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Active experimentation on very-low-frequency (VLF) wave-
particle interactions (Helliwell and Katsufrakis 1979) has been
the primary purpose of research at Siple Station and many
important new VLF wave phenomena have been discovered as a
result of that research. While ionospheric precipitation effects
due to triggered emissions and whistlers have been observed,
precipitation effects directly attributable to the Siple VLF
transmitter have not. The range of particle energies expected to
be precipitated by the Siple transmitter extends from approx-
imately 300 electronvolts to 20 electronvolts (Helliwell 1983).
The high-frequency sounding radar installed at Siple Station
can effectively monitor the whole ionosphere from approx-
imately 80 to 500 kilometers, therefore offering the potential for
detecting wave-induced precipitation effects over the same
range of energies.

The mechanism causing particle precipitation in the lower
ionosphere is a gyroresonant interaction between radiation belt
particles and electromagnetic waves, which results in pitch
angle scattering of the energetic particles (Kennel and Petschek
1966). A variety of sources for the electromagnetic waves exists,
such as whistlers, triggered VLF emissions, or signals from such
manmade sources as VLF transmitters or the 50-60 hertz-fre-
quencies radiated by electric power grids. Energetic electrons
precipitated by this mechanism can cause secondary ionization,
optical emissions, X-ray bursts, and heating in the ionosphere
over the altitude range 80-200 kilometers [see e.g., Rosenberg
et al. (1971, 1981), Helliwell et al. (1973, 1980), Doolittle (1980),
Doolittle et al. (1978), Doolittle and Carpenter (1983), Carpenter
and man (1987), and man and Carpenter (1987)].

Doolittle (1982) has shown that wave-induced precipitation
will cause a signature in the ionosphere which can be detected

using a phase coherent high-frequency sounding radar. One of
the results of his work shows that a perturbation in the phase of
a totally reflected high-frequency signal can be expected, if
ionization due to wave-induced precipitation is produced along
the reflected signal ray path. This signature can be detected by
measuring the rate-of-change of phase of a reflected echo at a
fixed sounding frequency over a suitable interval of time.

As a consequence of the density dependence of the refractive
index of the ionospheric plasma, changes in the phase of an
ordinary mode echo resulting from changes in the local density
along the path will be in the opposite sense from the density
change. For an extraordinary mode echo, the situation is some-
what more complex; however, the phase will also change in the
opposite sense from the density change when the probing
signal frequency is less than the electron gyrofrequency of the
medium (Doolittle 1982). The change of phase will last as long as
the density along the path is being modified.

Until recently, no evidence for wave-induced precipitation
had been discovered in the Siple Station sounding radar data
although one whistler wave-associated event had previously
been found in high-frequency data from Halley, Antarctica (Jar-
vis unpublished data). Several instances of a large decrease of
rates-of-change of phase were discovered within a 4.2 mega-
hertz fixed-frequency sounding which began at 1151:36 univer-
sal time on 13 November 1982. The observations were recorded
during the recovery phase of a magnetospheric substorm,
which is consistent with the conditions during which all pre-
vious correlations have occurred (Doolittle 1982). On 13
November, the auroral electrojet index (A1) exceeded 1,000
nanoteslas at 0950 universal time and total signal absorption
(blackout) occurred at Siple Station between 1005 and 1120 uni-
versal time.

Six events characterized by a large negative excursion of rate-
of-change of phase and followed by a slow increase to a positive
value were found and five of those events occurred during a 10-
minute interval of Siple Station VLF transmissions. Note that the
change in rate-of-change of phase began at the same time the
Siple transmissions started. For five of these events, the mean
decrease of rate-of-change of phase was - 250° per second
whereas the largest observed coherent decrease of rate-of-
change of phase in data recorded prior to or after the events in
question was a factor of three smaller. In figure 1, the rate-of-
change of phase of 4.2 megahertz echoes and the frequency
format of the Siple VLF transmissions has been displayed as a
function of time from the start of the sounding (1151:36 univer-
sal time). Although not shown here, whistlers were recorded at
Palmer Station (L equals approximately 2.4) during the Siple
key-down periods at t = 146, 163, 174, 208, and 225 seconds
(Carpenter personal communication). Four clear examples of a
rate-of-change of phase decrease are evident in the data and
these four plus a less definitive fifth event (at t 225) have been
denoted in figure 1. Note that each value of the rate-of-change of
phase is a three-point running mean, except between events.
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Figure 1. The rate-of-change of phase of high-frequency transmitter echoes received during a fixed-frequency sounding at 4.2 megahertz on 13
November 1982 (day 317). The spectra of Siple VLF transmissions and naturally occurring whistler waves is depicted just above the time axis.
The time is in seconds after 1151:36 universal time (UT).

As a result of the preceding substorm, which caused D region
absorption, received signal amplitudes were weak and no echo-
es were recorded during the sounding before 1152:42 universal
time. Transmitter signals at two other sounding frequencies (2.2
and 3.1 megahertz) were totally absorbed at this time.

In addition to the whistler which occurred at 1154:37 univer-
sal time (182 seconds), the VLF spectrograms from Siple Station
exhibit triggered noise bursts which occur outside the plas-
mapause and are of the kind that has been associated in pre-
vious work with overhead precipitation at Siple (Carpenter
personal communication). Obviously, the simultaneity of both
whistlers and Siple VLF transmissions and the presence of
chorus complicates the process of definitively identifying a
source of the precipitation events occurring on 13 November.
However, the fact remains that excess ionization did occur along
the high-frequency signal ray path during magnetospheric con-
ditions seemingly appropriate to wave-induced precipitation
and on that basis, we have conducted an analysis of the events.

The phase response of high-frequency radar echo at 1.5
megahertz to a 5-second burst of 1 kiloelectronvolt electrons
having energies of 10 2 ergs per square centimeter per second
and producing ionization near 180 kilometers was simulated by
Doolittle (1982). In figure 2 this simulation has been redrawn
with the ordinate in degrees per second (i.e., rate-of-change of
phase). The phase response can be considered to have three
distinct stages which have been indicated by number in figure 2.
The first-stage response time is dependent on sounding fre-
quency and the energy flux of the causative precipitation (note

DERIVED FROM DOOLITTLE (1982)

1.5MHz IKeV

10E-5 J m-2 s-i for 5 sec

Figure 2. Simulated phase changes at 1.5 megahertz due to a 0.01
ergs per square centimeter per second flux of 1 kiloelectronvolt
electron precipitation for 5 seconds with the ordinate plotted as rate-
of-change of phase. The dependence of the three stages of the
precipiation pulse have been indicated. ("MHz" denotes "mega-
hertz." "KeV" denotes "kiloelectronvolt." "j m -2 s - i" denotes
"joules per square meter per second?') 1. Depends on sounding
frequency and energy flux of precipitation. 2. Depends on duration
and decay of precipitation event. 3. Depends on height and density
of enhancement.
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that a lower sounding frequency results in a larger decrease as
does a more energetic flux of electrons). The second-stage re-
sponse is a function of the duration of the precipitation and the
shape of the pulse of electrons. The recovery time of rate-of-
change of phase back to a pre-disturbance level (stage 3) is
dependent on the recombination rate and the local density.
From the response during stage 3, an inference regarding the
height of the precipitation and therefore the energy of the
causative precipitation can be made.

For the sake of computational efficiency, Doolittle (1982) as-
sumed a square wave pulse of precipitation. Rocket and satellite
measurements have been reported by Rycroft (1973) and Voss et
al. (1984), which show that a precipitation pulse typically con-
sists of a rapid increase (less than 1.5 seconds) in flux followed
by a relatively slow (approximately 10 seconds) decay. The
mean rate-of-change of phase profile shown in figure 3 has been
derived from the five events observed on 13 November 1982
between 1154 and 1156 universal time. The mean decrease of
rate-of-change of phase was found to be - 251 ± 89° per second
with a recovery rate of 117 ± 91° per second. Taking into account
the frequency of the measurement, Doolittle's work indicates
that a 250° per second decrease during stage I would be pro-
duced by a flux of approximately 0.75 x 10 pp' 2 ergs per
square centimeter per second. If the stage 3 decay commences
at 117° per second, then it will decay to half its value in approx-
imately 12 seconds. A 12-second recombination rate is typical of
the D-region which in turn implies that the precipitated electron
flux during these events had an energy of approximately 100
kiloelectronvolts.

With knowledge of the wave frequency and the equatorial
plasma density, an estimate of the energy of the precipitating
electrons can be made. Rycroft (1973) has graphed the variation
of the parameter W 11 N as a function of L-value, where W 11 N is
the component of the electron energy (in kiloelectronvolts) par-
allel to the geomagnetic field and N is the number density of
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Figure 3. An average profile of the rate-of-change of phase derived
from the five phase perturbations recorded on 13 November 1982
using a fixed-frequency 4.2-megahertz sounding. The average
phase retardation was - 251 ± 890 per second with a recovery rate
of 117 ± 910 per second. ("MHz" denotes "megahertz:' "DEG/SEC"
denotes "degrees per second:'" KeV" denotes "kiloelectronvolt." "j
m 2 s" denotes "joules per square meter per second:') An energy
flux of -100 kiloelectronvolt electrons of -0.75 X joules per
meter per second decaying in 7-12 seconds can be inferred.

thermal plasma (per cubic centimeter) in the interaction region.
In the equatorial plane the electrons are in gyroresonance with
whistler mode waves of different frequencies. Numerically, the
relationship can be expressed

W 1 N	3.16(fB - 03/f
(in kiloelectronvolts per cubic centimeter)

where f is the frequency of the whistler mode waves at the point
where the electron gyrofrequency is f. This expression is valid
for a dipole representation of the geomagnetic field and in a
region centered on the equatorial plane.

For the 30 August 1979 VLF-photometer correlation observed
at Roberval, Quebec (L equals approximately 4.2) Doolittle
(1982) estimated the equatorial plasma density to be 17 ± 9 per
cubic centimeter and notes that all VLF wave-induced precipita-
tion events have occurred outside the plasmapause, where the
density is typically less than 50 per cubic centimeter. Carpenter
(1979) has shown that the plasmapause tends to lie 0.2 to 1.5 L
shells equatorward of Siple during wave-induced precipitation
events. From figure 8 of Rycroft (1973), at I. = 4.2 the parameter
W 11 N equals approximately 6,000 kiloelectronvolts per cubic
centimeter for 1-kilohertz waves and equals approximately 900
kiloelectronvolts per cubic centimeter for 3-kilohertz waves.
The predominant frequency during the Siple transmissions on
13 November 1982 was 3 kilohertz, which would be in gyroreso-
nance with approximately 52-kiloelectronvolt and approx-
imately 18-kiloelectronvolt electrons for equatorial densities of
17 and 50 per cubic centimeter, respectively. For 1-kilohertz
waves, the gyroresonance energies (for the same values of N)
would be approximately 350 kiloelectronvolts and 120 kilo-
electronvolts. It can be tentatively concluded from this analysis
that the inferred energy of 100 kiloelectronvolts for the events
observed on 13 November is more consistent with a wave
source having a frequency near 1 kilohertz (i.e., the chorus
bands) than it is for the Siple transmitter signal.
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