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[1] The magnitudes of scattered fields produced during early/fast very low frequency
(VLF) events observed at 13 closely spaced (�65 km) sites are compared with those
expected for sprite halo disturbances using a numerical model of wave propagation
within the Earth-ionosphere waveguide. Three different early/fast events of varying
magnitudes are analyzed using three different nighttime ambient lower ionospheric
electron density profiles. The electron density disturbances associated with sprite-halo
events are determined using a full-wave electromagnetic (FWEM) model. Observed
scattered field amplitudes of typical (VLF amplitude changes of 0.2 dB < �A < 0.8 dB)
Early/fast events agree with model calculations within a factor of two when the peak
return stroke currents (as recorded by the National Lightning Detection Network,
referred to in this work as NLDN) are used to determine the sprite-halo characteristics.
Scattered field amplitudes associated with larger early/fast events (�A > 1 dB) are found to
be within a factor of seven for peak currents of causative lightning based on NLDN.
However, in previous studies, some sprite-producing lightning flashes have exhibited large
slow-tail components, indicating substantial continuing currents and implying charge
removal up to 2–3 times larger than that inferred from the peak current reported by
NLDN. For the cases discussed in this paper, scattered field calculations using
disturbances caused by 2–3 times larger charge removal are found to be within a factor of
two of the measured values. VLF scattering from electron density changes associated with
sprite halos thus appear to be the underlying cause of at least some of the VLF
perturbations observed as early/fast events. INDEX TERMS: 2435 Ionosphere: Ionospheric

disturbances; 2427 Ionosphere: Ionosphere/atmosphere interactions (0335); 2439 Ionosphere: Ionospheric

irregularities; 2487 Ionosphere: Wave propagation (6934); 0669 Electromagnetics: Scattering and diffraction;
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1. Introduction

[2] Early/fast perturbations of subionospheric VLF sig-
nals constitute the earliest experimental evidence of direct
impulsive coupling of energy released by lightning dis-
charges to the overlying mesosphere and the lower iono-
sphere [Armstrong, 1983]. Observed events occur within
20 ms of the causative lightning flash (i.e., early) and
exhibit a rapid onset less than 20 ms in duration (i.e., fast)
[Inan et al., 1988]. Although the discovery of early/fast
disturbances significantly precedes that of the more spec-
tacular luminous phenomena known as sprites and elves, the
physical mechanism responsible for creating the early/fast
disturbance is still not quantitatively understood. Previous
models have been used to represent the scattering pattern of
early/fast disturbances [e.g., Johnson et al., 1999] but have
not yet reproduced the absolute magnitudes of the observed

VLF signal perturbations. For example, in the case of the
sustained heating model proposed by Inan et al. [1996b],
changes in the amplitude of the subionospheric VLF signal
were found to be less than 0.1 dB even under the best
circumstances, while typical early/fast event amplitudes lie
in the range of 0.2–0.8 dB. Other suggested mechanisms,
such as the attribution of the early/fast VLF event to
electron density changes caused by elves [Dowden, 1996;
Hardman et al., 1998], are not consistent with the scattering
pattern of observed perturbations [Inan et al., 1996a;
Barrington-Leigh et al., 2001].
[3] It has recently been suggested [Barrington-Leigh et

al., 2001] that early/fast events may be associated with sprite
halos, which result from the intense quasielectrostatic (QE)
fields formed above thunderstorms and involve substantial
ionization changes at 70–85 km altitudes [Barrington-Leigh
et al., 2001]. In this paper we quantitatively assess this
possibility, using the conductivity changes determined by a
full wave electromagnetic sprite halo model together with
recent experimental measurements of early/fast events and
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model calculations of VLF propagation and scattering in the
Earth-ionosphere waveguide.

2. Description of the Experiment

[4] VLF data presented in this paper consist of the
perturbations of the amplitude and phase of the NAA
broadcast signal (24.0 kHz) located in Maine (44.6�N,
67.2�W), as recorded by 13 closely spaced (�65 km)
VLF receivers which constitute the Stanford University

Holographic Array for Ionospheric and Lightning research
(HAIL) system. A schematic illustration of the NAA-HAIL
paths of propagation during an early/fast event is shown in
Figure 1. At each receiver, the broadband signal detected by
a 1.7 m � 1.7 m magnetic loop antenna oriented to
maximize the signal-to-noise ratio of the NAA channel is
bandpass filtered to a range of 9–45 kHz and sampled at
10 microsecond intervals, using GPS triggers accurate to
within ±0.2 microseconds. The receivers digitally down-
convert the individual VLF transmitter signals and record
the demodulated amplitude and phase with 20 ms resolution,
typically during the time interval 0100 to 1300 UT, when
most of the NAA-HAIL propagation paths experience
nighttime ionospheric conditions. Typical nighttime noise
conditions allow resolutions of 0.1 dB in amplitude and
0.2� in phase for transient events. GPS receivers provide
absolute timing accuracy to a greater degree than the data
sample rate, thereby providing a stable reference for the
phase demodulation.
[5] Data from NLDN is used to determine the time,

location, and peak current [Orville, 1994] of the lightning
discharge(s) associated with each observed early/fast VLF
event. Comparison of NLDN-recorded timing of causative
flashes with the event onset allows unambiguous identifi-
cation of an event as the early/fast type as opposed to other
types of ionospheric disturbances [Inan et al., 1993],
notably those which are caused by lightning-induced elec-
tron precipitation from the radiation belts and exhibit typical
onset delays of 0.5 to 1.0 s. The intensity of the associated
radio atmospherics (sferics in short) in the 25.2 ± 0.15 kHz
band recorded at each site provides additional evidence of
the time of the causative lightning discharges.

Figure 1. Schematic illustration of a VLF signal being
perturbed by the ionospheric disturbance created during an
early/fast event.

Figure 2. Amplitude traces for three early/fast VLF events measured using the Stanford HAIL receiver
array. NAA-HAIL propagation paths are plotted together with the location (provided by NLDN) of the
causative lightning strike for each case.
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[6] Extremely low frequency (ELF) measurements made
at Palmer Station, Antarctica, can be used to determine the
existence of large continuing currents for the three cases
discussed in this paper. However, this data set is currently
inconclusive, although it may be explored further in the
future. Large continuing currents have been related to
positive discharges associated with sprite events, although
not exclusively [Reising et al., 1996; Bell et al., 1998]. It
has also been shown that sferics with large slow-tail
activity have a higher charge moment than would normally
be associated with the HF peak currents reported by NLDN
[Reising et al., 1996]. Because the discharge duration plays
a secondary role to the total charge removed for timescales
of 1 to 10 ms [Pasko et al., 1995, 1996; Boccippio et al.,
1995], we model a current waveform with a longer
duration using a current waveform with a higher peak
current. Accordingly, we explore the use of a larger charge
moment, represented by the same current waveform and a
larger peak current, to model the causative lightning stroke

and the associated sprite halo and ionospheric density
disturbances.

3. Experimental Data

[7] Three early/fast events, referred to as events A, B, and
C, recorded by theHAIL system are considered. Each event is
associated with positive cloud-to-ground (CG) lightning
strokes as reported by NLDN, although it should be noted
that early/fast VLF events are caused by both negative and
positive lightning discharges [Inan et al., 1993; 1996c]. Event
Awas observed in the northern section of the HAIL array as
a 2.5 dB perturbation in amplitude and a �17.2 degree
perturbation in phase at 0622:23.559 UT on 29 October
2000 in association with a CG discharge of +43 kA NLDN
peak current. Figure 2a shows the NLDN reported location
of the lightning strike along with the entire HAIL data set
for this event. The NAA signal amplitude as recorded at
Boulder and the 25.2 ± .15 kHz channel recorded at

Figure 3. (a), (b), and (c) High-resolution views of the maximum NAA signal perturbation along with
the sferic intensity measured in the 25.2 ± 0.15 kHz band for early/fast events A, B, and C,
respectively.
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Cheyenne for this event are shown in Figure 3a. The onset
of the event is coincident (within data sampling resolution
of 20 ms) with the causative sferic.
[8] Event B was measured as a 0.7 dB perturbation in

amplitude and a �1.7 degree perturbation in phase in the
middle section of the HAIL array at 0559:30.884 UT on
1 September 2001, and it is associated with a CG discharge
of +32 kA NLDN peak current. Figure 2b shows the NLDN
reported location of the lightning strike and the entire HAIL
data set for this event. The NAA signal amplitude as
recorded at Fountain and the sferic intensity in the 25.2 ±
0.15 kHz band recorded at Cheyenne are shown in
Figure 3b. Once again, the onset of the early/fast event is
coincident (within <20 ms) with the causative sferic.
[9] Event C registered a 0.9 dB perturbation in amplitude

and a �0.5 degree perturbation in phase in the middle
section of the HAIL array at 0621:55.176 UT on 1 Septem-
ber 2001, in association with a CG having an NLDN peak
current of +56 kA. Figure 2c shows the NLDN reported
location of the lightning strike and the entire HAIL data set
for this event. The NAA signal amplitude as recorded at
Fountain and the sferic intensity in the 25.2 ± 0.15 kHz
band recorded at Cheyenne are shown in Figure 3c. Once
again, the onset of the Early/fast event is coincident
(<20 ms) with the causative sferic.

4. Modeling Technique

[10] Three ambient electron density profiles (see Figure 4)
are chosen to represent tenuous to dense nighttime D-Region
electron densities and also to ensure that modal nulls are not
present at the HAIL receiver sites when modeling the 24.0
kHz wave propagation from the NAA transmitter. Such
nulls may lead to large amplitude differences for events
observed at adjacent HAIL sites and thus complicate the
interpretation of the VLF signatures in terms of associated
ionospheric density changes. Furthermore, 2-week long
quiet-night amplitude averages centered on the date of each
of the events studied here indicate that the HAIL sites were
not near a signal-null for the cases studied. Ambient
profiles 1 and 3 have been used in previous analyses to
represent realistic D-region conditions [Lev-Tov et al.,
1995; Inan et al., 1992], whereas ambient profile 2 is of
the form used by Wait and Spies [1964] with b = 0.5 and

h0 = 85 km. Profile 2 is slightly modified at higher altitudes
to be more comparable to the other profiles.
[11] Using the chosen profiles, a series of electron density

changes were calculated using the cylindrically symmetric
full wave electromagnetic model [Barrington-Leigh et al.,
2001] of the interaction of the electromagnetic impulses
generated by lightning discharges having a channel length
of 10 km, exponential decay rates of 1.0 ms, and peak
currents of +40 and +100 kA, corresponding to charge
moments of 460 C km and 1150 C km. Figure 5 shows
the time-dependent current waveform used to model each
lightning discharge. The changes in electron density with
altitude and radius (as measured from the lightning dis-
charge location) calculated after 1.9573 ms for the 100 kA
peak current case and using ambient profile 2 are shown in
Figure 6a. The time of 1.9573 ms was used in order to avoid
numerical difficulties which occur subsequently in the
FWEM calculation and which correspond physically to

Figure 4. Three nighttime ambient electron density
profiles varying from a tenuous (1) to a dense (3) D region.

Figure 5. Lightning current waveform used as input to the
FWEM model.

Figure 6. (a) FWEM model simulation of the change in
electron density for a sprite halo disturbance caused by a
100 kA peak current, 1.0 ms exponential decay lightning
waveform using ambient profile 2. (b) Altitude profiles of
the electron densities produced by the simulation in
Figure 6a, taken at 10 km intervals in the horizontal plane.
(c) Schematic illustration of the LWPC Earth-ionosphere
waveguide, including user-defined waveguide slabs in the
region of the disturbance.

SIA 1 - 4 INAN ET AL.: EARLY/FAST VLF EVENTS AND SPRITE HALOS



the spatially irresolvable processes of streamer formation in
the center of the disturbed region. We see that resultant
electron density changes vary significantly over a lateral
distance of one wavelength (12.5 km), suggesting the
possibility of strong coupling between waveguide modes
when a subionospheric VLF signal is incident on such a
disturbance [Baba and Hayakawa, 1996].
[12] We wish to determine the absolute amplitude of the

scattered fields caused by each of the modeled sprite halo
disturbances in order to compare them with experimental
data. Based on Figure 6, the sprite halo disturbances involve
relatively sharp changes in electron density (both along the
propagation direction and as a function of height) so that we
expect strong mode coupling to occur within the disturbance
region. Unfortunately, we do not have in hand a general
enough VLF Earth-ionosphere propagation model which is
both three-dimensional (3-D) (so that it can account for the
finite transverse extent of the disturbance) and which also
accounts for mode coupling within the disturbance. Accord-
ingly, we set out to determine the scattered field amplitudes
in an approximate manner, as described below.
[13] The modeling of VLF wave propagation in the Earth-

ionosphere waveguide is carried out using the Long Wave
Propagation Capability (LWPC) code [Pappert and Snyder,
1972; Pappert and Morfitt, 1975; Ferguson and Snyder,
1987], a multiple-mode model which uses realistic param-
eters for the ground conductivity, the Earth’s magnetic field,
and the altitude profile of nighttime ionospheric conductiv-
ity. LWPC is a 2-D code which accounts for coupling
between waveguide modes and allows for modeling of
ionospheric disturbances with user-defined waveguide slabs
that have differing altitude profiles of ionospheric conduc-
tivity [Pappert and Snyder, 1972; Ferguson and Snyder,
1987]. The two-dimensional LWPC code is necessarily
limited to modeling the effects of localized disturbances
which extend to infinity in the transverse direction, appro-
priate for disturbances which have lateral extents which are
large compared to the distance from the disturbance to the
receiver site. Figure 6c schematically shows the Earth-
ionosphere waveguide with the user-defined slabs included
in the disturbed region, the electron densities for each slab
being those depicted in Figure 6b.
[14] To estimate the maximum scattered field magnitude,

which occurs on the signal path propagating directly
through the center of the disturbance, we first use the
two-dimensional LWPC model to determine the forward
scattered field due to a disturbance of infinite extent in the
transverse direction. We then assume that the ratio of
the scattering from an actual 3-D disturbance to that from
the infinite slab is similar to that which was found by Poulsen
et al. [1990] for the case of adiabatic scattering with no mode
coupling. The maximum scattered field is then determined by
calculating the amplitude and phase of the received signal
under both ambient and disturbed ionospheric conditions.
The magnitude of the scattered field, ES, can then be
calculated as:

ES

EO

����
���� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ E

EO

����
����
2

�2
E

EO

����
���� cos ��ð Þ

s
; ð1Þ

where EO is the magnitude of the ambient electric field,
E is the magnitude of the electric field under disturbed

conditions, and �� is the difference in phase between the
two fields. The form of equation (1) shows that it is natural
to express the scattered field magnitude normalized by the
ambient electric field. Accordingly, scattered field magni-
tudes quoted in this work are normalized by the ambient
electric field in the manner of equation (1). Using the
scattered field formulation of Poulsen et al. [1990], the ratio
of each modal component of the 3-D and 2-D scattered
fields has the value

ESN

ES�LWPCN

¼ aa
ffiffi
i

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ia2a2

p ; ð2Þ

where

a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kOSO

d

2xT xR

s
;

a is the lateral dimension of the disturbance, SO is the sine
of the eigen-angle for each mode existing in the ambient
case, kO is the wave number in free-space, d is the distance
from transmitter to receiver, and xT and xR are the distances
from the disturbance to the transmitter and receiver,
respectively, as defined by Poulsen et al. [1990]. Although
this ratio is slightly different for each waveguide mode, we
found that the ratios for the 10 waveguide modes used in
our calculations are well approximated (i.e., to within 0.5%)
by a single value. The total scattered field can be expressed
as

Es ¼
X
N

ESN ¼
X
N

ES�LWPCN

aa
ffiffi
i

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ia2a2

p : ð3Þ

[15] The lateral dimension, a, can be determined by
matching the magnitude of the scattered field caused by
the disturbance to that caused by an ‘‘equivalent’’ Gaussian
disturbance, as used by Poulsen et al. [1990]. The electron
density of the Gaussian disturbance has the form

NG hð Þ ¼ NO hð Þ þ NC hð Þ � NO hð Þ½ �e� r
að Þ

2

; ð4Þ

where NO is the ambient electron density, NC is the electron
density at the center of the disturbance, r is the radial distance
from the center of the disturbance, and h is the altitude. For
the Gaussian disturbance, the change in electron density at
each altitude, normalized to the maximum change in electron
density at that altitude, as a function of distance along the
propagation path is shown in Figure 7a. The electron density
profile associated with the center of the disturbance
calculated for 100 kA peak current using ambient profile 2
can be seen in Figure 7b, and this profile is simply scaled to
generate the other profiles seen in Figure 7c, which are
inserted into the Earth-ionosphere waveguide in the slabs
delimited in Figure 6c. This process is repeated for each
disturbance calculated with the full wave electromagnetic
interaction model.
[16] The lateral dimension a can then be estimated by

iterating through reasonable values until the received field
amplitude for the ‘‘equivalent’’ Gaussian disturbance
matches that of the actual disturbance. The maximum
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scattered field in the case of the sprite halo disturbance is
then calculated using equation (2).
[17] While the above procedure allows us to determine

the maximum scattered field amplitude by using the 2-D
LWPC code and scaling based on the formulation of
Poulsen et al. [1990], a 3-D code is needed to determine
the actual shape of the scattering (or diffraction) pattern of
the sprite halo disturbance and compare it with the data. The
scattering pattern, normalized by the maximum scattered
field magnitude, can be used to assess the lateral dimension
of the scattering disturbance [Johnson et al., 1999].
[18] While a 3-D augmentation of the LWPC code does

exist [Poulsen et al., 1993; Lev-Tov et al., 1995], it does not
take into account the coupling between waveguide modes
within the disturbance region. Coordinates of the distur-
bance location, along with a radial dependence and con-
ductivity profile, constitute the input parameters to this
code. The propagation from the transmitter to the distur-
bance location, together with the scattering in the direction
of the receiver caused by the disturbance, is then calculated,
and the propagation for the scattered signal from the
disturbance to the receiver provides the modeled scattered
field phase and amplitude. The total received field is
constructed as a vector sum of this signal and the signal
calculated to arrive over the direct propagation from the
transmitter to the receiver.
[19] We use this code to determine the scattering pattern,

noting that the shape of the pattern is not likely to be
significantly affected by the mode coupling. For this pur-
pose, we assume that the sine of the eigen-angles of the
waveguide modes vary with radius r in a Gaussian manner,
with e-folding distance of a, as given by equation (4).

5. Modeling Results

[20] It can be seen by inspection of Table 1 that the
measured scattered field magnitudes are not directly pro-
portional to the NLDN peak current of the lightning
waveform, as was previously observed in experimental data

by Johnson et al. [1999]. Table 2 shows that typical early/
fast events (e.g., event B) can be reproduced quite well
using the FWEM model, while slightly larger events (e.g.,
event C) can be reproduced within a factor of two. Events
larger than 1 dB (e.g., event A) are larger by a factor of
seven from that calculated using the NLDN peak current.
However, it is important to note that for a 100 kA peak
current, the scattered field amplitude measured for event A
is consistent with that predicted by LWPC given the
electron density profiles calculated by the FWEM model.
[21] The scattered field magnitudes listed in Table 2 for

event B, modeled with ionospheric profile 2, appear to be
inconsistent with the rest of the table. However, it is
important to note that the VLF signal propagating in the
waveguide is constituted by multiple waveguide modes so
that the comparison of events observed at different locations
with different ionospheric conditions is not straightforward.
It is precisely for this reason that we employ the LWPC to
quantitatively model each case. For the case of event B,
modeled with profile 2, in particular, the disturbed iono-
sphere related to the +40 kA stroke results in a scattered
field mode structure with an interference pattern that is near
a local maximum at the end of the propagation path. In
contrast, the scattered field modal interference pattern for
the +100 kA stroke is not near a local maximum at the end
of the propagation path.
[22] Figure 8 shows the scattering pattern calculated by

LWPC for two of the events compared against the scattered
field measured at each HAIL receiver site. Because the
scattering pattern of events B and C are strikingly similar,
we have omitted plotting the scattering pattern of event B
for brevity. It is readily seen from the plots that with the
exception of the 100 kA disturbance calculated for ambient
profile 3, any of the scattering patterns reasonably match
those measured by the HAIL array. The strong forward
scattering, apparent in both the measurements and model
calculations, identifies this event as an early/fast event [Inan
et al., 1996a, 1996b, 1996c] rather than the wide-angle
scattering of rapid onset, rapid decay (RORD) events as
defined by Dowden et al. [1994].

6. Discussion and Summary

[23] Early/fast VLF events provide evidence of a strong
coupling between thunderstorms and the overlying meso-

Figure 7. (a) The change in electron density at each
altitude, normalized to the maximum change in electron
density at that altitude, as a function of distance along the
propagation path for the Gaussian disturbance. (b) The
ambient and disturbed density profiles used to generate
the Gaussian disturbance for the 100 kA peak current,
ambient profile 2 case. (c) The Gaussian profiles generated
in this manner.

Table 1. Event Statistics

Event A Event B Event C

NLDN Peak Current (kA) +45 +32 +56
Measured Scattered Field Magnitude .4798 .0834 .1333

Table 2. Scattered Field Magnitude Normalized by the Ambient

Field for Varying Electron Density Profiles

Ambient Profile Peak Current, kA Event A Event B Event C

Data .4798 .0834 .1333
1 +40 .0753 .1003 .1014
2 +40 .0668 .1494 .0713
3 +40 .0143 .0288 .0296
1 +100 .6291 .3155 .2807
2 +100 .2374 .2240 .2332
3 +100 .0426 .0868 .0885
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sphere/lower ionosphere. These events have been shown to
occur frequently [Sempath et al., 2000] and to have a
dramatic (6 dB) effect at times [Inan, 1993] on the propa-
gating subionospheric VLF signal of interest for time
periods ranging from tens to hundreds of seconds for a
single event to many hours for the duration of a thunder-
storm. The effect of the so-called sprite halo on propagating
VLF signals has not yet been fully explored.
[24] In this work, three early/fast VLF events of different

magnitudes have been shown to have scattered field mag-
nitudes consistent with those produced by the electron
density changes simulated by the FWEM model of a sprite
halo disturbance. With one exception, all scattering patterns
modeled using the three-dimensional LWPC model are fully
consistent with those measured by the HAIL array. The
scattered field magnitude of event B, the event with the
smallest NAA signal perturbation, was well accounted for
by our model using a 40 kA current amplitude, roughly
equivalent to the NLDN-measured +32 kA peak current,
and 1.0 ms current relaxation timescale in the FWEM
calculation. Similarly, the scattered field magnitude of
event C, the early/fast event with the next largest NAA
signal perturbation, was reproduced to within a factor of
2 using the same model parameters, in spite of the fact that
NLDN measured a +56 kA peak current. For these cases, a
+100 kA peak current causes a perturbation more than

1.5 times larger than the measured scattered field value in
the more tenuous ambient environments. On the other hand,
the scattered field magnitude of the largest early/fast event,
event A, is reproduced only if we take into account the
possibility of large continuing currents during the causative
lightning stroke. While the disturbance associated with a
+40 kA peak current reproduces within a factor of 7 the
measured scattered field magnitude, the disturbance associ-
ated with a +100 kA peak current, which is consistent with
2–3 times extra charge removal in the case of large
continuing currents, reproduces the measured scattered field
magnitude within a factor of 2 and, in fact, overshoots this
value by 30% in the more tenuous ambient cases.
[25] Although the aforementioned continuing currents are

a likely cause of the discrepancy in the relationship between
the charge moments indicated by the NLDN-measured peak
currents and the resulting scattered field magnitudes, it is
also likely that the modeled perturbed electron density
profiles would be more disturbed than the values used in
this work if the FWEM calculation could be extended
further in time. As mentioned above, this limitation results
from the formation of fine spatial structure (sprites) in the
disturbed region. The fine structures cannot be resolved by
the available model; however, modeled electron density
disturbances are generally still increasing with time at the
end of the calculation. As a result, the real scattered field

Figure 8. The panels to the left show the altitude profiles for the maximum electron density changes
associated with the +40 and +100 kA peak current FWEM simulations for each of the three ambient
cases. The panels to the right show the normalized scattered field calculated by LWPC as produced by a
Gaussian-shaped disturbance for each case.
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magnitudes resulting from the modeled sprite halos are
likely to be larger than the values calculated here and thus
to account fully for the observed VLF effect.
[26] Because the FWEM model of the ionospheric dis-

turbance created during the occurrence of a sprite halo has
been shown in this work to successfully reproduce both the
scattering pattern and the maximum scattered field magni-
tude of various early/fast events, we conclude that the
electron density changes associated with sprite halos are
most likely to be responsible for the observed scattering of
subionospheric VLF signals during early/fast events.
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