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Ducted whistler propagation beyond
the plasmapause
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Lightning flashes regularly give rise to very-low-frequency
(VLF) whistler signals that are observed in the opposite hemi-
sphere after propagation along geomagnetic field aligned paths
through the Earth's magnetosphere. Most of these paths are
found to have maximum equatorial radii less than about 4 Earth
radii and are thus inside the typical location of the region of
steep density gradients called the plasmapause, where the plas-
ma density drops sharply by one to two orders of magnitude
with increasing distance from the Earth. Whistlers are in fact
observed outside the plasmapause; it is the simultaneous prop-
agation on both sides of this boundary that provided the first
extensive descriptions of the plasmapause phenomenon (Car-
penter 1966). However, the circumstances under which propa-
gation occurs in the outer region are poorly known and are the
subject of a recent study. These circumstances are of interest for
many reasons, including their relevance to controlled wave
experiments and the fact that whistlers in the outer region can
act to trigger extended bursts of VLF emissions. These emissions
have in turn been observed to induce particle precipitation into
the lower ionosphere, such that the phase and amplitude of
subionospheric VLF communication signals are perturbed (Din-
gle and Carpenter 1981).

In the study, we have used whistler data published pre-
viously, as well as recent data sets from Siple, Antarctica. The
figure gives a qualitative indication of results obtained for the
Siple longitude during periods of moderate magnetic distur-
bance. The equatorial regions outside the plasmapause that are
regularly penetrated by observed whistlers are shown by shad-
ing. Near local dawn there are two regions of activity, one just
outside the plasmapause boundary and the other within a band

that is separated from the plasmapause by a "gap" of about
0.5-1.0 Earth radii in extent. In the afternoon sector, the gap
disappears and observations occur over a comparatively wide L
range and with highest probability. In contrast, ground-to-
ground propagation is essentially absent in the dusk to mid-
night sector, unless a deep quieting trend is underway.

A special study was made of occurrence rates near local
dawn, since that time sector is known to be characterized by
relatively high levels of natural wave activity and of wave-
induced burst precipitation of particles into the ionosphere
(e.g., Helliwell et al. 1980). It was found that in the synoptic
whistler recordings, which sample activity 1 minute every 5
minutes or 1 every 15 minutes, propagation on one or more
paths outside the plasmapause was detected on roughly one
half of 45 days surveyed from the austral winters of 1977 and
1982. This agrees well with the results from the limited earlier
reports (Carpenter 1968).

The equatorial radius of the outermost observed path on a
given day was scaled and found to show a steep falloff at about
5.5 Earth radii. This appears to explain recent results from the
SCATHA satellite (Koons 1985), in which no whistlers were ob-
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Cross section of the magnetosphere showing equatorial distance as
a function of magnetic local time (MLT). Shading indicates those
regions beyond the plasmapause that are regularly penetrated by
whistlers observed near the meridian of Siple, Antarctica.
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served in the range 5.5-7.0 Earth radii during sampling extend-
ing over a year.

The physics of this type of propagation remain poorly under-
stood and need further study. The gap and the lack of propaga-
tion prior to midnight may in part be due to conditions of low
plasma density (Higel and Wu 1984) and processes which may
inhibit the formation of density enhancements that are capable
of trapping and guiding the waves. The favorable conditions in
the afternoon appear to depend upon the relatively moderate
plasma convection velocities of this region, as well as the higher
ambient plasma density levels [electron densities of order 5-10
per cubic centimeter, compared to values of order 0.5-1.0 per
cubic centimeter prior to midnight (Higel and Wu 1984)]. The
relatively high activity levels found at 75°W do not appear to
extend to all longitudes. The reasons for this are not well known
and are currently the object of a special study by the SCAR upper
atmospheric physics working group.

This research was supported in part by National Science
Foundation grants DPP 83-17093 and DPP 83-18508.
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ISEE-1 satellite observations during
Siple

Station very-low-frequency wave-
injection experiments
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The primary purpose of the Siple Station very-low-frequency
(VLF) transmitter is to inject coherent VLF waves into the
ionosphere and magnetosphere to understand nonlinear inter-
actions between coherent VLF waves and the energetic particles
which populate the Earth's radiation belts (Helliwell and Kat-
sufrakis 1974). It is commonly believed that interactions be-
tween VLF waves, both natural and manmade, and the radiation
belt particles play an important role in determining the lifetime
and pitch angle distribution of these particles. Consequently
these interactions provide an important mechanisms by which
energy is tranferred from the Earth's magnetosphere to the
ionosphere.

Because of the basic unity of plasma processes throughout the
universe, knowledge gained as a result of the wave-injection
experiments may eventually be applicable to other planetary
and stellar plasma systems. For example, a strong similarity has
been shown to exist between the mechanisms of VLF chorus
emission in the magnetospheres of the Earth and Jupiter (Coro-
niti et al. 1984; man, Helliwell, and Kurth 1983). Furthermore,
VLF wave-induced pitch angle scattering has been proposed to
explain the depletion of energetic ions outside the orbit of lo in
the Jovian magnetosphere (Thorne 1982).

One of the main goals in the Siple Station VLF wave-injection
experiments is to understand the mechanism by which VLF

emissions are stimulated in the magnetosphere. In the simula-
tion process, which is believed to take place near the magnetic
equatorial plane, the perturbing waves may be amplified by as
much as 30 decibels, and the resonant energetic electrons may
be scattered into the atmospheric loss cone, eventually pre-
cipitating into the lower ionosphere to produce bremsstrahlung
X-rays, optical emissions, and plasma density enhancements
(Helliwell and Katsufrakis 1974; Helliwell et al. 1980; Rosen-
berg, Helliwell, and Katsufrakis 1971).

To understand the stimulation process, it is necessary to
know the characteristics of the waves and particles in the inter-
action region. Thus, an important component of the various
Siple Station VLF wave-injection experiments has been the sup-
port provided by various satellites, such as Explorer 45 (USA),

Exos-B (Japan), ISEE-1 (USA), ISIS-1 (Canada, ISIS-2 (Canada),
and DE-1 (USA). Correlative data from these satellites have been
used to determine the characteristics of the injected waves and
energetic particles in the ionosphere and magnetosphere 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; Kimura et al. 1983.)

The figure shows an example of recent data acquired by the
Stanford University instrument on the ISEE--1 satellite during
Siple Station VLF wave-injection experiments. In this example,
pulses from the Siple transmitter at approximately 3.5 kilohertz
are observed to trigger a series of strong VLF emissions, each of
which endures for approximately 2 seconds. The observations
are part of a new generation of wave-injection experiments
using the new VLF transmitter at Siple Station. The purpose of
these new experiments is to understand the mechanism which
produces VLF emissions in the region of the magnetosphere
exterior to the plasmasphere. It has been known for some time
that VLF emissions triggered outside the plasmasphere often
differ spectrally and in intensity from those triggered inside the
plasmasphere (Bell et al. 1981). The new transmitter has a radi-
ated power 3 decibels higher than the earlier transmitter. It is
believed that the stronger signals from the new transmitter will
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