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[1] Numerical raytracing with Landau damping is used to calculate >100 keV electron
precipitation signatures induced by hypothetical VLF transmitters distributed broadly
in geomagnetic latitude and operating at a wide range of frequencies. A one-half second
pulse from each source is simulated and attenuation to the base of the magnetosphere
for geomagnetic latitudes from 10� to 60� is calculated. Source location affects induced
precipitation more strongly than operating frequency or radiated power. Sources located
at 35� to 45� induce the most >100 keV precipitation for the 10 to 40 kHz waves typical of
ground-based VLF sources, while locations below l ’ 15� or above l ’ 55� are least
effective at precipitating energetic electrons. In all cases, induced precipitation increases as
the operating frequency decreases, with 10 kHz waves from a source at l ’ 35� the
most effective at precipitating >100 keV electrons. Precipitation signatures produced by
five existing ground-based VLF transmitters are also simulated: the NAA, NLK, NAU,
NPM, and NWC VLF transmitters. NWC induces the strongest >100 keV electron
precipitation signature, followed by NPM, NAU, NAA, and NLK.
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1. Introduction

[2] Resonance interactions between very low frequency
(VLF) Whistler mode waves and energetic electrons are
believed to play a significant role in the loss of trapped
particles in the near-Earth space environment [Kennel and
Petschek, 1966; Lyons et al., 1972; Abel and Thorne,
1998a]. Such waves occur naturally, in the form of e.g.,
plasmaspheric hiss, VLF chorus and lightning-generated
whistlers, and are also injected into the radiation belts by
powerful ground-based VLF transmitters. These transmit-
ters operate continuously radiating signals that illuminate
the Earth-ionosphere waveguide for naval communication,
but the wave energy inevitably leaks into near-Earth space
where the injected waves interact with and precipitate
radiation belt electrons. Previous authors [Inan et al.,
1984; Abel and Thorne, 1998a, 1998b] have attempted to
quantify the energetic electron precipitation induced by
ground-based VLF sources.
[3] Inan et al. [1984] used a test-particle simulation to

determine the spatial distribution of electron precipitation
caused by existing ground-based VLF transmitters. While
exclusively considering only propagation along the magnetic
field lines (i.e., within ducts of enhanced ionization) this
study concluded that transmitter geographic location and
operating frequency strongly affects precipitation zone size.
Abel and Thorne [1998a, 1998b] calculated electron lifetimes
driven by wave-particle interactions using bounce-averaged

pitch angle diffusion coefficients and concluded that VLF
transmitters have a substantial effect on energetic (>100 keV)
electron lifetimes at L < 2.6.
[4] In this paper we build upon the results presented by

Inan et al. [1984] by removing the restriction of ducted
propagation, and instead use the Stanford 2D VLF
Raytracing program [Inan and Bell, 1977] to determine
raypaths in a smooth magnetosphere. We use the method
of [Bortnik et al., 2006b] to determine energetic electron
precipitation signatures induced by five existing ground-
based VLF sources as well as five different hypothetical
transmitters distributed broadly in geomagnetic latitude
with a wide range of operating frequencies. For the
existing VLF transmitters, we use geomagnetic coordinates
in the centered dipole model that correspond to the source the
geographic latitudes. These results allow us to determine the
wave frequencies and transmitter locations that most
effectively precipitate >100 keV electrons. We interpret
the numerically determined global signatures of transmitter
induced particle precipitation in terms of the physics of
VLF wave propagation (both in the Earth-ionosphere
waveguide and in the magnetosphere) and the location
and effectiveness of wave-particle interaction regions.

2. Model Description and Simulation Procedure

[5] Table 1 shows the properties of the five existing VLF
transmitters considered in this study. To calculate the ener-
getic (>100 keV) electron precipitation induced by VLF
transmitters, we utilize four separate models: (1) antenna
radiation pattern and attenuation of VLF wave energy
versus distance from source for an electrically small vertical
ground-based VLF antenna, (2) attenuation (mainly due to
collisional absorption in the D-region) of VLF wave energy
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during propagation through the ionosphere to the base of
the magnetosphere, (3) ray tracing determination of the
configuration of raypaths within the magnetosphere,
using magnetic field and cold plasma density models,
and accounting for Landau damping along raypaths as
determined by the suprathermal particle distribution, and
(4) pitch angle scattering and precipitation of energetic
electrons in resonance interactions with nonducted VLF
Whistler mode waves, with the precipitation flux levels
dependent upon the efficiency of scattering but also on
the assumed trapped electron distribution function near
the loss cone. We examine the first three relatively simple
models together, and separately discuss the modeling of
the resonant interaction, pitch angle scattering and result-
ing electron precipitation.

2.1. Antenna Radiation, Attenuation, and Ray
Propagation

[6] For each source the resultant precipitation is calculated
by launching rays representing a one-half second long pulse
at the base of the magnetosphere, taken to be 1000 km,
at points spaced 0.25� ranging from 10� to 60� in geomag-
netic latitude. This latitude range captures all of the induced
>100 keV precipitation that is of interest, because injections
at very low (�10�) or very high (�60�) latitudes induce
relatively little precipitation (see below). To quantitatively
model the precipitation induced by the injected waves, we
must determine the input power at 1000 km altitude,
based on VLF-antenna radiation properties and taking into
account ionospheric absorption losses.
[7] Rodriguez et al. [1994] conducted an extensive study

of the ionosphericmodification caused by ground-based VLF
transmitters. Because of the long (10–15 km) wavelengths of
waves radiated by such sources, the antennas can be analyzed
as short, vertical monopoles on a ground plane. However,
reflections from the conducting plane allows us to treat a
monopole of height h/2 as a dipole of height h [Rodriguez,
1994, p. 63, and references therein]. The formula for the
radiated Poynting flux for a dipole of height, h, is given as:

S r; qð Þ ¼ 3Ptot sin
2 q

4pr2

where Ptot represents total transmitter radiated power, q is
the angle measured from the vertical dipole axis, and r the
radial distance from the dipole axis to the measurement
point [Rodriguez, 1994, p. 65, equation 4.6]. We use the
above formula to calculate the Poynting flux at the base of
the ionosphere, taken to be at 100 km, at points ranging
from 10� to 60� latitude with r measured from the source
location.

[8] From the base of the ionosphere, the wave energy
can be assumed to propagate vertically through the
ionosphere to the base of the magnetosphere (from 100
to 1000 km), and is attenuated according to a nighttime
absorption factor taken fromHelliwell [1965, Figures 3–35].
This collisional absorption in fact occurs over the altitude
range of �75–120 km, where the imaginary part of the
refractive index (representing attenuation due to collisional
losses) is large [Helliwell, 1965, p. 65, Figures 3–29], and is
dependent on the particular ionospheric profile in effect at the
time. However, for our purposes here we simply need to
account for the absorption losses in a generic manner to
capture its magnitude in an average sense but more
importantly its dependence on geomagnetic latitude. We
thus use an interpolation of the results given by Helliwell
[1965, Figures 3–35], including the dependence on
geomagnetic latitude. In this way, our results incorporate
the different absorption that would occur for different
transmitter locations and operating frequencies. More
specifically, our location-dependent precipitation signatures
include the effects of higher absorption at 20� versus 50�, and
20 kHz versus 10 kHz. However, we do not include the 3 dB
polarization loss, as this is constant for all locations and
transmitters and thus does not affect our comparative analysis
of the effects of different sources. For the purpose of this
study, we assume a smoothly varying ionosphere without
horizontal density gradients so that the wave normal angles at
1000 km are largely vertical. After entering the magneto-
sphere, the rays propagate in amanner determined by the cold
plasma density and Earth’s magnetic field gradients.
[9] The Stanford VLF raytracing program [Inan and Bell,

1977] uses a centered dipole model for the magnetic field
with an electron gyrofrequency of 880 kHz at the ground at
the equator. Above L = 2.25, we use the Carpenter and
Anderson [1992] model under geomagnetically quiet
conditions for the cold plasma density, with a plasma-
pause at L = 5.5, with d = 0, t = 2, Kp(max) = 0, and R = 90 for
day of year, time of day, maximum Kp in the preceding
24 h and average 13-month sunspot number. Below L = 2.25,
we model the cold plasma electron density with the diffusive
equilibrium model of Angerami and Thomas [1964]. While
traversing the magnetosphere, rays also undergo path-
integrated Landau damping, which we calculate based on
the velocity space distribution function specified byBell et al.
[2002]. In our raytracing, we neglect upgoing rays formed by
the shadow boundary in the conjugate hemisphere, as well as
refractive effects that would focus and defocus the rays
thereby modifying the power flux.
[10] To summarize thus far, VLF wave energy radiates

from a ground-based source in accordance with the formula
given by (1). We calculate Poynting flux values for rays at
100 km altitude, every 0.25� from 10� to 60� in geomag-

Table 1. Parameters of the Five Existing VLF Transmitters Considered in This Study

List of VLF Transmitters

Transmitter Geomagnetic Latitude, deg Radiated Power, kW Frequency, kHz

NAA (Cutler, Maine) 54.6�N 1000 24.0
NLK (Jim Creek, Washington) 52.9�N 192 24.8
NAU (Aguadilla, Puerto Rico) 28.6�N 100 40.75
NPM (Lualuaiei, Hawaii) 21.4�N 424 21.4
NWC (N. W. Cape, Australia) 31.7�S 1000 19.8
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netic latitude. The attenuation of the wave energy due to
collisional absorption during trans-ionospheric propagation (up
to 1000-km) is separately accounted for, and the rays, which are
traced for a one-half second pulse duration, are injected into the
magnetosphere with vertical wave normal angles at 1000 km.
We utilize numerical raytracing to determine raypaths through
the magnetosphere and include Landau damping of the wave
energy as a function of distance along the raypath. The wave
energy propagating in the magnetosphere interacts with the
energetic electrons in cyclotron resonance, leading to the pitch
angle scattering and precipitation of the energetic electrons as
described below.

2.2. Wave-Particle Interaction and Electron
Precipitation

[11] The basic gyroaveraged equations of motion for
resonance interactions between obliquely propagating

whistler mode waves and energetic electrons are given by
Bell [1984]. We use the method of Bortnik et al. [2006a], to
integrate these equations to calculate the pitch angle
changes induced by VLF transmitter signals considered
here. While the methodology described by Bortnik et al.
[2006a] was applied to a transient lightning stroke, we have
made appropriate modifications to allow us to model a one-
half second long pulse.
[12] Specifically, we combine extensive raytracing,

Landau damping and interpolation to produce a wave map
that contains the relevant parameters (refractive index, wave
power, wave normal angle) at 1� intervals along each field
line from �40 to 40� in geomagnetic latitude. At each 1�
interval range, these wave characteristics are used to compute
the root mean square (i.e., averaged over Larmor phase) pitch
angle change for loss cone electrons with parallel velocities in
a narrow range around the resonant parallel velocity at that
location.We assume that the interactions are linear (i.e., wave
intensity is not large enough to phase-trap the electrons) and
that the interactions between adjacent latitude bins are
independent. To determine the total flux of precipitated
particles, we apply the calculated pitch angle changes to near
loss cone electrons (i.e., to electrons immediately above the
loss cone), recognizing that their scattering is similar to that
which was calculated for the electrons at the loss cone. We
use a square (i.e., sharp) pitch angle distribution and model
the initial (unperturbed) trapped energetic electron distribu-
tion function as by Bortnik et al. [2006a]:

f vð Þ ¼ a1

v4m
� a2

v5m
þ a3

v6m
ð1Þ

where f is in units of s3 cm�6, vm is v/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2=c2

p
, and a1,

a2 and a3 are constants respectively equal to 4.9 � 105 cm�2

s�1, 8.3 � 1014 cm�1 s�2, and 5.4 � 1023 s�3.
[13] The total cumulative pitch angle scattering, as

described by Bell [1984], depends largely on the duration
of time that the electron remains in phase with wavefields.
The electron pitch angle also changes adiabatically along
its trajectory along a given field line, and energetic
electrons are in principle trapped indefinitely on this field
line in the absence of wave forces [Walt, 1994, p. 42]. The
total pitch angle change is thus a combination of the wave-
induced pitch angle change, which occurs during the
wave-particle interaction, and the adiabatic change. Only
wave forces, however, can bring about a change in the
equatorial pitch angle (i.e., the electron pitch angle referred
to the equator) which otherwise remains constant in the
course of the adiabatic motion. The wave-particle reso-
nance condition is given by:

vz ¼
mwH=g � w

kz
ð2Þ

where vz is the resonant electron velocity along the Earth’s
magnetic field, B0, m, an integer, is the resonant mode, wH is
the electron gyrofrequency, g = 1/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2=c2ð Þ

p
, w is the

wave frequency, and kz the component of the wave k-vector
along B0 [Bell, 1984]. Because g is a function of total
electron velocity, v, equation (2) is not an explicit formula.
We can therefore write vz = v cos a and solve the resulting
quadratic equation to calculate resonant electron velocity for

Figure 1. (a) 20 kHz and 40 kHz rays injected from
geomagnetic latitudes of 25�, 40�, and 55�. In each case, the
red ray is 20 kHz, and the black ray is 40 kHz. Every 50 time
steps, we have indicated the direction of the wave normal
angle on 3 of the rays with black lines. (b) Resonant energy
versus geomagnetic latitude along raypath for the rays above.
The legend is in the lower left. Note that rays injected from
higher latitudes resonate with lower energy electrons.
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near loss cone electrons. Figure 1 shows the outcome of
this calculation, with the explicit formula used being
equation (2) by Bortnik et al. [2006b].
[14] Equation (2) illustrates the manner in which loca-

tion of the interaction (which determines wH) and w affect
resonant velocity: vz is generally inversely proportional to
w and directly proportional to wH. For electron energies of
1 MeV, however, relativistic effects imply that there is no
such simple dependence, and our code properly accounts
for the relativistic gamma factor. In Figure 1, we examine
20 kHz and 40 kHz rays injected at geomagnetic latitudes
of 25�, 40�, and 55�, and calculate vz along the raypath,
where the short black lines on each raypath represent the
direction of the k-vector at selected discrete points. For a
given source location, the 40 kHz ray resonates with lower
energy electrons and crosses the geomagnetic equatorial
plane at lower L-shells. Rays injected by any ground-based
VLF source tend to cross the magnetic equatorial plane at
an L-shell such that the wave frequency is less than or
equal to half the electron gyrofrequency [Inan and Bell,
1991]. Because gyrofrequency is larger closer to the Earth’s
surface, a 40 kHz ray crosses the equator at a lower L-shell
compared to a 20 kHz ray. Figure 1 also shows that higher
source latitudes lead to lower resonant energy along the
raypath because the ray propagates to higher L-shells where
wH is lower. For example, a 40 kHz ray injected from 25�
resonates with more energetic electrons than a 20 kHz ray
injected from both 40� and 55�.
[15] This last result implies that source location may be

more important than operating frequency in determining
induced energetic electron precipitation. However, although
location does influence resonant velocity more than wave
frequency, the resultant electron precipitation also depends
on factors such as wave power flux and wave normal angle.
These factors are in turn affected by gradients in ionospheric
density, latitude-dependent trans-ionospheric absorption and
Landau damping.
[16] The methodology just described, i.e., calculation of

pitch angle change of near loss cone electrons in resonance
with the wave, allows us to determine the precipitation
signatures that would be observed at 100 km altitude over a
range of L-shells in the source hemisphere. For the existing
VLF transmitters considered, we scale these results in
longitude (by simply using r�2 dependence of wave power
density) to determine precipitation zones on the Earth’s
surface by using the methodology of Bortnik et al.
[2006b], where the precipitated flux as a function of
longitude simply scales with distance from the source
location [Ibid, Figure 6].
[17] We focus herein on the first-order counterstreaming

resonance between the wave and energetic electrons to more
clearly capture and elucidate the essential physics and the
dependencies on different parameters. Higher-order reso-
nance modes are generally less efficient resonant interactions
with higher energy electrons which are fewer in number.
Simulation results demonstrate that including other resonant
modes, m, �5 	 m 	 5 does not significantly (less than an
order of magnitude) affect the calculated precipitation sig-
natures at L ] 2.6. Below we compare the induced precip-
itation signature with including all resonance modes versus
the fundamental m = 1 mode for a source located at l = 35�.
Including all resonance modes results in precipitation in both

the northern and southern hemispheres, which are properly
calculated in our analysis. While the flux values are larger
at L > 2.6, below L = 2.6 there is very little difference (see
below). This result indicates that the contributions due to
higher order resonances do not significantly affect precipita-
tion at L < 2.6 which is the region of maximum precipitation
for 10 to 40 kHz signals and >100 keV electrons of interest
here. Below we also explore in greater detail the sensitivity of
our results to the different model assumptions.
[18] We should also note that in our simulations we

specifically calculate precipitation induced by a one-half
second long VLF pulse. The actual transmitters, however,
operate continuously, and thus may have long-term effect on
the pitch angle distribution of energetic electrons that are
not revealed in our calculations. Nevertheless, a recent
study by Shprits et al. [2006] documented that electron
lifetimes are primarily governed by the value of pitch angle
scattering close to the loss cone. Accordingly, it is likely
that the induced precipitation of loss cone energetic elec-
trons as is calculated here may indeed yield useful infor-
mation regarding the long-term effects of VLF transmitters.
However, this study only examines the effect of a short
pulse on a very small range of angles near the loss cone,
which will not directly affect the entire distribution. If we
were considering continuous precipitation then we would
have to examine the complete pitch angle distribution and
work toward a diffusive equilibrium solution. This issue
should be examined in greater detail in future studies.
[19] We stress that our calculated precipitation signa-

tures result from considering wave frequencies of 10 kHz
to 40 kHz and only >100 keV electrons. Wave frequen-
cies of 3–5 kHz, e.g., undergo numerous magnetospheric
reflections and would yield precipitation at substantially
different L-shells. On the other hand, 10–40 kHz waves
make only a single traverse of the magnetosphere and do
not propagate beyond L ’ 3. Furthermore, focusing on
electrons with energies >100 keV makes 10 kHz waves
appear more effective because, as shown in Figure 1,
40 kHz waves often resonate with <100 keV electrons.
[20] We now compare and contrast the energetic electron

precipitation induced by hypothetical ground-based VLF
sources distributed in geomagnetic latitude and operating
frequency. We wish to highlight the underlying physics that
leads to our numerical results, and to understand and eluci-
date the effects of varying transmitter location, operating
frequency and radiated power. The remaining results for the
actual VLF transmitters can then be explained in a straight-
forward manner in terms of the established dependencies.

3. Simulation Results and Analysis

[21] We begin by displaying raypaths calculated by the
Stanford 2D VLF raytracing program [Inan and Bell, 1977]
for 20 and 40 kHz waves, with all rays injected with
vertical wave normal angles at the base of the magneto-
sphere. The raypaths shown in Figure 2 define the overall
envelope of precipitation that would be observed at 100 km.
Note that, as in Figure 1, 40 kHz illuminate a smaller region
of the magnetosphere and cross the equatorial plane at lower
L-shells. Although the raypaths shown are not different for
different source locations and radiated power, the power flux
and wave normal angle deposition do vary with these
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parameters. Figure 3 shows the wave power flux and wave
normal angle distribution injected into the magnetosphere by
500 kW, 20 kHz sources located at 25� and 55�. While the
resolution may not be high enough to discern the differences,
more power is in fact injected closer to the source site, due to
the latitude-dependent Helliwell absorption [Helliwell, 1965,
Figures 3–35]. This absorption factor contributes to the
relatively weak wave power deposited at low latitudes, as
shown in the top row. Also note that, in both cases, the wave
normal angle becomes highly oblique (�80�) in the southern
hemisphere. The resultant >100 keV precipitation signatures
depend on these parameters as well as electron resonant
energy and pitch angle scattering efficiency, all of which
are accounted for in our calculations.
[22] Because we are interested in all >100 keV precipi-

tation, our results (Figures 4–8) are shown in terms of

energy flux. Energy flux combines both the number and
energy spectra of the precipitated electrons. A large number
of 100 keV electrons may produce a similar energy flux
signature as a smaller number of 500 keV electrons.
However, the distribution of energetic electrons decreases
rapidly with increasing electron energy. This effect partially
explains why sources at geomagnetic latitudes 20� include
weak energy flux signatures despite high resonant electron
energies (see below).
[23] Figure 4 displays >100 keV energy flux versus L-

shell induced by a one-half second pulse for sources at
geomagnetic latitudes of 15, 25, 35, 45, and 55 degrees that
radiate 10, 20, 30, and 40 kHz waves. We first decouple
frequency and geographic location by considering these
transmitters to operate at a constant radiated power of
1 MW. We vary radiated power after this initial analysis.
Keeping source latitude constant, Figure 4 shows that
induced precipitation decreases with wave frequency above
L ’ 1.7, while the opposite is true for L ’ 1.7. Further-
more, the region of illumination increases with decreasing
wave frequency. In other words, 10 kHz waves illuminate
geomagnetic equatorial regions ranging from L = 1.5 up to
L ’ 3, while 40 kHz waves do not induce precipitation
beyond L � 2.3 for any source location. At all locations,
lower operating frequencies induce stronger precipitation
peaks as well as total >100 keV energy flux.
[24] The various dependencies exhibited can be under-

stood in terms of the resonance condition, disposition of
raypaths through the magnetosphere, ionospheric absorption
and Landau damping. According to equation (2), as wave
frequency increases, the resonant parallel velocity decreases
if everything else is held constant. Therefore 10 kHz waves
resonate with more energetic electrons than 40 kHz waves,
generally leading to stronger precipitation signatures for our
chosen energetic electron distribution. For L ] 1.7, how-
ever, 40 kHz waves are more effective than 10 kHz waves
for two main reasons. First, higher wave frequencies deposit
wave power flux at locations close to the Earth’s surface. As
seen in Figure 2, 40 kHz rays bend sharply toward the Earth
and do not propagate beyond L � 2.3. Second, at L ] 1.7,
the high gyrofrequency leads to 10 kHz waves to be in
resonance with very energetic electrons (^500 keV), the
trapped flux levels of which are relatively low. Above L ’
1.7, the higher electron resonant energies combined with
higher wave power flux at those locations yields stronger
precipitation signatures for lower operating frequencies. In
this same region, the stronger ionospheric attenuation and
higher Landau damping with increasing frequency also
contributes to cause 40 kHz waves to generally induce
weaker precipitation fluxes than 10 kHz waves. For a given
wave frequency, Figure 4 shows that there is an optimum
source latitude from the point of view of precipitating
>100 keV electrons. Sources located from 35� to 45� induce
almost an order of magnitude higher >100 keV energy flux
than those at 	30� or 
50�.
[25] The location-dependence of the precipitation signa-

tures can by clarified by studying Figure 1 and the reso-
nance condition (equation (2)). As discussed above, rays
injected from increasingly higher latitudes traverse the
magnetosphere in a way such that vz along the raypath
decreases. Therefore sources at, e.g., 55�, primarily resonate
with <100 keV electrons (see Figure 1 and related discus-

Figure 2. Raypaths for 20 kHz and 40 kHz sources, where
rays were injected from 10�–60� with initial vertical wave
normal angles at the base of the magnetosphere. The
plasmapause was located at L = 5.5 in this figure, and for
most of our simulation results. Note that the 40 kHz rays
bend in toward the Earth more sharply.
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sion). The relatively weak precipitation induced by sources
at 15� and 25� is likely due to three factors. First, there are
relatively fewer electrons at the very high resonant energies
found at low L-shells. Second, the powerful rays injected
close to the source site have very short raypaths before

reaching the southern hemisphere. Finally, ionospheric
absorption given by Helliwell [1965, Figures 3–35]
increases at low latitudes. These reasons, which result in
weak >100 keV precipitation signatures from sources at low
geomagnetic latitudes, plus the small vz for sources at high

Figure 3. Wave power flux and wave normal angle distribution for 500 kW, 20 kHz sources at
geomagnetic latitudes of 25� and 55�. These two wave properties, along with wave-particle resonance
interactions, largely determine the precipitation signatures shown here.

Figure 4. Energy flux >100 keV versus L-shell for hypothetical transmitters located at l = 15�, 25�,
35�, 45�, and 55�, for operating frequencies of 10, 20, 30, and 40 kHz. Each transmitter radiates at 1 MW.
Note that sources located at l = 35�–45� induce almost an order of magnitude more energetic electron
precipitation than other locations. In all cases induced precipitated flux increases as the operating
frequency decreases.
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latitudes, explain why midlatitude source locations maxi-
mally precipitate >100 keV electrons.
[26] The discussion above highlights that source location,

more than operating frequency, impacts >100 keV electron
precipitation. In fact, our results show that relatively inef-
fective 40 kHz waves injected from a source at 35� induces
a stronger >100 keV precipitation peak than 20 kHz waves
from a source at 15�, 25� or 55�.
[27] If we consider instead >1 MeVelectron precipitation,

Figure 5 shows a similar trend, with source location once
again being more important than operating frequency. In
this case, however, the optimum location is from 25� to 35�

latitude, as opposed to 35� to 45� for >100 keV electrons,
because resonant energy near the magnetic equator is higher
on L-shells closer to the Earth. Thus the strongest >1 MeV
electron precipitation signature is produced by transmitters
located at lower latitudes than sources than those that induce
the strongest >100 keV energy flux. Also, the absolute
energy flux levels are three to four orders of magnitude lower
than in Figure 5 because the typical population of trapped
electrons contain much fewer >1 MeV than >100 keV
electrons. Finally, we note that both Figures 4 and 5 display
identical trends for induced energy flux versus operating
frequency.

Figure 5. Energy flux >1 MeV versus L-shell for hypothetical transmitters located at l = 15�, 25�, 35�,
45�, and 55�, for operating frequencies of 10, 20, 30, and 40 kHz. Each transmitter radiates at 1 MW.
Note that sources located at l = 25�–35� induces the most >1 MeV precipitation, locations lower in
geomagnetic latitude than for >100 keV precipitation.

Figure 6. Energy flux >100 keV versus L-shell for hypothetical sources distributed in geomagnetic
latitude as in Figures 4 and 5. We select a single operating frequency of 20 kHz, and radiated power
levels of 100 kW, 250 kW, 500 kW, 750 kW, and 1 MW. Observe that while high radiated power can
compensate for poor location, source location generally exerts more influences on the precipitation
signature.
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Figure 7. (a)–(e) Energetic electron precipitation zones on Earth for the five existing VLF transmitters
considered in this study. A common color bar is shown on the right middle panel next to the NLK
transmitter. (f) Energy flux >100 keV for the five existing VLF transmitters. NWC induces the strongest
precipitation signature.
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[28] Having investigated the importance of source loca-
tion versus operating frequency at precipitating energetic
electrons, we now turn to radiated power. We select a single
frequency of 20 kHz, the same source latitudes used above,
and radiated power levels of 100 kW, 250 kW, 500 kW,
750 kW, and 1 MW. Again, we consider only the m = 1
counterstreaming resonance, include latitude-dependent
ionospheric absorption, and calculate pitch angle scattering
for resonant, loss cone electrons. Figure 6 shows the results
of these calculations. We first observe that sources located
locations of 35�–45� once again induce the strongest
>100 keV energy flux for a given radiated power. Changing
the power level from 100 kW to 1 MW has a much smaller
effect on the precipitation signature than changing the fre-
quency from 10 kHz to 40 kHz (see Figure 4). Figure 6 again
highlights the importance of source location over other
parameters, although high radiated power levels can some-
times compensate. The second and third panels show that
a 1 MW source at 25� precipitates approximately as many
electrons as a 100 kW source at 35�. A 100 kW source at
35�, however, precipitates more >100 keV electrons than a
1 MW source at either 15� or 55�.

3.1. Existing VLF Transmitters

[29] Based on the above analysis, we can now quantify
the effectiveness of the existing ground-based VLF sources
at precipitating >100 keV electrons. Inspecting Table 1, we
predict that NWC induces the strongest precipitation signa-
ture because of its excellent location (31.7�), the lowest
operating frequency of all sources (19.8 kHz) and high
radiated power of 1 MW. NLK, on the other hand, should
induce the least energetic electron precipitation because it is
located at a high latitude and operates with relatively low
radiated power. Although it is somewhat difficult to specif-
ically rank the remaining three sources, we can still make
some observations. NAU does not induce precipitation

beyond L ’ 2.3 because it operates at 40.75 kHz, the
raypaths for which do not reach the equatorial plane for
L > 2.3. NAU is at an excellent location (28.6�) for
precipitating electrons, but radiates at only 100 kW.
NAA has a more optimum frequency (24 kHz) and high
radiated power, but is at a less optimum location, 54.6�.
NPM is located at 21.4�, which is a better location than
NAA. NPM also operates at a lower frequency and a
relatively high radiated power of 424 kW. We predict
that all three sources induce approximately equal levels
of energetic electron precipitation.
[30] In addition to energy flux versus L-shell shown

above, we also present plots of the induced precipitation
zones on the Earth’s surface, with the signatures extrapo-
lated in longitude as described above and by Bortnik et al.
[2006b]. Figure 7 displays these results for the NAA, NLK,
NAU, NPM, and NWC ground-based VLF transmitters,
using the characteristics listed in Table 1. Our predictions
made above were essentially correct, although NPM does
end up precipitating more >100 keV electrons than NAU.
The NWC transmitter located in Western Australia induces
by far the strongest precipitation signature, due primarily to
its optimum location (31.7�), low operating frequency and
high radiated power. The NPM transmitter induces the
second strongest precipitation signature because of its
location, relatively low operating frequency of 21.4 kHz,
and high radiated power. NAU has a slightly stronger
precipitation peak than NAA because of its more favorable
location, even though NAA radiates at higher power levels
and at a lower frequency (24 kHz versus 40.75 kHz). NAU,
however, illuminates a very narrow region of the magneto-
sphere (only up to L � 2.2), while NAA precipitates
electrons up to L � 2.4. The NAU and NAA sources again
highlight the dominant role of source location in precipitat-
ing >100 keV electrons. The NLK transmitter has very
similar characteristics to NAA but operates at a lower

Figure 8. (a) A plot reproduced from Figure 4a 20 kHz, 1 MW source at 25�, 35�, and 45�. (b) Similar
to Figure 8a, but including resonance modes �5 	 m 	 5. There is significantly greater precipitation
at L ^ 2.6. (c) The AE8 radiation belt model, with an assumed sinusoidal loss cone was used to
calculate the precipitation signature here. Our results are very sensitive to assumed pitch angle loss
cone distribution. (d) Precipitation signature accounting for randomized initial wave normal angle. The
results are almost identical to those in Figure 8a. (e) Results for a plasmapause located at L = 3.8.
Precipitation stops at L � 2.4, as opposed to L � 2.6 in Figure 8a.
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radiated power and therefore induces the least energetic
electron precipitation of all the transmitters considered.
[31] Note, once again, that the plots in Figure 7 display

spatial regions of >100 keV induced electron precipitation.
If we consider all energies, the precipitation zones would
extend farther in L-shell because resonant energy is lower at
the lower equatorial electron gyrofrequencies farther away
from the Earth’s surface. Finally, we should observe that
the transmitters do not induce appreciable precipitation of
>100 keV electrons beyond L � 2.6, consistent with the
analysis from the comprehensive study by Abel and Thorne
[1998a], which concluded that ground-based VLF sources
have a significant effect on electron lifetimes at L ] 2.6.

3.2. Sensitivity to Assumptions

[32] The results presented thus far are based on a number
of assumptions that, if changed, may modify our conclu-
sions. Specifically, we have neglected higher order reso-
nance modes, assumed a square-loss cone edge instead of a
sinusoidal one, ignored ionospheric density irregularities
that would randomize the initial wave normal angle, and
considered a quiet time magnetosphere with a plasmapause
at L = 5.5. In Figure 8, we examine each of these
assumptions in turn. We select a single operating frequency
of 20 kHz and calculate >100 keV electron precipitation for
sources located at 25�, 35�, and 45�. All sources were
operated at 1 MW of power, and except for Figure 8b, we
considered only the m = 1 counterstreaming resonance. For
reference, panel (a) shows the results initially shown in
Figure 4.
[33] Figure 8b shows the variation of induced precipita-

tion if several higher order resonances, from �5 	 m 	 5,
are included. As the absolute value of the resonance mode
increases, the electron resonance energy also increases.
Furthermore, higher-order wave-particle interactions are
less effective than the fundamental m = 1 mode. As can
be seen in Figure 8b, the L-shell range of the precipitation
region increases up to L � 3, as opposed to L � 2.6 before
including additional modes. At higher L-shells, the low
gyrofrequency leads to resonance with <100 keV electrons
if we only include m = 1 (see Figure 1). Our results
therefore do not accurately determine the absolute values
of precipitation fluxes at these L-shells. However, we should
highlight that total precipitation from 1.5 ] L ] 2.6 is
approximately the same in both cases and our approach
appears to be valid in that region.
[34] The third panel shows the effect of adopting the AE8

radiation belt model [Vette, 1991] with an assumed sinusoi-
dal pitch angle distribution. For a given electron energy
level >100 keV, the AE8 electron flux is about 1 to 2 orders
of magnitude higher than the model we used earlier.
Nevertheless, Figure 8c shows the AE8 radiation belt model
results in a substantially weaker (2 to 4 orders of magnitude)
precipitation signature at a similar L-shell range as before.
This result highlights that induced electron precipitation is
very sensitive to the assumed pitch angle distribution. The
precipitation signatures shown above are therefore more
appropriate for disturbed geomagnetic conditions when the
pitch angle distribution may be filled with electrons at all
pitch angles up to the loss cone. In this connection,
however, we note that the only parameter affected by the
shape of the near-loss cone pitch angle distribution is the

absolute precipitation flux levels. All other parameter de-
pendencies and comparisons (e.g., between transmitters at
different locations) as discussed above are still valid, and
relatively independent of the near-loss cone pitch angle
distribution.
[35] The final two panels show the effect of including

ionospheric density irregularities that results in randomized
initial wave normal angles, and more active geomagnetic
conditions with Kp(max) = 4 and a plasmapause at L = 3.8
(instead of Kp(max) = 0 and a plasmapause at L = 5.5). For
the former case, each of the rays injected at the top of the
ionosphere was assigned a random number for its initial
wave normal angle, uniformly distributed between �30�
and 30� about the local vertical direction. In both scenarios,
the precipitation signatures are similar to that in panel (a),
although a closer plasmapause results in precipitation only
up to L � 2.4 (instead of L � 2.6 in (a)). Although
individual raypaths and k-vectors do change with these
parameters, the differences are drowned out by the effect
of injecting several hundred rays from 10� to 60�. The total
spectrum of raypaths and k-vector distribution is approxi-
mately the same in the end because the rays fill the inner
magnetosphere with wave power up to L � 2.5 regardless
of, e.g., initial wave normal angle of the individual rays.

4. Summary and Conclusions

[36] We have calculated the >100 keV energetic electron
precipitation that would be induced by several hypothetical
ground-based VLF sources distributed broadly in geomag-
netic latitude and at a wide range of operating frequencies.
The sources radiation patterns were approximated as that of
a short electric dipole, and we used the formulation de-
scribed by Rodriguez [1994, p. 65] to determine attenuation
from each source at 100 km from 10� to 60� in geomagnetic
latitude. The wave power at this point was then attenuated
through the ionosphere with a latitude and frequency-
dependent absorption factor in accordance with Figures 3–
35 by Helliwell [1965]. We then used the Stanford VLF
raytracing program [Inan and Bell, 1977] to determine
raypaths through the inner magnetosphere, and also calcu-
lated path-integrated Landau damping. Finally, we used the
methodology described by Bortnik et al. [2006a] to deter-
mine the precipitated flux of energetic electrons, based on a
square (sharp) near loss cone pitch angle distribution for the
first order m = 1 counterstreaming resonance.
[37] We investigated the dependence of the precipitation

on three major parameters: source location, operating
frequency and radiated power. Specifically, we considered
sources at geomagnetic latitudes of 15�, 25�, 35�, 45�, and
55�, operating frequencies of 10 kHz, 20 kHz, 30 kHz,
and 40 kHz, and radiated powers of 100 kW, 250 kW,
500 kW, 750 kW, and 1 MW. Source location, more
than any other factor, affects >100 keV electron precip-
itation. Sources located at 35� to 45� induce almost an
order of magnitude more >100 keV electron precipitation
than sources located at 15�, 25�, or 55�. For a given
location, operating frequencies of 10 to 20 kHz are more
effective than 30 to 40 kHz, with 10 kHzwaves producing the
strongest precipitation signatures. An operating frequency
of 10 kHz also extends the precipitation zone up to L 3. For
>1 MeV electrons, transmitters that radiate 10 kHz waves at
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25� to 35� latitude induce the strongest precipitation signa-
ture. All of our simulation results included the effects of
stronger ionospheric absorption at lower latitudes and higher
frequencies, and we accounted for the different wave power
flux and k-vector distributions that resulted from the various
configurations.
[38] We also showed results for five existing ground-

based VLF sources: the NAA, NLK, NAU, NPM, and
NWC transmitters (see Table 1 for information). We can
rank the sources, from most to least effective, at inducing
>100 keV electron precipitation: NWC, NPM, NAU, NAA,
and NLK. Our analysis based on hypothetical VLF trans-
mitters allowed us to explain these results in terms of the
three major parameters analyzed. NWC induces the stron-
gest signature due to its optimal source location, low
operating frequency, and high radiated power. NLK, on
the other hand, is at a very high geomagnetic latitude, and
thus rays injected from that source tend to resonate mostly
with <100 keV electrons. Moreover, NLK radiates at a
relatively low power level of 192 kW. The precipitation
signature strength of the remaining transmitters fall in
between those two and can be explained with a similar
analysis. It is also interesting to note that our results do not
show precipitation beyond L � 2.6, which agrees with the
conclusions from the landmark study of Abel and Thorne
[1998a] that ground-based VLF sources impact electron
lifetimes below L � 2.6.
[39] We also investigated the sensitivity of our results to

our model assumptions. We considered ionospheric density
irregularities that may change the initial wave normal angle
at injection, and different magnetospheric conditions that
would alter the raypaths and k-vector distribution. The
precipitation signatures are relatively insensitive to these
changes, with total flux and L-shell distribution showing no
significant difference. If we include higher-order resonance
modes, the precipitation region extends significantly, up to
L � 3. Up to L � 2.6, however, including only the m = 1
mode appears to properly calculate the induced precipita-
tion. Adopting the AE8 radiation belt model, with an
assumed sinusoidal loss cone, lowers the >100 keV electron
precipitation by 2 to 4 orders of magnitude.
[40] Future research in this topic should examine the

effect of magnetic field aligned density enhancements,
further investigate different radiation belt models, quantify
the effects of rays formed by the shadow boundary in the
conjugate hemisphere, and determine how refractive effects
alter the propagation and power flux characteristics shown
here. Such differences could modify the fine details of
global signatures of transmitter induced electron precipita-
tion shown here.
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