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Abstract

Electromagnetic extremely low frequency (ELF) waves play an important role in modulating the Earth’s radiation belt electron
dynamics. High-frequency (HF) modulated heating of the ionosphere acts as a viable means to generate artificial ELF waves. The arti-
ficial ELF waves can reside in two different plasma regions in geo-space by propagating in the ionosphere and penetrating into the mag-
netosphere. As a consequence, the entire trajectory of ELF wave propagation should be considered to carefully analyze the wave
radiation properties resulting from modulated ionospheric heating. We adopt a model of full wave solution to evaluate the Poynting
vector of the ELF radiation field in the ionosphere, which can reflect the propagation characteristics of the radiated ELF waves along
the background magnetic field and provide the initial condition of waves for ray tracing in the magnetosphere. The results indicate that
the induced ELF wave energy forms a collimated beam and the center of the ELF radiation shifts obviously with respect to the ambient
magnetic field with the radiation power inversely proportional to the wave frequency. The intensity of ELF wave radiation also shows a
weak correlation with the size of the radiation source or its geographical location. Furthermore, the combination of ELF propagation in
the ionosphere and magnetosphere is proposed on basis of the characteristics of the ELF radiation field from the upper ionospheric
boundary and ray tracing simulations are implemented to reasonably calculate magnetospheric ray paths of ELF waves induced by mod-
ulated ionospheric heating.
� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

ELF/VLF waves exist widely in the Geo-space environ-
ment. Many studies have shown that these waves can play
an important role in modulating the Earth’s radiation belt
electron distribution (e.g., Wang et al., 2012a, 2012b; Harid
et al., 2014; Soria-Santacruz et al., 2014; Li et al., 2014; Ni
et al., 2014; Horne, 2015). In addition to the natural emis-

sion of ELF/VLF waves in the magnetosphere, these waves
can also be generated by modulated ionospheric heating to
penetrate through the ionosphere into the magnetosphere
(Leyser and Wong, 2009; Gołkowski et al., 2010, 2011;
Jin et al., 2012; Moore et al., 2013), thereby affecting the
magnetospheric radiation environment. However, a num-
ber of studies pointed out that the radiation efficiency of
ELF/VLF waves by modulated ionospheric heating is
highly variable and complex. Jin et al. (2009) studied the
correlation between the radiating source of the D region
ionosphere and ELF amplitude on basis of the ground
observation of electrojet current strength to find that the
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electrojet strength and ELF amplitude are poorly or nega-
tively correlated. Numerical models of ELF/VLF propaga-
tion in the Earth-ionosphere waveguide were also
developed using the full-wave finite element approach
(e.g., Lehtinen and Inan, 2008, 2009). The full-wave model
not only provides stability against the numerical ‘swamp-
ing’ caused by the evanescent wave, but also has high com-
putational efficiency and has recently become available and
experimentally verified to within a few decibels via compar-
ison to more extensive satellite data (Graf et al., 2013).
Cohen et al. (2011, 2012a, 2012c) and Cohen and
Gołkowski (2013) applied this model to study the effect
of HF wave frequency and beam shape on the amplitude
of generated ELF/VLF waves. His results indicated good
consistency with the observations, based on which the
effect of ELF/VLF waves injected into the magnetosphere
via the High Frequency Active Auroral Research Program
(HAARP) facilities was also predicted for given beam
parameters. Gołkowski et al. (2013) performed the
full-wave simulation to study the modulation of auroral
electrojet currents using the dual modulated HF beam
and subsequently proposed a potential D-region iono-
spheric diagnostic. It is worthwhile to point out that all
the above researches mainly focused on the radiating
source strength and ELF/VLF amplitude corresponding
to various modulated heating modes and parameters, but
the propagation properties of these artificial ELF/VLF
waves injected into the magnetosphere are much less inves-
tigated. Thus, it is critical to take into account the propa-
gation of generated ELF/VLF waves in the ionosphere
and magnetosphere as a whole and to quantify the com-
plete injection process in order to fully understand the
effect of ionospheric ELF/VLF radiation.

In this study we develop a full-wave model with the
numerical stability on basis of recursive calculations of
reflection coefficients and characteristic modes without
swamping in a horizontally stratified medium (Nygren,
1982). The radiation field strength is evaluated through
a parametric analysis for different parameters. Further-
more, in order to obtain the trajectories of these waves
injected into the magnetosphere, we calculate the ray
path from the general ray tracing equation for which
the initial conditions are obtained by the output of
full-wave model. By doing so, we intend to acquire a
comprehensive understanding of the relatively complete
system for reflecting ELF/VLF injection process from
ionosphere to magnetosphere, using these simulations
together for this aim.

2. Model description

2.1. Full-wave model

The Full-wave Method is to seek a solution for plane
waves in horizontal stratified medium directly from Max-
well’s Curl equations:
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where k is wave vector, x is wave frequency, l0 is perme-
ability, ê ¼ e0ðI þ v̂Þ is dielectric tensor, and v̂ is electric
susceptibility tensor. According to Eq. (1), we can get
values for E = (E\,Ez) and H = (H\,Hz) with a series of
k vector if background medium parameters are given.
There are 5 major ion composition O+, H+, He+, O2

+,
NO+ in the ionosphere taken into account in this model
so that v̂ ¼Pav̂a, the expression for each component is
given by
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where X a ¼ x2

ap=x
2, Y a ¼ xaH=x, U a ¼ 1þ iZ, Z ¼ ma=x.

The ionospheric electron-neutral and ion-neutral collision
frequency used in this work is analytical approximation
of experimental data and is given by Wait and Spies
(1964) and Morfitt and Shellman (1976):

me ¼ 1:816� 1011 expð�0:15zÞ s�1; ð3Þ
mi ¼ 4:54� 109 expð�0:15zÞ s�1; ð4Þ
where z is the altitude measured in kilometers. The electron
density profile is obtained by the IRI model. The magnetic
field is calculated using the IGRF model.

A Cartesian coordinate system is chosen with x, y in the
horizontal plane and z vertical upward. A uniformly
spaced rectangular grid is used in the kx and ky direction
and dielectric tensor ê in each layer can be obtained in
the vertical z-direction. According to Snell’s law, the hori-
zontal component E? ¼ ðEx;EyÞ and H? ¼ ðHx;HyÞ is con-
served during propagation through all layers. Eliminating
the Z components from Eq. (1), we can obtain the follow-
ing elegant form:
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where f ¼ ðE?; Z0H?ÞT ; Z0 is wave impedance, T̂ is 4 � 4
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The electromagnetic field E? and H? can be obtained by

solving Eq. (5), and then the component in the Z direction
can be obtained according to Eq. (1):
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