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A GROUND-SATELLITE STUDY OF WAVE-PARTICLE CORRELATIONS
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Abstract. Very low frequency (VLF) waves re-
corded at Siple, Antarctica (L ~ 4; 84°W, geo-
graphic), are compared with low-energy (<50 keV)
electron data from the geostationary satellite
ATS 6. During the period of this study (August
10-21, 1974) the satellite was anchored at 6.6
RE and 106.5°W, near the outer edge of the nomi-
nal 'viewing area' of the Siple VLF receiver,
which is estimated to be L ~ 2-6 and +20° longi-
tude. The results reveal two distinct types of
chorus observed at Siple. One type 1s closely
correlated with enhanced fluxes of >5-keV elec-
trons detected at the synchronous altitude, and
its generation region is inferred to be outside
the plasmapause. The chorus upper cutoff fre-
quency increases with time in a characteristic
manner, consistent with the expected adiabatic
motion of injected electrons in cyclotron reso-
nance with the waves. The second type of chorus,
which we refer to as 'plasmaspheric chorus,' oc-
curs inside the plasmapause, has no apparent re-
lationship to particle injection at the synchro-
nous altitude and shows clear evidence of being
triggered by whistlers, power line radiationm,
and other signals. The two different types of
chorus are readily distinguishable in frequency-
time spectrograms.

1. Introduction

A widely accepted theory of whistler mode VLF
wave generation in the magnetosphere involves
cyclotron resonance interaction with energetic
electrons le.g., Kennel and Petschek, 1966;
Dysthe, 1971; Nunn, 1974; Helliwell and Crystal,
1973]. Wave growth by this mechanism depends on
the resonant electron flux as well as on the
pitch angle distribution. Anderson [1976] and
Anderson and Maeda [1977] found close correla-
tion between VLF emissions and enhanced fluxes
of anisotropic electrons detected on the Explorer
45 satellite, corroborating the cyclotron reso-
nance theory. Statistical studies of VLF chorus
[Tsurutani and Smith, 1974; Thorne et al., 1977;
Park and Miller, 1979] as well as case studies
[carpenter et al., 1975; Foster et al., 1976;
Tsurutani et al., 1979] showed that chorus is
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correlated with magnetospheric substorm activity,
indicating that freshly injected particles play
a central role in wave generation. On the other
hand, there is evidence that waves entering the
magnetosphere from below, such as whistlers,
power line radiation (PLR), and VLF transmitter
signals can trigger emissions under conditions
not conducive to spontaneous emission genera-
tion [Storey, 1953; Helliwell, 1965; Helliwell
and Katsufrakis, 1974; Helliwell et al., 1975].
A statistical study of ground-based VLF data also
indicated that triggering is an important factor
[Park and Miller, 1979].

In this paper, VLF wave data from Siple, Ant-
arctica (76°S, 84°W; L = 4), and simultaneous
particle data from the ATS 6 satellite are used
to study wave-particle correlations in an attempt
to clarify the role of particles in the genera-
tion of VLF waves. Magnetospheric VLF waves that
penetrate the ionosphere tend to spread over
large areas in the earth-ionosphere waveguide,
and the nominal 'viewing area' of the Siple re-
ceiver is estimated to be L ~ 2-6 and *20° lon-
gitude [e.g., Carpenter, 1970]. The present
study covers 12 consecutive days, August 10-21,
1974, during which simultaneous wave and particle
data were available. During the 12-day period,
ATS 6 was anchored at 6.6 Rg and 106.5°W longi-
tude, near the outer edge of the L-longitude
space that can be monitored by the VLF receiver
at Siple. Observations from two geostationary
platforms have permitted detailed studies of the
temporal development of wave and particle behav-
ior on a continuous basis.

The wave and particle data show two distinct
classes of chorus events. One class involves
particle injection associated with magnetospheric
substorms and can be inferred to occur outside
the plasmapause. The other class of chorus
events shows no apparent relationship to particle
injection but shows clear evidence of triggering
by whistlers, PLR, and other emissions inside the
plasmapause.

2. Sources of Data

The Siple VLF data used in this study were ac-
quired using a calibrated receiver with a 435-m?
loop antenna (see Helliwell and Katsufrakis
[1978] for further details). The broadband out-
put of the receiver was recorded on magnetic
tapes on a synoptic schedule of 1 min every 5
or 15 min. 1In addition, the receiver output was
fed into a 2-to-4-kHz bandpass filter and a dual
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time constant detector with a rise time of ~1 s
and a fall time of ~0.1 s. This detector was
designed to discriminate against sferics, indi-
vidual whistlers, and other isolated, impulsive
signals. The detector output was then recorded
continuously on a chart recorder.

The particle data come from two different in-
struments on ATS 6. The University of Minnesota
instrument provided electron flux data in the
energy range of ~32-44 keV with equatorial pitch
angles of ~90°. Details of this instrument have
been described by Walker et al. [1975]. The
University of California, San Diego (UCSD),
plasma experiment provided phase-space densities
and pitch angle distributions of electroms in
the ~0.1-to 81~keV range. The data used in this
study come from the north-south detector mounted
on a mechanical platform that could scan the
pitch angle range of a few degrees to ~140° in
~120 s. Further details of the instrument char-
acteristics are given by Mauk and McIlwain [1975].

3. An Overview

Figure 1 shows plots of Siple VLF wave ampli-
tude (2-4 kHz), ATS 6 electron flux (32-44 keV,
o = 90°, from the University of Minnesota detec-
tor), and the auroral electrojet (AE) index dur-
ing the period August 10-21, 1974. The VLF data
shown here are l-min averages taken every 15 min
from continuous chart recording. (Samples of
original chart recording will be shown later.)
Wave, particle, and AE activities all tend to
come in bursts that stand out clearly above the
background quiescent level. Large increases in
trapped particle flux are a feature commonly ob-
served in association with substorms at synchro-
nous altitudes [Lezniak and Winckler, 1970;
Parks, 1970]. Slow decreases in flux just prior
to substorm injection (for example, between 0400
and 0500 UT on August 10, 1974) are due to the
inward convection of trapped particle drift shells
and are a characteristic feature of substorm in-
jection events in the premidnight sector [Lin and
Parks, 1974; Bogott and Mozer, 1973; Lezniak and
Winckler, 1970]. Gaps between 1700 and 2200 UT
are due to the absence of good particle data
during that time interval.

VLF waves may have a variety of spectral char-
acters depending on their origin. Descriptive
letters in Figure 1 identify the dominant types
of waves contributing to the VLF events, as de-
termined from broadband spectral data: chorus (c),
hiss (h), whistlers (w), and power line radiation
(p). The AE indices come from the ll-station
analysis published by the World Data Center A.

Figure 1 shows clearly correlated wave and
particle events that are also accompanied by en-
hancements in AE index. Such correlated events
are indicated by vertical lines at the time of
event onset on August 10, 11, 13, 16, 17, 18, and
19. After about 0800 UT on August 19 there is
continuous substorm activity through August 21,
and it is difficult to make event-by-event asso-
clation between VLF, electron flux, and AE data.
Between August 10 and 19 we see that all clear
cases of electron flux enhancements above ~5x 10°
el cm™2 57! keV™! and lasting for half an hour or
more are accompanied by enhanced VLF activity.
Chorus is the predominant wave form during these
events, although some hiss, echoing whistlers,

and power line radiation are also observed.

There are also significant enhancements in VLF
intensity that are not accompanied by enhance-
ments in electron flux or AE index. Some of
these VLF enhancements involve only whistlers and
hiss but not chorus; examples are found on August
12 and 18. Hiss in these cases is band limited
(~2-5 kHz) and originates in long-enduring whis-
tler echo trains [see Helliwell, 1965]. This
type of hiss is distinct from auroral hiss (above
~4 kHz), generally observed at higher latitudes,
and plasmaspheric ELF hiss (~0.5-3 kHz) [e.g.,
Thorne et al., 1973; Muzzio and Angerami, 1972].
The events involving only whistlers and their
echoes will not be discussed further in this
paper.

Some chorus activity is also observed without
accompanying increases in equatorial electron
fluxes. Examples include the events starting
near 1000 UT on August 14 and near 0500 UT on
August 15. The chorus spectra during these events
will be examined in detail in section 5. Itwill
then be shown that there are fundamental differ-
ences in spectral characteristics between chorus
actilvity occurring with and without accompanying
particle injection detected by ATS 6.

In several cases wave and particle events ap-
pear to be related, but their relationship can-
not be established with certainty. The PLR and
chorus activity near 1200 UT on August 15 and the
chorus activity near 1100 UT on August 17 belong
to this category. These cases will be examined
in detail in section 5. On August 14, particle
data were contaminated by sunlight during the
event starting near 1700 UT. However, the small
increase in AE at 1500 UT suggests that there
may have been a low-level particle injection.
This question cannot be resolved with the avail-~
able data., A similar difficulty is found near
2000 UT on August 17. '

In summary, strong particle injection events
at ATS 6 are accompanied by chorus and other wave
activity at Siple; however, not all chorus events
are accompanied by particle injection at ATS 6.
Sections 4 and 5 will examine the details of
particle and wave data during correlated wave-
particle events as well as the nature of chorus
events that are not accompanied by particle events.

4, Details of Correlated Events

During three correlated wave-particle events
the UCSD instrument was in a mode of operation
that provided information on the phase space dis-
tribution function as well as the usual pitch
angle distributions. Electrons of ~1- to 50-keV
energies underwent significant changes during the
injection events shown in Figure 1. The details
of wave and particle data during each event are
described below.

August 10, 1974. Figure 2 shows a continuous
record of VLF intensity in the 2- to 4-kHz band
(top) and frequency-time spectrograms taken for
approximately 1 min every 5 min (bottom). The
time marks at the bottom of the lower pamel in-
dicate the beginning of each l-min sample.

The first sign of chorus appears in the 0505
UT record below 1.7 kHz. The upper cutoff fre-
quency increases with time to about 2.8 kHz at
0520 UT. On the basis of the spectrogram we can
place the chorus onset time between 0501 and 0505
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Fig. 2. VLF wave amplitude (top) and broadband spectrograms (bottom) recorded at
Siple, Antarctica. The tick marks at the bottom indicate the beginning of ~l-min

samples taken every 5 min.

UT. (Note, however, that the 2~-to-4-kHz inten-
sity record does not show noticeable enhancement
until about 0512 UT, when the chorus upper cutoff
frequency apparently reached the lower edge of
the passband.)

Figures 3 and 4 show the particle data from
the UCSD detector during this event. The data
were fitted to form F = Fosinm o at selected
energy levels. The behavior of the distribu-~
tion function is clearly energy-dependent (Fig-
ure 3). At low energies (for example, 5.4 keV)
the signature of injection onset is evident, but
the distribution function does not change signi-
ficantly. Above 21 keV, however, the distribu-
tion function increases sharply, up to 2 orders
of magnitude. This increase nearly coincides
with VLF onset. Further discussion of the be-
havior of different energy particles during sub-
storms is given by Parks et al. [1977].

Figure 4 shows the behavior of the pitch angle
distribution for three energies as a function of
time. Note the presence of strongly field-aligned
components (negative m) first at 47.4 keV and
then at 1.4 keV a few minutes later. The 47.4-
keV electrons subsequently changed to a strong
loss cone distribution (m = 1) before returning
to the preinjection shape. The 1.4-keV electrons
returned to nearly isotropic distribution (m * 0)
following injection. Another way to illustrate
the pitch angle behavior is to plot the actual
pitch angle distribution. Figure 5 shows an ex-
ample taken just after the injection. The field-
aligned 1.4-keV electron fluxes and the peaked

large pitch angles of the higher-energy particles
corroborate the features indicated for the time
interval ~0505-0508 UT in Figure 4.

August 16, 1974. Figure 6 shows the wave data
for this case in the same format as Figure 2. In
this case, however, broadband synoptic recording
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Fig. 3. Electron flux versus time at several
energies for the VLF event of Figure 2.
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was made for 1 min every 15 min. The upper cut-
off frequency of chorus was ~2 kHz when the chorus
first appeared at 0505 UT, but it increased to
~3 kHz at 0520 UT. At 0605 and 0620 UT the spec-
trogram shows horizontal striations near 2 kHz.
The amplitude record shows the first sign of en-
hancement at 0503 UT. Combining the amplitude
and spectral data, we determine that the chorus
onset occurred between 0451 and 0503 UT.

To show selected portions of the spectra in
greater detail, 0520 and 0605 UT records have
been expanded and reproduced in Figure 7. The
0520 UT data that look like hiss in the time-
compressed record of Figure 6 now appear as
chorus with closely spaced discrete elements.
The horizontal lines in the lower panel are
similar to amplified power line harmonic radia-
tion reported previously [Helliwell et al., 1975;
Park, 1977].

The particle data for this case are shown in
Figure 8, The UCSD particle detector was in a
nonscanning mode, and therefore the pitch angle
coverage during the time interval shown was lim-
ited to 43°-58°. Large phase-space density changes
are evident at the time of VLF onset for energies
above 5.4 keV. The general behavior of the par-
ticle distribution function is similar to that of
the August 10 case, although there are differences
in details. For example, on August 16 multiple
injections are apparent for electrons with 521-
keV energy.

August 18, 1974. This case is illustrated in
Figures 9~11, From the spectrogram in Figure 9
the VLF onset is estimated to have occurred be-
tween 0651 and 0705 UT. We note once again that
the upper cutoff frequency increased systemati-
cally with time following onset. The 2- to 4-kHz
intensity record shows many sharp spikes before
0700 UT that are due to strong whistlers and their
echoes., These echoing whistlers appear as al-

ATS 6 ELECTRONS AUG 10,1974
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Fig. 4. Electron pitch angle anisotropy para-
meter versus time at three energies for the
period covered in Figure 3. Typical error is
~0.1 or less.
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Fig. 5. Electron pitch angle distribution at
three energies immediately after the injection
event in Figure 3.

most vertical but slightly curved lines in the
spectrogram.

Figure 10 illustrates the particle behavior
in this case. There were several particle in-~
jections between 0500 and 0800 UT. The injec-
tion that occurred at ~0658 UT is correlated with
the VLF wave activity. The main difference be-
tween this injection and the earlier injections
is in the intensity of 521-keV electrons. Fluxes
for the 0658 UT injectionwere significantly larger
[see Parks et al., 1977]. Figure 11 shows the
behavior of the pitch angle distribution. Note,
as before, the presence of field-aligned compo-
nents prior to each injection (indicated bym < 0).
For >10-keV electrons, m becomes positive after
each injection, but in terms of the pitch angle
distribution the 0658 UT injection was not markedly
different from earlier injections.

Summary and discussion of correlated events.
In the three cases discussed above, chorus ac-
tivity started at Siple within 10-15 min of par-—
ticle injection observed at ATS 6. Siple was
within ~0000-0200 MLT at the time of chorus on-
set. Acharacteristic feature of chorus activity
accompanied by particle injection is that the
upper cutoff frequency f,. increases systema-
tically with time following onset. Positive
df,./dt, similar to the three cases illustrated
above, is clearly observed in all but one set
of correlated events marked by vertical lines in
Figure 1. The only exception is the event near
1000 UT on August 16. In this case, chorus first
appeared in the 1005 UT record with f,, = 2.5 kHz
and did not show a systematic increasewith time.
To understand this unusual behavior, simultaneous
VLF spectral data from Halley Bay, Antarctica
(L ~ 4 and 2 hours MLT east of Siple), were ex-
amined. It was found that at Halley Bay, chorus

41
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uvm-t S| AUG 16, 1974

—~T
0520

| |
063

0620

Fig. 6. VLF wave amplitude (top) and broadband spectrograms (bottom) recorded at
Siple, Antarctica. The tick marks at the bottom indicate the beginning of ~1l-min

samples taken every 15 min.

started at 1005 UT and f,, increased with time
for about 1 hour in the manner illustrated in
Figures 2, 6, and 9, Why Siple did not record
similar behavior is not clear, but it is possible
that the rising portion of the chorus was not re-
corded there because no duct was present.

Two possible explanations have been discussed
in the literature for the tendency of fy. to in~
crease with time [Carpenter et al., 1975; Foster
et al., 1976; Park, 1977; Thomas, 1979]. One
possible explanation is that when energetic par-
ticles are injected earthward from the nightside
magnetosphere, the electric field tha igjects
energetic particles imparts the same EX B drift
-velocity to the thermal plasma. Since there is
a tendency for chorus frequency to track the
equatorial electron gyrofrequency [Burtis and
Helliwell, 1976], chorus generated inside an in-
ward drifting duct would increase in frequency.
Another possible explanation involves the longi-
tudinal drift of injected energetic electronms.
If energetic electrons are injected near midnight
and if a duct that guides chorus to a ground sta-
tion is somewhere to the east of the injection
zone, then the energetic electrons reach the
duct through gradient and curvature drift. Since
this drift is energy-dependent, higher-energy
electrons arrive first, followed by electrons
of progressively lower energy. The condition
for cyclotron resonance, which is generally be-
lieved to be the generation mechanism for chorus,
is given by

fu

£=- 1+ v,/v @
p

where fg is the electron gyrofrequency, f is the
wave frequency, v, is the parallel electron ve-
locity, and vp is the wave phase velocity. It
can be shown that for f < fy, which is a neces-
sary condition for whistler mode waves, df/dv,,
is always negative. Thus lower-energy particles
arriving later generate higher-frequency waves.
Thomas [1979] examined the two mechanisms quanti-
tatively and came to the conclusion that both
mechanisms are needed to explain observationms.
Inward drift of chorus-generating ducts is more
important before 0400 MLT, whereas energy-dependent
dispersion of the electron cloud is more impor-
tant after 0400 MLT.

The one important parameter in the particle
data at the time of the chorus onset is the large
increase in electron fluxes above some critical
energy level that varies from ~5 to ~25 keV.
Pitch angle anisotropy, although highly variable
and of the 'loss cone' shape at injection, shows
about the same average value before and after the
chorus onset. The anisotropy is generally posi-
tive (for energies where the flux shows signifi-
cant enhancements) and satisifes one necessary
condition for the cyclotron instability [Kennel
and Petschek, 1966]. However, the growth rate
also depends on the resonant electron flux, and
the data show that the flux is a key parameter
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Selected spectrograms in Figure 6 reproduced on expanded scales.

Fig. 7.
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Fig. 8. Electron flux versus time at selected
energies for the event illustrated in Figure 6.

in chorus generation (see Kaye et al. [1978] for
a discussion of observed pitch angle anisotropy
and the cyclotron precipitation theory).

The VLF receiver at Siple has a fairly large
'collecting area' (L ~ 2-6, *20° longitude).
Thus is it not possible to pinpoint the chorus
generation region. However, certain inferences
can be drawn from consideration of resonance and
propagation conditions. For propagation along
the static magnetic field the wave phase veloc-
ity can be closely approximated by

f;!(fﬂ - £)%
v = g ————————

£
P P

(2)

where f,, is the plasma frequency. Combining
this equation with (1), we obtain

£y - D"
Vg = fL —!'i-_—_ 3)
P £

Figure 12 shows the variation of the parallel
resonant energy W, = !mv,z, as a function of L in
a dipole geomagnetic field for £ = 3 kHz. The
thermal plasma density is assumed to be 6 el
em™® at L = 4 and varying as L™*, a model appro-
riate for the region outside the plasmapause
Ee.g., Park et al., 1978]. Since 3 kHz is ap-
proximately the maximum chorus frequency observed
in each of the three cases discussed above, the
resonant W,, must lie above the curve in Figure 12.
If we assume that chorus is generated at the
equator, ducting is possible up to one half of the
equatorial gyrofrequency. The maximum chorus
frequency of 3 kHz places an upper limit on the
L value of the generation regionatl = 5,25, as
indicated by averticle line in Figure 12, (This
rough estimate is based on a dipole geomagnetic

43
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Fig. 10. Electron flux versus time at selected
energies for the event illustrated in Figure 9.

field. If the equatorial field strength is de-
pressed by 50y [e.g., Cummings and Coleman, 1968],
the vertical line would be displaced inward by
~0.5L.) Thus a generation region near the equator,
L = 5-5.25, and outside the plasmapause would be
consistent with both wave and particle data. If
the generation regionwere inside the plasmapause,
then the thermal plasma density would increase
by a factor of about 50, and the resonant W,, would
decrease by the same factor. Since the particle
data during substorm injection do not show flux
increases at such low energies, we can conclude
that the generation region was outside the plas-
mapause 1f freshly injected particles were re-
sponsible for the observed chorus bursts. It is
possible that the chorus was generated by some
preexisting plasma clouds drifting in longitude
inside L = 6.6. However, this is not a likely
explanation for the type of chorus discussed
here, because there is no reason why the arrival

of drifting clouds at a given longitude should
correlate with substorms. On the other hand,
preexisting plasma clouds may play an important
role in the generation of the second type of
chorus discussed in section 5.

5. Details of Uncorrelated Events

In this section we examine the wave charac-
teristics during VLF events that are not asso-
ciated with particle injection at ATS 6. The
results will show several important features
that clearly distinguish these events from the
particle-associated events discussed in section
4.

August 14, 1974. Figure 13 shows spectro-
grams of the chorus event that started at ~1010
UT. The top panel shows ~l-min samples every 5
min. Chorus frequency was ~2-3 kHz at the onset
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Fig. 11. Electron pitch angle anisotropy para-

meter versus time at three energies for the

period covered in Figure 10.

and remained unchanged, in sharp contrast to the
systematically increasing trend found in the par-
ticle-associated events. The bottom panel shows
the 1015 UT record in expanded scale; many emis-
sions are preceded by short horizontal lines,
which suggest the possibility of triggering.

A short time later, evidence of triggering be-
comes clearer, as is 1llustrated in Figure 14.
Chorus dominates the spectrum above ~2.8 kHz,
while hiss dominates at lower frequencies. A
close examination of chorus elements shows the

1000¢

100

W, (keV)

5 6
L
Fig. 12. Equatorial parallel energy of cyclo-
tron resonant electrons as a function of L value
assuming a dipole field and thermal plasma den-
sities appropriate for outside the plasmapause.
For plasmaspheric density fields the curve would
be lowered by a factor of ~50. See text for de-
tails.
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basic pattern of emissions in the first 6 s

of the record repeating many times. The first
element in each group is labeled Ay to Ajy. From
the spectral shape of these emissions it is clear
that they are not simply successive echoes of
the same wave packet. If this were the case,
each successive echo would become more dispersed
in a systematic way. Instead the observed emis-
sions suggest that they are new emissions triggered
each time by the echo of the previous..emission.
Such emissions belong to the category of nondis-
persive periodic emissions [Helliwell, 1965].
The echo period is 6.8 s.

The hiss in Figure 14 shows strong horizontal
striations suggesting their generation or modu-
lation by PLR, as discussed by Park [1977] and
Raghuram et al. [1977]. It is not clear what
role, if any, PLR played in the triggering of
chorus.

August 15, 1974, The spectrograms of Figure
15 illustrate an event that started between 0521
and 0525. Figure 15a shows sudden intensifica-
tion in the 3- to 4-kHz range starting from the
0525 UT run. As in the August 14 case discussed
above, this frequency band does not change no-
ticeably with time. Selected portions of Figure
15a are reproduced in Figures 15b and 15c with
expanded scales.

Figure 15b shows that the enhancement in wave
intensity at 0525 UT is mostly due to whistlers
propagating along a particular duct with a nose
frequency of ~3.5 kHz. There are several multi-
component whistler trains such as the one near
20 s, but an examination of expanded spectra be-
fore and after 0525 UT shows that the occurrence
rate of these long whistler trains did not change
significantly. The significant change that did
occur at 0525 UT is a sudden increase of the
whistler rate on just one path. Near the beginning
and end of the record the whistler rate on this
path averages about four per second. Note the
sharp low-frequency cutoff near 3 kHz. Such an
effect is quite common and is due to the limited
bandwidth within which whistlers are amplified
in the magnetosphere.

In Figure 15c¢ the duct is still active, but
the whistlers are more intense than those in
Figure 15b, and they trigger emission at the
upper cutoff frequency. The lower cutoff has in-
creased to ~3.3 kHz., Triggering is also evident
on a few other paths.

Standard whistler analysis [Park, 1980] shows
that the active path in Figures 15b and 15c¢ was
located at L = 4.6 and had an equatorial electron
density of 250 el cm . Cyclotron resonance with
3- to 4.5~kHz waves at the equator would require
parallel electron energies of 250-900 eV. This
active duct was well inside the plasmapause, which
was beyond L = 5.1, as evidenced by the lowest
nose frequency of the plasmaspheric whistler
train such as the one near 20 s in Figure 15b.
Thermal plasma density in this duct is not un~
usually high or low in comparison to that in
neighboring ducts, and it is unlikely that ener-
getic particles had a markedly different distri-
bution inside this one particular duct out of
many closely spaced ducts. What distinguishes
this duct from its neighbors is likely to be its
propagation characteristics. We might speculate
that this was a superior duct with large density
gradients across the wall of the duct or that

some irregular structure in the ionosphere in-
creased the wave-coupling efficiency between
this duct and the earth-ionosphere waveguide.

In Figure 15d many emissions are seen without
any clear sign of triggering waves. However, a
detailed examination of the evolution of the wave
activity throughout the event reveals a gradual
transition in spectra. At first, only whistlers
are seen, as in Figure 15b, and then whistler-
triggered emissions become evident, as in Figure
15c. Later on, whistlers become weaker, while
whistler-triggered emissions become stronger and
more numerous until it becomes difficult to iden-
tify the whistlers that trigger emissions. Thus
we can say with a fair degree of certainty that
the emissions in Figure 15d were triggered by
whistlers, although the data in Figure 15d alone
would not allow such conclusions to be drawn.

A second event of interest on this day occurred
near 1200 UT. Figure 16 is a spectrogram for
this period showing activity in two frequency
bands. The lower band started at ~1150 UT, and
the upper cutoff frequency increased from about
0.9 kHz at 1150 UT to about 1.3 kHz at 1215 UT.
This behavior is similar to that of the particle-
associated events discussed in section 4. Re-
ferring to Figure 1, an enhancement in particle
flux was observed at 1120 UT following a small
substorm that started at 1050 UT. It could be
that the VLF activity was related to this flux
enhancement.

The upper band, starting at 1210 UT, shows a
very different behavior. There is no systematic
increase in frequency with time, and strong hor-
izontal striations suggest PLR control. Figure
17 shows portions of the spectra in expanded
scales. Multiple lines near 4 kHz show ampli-
tude modulation with approximately 5-s period.
By comparing this period with whistler time de-
lays we can establish that PLR was propagating
inside the plasmasphere along a duct located at
L = 4.3 with equatorial plasma density of 350 el
em™®. For the observed PLR frequency range of
3.5~4.3 kHz the resonant electron parallel energy
at the equator is 620-1000 eV. In the 1240 UT
run there is a tendency for emissions to come in
groups, approximately in phase with PLR. How-
ever, since their starting frequencies are not
well-defined, we cannot be certain about their
association with PLR. The relationship between
this event and the particle flux enhancement at
1120 UT is not clear.

August 17, 1974, Figure 18 illustrates the
event starting at 1120 UT. Again there is no
systematic increase in frequency with time. Three
segments of Figure 18a are reproduced in Figures
18b-18d to show spectral details. In Figure 18b
we can see that most of the discrete emissions
were triggered by whistlers and other emissions.
Take, for example, the signals marked Aj-Ag. A;
is a one-hop whistler with triggered emissions
near the upper cutoff frequenecy. Its low-latitude
companion trace, ~1 s earlier, covers the entire
4-KkHz bandwidth. The time of the causative spheric
in the northern hemisphere is marked by an arrow.

Signals A3-Ag appear at the expected arrival
times of the successive echoes of signal A;.
However, as before, one can deduce from their
spectral shapes that they are not echoes of one
wave packet and that new emissions were triggered
by echoes of previous emissions. Another ex-
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ample of triggering by echoes can be seen in a
series of periodic emissions starting ~0.5 s
after signal As. Similarly, most of the other
emissions in Figure 18b can be traced to echo-
ing trigger signals. An analysis of the whis-
tler A; and subsequent emissions shows the duct
location at L = 4.5, equatorial plasma density
of 220 el em™%, and equatorial resonant electron
parallel energy of 620 eV for a wave frequency
of 4 kHz.

In the 1150 UT run (Figure 18c) emissions are
more numerous, and therefore it ismore difficult
to find triggering signals. However, if we use
the periodicity in Figure 18b as a guide, we can
find several sets of periodic emissions with the
same period. One suchset is signals Ag-Ajs. The
repetition of the general pattern of emissions
between signals A; and A; is quite clear in the
first half of the record, but the pattern becomes
somewhat obscured later on as new sets of emis-
sions appear and old ones fade away. 'The hiss
band (~2.5-3.5 kHz) in Figure 18c also shows a
periodic pattern, as indicated by signals Bo-Bjz.
The echo period in this case is 5.5 s, whereas
the discrete emissions (the A signals) have 4.85-s
period. This difference is too large to be ex-
plained by the frequency dependence of travel
time in one duct. Thus we conclude that chorus
and hiss must have propagated in different ducts.

In Figure 18a the emissions at 1235 and 1250
UT show horizontal striations that are believed
to be due to PLR. Figure 18d, which is an ex-
panded version of the 1250 UT run, shows many
emissions starting at several well-defined fre-
quencies. The periodic nature of these emissions
is also apparent. For example, a pair of rising-
tone emissions starting at 2.82 kHz (fortyseventh
harmonic of 60 Hz) appear periodically with a
3.84-s period, as indicated by signals Co—Ciu .
The period is somewhat shorter than the periods
associated with the A and B signals in Figure
18c, but its magnitude clearly indicates that
the path is inside the plasmapause.

Summary of uncorrelated events. VLF wave
events not accompanied by particle injection
at the synchronous altitude can be summarized
as follows. (1) At the time of the event omnset
the wave upper cutoff frequency does not increase
with time as was found to be the case in the
events accompanied by particle injection. (2)
Wave generation takes place inside the plasma-
pause where the required electron parallel energy
is only ~0.25-1 keV at the equator. (3) Chorus
shows evidence of triggering by whistlers, PLR,
and other emissions.

6. Discussion and Concluding Remarks

Statistically, chorus tends to occur more
frequently outside the plasmapause than inside
[Burtis and Helliwell, 1976; Russell et al.,
1969]. However, clear examples of chorus gen-
erated inside the plasmapause were shown in
section 5. We shall refer to the chorus occur-
ring inside the plasmapause as 'plasmaspheric
chorus.'

Plasmaspheric chorus interacts (through cyclo-
tron resonance) with electrons with energies of
the order of ~1 keV at the equator, a factor of
10-100 less than the resonant energy just outside
the plasmapause. Observed growth rates are typi-

cally ~20-200 dB/s inside the plasmapause [Stiles
and Helliwell, 1977] but ~200-2000 dB/s outside
[Burtis and Helliwell, 1975]. The relatively low
growth rate inside the plasmapause makes it easier
to identify the growth and triggering process in
spectrograms. The existence of a trigger threshold
has been clearly demonstrated by controlled ex-
periments using the Siple transmitter [Helliwell
et al., 1980b]. Details of how this threshold
varies with energetic particle parameters is not
yet known, but the threshold would presumably de-
crease with increasing particle flux, thus making
it more difficult to detect triggering waves out-
side the plasmapause where flux levels could be
higher. During large particle injection events,
chorus could be generated 'spontaneously' in the
sense that it can grow out of any existing back-
ground noise.

By contrast, plasmaspheric chorus shows that
a strong input wave can initiate chorus when the
particle flux is not significantly above the
quiescent background level. Why plasmaspheric
chorus comes in bursts and why it occurs at cer-
tain times is not clear. One possibility is an
improvement in ducting and echoing properties of
one or more ducts that allows strong triggering
signals to reach the wave-particle interaction
region in the equatorial magnetosphere. One might
then think of plasmaspheric chorus as being con-
trolled primarily by propagation conditions, al-
though the trigger threshold may very well depend
on energetic particle parameters.

Chorus (or any whistler mode waves) received
on the ground must propagate in the ducted mode.
This raises a question about how representative
ground data are of magnetospheric wave activity.
Put in another way, what fraction of magnetospheric
wave activity escapes detection at a ground sta-
tion because of the lack of a duct? We recall
that in Figure 1 every major particle injection
was accompanied by chorus activity at Siple. Thus
it appears that at least during the period of
this study there was nearly 100% probability of
having a duct within the range of the Siple VLF
receiver.

In conclusion, chorus observed at Siple con-
sists of two distinct types. One type of chorus
is closely correlated with enhanced electron fluxes
with energies of 55keV. The upper cutoff frequency
increases with time in a characteristic manner at
the beginning of chorus events, and the generation
region is inferred to be outside the plasmapause.
The second type of chorus, which we will call
plasmaspheric chorus, is generated inside the
plasmapause, is not necessarily accompanied by
injection of energetic particles, occurs in band-
limited bursts, and does not show systematic in-
crease in the upper cutoff frequency with time.
Plasmaspheric chorus shows evidence of being
triggered by whistlers, PLR, and echoing emis-
sions. In the case of extraplasmaspheric chorus
the role of triggering requires further investi-
gation.
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