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Abstract. VLF/ELF electric field wave data
acquired on the ISIS 1, ISIS 2, and ISEE 1 satel-
lites demonstrate the existence of a new phe-
nomenon in which initially narrowband (~1 Hz)
upgoing signals from ground-based VLF transmit-
ters undergo a significant spectral broadening
as they propagate through the ionosphere and
protonosphere up to altitudes in the range 600~
3800 km. For transmitter signals in the range
10-20 kHz, the spectral broadening can be as high
as 10% of the nominal frequency of the input sig-
nal. Spectral broadening occurs only in the
presence of impulsive VLF hiss and/or a lower
hybrid resonance (LHR) noise band with an ir-
regular lower cutoff frequency, and only for
signals whose frequency exceeds the LHR fre-
quency at the satellite location. It is often
observed in association with a band of impul-
sive ELF hiss below 700 Hz. In many cases, the
bandwidth of the spectrally broadened signals
is a strong function of the electric dipole an-
tenna orientation with respect to the local di-
rection of the earth's magnetic field. Unusual
dispersion in the components of the spectrally
broadened pulses suggests that the spectral
broadening may be due to a doppler shift effect
in which the initial signals scatter from ir-
regularities in the F region and couple into
quasi-electrostatic modes of short wave length.
The large doppler shift associated with these
short wavelength modes produces a significant
increase in the bandwidth of the signal, as
observed on a moving satellite. Since impul-
sive VLF hiss and irregular LHR noise bands
have been linked to energetic (<1 keV) electron
precipitation in the past, it is conjectured
that the spectral broadening effect may be
driven by precipitating electrons.

1. Introduction

This paper presents satellite observations of
a new phenomenon in which initially narrowband
(~1 Hz) signals from ground-based VLF transmit-
ters undergo a significant spectral broadening
as they propagate through the ionosphere and
protonosphere up to satellite altitudes in the
range 600-3800 km. The transmitter signals lie
in the range 10-20 kHz and the spectral broad-
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ening can reach as much as 10% of the nominal
frequency of the inmput signals.

The spectral broadening effect occurs only in
the presence of impulsive VLF hiss and/or a lower
hybrid resonance (LHR) noise band with irregular
lower cutoff frequency, and it is often associ-
ated with impulsive ELF hiss below 700 Hz. Spec-
tral broadening occurs only for those transmitter
signals whose frequency exceeds the local LHR
frequency at the satellite location, and the
bandwidth of these signals often shows a strong
dependence upon the orientation of the dipole
antenna with respect to the local direction of
the earth's magnetic field.

All observations of this new phenomenon were
carried out by VLF/ELF plasma wave experiments
that used electric dipole antennas as wave de-
tectors, and it is not presently known how the
wave magnetic field is affected. The existence
of the effect was first reported at meetings of
the American Geophysical Union in December 1981
[Bell et al., 1981b] and May 1982 [Bell et ail.,
1982].

As discussed in section 2.3., we interpret
the spectral broadening effect to be due to a
doppler shift mechanism in which the transmitter
signals are scattered from irregularities in the
F region and couple into short wavelength quasi-
electrostatic modes that are observed on the
moving spacecraft with a large doppler shift.

If our interpretation is correct, the observed
spectral broadening does not represent a true
spread in wave frequency but is instead an
'apparent' broadening, since to a statiomary
observer all scattered wave components would
possess the same frequency.

The spectral broadening effect was discovered
during joint VLF wave-injection experiments in-
volving the Communications Research Centre at
Ottawa, Canada, and the Stanford University Ra-
dioscience Laboratory. The joint wave-injection
experiments have four main components: (1) broad-
band VLF/ELF receivers on the ISIS 1, ISIS 2, and
ISEE 1 satellites, (2) a broadband (1-20 kHz)
controllable VLF transmitter located at Siple
Station, Antarctica [Helliwell and Katsufrakis,
1974], (3) various VLF navigation and communi-
cation transmitters, such as those of the world-
wide Omega network, and (4) ground stations in
the Antarctic and Canada.

The main goal of these, and similar, experi-
ments is to acquire understanding of interactions
between coherent VLF waves and energetic parti-
cles in the magnetosphere [Helliwell and Katsu-
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Fig. 1. Schematic representation showing a
typical experimental configuration during
periods in which spectral broadening of VLF
transmitter signals was observed on satellites.
Both transmitter and low-altitude satellite
were in the northern hemisphere with the in-
variant latitude of the satellite lying in
the range 45~80°N and the altitude of the
satellite lying in the range 600-3800 km.
Distance in the earth-ionosphere waveguide
between transmitter (T) and subsatellite
point lay in the range 300-3000 km.

frakis, 1974; McPherson et al., 1974; Dowden et
al., 1978; Bell et al., 198la]. Sources of the
coherent waves involved in these studies include
VLF transmitters, large-scale power grids, whis-
tlers, and other natural coherent VLF signals.

The vital role of satellites in these studies
is to obtain in situ measurements of the charac-
teristics of the waves and energetic particles
before, during and after the interactions. To
this end, measurements by both low-altitude and
high-altitude satellites are needed. Detailed
results of ISEE 1l satellite high-altitude obser-
vations during wave-injection experiments can
be found in the literature [Bell et al., 198la].
In the present work we confine our attention to
satellite measurements of the characteristics of
VLF transmitter signals at low altitude (600-
3800 km) before these signals enter the magne-
tosphere and interact significantly with the
trapped energetic particle population of the
magnetosphere. In this low-altitude region, as
we show below, the VLF transmitter signals can
develop a spectral broadening of up to 2 kHz
about their nominal frequency.

This large spectral broadening is unlike the
spectral broadening of VLF transmitter signals

that occurs near the magnetic equatorial plane
through the VLF emission triggering mechanism
[Helliwell and Katsufrakis, 1974; Bell et al.,
198la]. However, it does bear some similari-
ties to the doppler broadening reported previ-
ously by other workers that occurs in transmit-
ter signals that have propagated through the
magnetosphere into the conjugate hemisphere
[Wwalter, 1969; Cerisier, 1974; Edgar, 1976b].
These similarities, as well as major differen-
ces, are discussed in section 3.8.

As depicted in Figure 1, the type of spectral
broadening considered here occurs generally only
in the ionosphere and low-altitude magnetosphere
as VLF transmitter signals propagate upward
along the short direct path (600-3800 km) to
the satellite. This type of spectral broadening
is apparently a new phenomenon which has not
previously been treated in the literature. Its
presence may demonstrate the existence of a new
type of interaction involving energetic elec-
trons and coherent VLF waves in the ilonosphere
and low-altitude magnetosphere.

In the following section we will be concerned
primarily with signals from the 10 kW Omega na-
vigation transmitter in North Dakota (46°22'N,
98°20'W geographic) and from the ~1MW, 17.8 kHz,
U.S. Navy Radio Station, NAA, in Maine (42°42'N,
67°18'W geographic). The 10-s format of the
Omega North Dakota transmitter is shown in Fig-
ure 2. Since the oscillator frequency for the
Omega North Dakota transmitter is stable to bet~-
ter than 1 part in 10! the bandwidth of the
Omega pulses is approximately equal to its in-
trinsic value, BW~ (pulse length)~} ~1 Hz.

Signals from the NAA transmitter are trans-
mitted in a 'minimum shift-keying' (MSK) format.
This format generally consists of transmissions
of 5-ms pulses at either of the two closely
spaced frequencies, 17.8 kHz + 50 Hz., MSK is a
special case of frequency shift-keying (FSK) in
which the sideband separation is equal to one-
half of the information bit rate. Since the
number of frequency shifts in any given time
period depend upon the information to be trans-
mitted, the MSK signal has a quasi-random na-
ture. However, the apparent bandwidth of por-
tions of the signal whose duration greatly ex-
ceeds the bit length (5 ms) is generally less
than 200 Hz [Bruene, 1971].

The ISIS 1 spacecraft has an elliptical orbit
(570 km perigee, 3520 km apogee) with 88° pro-
grade inclination, while ISIS 2is in a nearly
circular orbit at approximately 1400 km alti-
tude with an inclination of 89° prograde. The
75-m (tip-to-tip) receiving dipole antennas

xHz 36 _— - —_—— —— - — 1131
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Fig. 2.

Two cycles of the Omega North Dakota format. The basic cycle consists of

eight fixed-frequency pulses distributed as follows: one pulse at 10.2 kHz with
duration 1.1 s, one pulse at 11.3 kHz with duration 0.9 s, two pulses at 13.1 kHz
with respective durations of 1.2 and 1.0 s, one pulse at 11.05 kHz with duration
0.9 s, and two pulses at 13.1 kHz with respective durations of 1.0 and 1.1 s. Each
pulse is separated in time from its successor by 200 ms. The 10-s format is re-

peated continuously.
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[Florida, 1969] and the VLF receivers [Franklin
et al., 1960] are identical on the two space-
craft for present purposes. The receivers op-
erate in the 50 Hz to 30 kHz range, featuring a
linear amplifier with an automatic gain control
(AGC) providing a total dynamic range of ~70 dB.
Signals are telemetered to ground recording in
real time using a conventional FM modulation
scheme.

The ISEE l spacecraft is in a highly ellipti-
cal orbit (~1000 km perigee, 140,000 km apogee)
of moderate inclinatiom (30-50°) and ~2.5-day
period. The Stanford University VLF receiver
on ISEE 1 is connected to a 215-m dipole antenna
and operates in the range 1-32 kHz [Bell and
Helliwell, 1978]. It features a linear ampli-
fier of ~30 dB dynamic range that can operate
at any one of eight gain settings spaced equally
over a 70 dB range. The gain state is updated
every 5.4 s in order to deliver a signal of ap-
propriate amplitude to the TLM system. Signals
are telemetered to ground recording in real time
using a conventional PM modulation scheme.

For purposes of the present work, we define
the bandwidth of the observed transmitter sig-
nals to be the frequency difference between the
points in the signal power spectral density curve
which lie 10 dB below its peak value. Since the
S/N ratio of the transmitter signals is typi-
cally ~20 dB (e.g., see Figure 11), the 10-dB
points give a reliable measure of bandwidth.
the 'dynamic range' of the gray scale of the pho-
tographic paper used to make the spectrograms is
approximately 10 dB, and thus the 10~-dB bandwidth
definition ensures that the apparent bandwidth
of signals shown in spectrograms will agree
roughly with bandwidths determined from power
density plots.

2. Observations

There are seven main characteristics of the
phenomenon of the spectral broadening of VLF
transmitter signals during transionospheric prop-
agation (as observed on satellites with electric
dipole antennas). We define these characteristics
below and then follow with a discussion of each
characteristic in turn:

1. Spectral broadening occurs only in the
presence of impulsive VLF hiss and/or an LHR
noise band with an irregular lower cutoff fre-
quency.

2. Spectral broadening occurs only for those
transmitter signals whose frequency exceeds the
local LHR frequency at the satellite location.

3. The bandwidth of the spectrally broadened
signals often shows a strong dependence upon the
orientation angle of the dipole antenna with re-
spect to the local direction of the earth's mag-
netic field, with the maximum bandwidth occur-
ing when the dipole antenna is almost parallel
to the ambient magnetic field.

4. The envelope of the spectrally broadened
signals in amplitude-frequency-time displays
generally has a characteristic 'chevron' shape
in which the time delay of each spectral com-
ponent at frequency f is an increasing function
of the magnitude of the difference frequency
between f and the nominal carrier frequency.

5. In many cases an amplitude minimum occurs

within a few hertz of the nominal carrier fre-
quency of the spectrally broadened signals.

6. Spectral broadening is often observed in
association with a band of impulsive hiss below
700 Hz whose upper cutoff frequency strongly de-
pends upon the orientation of the dipole antenna
with respect to the local direction of the earth's
magnetic field.

7. Spectral broadening is observed over a
wide altitude range (600-3800 km) and a wide
range of L shells (2.3<L< 1l) and appears to
be a consistent feature associated with the
propagation of coherent VLF waves through the
ionosphere and lower magnetosphere.

2.1. Relation to Natural VLF Noise Bands

Figure 3 shows four spectrograms of VLF data
acquired on the ISIS 2 spacecraft on March 5,
1980 during the period 0314-1318 UT. The data
shown is typical of the majority of the events
in which spectral broadening of transmitter sig-
nals was observed on satellites in the period
October 1980-January 1981.

Figure 3a consists of two spectrograms that
show the VLF wave data in the O-to-10 and 9.5-
to-14.5-kHz range during the period 0314:25-
0315:16 UT, as the satellite moved north at mid-
geomagnetic latitudes.

Wave data in the upper spectrogram consists
principally of pulses fromthe Omega transmitter,
and the entire Omega North Dakota format is
clearly shown. At this point in time measure-
ments show that the bandwidth of the Omega pulses
was no more than 5 Hz (measurement uncertainty).
The wave data in the lower (0-10 kHz) spectrogram
of panel (a) consists principally of signals
near 5 kHz from the Siple Station VLF transmit-
ter in the Antarctic, as well as 0%, 17, and 2~
whistler components [Edgar, 1976al. Also pre-
sent is a very weak lower hybrid resonance (LHR)
noise band near 6 kHz which is, in general, ex-
cited by the 1™ whistler components. An example
of this excitation occurs near the position of
the arrow (~33-s mark) along the time axis of
the 0-to-10 kHz spectrogram. It can be seen
that a 1~ whistler that arrives approximately
500 ms before the arrow triggers a noist burst
with a very sharp and constant lower cutoff fre-
quency near 6 kHz. This type of excitation of
the LHR noise band is a well-known feature of
whistler-mode propagation [Barrington et al.,
1965; Laaspere and Taylor, 1970] and is commonly
used to determine the local LHR frequency in
satellite data.

At the time the data of Figure 3 was acquired,
themost direct propagation path to the satellite
for the Omega signals consisted of an approximate
2000-km segment in the earth-ionosphere wave-
guide plus an approximate 1400-km segment through
the ionosphere and lower magnetosphere. Using
commonly accepted models of the ionosphere and
lower magnetosphere [Angerami and Thomas, 1964;
Strangeways and Rycroft, 1980], the calculated
group time delay of signals at 13.1 and 13.6 kHz
along the most direct path is approximately 100 ms.

Since the transmission time of each Omega
pulse is known to better than 1 ms, the actual
group time delay (T) can be measured directly
from Figure 3. This measurement yields a value
T = 100* 20 ms, in good agreement with the cal-
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culated value of T, Thus there is good reason
to believe that the observed Omega signals prop-
agated along a direct path through the ionosphere
and lower magnetosphere to the satellite, as
shown in Figure 1.

During the period 0315-0317 UT the LHR noise
band slowly dropped in frequency and increased
in strength, until at 0317:16 UT, as shown in
the lower spectrogram of Figure 3b, the lower
cutoff frequency of the LHR noise band was lo-
cated near 4 kHz (see arrow on frequency axis).
For the next 7 s, the lower cutoff frequency of
the LHR noise band remained constant near 4 kHz,
but abruptly at the 7-s mark the lower cutoff
frequency jumped to 6 kHz and then became quite
irregular. At the same time, impulsive bursts
of VLF hiss appeared across the spectrum, ex-
tending from 0 kHz to at least 14.5 kHz. Near
the 20-s mark, the irregular LHR noise band and
impulsive hiss merged into a well-known VLF hiss
form sometimes called a 'V shaped' hiss form
[Gumett and Frank, 1976]. This type of hiss
has been shown to be associated with intense
fluxes of precipitating low-energy (<1 keV) elec-
trons [Gurnett and Frank, 1976], a fact that will
be discussed below in section 3.1.

It is clear from the upper spectrogram of
Figure 3b that the bandwidth of the Omega pulses
exhibits a sudden increase at the same time that
the LHR noise band becomes irregular. Further-
more, it is clear that all of the Omega pulses

exhibit a much larger bandwidth in the presence
of the irregular LHR noise band and impulsive

hiss than they exhibited in the period when the
LHR noise band was regular and impulsive hiss
was absent. Measurements show that the bandwidth
of the Omega pulses after theLHR bteakup ranged
from 200-400 Hz, more than two orders of magni-
tude higher than the nominal bandwidth of ‘1 Hz
of these pulses. This example illustrates the
impulsive VLF hiss and irregular LHR noise band
that typically agcompany significant spectral
broadening of transmitter signals.

Figure 4 shows spectrograms of VLF wave data
acquired on the ISIS 2 satellite on November 5,
1980, near 0921 UT. The top panel shows a spec-
trogram of wave data in the 12-to-14-kHz range,
Clearly in evidence in this panel are CW signals
at 13,1 and 13.6 kHz from the Omega North Dakota
transmitter. The group time delay of the Omega
pulses from transmitter to satellite at this time
was approximately 100 ms, indicating that these
signals had propagated to the satellite over a
direct path through the ionosphere and lower
magnetosphere.

It 18 clear from the upper spectrogram that
during the time interval 0-18 s, the bandwidth
of the Omega signals is much larger than.it is
in the 18~to-46-s interval. In fact, measure-
ments indicate that the bandwidth of the Omega
signals in the 18-to-46-s interval is no more
than 5 Hz (5-Hz measurement accuracy), while in
the remaining intervals the bandwidth lies in
the 200-to-600-Hz range. Thus it is apparent
that many of the Omega pulses have experienced
a very significant amount of spectral broaden-
ing along their short propagation path to the
satellite.

The lower panel shows a spectrogram of wave
data in the 2-to-7-kHz range. The most promi-
nent feature of the wave data in this range is
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Spectrograms of VLF electric field wave data acquired on the ISIS 2 satellite on November 5,

1980, showing broadening of VLF transmitter sigmals.

Fig. 4.
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Fig. 5. Spectrograms of VLF electric field wave data acquired on the ISIS 2 satel-
lite on November 5, 1980, showing frequency dependence of spectral broadening effect.

an LHR noise band whose lower cutoff frequency
(fgc) lies between 3 and 5 kHz. During the 17-
to-47-s interval, fy. is sharp and constant near
3 kHz, and the noise above this cutoff consists
principally of unstructured hiss., However, dur-
ing the 0-to-17 and 47-to-60-s intervals, fg.
fluctuates rapidly and irregularly. In addition,
during these intervals, the LHR noiseband con-
sists not of unstructured hiss but instead con-
sists of a large number of impulsive bursts of
wide-band noise of approximately 10-to-100-ms
duration.

Comparison of the upper and lower panels show
that, as a rule, the Omega pulses exhibit signi-
ficant spectral broadening only when the LHR
noise band is irregular in appearance and im-
pulsive VLF hiss 1s present. When the LHR noise
band is regular and impulsive VLF hiss is abseant,
the spectral width of the pulses is close to
their nominal value at transmission. Exceptions
to this rule occur only during transitions from
a period of irregular noise to a period of reg-
ular IHR noise, and vice versa. For instance,
an arrow on the time axis near the 17-s mark

indicates the time at which a sudden transition
occurs from a spectrum containing irregular LHR
noise and impulsive hiss to a spectrum of regu-
lar LHRnoise. It canbe seen from the top panel
that an Omega pulse at 13.6 kHz exhibits signi-
ficant spectral broadening during a l-s period
following this transition time. Furthermore, it
can be seen that a pulse at 13.6 kHz exhibits
significant spectral broadening approximately

1 s before a sudden transition at the 47-s mark
from regular LHR noise to irregular LHR noise
and impulsive VLF hiss.

2.2. Frequency Dependence

Some important features of the frequency de-
pendence of the spectral broadening effect are
illustrated in Figure 5, which shows spectro-
grams of VLF wave data acquired on ISIS 2 on No-
vember 5, 1980, approximately 4 min before the
data shown in Figure 4. Eachof the four panels
in the figure involves a 30-s interval of wave
data in the 9.5-to-14.5~kHz range and together
they show a continuous 2-min portion of wave
data.
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Wave data in the upper panel consists prin-
cipally of CW signals fromthe Omega North Dakota
transmitter, a regular LHR noise band with mod-
erately well-defined lower cutoff frequency (fg.)
and occasional 0% whistler traces. The LHR noise
band is not strong, but fg. is easily discerned
as lying close to 11 kHz., The Omega pulses are
for the most part somewhat difficult to discern
since they generally lie within the LHR noise
band. However, the pulses at 10.2 kHz lie be-
low the noise band and three of these can be
seen arriving at the 5-, 15-, and 25-s marks.
None of the Omega pulses at this time exhibit

significant spectral broadening.
In the second panel, an arrow on the time axis

marks the time, 39 s, at which a sudden transition
occurs between the period of regular LHR noise
and a second period of irregular LHR noise and
impulsive VLF hiss. At the position of the ar-
rowwithin 200 ms), fp. jumps from 11 to 12.5
kHz, and almost simultaneously the bandwidth of
the Omega pulse at 13.1 kHz increases to 500 Hz.
After this transition point all Omega pulses that
lie above fy. exhibit significant spectral broad-
ening, while those that lie below this cutoff ex-
hibit little or no additional spectral broad-
ening. This feature of the data can be appreciated
by visually comparing the bandwidth of the Omega
pulses at, 10.2 kHz (arriving at the 45- and 55-s
marks), which lie below fg., with that of the
pulses at 13.1 and 13,6 kHz that lie within the
noise band.

In the second panel it can be seen that none
of the pulses at 11,05 kHz (which arrive at the
31-, 41-, and 51-s positions) exhibit significant
broadening since these pulses lie below the LHR
noise band. However, in the third panel the noise
band drops momentarily below 11,05 kHz just be-
fore the 1-s mark and the spectrum of the arriv-
ing pulse at 11.05 kHz is quite broad. In the
third panel, after 0918:20 UT, fy. begins to de-
crease on the average and by 0918:26 UT has dropped
below 9.5kHz. From this point in time all pulses
lie within the irregular noise band and all ex-
hibit significant spectral broadening. This fea-
ture is shown clearly in the fourth panel (the
format of panel four can be used to identify the
locations of any Omega pulses in the upper panels
that are obscured because of the presence of the
LHR noise band).

It is commonly believed that the lower cuf-
off frequency of the LHR noise band is equal to
the local value of the LHR frequency at the sa-
tellite location [Smith and Brice, 1964]. If
this is true, then data such as that shown in
Figure 5 demonstrates that the spectral broad-
ening effect occurs only for those transmitter
signals whose frequency exceeds the local LHR
frequency at the satellite location,

It is noteworthy that when spectral broaden-
ing is observed to occur, it occurs for signals
distributed over a wide range of frequencies.
For instance, Figure 6 shows a typical case in
which spectral broadening is observed simultan-
eously in signals from the Omega, North Dakota,
NAA, and NIK (18.6 kHz) transmitters, covering
approximately an 8-kHz range in frequency. At
the time shown, the spacecraft was located at
a geographic longitude of 85°W; thus the signals
from station NLK (Jim Creek, Washington; 48°N,
122°W) traversed a path in the earth-ionosphere

waveguide of ~3000 km before reaching the sub-
satellite point.

2.3. Antenna Orientation Dependence

The bandwidth of the spectrally broadened
signals often shows a strong dependence on the
orientation angle of the dipole antenna with
respect to the local direction of the earth's
magnetic field., Figure 7 displays an example
of the effect as seen in ISIS 2 data from Aug-
ust 14, 1979, near 0813 UT. The upper panel
of the figure shows a spectrogram of the VLF
wave spectrum in the O-to-20-kHz range over a
30-s time period. The spectrum consists prin-
cipally of signals fromthe Omega, North Dakota,
transmitter, and station NAA (17.8 kHz), as well
as an irregular noise band with lower cutoff
frequency near 8 kHz, a narrow band of chorus
near 6 kHz, and a narrow band of chorus near 1
kHz. Figure 7b shows a simultaneous spectro-
gram of increased frequency resolution which
covers the range 9.5-to-14.5 kHz. 1Inthis range,
the Omega signals are dominant features of the
spectrum, and the large bandwidth of these sig-
nals is clearly in evidence.

Figure 7c shows a simultaneous spectrogram
covering the 12.5-to-13.7-kHz range. In this
range the Omega signals at 13.1 kHz can be seen
very clearly, and the lower half of the Omega
signals at 13.6 kHz are also visible. It is evi-
dent that the bandwidth of the signals at 13.1
varies markedly with time, reaching a maximum
twice each spin period (period ~19 s) near the
times at which the receiver output signal ap-
proaches the noise level (spinnull). This sig-
nal drop-out occurs when the satellite dipole
antenna is aligned approximately parallel to the
local direction of the earth's magnetic field,
as shown in Figure 8.

Figure 8a shows the bandwidth (10 dB) of the
envelope of the Omega signals at 13.1 kHz, as
measured from spectrum analyzer A-scan records.
Figure 8b depicts the angle ¢ between the dipole
antenna and the local direction of the earth's
magnetic field B, as derived from onboard mag-
netometer data. The accuracy of the angular
plot is approximately +5°.

Comparison of Figures 8a and 8b shows that
the maximum bandwidth of the Omega signals oc-
curs near the times when ¢ ~0° or 180°, i.e.,
near the time when the antenna is parallel to
Bo. It isalso clear that the minimum bandwidth
of the signals occurs when ¢ ~ 90° and the antenna
is perpendicular to B,.

Although the signal bandwidth reaches a maxi-
imum near the points ¢ ~0° and 180°, it tends
to approach zero whenever the antenna is closely
parallel to By and the signal amplitude is low
(spinnulls). This effect canbe seen in Figure
7b, where two Omega pulses at 11.3kHz fall within
the spinnull periods near the 12~ and 22-s marks.
Both pulses show amplitude fading accompanied by
irregular bandwidth decreases. As a general rule
it was found during our study that all transmitter
pulses, both normal and spectrally broadened,
showed much smaller electric field amplitudes
in the spin null positions where the satellite
antennas were closely parallel toBy. This find-
ing indicates that the wave electric field paral-
lel to By is always much smaller than that per-
pendicular to By, a result in keeping with the
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Fig. 8. Plots made from ISIS 2 data acquired on August 14, 1979. (a) The spectral
bandwidth of 16 Omega transmitter pulses (hatched regions) at a nominal frequency of
13.1 kHz. (b) A plot of the angle ¢ between the electric dipole antenna axis and
the local direction of the earth's magnetic field ﬁo. Bandwidth maxima occur when

antenna is nearly parallel to _ﬁo.

theory of whistler-mode propagation in a cold
plasma [Stix, 1962; Helliwell, 1965].

In addition to the strong upgoing direct Omega
pulses shown in Figure 7, there are also weak two-
hop (27 mode) downgoing echoes of these pulses
present in the data. The echoes can be seen
fairly clearly in Figure 7b, occurring approxi-
mately 2 s after each pulse at 11.05, 11.3, and
13.6 kHz.

The direct signals and the echoes can be readily
differentiated in at least two ways. First of
all, the group time delay of the direct upgoing
pulses ( 100 ms) is much shorter than the group
time delay of the echoes ( 2 s). Second, the
duration of the direct pulses is generally within
100 ms of their nominal duration while the echoes
are highly dispersed in time with duration of up
to 2-3 times the nominal value.

2.4, Chevron Form

It is important to note from Figures 7b and
7c¢ that the Omega pulses have a spectral enve-
lope that has a characteristic 'chevron' shape
which is roughly symmetric about the carrier.
This shape results from the fact that the time
delay of each spectral component at frequency £
is an increasing function of the difference fre-
quency Af = |f - fc] » where f. is the nominal car-
rier frequency of the pulse.

Figure 9a shows a high-resolution spectrogram
of one of the 11.3 kHz Omega pulses shown in
Figure 7b. This pulse is typical of those that
show significant spectral broadening.

Figure 9b shows schematically the character-
istic chevron shape of the envelope of the pulse

shown in Figure 9a. In general, the time delay
varies approximately linearly as Af, and the en-
velope of the leading edge of each pulse can be
described by the two variablesy and Afy, where
¥ is the slope of the leading edge of the pulse
(referred to the frequency axis), and Afp is the
difference frequency between the component at
the carrier frequency f. and the component at
the lower (or upper) boundary of the envelope
of the leading edge of the pulse. With these
variables, the differential time delay § batween
a component at f and the component at £, can be
described by the relations:

§ = tanyAf 0<Af<Afy
(where Af is expressed inkHz and § is expressed
in seconds). A similar relationship holds for
the trailing edge of each pulse.

For the particular data shown in Figure 7b,
Y has the value 12°+ 2°, and for each pulse the
maximum value of §, dm, lies in the range 50 ms
< 8§p< 150 ms.

The fact that 8, # 0 suggests that the off-
carrier spectral components of each pulse may
have been generated at altitudes significantly
below the spacecraft and subsequently experienced
dispersion while propagating to the satellite.

However, this dispersion is not what one would
normally expect for whistler-mode waves of dif-
fering frequency. For instance, if the dispersion
is due to a true frequency difference between the
pulse components and these components are gener—
ated at approximately the same altitude, we would
expect the dispersion to follow the usual whistler-
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Fig. 9. (a) High-frequency resolution spectrogram showing 'chevron' shape of the
pulse envelope of spectrally broadened signals. (b) Schematic representation of
pulse in (a). The magnitude of the angle Y gives a measure of the dispersion of

the sideband components of the pulse.

mode relation [Helliwell, 1965] T ~ ™%, where
T is the whistler-mode time delay and f is the
wave frequency. However, the measured disper-
sion is roughly symmetric about the carrier
frequency of each pulse for carrier frequencies
that range between 19%2 and 13.6 kHz, and does
not conform to the £~ ° law.

Furthermore, the dispersion between the car-
rier and the sidebands is extremely large for
the short propagation paths characteristic of
the observations. For instance, in the example
shown in Figure 9, the maximum dispersion between
the sideband and carrier components is approxi-
mately equal to the propagation time of the car-
rier between the transmitter and the satellite.

In view of these considerations, it is not
© likely that the dispersion in the pulses arises
from frequency differences between the pulse
components. Instead, as discussed in section
3.3, we interpret the dispersion to be due to

differences in group velocity between waves of .

equal frequency but differing wave vectors Kk
which have been scattered by irregularities near
the F layer.

2.5. Pulse Power Spectrum

Measurements of the power spectral density
of the spectrally broadened Omega pulses showed
three basic characteristics:

1. At any given time the electric field in-
tensity of a spectrally broadened signal tended
to peak at a discrete set of frequencies onboth
sides of the nominal carrier frequency. However,
the position and amplitude of the sidebands var-
ied with time.

2. In many cases, the electric field ampli-
tude reached a minimum near the nominal carrier
frequency of the pulses.

3. Often, the amplitude distribution was
roughly symmetric about the nominal frequency;
however, many clear cases of asymmetry were also
observed.

These characteristics are observed in Figures

10 and 11. Figure 10 shows a series of ampli-
tude measurements of two spectrally broadened
pulses, each of which has a nominal carrier fre-
quency of 13,1 kHz. The amplitude is shown across
an 800-Hz frequency range centered on the carrier.
Each spectral scan is carried out in 8 ms, and
scans are repeated every 50 ms. Approximately
1l s of data are shown for each pulse. The ampli-
tude on each scan is measured on a logarithmic
scale with respect to the sloping base line. The
position of the carrier frequency is indicated
by an arrow perpendicular to the frequency axis.
It can be seen in both cases that thewave energy
tends to peak at a discrete set of frequencies
and that these sidebands are distributed roughly
symmetrically about the carrier frequency. It
is evident that the sideband locations change
slowly with time.

Figure 10a shows a typical case of spectral
broadening in which the amplitude at the nomi~-
nal carrier frequency (13.1 kHz) is generally at
least as high as the amplitude of the strongest
sideband components. Figure 10b shows a typi-
cal case in which an amplitude minimum occurs
near, or at, the nominal carrier frequency.

In order to investigate the long-~term rela-
tionship between the sideband components and the
carrier, it is useful to consider the average
power spectral distribution in each pulse.

Figure 11 represents six plots ((a)-(f)) of
some common average power spectral distributions
observed in Omega transmitter pulses exhibiting
spectral broadening. The power spectral dis-
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Fig. 10. A-scan records showing wave electric
field amplitude as a function of frequency
every 50 ms for two transmitter pulses of nom~-
inal frequency, 13.1 kHz. In (a) the ampli-
tude at the carrier frequency is generally
higher than that of the sidebands. 1In (b)

the amplitude at the carrier frequency is
generally much lower than that of the side-
bands.

tribution (signal level) is plotted as a func-
tion of the difference frequency Afp=f - f¢, where
fc is the nominal carrier frequency (Note: in the
case of Figure 11f the abscissa represents fre-
quency) .

To prepare these plots, a digital spectrum
analyzer was used to determine the power spec-—
tral distribution in five comsecutive 200-ms

samples of each pulse. These distributions were
then averaged to obtain the average power spec-
tral distribution. Use of the digital analyer
allowed a frequency resolution of approximately
6 Hz.

Figure lla shows a common case in which the
carrier is suppressed more than 10 dB below the
two broad, relatively unstructured, sidebands
located approximately ~100 Hz from f.. Figure
11b shows the case of a deep minimumnear f; and
sidebands with relatively more structure. Fig-
ure llc shows a common case of suppressed carrier
and markedly asymmetric sidebands. Sideband sup-
pression can occur for both positive and negative
Afp. Figure lle shows a common case of partially
suppressed carrier inwhich the amplitude minimum
occurs at a frequency slightly removed from the
nominal carrier (in the case shown, the minimum
occurs approximately 20 Hz above the carrier
frequency). Figure 11d shows the average power
spectral distribution of two 52-s portions of
the signal from the NAA transmitter. The earlier
sample (0836:53 UT) was taken at a time when no
spectral broadening was observed in either Omega
or NAA signals, The later sample (0843:33 UT)
was taken when significant broadening was ob-
served in both the Omega and NAA signals. It
can be seen that the normal NAA signal has a
10-dB bandwidth of ~200 Hz, while the time av-
eraged spectrally broadened signals was a 10-dB
bandwidth of 400 Hz, However, since the sig-
nal bandwidthof the spectrally broadened signal
varies with time, a temporal average will under-
estimate the amplitude of the sideband components
which are farthest from the carrier. Thus the
maximum bandwidth during any one spin period will
exceed that shown on the plot (e.g., see bandwidth
variation in Figure 6).

It is interesting that the NAA signal does
not show a minimum near the carrier frequency,
as do the Omega pulses. This difference is at-
tributed to the fact that the frequency range
over which carrier suppression takes place, ~50
Hz, is less than the sideband separation in the
normal NAA signal.

2.6. Relation to Impulsive ELF Hiss

Spectral broadening was often observed in as-
sociation with a band of weak ELF impulsive hiss
below 700 Hz whose upper cutoff frequency depended
strongly upon the orientation of the dipole an-
tenna with respect to the local direction of the
earth's magnetic field. Examples of this asso-
ciation are shown in Figures 12 and 13.

Figure 12a shows a spectrogramwhose dominant
feature is a band of impulsive hiss with an upper
cutoff frequency that varies between 200 and 500
Hz. The bandwidth maximumoccurs twice every spin
period at the position in which the antenna is
closely parallel to By, and the bandwidth minimum
occurs when the antenna is perpendicular to Bg.
This type of ELF impulsive hiss was observed quite
often at high latitudes beyond the plasmapause and
was generally associated with irregular LHR noise
bands and impulsive VLF hiss at higher frequencies.
In general, it was one of the dominant features of
the wave spectrum at high latitudes. This hiss
band was often also present at lower latitudes,
at a much lower amplitude level, and often ap-
peared in association with the spectral broad-
ening of the transmitter pulses.
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Fig. 1l. Average power spectral density for five common cases of spectrally broadened
transmitter signals and one example of impulsive ELF hiss. (a) Spectrally broadened
Omega North Dakota pulse with partially suppressed carrier and roughly symmetric, rel-
atively unstructured sidebands. (b) Spectrally broadened Omega North Dakota pulse

with more fully suppressed carrier and more

highly structured sidebands. (c) Spec-

trally broadened Omega North Dakota pulse with partially suppressed carrier and asym-
metric sidebands. (d) Average power spectral distribution of two 52-s samples of
signals from the NAA transmitter. The earlier sample (0836:53 UT) was taken at a
time when no spectral broadening was observed in either Omega or NAA signals. The
later sample was taken when significant broadening was observed in both the Omega

and NAA signals. (e) Spectrally broadened Omega North Dakota pulse with partially
suppressed carrier and roughly symmetric sidebands. Amplitude minimum occurs approx-
imately 20 Hz above carrier frequency. Curve in dashed line corresponds to fitted
double Gaussian distribution discussed in the appendix. (f) Example of power spec-
trum of impulsive ELF hiss. Peak at 60 Hz is due to local interference line intro-

duced in the ground recording. Compensated
due to dipole antenna rotation,

Figure 12b shows two simultaneous spectrograms
of the wave data in the ranges 13.1-to-13.7 kHz
and 0-to-600 Hz for a 40-s period near 1813 UT.
The data shown in the upper spectrogram of Fig-
ure 12b represents the wave energy in the upper
half envelope of the Omega pulses at 13.1 kHz
depicted in Figure 7c. Only the upper half en-
velope is shown in order to display more clearly

curve corrects for signal bandwidth change

the correlation between the bandwidth of the
Omega signals and the bandwidth of the impulsive
hiss.

Comparisonof the upper and lower spectrograms
of Figure 12b shows that the bandwidth of the
weak impulsive hiss varies in the same manner as
that of the Omega pulses as the antenna rotates
in the earth's magnetic field, Furthermore, at
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most times the bandwidth measure of the weak im-
pulsive hiss is within 60% of the half~bandwidth
of the Omega signals.

A second example of the association of the
ELF impulsive hiss with the spectral broaden-
ing phenomenon is given in Figure 13, which shows
four spectrograms of wave data acquired on the
ISIS 2 spacecraft on November 5, 1980.

The uppetr spectrogram of Figure 13a depicts
Omega transmitter signals at 13.1 kHz over a
35-s time period mear 0917:27 UT. (The same data
are shownina compressed format in the second
spectrogram of Figure 5). The middle spectro-
gram of Figure 13a depicts the wave energy in
the upper half envelope of the Omega pulses at
13.1 kHz shown in the upper spectrogram. The
lower spectrogram of Figure 13a shows the sim-
ultaneous ELF wave spectrum below 500 Hz.

It is clear from Figure 13a that Omega pulses
at 13.1kHz that occur during the first 6 s show
no sign of significant spectral broadening. How-
ever, a sudden bandwidth increase occurs at the
point marked by the arrow (SB) on the time axis.
This sudden increase was discussed above in con-
nection with Figure 5 and the sudden onset of LHR
noise band irregularities. From Figure 13a it
can be seen that the sudden bandwidth increase
is also accompanied by the abrupt appearance of
weak ELF impulsive hiss whose bandwidth is roughly
equal to one-half of that of the Omega pulses and
is spin-modulated in a manner identical to that
of the Omega pulses.

Figure 13b shows a spectrogram of wave data
acquired at a slightly later time when the sa-
tellite had reached a geomagnetic latitude of
68°N. At this point the impulsive ELF hiss had
become one of the dominant features of the wave
spectrum in a region where the Omega pulses were
no longer detected.

A typical example of the average (2 min) power
spectral densityof the impulsive ELF hiss beyond
L~4 is shown in Figure 11f. When compensated
for temporal bandwidth variations, the power dis-
tribution falls off smoothly and slowly with fre-
quency. The peak at 60Hz is due to loczl inter-
ference at the recording site. The drop-off be-
low 50 Hz is due to receiver characteristics.

2.7. Additional Observations and Occurrence
Patterns

Althoughmost examples of the spectral broad-
ening effect have been obtained from ISIS 2, good
examples have also been obtained from the ISIS 1
and ISEE 1 spacecraft.

Figure 14 shows two examples of ISIS 1 data in
which the spectral broadening effect is clearly
shown. Figure l4a shows a mid-latitude event con-
sisting of the spectral broadening of Omega trans-—
mitter signalswith maximum bandwidth approaching
600Hz. The upper spectrogramof Figure 14b shows
a high latitude event consistingof the spectral
broadening of signals from the NAA transmitter at
17.8kHz. At this time the subsatellite point was
close to the location of the transmitter (ge-
ographic longitude ~68°W, geomagnetic latitude
~57°N) and the transmitter signal was the domi-
nant feature of the 9.5-to-19.5 frequency range.
The lower portion of Figure 1l4b shows a higher
resolution spectrogram of the data shown in the
upper portion. It can be seen that the maximum
bandwidth of the NAA signal approaches 2 kHz,

while the minimum bandwidth is close to 300 Hz,
approximately 507 larger than the nominal 200-Hz
bandwidth of the NAA signal. It should be noted
that the NAA signal most probably consists en-
tirely of the direct component, since the rela-
tively high latitutde of observation precludes
conjugate echoes.

Figure 15 shows an example of spectral broad-
ening acquired on the ISEE 1 spacecraft on August
6, 1981, at an altitude of approximately 2700 km.
The upper spectrogram of Figure 15a shows the
wave data in the 0-to-15-kHz range over a 30-s
period. At this time signals from the Omega
transmitter at North Dakota are in evidence as
well as an LHR noise band with a regular cutoff
frequency near 5 kHz (marked by an arrow on the
frequency axis). Also present is a hiss band
extending from 2 to 7 kHz. Since the satellite
spin period is approximately 3 s, spin nulls in
the wave data appear every 1.5 s as the dipole
antenna periodically comes within 30° of B;. The
lower spectrogram of Figure 1l5a shows the Omega
pulses at 13.1 kHz in a 500-Hz band, and it is
clear from this spectrogram that the bandwidth
of the Omega pulses is no more than 30 Hz, a
value equal to the frequency resolution of the
spectrogram. The upper spectrogram of Figure
15b shows the wave data in the 0-to-15-kHz range
approximately 1 min later. The LHR noise band
has developed an irregular lower cutoff frequency
and impulsive VLF hiss has appeared in the spec-
trum. At the same time, as shown in the lower
spectrogram of Figure 15b, the bandwidth of the
Omega pulses has increased to approximately 200
Hz and exhibits a small amount of dependence upon
the antenna orientation angle.

Notice that five of the Omega pulses at 13.1
kHz (at 6.3, 12.5, 14,0, 26.4, and 27.7 8) span
a spin null location, and the amplitude of the
pulses at those locations drops below the back-
ground noise levels. This supplies further evi-
dence that the electric vector of the spectrally
broadened waves lies mainly perpendicular to B,.

The spatial distribution of observations of
the spectral broadening effect is shown in Fig-
ure 16. Figure 1l6a depicts the geographic lon-

gitude and invariant geomagnetic latitude of
the ISIS 1 satellite during periods of spectral

broadening of VLF transmitter pulses, and Fig-
ure 16b shows the same variables for ISIS 2
events.

In these coordinates, the satellite track for
each orbit is close to a straight line at con-
stant longitude. Each line section shown in the
plots represents the points along each satellite
track at which spectral broadening events were
observed. It can be seen from the figure that
events were observed over a wide range of geo-
graphical longitudes and geomagnetic invariant
latitudes. However, most observations occurred
beyond the average plasmapause location [carpen-
ter, 1966] at invariant latitudes greater than
60°. The apparent drop-off in occurrence at
roughly 90°W arises because passes farther west
were not routinely covered by the Ottawa tele-
metry station for the period under study. The
true occurrence of broadening is not thought to
have this longitudinal dependence.

With few exceptions, in all the events shown
spectral broadening was observed simultaneously
in both NAA and North Dakota Omega signals, as
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Fig. 16. Spatial distribution of spectral broadening events as observed on the ISIS 1
and 2 satellites. Location of the Omega North Dakota () and NAA transmitters are in-
dicated by circled crosses. Numbers near the ISIS 1 tracks indicate the approximate

altitude of the spacecraft during the events. Tracks not labeled lay in the 2500-to-

3000-km range.

well as in signals from other VLF transmitters
that happened to be present in the spectrum.
These transmitters included NIK (18.6 kHz),
Rugby, England (15 kHz), and the Omega trans-
mitter in Aldra, Norway. Thus close proximity
to a particular transmitter location was not a
prime requisite for spectral broadening to oc-
cur in the signals from that transmitter.

For the most part the data reported here was
obtained during the periods August 1979 and Oc-
tober-December 1980 when the local time at the
ISIS 2 satellite lay in one of the two ranges:
0100-0600 LT and 1300-1800 LT. During this
four-month period the spectral broadening ef-
fect was observed to occur during 27 passes out
of a total of ~250, an occurrence rate of ~10%.
The number of passes in each time sector was
roughly equal, but, with a single exception,
the effect occurred only in the 0100-0600 LT
sector. Thus the occurrence rate in this sec-
tor was ~207%.

The absence of events on the dayside occurred
for the most part because signals from VLF trans-
mitters were rarely present in the data. Their
absence is attributed to heavy dayside D-region
absorption.

Most spectral broadening events occurred dur-
ing conditions of low to moderate geomagnetic
activity. This circumstance is illustrated in
Figure 17 where each column of the solid-line
graph gives the percentage of cases of spectral
broadening for which the planetary geomagnetic
index Kp lay in the range (m- 1) <Kp <m—-, where
m=1, +++., 6. It can be seen from the figure
that over one-half of the events occurred dur-
ing quiet conditions for which Kp< 2- and that
most of the remaining events occurred during
conditions of moderate disturbance in which
2<Kp<4~.

Also shown in Figure 17 (in dashed line) is
the Kp distribution for all those three-hourly
Kp intervals that fell within the 0100-0600 LT
operations sector during the entire four-month
operation period. Comparison of the two curves
shows that the spectral broadening events tended
to occur during the quieter periods during the
campaign.,

3. Discussion

In the above we have documented the main char-
acteristics of the spectral broadening of VLF
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Fig. 17. Distribution of spectral broadening
events as a function of the planetary geomag-
netic index Kp (solid line). Shown in dashed
line is the Kp distribution for all 3 hourly
Kp intervals that fell within the 0100-0600
LT sector during the entire 4-month operat-
ing period.

transmitter signals during transionospheric prop-
agation. Below we discuss some of the possible
ramifications of these characteristics.

3.1. Precipitating Particles

We have shown that spectral broadening occurs
only in the presence of impulsive VLF hiss and/or
the presence of an irregular LHR noise band. 1In
the past, both impulsive VLF hiss and irregular
LHR noise bands have been linked to the precip-
itation of low—-energy (<1 keV) electrons [McEwen
ana Barrington, 1967; Laaspere et al., 1971;
Barringtonet al., 1971] and direct versfication
has been obtained of the association between
auroral zone VLF hiss and intense fluxes of low-
energy electrons in the range 100 <E<2keV. 1In
fact, a strong correlation was found between
precipitating electrons with energy near 700 eV
and auroral hiss forms very similar to the V-
shaped hiss form and the irregular LHR noise
band shown in the lower panel of Figure 3 [Gur-
nett and Frank, 1972; Hoffman and Laaspere, 1972;
Laaspere and Hoffman, 1976].

In view of this situation it can be specu-
lated that the precipitating electrons provide
the means by which spectral broadening occurs,
not only in the case shown in Figure 3 but in
all cases in which spectral broadening is ob-
served. Unfortunately, no direct test of this
hypothesis can be made since the ISIS 1and 2
energetic particle detectors were not operational
in 1979 and 1980, and the ISEE 1l particle detec-
tors were inactive during the ISEE 1 events.
Nevertheless, if precipitating electrons drive
the spectral broadening mechanism, then the oc~
currence pattern of the spectral broadening events
should agree roughly with the occurrence pattern
of energetic electron precipitation as estab-
lished by other experiments.

It can be shown from Figure 16 that the av-
erage invariant latitude at which spectral broad-
ening was observed was 65°, This value is ap-
proximately equal to the low-latitude boundary
of the nightside visual auroral zone. It lies
in the middle of the particular nightside low-
energy electron precipitation zone measure by
the Aurora and OGO 4 satellites and designated
the 'auroral' electron precipitation zone by
Burch [1968] and the 'band' precipitation zone
By Hoffman [1969].

On the other hand, many of the spectral broad-
ening events extend below 60° invariant in a
region where the fluxes of precipitating low-
energy electrons are much less intense than in
the region poleward [Gurnett and Frank, 1972].
However, these lower fluxes may still exceed

.whatever threshold value exists for the produc-

tion of the spectral broadening effect.

3.2. Association With Impulsive ELF Hiss

In the above we have demonstrated the asso-
ciation of the spectral broadening effect with
a band of ELF hiss that (1) is impulsive in na-
ture, (2) lies below 700 Hz in frequency, (3)
exhibits an upper cutoff frequency that depends
strongly upon the spacecraft dipole antenna ori-
entation, and (4) is seen in association with
impulsive VLF hiss and irregular LHR noise bands.

To our knowledge, ELF hiss of this nature has
not previously been discussed in the literature
although spectrograms of hiss that may be related
have been published (e.g., see Figures 5 and 6 of
Rodriguez and Gurnett [1971]). The hiss appears
to always lie below the local proton gyrofrequency
and the local proton-helium two-ion-cutoff fre-
quency [Gurnett and Burns, 1968] and thus may
consist of electromagnetic waves polarized in
either the right- or left-hand sense [Gurnett
et al., 1965]. However, the variation of the
upper-cutoff frequency of this noise band with
antenna orientation suggests that it may be elec-
trostatic in nature.

The impulsive ELF hiss does not appear to be
related to the two other natural noise bands
known as 'polar chorus' and 'plasmaspheric hiss,'
which have been observed in similar frequency
ranges. Polar chorus tends to occur predominantly
at high latitudes and in the daytime and often has
a high degree of structure [Ungstrup and Jack-
erott, 1963]. The impulsive ELF hiss, on the

other hand, is relatively unstructured in the
frequency domain and was observed predominantly
at nighttime. Plasmaspheric hiss tends to be
confined predominantly within the plasmasphere
[Thorne et al., 1973], while the impulsive ELF
hiss was observed to be much higher in amplitude
outside the plasmasphere.

Efforts to detect the ELF hiss band in data
acquired on the ground at Roberval Statiom in
Canada, close to the subsatellite point, have
proved fruitless, largely due to the effect of
intense man-made interference lines in the ELF
band at harmonics of 60 Hz. However, if the
impulsive ELF hiss is truly electrostatic in
nature, detection at ground stations would gen-
erally not be possible.

We have shown that at any given time the band-
width of the impulsive ELF hiss is generally
roughly one-half of the bandwidth of the spec-
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trally broadened transmitter pulses. At first
sight this association between the ELF hiss and
the spectrally broadened pulses might suggest
that the spectral broadening occurs because of
harmonic distortion in the satellite receivers
which results from second-order inter-modulation
of the ELF hiss and the VLF transmitter pulses.
However, this possibility can be ruled out on
the basis of other characteristicsof the effect,
such as its chevron formand its occurrence only
at frequencies above the local LHR frequency.
Thus our physical picture provides a consistent
interpretation of the observations in a way that
precludes instrumental effects.

3.3. Doppler Shift Model

The spectral broadening of transmitter pulses
can be interpreted as caused by the Doppler ef-
fect. If we assume that each pulse consists of
a set of components at the same frequency, but
with different wave vectors, the Doppler-shifted
signal seen on the spacecraft could exhibit sig-~
nificant spectral broadening about the nominal
signal frequency, if the magnitude and direction
of the wave vectors is appropriate.

Amplitude scans such as those shown in Fig-
ures 10 and 11 give the power spectrum of the
spectrally broadened pulses as a function of
frequency near the carrier. If the sideband
components actually arise from a Doppler shift

effect, then information concerning the wave
vectors K of the sideband components can be ob-
tained by transforming the power spectrum into
a Poynting flux spectrum that depends only on
wave normal direction. This transformation is
carried out in the appendix, where it is shown
that wave components with X vectors near the
magnetic meridian plane could be responsible
for the observed large bandwidths (>100 Hz) of
the transmitter signals. The calculations of
the appendix also establish that most of the
wave energy would be carried by waves with wave
vectors within a few degrees of the resonance
cone and with moderate to high values of the
refractive index.

In the Doppler shift model, the fact that the
spectrally broadened pulses have a spectrum with
a characteristic chevron form (see Figure 9) is
interpreted as implying that the sideband com-
ponents of the received signal have propagated
from some dltitude well below the spacecraft
and that increasingly larger group delays are
associated with spectral components at increas-
ingly larger apparent frequency shifts from the
carrier. Thus the frequency-time dispersion can
be taken as a measure of the distance that the
VLF waves propagated from the apparent source
region. This relative dispersion can be quite
large; e.g., in the case shown in Figure 9, the
maximum dispersion is approximately 100 ms, a
value approximately the same as the total delay
of the carrier signals to the spacecraft.

In the Doppler shift model the apparent fre-
quency shift of any sideband component has the
value Aw =k * V, where k is the wave vector and
¥V is the satellite velocity vector. Since the
real frequency of each sideband component is the
same as the carrier, the dispersion in each pulse
is due entirely to the spread in group velocity
among the sidebands, which results from the
spread in k.
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Fig. 18. Ray tracing results: (a) Calculated
group delay of sideband components shown as a
function of Doppler shift. Measured deldy is
indicated by the dashed line. Sideband com-
ponents are assumed to propagate to the satel-
lite from 100-km altitude. (b) Rays origi-
nating near the E region and reaching the
satellite location. Indicated values of
Doppler shift (fp) are those that would be
measured on the satellite. The hatched

area represents the region that contains

all ray paths for which |fp| > 100 Hz.

By using the data acquired on August 14, 1979
(see Figure 7), the chevron form has been quan-
titatively investigated by tracing rays in two
dimensions in the time-reversed sense from the
height of the spacecraft toward the peak of the
F region. A horizontally stratified electron
density model was based on topside sounder iono-
grams recorded in the same areaa day previously.
The electron plasma frequency at the spacecraft
was 0.5 MHz, foF, =5.0 MHz and hpF, = 300 km.
The magnetic field lines were approximated as
straight lines and the magnitude of the magnetic
intensity was assumed to vary as the cube of geo~
centric distance.

The final wave vectors at the spacecraft were
constrained to lie in the magnetic meridional
plane, and to correspond to the observed side-
band separations, requiring refractive indices
of up to 1000. The dispersion relation for the
whistler mode in a cold plasma composed of elec~
trons and one type of ion was used. The high
indices of refraction corresponding to quasi-
electrostatic k vectors near the resonance cone
are supplied by this theory.

Rays originating near theE region and reach-
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scatter coherently from field-aligned
by precipitating energetic electrons

ing the satellite location at 1400 km are shown
in Figure 18b. 1In tracing these rays, a cold
0% - e~ plasma was assumed. The rays chosen for
display correspond to the indicated values of
fp (Doppler shift) around fo=13.1 kHz, where
fp represents the Doppler shift that would be
observed at the ISIS 2 location. The hatched
area represents the region which contains all
rays for which |fp| >100 Hz. It is clear that
waves with |fp| > 100 Hz are constrained to al-
most exactly the same ray paths, and these ray
paths 'sample' avery narrow cone of space about
the magnetic field limes.

Hence, it seems reasonable to postulate that
at every instant the satellite sees a localized
apparent source region for all the waves with
|fp| > 100 Hz. Each region could give rise to a
clean chevron shape. The top panel of Figure 18
shows the calculated dispersion in group-delay
versus Doppler-shift for rays terminating at 100
kmaltitude. Rays stopped at 300 km altitude (not
shown) have ~10 ms less group delay across the
entire fp band. It is found that the observed
slope is ~20% greater than the calculated one;
thus reasonable agreement exists between theory
and observation.

The calculations show that the rays with
50< [fD|< 300 Hz retain high wave normal angles
and high refractive indices throughout their
paths. Such rays might be subject to guiding
in density depletion ducts but, if so, their

electron density irregularities produced
below 1 keV.

paths would be essentially the same [Helliwell,
1965].

Raytracing tests with a hot plasma theory
assuming infinitely massive ions were also car-
ried out. These indicated that the cold plasma
theory behind Figure 18 is sufficiently accurate
for present raytracing purposes. Furthermore,
the use of finite mass ions in the hot plasma
theory would not change the essential character-
istics of the resonance cones and the associated
group velocities that are under consideration

here [Muldrew and Estabrooks, 1969].
These ray optics results suggest that if the

Doppler effect is the cause of the broadening in
the transmitter pulses of August 14, 1979, the
apparent source of the sideband components of

the pulse must be located close to the F region

peak or below it. This deduction appears equally
valid whatever may be the mechanism for producing
the large spread in wave vectors in the components
of the pulse.

3.4. Linear Scattering Source Mechanism

A mechanism for producing a large spread in
the wave vectors of transmitter pulses at low
altitudes is illustrated in Figure 19. Pre-
cipitating, low-energy (E < 1 keV) electrons cre-~
ate quasi-stationary field-aligned plasma den-
sity irregularities in the 200-to-300 km alti-
tude range. VLF transmitter signals entering
the region of precipitation from the lower iono-
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sphere scatter coherently from the irregularities
and the scattered wave spectrum has components
whose wave normals are near the resonance cone
(assuming f > fypp). The slow (200 km/s) quasi-
electrostatic mode waves near the resonance cone
have ’EI Iﬁw, where K is within a few degrees of
the perpendicular to the earth's magnetic field
0.

The motion of thé satellite produces a large
Doppler shift in the electrostatic wave compo-
nents, resulting in a greatly broadened spectrum
for the signals. Since the short-wavelength
quasi-electrostatic mode exists only for f > fiygr
[stix, 1962], scattered components of pulses for
which £< fyyp cannot achieve a high refractive
index and will be observed with very little Dop-
pler shift. This situation would be in keeping
with the observations that showed that only sig-
nals with f > fizp exhibited spectral broadening.

As an example of this effect consider the
case of the spectral broadening observed after
0917:40 UT on November 5, 1980, and illustrated
in Figure 5. In this case the maximum bandwidth
of pulses within the LHR noise band was approx-
imately 800 Hz, corresponding to maximum Doppler
shifts of *400Hz. Using the usual Doppler shift
Eelation, we then have 400 Hz = ]E . V| /2n, where
K 1s the wave vector and ¥ is the satellite vel-
ocity vector. The minimum value of refractive
index np, which satisfies this relation, is

obtained whenk and ¥ are parallel. Using V=7
km/s and f£=13.1 kHz, we find nyp=1300. This
value of refractive index gives a wave phase
velocity of 230 km/s, which is comparable to the
thermal electron velocity of 200 km/s and much
larger than the ion thermal velocity of ~4 km/s.
The wave length of this component would be ap-
proximately 18 m, a much smaller value than the
75-meter dipole antenna on the ISIS 2 spacecraft.
Up until 0918:03 UT on November 5, all pulses
at 10.2 kHz lay below the LHR frequency and showed
little evidence of spectral broadening. The av-
erage value of the lower cutoff frequency of the
LHR noiseband during this time was approximately
11.5 kHz. Using this value as the local LHR
frequency, we can find the maximum value of the
refractive index at 10.2 kHz from the well-known

relation:
= & k
S
where s = ¥[R+1]
and

m 2
- - x [ ®

L= L(EK) = R(—EK_)

where the indexk is used to denote the kth t'ype
of ionized particle, w¢ and wyc are the plasma
frequency and gyrofrequency, respectively, of
the kth type of particle and where g¢ gives the
sign of the charge of the ktP type of particle
(see Stix [1962]).

Assuming that the electron density at 1400 km
had a value of Ne ~3x10%/cm®, a common night-
time value, (1) yields n=50. This value of n
gives a maximum Doppler shift of approximately
12 Hz. Thus, very little spectral broadening
would be expected to occur at 10.2 kHz even though
the waves at this frequency had been scattered
strongly by the irregularities.

Since the carrier energy is being continuously
scattered into components with larger wave vec-
tors in the region of irregularities, we might
expect that the sideband amplitude would even-
tually reach that of the carrier. Furthermore,
since Figure 18 shows that waves with small Dop~
pler shifts have much larger divergence than waves
with large Doppler shifts, we might expect that
the amplitude of the sideband components with
high Doppler shift could often exceed that of
the carrier. Thus the linear scattering mech-
anism may be able to explain the amplitude min-
imum that often occurs at the carrier frequency
of the spectrally broadened pulses.

In general, Doppler shifts of the order of
400 Hz or more require wave refractive indices
of more than 10°. In this case the wave phase
velocity 18 comparable to the ambient electron
thermal velocity, and significant Landau damp-
ing of the large k components can be expected
if the electron distribution function is iso-
tropic. Thus it may be necessary to hypothesize
that the presence of the precipitating energetic
electroens results in an anisotropic electron dis-
tribution function which does not significantly
damp the large k components as they propagate
up to the satellite from the scattering region.
An example of a system in which precipitating
particles lead to amplification of electrostatic
waves near WLHR 1s discussed by Horita and Wata-
nabe [1969].

3.5. Nonlinear Scattering Mechanism .

It is possible that the sideband components
of the spectrally broadened signals are produced
by a nonlinear scattering (mode coupling) pro-
cess involving the impulsive ELF hiss and the
input transmitter pulses. The well-known syn-
chronism conditions for this type of interaction
are [Barbosa, 1982]

+ =
w OJs mo

i
ﬁitis= ﬁo

where wj and 'Ei refer to the frequency and wave
vector of the input transmitter signal, wg and
]:s refer to an electrostatic ion mode, and wgo
and Ko refer to a sideband component of the out-
put signal,

Normally, an interaction of an electromdgnetic
whistler-mode wave and an electrostatic ion wave
would be inefficient because of the disparity
between the k's. However, if precipitating par-
ticles heat the ambient protons and thereby raise
the ion wave phase speed, kg may reduce to within
an order of magnitude of ki, allowing a relatively
efficient nonlinear interaction. This would be
enhanced further if k; is a quasi-electrostatic
whistler-mode wave resulting from previous scat-
tering from irregularities. The resulting quasi-
electrostatic whistler-mode wave has a that,

(2)
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again, is near the resonance cone and has a fre-
quency that is shifted by wg. The spectral broad-
ening couldbe significantly greater than in the
linear scattering case, in that the frequency
shift of the carrier is added to the Doppler
shift observed on the moving spacecraft.

A somewhat analogous mode coupling interac-
tion has been discussed recently by Barbosa
[1982] in connection with the generation of VLF
and LF emissions in the magnetosphere by scatter-
ing upper hybrid waves from electrostatic ion
waves. However, the results of that theory do
not apply directly to the case considered here.

If the impulsive ELF hiss band is actually
driven by the precipitating electrons than it
is possible that nonlinear stages of beam in-
stabilities of the precipitating electtons can
also distort the transmitted pulse spectrum.
For instance, in the regions of precipitation
the Fourier components of the perturbed dis-
tribution function fl(V,;,tﬂ of primary ener-
getic electrons will depend upon the amplitude
of the ELF wave components.

When a transmitter pulse is present in the
precipitation region, initially small nonlinear
terms in the Vlasov equation involving the pro-
duct of velocity space derivatives of f] with
wave quantities will produce harmonic distor-
tion in the new perturbed distribution function.
If these small terms can be amplified through
a plasma instability the resulting spectral
broadening could conceivably take the form re-
ported here.

3.6. Antenna Orientation Dependence

As we have demonstrated above, in the ISIS
data the bandwidth of the spectrally broadened
pulses as well as that of the impulsive VLF hiss
often shows a strong dependence upon the orien-
tation of the spacecraft dipole antenna. This
effect could conceivably be related to the re-
sponse of the dipole to short wavelength elec-
trostatic waves. However, this conjecture is
difficult to evaluate since no widely accepted
theory exists that describes the response of an
electrically long dipole antenna in a magneto-—
plasma. Nevertheless, it should be noted here
that there is some evidence that suggests that
the dependence of pulse bandwidth upon antenna
orientation may not be directly related to the
mechanism that produces the spectral broadening
of the pulses.

For instance, Gurnett et al. [1969] have re-
ported observations from the INJUN 5 satellite
in which the lower cutoff frequency of the LHR
noise band was seen to be a periodic function
of the orlentation of the spacecraft electric
dipole antenna. The lower cutoff frequency var-
ied sinusoidally between the approximate limits
8+ 1 kHz, while the satellite moved at an alti-
tude of approximately 2500 km between the in-
variant latitude 46°-38°. A similar effect has
been seen occasionally in ISIS 1 data.

This effect may be similar to that which pro-
duces the bandwidth variation of the spectrally
broadened signals and may be independent of the
mechanism which produces the broadening.

3.7. LHR Breakup
In Figure 3b an arrow on the time axis indi-

cates the time at which the lower cutoff frequency

of the LHR noise band becomes very irregular. This
point is labeled 'LHR breakup' since it resembles
the LHR noise band breakup discussed by Carpenter
et al. [1968], which takes place near the plasma-
pause. In general, however, there are signifi-
cant differences between the LHR irregularities
reported by Carpenter et al. [1968] and those
which are associated with the spectral broaden-~
ing effect., First of all, the LHR irregularities
associated with the spectral broadening effect
are seen over a wide latitude range, while the
classic LHR breakup effect 1s confined to the
region near the plasmapause boundary. Further-
more, at the times of initiation of the spectral
broadening effect, the lower cutoff frequency of
the LHR noise band shows an abrupt increase,
while in the classic LHR breakup effect it shows
an abrupt decrease.

These differences suggest that the two effects
are not caused by the same mechanism.

3.8. Comparison With Past Work

It is important to compare in detail the spec-
tral broadening effect reported here and the Dop-
pler broadening effect reported by other workers
[Walter, 1965; Cerisier, 1974; Edgar, 1976]. The
most striking difference between the two effects
lies in the fact that the spectral broadening
effect occurs in transmitter signals that have
propagated over a relatively short distance be-
tween the ground and the satellite, while the
Doppler broadening effect occurs in transmitter
signals that have made at least one complete
traversal of the magnetosphere. Furthermore,
the magnitude of the two types of broadening
are quite different, with bandwidths of 500 Hz
being very common for spectrally broadened sig-
nals, while bandwidths greater than 250 Hz are
very uncommon in the Doppler broadening phenom-
enon. There are, however, a number of interest-
ing similarities:

l. Doppler broadening occurs only for wave
frequencies which lie above the local LHR fre-
quency.

2. Doppler broadened waves generally exhibit
a partial chevron form and occasionally a sym-
metric chevron form [Edgar, 1976b, Figure 1].

3. The bandwidth of Doppler broademed waves
can show a dependence upon the satellite dipole
antenna orientation [Edgar, 1976b, Figure 4].

4. The 'sideband' components of the Doppler
broadened waves can be of higher amplitude than
the carrier.

Furthermore, the basic interpretation of the
Doppler broadening effect is similar to that
which we have given for the spectral broadening
effect, i.e., a series of constant-frequency
wave components with K vectors near the resonance
cone are received on a moving satellite with a
large Doppler shift, and a temporal dispersion
produced by the range in ¥ of the components,

However, an important differemce is that the
spread in ﬁ in the Doppler broadening effect is
the result of multi-path interhemisphere wave
propagation, while in our model of the spectral
broadening effect the spread in K is the result
of low-altitude coherent scattering by iono-
spheric irregularities produced by particle
precipitation.

In spite of the many similarities of the spec-
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tral broadening and Doppler broadening effects,
it is generally not difficult to distinguish the
two effects.

3.9. Particle Precipitation Experiments

If the spectral broadening effect is driven
by precipitating energetic electrons, it could
have important consequences for VLF wave-injection
experiments designed to cause precipitation of
energetic electrons from whistler-mode ducts
[Inan et al., 1978; Bell et al., 198la]. The
efficiency of these experiments is much higher
when the input wave is amplified by the whistler-
mode instability before the particle scattering
begins. However, since the precipitating par-
ticles enter the ionosphere above the wave
injection point, the precipitation could actuate
the spectral broadening effect, which would then
markedly increase the k bandwidth of the input
wave.

To a moving electron, through the Doppler
shift effect, the spread in k values in the in-
put wave would be equivalent to a spread in fre-
quency bandwidth of thewave. From the results
of past experiments [Raghuram et al., 1977] on
the whistler-mode instability, there is good
reason to believe that the increase in apparent
bandwidth of the signal would result in a sharp
decrease in the whistler-mode gain. The resul-
tant weaker signal would produce a smaller pre-
cipitation flux, setting up a type of feedback
loop. Assuming that the particle scattering
takes place near the magnetic equatorial plane,
the time constant of the oscillation in this
loop would be T =ty + tp, where tg is the wave
group delay time in the duct from the ionosphere
to the magnetic equator and tp is the scattered
particle travel time from the magnetic equator
to the ionosphere. In general, 1<T<6 s, de-
pending upon the duct location and the energy of
the scattered particles.

3.10. Downward Propagating Signals

This article has focused on the properties of
transmitter signals in the northern hemisphere
that display significant spectral broadening when
propagating upward to spacecraft through regions
of impulsive VLF and ELF hiss and irregular LHR
bands. A small amount of data gathered to date
indicates that similar spectral broadening ef-
fects may occasionally occur in signals prop-
agating downward to a low-altitude satellite,
either as transmissions from the opposite hemi-
sphere (1~ mode) or as two-hop echoes of signals
from transmitters in the same hemisphere (27 mode)
If this effect can be reliably distinguished from
the Doppler broadening effect, the data should
further clarify the physics of the VLF phenomena
described herein.

4, Summary and Conclusions

We have presented evidence of the existence
of a new phenomenon in which initially narrow-
band (~1 Hz) upgoing signals from ground-based
VLF transmitters undergo a significant apparent
spectral broadening as they propagate through
the ionosphere and protonosphere up to altitudes
in the 600-to-300 km range. The effected signals
lie in the 10-to-20 kHz range and the spectral

broadening can reach a value as high as 10% of
the nominal carrier frequency of the input sig-
nal. We have given the conditions under which
the effect occurs and have shown how the orien-
tation of the satellite electriec dipole antenna
affects the bandwidth of the spectrally broadened
signal. Because of the temporal dispersion in
the components of the broademned pulses we have
concluded that these pulses consist of components
of the same frequency but with widely different
wave normals that have an apparent source region
near or below the F region peak.

The increased signal bandwidth is hypothesized
to be produced by the large Doppler shift, observed
on the moving satellite, of pulse components with
wave normals near the resonance cone.

We conclude that a likely mechanism for pro-
ducing the wide range of wave normals necessary
for the Doppler shift model is a process inwhich
input signals scatter coherently from magnetic
field-aligned density irregularities in the 200-
to-300 km altitude range. It is hypothesized
that these irregularities are produced by pre-
cipitating electrons of energy less than 1 keV.
Other mechanisms for producing the spectral broad-
ening are also considered. We conclude that the
spectral broadening effect represents a new type
of ionospheric wave-particle interaction that may
have significant implications for VLF wave-injec-
tion experiments designed to produce precipita-
tion of energetic electrons from whistler-mode
ducts.

Appendix: Spectral Transformation
and Power Spectra

The quantity measured by the ISIS VLF receiver
and plotted in Figures 10 and 11 is the power
spectrum Pp with respect to the difference fre-
quency fp. The purpose of this section is to
describe how it is transformed to the Poynting
power spectrum Pg with respect to the polar angle
Ok of the wave vector, assuming that Afpactually
represents the Doppler shift fof each sideband
component.

The quantity Pp is proportional to the square
of the receiving antenna terminal voltage V. That
is

Pp = C+dv>/dfy (A1)

The power in a Doppler frequency range dfp about
fp is Ppdfp. It is assumed that this power cor-
responds to a dv? produced by an effective elec-
tric field E such that

av? = (%-2)* (a2)

in which T is the antenna length vector with
modulus L and direction cosines By, By, Bz
This power increment corresponds to the incre-
mental Poynting power d[gl in the angular in-
crement dOy about 6y, P6dOg. That is,

d|3| = pode, (A3)
In what follows, Py is developed as a function of
P
Dl

According to Allis et al. [1963], the E vec-
tor components for the coordinate systemin Fig-
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Fig. Al. Vectors used in analysis.

ure Al are related to the E vector modulus Ey in
a cold collisionless plasma as follows:

Ey = Eo[n® -K.][n?sin’0, -Ku] = Eovx
Ey = 1EgKy[n®sin’0y - K.] ZiEqYy } (A%)
Ep = Egn’sinfgcosdy[n® -K,] = Eqy,

Here, n? is the square of the refractive index,

K., Ku, and Ky are components of the dielectric

tensor in the notation of Allis et al. [1963],

and Yy, Yy» and Y, are the direction cosines of
With this notation and with due regard for

the phase relations in (A4), expression (A2)

is

av? = Eo" 12 [(YxBx+ Y2B2) * + (YyBy) *]
(A5)
dv? = E,°L%Fp
The Poynting flux is evaluated as usual as

d|s| =%|Re (Ex H#) | (A6)

Ti* being the complex conjugate of the wave mag-
netic field intensity vector. From Faraday's
law, VxE= -uo(an/ati, it is found with ky =0
that

Hy* =nEy cos 0y/Z,
Hy*=n(Ex cos O -E; sin Bk)/Zo ’ (A7)
Hz*=-n(Ey sin 6p)Zo
where Z, is the free space wave impedance.
With the explicit forms if (A4) and (A7),
(A6) becomes

2
nE, , )
dlgl =ﬁ (‘Yy sin 6 +Y;" sinfy

- YzYx cos Oy)?

+ (sz cos ek"'sz cos Ok

- YxYz sin 8p)2 % (A8)

nEy2
=gz, " To

Now (Al) and (A3), respectively, can be written
as

C Eo?L%Fp = Ppdfp (A9)
nEy2
'z—zo— . Fe =Pedek (A10)

which, combined to eliminate Ey?, yield

P 1 i Wi A (a11)
o= |———— | |=— 5 -
2c L? z, Fp B

The Doppler frequency fp at a receiver in a
spacecraft with velocity Vg is fp= -VS‘K/ 27,
The derivative of fp in (Al1l) has been evalu-
ated by using

D
di= |Vslk [nx tana sin Oy -ny cos 6y
+ N, tana cos B
+ nz sin ek] (A12)

where Ny, Ny and N, are the direction cosines
of Vs’ and dk/d@) has been replaced by -k times
the tangent of the angle between the group
velocity and K directions.

Examples of wave power spectra, including
those in Figure 11, have been converted to (dif~
ferential) Poynting flux Pg with respect to wave
vector directions using the relations given above.
In these calculations only the form of the Py
curves was determined, and no attempt was made
to calculate the absolute Pg. Thus, in (All),
the quantities inside the second set of brackets
were evaluated while those inside the first have
been disregarded.

The spatial relationship among important vec-
tors 1s shown in Figure Al. The xyz coordinate
system has z along the direction of the terres-
trial magnetic field B,. The geographic south
direction G5 lies in the xz plane. In our ISIS
data set, the spacecraft velocity vector Vs is
close to t(?s, while the receiving dipole vector

executes spin motion that carries it with_i>n a
few degrees of the z and x axes. The test k
vectors all lie in a plane at some azimuth ¢y
passing through the z axis. The goal of the
calculation is to compute the distribution of
power with respect to O (wave-vector polar angle)
for various values of the azimuth ¢x. The L di-
rectionwas computed from real-time magnetometer
and sun sengor data, B, was basedon a real-field
model and €S and Vs were computed from spacecraft
ephemeris data.

The observed power spectral demnsity Pp com-
monly exhibits a notch near the nominal trans-
mitter frequency. Therefore, empirical fits to
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Fig. A2. Theoretical differential Poynting
power spectrum with respect to the difference
between the wave vector angle §y and the res-
onance cone angle Og. The wave normals are
assumed to lie in the magnetic meridional
plane.

the observations could in many cases be found by
using the difference of two Gaussian distribu-—
tions:

Pp=Tiexp(-£ */w1?%) = Izexp(-£ % /w2?)  (A13)

where £ = f-f,-€, f. is the nominal carrier
frequency, € is the frequency offset of the
notch in Pp from f,, and I1, I, w1, and w2
are constants chosen to produce the best fit.
For i1llustration, a fitted analytical curve is
superposed on the data in Figure lle in dashed
line. For this case the parameters have the
values I, =1, I,=0.93, wi =100 Hz, w2 =60 Hz,
and € =20 Hz. The Pg curve for this example
is shown in Figure A2, where Pg is plotted as
a function of the difference between the wave
vector angle 6 and the resonance cone angle 6.
In preparing the figure it was assumed that

¢ =0.

Generally, Pg increases with decreasing 6g - 0k.
Its peak moves to larger 6p -0y as the widths
w1 and w2 increase.

Figure A2 gives the impression that most of
the wave power flux 1s concentrated near the
resonance cone. This is confirmed by integrat-
ing P . As ameasure of the power concentration,
the lower quartile point

o or
] Pgde ] Pgdo = 0.25
o o

was solved for 8'. The result invariably placed
0' within a few degrees of 6y (see 'L.Q.' arrows
in Figure A2). Thus most of the detected radi-
ation corresponds to k vectors lying close to
the resonance cone with indices of refraction
of ~20 or greater.

Tests were made by varying the azimuth of the
k vector distribution 6y. When the azimuth of
the k-plane lay within approximately *45° of the
G5 o Plane, the computed Py shape did not change
significantly.

For cases with the K azimuth more nearly per-
pendicular to G5, and therefore to Vs, (¢ = 90)
increasingly larger refractive indices n were

102 10! 10° 10" w02 103

required to produce the observed frequency
shifts. The hot plasma dispersion relations
for the whistler mode [Muldrew and Estabrooks,
1969] admit solutions for n values up to about
1000, beyond which propagation is thermally
damped. Here an arbitrary upper limit of n =
1000 provided the cutoff on the right side of
the curves in Figure A2.

Distributions with 60° < ¢y < 120° were found
incapable of producing the observed wings of
the Py distributions. It was concluded that
the real wave vector distributions have strong
components near the geographic south and north
directions. Nothing can be deduced about the
existence of waves with k's oriented roughly
east and west.
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