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[1] Intense electromagnetic ion cyclotron (EMIC)
waves are observed within plasmaspheric plumes during
geomagnetic storms and are believed to be a signiﬁcant
driver of loss of both ring current protons and radiation
belt electrons. In this study, we use ray tracing together
with path-integrated linear growth calculations to analyze
the ampliﬁcation and propagation of EMIC waves within
cold plasma density irregularities characteristic of the
plasmaspheric plume. All waves are launched at the equator
in the range of L = 5 to 7, and wave ampliﬁcation is analyzed
as a function of frequency and initial wave normal angle.
These results are compared to a baseline case without
irregularities, which show that guiding is possible for
irregularity sizes on the order of the EMIC wavelength.
Results suggest that typical structures with density levels
above and below the average value can result in both areas
of increased as well as suppressed wave activity. Citation:

developed to study the propagation of EMIC waves in the
context of in situ observations [Gomberoff and Neira, 1983;
Ludlow, 1989; Rauch and Roux, 1982].
[3] EMIC waves are generated by ion cyclotron instability
of ring current ions, whose temperature anisotropy provides
the free energy required for wave growth. In the presence of sufﬁciently large ion anisotropy, waves will grow
and scatter the particles until the distribution has stabilized.
Growth maximizes for magnetic ﬁeld-aligned propagation
near the equatorial plane where the B-ﬁeld curvature is
small. Although the group velocity typically stays aligned
with the B-ﬁeld direction, wave normal vectors tend to
become oblique due to the curvature and gradient of the
B-ﬁeld. On the other hand, radial density gradients have the
ability to guide the waves and act against the magnetic ﬁeld
effect thus favoring wave growth conditions. In addition,
enhanced cold plasma density reduces the proton resonant
energy to the energy range of the ring current where higher
ﬂuxes are available for resonance. Observations show that
wave growth is favored at higher L-shell regions where the
ratio of plasma to cyclotron frequency is larger [Anderson
et al., 1992]. The outer plasmasphere and plasmapause
regions contain irregular density structure over an extremely
wide range of scale sizes, from global scale plume structures,
multi-RE ripples and depletions, to ﬁne-scale (<1000 km)
density irregularities [LeDocq et al., 1994; Spasojevic et al.,
2003; Gallagher et al., 2005], and these irregularities are
believed to play important role in the generation and propagation of plasma waves [e.g., Lemaire and Gringauz, 1998,
sec. 2.6].
[4] Ray tracing has been widely used to model the guiding
of plasma waves within density ducts [Inan and Bell, 1977;
Strangeways, 1986] and is valid for structure size larger
than the wavelength. More recently, Streltsov et al. [2006]
presented a full-wave analysis showing that transverse scalesize irregularities comparable to or smaller than the wavelength are capable of guiding VLF waves although they are
inherently leaky in the case of high-density ducts. The guidance of waves results in enhanced convective growth rates
since ducts conﬁne the wave to near parallel wave normal
[Thorne and Horne, 1997]. Chen et al. [2009] showed that
EMIC waves can be preferentially excited within irregularity
structures embedded in high density plasmaspheric plumes
due to the effect of the negative density gradients, which
keep the wave normal direction ﬁeld aligned. The growth
at higher L-shells in the low-density trough was associated
with the higher !pe /!ce ratio, which enhances EMIC growth
due to the reduced ion resonant energy.
[5] In this paper, we calculate the expected growth and
propagation characteristics of EMIC waves in the presence
of radial cold plasma irregularities and compare to results
of a smooth proﬁle of equal average density within the
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1. Introduction
[2] Cyclotron resonant interactions driven by electromagnetic ion cyclotron waves (EMIC) in the Earth’s magnetosphere result in pitch angle scattering and subsequent
precipitation into the atmosphere of both energetic protons
[Erlandson and Ukhorskiy, 2001; Spasojevic et al., 2004;
Yahnin and Yahnina, 2007; Sakaguchi et al., 2008] and relativistic electrons [Lorentzen et al., 2000; Meredith et al.,
2003; Miyoshi et al., 2008; Rodger et al., 2008]. EMIC
waves propagate below the proton gyrofrequency, and they
appear in multiple frequency bands due to the presence of
heavy ions, which strongly modify wave propagation characteristics introducing stop bands and polarization reversals.
Ray tracing codes, which use the eikonal approximation of
geometrical optics to follow the wave group velocity for
given magnetic ﬁeld and plasma density models, have been
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Figure 1. (a) Analytical model of the radial density proﬁle representing the plasmaspheric plume region with ﬁve irregularities and 20% variation of the density magnitude (blue). The dashed red line shows the baseline density proﬁle for
comparison. (b) Growth as a function of L-shell and normalized frequency for the baseline case without irregularities.
(c) Maximum growth with respect to the baseline case as a function of L-shell and non-dimensional frequency for a radial
density proﬁle with ﬁve irregularities. The solid black line denotes the proﬁle of density variations. (d) Maximum growth
with respect to the baseline case as a function of L-shell and non-dimensional frequency for a radial density proﬁle with
20 irregularities.
plasmaspheric plume. The irregularities are generated using
an analytical model that resembles the density gradients
observed in the plume [LeDocq et al., 1994]. All waves are
launched at the equator in the range of 5<L<7, and wave
growth is analyzed as a function of frequency and initial
wave normal angle. The results are compared to the baseline case without irregularities, and the effect of the width
of the radial density structures is studied and related to wave
propagation and guiding.

considered bi-Maxwellian with Tk = 7.75 keV and T? =
11 keV, which corresponds to a temperature anisotropy of
0.42 and is consistent with observations at geosynchronous
orbit [Spasojevic et al., 2005]. The radial cold plasma proﬁle
with ﬁve irregularities is presented in Figure 1a.
[7] All rays are initiated at the equator between L = 5 to
7, and their behavior as a function of the initial wave normal angle and frequency is analyzed. The Stanford VLF 3-D
ray tracer [Golden et al., 2010] for the two dimensional case
is used together with path-integrated linear growth calculations. Ray tracing uses the geometric optics approximation
to determine the trajectory of the ray path. This approximation assumes that the properties of the medium vary slowly
within one wavelength and that the plasma is cold, i.e., the
thermal velocity of the particles is much smaller than the
wave phase velocity [Haselgrove, 1955]. Ray tracing using
the cold plasma dispersion relation provides wave normal
vectors and plasma properties along the ray path, which are
inputs to the local convective growth rate calculation. The
simulation takes into account the hot and cold plasma populations described above, and Landau (m = 0) and the ﬁrst
three cyclotron resonances (m = ˙1, ˙2, ˙3) are considered in the integration of the convective growth rate [Chen
et al., 2010, equation (2)]. The waves are propagated from
the equator for a 100 s interval, and the path-integrated gain
is ﬁnally calculated by integrating the linear growth rate
along the ray path.

2. Description of the Model
[6] The simulation uses the International Geomagnetic
Reference Field (IGRF) and Tsyganenko [Tsyganenko,1989]
magnetic ﬁeld models with Kp = 4 at 12 Magnetic Local
Time (MLT). The cold plasma density background within
the plasmaspheric plume is taken to fall with increasing
L-shell as L–4.5 [Carpenter and Anderson, 1992] with plume
density equal to Ne = 40 cm–3 at L = 6.6 [Moldwin et al.,
1995]. The ion composition is taken to be 85% H+ , 10%
He+ , and 5% O+ [Comfort et al., 1988]. We superimpose
upon the radial proﬁle cold plasma irregularities with 20%
density variations between L = 5 to 7, which is a conservative estimate of what is seen in observations [Goldstein
et al., 2004; Spasojevic et al., 2003]. Different irregularity
widths are analyzed. Thermal electrons, H+ , O+ , and He+
are assumed to be Maxwellian with temperatures of 10 eV
for electrons and 1 eV for ions. Ring current protons are
2
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Figure 2. (a) Ray paths and wave normal angles of different rays launched from enhancement and depletion ducts in
the 20-irregularity density proﬁle with !/H+ = 0.2. (b) Evolution of the wave normal angle as a function of latitude for
the rays in (Figure 2a), launched from enhancement (solid lines) and depletion (dashed lines) ducts at different L-shells.
(c) Maximum growth as a function of L-shell and initial wave normal angle for a radial density proﬁle with ﬁve irregularities
and !/H+ = 0.2. The solid black line denotes the proﬁle of density variations. (d) Growth and wave normal angle as a
function of latitude for the ray in Figure 2c that corresponds to 0 = 60ı and L = 6.55.

3. Results

the baseline, and it is localized in the enhancement density
ducts on the negative density gradient side. This gradient is
responsible for guiding of the waves along the enhancement
ducts, which increases the efﬁciency of the cyclotron resonant interaction with ring current protons and maximizes
growth. On the other hand, depletion ducts tend to suppress
the wave growth that was present in the high !pe /!ce region
of the baseline case. This fact suggests that typical plasmaspheric plume irregularities with cold density levels above
and below the average value can generate both areas of
increased as well as suppressed wave activity. In addition,
we observe that within the negative density gradient of an
irregularity, the growth region moves to lower L-shell values for decreasing wave frequency, which results in a shift
of each of the ﬁve growth patterns with increasing L-shell
and wave frequency. This fact is due to the cyclotron resonant condition and the effect of !pe /!ce . Within the negative
density gradient, the gradient in density is much stronger
than the radial variation of the Earth’s magnetic ﬁeld, thus
!pe /!ce increases when moving to lower L-shells within
these regions. Since the temperature of the ring current protons is ﬁxed, lower L-shells translate to a decrease of the
resonant frequency for cyclotron interaction, i.e., a shift of
the growth patterns with increasing L-shell and wave frequency. A different effect is the observed slip in phase of
the peaks in wave growth; this effect is an artifact generated by the process of subtraction of the baseline, which has
its own spatial and frequency dependence. The peak abso-

[8] Figure 1b presents the maximum path-integrated
growth for the baseline plasmaspheric plume without density
irregularities versus !/H+ and L, where H+ is the proton
cyclotron frequency at the equator. Growth is only observed
in the helium band, between the oxygen crossover and
the helium cyclotron frequency, which agrees with observational evidence [Meredith et al., 2003; Miyoshi et al.,
2008]. The presence of heavy ions such as He+ lowers the
phase speed of the L-mode below the He+ gyrofrequency,
which leads to lower ring current proton resonant energies and enhances EMIC growth [Gomberoff and Neira,
1983; Kozyra et al., 1984; Thorne et al., 2006]. The growth
increases with increasing L-shell due to the effect of !pe /!ce ,
where !pe and !ce are the electron plasma and cyclotron
frequency, respectively. The ratio !pe /!ce increases with
increasing L value after L = 6, which lowers the proton
resonant energy, thus more particles in the distribution can
cyclotron resonate and amplify the wave.
[9] Figure 1c presents the maximum path-integrated
growth corresponding to the density proﬁle in Figure 1a,
where we have subtracted the growth from the baseline
case (Figure 1b). All waves are launched parallel to the
Earth’s magnetic ﬁeld. The wavelength at the equator ranges
between 500–800 km, and the irregularity size is about
2500 km, much larger than the EMIC wavelengths. Growth
in the presence of irregularities is up to 6 dB larger than
3
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onant interaction. We do not observe growth in depletion
ducts at any 0 , which suggests that, independent of their
propagation angles, EMIC waves would only be observed
in enhancement ducts. As we increase the initial wave normal angle, the growth drops as Landau interaction damps the
oblique waves, and the growth patterns concentrate around
smaller regions of the negative density gradient. However,
despite Landau damping, we do observe some growth for
very oblique wave normal angles, which is due to the guiding effect caused by the Earth’s magnetic ﬁeld and the radial
density gradient. Figure 2d presents the growth and wave
normal angle along the propagation path of a ray with 0 =
60ı and L = 6.55 in the middle of an enhancement duct.
At the beginning of the path, the wave normal angle is very
large, which causes wave damping due to Landau interaction. Once the ray reaches a latitude of  = 5ı , the wave
normal vector tends to align with the Earth’s magnetic ﬁeld,
slight wave growth is observed. After  = 20ı , the wave
normal angle strongly increases again to values larger than
0 = 60ı and wave growth ceases.

lute growth, however, is always in phase with the negative
plasma density slope over all irregularity cycles, which is
consistent with Chen et al. [2009].
[10] Similarly, Figure 1d presents the maximum pathintegrated growth of EMIC waves launched parallel to the
Earth’s magnetic ﬁeld in a cold density proﬁle with 20
radial irregularities and the same variation in density magnitude. In this case, the irregularity size is 600 km, which
is around the equatorial wavelength of the EMIC waves.
Despite the stronger radial density gradients compared to the
ﬁve-irregularity case, the maximum growth remains 6 dB
larger than the baseline, localized again around the negative
density gradient. We observe that irregularity sizes of the
order of the wavelength are capable of guiding the waves. It
must be noted that while our model correctly computes the
group velocity and path-integrated gain, it cannot reproduce
the loss of wave power due to mode conversion or leakage
from the narrow density ducts [Streltsov et al., 2006], which
are out of the scope of this study.
[11] Figures 1c and 1d show that EMIC waves only
grow in enhancement ducts, not in depletion ducts in contrast to whistler mode waves [e.g., Bell et al., 2009]. This
fact is related to wave guiding, which is presented in
Figure 2. Figure 2a shows the path of several rays from the
20-irregularity case with a frequency equal to !/H+ = 0.2.
The arrows along the rays represent the wave normal vector, and the background color indicates the logarithm of the
cold plasma density. Figure 2b presents the wave normal
angle  of the rays versus latitude. We observe that the rays
launched from density enhancement ducts remain guided
while the wave normal vector rapidly becomes oblique when
launched from density depletion regions due to the curvature
and gradient of the B-ﬁeld. The dispersion surface of EMIC
waves has an asymptote for wave normal vectors close to
perpendicular to the external magnetic direction, thus the
group velocity is mostly aligned with the Earth’s magnetic
ﬁeld. The guiding behavior is due to the shape of this surface. Guiding in a depletion duct would require a convex
dispersion surface, which will cause the ray to rotate in the
opposite direction of the wave normal vector, thus away
from regions of higher refractive index. However, the dispersion of EMIC waves is mostly concave or ﬂat at large
wave normal angles. This surface is capable of guiding the
waves in enhancement ducts since the ray rotates in the
same direction as the wave normal vector in the direction
of increasing refractive index. Since guided rays have larger
perpendicular wave ﬁelds, which increase the efﬁciency of
the cyclotron resonant interaction with ring current protons,
enhanced wave growth is observed in these regions. Not
only are depletion ducts not capable of guiding the waves,
but the decreased cold plasma density tends to reduce growth
below the baseline case level.
[12] The only possibility to simulate guiding (and growth)
in depletion ducts would be to launch the rays at an oblique
wave normal angle that falls in the slightly convex portion of
the dispersion surface. The behavior as a function of initial
wave normal angle 0 is presented in Figure 2c, which displays the maximum path-integrated growth for varying angle
and L-shell for the ﬁve-irregularity case and !/H+ = 0.2.
All the rays have been launched with wave normal vectors
pointing toward larger L-shells. The growth is stronger for
ﬁeld-aligned waves because the perpendicular wave ﬁelds
are larger, which increase the efﬁciency of the cyclotron res-

4. Discussion and Summary
[13] Using an analytical model, we have reproduced the
radial cold plasma density irregularities typical of the stormtime plasmaspheric plume. We performed ray tracing and
path integrated linear growth calculations to compute the
growth of EMIC waves in the presence of these radial
irregularities. Growth is only observed in the helium band,
between the oxygen crossover and the helium cyclotron frequency. The presence of heavy ions such as He+ lowers the
phase speed of the L-mode below the He+ gyrofrequency,
which leads to lower ring current proton resonant energies and enhances EMIC growth. The growth increases at
large L-shell values due to the increase of !pe /!ce , which is
consistent with previous models [Chen et al., 2009].
[14] We ﬁnd that wave guiding is possible for irregularity
sizes of the order of the EMIC wavelength and that guiding enhances wave growth. We noted that the study does not
consider mode conversion or leakage from the density ducts,
which could reduce the wave intensity for duct sizes comparable to the wavelength. However, leakage has been found
to be small for smooth-walled density channels [Streltsov
et al., 2006] like the ones reproduced in this paper, and
mode conversion unlikely occurs for the analyzed range of
frequencies, which are always above the oxygen crossover
frequency. Guided rays maximize growth because the perpendicular ﬁelds are larger for ﬁeld-aligned waves, which
increase the efﬁciency of the cyclotron resonant interaction with ring current protons. EMIC guiding and growth
localize in density enhancement ducts on the negative density gradient side. Depletion ducts tend to suppress wave
growth compared to the case with no irregularities. We do
not observe growth in depletion ducts for any initial wave
normal angle. Depletion ducts are not capable of guiding the
waves, and the decreased cold plasma density contributes to
a reduction of EMIC wave growth below the baseline case
level. This fact suggests that typical plasmaspheric plume
irregularities with cold density levels above and below the
average value can result in both areas of increased as well as
suppressed wave activity.
[15] We have showed the effect of the wave normal
angle in growth and propagation. Landau interaction damps
4

DE SORIA-SANTACRUZ ET AL.: EMIC IN COLD PLASMA IRREGULARITIES

the largely oblique waves. However, the Earth’s magnetic
ﬁeld and the cold density proﬁle of the enhancement ducts
tend to align the wave normal vector with the magnetic
direction, which generates a small cyclotron growth for the
oblique waves.
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