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The Siple Station very-low-frequency (VLF) transmitter has
been used in the past to gain knowledge concerning wave-
particle interactions in the ionosphere and magnetosphere (Bell
et al. 1983;, Helliwell and Katsufrakis 1974). This knowledge is
essential in understanding processes which govern the life-
times of energetic particles in the Earth's environment.

While most of the data from Siple Station VLF wave-injection
experiments have been acquired at ground stations (notably
Roberval Station, which is magnetically conjugate to Siple Sta-
tion), in situ satellite measurements have been very important in
determining the properties of both the injected VLF waves and
the interacting particles (Bell, man, and Helliwell 1981; Bell et
al. 1983; Kimura et al. 1983). In the past, data acquired on both
high- and low-altitude satellites have indicated that most impor-
tant VLF wave-particle interactions took place at high altitudes
close to the magnetic equatorial plane.

However, recent low-altitude VLF wave-injection experiments
involving the Siple Station VLF transmitter, the Omega naviga-
tional transmitter in North Dakota, and the three satellites isis-i
(Canada), isis-11 (Canada), and ISEE-1 (United States) have dem-
onstrated the existence of a new phenomenon in which initially
narrowband (approximately 1 hertz) signals from ground-
based VLF transmitters undergo a significant frequency band-
width increase as they propagate through regions where ener-
getic electron precipitation is thought to take place. The effect
has been observed at satellite altitudes in the range 700-3,800
kilometers, on both upgoing and downgoing signals. The af-

fected transmitter signals lie in the range 4-20 kilohertz and the
frequency bandwidth can increase to as high as 10 percent of the
original frequency of the input signal. The bandwidth increase
occurs only in the presence of impulsive VLF hiss and/or a lower-
hybrid-resonance (LHR) (Laaspere, Johnson, and Semprebon
1971) noise band with an irregular lower cutoff frequency, and
only for signals whose frequency lies above the local LHR

frequency at the satellite location. Dispersion in the compo-
nents of the affected pulses suggests that the bandwidth in-
creases may be due to a Doppler shift effect in which the initial
signal scatters from plasma density irregularities at low al-
titudes and couples into quasi-electrostatic modes of short
wavelength. The large Doppler shift associated with these
short-wavelength modes produces a significant increase in the
bandwidth of the signal as observed on a moving satellite. Since
impulsive VLF hiss and irregular LHR noise bands have been
linked to energetic (E < 1 kiloelectronvolt) electron precipitation
in the past, it appears likely that the irregularities which scatter
the injected signals are produced by precipitating electrons (Bell
et al. In Press).

Satellite data acquired near the Omega, North Dakota, trans-
mitter indicate that the electric field intensity of spectrally
broadened pulses is approximately 5 decibels greater than that
of pulses in nearby "normal" regions.This finding suggests that
the spectral broadening mechanism may involve a plasma in-
stability which produces wave growth during the scattering
process. The free energy necessary for this instability is most
probably supplied by the precipitating electrons.

To study this new type of wave-particle interaction, special
telemetry equipment was installed at Siple Station in January
1982 so that VLF data from the isIs-i and isis-ii satellites could be
recorded at Siple when the subsatellite points of these space-
craft were within a few thousand kilometers of the station.
Short-path transmissions to the isis satellites were then made to
determine the dependence of the spectral broadening effect
upon the amplitude and frequency of the injected waves.

Examples of the spectral broadening effect are shown in
figures 1 and 2. Figure 1 shows a series of swept-frequency Siple
transmitter signals as received on the Isis-il satellite at a time
when the subsatellite point was near Siple Station. The upper
panel of part (a) shows six swept-frequency transmissions from
Siple when the local LHR frequency at the satellite was below 3
kilohertz. The lower panel of (a) shows the signals as transmit-
ted at Siple. The bandwidth of the received signals lie in the
range 200-500 hertz, approximately two orders of magnitude
larger than the nominal bandwidth of the transmitted signals.
The upper panel of part (b) shows six swept-frequency trans-
missions from Siple when the local LHR frequency was above the
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Figure 1. An example of the spectral broadening effect as observed on the isis-ii satellite. (a) The upper panel shows spectrally broadened
signals from the Siple transmitter as observed on the spacecraft. All signal frequencies are above the local lower-hybrid-resonance (LHR)
frequency. The lower panel shows the signals as transmitted at Siple Station. (b) The upper panel shows normal signals from the Siple
transmitter as received on the spacecraft. All signal frequencies are below the local LHR frequency. The lower panel shows the signals as
transmitted at Siple Station. ("UT" denotes universal time.)

highest transmitted frequency. The local LHR frequency is equal
to the lower cutoff frequency of the LHR noise band and is
marked by an arrow on the frequency axis at the beginning of
the spectrogram (Laaspere et al. 1971). The lower panel of (b)
shows the signals as transmitted at Siple. It is clear that the
bandwidth of the transmitted and received signals are
comparable.

Figure 2 shows an example of isis-i data at a time when the
subsatellite point was near Siple Station. The top panel shows
the wave electric field spectrum in the 0-10-kilohertz range. The
middle panel shows a portion of these data with higher fre-
quency resolution. The bottom panel shows the transmitter
format as recorded at Siple Station. At this time the transmission
format consisted of a series of pulses of 1-second duration that
were stepped in frequency to create up and down "staircases."
During the first 10 seconds, the pulses exhibit a narrow band-
width (less than 10 hertz), and each pulse is followed by a two-
hop whistler-mode echo of about 3-second duration which also

1983 REVIEW

exhibits a narrow bandwidth. Slightly past the 10-second mark,
the lower cutoff frequency of the [FIR noise band jumps in value
to approximately 4 kilohertz and becomes irregular. Starting at
this point, the received signals as well as the two-hop echoes
exhibit significant spectral broadening. Following the 25-sec-
ond mark, two pulses below the irregular MR noise band can be
seen to exhibit a normal bandwidth. This example shows that
upward and downward propagating signals can exhibit spectral
broadening at the same time.

Data such as those shown in the figures will allow a deter-
mination of the signal bandwidth as a function of wave ampli-
tude and frequency and will allow the measurement of the wave
intensity increase which occurs in regions of spectral broaden-
ing. Knowledge of these characteristics of the spectral broaden-
ing effect will aid our understanding of wave-particle interac-
tions in the ionosphere and low-altitude magnetosphere.

This research was supported under National Aeronautics and
Space Administration grant NGL 05-020-008.
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Figure 2. An example of the spectral broadening effect as observed on the isis-i satellite. The upper panel shows a 0-10-kilohertz spectrogram
In which the transmitter signals appear In "stairstep" format. The middle panel shows the same signals with higher frequency resolution. The
lower panel shows the transmitter format as recorded at Siple Station. The spectral broadening of the transmitter signals begins near the 10-
second mark as the lower-hybrid-resonance (LHR) noise band becomes irregular. ("UT" denotes universal time.)
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