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Example of the frequency-bandwidth increase effect as observed in
Sipie Station transmitter signals. The data were acquired on the
I5EE4 satellite on 8 February 1982. The upper panel shows a spectro-
gram of the received signals, and the lower panel shows the formal
of the signals as actually transmitted. The received pulses have a
bandwidth In the range 100-200 hertz, approximately two orders of
magnitude larger than their bandwidth at transmission.

cy lies above the local LHR frequency at the satellite location.
Dispersion in the components of the affected pulses suggests
that the bandwidth increases may result from a Doppler shift
effect in which the initial signal scatters due to plasma density
irregularities at low altitude and couples into quasi-electrostatic
modes of short wavelength. The large Doppler shift associated
with these short-wavelength modes produces a significant in-
crease in the bandwidth of the signal as observed on a moving
satellite. Since impulsive VLF hiss and irregular LHR noise bands
have been linked to energetic (energy < 1 kiloelectronvolts)
electron precipitation, it appears likely that the irregularities
that scatter the injected signals are produced by the precipitat-
ing electrons.

The bandwidth increase effect was observed first in signals
from the Omega navigational transmitter as these signals prop-
agated upward to the ISEE-1 and isis-I and -II satellites at low
altitude in the Northern Hemisphere. However, recent ISEE

satellite observations of Siple Station transmitter signals in the
Northern Hemisphere have shown that the effect can occur in
downgoing signals as well. An example of this behavior is
shown in the figure, where the upper panel shows the downgo-
ing, increased bandwidth signals from the Siple Station trans-
mitter and the bottom panel shows the format of the signals as
actually transmitted. In this example, the bandwidth of the
transmitter pulses ranges from 100 to 200 hertz, which is ap-
proximately two orders of magnitude larger than the nominal
bandwidth (approximately 1 hertz) of these pulses.

A new set of experiments is under way in which transmis-
sions from Siple Station to the isis satellites are made while the
satellites are in the Southern Hemisphere close to the zenith
over Siple Station. One main purpose of these experiments is to
study in detail the dependence of the bandwidth increase effect
on the amplitude and frequency of the injected waves.

This research was sponsored by the National Aeronautics and
Space Administration under grants NAS5-25744 and NGL-05-020-
008.
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In situ measurements of Siple VLF
transmissions entering the ionosphere

P. M. KINTNER, R. BRIT-FAIN, and M. C. KELLEY

School of Electrical Engineering
Cornell University

Ithaca, New York 14853

During the 1980-81 antarctic summer, a sounding rocket cam-
paign was conducted at Siple Station for the purpose of making
in situ measurements of ionospheric plasma above the very-
low-frequency (VLF) transmitter. VLF transmissions from Siple
are known to be amplified in the magnetosphere under some
geophysical conditions (Helliwell and Katsufrakis 1974). One
goal of the sounding rocket campaign was to measure the power
radiated from the Siple transmitter and injected into the

ionosphere. This number is important as a boundary condition
for theories of VLF wave amplification (Helliwell and Crystal
1973; Sudan and Ott 1971). All three Nike-Tomahawk sounding
rockets were launched successfully from Siple under a variety of
geophysical conditions. During the upleg of the last flight
(flight 18.205, 10 January 1981), the Siple transmitter broadcast a
continuous tone as the rocket entered the ionosphere. We de-
scribe here measurements of the continuous tone as it passed
through the neutral atmosphere into the ionosphere.

Within the neutral atmosphere, the transmitted Siple VLF

signal propagates as a plane-polarized, vacuum-mode wave.
However, within the ionosphere it propagates as a right-hand-
polarized, whistler-mode wave. In the latter case, the dielectric
constant is asymmetric and frequency-dependent; for large-
amplitude signals it can also be nonlinear. To enter the
ionosphere, the Siple transmission must pass from the vacuum
mode to the whistler mode. During the transition the signal is
severely attenuated.

The 18.205 rocket trajectory during the upleg is shown in
figure 1. Nose cone tip ejection occurred at 65 kilometers alti-
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Figure 2. Very-low-frequency magnetic field power measured on the
sounding rocket (upleg, flight 18.205, 10 January 1981). The ampli-
tude modulation at low altitudes was produced by the rocket's spin.
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Figure 1. Sounding rocket trajectory during upleg, with major events
Indicated.

tude; above this altitude, high-quality wave measurements of
the Siple transmission were obtained. VLF transmission con-
tinued until the rocket reached 130 kilometers altitude and had
passed through the D and E regions (approximately 70-90 and
90-110 kilometers altitude, respectively). Hence, the rocket ob-
served the Siple signal as it entered the ionosphere.

Within the neutral atmosphere, wave polarization was linear.
The VLF magnetic field measurement was made with loop an-
tennas attached to the rocket. Each loop responded to only one
component of the wave vector magnetic field. Since the rocket
was spinning at approximately 3 hertz, a linear-polarized signal
measured by a spinning loop magnetometer should exhibit a 6-
hertz amplitude modulation, while a circularly polarized signal
should exhibit no amplitude modulation. The VLF magnetic
field power from the Siple transmitter as measured on one of
the 18.205 loop antennas is shown in figure 2. At low altitudes
(75 kilometers) the Siple transmissions exhibited amplitude
modulation at the rocket spin frequency and therefore were
linear-polarized and were propagating in the vacuum mode. As
the rocket's altitude increased, the signal exhibited less spin
modulation and the peak amplitude decreased, due to an in-
crease in electron density and electron-neutral collisions at
higher altitudes. The magnetic field amplitude reached a mini-
mum at 84 kilometers and then increased, while the spin modu-
lation completely vanished at 90 kilometers altitude. The disap-
pearance of the spin modulation suggests that the signal

entered the whistler mode. The magnetic field amplitude
crease was caused by an increase in the index of refraction (n
cB/E) to approximately 40. Although the magnetic field
creased, the electric field decreased, resulting in an ovei
decrease in the Poynting vector.

The Poynting vector was determined by simultaneous mea-
surements of both VLF electric and magnetic field on the rocket.
The Poynting vector is given by S = 112<ZRe(ExH)>. Figure 3
shows Poynting vector measurements on the rocket as a func-
tion of range from Siple. The altitudes at which the measure-
ments were taken are given in parentheses. The total power
transmitted from Siple into the ionosphere can be determined
by integrating the Poynting vector over the area into which Siple
radiates. Using the results shown in figure 3, this suggests that
when the Siple transmitter was operating at 50 kilowatts, the
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Figure 3. Poyntlng vector measurements on the sounding rocket as
a function of altitude. These are used to determine the overall power
Injected Into the Ionosphere.
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signal entering the ionosphere was approximately 5 watts. Even
though the lower ionosphere severely attenuated the transmit-
ted signal, the remaining signal was still large enough to be
amplified and to produce wave-particle interactions.

We thank Don Carpenter and John Katsufrakis for their scien-
tific support at Siple Station. David Matthews was the project
scientist for the sounding rocket campaign. Analysis of data
from the sounding rockets is supported by National Science
Foundation grant DPP 80-23968.
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Particle precipitation and magnetic
field variations at Siple Station and in

the conjugate region

L. J. LANZEROTTI and L. V. MEDFORD

Bell Laboratories
Murray Hill, New Jersey 07974

T. J. ROSENBERG

University of Maryland
College Park, Maryland 20742

Within the last 2 years, 30-megahertz riometers have been
installed at the four Bell Laboratories/University of Maryland
magnetometer stations in the region of North America (Eastern
Canada and Northeastern United States) conjugate to Siple
Station. In addition, a 20-megahertz riometer has been installed
at the most northern station (Girardville, Quebec), and a 50-
megahertz riometer at the next highest latitude station
(LaTuque, Quebec). The locations of the Northern Hemisphere
stations are shown in figure 1, together with nominal Siple
conjugate points as calculated from three separate magne-
tosphere models. Data have been obtained almost continuously
at all of the stations during 1980 and 1981.

The scientific research associated with the magnetic field and
the 30-megahertz riometer measurements at Siple Station has
concentrated on the relationships between particle precipitation
as measured by the riometer and simultaneous magnetic field
variations. The high sensitivity of both the magnetometer and
the riometer instruments provides an excellent opportunity for
studying fast-time variations of low-level changes in particle
precipitation and magnetic field variations that occur in op-
posite hemispheres.

A major recent finding has been the discovery of the genera-
tion of hydromagnetic waves by sudden changes in the con-
ductivity of the ionosphere produced by solar flare X-rays
(Rosenberg, Morris, and Lanzerotti 1981). This discovery is ex-
tremely important in that it has established an additional meth-
od for generating ultra-low-frequency waves in the cosmic plas-
ma comprising the Earth's magnetosphere.

Another important set of observations has been obtained
concerning the "global" scale of impulsive particle precipitation

and concurrent magnetic field variations in conjugate regions.
The impulsive riometer variations (measuring impulsive parti-
cle precipitation from the magnetosphere into the upper at-
mosphere) have been observed at Siple to be associated at times
with pulses in optical instrumentation (Arnoldy et al. in prepa-
ration). Often, the magnetic field variations accompanying the
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Figure 1. Locations of Northern Hemisphere magnetometer-riome-
ter stations (solid circles) and Siple conjugate points (open circles)
calculated from three different magnetic field models. The station
locations are: Glrardvllie, Quebec (Gv), LaTuque, Quebec (LT),
Pittsburg, New Hampshire (PB), and Durham, New Hampshire (Du).
The magnetic field models are: Polar Orbiting Geophysical Observa-
tory 1969 model (PoGo'69), International Geomagnetic Reference
Field (IGRF), and Barish and Roederer model (BR). L = particle drift
shell parameter.
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