
satellite link now provides quick access to samples of the
data and thus improves our ability to evaluate current ex-
periments and to recommend modifications of transmitting
and recording strategies. Figure 4 (upper panel) shows a
frequency-time record transmitted from Siple via ATS.
Below is the simultaneously recorded data from Roberval.
The striated noise activity shows the effects of power line
radiation in the magnetosphere, involving the echoing back
and forth between conjugate points of wave packets at fre-
quencies that are high-order multiples of 60 hertz. The wave
packets exhibit temporal growth, and there is stimulation of
new frequencies.

In the future we plan to use ATS-3 in conjunction with
balloon and rocket programs at Roberval and Siple, and
also in conjunction with the ISEE (International Sun-Earth
Explorer) satellite, which will carry a Stanford University
VLF receiving experiment. Detailed in situ observations of
correlations between particles and waves is a major objective
of the ISEE satellite program. Such programs require a high
level of coordination in real time and will benefit greatly
from the ATS link. During the ISEE satellite experiment, our
plan is to monitor in real time the VLF spectrum observed at
Roberval and on the satellite. Information communicated
to Siple should greatly increase the likelihood of detection
on the satellite of Siple-induced perturbations of
magnetospheric particles.

It is presently planned to use ATS-3 during the lifetimes
of the present Siple Station and its successor at the same
location, Siple II.

This research was supported by National Science Founda-
tion grants DPP 74-04093 and DES 74-20084 and National
Aeronautics and Space Administration grant NGL-05-020-
008.

Siple/Roberval VLF transmitting
experiments
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Radioscience Laboratory
Stanford University

Stanford, California 94305

An important problem in current solar-terrestrial
research is the interaction of waves and particles in the
earth's magnetosphere. "Clouds" of energetic protons and
electrons are frequently injected into the magnetosphere at
geocentric distances of several earth radii. These particles
can interact strongly with various types of electrostatic and
electromagnetic waves. One result is the precipitation of
some of the trapped particles into the earth's ionosphere.
The energy deposited by these precipitated energetic elec-
trons is converted to heat, light, x-rays, and enhanced
ionization. The excess ionization alters the conductivity of
the lower ionosphere and hence affects radio communica-

tions and the electrical state of the region extending from
the earth to the lower ionosphere.

Very low frequency (VLF) waves transmitted from Siple
Station, Antarctica are amplified as they travel through the
magnetosphere to the magnetically conjugate station at
Roberval, Quebec (Helliwell and Katsufrakis, 1974; Stiles
and Helliwell, 1977). The observed signals provide further
evidence that weak but coherent signals injected into the
magnetosphere may control relatively large amounts of
power in the form of precipitated energetic electrons. The
ratio of 'precipitated' to injected power may reach as high as
five orders of magnitude (50 decibels). One source of the VLF
waves is power line radiation (PLR). Earlier studies using the
Siple transmitter led to the recognition that harmonic radia-
tion from power distribution systems may play a major role
in the production of VLF magnetospheric noise (Helliwell et
al., 1975). Thus PLR may be an important factor in the loss
of electrons from the magnetosphere during recovery from
the disturbances during which the electrons are 'injected' or
energized. Previously acquired data from satellite OGO-3
now reveal that the commonly occurring discrete VLF emis-
sions of the outer magnetosphere, once thought to be
generated spontaneously, are actually initiated at harmonics
of the world's power systems (P. Luette, personal com-
munication, 1977). Thus there appears to be a subtle way in
which man has been perturbing the natural processes of
energy transformation and transport in the magnetosphere
and ionosphere.

The Siple transmitter is being used in further investiga-
tion of power line radiation. Figures la and lb illustrate an
event in which Siple transmitter signals appeared to 'turn
on' a 6-minute long VLF noise event whose frequency-versus-
time characteristics were dominated by power line harmonic
radiation. The records display frequency from 2.5 to 4.5
kilohertz versus time during a period when Siple was
transmitting 15-second long descending frequency ramps
between 3 and 4 kilohertz.

Examples of the frequency ramps can be seen in panels a
and b near 1556 universal time. (UT) The first and fifth
descending ramps were received after propagating once
along a field-line path from Siple to Roberval. The interven-
ing and following ramps represent the echoing back and
forth along the path of these original transmissions. Near
1557 another identical pair of ramps was transmitted.
Meanwhile, the echoing process was accompanied by wave
growth at a number of discrete frequencies. Panel b shows
the corresponding striation effects with higher time resolu-
tion. As the echoing wave packets grew in amplitude new
frequencies were emitted and the event broadened in band-
width.

Figure ic shows a similar event initiated by a lightning-
induced whistler whose causative atmospheric occurred just
before 1432:20. The whistler energy echoes back and forth
between Siple and Roberval, exhibiting wave growth and
emission of new frequencies. However, the entire event is
striated in frequency, indicating the influence of power line
radiation.

A major step has been taken toward the realization of ex-
periments in which Siple signals produce or trigger
precipitation of particles into the ionosphere. Figures 2a and
2b show results from a 1973 experiment in which bursts of
VLF noise recorded at Siple were correlated with amplitude
variations in fixed frequency VLF signals. The bursts of noise
propagating in the magnetosphere were presumed to have

180	 ANTARCTIC JOURNAL



perturbed the orbits of interacting energetic electrons so as
to cause precipitation into the ionosphere. This in turn gave
rise to locally enhanced ionization near 90 kilometers
altitude, which affected the amplitude of VLF signals prop-
agating in waveguide modes beneath the ionosphere.

Figure 2b shows a noise event received at Siple on 11
September 1973. An arrow near 0928:45 shows an initial
noise onset. This was followed by fading and a further in-
crease in intensity until at 0929:22 (2nd arrow) there was a
sudden 'flaring' increase in the noise activity. Panel a shows
the field strength of NBA (24 kilohertz), a subionospheric

signal propagating from the Canal Zone to Siple Station.
The signal was perturbed at the times of the two arrows.
Following the second and more pronounced perturbation,
the signal amplitude recovered with a 30-second time con-
stant, which has been explained in terms of the normal
mechanisms for the removal of ionization from the nightside
D region.

Figure 2c shows a similar noise burst that was apparently
initiated by the fifth harmonic of the Siple transmitter on 6
April 1977 (nonlinear effects in the Siple transmitter pro-
duce high harmonic content). Several bursts of this kind

Figure 1. Spectrograms
showing the activation of
a several-minute-long VLF
noise event by frequency
ramps transmitted from
the Siple transmitter
(panels a and b) and by the
echoes of a lightning in-
duced whistler (panel C).
The striations within the
noise event are the result
of control of the wave ac-
tivity by radiation into the
magnetosphere	from
power	distribution

systems.

Figure 2. Examples of in-
tense VLF noise bursts of
a type known to be asso-
ciated with precipitation
of energetic electrons into
the ionosphere. Panel b
shows a spectrogram of a
VLF noise event recorded
in 1973 at Siple Station,
Antarctica. The amplitude
record above the spec-
trogram (panel a) shows
perturbations of the 24-
kilohertz NBA signal prop-
agating in the earth-
ionosphere waveguide
from the Canal Zone to Si-
pie. Large perturbations
occurred at the times of
the two arrows, when the
magnetospheric noise ac-
tivity increased abruptly.
Panel c shows a similar
noise event recorded in
1977 at Roberval, Canada,
magnetically conjugate to
Siple. The event appeared
to be initiated by signals
from the Siple transmitter.
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were initiated during a 30-minute period. They originated
at a time when the Siple transmitted waveform was par-
ticularly rich in sideband structure. The event took place
under daytime conditions when amplitude anomalies such
as that shown in panel a could not normally be observed.
However, experiments of this kind are continuing with the
objective of identifying the effects of the particle precipita-
tion.

This research was supported in part by National Science
Foundation grants DPP 74-04093 and DES 75-07707, and in
part by Office of Naval Research grant NONR N0014-
67-A-0112-0012.
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Electron precipitation associated
with very low frequency chorus
and thunderstorm electric fields

T.J. ROSENBERG
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Rosenberg (1976) reports the outcome of high-altitude
measurements of x-rays, direct-current electric fields, and
very low frequency (VLF) radiowavc emissions obtained near
Roberval, Quebec (48 0N. 72°W.) in July 1975. Data ob-
tained in that program have been further analyzed in col-
laboration with the Norwegian Institute of Cosmic Physics,
Stanford University, and the University of Houston. During
the last year two results of particular note have emerged
from these studies:

(1) Simultaneous conjugate observations of electron
precipitation (x-rays) and VLF radiowave emissions were ob-
tained at Siple Station, Antarctica (76°S. 84°W.) and
Roberval during a magnetic substorm on 15 July 1975. The
data reveal a detailed correlation between microburst-like
electron precipitation above Roberval and 2-4 kilohertz
risers (chorus) recorded at Siple. Signatures in the light ion

and VLF noise data, obtained by the isis-2 satellite near the
Siple-Roberval meridian, place the plasmapause at 3 to 3.5
earth radii from the equator (L = 3 to 3.5) during this
event.

Using wave propagation and electron bounce times (from
an equatorial interaction region) that are consistent with the
observed time differences (0 to 0.1 second) between in-
dividual chorus elements and microbursts and with the
energies of the precipitated electrons (50 to 150 kiloelectron
volts), the value Ne of 1 to 10 per cubic centimeter is ob-
tained for the equatorial plasma density at L = 4.1. This
density estimate is supported by observations of whistlers
propagating outside the plasmapause within approximately
1 hour of the event. These data appear to confirm that elec-
tron microbursts and associated VLF chorus originate in
near-equatorial cyclotron resonance interactions.

Also, the wave-particle environment beyond the plasma-
pause is evidently complex in that such detailed correlations
are transitory. Further, the data illustrate the difficulty of
establishing a detailed correspondence between individual
microbursts and chorus elements from simultaneous particle
and wave measurements confined to one hemisphere.

(2) Some aspects of the interrelationship of magneto-
spheric substorm- associated electron precipitation and
thunderstorm electric fields have been revealed by a balloon
flight on 9 July 1975. The balloon was instrumented with an
x-ray scintillation counter and a double-probe electric field
detector and was launched from Roberval at 0820 universal
time (UT). A magnetic substorm of greater than 500 gam-
mas amplitude was observed on the ground at Roberval
from 0810 to 1050 UT. The main onset of the expansion
phase occurred at about 0900 UT and the maximum change
in horizontal component occurred at about 0925 UT. During
this period a small thunderstorm was developing a few miles
south of Roberval. The first lightning stroke was observed
on the ground at 0926 UT.

The x-ray data indicate that the substorm-associated elec-
tron precipitation was highly structured in time and reached
a maximum between 1000 and 1030 UT. During this same
period, the rate of lightning stroke generation by the local
thunderstorm also reached maximum; 102 lightning strokes
of apparently local origin were observed during this period.
Examination of simultaneous x-ray data for all 102 strokes
indicates a complicated variety of responses. In some strokes
no response was evident, while other appear to have trig-
gered a small increase in precipitation. Superimposed epoch
analysis of all 102 strokes indicates a small average increase
in electron precipitation at about 0.5 seconds after the
stroke.

The research at the University of Maryland was partially
supported by National Science Foundation grant DPP
74-01704.
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