
result of waveguide cutoff properties of the particular modes
excited at frequencies less than 3 kilohertz.
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Figure 2. Spectrogram (0 to 10 kilohertz vs. time) from Halley Station
showing Siple Station transmissions with fundamental near 2.5
kilohertz and third harmonic near 7.5 kilohertz. The faint signals
near 2 kilohertz at approximately 13, 33, and 53 seconds were de-
layed by approximately 7 seconds due to 2-hop propagation through
the magnetosphere. ("f" denotes "frequency:' "kHz" denotes "kilo-
hertz:' "s" denotes "seconds:' "UT" denotes "universal time:')

The results of these experiments suggest that, because radia-
tion near 7.5 kilohertz occurs most efficiently along the axis of
hte transmitting dipole, the new north-south antenna (sched-
uled to begin operation in early 1986) could be used to direct
such signals northward while using the east-west antenna (or
both antennas in combination) to transmit simultaneously up-
ward into the magnetosphere. By appropriate phasing of the
two antennas, transmissions near 7.5 kilohertz could be
beamed in any desired horizontal direction, both to excite
lower-latitude whistler mode paths off the Siple Station merid-
ian and to probe selected regions of the Earth-ionosphere wave-
guide searching for particle precipitation effects (Carpenter et
al. 1985). The signal would be received, in the first case, by
suitably located receivers in the conjugate region and, in the
second case, by Southern Hemisphere stations such as Halley,
Palmer, or South Pole.

This work was supported in part by National Science Founda-
tion grants DPP 82-17092 and DPI' 82-18219.
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Large-amplitude oscillations of
subionospheric very-low-frequency

signals received in Antarctica

D. L. CARPENTER

Space, Telecommunications and Radioscience Lab
Stanford University

Stanford California 94305

The phase and amplitude of very-low-frequency signals
propagating on long paths in the spherical cavity formed by the
Earth and ionosphere are known to be sensitive to ionospheric
perturbations near the nighttime, approximately 85-kilometer
upper reflection altitude of the waves (e.g., Potemra and Rosen-
berg 1973; Westerlund and Reder 1973). A major source of such
perturbations and of corresponding fluctuations in very-low-
frequency signal phase and amplitude is particle precipitation
from the overlying magnetosphere. At mid- to low latitudes,
particle precipitation is frequently temporally isolated and
burstlike, leading to isolated amplitude and phase changes
(e.g., Carpenter and LaBelle 1982; man et al. 1985). At higher
latitudes, it is often noisy and prolonged; the corresponding
signal changes frequently last for several hours and tend to be

highly irregular. In the case of the temporally isolated bursts,
the physics of the process (the "Trimpi effect") are tentatively
understood in terms of the particle-scattering action of magne-
tospherically propagating waves, such as whistlers, and the
temporary creation of regions of excess ionization near the 85-
kilometer altitude (Helliwell, Katsufrakis

'
and Trimpi 1973). In

the case of the more continuous activity, physical models are
less well developed.

In this paper, we report a new feature of subionospheric
signal amplitude records in which the amplitude exhibits com-
paratively regular fluctuations that last for periods ranging from
a few minutes to an hour or more. This phenomenon is par-
ticularly well defined in Siple Station records. Figure 1 shows
examples of the fluctuations in Siple Station amplitude records
of signals from NAA (at Cutler, Maine, 17.8 kilohertz) and NSS (at
Annapolis, Maryland, 21.4 kilohertz). The activity is well de-
fined near 0745 universal time (upper panel) and just before
0900 universal time (lower panel). Figure 2 provides a map of
the Siple Station area, showing great circle paths from several
very-low-frequency/low-frequency signal sources.

The fluctuations are called the "zigzag" effect, because they
are more or less symmetrical about the amplitude maxima and
minima and frequently exhibit a roughly triangular, or
sawtooth-like shape, rather than a sinusoidal one. Periods of the
fluctuations are typically in the 10- to 30-second range, while
the amplitudes vary from a few percent to approximately 50
percent of the mean level.
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Figure 1. Amplitude records of NAA (17.8 kilohertz) and NSS (21.4
kilohertz) signals received at Siple Station on 1 August 1982. (See
map in figure 2.) Well defined, regular fluctuations on both signals
may be seen near 0750 universal time and 0855 universal time. ("A"
denotes "amplitude:' "V/m" denotes "microvolts per meter:' "UT"
denotes "universal time:' "kHz" denotes "kilohertz:' "NAA" is a
transmitting station in Cutler, Maine. "NSS" is a transmitting station
In Annapolis, Maryland.)

Figure 2. Map showing Sipie (si) and Palmer (PA) Stations, as well as
great circle paths to a number of very-low-frequency/low-frequency
signal sources. ("km" denotes "kilometer:' "kHz" denotes "kilo-
hertz:' "SP" denotes South Pole Station. "NAA" Is a transmitting
station in Cutler, Maine. "NSS" is a transmitting station in An-
napolis, Maryland. "NPM" is a transmitting station In Hawaii.)

The events tend to be observed during the austral winter,
before dawn (with reference to the conjugate hemisphere) and
after periods of disturbance, as evidenced by magnetic pulsa-
tion activity. The zigzag events are more common at Siple Sta-
tion than at the lower-latitude Palmer Station (see figure 2). This
is illustrated in figure 3, which shows strong zigzag activity on
three signal sources at Siple Station (below), while the simul-
taneous records from Palmer Station (above) show no evidence
of the oscillations.
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Figure 3. Amplitude records showing simultaneous occurrence at
Siple Station of the zigzag effect on three transmitter signals. (See
map in figure 2.) Palmer Station (upper panel) recording of ampli-
tudes of 37.2 kilohertz, of NPM, and of NSS shows no evidence of this
effect. Sipie Station (lower panel) recording of the same three sig-
nals shows the zigzag effect. ("A" denotes "amplitude:' "V/m"
denotes "microvolts per meter:' "kHz" denotes "kilohertz:' "UT"
denotes "universal time:' "NSS" is a transmitting station in An-
napolis, Maryland. "NPM" is a transmitting station In Hawaii.)

Study of the mechanism of the oscillations is complicated by
the fact that the ionospheric perturbations giving rise to the
modulation of the signal may be occurring at a distance of
several hundred kilometers from Siple. Extremely regular
pulsating precipitation into the ionosphere might be suspected
as a mechanism, but experience with burst precipitation of
particles into the lower ionosphere indicates that recovery times
for excess ionization near approximately 85 kilometers altitude
are usually longer than approximately 6 seconds, a frequently
observed half period in the zigzag events. The possibility of a
precipitation mechanism requires further investigation,
however. Other possibilities are temporal variations in
ionospheric reflection height, such as might be produced by a
fluctuating electric field, or a drifting pattern of spatial variations
in the reflection height. In any case, multiple wave modes,
differently affected by the process, would seem to be required
to explain the large amplitude changes.

This work was supported by National Science Foundation
grants DPP 83-17092 and DPP 82-17820.
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A new type of very-low-frequency
emission triggered at altitudes below
1,400 kilometers by signals from Siple

Station

T.F. BELL and J.P. KATSUFRAKIS

STAR Lab
Stanford University

Stanford, California 94305

H.G. JAMES

Communications Research Centre
Shirley Bay, Ottawa

Ontario, Canada K2H 852

A new type of triggered very-low-frequency (VLF) emission
has been discovered in ISIS-2 satellite data acquired at Siple
Station for the period of April through October 1983 during
joint VLF wave-injection experiments involving the Communi-
cations Research Centre at Ottawa, Canada, and the Stanford
University STAR Laboratory. The joint wave-injection experi -
ments have four main components: (1) broadband VLF/ex-
tremely-low-frequency (ELF) receivers on the ISIS-1 and ISIS-2
satellites; (2) a broadband (1 to 20 kilohertz) controllable VLF
transmitter located at Siple Station, Antarctica (Helliwell and
Katsufrakis 1974); (3) various VLF navigation and communica-
tion transmitters, such as those of the world-wide Omega net-
work; and (4) ground stations in the Antarctic and Canada.

The main goal of these and similar experiments is to under-
stand interactions between coherent VLF waves and energtic
particles in the magnetosphere and ionosphere (Helliwell and
Katsufrakis 1974; McPherson et al. 1974; Dowden et al. 1978;
Bell, man, and Helliwell 1981; Bell et al. 1983-a; Kimura et al.
1983). Sources of the coherent waves involved in these studies
include VLF transmitters, large-scale power grids, whistlers,
and other natural coherent VLF signals.

The new type of VLF emission is triggered by Siple transmitter
pulses as they propagate through the ionosphere and low-
altitude magnetosphere up to the ISIS-2 satellite at 1,400 kilo-
meters altitude. It is the only type of emission known to be
triggered at low altitudes by manmade signals. Other triggered
VLF emissions apparently are generated at high altitudes (great-
er than 6,000 kilometers) near the magnetic equatorial plane
(Helliwell and Katsufrakis 1974; Bell et al. 1981).

Figure 1 shows high time-resolution data of the frequency
and amplitude of a Siple Station transmitter pulse during typ-
ical emission events. The upper panel shows a 1.5- to 4.5-
kilohertz spectrogram of the pulse. The middle panel shows the
pulse amplitude in a 300-hertz bandwidth centered on the
instantaneous frequency of the pulse. The lower panel shows
the frequency-time format of the pulse. Arrows along the time
axis of the spectrogram in the upper panel show the location of
four emission events. (A few others, somewhat weaker, are not
marked.) The events are characterized by impulsive increases in
signal bandwidth and amplitude which endure for roughly 20
to 30 milliseconds (based on a 10-decibel amplitude decrea-
ment). In general, bandwidth increases can reach as much as I
kilohertz, and amplitude increases can exceed 20 decibels. In
the examples shown, the maximum bandwidth increase of the
pulse is roughly 700 hertz, and the amplitude of the emission is
roughly 10 to 20 decibels above the signal level immediately
preceding and following the events. During the duration of
each of the emission events (20 to 30 milliseconds), the satellite
moved approximately 150 to 200 meters.
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Figure 1. Typical example of a Siple Station transmitter signal trig-
gering impulsive very-low-frequency emissions. ("UT" denotes
"universal time:' "f" denotes "frequency." "kHz" denotes "kilo-
hertz." "A" denotes "amplitude:' "dB" denotes "decibel.")

Another unique feature of the new type of triggered emission
is that it has been observed to occur only in the subauroral
region outside the plasmapause where the cold plasma density
is relatively low. Most other VLF emissions triggered by signals
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