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Lohrey and Kaiser (1979) first reported whistler-associated
phase perturbations of subionospheric signals. Such events can
be referred to as "phase Trimpis," because they represent an-
other manifestation of the Trimpi events first discovered as
whistler-associated amplitude changes (Helliwell, Katsufrakis,
and Trimpi 1973; Carpenter and LaBelle 1982; Carpenter et al.
1985; man in press). In this paper, we summarize a first-order
quantitative interpretation of an individual event in the context
of (1) a model of magnetospheric whistler-induced electron
precipitation (Chang and man 1983); (2) commonly accepted
models of the resulting D-region density enhancements (Rees
1969); and (3) a model of very-low-frequency propagation in the
Earth-ionospheric waveguide (Wait and Spies 1964). Results of
our studies indicate that the incident energetic particle fluxes
that are required to produce the extra ionization are reasonably
consistent with those estimated using theoretical models of the
whistler-particle interaction as well as direct satellite-based
observations.

Our data were acquired at Palmer Station (65°S 64°W, L ap-
proximately equal to 2.4) during 1983. Figure 1 shows the geom-
etry of observations and sample signal paths that were
monitored.
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Figure 1. Map showing examples of great circle paths from various
signal sources to Palmer (PA) and Siple (Si) Stations, Antarctica.
("kHz" denotes "kilohertz.")

The event we chose to interpret is shown on an expanded
time scale in figure 2. The middle panel shows the 12.9-kilo-
hertz phase above the indicated time of reception of a 12.9-
kilohertz Omega pulse pair. The bottom panel shows the 0- to
10-kilohertz spectrum of the whistler that is associated with the
phase perturbation. The time of lightning discharge that gener-
ated the whistler is indicated by an arrow. The top panel shows
a concurrent amplitude perturbation of the 37.2-kilohertz
signal.
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Figure 2. Detailed correlation between a 12.9 kilohertz phase pertur-
bation (middle panel) and a whistler event (lower panel) observed at
Palmer Station. The 37.2-kilohertz signal amplitude is shown in the
top panel. The reception times at Palmer Station of two 12.9-kilo-
hertz pulses are shown for reference at the bottom of the middle
panel. A compressed record of the same event shows the full extent
of the phase perturbation for this case to be approximately 0.5
microseconds. ("f" denotes "frequency." "kHz" denotes "kilohertz:'
"A" denotes "amplitude." "p.V/m" denotes "microvolts per meter:'
"PA" denotes "Palmer:' "ARG OMEGA" denotes "Omega, Argen-
tina:' "UT" denotes "universal time.")

The parameters that we measured for this interpretation are:
(1) the approximate 0.5-second delay between the occurence of
the lightning stroke and the onset of the phase perturbation, (2)
the whistler-propagation path parameters derived using whis-
tler dispersion analysis, and (3) the electric field intensity of the
whistler component in a 100-hertz band centered at 5 kilohertz
and measured to be approximately 100 microvolts per minute.

Figure 2 would seem to indicate that the size of the phase
perturbation is approximately 0.2 microseconds. However, to
determine the "rise time" of the phase advance, it is necessary
to determine first the integration time in the phase tracking
receiver. The 37.2 kilohertz amplitude trace (top panel) is proba-
bly a better indicator of the rise time, because it is a continuous
measurement; from it, we conclude that the duration of the
onset of the perturbation event is less than or equal to 1 second.

Subionospheric very-low-frequency propagation. Using the mode
theory for propagation in a sharply bounded isotropic Earth-
ionosphere waveguide, Wait (1959, 1968) developed a formula
in which the differential phase advance is given in terms of the
corresponding effective change in the ionospheric reflection
height. For the propagation of the 12.9-kilohertz signals, we
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assume a normal nighttime reflection height of approximately
85 kilometers. In using Wait's equation, the important un-
knowns are the order of dominant mode of propagation and the
length of the portion of the great circle path that is perturbed.

For whistler-induced burst precipitation events, the resulting
ionospheric perturbation might be expected to be highly lo-
calized. However, the extent of the precipitation regions is not
well known. For the first order calculation attempted here, we
assume that the whistler-induced precipitation is limited to a
region approximately 200 kilometers in extent, centered ap-
proximately 200 kilometers equatorward of Palmer. This is in
reasonable agreement with the preliminary findings of Car-
penter and LaBelle (1982) and with measured values.

Using waveguide mode order of 2 and an approximate length
of the great circle path of 200 kilometers, we find that the change
in the ionospheric reflection height (in kilometers) is approx-
imately equal to —2.6 times the differential phase advance (in
microseconds). For the case shown in figure 2, we have a dif-
ferential phase advance of approximately 0.5 microseconds and
an effective change in the ionospheric reflection height of ap-
proximately - 1.3 kilometers.

While Wait's equation assumes a sharply bounded
ionosphere, we consider an exponential ionosphere for the
purpose of converting the computed height change to an en-
hancement of electron density. Using the models employed by
Wait and Spies (1964), Potemra et al. (1967, 1969), and Lohrey
and Kaiser (1979), we calculate the density enhancement to be
approximately 37 el per cubic centimeter.

Whistler-particle interaction in the magnetosphere. For modeling
the whistler-particle interaction, we used the model of man,
Bell, and Chang (1982) and Chang and man (1983) as a basis.
The application of this model to our data is shown in figure 3.
The top panel in figure 3 shows the energy flux versus time in
ergs per square centimeter per second as observed in the South-
ern Hemisphere, where t = 0 is the time of origin of the
lightning stroke that generated the whistler. The whistler is
assumed to have originated in the Northern Hemisphere and to
have interacted with the electrons as it travels southward. The
particles that are pitch-angle scattered as a result of this interac-
tion first travel to the Northern Hemisphere, where they mirror
back due to the relatively high mirror altitudes (at longitudes
near the South Atlantic magnetic anomaly). They then precipi-
tate into the ionosphere in the Southern Hemisphere, where
they arrive approximately 0.32 seconds after the lightning
stroke. The computed whistler-induced precipitation pulse
reaches half of its peak value at approximately 0.5 seconds,
consistent with the delay of approximately 0.5 seconds meas-
ured on the records shown in figure 2. The full width at half
maximum of the precipitation burst is approximately 0.4 sec-
onds, again consistent with the inferred duration of the onset of
the subionospheric signal phase perturbations. The peak ener-
gy flux level is approximately 0.0014 ergs per square centimeter
per second. The peak flux level computed using this model is in
the range 0.001 to 0.01 ergs per square centimeter per second
(Chang and man 1985).

The energy range of the computed flux as a function of time is
shown in the lower panel of figure 3.

Ionospheric effects. To estimate the secondary ionization that
the whistler-induced flux would produce in the lower
ionosphere, we used the results of Rees (1969). For isotropic
streams of monoenergetic precipitating electrons, the ion pair
production rate at the D region altitudes of approximately 85
kilometers is approximately 0.001 per cubic centimeter per sec-

ond (per unit incident electron flux measured per square cen-
timeter per second) for electrons in the 40- to 250-kiloelectron-
volt range.
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Figure 3. Computed precipitation flux induced by a whistler propa-
gating at L 2.3 and for an equatorial cold plasma density of 2,100
electrons per cubic centimeter. The upper panel shows the total
energy flux as a function of time, while the lower panel shows the
time-integrated energy spectrum of the whistler-induced precipita-
tion burst. The whistler is assumed to cover a frequency range of
500 hertz to 10 kilohertz and to have entered the medium at 1,000
kilometers altitude at t = 0 in the Northern Hemisphere. The Input
signal as assumed to have constant power spectral density over the
frequency range 500 hertz to 10 kilohertz, so that the equatorial
wave intensity at lower frequencies is smaller due to higher disper-
sion. The equatorial wave magnetic field intensity at 5 kilohertz was
taken to be 10 picoTesslas. The energetic particle distribution was
taken to be proportional to E 3, where E is the particle energy. The
differential energy spectrum for 40-kilo-electronvolt particles was
assumed to be 105 electrons per square centimeter per second per
steradian to the negative one kiloelectronvolt, (Lyons and Williams
1984).
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Using this approximate value and considering an average
particle energy of approximately 100 kiloelectronvolts, we can
estimate the precipitating electron flux that would be required
to produce a density enhancement of approximately 37 el per
cubic centimeter during the computed approximate 0.5-second
duration of the whistler-induced precipitation burst. That esti-
mated flux would be approximately 0.01 ergs per cubic cen-
timeter per second of 40- to 250-kiloelectronvolt electrons.

Because of uncertainties in the trapped particle distribution
and the whistler wave intensity, this value cannot be compared
accurately with the value computed above. However, the two
results are comparable on an order-of-magnitude base and the
flux is consistent with the whistler-induced energetic electron
fluxes that were directly observed on a low-altitude satellite
(Voss et al. 1984).

Discussion. We have presented a first-order quantitative inter-
pretation of the observed whistler-induced very-low-frequen-
cy/low-frequency phase perturbations, attempting to connect
the various physical processes that occur during such events. A
quantitative interpretation of the observed perturbations is
needed to realize the potential of very-low-frequency/low-fre-
quency phase measurements as a means of detecting and mea -
suring wave-induced burst precipitation. We realize that our
first-order model is far from comprehensive and involves many
approximations.

This work was supported in part by National Science Founda-
tion grants DPP 82-17820 and DPP 80-22282 and in part by Na-
tional Aeronautics and Space Administration grant NGL-05-020-
008.
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