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Wave Normal Direction and Spectral Properties of Whistler Mode

Hiss Observed on the DE 1 Satellite

VIKAS S. SONWALKAR AND UMRAN S. INAN

STAR Laboratory, Stanford University, Stanford, California

A new study of magnetospheric hiss as a spatially and temporally enduring phenomenon is
undertaken using a recently developed formalism that allows the representation of hiss by a field
distribution function (FDF). This formalism explicitly takes into account the whistler mode rela-
tionships and the linear and spin motion of the satellite, so that on a spin-stabilized satellite, it
becomes possible to measure the wave propagation direction(s) from the observed fading patterns
in the received electromagnetic field data. We have analyzed hiss signals received by electric and
magnetic field antennae aboard the DE 1 satellite during a ~ 3-hour period on September 23,
1983. A band of hiss at frequencies <2 kHz was observed continuously from 0236 UT to 0539 UT
over a range of geomagnetic latitudes from Ay, = 45°N to Ay = 20°S and L shells of L = 4.3 to
L = 5.3. Electron density deduced from in situ and remote measurements indicates that during
thie time the DE 1 satellite was near the boundary of the plasmasphere. Observations can be
summarized as follows: (1) The general character of the electric and magnetic field spectrum re-
mained the same throughout the 3-hour-long period, exhibiting an intensity peak at 1550 Hz. (2)
The intensities of both the electric and the magnetic field decreased during this interval by ~ 30
dB. (3) Well-defined fading patterns at half the spin period (3.04 s) were observed throughout
this period. These patterns were stable over a time scale of ~ 1 min. (4) In addition, a slow
fading pattern with a time scale of 30 s was observed approximately 30% of the time. (5) The hiss
intensity also showed fading over a time scale of ~10-15 min. The spin fading patterns led to the
measurement of wave propagation direction(s). The results of our analysis can be summarized
as follows: gl) Near the geomagnetic equator (within ~ £3° latitude) we observe a wave normal
angle of 60° & 5° with respect to the local geomagnetic field. (2) Away from the equator, wave
normal directions range from 30° to 80° with respect to the local geomagnetic field. (3) All wave
normal directions observed over the 3-hour-long period were within ~ £45° of the plane normal
to the local magnetic meridional plane. Results indicate that the hiss source radiates with initial
wave normal angles in the range 30° < 8y < 64 (Gendrin angle) and 90° < ¢o < 270°, contrary to
the common assumption that the source emits with wave normal angles closely aligned with the
geomagnetic field. The FDF formulation has also permitted elucidation of the statistical nature
of hiss. The slow time fading (~ 30 s) is interpreted in terms of a coherence bandwidth Aw of

about 0.2 rad/s.

1. INTRODUCTION

ELF/VLF hiss is a common example of broadband elec-
tromagnetic noise observed in planetary magnetospheres
[Barrington et al., 1963; Helliwell, 1965; Dunckel and Helli-
well, 1969; Russell et al., 1969; Gurnett et al., 1969 Scarf et
al., 1981). Of particular interest for this paper are whistler
mode hiss emissions, which are observed at frequencies be-
low the local electron gyrofrequency fx and the local plasma
frequency fp. In the Earth’s magnetosphere, whistler mode
hiss is observed at low altitudes (<2Rg) in the auroral re-
gions, where it is called auroral hiss, and also throughout
much of the closed-field-line regions of the magnetosphere.
Commonly observed within the plasmasphere, hiss can po-
tentially play an important role in the dynamics of the ra-
diation belts. Precipitation of energetic particles as a result
of resonant interactions with waves in general is believed to
be the dominant loss process for the radiation belts [Kennel
and Petschek, 1966). Interactions involving whistler mode
hiss, in particular, have been suggested as being a primary
factor in determining the morphology of the belts and the
slot region [Lyons et al., 1972]. On the other hand, recent
experimental observations of burst electron precipitation by
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lightning-generated whistlers [Voss et al., 1984; Inan et al.,
1985; Inan and Carpenter, 1987] and VLF transmitter sig-
nals [Imhof et al., 1983] indicate that discrete whistler mode
signals other than hiss may play significant roles in deter-
mining the loss rates for the radiation belts at mid-to-low
latitudes within the plasmasphere. Thus a detailed under-
standing of the generation, propagation, and maintenance
of hiss is an important problem of magnetospheric physics.

An adequate understanding of hiss must involve (1) the
characterization of hiss, (2) the nature and location of the
source region(s), and (3) generation mechanisms. At present
our understanding of hiss is lacking with respect to each of
these aspects. The past studies of hiss can be categorized in
three ways: (1) characterization of hiss based on occurrence,
intensity, and spectral information [Dunckel and Helliwell,
1969; Russell et al., 1969; Thorne et al., 1973}, (2) character-
ization based on direction of arrival information [Hayakawa
et al., 1986; Lefeuvre et al., 1981], and (3) theoretical work
to explain the generation, maintenance, and propagation of
hiss [Thorne et al., 1973, 1979; Church and Thorne, 1983;
Huang et al., 1983].

Ground-based observations of hiss have been well docu-
mented by Helliwell [1965]. The first in situ observations
of hiss were made on lower-altitude polar-orbiting satellites
[Barrington et al., 1963; Gurneit and O’Brien, 1964; Scarf
et al., 1968; Taylor and Gurnett, 1968 ]. Like ground obser-
vations, these observations provide only partial information
about the waves in the magnetosphere due to reflection and
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absorption of down coming waves at higher altitudes. High-
altitude satellite measurements are necessary for a complete
understanding of the physics of hiss generation and propa-
gation in subauroral regions. Detailed morphological stud-
ies using data from the high-altitude OGO 1 and OGO 3
satellites were reported by Dunckel and Helliwell [1969] and
Russell et al. [1969]. Subsequently, Muzzio and Angerami
[1972] and Thorne et al. [1973] provided observations from
the OGO 4 and OGO 5 satellites, respectively. Smith et al.
[1974], and Parady et al. [1975] based studies on observa-
tions of hiss on OGO 6 and Explorer 45, respectively. These
studies involved the morphology and occurrence patterns of
hiss in different subauroral regions of the magnetosphere at
all local times. The general conclusions of these initial stud-
ies can be summarized as follows:

1. Hiss is found throughout the plasmasphere and is
stronger in the daytime sector compared to the midnight-
to-dawn sector. Its broadband intensity or spectrum shows
little or no systematic variation with L value; however, it
often peaks at high (>40°) latitudes. It often shows a sharp
cutoff at the plasmapause, though it is also observed out-
side the plasmasphere [Dunckel and Helliwell, 1969; Russell
et al., 1969; Thorne et al., 1973].

2. Hiss is observed in a frequency band ~100 Hz to ~3
kHz. The spectrum generally shows peak intensity at fre-
quencies below 1 kHz.

3. It appears that the upper cutoff of hiss is con-
trolled equatorially [Dunckel and Helliwell, 1969, Muzzio
and Angerami, 1972], while the lower cutoff is controlled
locally [Muzzio and Angerami, 1972; Thorne et al., 1973].

4. Hiss intensity is correlated with magnetic substorm
activity. It decreases soon after a substorm and builds up
during the recovery phase. The detectable waves persist
even during quiet periods [Smith et al., 1974; Parady et al.,
1975).

The strength of wave-particle interactions in the magne-
tosphere is dependent on the wave normal directions of the
whistler mode waves interacting with the particles. Earlier
studies [Kennel and Petschek, 1966; Thorne et al., 1973] as-
sumed propagation parallel to Earth’s magnetic field. Ken-
nel and Petschek [1966] were successful in explaining pitch
angle diffusion of energetic particles; however, the observed
properties, in particular the intensity of VLF hiss, could not
be explained. Storey [1971] suggested that a better under-
standing of these interactions must take into account the
distributions of waves in frequency and direction as well as
the distribution functions of particles. The need for the
estimation of wave distribution in frequency and direction
was reemphasized by Shawhan [1983] in connection with the
future instrumentation on satellites. Storey and Lefeuvre
[1974] developed a formulation to measure wave proper-
ties based on the concept of the wave distribution function,
WDF, which could be used to represent random electromag-
netic noise such as hiss. The WDF model assumes hiss to
be a superposition of a large number of plane waves each
having an infinitesimal amplitude and a random phase such
that any two plane waves differing in either frequency or
direction are mutually uncorrelated. Storey and Lefeuvre
also developed techniques to measure the wave distribution
functions of hiss observed on satellites [Storey, 1971; Storey
and Lefeuvre, 1979]. Several studies based on these tech-
niques have been presented using data available from ISEE 1
and the GEOS satellites [ Lefeuvre et al., 1983; Lefeuvre and
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Helliwell, 1985; Hayakawa et al., 1986; Parrot and Lefeu-
vre, 1986]. The general results from these studies are listed
below.

1. Most often waves propagate with oblique wave normal
angles.

2. About 40% of the time, waves show a double-peaked
distribution; at other times they exhibit a broadly peaked
distribution.

3. Even close to the geomagnetic equator, which is a
favored region for the generation of hiss, waves are found to
propagate with all possible wave normal directions.

It may be noted here that the above results are in ap-
parent contradiction with the common assumption (see be-
low) that strongest wave-particle interactions occur when
the waves are propagating parallel to the geomagnetic field.

On the theoretical side the most noted works are those of
Kennel and Petschek [1965], Lyons et al. [1972], Thorne et
al. [1973, 1979], Church and Thorne [1983], and Huang et
al. [1983]. The earlier studies assumed hiss to be a plane
wave propagating parallel to the Earth’s magnetic field and
the wave-particle interaction to take place near the equator.
The main reason for this assumption was that the spatial
growth rate is maximized under this condition [Kennel and
Petschek, 1966]. It was found that the estimated gains are
not sufficient to explain the observed intensities when hiss is
assumed to be generated from ambient thermal noise. Later
it was proposed [Thorne et al., 1979; Church and Thorne,
1983] that the waves follow a cyclic path and that the noise
is amplified each time it passes through the equatorial re-
gion with low wave normal angles. In general, 40-50 passes
would be required for the waves to be amplified to the ob-
served level. Based on path-integrated gain/loss calcula-
tions, Huang et al. [1983] showed that in general the waves
would be damped out to thermal levels before being mag-
netospherically reflected. Therefore, the recycling model of
Thorne et al. [1979] may not explain the amplification pro-
cess. Another possibility suggested by Church and Thorne
[1983] and by Huang et al. [1983], is that most of the waves
are generated by a strong embryonic source, and that they
subsequently propagate to the rest of the magnetosphere.
The local gain/loss in this mechanism is used to explain ei-
ther the maintenance or the eventual damping of hiss waves.
Path-integrated gains needed for this purpose are naturally
much smaller. In the context of the embryonic source model,
the outstanding problems include the identification of source
location(s) and the generation mechanism.

The present paper introduces a new and general formal-
ism for analysis of whistler mode signals received on a spin-
ning satellite,. A specific method is developed and applied
to the case of hiss signals observed on the DE 1 satellite.
The major advantage of our data is that nearly simultane-
ous measurements of electric and magnetic fields are avail-
able for quantitative analysis over a relatively long satellite
trajectory. For the case studied in this paper, on September
23, 1983, hiss was observed continuously over a ~3-hour-long
period over a wide range of geomagnetic latitudes. The spin
of the satellite provides a natural way to measure the wave
normal directions [Sonwalkar, 1986; Sonwalkar and Inan,
1986)]. In situ measurements of cold plasma density and ob-
servations of Siple Station, Antarctica, transmitter signals
are used to arrive at a reasonable model of the magneto-
spheric cold plasma density distribution at the time of mea-
surements. Most past studies have been statistical in nature
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and involved analysis of hiss received within relatively short
periods (a few seconds) and/or at a limited number of points
in space. In this paper, we present the first detailed study
considering hiss as an enduring phenomenon and thus inves-
tigating relationships among the properties of hiss observed
in different regions of the magnetosphere.

The organization of the paper is as follows. Section 2
describes the experimental setup and the data in terms of
its spectral properties and the envelopes of the measured
electric and magnetic field intensities along the nearly field-
aligned satellite trajectory. Section 3 introduces a new for-
mulation to analyze hiss data. Section 4 describes the mea-
surement of wave normal direction. Section 5 discusses the
results in the light of previous work on wave normal di-
rection, source region, propagation, and the nature of hiss.
Summary and conclusions are provided in section 6.

2. OBSERVATIONS

The data utilized in this paper were acquired in the
course of VLF wave injection experiments carried out during
August-December 1983 using the Stanford University VLF
transmitter at Siple Station, Antarctica [Helliwell and Kat-
sufrakis, 1974], and the linear wideband receiver (LWR) on
the Dynamics Explorer (DE 1) satellite. The LWR receiver
is integrated into the Plasma Wave Instrument (PWI) on
the DE 1 satellite [Shawhan et al., 1981] and measures wave
amplitude in the frequency range 1.5-16 kHz. The gain of
the amplifier can be set at 10-dB steps over a 70-dB range
and can be varied automatically or can be commanded to
remain fixed at any level. In the automatic mode the gain is
reset every 8 s. The response is linear over a 30-dB range in
any gain position, thus facilitating accurate measurement of
signal intensity and temporal growth rate. The LWR can be
commanded to cycle between a 200-m-long electric dipole or
2 0.8 m by 1.25 m single-turn loop magnetic antenna (thresh-
old sensitivity 6 x 10~10 y/(Hz)}/? at 6 kHz). The input
impedance of the LWR preamplifier is > 10° Q. The main
purposes of the wave injection experiments were to study
the propagation, amplification, and emission triggering of
natural signals as well as signals from the transmitter.

In this paper, we present an analysis of broadband
whistler mode hiss emissions observed during 0236-0545 UT
September 23, 1983, when the DE 1 satellite followed the
trajectory shown in Figure 1, moving from Am=45°N to
Am=20°S, and between L=4.3 and L=5.3. Geomagnetic
longitude varied from ~10°E to ~33°W.

0357 UT
N

\; 0420 UT

Fig. 1. Projection of the satellite trajectory onto the magnetic
meridional plane on September 23, 1983, during 02420539 UT
when a hiss band was observed continuously.
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The choice of this particular data set for detailed study
was somewhat arbitrary, except for the fact that the hiss
signal was strong enough on both Er and B antennas to
permit a quantitative analysis over a 3-hour-long DE 1 tra-
jectory (hiss showing similar features is commonly observed
on satellites). On the other hand, the data aquired on this
day are somewhat special, in that the satellite trajectory
grazed the boundary of the plasmasphere.

In Plate 1 wave spectra from four regions along the satel-
lite trajectory (shown in Figure 1a) illustrate typical signal
characteristics, showing the hiss band, whistlers, and Siple
transmitter signals. A hiss band between 1.0 kHz and 1.9
kHz was observed almost continuously during the 0236-0545
UT period. The lower cutoff is set by the LWR receiver
which has a 3-dB lower cutoff at 1.5 kHz (in the rest of
the analysis presented below, filter roll-off has been taken
into account). Since, in general, hiss bands in the magneto-
sphere are regularly observed down to a few hundred hertz,
it is possible that the hiss observed on September 23, 1983
was also present at frequencies much lower than the receiver
cutoff.

2.1. Cold Plasma Density

In situ electron densities were deduced from the measure-
ment of the upper hybrid resonance (UHR) on records of
the University of Iowa sweep frequency receiver (SFR) (the
electron density data were made available by courtesy of
D. A. Gurnett and A. Persoon of the University of Iowa).
The electron density varied along the satellite trajectory
from ~ 60 to ~ 20 per cubic centimeter. Figure 2 shows
the plot of the equatorial electron density deduced from
UHR measurements. The equatorial electron density in-
ferred from whistler measurements and time delay measure-
ments of Siple transmitter signals are also shown in Figure
2. The reported cold plasma density values of 20-60 el/cm3

)» °y e DE 1 UHR Measurements
o Whistler Measurements
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Fig. 2. Equatorial electron density deduced from the upper hy-
brid resonance noise measured with sweep frequency receiver on
DE 1, time delay measurements of Siple signals on DE-1, and dis-
persion analysis on whistlers observed at Roberval, Quebec, and
at Siple Station, Antarctica.
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and the fact the observations were made during the multi-
day recovery phase of a weak magnetic storm, suggest that
the satellite was very close to the plasmapause boundary
throughout this time.

2.2. Fading Patterns

Most of the quantitative analysis presented here is based
on the measurement of the envelopes of hiss signal inten-
sity. The signal is passed through a band-pass filter (Af),
centered on frequency f., followed by a square law envelope
detector. The output amplitude of the resulting signal is
then plotted on a strip chart recorder as a function of time.
Usually, an integrator with integration time of 100-300 ms
is used to smooth the data. Clearly, a large number of data
sets can be collected by varying f. and Af. The rationale
for processing data in this manner will be evident from the
theory presented in the next section.

Figure 3 shows a few typical examples of hiss data pro-
cessed as mentioned above, with f. = 1500 Hz and Af =
300 Hz. To make better measurements of both the maxima
and the minima in fading patterns, the intensity is plotted
in two panels: one giving accurate measurements of maxima
(upper panel), and the other giving accurate measurements
of minima (lower panel). Figure 3a shows hiss electric field
intensity at 0242:32 UT; a well-defined and stable fading
(13 dB) at twice the spin period (3.04 s) persisted through-
out the minute covered. Figure 3b shows another example
of hiss intensity observed at 0357:30 UT. The first ~ 30 s
shows the magnetic field envelope, whereas the remaining
part shows the electric field envelope. (We note that at any
given time, depending on whether the Ez or the B antenna
was connected to LWR, either electric or magnetic field (but
not both) measurements were available. The position of the
arrow in Figure 3 indicates when the £z or the B antenna
was connected to the LWR receiver.) These data, in addi-
tion to spin fading, show a slower fading over a time scale of
30 s. In Figure 3¢, from 0436:50 UT, the electric field shows
well-defined spin fading, while the magnetic field exhibits no
significant fading. This type of fading was observed continu-
ously in the September 23, 1983 data, during times when the
satellite was within ~3° in latitude of the magnetic equa-
tor. Figure 3d shows the sudden reappearance of the spin
fading in the magnetic field at 0439:38 UT (Am ~ 3.5°).
Finally Figure 3e, from 0537:11 UT at the southern end of
the trajectory shown in Figure 1, again shows a stable and
well-defined spin fading. Note that the absolute magnitude
of electric field now is 30 dB below that at 0242 UT (Fig-
ure 3a); however, spin fading is still very clear. The sudden
jumps in the amplitude at ~0537:30 and at ~0537:45 UT
are due to the arrival of lightning-generated whistlers. In
general, whistlers are easily identified in the amplitude data
by examining the associated frequency-time spectrograms.

One of the most important features of these data is stable
and well-defined fading patterns at 2w, over a time scale
of 1 min, with ws being the satellite spin frequency. The
fading at twice the spin frequency was very pronounced in
the electric field data throughout the ~ 3-hour period of
observation. It was also found in the magnetic field data,
except for a region close to the equator. The other important
feature is an additional slow time variation with a period of
~ 30 s. Substantial intensity variation over an ~30-s time
scale was observed about 30% of the time.

WHISTLER MODE Hiss

In the next section we present an interpretation of the spin
fading in terms of the direction(s) of arrival of hiss signals at
the satellite, including the case when no fading was seen on
the magnetic field. The slower time variation is interpreted
as a change in the source intensity, or alternatively, in terms
of the statistical nature of hiss.

2.3. Signal Intensity

Figure 4 shows the measured hiss intensity along the satel-
lite trajectory. Here we have plotted the electric and mag-
netic field intensity measured in a 300-Hz band centered
around 1500 Hz. Note that the LWR was toggled between
two antennae at irregular intervals so that at any given time
either Ex or B data were available but not both. However,
on average, the plotted points represent sample electric and
magnetic field data at ~5-min intervals. The fields plot-
ted are the maximum intensities during each 5-min interval.
From Figure 4, the following features are evident: (1) Both
the electric and magnetic field intensities decreased by ~ 30
dB as the satellite moved from 45°N to 20°S geomagnetic
latitude. (2) The electric and magnetic field intensities ex-
hibited a fading pattern over a time scale of ~10-15 min.
We note here that such ~10- to 15-min time scale fading
patterns were also reported by Parady et al. [1975] from
Explorer 45 data.

2.4. Frequency Range

Figure 5 shows (left)electric and (right)magnetic field am-
plitude spectra from three distinct regions along the trajec-
tory. Region Iis at (L = 4.93, Am = 40°N), region 11 is near
the equator at (L = 4.47, Ay = 2.3°N), and region III is on
the other side of the equator at (L = 5.23, Am = 20.2°S).
These spectra were obtained from the signal envelope with
Af = 100 Hz, and f. was varied from 1350 Hz to 1950
Hz in steps of 100 Hz. The data represent averages over a
2-min interval. For frequencies below the LWR cutoff, the
known filter roll-off was compensated for. It is evident from
this figure that the general nature of the spectrum remained
similar throughout the 3-hour-long DE 1 trajectory. All the
spectra exhibit a peak at 1550 Hz.

2.5. Summary of the Observations

The salient features of the hiss phenomena observed on
September 23, 1983, are summarized below.

1. Hiss was continuously observed over at least a ~3-
hour period.

2. Hiss was mainly observed between 1.0 and 1.8 kHz.
The lower cutoff is an artificial one, since the LWR filter
has a 3-dB cutoff at 1.5 kHz. The measurements at 1.0
kHz along with the LWR filter roll-off suggest that the hiss
band extended below 1.0 kHz. Thus it is possible that the
observed emission was plasmaspheric hiss, which typically is
observed to extend to frequencies as low as ~100 Hz [ Thorne
et al., 1973].

3. Stable and well-defined fading patterns at 2w, over
a time scale of 1 min were observed throughout the mea-
surement, where w; is the satellite spin frequency. The spin
period of the DE 1 satellite is 6.08 s/revolution.

4. An additional slow time variation with a period of
~ 30 s was also observed about 30% of the time.

5. There was consistent fading in the observed electric
and magnetic field data over a time scale of ~10-15 min.
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Fig. 3. Examples of fading patterns observed in the hiss data. (a) Well-defined and stable fading at 2w, is seen in
the electric field data at 0242:32 UT for 1 min. Spin fading is seen in electric field data for the entire 3-hour-long
period. (}) Shows spin fading in the electric and magnetic field data at 0357:30 UT. The LWR was toggled from
the electric to the magnetic antenna at the time indicated by an arrow. Observe a slow fading in both the electric
and magnetic data of period ~30 s. This type of fading was seen ~30% of the time. (c) Fading seen at 0436:50
UT near equator. We see almost no fading in the magnetic field data and relatively little fading in the electric
field data. This type of fading was seen continuously within a few degrees latitude from the geomagnetic equator.
(d) Fading at 0439:02 UT. Note that a sudden spin fading appears in the magnetic field data at ~0439:40 UT. (¢)
Spin fading in the electric field data seen at 0537:11 UT. The absolute magnitude of electric field now is 30 dB
below that at 0242 UT (Figure 3a); however, spin fading is still very clear. Sudden amplitude jumps at 0537:30
and 0537:40 are due to whistlers.
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Fig. 3. (continued)

6. The general nature of the electric and magnetic field
spectrum was unchanged throughout the 3-hour-long DE 1
trajectory.

The consistency of the fading patterns (all three time
scales listed above) as well as the similarity of the spec-
tra over the entire 3-hour-long trajectory suggests that the
hiss can be considered as a spatially and temporally endur-
ing phenomenon. This realization facilitates and helps to
justify the new analysis technique presented below.

3. A MopEL For Hiss AND A NEw METHOD
TO MEASURE ITS WAVE NORMAL DIRECTION

In this section we present a new method to analyze wide-
band hiss signals observed on a spinning satellite. The
method is based on a formalism developed to analyze satel-
lite wave data [Sonwalkar, 1986]. This formalism takes into
account the kinematic constraints resulting from the spin-
ning and linear motion of the satellite, and the kinetic con-
straints arising from the medium properties, to relate the

voltage received to the wave field structure to be determined.
An application of this formalism to determine the wave nor-
mal directions of ground transmitter signals received on the
DE 1 and ISEE 1 satellites has appeared in previous papers
[Sonwalkar et al., 1984; Sonwalkar and Inan, 1986). It also
led to the first in situ measurement of the effective length
of a dipole antenna aboard the DE 1 satellite [Sonwalkar
and Inan, 1986]. In this section we extend the formalism to
the particular problem of analysis of hiss for the purpose of
measuring its wave normal direction(s) and coherence prop-
erties,

3.1. Modeling the Hiss: Field Distribution
Function (FDF)

An arbitrary electromagnetic field present in some region
of space Ar centered around rp during an interval At can
be decomposed into its Fourier transform:

E(r,t) = /w /k Eo(k, w)elf@* %"l ikq, 1)
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Fig. 4. Electric and magnetic field intensities during the entire
3-hour-long trajectory. Both electric and magnetic field decrease
by ~30 dB during this interval. Note that a fading at the ~10- to
15 -min time scale is observable in both the electric and magnetic
field data; 0 dB in this figure corresponds to either 10 zV/m or
20 pT/Hz!/2.

The resolution in k and w is of the order of 1/Ar and 1/At,
respectively. The choice of (Ar, At) is dependent on the spe-
cific phenomenon to be studied and the environment of the
experiment. Our interest here is to model VLF/ELF hiss
observed in the Earth’s magnetosphere. It is well known
that in the inner magnetosphere and at frequencies in the
few kilohertz range the whistler mode is the only propagat-
ing cold plasma wave mode. This fact is recognized and
is included quantitatively in our analysis. The easiest way
to achieve this is to explicitly incorporate whistler mode
plane wave polarization and dispersion relations in equa-
tion (1). To do this, however, we must have a uniform
magnetoplasma, i.e., uniform By and n. over the interval
(Ar, At). Based on the past satellite measurements of By
and n. and observations of fixed frequency ground trans-
mitter signals [Sonwalkar et al., 1984; Sonwalkar and Inan,

Electric Field Magnetic Field
0— _
0248 UT
0248 UT /\\\
o PR
T —20— I'd ] 0420 UT
> 0420 UT
—40—] —]
0539 UT
I [ T I
115 1.55 195 115 1.55 195
f(kHz) f(kHz)

Fig. 5. Electric and magnetic field spectrum at three differ-
ent times. The general nature of the spectrum remains similar
throughout the 3-hour-long trajectory showing a peak at 1550 Hz.
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1986] as well as hiss signals reported here, the medium can
usually be considered uniform for propagation effects over a
time scale of ~ 1 min and a length scale of a few hundred
kilometers. It may be noted here that the above assumption
is needed in order to represent the signal in the magneto-
sphere in a consistent manner. The considerations related to
the measurement process will be treated in the next subsec-
tion. Signals with wave energy extending in space beyond
Ar will be represented in blocks centered around rg *+ Ar,
where rg is shifted appropriately such that the medium can
be considered uniform during any one interval. Similarly
a wave phenomenon persisting in time longer than At will
be treated in blocks centered around top & At, where % is
shifted in time. In each of these blocks the medium can be
considered slowly varying. This method of representing the
signal is reasonable, particularly in the case of whistler mode
propagation, for which numerous earlier studies have demon-
strated that a WKB-based ray propagation model provides
a fairly accurate description of the wave propagation in the
magnetosphere.

For a plane whistler mode wave, the polarization and wave
normal vector are known functions of (8, ¢,w), provided the
local Bg and ne are uniform in space and time. Thus, the
electric field of an arbitrary whistler mode signal can be
described as follows (see Appendix).

E(r, 1) = /; /a /¢ Eo(6, ¢, w)R(8, 6, )
. eli(Wt=Kk(8:9.9) M) g (cos §)dpdw (2)

where R°%(8, ¢,w) and k(, ¢,w) are the whistler mode po-
larization and wave normal vectors respectively [Stiz, 1962].
Now |do| = |d(cos8)d¢| = |sinbdo| is the element of solid
angle corresponding to the intervals from 8 to 8 + df and
from ¢ to ¢ + d¢. For brevity we represent the direction
(6, 4) by a unit vector u in that direction. Then the equiv-
alent expression to equation (1) is

E(r, 1) = /w f; Eo(u,w)R* (u, w)

. e[i(wt—k(u,w)-r)]da,dw (3)

For consistency, it is required that the measurements be
performed over time scales and length scales which are much
larger than (27/w) and (2x/k) respectively, and over which
the medium parameters are uniform. For the choice of At
made above, these conditions are easily satisfied. The main
advantage of (2) or (3) over (1) is that for a given mode,
R®(0, ¢,w) and k(8, $,w) are known functions of (8, ¢,w).
In other words, (2) and (3) allow us to explicitly include
the prior information in our formulation. This advantage
is, of course, gained at the expense of limiting the range of
analysis to (Ar, At), or equivalently, limiting the resolution
in k and w.

The wave magnetic field is deducible directly from (3) by
using the Maxwell’s equation and whistler mode relations:

B(r, t) = /; f; Eo(u,w) [kg%ﬂ]

. hilwi-k(uw)r)ly o

4)

We call Eg(0, ¢,w), or equivalently Ep(u,w), the field
distribution function (FDF), by analogy to the previously
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introduced wave distribution function (WDF) [Storey and
Lefeuvre, 1974). It can be seen from equations (2)-(4) that
the FDF completely represents an arbitrary whistler mode
wave propagating in a uniform magnetoplasma. There are
two possible ways to assign further meaning and restriction
to the FDF. In some cases it is better to think of the FDF as
a deterministic representation of a signal under considera-
tion. As an example, the FDF for a plane wave of frequency
wo and propagating in the direction (6g, ¢o) is given by

Eo(o, ¢, w) =E0(91 ¢1 w)
- 8(cos 8 — cos 89)6(d — $0)6(w — wo) (5)

A ground transmitter signal at constant frequency can also
be deterministically represented with a FDF (appendix,
equation (AT7)).

Some signals such as whistler mode hiss have a rather
structureless spectrum, which suggests a statistical model
for the corresponding FDF. In this case both the amplitude
and the phase of the FDF are thought of as random vari-
ables, and the various ensemble averages are used to rep-
resent the signal. Additional restrictions on the FDF can
be placed if more information is available. Thus for band-
limited whistler mode hiss we have

Eo(0,9,w)=0 0>0;, w<w, w>wy

(6)
where 8, is the resonance cone angle and the w; and wy
are the lower and upper {requency cutoffs. Here, the direc-
tion cutoff comes from the whistler mode theory, whereas
the frequency cutoffs can be taken to be the observed
lower and upper cutoffs of hiss. Eg(4,4,w) in equation
(6) is a random variable and can be further specified by
providing models for ensemble averages (Eo(4, ¢,w)) and
(Eﬂ(ay 9, w)Ea (0,, ¢Ir wl))-

FDF representation is different than the local Fourier rep-
resentation as well as the WDF representation. The ap-
pendix gives the formal relation between these three repre-
sentations and elucidates the differences. Here, we note that
the FDF and WDF represent fundamentally different quan-
tities. The following differences deserve special attention.
(1) The WDF is a point function and represents the en-
semble average energy per unit volume in the element dodw
with frequency w and direction (8, ¢) at a given point r in
space; thus the WDF varies from point to point in space. In
particular, when the WDF is extracted from satellite wave
data, the satellite motion cannot be accounted for. The FDF
represents the wave structure present over a region (Ar,At)
around some nominal point (rg, o). In particular, the FDF
represents the amplitude parameter of a plane wave with
frequency w and direction (8,¢). The overall structure is
given by equation (2) or (3). In our formulation the satellite
motion (spin and linear) is explicitly taken into account. (2)
Unlike the WDF which is always > 0, the FDF is a com-
plex function and has an amplitude as well as phase. Later,
we show that the phase of the FDF plays a crucial part in
the development of the concept of the coherence bandwidth
of hiss. In the Storey and Lefeuvre formulation, using the
WDF, the hiss is represented as a superposition of plane
waves of infinitesimal amplitude propagating with different
frequencies and wave normal directions and lacking mutual
coherence; in other words, the statistical nature of hiss is as-
sumed a priori. In our formulation, both the amplitude and
phase of the FDF can be treated as random variables, and
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Fig. 6. Local coordinate system in space. By and k are the local
geomagnetic field and the wave vector, respectively, and a is the
spin axis of the spacecraft.

the statistical nature of hiss can be consistently determined
from the data, as discussed in a later subsection. The ap-
pendix presents a detailed treatment of the relation between
the FDF, Fourier, and WDF representations.

3.2. Voltages Measured on the Satellite

In this section we relate the FDF to the voltages measured
at the terminals of the Er or B antennae on a satellite by
taking into account both the linear and the spin motion of
the satellite. For the sake of brevity we consider the partic-
ular case of the DE 1 satellite, which is equipped with single
electric and magnetic antennae. The general case of mea-
surements with three electric and three magnetic antennae
is treated elsewhere [Sonwalkar, 1986].

Consider a wideband signal received by single electric and
magnetic dipole antennae on a spinning satellite (DE 1) at
high altitudes in the magnetosphere (Figure 1). The coor-
dinate system is described in Figure 6, where the 2z axis is
taken to be along the Earth’s magnetic field Bg, the spin
axis a is contained in the zz plane, and the y axis is given
by the right-hand rule. For the case considered in this pa-
per the yz plane is also the magnetic meridional plane, i.e.,
the spin axis is almost normal to the local meridional plane.
Figure 7 shows the position of the antennae in a coordinate
system (p, g,a). The unit vectors along three axes are given

by
P =cos0sX — 5in 0,2
q=Yy
a=sin8,xX + cos 0,2

(M
Both antennae spin about the spin axis at an angular ve-
locity ws. Also note that at any given time both antennae
measure the field components along the same direction. The
reference time #, is taken to be the time when the electric
dipole and the axis of the magnetic loop are aligned along
the p axis. The phase a;p of the antenna in the spin plane is
the angle between 1 and p, where 1is a unit vector parallel
to the length of the dipole antenna (or axis of the magnetic
loop).

The instantaneous voltage induced at the terminals of a
small linear electric dipole in the presence of an electric field
Eis
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Fig. 7. Schematic of the antenna orientation in the spin plane.
The spacecraft coordinate system is defined by equation (7). Elec-
tric and magnetic antennae spin at the frequency ws rad/s in the
spin plane measuring the components of electric and magnetic
fields. The length of the electric dipole and the axis of the mag-
netic loop are pointing in the same directions as they spin.

V® = LgE-1 (8)

where L. is the effective length of the dipole and 1is a unit
vector parallel to the length of the antenna. For the DE 1
satellite electric field antenna Leg ~ 200 m [Sonwalkar and
Inan, 1986]. In equation (8) it is assumed that L << A,
where L is the physical length of the antenna and A is the
wavelength (in the magnetosphere). Therefore the phase
and the magnitude of the signal along the length of the
antenna are constant. When L ~ A we need to include the
antenna interference pattern [Sonwalkar, 1986).

Similarly, the voltage induced across a small magnetic
loop in the presence of a magnetic field B is given by

V™ =8.gB:'n

9)

where S is the effective length (aperture) of the magnetic
loop and n is normal to the loop. For the DE 1 satellite
magnetic loop, n is parallel to ], i.e., both the electric and
magnetic antennae measure £ and B field components in
the same direction at any given time. For the magnetic loop
on the DE 1 satellite, Seq = (106f/1.081), where f is the
frequency in hertz. Voltage V™ and magnetic field B in
equation (9) are in volts and teslas respectively.

The voltage received on a satellite moving with velocity
v and spinning with an angular velocity w, is given by

Ve(t)=L£dddw I:Eo(u’zﬂ]

2
v

. |_a+ (u, w)e[i(wd(u,u)+w,

+a_(u, w)e[i(wd(“»w)—wa)‘]] (10)
where
ay =(pFiq)-R° (11a)
and
wg=(w—-k-v) (113)

where v, wy, and wy are the satellite velocity, the spin
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frequency, and the Doppler-shifted wave frequency, respec-
tively.

The expressions for voltages across the magnetic field an-
tenna are obtained by replacing Leg by S and a4 by bt:

Vm(i)=/ f dodw [M]
wdo 2
. [b+ (u, w)e['.(“’d(“:w)+w,)¢]
+b_(u, W)e[‘(“’du'w)—w.):]] (12)

kxR°®

w

by =(PFiq)-( ) (13)

3.3 Connection Between Signal Spectrum and FDF

For a better understanding of the observation process it
is useful to find the relation between the Fourier transform
of the signal and the FDF. The Fourier transform, V(wr),
of the received voltage is related to V®(t) as

00 .
Ve() = f Viwr)ef“rtldu, (14)
—-00
The subscript r in w, is introduced to differentiate between
the signal frequency and the frequency in the FDF. Thus

Ve(wr) = /w f; doduw(Eo(u, w)Leg)
*[ay (0, w)é(wr — wa(u,w) ~ws)

+a_(u,w)(wr —wg(u,w) +ws)] (15)

From equation (15) we see that the contribution to the signal
at frequency wr comes from all those plane wave components
which satisfy the following relation:

Wd(u, (-IJ) + Wy = Wr

(16)

Equation (16) describes two surfaces in the (0, ¢,w) space.
It is useful to introduce the concept of surfaces of constant
Doppler frequency as they play a central role in the analysis
of the data received on a spacecraft [Sonwalkar, 1986]. These
are defined as

wq(u,w) = wy(4, ¢, w) = const

an

The important point to note is that for a given wave mode
and spacecraft velocity v, the surfaces of constant Doppler
shift are known functions of (8, ¢,w). Since they are not
dependent on antenna orientation or the response functions,
the same Doppler surfaces will appear in the expressions for
voltages across each of the antenna terminals.

3.4. Direct and Inverse Problems

The direct problem can be stated as follows: given the
FDF Ejp(u,w), find the voltages introduced across the elec-
tric and magnetic antennae, assuming whistler mode prop-
agation. In equations (10) and (12), for a given mode, the
coefficients a4, b+ and the Doppler-shifted frequency wy are
known functions of (8, ¢, w). Thus the expressions within the
square brackets are known functions of (u,w). Hence, equa-
tions (10) and (12) are the solutions of the direct problem.
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The inverse problem is stated as follows: given the mea-
sured voltages, V°(t) and V'™(t) over a time interval At,
find the actual FDF Ep(u,w) that represents the distribu-
tion of whistler mode plane waves in (Ar, At). The inverse
problem is ill-posed in the sense that it does not have a
unique answer. The easiest way to see this is to look at
equation (15), which states that FDF cannot be resolved on
a constant Doppler surface. Statistical estimation methods,
such as maximum entropy estimation or maximum likeli-
hood estimation, are often used to find a unique answer to
an ill-posed problem [Lefeuvre et al., 1981]. We shall in the
next subsection provide a new method to find the average
wave normal direction and to estimate the spread of the
FDF in the (8, ¢) plane from the measured spin fading of
received voltages V°(2) and V™ ().

3.5. A method to measure the wave normal
direction of hiss

A general method to deduce wave normal directions from
the measurement of six voltages, namely, three across elec-
tric antennae terminals and three across magnetic loops,
is given by Sonwalkar [1986]. For technical reasons, the
method developed here deals with the envelopes of the re-
ceived voltages instead of the voltages directly. The main
reason for this is that the wideband wave data acquired in
the case of the DE 1 satellite (and also the ISEE 1 satellite)
are in analog form and are stored on magnetic tapes. In
the playback mode, it is generally found that the data have
been distorted by tape flutter (of a few hertz) of random
nature. Since the effect of tape flutter on signal frequency
is directly proportional to frequency, it has little effect on
the signal envelope [Sonwalkar, 1986]. Another reason why
it is preferable to work with the signal envelopes is that any
rapid fluctuations arising from local noise generation tend
to cancel out. From equation (10), it can be seen that the
envelope of the received voltage across a spinning electric
field antenna aboard the satellite is given by

f. f [Eo(u,w)Eo (u ,w')Lﬂ]

. [(a+ (u,w)a} (n’,w")

+a_(u,w)a” (',

+a, (0,w)a’ (u',w')e

Ve@yVer(t) =

[f2w 1)

+a_(u,w)e} (u',u')e["”“’"‘]

. eliwa(uw)-wa(u’ w")i]

- dodo’ dwdu’ (18)
where the coefficients a4+ are functions of spin axis orienta-
tion and whistler mode polarization relations. The overbar
on the left-hand side indicates time averaging over fast vari-
ations. Note also that at+ and wy are known functions of
the wave normal direction (8, ¢) and frequency w. Equation
(18) is the basis of wave normal analysis of hiss presented
in this paper. The inverse problem of deducing FDF from
equation (18) is ill-posed. However, with certain reasonable
physical assumptions it becomes possible to estimate the
“average” wave normal direction(s). As mentioned before,
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we can treat the FDF as a random variable, and thus it is
possible to deduce the statistical (ensemble) averages that
can be related to measured quantities. The first assumption
we make about FDF statistics is that the individual plane
waves lack mutual coherence. Mathematically this can be
expressed as

(Eo(u,w)Ej (', w’)) = (Eo(u,w)Ej(u,w))

cSu—u)i(w-w') (19)

With this assumption we get

(Ve(t)V°"‘(t) =‘/‘;£ [(EO(u,w)Ei(u,w))Lgm]

. [(a+ (v,w)a} (u,w)

+a_(u,w)e” (u,w)

+a,(u,w)a’ (u, w)eli2wst]

+a_(u,w)a} (u, w)e['izw't]] dodw

(20)

The quantities within angle brackets in equations (19) and
(20) represent ensemble averages. Equation (20) states that
subject to the assumption given by (19) the ensemble aver-
age of the voltage envelope has a precise sinusoidal variation
at twice the spin frequency, i.e., at 2ws. Most experiments
in space do not permit repetition, and thus we have to deal
with one sample of data at any given time. The connection
between the ensemble-averaged envelope and the actual en-
velope obtained from experiment is made with the help of
an additional assumption: The actual measured voltage en-
velope is very close to that given by (20). In statistical me-
chanics this is called the “ergodic assumption.” The validity
of this assumption can be tested only experimentally. The
necessary condition in our case is that the observed volt-
age show predominant fading at twice the spin frequency
only. The data presented in this paper show that this is
indeed the case. The reasons for this situation may be that
(1) in some bandwidth Aw and (A4, A¢), the magnitude
of FDF, Ey(8, ¢,w), is constant, and different plane waves
arrive at the observation point in random phase, and (2)
at are slowly varying functions of (9, ¢,w). From here on-
ward we consider equation (20) to also represent the relation
between the observed voltage envelope and the FDF.

This equation can be rewritten as follows:

(VEOVT@) = RelS§ + St ™ (21)
where
s = / }( [(Eo(u, w)Ei (1,0)) Lgm]
. [a+ (u, w)a:_ (u,w)
+a_(u,w)a” (u, w)] dodw (22a)
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S5, =2 /.., ]i [iEo(u,w)Ei(u,w)) 12

. [a+ (u,w)a” (u,w)] dodw
Equation (21) can be rewritten as follows:
(V’(t)V""(t) = A°[1 + M°® cos(2wst — a®)] (23)

where A° = S§, M*® = |(55,,/55)|, and a® = arg(S3,,).
The experimentally measured parameters are S§ and S5,
or alternatively A°, M°, and a®. For a single-frequency
wave arriving from one direction, these quantities are func-
tions of (6, ¢), antenna orientation, 83, as, and medium pa-
rameters. For a wide-band signal arriving from several di-
rections they are a measure of the weighted “average” wave
normal direction. Similar equations can also be written for
the wave magnetic field. Thus, from one electric and one
magnetic spinning antenna we get six measured parame-
ters, namely, A%, M®, o and A™, M™, and o™ which
are weighted functions of parameters % and aT. From
equation (22) it may be noted that the fading parameters
M®, a®, M™, and o™ are insensitive to L.g and Seg, pro-
vided the latter are constant over the bandwidth Aw under
consideration. For this reason we shall use only these four
parameters to define average wave normal direction.

One-region model: “ Average” wave normal directions.
Let us first consider what we mean by “average” wave nor-
mal direction. Consider hiss arriving from the directions
which can be specified by a region (A8, Ag) in (6, ¢) space.
With each (8, ¢,w) we can assign a4 (8, ¢, w) b+ (9, $,w) and
an amplitude parameter Ey(4, ¢,w). The measured fading
parameter gives the average of this distribution which in
turn gives us an average wave normal (8g, ¢g) which lies in
the (A8, Ag) region. The latter is easy to prove since all the
weighting functions are positive.

Thus, the average wave normal direction is the solution
of the following equations:

(22b)

Mé(8,4) =M*®

(6,8) = oF (24a)
M™8,¢) =M™

am(G, ¢) = a_'" (246)

where M¢, a®, M™, and o™ are the measured fading pa-
rameters. In equation (24) we assume w = we¢, where we is
the center frequency of the hiss band under consideration.
For Aw ~ 100 Hz, fading parameters are slowly varying
functions of frequency, therefore this assumption is easily
justified. The solutions to these equations can be obtained

aranhically

graphically. Naote that carch of thace cauations ranresents a

Note that each of these equations represents a
contour in the (8, ) plane; on each contour one of the fading
parameters assumes a constant value equal to a measured
parameter. The point(s) of intersection represent(s) the av-
erage wave normal angle. The quantities on the left are
supposed to have been averaged over the frequency range
of the band. If both electric field and magnetic field, i.e.,
equations (24a) and (24b), give the same solution, then hiss
can be considered to be arriving from one direction. In fact,
the necessary condition for one average direction is that one
or more simultaneous solutions exist to equations (24a) and
(24b). At this point it may be noted that due to the sym-
metries in the whistler mode relations and the fact that the
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spin axis is nearly perpendicular to the geomagnetic field,
we get multiple solutions to the set of equations (24). Thus
if (9, ¢) is a solution, then (8,7 — ¢) and (x — 8,7 + ¢)
are also solutions. The wave normal on the DE 1 satellite
with two antennae and only envelope information available
can be determined subject to this uncertainty. In general,
if (A9, Ad) is large, i.e., if the waves are spread out in di-
rection of arrival, the solutions obtained from electric and
magnetic measurements will differ. This can be noted from
the fact that the kernels for electric field in equation (20) are
functions of a4, whereas those for magnetic field would be
functions of by (see equations (11a) and (13)). Thus, when
we do not have a simultaneous solution to equations (24),
the individual solutions given by electric and magnetic field
fading measurements represent a spread in the direction of
arrival of the hiss signal. It is possible for hiss to arrive
predominantly from two distinct regions in the (6, ¢) plane;
this case is dealt with below.

Two-region model. When the one-region model dis-
cussed above does not yield a solution, we can consider
the case of hiss arriving from two distinct regions in the
(9, ¢) plane. In such a case the electric and magnetic fad-
ing contours lead to regions of intersections in the (8, 49)
plane which do not overlap. As mentioned above, this can
be interpreted as a spread in the wave normal directions.
With measurements on two antennae it is possible to de-
termine if we have a continuous spread of wave normals or
alternately a double-peaked distribution of wave normals.
The necessary condition for a double-peaked distribution is
that the following equations be satisfied simultaneously for
some (01, ¢1,02,$2), where (81,41) and (82, 42) represent
two distinct regions where the FDF peaks:

M®(61,61,82,82,7°) = M¢

a®(81,01,02,82,7°) = a®

M™(8y,¢1,02,82,t™) =M™
a™(61,61,02,43,7™) =a™

where (61, ¢1) and (62, ¢2) are the two average wave normal

directions for the two regions and r® and r™ represent the

relative strength of the two waves. The fading quantities are
defined as follows:

(25)

86 = 56,1 +7°85,2
Sgw. = Sgw.,l + Tcséwgﬂ

g = S(')r,’l + TmS(')"'g
Si":,‘ = ng,,_z + r"‘sg?,,,,g

2
“= (%)

\N*=L1/

m_ (k2)° .
r —(kl)f

A practical procedure to solve (25) would be to start with
the two average wave normal directions obtained from the
one-wave model. The parameters r® and ™, which repre-
sent the relative strength of two waves, can be varied be-
tween 0.1 and 10. (If r® and/or r™ are too small or too
large, we have essentially the one wave-model.)

When measurements from more thar two antennae are
available, one can consider a FDF with a larger (>2) number
of peaks.

(26)
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TABLE 1. Satellite Trajectory Parameters
Time, Altitude, Am, ém,
uT km Shell deg deg
0243 11,192 5.23 43.5 9.7
0248 12,081 4.93 40.0 8.1
0253 12,929 4.72 36.8 6.7
0304 14,652 4.45 30.6 3.4
0324 17,321 4.30 21.4 358.0
0334 18,448 4.28 17.6 355.6
0348 19,812 4.31 124 351.9
0357 20,564 4.34 94 349.7
0409 21,420 4.40 5.6 346.9
0420 22,064 4.47 23 344.3
0424 22,265 4.50 1.1 343.4
0428 22,450 4.52 -=0.1 342.5
0432 22,617 4.55 -1.2 341.5
0436 22,768 4,58 —-24 340.6
0438 22,837 4.60 -3.0 340.2
0440 22,902 4.61 -3.5 339.7
0442 22,963 4.63 —4.1 339.3
0450 23,164 4.69 —6.4 337.5
0500 23,324 4.78 -9.2 3354
0510 23,383 4.88 -12.0 333.2
0528 23,232 5.09 -17.1 329.5
0539 22,977 5.23 —-20.2 3274

3.6. Interpretation of Slow Time Variations:
Statistical Charaterization of Hiss

In the last section, hiss was assumed to be a superposition
of plane waves of infinitesimal amplitude, and the phases of
these wavelets were assumed to be independent and uni-
formly distributed in the range (0,2x). It was shown that
with this and the ergodic assumption the envelope of the
voltage received on a spinning satellite contains only a vari-
ation at 2ws. Asshown in Figure 3b, we find that additional
frequencies (~ 30-s time scale variation) are observed. There
are two alternate ways to account for these additional time
variations in the signal envelope.

1. These variations may be due to a slowly varying
source intensity. In that case our choice of At is too large,
i.e., the fields are not describable over this time scale and
the corresponding length scale vAt. This choice of inter-
preting the slow variations requires that we choose At less
than our initial time scale of ~ 1 min, but larger than half
the spin period (~ 3 s). Thus a choice of ~ 10-20 s would
seem appropriate. Since the fading properties at 2w, do not
change appreciably over the ~ 1-min time scale, the wave
normal analysis remains the same as before, and the slow
time variations are attributed to the varying source inten-
sity (propagation effects, being linear, remain the same).

2. In the second interpretation, the net power emitted
by the source is assumed to remain constant. The slow time
variation is then attributable to the statistics of the FDF.
Here we assume that our choice of At ~ 1 min is good,
but that the assumption of total lack of mutual coherence
between the phases of individual plane waves (equation (19))
is incorrect. Instead of this assumption, if we have

(Eo(u,w)E5 (0',w')) = (|Eo(u w)E3(u’,w")|) §(u — u’)
] (27)

ww

Aw\/_ [

then, as shown below, it is possible to account for slow fad-
ing. Physically this assumption means that plane waves
whose frequencies lie within Aw of each other are phase cor-
related. In this sense, Aw can be viewed as the “coherence
bandwidth” of hiss. Note that as expected, equation (27)
reduces to equation (19) when Aw = 0.

Then, as seen from equations (18) and (27), a slow time
variation of the envelope would result. The time scale and
the amplitude of this variation can be experimentally mea-
sured, thus providing a method for measuring Aw. From
the measured slow variation (~30 s) we estimate Aw ~ 0.2
rad/s. Note here that this estimate gives a lower limit on the
coherence bandwidth of the hiss source, since any propaga-
tion effects could only increase the randomness of the phases
of different plane waves that constitute the FDF. Also, it is
possible to envision a model in which the phase correlation
is due to the angular separation between two waves of the
same frequency but different wave normal angles. Further
elaboration of the statistical nature of hiss is the subject of
a future paper.

4. WAVE NORMAL ANALYSIS

In this section, we present results of analysis of the wave
normal direction of hiss during the ~3-hour-long period as
shown in Figure 1 and Plate 1. The wave normal measure-
ments were made using electric and magnetic field data at
~10-min intervals. At some of these times only one of the
components (electric or magnetic) was available for wave
normal determination. Table 1 gives the times and trajec-
tory parameters at which the wave normal analyses were
performed. Table 2 gives the relevant satellite attitude and
medium parameters. Table 3 gives the measured fading pa-
rameters. The measured spin fading in decibels is related to
the depth of fading parameter, M, by the following relation:

1+ M)

Fading(dB) = 10log =

(28)
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TABLE 2. Satellite Attitude and Medium Parameters
Time, ba, trefs Ne, By, Q= f/fH
UT deg 8 el/cm?® G (f=1500 Hz)
0243 93.12 £ 0.01 0.64 £ 0.05 55+1 0.0218 =+ 0.0001 0.025
0248 92.95 3+ 0.01 1.58 + 0.05 60+1 0.0181 =+ 0.0001 0.030
0253 92.75+0.01 2.524 0.05 55+1 0.0152 + 0.0001 0.036
0304 92.24 +0.01 2.16 + 0.05 60+1 0.0109 =+ 0.0001 0.049
0324 91.09 £ 0.01 2.931+0.05 511 0.00679 £ 0.0001 0.079
0334 90.43 £ 0.01 1.80%+0.05 45+ 1 0.00564 + 0.0001 0.095
0348 89.43 £ 0.01 0.83+0.05 39+1 0.00456 £+ 0.0001 0.117
0357 88.75 1+ 0.01 1.95 %+ 0.05 31+1 0.00408 £ 0.0001 0.131
0409 87.85 + 0.01 2.4240.05 31+1 0.00363 £ 0.0001 0.159
0420 87.03 £ 0.01 2.09+ 0.05 411 0.00335 £ 0.0001 0.160
0424 86.74 £ 0.01 2.25+0.05 41+1 0.00327 £ 0.0001 0.164
0428 86.46 £ 0.01 2.4140.05 321 0.00320 £ 0.0001 0.167
0432 86.18 &£ 0.01 2.5740.05 27+1 0.00315 £ 0.0001 0.170
0436 85.91 £ 0.01 2.73+0.05 27+1 0.00311 £ 0.0001 0.172
0438 85.78 3 0.01 1.294 0.05 271 0.00309 £ 0.0001 0.173
0440 85.65 + 0.01 2.8940.05 27+1 0.00308 £ 0.0001 0.174
0442 85.52 £ 0.01 1.45+0.05 2741 0.00306 £ 0.0001 0.175
0450 85.03 £ 0.01 1.77+ 0.05 241 0.00303 £ 0.0001 0.177
0500 84.49 £ 0.01 0.66 £ 0.05 201 0.00304 £ 0.0001 0.176
0510 84.00 £ 0.01 2.59+0.05 18+1 0.00310 £ 0.0001 0.173
0528 83.31 1+ 0.01 1.81+0.05 201 0.00332 £ 0.0001 0.161
0539 82.98 1 0.01 1.51+0.05 17+1 0.00355 £ 0.0001 0.153

When an integrator with time constant AT is used to
smooth the data, the apparent depth of fading Mapparent is
slightly less than the actual depth of fading Maciyal. These
two are related as follows:

Zw, AT

Myctual = mM apparent (29)

Average wave normals were estimated separately from
electric and magnetic measurements. Figure 8 illustrates
how wave normal analysis is performed graphically. In this

figure, @ is represented radially, and ¢ azimuthally. For
each of the four fading parameters (M®, M™, a®, a™) we
have two measured values. For example, for M°® we have
M¢ + AM¢® and M® — AM¢. Each of these values corre-
sponds to contour(s) in the (6, ¢) plane on which the first
equation in (24a) is satisfied. In general each solution leads
to two contours as shown in Figure 8. This happens because
the whistler mode relations are symmetrical in azimuth in
Figure 6. The intersection of constant M® contours with

TABLE 3. Measured Fading Parameters

Time, M., Qe, Mm, Om,y Tatow:
uT dB deg dB deg s
0243 147+ 1.5 142+ 36 X X *
0248 13.1%1.5 135+ 36 < 1.24 1 *
0253 15.1+1.0 135+ 36 59+1.0 -142+ 36 ~ 36.5
0304 X X 38+1.0 158 + 36 *
0324 X X 58+1.0 -169+ 36 ~ 56
0334 X X 33%1.0 180+ 36 *
0348 13.0+1.0 123+ 36 38+1.0 164 £ 36 ~ 24
0357 126+ 1.0 130+ 36 49+1.0 -174+ 36 ~ 30
0409 138+1.0 106 + 36 24+1.0 -114+ 36 ~ 30
0420 11.3+1.0 130+ 36 25+1.0 -169+ 36 ~ 30
0424 9.8+1.5 143+ 36 35+£1.0 124+ 36 *
0428 70+1.0 152+ 36 <1.9 t *
0432 82+1.0 143+ 36 <15 1 ~ 30
0436 6.2+1.0 171+ 36 <18 t *
0438 41£1.0 136 + 36 <14 t *
0440 89+1.0 —-175 + 36 41+10 169 + 36 *
0442 99+1.0 157 £+ 36 X X ~ 45
0450 8.0+1.0 124+ 36 X X *
0500 63+1.0 155 + 36 <14 t *
0510 55+1.0 162 + 36 < 0.9 t *
0528 541+1.0 1304 36 X X *
0539 76+£1.0 120+ 36 X X *

X indicates that the corresponding data were not available.
* indicates that no significant slow time fading was observed.

t indicates that the corresponding measurement could not be performed.
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Fig. 8. Fading contours representing a graphical solution to equations (24a) and (245). Electric field data lead to
two solutions shown by stippled region, and magnetic field data lead to two solutions shown by hatched area.

constant a® contours leads to a region (stippled portion in
Figure 8) in the (8, ) plane which is the average wave nor-
mal direction deduced from the electric field fading measure-
ments. Similarly, the magnetic field fading measurements
lead to an average wave normal measurement (the hatched
region in Figure 8) which in general, for the reason men-
tioned earlier, is different from the one deduced from the
electric field data. Together, these two wave normal mea-
surements represent—in a certain sense—the spread of wave
normal directions in the (8, ¢) plane. In short, Figure 8 is a
graphical solution to equations (24a) and (24b).

The results of the wave normal calculations are given in
Table 4. In general we obtain two possible values of wave
normal direction from the electric field data and two from
the magnetic field data. These are labeled (63, ¢1), and so
on. In Table 4, the angle ¢ is the angle that the plane of
the wave normal vector and Bg makes with the zz plane of
Figure 6.

Figure 9 shows (61, 83) and (41, ¢2) as a funtion of satel-
lite location and time. Figure 10 shows (83,64) and (¢3, ¢4).
It is convenient to represent the azimuthal angle with respect
to the local magnetic meridional plane, since it allows com-
parison of the data with ray tracing simulations. Thus in
Figures 9 and 10 we plot the wave normal direction (8, ¢)
such that @ is the angle that the wave normal vector makes
with the local magnetic field, and ¢ is the angle that the
plane of the wave normal vector and Bg makes with the local
meridional plane. In Figures 9 and 10, ¢ = 0° corresponds
to the wave normal angle in the magnetic meridional plane,

with the wave normal pointing toward higher L shells. The
angles 0, and 84 shown in Figures 9 and 10 are local reso-
nance cone and Gendrin angles, respectively [Gendrin, 1961]
(8y, the local resonance cone angle [Stiz, 1962], is given by
0r = cos"’(f/fH), whereas 6, = cos'1(2f/_fH) is known
as the Gendrin angle [Gendrin, 1961] and is the angle for
which d(u cos8)/d8 = 0, where p is the refractive index; for
a whistler mode with f < fx/2, the ray direction is along
the static magnetic field). The reason we have two solutions
is, as mentioned before, that for a spin axis nearly perpen-
dicular to the geomagnetic field, (8, ¢) and (8, r—¢) are both
solutions. Figures 9 and 10 represent these. In addition it is
equally possible that these figures represent waves propagat-
ing in exactly opposite directions since (x*—8, 7+ ¢) is also a
possible solution. With these remarks in mind, the general
observations from Figures 9 and 10 can be summarized as
follows:

1. Al wave normal directions observed over a 3-hour-
long period lie within £45° of the ¢ = +90° plane. This
plane is normal to the local magnetic meridional plane.

2. Near the geomagnetic equator (within ~ £3° lati-
tude) we observe a wave normal angle of 60° + 5°.

3. Away from the equator, wave normal directions are
spread out between 30° and 80°.

4. Within experimental accuracy, the wave normal di-
rections are generally less than the Gendrin angle, ;.

5. During the entire trajectory not a single wave normal
was measured with 8 ~ 0°,

Fading patterns in the frequency range 1400 Hz < f. <
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TABLE 4. Results of the Wave Normal Analysis
Time, 61, é1, 62, #2, 03, &3, by, b4,
UT deg deg deg deg deg deg deg deg
E E B B E E B B
0243 82+0.5 174+ 1.5 X X 78+ 8 -13x7 X X
0248 844+0.5 178+ 2 > 58 180 £ 30 80%5 -11+4 > 65 0+30
0253 82%1 180+ 2 37+6 —-150+£ 15 805 -14+7 38+9 -27%17
0304 X X 40+ 5 168+ 12 X X 43+ 4 14+ 14
0324 X X 31%5 -170+ 24 X X 34%5 -9+21
0334 X X 443+ 3 180 £ 15 X X 444+ 3 0£15
0348 75+5 -167+£5 431+ 4 170+ 18 76+ 3 -12+4 42+ 5 11+ 14
0357 0+7 -163+ 5 375 -176 £ 20 73+5 -12+4 354+ 5 ~5+20
0409 75+ 3 -165% 5 6018 —-155+10 77+ 3 -9+£3 55+ 8 -26+£12
0420 6418 -160+ 5 39+3 -176 £ 14 71+5 -11+3 36+5 -5+15
0424 56+ 12 -172x6 52+5 155+ 10 70+3 —4+3 46+ 6 35+10
0428 59+ 8 -172+6 > 57 180+ 25 69+ 4 -4+2 58+ 9 0+£30
0432 57+9 -165% 5 > 61 180 & 25 70+3 -7£3 607 0+30
0436 58+ 2 ~-178+ 8 > 60 180 £ 20 68+ 1.5 —2+4 59+ 7 0£25
0438 62+1.5 -173+ 2 > 62 180+ 15 71+2 -24£1 617 0%25
0440 5243 -176 £ 19 52+3 172+ 14 65+ 2 3%5 35+ 4 7+18
0442 51411 -171+13 X X 68+ 4 —44+5 X X
0450 4744 -178 £ 18 X X 66+ 1.5 0ote6 X X
0500 53+4 -170+ 5 > 65 180+ 25 7115 -3+2 60+ 7 0£30
0510 54+ 2 -171+5 > 71 180+ 15 73+ 1.5 —-4+2 > 66 0£25
0528 5442 -173+5 X X 73+ 1.5 -1+2 X X
0539 65+ 3 —-166+ 2 X X 78+ 1.5 -2+2 X X

x indicates that the corresponding data were not available.

1900 Hz have the same characteristics as when f. = 1560 Hz,
where f. is the center frequency of the 300-Hz hiss band used
for wave normal analysis. Therefore we conclude that over
the indicated range the wave normal distributions were more
or less the same as those mentioned above.

The results of the wave normal analysis can be understood
qualitatively with the help of simple geometric interpreta-
tion. Note the following points:

1. The spin axis of the DE 1 satellite is nearly normal
to the geomagnetic meridional plane i.e., a 1L Bg. Thus in
Figure 6, 85 ~ 90°, and yz is the spin plane as well as being
the magnetic meridional plane.

2. For the parameters of our case, the whistler mode
magnetic field polarization is nearly circular, and the mag-
netic field is confined to the plane normal to the wave normal
vector k.

3. The electric field polarization Las two components:
one circular and perpendicular to k and other parallel to
k. The parallel component dominates at large wave normal
angles.

4. Fading patterns are a measure of the projection of the
wave electric and magnetic polarization ellipses onto the spin
plane (yz).

A wave propagating at a large wave normal angle in the
zz (Figure 6) plane would have nearly circular polarization
in the spin plane (yz) for its magnetic field, thus leading to
only small fading, and the electric field would have a linear
polarization, leading to larger fading. This also explains
why when dealing with a spread of wave normal angles, the
average wave normal angle deduced from the magnetic field
fading pattern would be smaller than that deduced from the
electric field fading.

The high values of wave normal angles and a spread in the
wave normal directions are, in general, consistent with the
wave normal analysis of Lefeuvre and coworkers of the ISEE

1 and GEOS 1 data as also discussed in the next section. We
note, however, that observations 1, 2 and 5 listed above are
special to our data. Also the analysis presented here is the
first one where hiss is considered as an enduring phenomenon
over a relatively long satellite trajectory over a wide latitude
range. As a result of this, we are able to elucidate the source
location and nature of hiss as discussed below.

5. INTERPRETATION

In this section we present an interpretation of the mea-
surements in terms of location and nature of the hiss source
and also discuss our observations in the light of previous
work on the theories of generation and propagation of hiss
in the magnetosphere.

5.1. Comments on Analysis Method

The analysis of hiss presented in this paper is based on a
new formulation developed to analyze electromagnetic field
data received on a satellite [Sonwalkar, 1986]. A few points
deserve further attention.

First, consider the role of spin of the satellite, which allows
sampling of the wave electric and magnetic polarizations in
the spin plane with the help of single electric and magnetic
antennae. With two electric and two magnetic field antennae
the same purpose could be achieved even if the satellite were
not spinning. The important physical result from our study
is that over several spin periods the time-averaged wave po-
larization remains constant. This implies that averaging the
polarizations over a few seconds provides increased reliabil-
ity of estimates of the wave normal direction(s) of hiss.

Second, consider the role of center frequency f. and the
bandwidth Af chosen for analysis. It is found that larger
A f leads to better-defined spin fades. This permits calcula-
tion of fading parameters with more accuracy at the expense
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Fig. 9. One of the two possible wave normal distributions (as a
function of satellite location) derived from the wave normal anal-
ysis. The upper panel shows the wave normal angle with respect
to local geomagnetic field. In general we have two angles: one
deduced from the electric field and other from the magnetic field
data. The dashed line joining these two indicates that these mea-
surements represent a distribution of wave normals in that range.
The lower panel shows the distribution in azimuth corresponding
to wave normal directions shown in the upper panel. The plane
¢ = 0° is the local meridional plane with wave normal pointing
toward higher L shells. The angles 8, and §; are the local reso-
nance cone [Stiz, 1962] and the Gendrin angles [Gendrin, 1961],
respectively.

of loss in frequency resolution. It appears that the choice
of Af should be decided iteratively after working with the
actual data. One possibility would be to take A f such that
the power spectrum in this interval is constant. The data
presented in this paper suggest that Af of a few hundred
hertz is a good choice.

Variation of fo would give properties of hiss in different
frequency bands which are needed for a complete picture.
In our data we found that the wave normal directions of the
hiss in the band 1400 Hz to 1900 Hz were in general the
same as those given for f.=1500 Hz.

In this paper we have briefly touched on the subject of
the statistical characterization of hiss. Further elaboration
of this topic will be the subject of a future paper. Note that
looking at the envelope of the signal is only one of several
ways of processing data [Sonwalkar, 1986].

5.2. Source Location and Nature

The wave normal analysis carried out in the last section
can be used to learn about source location. To this end we
draw upon the work of past authors [Muzzio and Angerami,
1972; Thorne et al., 1979; Huang et al., 1983; Lyons and
Williams, 1984; Cairo and Lefeuvre,1986]. The general con-
clusions of these authors relevant to our study can be sum-
marized as follows:
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1. Both Huang et al. [1983] and Thorne et al. [1983]
conclude, from their detailed calculation of ray path inte-
grated gain of rays injected at the equator, that local gener-
ation (from the thermal noise) of hiss is not consistent with
the observed intensity level of hiss. Therefore they propose
the existence of a strong embryonic source that generates
hiss which is subsequently carried to other regions of the
magnetosphere.

2. For cyclotron resonance the gain is maximum at the
equator just inside the plasmapause for waves propagating
parallel to the Earth’s magnetic field [Lyons and Williams,
1984]. Therefore the equator, parallel propagation, and L ~
4 are the favored conditions for an embryonic source. We
also note here that Muzzio and Angerami [1972] showed that
the upper cutoff of hiss was equatorially controlled.

3. A recent study by Cairo and Lefeuvre [1986] has
demonstrated the necessity and usefulness of three dimen-
sional ray tracing simulations to interpret wave normal data
on hiss. In particular they have shown that two-dimensional
ray tracing is reliable only when waves propagate with small
wave normal angle with respect to the Earth’s magnetic field
in the meridional plane. Since we have measured wave nor-
mal angles which are large and in a plane normal to the
meridional plane, three-dimensional ray tracing analysis is
essential. In what follows we draw heavily on the ray trac-
ing results of the above study. However, we note that the
results of the above study are valid for a smooth magne-
tosphere and do not account for a relatively sharp plasma-
pause boundary. In our case the satellite was outside but
near the plasmapause boundary over the entire 3-hour-long
trajectory, and therefore the following analysis may require
significant revision.

Let us assume that on September 23, 1983, at the time
of our measurement the source of hiss was located on the
equator and close to the plasmapause. With the plasma-
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Fig. 10. A second possible set of wave normal distribution that
is equally consistent with the September 23, 1983 hiss data. The
format is identical to that of Figure 9.
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Fig. 11. Schematic representing the radiation characteristics of a possible hiss source. To be consistent with the
wave normal distributions shown in Figures 9 and 10, a source at the magnetic equator would radiate with initial
wave normal angles in the range 30° < 6; < 8, and 90° < ¢ < 270°.

pause on this day at L ~4 this puts the source location at
L ~ 4, Ay = 0°. Let (80, #o) denote the initial wave nor-
mal direction at the source, where g is the wave normal
angle with respect to the geomagnetic field and ¢g is the az-
imuthal angle; ¢ = 0° corresponds to a wave normal in the
magnetic meridional plane, pointing toward higher L shells.
Assuming that rays propagate directly from the source to
the observation point, we ask, What kind of radiation from
such a source would yield the wave normal distribution ob-
served on the DE 1 satellite? What range of initial wave
normal distribution would lead to the observed wave nor-
mal directions shown in Figures 9 and 107

To investigate this question, we make use of the following
results of Cairo and Lefeuvre [1986]: (1) Rays with starting
wave normals in the range 0° < 8y < 6y propagate toward
higher L shells. Waves in the range §; < 8y < 8 propagate
toward lower L shells. (2) Waves with wave normal angles
close to 8y ~ 0° very quickly, within a 10°-15° latitude
range, align themselves in the magnetic meridional plane
with wave normal pointing outward (¢ = 0°). (3) Wave
normals with ¢g ~ 0° remain in the same plane, i.e., ¢ = 0°.
(4) Wave normal directions eventually become large with
respect to the Earth’s magnetic field.

Our conclusion based on wave normal analysis and on
the ray tracing study of Cairo and Lefeuvre [1986] is that a

source at the equator emitting at § ~ 0° is not consistent
with the observed wave normal characteristic of hiss along
the September 23, 1983, DE 1 trajectory. Similarly, a source
emitting with initial wave normals in the meridional plane
pointing outward is also not consistent with our data. These
two conclusions are based on points 2 and 3 mentioned above
and the fact that our measured wave normal angles always
lie in the plane normal to the meridional plane.

A more consistent source appears to be one located close
to the plasmapause, emitting rays with wave normals in a
range 30° < 8p < 8y and 90° < ¢p < 270°. Figure 11 gives
a schematic of such a source near the equator. This source is
consistent with the observed wave normal distribution (sec-
tion 4), except that it does not quite explain the lack of
spread in the wave normal distribution observed close to
the equator. We note that the absence of any wave normal
angles 8 ~ 0° in our data is indicative of a generation con-
dition in which at plane ¢y ~ 180°, the wave normal angle
09 is closely confined to the vicinity of the Gendrin angle,
i.e., 8o ~ 04. In such a case, according to the ray tracing
results of Cairo and Lefeuvre [1986), 0 for rays spreading out
from the source region would not reach § ~ 0° until they
reach very high (> 45°) latitudes. However, if the spread
of initial wave normals 8p in the ¢g ~ 180° plane is large,
then § ~ 0° would be observable at lower latitudes. Such
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a circumstance may explain occasional previous measure-
ments of 8 ~ 0° for hiss [Lefeuvre et al., 1983; Lefeuvre and
Helliwell, 1985; Hayakawa et al., 1986].

On this particular day the satellite was near the plasmas-
phere boundary, and a detailed ray tracing may be required
which takes into account the actual cold plasma distribu-
tion on this day. Another point to note is that we have
not considered the possibility of an off-equatorial source;
auroral hiss, for example, has been suggested as a possible
source for plasmaspheric hiss [Huang et al., 1983]. To get a
more complete understanding of the source region we must
find the wave normal distributions inside and outside the
plasmapause.

5.3 Discussion

The inference of high wave normal angles at the source
region is important in its implications for various proposed
mechanisms for these emissions. In particular, those mecha-
nisms that require-field aligned propagation near the source
region [Thorne et al., 1973] would have to be revised or ex-
tended in view of these results. An interesting point to note
is that a whistler mode wave with wave normal direction
close to the local Gendrin angle 8, has ray direction parallel
to the local geomagnetic field. Thus a wave packet with the
wave normal direction  ~ 8y would interact with the en-
ergetic electrons (which travel along the geomagnetic field)
for a relatively long period, leading to an interaction length
comparable to the case when the wave normal is aligned
with the geomagnetic field.

Two slow time variations were observed in our hiss data.
One is over a time scale of ~30 s and is interpreted as either
a varying source intensity or the result of the finite coherence
bandwidth of the hiss source. To decide between these two
alternatives, further work is needed. In particular it will be
useful to see if particle data show time variations on the same
time scale; another line of attack would be to check other
consequences of assuming a finite coherence bandwidth and
to test them against data. The time variation over a ~ 10- to
15-min scale could be due to spatial or temporal variation,
and we are not at this time able to provide an explanation
to account for this fading. However, we note that Parady et
al. [1975] also noticed fading on this time scale.

The implied coherence bandwidth of hiss is also impor-
tant, since it may mean that the generation mechanisms of
hiss and more structured noises such as spontaneous cho-
rus emissions are inherently similar. In this connection, we
refer to Koons [1981], who has considered the role of hiss
in magnetospheric chorus emissions. Recently, Helliwell et
al. [1986] have shown that a simulated band-limited random
noise can trigger choruslike discrete emissions.

6. SUMMARY AND CONCLUSIONS

A detailed study of VLF/ELF hiss as a spatially and
temporally enduring phenomenon has revealed new relation-
ships among the properties of hiss observed in different re-
gions of the magnetosphere. We have analyzed hiss signals
received by electric and magnetic field antennae aboard the
DE 1 satellite along a ~ 3-hour-long trajectory. On Septem-
ber 23, 1983, a hiss band (<2 kHz) was observed continu-
ously during the 0236-0539 UT period, over a range of ge-
omagnetic latitudes from A = 45°N to Ay = 20°S, and L
shells of L = 4.3 to L = 5.3. Electron density deduced from
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in situ measurements of upper hybrid resonance emissions
and remote measurements based on the whistler method in-
dicate that during this time the DE 1 satellite was outside
but near the boundary of the plasmasphere. Our observa-
tions can be summarized as follows: (1) The general char-
acter of the electric and magnetic field spectrum remained
the same throughout the 3-hour-long period, exhibiting an
intensity peak at 1550 Hz. (2) The intensities of both the
electric and the magnetic field decreased by ~ 30 dB during
this interval. (3) Well-defined fading patterns at twice the
spin period (3.04 s) were observed throughout this period.
These patterns were stable over a time scale of ~ 1 min. (4)
A slower fading pattern with a time scale of 30 s and su-
perimposed on the spin fading was observed approximately
30% of the time. (5) The hiss intensity also showed fading
over a time scale of ~10-15 min.

Application of the FDF technique to the interpretation of
spin fading patterns led to the measurement of wave prop-
agation direction(s). The results can be summarized as fol-
lows: (1) Near the geomagnetic equator (within ~ +3° lat-
itude) we observed a wave normal angle of 60° & 5° with
respect to the local geomagnetic field. (2) Away from the
equator, wave normal directions were distributed in a range
from 30° to 80° with respect to the local geomagnetic field.
(3) All wave normal directions observed over a 3-hour-long
period were within ~ $45° of the plane normal to the local
magnetic meridian.

By combining wave normal measurements with results
from the three dimensional ray tracing simulations of Cairo
and Lefeuvre [1986], we conclude that the data were consis-
tent with a source at the magnetic equator, radiating with
initial wave normal angles in the range 30° < 8y < 6y and
90° < ¢g < 270°, where 8y is the local Gendrin angle [Gen-
drin, 1961]. The FDF formulation has also permitted eluci-
dation of the statistical nature of hiss. The slow fading (~
30 s) is interpreted in terms of a coherence bandwidth Aw
of about 0.2 rad/s.

The inference of high wave normal angles at the source
region is important in its implications for various proposed
mechanisms for these emissions. In particular, those mecha-
nisms that require field-aligned propagation near the source
region [Thorne et al., 1973] may have to be revised or ex-
tended in view of these results. The implied coherence of
hiss is also important, since it may mean that the genera-
tion mechanisms of spontaneous chorus emissions and hiss
are inherently similar [Koons, 1981; Helliwell et al., 1986].

APPENDIX: RELATIONS BETWEEN FDF,
FouriER, AND WDF REPRESENTATIONS

In this appendix we provide a formal connection between
FDF, WDF, and Fourier representations of a signal propa-
gating in a single mode in a magnetoplasma. A more de-
tailed discussion can be found in the work by Sonwalkar
[1986].

Al. Relation Between FDF and Fourier Representations

An arbitrary electromagnetic field present in some region
of space Ar centered around rp during a time interval At
centered around #g can be decomposed into its Fourier trans-
form (equation (1), section 3.1). Furthermore, if the signal
is propagating in a single mode, we have w = w(k), and the
Fourier transform can be written as [Bekefi, 1966]
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Plate 1. Typical hiss spectra around four regions indicated in Figure 1. The constant frequency pulses seen
in the spectra are Siple transmitter signals. The spin fading patterns lead to the measurement of wave normal
direction(s) of hiss.
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E(r,t) = / A (k)elf @)t =kr)] e (A1)
k

where Af(k)dk is the electric field amplitude of the plane
wave propagating with frequency w(k) and wave normal vec-
tor k.

In a magnetoplasma with Bg as the axis of symmetry, it
is preferable to have (8, ¢,w) as the independent variables.
As pointed out by Storey and Lefeuvre [1974], another rea-
son for using (8, #,w) as independent variables, instead of
k, is that for an extraordinary mode propagating in a mag-
netoplasma, w(k) is ambiguous, i.e., for a given | k | there
are two possible values of w, whereas given w, | k | is al-
ways uniquely defined for a given (8, 4). The third reason
for this change of variables, when representing an unknown
signal, is to take advantage of the fact that both R® and k
are known functions of (8, ¢,w). Thus, if A*(9, ¢, w)dddédw
represents the amplitude of the plane wave of frequency w,
propagating in the direction (8, ¢), then

A%(8,6,w) = JAL(K) (A2)
J is the Jacobian for the transformation:
g= by bs) Vy k% sing (A3)

(8, ¢, w)
where k = |k| and Vy = |(8w/8k)g| are the moduli of the
wave vector and the group velocity, respectively. Because
of the sin# term in (A3), the function A°(#, ¢, w) vanishes
at 8 = 0. Therefore it is desirable to use the variable cos 8
instead of 8 to avoid this difficulty. Since the polarization R®
of a wave propagating in a given mode is a known function
of (8, ¢,w), it is convenient to separate the polarization and
the intensity part of the amplitude of a plane wave. Thus if
Eqo(8, ¢, w) is proportional to the wave amplitude, then the
amplitude of the wave with frequency w and propagating
in the direction (0, ¢) is Eq(9, ¢, w)R%(8, ¢, w)d(cos 8)dpdw,

where

Eo(8,6,w)R°(0, ¢,w) = V, 'k2AL (K) (A4)

The complex function Eg(8,¢,w) is called the field dis-
tribution function (FDF). Equation (A4) is the formal con-
nection between the FDF and the Fourier transform Af (k)
of an arbitrary signal propagating in a single mode. Note
that for a given single mode, each of the quantities R¢, V,,
k are known functions of (6, ¢, w). Thus given the FDF, the
corresponding Fourier representation is known uniquely and
vice versa. Equation (A4) says that the magnitude of the
FDF is proportional to the electric field amplitude of the
corresponding plane wave and the phase of the FDF is the
same as that of the plane wave within an additive constant.
The proportionality and the additive constants are known
functions of (4,¢,w). From equation (4) of section 3 we
get for the magnetic field component of an arbitrary wave
propagating in a single mode,

e
Eo(8, ¢, w) k(6, ¢,w) XwR (8, 4,w) = Vg_lszLn (k) (A5)
where A is the Fourier transform of the magnetic field
B(r, t) of the signal propagating in a single mode.
Equations (A1)-(A5) lead to the representation of such
signals by equations (2) or (3) and (4) of section 3.1. The
major advantage of the FDF representation over the Fourier
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representation is that it takes into account all the known dis-
persion and polarization relationships of the mode in which
the wave is propagating. Thus, only one complex scalar
function Ey(0, ¢, w) is sufficient to represent the signals com-
pared to two three dimensional Fourier transforms, namely
Af and AP. It should be noted here that the FDF is spe-
cific to a given mode of propagation and, unlike the Fourier
representations, the FDF’s of signals when more than one
mode is present do not simply add. The general expression
for fields that consist of a superposition of waves propagat-
ing in multiple modes is given by

LOUEDY /w /0 f¢ Bo,1(8,6,0)R (6, 6,w)

. eli@=kpm(@.8:0) Dy o5 9)dpdw
(a8)

where Eg 37(9, 4,w) is the FDF for mode M and R§,(4, ¢, w)
and kps(8, ¢, w) are the polarization and wave normal vec-
tors as a function of (0, ¢,w) for mode M. An analogous
expression can be written down for the wave magnetic field.

A2. Relation Between FDF and WDF Representations

The FDF representation of signals is completely general
and can be used to represent a large variety of signals prop-
agating in a single mode or multiple modes. One such ap-
plication is the propagation of electromagnetic signals in
the Earth’s magnetosphere. Additional restrictions may be
specified on the given FDF depending on the particular sig-
nal under consideration. For example a constant frequency
(wo) signal from a ground transmitter is appropriately repre-
sented by a deterministic FDF which satisfies the following
condition:

Eo(8,¢,w) = Eo(9, @, w0)8(w —wo) (A7)

An example of a plane wave is given in equation (5), sec-
tion 3 which is a special case of equation (A7).

The wideband VLF noise known as hiss has a structureless
spectrum, and therefore Storey [1971] suggested that this
noise be treated as composed of irfinitesimally small plane
waves propagating without any mu‘ual coherence. In such
a formulation, hiss is described by a wave distribution func-
tion F(u,w) such that F(u,w)dodw is the ensemble average
wave energy density due to waves with angular frequencies
in the range from w to w 4+ dw and with directions of prop-
agation lying in the element of solid angle do centered on
the directon of unit vector u(#, ¢) , where k =| k | u [Storey
and Lefeuvre 1979).

In the FDF representation of hiss, we assume that the
FDF, Ey(9, ¢,w) or Eg(u,w), is a complex random variable
in (6, ¢,w) and that its various ensemble averages are used
to characterize hiss. Generally the ensemble averages that
enter into the calculations when we connect the FDF to the
received voltages and envelopes of voltages (or time corre-
lations) are (Eo(8, ¢,w)) and (Eo(9,4,w)E(¢',¢',w’')). In
general, if we assume that the phases of individual plane
waves are uniformly distributed in the interval (0 — 27x), the
first of the above averages will be zero. The representation
of the second averages can be done in many ways, and the
clue for this has to come from the experimental data. In



SONWALKAR AND INAN

section 3 we presented two models for this term (equations
(19) and (27)). However, to relate FDF to WDF, it is neces-
sary to assume that the following relation (same as equation
(19)) holds:

(Eo(u,w)Eg (v',w')) = (Eo(u, w)Ej(u, w))
S(u—u')d(w—w') (A8)

This assumption is equivalent to Storey and Lefeuvre’s
[1979] assumption about no mutual coherence between in-
dividual plane waves. Then the relation between FDF and
WDF is given by

F(u,w) = ZI‘OV:W (Eo(u,w)Eg (u,w))

Re [Re(a0) (KBSLXRT )]
(A9)

Re in the above equation denotes the real part of the
quantity in the square brackets. In proving (A9) we have
used Storey and Lefeuvre’s [1980] definition that energy den-
sity e is given by

1
2u0Vy

where E and B are the amplitudes of the elementary plane
wave propagating with the wave normal k(, ¢, w).

Equation (A9) is the formal connection between FDF and
WDF with the assumption that individual wavelets propa-
gate with no mutual coherence.

It is clear that the WDF representation requires the as-
sumption (A8) in its formulation, whereas in the FDF for-
mulation of hiss one has several possible choices depending
on the statistical description of hiss. In fact, at times, the
experimental data may demand a choice which is different
than equation (A8). An example of this was considered in
section 3.6.

Another difference between the WDF and FDF represen-
tations is that the WDF is related to the signal energy under
the restriction given by equation (A8), whereas the FDF is
related to the amplitude and phase of the electric and mag-
netic field. Typically, satellite wave receivers with electric
and magnetic antennae measure fields, not energy, conse-
quently a detailed description of the measurement process is
not possible in WDF representations. There are two circum-
stances where this problem is realized most acutely. One is
in the representation of a ground transmitter signal, where
the deterministic representation is preferable and the mo-
tion of the satellite cannot be ignored. While assumption
(A8) can be justified for the definition of the WDF of a
ground transmitter signal, one cannot justify the assump-
tion of ergodicity that is necessary to provide a connection
between a single measurement and the ensemble averages.
On the other hand, a deterministic FDF representation al-
lows for motion of the satellite to be taken into account,
and the Doppler shift is used to discriminate multiple paths
[Sonwalkar et al., 1984; Sonwalkar, 1986]. The second cir-
cumstance concerns the investigation of antenna character-
istics. While the WDF representation cannot be used to
study the antenna response function, the FDF formulation
can be conveniently applied to measure the wave properties

e =

Re(E x B*)-u
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as well as to experimentally determine the antenna response
fur.ction [Sonwalkar and Inan, 1986; Sonwalkar, 1986).
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