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Whistler Precursors on a VLF Transmitter Signal

E. W. PASCHAL

STAR Laboratory, Stanford Universily, Stanford, California

Whistler precursors are discrete emissions which are occasionally seen just before two-hop
whistlers. Most theories of precursors assume they are triggered emissions and focus on creating
a triggering signal with the proper time delay from the causative sferic. Whistler precursors have
now been seen on a signal from the Siple VLF transmitter. Phase analysis shows that these
precursors are caused by a rapid increase in growth activity, and not by a triggering signal.

1. INTRODUCTION

Whistler precursors are discrete emissions, usually rising
tones, that are observed to precede two-hop whistlers echoes
[Helliwell, 1965; Laaspere and Wang, 1968]. The group de-
lays of echoing precursors are the same as those of their
associated whistlers, implying that they propagate in the
same magnetospheric ducts. The whistler nose frequency fn
or frequency of minimum dispersion is determined by the
magnetic latitude of the path and is given in terms of the
equatorial electron gyiofrequency as fn = 0.37fg,. The
initial frequencies of precursors, typically 24 kHz, fall in
the range 0.04-0.20fg., [Dowden, 1972, Figure 2]; that is,
at or below half the whistler nose frequency. Precursors are
delayed from the causative sferic by just a bit more (0.1-
0.3 s [Park and Helliwell, 1977]) than the one-hop whistler
delay at their initial frequency; that is, they start a bit later
than halfway between the sferic and the returning two-hop
echo. The intensity of the precursor may exceed that of the
associated two-hop whistler [Laaspere and Wang, 1968].

Precursors are generally assumed to be triggered emis-
sions created by the same lightning strokes that cause the
whistlers. They show amplitude growth and frequency be-
havior similar to other types of triggered emissions. How-
ever, their triggering mechanism has not been satisfactorily
explained. Ordinary triggered emissions are believed to be
caused by cyclotron resonance between waves and energetic
electrons at the top of a duct near the equatorial plane [Hell:-
well, 1967]. In this interaction, an external triggering signal
phase-bunches electrons traveling in the opposite direction
along the field line; these electrons then radiate, creating an
emission which travels in the same direction as the triggering
wave. The difficulty with precursors as triggered emissions
is that the triggering whistler, on its first pass through the
magnetosphere, must somehow create an emission moving
in the opposite direction in order for the precursor to arrive
back at the receiver before the two-hop whistler echo.

Helliwell [1965] and Dowden [1972] proposed that precur-
sors are emissions triggered by hybrid whistlers. A hybrid
whistler is one which propagates subionospherically from the
site of a lightning stroke to the opposite hemisphere before
entering a maguetospheric duct and returning. The diffi-
culty with this model is that hybrid whistlers are only rarely
observed. And as far as [ know, the only published example
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of a hybrid whistler associated with a precursor is that given
by Rietveld [1980, Figure 3].

Molchanov and Chmyrev [1970] proposed that a strong
whistler is scattered through a nonlinear interaction with
a low-frequency ion-acoustic wave to generate a backward
moving whistler mode wave. They claimed that the back-
ward moving wave is seen on the ground as the precursor
itself. Reeve and Boswell [1976] proposed a similar model
where a strong whistler decays parametrically into a back-
ward moving whistler mode wave and an ion-acoustic wave.
The backward moving whistler mode wave then triggers the
precursor. Reeve and Boswell [1976] explained that the
backward moving wave is never seen because it may be
very narrowband and indistinguishable from the precursor
it triggers. The scattering or decay in these models is not
instantaneous but grows over an interval of, say, 100 ms at
a given frequency and is plausible only at the low-frequency
tail where the whistler is well dispersed.

Reeve and Rycroft [1976] postulated that an unducted
whistler is magnetospherically reflected at the end of its first
hop and enters a duct midway through its second hop to
trigger a precursor, slightly ahead of the two-hop ducted
whistler. This process seems to require a combination of
particular conditions, and its overall probability is unknown.

Park and Helliwell [1977)] presented f-t spectrograms pur-
porting to show that precursors observed in North America
start at frequencies which are multiples of 60 Hz. They
argued that this is evidence of the effects of power line har-
monics (putative signals at harmonics of the power line fre-
quency radiated by the power grid). They proposed a model
in which the outgoing whistler undergoes longitudinal res-
onance with costreaming energetic electrons and perturbs
the electron energy distribution. This perturbed distribu-
tion then amplifies, through cyclotron resonance, a power
line harmonic moving in the opposite direction. The ampli-
fied power line harmonic triggers an emission which arrives
before the two-hop whistler echo. Tkalcevic [1982] studied
the details of the longitudinal interaction, and supported the
plausibility of this model.

Rietveld [1980] studied a particular narrowband type of
precursor he called a “monochromatic precursor start,” as
observed in New Zealand. This is a single-frequency signal
which lasts for up to 200 ms and may then trigger the rising
emission of typical precursors. He used phase analysis to
show, unlike Park and Helliwell [1977], that the frequencies
of these signals are not related in any statistical way to har-
monic frequencies of the power grid, either multiples of 50
or 60 Hz. (Phase analysis involves using the phase of spec-
tral components as well as their magnitudes, and is more
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accurate than f-t spectrograms for measuring instantaneous
frequency. Rietveld [1980] used the “phasogram” technique
of Dowden et al. [1978].) He proposed that a monochromatic
precursor may be an emission, perhaps triggered by a hybrid
whistler, which becomes entrained by a power line harmonic
(hence the monochromatic aspect) but is offset from it by up
to 100 Hz as other emissions sometimes appear to be offset
from their triggering signals.

The purpose of this paper is to present examples of a
new type of whistler precursor and interpret them in the
light of existing theory. The VLF transmitter at Siple Sta-
tion, Antarctica, has been used for a number of years as a
controlled source of whistler mode signals to study various
aspects of magnetospheric propagation, particularly wave
growth and wave-particle interactions. In the records pre-
sented here, Siple was sending two-tone signals to a receiver
at the conjugate point in Roberval, Quebec. The two-tone
transmission format tends to suppress cyclotron-resonance
growth, and the phase-stable signals received in Roberval
were used to monitor slow changes in path phase delay as-
sociated with hydromagnetic waves [Andrews, 1977; E. W.
Paschal et al., Correlation of whistler mode phase delay
with transient hydromagnetic waves, submitted to Journal
of Geophysical Research, 1989]. The 11-min transmission
occurred during a time of strong two-hop whistler activity.
Many of the whistlers were preceded by brief perturbations
in the amplitude and phase of the transmitted signal. The
unexpected occurrence of whistler precursors on a transmit-
ted signal and the availability of phase analysis have pro-
vided a chance to apply new experimental methods to the
precursor problem.

2. OBSERVATIONS

Figures 1, 2, and 3 show portions of a transmission from
the VLF transmitter at Siple Station as recorded at Rober-
val. The transmission is the two-tone LICO1 (line coupling,
version 1) format, a continuous signal containing two equal-
amplitude components at 3950 and 3980 Hz. The upper
half of each figure shows an f-t spectrogram, and the lower
half shows a gray-scale phase plot of the same recording
over a restricted frequency range including the LICO1 sig-
nal. The phase plot shows both the magnitude and phase
of the outputs of successive analysis filters. Trace width
is proportional to signal magnitude, and trace deflection is
proportional to relative phase (phase with respect to an os-
cillator at the center frequency of the filter), one revolution
full-scale. Filters in the phase plot are spaced 10 Hz apart,
but each has a 3-dB bandwidth of 20 Hz. Leakage into adja-
cent filters causes the chevron patterns surrounding strong
components. Recorded signals have been corrected for fre-
quency and timing errors due to tape wow and flutter by us-
ing a constant-frequency pilot tone [Paschal and Helliwell,
1984].

The whistler mode LICO1 signal is visible in each spec-
trogram as the constant-frequency signal just below 4 kHz.
Other constant-frequency signals at 2.5 kHz and below were
interference at the receiver induced from local power lines,
and were not magnetospheric signals. The top of a band
of magnetospheric chorus is seen extending to frequencies
just over 1 kHz. In the left of each figure is the verti-
cal stripe of a strong sferic due to a lightning flash in the
northern hemisphere, followed after a few seconds by many
two-hop whistler components. The LICO1 signal had a

group delay of t; = 2.1 s, determined by measuring the
time delay at Roberval from the known beginning of the
transmission. There were also whistler components with
that delay, the first strong components in Figure 1 with a
two-hop time of 4.2 s. We will assume that those whistler
components and the LICO1 signal travelled on the same
path (as is typically the case [Carpenter and Miller, 1976]).
Note that the Siple transmission was very close to the nose
frequency of the whistler components, which was approxi-
mately f, = 4000 Hz. Using standard whistler analysis, we
find from Park [1972] a path L value of 4.32 and a hemi-
spheric tube content of Np = 3.5 x 103 cm™2, or equatorial
electron density of Neg = 275 em™3, typical of the outer
plasmasphere under magnetically quiet conditions [Park et
al., 1978].

The phase plots in the bottom of Figures 1-3 show the
phase-coherent nature of the LICO1 signal. Both compo-
nents, as received at 3950 and 3980 Hz, were relatively con-
stant in frequency most of the time and very close to the
transmitted frequencies, as expected. (A signal at the exact
center frequency of an analysis filter shows as a horizontal
line.) The very slow drifts in phase (Doppler shift less than
+0.2 Hz) seen in Figures 1-3 were mostly due to motion
of the whistler mode duct associated with hydromagnetic
waves, as discussed by E. W. Paschal et al. (1989). At some
times, particularly in Figure 2, coherent signals are also seen
30 and 60 Hz both above and below the transmitted compo-
nents. These were sidebands caused by cyclotron resonance
between the LICO1 signal and energetic electrons near the
top of the path [Helliwell et al., 1986]. Finally, another weak
but cohercnt signal can be seen in Figures 1 and 2 near
3900 Hz. This was interference induced at the receiver due
to local power line currents at the 65th harmonic of 60 Hz.
Note that the phase behavior of this signal was unrelated to
that of the LICO1 components and their sidebands.

About 1 s before before each two-hop whistler in Fig-
ures 1-3, the Siple LICO1 signal showed considerable
amplification—a precursor. In each case the amplification
lasted for about 1 s. Other significant precursors occurred
in this transmission at 1609:14, 1610:45, 1611:53 UT, and
there were probably additional, though weaker, events.

During each precursor, the two transmitted tones and
their sidebands grew in amplitude, usually with a noticeable
phase advance. In most cases the phase advance amounted
to, say, 1/3 rev. However, in the precursor in Figure 1 the
3950 Hz tone advanced 2 revs in 0.5 s (+4 Hz offset), the
3980 tone advanced 1 rev, and the first upper sideband at
4010 Hz advanced about 0.5 rev. In each case, the trans-
mitted tones and sidebands decreased in magnitude after
the precursor. The phase of each component resumed its
previous behavior as if the precursor had not happened.

There was a peculiar null in the magnitude of the upper
Siple tone in the middle of each precursor. In Figure 1 this
appears as the tone undergoes a phase reversal as if from
interference or fading. Shortly after the null a weak rising
emission was triggered. In Figure 2 the null occurs with-
out any marked phase effect, though it seems to precede
(trigger?) a burst of growth on the lower tone and the side-
bands. And in Figure 3 the null coincides with a short burst
of signal growth at nearby frequencies.

There was also a certain variability in the timing of the
precursors from one event to the next. In Figure 1 the pre-
cursor started 3.1 s after the sferic, in Figure 2 it started
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Fig. 1.

Spectrogram and phase plot of a whistler precursor on a LICO1 transmission from Siple Station as

received at Roberval, Quebec. The phase plot displays analysis filter outputs with trace width proportional to

signal magnitude and trace deflection to relative phase, one revolution full scale.

Shortly before the whistler

arTives, the two transmitted signal components at 3950 and 3980 Hz experience amplification and phase advance.
Sidebands at £30, 160, and 490 Hz are enhanced. A weak rising emission is triggered. After the precursor, signal

components resume their previous behavior.

3.3 s after the sferic, and in Figure 3 it started only 2.6 s
after it. The corresponding times from the sferic to the mag-
nitude null were 3.5 s, 3.6 s, and 3.1 s, respectively. This
variability has been noted before in whistler precursors by
Helliwell [1965, Figure 7-53] and Laaspere and Wang [1968,
Figure 5].

Note that the precursors started 0.5-1.2 s after the one-
hop whistler group delay of ty = 2.1 s. This delay from
the one-hop time is greater than the 0.1-0.3 s mentioned in

the introduction as being typical of natural whistler pre-
cursors. The excess delay may be significant, or it may
Jjust reflect differences in paths and frequencies between pre-
viously observed natural whistler precursors and the sig-
nals in this case. Natural precursors previously studied
propagated on L shells from 2.5-3.8 [Dowden, 1972] versus
L = 4.32 in this case, were associated with whistlers with
nose-frequency group delays less than 1.7 s versus &, = 2.1s
here, and started at frequencies usually below half the nose
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Fig. 2. A second whistler precursor on a two-tone transmission, as in Figure 1. The phase advance caused by
the precursor is much smaller, only a fraction of a revolution. Existing sideband components due to cyclotron
resonance show phase changes as well. The upper transmitted tone at 3980 Hz has a null in the middle of the
precursor. An unrelated signal at 3900 Hz is local power line interference.

frequency (0.04-0.20ff.,) instead of at the nose frequency
itself (fn = 0.37fgeq).

In two cases in this transmission, at 1611:55 and 1615:33
UT, a second amplification event lasting about 1 s also oc-
curred after the whistler, a “postcursor.” At 1611:55 UT the
postcursor started about 0.8 s after the first whistler com-
ponent, or 2.0 s after the precursor (which itself occurred
about 3.0 s after the spheric). At 1615:33 UT (Figure 3)
the postcursor started about 1.4 s after the whistler or 2.7 s
after the precursor. The postcursors may be related to the
precursors (though with even more variability in timing),
but they may also be effects caused by emissions triggered

from the tops of the whistlers. Unfortunately, we do not
have sufficient information about the postcursors to discuss
them further.

3. DiscussioN

The examples in Figures 1-3 show whistler-related effects
occurring on the transmitted LICO1 signal approximately
one second before the two-hop whistler echoes. These ef-
fects were the momentary amplification of the LICO1 sig-
nal, a corresponding phase advance of 0.5 rev or so, and
the enhancement of its various magnetospherically gener-
ated 30 Hz sidebands. Temporal growth, phase advance,
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Fig. 3. A third whistler precursor as in Figure 1. The precursor occurs slightly earlier in this case. There is
a “postcursor” shortly after the whistler as well, though whether this is caused by the same mechanism as the
precursor is not known.
and sideband generation are the characteristic leatures of The models of Helliwell [1965] and Dowden [1972] (hybrid

cyclotron-resonance interactions with energetic electrons  whistler), Molchanov and Chmyrev [1970] and Reeve and
[Paschal and Helliwell, 1984; Helliwell et al., 1986]. The pre-  Boswell [1976] (parametric decay), and Reeve and Rycroft
cursor behavior in Figures 1-3 indicates a sudden increase  [1976] (magnetospherically reflected whistler) each assumed
in cyclotron-resonance growth activity. In fact, growth was  that conditions were ripe for the growth of an emission, and
strong enough in Figure 1 that the amplified LICO1 signal  the thrust of each model was to produce a triggering signal
even triggered an emission. This is, to my knowledge, the  that had the right time delay with respect to the causative
first time precursors have been reported on a transmitter  sferic and the two-hop whistler. However, the precursors in
signal. The case is also unique in that the frequencies of the  Figures 1-3 are not triggered emissions. The problem here is
precursors were so high relative to the associated whistlers, not to find a triggering signal but to find a mechanism that
near the whistler nose frequency rather than below half of momentarily increases growth activity. None of these three
it. models can do that. In addition, the parametric decay model
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can be ruled out because it only works at the low-frequency
tail of a whistler, not at the nose frequency.

It might be argued that a triggering signal is being cre-
ated as in one of the three models above, but that its effect
is altered by the presence of the LICO1 signal. That is,
perhaps the precursors are the result of entrainment of the
triggering signal by the LICO]1 signal. Entrainment occurs
when an input wave (the entraining signal), moving along
a whistler mode path, reaches the wave-particle interaction
region where some growth process, such as the generation
of an emission (the entrained signal), is already in progress.
Even if the input signal is as much as 20 dB weaker than the
emission, it may take control of the growth process, causing
a sudden change in slope df/dt from that of the emission
to that of the input signal [Helliwell, 1979]. However, we
cannot have entrainment of a precursor triggering signal by
the LICO1 signal because that requires reversing the physi-
cal locations of the two waves. It is the LICO1 signal which
is due to existing wave-particle interactions (LICO1 growth,
though somewhat suppressed, is occurring since 30-Hz side-
bands are being generated prior to the precursor), and it is
the supposed triggering signal that enters up wave of the
interaction region. We could conceivably have entrainment
of the LICO1 interaction by a triggering signal, but that
would appear as a change in slope df/dt from that of the
LICO1 signal to that of the triggering signal, which was not
what we saw here.

To explain the precursors in Figures 1-3, we need a mech-
anism other than an electromagnetic signal that produces
increased growth. The growth rate for cyclotron resonance
is governed by the number of energetic electrons which are
available to resonate with a wave at any time given. Note
that electrons moving in one direction along a field line
resonate with waves moving in the opposite direction, as-
suming cyclotron resonance. The LICO1 precursors seem
to have been due to momentary changes in the distribu-
tion function of energetic electrons moving south through
the cyclotron-resonance interaction region at the top of the
path. Longitudinal resonance between the outgoing (south
moving) whistler before it reached the equatorial plane and
costreaming electrons might have enhanced the flux of rel-
evant electrons sufficiently to have increased the growth of
the north moving LICO1 signal, as in the model of Park
and Helliwell [1977] and Tkalcevic [1982]. To this extent
our observations support their model over earlier ones that
merely produce triggering signals. However, it may be dif-
ficult using their model to account for the long delays of
these precursors, especially the one in Figure 2 (1.2 s after
the one-hop delay), without moving the cyclotron-resonance
interaction region so far south of the equator that it is be-
yond the point where we would expect effective resonance
with the LICO1 signal.

Park and Helliwell [1977] also argued that a precursor
occurs when a magnetospheric power line signal is ampli-
fied due to the enhancement in electron flux and becomes
intense enough to trigger an emission. About this mech-
anism our observations have little to say. The precursors
we observed started, and remained for the most part, at
the frequency of the LICO1 signal. We did not observe
triggered emissions suddenly beginning up to 100 Hz above
the transmitter signal, as would be required to reconcile Ri-
etveld’s [1980] observations with the frequencies of power
line harmonics. This may be because the two-tone LICO1
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signal with 30 Hz separation suppressed growth and emis-
sion triggering. A magnetospheric power line harmonic, if
there be such, would not be self-suppressed and might be
more likely to trigger an emission, possibly somewhat off-
set in frequency. The real test of power line harmonics as
triggers for natural precursors must be a statistical analy-
sis of precursor starting frequencies. The only study so far,
Rietveld [1980], found no particular correlation with power
line harmonics, either at multiples of 50 or 60 Hz.

Finally, we come to the more general question of the role
of triggering signals in the generation of emissions. Must
we always have a external triggering signal in order to stim-
ulate an emission; or may emissions sometimes arise spon-
taneously or, which amounts to the same thing, be trig-
gered by local noise? This question is important because if
an external trigger is not always required, then the mecha-
nism of electron flux enhancement through longitudinal res-
onance is by itself sufficient to explain precursors; there is
no need to invoke power line radiation. The answer may
be connected with the power threshold effect observed on
signals from the Siple transmitter, as reported by Helliwell
et al. [1980]. They found a level of transmitted power below
which received signal amplitude was proportional to input
amplitude, and only above which did temporal growth and
emission triggering occur. The threshold level varied widely
with time and was different for different ducts. While the
mechanism behind the threshold effect was not understood,
they suggested that the threshold at any given time reflects
the balance between the influx of energetic electrons into
a given duct and the depletion of those electrons through
scattering during wave growth; an increase in particle flux
decreasing the threshold for growth. If this is the case, the
momentary increase in flux due to longitudinal resonance
with a whistler mmay decrease the threshold sufficiently that
existing magnetospheric noise will be enough to stimulate
a precursor emission, and an explicit trigger may not be
necessary.

4. CONCLUDING REMARKS

Whistler precursors have been seen for the first time on
signals from a VLF transmitter. They were similar to ordi-
nary precursors in their timing with respect to the causative
sferic and the two-hop whistler echo, starting shortly af-
ter the one-hop delay (though somewhat later than natu-
ral precursors), but they occurred at the nose frequency of
the whistler instead of at lower frequencies. Phase analysis
shows that the precursors consisted of the amplification and
advance in phase of components in the transmitted signal,
together with the generation of coherent sidebands. Most
previous models have assumed that precursors are triggered
emissions due to cyclotron-resonance interactions between
the transmitted waves and energetic electrons which occur
near the top of the magnetospheric path; these models have
attempted to explain the appearance of a triggering wave at
the proper place and time. The new results show that pre-
cursors are actually due to a sudden but momentary increase
in wave-particle growth activity in the interaction region,
and not just the presence of a triggering signal. This increase
in activity is presumably due to a change in the distribution
function of energetic electrons, perhaps caused by their ear-
lier longitudinal resonance with the outgoing whistler. If
growth activity is sufficiently enhanced, the threshold for
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emission triggering may decrease enough that existing mag-
netospheric noise can initlate a precursor emission, and no
external trigger signal may be required.
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