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Lightning as an Embryonic Source of VLF Hiss

VikKAs S. SONWALKAR AND UMRAN S. INAN

STAR Laboratory, Stanford University, Stanford, California

Data from the DE 1 satellite show that lightning-generated whistlers often trigger hiss emissions
that endure for up to 10- to 20-s periods. The data consist of the measured electric and magnetic
fields in the frequency range of 1.5 kHz to 6.0 kHz, during 22 DE 1 passes during the period
December 28, 1986 to January 18, 1987. The 22 passes were nearly identical in terms of their
projections on a magnetic meridional plane, and they covered L shells of 3.4 to 5.1 and geomagnetic
latitude of 20°N to 40°S in the afternoon (~1400-1500 MLT) sector. The geographiclongitudes of
the 22 passes were within £50° of 80°W, and the geomagnetic activity during the period covered
was relatively quiet (CKp < 20 for most of the days). The whistler-triggered hiss emissions
were observed on 16 of the passes, and they generally exhibited the following characteristics: (1)
emission spectra were wide band (1-2 kHz) and rather structureless, (2) well-defined and sustained
fading patterns were observed at twice the spin frequency over 10- to 20-s periods, (3) the spin
fading characteristics of the triggered hiss bursts were similar to those reported for background
plasmaspheric hiss (Sonwalkar and Inan, 1988), indicating a large wave normal angle with respect
to the ambient magnetic field. Our results indicate that lightning-generated whistlers may be an
important embryonic source for magnetospheric hiss and that whistlers and emissions triggered
by them often constitute the dominant wave activity in the ~1.5- to 6-kHz range on L shells of 3.5
to 5 in the afternoon sector during geomagnetically quiet periods. Through cyclotron and Landau
resonant scattering, it is likely that these lightning-generated waves play a dominant role in the
loss of ~0.5- to 50-keV electrons trapped on these field lines in the afternoon sector. Through
anisotropic proton instability, these waves can also interact with ring current protons in the range

of several tens of keV leading to a loss mechanism for ring current protons.

1. INTRODUCTION

Whistler mode waves and their interactions with energetic
particles have been a subject of interest since the discovery
of the radiation belts. These interactions establish the high
levels of ELF/VLF noise in the ionosphere and the mag-
netosphere and play an important role in the acceleration,
transport and loss of energetic particles in planetary mag-
netospheres [Kennel and Petschek, 1966; Schulz and Lanze-
rotti, 1974; Lyons et al., 1972; Dessler, 1983]. In the Earth’s
magnetosphere waves known to interact strongly with par-
ticles include chorus and hiss emissions, lightning generated
emissions, and man-made signals from VLF transmitters.
Of particular interest among these are the steady, incoherent
hiss emissions that were identified early on as a dominant
contributor to the loss of radiation belt particles [Kennel
and Petschek, 1966; Lyons et al., 1972]. However, as dis-
cussed below, the mechanisms for generation and sustenance
of hiss are not yet understood, and recent experimental data
suggest that other waves, in particular lightning-generated
whistlers, may play an important role in determining the
loss rate of energetic particles [Voss et al., 1984; Inan and
Carpenter, 1987; Inan et al., 1988].

The generation mechanisms of whistler mode hiss remain
controversial in spite of an extensive amount of experimental
and theoretical work [Barrington et al., 1963; Dunckel and
Helliwell, 1969; Russell et al., 1969; Thorne et al., 1973;
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Kennel and Petschek, 1966; Lyons et al., 1972; Thorne et

al., 1979; Church and Thorne, 1983; Huang et al., 1983;

Solomon et al., 1988]. Kennel and Petschek [1966] provided

a theory to explain the existence of stable radiation belts in
terms of an equilibrium between the trapped energetic parti-
cle flux density and the wideband ELF/VLF whistler mode
energy present in the magnetosphere. This theory addressed
the question of interactions between the trapped particles
and the whistler mode waves near the equilibrium state at
which an upper limit can be defined for the magnitude of
the stably trapped particle lux density and a correspond-
ing wave magnetic field strength. Many observations have
been consistent with the predictions of Kennel and Petschek
[1966], although energetic electron fluxes that exceed the
predicted trapping limit are occasionally observed [David-
son et al., 1988]. While the dynamics of equilibrium state
were described by Kennel and Petschek [1966], the mech-

anisms of generation of the observed hiss intensity levels
following a nonequilibrium state (when no hiss is present
[Smith et al., 1974]) are not understood. After consideration
of both cyclotron and Landau resonance interactions, it was
proposed that an embryonic source feeds initial energy into
the whistler mode hiss [Church and Thorne, 1983; Huang
et al., 1983]. Once hiss is generated, the gain/loss calcula-
tions along the propagation trajectory, involving reflections
in the magnetosphere, are sufficient to explain the subse-
quent maintenance of the hiss at the observed level [Huang
et al., 1983]. Recently, Solomon et al. [1988] have shown ex-

perimentally that amplification of background noise to ob-
served hiss intensities is possible. However, their conclusions
are based on limited data sets which are not representative of
the average magnetospheric conditions considered by other
authors [Church and Thorne, 1983; Huang et al., 1983].

6986



SONWALKAR AND INAN: BRIEF REPORT

The above mentioned theories of hiss generation [Kennel
and Petschek, 1966; Huang et al., 1983; Thorne et al., 1973,
1979; Church and Thorne, 1983] considered wave-particle
interactions involving waves propagating parallel to the ge-
omagnetic field. The main reason behind this assumption
has been that the quasi-linear theory put forward by Ken-
nel and Petschek [1966] predicts high gain for the parallel
propagation and damping for propagation with large wave
normals. Recent measurements of wave normal direction(s)
of hiss by various authors [Lefeuvre et al., 1983; Hayakauwa
et al., 1986; Parrot and Lefeuvre, 1986; Sonwalkar and Inan,
1988] indicate that most often hiss propagates at large wave
normal angles with respect to geomagnetic field. Similarly,
an earlier study indicated that the band-limited hiss data ob-
served on the low-altitude (400 to 900 km) OGO 4 satellite
were consistent with an equatorial source at L ~ 4 radiating
at large wave normal angles [Muzzio and Angerami, 1972].
An alternate mechanism proposed by Parady [1974] shows
that amplification of the wave propagating at large wave
normeal angles is possible via the anisotropic proton insta-
bility. In particular, Parady shows that an anisotropic ring
current proton distribution with a peak at 20 keV is unstable
to whistler mode waves propagating above fr g with large
wave normal angles. This instability leads to wave growth
and scattering of ring current protons in the loss cone. In
view of the recent experimental results, it appears that the
mechanism suggested by Parady could play an important
role in the magnetospheric generation of hiss.

In this paper we provide new evidence that whistler wave
energy introduced into the magnetosphere from atmospheric
lightning discharges may be an embryonic source for whistler
mode hiss within the plasmasphere. In the past a similar
suggestion was made by Dowden [1971] based on ground
observations of highly dispersed echoing whistlers. An in-
verse process, that is temporary suppression of preexisting
hiss by a whistler and subsequent echoes, was reported by
Gail and Carpenter [1984].

2. INSTRUMENTATION

The data utilized in this paper were acquired in the course
of VLF wave injection experiments carried out during 1986—
1987 austral summer using the Stanford University VLF
transmitter at Siple Station, Antarctica [Helliwell and Kat-
sufrakis, 1974], and the linear wave receiver (LWR) on the
Dynamics Explorer (DE 1) satellite. The LWR receiver is
integrated into the plasma wave instrument (PWI) on the
DE 1 satellite [Shawhan et al., 1981] and measures wave am-
plitude in three frequency bands: 1.5-3 kHz, 3.0-6 kHz and
10.0-16.0 kHz. The gain of the amplifier can be set at 10-dB
steps over a 70-dB range and can be varied automatically
or can be commanded to remain fixed at any level. In the
automatic mode the gain is reset every 8 s. The response
is linear over a 30-dB range in any gain position, thus facil-
itating accurate measurement of signal intensity and tem-
poral growth rate. The LWR can be commanded to cycle
between a 200-m-long electric dipole (Losy ~200 m) or a
0.8-m by 1.25-m single-turn loop magnetic antenna (thresh-
old sensitivity 6 x 10710 o/(Hz)'/? at 6 kHz). The input
impedance of the LWR preamplifier is > 10° 2. The LWR
allows for detailed quantitative study of phenomena within
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Fig. la. Projection of the DE 1 satellite trajectory onto the
magnetic meridional plane for January 10, 1987, This trajectory

is typical for the period December 28, 1986 to January 18, 1987,
during ~1400-1500 MLT when the observations were made.

the passband, providing for measurement of signal growth
characteristics as well as spin fading [Rastani et al., 1985;
Sonwalkar and Inan, 1986]. The antennas on DE 1 satellite
can also be connected to a wideband receiver (WBR) with
an automatic gain control (AGC) amplifier. WBR has a dy-
namic range of 100 dB and covers a wide frequency range.
However, because of its rapid AGC it is difficult to moni-
tor important features of certain signals which are relatively
weak. Another consequence of AGC is to suppress the spin
fading effect, which plays a crucial role in our characteriza-
tion of hiss signals [Sonwalkar and Inan, 1988]. The results
presented here are based mostly on the data received by
LWR. However, during the course of our experiments, the
electric field antenna was occasionally switched to WBR in
the 0.65- to 10-kHz mode to sample the wideband data. We
make use of the data from WBR to qualitatively extend our
results below the lower cutoffs (1.5 or 3.0 kHz) of the LWR.

3. OBSERVATIONS

The observations of broadband hiss emissions triggered
by whistlers are based on the measurements of electric and
magrnetic fields in the frequency range of 1.5 kHz to 6.0 kHz,
during 22 DE 1 passes during the period December 28, 1986
to January 18, 1987. Figure la shows a typical orbit. The
22 passes were nearly identical in terms of their projections
on a magnetic meridional plane, and they covered L shells
of 3.4 to 5.1 and geomagnetic latitudes of 20°N to 40°S in
the afternoon (~1400-1500 MLT) sector. The geographic
longitudes of the 22 passes were all within +50° of 80°W,
and the geomagnetic activity during the period covered was
relatively quiet (£ Kp < 10 — 20 for most of the days, where
ZKp is the daily sum of Kp; see Figure 3). During the
22 passes of interest, the wave data downlinked from the
satellite were mostly the 1.5- to 3.0-kHz or 3.0- to 6.0-kHz
output from the LWR, and occasionally the 0.65- to 10.0-
kHz output from the WBR.. DE 1 orbital segments of interest
were, for the most part, inside the plasmasphere, as evident
from the relatively quiet geomagnetic conditions throughout
this period (bottom panel, Figure 3), during which time
the plasmapause boundary generally extends beyond L=4-
5 [Carpenter and Park, 1973].
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Fig. 1b. Typical signatures of whistler-triggered hiss emissions as received on the LWR (top and the second
panel) and WBR (bottom panel).

Ezamples of Whistler- Triggered Hiss Emissions

Figure 1b shows typical examples of whistler-triggered
hiss as received on LWR and WBR. During these times the
LWR was in the 3.0- to 6.0-kHs mode, while WBR was in
the 0.65- to 10.0-kHz mode. The top panel and the second
panel show whistler-triggered hiss as seen by LWR on Jan-
uary 10, 1987, and January 16, 1987, respectively. Based on
their dispersion characteristics, the whistler components can
be identified as 01, 17, 1F, 27 etc. [Smith and Angerami,
1968). The components 0%, 1~ are waves reaching the satel-
lite directly, whereas the components such as 1, 2~ are
waves reaching the satellite after magnetospheric reflection.

We note that (1) the emission endures for ~15-20 s, (2)
the spectrum shows the well-defined spin fading character-
istic of hiss signals [Sonwalkar and Inan, 1988), and (3) hiss
is triggered by the second whistler component labeled 2~
and not by 0%. On January 16, 1987, a weak background
hiss band was present throughout. As seen in the middle
panel, the phase of spin fading on triggered hiss emissions
is the same as that of the background hiss. The third panel
shows whistler-triggered hiss emissions observed on the same
day (January 10, 1987) and at a similar location as in the
top panel, but received on WBR. The difference in the ap-
parent signatures of a similar event (whistler-triggered hiss)
by LWR and WBR is evident and is a result of different
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Fig. 2. Examples of observations. (a) The spectrogram (upper pancl) and the wideband (1 kHz) intensity (lower
panel) of the electric field of a whistler-triggered hiss; 0 dB corresponds to 5 uV/m. (it b) The same as Figure 2a
for the electric (E) and magnetic(B) fields of the whistler-triggered hiss; 0 dB corresponds to 0.33 pT. (¢) Typical
spectrum (upper panel) and the wideband intensity (1 kHs) of the electric and magnetic field of the whistler mode
hiss received on the DE 1 satellite on January 17, 1987; 0 dB corresponds to 1.5 uV/m (for electric field) or 0.1
pT (for magnetic field).
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characteristics of the receiver as mentioned in the previous
section. The signal received by WBR shows emission com-
ponents below 2.0 kHz and a steady hiss band below 1,0
kHz. On January 10, 1987, we also found that variable fre-
quency signals transmitted from Siple Station, Antarctica,
also triggered hiss emissions. While it is interesting to note
that the Siple transmitter signals can at times trigger hiss in
much the same way as whistlers, in this paper we confine our
attention to whistler-triggered hiss. One might ask, why was
this phenomenon not noticed on earlier satellites? There are
several possible reasons. In the past most satellite VLF re-
ceivers were wide band with AGC, similar to WBR on DE 1.
These receivers generally track low frequency (<1 kHz) hiss
which is much stronger than signals at higher frequency. The
condition of suitable satellite orbits over extended values of
latitude while keeping in the same L shell (L ~ 3-4) and for
many days in succession is not easily met in many of the pre-
vious missions. Finally the characterization of hiss signals
observed by a LWR on a spin-stabilized satellite has only
recently been done [Sonwalkar and Inan, 1988]; this result
is crucial in noticing the similarities between the whistler-
triggered hiss and sustained VLF hiss. However, we mention
here that emissions similar to the ones reported here were
seen by the LWR on ISEE 1 satellite (J . Yarhorough, private
communication, 1989).

The top panel of Figure 2a shows the electric field spec-
trum of the emission triggered by a whistler, and the lower
panel shows the intensity in a 1-kHz-wide band centered at
3250 Hz. (The actual intensity will be somewhat higher
due to a ~5.dB/100-Hz filter roll-off for frequencies below
3 kHz, the lower cutoff. This underestimation of the in-
tensity will affect the intensity values quoted in Figures 2b
and 2c in a similar manner.) The figure shows the first
whistler component (labeled 01) and the magnetospheri-
cally reflected component (labeled 2~ ) and the subsequent
broadband hiss emission enduring for ~10 to 15 s. The ap-
parent lower-frequency cutoff in this figure was set by the
LWR receiver, which was operating in the 3.0- to 6.0-kHz
band. As shown in Figure 1b, the WBR measurement indi-
cates that the emission frequency extended down to ~1 kHz
and perhaps even lower. The spectrum of the hiss burst
is rather structureless, and the intensity shows the typical
well-defined spin fading. Figure 2b shows the magnetic field
(and electric field in the beginning and end parts) spectrum
and the intensity in a 1-kHz-wide band centered at 3250 Hz
for a similar event. Note again that the first whistler compo-
nent does not trigger, while the magnetospherically reflected
component does. (The first whistler component is not seen
on the intensity chart since it contains frequencies that lie
outside the band selected.) The spin fading on the magnetic
antenna is much less pronounced than that on the electric
field antenna. Figure 2¢ shows an example of hiss observed
on January 17, 1987. The orbit on this day was similar to
that on the January 10, 1987, and similar geomagnetic con-
ditions existed. While no pronounced whistler activity is
evident, a structureless hiss band was observed throughout
this pass as seen in Figure 2¢. The similarity in the electric
and magnetic field fading patterns of this hiss and those of
whistler-triggered hiss emissions shown in Figures 2a and 2b
is evident. The electric and magnetic field amplitudes of the
triggered hiss emissions of Figures 2a and 2b and those of
background hiss of Figure 2¢ are comparable (~1 pV/m and
~0.1 pT, respectively).
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General Features

Based on more than 1500 events (whistler triggering of
hiss) observed over 16 of the 22 passes, the general features
of the phenomenon are noted as follows.

1. The triggered hiss is observed between ~1.5 and 4.0
kHz and appears to have a bandwidth of ~1 to 2 kHz. The
center frequency and the bandwidth of the hiss emission re-
main the same over an entire pass, with the spectrum being
rather structureless. The lower frequency limit of 1.5 kHs is
set by the LWR lower cutoff, and thus it is likely that the
triggered hiss bands extended below 1.5 kHz, and that the
bandwidth of the emissions was larger than 2.0 kHz.

2. The individual whistler-triggered hiss emissions gen-
erally endured for 10 to 20 s.

3. The hiss emissions were most often triggered by a 11
or 2~ whistler (magnetospherically reflected (MR) compo-
nent) and rarely by a 0t or 1~ whistler (the first compo-
nent of the whistler that arrives at the satellite before going
through a magnetospheric reflection). The dispersions of
the magnetospherically reflected whistler and the hiss emis-
sion are identical, i.e., the arrival times of any particular
frequency components of the MR whistler and the triggered
hiss are identical (see Figure 1). At times a relatively weaker
emission was observed on the first component at frequencies
>4 kHaz.

4. The triggered hiss bands exhibited well-defined spin
fading patterns. Generally the electric field antenna shows
deep fading, whereas the magnetic field antenna shows lit-
tle or no fading. These fading patterns are similar to those
reported for whistler mode hiss observed on the DE 1 satel-
lite [Sonwalkar and Inan, 1988] and are indicative of large
wave normal angle with respect to the geomagnetic field. On
days when there was a weak background hiss band observ-
able (such as shown in the middle panel of Figure 1b), the
spin fading on whistler-triggered hiss was always in phase
with the spin fading on the weak background hiss band. (It
may be noted here that spin fading effects are generally sep-
arable from dispersion effects because the former have an
exact periodicity at twice the spin period.)

5. The electric and magnetic field amplitudes of these
emissions and that of background hiss observed on other
days along similar trajectories (but in the absence of
whistlers) were of the same order of magnitude (within 20

dB).
Occurrence Rates

The top panel of Figure 3 shows the occurrence rate of
the triggered hiss bursts and whistlers observed between the
geomagnetic equator and 10°S geomagnetic latitude on the
different satellite passes. The L values on this part of the or-
bit ranged between 3.5 and 3.8. For the first 12 passes, from
December 27, 1986, to January 8, 1987, the LWR was in
the 1.5- to 3.0-kHz mode. For the last 10 passes, from Jan-
uary 9, 1987, to January 18, 1987, the LWR was in the 3.0-
to 6.0-kHz mode. In establishing the whistler rate the 0%
and the subsequent components were treated as one whistler
event, since they are interpreted to originate from the same
lightning source. The figure also shows the days when al-
most no whistlers or whistler-triggered hiss emissions were
seen. Figure 3 shows that the emissions reported here were
found on 16 of the 22 passes. In the 1.5- to 3.0-kHz band
it was observed on 7 out of 12 passes, and in the 3.0- to
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Fig. 3. (Top) Occurrence per minute of whistlers and whistler-triggered hiss between the geomagnetic equator
and 10°S latitude for the period December 28, 1986 to January 18, 1987. The solid bar indicates the days when
very little or no whistler and emission activity was observed. (Middle) The upper cutoff of hiss signal observed
on the same days. The lower cutoff extends below 600 He. (Bottom) The geomagnetic activity as given by daily

sum T Kp for the same period.

6.0-kHz band it was observed 9 out of 10 passes. On each of
these passes, the WBR output was occasionally downlinked
for a few minutes, giving a survey of wideband (0.65 to 10.0
kHz) wave activity. It was obsexrved that a detectable hiss
band, generally below 1.5 kHz, was present on the WBR
output for each of the passes. The second panel of Fig-
ure 3 shows the upper cutoff of the hiss signals. These sig-
nals were also observed by LWR, whenever the upper cutoff
of the hiss band exceeded the lower cutoff of LWR. On all
those days when both background plasmaspheric hiss and
whistler-triggered hiss emission were observable on LWR,
the hiss was amplified and the phase of spin fading was sim-
ilar to that for the case shown in the middle panel of Figure
1b. The low-frequency (<1.5 kHz) hiss was present even on
those days when there were no whistlers and triggered emis-
sions. In general, hiss was found to be the strongest signal
below ~1.5 kHz, and the whistlers and the triggered hiss
were strongest between 1.5 and 4.0 kHz. The bottom panel
shows the £ Kp indicating that the geomagnetic conditions
generally remained quiet during this entire period.

Figure 4 presents the average over 22 passes of the rate
of occurrence of the triggered hiss events and whistlers as a
function of the geomagnetic latitude and the corresponding
L shell. Table 1 gives the numerical data corresponding to
Figure 4. The average rate of whistlers, the triggered emis-
sions and the ratio of triggered hiss emissions to whistlers
are lower for the latitude ranges between 20°N and the ge-
omagnetic equator. For the DE 1 orbital segments studied,
latitude > 5°N corresponds to L > 4. Occurrence rates are

higher for southern latitudes between the geomagnetic equa-
tor and 40°S, where the corresponding L shell range was
3.3-4.0. The relative rate of occurrence for the triggered
emissions observed south of the geomagnetic equator was
nearly constant (~ 0.85). The bottom line of the abscissa
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Fig. 4. The average occurrence/min of whistlers and the trig-
gered hiss emissions as a function of the geomagnetic latitude.
The figure also gives the ratio of the occurrences of the hiss emis-
sions and whistlers. The lowest panel of the z axis gives the net
time in minutes the data were collected in each latitude segment.
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TABLE 1. Occurrence Rate per Minute as a Function of Geomagnetic Latitude and L Shells
20°N-10°N 10°N-0° 0°-10°S 10°S-20°S 20°5-30°S 30°S-40°S
L =47 L=41 L =37 L=34 L =34 L=23.6
Whistler 0.54 1.52 2.26 3.54 3.50 3.28
Emission 0.25 0.63 1.47 2.21 2.26 2.20
Ratio 0.46 0.41 0.65 0.62 0.65 0.67

in Figure 4 shows the total time over which the data were
averaged for each latitude segment. The net time in min-
utes that data were collected in different latitude segments
varied as a result of the elliptical orbit of the satellite.

4. DiscussioN

We now discuss the implications of our observations from
several different perspectives. Firstly, our data suggest that
in the frequency range 1.5 to 6.0 kHz, in the afternoon sec-
tion, during relatively quiet conditions, whistlers and trig-
gered broadband hiss are the dominant wave activity inside
the plasmasphere between I = 3.3-4.0. This result was
found to be the case for 16 of the 22 passes analyzed. From
Figure 4 we see that inside the plasmasphere (L < 4), we ob-
serve ~3 whistlers and ~2 emissions per minute. Taking 10
to 15 s as the average length of the emission, we see that the
duty cycle is about 30-50%. Below ~1.5 kHz, plasmaspheric
hiss was observed to be present on all of the 22 passes. This
steady background hiss was generally confined to frequen-
cies < 2 kHz, but the upper cutoff exceeded 3 kHz or more
on a few occasions. Assuming that waves are propagating
at the Gendrin angle [Gendrin, 1961], electron density 500
el/cm® and L=4, the cyclotron resonant energy is inversely
proportional to the square of the frequency and is 45 keV at
f =1.5 kHz. The corresponding electron energies for Lan-
dau resonance interactions would be nearly independent of
wave frequency and are about ~0.6 keV. In view of this,
we can expect that in the L shell range of 3.3-4, whistlers
and whistler-triggered hiss emissions may play an important
role in the lose of radiation belt particles with energies < 45
keV. As mentioned in the introduction these waves can also
interact with ring current protons of several tens of keV via
anisotropic proton instability [Parady, 1974].

A second issue we wish to consider is the role lightning
plays in the generation and/or amplification of hiss. At the
outset, we note a few points of general relevance.

1. VLF hiss and whistlers are both common phenomena
and are limited predominantly to the inner magnetosphere
(plasmasphere) [Thorne et al., 1973; Edgar, 1972].

2. Typically the frequency band of whistlers ranges from
a few hundred hertz to 10 kHz, and that of hiss ranges from
a few hundred hertz to 3-4 kHaz.

3. Whistlers are known to interact with the radiation
belt particles [ Voss et al., 1984]. Theoretical calculations in
the past have suggested that hiss may be playing a dominant
role in the precipitation of energetic particles [Lyons et al.,
1972].

4. Most of the whistler energy injected from the ground
due to lightning remains trapped in the magnetosphere due
to magnetospheric reflections. These trapped waves gen-

erally make large wave normal angles with respect to the
geomagnetic field [Smith and Angerami, 1968; Edgar, 1972].
Since collisions are negligible, these waves in the long run
can only be damped or amplified as a result of wave-particle
interactions.

5. Based on the amplification (cyclotron) and damp-
ing (Landau) calculations along the ray paths for magne-
tospheric hiss, Huang et al. [1983] and Church and Thorne
[1983] have concluded that these mechanisms cannot explain
generation of hiss from the background thermal radiation.

To this general picture we add our observations from the
DE 1 data:

1. Whistlers trigger emissions inside the plasmasphere
at a fairly high rate.

2. The emissions are broadband, below ~4 kHz, and
their spectrum is rather structureless.

3. The triggered hiss emissions show spin fading similar
to that reported earlier for hiss [Sonwalkar and Inan, 1988].
The spin fading patterns provide data on wave normal direc-
tions. In this case they indicate large wave normal angles.
On those days when the triggered emissions and hiss were
observed simultaneously, the phase of the fading is identical
for whistler-triggered hiss and background hiss.

4. Theintensity of triggered hiss is comparable to that of
background VLF hiss observed in the same frequency band
during similar periods.

By combining these factors we arrive at a strong possibil-
ity that lightning energy introduced in the magnetosphere
may be an embryonic source of plasmaspheric hiss. There
are two possible ways by which the final production of con-
tinuous hiss might take place. In the first, whistler-triggered
emissions along with the first MR component of the whistler
undergo multiple magnetospheric reflection and fill up the
plasmasphere with radiation that has the appearance of hiss.
(It is possible that additional emissions are generated during
each trip across the equator.) Alternatively, the whistler-
triggered emissions lead only to an initial weak hiss, which
undergoes further amplification so as to reach the observed
hiss intensity. We note the fact that on 6 days when there
were no whistlers and no triggered emissions, a hiss band
was still present. This observation implies that the hiss can
sustain itself in the absence of whistlers and is consistent
with the view that whistlers initially feed energy into the
magnetosphere in the form of whistler triggered hiss which
is further amplified enough to reach the observed levels. We
now turn to the question of why hiss is generally observed
below 1.5 kHz, while the-triggered hiss emissions go up to
4.0 kHz. The answer comes from ray tracing studies. After
tracing rays injected at ionospheric heights at various lat-
itudes between 20° and 60° and wave frequencies between
0.5 kHz and 4 kHz (for 30 8 of group delay), we found that
in general, rays of frequencies below 1.5 kHz eventually (af-
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ter 3—4 reflections) reach an L shell of 3 to 4 and remain
trapped there due to magnetospheric reflections. The rays
with higher frequencies generally settle down at L shells of
3.0, and lower. Lyons and Williamms [1984] pointed out that,
irrespective of the details of energetic particle distribution,
the favored interaction region is at higher L shells (L ~ 4)
that lie just within the plasmasphere. The foregoing conclu-
sion is based on the facts that (1) due to the lowest magnetic
energy per particle (B2 /8%N) in this region, lower-energy
particles interact with the waves and that (2) the particle
flux typically increases with decreasing energy. Thus, the
lower-frequency waves that reach higher L shells and spend
more time in the favorable interaction region lead to the
generation of sustained hiss. This qualitatively explains why
sustained hiss is observed more often at frequencies below
~1.5 kHz. At this point we note that the sustained hiss
below ~1.5 kHsz is generally an order of magnitude more
intense than triggered hiss emissions or sustained hiss ob-
served at frequencies above ~1.5 kHz. This is indicated by
the WBR spectrogram in the bottom panel of Figure 1b and
also by typical hiss spectra such as those shown in Huang et
al., [1983].

The next question we discuss is the location and nature
of the wave-particle interactions. Our observations suggest
that the source is localized near L ~ 4 in the equatorial
plane. This conclusion is based on (1) the fact that the emis-
sion spectrum (center frequency and bandwidth) is indepen-
dent of latitude and (2) the fact that the ratio of the rate of
triggered hiss emissions to that of whistlers is independent
of latitude and drops for L > 4 (Figure 4). Our analysis
also suggests that wave-particle interactions involve waves
propagating with large wave normal angle with respect to
the geomagnetic field. This result is based on (1) large wave
normal angles indicated by the spin fading pattern, (2) the
fact that the emission is triggered by the magnetospheri-
cally reflecied component, and (3) the fact that the disper-
sion seen on the magnetospherically reflected whistlers and
the generated emissions is identical, implying that both the
whistler and the noise burst have propagated with similar
(2nd large) wave normal angles. These two results, namely,
interaction region and large wave normal angles, are also
consistent with the hiss source described in a previous pa-
per- [Sonwalkar and Inan, 1988]. An interesting point to
note is that when the waves propagate at high wave normal
angles close to the Gendrin angle, the group ray direction is
parallel to the geomagnetic field and the ray remains con-
fined to the same L shell over a relatively large range in
latitude. As a result, the duration of the resonant interac-
tion with particles of the same energy range is enhanced.
Finally we note that since the lightning-generated whistlers
have to propagate through the ionosphere before reaching
magnetospheric altitudes, direct multiple path propagation
may play a significant role in determining the actual wave
structure that interacts with the particles. Consequences of
multiple path propagation for wave-particle interactions are
(1) that a cyclotron (or Landau) resonant electron will ex-
perience a wave Doppler broadening of a few tens of hertz to
a few hundreds of hertz, leading to a larger number of par-
ticles interacting with the wave, and (2) reduced coherence
length leading to generation of broadband noises [Sonwalkar
et al., 1984].

In conclusion we note the role of lightning in the magne-
tospheric wave-particle interactions and radiation belt dy-
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namics. The data shown in this paper indicate that there
is a strong possibility that lightning is an important source
of hiss, at least in the embryonic sense. Other experimental
evidence has been interpreted to suggest that whistler mode
hiss could be a cause of VLF chorus [Koons, 1981; Helli-
well et al., 1986]. Therefore it appears that the wave energy
introduced in the magnetosphere by atmospheric lightning
discharges may play an important role not only in the loss
of particles through wave-induced precipitation, but also in
embryonic generation of hiss.
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