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ISIS-11 satellite observations during
Siple Station very-low-frequency wave-

injection experiments
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Space Telecomin u nications and Radio Science Laboratory
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One of the critical scientific objectives of space plasma physics
is to understand the processes that couple distinct parts of the
Earth's plasma environment, such as the solar wind, magne-
tosphere, ionosphere, and upper atmosphere. An important
source of coupling between the magnetosphere, ionosphere,
and upper atmosphere is the flux of energetic particles which
are precipitated from the Earth's radiation belts through interac-
tions with both natural and manmade very-low-frequency (VLF)

waves.
One of the main goals of the Siple Station VLF wave-injection

experiments is to obtain an understanding of wave-particle
interactions by performing controlled studies in which VLF

waves are injected into the magnetosphere and radiation belts
and in which measurements of the wave and particle properties
during the interactions are carried out both on the ground and
in space (Helliwell and Katsufrakis 1974). An important compo-
nent of these experiments has been the support provided by
various satellites, such as Explorer 45 (United States), Exos-B
(Japan), ISEE-I (United States), isis-i (Canada), isis-il (Canada),
and DE-i (United States). Correlative data from these satellites
have been used to determine the characteristics of the injected
waves and energetic particles in the ionosphere and magne-
tosphere, and to establish the importance of coherent whistler-
mode waves in magnetospheric wave-particle interactions (Bell,
man, and Helliwell 1981; Bell et al. 1983a, 1983b; Bell, Kat-
sufrakis, and James 1985; Kimura et al. 1983; Rastani, man, and
Helliwell 1985; Sonwalkar and Inan 1986).

In the coming austral summer (November 1987 to February
1988), isis-li spacecraft observations will be carried out during
Siple Station wave-injection experiments as part of a joint inter-
national research effort involving workers from the Stanford
University STAR Laboratory, the Canadian Communication Re-
search Center, the Japanese Research Institute of At-
mospherics, Radio Research Laboratory, and National Institute
of Polar Research.

One of the goals of this study is to understand a newly
discovered phenomenon in which high-amplitude electroststic

waves are stimulated by electromagnetic VLF whistler-mode
waves propagating at low altitudes (less than 8,000 kilometers)
(Bell and Ngo in press a). This phenomenon is very common at
all latitudes, and theoretical models (Bell and Ngo in press b)
indicate that the electrostatic waves are stimulated when the
input electromagnetic waves scatter from small scale (less than
100 meters) magnetic-field-aligned plasma density irreg-
ularities. It is believed that the stimulated electrostatic waves
produce enhanced pitch angle scattering of energetic radiation
belt particles, resulting in enhanced particle precipitation. The
precipitated flux produces plasma density enhancements in the
ionosphere, and upward diffusion of thermal plasma from the
regions of enhanced ionospheric plasma density creates addi-
tional magnetic-field-aligned plasma density irregularities in
the magnetosphere. Thus, a feedback system is established
which tends to maintain plasma density irregularities and
which provides coupling between the magnetosphere,
ionosphere, and upper atmosphere.

An example of the electrostatic wave stimulation phe-
nomenon is shown in the figure. This data was acquired on the
isis-il spacecraft at a time when the subsatellite point was within
1,000 kilometers of Siple Station. The upper spectrogram of
panel a shows six swept-frequency transmissions from the Si-
plc Station transmitter as observed on the spacecraft. The lower
part of a shows the signals as transmitted atSiple. Because of the
presence of stimulated electrostatic waves, the bandwidth of the
received signals lies in the range 200-500 hertz, approximately
two orders of magnitude larger than the nominal bandwidth of
the transmitted signals.

The upper part of panel b shows six swept-frequency trans-
missions from Siple at a slightly later time when no electrostatic
waves were stimulated. The lower part of b shows the signals as
transmitted at Siple. It is clear that the bandwidths of the trans-
mitted and received signals are comparable. Theory (Bell and
Ngo in press b) indicates that the electrostatic waves can be
stimulated only when the frequency of the input wave is greater
than the local lower-hybrid-resonance (LHR) frequency
(Laaspere, Johnson, and Semprebon 1971). This requirement is
satisfied for the data shown in the upper spectrogram of panel a,
where the measured local LHR frequency is less than 3 kilohertz.
However, the requirement is not satisfied for the data shown in
the upper spectrogram of panel b, where the measured local
LHR frequency is higher than the frequency of the Siple trans-
mitter pulses.

Wave injection experiment planned for the 1987-1988 austral
summer will improve our understanding of the electrostatic
wave stimulation phenomenon and the magnetospheric-
ionospheric upper atmospheric coupling which results from it.

This research was supported in part by National Aeronautic
and Space Administration grant NGL 05-020-008, and in part by
National Science Foundation grant DPP 86-13783.
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An example of the electrostatic wave stimulation phenomenon as observed on the isis-ii satellite, a. The upper panel shows signals from the
Siple Station transmitter and stimulated electrostatic waves as observed on the spacecraft. All signal frequencies are above the local 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.
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A possible identification of very-low-
frequency wave-induced precipitation
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Active experimentation on very-low-frequency (VLF) wave-
particle interactions (Helliwell and Katsufrakis 1979) has been
the primary purpose of research at Siple Station and many
important new VLF wave phenomena have been discovered as a
result of that research. While ionospheric precipitation effects
due to triggered emissions and whistlers have been observed,
precipitation effects directly attributable to the Siple VLF
transmitter have not. The range of particle energies expected to
be precipitated by the Siple transmitter extends from approx-
imately 300 electronvolts to 20 electronvolts (Helliwell 1983).
The high-frequency sounding radar installed at Siple Station
can effectively monitor the whole ionosphere from approx-
imately 80 to 500 kilometers, therefore offering the potential for
detecting wave-induced precipitation effects over the same
range of energies.

The mechanism causing particle precipitation in the lower
ionosphere is a gyroresonant interaction between radiation belt
particles and electromagnetic waves, which results in pitch
angle scattering of the energetic particles (Kennel and Petschek
1966). A variety of sources for the electromagnetic waves exists,
such as whistlers, triggered VLF emissions, or signals from such
manmade sources as VLF transmitters or the 50-60 hertz-fre-
quencies radiated by electric power grids. Energetic electrons
precipitated by this mechanism can cause secondary ionization,
optical emissions, X-ray bursts, and heating in the ionosphere
over the altitude range 80-200 kilometers [see e.g., Rosenberg
et al. (1971, 1981), Helliwell et al. (1973, 1980), Doolittle (1980),
Doolittle et al. (1978), Doolittle and Carpenter (1983), Carpenter
and man (1987), and man and Carpenter (1987)].

Doolittle (1982) has shown that wave-induced precipitation
will cause a signature in the ionosphere which can be detected

using a phase coherent high-frequency sounding radar. One of
the results of his work shows that a perturbation in the phase of
a totally reflected high-frequency signal can be expected, if
ionization due to wave-induced precipitation is produced along
the reflected signal ray path. This signature can be detected by
measuring the rate-of-change of phase of a reflected echo at a
fixed sounding frequency over a suitable interval of time.

As a consequence of the density dependence of the refractive
index of the ionospheric plasma, changes in the phase of an
ordinary mode echo resulting from changes in the local density
along the path will be in the opposite sense from the density
change. For an extraordinary mode echo, the situation is some-
what more complex; however, the phase will also change in the
opposite sense from the density change when the probing
signal frequency is less than the electron gyrofrequency of the
medium (Doolittle 1982). The change of phase will last as long as
the density along the path is being modified.

Until recently, no evidence for wave-induced precipitation
had been discovered in the Siple Station sounding radar data
although one whistler wave-associated event had previously
been found in high-frequency data from Halley, Antarctica (Jar-
vis unpublished data). Several instances of a large decrease of
rates-of-change of phase were discovered within a 4.2 mega-
hertz fixed-frequency sounding which began at 1151:36 univer-
sal time on 13 November 1982. The observations were recorded
during the recovery phase of a magnetospheric substorm,
which is consistent with the conditions during which all pre-
vious correlations have occurred (Doolittle 1982). On 13
November, the auroral electrojet index (A1) exceeded 1,000
nanoteslas at 0950 universal time and total signal absorption
(blackout) occurred at Siple Station between 1005 and 1120 uni-
versal time.

Six events characterized by a large negative excursion of rate-
of-change of phase and followed by a slow increase to a positive
value were found and five of those events occurred during a 10-
minute interval of Siple Station VLF transmissions. Note that the
change in rate-of-change of phase began at the same time the
Siple transmissions started. For five of these events, the mean
decrease of rate-of-change of phase was - 250° per second
whereas the largest observed coherent decrease of rate-of-
change of phase in data recorded prior to or after the events in
question was a factor of three smaller. In figure 1, the rate-of-
change of phase of 4.2 megahertz echoes and the frequency
format of the Siple VLF transmissions has been displayed as a
function of time from the start of the sounding (1151:36 univer-
sal time). Although not shown here, whistlers were recorded at
Palmer Station (L equals approximately 2.4) during the Siple
key-down periods at t = 146, 163, 174, 208, and 225 seconds
(Carpenter personal communication). Four clear examples of a
rate-of-change of phase decrease are evident in the data and
these four plus a less definitive fifth event (at t 225) have been
denoted in figure 1. Note that each value of the rate-of-change of
phase is a three-point running mean, except between events.
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