIGNATURES OF LIGHTNING-INDUCED HEATING OF THE D REGION

Y.N. Taranenko, U.S. Inan, and T.F. Bell
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Abstract. Lightning-induced heating of the nighttime D
region leads to the excitation of a number of lines of O, O3,
Nz, O3, and N, at intensities of 10-10° Rayleighs (R) for
vertical observations. For example, the 5577 A emission from
O has intensity ~60 R lasting for ~350 ms while the 1st and
2nd positive bands of N3 are at ~10° R but last only ~50us.

1. Introduction

Excitation of optical emissions should be a natural con-
sequence of lightning-induced heating of ambient D region
electrons to energies of several eV [/nan er al., 1991). Space
Shuttle observations [Boeck er al., 1992] of a transient air-
glow enhancement associated with a lightning discharge may
be evidence of such optical emissions.

‘We employ here the Inan et al. [1991] model for lightning-
induced heating to estimate radiation times and intensities of
selected lines of O, Oz and N3 in a model atmosphere for
different observing geometries, including that of Boeck et al.
[1992].

2. Theoretical Formulation

We assume that ionospheric electrons are heated to 2 to 6
eV at ~93 km altitude with an exponential scale heights for
temperature of 1.5 and 7 km respectively above and below,
for ~50 us. We neglect electron transport due to the short
duration.

Our results are not sensitively dependent on the ambient
electron density model and we adopt a ‘typical’ ambient night-
time D region electron density [Reagan et al., 1981] shown
in Figure 1.

The impact excitation of neutral species is given by:

aa’;‘ = —’;‘_—: +> my4; + NoiF; (1)
Y

where n; is the density of excited particles at :-th level, Ny; is
the ambient density of corresponding neutrals, 7; = (3_; 41 +
k1i[Na] + k2;[O2] + k3;[O])~! is the total lifetime of the i-
th state (brackets denote concentration), A4; is the radiation
transition rate, k;; is the quenching rate, and R; is the excited
State source term.

The MSIS neutral atmosphere model [Rees, 1989, Ap-
pendix 1] (Figure 1) is adopted for densities of O, Oz and
N3 as well as OF and N3 ions produced via electron impact
ionization of neutrals. Energy level diagrams of O, Oz, Ny,
(g)i’, and N3 are well known (e.g., see Jones [1974], pp. 85-

1).
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Fig. 1. (Left) Ambient midlatitude ionospheric profiles for
the densities of electrons (n.), atomic oxygen ([O]), molecular
oxygen ([O2]), and molecular nitrogen ([N2]). Fig. 2. (Right)
Excitation and ionization cross-sections for electron impact for
states analyzed in this paper.

Each of these species has emission lines ranging from far
infrared (IR) to extreme ultraviolet (UV) commonly observed
in the aurora and airglow. Emission lines to be studied were
selected using equation (1) and considering several factors
such as; (i) electron impact cross-sections of the lines, (ii)
emission rate of the excited levels, (iii) branching ratio of
different lines originating from the same level, (iv) cascade
and radiation trapping effects, (v) quenching rate by neutral
species, and (vi) transparency of the atmosphere at the wave-
length of the emission. Lines such as 1304 and 1356 A of O
were not considered since the medium is optically thick both
upward and downward from ~ 93 km altitude.

We thus restrict our attention to the red 6300 (6364) A
(D — 3P transitions), and the green 5577 A (1§ — D
) lines of O; the atmospheric band (b'E; — X3%; ) and
UV Herzberg I band (4% — X327 ) of O; the blue to
UV 2nd positive band (C37r, — B3r, ) and red to IR 1st
positive band (B3m; — A3%Y) of Ny; the blue 1st negative
band (B%E} — X?%; ) and IR Meinel band (4%r, — X?3})
of N3; and the red 1st negative band (3*E; — a’r,) of O, all
of which are regularly observed in the airglow aurora [Jones,
1974; Chamberlain, 1978).

The excitation cross-sections for these emissions as a func-
tion of electron energy are shown in Figure 2 whereas quench-
ing and emission rates are summarized in Table 1. The data
in Figure 2 were taken from: for 1D and 'S states of O [Do-
ering and Gulcicek, 1989], for b'E} and A3Z} states of O,
[Rees, 1989, Appendix 4 and references therein], for C3r,
and B3r, states of Ny [Cartwright et al. 1977], for A%x,
and B2Z{ states of N§ [Cartwright et al. 1975), for b*z;
state of OF [Watson et al. 1967].

Comparison of radiation and quenching rates indicates that
the 6300 and 5577 A lines from O, and the atmospheric and
Herzberg I bands from O, are quenched at D-region alti-
tudes, while the other lines are not strongly quenched. Two
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TABLE 1. Quenching and Emission Rates

Reaction

Rates (cm’ s~ or §*)

O(D)— O+hv
O('D)+N3 — O+Ny
O(D)+0y —+ 0+0,
o(D)+0— 0+0
0(1$)—~0(D) + hv
O(S)— O+hv
O(18)+0; — 0+0;
0O(1$)+0— 0+0

0.34 x 10 %

2.0 x 10~ exp(107.8/T)*
2.9 x 10~ exp(67.5/T)*
8 x 10~ 12%

1.07*

0.0444*

4.9 x 10712 exp(—885/T)*
2 x 1014+

O2(b'5)— Oz + hv 0.0831
(Atmospheric bands) 0.079t
02(b12)+0— 02+0 8 x 10~ 14t
O, (b1Z)+N3 — Oz+N3 2.2 x 10~ 15t
0,(A43%)— Op + hv 6.25t
(Herzberg I bands) 3-7 (' dependent)t
02(A32)+0— 02+0 3x 10713
02(A3Z)+N2 — O+N2 3x 107131
No(CPry)— No(B3mp) + hy  2x107%
No(C3my )+0p — O2+N3 3 x 10710%
No(Br )= No(A’%}) +hv  1.7x10%%
N2(B37g)+Np — Np+Np 10114
N3(B2Zi)— N§(X2LH)+hv  1.4x106%
$(B2Z)+Nz — Na+Na 4% 10104
N3 (A%, )— N3 (X2E) + by Tx10%
$(B2E:)+Ny — Np+Nj 5% 10710%
03(*Z;)— Of(amy) +hy  8.5%x10%
O3(b*Z;)+Nz — 02+N; 2 x 1010

* Torr et al. [1990]
T Torr et al. [1985]
¥ Jones [1974] (p. 115, 119)

types of emissions would thus be excited by lightning-induced
heating: (i) emissions with duration determined by quench-
ing efficiency (typical for the ‘forbidden’ transitions), having
lower intensity since the radiation lasts longer than the radio
impulse and most of the energy is taken off by quenching, (i?)
emissions that last as long as the radio impulse (typical for
the ‘allowed’ transitions), having substantially higher intensity
since almost all the energy is radiated.

3. Results

We consider two cases of electron temperature distribution
having a maximum temperature of respectively 6 eV (Case A)
and 2 eV (Case B) at an altitude of ~93 km. According to
Inan et al. [1991] and Rodriguez et al. [1992], Cases A and
B respectively correspond to lightning electric field intensities
of 10 V/m and ~5 V/m (normalized to 100 km of free space
distance) [Krider and Guo, 1983]. The duration of the radio
impulse from lightning (and hence the enhanced temperature)
is taken to be 50 ps.

3.1. Atomic Oxygen (O)

We include the cascade from the 1S state in the calculation
of the population of the 1D state but not the excitation of
15 or 1D states of O as a result of dissociation of the Oy by
electron impact due to lack of any firm data on these processes
[Zipf, 1984; pp. 335-401].

The altitude distribution of the intensities of the red (6300
and 6364 A) and green (5577 A) lines is shown in Figure 3.
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Fig. 3. (Left) Altitude distribution of the intensities of the
6300 (6364) A (solid lines) and 5577 A (dashed lines) emis-
sions of atomic oxygen. The intensities of the lines for Case
B are substantially lower than for Case A. Fig. 4. (Right)
Same as Figure 3 for the O atmospheric (solid lines) and
Herzberg I (dashed lines) bands.

The exponential decay times of the intensity of the red and
green lines are relatively short due to quenching of 1D and 1§
states in collisions with neutral species (Table 1), respectively
being ~1.5 ms (at ~96 km) and ~0.35 s (at ~95 km). For
vertical (e.g., upward from ground) observations, the intensity
of the red line is ~8 R for Case A and ~2.3 R for Case B
whereas that for the green line is ~63 R for Case A and ~6.6
R for Case B.

3.2. Molecular Oxygen (O)

The atmospheric band of O3 is very bright but is completely
absorbed by O; in the lower atmosphere and can thus only
be observed from altitudes above the stratosphere [Torr et al.
1985]. The Herzberg I band is the strongest UV feature of
the night sky, but is heavily absorbed by ozone in the lower
atmosphere. We only consider direct collisional excitation for
both bands and downward observations from above the D
region (i.e., spacecraft-based).

The intensities of the O, atmospheric and Herzberg I bands
are shown in Figure 4. The exponential decay times of the
atmospheric band and Herzberg I emissions are respectively
~6.5 s (at ~96 km) and ~90 ms (at ~95 km) and are de-
termined by quenching of 5'E;} and A>Z] states due to colli
sions with neutrals. For vertical (i.e., downward looking from
spacecraft) observations the atmospheric band emits ~56 R
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Fig. 5. (Left) Same as Figure 3 for the N 1st (solid lines) and
2nd positive (dashed lines) bands. Fig. 6. (Right) Same 2s
Figure 3 for the 1st negative (solid lines) and Meinel (dashed
lines) bands of N3, and the 1st negative band of OF (dashed
dotted lines).
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for Case A and ~24 R for Case B whereas the Herzberg 1
band emits ~1.6 x 10* R for Case A and ~2.5 x 10 R for
Case B.

3.3. Molecular Nitrogen (N3)

For N> we consider the 1st and 2nd positive bands and
neglect quenching of originating states by neutrals (see Table
1). Cascading from C>r, to B3r, state (resulting in the
2nd positive emissions) is included as the source for the 1st
positive emissions,

The intensities of the N3 1st positive and 2nd positive bands
are shown in Figure 5. After termination of the radio im-
pulse the exponential decay time of the intensity of the 1st
and 2nd positive bands are respectively ~6 us and ~50 ns
as determined by radiation rates from the C3r, and B3,
states. For vertical (i.e., upward or downward looking) ob-
servations the 1st positive band emits ~8.9x 108 R for Case
A and ~3.6x107 R for Case B while the 2nd band emits
~4.3 x 108 R for Case A and ~9.5%106 R for Case B.

34. Ions of Molecular Nitrogen and Oxygen ( N3, O%)

The 1st negative and Meinel bands of N, and the 1st neg-
ative band of O3 are among the strongest auroral emissions
[Jones, 1974; p. 125, 138]. However, the threshold energy
these emissions is quite high (~16-19 eV; Figure 2).

The intensities of the Nj 1st negative and Meinel bands,
and the OF 1st negative bands are shown in Fig. 6. The ex-
ponential decay times for these bands are weakly influenced
by quenching and are approximately equal to the inverse ra-
diation rates given in Table 1 (i.e., ~70 ns for the N 1st
negative band, ~14 ps for the Meinel band, and ~1.2 us for
the OF 1st negative band). For vertical observations the Ist
negative band of NJ emits ~2.6x 107 R for the Case A and
~4x10°® R for Case B and the Meinel band emits ~1.7 x 108
R for Case A and ~1.2 x 10° R for Case B; the 1st negative
band of og has intensity ~5.3 x 10 R for the Case A and
~3.3 x 10° R for Case B.

Due to the high excitation threshold, the computed N3 and

3 emission intensities are particularly sensitive to the elec-
tron population in the high energy tail of the distribution.
Thus, our assumption of a Maxwellian distribution is partic-
ularly critical for these emissions.

4. Discussion

That the longest emission time among the above is ~6 s
indicates that relatively fast optical systems with 50us to few
seconds exposure time should be used, utilizing the intense
radio impulse as a trigger. The size of the emitting region
is important in estimating the intensity and duration of the
optical pulse since the radiation time of the brightest emissions
is small. For a ~500 km region [Rodriguez et al., 1992] the
pulse duration will spread from ~50 us to 1.5 ms for limb
and all-sky observations, due to the finite velocity of light.

4.1. Emission Intensities Compared to Airglow
The 6300 A intensity for vertical observation is relatively

low and is more than one order of magnitude less than the
ambient intensity of the night airglow for vertical observations
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(~102 R [Chamberlain, 1978; p. 215]). However, the side
view intensity for Case A (see Figure 3) is comparable to
the ambient night airglow. The 5577 A intensity for vertical
observations is also comparable to the ambient night airglow
(~10?R [Chamberlain, 1978; p. 215]), whereas the side view
intensity (Figure 3) can be larger than the background level
[Thomas, 1981]. The intensity of the O atmospheric band is
much below ambient levels (~3x 10* R [Chamberlain 1978;
p- 218]). The intensity of the Herzberg I band of Oy (see
Figure 4) is well above the background (<800 emission cm™3
s~ [Thomas, 1981]) and could be measured from above the
D region (downlooking from spacecraft).

Although the transitions of O and O3 discussed above are
quenched, the radiation and quenching time scales are much
larger than the time of excitation by lightning radiation, so
that the intensities of these lines are linearly proportional to
the duration of the radio pulse.

The intensities of the N3, N}, and OF lines are several or-
ders of magnitude larger than the background in corresponding
spectral regions (~10% R [Chamberlain, 1978; pp. 214-218)).

In terms of detectability with typical auroral airglow pho-
tometers, we note that a good photometer would have a sen-
sitivity of ~50 R-sec [S. Mende, private communication]. In
this context, the N, emissions (Figure 5) of 107 — 10° R, last-
ing for 50 us correspond to 50-5,000 R-sec and should be
detectable, while the 5577 A line from O with ~60 R and
~350 ms duration is only ~27 R-sec which is marginal.

4.2. Comparison with Boeck et al. [1992] Observations

Recent observations from the Space Shuttle of lightning as-
sociated brightening in the airglow layer [Boeck et al, 1992]
can be explained as electron impact induced emissions from
the heated region above the thunderstorm. The images pre-
sented indicated an enhanced airglow region of ~500 km hor-
izontal width ranging over a 10-20 km altitude range centered
around ~95 km and it was pointed out that such events are
relatively rare. Orientation and intensity of the lightning dis-
charge determine the electron temperature and the vertical and
horizontal extent of the heated region [Rodriguez et al., 1992],
and therefore the intensity and spectrum of subsequent emis-
sions. Long lasting emissions from O and O, may not have
been detected on the Space Shuttle for two reasons: (i) the
wavelength for the brightest of them, Herzberg I band of O,,
lies outside the camera sensitivity region, (i) the intensities
of the 6300 A and 5577 A lines of O, and the atmospheric
band of O, are below the sensitivity of the camera.

Each of the short lasting bands discussed above has transi-
tions with wavelengths from 3600 A to 7200 A to which the
TV cameras on the Space Shuttle were sensitive with peak
sensitivity being at 4400 A. Two lines of the 1st negative
band of N3 lie near the peak of the camera sensitivity. As is
evident from Figure 6, for a 50 us exciting pulse (resulting
in 15 km of effective horizontal width of the emitting region
of simultaneously registered photons) the side view intensi
of this band averaged over a 10 km range in altitude is ~10
R for Case A and ~10* R for Case B. The duration of the
emissions for the ~500 km width (as observed by [Boeack et
al, 1992]) of the emitting region is ~1.5 ms. The effective
intensity observable at the Space Shuttle would be ~ 10 times
lower due to 1/60 s integration time of the camera result-
ing in ~10% R for Case A and ~10? for Case B. Case A
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corresponds to electron heating for a ~10 V/m lightning in-
tensity (at 100-km distance) for intracloud discharges or ~20
V/m for cloud-to-ground discharges [Rodriguez et al., 1992],
which occur ~10% of the time [Krider and Guo, 1983]. The
emission intensities for less intense lightning would be below
the background level, due to the relatively high thresholds
(7.3 to 18.75 eV) of these transitions. Hence, the observed
airglow transient [Boeck et al, 1992] probably consisted pre-
dominantly of unquenched Ny, N3, and Of emissions, excited
by arelatively intense (i.e., relatively rare) lightning discharge.

5. Summary

Lightning-induced heating of ionospheric electrons as dis-
cussed by Inan et al. [1991] is estimated to lead to the exci-
tation of a number of emission lines from O, O,, Ny, 03, and
Ni, with intensities ranging from 10 — 10° R. For example,
5577 A from O emits ~60 R and lasts for ~350 ms while
the 1st and 2nd positive bands of N emit ~10° R but last as
long as the radio frequency pulse, namely ~50-100 us.

The brightest emissions from the D region above a thun-
derstorm are expected to be the allowed transitions including
the Lst and 2nd bands of Nj, the 1st negative and Meinel
bands of N3, and the 1st negative band of O3. The radiation
time of these bands is approximately equal to the duration of
lighting stroke (i.e., 50 to 100 us). For the emissions of O
and Oz considered, the radiation time is limited by quenching
and does not exceed few seconds.

The N2 and molecular ion lines would be best suited for
observations from upward looking ground- or aircraft-based
platforms whereas the O; lines would only be detectable from
spacecraft. Most of the emissions appear to be easily de-
tectable with fast optical systems with exposure times of 50
ps to several seconds, using the electromagnetic impulse from
lightning to trigger the camera.
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