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[1] Ionospheric effects of energetic electron precipitation
induced by controlled injection of VLF signals from a
ground based transmitter are observed via subionospheric
VLF remote sensing. The 21.4 kHz NPM transmitter in
Lualualei, Hawaii is keyed ON-OFF in 30 minute periodic
sequences. The same periodicity is observed in the
amplitude and phase of the sub ionospherically
propagating signals of the 24.8 kHz NLK (Jim Creek,
Washington) and 25.2 kHz NLM (LaMoure, North Dakota)
transmitters measured at Midway Island. Periodic
perturbations of the NLK signal observed at Palmer,
Antarctica suggest that energetic electrons scattered at
longitudes of NPM continue to be precipitated into the
atmosphere as they drift toward the South Atlantic
Anomaly. Utilizing a model of the magnetospheric wave-
particle interaction, ionospheric energy deposition, and
subionospheric VLF propagation, the precipitated energy
flux induced by the NPM transmitter is estimated to peak at
L~2and ~ 1.6 x 1074 ergs s~! cm 2. Citation: Inan,
U. S., M. Golkowski, M. K. Casey, R. C. Moore, W. Peter,
P. Kulkarni, P. Kossey, E. Kennedy, S. Meth, and P. Smit
(2007), Subionospheric VLF observations of transmitter-induced
precipitation of inner radiation belt electrons, Geophys. Res. Lett.,
34, L02106, doi:10.1029/2006GL028494.

1. Introduction

[2] The role of ground-based VLF transmitters in the
precipitation of radiation belt electrons is a topic of growing
interest. Previous evidence for transmitter-induced precipi-
tation of electrons in the drift-loss-cone has been in the form
of narrow resonant spectral peaks [Imhof et al., 1974; Koons
et al., 1981] or coordinated wave-particle observations
[Imhof et al., 1981]. Direct observations of bursts of
induced precipitation in the bounce loss cone were mea-
sured in the Stimulated Emission of Energetic Particles
(SEEP) experiment carried out by Lockheed Palo Alto
Research Laboratories and Stanford University [Imhof et
al., 1983; Inan et al., 1985]. However, measurements of the
ionospheric effects of transmitter precipitation have not
been reported until now. Previous considerations of trans-
mitter-induced precipitation [e.g., Inan et al., 1984] have
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concentrated on magnetospherically ‘ducted’ propagation,
placing the predicted precipitation regions in the vicinity of
the major transmitters (e.g., NAA, NSS, and NLK), largely
located at L shells of L > 2. At these higher L shells the
energies of electrons experiencing gyro-resonance with the
20-25 kHz transmitter signals are only a few keV, outside
the 100—300 keV energy range necessary for penetration of
precipitating electrons into the nighttime D-region, so as to
allow detection of the resultant ionospheric perturbations
via subionospheric VLF methods. Other transmitters such as
NWC and NPM were not even considered under this
scenario of ducted wave-induced precipitation, since they
are located at much lower L-shells, equatorward of the inner
belt regions.

[3] Since it is now known that non-ducted VLF waves
can efficiently precipitate detectable bursts of energetic
electrons [Johnson et al., 1999; Lauben et al., 1999; Peter
and Inan, 2004] the possibility of detection of precipitation
induced by transmitters at lower L-shells has come to fore.
Whistler-mode wave energy injected into the magneto-
spheric regions by such transmitters propagates in the non-
ducted mode, permeating the inner belt and slot regions,
where it can resonantly interact with electrons with higher
resonant energies. Precipitating bursts of such energetic
(>100 keV) electrons can thus create secondary ionization
at altitudes below the nighttime VLF reflection height
allowing detection via the subionospheric VLF method.
The 464 kW NPM transmitter operating at 21.4 kHz and
located on Lualualei, Hawaii (L = 1.17) is one such
transmitter that is well-positioned for this purpose and
was thus selected for the controlled precipitation experi-
ments the first results of which are reported herein.

2. Experimental Setup

[4] The NPM transmitter (20.4°N, 158.2°W) was modu-
lated with a variety of ON/OFF keying formats (5-sec ON/
5-sec OFF, 3-sec ON/2-sec OFF, etc) for 30 minutes every
night beginning on August 25, 2005. Two-channel VLF
receivers with 1.69 m? air-core loop antennas were installed
on Midway Island (MI) and Waimea on Kauai Island (WM),
while a similar receiver utilizing a 17.6 m? triangular
antenna was installed at Kwajelein Atoll (KA). Figure 1
shows the geographic location of the NPM transmitter and
the receivers as well as the area of predicted energetic
electron precipitation determined using ray tracing and a
test-particle model of the wave particle interaction [Bortnik
et al., 2006a; P. Kulkarni et al., Precipitation signatures of
ground-based VLF transmitters, submitted to Geophysical
Research Letters, 2006, hereinafter referred to as Kulkarni
et al., submitted manuscript, 2006]. The receiver sites at M1
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