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Relaxation of Transient Lower Ionospheric Disturbances Caused
by Lightning-Whistler-Induced Electron Precipitation Bursts
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A quantitative model of the relaxation of transient lower ionospheric (D region) disturbances caused by
lightning-induced electron precipitation is developed, taking advantage of known particular features of the
lightning-induced disturbances, such as the fact that they are produced in typically <1 s and decay over
10-100 s. The model represents the nighttime D region as consisting of only four kinds of charged particles
(electrons, positive ions, negative ions, and positive cluster ions) and is particularly suited for description of the
detailed behavior of the electron density. Application of the model to some previously modeled disturbances
indicates that some of the least known chemical reaction rates in the nighttime DD region altitudes may be
measurable using subionospheric VLF data. In the production of secondary ionization by precipitating electron
bursts, the model calculations indicate the presence of a saturation effect such that the number density of the
secondary electrons is not simply equal to the ion pair production rate times the burst duration. In some cases
involving precipitation of ~1-MeV electrons, the model predicts the formation of new layers of ionization at
50-70 km altitude that represent a different attachment-detachment quasi-equilibrium value from that of the

unperturbed ambient. Such new layers may exist for up to ~105 s following electron precipitation bursts.

1. INTRODUCTION

Characteristic perturbations in the phase and amplitude of
subionospherically propagating VLF signals have recently emerged
as a powerful tool for detection and measurement of transient
and localized disturbances of the lower ionosphere. Such dis-
turbances generally occur due to a number of different physical
processes, including lightning-induced electron precipitation [/nan
et al., 1990 and references therein] and lightning-induced heat-
ing [Inan et al., 1991]. Theoretical and experimental efforts to
understand these phenomena and their subionospheric VLF signa-
tures have up to now concentrated on quantitative modeling of the
wave-induced precipitation process [e.g., Chang and Inan, 1985;
Inan et al., 1989), observations of precipitating electrons on satel-
lites and rockets [Voss et al., 1984; Goldberg et al., 1986], and
quantitative modeling of the effect of the ionospheric disturbance
on the Earth-ionosphere waveguide signal [Tolstoy et al., 1986;
Poulsen et al., 1990; Dowden and Adams, 1991].

The chemical and physical relaxation processes connected with
the ionospheric disturbance, on the other hand, have not yet been
investigated. In the majority of works [e.g., Inan et al., 1988;
Poulsen et al., 1990] the new state of the ionosphere (e.g., new
electron density profile) immediately following the onset of the
disturbance is estimated using the computed energy spectrum of
precipitating electrons [Chang and Inan, 1985] and published ion
pair production rates [Rees, 1963]. However, as mentioned by
Wolf and Inan [1990], none of the existing models quantitatively
addresses the time evolution of the transient ionospheric distur-
bances during the typically 10-100 s recovery to the ambient con-
ditions, as exhibited by the recovery of VLF signals back to orig-

Copyright 1992 by the American Geophysical Union.

Paper number 92JA01596.
0148-0227/92/92JA-01596$05.00

inal levels. Unusually rapid recovery signatures observed at low
(L <2) latitudes were interpreted by Inan et al. [1988] using an
effective recombination coefficient for electrons between 50 and
150 km obtained by collecting and averaging empirical data [Gled-
hill, 1986]. While such a simple approach was found to lead to
results generally consistent with data [Inan et al., 1988], it does
not allow the extraction of information concerning the relevant
physical (or chemical) processes in the lower ionosphere.

In summary, the physical bases of the relationships between
short term temporal features of phase and amplitude of the
subionospheric signal and the characteristics of the lower iono-
sphere have not yet been studied. On the other hand, the data
presented by Gledhill [1986] show a very broad (several orders of
magnitude) distribution of recombination coefficient values, indi-
cating a large range of possible states of the lower ionosphere and
also possibly the diversity of experimental methods that were used
to obtain the data. It is therefore clear that averaging over differ-
ent measurements as was done by Gledhill [1986] oversimplifies
the ionospheric conditions.

With this background, the main objective of this work is to
investigate the possibility of diagnosing the state of the lower
ionosphere utilizing measurements of recovery signatures in VLF
signal perturbations associated with lightning discharges. In this
connection, “state of the lower ionosphere” needs to be understood
as, for example, the composition of charged particles, the number
density distribution of different kinds of particles, and the rate
coefficients for various chemical reactions between these particles.

2. PRIMARY CHEMICAL PROCESSES
IN THE NIGHTTIME D REGION

Physical and chemical processes in the D region of the iono-
sphere are complicated and are not well understood even under
relatively quiet nighttime conditions [Chamberlain, 1978; Rish-
beth and Garriott, 1969; Mitra, 1968, 1975, 1981; Rowe et al.,
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1974]. The main reasons for our lack of knowledge in this area in-
clude the following: complicated experimental technique(s) (e.g.,
radars) for determination of electron density (< 10* cm‘s) at these
altitudes; the existence of numerous different kinds of negative
and positive ions as well as cluster ions; the role of trace neutral
components (O, O3, NO, H;0), the number densities of which
are practically not known; and the lack of accurate knowledge
of the constants of many chemical reactions between the above
mentioned species. In spite of these general complications, we
note that the time scales of interest for lightning-associated dis-
turbances are of order ~100 s and that substantial simplifica-
tions of the ionospheric chemistry may be possible for the case
of short (0.2—1 s) duration pulses of precipitating electrons (en-
ergies 300—1000 keV, fluxes 1074-10"2 erg cm™2 s~!). Such a
simplified model may be useful for extracting information about
the chemical reaction constants from experimental data.

For simplicity we consider a one-dimensional model and as-
sume that all physical quantities depend only on altitude above
the Earth’s surface. We neglect the processes of diffusive trans-
port of particles and processes of wind motion (the radial wind
velocity is <1 m/s, so this process can be excluded from con-
sideration for time scales of 100 s). The main feature of the
nighttime lower ionosphere is a very complicated ion chemistry
due to the presence of different kinds of positive and negative
ions and positive cluster jons. A review of the existing literature
on this subject [Chamberlain, 1978; Rishbeth and Garriott, 1969;
Ivanov-Holodny and Nikolsky, 1969; Mitra, 1968, 1975, 1981;
Rowe et al., 1974] leads us to conclude that a model of the D
region of the ionosphere can be built which consists of only four
kinds of charged particles: electrons, positive ions, negative ions,
and positive cluster ions (we denote the number densities of these
particles respectively as Ne, N*, N7, and N;). Such a model
would be particularly useful if we are interested only in the de-
tailed behavior of electron density and not that of the different
kinds of ions.

The positive ions (N *) include primarily O3 and NO* which
are produced by solar Lyman o radiation (Lo ) during daytime and
by X rays, cosmic rays, and energetic particles at nighttime. Neg-
ative ions N~ include Oy, CO3, NO7, NOj, and others. The
negative ion Oy is produced as a result of attachment of electrons
to molecular oxygen O, but is very quickly (~1 s) converted to
other kinds of negative ions [Chamberlain, 1978; Mitra, 1975].
The detailed composition of these negative ions is not important
for our purposes here. Positive cluster ions N7 are all possible
cluster ions which are produced from positive ions N* due to,
for example, hydration processes with molecules of water (e.g.,
H*(H;0),) [Chamberlain, 1978; Mitra, 1975, 1981].

The primary chemical processes between the above mentioned
kinds of particles are illustrated in Figure 1 and can be represented
by the following kinetic equations:

d‘ﬁe =T +yN~ —BNe — agNe Nt — aGN.N; )
= BNe—aN™ — N~ (N + 1) @
dfi\;+=I—BN+—"dNeN+—aiN—N+ (3)
d;\;; =—aSNeN; + BN* —a;N™N; 1C)

where I = I, +I3(t), with I, being a constant source of ionization,
e.g., cosmic rays (primary production rate), for the quiet nighttime
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Fig. 1. Schematics of a model of the nighttime D region consisting of
four different charged particles and interactions between these particles
considered in this work.

D region and I,(t) being the source of ionization due to electron
precipitation. The effective electron attachment rate 2 is given as
[Rowe et al., 1974]

B = 1073 No, Ny, + 1.4 x 1029(1,_?,—0) - N3,

where No, and Ny, are number densities of molecular oxygen
and nitrogen, and T is the temperature of electrons (for the night-
time D region we assume T'=200° K). Dependence of 8 on alti-
tude is illustrated in Figure 2 by a solid line.

The value of the effective electron detachment rate - is not well
known (see comments by Mitra [1975]). One possible approxi-
mation for this quantity is ¥ ~ 3 x 10~ Ty s-1 {Ivanov-Holodny
and Nikolsky, 1969], where N is total density of neutrals. This
expression gives values consistent with those plotted by Mitra
[1975]. Note that this v includes both v, and v, as discussed by
Mitra [1975]. We believe that application of the model discussed
in this work to data could potentially allow better estimation of
the quantity . The height variation of vy (due simply to the height
variation of N) is illustrated in Figure 2 by a long-dashed line.

The effective coefficient of dissociative recombination og has
values in the range 10~7 to 3 x 10~7 cm® s~ [Chamberlain,
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Fig. 2. Variations with altitude of attachment coefficient 3, detachment
coefficient -y, and coefficient of conversion of positive ions into positive
cluster ions B.



GLUKHOV ET AL.: RELAXATION OF LOWER IONOSPHERIC DISTURBANCES

1978; Mitra, 1968; Rowe et al., 1974], whereas the effective co-
efficient of recombination of electrons with positive cluster ions
a§ is not well known but lies in the range ~ 1073 10 1075 cm®
5! [Rowe et al., 1974]. In our calculations below, we assume
the same value as did Mitra [1975], ie., af = 10~ 5cm? s~ 1,
The typical value of the effective coefficient of ion-ion recom-
bination o; (mutual neutralization) for all kinds of positive ions
with negative ions is ~10~7 cm® 5! [Mitra, 1968; Rowe et al.,
1974].

The effective rate of conversion of positive ions into positive
cluster ions, B [e.g., Rowe et al., 1974; Mitra, 1975], has a typical
value of B=10"31 N2 s~ where N is the total density of neutrals.
The variation of the quantity B with altitude is illustrated in Figure
2 by a short-dashed line.

With the unperturbed distributions of electrons and three kinds
of ions for the quiet nighttime D region being defined as above,
and using equations (1)-(4), we can completely describe the pro-
cesses of formation as well as relaxation of transient disturbances
of the lower ionosphere as long as the source function I,(t) is
known. The source function I; (%) can in turn be estimated from
the precipitated flux using the ion pair production rates given by
Rees [1963] so that the new distributions of electrons and positive
ions caused by the precipitation can be evaluated.

The ambient (unperturbed) distribution of electrons N, is cho-
sen to be the same as that used in previous papers [Reagan et al.,
1981; Inan et al., 1988; Poulsen et al., 1990). This distribution is
illustrated in Figures 4a, Sa, and 6a at time ¢=0. The unperturbed
number density of negative ions, N, , equals ANye, where A is
represented in Figure 3 (taken from Rishbeth and Garriott [1969,
p. 111]), reasonably consistent with results of Mitra [1975] which
indicate that A ~1 at 78-80 km at night. The relative composition
of negative ions, A, is not an accurately known parameter, and
its value can be less than that represented in Figure 3 [Cham-
berlain, 1978]. At the same time, the results obtained below are
not critically dependent on this parameter. N, is represented in
Figures 4b, 5b, and 6b at time ¢=0. Unperturbed distributions of
positive ions (V) are represented in Figures 4c, 5c, and 6c, and
unperturbed distributions of positive cluster ions are represented
in Figures 4d, 5d, and 6d [Danilov et al., 1981; Rowe et al.,
1974]. This is also consistent with Mitra [1975], who pointed out
that the level at which the clusters begin to disappear was ~86
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Fig. 3. Variation with altitude of the relative composition of negative
ions A = Ng /Noe.
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km at night. We assume that the condition of charge neutrality is
satisfied at all times:

Nae +N¢;— =N;$ +N: (5)

It should be noted that under quiet nighttime conditions in the D
region of the ionosphere the main positive ions at altitudes <85
km are positive cluster ions (N,z).

3. DESCRIPTION OF THE MODEL

In this section we describe our model and examine the system
behavior in selected parameter regimes.

3.1. General Formulation

Let us assume that the unperturbed (i.e., ambient) distribution of
particles as defined in the previous section is due to some external
steady source Jo. The equilibrium conditions (i.e., d/dt = 0) can
then be written as

Io + YNy — BNoe — aiNoe Ny — agNoeNoz =0 (6)
BNoe — YNy — a; Ny (N5 + Ngz) =0 ™

I, — BNy — agNoeNy — a;N; Ng =0 ®)
—agNeoNoz + BNy — i Ny Nop =0 ®

We further assume that during some period of time 7s, new
electrons N. and new positive ions N (N*=N,) are injected
into the system. Such a process can be described by some source
function I, (t) (the ionization rate per unit volume). To simplify
analysis we define I; (%) as

Is(t)=15 =COﬂSt, I<i< Ts
I,(t) =0, t>75,t<0

The dependence of I,(t) on altitude above the Earth surface
can be calculated in the same way as was done by Rees [1963]:

_ Eo/10) s z nu(z)
=F Afion A [R] nu(R)
1

where F is the flux of precipitated particles in units of em~ 2571
£, is average initial energy of particles in eV; Ajqy is effective
energy for production of one electron-ion pair (~35 eV is adopted
as a typical value); 7o = R/p, where p is the mass density in units
of g/cm2 at depth R, where R is the lowest depth of penetration in
units of g/cm? and is defined as R = 4.57 x 10~5¢] (¢, here is
in units of keV); z is the depth of atmosphere in units of glem?;
z/ R is the fractional depth of penetration into the atmosphere,
and )’ (z/R) is the fractional energy dissipation (i.e., the distribu-
tion function of energy dissipation as tabulated by Rees [1963]);
nu(z) and ny(R) are the number densities of ionizable atoms or
molecules at atmospheric depth z and R respectively.

To calculate I, from (11) we need to know the relationship
between atmospheric depth z and altitude k above the surface of
Earth and the mass and number density of neutrals. This informa-
tion for altitudes >60 km was taken from Table 1 of Rees [1963].
For altitudes <60 km we used the U.S. Standard Atmosphere table
as given by Chamberlain [1961]. Linear interpolation was used
to obtain parameter values for altitudes not listed in these tables.

The electrons produced by ionization, as a rule, have energies
of several eV while the processes considered below involve only
thermal electrons (<1 eV). Therefore, some time period of elec-
tron thermalization must exist. It is clear that this time decreases

(10
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Fig. 4. Time evolution of the density of different charged particles (a) electrons, (b) negative ions, (c) positive ions, (d) positive
clusters) as a function of altitude during a short electron precipitation burst. Results were obtained for the following parameters
of precipitated particles: flux=102 erg cm~2 s~!, energy E=1 MeV, and duration of electron burst 7,=1 s. Different curves
comrespond to times ¢= 0, 0.01, 0.1, 0.25, and 1 s during the perturbation. Solid lines correspond to quiet night conditions (t= 0
5). Length of dashes decreases with increasing time. Note that curves for times ¢=0 s and ¢{= 0.01 s practically coincide in the

case of N~ (Figure 4b) and N} (Figure 4d).

with increasing number density of neutrals. Estimates given by
Chamberlain [1961] suggest that for altitudes <200 km the ther-
malization time is €1 s. Taking into account also the exponen-
tial increase in the number density of neutrals with decreasing
altitude, it appears that the electron thermalization time is very

dN,

7t =Is +7N_—ﬂNe—ad(NoeN++NeNo+ (12)

+NeNT)Y— a§(NoeNg + NeNgy + NeNy)

small in comparison with the time scale of interest in this work. % =BNe — YN~ —o;[N; (N* +N3) 13
For our purposes, we assume that secondary electrons immedi- t - a3
. . : +N“(N;+N* + Njz + N;)I
ately become thermalized and are available to take part in all the 4 oz z
chemical reactions described above. R
In equations (1)-(4) we replace Ne with Noe + Ne(t), N* with aNT BNt - agNoeN* 4 NoNZ + NN
NF+ N*(@t), N~ with N;” + N~ (t), and N7 with Ng, + N7 (¢), dt (14)

and combine with equations (6)-(9) to obtain

—ai(Ny N*+ NN+ N™NY
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Fig. 5. Results of the simulation of the relaxation of an ionospheric disturbance produced by a precipitating electron burst of
duration 0.2-s and energy flux of 10~2 erg cm—2 s, respectively, consisting of 1- MeV electrons. Different curves represent
snapshots of the relaxation process at t= 0.2, 1, 20, and 100 s. Again, length of dashes decreases with increasing time, and the
solid lines are the quiet night distributions (at t= 0 s). Note that curves which correspond to N, (Figure 5a), N~ (Figure 5b)

and N} (Figure 5d) coincide for times ¢= 20 and 100 s.

dNg +
dtz = —03(NoeNg + Ne Ny + NeN;)+ BN* 15)

—a;(Ng Ng + N" Ngz + N™N;)
Any one of the above four equations can be derived from the other
three using the charge neutrality condition:

Ny +N*=Ne+ N™ (16)

3.2. Approximate Solution for 0 < t < 7s:
Formation of the Disturbance

In the general case the system of equations (12)-(15) can be
solved only by numerical methods. However, upon close exam-
ination we see that the different terms on the right hand side
of equations (12)-(15) have very different magnitudes. Our esti-
mates indicate that at altitudes of precipitation of particles with
energies 300—1000 keV (~60—80 km) the terms describing the
attachment-detachment processes (with rates # and %) and con-
version of positive ions to positive cluster ions (with rate B) are
dominant. Having neglected all other terms, one can rewrite the
system of equations (12)-(15) in the form
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Fig. 6. Same as Figure 5 but for precipitating electrons of 300-keV energy.

ILit)+yN~™ — 8N,

dN~ -
—— =BNe— N

dt

dN™

dit

dN;
dt

=I,(t)~ BN*

=BN"

an

18)

(19

20

The solution of this system for 0< ¢ < 7, with initial conditions
Ne=N"=N"*= N7=0 at t=0 and taking into account (10) can be
written as

I,t Isﬂ —(y+B)t
Ne = -Y_ 1-— ty +8) ] 21
7+ﬂ+(7+/9)2[ ‘ @y
N~ =It—N. 22)

N* = %’(1 _ e~ BYy 23)



GLUKHOV ET AL.: RELAXATION OF LOWER IONOSPHERIC DISTURBANCES

Nz =It—N, (24

and for ¢t > 75 we have

_ vIsTs I8 - +B8)t~7s) |1 _ .~ Cy+B)s
Ne = Py +_(7+,B)Ze 1-—e¢ (25)
N~ =Iyrs — Ne (26
Nt =L [1 - e‘B“]e‘B““"” @7
B
Ni =I;rs— N* (28)

We can now consider some simple limiting cases. From (21) for
t — 0 or (v + 8)t €1 we have

Ne =15t (29)

This result simply indicates that, because we consider small time
scales, the attachment-detachment processes have not yet devel-
oped. If (v +8) > 1 and B > v (for example, at ~55 km
altitude: § ~10 s—L ~ ~04 s'l) one can obtain

Ne ~ %I,t +I’7’
From (29), and (30) we note that a steady source I; of ioniza-
tion applied for a time of 7; does not lead to an electron density
enhancement of I;7s. Indeed, for times ¢ < 75, when the condi-
tion (v + #)t < 1 is not satisfied, we note that electron density
enhancement is reduced by a factor of 4/3. This result repre-
sents a significant correction to previous estimates (e.g., by Inan
and Carpenter [1987] and Inan et al. [1988]) of maximum elec-
tron density produced by precipitating electron bursts which were
simply based on the product of the ion pair production rate and
the pulse duration. Manifestations of this “saturation” effect in a
particular example are illustrated below in section 4.

(30

3.3. Approximate Solution for v > 75
Relaxation of the Disturbance

If we again consider solution (25) and assume that (y+8)t > 1
and t > 7, then we have

=7I"_T’7(0

T+8 G

[

indicating that under our assumptions (neglecting recombination
processes) the perturbation of electron number density does not
disappear even after a long time and acquires a new attachment-
detachment equilibrium value. This result can possibly be used
to determine v/(y + ) using experimental data on phase pertur-
bations of VLF subionospheric waves. The temporal recovery
signatures in such cases may exhibit relaxation to a new constant
level rather than the typically observed recovery to prior signal
levels or the projected levels.

It should be noted that for typical values of 75 ~0.2 s at altitudes
>60 km we have (y + 8)rs €1 and Ne(rs)=l;7s. Fort — oo
the number density of electrons is given by expression (31). It is
interesting that for altitudes ~80 km we have v ~ g ~10~2 s~}
(see Figure 2) and for ¢ — oo and by using (31) we can obtain
Ne(rs) Ne(oo). Thus, one can see that attachment-detachment
processes play an insignificant role in the evolution of the electron
number density at these altitudes.

The above analysis can be summarized as follows. The
quasi-equilibrium distribution of electron number density (31) is
achieved in a time period of , <10 s (~60 km), and/or ¢, <1000

16,977

s (~80 km). For typical values of B (see Figure 2) we have
Bt, >1 and the following expressions for number densities of
different kinds of particles can be obtained:

~ ‘YIsTs
Ne(to) ~ Pl (32)
N- B
(to) ~ ;Ne (to) (33)
N*(to)~ 0 (34
N;(ta) > Iy1y (35)

The attachment-detachment processes we mentioned above are
the fastest in the system under consideration. It can be seen from
the system of equations (12)-(15) that the second significant pro-
cess in our system is the dissociative recombination of electrons
with positive cluster ions (note that a3 3 a4). Moreover, for al-
titudes >80 km this process has a rate close to that of attachment-
detachment, due primarily to the rapidly increasing number den-
sitg of positive cluster ions with altitude (N, may be as large as
10° cm™3). Since for altitudes <~80 km attachment-detachment
processes are still rapid, a second-order approximation in our sys-
tem can be expressed as a solution of the equation

% = —aj(NoeN; + NeNjz + NcNJ) (36)
We further assume that
v =B, N = N (A,
Y Y

with initial conditions (32)-(35), in other words that N~ and N,
adiabatically follow N.. Note that equation (36) is only approx-
imately true for altitudes >80 km. The solution of (36) can be
written in the form

Ne = —%
[ _Letanh( = to)/r) + 29T ms /Gy 4 )A | D
L+ (1 + 29157 /(v + B)Adtanh(( — t,)/Tc)
where
- T Nt
A_N09+7+ﬂNO$ (38)
and
- 2
Te = ¥ +ﬂ Aa§ (39)

is the time of recombination.

Numerical estimates for altitudes ~60 km, using Noe ~210~2
em™3, Nfp ~lem™3, vy~ 025!, and B~ 1 s~ give A ~02
cm™ and 7. ~10° 5. For altitudes ~B0 km the recombination
process is much faster and using v ~0.02 s~1, 3~001s""! and
Noe ~10% cm™3, N}, ~ 10° cm™3 we have A4 ~10% cm™3 and
e ~ 10% s. Since the coefficent of electron-clusters recombina-
tion a§ is not well known as mentioned above, we can potentially
use these results to estimate this quantity by comparison with mea-
sured VLF recovery signatures. Thus, the relaxation time of ~100
s observed in the majority of experiments [Inan et al., 1990 and
references therein] can be explained by comparatively large values
of ag > 10~3 cm? s~ 1.

4. APPLICATIONS OF THE MODEL

In this section, we present some results of the numerical solution
of the system of equations (12)-(15) for three different cases. All
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parameter values used are the same as those in the work by Inan
et al. [1988] and references cited therein.

4.1. Production of Secondary Ionization by Precipitating
Electron Bursts

We consider processes that take place during the typically short
(<1 s) bursts of electron precipitation induced by lightning gen-
erated whistlers [Chang and Inan, 1985]. For this purpose, we
assume a precipitated flux of 1072 erg em~2 571, consisting of
~1-MeV electrons; the duration of the electron burst is taken
to be 75=1 s. We carry out our calculations only up to =1 s,
since we are only interested in this case in the dynamics of the
system during the time when the source I;(t) is applied. The
time evolution of the density of different ionospheric constituents
is represented in Figures 4a, 4b, 4c4, and 4d. From Figure 4a
we note that the production rate of enhanced ionization decreases
with time, as pointed out earlier in connection with equation (30).
Determination of the enhanced secondary electron density by sim-
ple integration of the production rate (Is) over time duration 7s,
i.e., as Is7s (as has been done in previous work [e.g., Inan et
al. 1988]), would thus in general lead to inaccurate estimates.
Figures 4b and 4d demonstrate the rapid variation (increase) of
the number densities of negative ions (N ~) and positive cluster-
ions (N7), suggesting that attachment-detachment processes as
well as processes of development of clusters dominate over time
scales of ~1 s. We further note that on Figures 4b, 4d the curves
corresponding to time ¢=0.01 s practically coincide with that cor-
responding to ¢=0 s. From Figure 4c, we note that most of the
N7 formation occurs in ~0.01 s, in contrast to the case of N~
and N;.

We note that while the results illustrated in Figure 4 are for
a monoenergetic 1-MeV beam of precipitating electrons, the re-
sulting electron density profile (Figure 4a) is quite similar to that
computed for whistler-induced electron precipitation at L=2 (see
Figure 4 of Inan et al. [1988]). Thus, the physical processes that
govern the formation of the disturbance illustrated in Figure 4 can
be expected to be important for the more realistic cases involving
precipitation of electron bursts consisting of particles over a range
of energies.

4.2. Relaxation of a Disturbance Produced by 1-MeV Electrons

Results of calculations for ¢ >0.2 s modeling the relaxation of
an jonospheric disturbance produced by a 0.2-s (i.e,, 7s=0.2 s)
burst of precipitating 1-MeV electrons at a flux level of 1072 erg
em~2 5! are shown in Figures Sa, 5b, Sc, and 5d. The dynam-
ics of the formation of a quasi-equilibrium distribution of electron
density (see discussion in connection with expression (31) in sec-
tion 3) is evident in the fact that the curves for ¢=20 s practically
coincide with those for =100 s. The number density of negative
ions (Figure 5b) increases and reaches a new quasi-equilibrium
attachment-detachment state (like electrons). The density of clus-
ters is increased (Figure 5d) due to the initially rapid decrease in
the disturbed number density of positive ions (Figure 5c).

The effects of the electron density disturbance shown in Figure
Sa on the amplitude and phase of a subionospheric VLF signal
can be determined using a quantitative model of VLF propagation
such as that described by Poulsen et al. [1990]. In general, we can
expect the time evolution of the VLF signal amplitude (or phase)
to exhibit recovery over a variety of time scales depending on the
selective effect on the amplitude versus phase of disturbances at
different altitudes. For example, Poulsen et al. [1990] showed
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that, on a single waveguide mode basis, disturbances that con-
sist of enhanced ionization at lower (higher) altitudes tend to lead
to larger (smaller) amplitude and smaller (larger) phase changes.
Thus, aspects of VLF signal that are sensitive to features at rela-
tively low altitudes might exhibit evidence of the new attachment-
detachment quasi-equilibrium, in the form of signal amplitude or
phase not recovering to original levels (recovery must occur over
~10° s due to recombination with clusters; see numerical estima-
tions above). Features sensitive to higher altitudes would exhibit
the usual recovery in ~100 s due to recombination with clusters.
Also interesting to note is the relatively rapid change in electron
density profile between ¢=0.2 s and ¢=1 s. Such initially rapid
changes may result in unusual recovery signatures as reported by
Inan et al. [1988].

4.3. Relaxation of a Disturbance Produced by 300-keV
Electrons

We repeat the relaxation calculations done in section 3 for an
ionospheric disturbance produced by a 0.2-s burst of precipitat-
ing 300-keV electrons at a flux level of 10~2 erg em~2 -1
For this case the penetration of particles and relaxation processes
occur at higher altitudes. Results are presented in Figure 6 in
the same format as Figure 5. The principal qualitative features of
relaxation are the same as for the 1-MeV case. A new attachment-
detachment quasi-equilibrium state is still evident from Figure 6a.
The changes in electron density with respect to the ambient ap-
pear to be smaller for the case of Figure 6 than Figure 5; however,
we note that the effect of the disturbance on subionospheric VLF
signal phase may still be relatively larger or smaller, depending on
the alteration of the particular waveguide mode structure and also
the change in electrical conductivity (which also depends on the
effective electron collision rate) [Poulsen et al., 1992]. We also
note from Figure 6a the absence of a rapidly recovering layer sim-
ilar to that in Figure Sa, consistent with the experimental results of
Inan et al. [1988] which showed initially rapid recovery features
at low geomagnetic latitudes at which lightning-induced electron
precipitation bursts are expected to include >1-MeV electrons.

5. SUMMARY AND DiscussioN

A quantitative model of the formation and relaxation of lower
ionospheric disturbances caused by lightning induced electron pre-
cipitation is proposed which includes four kinds of charged parti-
cles, namely electrons, positive ions, negative ions, and positive
cluster ions.

Analytical and numerical solutions of the model equations allow
us to investigate the processes that are in effect during a short
(<1 s) burst of precipitating electrons. Results indicate that at
low altitudes (~60 km) a sort of “saturation” effect occurs which
limits the number density of electrons. In other words, the number
density of electrons is found to depend only weakly on the duration
of the electron precipitation burst.

Analytical and numerical investigations of the relaxation of
ionospheric disturbances at different altitudes and for different
parameters (of precipitating particles) show that, in principle, it
may be possible to identify some of the chemical reaction con-
starits of the lower ionosphere (v, 8, ) on the basis of data on
the recovery of VLF signatures. As an example of general trends,
we note that the number density of positive cluster ions in winter-
time is much less than in summer [Danilov et al., 1981] so that the
model predicts in general a slower recovery rate of subionospheric
signals in winter than in summer.
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In two specific cases involving precipitation of 300-keV and
1-MeV electrons, the model predicts the formation of layers of
ionization that represent a different attachment-detachment quasi-
equilibrium value from that of the unperturbed ambient. Such new
layers may exist for up to ~10° s following electron precipitation
bursts and would be exhibited in subionospheric VLF data as
apparent signal amplitude and/or phase recoveries to levels other
than those prior to the event.

Model calculations for ~1-MeV precipitating electrons also
predict the formation and rapid (1 s) disappearance of a secondary
electron minilayer that might lead to initially rapid recovery signa-
tures in VLF phase and amplitude as observed at low geomagnetic
latitudes [Inan et al., 1988]. Quantitative comparison of experi-
mental data with model predictions may be useful in determining
the existence of high energy (1 MeV) precipitating electron bursts
and might also allow a determination of the energy flux levels.

While we have applied the model to specific selected cases,
it should be noted that the general equations (12)-(15) and the
ion pair production rate (11) are generally valid and can be nu-
merically solved at all D region altitudes (<90 km) and for any
energy and flux distribution of precipitating electrons. The model
described here can be combined with existing quantitative models
of the whistler-induced precipitation process which predict the en-
ergy spectrum and temporal signature of the precipitation bursts
[Chang and Inan, 1985], and the models describing the propa-
gation of VLF waves in the Earth-ionosphere waveguide in the
presence of localized disturbances [e.g., Poulsen et al., 1990]. In
this sense, the model described here fills in a gap in our theoret-
ical modeling of the processes that lead to subionospheric VLF
perturbations observed in association with lightning discharges.
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