
portunities in Antarctica would present a viable option for con-
tinuing our long-term program.
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Ducted whistlers and the burst loss
of radiation-belt electrons

to geomagnetically conjugate
ionospheric regions

W.C. BURGESS and U.S. INAN

Space, Telecom mu nica tions, and Radioscience Laboratory
Stanford University

Stanford, California 94305

Lightning-associated bursts of high-energy electrons appear
to precipitate from the radiation belts primarily or exclusively
because of Scattering in the magnetosphere by certain light-
ning-generated magnetospheric radio waves known as ducted
whistlers. If true, this hypothesis could help explain how thun-
derstorms contribute to the dynamic equilibrium of the radia-
tion belts. We present here a portion of the evidence that sup-
ports this hypothesis.

Precipitating bursts of radiation-belt electrons are studied by
examining their effects on radio signals received at Palmer Sta-
tion and at sites in the Northern Hemisphere. Narrowband
signals propagating subionospherically from distant very-low-
frequency, low-frequency, and medium-frequency transmitters
are monitored for sudden, characteristic amplitude perturba-
tions. These perturbations are attributed to transient, localized
disturbances of the ionosphere near the path traveled by the
signal (Poulsen, Bell, and man 1990) caused by the impact of
ionizing bursts of energetic electrons (Carpenter et al. 1984).

Multiple perturbations sometimes occur within a few
hundred milliseconds of each other on signals whose paths lie
in the Northern and Southern hemispheres, separated by thou-
sands of kilometers (Burgess and man 1990). Twin ionospheric
disturbances, one in each hemisphere, have been inferred for
these events. In these cases the two disturbances appear to
occupy geomagnetically conjugate regions, which is consistent
with the near-simultaneous precipitation of energetic electrons

from both the northern and southern "ends" of radiation belt
flux tubes. Figure 1 shows examples of this effect on two pairs
of signals propagating in opposite hemispheres through con-
jugate regions.

Signal perturbations observed at Palmer Station are almost
always time-associated with ducted whistlers, also observed at
Palmer Station (Inan and Carpenter 1986). Ducted whistlers are
very-low-frequency radio waves guided by irregularities in the
cold magnetospheric plasma (ducts) along the Earth's magnetic
field lines from near their source lightning flash, usually in the
Northern Hemisphere, to the geomagnetically conjugate loca-
tion in the opposite hemisphere. On the way they are dispersed
in frequency, with higher frequencies travelling faster than
lower frequencies. At the conjugate location, they return into
the Earth-ionosphere waveguide and can be monitored on the
ground (Helliwell 1965). In addition to launching ducted whis-
tlers, a lightning flash can also launch nonducted whistlers,
which neither follow field lines nor return to the Earth-iono-
sphere waveguide, and so are only observed on satellites (Ed-
gar 1976). Figure 2 shows the ducted whistlers associated with
two of the conjugate signal perturbations shown in figure 1.

Until now, there has been little evidence defining the relative
roles of the two different whistler modes in scattering and pre-
cipitating radiation-belt electrons; however, regardless of which
kind of whistler causes the scattering, the electrons can be
expected to precipitate near the magnetic field line on which
they were scattered. Since nonducted whistlers travel far from
the magnetic field lines followed by ducted whistlers, one
would expect precipitation induced by nonducted whistlers to
disturb the ionosphere in regions many hundreds of kilometers
away from the ionospheric reentry locations of ducted whistlers
launched at the same time. On the other hand, if precipitation
was induced by ducted whistlers, one would expect the dis-
turbed ionospheric regions to be close to the ionospheric reen-
try locations of the whistlers.

Recent work has often shown arrival bearings of ducted
whistlers at Palmer Station to be similar to arrival bearings of
signal paths perturbed in association with those whistlers. This
implies that ducted whistlers play the major role in the precip-
itation of lightning-associated precipitation bursts. An example
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Figure 1. Two pairs of subionospheric radio signals propagating in opposite hemispheres exhibit near-simultaneous (within a few hundred
milliseconds) amplitude perturbations in response to individual Northern Hemisphere lightning flashes. The upper pair of signals is
perturbed together at B and E; the lower pair at A, C, and D. Although event pairs D and E appear to coincide, the D pair actually precedes
the E pair by 2 seconds. The Northern Hemisphere signal paths which are perturbed lie nearly geomagnetically conjugate to the Southern
Hemisphere paths, which are perturbed simultaneously. The signal transmitter call signs, locations, and frequencies in kilohertz are: NAA
(Maine, 24.0 kilohertz); CD96 (Chile, 960.0 kilohertz); 48.5 (Nebraska, 48.5 kilohertz); and NPM (Hawaii, 23.4 kilohertz). The sites where the
signals are received are Arecibo, Puerto Rico (AR); Palmer Station (PA); and Huntsville, Alabama (HU). An asterisk after a transmitter or
receiver name indicates the geomagnetically conjugate location. (UT denotes universal time. Signal amplitudes are shown as a percentage
of full-scale range.)

of this association is shown in figure 3, where the whistlers
associated with events D and E arrive from the general direction
not only of the perturbed signal paths seen at Palmer Station,
but of the conjugate of the paths seen perturbed in the North-
ern Hemisphere. A 1800 ambiguity in the analysis technique
causes the two-sided appearance of the bearing results; how-
ever, analysis of the whistler dispersions indicates that both
whistlers came from geomagnetic latitudes north of Palmer Sta-
tion, so southward-bearing lobes can be disregarded.

If ducted whistlers alone are indeed responsible for a major-
ity of lightning-associated bursts of precipitation, then ground-
based observations of ducted whistlers and subionospheric sig-
nal perturbations may provide adequate information to assess,
routinely and quantitatively, the radiation-belt losses from
lightning.

This research was supported by the National Science Foun-
dation under grant DPP 90-20687 (Palmer Station) and by the
Office of Naval Research under grant N00014-82-K-0489 (Are-
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tional Aeronautics and Space Administration under grant
NAG8-778.
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Figure 2. An expanded view of the event pairs D and E shown in
figure 1. A spectrogram of broadband radio-wave data observed at
Palmer Station is shown for 5 seconds during which event pairs D
and E occurred, demonstrating that each pair was associated with
an individual ducted whistler; increasing darkness on the spectro-
gram represents increasing signal intensity. The strong, isolated
final component of whistler E gave indeterminate bearing results
and probably arrived closer to Palmer Station than the other whis-
tler components; it was not considered in the bearing analysis
displayed in figure 3. (UT denotes universal time. Receiver/trans-
miller station abbreviations defined in the caption for figure 1.)
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Figure 3. Arrival bearings for whistlers D and E (see figure 2) ob-
served at Palmer Station. North is offset in the bearing plots to
facilitate comparison with the map. Southward lobes may be dis-
regarded (see text). (Receiver/transmitter station abbreviations de-
fined in the caption for figure 1.)
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