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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 � 2 and � 1.6 � 10�4 ergs s�1 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

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 m2 air-core loop antennas were installed
on Midway Island (MI) and Waimea on Kauai Island (WM),
while a similar receiver utilizing a 17.6 m2 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 MI
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(28.21�N, 177.38W), KA (8.72�N, 167.72�E), and WM
(21.96�N, 159.67�W) were chosen so as to receive the
sub-ionospherically propagating signals of VLF transmitters
located on the continental United States (NLK, NLM,
NAA) which traverse the NPM induced precipitation re-
gion. Ionospheric perturbations caused by precipitating
electrons are observed by detecting perturbations in the
amplitude and phase of the traversing VLF signals in
accordance with the well-documented subionospheric VLF
method extensively used for detection of lightning-induced
electron precipitation [Peter and Inan, 2004; Clilverd et al.,
2002]. This VLF remote sensing technique is most sensitive
to precipitating electrons in the 100–300 keV energy range,
which deposit their energy (thus creating secondary ioniza-
tion) near or immediately below the nighttime VLF reflec-
tion height of �85 km [Carpenter et al., 1997].

3. Observations

[5] Due to the inherently weak nature of the perturbation
signature, Fourier and superposed epoch analyses were
employed to detect NPM-keying periodicity in the signals
of VLF transmitters passing under the precipitation region.
Out of 357 thirty minute periods of keyed transmissions
conducted between 25 Aug 2005 and 18 May 2006,
evidence of ionospheric perturbation from electron precip-
itation was detected in 104 cases. Of 10 formats transmitted
ranging from modulations of 8.3 mHz (1-min ON/1-min
OFF) to 0.33 Hz (1-sec ON/2-sec OFF), precipitation was
detected only for the 0.1 Hz (5-sec ON/5-sec OFF) and
0.2 Hz (3-sec ON/2-sec OFF) formats. All transmissions
were conducted during local night time and approximately
67% of the 0.2 Hz formats and 35% of the 0.1 Hz formats
exhibited evidence of precipitation. The greater prevalence
of detections for the higher frequency format is believed to
be partly due to the larger number of keying periods
available for averaging within a half hour transmission

duration. The majority of detections were observations of
perturbations on the NLK signal at MI, but several pertur-
bations on the NLM-MI signal path were also observed.
Figure 2 shows a typical case where the 24.8 kHz NLK and
21.4 kHz NLM signals observed at MI exhibit the 0.1 Hz
keying frequency of the NPM transmitter (red trace in
Figures 2a–2c). The effect is not observed during the
preceding and following 30 minute periods (when NPM
was not keyed, shown in the vertically displaced black
traces in Figures 2a–2c) thus establishing the causative link
between the NPM transmitter and the ionospheric perturba-
tion. Figures 2d–2f show superposed epochs, illustrating
the time-domain ionospheric perturbation signatures of
amplitude change followed by recovery. These signal per-
turbations are similar but much smaller than typical light-
ning-induced events [Johnson et al., 1999; Peter and Inan,
2004]. While the NPM-keying periodicity was often clearly
observed on several VLF signals paths to WM, the close
proximity of this site to NPM compromised its usefulness in
detection of precipitation since the dominating ionospheric
effect observed was direct heating in line with Inan [1990]
and Rodriguez et al. [1994]. Data from KA did not show
any evidence of electron precipitation, possibly due to a
combination of factors, as discussed below, although it is
worth mentioning that data collection from this station was
not as consistent, with only �50% of the keying periods
covered.
[6] Observation of the NLK signal at Palmer Station,

Antarctica (PA) allowed for detection of particles scattered
into the drift loss cone, that precipitated at longitudes to the
east of NPM. Using an IGRF model of the geomagnetic
field, the bounce loss cone at NPM for L = 2 is calculated to
be only 17�, as compared to the drift loss cone of 23.5�,
while the bounce loss cone along the great circle path from
NLK to PA is 21�, thus much closer to the drift loss cone.
As a result, particles experiencing NPM-induced pitch angle
changes of only fractions of degrees are not observable at

Figure 1. Map showing geographic and magnetic location of the NPM transmitter and great circle paths of the signals of
the NAA, NLK NLM and NAU transmitters to receivers at Midway Island, Waimea, and Kwajelien Island. The electron
density enhancement at 85 km resulting from the induced precipitation is superimposed on the map.
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the longitudes of the wave-particle interaction, but will
precipitate into the lower ionosphere upon drifting eastward.
Figure 3 shows 30 minute spectra of the NLK signal
amplitude recorded at PA with a five minute time shift
between each panel. On this day, NPM was keyed from
0945–1015 UT at 0.2 Hz. Although the thirty minute
averages make it difficult to assign a specific time to each
periodicity detection, the first appearance of the periodicity
in Figure 3b (09:35–10:05), reaching maximum in Figure 3f
(09:55–10:25) and decaying in Figure 3g (10:00–10:30)
are in good agreement with the 13 minute drift time for
100 keVelectrons between NPM and the NLK path to PA. It
is important to note that the relationship between bounce
and drift loss cone precipitation is more complicated than a
simple displacement in time. Since the drift rates are
functions of particle energy, a scattered burst of energetic
electrons (with a range of energies) would disperse as it
drifts eastwards, making direct comparisons of bounce and
drift signatures on VLF paths difficult.

4. Discussion

[7] The causative link between the NPM keying period-
icity and its simultaneous observation on the NLM and
NLK signal paths is interpreted to be due to the precipitation
of energetic electrons based on solid agreement with theo-
retical predictions and the lack of any other means by which
such modulation can occur. Cross-modulation of the signals
inside the receiver is ruled out by the fact that the period-
icity is not observed on transmitters other than NLK and

NLM. The >1000 km distance between the NPM transmitter
and the signal paths of NLM and NLK to MI makes it
highly unlikely for any ionospheric heating effects. The drift
loss cone precipitation observation on the NLK path to PA
further rules out any such effect.
[8] On the other hand, observation of the perturbation

effect predominantly on the NLK and sometimes on the
NLM transmitter paths is consistent with expected magne-
tospheric electron precipitation. As is clear from Figure 1,
these two transmitter paths traverse through the center of the
induced-precipitation region. The NAA signal path skims
the northern edge of this region, while the NAU path is too
far south. The reason that observation on NLK was more
common than on NLM is most likely due to the relatively
higher signal-to-noise ratio (SNR) of NLK. The precipita-
tion induced ionospheric perturbations are inherently small
effects often overwhelmed by other perturbing sources
including but not limited to local noise, lightning discharges
and other nighttime ionospheric variations. Detecting such
weak precipitation induced perturbations thus relies on the
overall SNR of the received transmitter amplitude. Because
of proximity and transmitting power, the SNR of NLK
received at MI is 10 dB higher than that of NLM, which
itself is 15 dB higher than that of NAA. The distant 100kW
NAU transmitter signal is even weaker.
[9] The lower SNR for all these signals at KA is one of

the likely reasons for the lack of detection of any precipi-
tation effects at this site. Moreover, the overall electromag-
netic noise environment at KA is much larger than MI, due
to the presence of a military base and a relatively large

Figure 2. (a–c) Fourier frequency spectra for the 30-minute amplitudes of NPM, NLK and NLM measured at Midway
Island (MI). Red trace in each panel is the spectrum during keying, black traces are spectra from 30 minutes before and
after, displaced in vertical axis. NPM was modulated with a 5-sec ON/5-sec OFF format 0700–0730, the periodicity was
also observed on NLK and NLM. (d–f) Super-posed epochs of data during keying with signatures exhibiting perturbed and
recovering ionosphere characteristics.
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