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Christos Haldoupis,1 Ágnes Mika,2 and Sergey Shalimov3

Received 30 March 2009; revised 18 June 2009; accepted 15 July 2009; published 17 October 2009.

[1] Studies show that early VLF perturbations, characterized by abrupt signal onsets and
long recoveries, occur often in relation with transient luminous events, especially
sprites and sprite halos. Also, most of the early VLF events are attributed to forward
scattering of subionospheric VLF transmissions incident upon horizontally elongated
disturbances of elevated ionization in the upper D region. This concept is supported by
the similarity of early VLF event recoveries to those of lightning-induced electron
precipitation events (LEPs), which are due to electron density enhancements in the upper
D region caused by lightning and whistler-induced precipitation of radiation belt electrons.
Here, the simplified Glukhov-Pasko-Inan model, that has been developed for LEP
investigations, is applied to simulate early VLF event recoveries observed simultaneously
with sprite discharges in the D region. The present study shows that: (1) early VLF
events with longer (shorter) recoveries are likely to come from higher altitudes of about
80–90 km (lower altitudes of about 70–80 km) and under conditions of lower (higher)
electron density elevations relative to ambient values; (2) although negative ion and
positive cluster ion production plays a role in electron density relaxation at lower heights,
the electron–single ion dissociative recombination is likely the key process at upper D
region heights that defines the relaxation of early VLF perturbations; and (3) tentative
estimates of electron density increases responsible for early VLF events may reach values
possibly higher than 104 electrons per cm3 in the upper D region ionosphere.
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1. Introduction

[2] The ‘‘early VLF events’’ represent a distinct category
of short timescale perturbations observed in VLF trans-
missions propagating in the earth-ionosphere waveguide
[e.g., see Rodger, 2003, and references therein]. They are
attributed to conductivity modifications in the lower iono-
sphere caused by thunderstorm lightning effects. Their
nature is signified by the word ‘‘early,’’ meaning they occur
right after a lightning discharge which implies a direct
energetic coupling process between lightning in the tropo-
sphere and the lower ionosphere. The term ‘‘early/fast’’ used
widely in the past to identify these phenomena is not used
here because it may not be always representative. As shown
by Haldoupis et al. [2006], the property ‘‘fast,’’ which is
meant to describe rapid onset durations of less than �20 ms,
does not apply for many early VLF events which exhibit
much larger onset durations reaching values up to �2.5 s.
[3] Early VLF events have been studied in the last several

years, mostly at Stanford University [e.g., see Inan et al.,

1995; Johnson and Inan, 2000; Barrington-Leigh et al.,
2001; Moore et al., 2003; Marshall et al., 2006] (and
several more papers), the University of Otago [e.g., see
Dowden et al., 1996; Rodger, 2003, and references therein],
and recently the University of Crete (e.g., see overview
paper on the Crete studies by Mika and Haldoupis [2008]).
These studies established that early VLF events occur often
in close association with ‘‘transient luminous events’’
(TLEs), particularly sprites and halos [e.g., see Moore et
al., 2003; Haldoupis et al., 2004; Mika et al., 2005;
Marshall et al., 2006], and occasionally also with elves
[Mika et al., 2006]. Most of the early event onsets coincide
with sprites which are known to require a causative positive
cloud-to-ground (+CG) discharge of a large charge moment
change [e.g., see Cummer and Lyons, 2005]. Figure 1 shows
a typical early VLF event observed concurrently with a
sprite during the 2003 EuroSprite campaign [Neubert et al.,
2005]. The figure is provided here for the reader to visualize
the early VLF signature, which is characterized by an abrupt
onset and a signal recovery ranging typically from several
seconds to several tens of seconds.
[4] There is evidence to suggest that sprite-related early

events are due to forward scattering of VLF waves from
regions of perturbed conductivity caused by electron density
enhancements in the upper D region (e.g., see Haldoupis et
al. [2006, and references therein] for a detailed discussion).
This agrees with the fact that D region conductivity pertur-
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bations on timescales larger than a second are determined
solely by changes in electron density. Further, telescopic
imaging of sprite displays [e.g., see Gerken and Inan, 2000]
shows that these are characterized by a lower (50–70 km)
streamer-like region, and often, but not always, by a higher
(70–90 km) region of a laterally extended glow. Model
estimates of electron density elevations produced in the
upper regions of sprite breakdown and/or sprite halos led
Barrington-Leigh et al. [2001] to suggest that those are
likely responsible for most of the early events seen in VLF
transmissions. This conclusion, which is in line with the
findings of Johnson et al. [1999] on the horizontal extent of
the perturbed conductivity regions, the quasi-electrostatic
(QE) field theory of Pasko et al. [1997] on sprite generation
and ionization production, and the theory of Poulsen et al.
[1993] on VLF wave scattering from elongated volumes of
electron density enhancements in the upper D region, was
verified approximately by Moore et al. [2003]. These
authors used a model of VLF propagation and scattering
in the earth-ionosphere waveguide to reproduce, although
with some uncertainty in amplitude, early VLF perturba-
tions by taking horizontally elongated volumes of elevated
electron density situated in the upper D region between 70
and 90 km.
[5] It is important to stress that the present study does not

deal with early VLF perturbations not accompanied by
TLEs. Such events have been attributed by Marshall et al.
[2008] to lightning electromagnetic pulse-driven dissocia-
tive electron attachment that leads to electron density
depletions which are confined at lower D region heights.

[6] In the present study, early VLF events are assumed to
be caused by forward scattering from areas of enhanced
conductivity (or electron density) in the upper D region.
This conviction is reinforced by the fact that the early event
signal recoveries are comparable to those of LEP events,
referring to Lightning-induced radiation belt Electron Pre-
cipitation occurrences [e.g., see Voss et al., 1984; Inan and
Carpenter, 1987; Rodger, 2003; Peter and Inan, 2005, and
references therein]. LEPs have onsets which are delayed by
�0.5 to 1.5 s relative to their causative CG lightning
discharges, which distinguishes them from early events in
the VLF recordings. Other than the onset delay, both LEP
and early events look fairly similar in narrowband VLF
recordings, particularly with respect to their recoveries.
[7] The similarity between the relaxation times of early

and LEP perturbations offered the motivation to apply here
for the early events the same D region model used in LEP
investigations. This, which in the following is referred to
as Glukhov-Pasko-Inan (GPI) model, was developed by
Glukhov et al. [1992]. It relies on a simplified scheme of
four constituents, that is, electrons, single positive molecular
ions, single negative molecular ions, and positive cluster
ions; as well as four different charge exchange processes,
those of electron attachment, electron detachment, dissocia-
tive recombination, and conversion of molecular positive
ions into positive cluster ions. These altitude-dependent
processes combine to define the relaxation of electron
density enhancements in the D region which are assumed
to be responsible for the observed recoveries of early VLF
perturbations.
[8] It is important to clarify that the GPI model does not

predict the magnitude and/or phase changes evident in the
early VLF events. Also it should be noted that, although the
present analysis relies on the QE heating mechanism for
early VLF event production, the GPI model used here can
be applied to any event where ionization is produced at a
given level and altitude in the upper D region, no matter
what is the exact ionization production mechanism.
[9] The purpose of this work is to introduce a methodol-

ogy which uses the GPI model to study early VLF event
recoveries in order to gain physical insight and obtain
estimates of the electron densities produced in the upper
D region in association with sprite occurrences. Given that
there are no conclusive measurements of TLE-related ion-
ization that scatters VLF waves, such estimates can be a
valuable input for existing theoretical models and their
implications.

2. Model Formulation

[10] In the following we present details of the GPI model
[Glukhov et al., 1992] which are pertinent to the present
study. In this model, the electron and ion density changes in
the D region can be estimated by taking into account
processes affecting the number densities of four kinds of
charged particles, that is, electrons, positive ions, negative
ions, and positive cluster ions, their number densities
denoted as Ne, N

+, N�, and Nx
+, respectively. The positive

ions N+ include primarily O2
+ and NO+, while negative ions

N� may include O2
�, CO3

�, NO2
�, NO3

�, and others. Positive
cluster ions Nx

+ like H+(H2O)n are produced from positive
ions N+ via a hydration chain reaction.

Figure 1. A typical example of an early VLF event
associated with a sprite observed during the 2003 EuroSprite
campaign. Typically, early event recoveries range from
about 10 s to more than 200 s and are comparable to those
observed in LEP perturbations.
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[11] Recently, Lehtinen and Inan [2007] extended GPI to
include one more constituent, that is, heavy hydrate nega-
tive ion clusters Nx

�. This modification becomes important
at lower altitudes, e.g., below 50 km, where it can lead to
long-lasting ionic conductivity perturbations occurring, for
example, in relation with blue jets. Cotts and Inan [2007]
postulated that this process is likely responsible for unusual
cases of long-lasting early event recoveries caused, presum-
ably, by the slowly recombining positive and negative
cluster ions below 50 km. For the common early VLF
events under study, which occur mostly in relation with
sprites and are attributable to electron density elevations in
the upper D region, the simplified GPI model is thought to
be adequate. Although it is certainly oversimplified as
compared to full time-dependent kinetic models that involve
a large number of D region chemical and electrochemical
reactions [e.g., see Gordillo-Vázquez, 2008], we feel the GPI
model is a good approximation and offers considerable
insight to the phenomenon dealt with in the present study.
[12] The time evolution of each of the four constituents

obeys its own continuity equation, which form the follow-
ing system of ordinary differential equations (ODE):

dNe

dt
¼ Qþ gN� � bNe � adNeN

þ � ac
dNeN

þ
x ð1Þ

dN�

dt
¼ bNe � gN� � aiN

� Nþ þ Nþx
� �

ð2Þ

dNþ

dt
¼ Q� BNþ � adNeN

þ � aiN
�Nþ ð3Þ

dNþx
dt
¼ BNþ � ac

dNeN
þ
x � aiN

�Nþx : ð4Þ

All four equations are interdependent because of the plasma
quasi-neutrality, which requires that Ne + N� ’ N+ + Nx

+.
The positive and negative terms on the right-hand sides of
(1)–(4) represent production and loss terms, respectively.
Here Q is the electron production term, which is to be
detailed shortly. As for the rest of the coefficients, b is the
electron attachment rate, g the electron detachment rate,
ad is the coefficient of dissociative recombination, ad

c the
effective coefficient of recombination of electrons with
positive cluster ions, ai the coefficient of ion-ion recombi-
nation (mutual neutralization) for all kinds of positive ions
with negative ions, and B is the rate of conversion of
positive ions into positive cluster ions.
[13] The effective electron attachment rate b applies to

the 3-body attachment process and is given in s�1 by Rowe
et al. [1974] as:

b ¼ 10�31NO2
NN2
þ 1:4� 10�29

300

T

� �
e�

600
T N 2

O2
: ð5Þ

Here, NO2
and NN2

represent the number densities of
molecular oxygen and nitrogen expressed in cm�3, whereas
T is the electron temperature taking up typical values of
about 200 K during nighttime. The attachment rate is a

function of altitude ranging from about 20 s�1 to 0.02 s�1

between 50 and 80 km [e.g., see Pasko and Inan, 1994]. It
has to be mentioned that in the presence of a strong electric
field the attachment is also due to a 2-body dissociative
process [see Lehtinen and Inan, 2007; Pasko et al., 1997].
This electric field-dependent process can be included in
future studies as an extension to the GPI model, although its
exclusion here can be tolerated since the present study
models the event recovery phase when the energizing
electric field is not anymore present.
[14] The effective detachment rate g is rather uncertain.

There exist different rather speculative approaches, e.g., see
discussions by Pasko and Inan [1994] and Lehtinen and
Inan [2007], and more references cited therein, which
suggest values that range over several orders of magnitude
from 10�23 N s�1 to 10�16 N s�1, where N is the total
number density of neutrals expressed in cm�3. Following
Pasko and Inan [1994], the value of g used here was taken
equal to 3 � 10�18 N s�1.
[15] Based on previous studies [e.g., see Lehtinen and

Inan, 2007], the effective coefficient of dissociative recom-
binationad takes values between 10

�7 and 3� 10�7 cm3 s�1,
whereas the effective recombination coefficient of elec-
trons with positive cluster ions ad

c ranges from �10�6 to
10�5 cm3 s�1. In the present calculations, the values of 3 �
10�7 cm3 s�1 and 10�5cm3 s�1 were adopted for ad and ad

c,
respectively, in line also with Pasko and Inan [1994]. In the
same manner, the effective coefficient of ion-ion recombi-
nation processes for all kinds of positive ions with negative
ions is taken to be 10�7 cm3 s�1, while the typical value of
B, that is, the effective conversion rate of positive ions N+

into positive cluster ions Nx
+, is assumed equal to 10�31 N2

s�1, in agreement with Glukhov et al. [1992, and references
therein], as well as Lehtinen and Inan [2007].
[16] For early VLF perturbations attributable to sprites,

the production term Q refers to the ionization production
rate in a weakly ionized plasma, as is the ionosphere, under
the action of an electric field. This problem has been dealt
with in a series of papers [e.g., see Tsang et al., 1991;
Papadopoulos et al., 1993, and references therein]. The
electron production term is expressed as Q = viNe, where vi
denotes the ionization frequency, that is the number of
ionization events per second per electron. Here, it is
computed from the following expression of Papadopoulos
et al. [1993]:

ni
nam
¼ 0:7þ 4:2e

�2:6 E
Ek

� � E

Ek

� �2

exp �4:7 Ek

E
� 1

� �� 	
; ð6Þ

taken in the limit w� nk, where w is the angular frequency
of the energizing electric field E and nk is an effective
electron-neutral collision frequency. In this equation, Ek is
the air-breakdown electric field, and nam is the maximum
attachment frequency taken from the expression nam = 7.6�
10�13 Nm cm3/s, where Nm is the concentration of air
molecules expressed in cm�3.
[17] Finally, the ionizing time varying electric field used

in the calculations represents an lightning related quasi-
electrostatic (QE) field, approximated as:

E ¼ E0

t

Trs
e�t=tcc ; ð7Þ
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where Trs and tcc are characteristic times representing the
return stroke and continuing current durations, respectively.
Typical values of E0 are of the order of a few tens of mV/m,
of Trs tens of microseconds and of tcc a few tens of
milliseconds. An example of the electric field E pulse at
80 km altitude is shown in Figure 2 (top) where it reaches
about 45 V/m, thus exceeding Ek which at this altitude is
near 34 V/m. From (7) and Figure 2, we infer that ionization
production lasts only for a small fraction of a second.
During this time the electrons must have energies of at least
a couple of tens of eV in order to exceed the ionization
potentials of the main atmospheric constituents, that is,
12.8 eV for O2 and 15.57 eV for N2. On the other hand, the
electrons taking part in the loss processes must be thermal
electrons with energies �1 eV. Apparently, this is valid
because the energized electrons are quickly thermalized

through electron-neutral collisions. Since the electron
thermalization time is well below 1 s for D region altitudes
[e.g., see Glukhov et al., 1992], the electrons are taken to be
thermalized instantly as compared to the electron density
relaxation times of tens of seconds which define the
recoveries of early VLF perturbations.

3. Numerical Results

[18] To model the relaxation of ionization in the D region,
an electron density production level was obtained first by
solving the ODE system of (1)–(4) for a given altitude, by
setting the production term Q = niNe where ni was computed
from (6) after adopting a proper electric field from (7). The
ambient number densities entering the ODE (1)–(4), which
constitute the initial conditions for solving the equations,
were extracted from the altitude profiles provided by
Glukhov et al. [1992]. The ODE system was solved numer-
ically using a 4th order Runge-Kutta formulation scheme.
An example of the electric field used and Ne produced
relative to the ambient electron density Ne0 at the altitude of
80 km are shown in Figure 2. In this numerical procedure,
the driving electric field parameters entering (6) were
adjusted in order to produce different electron density
enhancement levels Ne relative to background Ne0 through
the electron production rate Q. Next, the perturbed values of
all species, obtained during production, were used as initial
values to solve again the same ODE system by setting this
time the production term Q = 0. In this way it is possible to
model, at different altitudes and for different electron
density production levels, the time evolution of the charged
particle densities including of course the relaxation of
electron density which is of interest here for comparisons
with the recoveries of early VLF events.
[19] Given an initial electron density production Ne, its

subsequent relaxation is determined by the combined action
of electron attachment-detachment, the electron–single ion
recombination and the negative-ion and cluster-ion produc-
tion and recombination processes, all acting under condi-
tions of plasma neutrality. The interplay of these processes
can be appreciated in Figures 3 and 4, which show the
evolution of the charged species number densities at 75 km
(Figures 3 and 4, top), 80 km (Figures 3 and 4, middle), and
85 km (Figures 3 and 4, bottom), for different electron
production levels, expressed by the ratio Ne/Ne0. The Ne0

values adopted for the above three heights were 6, 60 and
350 cm�3, respectively, as estimated from an ambient
electron density profile used in the paper by Glukhov et
al. [1992].
[20] Figure 3 illustrates the altitude effects on plasma

relaxation for relatively low Ne production levels (Ne/Ne0 =
102). At lower heights (Figure 3, top, for 75 km), the decay
of Ne and N+ during the first 50–100 s are nearly symmetric
to the growth of N� and Nx

+, respectively. This suggests that
electron attachment, which produces negative molecular
ions, and the conversion of N+ to cluster ions through
hydration are the dominant processes. At higher altitudes
(see Figure 3, middle and bottom, for 80 and 85 km) the
efficiency of these two processes is reduced and so does the
relative importance of negative molecular and positive
cluster ions. The growth rates of N� and Nx

+ are much faster
at lower altitudes because of their strong dependence on

Figure 2. (top) Time response of a lightning-induced QE
field impacted on the upper atmosphere and (bottom) the
corresponding increase in relative electron density Ne/Ne0 at
80 km altitude as predicted by the GPI model using
equations (6) and (7) to derive the production term. The
dashed horizontal line in Figure 2 (top) shows the air-
breakdown electric field at 80 km. For a nighttime electron
density Ne0 of �60 cm�3 at 80 km, the elevated electron
densities Ne may approach 6 � 104 cm�3.
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neutral number densities, e.g., see the dependence of the
attachment coefficient b in equation (5). On the other hand,
the electron–single positive ion dissociative recombination
has a limited effect at lower altitudes (say, below 75 km) but
gradually becomes the main loss mechanism for the elec-
trons at upper heights (e.g., see Figure 3, middle and
bottom). Finally, Figure 3 shows that the electron and single
positive ion relaxation times increase with increasing altitude
while they remain fast as compared to the slow relaxation of
N� and Nx

+.
[21] The GPI model predicts that for higher Ne production

levels the effect of dissociative recombination becomes
more decisive in the relaxation of plasma. This is simply
because dissociative recombination is nearly proportional to
Ne
2 for small number densities of negative molecular and

positive cluster ions. This is illustrated in Figure 4 which
displays two sets of similar plots as in Figure 3, one for
Ne/Ne0 = 103 (Figure 4, left) and one for Ne/Ne0 = 104

(Figure 4, right). Careful inspection of the curves in Figure 4
shows that dissociative recombination can affect the elec-
tron density relaxation significantly. At lower heights, the
effect is smaller and is confined during the first stage of
relaxation when electron density is highest and N� and Nx

+

are still small. At upper heights, recombination becomes
fairly dominant for larger Ne enhancements, which results to
a faster decay of Ne and N+ and thus shorter relaxation
times. For example at 80 km (85 km), the Ne relaxation time
is reduced from about 120 s (200 s) to about 75 s (50 s) if
Ne/Ne0 is set to 103 (104). It is interesting that this disso-
ciative recombination effect on electron density relaxation
was not emphasized much in the Glukhov et al. [1992]
paper.
[22] Since we are interested here in modeling early VLF

event recoveries, we display dimensionless values of Ne

relative to the ambient electron density Ne0, all normalized
to their maxima. The model predictions for altitudes ranging
from 60 to 85 km are shown in Figure 5. Figure 5 (left)
refers to the heights of 60, 65, and 70 km whereas Figure 5
(right) refers to 75, 80, and 85 km (from top to bottom). The
curves for each altitude were computed for three initial
electron density production levels, corresponding to Ne/Ne0

ratios equal to 102 (dashed lines), 103 (dotted), and 104

(dash-dotted).
[23] As shown in Figure 5 (left), which refer to altitudes
�70 km, the relaxation times are small and do not depend
much on the initial level of electron density. This is because
electron attachment is by far the dominant electron loss
mechanism at lower heights below about 70 km since it
depends strongly on neutral density. The Ne relaxation
times, estimated here to be the time required for the electron
density to reach the 0.05 level, range from �1 s at 60 km to
�20 s at 70 km, which are below the measured recoveries
for the majority of sprite-related early VLF events [e.g., see
Mika et al., 2006]. Inspection of the relaxation curves in
Figure 5 (right) for higher altitudes, that is, for 75, 80, and
85 km, shows that the electron density production level has
now a clearly discernible effect on the overall electron loss
term. As mentioned, this effect increases toward higher
altitudes as the electron–single positive ion recombination
loss mechanism becomes increasingly important.
[24] Figure 6 summarizes the estimated electron density

relaxation time as a function of altitude and Ne/Ne0 produc-

Figure 3. GPI model time evolution of the number
densities of all four charged constituents entering the
model, for different heights in the upper D region and for
a relatively low electron density production ratio Ne/Ne0 =
102. (top) For 75 km, (middle) for 80 km, and (bottom) for
85 km. See text for details.
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tion ratio, obtained by curve-fitting approximate relaxation
times deduced from Figure 5. As seen, short relaxation
times, say <30 s, tend to associate with lower altitudes and
appear to be insensitive to the initial level of ionization
production relative to the background density. On the other
hand, relatively large relaxation times are biased toward
upper D region heights and lower Ne/Ne0 ratios. This results
because at upper D region heights the number of single
(molecular) positive ions N+ approaches that of electrons in
the quasi-neutrality condition because negative and cluster
ion densities drop rapidly above about 75 km to 80 km. As
seen, the range of relaxation times with altitude depends
critically on Ne/Ne0, whereas at a given altitude the larger

recovery values correspond to lower Ne/Ne0 ratios. Further
inspection of Figure 4 shows that for a given Ne/Ne0 ratio,
the relaxation time increases with altitude at a rate that is
larger for lower Ne/Ne0 ratios, apparently because dissocia-
tive recombination is now slower because it depends
approximately on Ne

2.
[25] Based on the above discussion, and given that the

recoveries of sprite-associated early VLF events range
between about 20 and 250 s [e.g., Mika et al., 2006], we
postulate that the regions of electron density enhancements
responsible for most of the early events are situated between
�70 km and the VLF reflection heights nearing 85 to 90 km.
This will be illustrated by considering typical early VLF

Figure 4. Same as in Figure 3 but for higher electron density production ratios relative to background.
(left) Ne/Ne0 = 103 and (right) Ne/Ne0 = 104.
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events and compare their recoveries with those estimated by
the present model.

4. Comparison With Data

[26] Early VLF perturbation recoveries observed in asso-
ciation with sprites are compared qualitatively with electron
density relaxation times predicted by the GPI model. This
serves as a test of the model’s suitability while it allows one

to obtain approximate estimates of elevated electron densi-
ties in the upper D region. Here typical examples of early
VLF events are considered, selected from observations
made in the 2003 EuroSprite campaign [e.g., Neubert et
al., 2005], to be representative of short (�30 s), medium
(�100 s), and long (�250 s) early event recovery times. To
do approximate comparisons, the VLF signal amplitude
recoveries were normalized to their maximum and then
superimposed on model predictions of electron density

Figure 5. GPI model electron density relaxation curves at (left) 60, 65, and 70 km and at (right) 75,
80, and 85 km (from top to bottom), all normalized at their maximum values. The relaxation curves in
each plot correspond to three different electron density production levels, low (Ne/Ne0 = 102), medium
(Ne/Ne0 = 103), and high (Ne/Ne0 = 104). Note that the timescales differ in order for the differences
between the curves shown in each plot to be discerned.
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relaxation curves similar to those shown in Figure 5 for the
altitudes of 75, 80, and 85 km and initial electron density
production levels of Ne equal to 102, 103, and 104 times that
of the ambient level Ne0.
[27] The results are summarized in Figure 7. Figure 7

(top, middle, and bottom) refers to different early VLF
events, with Figure 7 (top) corresponding to the event with
the shortest recovery time (�30 s) and Figure 7 (bottom)
with the longest one (�250 s). Figure 7 (left, middle, and
right) refers to different initial relative electron density
production levels Ne/Ne0, that is, 10

2 for Figure 7 (left),
103 for Figure 7 (middle), and 104 for Figure 7 (right). The
model outputs for 75, 80, and 85 km altitudes are shown in
each plot by the dashed, dotted, and dash-dotted electron
relaxation curves, respectively. The timescales of the plots
are different in Figure 7 (left, middle, and right) in order to
facilitate comparisons. As seen, the shape of the observed
early VLF amplitude recoveries resemble the simulated
ones quite well; both have been characterized by similar
time dependencies. Inspection of Figure 7 (top, middle, and
bottom) leads to the following inferences:
[28] 1. Early VLF events with short recoveries (<30 s)

can be accounted for by considering large sprite-produced
electron density enhancements relative to background values
to be located preferentially at lower altitudes, say at about
75 km. In this case, the initial electron density enhance-
ments need to reach relatively high levels, up to �104 times
the undisturbed electron densities. Using at 75 km an ambient
nighttime electron density of �6 electrons per cm3 (Ne0 �
6 cm�3), the model estimates an elevated electron density of
about 6 � 104 cm�3.
[29] 2. Early VLF events with medium recovery times

around 100 s can be modeled by considering elevated
electron densities which are now located higher up, say
�80 km, having initial electron density enhancements of

103 times Ne0. Using here an ambient nighttime electron
density of �60 cm�3 at 80 km, the elevated electron density
in the affected region may approach 6 � 104 cm�3.
[30] 3. Long-recovery early VLF events, that is, recovery

times as high as 250 s, can be accounted for by considering
comparatively lower Ne enhancements relative to back-
ground, at upper D region altitudes near the VLF reflection
heights. By taking at 85 km an ambient nighttime electron
density Ne0 � 350 cm�3, the model estimates an elevated
electron density near 3.5 � 104 cm�3 to be responsible for
the long recovery of the VLF events.
[31] These inferences can be understood by considering

the increased importance with altitude of the electron–
single (molecular) ion recombination process. Also at lower
heights, one needs to consider the roles of electron attach-
ment and detachment as well as the negative and cluster ion
production and recombination processes. Based on the GPI
model and the discussion in the previous sections, we
conclude that, although electron attachment and cluster
ion production play an important role at lower heights, the
key process for the recoveries of sprite-related early VLF
events in the 75 to 85 km altitude range is electron–
molecular ion recombination under approximate Ne � N+

plasma-neutrality conditions.

5. Discussion and Concluding Comments

[32] By taking into account the role of electron–single
ion dissociative recombination in the upper D region and
the conductivity shielding effects of the energizing electric
fields inside sprite discharges, a simplified interpretation
can be outlined as follows. Relatively strong electric fields
are expected to exceed the air-breakdown threshold at lower
D region heights and produce large levels of ionization
relative to background without significantly affecting higher
altitudes because the increased conductivity will enhance
shielding effects. In this case, an early VLF event will have
shorter recoveries not only because electron attachment and
cluster ion production is much more effective at lower
heights than at higher, but also because electron–single
ion recombination losses increase for higher electron den-
sity production levels. On the other hand, a weaker electric
field could penetrate higher up into the D region where it
may exceed the air-breakdown field to produce lower
ionization levels relative to background than in the previous
case. This can cause an early VLF perturbation which now,
however, will be lasting longer because electron density
recovery is slower. This is because electron attachment and
cluster ion production at upper heights is much less important
compared to the electron–single ion dissociative recombina-
tion process. The latter, which is now the dominant electron
loss mechanism, depends on �Ne

2 at upper D region heights
and thus becomes slower for lower electron density pro-
duction levels.
[33] The absolute electron density enhancement estimates

responsible for early VLF events, inferred from compar-
isons of model predictions with measured event recoveries,
are found to be higher than 104 electrons per cm3. These
estimates of course need to be taken as tentative since they
depend on background (ambient) D region electron density,
which may vary considerably from night to night. In this
respect, the values quoted above are likely to be rather high

Figure 6. Model estimates of electron density relaxation
time (indicated by the symbols) and curves fitted to them,
shown as a function of altitude for different Ne/Ne0 ratios of
elevated electron density relative to ambient nighttime
values. As seen, the larger relaxation times correspond to
higher altitudes and to lower Ne/Ne0 ratios. Small relaxation
times tend to occur at lower altitudes where they are less
sensitive to the Ne/Ne0 production level.
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because they had been based on a rather elevated D region
ambient electron density profile, that was adopted from
Glukhov et al. [1992]. Likely, the obtained electron density
estimates would have been lower if lower ambient electron
densities are used, for example in line with the observations
of Cheng et al. [2006].
[34] Conclusive measurements of sprite-related ionization

in the upper D region are in general unavailable in order to
be used for comparisons. On the other hand, the values
inferred here are higher when compared to existing theo-
retical estimates. For example, the simulations of Pasko et
al. [1995, 1997, 1998] for direct QE field heating and
ionization predict during sprite discharges electron densities
of about 103 cm�3 inside diffuse sprite glow regions at
altitudes above �70 km. Also, the simulations of Moore et
al. [2003], which dealt with early VLF events produced
by electron density changes associated with sprite halos,
invoked electron density enhancements less than 103 cm�3

in order to reproduce moderate early VLF amplitude
changes <0.8 dB.
[35] Alternatively, the possibility exists that the relatively

high electron density estimates inferred in the present study
are representative of ionization inside an assembly of sprite
streamers which intrude into upper D region heights from
below or a set of downward sprite streamers which initiate
at upper D region altitudes, possibly as high as 90 km.
Actually, this option is supported by recent triangulated
sprite observations obtained simultaneously with multiple,
high-resolution and high-sensitivity cameras, as discussed
by Srenbaek-Nielsen et al. [2009] during the recent Penn
State University Chapman conference. Rationally, it is
much easier to get high electron densities in localized
regions where streamers propagate, rather than filling large
volumes in space with high electron densities (V. P. Pasko,
private communication). Then, and from the point of view
of electro-chemical relaxation, it may be possible that the

Figure 7. Approximate GPI model fits of EuroSprite-observed VLF perturbation recoveries; all
occurred in relation with sprites. Figure 7 (top, middle, and bottom) corresponds to different events,
representing (top) short, (middle) medium, and (bottom) long-recovery durations of about �30 s, �100 s,
and �250 s, respectively. (left) An electron density elevated 100 � Ne0, (middle) 1000 � Ne0, and (right)
10000 � Ne0. Dashed lines mark curves calculated at 75 km, dotted lines mark those at 80 km, and dash-
dotted lines mark those at 85 km. The solid lines correspond to observations of early VLF event
recoveries.
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VLF scattering, from a superposition of a large number of
streamers spread over an extended region, measures primar-
ily the decay of plasma inside the streamers which, pre-
sumably, are rather dense initially (V. P. Pasko, private
communication). Unfortunately, the optical sprite images
accompanying the early VLF events examined in the
present study did not provide information on the altitude
of sprite formations; also they did not provide conclusive
evidence on upper D region streamer structures and sprite
diffuse glows and/or sprite halos, apparently because the
cameras used in early EuroSprite campaigns were not very
sensitive and of limited time resolution (20 ms). We feel that
the question as to what part of the sprite discharge and
ionization is responsible for the concurrently observed early
VLF events remains open at present and is an important
topic that requires more study.
[36] In conclusion, it has been shown that the recoveries

of early VLF events, which are observed concurrently with
sprites, can be simulated reasonably well by the GPI
[Glukhov et al., 1992] relaxation model. The methodology
applied here relies on the postulation that most of early VLF
events are due to scattering from electron density enhance-
ments located in the upper D region ionosphere between
about 70 and 90 km. The early VLF recoveries then are
determined mainly by the level of the produced electron
density relative to background and the dissociative electron–
single ion recombination process. The postulations adopted
in the present study led to the conviction that early VLF
events with relatively short recoveries may come from
lower heights during large elevations in electron density
production relative to ambient values. On the other hand,
early VLF events with long recoveries may associate with
relatively weakly ionized regions relative to background at
higher altitudes near the VLF reflection heights where
electron–single ion dissociative recombination becomes
the dominant loss mechanism. Finally, the comparisons of
the model results with observed typical early event recov-
eries led to tentative estimates of electron density elevations
reaching values possibly higher than 104 electrons per cm3

inside the altitude range from about 70 to 85 km. Although
the GPI model methodology applied here for the investiga-
tion of early VLF events needs more development and
testing, it is promising for a better physical understanding
and useful in deducing ionization estimates in the upper D
region during sprite occurrences.
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