
Both satellites are equipped with broadband VLF receivers.
One of the VLF receivers on ISEE-1 is provided by Stanford
University. This receiver provides signal filtering, amplifica-
tion, gain control, switching calibration, and other functions
necessary to transfer VLF signals in the 1- to 32-kilohertz
range from the preamplifier to the analog telemetry system.

The receiver is capable of processing the incoming 1- to
32-kilohertz signal from the preamplifier through any com-
bination of five broadband octave-width channels and one
narrowband channel at 6 kilohertz. The gain of each channel
is adjustable in 10-decibel steps over a 0- to 70-decibel range
by ground command or by automatic signal-level sensing.
The VLF receiver on the ISEE-2 satellite is provided by the
University of Iowa and consists of a broadband (1-10
kilohertz) receiver with automatic gain control.

Early results from the IsEE-1 wave-injection experiment
indicate that non-ducted waves injected by ground transmit-
ters are more widespread than suggested by previous
measurements (man et al., 1977). For instance, signals from
the Siple transmitter have been observed inside the
plasmasphere near the geomagnetic equator on magnetic
field lines between L = 2 and L = 5 (where L is the Mc Ilwain
parameters [Mcllwain, 1961] over the geographic longitude
range 25°W. to 100°W). The amplitude of these signals
ranges from 5 to 50 microvolts per meter. Using raytracing
calculations and diffusive equilibrium models of the cold
plasma, the wave-normal direction and the refractive index of
these non-ducted signals are computed and the magnetic
field strengths of these waves are derived. The derived
amplitudes range from 1 to 20 milligamma. Coherent waves
of this magnitude cart be expected to produce strong pitch-
angle scattering of energetic electrons in the magnetosphere
(man a al., in press).

An example of the reception of Siple signals on the
satellite is shown in the figure. The transmissions to the
satellite are made with a specially designed format involving,
at the times shown, frequency shift keying with 1-second-long
pulses at 5 and 6 kilohertz and variable length pulses at fre-
quencies 5.2 and 5.8 kilohertz. The format is designed to
probe different aspects of the wave propagation and the wave-
particle interaction processes. The upper and lower panels
show receptions on two different days at approximately the
same location in space and also at about the same local time.
In the upper panel the Siple pulses are distinctly visible, with
pulse lengths equal to the transmitted ones, indicating that
the signals arrive at the satellite through a single mag-
netospheric path. The lower panel shows a case in which the
pulses are smeared out in time, probably caused by echoing
between hemispheres and/or the presence of more than one
path from the ground to the satellite.

The lsEE-1 satellite measurements of signals from the Si-
pie transmitter and other ground transmitters will continue
through 1980. We plan to use these measurements to map out
regions in the magnetosphere where VLF emissions are pro-
duced and to measure the correlation between the input wave
characteristics and the energetic particle characteristics.
These measurements should provide important insights into
the physics of wave-particle interactions in the mag-
netosphere and give us a better understanding of the mag-
netospheric plasma surrounding the earth.

Construction of the Stanford University VLF receiver for
the LSEE-1 spacecraft was supported by the National Aero-
nautics and Space Administration under grant NAS 5 20871.
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Wave-induced particle
precipitation effects at Siple

Station
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and D. L. CARPENTER

Radioscience Laboratory
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Stanford, California 94305

In 1977 several innovations in Siple Station field opera-
tions were made, particularly in studies of wave-induced par-
ticle precipitation. This phenomenon involves very-low-fre-
quency (VLF) waves that are injected into the earth's
ionosphere and overlying magnetosphere from lightning
sources or ground transmitters. The waves propagate along
the earth's magnetic field lines to geocentric distances of
several earth radii, growing in amplitude near the magnetic
equator through a resonant interaction with energetic
charged particles. At high amplitude, the waves may then in-
teract strongly with particles encountered at points farther
along the path, scattering some of these into trajectories that
carry them down into the ionosphere. Here they may collide
with ions or neutral particles, creating fresh ionization, X-
rays, and optical emissions.

The study of such effects, which are of fundamental in-
terest both in radiocommunications and in solar-terrestrial
physics, has been a continuing pursuit at Siple Station and its
conjugate, Roberval, Quebec. Prior to 1977, important
progress had been made in two areas: the detection of precipi-
tation-induced amplitude perturbations in subionospherically
propagating VLF signals (Helliweli et al., 1973), and the detec-
tion of one-to-one correlations between bursts of VLF noise
and bursts of x-rays recorded at balloon altitudes (Rosenberg
etal., 1971). Because such effects are difficult to observe, a
new approach to the problem was needed.

204 ANTARCTIC JOURNAL



my

(b)

VLF 2-4 kHz
0.0-

kHz

1350	 1351	 1352	 1353 UT

Figure 1. Siple Station chart record showing photometric
bursts (a) which are correlated with bursts of VLF emmisions
(b.) Character of VLF is seen in a spectrogram (C) to be dis-

crete rising emissions.
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Figure 2. Field chart record showing photometric variations
(a) which are correlated with ULF magnetic pulsation pearls
(b). (Photometric response lags the ULF by about 45 seconds.
The lower panel has been shifted to the right by that amount

to accentuate the one-to-one correspondence.)

The basic strategy for the 1977 search for wave-induced
particle precipitation effects was set out in a written opera-
tions plan. An emphasis in the field operation was placed on
real-time identification of correlative activity by the observers
U. H. Doolittle and W. C. Armstrong). A slow speed (2.5
millimeters per minute) Sanborn 8-channel chart recorder
had been used in previous years as a monitor and had proven
particularly valuable for retrospective searches of the data.
During observing periods in 1977 the chart speed was in-
creased (up to 100 millimeters per minute) to allow real-time
recognition of correlated events. A video display of the VLF
spectrum was also used to determine the presence of burst-
like VLF noises that might be correlated with other geophysi-
cal phenomena. Parameters that were monitored included
VLF signal strength in integrated frequency bands of 1-2
kilohertz and 2-4 kilohertz, signal strengths of several fixed-
frequency VLF transmitters, u Itralow frequency geomagnetic
pulsations, fast fluctuations in the relative ionospheric
opacity, and photometric sky brightness.

A specific objective of the 1977 program was the observa-
tion of correlations between discrete VLF wave events and op-
tical emissions at 4,278 angstroms generated by precipitating

electrons. One-to-one correlations of such effects previously
had not been observed. (A photometer had been operated at
Siple in 1974, but did not function in a mode suitable for the
detection of this type of event.) If such optical correlations
could be established, it would then be possible to include the
photometer among the several probing tools being applied to
the problem of detecting wave-induced precipitation. A
photometer offers the advantages of directional sensitivity and
low-cost, ground-based continuous operations. As part of a
continuing Antarctic research program, S. Mende of the
Lockheed Palo Alto Research Laboratories provided a 2-
channel photometer with 30 angstroms bandwidth filters
which allowed a comparison of optical emissions of the N
line at 4,278 angstroms with the background at 4,300
angstroms.

The special experiments conducted in the dark months of
May-August 1977 were successful; obvious one-to-one cor-
relations between VLF noise burst activity and optical emis-
sions were identified for the first time. In addition to six inter-
vals of obvious correlations, a number of probable cases, in
which the correlations were less obvious, were identified for
later statistical treatment. During the investigations, an unan-
ticipated new result was obtained: a direct correlation was ob-
served between magnetic pulsations at approximately 0.8
hertz and 4,278 angstrom emissions. Theory predicts that
such a correlation might occur. As in the VLF case, however,
it had not been observed.

Figures La and lb show how one of the outstanding corre-
lated events appeared on the 8-channel Sanborn charts when
the chart speed was advanced by a factor of 20 over the usual
survey speed. Figure La shows the photometer output, figure
lb integrated VLF in the range 2-4 kilohertz, and figure ic the
broadband VLF spectrum from 1.0 to 3.5 kilohertz. The corre-
lated bursts are identified in figure lc as clusters of rising ele-
ments repeated at intervals of roughly 10 seconds. The peaks
of the photometric events appear to lag the VLF emission
peaks by about 1.2 seconds.

Thirty-one observing intervals were recorded, represent-
ing a variety of VLF activity. When distinct correlations be-
tween the VLF and optical bursts were obvious, the spectrum
of the VLF always showed discrete rising emissions similar to
those seen in figure ic. The duration of the correlated bursts
of risers varied from less than a second to about 15 seconds.
In several cases the emissions were triggered by whistlers.
One 90-minute interval showed correlative events occurring
against a background of diffuse VLF noise. In that case, the
VLF and optical emission bursts were followed by a suppres-
sion of the background VLF noise and of the background
photometric intensity, both of which recovered in about 10
seconds. This suggests that the background of diffuse noise
was causing particle precipitation background or drizzle.
Through analysis of the 1977 correlative data it will be possi-
ble to model aspects of the wave growth, particle scattering,
and resulting ionospheric perturbation process.

The unanticipated correlation between ULF magnetic
pulses and optical emissions is illustrated in figure 2. In this
case the occurrence of each photometric intensity peak was
preceded about 45 seconds by a magnetic pulsation pearl.
(The time scales have been shifted by 45 seconds to under-
score the relationship.) A particularly striking feature of the
record is that the photometric response is directly dependent
on the amplitude, shape, and duration of the preceding ULF
pearl. The long time delays suggest that the particles involved
are protons. The connection between photometric events and
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a magnetic pulsation of this kind is of particular interest in
pulsation theory. In the past, it has not been possible to locate
the field lines along which these events propagate; now,
through the correlation event, the photometer has served to
locate that field-line region.

Detailed interpretive reports on these new effects are in
preparation under the direction of R. Helliwell (VLF), S.
Mende (photometer), and R. Arnoldy and L. Cahill (uLF).

This work was supported by National Science Foundation
grants DPP 74-04093 and ATM 75-07707.
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Power line radiation in the
magnetosphere

C. G. PARK
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Harmonic radiation from electrical power transmission
lines in a few kilohertz range recently was discovered to leak
into the magnetosphere with sufficient intensity to initiate
strong wave-particle interactions (Helliwell et at., 1975).
These interactions result in large amplifications of the waves
(typically around 30 decibels), generation of new waves, and
precipitation of energetic electrons into the upper at-
mosphere. This phenomenon has received a great deal of at-
tention lately because of the obvious implications regarding
man's impact on the earth's space environment.

Ground very-low-frequency (VLF) stations in Antarctica
and several satellites (the Orbiting Geophysical Observatory
(oGo) and the Aerial series) have provided most of the data
for studies of powerline radiation (PLR) effects. Antarctic data
have been used in studies of the spectral characteristics of
PLR-induced emissions as well as the statistics of these emis-
sions, including their dependence on local time and magnetic
activity. (Helliwell et at., 1975; Park, 1977; Park and
Helliwell, 1978). Satellite data have provided information
about the spatial distribution of PLR-induced emissions
(Bullough ci at., 1976; Luette et at., 1977). This paper sum-
marizes the results of a recent study based on VLF data from
Siple Station (76°S.84°W.).

The main objective of this study was to find out how
weekly variations of power consumption in eastern Canada
affect the magnetospheric VLF wave activity as observed at Si-
plc. In the first part of the study, broadband spectrograms of
synoptic recordings made at Siple between 1973 and 1975
were examined to identify PLR-induced emissions, examples
of which are illustrated in figure 1. The horizontal lines going
across the records are separated by multiples of 60 hertz, the
fundamental frequency of the Canadian power system. The
wave amplitude shows strong modulation with the two-hop
echo period.

PLR-induced emissions such as those illustrated in figure 1
were identified on 44 days out of a total of 255 days surveyed.
Figure 2a shows a normalized distribution of these PLR days
according to the day of the week. The ordinate is the number
of PLR days divided by the number of days surveyed. Figure
2b shows weekly variations of peak load on Hydro-Quebec, a
major supplier of electricity in the province of Quebec. It ap-
pears that reduced power consumption on Sundays has a
marked effect on PLR-induced emissions in the mag-
netosphere.

In the second part of the study, the amplitude of mag-
netospheric waves in the 2-4 kilohertz range was measured at
hourly intervals using continuous data from Siple in 1974 and
1975. Figure 3 shows diurnal variations of the measured wave
amplitude for Sundays (squares) and for the other six days of
the week. The error bars indicate ±1 standard error of the
mean. The Sunday values are approximately 20-40 percent
less than the corresponding values for the rest of the week
from 12 to 19 universal time, (07 to 14 magnetic local time).
The statistical significance of these Sunday decreases can be
judged from the standard variable, or the z score, plotted at
the top of the figure. The scale on the right indicates confi-
dence levels with which one can say that the Sunday
decreases are not due to random statistical fluctuations.
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Figure 1. Frequency-time
spectrograms of broad-
band VLF recordings made
at Sipie Station showing
strong magnetospheric
emissions stimulated by
electrical power transmis-
sion lines in the conjugate
region in eastern Canada.
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