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Lower stratosphere response to electric field pulse

N. V. Smirnova, A. N. Lyakhov, and S. I. Kozlov

Institute of Geosphere Dynamics, Moscow, Russia

Abstract. An improved plasmochemical model is developed to study the impact of
electric field perturbations on the lower stratosphere aeronomy. It is shown that for any
plasmochemical atmospheric model the critical electric field should be determined in the
framework of the accepted atmosphere composition, electron impact ionization and electron
attachment rates. The electron attachment taken into account as well as the complex
negative ion chemistry modifies the threshold significantly. The requirements for accurate
self-consistent initial data setting are given. Variations of negative ions, excited minor and
long-lived neutral constituents are presented. Some aspects of applications to the blue jet

event are discussed.

1. Introduction

Thunderstorm specific optical events referred to as blue
jets, red sprites, and elves were intensively studied during
last years. The experimental data available give the fol-
lowing characteristic heights and durations: blue jets, 15—
40 km with the mean duration of about 200 ms; red sprites,
40-90 km with the mean duration of about 60 us [Sent-
man and Wescot, 1995]. According to a number of obser-
vations such events occur during thunderstorms with the
frequencies varied from 1/20 to 1/40 for the positive cloud-
to-ground (CGD) discharges and from 1/200 to 1/400 for
negative CGD. A number of theoretical models have been
proposed up to date [Sentman and Wescot, 1995], such as
(1) fluorescence induced by optical pumping of the middle or
upper atmospheric gas, (2) quasistatic dielectric breakdown
between clouds and the higher atmosphere, (3) quasistatic
heating and impact excitation of the air in the middle at-
mosphere, (4) cosmic ray triggered runaway breakdown, and
(5) radio frequency breakdown by lightning electromagnetic
pulse.

Initial efforts to understand sprites and jets focused mainly
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on their relationship to causal electrical processes in thunder-
storms. Therefore these models, except the one by Mishin
[1997], do not include the complex system of photochemi-
cal and ionization/recombination processes in lower strato-
sphere, though the latter determine the response of the
medium to any perturbations mentioned above.

Our opinion is that the calculation of optical emissions of
blue jets must be preceded by detailed simulation of varia-
tions of minor neutral, excited, and charged constituents of
the medium under the transition of electromagnetic pulses.
Only as a result of such a simulation possible candidates for
the certain band emissions can be determined exactly from
the set proposed previously Sentman and Wescot [1995].
Concerning the realistic thunderstorm scenario, none of the
treatments mentioned above takes into account the change
of the chemical composition of the atmosphere caused by the
preceding discharges.

We use the plasmochemical model which takes into ac-
count the realistic chemical composition of minor neutral,
excited and ionized constituents as well as all types of pro-
cesses discussed below. The critical value of the electric field
required for the electron avalanche occurrence is determined
self-consistently in the framework of the model itself. This
allows us to determine precisely variations in the ionized and
excited constituents. Moreover, based on a new evidence, we
consider in this model the processes with negative ions in-
volved. Their role was underestimated in the previous treat-
ments. We present the comparison of the simulation results
of the quasistatic electric field impact on the lower strato-
sphere with earlier theoretical estimates [Mishin, 1997] and
discuss the possible blue jet applications.
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Table 1. Improved Rate Constants

STRATOSPHERE RESPONSE TO ELECTRIC FIELD

Reaction Rate Constant Condition
e+ Ny — e+ No(A%%]) 10~ 8-4-1711/0 2<6<10
10867 14.41/6 10 < 6 < 100

e+ Ny — e + Ny(B’IL,) 1077917168176 2<6<10
1078271892/ 10 < 0 < 100

e+ Ny — e + No(a'll,) 10~ 817-18.74/6 3<6<10
107 8:29-17:53/6 10 < 6 < 100

e+ Ny — e+ Ny(C®IL,) 107788 -28:32/6 4<6<20
107 8:08-19:37/6 20 < 6 < 100

e+ 0y — e+ 0z(a'Ay) 10~ 10-26-0.79/6 2<60<45
10 8:74-7.68/0 45 <0 <20
10—8468—747/6—0.00316 20 < ‘9 < 100

e+ 0y — e+ 02(6122_) 10—12‘064—3‘9710*292 2<0<5
10-9-13-9.7/0 5<6<10
1079.477405/971.7“0*39 10 < 0 < 100

e+ 02 —>e+0+0 10~ 7781408 3<60<10
10—8-31-8.78/0 10 <6 <30

e+0;—0 40 107942 127/0 3<6<9
10—10-21-5.7/6 9 <6 <30

e+ 0z —etet+OF 107 8:31-28:57/6 6<0<26
10—7.54—48.57/6+1og(1+410*793) 26 < 0 < 100

e+Ny —e+e+Nj 1078:09740:29/6 8<6<30
10~ 7-37-61.81/6 30 < 6 < 100

e+0; —e+OCP)+0O('D) 1077 A48717-06/0 3<6<10
107 7-6-15.43/0 10 < 6 < 100

0; + 02 — e+ 20, 6.6 x 1072 exp(0.946) <3
10—10‘15—36/9-}28.9/91'5 3<0

e+ 02+ 02 — 05 + 02
e+ 02+ Nz — O; +Ny
e+NO — NO' + 2
e+ 03 — 07 4+ O

10~ 7-6-18.5/0

(4.7 —6/4)1073*
(4.7 —0/4)1073*

1.41 x 10786/300

2. Plasmochemical Model

We proceed with the plasmochemical model, developed
previously for detailed studies of the aeronomy of the at-
mosphere during a microwave discharge [Borisov et al.,
1993]. Originally, the model includes 166 processes for the
following 33 constituents: O(*P), O2(*4,), O3, H, OH,
H,0, HO2, Ha, H202, N(*S), NO, N2O, NO2, O2(b'S]),
N(®D), No(C®IL,), N2(B3Il,), No(a*2y), N2(43%T), OF,
Nf, NOT, Of, OF - H,0, NOT - N, NOT - CO,, H30T,
HsO%t- OH, 05, CO5, O™, NOg, and electrons.

This model includes the processes of dissociation, dis-
sociative ionization, ionization, excitation, electron attach-
ment, dissociative attachment, detachment, dissociative re-
combination of positive ions with electrons, and various ion-
molecular reactions of positive and negative ions, thus pro-
viding simulation in a wide height range (from 20 to 90 km).

It also allows us to calculate a large number of excited con-
stituents and optical emissions in a wide spectrum (UV-IR)
as well as density variations of long-lived minor neutral con-
stituents, the latter being especially important in the case of
a sequence of perturbations and for the relaxation analysis.

The distinguishing feature of the model is that the set
of equations for the chemical kinetics is closed on the ini-
tial conditions and a set of realistic self-consistent ambient
densities of minor neutral and charged constituents. For
this purposes the model includes the well-known processes
of photodissociation of Oz, O3, H2O, H2O2, NO, NO2, and
N2O as well as ionization of the atmosphere by cosmic rays
and of NO and O2(*A,) by the solar radiation.

We use the self-consistent method of solution of such
set of chemical kinetic equations presented by Kozlov et al.
[1982]. This method provides: (1) self-consistence of n; in
the framework of given chemical kinetics set of equations;
(2) correct calculation of the atmospheric response to certain
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Table 2. Additional Reactions

STRATOSPHERE RESPONSE TO ELECTRIC FIELD
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Reaction Rate Constant
0f +e— O(*'D) +O(®P) 3.87 x 1078(1/6)
02 O(*P)
hv + < O3 ) —0o('D) + <02(1Ag)> Ji 1
N.O Ny

N2 (A*SH) + 02 — N2 + O(*P) + O(*D) 2.8 x 1071
N2(B?Il,) + Oy — N2 + O(®P) + O(* D) 3x 1071
0(*S) — O(*D) + hv 1.35 s71
0(*S) +0(®P) — O(*D)+0O(*D) 5 x 107" exp(—301/T)
N2(A’2F) + O(*D) — NO + N(®D) 7 x 10712
O(*D) + Nz — O(®P) + N, 2 x 107 exp(107/T)
O(*D) + 02 — O(*P) + 02 2.9 x 1072 exp(67/T)
O('D) + 02 — O(*P) + 02(b'Sf) 2.6 x 10~ exp(67/T)

1 QO(SP) + 0o —10
O(D)+Og—>( Os + Oy ) 2.65 x 10
O(*D) 4+ H,0 — OH + OH 3.5 x 10710
O('D)+H, - OH+H 2.9x 10710
0(*D) + N3O — NO 4+ NO 1.1 x 10710
O(*D) — O(*P) + hv 9.9 x 1073
N2(A3EH) + O(P) — O(*S) + Ny 2.8 x 1071
OCP)+0(P)+0(P) — O(*S) + Oy 2 x 10732
02(A*TH) + O(3P) — 02 + O('S) 4.5 x 107!
0(*'S)+0(*S) — e+ OF 3x 1071
O(*S) +N(*S) — e+ NOT 3x 1071
0O(*S) +0(®P) — O(*D) +0O(*D) 5 x 107" exp(—301/T)
0(*S) + 02 — O(®P) + 02 4.9 x 1072 exp(—860/T)
0o(*S) - O(*D) + hv 1.35 57!
Oy + e — 02(1432?:) +e 1077.9713.4/0
OCP)+OCP)+ M — 02(A’TH) + M 4.7x 10734
02(A3%]) + Ny — Oz + Ny 9.3 x 1071
02(A%TE) + 02 — Oz 4 02 2.9x 107"
02(A%TH) +0 — 02+ 0('S) 4.5 x 107
O 3 5) — Oz + hv 5871

 The rates for these processes are specific for certain simulation parameters

perturbation; (3) correct definition of the perturbed initial
conditions for the subsequent disturbance; and (4) determi-
nation of long-term aftereffects of the electric field impact
on the stratosphere and mesosphere, in particular variations
in the principal long-lived components (NO, Os) with their
further influence on the charged components.

The plasmochemical model discussed above was signifi-
cantly upgraded according to the modern experimental and
theoretical data. First of all, it was done for the rates of the
reactions with electrons and negative ions, especially im-
portant for the correct description of the processes at low
altitudes. The rates modified according to Alexandrov and
Napartovich [1993], Alezandrov et al. [1995], and Massey
[1976] are presented in Table 1. For the purpose of emission
calculations the processes of excited constituents production

O('D), O(*S), and 02(A*TT) were also included. The re-
action list is presented in Table 2 [Brasseur and Solomon,
1984; Popov, 1994]. It was found that these modifications
change qualitatively and significantly the results of simula-
tion. The main restriction to the model is the requirement
that the atmosphere under consideration must stay “cool”
during a sequence of perturbations.

Initial equilibrium densities of the most important nitro-
gen and oxygen constituents (in ecm™3) at 20 km for the
daytime conditions are [O(*P)] = 9.4 x 10°, [O3] = 3 x 10"?,
[02("4,)] = 10'%, [02(b"S;)] = 107, [O(' D)] = 2.5, [NO]=
3x 108, and [N(*S)] = 7x 10%. The initial densities at 30 km
are [O(®P)] = 6.1 x 10%, [O3] = 4.5 x 10'2, [02(*Ay)] =
1.1x10", [02(b'%)] = 1.8x10°, [O(* D)] = 50, [NO]= 107,
and [N(*9)] = 7 x 102
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Figure 1. Variations of the electron density at 20 km. In-
dices correspond to the rates from Borisov et al. [1993]
(curve a), the modified rates from Table 1 (curve b), and
the processes listed in Table 2 (curve c).

The following equilibrium densities of the charged compo-
nents at 20 km were obtained in the steady state simulation:
[e] = 6.2 x 10™*, the positive ion density [N;] ~ 6.3 x 10?,
the negative ion density [N_] ~ [N1]. Corresponding values
at 30 km are [e] = 2.5 x 1072 and [N4] = [N_] = 5.7 x 10°.
In the negative ion composition the major ions are NO; and
COg3, and in the positive ion composition the major ions are
H30+ and H30+'OH.

3. Critical Electric Field

The determination of the critical electric field which pro-
vides the occurrence of an avalanche was described by Baze-
lyan and Raizer [1997]. As a result of theoretical analysis and
solution of the Boltzman equation for electrons, the follow-
ing condition is obtained and widely used: 6 = 1016E/Nm,
where E is the electric field in V cm™' and N,, is the
number density in cm™3. For the critical electric field
0 ~ 12. In the previous work on atmosphere perturbation
by blue jets [Mishin, 1997], a different scaling law is used:
Eer &~ 40p kV m™!, where p is the atmospheric pressure nor-
malized to that at 30 km [see also Papadopolous et al., 1993].
We determine the critical value based on the usual physical
rule that the critical electric field provides an equivalence of
the ionization v; and attachment plus recombination v, + vy
frequencies.

The fact should be noted specially that the atmosphere
reaction to an electric field pulse depends on whether is it
below or above the electron avalanche appearance threshold.

STRATOSPHERE RESPONSE TO ELECTRIC FIELD

This corroborates the necessity of “self-determination” of
E., in the study of the atmosphere response to electric field
variations especially at low heights, which are of interest for
the blue jet problem.

The threshold values obtained in theoretical models and
within a model itself may vary significantly. For example,
at heights of 20 and 30 km our values of the critical electric
field are 1995.9 V cm™' and 427 V cm ™! respectively, in-
stead of 1600 V cm ™' and 400 V cm™' of Mishin [1997] and
2160 V em ™! and 468 V em ™! of Bazelyan and Raizer [1997).
One can see that at lower heights, where the main role in
electron loss is played by their attachment to the electroneg-
ative gases, the difference is quite large (up to 500 V cmfl).
The importance of a redetermination of the critical electric
field can be seen from the following results. We performed
a numerical simulation of the atmospheric response to an
electric field pulse with the magnitude and duration taken
from Mishin [1997] (1, = 2/P, Fao = 1600 V cm™', and
FE30 = 400 V cmfl) with the self-consistent steady-state
initial conditions under the ambient electric field value of
1.93 V em™'. The summer daytime conditions were as-
sumed. The electron density variations due to propagation
of the first electric field pulse are shown in Figures 1 and 2
for the heights of 20 and 30 km, respectively. The values
of F indicated are well below the real critical electric field,
so no avalanche process is observed. A decrease of the elec-
tron density occurs (instead of its growing) because the at-
tachment frequency increases with the electric field faster
than the ionization frequency. This continues until the elec-
tric field reaches the critical value. One can see from the
data presented how importance it is to use correct rate con-

x10”
30 T T T T T T T

2.8

1.2

1.0
107

10° 10* 10

Figure 2. Variations of the electron density at 30 km In-
dices correspond to the rates from Borisov et al. [1993]
(curve a), the modified rates from Table 1 (curve b), and
the processes listed in Table 2 (curve c).
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stants. At 30 km the use of the old rates [Borisov et al.,
1993] provides a small increase of the electron density and
simultaneously production of the minor excited constituents
responsible for the blue emissions observed.

The correct usage of the rate constants together with the
self-consistent initial data show no significant disturbance in
the middle atmosphere under the critical electric field calcu-
lated according to Mishin [1997]. The setting of the initial
electron density equal to 1075? cm ™ used by Mishin [1997] is
not self-consistent, and so its usage makes the simulation re-
sults unreliable (it is worth noting that the reaction set used
by Mishin [1997] is not closed and even in such a system
some rates were taken erroneously though being referenced
to Borisov et al. [1993]).

4. Lower Stratosphere Response to Large
Electric Field

We determined the electric field required for the produc-
tion of 10”5 cm™3 electrons during the pulse time. The
latter was chosen according to Mishin [1997]: 1, = 2/p ps.
Such production rate is obtained under E = 2871 Vem ™! =
1.44F., at 20 km and under E = 616.5 V cm™! = 1.45E,,
at 30 km.

In such a case the simulation shows a rapid increase of
le] during the pulse and a prolonged decay after it. The
latter effect is caused by the significant growth of [O(*P)]
(Figure 3) which leads to a modification of the negative ion
composition (from the NOj3 ions dominating in the ambient

—

—_

Density of oxygen components

—_
S,
T
|

-10]
10 1 | 1 | 1 | 1 | 1

107
Time, s

Figure 3. Variations of some oxygen components at 20 km
during a strong field pulse propagation: O(®P) (curve a),
O(*D) (curve b), and O2(A3LF) (curve c).
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Figure 4. The negative ion composition at 20 km: COg
(curve a), O5 (curve b), O~ (curve c¢), and NO3 (curve d).

atmosphere to CO3 ions and to the initial ions O and O7)
and, thus to an increased electron detachment (Figure 4).
Figures 5 and 6 show the relative density variations . X =
(X (t) — Xo)/Xo of the most important long-lived compo-
nents in the stratosphere. The ozone density is character-
ized by an increase of [Os] (up to 0.9% at h = 20 km and
~ 0.035% at h = 30 km), which occurs at the stage of the

100 T T T T T I T

10°F (a)

—_
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Ozone variations, %
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IS
I
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—_
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I

10 | | | | | | | | |
10 10 10 10 100 10
Time, s

Figure 5. The ozone variations at 20 km (curve a) and at
30 km (curve b).



286 SMIRNOVA ET AL.:

—
<
T

—
S
S
I

L ( (b) __/\__

—
o)
=}
I
|

NO variations, %
[\v]

_A
=]
[
|

10 6 ! | L | ! | ! | L
8 -6 4 2 0 2

107 10 10 10 10 10
Time, s

Figure 6. The nitric oxide variations at 20 km (curve a)
and at 30 km (curve b).

perturbed atmosphere relaxation. The latter is a result of
the [O(3P)] increase under O dissociation in collisions with
electrons.

The NO behavior (Figure 6) seems unusual, with a slight
increase of § NO after the pulse. Then there us a plato till
1072 s and a further fast growth up to 6NO = 1120% at
h =20 km and ~ 18% at h =30 km at t =1 — 2 s. Then
[NOJ decreases slowly; however, it does not relax down to
the ambient value at least till 100 s.

To explain such [NO] behavior, one should compare Fig-
ure 7, where the total rates of NO production (curve a) and
decay (curve b) are presented, with Figure 8, where the vari-
ations of nitrogen compounds N(2D), N(*S), and N2 (A*37)
are shown (both data refer to 20 km). The initial growth of
[NO] is determined by its production in the following pro-
cesses:

N(*D) + 02 — NO + O (1)
No(A4*%)) + NoO — NO+ (2)
N(*S) 4+ N (3)

N(*S) + 03 — NO + O (4)
O('D) + N2O — NO 4+ NO (5)

It is worth noting that the inclusion of the processes with
excited constituents O(* D), O(1S), 02(A*%7) increases the
NO production by 4 times as compared with the simulation
performed without these components. The “plato” of [NO]
in Figure 6 continuing till ¢ ~ 1072 s is caused by almost
stationary [N(*S)] and [O(® P)] which provide approximately
constant rates of NO production and disappearance. Fur-
ther increase of [NOJ] at t > 107% s is due to a decrease
of the rate of the decay processes in three-body collisions
(NO4+O(®P) + N2 — NO2 4+ O(®*P)) with almost the same

STRATOSPHERE RESPONSE TO ELECTRIC FIELD
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NO production and decay rates

Time, s

Figure 7. The total NO production (curve a) and de-
cay (curve b) rates at 20 km.

production rate resulted from the high N(*S) density. Fi-
nally, the decrease of N(*5), as a source of NO, at t > 1—2's
with the constant loss rate, leads to a decrease of [NO]. The
variations described in the long-lived components Oz and
NO differ significantly from the results of Mishin [1997] for
the same values of [e] and 7,. First of all, it is true for the

x10°
25 T I I | T T

151 -
© (b)

Density of nitrogen components

Time, s

Figure 8. Variations of some nitrogen components at
20 km: N(2D) (curve a), N*S) (curve b), and No(A3Z)
(curve c).
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significantly smaller variations of O3 (by a factor of 15 at
h = 30 km and a factor of 50 at & = 20 km) and for the larger
ONO (by a factor of 1.8) at A = 30 km in our simulation,
with dNO at 20 km corresponding well to the Mishin [1997]
results. The altitude dependence of the maximum 6 X values
differs, though the tendency of the effect to increase at lower
heights is clearly detected in both models. The above men-
tioned differences demonstrate the necessity of (1) a precise
and full inclusion of the processes that establish the ambient
distribution of long-lived components as well as their vari-
ations under electromagnetic pulse propagation, and (2) a
use of the initial densities obtained self-consistently in the
framework of the chemical kinetics reaction set assumed.

5. Discussion

In the blue jet models developed up to the date, the major
complexity arises from the problem of the initial ionization,
required for avalanche occurrence. According to Sukhorukov
and Stubbe [1998] an initial preparation of the medium at
the electric field £ = 0.3F,, is needed, which is significantly
larger than the one in the ambient atmosphere. In the Pasko
et al. [1996] model the occurrence of an electron avalanche
is due to the ignoring of electron disappearance in the at-
tachment processes.

In this work we have shown that (1) in the case of precise
calculation of the ionization level in the ambient atmosphere
together with detailed inclusion of all processes governing
the electron density at the heights specific for blue jets, the
threshold of an avalanche increase of the electron density
is not reached, under thunderstorm originated electromag-
netic field pulse magnitudes; and (2) the magnitude of E.,
required for the avalanche and emission occurrence should
be determined based on correct dependencies of the ioniza-
tion and attachment rates on the electric field magnitude
with realistic atmosphere composition taken into account.

An accurate consideration of blue jets requires a self-
consistent calculation of the variations of ionized, excited
and minor neutral constituents during the electric field pulse
propagation as well as during the relaxation stage, thus tak-
ing into account the medium variations under transition of
consequent pulses and the perturbation accumulation ef-
fects.

In conclusion, we note that the results presented allow
us to assume that a possible candidate for the emissions
in the blue spectral range at h = 15 — 40 km (blue jets)
may be O2(A*%F) (A = 260 — 380 nm), since (as one can
see from the comparison of Figures 3 and 8) N2(A®*ZY) and
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02(A3%}) have almost the same densities (10% — 10° em™3
at h = 20 — 30 km) but the life-time of the latter is much
longer.
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