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High-Amplitude VLF Transmitter Signals and Associated
Sidebands Observed Near the Magnetic Equatorial
Plane on the ISEE 1 Satellite

T. F. BELL
STAR Lab, Stenford University, Cahfornia

On February 16, 1983, during a period of strong magnetic disturbance (Kp ~ 5), as the ISEE
1 satellite passed near the magnetic meridian of the Omega navigation transmitter (98°W, 46°N
geographic, L ~ 3.4), the Stanford University VLF wave receiver detected the presence of Omega
transmitter signals over the range 2 < L < 3.7 at magnetic latitudes (An,) within 10° of the
magnetic equator. Over a 500-km orbital segment near L ~ 3.4 and A, ~ 5°S, the electric
field amplitude of the Omega signals reached ~ 0.6 mV/m, a value > 40dB higher than the
signal amplitude both preceding (L ~ 3.7 — 3.5) and following (L < 3.2) the high-amplitude
period. Over the range 3.3 < L < 3.7 the transmitter pulses at 13.1 and 13.6 kHz were associated
with sideband signals spaced in frequency roughly symmetrically about the carrier and generally
reduced in amplitude ~5 dB with respect to the carrier. The strongest sidebands were generally
offset in frequency from the carrier by ~ +55 Hz. Simultaneous data from the University of
Iowa Plasma Wave experiment indicated that the region of high wave amplitude was located
just beyond the outer edge of the plasmapause where low values of cold plasma density (~ 40
el/cm®) prevailed. High amplitudes were observed only during the time in which the signal
frequency lay within the range of a natural noise band of rising center frequency in which bursts
of VLF emissions were occasionally triggered by “knee-trace” whistlers. On the basis of the
group time delay and amplitude distribution of the Omega signals and the presence of knee-trace
whistlers, it is concluded that the high amplitude signals originally propagated along the base
of the plasmapause surface into the southern hemisphere and subsequently reflected or scattered
back up to the satellite. The high-wave amplitude was presumably produced through the coherent
whistler mode instability as the input waves interacted with gyroresonant energetic electrons near
the magnetic equatorial plane, and the presence of sideband signals indicates that this interaction
had reached a nonlinear stage. The wave magnetic field in the interaction region is estimated
to be approximately 20 m+~. The high amplitudes reached by the signals indicates that particle
trapping effects could be responsible for the sideband generation.

1. INTRODUCTION

This paper reports new observations in the magnetosphere
of nonducted coherent VLF waves from a ground-based
transmitter and associated sidebands and VLF emissions.
The data reported were acquired by the Stanford University
VLF Wave Injection Experiment on the ISEE 1 satellite | Bell
and Helliwell, 1978|. The experiment has four main compo-
nents: (1) a broadband (1-32 kHz) VLF receiver on ISEE
1 connected to a long electric antenna, (2) a broadband (1-
20 kHz) controllable VLF transmitter located at Siple Sta-
tion, Antarctica [Helliwell and Katsufrakis, 1974], (3) various
VLF navigation and communications transmitters, such as
those of the worldwide Omega network, and (4) ground sta-
tions in the Antarctic and Canada. The main goal of this,
and similar experiments, is to understand interactions be-
tween coherent VLF waves and energetic particles in the
magnetosphere, in particular the whistler-mode instability
through which both natural and stimulated VLF emissions
are produced [Helliwell and Katsufrakis, 1974; McPherson et
al., 1974; Koons et al., 1976; Dowden et al., 1978].

Sources of the coherent VLF waves involved in these
studies include VLF transmitters, large-scale power grids,
whistlers, and other natural coherent VLF signals. Waves
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injected into the magnetosphere from these sources prop-
agate in either the ducted or nonducted modes. In the
ducted mode, the injected waves propagate in ducts of en-
hanced ionization along paths that are closely aligned with
the earth’s magnetic field. Near the magnetic equatorial
plane, these ducted waves often interact with energetic elec-
trons to produce wave amplification (up to 30 dB), trigger-
ing of VLF emissions, and scattering of energetic electrons
in pitch angle and energy [Helliwell and Katsufrakis, 1974;
McPherson et al., 1974; Dowden et al., 1978; Inan et al.,
1978; Bell and Inan, 1981.]

The injected signals and the associated triggered emis-
sions travel to the ionospheric region conjugate to the source
and can enter the earth-ionosphere waveguide to be observed
on the ground. On the other end of the field line, the scat-
tered electrons precipitate into the ionosphere causing a va-
riety of perturbations that can be detected from the ground.
For example, fluxes of natural VLF wave-induced precipita-
tion have been observed to excite X rays [Rosenberg et al.,
1971|, photoemissions [Helliwell et al., 1980], and electron
density enhancements [Helliwell et al., 1973]. Furthermore,
signals from ground-based VLF transmitters have been cor-
related with precipitating energetic electrons near L ~ 2
[Imhoff et al., 1983a, b].

Although ground-based experiments can determine a
number of important features of the interaction, satellite
measurements are required to determine the wave and par-
ticle properties in or close to the interaction region. In addi-
tion, such measurements represent the only means of study-
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ing the class of injected waves which are nonducted. In gen-
eral, most of the waves injected by a ground-based transmit-
ter propagate in the magnetosphere in a nonducted mode.
Alihough these waves are capable of strong interaction with
energetic particles in the magnetosphere [Bell et al., 1981;
19834, the output of these interactions is not observable
on the ground because the nonducted waves generally suffer
total internal reflection either due to specular reflection or
to magnetospheric reflection [Edgar, 1976]). Thus the only
means of observing the output of wave-particle interactions
involving nonducted injected waves is through the use of
satellites (or rockets).

In the present paper, we report new high-altitude ISEE
1 satellite observations of high-amplitude nonducted signals
from the Omega navigation transmitter in North Dakota
(98°W, 46°N geographic, L ~ 3.4). The amplitude of the
signals was approximately 16-26 dB higher than that of sim-
ilar signals observed at comparable locations on other days.
The observations reported here were made on February 16,
1983, while the satellite was within 6° of the magnetic equa-
torial plane, close to the region where it is thought that VLF
emissions are generated [Helliwell, 1967; Nunn, 1974; Dys-
the, 1971]. As we discuss below, there is good reason to
believe that the unusually high amplitude of the observed
signals was due to wave amplification through the whistler-
mode instability [Bell and Buneman, 1964; Helliwell, 1967;
Nunn, 1974; Dysthe, 1971].

Sideband signals and VLF emissions associated with the
high-amplitude transmitter pulses were also observed, sug-
gesting that a nonlinear stage of the whistler-mode insta-
bility had been reached at the time the observations were
made. Below, we provide brief background information on
the Stanford ISEE 1 wave-injection experiment and follow
with a presentation of the data.

2. EXPERIMENT BACKGROUND
Background material concerning the ISEE 1 wave-injec-

tion experiment can be found in the literature [Bell and
Helliwell, 1978; Helliwell, 1981]. In brief, one of the main
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Fig. 1. Schematic representation of the orbital configuration of
the ISEE 1 satellite during the period 1620-1720 UT on February
16, 1983. The L = 3.4 magnetic shell linking the Omega, N.D.
VLF transmitter is shown. The region of high wave amplitude is
indicated by a thickened line segment near the intersection of the
L = 3.4 magnetic shell with the ISEE 1 spacecraft position.
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Fig. 2. Two cycles of the Omega North Dakota format. The
basic cycle consists of eight fixed-frequency pulses distributed as
follows: one pulse at 10.2 kHz with duration 1.1 s, one pulse at
13.6 kHz with duration 1.1 s, one pulse at 11.3 kHz with duration
0.9 s, two pulses at 13.1 kHz with respective durations of 1.2 and
1.0 s, one pulse at 11.05 kHz with duration 0.9 s, and two pulses
at 13.1 kHz with respective durations of 1.0 and 1.1s. Each pulse

is separated in time from its successor by 200 ms. The 10-s format
is repeated continuously.

goals of the Stanford ISEE 1 wave-injection experiment is to
measure the frequency and amplitude of the injected waves
and any associated sideband waves and/or VLF emissions,
that are generated as the injected waves propagate through
the magnetosphere. In principle, these measurements would
serve to determine the location of the VLF wave-particle
interaction region where the emissions and sidebands are
produced, and could show how the wave amplitude of the
injected waves varies with distance through the interaction
region.

The orbital configuration of the ISEE 1 satellite directly
following launch (October 1977) was such that the space-
craft crossed the magnetic shell, intersecting the Omega, N.
D., transmitter (L ~ 3.4) slightly to the south (~5°) of
the magnetic equator [Bell et al.; 1981; Figure 2]. Thus the
spacecraft initially was in an excellent position to observe
the injected waves and associated emissions as these signals
left the interaction region. Results of these initial obser-
vations were reported earlier [Bell et al., 1981]. Due to an
increase in inclination, the configuration of the ISEE 1 orbit
became less favorable as time progressed and by October
1979, the orbit crossed the L ~3.4 field lines approximately
30° to the south of the magnetic equator, far from the in-
teraction region [see Bell et al., 1981, Figure 2].

A large decrease in orbital inclination during 1982 then led
once again to the situation shown in Figure 1, in which the
spacecraft crossed the L ~ 3.4 magnetic shell just slightly
to the south of the magnetic equator. Furthermore, starting
in mid-January 1983, the local time of the L ~ 3.4 crossings
fell within the range 0300-1000 LT, when the injected Omega
signals are most likely to trigger VLF emissions [Bell et al.,
1981]. Thus the orbital configuration in early 1983 was again
very favorable for the wave-injection experiments.

Because of the navigational mission of the Omega trans-
mitter, only the standard modulation format shown in Fig-
ure 2 is available for observation by the ISEE 1 satellite.
Each 10-s segment has eight fixed-frequency pulses of fixed
duration at 10.2 (one pulse), 11.05 (one pulse), 11-1/3 (one
pulse), 13.1 (four pulses), and 13.6 kHz (one pulse). Each
pulse is separated in time from its successor by 200 ms, and
the average pulse length is approximately 1 s.

3. OBSERVATIONS

Signal Amplitude

Signals from the Omega transmitter achieved their high-
est peak amplitude near 1627:20 UT when the value reached
0.6 mV/m. At approximately the same time, the sidebands
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Fig. 3. (a) 0-20 kHz spectrogram of VLF wave activity in the region of high-wave amplitude; () Omega transmitter
pulses shown with higher-frequency resolution; (¢) Omega pulse format; (d) chart record of the amplitude of the

Omega pulses at 13.1 kHz shown in Figure 3b.

associated with each Omega pulse reached their maximum
frequency spread of approximately 200 Hz. Spectrograms
showing wave data from this period are given in Figure 3.
Panel 3a shows a 0-20 kHz spectrogram covering a 20-s pe-
riod centered on 1627:30 UT. At this time only the Omega
pulses at 13.1 and 13.6 kHz are in evidence and most of
these pulses appear to be associated with weak to moderate
intensity rising-tone VLF emissions. The sidebands associ-
ated with the pulses can be seen more clearly in panel 3b,
which shows the same time interval as that shown in 3a but
with higher frequency resolution. It is clear from 3b that the
bandwidth of the Omega pulses is of the order of 100 Hz or
more and a suggestion of a line structure in the broadened
signals can be seen. Panel 3¢ shows the format of the Omega
pulses at 13.1 and 13.6 kHz as transmitted, but shifted in
time by 0.9 s to allow for the propagation delay from the
transmitter to the satellite. The chart recording in panel
3d shows the electric field amplitude measured in a 300-Hz
band centered on 13.1 kHz.

The amplitude of the electric field of the Omega signals
varied markedly during the period of observation, and both
short- and long-term variations were present. A short-term
variation with a period of ~1.5 sec was associated with the
rotation of the electric dipole antenna about the satellite
spin axis (see Figure 3d). Since whistler-mode waves are
generally elliptically polarized, an antenna rotating about a
fixed axis in space will measure a wave amplitude which is

a function of the antenna orientation angle about the spin
axis. Since the polarization of whistler-mode waves is known
as a function of wave normal angle [Helliwell, 1965, and the
ISEE 1 spin axis is known to an accuracy of at least 1°,
the short-term spin-dependent wave amplitude variation can
be used to estimate the wave normal angle of the observed
whistler-mode waves.

In the case of the Omega signals, the ratio between the
maximum and minimum electric field amplitudes during
each rotation of the dipole antenna was roughly 15 dB dur-
ing the interval 1627-1629 UT. Examples of this spin fading
effect can be seen in Figure 3d.

The long-term variation in signal amplitude was much
more pronounced than that due to the spin fading effect.
Figure 4 shows the wave electric field amplitude at 13.1 kHz
as a function of time for the interval 1622-1634 UT. In or-
der to prepare this figure, two measures of amplitude were
determined for each 10-s Omega transmitter segment (see
Figure 2): (1) a 10-s average peak amplitude, and (2) an
average rms amplitude.

The first measure consists of the linear average of the
peak amplitudes of the four pulses at 13.1 kHz on each 10-s
Omega transmission segment. One such set of four is shown
between the 0- and 10-s marks in Figure 3d. The second
measure consists of the linear average of the RMS ampli-
tudes of the four pulses at 13.1 kHz in each 10-s Omega
transmission segment. Use of the 10-s average peak am-
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Fig. 4. Average peak amplitude and average RMS amplitude of
the Omega pulses at 13.1 kHz during the interval 1622-1624 UT.

plitude substantially eliminates the effects of fading due to
antenna rotation. During the period 1626-1630 UT the S/N
ratio of the Omega pulses generally lay in the range 20-30
dB, and thus the 10-s average peak amplitude gives a good
estimate of the actual signal strength in this interval. Since
in practice the dipole antenna will seldom be parallel to the
wave electric field along the major axis of the polarization
ellipse, the 10-s average peak amplitude represents a lower
bound to the actual peak electric field of the Omega signals
during any one 10-s period. In cases in which natural VLF
noise bursts obscured one or more Omega pulses in a set of
four, the average was taken only over the well-defined pulses.

The average rms amplitude includes the effect of spin fad-
ing on the measured wave amplitude and represents a lower

bound to the actual wave amplitude. The average rms am-
plitude was determined only over the interval 1626-1631 UT
where the natural VLF noise bursts occurred less frequently.

From Figure 4 it can be seen that the average peak ampli-
tude varies over more than a 45-dB range during the interval
1622-1634 UT, with the 0-dB level corresponding to an elec-
tric field amplitude of 0.6 mV/m. Peak amplitudes greater
than 0.06 mV/m were observed only over a very limited re-
gion of space between L = 3.5 and L = 3.3, a distance of
approximately 1200 km. Peak amplitudes before 1023 UT
and after 1633 UT were more than 45 dB lower than the
maximum value near 1627 UT.

The Omega signal peak amplitude of 0.6 mV/m was the
highest Omega amplitude observed to date by the Stanford
University experiment on the ISEE 1 satellite, exceeding
commonly observed amplitudes in this region by 16-26 dB
[Bell et al., 1981].

Sideband Characteristics

Sidebands of significant amplitude (above noise) were as-
sociated with the Omega transmitter signals from 1626-1630
UT. Figure 5 shows two spectrograms of data acquired dur-
ing the period. The upper spectrogram shows Omega sig-
nals at 13.1 kHz accompanied by hisslike sidebands extend-
ing roughly +100 Hz about the signal frequency. The lower
spectrogram shows a portion of the data with higher fre-
quency and time resolution, and some structure can be seen
in the sidebands.

The sideband structure is brought out more clearly in Fig-
ure 6, which shows signal amplitudes as a function of fre-
quency and time for three Omega pulses associated with
sidebands. The amplitude is shown across a 330-Hz fre-
quency range which includes the frequency of the Omega
pulses at 13.1 kHz. Each spectral scan is carried out in 8
ms and scans are repeated every 50 ms. Approximately 250
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Fig. 5. High-frequency resolution spectrograms of the Omega pulses at 13.1 kHz in the region of high amplitude.
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Fig. 6. Wave amplitude scans showing the Omega signal ampli-
tude as a function of frequency. Note that the frequency decreases
toward the right on the frequency axis.

ms of data are shown for each pulse. The amplitude on
each scan is measured on a logarithmic scale with respect
to the sloping baseline. The position of the Omega signal is
indicated by an arrow perpendicular to the frequency axis.
In most cases there is a good deal of structure to the side-
bands which is not readily apparent from the spectrograms
of Figure 5.

Panel 6a illustrates a case in which the main sidebands are
approximately the same amplitude and are located roughly
symmetrically about the carrier (the Omega signal) at 13.1
kHz. The amplitude of the main sidebands is approximately
5 dB below the carrier. In the first three amplitude sweeps
the main sidebands are sharp and well-defined, and are
spaced approximately + 55 Hz (measurement uncertainty
=+ 4 Hz) with respect to the carrier. In the last three sweeps
the main sidebands are broader in bandwidth but the center
frequencies of the sidebands are still offset by approximately
+55 +4 Hz from the carrier. The second sweep clearly shows
the presence of secondary sidebands at approximately 38, 93,
and 110 Hz above the carrier. No similar sidebands are seen
below the carrier. Secondary sidebands are present in all six
sweeps at varying amplitude levels.

Panel 65 illustrates a case in which the amplitude of the
main upper sideband is comparable to, or slightly higher
than, the amplitude of the carrier, and ~5-10 dB higher
than the amplitude of the main lower sideband. The am-
plitude of the carrier in panel 6b is down by approximately
10 dB from the carrier signal shown in panel 6a. For the
six sweeps shown, the spacing between the carrier and main
upper sideband stays roughly constant at 50 X+ 4 Hz, while
the spacing with respect to the main lower sideband is vari-
able. In the first three sweeps, two subsidiary sidebands in
addition to the main lower sideband at 44 + 4 Hz can be
seen at frequencies of 88 + 4 Hz and 121 + 4 Hz below the
carrier. In the last two sweeps, the sideband at 44 + 4 Hz
below the carrier has decreased significantly in amplitude so
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that the sideband at 88 £ 4 Hz has become the main lower
sideband.

Panel 6¢ illustrates the case in which the carrier was gener-
ally significantly higher in amplitude than the sidebands. In
the case shown the main upper sideband is generally higher
in amplitude than the main lower sideband. Separation be-
tween the main upper sideband and the carrier varies be-
tween 55 + 4 Hz (first four sweeps) to 66 & 4 Hz (last two
sweeps). Cases in which the main lower sideband was dom-
inant were also common.

The sidebands were most easily detected during the pe-
riod of high wave amplitude when the S/N ratio of the
pulses was high. However, in general, sidebands were as-
sociated with the Omega signals throughout the entire re-
gion, 3.3 < L < 3.7. As shown in Figure 4, the signal
amplitude over this region varied by more than 40 dB. Thus
high amplitudes were not a necessary requirement for the
appearance of sidebands. In the lower amplitude region,
3.5 < L < 3.7, the S/N ratio of the pulses was not suffi-
cient to resolve the sidebands completely but in general the
main sidebands, when observable, were separated from the
carrier by ~ +55 4+ 4 Hz. Thus the main sideband spacing
was independent of the amplitude of the carrier over a 40
dB amplitude range. This result suggests that the sidebands
were not generated locally.

During the period of high wave amplitude the differential
time delay between the carrier and the main sidebands was
generally less than 100 ms, and the differential delay between
the two main sidebands was generally less than 10 ms.

General Features of the Data

The event of February 16, 1983 can be divided into four
distinct stages, and data from the first three of these are
shown in Figure 7. Panel 7a shows a 0-16 kHz spectrogram
of electric field wave data acquired at L ~ 3.6 and Ay, (mag-
netic latitude) ~ 6° S shortly after the Omega signals were
first observed. In this stage, Omega pulses at all five fre-
quencies (10.2, 11.05, 11.3, 13.1, and 13.6 kHz) were present.
The Omega signals at this time lay within a band of nat-
ural emission activity which extended approximately from
8-14 kHz. Occasional weak whistlers were observed to trig-
ger strong VLF emissions above the whistler nose frequency.
An example of this type of event occurs at the arrow marked
W near 2.5 s. In addition to the strong VLF emissions, a
weak noise band between 13 and 14 kHz is also triggered
which endures for at least 5 s. Near the 7.5-s mark (see
arrow marked E1), a transmitter pulse at 13.1 kHz appears
to trigger a burst of strong rising-tone VLF emissions, and
near the 15-s mark (see arrow marked E2) a pulse at 11-1/3
kHz appears to trigger a series of strong rising-tone emis-
sions and hisslike noise lasting approximately 4 s. Although
the emissions and transmitter pulses appear to be strong
in the spectrogram, the receiver was operating at high gain
and the peak amplitude of the transmitter pulses was less
than 6 xV/m.

Panel 7b shows wave data during the second stage of de-
velopment in which the band of natural emission activity has
narrowed to the 12-14 kHz range. Arrows marked E1 and
E2 along the time axis show the location of two whistler trig-
gered noise bursts within the emission band. In this stage
only the Omega pulses whose frequencies lay within the nat-
ural noiseband were observable and these pulses were asso-
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Fig. 7. Spectrograms of the VLF wave activity observed on the ISEE 1 spacecraft on 16 February, 1983.

ciated with sideband signals of generally lower amplitude.
At this time the receiver was in its lowest gain state and the
peak amplitude of the transmitter pulses reached values as
high as 0.6 mV/m. Data from this second stage has been
discussed in sections 3.1 and 3.2 above.

Panel 7¢ shows wave data during the third stage of devel-
opment in which the band of natural emission activity had
risen to frequencies (14-16 kHz) above those of the trans-
mitter pulses. At this time the natural emissions consisted
generally of bursts of hisslike noise. The peak amplitude of
the Omega pulses had dropped below 0.1 mV/m, and con-
tinued to decrease as the natural noise band rose higher in
frequency. After ~1 min the pulse amplitude had decreased
to the point that the pulses were no longer detectable in the
data. Within the next 3 min the natural noise band grad-
ually weakened and the receiver gain became high enough
that the Omega pulses were once again detectable in the
data and this situation continued for the next 30 min. This
fourth stage in development is illustrated in Figure 8.

Panel 8a shows an 8-18 kHz spectrogram of data from the
initial portion of the fourth stage when the Omega pulses
had once again become detectable in the data. Although
Omega pulses at all frequencies are present in the data, only
pulses at 13.1 and 13.6 kHz are associated with the bursts of
rising-tone emissions and hisslike noise that extend up to 18
kHz. The peak amplitude of the Omega pulses at this time
was less than 20 £V /m. Panel 86 shows the wave data some-
what later near the geomagnetic equator. At this location

only pulses at 13.6 kHz were seen to trigger VLF emissions.
Panel 8¢ shows the wave data at a location 3°N of the geo-
magnetic equator, where pulses at 13.6 kHz were associated
with strong bursts of rising-tone VLF emissions. Weaker
triggering by pulses at 13.1 kHz is also evident. The trig-
gered emissions of panel 8¢ resemble closely those of panel
8b. Panel 8d shows the wave data at a location 9°N of the
geomagnetic equator at L ~ 2.2. Bursts of rising-tone emis-
sions resembling those of panel 8b are again associated with
transmitter pulses at 13.6 kHz.

The initiation of transmissions at 13.6 kHz occurred at
times ¢t = 0 and 10 s in each panel. The propagation delay
of the pulses at 13.6 kHz varied approximately linearly with
time from 0.7 s in panel 8a to 0.3 s in panel 8d. In contrast,
the delay of the triggered rising-tone emission bursts (with
respect to the transmission initiation times) at 13.6 kHz
remained relatively constant at 1.3 & 0.1 s. The nominal
duration of the pulses at 13.6 kHz is 1.1 s while the observed
duration in all panels exceeds 2 s. This indicates that the
pulses were propagating to the satellite along at least two
paths of significantly different time delay.

Natural Noise Band

High-amplitude Omega signals and associated sidebands
were observed only during the time that the frequency of
these signals lay within a band of natural noise and emis-
sion activity. Examples of this natural noiseband and the
natural emissions triggered within it are shown in Figure
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Fig. 8. Spectrograms of the VLF wave activity observed on the ISEE 1 spacecraft on February 16, 1983.

7. Many of the natural emissions in this noise band ap-
peared to have been triggered by whistlers, and these emis-
sions were generally higher in amplitude than the Omega
signals received at or near the same time. For instance,
Figure 7b shows two strong natural noise bursts (initiation
times labeled E1 and E2) whose peak amplitudes in a 300-
Hz band centered on 13.1 kHz exceeded that of the nearby
Omega signals by ~5 dB. Assuming these signals have prop-
agated along the same path, it appears that the amplitude
of Omega signals was not limited by high-amplitude satura-
tion of the whistler-mode amplification mechanism but in-
stead was possibly limited by the sidebands, whose presence
could cause suppression of the growth [Chang and Helliwell,
1980).

Natural whistler mode noise bands outside the plasmas-
phere near the magnetic equatorial plane are often observed
to consist of two parts; a narrow band of emission with an
upper cutoff frequency slightly below one half of the local
electron gyrofrequency (fg) and a narrow band with a lower
cutoff frequency slightly above fy/2 [Burtis and Helliwell,
1976; Anderson and Maeda, 1977; Hashimoto and Kimura,
1981.

In general, during the period of highest Omega signal am-
plitude the lower cutoff frequency of the natural noise band
exceeded one half of both the local and equatorial electron

gyrofrequencies by ~1-2 kHz. In this respect the noise band
is similar to the upper band commonly observed outside the
plasmasphere. However, it may be more closely related to
the noise band observed outside the plasmasphere in the fre-
quency range fg/2 < f < fg during periods of enhanced
low energy (1-10 keV) electron fluxes [Anderson and Maeda,
1977].

Pulse Time Delay

Figure 9 shows the group time delay of the Omega (N.D.)
pulses at 10.2, 11.33, 13.1 and 13.6 kHz plotted as a func-
tion of universal time and satellite position. The group time
delay is defined here as the difference between the transmis-
sion time of the leading edge of a particular pulse and the
time at which this leading edge was received on the satellite.

The reception time of the leading edge of each pulse was
assumed to be the time at which the pulse amplitude S/N ra-
tio in a 300-Hz bandwidth centered on the carrier frequency
first exceeded 10 dB. In order to minimize errors, the delay
time plot does not include pulses whose leading edges were
obscured by the spin fading effect shown in Figure 5d.

To improve clarity, the measured time delay values of the
pulses at 13.1 kHz are shown connected by solid lines. The
measurement accuracy of all points is 50 ms. The time
delays of the pulses at 11.05 kHz are not shown, since these
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Fig. 9. Group time delay of the Omega pulses at 10.2, 11 1/3,
13.1 and 13.6 kHz shown as a function of time and satellite
position.

were generally identical to those of the pulses at 11.33 kHz.

Initially (1622 UT), Omega pulses at all five frequencies
were received on the satellite but the time delay could be
measured only for the pulses at 13.1 and 13.6 kHz. Near
1623 UT the S/N ratio of other pulses improved and time
delay measurements were made on all pulses. Delays ranged
from 1.4 s at 10.2 kHz to 0.7 s at 13.6 kHz. After 1623
UT the time delays at 13.1 and 13.6 kHz began to decrease
toward 0.5 s and the amplitude of the pulses at 10.2 kHz
dropped below the natural noise level. Between 1625:30 UT
and 1626:20 UT, the time delay of the pulses at 13.1 and 13.6
kHz increased abruptly from 0.5 s to 0.9 s. Simultaneously
the amplitude of the pulses at 11.05 and 11.33 kHz dropped
below the natural noise level. During the period of high wave
amplitude, 1626-1629 UT, the time delays of the pulses at
13.1 and 13.6 kHz were generally identical at ~ 0.940.05 s.

The received signal in the period 1624:30 to 1625:50 UT"

consisted of two parts, a component propagating along a
short time delay path (~ 0.5 s) and a component propagat-
ing along a longer time delay path (~ 0.8 s). The longer
time delay path is thought to be closely related to the path
associated with the pulses received both before and after the
short time delay period.

According to Figure 4, the amplitude of the signal prop-
agating along the short time delay path was ~ 20 dB below
the maximum level. Thus the apparent absence of this path
for the period following 1626 UT could be caused by the
limited dynamic range of the receiver.

Cold Plasma Distribution

During the period of observation of the Omega, N.D.
pulses, simultaneous plasma wave data was obtained by the
University of Iowa ISEE 1 sweep frequency receiver (Gur-
nett, 1978). The sweep frequency receiver data generally al-
lows very accurate sheath-independent measurements to be
made of the natural noise bands which occur between the
upper hybrid-frequency and the plasma frequency through
much of the ISEE 1 orbit. From measurement of the upper-
cutoff frequency of the upper-hybrid noise band, it is gener-
ally possible to estimate the local cold plasma density to
within a few percent inside the plasmasphere. Unfortu-
nately, due to enhanced levels of natural background noise
on February 16, it was at times difficult to identify the upper
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hybrid noise band. Thus the cold plasma density estimates
were at times subject to considerable uncertainty.

In Figure 10, we show the cold plasma density profile de-
rived from the University of Iowa data for the time period
1600-1700 UT. (These data were provided by R. Anderson.)
It is clear from the figure that during the time of observa-
tion the plasmapause was located near L = 3, well inside its
average position near L = 4. This inward position was pre-
sumably related to the high level of magnetic disturbance
which existed prior to, and during, the time of observation.

The three hour planetary geomagnetic index Kp during
the time of observation had the value 5- and the maximum
Kp during the preceding 12 hours was 5+. According to
Carpenter and Park [1973], this level of geomagnetic activity
would, on the average, result in a plasmapause position at
L ~ 3.3, a value very close to that shown in Figure 10.

The figure indicates the region of high wave amplitude
(3.3 £ L < 3.5)and the region (22 < L < 3.1) in
which strong VLF emissions were associated with the Omega
pulses. It is interesting that the side band generation oc-
curred outside the plasmapause while the emission triggering
for the most part occurred inside the plasmapause. Further
comments on this situation are included below.

4. INTERPRETATION AND DISCUSSION

Propagation Mode

The peak amplitude of the Omega, N. D., signals reached
a value of 0.6 mV/m at 1627:30 UT when the magnetic
longitude of the ISEE 1 satellite was ~48° W, approximately
10° west of the magnetic meridian of the Omega, N. D.,
transmitter (~35° W). The L shell of the satellite at this
time was L ~ 3.4, very close to the L shell which intersects
the transmitter location.

Typical peak intensities of Omega, N. D., signals in this
region of the magnetosphere at similar local times lie in the
range 0.03-0.1 mV/m (see Figure 9 of Bell et al. [1981]).
Thus the peak amplitudes of the Omega signals on Febru-
ary 16 exceed the typical values by 16-26 dB. We conclude
that the ISEE 1 satellite was detecting transmitter signals
which had propagated through a magnetospheric “hot spot”
or VLF wave amplification “cell” in which coherent VLF
waves in a narrow band of frequencies were being amplified
through the whistler-mode instability. It is noteworthy that
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Fig. 10. Magnetospheric cold plasma density as derived from the
University of Iowa instrument on ISEE 1 on February 16, 1983.
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the S/N ratio of the Omega signals in the high amplitude
region was at least 20 dB (see Figure 4d). Thus the natu-
ral incoherent VLF background noise was not amplified to
the same level as the coherent signals. This disparity be-
tween amplified (presumably) incoherent background noise
levels and the levels of amplified coherent signals is typical
of that observed in ground-to-ground wave injection exper-
iments [Helliwell and Katsufrakis, 1974].

The spatial distribution of wave amplitude as shown in
Figure 4 is sharply peaked near L ~3.4, with the -20 dB peak
amplitudes being located approximately at L = 3.4 = 0.1.
Thus the highest amplitudes are located in a region of radial
cross section of ~1200 km. This cross section is comparable
to that deduced for the cross section of whistler-mode ducts
[Angerami, 1967 of enhanced ionization. However, there are
at least two reasons for believing that the high amplitude
transmitter pulses were not ducted. First, during the time
the highest wave ampitudes were recorded (1625-1630 UT),
the electron gyrofrequency at the satellite location lay in
the range 21-25 kHz. Thus the frequency of the Omega
signals at 13.1 and 13.6 kHz exceeded one-half of the local
electron gyrofrequency and in theory could not have been
trapped in a duct of enhanced ionization [Helliwell, 1965].
However, trapping in a depletion duct would in principle
still be possible [Helliwell, 1965).

Second, the amplitude of the Omega signals exhibits a
deep fading with a period of one-half of the satellite spin
period as the dipole antenna rotates about the spin axis
(which is always closely perpendicular to the ecliptic plane).
If the wave normal of the Omega signals is locally parallel to
the earth’s magnetic field Bg, the signals will be circularly
polarized, and it can be shown that the ratio R of minimum
to maximum wave amplitude during one spin period will
have the value R = cos «, where ~ is the local angle between
Bg and the satellite spin axis. During the interval 1622—
1634 UT, ~ was less than 15°, and the predicted spin-fade
would be less than 1 dB for a circularly polarized wave.
However, the measured spin-fade was approximately 15 dB.
Thus we conclude that the Omega signals were not circularly
polarized and that their wave normals were not parallel to
Bo.

Furthermore, using well-known relations for the polariza-
tion of whistler-mode waves as a function of wave normal
angle [Helliwell, 1965], in conjunction with the measured
value of the spin-fade of the Omega pulses, it can be shown
that a wave normal angle of 35°—45° is consistent with our
observations. This inferred wave normal angle is comparable
to the resonance cone half-angle which at 13.1 kHz at 1627
UT had the approximate value of 54°. A wave normal an-
gle of this magnitude is not consistent with that associated
with trapping in a depletion duct [Helliwell, 1965]. Thus we
conclude that it is unlikely that the high amplitude signals
were propagating in either a depletion or enhancement duct
in the region of observation.

Figure 7a shows an example of the type of whistler which
was frequently detected on the ISEE 1 satellite during the
period 1622-1627 UT. In general these whistlers possessed
frequency components well above one-half of the local gy-
rofrequency (fg) and were observed to trigger VLF emis-
sions and noise bands at frequencies also well above fg /2.

These characteristics are similar to those of a type of
whistler commonly observed in data from ground stations
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and labelled “knee trace” (KT) whistlers |Carpenter, 1978].
The KT whistlers have been shown to propagate just be-
yond the plasmapause in the low density or plasma trough
region. The unusual features of these whistlers include fre-
quency components up to 0.8 fgo where fro is the mini-
mum gyrofrequency along the magnetic field line of propa-
gation, and a tendency to trigger noise bands and bursts in
the frequency range 0.4-0.8 fyo [Carpenter, 1978].

In view of these similarities it is suggested that the
whistlers detected on ISEE 1 were actually KT whistlers
which had originally propagated along the base of the
plasmapause into the southern ionosphere, from which point
they had reflected or scattered back up to the satellite.

Since the Omega signals possessed high amplitudes only
when they were located within the noise band triggered by
the whistlers, it is possible that the Omega signals propa-
gated along the same path as the KT whistlers and reached
their high amplitude as a result of the whistler mode insta-
bility.

The nose frequency of the KT whistlers was approxi-
mately 10 kHz. This value is consistent with a propagation
path near L ~ 3.3 close to the base of the plasmapause (see
Figure 10).

If the Omega signals did indeed propagate within the KT
whistler duct into the southern hemisphere and reached the
satellite only after reflection from the southern hemisphere,
then the observed amplitude distribution of the Omega sig-
nals would be a result of the reflection process rather than
the amplification process. Furthermore, if the sidebands are
generated within the duct during the wave amplification pro-
cess, the sideband spacing would reflect only conditions in
the duct. Thus the lack of dependence of sideband spacing
on the wave amplitude as measured on the satellite would
not be surprising.

An alternate possibility is that the Omega signals did not
propagate into the southern hemisphere in a duct but in-
stead followed a nonducted, or partially nonducted path. In
order to test this hypothesis, a ray tracing study was car-
ried out using a model magnetosphere based upon the cold
plasma density profile of Figure 10. The details of the ray
tracing study are given in the appendix. This study in-
dicates that the high amplitude Omega signals could have
reached the satellite with the observed time delay and ap-
propriate wave normal angle through the following four step
process:

1. The waves are injected into the ionosphere in the north-
ern hemisphere near L ~ 3, with vertical wave normals.
They then propagate in a duct of enhanced ionization along
the L = 3.5 magnetic shell from 1000 km altitude up to
~ 14,800 km altitude and ~ 13°N magnetic latitude where
the wave frequency is approximately equal to the duct up-
per cutoff frequency at one half of the local electron gyrofre-
quency.

2. The waves then exit from the duct and propagate in
the nonducted mode inward to the base of the plasmapause
at L ~ 3.3.

3. Guided propagation along the base of the plasmapause
then takes place until the waves reach the conjugate iono-
sphere near L ~ 3. Wave guidance along the base is analo-
gous to that which takes place in a depletion duct [Inan and
Bell, 1977).

4. A portion of the waves guided into the conjugate hemi-
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sphere are reflected at lower altitude (< 1000 km) and prop-
agate back up to the satellite location near L ~ 3.4. A
reflection could take place through either a specular reflec-
tion in the ionosphere or a magnetospheric reflection [Edgar,
1976].

A sample ray trajectory following this propagation path
is illustrated by rays V and VI of Figure A1b. In this model,
nearly all of the Omega signals observed on the satellite out-
side the plasmapause would be reflected from the southern
hemisphere; the single exception to this rule being the rel-
atively weak signals which propagated along a direct path
similar to that of ray III of Figure A1b and arrived at L ~ 3.5
with a time delay of ~ 0.5 s. Thus the amplitude variation
of the Omega signals shown in Figure 4 would be related to
the reflection or backscatter process rather than the whistler
mode amplification process.

The two propagation models proposed above have a num-
ber of uncertainties. For instance as a result of the high
level of magnetic disturbance, the natural noise background
level at the three ground stations, Roberval (Quebec), Siple
(Antarctica) and Palmer (Antarctica) was elevated to the
extent that no whistlers were observable in the VLF wave
data. Thus it could not be established that whistlers such as
those shown in Figure 7 were genuine KT whistlers. Futher-
more, the atmospheric noise bursts associated with the light-
ning impulses which initiated these whistlers could not be
identified. Thus the group time delay of the whistler fre-
quency components at 13.1 and 13.6 kHz could not be com-
pared with the group time delay of the Omega signals at
these frequencies in order to provide evidence that these
signals had propagated over the same path.

Furthermore, the data provides no information concerning
the reflection mechanism in the southern ionosphere, and
thus both models are lacking in this regard.

In addition it is not clear that the two models are actually
different since it is not known how KT whistlers propagate
between hemispheres. However it should be noted that the
ray tracing study described in the appendix does not pro-
vide a complete explanation of KT whistler propagation,
since the waves agspciated with ray V of Figure A1b arrive
at the D region 1bsoundau'y with wave normals nearly per-
pendicular to B, and thus will not be transmitted to the
ground [Helliwell, 1965]. Transmission to the ground could
possibly occur if there exist strong horizontal gradients in
cold plasma density which can rotate the wave normal to
a vertical orientation during propagation below 1000 km.
Strong horizontal gradients are known to exist in the low
altitude plasma trough region near the base of the plasma-
pause |[Ahmed et al., 1979]. However, the inclusion of these
gradients in a ray tracing study is beyond the scope of the
present paper.

Despite the uncertainties associated with the propagation
models, either can successfully explain the observed time
delays of the Omega signals and their distribution over the
satellite track.

According to Figure 10, the spacecraft crossed the base
of the plasmapause sometime near 1632 UT, at a magnetic
latitude of ~ 4°8, and at this time the measured wave ampli-
tude was ~ 20 dB below the maximum levels near 1627 UT
(see Figure 4). This circumstance suggests that the satellite
did not penetrate the region of wave amplification at the
base of the plasmapause, possibly because the amplification
region was located at latitudes greater than 4°S or because
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it was located at a magnetic meridian different from that of
the satellite.

The east-west dimension of the duct structure that guides
KT whistlers between hemispheres has been estimated to lie
in the range of 200 to 500 km at ionospheric heights [Car-
penter, 1978]. This corresponds to a longitudinal width of
approximately 4° to 10° in the magnetic equatorial plane
at L ~ 3.3. These dimensions are comparable to those esti-
mated by Angerami [1970] for ducts of enhanced ionization.

The ISEE 1 satellite was located approximately 13°W of
the magnetic meridian of the Omega, N.D. transmitter dur-
ing the time that the highest signal amplitudes were ob-
served, thus it is possible that the KT whistler duct could
have been located close enough to the transmitter merid-
ian that the satellite did not penetrate the region of wave
amplification as it crossed the base of the plasmpause.

If it is true that the wave amplification and side band gen-
eration took place in a generation region near the equatorial
plane at the base of the plasmapause, then the maximum
amplitude of the Omega signals measured on the spacecraft

could be much lower than that in the generation region due
to wave spreading losses, as well as losses due to absorption

and scattering in the ionosphere.

The wave energy loss would depend upon the reflection or
backscatter mechanism. If the reflection were of the mag-
netospheric (MR) type [Edgar, 1976], it would take place
at relatively high altitude and very little spreading loss or
absorption loss would be expected. However, for magneto-
spheric reflection to occur the wave frequency must be less
than the maximum lower-hybrid-resonance frequency along
the ray path and the LHR frequency rarely exceeds 5 kHz
outside the plasmasphere. Thus magnetospheric reflection
appears unlikely.

A more likely mechanism is reflection from the lower iono-
sphere. Under quiet conditions, D region absorption at 0800
LT for vertically incident waves at 13.1 kHz would be at least
20 dB [Helliwell, 1965]. However under disturbed conditions
such as existed on February 16 the absorption losses could
be much larger.

Absorption losses would be reduced if the waves are
backscattered from irregularities in the E region (sporadic
E). Wave spreading losses would also be minimized if the
irregularities were horizontally stratified with a horizontal
scale large compared to the signal wave length. Such ir-
regularities could possibly have been produced through en-
hanced precipitation of energetic electrons from the magne-
tosphere during the period of magnetic disturbance. The
reflection coefficient of this type of irregularity could be rea-
sonably large. For instance consider the simple model in
which a 13.1 kHz whistler mode wave is vertically incident
on a sharply bounded horizontal surface across which the
electron density changes from N to aN. If we assume By is
approximately vertical, it can be shown that the reflection
coefficient for the wave electric field has the approximate
form: Ey/E; = (1 — a1/2)/(1 + a'/?) where Er and E, are
the reflected and incident components respectively. For a 4
to 1 increase in density, @« = 4, and approximately 10% of
the incident wave energy will be reflected.

Sideband Generation

The spectral distortion of multipath signals from VLF
transmitters due to the Doppler effect on satellites is a com-
mon phenomenon which has been reported by a number of
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workers | Walter and Angerams, 1969; Cerisier, 1973; Koons
et al., 1974; Edgar, 1976; Bell et al., 1983b]. In this effect
fixed frequency signals propagate to the satellite along a
number of separate paths and arrive at the satellite with
different values of refractive index and wave normal direc-
tion. Due to their differing Doppler shifts, these signals
appear to be separated in frequency on the moving satellite,
and apparent sideband structures can be created.

The bandwidth Aw, of the fixed frequency signal as ob-
served on the satellite is given by the Doppler relation Aw=
6k -V, where V is the satellite velocity and 6k is the spread
in wave number. Two types of spectral distortion have been
reported. One type, involving interhemispheric propagation,
is generally characterised by sidebands which are not sym-
metric in frequency about the carrier and by differential time
delays between carrier and sidebands which can be as large
as one second |Walter and Angerami, 1969; Cerisier, 1973;
Koons et al., 1974; Edgar, 1976.]

The second type, seen predominantly on short propaga-
tion paths (< 6000 km), apparently involves the scattering
of signals from irregularities in the ionosphere, and is gener-
ally characterized by sidebands symmetric about the carrier,
differential time delays of approximately 150 ms or less, and
a unique “chevron” spectral form [Bell et al., 19835].

The sidebands observed on February 16 did not exhibit
the characteristics of either of the two types of spectral dis-
tortion discussed above.

Using the expression for the whistler mode refractive in-
dex [Helliwell, 1965] it can be shown that if the sidebands
at 455 Hz were produced through a Doppler shift effect,
then the refractive index, n, and group velocity, vg, of the
sideband signals must satisfy the relation: n > 300 and
vg < ¢/200. Furthermore it can be shown that for the car-
rier: n ~ 8 and vg = ¢/10. The differential time delay
between carrier and sidebands on February 16 was gener-
ally less than 100 ms. Thus if the sidebands were produced
through a Doppler shift effect, then the values of group ve-
locity given above for the carrier and sideband waves indi-
cate that the sideband waves would have to have been gen-
erated within 150 km of the spacecraft. Local generation
of sidebands does not appear to be a viable explanation in
view of the constancy of the sideband frequencies over the
range 3.3 < L < 3.7 where the local magnetic field and
cold plasma density are known to vary significantly. Instead
it appears more reasonable to assume that the sidebands
were generated in a whistler mode duct, propagated into
the southern hemisphere, and subsequently scattered back
up to the satellite location.

The magnetospheric generation of sidebands around an
initially monochromatic VLF input wave is strong evidence
for the nonlinear nature of the interactions in the magneto-
sphere between energetic electrons and coherent VLF waves.
A number of ground-based observations of sideband gener-
ation in VLF transmitter signals propagating through the
magnetosphere in whistler mode ducts have been reported
in the past [Bell and Helliwell, 1971; Likhter et al., 1971;
Park and Chang, 1978; Helliwell, 1979; Chang et al., 1980;
Park, 1981].

This process of sideband generation has been referred to
as the whistler mode sideband instability and a number of
theoretical treatments of this instability have been given for
the case of ducted monochromatic whister mode waves [Das,
1968; Brinca, 1972; Budko et al., 1972; Nunn, 1973, 1974;
Newman, 1977; Lashinsky et al., 1980).
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In general, theory predicts that the sidebands are gener-
ated when energetic gyroresonant electrons become trapped
in the potential well of whistler mode waves and the distri-
bution function of the energetic particles becomes distorted.
In general, in the early stages of evolution of the system,
the frequency separation Af between the large-amplitude
input signal and the sidebands is proportional to (Bw)l/ 2
where By, is the wave magnetic field amplitude. According
to Brinca [1972], the sideband separation has the approxi-
mate value

(1)

where w is the angular frequency of the input wave, wgy
is the angular gyrofrequency of the resonant trapped elec-
trons, and < wr > is the ensemble average of the nonlinear
trapping frequency wr. The expression for wr has the form

(2)

where wy = £By, & is the charge-to-mass ratio of the reso-
nant electrons, k is the wave number of the input wave, and
v, is the velocity of the resonant electrons perpendicular to
By. Using the gyroresonance relation v = (wg — w)/k, (2)
can be written in the equivalent form

~t 2 WH -1
Af =t <wp>[1+ 7]

wr = [wwka_]l/2

wp = [ww(wy — w) tan ()z]l/2

3)

where a is the resonant particle pitch angle.

Expressions similar to (1) and (2) have also been derived
independently by Budko et al. [1972]. In general, sidebands
were observed with the Omega pulses over the interval 1623-
1631 UT. Throughout the period of observation, the spac-
ing of the main sideband components remained constant at
roughly 55 Hz, even though the wave electric field amplitude
varied by 40 dB. We believe that this lack of dependence of
sideband spacing upon local wave amplitude supports the
hypothesis that the sidebands were not locally generated,
but had propagated to the region of observation from some
distant generation region, near the base of the plasmapause.
(However, it should be noted that ground based observations
suggest that the sideband spacing may not depend strongly
upon the carrier amplitude [Park, 1981].)

Assuming that Brinca’s theory of sideband generation is
correct and that the waves in the interaction region are prop-
agating approximately along B,, we can use (1) to estimate
the wave magnetic field in the region of sideband generation.
Using Af ~ 55 Hz we find

Buw ~ 23/7° mxy (4)

where =< (tano)'/? >.

The quantity 5 cannot be calculated directly since no en-
ergetic particle data was available during the period of ob-
servation. However, the amplification of signals from the
Siple Station VLF transmitter has been associated with a
“pancake” or “loss cone” type of energetic electron distri-
bution function. Thus, we estimate n by assuming that
a loss-cone type of energetic electron distribution function,
i.e., F(v) ~ sin™ a/vP, exists in the interaction region near
L ~ 3.3. For the case of propagation along B,, the signals
at 13.1 and 13.6 kHz would resonate with energetic electons
of approximately 10 keV in kinetic energy parallel to B,.
For this energy, according to Anderson and Maeda [1977],
p ~ 4 and m ~ 1 near the plasmapause boundary. For these
values 7 ~ 1.2 and theory predicts that By ~ 16 m-.
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On the other hand the measured local cold plasma density
within the high amplitude region was ~ 40 cm™2 and the
inferred wave normal angle was ~ 45°, and with these values
it can be shown that the the maximum electric field value
of 0.6 mV/m corresponds to a wave magnetic field of ~12
m~.

Taking into account the finite wave normal angle, it can
be shown that the maximum electromagnetic wave energy
in the high amplitude region is approximately 7 dB below
that appropriate to the wave magnetic field given by (4). If
this difference in wave energy were due only to ionospheric
absorption then this result would argue for a reflection in the
E region where the effects of absorption would be minimized.

The theory of Brinca [1972] applies to the initial stage of
the sideband instability when the sidebands are still very
small in amplitude compared to the input wave. In this
case only two sidebands are predicted with separation given
by (1). No theory presently exists for the later stages of
the whistler-mode sideband instability when the sideband
amplitude approaches that of the input wave and the insta-
bility saturates. Conceivably, the saturation regime could
lead to the production of additional sidebands separated
from one another in frequency by the value given in (1).
Studies of sideband wave generation in electrostatic waves
indicate that subsidiary sidebands should be produced in the
later stages of the electrostatic sideband instability [Higuchs,
1980].

Computer simulation studies of the whistler mode side-
band instability have been carried out by Denavit and Su-
dan [1975]. These studies confirm the idea that sideband
waves can be generated during interactions between ener-
getic gyroresonant electrons and high amplitude whistler
mode waves. Furthermore, this work indicated that in the
saturation regime additional sideband waves could also be
generated. However, the amplitudes of the upper and lower
sidebands produced in the simulation study were generally
not similar, in contrast to the observations of February 16.
Thus there is only qualitative agreement in a general sense.

Other possible nonlinear mechanisms for producing side-
bands include the whistler-mode modulational instability
[Brinca, 1973; Karpman et al., 1974] and the whistler-mode
parametric instability {Berger and Perkins, 1976]. However,
none of these theories is general enough to predict the pres-
ence of multiple sidebands as observed in the February 16,
1983, ISEE 1 satellite data.

5. SUMMARY AND CONCLUDING REMARKS

The ISEE 1 satellite observations of February 16, 1983
show that coherent VLF signals from ground-based trans-
mitters can achieve average peak electric field amplitudes at
L ~ 3.4 near the magnetic equatorial plane as high as 0.6
mV/m, a value which corresponds to a wave magnetic field
of ~ 12 mv. According to theory, waves of this amplitude
should be quite effective in precipitating energetic electrons
from the magnetosphere [Inan et al., 1978], and in trapping
energetic electrons to produce large changes in particle en-
ergy and pitch angle [Bell and Inan, 1981).

Near 1627 UT the peak amplitude of the Omega trans-
mitter signals exceeded by 16 dB the previous maximum
measured in the same region and at the same local time.
Since the high amplitudes were observed only over a short
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segment of the orbital path, it appears that the satellite
was observing the output of a magnetospheric “hot spot” or
VLF wave amplification “cell” in which over a narrow band
of frequencies coherent waves were being strongly amplified
through the whistler mode instability.

On the basis of the group time delay and amplitude dis-
tribution of the Omega signals and the characteristics of
whistlers observed in the satellite data we have inferred that
the observed high amplitude Omega signals originally prop-
agated along the base of the plasmapause into the southern
ionosphere, from which point they had reflected back up to
the satellite.

Using a theory of whistler mode sideband generation
[Brinca, 1972] we have estimated that the Omega signal
magnetic field amplitude in the sideband generation region
was roughly 16 m ~.

Our results demonstrate that signals from ground based
transmitters can achieve high amplitudes in the magneto-
sphere. Presumably, these high amplitudes result from the
coherent whistler mode instability which, from ground based
experiments, is known to produce wave growth, sidebands,
and VLF emissions |Helliwell and Katsufrakis, 1974; Park,
1981].

An earlier satellite study of Omega transmitter signals
[Bell et al., 1981] and ground based studies of Siple Station
transmitter signals [Carpenter and Miller, 1976; Carpenter
and Bao, 1983| found that the coherent whistler mode in-
stabiliy generally was observed usually under conditions of
moderate to weak magnetic activity with Kp < 4. However
the observations reported in the present paper occurred dur-
ing a time of stronger magnetic activity with Kp ~ 5. Thus
it is not clear to what extent the high signal amplitudes
observed on February 16 are representative of wave ampli-
tudes that could be produced during periods of moderate
magnetic disturbance through the coherent whistler mode
instability.

Finally, we note that the conditions surrounding the
February 16 observations were rather exceptional: the satel-
lite was located close to the magnetic meridian of the trans-
mitter where the input wave amplitude would be highest;
the satellite was located in the dawn sector of the magneto-
sphere where strong wave-particle interactions are known to
take place; the magnetic activity was high; and the plasma-
pause was displaced to a magnetic shell equatorward of the
source region. At present we have no other observations in
which all the above conditions are satisfied. Thus we cannot
judge if these conditions are generally sufficient for the pro-
duction of high signal amplitudes and associated sideband
waves. Satellite studies presently under way should help to
answer this question.

6. APPENDIX

In order to determine the approximate location of the
wave amplification region, ray tracing studies in a model
magnetosphere were carried out using the Stanford VLF ray
tracing program. This program was written by Walter [1969)
and modified by Burtis [L1974]; it is similar to that developed
by Kimura [1966].

The cold plasma density model used is similar to that de-
scribed in Inan and Bell [1977]. In this model it is assumed
that the cold plasma density conforms to a diffusive equilib-
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Fig. Al (a). Typical ray paths for 13.1 kHz waves injected into the magnetosphere in the northern hemisphere
at 1000 km altitude with vertical wave normal direction. The cold plasma density model used is shown in Figure
10. (b) Typical ray paths for 13.1 kHz waves injected into the magnetosphere in the northern hemisphere at 1000
km altitude with vertical wave normal direction. The cold plasma density model includes a 30% density decrease

near L = 3.5.

rium model [Angeram: and Thomas, 1964] inside the plasma-
sphere and to a collisionless model outside the plasmasphere.
The cold plasma density variation across the plasmapause
has the explicit form:

Npr = G(L) + [1 — G(L)] [R“ +(1- R“)D('r)] (A1)
where  G(L) = EXP(—1/2|(L — Lp)/W|?), D(r) = EXP
[—[(T - Tc)/Hs]z] s and R= Tc/’r.

The meaning of the parameters rc, a, W, Hs, and Lp
are given in Inan and Bell [1977]. It should be noted that
equation (A4) of Inan and Bell [1977] contains typographical
errors. Equation (A1) above gives the correct variation. In
order to fit (A1) to the cold plasma profile shown in Figure
9, the parameter values were chosen: r.=7370 km, H3;=2000
km, W=0.096, L,=3.0, and ¢=3.25. In addition, the tem-
perature of the electrons and ions was chosen to be 1600°K
and the ion composition was chosen to be 50% H+ and 50%
0+ at 1000 km altitude. The equatorial cold plasma density
at the inner edge of the plasmapause at L = 3 was taken to
be 1350 cm ™3, in keeping with Figure 10.

Ray tracing studies indicated that it was not likely that
the high amplitude Omega signals observed on the ISEE
1 satellite had traveled directly to the satellite from their
injection points near the transmitter location.

Figure Ala shows typical raypaths for waves of 13.1 kHz
frequency injected in the northern hemisphere at 1000 km
altitude with vertical wave normal direction. The ray paths
are plotted only up to the point at which the group time
delay equals 900 ms. In our study the injection points were
separated by 0.1° in magnetic latitude (M) and ranged
from 34° - 65°N. Waves injected with A < 44°N propa-
gated within the plasmasphere in the nonducted mode along
paths similar to that of ray I in Figure Ala. The delay time
to the satellite along these rays was equal to the measured
time delay. None of these rays reached the position of the
high amplitude region near L ~ 3.4 and Am ~ 5°S. Waves
injected with 44°N < A, < 51.5°N were trapped on the in-
ner surface of the plasmapause near L ~ 3 and propagated
along paths similar to that of ray II of Figure Ala. The

delay time to the satellite along these rays was equal to the
measured time delay. None of these rays reached the high
amplitude region. Waves injected with Ay, > 52°N propa-
gated initially in the nonducted mode outside the plasma-
pause and reached high L shells before returning to the outer
surface of the plasmapause near L ~ 3.3 where partial duct-
ing along the plasmapause outer boundary took place. This
type of ducting is discussed in Inan and Bell [1977]. A typi-
cal ray with Ay, > 52°N is ray IV of Figure Ala, which was
initially traced from Am = 53°N. The segment of ray path
shown corresponds to a group time delay of 0.9 s.

Ray III of Figure Ala corresponds to a wave injected at
51.6°N. This was the only ray which reached the region of
high amplitude, and the group time delay to this region was
~ 0.5 s.

Rays with 51.7°N < Ap, < 51.9°N did not reach the re-
gion of high amplitude and exhibited a smooth transition
between ray type III and IV.

The results illustrated in Figure Ala suggests that the
satellite position between L = 3.7 and L = 3.5 may have
been inaccessible to vertically injected Omega signals propa-
gating directly from points in the northern hemisphere. Fur-
thermore the single ray to reach the high amplitude region
had a group delay of only 0.5 s, significantly less than the
observed delay of 0.9 s. However the 0.5-s delay is approx-
imately equal to that observed on the satellite just prior to
entry into the high amplitude region.

A much better fit to the data can be obtained by introduc-
ing a cold plasma density decrease of 30% near the L = 3.5
magnetic shell. The resulting equatorial cold plasma dis-
tribution is indicated by the dashed curve in Figure 10. A
decrease of this magnitude is consistent with the error in
determining the electron density profile at this particular
point in space.

The required density decrease is achieved by multiplying
the function Npy, in (A1) by the function Np (L), where

Np(L)=1 L<35
(A2)
Np(L) = 0.7 + 0.3EXP [—1 J2[10(L — 3.5)]2]
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The half width of this decrease is AL=0.1 or approxi-
mately 600 km in the magnetic equatorial plane.

Figure A1b shows typical ray paths for 13.1 kHz waves
injected in the northern hermisphere at 1000 km altitude
with vertical wave normal direction. The cold plasma den-
sity model used in this study includes the density decrease
given in (A2). Rays labeled I and II are identical to those
with the same labels in Figure Ala. Ray III is substantially
identical to ray III of Figure Ala, but is perturbed slightly
by the density decrease at L = 3.5 and arrives at the high
amplitude region at a slightly higher L shell but with ap-
proximately the same time delay (0.5 s).

Waves injected over the range 51.8° < Ay, < 52.3°N typi-
cally follow the path of ray V. These rays are initially guided
by the density decrease at L = 3.5 in the same manner
as ray II is guided by the density decrease at the plasma-
pause [Inan and Bell, 1977]. The frequency of the guided
waves equals one half of the local gyrofrequency near Am
~ 13° and thereafter the waves are no longer guided by
the decrease but propagate toward the outer surface of the
plasmapause where they are then guided into the southern
ionosphere along the plasmapause outer surface in the man-
ner discussed by Inan and Bell [1977]. Waves following ray
V do not reach the high amplitude region but cross the mag-
netic equator at L = 3.3 with a time delay of approximately
0.3 s and a wave normal angle in the range 20°-40°. The
total propagation time into the southern ionosphere is ap-
proximately 0.6 s, and the wave arrives at 1000 km altitude
at a latitude of 53° with a wave normal almost perpendicu-
lar to the earth’s magnetic field. From this point we assume
that some of the wave energy is reflected back up towards the
high amplitude region either by a specular reflection at the
lower boundary of the D region or by strong irregularities in
the E region. Ray VI represents the path of such reflected
waves which in the case shown have wave normals inclined
approximately 25° from the vertical at 1000 km at 53°S lat-
itude. The propagation time of ray VI from 1000 km to the
high amplitude region is approximately 0.3 s. Thus the total
propagation time along paths V and VI is approximately 0.9
s.
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