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Subionospheric VLF “Imaging” of Lightning-Induced
Electron Precipitation From the Magnetosphere
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High-resolution measurements of subionospheric VLF signals at multiple sites are used as a new tool to
assess the spatial distribution and occurrence of ionospheric disturbances associated with lightning-induced
electron precipitation. Simultaneous observations in California, Saskatchewan, and Quebec of VLF signals
from multiple sources allow the monitoring of event activity over a coarse grid covering the continental
United States. Association of the observed VLF signal perturbations with lightning is often made on the basis
of time correlation with prominent radio atmospherics. Simultaneous observations of individual events on
subionospheric paths that “cross™ one another are used to locate the disturbed ionospheric region(s). Absence
of perturbations on nearby paths permits assessment of the spatial extent of the region with a varying degree
of accuracy, depending on the distribution of signal paths. In one case distincily different onset delays (with
respect to causative discharges) consistent with predictions of whistler-particle scattering theory were found,
and were interpreted as being due to two separate regions separated in L value by ~ 0.4 L being excited
in individual events. Occurrence statistics over the course of October 1987 exhibit generally higher levels of
activity at the lower-latitude end of the 2 < L < 4 range, although it is difficult 1o separately assess the role of
the source lightning distribution. Occurrence statistics of simultaneous events on crossing paths are consistent
with the spatial extent of the disturbed ionospheric regions being less than a few hundred kilometers. The
occurrence statistics also suggest that scattering from disturbances located at distances of > 100 km off the

great circle paths is not significant.

1. INTRODUCTION

Characteristic changes in amplitude and/or phase of subiono-
spheric VLF signals, commonly known as “Trimpi” effects, are
believed to be signatures of ionospheric disturbances due to pre-
cipitating energetic electron bursts induced by whistler waves orig-
inating in lightning discharges. Important progress has been made
on the interpretation of these whistler-associated amplitude [e.g.,
Carpenter and LaBelle, 1982} and phase changes [Lohrey and
Kaiser, 1979; Inan and Carpenter, 1987], quantitative interpreta-
tion of events in terms of precipitated electron fluxes and energies
[Tolstoy et al., 1986; Inan et al., 1985; Inan and Carpenter, 1987,
Inan et al., 1988a], association of events with whistlers [Iran and
Carpenter, 1986] or with lighming discharges [Inan et al., 1988b],
and interpretation of events in terms of three-dimensional models
of VLF propagation in the Earth-ionosphere waveguide [Dowden
and Adams, 1988, 1989; Poulsen et al., 1990].

Together with satellite- [Voss et al., 1984] and rocket-based
observations [Rycroft, 1973; Goldberg et al., 1986], these new
results have demonstrated the potential importance of lightning
discharges in the upward/downward coupling of the atmospheric
regions and in the loss of radiation belt particles. There is strong
evidence that such coupling occurs in individual events, that in-
dividual whistler waves remove particles from the radiation belts,
and that Trimpi events as observed on individual VLF paths occur
quite frequently. However, full assessment of the importance of
the phenomena on a global scale requires the knowledge of the
geographic distribution of event occurrence and the spatial size
and distribution of disturbed ionospheric region(s).

In this paper, we use subionospheric VLF observations at mul-
tiple locations in the northern hemisphere to (1) determine the
occurrence patterns of Trimpi events over the continental United
States, and (2) localize affected ionospheric regions by means of
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simultaneous perturbations on crossing subionospheric VLF paths.
Our preliminary results illustrate the potential use of ground-based
VLF remote sensing in “imaging” Trimpi events.

2. DESCRIPTION OF EXPERIMENT

The VLF data described here were acquired at Lake Mist-
issini, Quebec (50°N, 74°W, L ~ 4.9), Saskatoon, Saskatchewan
(51°N, 107°W, L «~ 4.0), and Stanford, California (37°N, 122°W,
L ~ 1.8). The geometry of the observations and VLF/LF signal
paths is shown in Figure 1. Data are acquired during nighttime,
typically for 12-14 hour periods. Amplitudes of VLF/LF signals is
measured using narrowband receivers with a bandwidth of ~ 300
Hz. The detected envelopes of the receiver outputs are sampled at
a basic rate of 100 Hz. Averaging is performed on site to obtain
the lower sampling rates (typically 20 or 50 Hz) at which the data
are recorded on digital tape. Summary plots of the data from all
channels are printed out at the end of each day, displaying data
with a 1-s time resolution and a time scale of 0.2 cm/min. These
data were used for initial event identification as well as for the
occurrence statistics reported in section 5.

Timing information is acquired from the GOES satellite with
1.5-ms accuracy at all three stations. The main sources of the
background noise in narrowband channel outputs are radio atmo-
spherics due to distant and nearby lightning. The background
noise level varies as a function of location and frequency; how-
ever, the transmitter signal intensities are usually strong so that the
signal-to-noise ratio in the receiver channels is generally ~10-15
dB. The threshold of detection of Trimpi events is not necessar-
ily determined by the magnitude of the noise fluctuations; the
noise is stationary in time, and transient amplitude changes with
the characteristic Trimpi signature can be detected even if their
magnitudes are smaller than the noise fluctuations. In general,
Trimpi events involving amplitude changes of > 5% were un-
ambiguously identifiable. The narrowband receivers employ fast
responding (<1 us) clipper circuits to limit the interference from
radio atmospherics. Thus, the measured spheric signatures cannot
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Fig. 1.

Map showing the subionospheric VLF/LF paths observed at Stanford (SU), Califomia, at Lake Mistissini (LM), Quebec,

and at Saskatoon (SA), Saskatchewan. The NPM transmitter is located in Lualualei, Hawaii. The loci of the footprint of the

L =2 and L =4 field lines at 100 km are also shown.

be used to extract calibrated amplitude and are only utilized to
identify the times of occurrence of strong radio atmospherics.

The data shown in this paper were recorded in the month of Oc-
tober 1987. This month was chosen in view of the relatively high
level of event activity and also because of data availability from
all three stations. Selected individual events are discussed in sec-
tion 4, and occurrence statistics from all three sites are presented
in section 5.

A list of the VLF transmitters and their operating frequencies is
given in Table 1. In the following discussion, we identify the data
displayed with reference to the VLF/LF paths shown in Figure 1.
For example, when the amplitude of the NSS transmitter signal
as observed at Stanford (SU) is concerned, we denote this as the
NSS-SU path.

TABLE 1. VLF/LF Transmitters

Call  Transmitter Frequency, Latitude, Longitude,
Sign kHz °N w
NSS USN Maryland 214 39 76
NPM USN Hawaii 234 21 158
NAU USN Puerto Rico 285 18 67
NAA USN Maine 24.0 45 67
NLK USN Washington 248 48 122
USAF Nebraska 48.5 42 98

3. SuBlOoNOSPHERIC VLF “IMAGING”

High-resolution measurement of amplitude and/or phase of sub-
ionospheric VLF signals has recently emerged as a sensitive new
tool for detection of ionospheric disturbances associated with
lightning discharges. Compared to other techniques for remotely
sensing the ionosphere (such as riometers, photometers, etc.), this
technique is not yet fully developed in terms of quantitative in-
terpretation of the intensity, location and spatial distribution of
the detected ionospheric disturbances. In principle, there is an
ambiguity in terms of the location since observed perturbations
may be due to ionospheric disturbances anywhere along or in the
close vicinity of the great circle propagation path. On the other
hand, the detection of ionospheric disturbances on such long VLF
paths allows for observations of events occurring over widely dis-

tributed regions, as compared to other techniques that measure
effects of disturbances in fairly limited fields of view. In this
connection, we also note that the subionospheric VLF measure-
ment is the only ground-based technique with which ionospheric
effects of lightning-induced electron precipitation have been ob-
served inside the plasmasphere [Carpenter and Inan, 1987]. This
result could partially be due to the ability to monitor events over
large regions and partially due to the fact that the VLF technique
may be particularly sensitive to secondary ionization generated
at nighttime D region altitudes by precipitating > 40-keV elec-
trons. As improved models of subionospheric propagation in the
presence of localized disturbances become available [Dowden and
Adams, 1988, 1989; Poulsen et al., 1990], we can expect to quan-
titatively evaluate the possible location of the disturbed regions
along or near the great circle paths in individual cases. In the
meantime, the simple occurrence or not of VLF perturbations on
a distributed network of paths (Figure 1) may well allow us to
locate the regions involved in some cases and to possibly place
some limits on their spatial extent.

While this type of “imaging” is the topic of the present paper,
the reader should be cautioned ahead of time conceming the un-
derlying assumptions. It is important to note, for example, the
relative sensitivity of different subionospheric paths to a given
ionospheric disturbance. Each path has a different distribution of
waveguide modes whose sum constitutes the detected signal at
the receiver. Paths for which the receiver location may be near a
minimum are expected to be more sensitive, since small changes
in components of the sum could lead to relatively large changes
in the resultant [Tolstoy et al., 1982; Wolf, 1990]. In view of this,
absence of characteristic perturbations on a certain signal does not
necessarily imply absence of ionospheric disturbances directly on
or near the signal path. By the same token, an ionospheric distur-
bance that perturbs one signal path may not necessarily produce
a detectable perturbation on another path nearby. Furthermore,
the size of the VLF signal perturbation (amplitude and/or phase
change) is not necessarily a simple function of the transverse or
vertical extent or the magnitude (i.e., amount of excess secondary
ionization) of the ionospheric disturbance and is expected to be
dependent on the waveguide mode structure.

Given these limitations, we nevertheless proceed in the rest of
the paper by assuming that the preserice or absence of perturba-
tions on a signal is a good indication of the existence or lack of
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ionospheric disturbances along or near the path. Our analysis in
this paper is aimed at determining what conclusions can be de-
duced subject to this assumption. The validity of this assumption
will need to be addressed as improved models of subionospheric
VLF propagation are developed. In this connection, it is useful to
note that three-dimensional modeling of subionospheric propaga-
tion for cases involving a single dominant waveguide mode shows
that effects of disturbances located off from the great circle path
decrease rapidly with distance from the path, becoming negligi-
ble for disturbances located at transverse distances of > 100 km
[Poulsen et al., 1990].

In the rest of this paper, we explore the potential of this sub-
ionospheric VLF technique as a means of “imaging” lightning-
induced electron precipitation events. We first illustrate selected
examples of events occurring on “crossing™ subionospheric paths
suggesting that the disturbed ionospheric regions are located near
the crossing points. Subject to the caveats discussed above, we
use the lack of events on adjacent paths as a way to place limits on
the transverse extent of the disturbed region(s). We then present
occurrence statistics of Trimpi events on the VLF paths shown
in Figure 1 in order to assess the distribution of disturbed iono-
spheric regions on a continental scale. Statistics of simultaneous
events on multiple paths are presented in section 6 as a means of
assessing the transverse size of ionospheric region(s) disturbed in
individual events, recognizing that larger regions would overlap
more paths and lead to a higher likelihood of simultaneous events.

4. ExAMPLES oF TRIMPI EVENTS
oN CrossING VLF PatHs

In this section, we present examples from three cases in which
simultaneous Trimpi events were observed at Stanford and at
Saskatoon on subionospheric paths that “cross” one another. Our
purpose here is to illustrate that information on the location and
size of disturbed ionospheric regions can be extracted in individual
cases, subject to the basic assumptions and reservations discussed
in the previous section.
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Case 1: October 10, 1987

The top panel in Figure 2 shows a 30-min sequence of events
observed on the 48.5-SA path on October 10, 1987. The events
are clearly identifiable on the basis of their known characteristic
signature, involving rapid (< 1 s) onsets followed by relatively
slow (10-100 s) recoveries [Inan and Carpenter, 1987]. The lower
panel in Figure 2 shows a simultaneous record of the NAA-SU
signal, which shows a perturbation at the same time (within the
1.2-s resolution of this record) with the first and largest event on
the 48.5-SA path occurring at 1132:00 UT. (The drop in the NAA
signal at ~1134:00 UT was also recorded at SA and is attributed
to interruption of the transmission at the source.) We note that the
second largest 48.5-SA event occurring at ~1151:30 UT is also
registered on the NAA-SU signal.

The simultaneity of the two events at higher resolution is illus-
trated in Figure 3. The left hand panels show a 200-s data record
showing the 48.5-SA and NAA-SU paths, as well as the amplitude
in the 48.540.15 kHz band received at Stanford (48.5-SU signal).
While no Trimpi events are observed on the 48.5-SU path, this
channel is useful as a means of identifying causative radio at-
mospherics superimposed on the transmitter signal. In the case
shown, a clear isolated spike in the 48.5-SU channel is apparently
coincident with the Trimpi events on the upper two panels. The
panels on the right show a further expanded version of the data.
In this 10-s record displaying the raw data with no averaging,
the radio atmospheric is clearly visible in the 48.5-SU, 48.5-SA,
and NAA-SU channels. The Trimpi event in the 48.5-SA channel
displays all the classical features, including a ~ 1.2-s onset delay
(between causative atmospheric and event onset), as well as an
~ 0.5-s onset duration (risetime) which may be indicative of the
duration of the precipitation burst [[nan and Carpenter, 1986].
The simultaneous Trimpi event in the NAA-SU channel is less
well defined, but basically has the same temporal characteristics
as the 48.5-SA event.

We note here that the association of radio atmospherics with
Trimpi event onsets is generally established on the basis of re-
peatability of the signatures. Similar spheric signatures (sharp
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Fig. 2. The top panel shows a 30-min sequence of events on the 48.5-SA path. The drop in the NAA-SU signal ~1134 UT
is due to transmitter interruption (recorded also at SA). The vertical scale is linear, showing signal amplitude (A) in arbitrary
units, with A = 0 representing absence of signal. The numbers shown on the ordinate correspond to the percentage of full scale.
Thus, the first event at 1132 UT (top panel) represents an amplitude change of 5 units on top of an ambient level of 50 units,
i.e., a 10% event. The data in the top and botlom panels represent detected amplitude time averaged over 0.64 s and 1.28 s,

respectively.
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Fig. 3. High-resolution displays of the largest event shown in Figure 2. The format of the data displays is similar to that of
Figure 2. The panels on the right show the 20-ms samples without averaging, while the panels on the left are time averaged
over 0.32 s (top), 0.16 s (middle) and 0.04 s (lower). The causative spheric and the negative permrbation simultaneous with the
well-defined event at 48.5-SA are both apparent on the NAA-SU signal. The absence of other spherics of comparable amplitude
on the 48.5-SU signal make the causative spheric easily identifiable. The panels on the right show the same event at higher

resolution. The causative spheric precedes the event by ~1.2

peaks preceding the event onsets by ~1.2 s) were observed in
at least one or more of the receiver channels for all the events
observed on the 48.5-SA signal that are displayed in the upper
panel of Figure 2.

The temporal characteristics of the event as illustrated in Figure
3 can be compared with theoretical estimates provided by Chang
and Inan [1985]. Note that the crossing of the NAA-SU and
48.5-SA paths is at 43.9°N, 99.6°W (L = 2.92). For L = 3.0,
cold plasma density at the equator of 600 cm™>, and for a typical
whistler, the computed arrival time for the peak precipitation is 0.9
s, and the duration of the precipitation burst is 0.4 s [Chang and
Inan, 1985]. Considering the uncertainty in the plasma density,
and the fact that the density at L = 3.0 is generally closer to 1000
cm™3 [Park et al., 1978], the measured onset delay of ~ 1.2 s
and onset duration of ~ 0.5 s are consistent with the theoretical
estimates.

The simultaneity of the events observed on the 48.5-SA and
NAA-SU paths is consistent with an ionospheric disturbance in the
vicinity of the crossing point of these two paths. Equally impor-
tant in this consideration is the absence of events on the other VLF
paths that were observed on SU and SA on this day (no data were
available from LM for October 10, 1987). Subject to the assump-
tions as discussed in section 3, it would appear that the disturbed
region was probably not directly above the 48.5-kHz transmitter
since the 48.5-SU path did not register any perturbation (Figure
3). Also, the eastern edge of the disturbed region probably did
not overlap the NAU-SA path, since this path did not register any
events. The southernmost extent of the region could be bounded
by the lack of events on the 48.5-SU and NSS-SU paths. With
the path configurations shown in Figure 1, we do not have enough
information to restrict the disturbed region in terms of its western
and northern extents. It is also interesting that only the largest

two events observed on the 48.5-SA path were detected on the
NAA-SU path; such a circumstance is consistent with a perturbed
region lying near the middle of the 48.5-SA path and having a
radius (if indeed circular in shape) proportional to the size of the
VLF amplitude change. In such a case, the southernmost extent
of the disturbance would have overlapped the NAA-SU path in
the case of the largest events.

Case 2: October 15, 1987

Figure 4 shows a sequence of events observed at both Saskatoon
and Stanford on October 15, 1987. Data were also available on
this day from Lake Mistissini. The format of Figure 4 is similar
to that of Figure 2. We note that several events are observed
on the 48.5-SU path, some of which are common to the NSS-
SU and NAA-SU paths. The time period shown represents a
30-min segment of the period 0300-0500 UT during which ~20
events (amplitude changes > 5%) were observed on the 48.5-SU
signal. During this same period, the 48.5-SA signal exhibited
fluctuations, typical of relatively disturbed conditions (Z Kp >
29 for October 13, 14, and 15, 1987) at relatively higher latitudes
outside the plasmapause (Saskatoon is at L =~ 4),

Other paths observed at Saskatoon, such as NPM-SA, exhib-
ited a high degree of variability, sometimes (for example during
the 0315-0325 UT period) with very similar fine structure to that
seen on the 48.5-SA path, being consistent with a disturbed iono-
sphere above the receiver site. In addition, many of the paths
observed at Lake Mistissini (I ~ 4.9), including the 48.5-LM
signal, were similarly perturbed during this same period. Selected
signals observed at LM and SA are shown in Figure 5 to illus-
trate the difference between low-latitude and mid- to high-latitude
paths in comparison with the lower two panels of Figure 4. Such
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Fig. 4. Thirty-minute sequence of events observed at both Saskatoon and Stanford. Events on 48.5-SU are numbered in order
of occurrence. The format is similar to that of Figure 2. The data shown were time averaged over 0.64 s.

irregular variations on the signal amplitudes are often observed at
LM and SA and may themselves be very useful in the investiga-
tion of subauroral background drizzle precipitation effects. In this
Ppaper, we concentrate on Trimpi events, easily identifiable on the
basis of their characteristic signature, even in the midst of other
fluctuations such as those shown in Figure 5 (also see Figure 8).

We observe from Figure 4 that the first Trimpi event (marked
by 1) clearly seen on the NAA-SU, 48.5-SU, and NSS-SU paths
is accompanied by a distinct event signature on the 48.5-SA path.
The subsequent events on the Stanford paths, i.e., those marked
2, 3, 4, and 5, are much harder to identify on the 48.5-SA path;
however, careful examination shows the presence of a relatively
rapid onset (decreases in amplitude for both events 4 and 5 and
amplitude increase for event 2) on the record in Figure 4 and also,
more clearly, on higher-resolution records that were separately
examined.

The event signatures at higher resolution are shown in Figure
6 for two of the events (1 and 4) from Figure 4 and reveal a clear
difference in the temporal signature of the 48.5-SU and NSS-SU
signals shown in the lower two panels and the NAA-SU and 48.5-

SA signals displayed in the upper panels. The sharp peak apparent
in all channels indicates a common causative radio atmospheric;
however, the time delay from the spheric to the event onset is
~0.65 s for NSS-SU and 48.5-SU, while being ~1.1 s for the
NAA-SU and 48.5-SA events. The same circumstance is common
to both of the events shown and was also found to be the case for
the other well-defined events observed during the 0300-0500 UT
period on this day.

The result illustrated in Figure 6 is consistent with two sep-
arate ionospheric regions being disturbed by the same lightning
discharge. Considering the map of signal paths given in Figure
1, one of these regions could be in the vicinity of the crossing
point of the 48.5-SA and NAA-SU paths, while the second one
could be located to the west of the 48.5-kHz transmitter, on or
near the 48.5-SU and NSS-SU paths. We note that the disturbed
region is not likely to be above the 48.5-kHz transmitter, since the
48.5-LM path was not perturbed and also since the onset delays
for the 48.5-SA and the 48.5-SU paths are clearly different.

An expanded view of the region in the vicinity of the 48.5-kHz
transmitter together with all the propagation paths from Figure 1
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Fig. 5. Selected paths observed at LM and SA to be compared with 48.5-SU and NSS-SU shown in Figure 4. The format is
similar to that of Figure 4. The data shown were time averaged over 0.16 s, except for 48.5-LM, which is averaged over 0.40 s.

is shown in Figure 7. Two possible disturbed ionospheric regions
are identified as I and II on Figure 7. The first (I) of the two
separate regions could be at the crossing of the NAA-SU and
48.5-SA paths (43.9°N, 99.6°W, L = 2.9). While the location
of the second region (II) cannot be specified as easily, assuming
that it is at the same longitude (99.6° W) as region I and centered
between the NSS-SU and 48.5-SU paths (as shown in Figere 7)
gives ~41°N or L ~ 2.5. If this second region were further west,
the L value would be somewhat lower. In any case, it appears
that the difference in [ value between the two separate regions
could be as much as 0.4-0.5L. The ~ 0.45-s time difference
between the onset delays for these two regions could be due to
a combination of the higher travel time for the whistlers and the
lower energy of the resonant electrons that would be expected at
the higher L shell. A test particle model comparison of temporal
signatures of electron precipitation bursts as a function of L shell
has been done by Chang and Inan [1985], for a specific cold
plasma density profile with a density at L = 2.5 of 1000 cm™>.
Results presented in Figure 8 of Chang and Inan [1985] for the
arrival time of the peak of the precipitation burst give 0.5 s for
L = 2.5 versus 09 s for L = 3. Considering the uncertainty

in the plasma density, and the fact that the density at L = 2.5 is
generally closer to 2000 cm™3 [Park et al., 1978], the onset times
of ~ 0.65 s and ~ 1.1 s are consistent with the notion of there
being two separate disturbed ionospheric regions at L ~ 2.5 and
L ~ 2.9, respectively.

Due to the absence of whistler data from the southern hemi-
sphere, we do not have enough information to determine whether
the ionospheric disturbances are due to precipitation induced by
ducted or nonducted whistlers. However, the apparently separate
nature of the two disturbed regions, the fact that the onset de-
lays for both are consistent with those expected on the basis of
theoretical estimates that assume ducted propagation [Chang and
Inan, 1985], and the more general result (discussed below) that
simultaneous perturbations on crossing paths occur rarely are all
consistent with the disturbed ionospheric regions being located at
the ends of magnetospheric whistler ducts.

The Stanford data for the October 15, 1987 case were also in-
vestigated as part of a separate study of the spatial relationship
between lightning discharges (as detected by ground-based net-
works) and perturbed VLF/LF propagation paths (W. Y. Yip et
al., On the spatial relationship between lightning discharges and
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Fig. 6. High-resolution displays for events 1 (left) and 4 (right) from Figure 4. The format is similar to that of Figure 3. In
each panel the 20-ms data samples are shown without averaging. The causative spherics are most clearly seen in the 48.5-SA
channel although they are also visible in the other panels. Similar causative spherics were found for other events observed during

the 0300-0500 UT period on this day.

propagation paths of the perturbed subionospheric VLF/LF sig-
nals, submitted to Journal of Geophysical Research, 1990, here-
inafter Yip et al., submitted manuscript, 1990). The only active
thunderstorm over the continental United States during the period
of 0300-0500 UT on this day was located in New Mexico, with
the nearest detected cloud-to-ground flashes being > 500 km due
south of the NSS-SU path. In four separate days including October
15, 1987, it was found that lightning similarly located was associ-
ated with Trimpi events on the 48.5-SU path, while the NAU-SU
path, on which the thunderstorm regions were centered, did not
register any events. The conclusion was that, in those cases stud-
ied, the locations of the disturbed regions were more dominantly
controlled by magnetospheric factors (such as L shell, availability
of whistler ducts, and trapped particle distributions), rather than
the source lightning distribution. Such a circomstance is consis-
tent with our identification of two disturbed regions in this study,

although noting from Figure 1 that the NAU-SU path crosses the
~ 99°W longitude at I =~ 1.8, it is possible that additional dis-
turbed regions (possibly other ducts) in the range 2 < L < 2.5
may also have been excited.

It is difficult to extract more information on the spatial extent
of the disturbed regions from the available data. However, some
insight into the various possibilities may be gained by further
examination of Figures 1 and 7, subject to the caveats discussed
in section 3. If the two regions as discussed above are distinctly
separate and equal in size, for example, then the southern extent
of region I (or the northern extent of region II) would need to
be < 150 km. The absence of perturbations on the NAU-SA
path indicates that the eastern extent of region I is < 600 km,
although a more stringent constraint is probably the fact that 48.5-
LM is not perturbed, indicating that the two regions probably do
not extend overhead the 48.5-kHz transmitter. The latter would
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Fig. 7. An expanded view of the region around the 48.5-kHz transmitter located in Silver Creek, Nebraska, and the signal paths

in this vicinity. Probable locations of the two separate disturbed
and radial extent are unknown.

indicate that the eastern extent of region II is < 200 km and that
the southeastern extent of region I is < 350 km.

Examination of the event sequence in Figure 4 suggests an-
other possible clue to the spatial distribution of the perturbed re-
gions. Considering the entire sequence of events on the 48.5-SU
path as shown, we note that between 0314 and 0330 UT, events
with larger-amplitude changes are generally associated with better-
defined events on the NSS-SU and NAA-SU paths. This situation
appears to change in the later part of the record, with events 7
through 12 not being accompanied by any detectable events on
the NAA-SU and NSS-SU paths, is spite of the fact that event 12
is the largest event on the 48.5-SU signal for the period shown. In
a separate study also mentioned above, this event was interpreted
to be caused by a very intense and positive cloud-to-ground light-
ning flash that preceded the event onset by < 1 s. The causative
lightning flash was detected by the lightning network in the midst
of generally less intense and mostly negative flashes, some of
which similarly preceded other Trimpi events such as 2, 8, 10 and
11 from Figure 4 (Yip et al., submitted manuscript, 1990). The
high-resolution signature of event 12 shows no unusual features,
with the onset delay and duration being very similar to the two
48.5-SU events shown in Figure 6.

In view of the path configurations shown in Figure 7, this result
could come about if in this particular event (12) the disturbed iono-
spheric region was much closer to the 48.5-SU path and further
away from the NSS-SU path. It is possible that the duct associated
with region II drifted to higher latitudes, or that a separate (third)
region much closer to the 48.5-SU path was selectively excited.
Three-dimensional modeling of subionospheric VLF propagation

regions (I and II) are shown, emphasizing that their boundaries

shows that the effect of localized disturbances decreases rapidly
with distance off the great circle path, being negligible when that
distance is >100-200 km [Poulsen et al., 1990]. Since the sep-
aration between the NSS-SU and the 48.5-SU paths at 99.6°W
longitude is ~ 100 km, a disturbed region closer (by 50-100 km)
to the 48.5-SU path than region II would be consistent with both
the absence of an event on the NSS-SU path and the fact that the
48.5-kHz signal amplitude change for event 12 is larger than that
for other events. However, if we pursue this hypothesis somewhat
further, we would need to conclude that the north-south extent of
the disturbed region must be < 100 km, in order for a change of
50-100 km in the location of the center of the region to make a
difference in the response of the NSS-SU signal. We also note
that in the next hour, during 0400-0500 UT, additional events were
observed on the 48.5-SU path, some of which were accompanied
by events with positive amplitude changes on the NSS-SU path,
with the NAA-SA signal also being perturbed in association with
an especially large 48.5-SU event. This variation in the character
of the NSS-SU perturbations, from negative to zero to positive
amplitude changes, is also consistent with northward motion of
region II, or the excitation of a third region. If duct drift [Car-
penter and Seely, 1976] was the cause of this northward motion,
one would expect region I to move in a similar fashion, consis-
tent with the absence of any associated signature on the NAA-SU
signal for event 12.

Case 3: October 27, 1987

On October 27, 1987, there were five simultaneous Trimpi
events seen on NAU-SA and NSS-SU during the 35-min period
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of 0630-0705 UT. These two paths cross just south of the Great
Lakes in the eastern United States, at L ~ 2.7. Figure 8 shows
the data from this period, while high time resolution displays of
two of the events occurring at 0642:03 UT and 0704:06 UT are
shown in Figure 9. We note from Figure 9 that these data exhibit
a higher level of impulsive noise (corresponding to spheric activ-
ity) compared to those for cases 1 and 2. Data from a separate
spheric channel at LM give an indication of intensity of prominent
radio atmospherics in the range of 2-4 kHz. The causative spheric
preceding the event onsets by < 1 s is seen on the lowest panels
of Figure 9, and also in the NAU-SA and NSS-SA channels, for
both of the events shown.

The delay from the causative spheric to the event onset is not
as well defined as in cases 1 and 2 but is in the range of 0.6-0.8 s,
consistent with that expected for this L §hell range as discussed

NAU at SA 27 Oct 87
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above [Chang and Inan, 1985]. There appears to be some dif-
ference in the duration of the onset between the NSS-SU and
NAU-SA signatures for the event at 0704:06 UT, although this
feature was not present in the other events during this period.
We note again, from Figure 8, the generally more perturbed
nature of the signal paths, portions of which lie at higher lat-
itudes. The NSS-SU signal exhibits slower variations than the
NSS-SA and NSS-LM signals with the Trimpi events being the
main source of variations that occur over time scales of a minute
or so. The NSS-SA and NSS-LM signals are dominated by many
more variations occurring over similar time scales, probably rep-
resenting background drizzle precipitation effects occurring at the
higher-latitude ends of these paths on subauroral field lines. How-
ever, we note that Trimpi events occurring in the midst of such
other fluctuations are generally recognizable (as in the top panel

0630:00 UT

7ONSS atSU 27 Oct 87

0630:00 UT

NSS at SA 27 Otl:t 87

0630:00 UT

NSS at LM 27 Oct 87

0640:00 UT

0650:00 UT

0700:00 UT

Fig. 8. Thinty-five-minute sequence of events observed on both NSS-SU and NAU-SA signals on October 27, 1987. Some of
the better-defined events on the NSS-SU signal are enumerated. Events simultaneous with some of these are recognizable in the
NAU-SA channel amidst signal fluctuations due to other ionospheric activity. No well-defined events on NSS-SA and NSS-LM
are visible at this resolution. The format of the displays is similar to that of Figure 2, with the data shown being time averaged

over 1.28 s.
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Fig. 9. High-resolution displays for two events 7 and 14 from the period shown in Figure 8. For the event at 0642:03 UT, a
causative spheric is seen superimposed on all four signals shown as well as the spheric channel at Lake Mistissini shown in the
bottom panel. The format is similar to that of Figure 3. The 20-ms data samples are shown without time averaging.

of Figure 8 and as was the case in the top panel of Figure 4) on
the basis of their characteristically rapid (< 1 s) onset, followed
by a slower (10-100 s) recovery.

We also note that unique determination of the causative spheric
for simultaneous events is not always possible. In most of the
cases we have examined, there is usually only a single spheric
which both exhibits a significant amplitude and occurs within 1-2
s of the event onset so that it can positively be identified as the
causative one. However, in some cases, and especially for those
which occur closer to the east coast where the lightning activity
is higher, there are multiple spherics preceding the event onset by
1-2 s. This was the case for the last event shown in Figure 8,
occurring at 0704:59 UT.

The simultaneity of the events observed on the NAU-SA and
NSS-SU paths during 0630-0705 UT is consistent with the dis-
turbed ionospheric regions being located in the vicinity of the
crossing point of these paths. The fact that there were no simul-
taneous events observed on the 48.5-LM and 48.5-SA paths to
the west and the NSS-SA path to the east indicates that the dis-
turbance lies within these boundaries. The extent of the southern
boundary of the disturbed region is unknown due to lack of VLF
paths south of the crossing point. The northeast boundary of the
disturbance could lie very close to the NSS-SA path, as there is a
slight perturbation appearing on that NSS-SA signal just after the
causative spheric for the simultaneous events at 0642:03 UT (see
Figure 9).
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5. OCCURRENCE STATISTICS

The examples shown in the previous sections illustrate the po-
tential use of subionospheric VLF remote sensing as a means of
“imaging” the ionospheric regions perturbed in association with
lightning discharges. While such imaging on a small scale is im-
portant in determining the size and shape of perturbed region(s) in
disturbed individual events, it is equally important to “image” the
occurrence patterns of events on a continental scale. The latter is
especially needed in order to be able to assess the importance of
Trimpi effects on a global scale. In this section, we discuss the
occurrence statistics of Trimpi events over the continental United
States, as observed during October 1987 at Stanford, Saskatoon,
and Lake Mistissini with the VLF/LF network of paths as shown
in Figure 1.

Statistics of event occurrence were obtained by visnal inspec-
tion of daily produced summary plots on which amplitudes of
signals had been plotted after on site averaging (typically over 1
5). On these summary charts, the characteristic fast rise/slow de-
cay signatures could be identified for amplitude changes of ~ 5%
or greater. The results for each signal as observed at each of the
receiving sites are shown in Figure 10 on a bar graph indicat-
ing the number of hours within which one or more events were
observed on each day of October 1987. The bar graph format
used in Figure 10 is similar to that used in previous presentations
of occurrence data on Trimpi events [Carpenter and Inan, 1987;
Inan et al., 1988c].

A number of interesting features of the occurrence distribution
can be noted from the data given in Figure 10 and are discussed
below. We note that with the data in hand at the present time, it
is not possible to determine whether the various differences in the
activity on the paths are due to magnetospheric factors, relative
sensitivity of different subionospheric paths, or source lightning
distribution. The length of the path (or the area covered by the
path) may also affect the statistics of event occurrence. However,
the results shown are nevertheless a measure of event activity over
the continent, and a brief discussion of the possible causes of the
various differences is warranted.

At Lake Mistissini (LM), we find the NAU-LM, 48.5-LM, and
NSS-LM paths to be more active than the NAA-LM and NLK-LM
paths. In view of the path distribution shown in Figure 1, this re-
sult is consistent with generally higher levels of activity observed
in the southern hemisphere in the region of 2 < L < 3, with
decreasing activity closer to L = 4 [Carpenter and Inan, 1987].
The same could be said about the NLK-SA path, which also has
very few events. The NPM-LM path starts at lower latitudes but
lies at higher latitudes (I > 4) over the eastern United States
where lightning activity is prominent. We note that the NPM-SU
and NPM-SA paths are also quite inactive, consistent with lack

of lightning activity in the west coast regions. At Saskatoon, the
NAU-SA path is by far the most active and is the only one that
passes through the 2 < L < 2.5 range. We also note that the
NAU-LM path shows similar activity, while the NAU-SU path is
somewhat less active than NAU-LM and NAU-SA, possibly due
to its being at too low an L value. Another interesting pair to
compare is the NSS-SU and NSS-SA paths. The former is sub-
stantially more active, due either to the L shell or the source light-
ning distribution. We also note that 48.5-SU is similarly active,
presumably due to lightning activity in the southwestern United
States (Yip et al., submitted manuscript, 1990). Th= difference in
activity between the 48.5-SA and 48.5-LM paths could also be
due to source lightning distribution since these two paths are very
similar in terms of L shell. We note that the 48.5-SU path is more
active than the 48.5-SA path, which could be attributed to a com-
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bination of L shell difference and the fact that the 48.5-SA path
is too far north with respect to the likely location of thunderstorm
centers in the southwestern United States.

Other recent work on occurrence statistics of Trimpi events
as observed in the Antarctic has shown little or no correlation
with geomagnetic activity [Leyser et al., 1984; Carpenter and
Inan, 1987], although there was some tendency in earlier work
for Trimpi activity to peak after magnetic storms [Carpenter and
LaBelle, 1982]. The Z Kp for the month of October is shown
in Figure 11. In comparing the ) K'p with the data in Figure 10,
we find no clear association, although activity in some channels
(such as NAU-SA) appears to peak either during or just after
the two broad peaks in K'p (October 14 and 28). Geomagnetic
activity may play a role in Trimpi event occurrence under certain
conditions, but our data do not show a clear relationship.

The local time dependence of the activity for each of the paths
was studied by considering the total number of events that oc-
curred in each hour over the course of the month. Activity was
generally found to be uniformly distributed over the periods of
darkness on the paths, as determined by the position of the sun-
set/sunrise terminator at 100 km altitude.

6. STATISTICS OF SIMULTANEOUS
EVENTs ON MULTIPLE PATHS

Statistics of the events simultaneously observed on multiple
paths are important in assessing the size of ionospheric distur-
bances, since larger regions would overlap more paths and lead
to a higher likelihood of simultaneous events. Information on
the sensitivity of the subionospheric VLF amplitude to distur-
bances located off the great circle propagation paths can also be
extracted from such data since efficient scattering from distant re-
gions would again imply a larger number of simultaneous events
on the various paths shown in Figure 1.

Table 2 lists the dates/times of all the events observed during
the month of October 1987 simultaneously (within 1 s) on two
or more VLF paths. For each day in Table 2, the approximate
UT time of the event and the paths that registered a perturbation
are listed. We note that simultaneous events were mostly single
isolated cases, except in the cases of October 15, 1987 (case 2),
and October 27, 1987 (case 3). A few events in succession also
occurred on October 21, 1987.

While Table 2 gives the general impression that simultaneous
events on crossing paths are quite rare, a more quantitative as-
sessment of such occurrences is provided in Table 3. Here, we
have selected some paths as control paths and have provided the
occurrence statistics from the point of view of those paths. For
the 48.5-LM path, we note that only 2 (one each on October 12
and 13, 1987) out of a total of 75 events were observed simulta-
neously on the NAA-SU path. (Unfortunately no Saskatoon data
were available for both days (Figure 10) to determine if NAU-SA
and NSS-SA were perturbed.) These 75 events were distributed
over 15 days and 42 hours during which events were observed
on the 48.5-LM path (Figure 10), and the NAA-SU path was per-
turbed only in two cases (2.7%) while the NSS-SA or the NAU-SA
paths were perturbed in none. Keeping in mind the assumptions
discussed in section 3, this circumstance is consistent with the
size of individual disturbed ionospheric regions being quite small,
assuming also that the disturbed region is equally likely to be
located anywhere along the 48.5-LM path. If, in fact, the event
occurrence were not uniformly distributed along the 48.5-LM path
and were confined to I < 4 (disturbances are expected to more
commonly occur at lower L shells [Carpenter and Inan, 1987]),
then the size of the regions would have to be even smaller. If all
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TABLE 3. Occurrence Statistics of Simultaneous
Events on Selected Control Paths
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Fig. 11. The daily ) Kp for October 1987.

of the 48.5-LM events occurred closer to the transmitter end, the
ionospheric regions involved would have to be < 300 km in ex-
tent, in order not to overlap the NAU-SA, 48.5-SA, and 48.5-SU
paths, in addition to the region above the 48.5-kHz transmitter.
Similar observations can be made for the 48.5-SA path, which
lies over a similar I shell range. Only 24 events were observed
on this path, 5 of which (20.8%) were also seen on the NAA-
SU path. Again assuming that disturbances are equally likely to

TABLE 2. Simultaneous Events Observed on Multiple Paths

Paths
Date, 1987 Time, UT Channel-Station
Oct. 1 0916 NAU-SA, NSS-SU
Oct. 3 1009 NAU-SA, NSS-SU
Oct. 10 1131:53 485-SA, NAA-SU
Oct. 12 0128 485-LM, NAA-SU
Oct. 13 0954 485-LM, NAA-SU
Oct. 14 0732 NSS-LM, NAA-SU
0737 NAU-SA, NSS-SU
Oct. 15 0316:29 485-SA, NAA-SU
485-SU
0318:30 NAA-SU, 485-SU
NSS-SU
0323:30 NAA-SU, 485-SU
NSS-SU
0331 NAA-SU, 485-SU
NSS-SU
0411:25 485-SA, NAA-SU
485-SU, NSS-SU
0419 485-SU, NSS-SU
0439:39 485-SA, NAA-SU
485-SU, NSS-SU
0455:30 485-SU, NSS-SU
0457 485-SU, NSS-SU
Oct. 18 0507:57 NSS-LM, NAU-LM
NAA-SA, NAA-SU
Oct. 20 0652 NAU-SA, NSS-SU
0744 NAU-SA, NSS-SU
0814 NAU-SA, NSS-SU
Oct. 21 0625:40 NAU-SA, NSS-SU
0631:45 NAU-SA, NSS-SU
0634:35 NAU-SA, NSS-SU
Oct. 27 0630:30 NAU-SA, NSS-SU
0642 NAU-SA, NSS-SU
0657 NAU-SA, NSS-SU
0704 NAU-SA, NSS-SU
0705 NAU-SA, NSS-SU
QOct. 30 0813:14 485-SA, NAA-SU

Total No. of
Events on No. of
Control Control Other Simult. 7 _ #Simult
Path Path Path Events °~ “Total#
485-LM 75 NAA-SU 2 2.7
NSS-LM 32 NAA-SA 1 1.2
NAA-SU 2 2.4
NAU-LM 100 NAA-SA 1 1.0
NAA-SU 1 1.0
485-SA 24 NAA-SU 5 20.8
485-SU 3 12.5
NSS-SU 2 8.3
NAU-SA 91 NSS-SU 14 154
NAA-SA 13 NSS-LM 1 17
NAU-LM 1 73
NAA-SU 1 7.7
NAA-SU 22 485- LM 2 9.1
NAU-LM 1 4.5
NSS-LM 2 9.1
485-SA 5 22.7
NAA-SA 1 4.5
485-SU 6 273
NSS-SU 5 22.7
485-SU 149 485-SA 3 2.0
NAA-SU 6 4.0
NSS-SU 8 54
NSS-SU 130 NAU-SA 14 10.8
485-SA 2 1.5
NAA-SU 5 3.8
485-SU 8 6.2

occur anywhere along the 48.5-SA path, the fact that the NAA-
SU crossing is overlapped 20% of the time is consistent with the
north-south extent of disturbed regions being < 300 km. We
note, however, that 3 of the 5 simultaneous events on the NAA-
SU path occurred on a single day (October 15, 1987) and that
the lower-latitude portions of the 48.5-SA path are more likely
to be perturbed [Carpenter and Inan, 1987]. It thus appears that
the regions involved are likely to be even smaller than 300 km in
extent.

Another interesting control path to consider is NAU-SA. There
were a total of 91 events on the NAU-SA path, 14 of which
(15.4%) (distributed over 6 different days) were also registered
on the NSS-SU signal. Assuming again that disturbance location
along the NAU-SA path is uniformly distributed between, say,
L=2 and 4, the probability of an event occurring at the crossing
point would be 10-15% for 300-km-diameter circular regions. We
note, however, that most events on this path may actually lie at
L < 2.5, since the NAU-SA path shows more activity than any
of the other paths at SA. On this basis, the disturbed regions are
likely to be < 100 km in diameter.

Some of the control paths given in Table 3, such as 48.5-SU,
are not crossed by other paths. However, noting that a total of
149 events were observed on this path and only 8 of these were
simultaneous with the NSS-SU path indicates that scattering from
perturbations off the great circle path is not very significant. We
note that the maximum north-south separation between these two
paths is ~ 100 km and that the total number of events on the
48.5-SU and NSS-SU paths is about the same. Thus, most events
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occurring on the 48.5-SU and NSS-SU paths would appear to
involve disturbed regions with north-south extent of < 100 km.
This conclusion is also consistent with the rare occurrence of
common events between the network of paths covering the north-
eastern region shown in Figure 1.

The path distribution as shown in Figure 1 does not allow for
a more accurate estimate of the size of the disturbed regions.
However, based on the above arguments and subject to the caveats
discussed in section 3, it appears that the regions are generally not
larger than a few hundred kilometers in extent, since this would
have led to a higher occurrence of simultaneous events. It also
appears that scattering by perturbations located off the great circle
path is not significant, since this again would have led to a higher
than observed occurrence of simultaneous events, especially in the
northeastern region (Figure 1) which is covered by many adjacent
paths.
That Trimpi events involve generally small (< 300 km) per-
turbed ionospheric regions is consistent with the precipitation of
electrons being caused primarily by ducted whistlers. The cir-
cumstances of case 2, involving two distinctly different disturbed
regions, are also consistent with this and would be understood
as two different magnetospheric ducts being excited by the same
lightning flash. However, past work has uncovered some evidence
that nonducted whistlers may also cause lightning-induced elec-
tron precipitation events [Voss et al., 1984; Inan et al., 1988a]
and it is difficult to determine the relative roles of ducted versus
nonducted whistlers from our data alone. We note that perturbed
ionospheric regions may still be expected to be relatively small
in nonducted events, since the most intense whistler waves would
be injected immediately above the thunderstorm regions. Associa-
tion of events with ducted whistlers can be made using broadband
VLF data on ducted whistlers observed in regions conjugate to
the source lightning activity [/nan and Carpenter, 1987]. For the
October 1987 period studied here, such data were only available
on a discontinuous basis and for synoptic periods (1 min out of
every 15) from Lake Mistissini. Examination of these data for the
few periods studied did not provide any new information since no
whistlers or other VLF activity were observed.

7. SUMMARY

We have shown that observations of signals propagating over
distributed sets of subionospheric VLF paths can provide a data
base with which we can estimate the spatial distribution and oc-
currence of lightning-induced electron precipitation effects. Event
activity over continent size regions can be studied, and simultane-
ous observations of individual events on subionospheric paths that
“cross” one another allow localization of the disturbed ionospheric
region(s) subject to the assumptions and caveats discussed in sec-
tion 3. Absence of perturbations on nearby paths can provide
an assessment of the spatial extent of the region with a varying
degree of accuracy, depending on the distribution of signal paths
under study and the modal structure of the propagation along each
path. In case 2, we observed distinctly different onset delays with
respect to the causative spheric in simultaneous events on two
different paths, with an L dependence consistent with predictions
of whistler-particle scattering theory. This type of behavior was
interpreted as strong evidence of two distinct regions separated in
L shell by ~ 0.4L excited in individual events. Occurrence statis-
tics over the course of October 1987 are consistent with generally
higher levels of activity at the lower-latitude end of the2 < L < 4
range, although it is difficult to separately assess the role of the
source lightning distribution. Occurrence statistics of simultane-
ous events on crossing paths are consistent with the spatial extent

INAN ET AL.: SUBIONOSPHERIC' VIP IMAGING

of the disturbed ionospheric regions being less than a few hundred
kilometers. The relatively low occurrence of simultaneous events
on adjacent paths also suggests that scattering from disturbances
located off (by >100 km) the great circle paths is not likely to be
significant.
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