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Abstract

Chorus wave emissions are one of the most intense naturally occurring phenomena in the very low (VLF) and
extremely low frequency (ELF) ranges. They are believed to be one of the major contributors to acceleration and loss
of electrons in the radiation belts. During the VLF Campaign observation with High-resolution Aurora Imaging
Network (VLF-CHAIN) from 17 to 25 February 2012, several types of VLF/ELF emissions, including chorus, were
observed at subauroral latitudes in Athabasca, Canada. To our knowledge, there has not been any comprehensive
study of the physical properties of such emissions at these latitudes. In this study, we calculate spectral and
polarization parameters of VLF/ELF waves with high temporal resolution. We found that the polarization angle of
several emissions depended on both frequency and time. We suggest that the frequency-dependent events, which
usually last several tens of minutes, might be the consequence of the broadening of the ray path that the waves
follow from their generation region to the ground. Furthermore, time-dependent events, also lasting tens of minutes,
have a polarization angle that changes from negative to positive values (or vice versa) every few minutes. We suggest
that this could be due to variations of the wave duct, either near the generation region or along the wave
propagation path. Using another ground station in Fort Vermillion, Canada, about 450 km northwest of Athabasca, we
tracked the movements of the ionospheric exit point of three chorus emissions observed simultaneously at both
stations. Although we found that movement of the ionospheric exit point does not follow a general direction, it is
subject to hovering motion, suggesting that the exit point can be affected by small-scale plasma processes.
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Background
There is a variety of emissions that are present in the
magnetosphere in the very low (VLF) and extremely low
frequency (ELF) range, such as chorus, hiss or quasi-
periodic (QP) emissions. They can propagate in whistler
mode, and their resonant interactions with energetic par-
ticles present in the radiation belts surrounding the Earth
are believed to play a very significant role in regulat-
ing the dynamics of the outer and inner belts (Helliwell
1967). For example, chorus waves are intense and nat-
urally occurring whistler-mode emissions that originate
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near the geomagnetic equator in the Earth’s inner mag-
netosphere. They propagate following the geomagnetic
field lines to the ionosphere, then to the ground, where
they can be detected (e.g., Helliwell 1967; Sazhin and
Hayakawa 1992). Through wave-particle interaction, they
can change the energy of relativistic electrons, causing
their acceleration (e.g., Bortnik and Thorne 2007; Katoh
and Omura 2007; Meredith et al. 2003), or modify their
pitch angle, causing their precipitation. Indeed, several
studies relate them to micro-bursts of keV-MeV electrons
(e.g., Tsurutani et al. 2013; Lorentzen et al. 2001; Saito
et al. 2012; Miyoshi et al. 2010) or suggest the contribu-
tion of lower and upper band chorus to electron scattering
in pulsating auroras (e.g., Nishiyama et al. 2011). Thus,
these types of VLF/ELF emissions can make a major con-
tribution to the acceleration and scattering of radiation
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belt particles (e.g., Inan et al. 1982; Helliwell 1965; Horne
et al. 2005; Miyoshi et al. 2013, 2003), making their mon-
itoring necessary to help understand the dynamics of
high-energy particles surrounding the Earth.
The region where this interaction takes place, in the

magnetosphere’s equatorial plane, is usually believed to be
directly linked to the point in the lower ionosphere where
the waves exit to the ground. However, in some cases,
chorus waves can propagate obliquely to the geomagnetic
field, from their equatorial source to the plasmasphere
(i.e., Bortnik et al. 2009). As such, the study of the spa-
tial and temporal variations of this exit point, which we
will call the VLF/ELF chorus ionospheric exit point (e.g.,
Tsuruda and Hayashi 1975), can yield significant infor-
mation regarding the wave-particle interaction region
and their propagation to the ionosphere (e.g., Lauben
et al. 2002).
Most previous studies of VLF/ELF waves at subauro-

ral latitudes have been done using the VLF/ELF Log-
ger eXperiment (VELOX) instrument located in Halley,
Antarctica, at L-shell 4.3 (e.g., Smith 1995; Smith et al.
1999). Although data has been recorded for the past 20
years, most of the studies did not concentrate specifi-
cally on the waves or their physical properties, but were
mainly focused on their long-term variation and depen-
dence on the solar cycles. Other studies of chorus wave
emissions have been done at higher L-shell values, for
example, at Syowa Station in Antarctica (L = 6.8) using
polarization analysis, mainly focusing on full wave analy-
sis and the ionospheric exit point (e.g., Ozaki et al. 2008).
However, once again, they did not focus on the physical
characteristics.
Consequently, in our study, we perform a spectral

and polarization analysis of several types of VLF/ELF
emissions, including chorus waves, using the extensive
data from the VLF Campaign observation with High-
resolution Aurora Imaging Network (VLF-CHAIN). On
17 to 25 February 2012, we installed VLF antennas in
Athabasca (ATH, L = 4.3) and Fort Vermillion (FVM,
L = 5.4), Canada (i.e., Shiokawa et al. 2014). Our first goal
is to obtain spectral and polarization parameters for dif-
ferent types of VLF/ELF emissions by applying the fast
Fourier transform (FFT) to the data from ATH. This is, to
our knowledge, the first comprehensive study of the phys-
ical properties of VLF/ELF emissions using polarization
analysis at subauroral latitudes.We then use the data from
the second station, FVM, combined with a triangulation
method, to roughly determine the ionospheric exit point
of three chorus wave events and investigate their motion.

Methods
The VLF-CHAIN campaign made observations during a
9-day period from 17 to 25 February 2012, using two
delta-type loop antennas and all-sky cameras located at

the ground stations at the Athabasca University Geospace
Observatory (54.60°N, 246.36°E,MLAT= 61.2°N, L= 4.3)
and Fort Vermillion (58.38°N, 243.99°E, MLAT = 64.5°N,
L = 5.4), Canada. Both stations are located at subauroral
latitudes and are separated by a distance of approximately
450 km. Figure 1 shows their geographic locations, as well
as their geomagnetic coordinates, calculated using the
11th International Geomagnetic Reference Field (IGRF-
11) model with a 2012 epoch time. The antennas are two
of the three sets that were developed as part of a VLF
observational campaign at Syowa Station (Antarctica) in
2006, so they have similar sensitivities and were calibrated
at the same time. Each crossed vertical loop antenna has
10 turns and an area of 16 m2 and provides, in two chan-
nels, the north-south (N-S) and east-west (E-W) com-
ponents of the magnetic field with a sampling rate of
100 kHz. More details about this system can be found in
Ozaki et al. (2008).
The data from both stations are stored along with two

other channels, i.e., the riometer and a GPS time sig-
nal that has an accuracy of 1 μs. The data from ATH is
recorded continuously every day, and 9 min and 50 s of
data is recorded at 10-min intervals. At FVM, only 30 s
of data was recorded during each 10-min time span. The
power spectrum density (PSD) of the horizontal magnetic
field components was calculated for the N-S and E-W
directions (CH1 and CH2, respectively) using the FFT
every 0.16384 s, averaging every 16 frequency data points,
which corresponds to a frequency resolution of 97Hzwith
the following equation:

P
(
k
T

)
= 1

T
E

[
X(k)X(k)∗

]
(1)

where P is the power spectral density, k is the wavenum-
ber, T is the period, X is the Fourier transform of the
signal, X∗ its conjugate, and E is the ensemble average.
The frequency dependence and the sensitivity of the

system have been taken into account by applying a cali-
bration factor and converting the data from V 2/Hz units
to nT2/Hz units. The polarization parameters, i.e., polar-
ization angle, sense, and degree, as well as the coherence
between N-S and E-W components of the magnetic field
variations, were obtained using the method described by
Fowler et al. (1967).
The polarization angle, θ , is the angle between the

N-S and E-W components, defined from the geomagnetic
north, where positive angle values are measured westward
and negative values eastward. It is calculated using the
following equation:

tan 2θ = −2Re
(
Pxy

)
Pxx − Pyy

(2)
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Figure 1 Location of subauroral stations with geographic and geomagnetic latitudes.Map showing the location of the two stations used
during the VLF-CHAIN campaign. Dotted lines represent geographic coordinates, and solid lines represent geomagnetic latitudes. The magnetic
latitudes (MLAT) were calculated using the IGRF-11 model with an epoch time of 2012.

where Pxx and Pyy are the power spectrum densities for
the N-S and E-W signals, respectively, and Pxy is the cross
spectrum of the two signals.
The coherence, coh, gives the relationship between N-S

and E-W signals, in that the closer the values are to 1, the
more similar the signals are, as calculated by:

coh =
√

|P2xy|
Pxx · Pyy . (3)

Finally, the degree of polarization, R, oscillating between
0 and 1, gives the ratio of totally polarized to non-
polarized signals. This gives another indication of the rela-
tionship between the N-S and E-W magnetic field com-
ponents and is calculated using the following equation:

R =
√
1 − 4|J|(

Pxx + Pyy
)2 (4)

where J is the coherency matrix giving the polarization of
the wave field, written as:

J =
(
Pxx Pxy
Pyx Pyy

)
. (5)

Furthermore, we take into account that in the northern
hemisphere, waves that are reflected by the ground change
their polarization sense from right hand (RH) to left hand
(LH). Therefore, in this study, we only consider incoming
waves, RH polarized, meaning that the polarization sense
values are between 0 and 1.

Results
During the VLF-CHAIN campaign, several interesting
features of VLF/ELF emissions were observed, such as
QP emissions, falling-tone and rising-tone chorus, hiss,
as well as ‘bursty-patch’ emissions, first reported by
Shiokawa et al. (2014). We visually inspected the VLF
spectra from ATH from 17 to 25 February, looking for
clear chorus, QP, and other emissions, then applied the
FFT to obtain spectral and polarization parameters. We
then chose the cases with relatively high spectral intensity
and coherence values, retaining five instances of rising-
tone chorus, one falling-tone chorus, four QP emissions,
two intense chorus mixed with hiss, and three instances of
bursty-patches. The time span of these emissions varied
from 1 to 2 min for the bursty-patches to several hours for
the other emissions. Using the polarization parameters,
we found several interesting characteristics for different
types of waves. We first concentrate on the variation of
the polarization angle with time and frequency using data
from ATH. Then, we pinpoint the source location of three
events observed simultaneously at ATH and FVM.

Frequency dependence
We observed several instances in which the polariza-
tion angles of the VLF/ELF emissions were frequency-
dependent, which we illustrate with the following two
examples that include chorus emissions mixed with a QP
emission or with hiss:
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(1) On 17 February, there was a long and intense emis-
sion that lasted for approximately 4 h, starting around
09:50 UT as a QP emission with rising tones which, after
20 to 30 min, had a chorus-like structure mixed with an
intense hiss band ending at around 13:30 UT. This cor-
responds to post-midnight to early morning, local time
(02:50 to 06:30 LT). Figure 2 shows the spectral and polar-
ization parameters of a 30-min time frame at the begin-
ning of this emission. The rising-tone chorus can be seen
in the PSD panel from frequencies of approximately 1.5
to 3.5 kHz (Figure 2d), accompanied by some QP struc-
tures that can be more clearly observed in the first 5 min.
In Figure 2a, high coherence values (≥0.6) between N-S
and E-W components can be seen for most of the emis-
sion around 2 kHz, as well as at 3.5 kHz for the first 8 min.
Similar results are observed for the polarization degree in
Figure 2c. In the polarization angle panel (Figure 2b), we
observe that for lower frequencies (approximately 2 kHz),
the angle is negative, approximately −35° (blue). How-
ever, for higher frequencies (approximately 3 kHz), the
angle is positive, approximately 20° (light yellow). We
also note that in the three polarization panels shown in

Figure 2a,b,c, there is a gap at around 2.8 kHz that is not
visible in the PSD panel (Figure 2d).
(2) On 18 February, another long emission, lasting for

almost 6 h, was observed. It also started as a QP emis-
sion around 14:00 UT, lasting for about 2 h, then became
a hiss at around 16:00 UT, mixed with a chorus emis-
sion at about 18:20 UT, and finally ended around 20:30
UT. This corresponds to morning to early afternoon, local
time (09:00 to 13:20 LT). Figure 3, in the same format as
the previous figure, shows a 30-min interval in the mid-
dle of the chorus emission. We can clearly identify a hiss
band mixed with chorus from 2.5 to 4.0 kHz, composed
of some rising-tone elements visible around the 8- to
10-min mark in the PSD panel (Figure 3d). As in the pre-
vious example, high coherence and degree of polarization
values are observed (Figure 3a,c). In Figure 3b, we can see
that the polarization angles at higher frequencies, above 3
kHz, have positive values close to approximately 15° (light
yellow), whereas for frequencies below 3 kHz, the angle is
negative, closer to approximately −20° (light blue).
This frequency dependence of the polarization angle

was observed a total of six times during the campaign. It

Figure 2 Polarization parameters and PSD for QP emission with rising tones starting at 10:50 UT on 17 February. Thirty-minute plot of
polarization parameters (a-c) and power spectrum density (d) of a quasi-periodic emission mixed with chorus containing rising-tone elements
observed at ATH on 17 February 2012 from 10:50 to 11:20 UT. Blue and red arrows indicate the half-gyrofrequency calculated at the magnetospheric
equatorial plane of the L-shell of ATH, using T96 and T01 models, respectively.
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Figure 3 Polarization parameters and PSD for chorus band emission starting at 18:30 UT on 18 February. Thirty-minute plot of polarization
parameters (a-c) and power spectrum density (d) of a chorus band emission (f = 3 kHz) observed at ATH on 18 February 2012 from 18:30 to 19:00
UT. Blue and red arrows indicate the half-gyrofrequency calculated at the magnetospheric equatorial plane of the L-shell of ATH, using T96 and T01
models, respectively.

was usually seen once per event, per day (except on 19
February, when it happened twice in 1 day during a par-
ticularly long event showing chorus-like structures mixed
with QP), lasting from several minutes to several tens of
minutes (up to 40 min).

Time dependence
In addition to the frequency dependence of the polar-
ization angle, we noticed several occasions in which the
polarization angle of the VLF/ELF emission was time-
dependent, as illustrated by the next two examples:
(1) On 23 February, we observed an emission suddenly

start during a quiet time, lasting for almost 5 h. It started
at 16:25 UT with very clear QP elements, quickly showing
chorus-like structures, to then mix with hiss and finally
disappearing around 21:10 UT, corresponding to morn-
ing and early afternoon, local time (09:25 to 14:10 LT).
Figure 4d clearly shows the starting point and subsequent
25 min of the emission for frequencies of 2.5 to 4.0 kHz.
Figure 4a,c shows high coherence between the N-S and
E-W components, as well as high values of degree of polar-
ization (both ≥0.8). These panels can help us identify a
wave structure with a period of several minutes within

the emission, which could be an overlapping QP emis-
sion but that only lasts for about 20 min. Figure 4b shows
that during this 25-min interval, the polarization angle
values change from negative (approximately −30°, blue)
to positive (approximately 25°, light yellow), then back to
negative (approximately −40°, dark blue) for another few
minutes, only to return to positive values (approximately
20°, light yellow) in a similar time frame. Additionally, we
can see the appearance of a gap at around 3.2 kHz, which is
not detected in the PSD in Figure 4d but visible only in the
last 10 to 15 min of the polarization panels (Figure 4a,b,c).
(2) On February 19, there was an extremely long

QP emission lasting from 14:30 to 23:00 UT, show-
ing rising-tone elements between frequencies of 1 and
2.5 kHz. In this case, the emission did not turn into
a chorus-like band as in previous examples, but it did
show chorus elements during some intervals. Figure 5
shows a 30-min span towards the end of the QP
emission: in Figure 5d, we can clearly see the rising
tone centered on 1.5 kHz, as well as the QP struc-
tures with an uneven periodicity of several tens of sec-
onds. Figure 5a,c shows high coherence between N-S
and E-W magnetic field components and polarization
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Figure 4 Polarization parameters and PSD for chorus with QP elements starting at 16:20 UT on 23 February. Thirty-minute plot of
polarization parameters (a-c) and power spectral density (d) showing the start of a chorus emission at 3.3 kHz with some QP elements, observed at
Athabasca on 23 February 2012 from 16:20 to 17:10 UT. Blue and red arrows indicate the half-gyrofrequency calculated at the magnetospheric
equatorial plane of the L-shell of ATH, using T96 and T01 models, respectively.

degree values (both ≥0.7). In Figure 5b, we can see
that for the first 6 to 7 min of this chosen time frame,
the polarization angle is negative (approximately −10°,
light blue) or close to 0° (light green), then changes to pos-
itive (approximately 15°, yellow) for about 9 min, only to
return to negative (approximately −40°, dark blue) for a
few minutes before finally stabilizing to positive values.
Unfortunately, at this point, the intensity of the emissions
lessens to a degree that the polarization analysis cannot be
properly visualized.
Time-dependent emissions such as the ones shown in

these examples, were observed eight times during the 9-
day period, six of which were found during the very long
event on 19 February. In all of the occurrences, intervals
of polarization angle sign changes lasted for several tens of
minutes, within which sign changes took place every few
minutes (from 2 to 10 min).

Polarization analysis of bursty-patches
Shiokawa et al. (2014) reported short time-scale bursty
emissions during geomagnetically disturbed periods,
observed during the VLF-CHAIN campaign, giving them
the name ‘bursty-patches’. Figure 6 shows a 10-min

interval of the polarization and spectral parameters of the
very long event observed on 19 February (also shown as
an example in Figure 5), accompanied by a bursty-patch.
Figure 6d shows the bursty-patch starting at the 8-min
mark falling from 5 to 4 kHz for about 1 min, then rising
in frequency to slightly above 5 kHz for the next minute or
so. In this panel, we can also see a QP emissionmixed with
chorus with a period of about 20 s, accompanied by rising
tones with frequencies of 1.0 to 2.5 kHz. Compared to the
other examples, Figure 6a shows relatively low coherence
(between 0.5 and 0.7), but Figure 6c shows polarization
degree values greater than 0.6. In Figure 6b, the main cho-
rus emission centered at 2 kHz starts with slightly positive
polarization angle values, then, in a few minutes, becomes
highly negative (up to −50°, dark blue). On the other
hand, the polarization angle of the bursty-patch remains
positive, varying from approximately 5° (green-yellow) to
approximately 20° (yellow) for its whole duration.

Chorus structures
With the help of the very high sampling rate of data
(100 kHz), we can create high temporal resolution plots
of the spectral and polarization parameters that allow us
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Figure 5 Polarization parameters and PSD for QP emission starting at 22:00 UT on 19 February. Thirty-minute plot of polarization parameters
(a-c) and power spectrum density (d) showing the quasi-periodic elements of a chorus emission at 1.5 kHz observed at Athabasca on 19 February
2012 from 22:00 to 22:30 UT. Blue and red arrows indicate the half-gyrofrequency calculated at the magnetospheric equatorial plane of the L-shell of
ATH, using T96 and T01 models, respectively.

to see the chorus’ structure. To improve the temporal
resolution from 0.16384 to 0.04096 s, we lowered the fre-
quency resolution from 97 to 388 Hz, averaging every 64
frequency data points. Figure 7 shows a 1-min interval
of a chorus emission observed at ATH on 19 February at
18:15 UT, just before noon, local time. In Figure 7d, we
can see structures with a periodicity of approximately 10 s,
as well as chorus elements with a time scale of a few sec-
onds. Figure 7a,c shows high coherence between N-S and
E-W components and high polarization degrees, both with
values greater than 0.7. The polarization angle is shown
in Figure 7b. Due to the lowered frequency resolution,
however, the detailed view of the variation of the polar-
ization angle for each chorus element is not conclusive.
Nonetheless, we can say that the polarization angle for
the approximately 10-s structures seems to be fairly stable,
between 0° (light green) and approximately 20° (yellow).

Locating the ionospheric exit point
From 17 to 25 February 2012, we found several chorus
events that were simultaneously observed at ATH and
FVM. Only three of them were intense enough to yield
significant results from the polarization analysis at both

stations. The three cases were observed on successive days
from 18 to 20 February and at similar times in the early
afternoon, local time. Figure 8 shows, in order, from top to
bottom, the resulting polarization angle values as a func-
tion of time for 18, 19, and 20 February. The raw angle
values, each for 30 s of data per 10 min, are shown in
light blue for ATH and orange for FVM. Their calcu-
lated mean angle and their corresponding error bars are
shown in dark blue for ATH and red for FVM. Among
the examples previously shown in the sections ‘Time
dependence’, ‘Polarization analysis of bursty-patches’, and
‘Chorus structures’, only the one corresponding to the
very long event on 19 February gave satisfying results for
both stations (Figure 8b). We observe that all three cases
show similar angle variations for both ATH and FVM.
This trend can be seen more clearly in Figure 8c, as the
angle values for both stations drop until 19:30 UT, then
rise at around 20:10 UT, only to drop again until 20:30 UT.
We used the calculated mean value of the polarization

angle, combined with triangulation, to follow the move-
ment of the ionospheric exit point during these three
events (e.g., Tsuruda and Hayashi 1975, Ozaki et al. 2008).
In an effort to make the movement clearer for the reader,
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Figure 6 Polarization parameters and PSD for bursty-patch emission starting at 22:00 UT on 19 February. Ten-minute plot of polarization
parameters (a-c) and power spectrum density (d) observed at Athabasca on 19 February 2012 from 20:20 to 20:30 UT. This figure shows chorus
emission at 2 kHz accompanied by a bursty-patch emission at around 4 kHz.Blue and red arrows indicate the half-gyrofrequency calculated at the
magnetospheric equatorial plane of the L-shell of ATH, using T96 and T01 models, respectively.

we chose only 4 to 5 relevant points per case, which are
plotted in Figure 9. The geographic locations of the two
stations and the directions of the incoming chorus waves
as seen from ATH are in blue, and those from FVM are
in red, for all three events. The numbers inside each dot
indicate the progression with time of the location of the
ionospheric exit point of the chorus emissions, from 1 to
4 for Figure 9a,c. In the case of Figure 9b, the exit point
moved in order, from locations 1 to 4, then went back
to location 1. The stations are separated by 450 km, so
we can estimate that the exit point hovered for a maxi-
mum of approximately 90 km in case (a), approximately
125 km in case (b), and approximately 275 km in case
(c). We also note that in Figure 9a,b, the ionospheric
source of the chorus seems to move in an overall straight

line, moving away from ATH or FVM with forward and
backward movements. On the other hand, in the case of
Figure 9c, the source seems to move in a more disorderly
manner, hovering between the two stations, but also in a
forward/backward motion.We note that in all three cases,
the source location always seems to be between the two
stations and closer to FVM than to ATH.

Discussion
VLF/ELF emissions’ characteristics
Because of the high sampling rate and low-noise envi-
ronment at ATH, we were able to plot high temporal
resolution spectra of different types of emissions, allowing
us to see the discrete elements within each chorus emis-
sion, as shown in Figure 7. We cannot see any definite
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Figure 7 High time resolution polarization parameters and PSD for QP emission on 19 February. (a-d) One-min high time resolution plot
showing the quasi-periodic and chorus elements of a quasi-periodic chorus emission observed at ATH on 19 February 2012 at 18:15 UT. Blue and
red arrows indicate the half-gyrofrequency calculated at the magnetospheric equatorial plane of the L-shell of ATH, using T96 and T01 models,
respectively.

trend or variation of polarization angle within the cho-
rus elements themselves in a time scale of a few seconds
or in the structures with time scales of tens of seconds.
This suggests that the polarization angle is fairly constant
within a single chorus or QP structure, and there is no fre-
quency or time dependence of the polarization angle for
small-scale structures.
Nonetheless, on a longer time scale, we found that

the polarization angles of several VLF/ELF emissions at
subauroral latitudes were frequency-dependent. In the
example presented in Figure 2, this frequency dependence
could actually be the result of the overlapping of two sep-
arate emissions. On a first approach, if we only look at the
PSD spectra in Figure 2d, it seems that there is only one
emission present extending from 1.5 to 3.5 kHz. However,

if we look at the coherence and polarization degree panels
in Figure 2a,b, we can discern two different emissions: a
more intense one centered around 2 kHz and a moderate
one at 3.5 kHz. It seems that the ground station detected
two overlapping simultaneous emissions, each with dif-
ferent and almost opposite polarization angle values, thus
suggesting that they exited the ionosphere in two differ-
ent directions from the station (e.g., Strangeways (1986)).
In addition, on closer inspection of the first 5 min of the
PSD panel (Figure 2d), we note that these two emissions
are both comprised of rising tones with similar periodic-
ity, on the order of 10 to 15 s. On the other hand, if we look
at the three polarization panels, Figure 2a,b,c, we can see
a gap at around 2.8 kHz between what could be two emis-
sions. Using the Tsyganenko models T96 (Tsyganenko
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Figure 8 Polarization angle andmean value variation with time
for simultaneously observed chorus. Polarization angle and
calculated mean value variation with time for three simultaneously
observed chorus emissions as seen from ATH (blue) and FVM (red) as
a function of UT. (a) 18 February 2012. (b) 19 February 2012. (c) 20
February 2012.

1995 and T01 (Tsyganenko 2002a,b) with solar conditions
obtained from the NASA OMNI database, we calcu-
lated the value for 0.5 f ce at ATH for all the presented
cases. The half-gyrofrequencies obtained with both mod-
els are indicated by the colored arrows on the left-hand
side of each panel, red for T01 and blue for T96. Their
values fluctuate between 3.31 and 5.07 kHz, which are
somewhat higher than the frequencies in which the gap
was observed. Since the gap is present between 2.5 and
2.8 kHz, we used the Tsyganenko models to calculate
the L-shell values corresponding to these values of half-
gyrofrequencies and found that they correspond to 4.4 ≤

L ≤ 4.8, just between the L-shells of the two stations.
Therefore, another possible explanation for the different
polarization angles observed in this case would be that
instead of being two separate emissions, we are actually
observing a single chorus emission without a clear gap
at the half-gyrofrequency (0.5 f ce) as the consequence of
nonlinear damping due to the inhomogeneity of the static
magnetic field (i.e., Omura et al. 2009). In this case, the
emission around 3.5 kHz would correspond to the chorus’
upper band, and the one at 2 kHz to the lower band.
Furthermore, we also note that most of the waves are

observed below 0.5 f ce, suggesting that ATH is only
detecting the lower band emission of the chorus. This
could be due to the fact that the lower band chorus has
been found to be generally more intense than the upper
band, covering more L-shell values, and thus would be
more likely to reach the ground than the upper band (e.g.,
Meredith et al. 2012). Another possibility is that the wave
attenuation in the ionosphere is frequency-dependent or
that the propagation from the magnetosphere to the iono-
sphere depends also on frequency, resulting in the upper
band not being able to propagate to the ground. The fact
that the gap is located almost 1 kHz below the calculated
0.5 f ce could be an indication that the observed gap is in
fact due to a combination of two different chorus sources.
On the contrary, in the example from 18 February shown
in Figure 3, there is no indication that the difference in
polarization angle values might be the result of overlap-
ping emissions, and there is also no visible gap. Previous
studies (e.g., Yamagishi 1989) have suggested that for
non-ducted waves, there might exist a ray path deviation
or broadening caused by lower-hybrid resonance. Such
mechanisms could explain why the same chorus emissions
with different frequencies seem to be observed from the
ground as coming from different directions, as shown in
Figures 2 and 3.
We also found that the polarization angles of several

chorus emissions were time-dependent. Figure 4 shows an
example of a time-dependent polarization angle, showing
what also seems to be a half-gyrofrequency gap at 3.2 kHz.
The polarization angle changes value every few minutes,
then stabilizes to positive values as the emission ‘grows’
further after the plotted interval. Following the coher-
ence and polarization degree values in Figure 4a,b, we
can identify what looks like at least three periodic struc-
tures in the chorus, spanning several minutes and starting
at the 5-, 18-, and 23-min mark. Turning our attention
to Figure 4b, we see that, at least in the first two wave
structures, the change of the polarization angle happens
during the interval between them. We suggest that this
might be the consequence of some localized variation of
plasma magnetic field conditions near or at the source of
the chorus emission at the geomagnetic equator, signify-
ing the movement of the magnetospheric source region



Martinez-Calderon et al. Earth, Planets and Space  (2015) 67:21 Page 11 of 13

(a) (b) (c)

Figure 9 Polarization angle andmean value variation with time for simultaneously observed chorus. Spatial movement with time of the
ionospheric exit point for three simultaneously observed chorus emissions detected during three contiguous days at ATH and FVM. (a) 18 February
2012. (b) 19 February 2012. (c) 20 February 2012.

with time. Moreover, this figure shows a QP emission that
started suddenly during a quiet time, suggesting that this
instability at the source could also have been the trig-
ger for this particular chorus emission. At the same time,
the other example of time dependence of the polariza-
tion angle, shown in Figure 5, does not happen within the
structured interval itself but includes a handful of QP ele-
ments spanning several minutes at a time.We suggest that
this could be the result of the changing wave duct struc-
ture between the source in the magnetosphere and the
ionospheric exit point of the emission, and not a direct
consequence of the movement of the magnetospheric
source (e.g., Strangeways (1991)).
It was believed that bursty-patches, first reported by

Shiokawa et al. (2014), might be the upper frequency band
of chorus emissions. However, as shown in Figure 6b, the
main chorus emission and the bursty-patch have almost
opposite polarization angle values, the first one being pos-
itive (yellow) and the second one negative (dark blue). This
suggests that the bursty-patch and the main chorus might
come from two separate locations in the ionosphere. How-
ever, this could also be explained by a frequency depen-
dence of the ray path of VLF/ELF emissions, including
chorus, from their generation region to the ground, as
explained previously in this section. Additional study of all
the bursty-patches detected during the VLF-CHAIN cam-
paign showed that they usually have positive polarization
angle values, between 0° and +25°. Even so, at least in one
case, we observed the polarization angle value go down
to −10°. In at least two instances, we noticed that the
polarization angle of the bursty-patch was independent
of the value of the polarization angle of the accompa-
nying main chorus emission. In any case, these results

cannot corroborate or disprove that there is a relationship
between these two emissions.

Chorus ionospheric exit point
Using the polarization data from ATH and FVM, we pin-
pointed the location of the ionospheric exit point of three
chorus emissions that were observed simultaneously at
both stations. In all three cases, we observed that both
ATH and FVM show similar variations of the polariza-
tion angle of the chorus emissions, usually negative values
(eastward), as shown in Figure 8. This suggests that the
chorus emissions detected at these stations are gener-
ally exiting the ionosphere at similar points, indicating a
preferential path from the magnetosphere to the ground.
Taking into account the angle difference between geo-

magnetic and geographic north, we plot the incoming
direction of the chorus emission as seen by ATH (blue)
and FVM (red) for all three cases (Figure 9). The iono-
spheric exit point of the chorus waves observed simulta-
neously seems to be located between both stations and
slightly closer to FVM than ATH. This reinforces the idea
of the existence of a preferred path for the propagation of
these waves. Unfortunately, because of the lack of statis-
tics, we cannot give more details about the characteristics
of this path. We believe, however, that the proximity of
the ionospheric exit point to FVM can be explained by the
fact that, because FVM’s data tends to be noisier and only
recorded for 30 s every 10 min, a chorus emission seen at
ATHmight not be intense enough to be detected at FVM.
Inversely, if the emission is strong enough to be detected at
FVM, it can bemore easily detected in the data fromATH.
In addition, we note that the movements of the iono-

spheric source of these chorus emissions seem to follow
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a straight line, as seen from ATH in Figure 9a and FVM
in Figure 9b. It is accompanied by backward and for-
ward movements following this general straight direction.
However, this direction does not seem to be constant in all
three cases, becoming quite dispersed in the third case, as
shown in Figure 9c. For this reason, we cannot conclude
a fixed preferred direction to which the ionospheric exit
point of these chorus waves, and thus their generation
region would also move. Even so, because of the hovering
motion of the exit point, we suggest that the ionospheric
source movement can be altered by small-scale processes
with a time scale varying between 20 and 50 min. Con-
sequently, chorus emission generation and their prop-
agation might be also dependent on short time-scale
processes.

Conclusions
Using the high sampling rate of Athabasca data with a
low-noise environment, we were able to obtain a closer
look at the inner structure of VLF/ELF emissions, includ-
ing chorus, and follow the variations of the polarization
angle for several types of these emissions, including cho-
rus waves, QP emissions, and hiss. Complementing this
with the data from Fort Vermillion, we were also able
to gather more information concerning the spatial move-
ment of the ionospheric exit point. Applying polarization
and spectral analysis during the VLF-CHAIN campaign,
we found several cases in which the polarization angles
of the VLF/ELF waves at subauroral latitudes were depen-
dent on frequency and time, lasting up to several tens
of minutes. We suggest that this might be the conse-
quence of the broadening of the ray path that chorus
waves follow from their generation region in the mag-
netosphere to the ground, causing waves with different
frequencies to have different ionospheric exit points. The
time dependence of the polarization angle was generally
observed several times, lasting for several tens of min-
utes and changing value from negative to positive (or vice
versa) every few minutes. Depending on the observed fea-
tures of this time dependency, we suggest that this might
be due to plasma instability changing either the magnetic
field or the electron density near the magnetospheric gen-
eration region, or due to modulation of the wave duct
between the generation region and the exit point in the
ionosphere. The spatial movement of the exit point of
VLF/ELF chorus waves could also be observed for three
simultaneously observed emissions at ATH and FVM.
Although we could not conclude that there was a gen-
eral drift motion of the ionospheric exit point, we suggest
that the movement of this exit point can be affected by
smaller scale plasma processes near the source region. A
statistical analysis of several types of VLF/ELF waves at
subauroral latitudes for a longer period of time, as well as
comparison with new satellite data, such as the EMFISIS

instrument on board the recently launched Radiation
Belts Storm Probes, or using waveform data processing
(e.g., Hikishima et al. 2014) in the future Energization and
Radiation in Geospace project (i.e., Miyoshi et al. 2012),
could yield more insight into the characteristics of the
VLF/ELF emissions that were observed in this study.
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