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Quasiperiodic ~5—60 s fluctuations of VLF signals
propagating in the Earth-ionosphere waveguide:
A result of pulsating auroral particle precipitation?

D. L. Carpenter,! M. Galand,>® T. F. Bell,! V. S. Sonwalkar,'** U. S. Inan,!
J. LaBelle,> A. J. Smith,® T. D. G. Clark,” and T. J. Rosenberg®

Abstract. Subionospheric very low frequency and low-frequency (VLF/LF)
transmitter signals received at middle-latitude ground stations at nighttime were
found to exhibit pulsating behavior with periods that were typically in the ~5—
60 s range but sometimes reached ~100 s. The amplitude versus time shape of
the pulsations was often triangular or zigzag-like, hence the term “zigzag effect.”
Variations in the envelope shape were usually in the direction of faster development
than recovery. Episodes of zigzag activity at Siple, Antarctica (L ~4.3), and
Saskatoon, Canada (L ~4.2), were found to occur widely during the predawn hours
and were not observed during geomagnetically quiet periods. The fluctuations
appeared to be caused by ionospheric perturbations at the ~ 85 km nighttime VLF
reflection height in regions poleward of the plasmapause. We infer that in the case
of the Saskatoon and Siple data, the perturbations were centered within ~500 km of
the stations and within ~100-200 km of the affected signal paths. Their horizontal
extent is inferred to have been in the range ~50-200 km. The assembled evidence,
supported by Corcuffs [1996] recent research at Kerguelen (L ~3.7), suggests that
the underlying cause of the effect was pulsating auroral precipitation. The means
by which that precipitation produces ionospheric perturbations at 85 km is not yet
clear. Candidate mechanisms include (1) acoustic waves that propagate downward
from precipitation regions above the ~ 85 km VLF reflection level; (2) quasi-static
perturbation electric fields that give rise to ExB drifts of the bottomside ionosphere;
(3) secondary ionization production and subsequent decay at or below 85 km. Those
zigzag fluctuations exhibiting notably faster development than recovery probably

originated in secondary ionization produced near 85 km by the more energetic
(E >40 keV) electrons in the incident electron spectrum.

1. Introduction

In recent years, subionospherically propagating ~20-
50 kHz signals from very low frequency and low-frequency

(VLF/LF) communication transmitters have increas-
ingly been used as probes of ionospheric processes that
occur near ~85 km, the inferred nighttime upper re-
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flection height of the waves. When the ionosphere is
perturbed at this height, the waveguide mode structure
of the signal tends to change such that its amplitude
and phase at the receiver are altered. In this paper we
report on a type of signal variation called the “zigzag
effect,” which frequently appears on VLF/LF propaga-
tion paths extending from lower latitudes to the L =4—
5 range and is characterized by quasi-periodic fluctua-
tions with periods that are usually in the ~5-60 s range.
On amplitude versus time records these fluctuations of-
ten exhibit a roughly triangular or zigzag shape, but on
occasion they appear as negative or positive pulsations
that develop substantially faster than they recover.
Figure 1 shows an elegant example of the effect as it
appeared simultaneously on the amplitudes of LF sig-
nals at 48.5 and 37.2 kHz and on VLF signals from
NAA at 24.0 kHz and NSS at 21.4 kHz. The map of
Figure 2b shows the great circle paths of the signals as
they extended generally poleward to Siple, Antarctica
(SI), at L ~4.3. Also shown on the Siple analog chart
record are (1) (fifth trace) a single channel of magnetic
pulsation data from a University of New Hampshire/
University of Minnesota system, (2) (sixth trace) a 2-4
kHz VLF frequency channel, and (3) (bottom trace) the
output of a University of Maryland 20.5-MHz riometer.
VLF/LF signal pulsations with similar rise and decay
times began at ~1014 UT (~0500 MLT') and terminated
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Figure 1. Section of an analog correlation chart from
Siple Station, Antarctica, on August 25, 1986, showing
a particularly clear example of simultaneous symmetri-
cal zigzag activity beginning at ~1014 UT on multiple
VLF/LF subionospherically propagating signals.

abruptly ~12 min later at 1026 UT (the interruption on
the LF/VLF channels at 1024-25 UT was caused by op-
eration of the experimental VLF transmitter at Siple).
Adjacent extrema were separated by ~30 s during most
of the event.

Why has this apparently well defined VLF/LF phe-
nomenon not been reported previously? The delay is
partly a result of problems in recognizing the effect
against the generally noisy and poorly understood sig-
nal backgrounds characteristic of subauroral regions.
Recognition has also been complicated by substantial
variability in the period of the fluctuations and in the
pulsation envelope shapes. Studies actually began with
unpublished research notes by C. Park on VLF subiono-
spheric signal data recorded in 1975 at Siple, Antarc-
tica. A 1984-1985 survey of Siple records for 1982 and
1983 revealed numerous examples of zigzag effects, and
a report on the phenomenon was made at the 1985 AGU
Spring Meeting [Carpenter et al., 1985a). Later, corrob-
orating evidence of zigzag effects was found in record-
ings of signals from NSS and NAA at Halley, Antarc-
tica (L ~4.2) [Clark, 1991]. One of us (M.G., unpub-
lished report, 1992) studied the effect in northern hemi-
sphere recordings at Saskatoon, Canada (L ~4.2), and
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most recently, Corcuff [1996] reported the occurrence
of zigzag-like fluctuations as well as trains of fast-rise,
slow-decay pulsations in the amplitude of NWC signals
(22.3 kHz, Northwest Cape, Australia, L ~1.4) received
under magnetically disturbed conditions at Kerguelen
Island (49.5° S, 70.2° E, L ~ 3.7).

Is the zigzag effect evidence at VLF of an already well
known phenomenon in which radio signals probing the
ionosphere at medium frequencies and above are found
to fluctuate with periods in the range from ~10 s to sev-
eral minutes, often during periods when ground mag-
netometers reveal fluctuations of similar period [e.g.,
Tedd et al., 1989; Sutcliffe and Poole, 1989, and refer-
ences therein]|? The radio measurements have included
frequency shifts of ionospherically reflected waves [e.g.,
Chan et al., 1962; Rishbeth and Garriott, 1964; Davies
and Baker, 1966; Sutcliffe and Poole, 1984; Jarvis and
Gough, 1988; Tedd et al., 1989], fluctuations in total
electron content (TEC) [Davies and Hartmann, 1976;
Okuzawa and Davies, 1981, ion drifts detected by inco-
herent scatter radar [Lathuillere et al., 1981; Glangeaud
et al., 1985], and changes in virtual height of a middle-
latitude sporadic E layer [Devlin et al., 1977]. As noted
below, there are substantial differences in occurrence
between some of these observations and the zigzag ef-
fect, but geophysical links between the VLF activity
and some of the higher-frequency effects may neverthe-
less exist.

Is the zigzag effect a manifestation of the Trimpi ef-
fect, in which fast developing (~1 s), slow recovering
{~30 s) amplitude or phase perturbations on subiono-
spheric signals occur as a result of scattering of bursts of
electrons of energy E >40 keV into the ionospheric loss
cone, the scattering being induced by magnetospheri-
cally propagating whistler mode waves [e.g., Helliwell et
al., 1973; Rycroft, 1973; Voss et al., 1984; Inan and Car-
penter, 1986; Burgess and Inan, 1993; Corcuff, 1996]7
As discussed below, we believe that a subset of zigzags
is attributable to a Trimpi-like process, at least in the
sense of being induced by precipitating £ >40 keV elec-
trons. The classic Trimpi effect is observed in one-to-
one association with whistlers propagating within the
plasmasphere, predominantly in the L ~2-3 range. The
signal perturbations usually appear with irregular spac-
ings and against relatively quiet backgrounds. VLF
signal perturbations induced by wave-associated burst
precipitation poleward of the plasmapause have also
been investigated, but not in as much detail. Examples
thus far reported include one-to-one correlations with
whistlers and whistler-triggered VLF chorus emissions
as well as with individual hiss and chorus events [Dingle
and Carpenter, 1981; Carpenter et al., 1985b; Hurren et
al., 1986; Corcuff, 1996]. The zigzag effect also appears
to be induced by ionospheric disturbances poleward of
the plasmapause, but in contrast to the ‘normal’ Trimpi
effect has proven difficult to associate on a one-to-one
basis with other geophysical activity, including magne-
tospherically propagating VLF waves. Note, for exam-
ple, in Figure 1 that significant changes do not appear
on the magnetic pulsation, 2-4 kHz VLF, or riometer
channels at the start and stop times of the zigzag event
(a horizontal mark below the riometer trace indicates
its level during the last previous peak in absorption at
0850 UT, ~1 1/2 hours earlier, when there was ~1.5
dB more absorption than is indicated in Figure 1).

Could subionospheric signal fluctuations such as those
illustrated in Figure 1 be induced by the modulated
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electron fluxes associated with pulsating aurora? We
believe that this is the case but as discussed below are
confronted with several competing explanations of the
manner in which the energy of precipitation is trans-
formed into ionospheric changes at the VLF reflection
height.

2. Sources of Data and Methods of
Analysis

Subionospheric VLF signal data from Siple, Antarc-
tica, and Saskatoon, Canada, were examined. Limited
data sets from Palmer and Halley, Antarctica, and from
northern hemisphere stations Stanford, California and
Lake Mistissini, Quebec were also investigated. Figure
2a shows on a northern hemisphere map signal paths
from transmitters NPM, NLK, 48.5 kHz, NSS, NAA,
and NAU (circles) to receivers at Saskatoon (SA), Stan-
ford (SU), and Lake Mistissini (LM) (squares). Figure
2b shows on a southern hemisphere map receiver lo-
cations at Siple (SI), Palmer (PA), and Halley (HB),
Antarctica, as well as the great circle paths of a num-
ber of VLF/LF signals of interest.

Figure 2. (a) Map showing a variety of subiono-
spheric VLF /LF signal paths from northern hemisphere
transmitters to receiver locations at Stanford, Califor-
nia (SU), Saskatoon, Canada (SA), and Lake Mistissini,
Canada (LM). (b) Map showing the locations of Siple
(SI), Palmer (PA), and Halley (HB) Stations, Antarc-
tica, and the great circle paths of several VLF/LF sig-
nals received at those locations.
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The Siple records initially studied, from 1982, 1983,
and 1986, were 24-hour analog charts (the 1986 data
were later supplemented by 10-Hz digital recordings of
outputs from multiple Siple instruments by a University
of Maryland logging system). The Saskatoon study in-
volved digital recordings of signal amplitude; data from
March 1988 and February and March 1989 were chosen
because of a favorable combination of high geomagnetic
activity and relatively long periods of darkness along
the signal paths of interest. Daily summary charts gen-
erated in the field were first inspected for activity, and
periods of interest were then examined using special dis-
play software.

3. Experimental Results

There were similarities as well as differences in the
zigzag activity observed at Siple and at Saskatoon, the
locations receiving special attention in our study. Be-
cause of the differences the results will first be summa-
rized according to receiver location.

For convenience we will use the term zigzag effects
throughout to denote the occurrence of trains of pul-
sations in VLF signal amplitude with periods in the
~5-100 s range. Note, however, that there was much
variation from time to time and station to station in
the detailed amplitude-time shape of the pulsations.

3.1. Siple Station

3.1.1. Occurrence properties of the zigzag
phenomenon. The first work on zigzag effects at
Siple was based upon visual inspection of analog chart
records. Identifiable zigzag activity was often episodic
and on occasion was characterized by abrupt, clear on-
sets and terminations of activity, as illustrated in Figure
1. However, fluctuation activity with period < 1 min
was usually more complex than Figure 1 suggests; this
is illustrated in Figure 3, which shows a 3-hour record
of NAA and NSS at Siple from 1982. Relatively clear
episodes of zigzag activity on NAA and NSS could be
seen in the intervals ~0742-0752 UT and ~ 0850-0900
UT (the effect was better defined on the NAA signal be-
cause of differences in the processing of the two signals
by the separate NAA and NSS receivers). Also recog-
nizable as zigzag events were the lower-amplitude ac-
tivity from ~ 0732 to ~ 0742, the several minute burst
of faster fluctuations near 0755, and two short trains
of oscillations near 0933 UT. Other fluctuations on the
records with periods ~ 1 min, such as those between
0700 and 0720, were not classified as zigzags because of
their lack of appearance in trains of similar changes.

In spite of the limitations imposed by the relatively
compressed nature of the chart records, certain occur-
rence properties of the zigzag effect at Siple were deter-
mined by noting the approximate fluctuation period,
event duration, and local time of occurrence of episodes
such as those illustrated in Figures 1 and 3. In a study
of Siple charts from June and July 1982, events were
found on 11 of 30 days in June and 13 of 31 days in
July. The fluctuation periods were mostly in the 10-
20 s range, although periods as long as ~2 min were
sometimes observed. Seventy four episodes were iden-
tified, or an average of about 3 per day of activity. Al-
most half of the 74 events were between 10 and 20 min
in duration and only six were found in the 60 to 90
min range. Episodes occurred within 59 one-hour peri-



350 CARPENTER ET AL.: QUASIPERIODIC FLUCTUATIONS OF VLF SIGNALS

01 AUG 82 st
500——1 = —
|

AlpV/m)

500— " " !
M NAA
17.0 kHz

NSS
21.4kHz

T t
0900UT 1000

Figure 3. Copies of analog charts from Siple Station showing episodes of zigzag activity on the
amplitude of NAA and NSS during a 3-hour period.
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Figure 4. Comparison of Palmer and Siple analog charts during a 1 1 /2-hour period when
zigzag activity was detected at Siple and whistler-induced precipitation (Trimpi events) occurred
at Palmer. (a) Palmer records showing the amplitude of NPM, NSS, and a signal at 37.2 kHz
from California. (b) Siple records for the same three signals (see map of Figure 2b).
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ods, all but two being after midnight, with half in the
predawn hours between 0800 and 1000 UT (~0300 and
0500 MLT).

At Siple zigzag fluctuation amplitudes represented
variations of from ~10% to ~70% of average levels,
somewhat larger than the ~5%-20% perturbations in
typical Trimpi events [e.g., Inan and Carpenter, 1986).
The amplitudes on the closely spaced NSS and NAA
paths (see map of Figure 2b) were usually comparable,
as illustrated in Figures 1 and 3 (note differences in the
NSS and NAA amplitude scales).

Some information on the spatial location and distri-
bution of the ionospheric disturbances giving rise to
zigzag effects can be obtained by considering the lo-
cation of affected signal paths and by comparing sig-
nal path data from spaced stations such as Siple and
Palmer, Antarctica (see map of Figure 2b). During the
month of August 1983, amplitudes of signals 37.2 kHz,
NPM, and NSS were recorded on analog charts at both
locations. In the Palmer data zigzag activity was not
evident, while in the Siple records it appeared during
several of the more geomagnetically active periods. Fig-
ures 4a and 4b show the Palmer and Siple, respectively,
data on an occasion when well defined zigzags appeared
at Siple near 0500 MLT. The activity lasted for an hour
or more, substantially longer than the episodes illus-
trated in Figures 1 and 3. Zigzags continued on NSS
for an hour until ~1045 UT and until still later on 37.2
kHz and NPM because of their more westerly positions
with respect to the sunrise terminator (see map of Fig-
ure 2b). Meanwhile, at Palmer and on the same set
of signals (top three traces), zigzag activity could not
be identified. Ionospheric perturbations due to whistler
scattering (Trimpi effects) were occurring, as indicated
on the Palmer NPM signal by small negative pertur-
bations, particularly between ~0945 and ~1015 UT.
Prolonged Trimpi activity was observed on one or more
of the three signals at Palmer on several of the nights
when zigzags were detected at Siple. It appeared that
while the mechanism of the zigzag effect could affect
Siple signals and could do so over a wide range of signal
azimuths, at Palmer it was either masked by the Trimpi
effect or (the more likely alternative) was restricted in
its action to an L range poleward of the station. That
the latter was true is suggested by a visual examination
of several weeks of Palmer digital survey charts from
1989, 1990, and 1991. Zigzag effects were found in only
one period, in the aftermath of a severe magnetic storm
when Kp reached a value of 8.

3.1.2. Examples of correlated geophysical ac-
tivity. Zigzag activity at Siple was found to occur ex-
clusively when the station was poleward of the iono-
spheric projection of the plasmapause and when sub-
storm activity was at moderate levels or higher as indi-
cated by Kp index levels in the 2-4 range and above. In
a typical case, evidence of precipitation into the over-
lying ionosphere, sometimes pulsating in nature, ap-
peared near or shortly after midnight and the zigzag
activity appeared later, when clear evidence of the over-
head precipitation was no longer present. Figures 5 and
6 illustrate such a case, from September 14, 1986. They
display (top to bottom) the outputs of (1) Stanford nar-
rowband NSS and NAA receivers, (2) a 2-4 kHz filter
connected to the Stanford broadband VLF receiver, (3)
a Lockheed vertical looking photometer at 427.8 nm
with a field of view < 30°, (4) the X component of a
University of New Hampshire/University of Minnesota
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Figure 5. Digitally logged data from multiple Siple in-
struments on September 14, 1986 (day 257), illustrating
a period of pulsating auroral activity overhead the sta-
tion. In order from top to bottom are outputs of Stan-
ford narrowband VLF receivers (NSS, 21.4 kHz, NAA,
24.0 kHz), a 2-4 kHz filter connected to the Stanford
broadband VLF receiving system, a Lockheed 427.8-
nm vertical looking photometer, a University of New
Hampshire/University of Minnesota search coil magne-
tometer (X component), and a University of Maryland
20.5-MHz riometer. The amplitude range displayed for
each quantity is chosen so as to utilize the full vertical
extent of each trace while not truncating the data.

search coil magnetometer, and (5) a University of Mary-
land 20.5-MHz riometer with a ~60° field of view. On
each panel the amplitude range has been adjusted to
achieve optimum sensitivity within the time interval dis-
played.

Figure 5 represents a 15-min period around 0600 UT
(0100 MLT) and Figure 6 a similar period ~2 hours
later. In Figure 5 the NSS and NAA amplitudes exhib-
ited irregular variations characteristic of nighttime at
middle latitudes under disturbed conditions, but there
were no clear zigzag effects. Between ~0556 and ~0604
UT, the Lockheed vertical looking photometer (fourth
trace) detected pulsations at intervals varying irregu-
larly from ~15 to 40 s. These changes were matched
one to one with magnetic pulsations, as indicated on
the fifth trace by the search coil magnetometer. In other
work [e.g., Arnoldy et al., 1982; Oguti et al., 1984] such
“one-sided” magnetic pulsations have been identified as
Pil activity and attributed to precipitation-induced in-
creases in ionospheric conductivity and in associated
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Figure 6. Siple multi-instrument record, in the for-
mat of Figure 5, but showing a period of zigzag activity
on NSS and NAA ~2 hours after the pulsating auroral
activity shown in Figure 5.

ionospheric currents. The riometer (sixth trace) did
not show clear evidence of pulsations. Most likely, the
precipitation-induced changes in radiowave absorption
associated with the optical bursts covered a relatively
small fraction of the riometer’s ~60° field of view and
thus were too small to be detected by this broadbeam
instrument.

The 2-4 kHz VLF channel (third trace} showed ir-
regular burst activity produced by VLF chorus. In
other studies, one-to-one correlations have been found
between sequences of VLF chorus bursts, propagat-
ing poleward of the plasmapause, and trains of pulsa-
tions registered by X ray detectors or photometers [e.g.,
Rosenberg et al., 1971; Helliwell et al., 1980]. However,
in this case the 2-4 kHz changes were not correlated on
a one-to-one basis with the optical bursts. Their more
complex temporal structure is attributed to the large
magnetospheric viewing area of the VLF receiving sys-
tem, of order 500 km in radius around the station at
ionospheric heights. The received VLF spectrum prob-
ably included chorus elements whose magnetospheric
path endpoints were well outside the view of the pho-
tometer.

Figure 6, for the period near 0800 UT (0300 MLT),
shows strong zigzags on both NSS and NAA, with quasi-
period ~ 10 s between the beginning of the record and
~0745 UT and ~15 s between ~0748 UT and the end of
the record. At this time there was no clear evidence of
overhead auroral pulsations at 427.8 nm (fourth trace).
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The magnetic pulsation detector (fifth trace) exhibited
a background of low-amplitude Pc 3 pulsations with
period ~40 s on which Pc 1 activity was superposed
between ~0741 and ~0755 UT (note the difference in
scales between Figures 5 and 6). However, no one-sided
Pi 1 pulsations were now evident. Again, the riometer
showed no well-defined pulsation activity and the 2-4
kHz VLF (third panel) was much quieter than in the
earlier period.

3.2. Halley, Antarctica

Several examples of zigzag activity on NSS and NAA
as received at Halley in 1988 were found by one of us
(T.D.G.C.) in a recent study [Clark, 1991]. As at Siple
the events were concentrated in the predawn hours. Fig-
ure 7 illustrates a portion of the best documented case.
It shows the amplitudes of signals from NSS and NAA
as well as two signals from the British Isles, GBZ (19.6
kHz) and GQD (19.0 kHz) during the period 0505-0530
UT on July 26, 1988. These signals were recorded on
magnetic tape, and to remove any amplitude fluctua-
tion caused by tape reel rotation, the signals were low-
pass filtered with a cutoff period of 10 s. A cross spec-
tral analysis revealed that the ~20-s fluctuations in the
two British signals were in phase with each other and
approximately 180° out of phase with the fluctuations
on NSS. The latter were approximately 90°-120° out
of phase with those from NAA. However, during a fur-
ther burst of zigzag activity between 0700 and 0730 UT,
variations in the NSS and NAA signals were approxi-
mately in phase (the amplitudes of the British signals
had decreased to the noise level at this time). Although
there was VLF emission activity (1.5-2.5 kHz) and ULF
pulsation activity observed at Halley around the same
time, cross-spectral analysis revealed no significant co-
herence between the zigzag activity on the transmitter
signals and either of these two phenomena.

3.3. Saskatoon

3.3.1. Appearance of zigzag effects in daily
survey records. In 1992 a study was made of Saska-
toon data from two geomagnetically active months,
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Figure 7. Amplitudes of four transmitter signals re-
ceived at Halley on July 26, 1988 between 0505-0530
UT. The amplitude scale is an uncalibrated linear scale,
and three of the signals have had offsets applied to them,
as indicated in the labels, to separate the traces in the
plot.
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Figure 8. (a) Section of the daily summary chart of signals NLK and NPM at Saskatoon on
March 8, 1988, illustrating the occurrence of a multihour interval of enhanced fluctuation activity.
An arrow marks the begining of the interval and asterisks mark the times of activity samples
shown in Figures 9, 10, and 11. (b) Same for March 4, 1988.

March 1988 and March 1989. Two days, March 4 and 8,
1988, were examined in detail, while others were stud-
ied either from the survey charts or by means of limited
reprocessing. It was found that zigzag activity, often
in the ~10-30 s period range but sometimes with peri-
ods approaching 100 s, was a common feature of peri-
ods of “fast” fluctuations that tended to begin abruptly
and last for several hours. Within such multihour peri-
ods there were substantial variations in the quasi-period
and amplitude envelope of the pulsations. Figures 8a
and 8b show how such periods appeared on the survey
charts of March 8 and March 4, 1988, respectively, for
the nearly collinear paths NLK and NPM (see map of
Figure 2a). Each chart displays approximately 4 hours
of the 8-s average amplitude (uncalibrated) of a signal
channel sampled at 50 Hz (the maximum and minimum
values within each 8 s are also plotted). On March 8,
1988, the onset of fast fluctuations was at ~1110 UT
or ~0410 MLT (arrow), while on March 4, 1988, it oc-
curred at ~0930 UT or ~0230 MLT.

In the Saskatoon data, periods of fast fluctuations
appeared more frequently and at higher average ampli-
tude on NLK and NPM, signals propagating generally
west to east (see map of Figure 2a), than on the east-
to-west propagating NAA and NSS signals. A 48.5-kHz
signal from a source south of Saskatoon often showed
zigzag effects, while the NAU signal from Puerto Rico
exhibited only a few cases of what appeared to be zigzag
activity. Accordingly, the NLK and NPM data and oc-
casionally those of 48.5 kHz were selected for most of
the studies involving digital reprocessing and display.
As might be expected from the closeness of their great
circle paths, the fluctuations on NLK and NPM were
often highly correlated, while detailed correlations be-
tween 48.5 kHz and those two signals were unusual.

3.3.2. Case studies. Our case study of the ~2-
hour period of fast fluctuations on March 8, 1988, is
illustrated in Figures 9, 10, and 11, which show ~1.5-
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Figure 9. (a) Time-expanded chart of NLK and 48.5
kHz for a ~1.5 min interval beginning ~10 min after
the onset on March 8, 1988, shown in Figure 8a. The
shape of the pulsations, with fast rise and slow decay, re-
sembles that of pulsations known to be associated with
bursts of precipitating electrons (e.g., Trimpi effects).
b) Expanded record of a single event on NLK detected
shortly after the onset.
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Figure 10. Saskatoon data on NLK, NPM, and 48.5
kHz from a period near 1220 UT on March 8, 1988,
an hour following the activity shown in Figure 9. At
this time the NLK and 48.5 kHz signals were no longer
closely correlated.
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min samples of zigzag activity at the times indicated in
Figure 8a by asterisks. Figure 9a shows activity on NLK
and 48.5 kHz at 1120 UT, ~10 min after the onset of fast
fluctuations. This is a rare instance in which there was a
clear antiphase relation between the NLK and 48.5-kHz
signals in spite of their widely different arrival bearings
(map of Figure 2a). At this time the mean interval
between pulses was ~10 s, and the fluctuations were
clearly not zigzag-like or triangular in shape. Instead,
they had fast developments and slower recoveries, as do
signal changes previously found to be associated with
bursts of precipitating electrons that create secondary
ionization patches at ~85 km altitude (e.g., Trimpi ef-
fects). The development times were found to vary be-
tween ~0.4 and 2.5 s and the recovery times between
~4 and 8 s, the latter being substantially shorter than
the recovery times commonly observed when Trimpi ef-
fects occur within the plasmasphere. Similar pulsations
on a signal path from NWC (Australia) to Kerguelen
(49.5°S, 70.2°E, L=3.7) were found by Corcuff [1996]
in the aftermath of severe magnetic storms. Figure 9b
shows a single event on NLK in which an amplitude de-
crease took place over ~2 s and the recovery over ~6
8.

Within 1 hour following the activity of Figure 9 the
shape of the pulsations had become more symmetrical
about the narrower peaks or minima, and the mean in-
terpulsation period had increased to between 12 and
15 s. Figure 10 shows activity near 1220 UT on NLK,
NPM, and 48.5 kHz. On NLK and NPM the recovery
time was noticeably longer than the development time
but only by a factor of about 2 at most. NLK and
NPM were approximately opposite in phase; a cross-
covariance analysis provided a 0.2-s time lag for an-
ticorrelation, while direct measurement showed NLK
minima lagging the nearest NPM maxima by ~0.5-1 s.
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The 48.5-kHz and NLK signals were no longer closely
correlated, as they had been an hour earlier. Zigzags
were clearly present on 48.5 kHz but with a shorter
quasi-period, near 12 s.

Figure 11a shows fluctuations on NLK and NPM at
~1300 UT, ~ 10 min prior to their disappearance at
sunrise. By this time the quasi-period of the fluctua-
tions had increased to ~20 s, and there was increased
symmetry in shape about the minima on NLK and the
peaks on NPM. The regularity of the pulsations is sug-
gested in Figure 11b by a spectral analysis for NLK,
which shows a strong peak at ~0.05 Hz.

At 1300 UT, NLK and NPM continued to be in ap-
proximate antiphase, with NLK again lagging, now by
~1.5 s. The increase in quasi-period from ~15 to ~20
s between ~1220 and ~1300 UT (Figures 10 and 11)
appeared to be accounted for not by an increase in the
duration of the individual pulsations but instead by in-
creased delays between pulsations. In this and at least
one other case it was noted that the quasi-period of the
fluctuations increased to the 20-30 s range as sunrise
approached but then decreased for several minutes as
the fluctuation activity began to disappear.

Data from March 4, 1988, the other day analyzed
in some detail, are summarized in Figure 8b and illus-
trated in Figure 12. Figure 12a shows a ~25-min inter-
val around the ~0930 UT (~0230 MLT) onset of fast
fluctuations, and Figure 12b shows 3 min of expanded
NLK and NPM data beginning at the onset. At this
time the pulsation activity was irregular, but a quasi-
period of ~10 s could be identified. In contrast to the
case of March 8, 1988, NLK and NPM were approxi-
mately in phase, a condition that persisted throughout
the interval of fast fluctuations. The shapes of the pul-
sations varied noticeably from pulse to pulse.
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56F T T T T T =
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44 1 1 1
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£ L . . (a)
< 1300:30 1301-00 1301:30 UT
NLK at SA
20} POWER SPECTRAL DENSITY -
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Figure 11. (a) Fluctuations on NLK and NPM at

~1300 UT on March 8, 1988, ~10 min before the decay
of activity at sunrise shown in Figure 8a. (b) Spectral
analysis of the NLK record between 1300 and 1301:39
UT, showing a strong peak at ~0.05 Hz.
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Figure 12. (a) Expanded record near 0920 UT on

March 4, 1988, showing the onset of enhanced fluctua-
tions on NLK at Saskatoon (see Figure 8b).(b) Three
minutes of NLK and NPM activity immediately follow-
ing the onset illustrated in Figure 12a. In contrast to
the case of March 8 (see Figures 10 and 11), NPM and
NLK were approximately in phase.

3.3.3. Zigzag occurrence properties. Activity
of the general kind illustrated in Figures 8 through 12
was found on NLK and NPM at Saskatoon on 10 of 25
days studied in March 1988 and on 13 of 31 days in
March 1989. As at Siple and Halley, the activity was
concentrated in geomagnetically active periods. Most
of it occurred when Kp was in the range 3-5; no case
was found when Kp was < 3.

The peak-to-peak amplitude of the zigzag fluctua-
tions on NLK and NPM was typically between 10 and
15% of the mean value of the signal, reaching 50% of
the mean value in several cases. On 48.5 kHz the typ-
ical amplitude tended to be somewhat lower and was
still lower on NSS and NAA.

The onsets of the multihour episodes containing zigzag
activity on NLK and NPM occurred mostly in the range
0900-1130 UT, or ~ 0200-0430 MLT but tended to be
earlier on the few days when Kp was 5 or greater. The
terminations, mostly due to sunrise effects, occurred be-
tween 1200 and 1300 UT or ~0500 and 0600 MLT. The
onsets of activity on 48.5 kHz were on average later
than those on NLK and NPM and were later still on
NAA and NSS. With sunrise affecting these three sig-
nal paths before those of NLK and NPM, their zigzag
episodes were found to be shorter in duration than those
on NLK and NPM.

3.3.4. Correlated geophysical effects. A com-
parison was made of the output of a magnetometer at
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Saskatoon and simultaneous zigzag activity during four
nights in March 1989 on which the onset of zigzags was
well defined. In all four cases there was evidence that
substorm-associated current systems were active during
the zigzag activity and that the zigzag onsets coincided
either with the general activation of the current systems
or with enhancements thereof, particularly as registered
in the D component of the magnetic field.

3.3.5. Spaced station comparisons. Some com-
parisons were made between the data of Saskatoon and
corresponding data recorded at the slightly higher lat-
itude of Lake Mistissini and at the lower latitude of
Stanford (see map of Figure 2a). Several months of si-
multaneous survey charts from 1988 were scanned for
NLK and NPM at Saskatoon and Stanford. In no case
of fast fluctuations (and by inference, zigzag activity) at
Saskatoon was such activity seen at Stanford. In view
of the above noted comparison of Palmer and Siple data
and of the location of the NLK-Stanford signal path, it
is inferred that ionospheric disturbance activity at the
times of the Saskatoon events was restricted to a lati-
tude range poleward of L ~3.

On the other hand, fast fluctuations, sometimes burst-
like in form, were seen on occasion at Lake Mistissini
(L ~4.7) when similar activity appeared at Saskatoon.
From a limited study it appeared that a perturbed zone
of the ionosphere moved from east to west, appearing
earlier at Lake Mistissini by approximately 1/2 hour
and disappearing later at Saskatoon.

4. Discussion

4.1. Location and Spatial Extent of the
Ionospheric Perturbations

Our basic sources of information on the locations of
the ionospheric perturbations are (1) evidence from the
present study that they occur poleward of the plasma-
pause projection and (2) other studies indicating that
while a perturbed ionospheric region involved in pro-
ducing a detectable Trimpi effect can be located at vary-
ing distances (up to 1000s of km) from the receiver, the
perturbed region must be centered within ~ 100-200
km of the affected great circle signal path [e.g., Poulsen
et al., 1990, 1993; Inan et al., 1996]. Under the moder-
ately disturbed geomagnetic conditions (Kp~3-4) pre-
vailing during much of the observed zigzag activity at
Siple and Saskatoon, the post-midnight plasmapause is
believed to have been (on average) in the range L ~3.6-
4.2 [e.g., Carpenter and Anderson, 1992; Carpenter and
Park, 1973]. If we postulate that the perturbed iono-
spheric regions involved in the zigzag effect were cen-
tered within ~100-200 km of the affected signal paths,
we can then infer from considerations of the plasma-
pause L value and the signal paths shown on the maps
of Figure 2 that most of the observed perturbations on
NLK/NPM at Saskatoon were induced within ~500 km
of the station and that a similar range was applicable
to changes on NSS and NAA at Siple.

Regarding the number of perturbed regions involved
in producing the zigzag effect on nearly collinear paths,
we suggest that a single perturbed region was often re-
sponsible for the observed signal fluctuations. As an
example, this appears to have been the case for NLK
and NPM on March 8, 1988, at Saskatoon. If two or
more independently pulsating regions had been located
so as to significantly affect the paths, the fluctuations
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in the subionospheric signals would not have been ex-
pected to exhibit the regularity illustrated in Figures 9,
10, and 11, nor would the phase difference between the
NLK and NPM pulsations have been expected to re-
main nearly the same over the 2-hour period of zigzag
activity. A single perturbed region is also consistent
with the tendency of the NLK-NPM phase difference to
be near either 0° or 180° in our observations. As a single
ionospheric perturbation develops, the waveguide mode
structure of an affected signal begins to change such
that the total signal at the receiver either increases or
decreases, the direction of the change being a complex
function of the path geometry and the perturbation lo-

cation. .
In cases of perturbations on signals with well sepa-

rated arrival bearings, such as 48.5 kHz and the NLK/NPM
pair at Saskatoon, simultaneous zigzags, when they did
occur, were usually not mutually coherent and are thus
attributed to the effects of multiple perturbed regions.
In rare cases of coherence over a wide arrival bearing
range (as in Figure 9), it is likely that a perturbed re-
gion was located quite close to the receiving station.

Regarding the horizontal size of the perturbed re-
gions, the data suggest that the regions were typically
~50-200 km in extent. A ~50-km lower limit is sug-
gested by the regularity with which paths spaced by of
order 50 km were simultaneously perturbed (e.g., NLK
and NPM at SA, NSS and NAA at SI) and by the above
noted evidence in Saskatoon data of a single active re-
gion affecting nearly collinear paths at any one time. A
~200 km upper limit is suggested by a regular occur-
rence pattern in the Siple data, in which well defined
zigzags were observed in the predawn hours, while the
immediately overhead ionosphere appeared to be rel-
atively undisturbed (see Figures 5 and 6). We inter-
pret this to mean that the associated perturbed region
was centered near a signal path and within a belt ex-
tending roughly 500 km equatorward of the station (the
plasmapause criterion) but did not extend to the region
directly overhead (say within 100 km).

4.2. Modulated Electron Precipitation As a
Probable Cause of the Zigzag Effect

It seems clear that the zigzag effect is produced by
some type of wave activity at the nighttime ~85 km
lower ionospheric boundary. A promising source of this
wave activity is modulated particle precipitation associ-
ated with pulsating aurora. Such a source is suggested
by similarities in the occurrence patterns of pulsating
aurora and zigzag-type events. At Saskatoon and Siple
the latter were found to be restricted to periods of
moderate to severe planetary disturbance, were concen-
trated in the postmidnight time sector, and were absent
in simultaneous recordings at stations near L =2. Sim-
ilarly, pulsating aurora tends to occur within a belt of
latitudes equatorward of the discrete aurora and to be
concentrated in the postmidnight, predawn hours fol-
lowing substorm activity in the vicinity of the observ-
ing station [e.g., Oguti et al., 1981; Johnstone, 1983;
Davidson, 1990; Winkler and Nemzek, 1993; Nemzek et
al., 1995]. The quasi-periods of zigzag fluctuations reg-
ularly fall within the observed ~2-20 s range common
in pulsating aurora, although zigzag periods up to ~100
s have been observed. (As Winkler and Nemzek [1993]
point out, pulsating auroral activity can be observed
both in the evening and morning hours. VLF zigzag
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Figure 13. Siple multi-instrument record in a format
similar to that of Figures 5 and 6, showing the occur-
rence on September 13, 1986 (day 256), of pulsating au-
rora overhead Siple while zigzag effects were occurring
on all three of the displayed VLF transmitter signals.
A 37.2 kHz signal channel has been added as the third
trace.

activity prior to local midnight has been observed at
times of severe magnetic disturbance, but the extent of
such occurrences is not yet well established.)

The absence of evidence of overhead or near-overhead
precipitation at the actual times of most zigzag events
at Siple (indicated on the 1982 charts by a lack of dis-
tinctive fluctuations in the data from the magnetic pul-
sation detector and riometer) is not yet well under-
stood. It may well be attributable to randomness in
the spatial distribution of pulsating auroral activity and
to the large geographical extent of that distribution
in the predawn sector in the aftermath of substorms.
This large extent may develop in conjunction with the
greater equatorward displacement of the plasmapause
near dawn (than near midnight) that commonly occurs
when disturbance levels increase following a quiet pe-
riod [e.g.,Carpenter, 1966; Carpenter et al., 1972]. We
therefore suggest that although pulsating aurora over
Siple was not usually detected at the actual times of
zigzag episodes, it was nevertheless present in the gen-
eral vicinity of Siple at such times.

This scenario is supported by a case recorded on
September 13, 1986, one day prior to the data of Fig-
ures 5 and 6, and illustrated in Figure 13. The for-
mat is similar to that of Figures 5 and 6 but with the
addition of data on 37.2 kHz (third trace). Two min-
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utes of data are shown for an interval near 0430 MLT.
Zigzag activity with period ~ 7 s was present on NSS,
NAA, and 37.2 kHz. The changes on the three chan-
nels appeared to be well correlated between ~0925:50
and 0926:50 UT but were less clearly so at the other
times illustrated. The striking feature of this record is
the occurrence of pulsating aurora, as indicated on the
fifth panel by the vertical looking 427.8-nm photometer.
The quasi-periods of the 427.8-nm fluctuations and the
zigzags were approximately the same, at ~ 7 s, but no
consistent phase relation between the two phenomena
could be discerned. We therefore suggest that the over-
head pulsations and the zigzags involved at least two
separate precipitation regions.

In Figure 13, the magnetic pulsation data (sixth
trace) did not include evidence of ionospheric conduc-
tivity enhancements, as was seen in the data of Figure
5, possibly because in this case the ionospheric electric
field was insufficient to drive the associated currents.
On the other hand, the riometer showed fluctuations,
especially between 0925 and 0926 UT, a possible indi-
cation that the size of the auroral spots was on average
larger than in the case of Figure 5.

Note in Figure 13 that between 0926:10 and 0927:00
the 2-4 kHz VLF (fourth trace), a measure of chorus
burst activity, exhibited a nearly one-to-one relation to
the overhead optical fluctuations. As in previous stud-
ies [e.g., Helliwell et al., 1980; Tsuruda et al. 1981], this
chorus can be interpreted as the wave activity reponsi-
ble for scattering the aurora-producing electrons into
the loss cone. Spectrograms of chorus in the 0925-6
minute (nearest available broadband recording) showed
individual bursts to consist of clusters of rising traces
in the ~2-4 kHz range. Electron energies for cyclotron
resonant scattering by these waves at low pitch angles
near the equator are estimated to have been in the range
~10-100 keV (assuming propagation near L=4.3 under
nightside plasmatrough density conditions [e.g., Car-
penter and Anderson, 1992]).

Evidence that modulated electron precipitation driven
by VLF chorus bursts can also induce trains of VLF
waveguide signal pulsations has been presented by Car-
penter et al [1985b] and, as noted above, by Corcuff
[1996]. Corcuff’s data are the most extensive; multi-
minute episodes of fast developing, slow recovery (i.e.,
Trimpi-like) pulsations were detected on the NWC-
Kerguelen path (L ~1.4 to L ~3.7) in periods 24 to
48 hours after the onset of severe magnetic storms. At
those times the receiver was either expected to be or
known to be poleward of the plasmapause projection.
The NWC fluctuation envelopes closely resembled the
Saskatoon data of Figure 9, having development times
of ~0.5 to 2 s and recovery times varying between ~4
and 15 s. In one case for which short intervals of broad-
band VLF data were available, discrete wave bursts near
4 kHz were found to be correlated on a one-to-one ba-
sis with the NWC signal perturbations. Corcuff inter-
preted the pulsations as a class of Trimpi events, driven
by a train of VLF discrete emission bursts.

4.3. Nature of the Precipitation-Induced
Ionospheric Perturbations

If we postulate that modulated electron precipitation
is the source of the zigzag pulsations, what mechanisms
can be invoked as links between the pulses of precipita-
tion and ionospheric perturbations at the ~85 km VLF
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reflection height? Three possibilities come to mind and
are discussed below: (1) acoustic waves, propagating
downward from regions above the VLF reflection level;
(2) quasi-static electric fields that perturb the bottom-
side ionosphere through motor action; (3) secondary
ionization production and subsequent decay at the VLF
reflection level.

4.3.1. Acoustic waves. The principal energy de-
position in pulsating aurora often occurs above 85 km;
Brown et al. [1976] observed 19 pulsating aurora events,
for all but two of which the lower optical emission lim-
its ranged between 83 and 105 km, the median height
being 92 km. In a rocket campaign in Canada to study
pulsating aurora in 1980, energy deposition was inferred
to be concentrated near 115-120 km in two of the princi-
pal cases studied [McNamara, 1981]. In such situations
perturbations at the VLF reflection height might be in-
duced by acoustic waves propagating downward from
the precipitation region. For small-amplitude acoustic
waves the VLF signal perturbations should be roughly
symmetric about their extrema and should vary in am-
plitude around the mean signal level present before and
after the zigzag onset, as in the Siple cases of Figures 1
and 3.

The possibility that pulsating auroral electron pre-
cipitation initiates atmospheric acoustic waves that per-
turb the lower nightime ionosphere is suggested by the
fact that acoustic waves with periods in the 10-100 s
range have been detected in apparent association with
intense auroral precipitation [e.g., Campbell and Young,
1963]. Density variations with respect to the quies-
cent background level are estimated to be in the range
15-50% [Newton et al., 1969; Reber et al., 1975]. The
waves, propagating at speeds of 200-300 m/s, are gen-
erally attenuated within a few hundred kilometers of
the source. Although precipitating energy fluxes in in-
dividual pulsating aurora patches should be substan-
tially smaller than in the case of auroral arcs, say of
order 107! to 1 erg-cm~2-s~! as opposed to 10-100 erg-
cm~2-s71, the distance from the source of the pulsation-
induced acoustic waves to the perturbed underlying re-
flection region is postulated to be only of order tens of
kilometers, so that the integrated path attenuation may
not be severe. Furthermore, acoustic waves may be gen-
erated more or less coherently over the cross section of
the precipitation region, thus causing a beaming effect
in the generally downward direction.

In support of the acoustic wave mechanism we note
a recent demonstration that acoustic waves with peri-
ods of ~2 min, presumably generated in the auroral re-
gion and propagating near the mesopause, can produce
significant changes in the amplitude of subionospheric
VLF signals at middle latitudes [Bell et al., 1994]. Al-
though the period of these waves is much longer than
most of those reported in the present paper, we know of
no strong reasons why the same effect cannot occur with
acoustic waves of smaller period. There are difficulties
in explaining observed zigzag amplitudes, however. In
order to perturb a subionospheric VLF signal by ~4%
in amplitude, a value less than the ~10-15% typically
observed, calculations similar to those of Poulsen et al.
[1993] show that we need a density change of ~50% at
an altitude of ~85 km over a circular region of ~50 km
radius (horizontal). Thus the pressure of the acoustic
wave needs to be comparable to atmospheric pressure at
~85 km to produce this large change in density. How-
ever, if we increase the affected signal path length to
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200 km, then we need only a 25% change in electron
density at ~85 km. As noted above, we inferred that
the horizontal size of the perturbed ionospheric regions
was in the range ~50-200 km. Individual auroral pulsa-
tion patches may on occasion be this size. Tsuruda et
al. [1981] report a case in which a pulsation patch ex-
tended ~75 km in the north-south direction and ~250
km in the east-west direction.

4.3.2. Quasi-static electric fields. During dis-
turbed periods ionospheric electric fields transverse to
B of order tens of millivolts per meter are observed in
subauroral regions [e.g., Heppner and Maynard, 1987).
During the course of an auroral pulsation the “back-
ground” electric field may be strongly perturbed, and
this perturbation may be communicated downward to
the bottomside of the ionosphere where it may induce
changes in the VLF reflection height through ExB drift
motions. The extent to which this effect is important
may depend upon the scale size of the perturbed regions
and the extent to which the electric field is attenuated as
the ionosphere becomes more collisional with decreasing
altitude. As shown by Mozer and Serlin’s [1969] analy-
sis for horizontal electric fields at balloon altitudes, the
larger perturbations should map downward more effi-
ciently, and thus there may be a selection mechanism
favoring the larger precipitation patches.

It is not clear to what extent this mechanism could
explain the various shapes of the zigzag envelopes. How-
ever, it would have the advantage of faster communi-
cation between the pulsation region and the ~85 km
reflection level, at the Alfven speed instead of the slow
~300-m/s acoustic wave speed. It might also be more
robust. If a perturbation field of 1 mV/m were to act
on the bottomside ionosphere at L ~4, a drift veloc-
ity of ~300 m/s could be achieved, and thus vertical
displacements of ~1 km could occur during pulsations
with duration of ~5-10 s.

4.3.3. Secondary Ionization. Pulsating aurora
is known to have a substantially harder spectrum than
the discrete or diffuse aurora [e.g., Brown et al., 1976].
Direct satellite observations by Evans et al. [1987] have
shown pulsating precipitation spectra extending from
~5 keV to ~100 keV, and rocket measurements dur-
ing pulsating auroral events have indicated modulated
electron fluxes from as low as 2-3 keV [McEwen et al.,
1981] to nearly 100 keV [Sandahl et al., 1980].

When a significant part of the electron spectra in a
pulsating aurora event exceeds 40 keV, patches of sec-
ondary ionization should be produced at the VLF reflec-
tion height. If the pulses of precipitation are short, a few
seconds or less in half width, the density patches and
corresponding VLF signal perturbations should grow
more rapidly than they decay, as was found early in
the March 8, 1988, case at Saskatoon (Figure 10) and
in several cases reported by Corcuff [1996]. In such
situations the VLF signal perturbation process would
essentially be that of the Trimpi effect, with the de-
velopment time controlled by the characteristics of the
driving precipitation pulse and the recovery governed by
ionospheric relaxation processes at the reflection level
[e.g., Pasko and Inan, 1994]. Furthermore, perturba-
tions in the mean signal level would be expected, and
in fact have been observed in fast-rise, slow-decay cases
at Siple.

The ~5-10 s recoveries seen in cases such as that of
Figure 9, in Corcuffs [1996] data, and in earlier re-
ports on perturbations of Siple transmitter signals prop-
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agating in the Earth-ionosphere waveguide at L >4
le.g., Carpenter et al., 1985b; Hurren et al., 1986] ap-
pear to be common features of Trimpi-like precipitation
events poleward of the plasmapause. They are notably
faster than the ~20-40 s recoveries normally observed
in whistler-driven Trimpi events at plasmasphere lati-
tudes. As suggested by Hurren et al. [1986], this may
be due to the deposition of energy at lower D region alti-
tudes, where ionization loss rates due to attachment are
higher [e.g., Inan et al., 1988; Pasko and Inan, 1994].

Some of the more symmetric zigzag effects may also
be understandable in terms of bursts of secondary ion-
ization at and below 85 km. In such situations the
longer-pulsation development times and hence greater
symmetry around extrema may simply be due to in-
creased duration of the electron precipitation bursts.
Chorus burst emissions vary in time duration, and since
individual chorus elements tend to rise in frequency
with time, the ionospheric arrival times of electrons
that they induce to precipitate should tend to spread
in time as a function of energy, rather than to converge
as in the case of scattering by falling-tone whistlers from
lightning [e.g., Chang and Inan, 1985]. Thus variations
in the development time of waveguide signal pulsations
might be attributable to changes in the duration and/or
slope of associated chorus bursts, and by implication
to corresponding changes in the instability that gives
rise to the chorus elements. Such an explanation would
seem consistent with the case of March 8, 1988 at Saska-
toon, illustrated in Figures 9, 10, and 11. The pulsa-
tion activity began with fast onsets and then evolved
such that the development time/recovery time ratio in-
creased relatively steadily over a ~2-hour period while
the phase relationship between NLK and NPM pulsa-
tions remained roughly the same.

A problem with secondary ionization as an exclusive
mechanism is that it requires the development and re-
covery times, presumably controlled by different physi-
cal processes, to be closely matched in a large fraction
of the observed cases. Also, it may fail to explain some
of the faster recovery rates, of order 3 s, such as are
illustrated in Figure 13. On balance therefore it ap-
pears necessary to invoke more than one mechanism to
explain the data.

The relative occurrence rates of the more symmetric
zigzags and the Trimpi-like events have yet to be estab-
lished. However, the occurrence findings thus far seem
broadly consistent with our expections that the elec-
tron precipitation fluxes in pulsating aurora become on
average more intense and/or harder and also penetrate
to lower latitudes as the level of geomagnetic activity
increases. This is supported by the apparent tendency
of zigzag activity at Kerguelen (L ~3.7) to be concen-
trated in the aftermath of severe disturbances, when Kp
reached 6 or more, and for a substantial number of the
Kerguelen zigzag events to be Trimpi-like in form [Cor-
cuff, 1996]. In contrast our findings from stations Saska-
toon and Siple at L >4 show that zigzag events regu-
larly occurred under only moderately disturbed condi-
tions, with Kp=3-4 and that at least at Siple (L ~4.3)
the symmetric zigzag form was more common.

4.4. Other Ionospheric Phenomena and Their
Possible Relation to the Zigzag Effect

As noted above, radio signals probing the ionosphere
at and above medium frequencies have been found to



CARPENTER ET AL.: QUASIPERIODIC FLUCTUATIONS OF VLF SIGNALS

fluctuate with periods ranging from ~10 s to several
minutes, sometimes in synchronism with fluctuations in
the Earth’s magnetic field as registered on magnetome-
ters. However, many of these observations have been
made at relatively low latitudes, near L =2, and in day-
time [e.g., Sutcliffe and Poole, 1984; Tedd et al., 1989,
conditions that differ substantially from those of zigzag
activity. The mechanisms that have been proposed to
explain the observations [e.g., Rishbeth and Garriott,
1964; Sutcliffe and Poole, 1989; Tedd et al., 1989] mostly
involve the perturbing effects on the ionosphere of hy-
dromagnetic waves originating in the magnetosphere,
rather than those of modulated particle precipitation.
Nevertheless, to the extent that such observations have
been made at latitudes near to and poleward of the
plasmapause [e.g., Jarvis and Gough, 1988], the pos-
sibility should be considered that perturbations in the
refractive index induced by modulated particle precipi-
tation are involved.

4.5. Remaining Problems

There is much more to learn about the zigzag effect
both in terms of experimental observations and inter-
pretation. There is an obvious need to test the idea of
pulsating electron precipitation as the “source” of the
zigzag effect. To this end there is a need to localize, per-
haps through additional VLF signal paths, the regions
of ionospheric perturbations, to verify the occurrence
of correlated pulsations in electron precipitation, and
if such pulsations are detected, to determine how the
properties of the zigzag effect are influenced by the in-
cident electron spectrum. More information is needed
relating the occurrence of zigzags to the development
phases of substorms.

A theory of the zigzag effect must explain a number
of observations, including the finding that at Saskatoon
the fluctuation amplitudes regularly reached 10-15 % of
the mean signal level and sometimes exceeded 50 % of
that level, thus tending to be larger than the changes
in amplitude observed within the dense plasmasphere
by means of the classic Trimpi effect. There is a need
to explain why zigzag activity at Saskatoon was more
extensive on the west-east NLK/NPM paths than on
the east-west NAA and NSS paths.

We do not understand the difference between the fre-
quently episodic nature of the zigzag activity at Siple
and its more continuous character at Saskatoon. An
important factor may be hemispheric differences in the
affected ionospheres and in the properties of pulsating
aurora such as might be imposed by differences in the
geomagnetic field. Some of the apparent differences
may be due to the greater use of visual inspection in
the case of the Siple data and of more extensive repro-
cessing in the case of Saskatoon.

5. Conclusions

Subionospheric VLF transmitter signals received at
several ground stations in the L =4-4.5 range have been
found to exhibit pulsating behavior with typical periods
in the ~5-60 s range, but sometimes reaching ~100 s.
The amplitude-time shape of the pulsations was often
triangular or zigzag-like, hence the term zigzag effect.
Departures from this form were usually in the direction
of faster rise than decay and of pulse widths that were
shorter than the interpulse interval. Episodes of zigzag
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activity were found to occur widely during the post-
midnight hours following the occurrence of substorm
activity and were not observed during geomagnetically
quiet periods. The activity appeared to be caused by
localized perturbations at the 85-km nighttime VLF re-
flection height in regions poleward of the plasmapause.

At Siple Station, Antarctica (L ~4.3), the activity
frequently appeared in the hour or two before sunrise
(along the signal path) in the form of multiminute trains
of quite regular fluctuations. At Saskatoon, Canada
(L ~4.2), the activity was found to be more extensive
in duration.

Zigzag effects on the nearly collinear NLK and NPM
signal paths to Saskatoon, that is, paths with great cir-
cle separations of order 50 km at distances of several
hundred kilometers from the receiver, were found to be
closely correlated. The fluctuations tended to be either
in phase or out of phase, with time lags between corre-
lated extrema of order ~ 1 s.

From the present research and other work we in-
fer that the ionospheric perturbations associated with
zigzags at Saskatoon and Siple were centered within
~500 km of the stations and within ~100-200 km of
each of the affected signal paths. A single perturbed
ionospheric region appears to have been active at any
one time in producing much of the observed zigzag ac-
tivity on the nearly collinear NLK/NPM paths to Saska-
toon. The effects of multiple perturbed regions were
often manifested in a lack of coherence between simul-
taneous zigzags on paths with widely different arrival
bearings. The horizontal extent of the perturbed re-
gions is estimated to have been in the 50-200 km range.

The existing evidence, supported by Corcuff’s [1996
study of the NWC (Australia) to Kerguelen (L ~3.7
path, suggests that the underlying cause of the effect
was pulsating auroral precipitation. It is not clear what
mechanisms provide the coupling between the precipi-
tation and the perturbations that develop at the ~85
km VLF reflection height. In the case when the inci-
dent particle energies are predominantly <40 keV and
precipitation is concentrated above 85 km, downward
propagating acoustic waves or quasi-static electric fields
are candidate mechanisms. The latter would involve
vertical motions of the bottomside ionosphere induced
as ExB drifts by the perturbation electric field, a field
that originates when the background ionospheric elec-
tric field is perturbed by a local enhancement in iono-
spheric conductivity. When the spectrum of incident
electrons extends well above 40 keV, as in the case of
electron microbursts, secondary ionization should de-
velop at the reflection height and could satisfactorily
explain those zigzag observations in which the signal
fluctuations rise substantially faster than they decay.
However, this mechanism is not likely to explain more
than a part of the large body of zigzag cases with nearly
symmetric fluctuation envelopes.

There remains much to learn about the zigzag phe-
nomenon, for example, about its relation to various
forms of pulsating auroral precipitation, about station-
to-station variations in the extent to which the activity
is episodic or continuous, and about possible connec-
tions between the effect and previously reported fluc-
tuations in ionospheric probing signals at medium fre-
quencies and above.
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