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Satellite Observations of a New Type of Discrete VLF Emission at L < 4

W. L. PouLseN aND U. S. INAN

STAR Laboratory, Stanford University, Stanford, California

A new type of discrete whistler mode emission has been observed in the magnetosphere at
L < 4. The emission elements are confined to a bandwidth of 1-5 kHz, with the lower cutoff
frequency of the band varying with L shell, being equal to ~0.2-0.5fgeq, Where freq is the
equatorial electron gyrofrequency. The discrete and burstlike nature of the emissions is similar
to that of chorus emissions typically observed at higher L; however, dispersion of individual
elements is often different from typical chorus, and the emissions are observed inside as well as
outside the plasmapause. The phenomenon seems to occur mainly in the early morning local
time sector (0400-0800 MLT) and is well correlated with geomagnetic activity, occurring mostly
when ZKp > 30. The analysis of data from the low-altitude ISIS 2 and the high-altitude DE 1
satellites indicates that the emissions may be generated near the equatorial plane at frequencies
of ~ 0.2ff¢q inside and ~ 0.35fgq outside the plasmapause. The parallel energy of electrons for
gyroresonance with the observed waves is found to be ~20-50 keV in both cases. Observations
in the vicinity of low-altitude crossings of the plasmapause also indicate the presence of a second
emission band which is interpreted to result from the reflection of the equatorially generated

emissions from the lower ionosphere.

1. INTRODUCTION

A new type of discrete electromagnetic VLF emission has
been observed at L < 4 in data from the Dynamics Ex-
plorer 1 (DE 1) spacecraft as well as from the ISIS 2 and
ISEE 1 satellites. In this paper we present the observed char-
acteristics of these emissions: their spectral properties and
intensities, occurrence statistics, and observation regions in
L shell, geomagnetic latitude, and local time. We also in-
terpret the data in terms of the location of the generation
region of the emissions and the energy of the associated gy-
roresonant energetic particles.

Discrete, spontaneous “chorus” emissions are typically
observed predominantly outside the plasmapause [ Tsurutani
and Smith, 1974; Burtis and Helliwell, 1976], whereas plas-
maspheric hiss and mid-latitude hiss are observed primar-
ily within the plasmasphere [Thorne et al., 1973]. Satellite
observations show a relatively abrupt termination of cho-
rus activity at the plasmapause boundary [Anderson and
Gurnett, 1973]. Chorus emissions often occur in bands, pre-
dominantly at normalized frequencies of f/fy =~ 0.2-0.45
and 0.55-0.65 with a distinct gap at f/fyg = 0.5, where fgy
is the electron gyrofrequency [Burtis and Helliwell, 1976];
such features of terrestrial chorus are also remarkably re-
produced by Jovian VLF chorus observed on the Voyager
1 and 2 satellites [Inan et al., 1983; Coroniti et al., 1984].
Magnetospheric chorus is typically found at L > 4, is cor-
related with geomagnetic activity, occurs mainly from 0300
to 1500 MLT, moves to lower L during geomagnetic dis-
turbances, and is believed to propagate on nonducted ray
paths that deviate inward to lower L shells with increasing
distance from the hypothesized equatorial generation region
[Burtis and Helliwell, 1976]. The emission described herein
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has many similar characteristics, and may be an extension
of such chorus to lower L and higher frequencies during pe-
riods when the plasmapause moves inward to L < 3 because
of high geomagnetic activity (ZKp > 30). However, it is
also observed inside the plasmasphere, occurs in a more re-
stricted local time period (0400-0800 MLT), and is much
better correlated with geomagnetic activity. Furthermore,
individual emission elements exhibit dispersion properties
that differ from those of typical chorus.

Discrete choruslike emissions of the kind reported in this
paper have been observed in previous satellite VLF data
acquired inside the plasmapause. For example, Figure 1 of
Carpenter et al. [1968] shows a good example of this type of
emission observed on the Alouette 1 satellite, with spectral
characteristics as well as local time of observation similar
to those described in this paper. However, Carpenter et al.
[1968] emphasized the whistler occurrence rate inside and
outside the plasmasphere and did not discuss the discrete
emissions.

A preliminary version of the results presented in this pa-
per was reported earlier by Poulsen and Inan [1985]. Since
that time, observations of the same phenomenon on the
Interkosmos satellites have been reported [Boskova et al.,
1987].

2. OBSERVATIONS ON THE HiGgH-ALTITUDE DE 1
AND THE Low-ALTITUDE ISIS 2 SATELLITES

In this section, we discuss the characteristics of the dis-
crete VLF emissions as observed on the high-altitude DE 1
and the low-altitude ISIS 2 satellites, including (1) spec-
tral properties, (2) occurrence characteristics versus invari-
ant latitude (L shell) and local time, (3) distribution in geo-
magnetic latitude, (4) electric and magnetic field intensities,
(5) relationship to geomagnetic activity, and (6) relationship
to plasmapause location.

The DE 1 data were acquired using a combination of two
receivers, the Stanford University linear wideband receiver
(LWR) operating in the 10- to 16-kHz range and the Uni-
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Fig. 1. Examples of discrete emission bands observed on the high-altitude DE 1 satellite. Data from four different
periods in which the DE 1 orbital configuration was similar are shown. The orbital segments for each day are
indicated in the inset; the darker portions indicate the regions where the discrete emission bands were observed.

The L shell for the May 21, 1984, pass is indicated on top

are aligned with the top panel on the basis of the L = 3

of the spectrogram. The spectra from the other days
crossing. The variation of the emission band frequency

with L shell is similar on all four days shown. All four days represent data acquired in the early morning local

time sector (0400-0700 MLT). In all cases shown, the

LWR was toggled between the E; and B antennas every
32 5. The 600-Hz to 10-kHz portion of each spectrogram

in this figure, as well as in Figures 2 and 7, is obtained

from the WBR, while the 10- to 20-kHz portion is obtained from the LWR. (The LWR has a steep roll-off above

16 kHz (~ 10 dB down at 17 kHz).)

versity of Iowa wideband receiver (WBR) operating in the
600-Hz to 10-kHz range. The WBR has logarithmic response
with rapid (< 1 s) automatic gain control (AGC) over the
band, while the LWR has linear amplitude response at fixed
gain levels that can automatically change at 8-s intervals
[Shawhan et al., 1981). At all times shown for the DE 1
data in this paper, the LWR was toggled at 32-s intervals
between the electric dipole (Ez) and magnetic loop (B) an-
tennas. The DE 1 satellite has a spin period of 6 s, which
causes a 3-s (half-period) spin fading modulation in most of
the DE 1 spectrograms shown in this paper. (This effect is
most clearly visible in the expanded record of Figure 8.)
The ISIS 2 satellite is in an approximately circular orbit at
~1400 km altitude and is equipped with a broadband wave
receiver covering the 10-Hz to 25-kHz range and coupled to
a 75-m (tip-to-tip) electric dipole antenna [Franklin et al.,
1960; Florida, 1969]. The receiver gain across the entire fre-

quency range is continuously adjusted with rapid (< 1 s)
AGC. The ISIS 2 satellite data were made available to us
by courtesy of G. James, Communications Research Cen-
tre, Ottawa, Canada. The data acquisition was carried out
during 1982-1983 at Siple Station, Antarctica, in support of
VLF wave injection experiments [Helliwell and Katsufrakis,
1978]. Data acquired at Ottawa during 1980 and 1981 are
also used.

Spectral Properties; DE 1 Observations

Figure 1 shows frequency-time records from four different
days on which the discrete emission bands were observed on
the DE 1 satellite. The satellite locations in all four cases
shown were similar; orbital segments corresponding to the
times of the data are indicated in the inset plot. The portion
of the orbit during which the emissions were observed is
marked with a heavier line.



1819

PoULSEN AND INAN: NEW TYPE OF DisCRETE VLF EMissioN aT [ < 4

*[9261 “ypamsypa Iy pup s1gung) snioyo oueydsojouiew jo  sW[fef, pur  S19sL,, [edrdA} oY) TIOL} JUNSIIP
29mb ST sJUPUIO[d UOISSIID [enplArpul Jo uoisyadstp a3 jeyj smoys [awed 3somo[ Y], °"MOLI® UR JIA PIeOIpUl S pueq UOISSTUID
oY) ‘poured S[pprm 9Y) U] "SUOIIEDO] JUSIBYIP 92T} Jv [[RISP Ul SJUSTUA]S UOISSINID SJAISIP oY) Suimoys wijoads pepuedxqy ‘'z 314

L _ | M o ML W, R SRR

._P.D (A4
2 WIO

78 AVW 12
(48M+3dMm1) 1-30

(ZHY) 3



1820

PoULSEN AND INAN: NEw TYPE OF DISCRETE VLF EMissioN AT L < 4

ISIS-2
30 MAY 82

f(kHz)

Fig. 3. Discrete emissions example observed on ISIS 2. An arrow indicates the “reflected” branch. The straight
lines in the expanded spectra of the lower panel are VLF communication transmitter signals.

The observed variation of the frequency of the discrete
emissions is remarkably repeatable for the cases shown, indi-
cating clearly an L dependence of the band frequency. The
measured values of the frequency of the lower edge of the
band, f;, as compared to the equatorial gyrofrequency are
examined and discussed in section 3.

A rather distinct feature that is seen on June 4, 1984,
is the merging of the emission band with another band in
the 10- to 15-kHz range. It is hypothesized that the 10- to
15-kHz band observed in the L > 3 range may be the iono-
spherically reflected components of the same band observed
in the L < 3 range. Better examples of these “reflected”
components are seen in the low-altitude ISIS 2 satellite data
discussed later. A preliminary interpretation of this “re-
flected” branch based on ray-tracing analysis is presented in
section 3.

Plate 1 shows slightly expanded spectra of two of the cases
shown in Figure 1 using a color format to illustrate the rel-
ative amplitude of the discrete emissions, as well as their
frequency, as a function of time. The top panel illustrates
data obtained by the 10- to 16-kHz band of the LWR on one
day, while the bottom panel illustrates data obtained by the
WBR (600 Hz to 106 kHz) on another day.

Figure 2 shows expanded spectra at three different times
for the case of May 21, 1984, on DE 1. The middle pan-
els show the relationship of the emission band (indicated by
an arrow) to other waves in the 600-Hz to 20-kHz frequency
range, while the lower panels illustrate the detailed structure
of the emissions within a ~4-kHz range. The latter clearly

show the discrete nature of these emissions, the bands being
constituted of a succession of individual waveforms showing
varying dispersion. The spacing of the individual elements is
relatively uniform and small at lower frequencies (higher L
shells), resulting in a “hisslike,” nearly continuous, emission
band. As the band frequency increases (satellite moving to
lower L shells), the band seems to “break up,” with emission
elements occurring in bursts with irregular spacing. While
Figure 2 only shows the case of May 21, 1984, the spectral
characteristics on the other days shown in Figure 1 are found
to be similar. Compared to chorus emissions previously ob-
served outside the plasmasphere, the spectral shapes of the
emissions appear to be more impulsive in nature with much
larger df/dt slopes, and also exhibit dispersion that is un-
like that of typical rising and falling chorus emissions [Burtis
and Helliwell, 1976]. Specific similarities and differences are
discussed in detail in section 3.

The higher-frequency (> 10 kHz) portions of the data
shown in Figures 1 and 2 were acquired with the 10- to 16-
kHz LWR receiver channel. Thus, the amplitudes at the
higher-frequency (lower-L) ends of the emission bands in
Figure 1 may be limited due to the receiver response. How-
ever, data from the University of Iowa sweep frequency re-
ceiver (SFR), with a frequency range of 10 Hz to 400 kHz,
indicates that, for all four cases shown in Figure 1, the emis-
sion band did not extend inside L ~~ 2.4 (Plate 2 shows SFR
data for one case). For the specific case of May 21, 1984 (Fig-
ure 2), the upper frequency limit of the band for the most
intense part of the emission band is found to be ~15 kHz.
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Plate 1. Two cases from those shown in Figure 1 presented in terms of color dynamic spectra to illustrate the
relative amplitude, as well as the frequency, of the discrete emissions as a function of time. The bottom panel
shows data from the WBR (600 Hz to 10 kHz). The top panel shows data from the 10- to 16-kHz band of the
LWR.
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Fig. 4. Observations of discrete emissions on two successive orbits of the ISIS 2 satellite are shown in the top two
panels. The boitom panel shows the expanded spectira for a selecied section.

However, other data from the ISIS 2 satellite (shown later)
indicate that the emission band can at times be observed on
L shells as low as L ~ 2, with the band’s upper frequency
limit being ~25 kHz. The SFR data in Plate 2 also provide
information on the background cold plasma density through
the upper hybrid resonance (UHR) noise band that is seen
near the top of the spectrogram. The plasmapause signature
is clearly evident (Lpp ~ 3); the UHR frequency increases
by nearly an order of magnitude, corresponding to a density
increase of a factor of ~ 100 [Mosier et al., 1973; Persoon et
al., 1983]. We also see from Plate 2 that the emission band
is observed near the inner edge of the plasmapause. This
will be demonstrated more clearly with the ISIS 2 and ISEE
1 data discussed in later sections.

The nearly continuous observation of the emission band
as the LWR was toggled between the Ez and B antennas (at
32-s intervals) clearly illustrates the electromagnetic nature

of the waves. This is consistent with the observations of
magnetospheric chorus as reported by Burtis and Helliwell
[1976]. (In Figures 1, 2, and 7, an ~16.5-kHz interference
line is present during each 32-s B antenna interval. In Figure
10, the times corresponding to the B antenna can be identi-
fied as those showing an enhanced noise background.) The
absolute electric and magnetic field intensities for a specific
case are discussed in a later subsection.

Spectral Properties; ISIS 2 Observations

The top panel of Figure 3 shows the broadband VLF spec-
trum over a 25-kHz bandwidth observed on ISIS 2. The time
scale is the same as in Figure 1. An expanded spectrogram
for a selected section is given in the lower panel to illustrate
the dispersion characteristics of individual discrete emissions
that constitute the band. The L shell variation of the emis-



1824

18

DE-1

(P)

POULSEN AND INAN: NEW TYPE OF DISCRETE VLF EMIssION AT L < 4

12

06

|

00 MLT -~

MAY-NOVEMBER 1984

Fig. 5. (a) Meridional projection of DE 1 orbits on which wave data were acquired during May—November 1984.
The portions of the segments where discrete emissions were observed are emphasized with heavier lines. (b} Local
time distribution of discrete emission observations. The equatorial plane projection of the DE 1 orbits during
which wave data were acquired. The portions where discrete emissions were observed are again emphasized with

heavier lines.

sion band frequency for the case in Figure 3 is similar to
that of the DE 1 cases shown in Figure 1. (Note that, orbit-
ing at a lower altitude, ISIS 2 moves more rapidly across L
shells.) The individual emission elements in the lower panel
seem to be highly dispersed as compared to the more impul-
sive individual traces observed on DE 1 at higher altitudes
(see Figure 2). This may be due to signal dispersion during
propagation from the generation region near the equator to
the low-altitude ISIS 2 satellite. However, we note that the
spectral shapes of emission elements observed on different
days are not always the same; detailed study of dispersion
aspects of the discrete emissions is beyond the scope of the
present paper and is expected to be undertaken in a later
study.

The ISIS 2 data also reveal a new feature that was not
clearly apparent in the DE 1 data: namely, another emission
band (indicated by an arrow) that decreases in frequency
with decreasing L. This new branch resembles a mirror
image of the main branch and is most likely related to it.
As noted above, this “reflected” branch can also be seen in
the DE 1 data for June 4, 1984, shown in Figure 1.

Figure 4 shows another example of an ISIS 2 observa-
tion of the discrete emissions. The top two panels show
compressed records of data acquired at Ottawa, Canada,
on two successive orbits, whereas the lower panel shows the
expanded spectra in a selected period. Features similar to
those discussed in connection with Figure 3 are seen in the
top two panels, including the “reflected” branch discussed
in the previous paragraph. The fact that the emission band
is observed on two successive orbits illustrates the enduring
nature of the phenomenon.

Occurrence Characteristics: L Shell and Local Time Distri-
bution

The occurrence characteristics of the discrete VLF emis-
sions were studied using DE 1 data acquired during the pe-

1S1S-2 (1982-1983)
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Fig. 6. Discrete emission occurrence rate as observed in the 1982
and 1983 ISIS 2 data. The top panel shows the number of cases
of available data as a function of local time, whereas the lower
panel shows the number of cases where discrete emissions with
the reported characteristics have been observed.
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riod May-November 1984. Figure 5a shows a meridional
plane projection of the DE 1 orbital segments during which
wave data were acquired. The thin lines indicate where data
were acquired; the portions of the segments where the dis-
crete emissions were observed are emphasized with heavier
lines. An equatorial plane plot of the same orbital segments,
viewed from the north, is shown in Figure 5b to illustrate
the magnetic local time dependence. Here, the radial co-
ordinate represents L value, and the azimuthal coordinate
magnetic local time. The segments shown are the orbits as
projected on the magnetic equatorial plane.

The results shown indicate that the emissions are pre-
dominantly observed in the early morning local time sector
of ~0400-0700 MLT, although there also exist two cases
of observations in the 1100-1200 MLT region. The L shell
range of observation seems at first to be limited to ~2.4-
3.6. However, the lower-frequency (higher-L) end of the
band cannot be determined from the DE 1 data since, as
indicated in Figure 5, the band tended to be observed as
soon as data acquisition started. However, in one of the DE
1 cases, the emission band merges into and becomes indis-
tinguishable from the lower hybrid resonance (LHR) noise
band beyond L > ~3.6. This characteristic is also seen in
ISIS 2 and ISEE 1 data.

Statistics of ISIS 2 data for 1982 and 1983 as a function
of local time are shown in Figure 6. The results corrobo-
rate the local time dependence illustrated in Figure 5 for
DE 1 data, indicating that the emissions occur predomi-
nantly in the early morning local time sector. For example,
in the 0600-0700 MLT period, emissions were observed in 6
out of 12 cases, whereas no emissions were observed in any
of the 12 cases in the 1700-1800 MLT sector. In general,
event occurrence seems to be limited to morning local time,
with peak occurrence being in the 0300-0800 MLT period.
However, it should be recognized that for both DE 1 and
ISIS 2, limitations in data coverage preclude definite deter-
mination of the emission occurrence in the 0800-1100 local
time period. Dunckel and Helliwell [1969] measured peak
intensities of whistler mode emissions occurring from ~0600
to 1600 MLT for 2 < L < 6. And Burtis and Helliwell[1976]
found that the level of magnetospheric chorus activity shows
little variation from 0300 to 1500 MLT. Thus, further infor-
mation concerning discrete VLF emissions in the 0800-1100
local time period is needed in investigating their relationship
to magnetospheric chorus.

Distribution in Geomagnetic Latitude

The data shown in Figures 1 through 5 and Plates 1 and 2
illustrate clearly that the discrete emissions are observed at
near-equatorial as well as at off-equatorial locations. In one
DE 1 case, on June 18, 1984, the emission band was observed
in the northern and subsequently in the southern hemisphere
during the same inbound pass. The data for this day are
shown in Figure 7, which also illustrate the variation of the
observed emission frequency with geomagnetic latitude. We
note that in both of the expanded segments shown in the
lower panel the center frequency of the band is ~15 kHz.
However, the first segment was acquired at higher latitudes
near L ~ 3, whereas the second segment shows data from
lower latitudes and at L ~ 2.5. This finding suggests that
the emissions propagated in the nonducted mode, on ray
paths that were not necessarily aligned with the field lines. If

PoOULSEN AND INAN: NEW TYPE OF DISCRETE VLF EMissioN aT L < 4

the generation region is assumed to be near the geomagnetic
equator, ray tracing, using density data acquired on board
the satellite (i.e., UHR data from the SFR), shows that the
data of Figure 7 are consistent with the inward deviation
(in L shell) of ~15-kHz rays as they propagate away from
the equator to lower latitudes. This is also characteristic of
magnetospheric chorus [Burtis and Helliwell, 1976]. Sample
ray paths exhibiting this behavior are presented in section 3.

Electric and Magnetic Field Intensity

The electric and magnetic field intensities of the discrete
VLF emissions observed for the particular case of June 18,
1984, are shown in Figure 8. The top panel illustrates the
frequency-time spectra, and the lower panel the amplitude
in a 1-kHz band centered at the middle of the emission band.
The LWR antenna was connected to the E; and B antennas
at the times indicated by the arrows above the upper panel.
The relative electric and magnetic field intensities are indi-
cated on the left vertical axis. The electric field intensity
corresponding to 0 dB amplitude is ~ 300 #V/m, whereas 0
dB for the magnetic field corresponds to ~ 2 pT. The mea-
sured peak magnetic field intensity for the emission bursts
of ~ 0.5 pT is near the range of reported intensities for mag-
netospheric chorus outside the plasmapause, i.e., 1-100 pT
[Burtis and Helliwell, 1976]. The field intensities for emis-
sions observed on other days on DE 1 are generally found
to be in the few pT range.

Although simultaneous measurements of both the elec-
tric and magnetic field intensities were not made, the index
of refraction can be estimated by comparing the intensities
immediately before and after the switching of the anten-
nas. In Figure 8 for example, the switch occurred when the
field intensities on both antennas were near the maximum
of their spin cycle. These values give an estimated index of
refraction of n ~ 5. Using the plasma density observed on
board the satellite at this time, the index of refraction can
be calculated for various wave normal angles f using the
Appleton-Hartree formula for an ordinary, whistler mode
wave [Helliwell, 1965]. The refractive indices calculated by
this means for several wave normal angles are n o 4.5, 4.7,
and 6.2 for # = 0°, 20°, and 45°, respectively. Thus, the
estimated and calculated values are similar.

While further work is needed in order to determine the
range of intensities for the emissions, data presented previ-
ously in Plate 2 suggest that in the region L o~ 2.4-3.6, the
discrete emissions represent the strongest wave activity over
the 10-Hz to 400-kHz frequency range. This underscores the
potential role of these emissions in the wave-induced precip-
itation of energetic radiation belt electrons in the few tens
of keV range, as discussed further in section 3.

Relationship to Geomagnetic Activity

The top panel of Figure 9 shows the relationship of the
emission occurrence as observed on DE 1 to geomagnetic
activity. The lower portion of this panel shows a plot of daily
Y Kp values for the period May—November 1984. Above the
plot are shown (1) days on which DE 1 data were acquired,
(2) observation days which occur in the 0400-0700 MLT
sector, and (3) days on which the discrete emissions with
the above reported spectral characteristics were observed.

Examination of the data during the May—June 1984 pe-



f(kHz)

A (dB)

PoULSEN AND INAN: NEW TYPE OF DISCRETE VLF EMissioN aT L < 4 1827

DE -1 (LWR)
L=2.93
=: EX | B =|'

18 JUN 84

20 —

o A e i
g | r ' : . : l
0 i AR -
- 10 i | X it : . f
-20 _J‘] ! | i
_30-4k Y | :w
-40 ‘l l z’l
1810:15 UT (448 MLT)

Fig. 8. Electric and magnetic field intensities of discrete emissions observed on June 18, 1984. The top panel
shows the frequency-versus-time spectra, while the bottom panel shows the intensity in an ~1-kHz bandwidth
centered in the middle of the emission band. The LWR is switched between the E; and B antennas at the time

indicated by the arrows.
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Fig. 9. (a) The relationship of DE 1 discrete emission occurrence to geomagnetic activity during May-November
1984. The top row indicates all days on which DE 1 data were acquired. The second row indicates days on
which data were acquired during the 04000700 local time period. The third row indicates days on which discrete
emissions were observed. Below these are plotted the daily ZKp values. (b) Similar data for the ISIS 2 observations.
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riod indicates that the emissions are observed whenever
YKp > ~30 and data exist in the 0400-0700 MLT pe-
riod. Examples of such cases are May 21, 23, June 2, 4,
6, and June 16, 18, and 20, 1984. The phenomenon is not
observed during the magnetic storm of mid-July; however,
data were not acquired during the 0400-0700 MLT time pe-
riod on these dates. The emission observations during the
late-August-September period are during periods of high
geomagnetic activity but are outside the early morning lo-
cal time period. Further elaboration of these dates is given
below.

The Kp dependence of the ISIS 2 observations during
1982 and 1983 is shown in the bottom panel of Figure 9 using
the same format; it exhibits behavior similar to that found
for DE 1. We note that emissions were observed during
periods of increased activity, but generally, only if the data
were acquired in the early morning local time period.

The data from both DE 1 and ISIS 2 indicate that the
emissions are also seen on several days when TKp < 30,
as well as on a few occasions outside morning local time.
These cases seem to be part of an interesting feature of the
top panel of Figure 9 in which emissions tend to be observed
on groups of 2-3 successive days. This suggests that once
initiated, possibly as a result of increasing activity, the dis-
crete emission band may be sustained for a few days, with
gradually diminishing intensity.

This particular aspect is illustrated in Figure 10, where
the emission activity on DE 1 during the three successive
days of June 2, 4, and 6, 1984, is shown. Both the intensity
and the occurrence rate of the individual discrete emission
elements peaked on June 4, for which ZK'p for the 24-hour
period immediately preceding was 35, and were much re-
duced for June 2 and 6, when EKp was 19 and 22, respec-
tively. In fact, the emission activity seems to have been
somewhat higher on June 6 than on June 2, consistent with
the higher level of geomagnetic activity. Based on the gain
settings of the LWR receiver, the peak emission intensity for
June 6 was 29 dB lower than that of June 4 (which had peak
amplitudes of ~ 145 xV/m), and the peak intensity for June
2 was 36 dB lower than that of June 4. This is qualitatively
apparent from the lower panel in Figure 10, where the rela-
tively weaker VLF transmitter signals (horizontal lines) are
visible on June 2 and 6 (i.e., automatic gain setting is at a
higher gain level), whereas they are not seen on June 4 (i.e.,
higher emission intensity has caused the gain setting to be
20-30 dB lower).

DE 1 data from several other days further illustrate the
connection with ZKp and also provide some insight into
the extent of the local time regions within which the emis-
sions may be occurring at any given time. The emissions
were observed on September 5 and more faintly on August
30, which correspond to days of high geomagnetic activity
(X Kp=40, and 26, respectively); however, these events oc-
curred in the 1100-1200 MLT sector. The relatively weak
nature of the emissions observed on these days may be due
to the fact that emission activity tends to be centered in the
0400-0800 MLT sector, with gradually decreasing activity in
the adjoining local time regions. However, further data and
analysis are needed to verify this hypothesis and establish
the extent in local time of the region of occurrence.

We also note that discrete emissions were not observed on
DE 1 during the late October 1984 increase in geomagnetic
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activity, in spite of the fact that data were acquired in the
~ 0900-1000 MLT sector. The reasons for this are not clear
and need to be investigated further.

Relationship to Plasmapause Location

In this section we discuss the estimated location of the
plasmapause during the various times when the discrete
emissions were observed on DE 1 and ISIS 2.

Since the plasmapause moves to lower L shells during pe-
riods of increased geomagnetic activity [Carpenter et al.,
1968] and the observation days were all during disturbed
periods, a significant portion of the emission activity shown
in Figures 1, 7, and 10 may in fact have occurred outside the
plasmapause. Plasma density data are available for only a
few of the DE 1 observation days and for none of the ISIS 2
data, but the DE 1 density data show that the plasmapause
was indeed located at relatively low L shells during the ob-
servation times. In some of the DE 1 cases, the density data
indicate that the emission band occurred primarily outside
the plasmapause. However, emissions do extend within the
plasmasphere for several of the DE 1 cases. This character-
istic was pointed out previously in connection with the June
4, 1984, case shown in Plate 2. The frequency of the UHR
noise band (clearly visible near the top right-hand side of
the spectrogram at ~400 kHz) rises suddenly at about 1205
UT (L =~ 3.1), indicating the location of the plasmapause,
and the discrete VLF emissions continued to be present at
lower L than this. Furthermore, a change in the spectral
properties of the emission was seen as the satellite moved to
lower L shells at ~1205:30 UT. (See the June 4, 1984, panel
of Figure 1.)

Density data for the ISIS 2 examples are not available,
but Carpenter et al. [1968] indicate that a “breakup” in the
LHR noise band, involving abrupt frequency changes and
transition from a smooth to an irregular appearance, fre-
quently occurs at the plasmapause. The LHR noise band is
clearly seen in Figure 11, and around the point where it sud-
denly changes in frequency (which is the most likely location
of the plasmapause), we see changes in the spectral proper-
ties of the emissions and a merging of the “reflected” branch
with the main branch. These characteristics are similar to
those noted above for the June 4, 1984, DE 1 example.

A common feature of the emission band is the change in
apparent bandwidth at the plasmapause; i.e., outside the
plasmapause the frequency extent of the band is relatively
narrow while inside the plasmapause the emission band is
wide. However, the lower cutoff frequency continues to rise
as the satellite moves lower in L. Amplitude measurements
indicate that peak intensities of the emissions do not change
significantly inside the plasmasphere, although individual
elements are more separated and discontinuous inside the
plasmasphere as compared to emission elements occurring
outside the plasmapause.

3. INTERPRETATION AND DISCUSSION

In this section we provide an interpretation of the obser-
vations reported above. Specifically, we consider the fre-
quency variation as a function of L shell separately for both
the high-altitude DE 1 and the low-altitude ISIS 2 observa-
tions, and the gyroresonant particle energy corresponding to
the observed wave frequencies. We also discuss briefly the
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Fig. 12. (a) Normalized frequency f;/freq as a function of L, on the different days of discrete emission observation
on DE 1 where fy.q is the equatorial electron gyrofrequency on the magnetic field line crossing the satellite
location. (b) Normalized frequency f;/ f fq eq VETSUS L', where f Heq I8 the equatorial electron gyrofrequency on the
L'=L + AL field line, where AL is the deviation of the ray path from the corresponding equatorial field line on
the basis of the result shown in Figure 12d. (c) The cold plasma density profile used for ray tracing. (d) Typical
nonducted whistler mode propagation paths for a 15-kHz ray originating at the equator at L = 3. One ray has
an initial wave normal angle of §; = 0°. The ray that penetrates the plasmapause has a much larger initial wave

normal angle.

relationship of the emissions discussed in this paper to the
well-known magnetospheric chorus.

Frequency Variation; High-Altitude DE 1 Observations

A distinct feature of the emissions shown in Figures 1, 3,
4, and 7 is the variation of the emission frequency with L
shell. To study this variation quantitatively, we consider the
lower cutoff frequency of the emission band. This frequency
is denoted as f; and is usually a well-defined feature that
can be measured with relative ease and consistency.

Figure 12¢ shows a plot of the normalized frequency
i/ freq as a function of L for all days on which the emis-
stons were observed at relatively high altitudes on the DE 1
satellite. Here, f.q is the equatorial electron gyrofrequency
on the magnetic field line that intersects the satellite loca-
tion. We see that the emission frequency observed in dif-
ferent cases covers a wide range, namely fi/fpeq =~ 0.2-0.5.
However, we note that there is a general trend toward lower
values at higher L shells, so that the range of Ji/ fHeq at any
given L shell is more limited, for example being 0.2-0.35 at

L = 3.4. An exception to this is the one case of observation
at relatively low altitudes on June 18, 1984, denoted by an
asterisk in Figure 12a (see also Figure 7). For this case, the
normalized frequency fi/freq is low (~ 0.26) in spite of the
relatively low corresponding L value of ~ 2.4. As was also
discussed in connection with Figure 7, this finding is con-
sistent with the hypothesis that the emissions observed at
low altitudes on June 18, 1984, may have been generated at
higher L shells and have propagated to lower L shells due
to inward deviation of nonducted ray paths.

In order to check this hypothesis quantitatively, ray-
tracing analysis was carried out in a model magnetosphere
using a cold plasma density profile that was derived from
UHR measurements with the SFR receiver on the DE 1
satellite. A sample ray path computed on this basis for 15-
kHz rays originating at L = 3 with an initial wave normal
angle aligned with the magnetic field (§; = 0°) is shown in
Figure 12d. According to this, 15-kHz emissions generated
near the equator at L ~ 3 would be observed near L ~ 2.7
when the satellite is at higher latitudes (or lower altitudes).
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Fig. 13. (a) Normalized frequency fi/fHeq versus L for the ISIS 2
cases. (b) Dashed lines show normalized frequency f/f }{ eq VETSUS
L! where f }; eq 18 the equatorial electron gyrofrequency on the L
field line for rays originating outside the plasmapause. The solid
lines are for the portion of the discrete emissions observed within
the plasmasphere and remain unchanged from Figure 13a.

This result is remarkably consistent with the data that were
shown and discussed in connection with Figure 7.

We also note that during the period of the DE 1 obser-
vations that form part of the data base for this paper (i.e.,
May-November 1984) the apogee of the polar orbit of the
satellite changed northward (also see Figure 5). As a re-
sult, the geomagnetic latitude at the crossing of a given L
shell (e.g., L ~ 3) in the northern hemisphere moved pro-
gressively to higher latitudes at a rate of ~ 0.4° per day.
This fact must be taken into account in comparing the vari-
ation of the emission frequency on different days, especially
in view of the inward deviation of the ray paths as shown
for the June 18, 1984, case.

In order to account for the inward deviation of the non-
ducted raypaths for the comparison of fi/ fr.q on different
days, we use the §; = 0° ray path for the June 18, 1984,
case that was shown in Figure 12d. This is only a crude
approximation since the background plasma density pro-
file would be different from day to day; however, we note
that the emission bands are observed under similar geomag-
netic conditions (i.e., disturbed) and thus the differences
between different days may not be as large. On the ba-
sis of this ray path, we obtain a AL deviation factor as a
function of geomagnetic latitude and replot f;/ f;{eq versus
L' in Figure 12b, where f;qu is the equatorial electron gy-
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rofrequency at the field line of origin (i.e., the “corrected” L
shell, L' = L + AL). The result shows that the normalized
frequency variations on different days are more clustered to-
gether and (except for the group of successive days of June
16-20, which may deviate somewhat due to different propa-
gation conditions from the other dates) the curves generally
fall in the range fi/ f};eq =~ 0.3-0.4. This result is quite
similar to the findings of Burtis and Helliwell [1976], where
it was found that magnetospheric chorus occurrence peaked
at a frequency of ~ 0.35fg.,, with an additional peak at
~ 0.6fHeq and a distinct gap at ~ 0.5fg.4- The relation-
ship of the discrete VLF emissions studied in this paper with
previously reported magnetospheric chorus is discussed be-
low in a separate subsection.

Frequency Variation; Low-Altitude ISIS 2 Observations

While the observations of the discrete emissions on DE 1
were mostly outside the plasmapause, almost all of the ISIS 2
observations span regions both inside and outside the plas-
masphere. Figure 13a shows a plot of the measured fi/fpreq
as a function of the L shell, where L represents the field line
that intersects the satellite location. We note that the uncor-
rected normalized frequencies of the emissions observed on
ISIS 2 are generally at lower values than those for the DE 1
cases shown in Figure 12a, again consistent with the inward
deviation of the ray paths as was introduced above. How-
ever, we note that the introduction of a AL correction factor
to represent this deviation can only be justified for the emis-
sions that are observed primarily outside the plasmapause,
since the ray path behavior inside the plasmasphere is not
likely to be similar to that outside. Furthermore, in inter-
preting the ISIS 2 results we need to consider the “reflected”
emission branch as well as the main branch.

As mentioned in the previous section, the approximate
location of the plasmapause for the ISIS 2 passes was deter-
mined on the basis of the observed increase in the LHR emis-
sion band frequency as the satellite enters the plasmasphere.
As a representative case for most of the ISIS 2 observations
we consider the case of May 30, 1982 (see Figure 3), where
the plasmapause crossing was estimated to be at L ~ 2.93.
In the absence of any direct measurement of the cold plasma
density we further assume an equatorial density gradient at
the plasmapause that is similar to the DE 1 case for June
18, 1984 (see Figure 12¢). The behavior of ray paths out-
side the plasmapause in such a model magnetosphere is very
similar to that shown in Figure 12d for DE 1. As a result,
the “corrected” fi/ f},eq versus L’ can be found using the
same AL correction as before. The f;/ f}hq versus L' ob-
tained in this manner for the outside-plasmapause portions
of the different passes are shown with dashed lines in Figure
13b. (The solid lines represent the portion of the emission
observed inside the plasmapause for which no correction for
L shell is made.) We note that this leads to a picture very
similar to the DE 1 cases; namely, that the emissions gener-
ally fall in the range f;/f}hq o 0.25-0.4, where f}{eq is the
equatorial gyrofrequency at the field line of origin (i.e., the
“corrected” L shell).

We now consider the observations at L values lower than
the estimated position of the plasmapause. Ray paths for
selected frequencies starting at different L values inside the
plasmapause are shown in Figure 14. The frequency and
starting L shells of the ray paths shown are selected on
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the basis of agreement with the data. After considera-
tion of different ray paths it was found that results rea-
sonably consistent with the observations can be obtained by
assuming that, inside the plasmapause, the emissions origi-
nate near the equatorial plane at normalized frequencies of
f/fmeq =2 0.20-0.25. The comparison of the ray-tracing re-
sults with the data is shown in Figure 14, where the bottom
panel shows the ISIS 2 spectrum observed on May 30, 1982,
with ray paths corresponding to the emission band frequen-
cies at different times identified using different symbols.

Figure 14 indicates that below a certain frequency, emis-
sions generated inside the plasmapause can reflect “under”
the plasmapause out into the magnetosphere. The satellite
thus “sees” these emissions as those that constitute the re-
flected branch described above. Emissions generated above
a critical frequency are too far away from the plasmapause
boundary, reflect back into the plasmasphere, and are ob-
served at a different L than the original emission. This may
account for the increased bandwidth of the signal seen inside
the plasmapause.

As a further example of the consistency of the above men-
tioned hypothesis with the data, in Figure 15 we show the
computed ray paths for a different day, August 27, 1980,
where the plasmapause was at a lower L shell, namely at

iSiS-2
30 MAY 82
L=6.71 382 29 L=232
] i 1
B ;
.
":‘_' 15 —

k—é min——i

(-
1250UT

pla,sma-pause

Fig. 14. Ray-tracing results for rays of three different frequencies
originating inside the plasmapause (Lpp = 2.9) for the ISIS 2 ob-
servations on May 30, 1980. Symbols on the spectrogram for each
of the frequencies mark representative parts of the emissions that
correspond to the rays shown, and indicate a possible mechanism
for the “reflected” branch.
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Fig. 15. Another example of ray tracing applied to ISIS 2 data
for the August 27, 1980, case with the plasmapause located at a
lower L shell (Lpp = 2.5) than that of Figure 14. Ray tracing
indicates that frequencies which previously remained within the
plasmasphere after reflection, now emerge and appear as part of
the “reflected” branch. The lowest frequencies are now generated
and remain outside the plasmapause.

L ~ 2.5. Several differences from the previous case shown
in Figure 14 are seen in the resulting ray tracing. First, the
lower frequencies (represented by the 9- and 11-kHz rays) are
now generated completely outside the plasmapause. Sec-
ond, the critical frequency mentioned above is now some-
what higher, allowing higher-frequency rays to reflect out-
side the plasmapause (represented by the 13- and 18-kHz
rays). However, there are still even higher frequencies that
remain inside the plasmasphere.

In the June 18, 1984, DE 1 case of Figure 7, the emission
observed at lower altitude and lower L (L =~ 2.5) is also in-
side the plasmapause (which is at ~ 2.7 according to the den-
sity data for this date). The emission here does not have the
same characteristics as the reflected branches on the ISIS 2
data, since the emission frequency decreases with increasing
L shell. Thus, it does not seem likely that the observations
on June 18, 1984, are due to a reflected branch. Rather,
it appears that the waves observed at low altitudes simply
penetrate the plasmapause due to their relatively high wave
normal angles, in which case the ray direction is relatively
independent of the local electron density [Helliwell, 1965].
An example of such a ray is shown in Figure 12d.
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Fig. 16. Normalized frequency f/fi.q calculated for waves that
correspond to resonant energetic electrons with energies of 20, 35,
and 50 keV using the plasma density profile measured on DE 1
for the June 18, 1984 case.

We also note that rays that penetrate the plasmapause in
this manner are not expected to be observed on the ISIS 2
data due to their reflection at the LHR frequency at an al-
titude above the satellite. This is evident from Figure 11,
where the LHR cutoff is clearly visible; waves generated out-
side the plasmapause and subsequently penetrating it would
be at frequencies below ~ 5 kHz, which would be below the
local LHR frequency at the ISIS 2 satellite location.

In summary, the above analyses indicate that the discrete
VLF emission observations on the DE 1 and ISIS 2 satellites
are consistent with emission generation occurring both in-
side and outside the plasmapause at f/fg., =~ 0.20-0.25
and f/fHgeq = 0.3-0.4, respectively. In the following sub-
section, we discuss the gyroresonant electron energies that
correspond to the observed emission frequencies.

Gyroresonant Particle Energy

Assuming gyroresonant interaction with electrons near
the magnetic equator as the basic generation mechanism for
the observed emissions, the electron parallel resonant en-
ergy that would correspond to the observed band frequency
fi1 can be estimated using the gyroresonance condition:

(1
where n is the whistler mode refractive index and is a func-
tion of the wave frequency w, the wave normal angle 8, and
the cold plasma density Ne, vy is the particle’s parallel res-
onant velocity, and wyy is the electron gyrofrequency. Since
n is a function of N, an independent measurement of the
cold plasma density is needed in order to compute vy (or
the corresponding parallel resonant energy Eg) from (1).
Measured values of N, as a function of L are known for a
few of the DE 1 observations.

Assuming that the ratio of the frequency generated to the
equatorial electron gyrofrequency f/fy.q (or w/wp of equa-
tion (1)) is ~0.35 outside the plasmapause and ~0.22 inside

nw
w+ TvRCOSO ~wy
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the plasmapause, and assuming # ~ 0°, values for Ep gen-
erally lie in the 20- to 50-keV range both inside and outside
the plasmapause. To illustrate this better, we plot in Figure
16 the f/ fieq corresponding to 20-, 35-, and 50-keV parallel
resonant energy using a cold plasma density profile such as
that given in Figure 12¢. The result is consistent with the
picture that emissions are generated at normalized frequen-
cies of ~0.2 and ~0.35, respectively inside and outside the
plasmapause. Thus, we are led to the conclusion that the ob-
served discrete emissions may be generated by an enhance-
ment of the energetic electron flux in the range between
~20 and 50 keV, that extends through the plasmapause into
the plasmasphere. Such an enhancement is likely to occur
during times of increased geomagnetic activity because of
the drift of electrons into the morning sector from injection
points in the nightside of the Earth [e.g., Ejiri, 1978]. The
extension of the electrons into the plasmasphere appears to
be analogous to the behavior of ring current ions in the dusk
sector, as observed by Smith and Hoffman [1974), and prob-
ably depends upon the occurrence of injection points in the
nightside at L shells lower than those typical of the dayside
plasmapause. Newell and Meng [1986] have discussed such
a relationship in explaining the introduction of ~1-keV ions
into the inner plasmasphere during substorms.

Relationship to Magnetospheric Chorus

In comparing the discrete VLF emissions discussed in this
paper with “chorus,” we begin by sumnmarizing some of the
characteristics of “typical” ELF/VLF chorus observed in the
Earth’s magnetosphere [Inan et al., 1983; Burtis and Helli-
well, 1969, 1976; Tsurutani and Smith, 1974].

1. Chorus is usually observed at 4 < L < 10, and during
the 0300-1500 MLT period.

2. The average slope df/dt of individual emission ele-
ments has values in the range 0.38 to 1.44 kHz/s in 50% of
the cases.

3. Peak chorus amplitudes range from 1 to 100 pT with
an average trend toward lower amplitudes at lower L shells
(higher frequencies).

4. Rising emission elements are more common (77%)
than falling ones (16%) and other spectral shapes.

5. The normalized chorus frequency (f/fmeq) has a bi-
modal distribution with peaks near f/fr.q = 0.35 and 0.55,
and a minimum at f/fgeq = 0.5.

The possibility that the discrete emissions discussed in
this paper may be an extension of the outside-plasmapause
chorus was mentioned earlier, and indeed one of the sim-
ilarities of the two types of emissions is the finding that
F/freq = 0.3-0.4, which is very similar to the lower of the
two reported peaks for chorus occurrence, i.e., f ~ 0.35fgeq.
However, no clear evidence of the well-known f = 0.5fg¢,
“gap” and the second peak at f = 0.6fy., was found in
most cases, although a second band can be faintly seen in
Figures 2, 4, and 17. This second band is very weak in am-
plitude compared to the lower band described above, how-
ever, and has a lower cutoff frequency that lies in the range
J1=20.49fHcq t0 0.9fp¢q.

As a further illustration of this new type of emission seen
on another satellite, Figure 17 shows data acquired on the
ISEE 1 satellite at high altitudes, during a pass across the
L shells of L = 2.5-4.5. Discrete VLF emissions are clearly
visible in Figure 17, are very similar in appearance to the
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Fig. 18. (a) Expanded spectra of high geomagnetic activity morning time discrete VLF emissions observed on the
DE 1, ISIS 2, and ISEE 1 satellites. () Expanded spectra of three different examples of typical chorus observed
on DE 1. All examples are on the same time scale.
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DE 1 examples, and have the characteristics discussed in
previous sections. The date of the observation, September
19, 1983, is a time of significant peak in geomagnetic ac-
tivity (¥ Kp=41); the local time of observation is in the
0400-0800 MLT range; the variation of the emission band
frequency is very similar to the DE 1 cases shown in Figure 1.
The detailed spectral characteristics at three different times
are shown in the lowest panel and are similar to the cases
shown in the lower panel of Figure 2. The cases marked 2
and 3 are observed probably outside the plasmapause (the
plasmapause location for this time was estimated to be at
Lpp ~ 3.0 using an empirical formula given by Carpenter
and Park [1973] and altered to fit the known DE 1 data)
and may be examples of classical “chorus” activity. How-
ever, the ISEE 1 data also exhibit the change in spectral
character at about L ~ 2.9 that is similar to the changes in
the ISIS 2 and DE 1 examples of the emission at the plasma-
pause. Thus, the case marked 1 in Figure 17 probably was
observed inside the plasmapause.

Other differences from the “typical” chorus characteristics
summarized above are as follows:

1. These discrete emissions are observed in the region
2 < L < 4.5, and during the 0400-0800 MLT period.

2. In all of the cases from the three satellites used in this
paper, the slopes of the individual emission elements df /dt
have values in the range of 5 to 20 kHz/s, much higher than
those of “typical” chorus.

3. Measured peak magnetic field amplitudes are < 1 pT.

4. Neither rising emission elements nor falling elements
are predominant, and sometimes several-second periods of
“risers” alternate with several-second periods of “fallers”
during the same pass.

Unfortunately, in the literature, the term “chorus” has
been used in an all-inclusive manner to describe a broad
range of discrete emissions that are similar in appearance
and general characteristics. The type of emission described
in this paper has a signature that is distinct in many respects
from that of magnetospheric chorus, and is observed on dif-
ferent passes by several satellites. To highlight these dif-
ferences, Figure 18 compares expanded spectra from DE 1,
ISIS 2, and ISEE 1 with several examples of typical cho-
rus observed on DE 1. In overall general appearance these
can all be termed “chorus,” but the high geomagnetic ac-
tivity morning time discrete emissions have spectral shapes
that are distinctive at any given latitude and quite different
from the typical chorus emissions shown. This figure also
shows another feature of this type of emission that is not in
common with typical chorus. The amplitude of an individ-
ual element of discrete VLF emission diminishes in intensity
as its frequency rises, as compared to a typical chorus emis-
sion element whose amplitude remains more or less constant
throughout its frequency range.

Although there are clear differences as discussed above,
the similarity in normalized frequency f/fg.q indicates that
the underlying generation mechanism may be common to all
“chorus.” In any case, it is clear that further work is needed
in order to establish the relationship between the new type
of emissions and those that have been commonly referred to
as “chorus.”

4. SUMMARY

A new type of discrete electromagnetic VLF emission has
been observed at middle to low latitudes inside, as well as
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outside, the plasmasphere. The discrete emission elements
are typically confined to a bandwidth of 1-5 kHz, with the
band frequency varying with L shell, being equal to ~ 0.3—
0.5 of the equatorial electron gyrofrequency at the estimated
L shell of generation. The discrete nature of the emissions is
similar to chorus observed outside the plasmasphere; how-
ever, dispersion of individual elements is often different from
that of typical rising and falling chorus emissions. The phe-
nomenon seems to occur mainly in the early morning local
time sector (04000800 MLT) and appears to be associated
with increased geomagnetic activity. The variation of the
emission band frequency with L shell and latitude is con-
sistent with an equatorial generation region and nonducted
propagation to lower latitudes. Assuming gyroresonance in-
teraction with electrons near the magnetic equator, the res-
onant particle energy corresponding to the band frequency
is estimated to be a few tens of keV and appears to be fairly
constant with L shell. There is some evidence that these
emissions may constitute extensions of the well-known “cho-
rus” into the plasmasphere; however, further work is needed
in order to identify the generation regions and the genera-
tion mechanisms for the observed emissions.

Finally we note that the most striking feature of the
data presented in this paper is the consistency of the phe-
nomenon in terms of its relationship to geomagnetic activ-
ity, local time region of occurrence, and frequency variation
with L. This implies that any energetic particle signatures
associated with these emissions may be identifiable, even
in the absence of simultaneous wave data. Such features
may be detectable in the trapped particle distribution or in
the form of precipitated particle signatures that would re-
sult from the cyclotron resonant interactions of these waves
with energetic electrons. The latter can be observed with
low-altitude satellite detectors sensitive to the 20- to 50-
keV energy range, whereas the former can be detected at
higher altitudes. In considering the relative contributions
of these discrete emissions to the precipitation of radiation
belt electrons, we note that, as shown in Plate 2, the emis-
sions represent the strongest wave activity in the 10-Hz to
400-kHz range.
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