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ABSTRACT

Although the occurrence rate of electromagnetic ion cyclotron (EMIC) waves is high in the outer magnetosphere
(L > 7), it has been suggested in the past that a steep plasma density gradient region of the plasmapause is a
preferred location for the generation of EMIC waves. To examine spectral properties of the EMIC waves occurred
near the nominal location of the plasmapause (L = 4-5), we focus on Pcl-Pc2 waves observed at subauroral
latitude Athabasca station (magnetic latitude: ~62°, and L ~ 4.6). A statistical study of 10,494 wave samples
identified from Athabasca data for 2007-2008 reveals the following wave characteristics. (1) Wave frequencies
are higher in the postmidnight-to-dawn sector and lower in the late afternoon sector. (2) They mostly appear to
be in frequency band between helium and oxygen gyrofrequencies (i.e., He-band) calculated from the dipole field
model magnetic field intensity at L = 4.6. (3) The occurrence rate of Pc1-Pc2 waves has a peak in the prenoon
sector at 0900-1100 LT under quiet geomagnetic conditions (Kp < 1), but is peaked in the afternoon sector under
moderate and disturbed geomagnetic conditions (Kp > 2). (4) The Pc1-Pc2 waves observed at Athabasca were
composed of a mixture of left-hand, right-hand, and linearly polarized waves. By comparing previous and recent
studies with these observations, we suggest that the subauroral latitude Pc1-Pc2 waves are associated with EMIC
waves generated near the plasmapause and discuss the EMIC wave properties in a region of cold and dense
plasmas containing heavy ions in the inner magnetosphere.

1. Introduction

Ultra-low frequency (ULF) waves in the Pc1-Pc2 band (0.1-5 Hz) are
extensively observed on the ground at low to high latitudes (e.g.,
Engebretson et al., 2002; Bortnik et al., 2008; Nomura et al., 2011; Mann
etal., 2014; Kim et al., 2016a) and are considered to be generated by the
electromagnetic ion cyclotron (EMIC) instability near the magneto-
spheric equatorial region over a wide range of L (~4-12) (e.g., Anderson
et al., 1992a, 1992b; Fraser and Nguyen, 2001; Min et al., 2012; Usa-
nova et al., 2012; Keika et al., 2013; Saikin et al., 2015; Kim et al.,
2016c¢). The EMIC instability requires a thermal anisotropic distribution
of the hot ions (Cornwall, 1965; Kennel and Petschek, 1966). The
thermal anisotropy for EMIC wave generation occurs as energetic
(~10-100 keV) ions are injected into the inner magnetosphere from the
magnetotail by enhanced Earthward convection during storm and sub-
storm intervals (e.g., Ishida et al., 1987; Erlandson and Ukhorskiy, 2001;
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Jordanova et al., 2008), and is also caused by external variations in the
solar wind dynamic pressure (e.g., Olson and Lee, 1983; Engebretson
et al., 2002, 2015; Usanova et al., 2008; Kim et al., 2017).

It has been known that the heavy ions (He" and O") in the magne-
tospheric plasma play a significant role in determining the spectral and
propagation properties of EMIC waves by introducing additional cutoff,
resonance, crossover, and bi-ion frequencies (Young et al., 1981; Mauk
et al., 1981; Roux et al., 1982; Kozyra et al., 1984). In the presence of
He" and O™, the wave’s dispersion relation is split into three branches,
and the relative growth of EMIC waves in the branches depends on the
density of the heavy ions. For example, if the density of He in the cold
plasma increases, then the wave growth is enhanced below the He™
gyrofrequency (i.e., in the He-band between the He" gyrofrequency and
O™ gyrofrequency), while it is reduced above the He™ gyrofrequency (i.
e., in the H-band between the H" gyrofrequency and He' gyrofre-
quency) (e.g., Kozyra et al., 1984).
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THEMIS spacecraft observations of EMIC waves over L = 6-12 show
that the maximum occurrence rate of H-band waves appears in the early
morning sector at L = 10-12 in the lower cold density region and that
the He-band EMIC waves are mainly localized between 1200 and 1800
magnetic local time (MLT) at L = 7-10 in the higher cold density region
(Min et al., 2012; Kim et al., 2016c). One outstanding feature of He-band
EMIC waves observed at THEMIS is that the high He-band occurrence
appears at a steep density gradient region (Kim et al., 2016c). Although
such a region is located more outward than a typical plasmapause (L ~
4-5), it was identified with the plasmapause by Kwon et al. (2015), who
reported that the plasmapause is located above geosynchronous orbit
under quiet geomagnetic conditions and confirmed a plasmaspheric
bulge in the late afternoon sector under moderate geomagnetic condi-
tions. Thus, THEMIS observations suggest that the source of He-band
waves is near or at the gradient in the cold plasmaspheric density
associated with the plasmapause. The He-band waves observed at
geosynchronous orbit exhibit a peak occurrence near noon (1100-1200
MLT) under quiet geomagnetic conditions and around the afternoon
sector (1500-1600 MLT) for all geomagnetic conditions (Park et al.,
2016). This local time dependence of the geosynchronous He-band wave
occurrence on geomagnetic conditions is also interpreted as a radial cold
plasma density distribution along the local time near geosynchronous
orbit.

Previous studies on EMIC waves using spacecraft data obtained in the
inner magnetosphere (L < 7) reported that EMIC waves are not associ-
ated with large local density gradient (i.e., plasmapause) even though
the wave’s occurrence is high in regions of enhanced cold densities (e.g.,
Fraser and Nguyen, 2001; Halford et al., 2015). Recently, Tetrick et al.
(2017) examined the spatial location of EMIC waves observed in the
inner magnetosphere relative to the plasmapause and reported that most
of EMIC waves occurred over an L range from —1 to +2 R relative to the
plasmapause location. They also reported that He-band EMIC waves
dominated in all local time sectors inside the plasmapause and at the
plasmapause. However, H-band waves are not observed inside the
plasmapause.

The objective of the present study is to provide the spectral proper-
ties of subauroral latitude Pc1-Pc2 waves observed at Athabasca station
(L ~ 4.6) during the period of 2007-2008. This study is motivated by a
recent case study of long-lasting (>20 h) EMIC Pc1-Pc2 waves observed
at Athabasca (L ~ 4.6) and CARISMA stations (L ~ 4-6) on April 5, 2007
(Kim et al., 2016a). The authors reported that the frequencies of the
long-lasting waves are in the He-band and depend on local time (i.e., the
minimum frequency near dusk and the maximum frequency near dawn).
The local time dependent frequency signature is localized in a region of
L = 4-6. Mann et al. (2014) presented a case of long duration (>18 h)
EMIC Pc1-Pc2 waves observed at CARISMA stations. The long-lasting
wave’s frequency also depends on local time and such a
frequency-dependent structure is localized within L < 6.

In the present study, we statistically examine whether the wave
signatures reported by Kim et al. (2016a) and Mann et al. (2014) are
typical spectral properties of subauroral latitude Pc1-Pc2 waves and also
examine whether there is a local time dependence of subauroral Pc1-Pc2
wave occurrence on geomagnetic conditions. We show that Pc1-Pc2
waves at subauroral latitudes mostly appear in the He-band and their
frequencies are local time dependent, which is similar to the observa-
tions of the previous case studies. We suggest that the subauroral lati-
tude Pcl-Pc2 waves are associated with EMIC waves generated near the
plasmapause.

The remainder of the paper is organized as follows. Section 2 pre-
sents the data set for this study. Section 3 describes the examples of
subauroral latitude Pcl-Pc2 waves. Section 4 presents statistical ana-
lyses of the Pc1-Pc2 waves. Section 5 presents discussion, and section 6
concludes the study.
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2. Data set

The magnetic field data from the induction magnetometer (Shiokawa
et al., 2010) at Athabasca in Canada were used to detect subauroral
latitude Pc1-Pc2 pulsations for a 2-year period from January 2007 to
December 2008. Athabasca is located at a geographic longitude of
246.7° E and geographic latitude of 54.7° N on a magnetic L shell of
~4.6 (magnetic latitude of ~62°) according to the Altitude Adjusted
Corrected Geomagnetic (AACGM) system (Shepherd, 2014). The in-
duction magnetometer measures magnetic field variations with a sam-
pling rate of 64 Hz. We also used magnetic fields measured from the
fluxgate magnetometer onboard the GOES 11 satellite (Singer et al.,
1996) at geosynchronous orbit (L ~ 6.7) to examine whether the wave
activities seen at Athabasca are spatially localized within geosynchro-
nous orbit. GOES 11 was located at geographic longitude of 225°E, 1.5 h
west of the Athabasca station. The original time resolution of the GOES
fluxgate magnetic field data used for this study is 0.512 s, and we
resampled the GOES data to 0.6 s. Fig. 1 shows the location of the
Athabasca ground station and the magnetic conjugation of GOES 11
satellite to the ground. The satellite conjugation was calculated using
the magnetic field model of T98c (Tsyganenko, 1989) for Kp = 2. The
dashed curves on the map indicate the corrected geomagnetic latitudes
at 67.3° and 62.2°, calculated from the IGRF model. The L values cor-
responding to the geomagnetic latitudes are also shown in Fig. 1.

3. Examples of Pc1-Pc2 waves at subauroral latitude

Figs. 2a—c show the dynamic power spectra of the transverse by
component at GOES 11 and the horizontal H (northward) and D (east-
ward) components at the Athabasca station for the interval of
09:00-24:00 universal time (UT) on March 10, 2007. The geomagnetic
activity was quiet (Kp < 1) during the 12-h interval of the 09:00-24:00
UT interval as the 3-h Kp values are displayed on the top of Fig. 2a. The
local times of GOES 11 (G11LT) and Athabasca station (ATHLT) are
shown at the bottom. Two white lines in Fig. 2a indicate the local helium
(fue+) and oxygen (fo.) gyrofrequencies at geosynchronous orbit. The
gyrofrequencies plotted in Fig. 2b and c are the estimated values at the
equatorial plane for the Athabasca L shell (L = 4.6) by using the dipole
field model.

There is no wave activity above fy. and between fie and fo in the
GOES 11 dynamic spectra for 15-h interval while GOES 11 moved from
midnight to afternoon. However, time-modulated wave activities are
clearly seen in the dynamic power spectra of the H and D components of
Athabasca station, located with a small local time separation (1.5 h)
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Fig. 1. The location of the Athabasca ground station and the magnetic conju-
gation of GOES 11 satellite to the ground. The dashed curves on the map
indicate corrected geomagnetic latitudes at 67.3° and 62.2°, calculated from
the IGRF model. The L values corresponding to the geomagnetic latitudes are
shown to the right.
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Fig. 2. The dynamic power spectra of (a) the transverse b, component at GOES 11, and (b) the horizontal H (northward) and (c) D (eastward) components at the
Athabasca station for the interval of 09:00-24:00 universal time (UT) on March 10, 2007. Two white lines in Fig. 2a indicate the local helium (fie) and oxygen (fo)
gyrofrequencies at geosynchronous orbit. The gyrofrequencies plotted in Fig. 2b and Fig. 2c are the estimated values at the equatorial plane for the Athabasca L shell

(L = 4.6) by using the dipole field model.

from GOES 11, for several hours. The spectra show a band structure in
the Pc1-Pc2 frequency range and are mostly enhanced between fye ; and
fo+. These observations indicate that the Pc1-Pc2 waves at Athabasca
are radially localized inside geosynchronous orbit. One outstanding
feature to be noted in the dynamic spectra is the local time (LT)
dependence of the frequency in the Pc1-Pc2 band (0.1-5 Hz). The fre-
quency increases for the interval of 10:00-13:30 UT while the Athabasca
station moved from postmidnight (~2.5 LT) to dawn (~6.0 LT), and
then falls monotonically to 22:00 UT (~14.5 LT) with LT. This LT
dependence is very similar to that of long-lasting Pc1-Pc2 waves re-
ported by Kim et al. (2016a).

Fig. 3 shows the spectral analysis of the horizontal H and D compo-
nents of the Athabasca data for a 3 min interval (12:00-12:03 UT)
selected from the data shown in Fig. 2. Fig. 3a demonstrates the power
spectral density for the Athabasca H and D components (PSD H and PSD
D) and total horizontal power density defined to be PSD H + PSD D. The
spectral peak of the total PSD is in the Pcl frequency range of 0.2-5 Hz
and marked by a solid circle. In Fig. 3b, the coherence (y) defined ac-
cording to Bendat and Piersol (2010) and the degree of polarization (R)
described by Fowler et al. (1967) are computed for the Athabasca H and
D data. If y (R) is greater than 0.7 (0.8), it is called a high-coherence
(high degree of polarization) event in this study. The ellipticity in
Fig. 3c is defined to be negative if the sense of rotation is in the direction
of ion gyromotion (i.e., left-handed polarization) and positive if it is in
the direction of electron gyromotion (i.e., right-handed polarization). If
the ellipticity is O or 1, the wave is linearly or circularly polarized. At
the peak of the total PSD shown in Fig. 3, the coherence and degree of
the polarization are ~0.8 and ~0.9, respectively, and the Pcl wave is
left-handed polarized.

Fig. 4 shows the spectral parameters of the wave samples extracted
from the Athabasca H and D data for the interval shown in Fig. 2. To

identify each wave sample, the spectral analysis used in Fig. 3 was done
continuously in non-overlapping 3-min segments of the time series.
Fig. 4a shows peak frequency (fyear) of wave samples, which reproduces
a major feature, i.e., the local time dependence of the peak frequency, as
found in Fig. 2. The local helium (fg.;) and oxygen (fo,) gyrofre-
quencies marked by solid dots are the estimated values at the equatorial
plane for the magnetic field intensity of Athabasca L shell (L = 4.6)
calculated from the dipole field model.

Fig. 4b illustrates the wave power at peak frequency. The wave
power is plotted for the sample using a threshold value greater than 2.4
x 1078 (the horizontal dashed line in Fig. 4b) in the unit of (nT)ZHz. By
comparing time-modulated wave activities seen in the dynamic power
spectrum in Fig. 2 and the timing of power enhancement in Fig. 4b, this
threshold value of wave power is reasonable. Fig. 4c shows the coher-
ence (red dots) and degree of polarization (blue dots). The coherence is
distributed in the range of ~0.1-0.9, and the degree of polarization is in
the range of ~0.4-0.9. High-degree of polarization samples in Fig. 4 do
not correspond to always high-coherence samples. For example, the
samples for the interval of ~15:00-15:30 UT show a high degree of
polarization (R > 0.8) while the coherence is low (y < 0.7) for that in-
terval. These high-degree of polarization samples are due to a large-
amplitude difference between the pulsations in the H and D compo-
nents, which is confirmed in the dynamic spectra of Fig. 2. The low
coherence for the samples indicates that the phase delay of the pulsa-
tions between H and D is not constant for the 3-min interval, as noted by
Kim et al. (2016b). Thus, we calculate the ellipticity for the
high-coherence samples. The ellipticity is plotted only for
high-coherence (y > 0.7) samples in Fig. 4d, which are left-handed
polarized.
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Fig. 3. (a) The power spectral density for the Athabasca H and D components
(PSD H and PSD D) and total horizontal power density defined to be PSD H +
PSD D. (b) The coherence (y) and degree of the polarization (R) computed for
the Athabasca H and D data. (c) The ellipticity.

4. Statistical analysis

We automated the wave sample selection procedure described above
for a statistical analysis and identified 10,494 wave samples in 3-min
data segments from the Athabasca data. We also applied the auto-
mated procedure to identify EMIC Pcl-Pc2 waves at GOES 11 and
identified 12,113 samples. To examine the local time dependence of
Pcl-Pc2 wave frequency at geosynchronous orbit and subauroral lati-
tude on the ground, we plotted the peak frequencies of all samples,
shown by small gray dots, as a function of GOES 11 (G11LT) and
Athabasca local time (ATHLT)-universal time (UT) in Fig. 5. The blue
dots indicate the median value within each 1-h local time bin, and the
vertical bars connect the upper and lower quartiles.

At GOES 11 two distinct branches in the frequency distribution are
apparent for the intervals of 00:00-06:00 UT (LT = 15.0-21.0) and
21:00-24:00 UT (LT = 12.0-15.0). The upper (lower) branch corre-
sponds to the H-band (He-band) EMIC wave. The median values and
upper-lower quartiles are plotted in the lower branch for the intervals,
indicating that the majority of samples were detected in the He-band.
The median values smoothly decrease from ~250 mHz to ~180 mHz
for the interval 00:00-08:00 UT (LT = 15.0-23.0) and then suddenly go
up to ~440-570 mHz in the upper branch (i.e., H-band) for the interval
of 09:00-15:00 UT (LT = 24.0-6.0). The median values for the interval
of 16:00-24:00 UT (LT = 7.0-15.0) do not depend much on the UT (or
LT), staying at ~270-280 mHz.

Although there is considerable scatter of the frequency samples, the
median values at Athabasca gradually increase from ~370 mHz at 00:00
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Fig. 4. (a) Peak frequency (fyear) of wave samples (red dots) and the local
helium (fie) and oxygen (fo.) gyrofrequencies at the Athabasca L shell (black
dots). (b) The wave power at peak frequency. (c) The coherence (red dots) and
degree of polarization (blue dots). (d) The ellipticity for high-coherence (y >
0.7) samples. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

UT (LT = 16.5) to ~720 mHz at 10:00 UT (LT = 2.5) and then decrease
to ~390 mHz at 24; 00 UT without sudden transitions. That is, the
median values show a clear tendency with frequencies higher in the
postmidnight-to-dawn sector (LT ~ 0-6) and decrease toward the late
afternoon sector. This local time dependence of Pcl-Pc2 wave fre-
quencies is not new. Kim et al. (2016a) reported very similar longitu-
dinal frequency variation of a band-limited spectral enhancement,
lasting more than 20 h, in the Pc1-Pc2 frequency band and showed that
strong spectral enhancements of Pcl-Pc2 waves are in the frequency
band between the helium (fie) and oxygen (fo.+) gyrofrequencies at the
equatorial plasmapause location, which is estimated from localized
proton enhancement events observed at low-altitude polar-orbiting
satellites. In order to examine how the frequencies of wave samples at
Athabasca are distributed with respect to fye and fo, the equatorial
gyrofrequencies, fie+ (upper red solid curve) and fo, (lower red solid
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curve) estimated by Kim et al. (2016a), are plotted in Fig. 5b. It is found
that most of wave samples are located between fye. and fo.. This in-
dicates that the Pc1-Pc2 wave power observed at Athabasca (L ~ 4.6) is
mainly enhanced in the helium band and that the local time variation of
the wave frequency is attributed to the asymmetric plasmapause loca-
tion along the local time (i.e., larger plasmapause distance in the dusk
sector and smaller distance in the dawn sector) (e.g., Chappell et al.,
1971; Moldwin et al., 2002; Kwon et al., 2015).

Out of 10,494 wave samples at Athabasca, we found that 972 sam-
ples (—~9%) were simultaneously identified at GOES 11. Fig. 6 shows
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Fig. 6. Frequencies of Pcl-Pc2 wave samples identified simultaneously at
GOES 11 and Athabasca.

peak frequencies of the 972 samples identified simultaneously at GOES
11 and Athabasca. As expected in Fig. 5, the majority of the samples at
Athabasca have frequencies higher than at GOES 11. This gives a low
association of Pc1-Pc2 waves at Athabasca with the waves at GOES 11.
Since characteristics of EMIC Pc1-Pc2 waves at geosynchronous orbit
have been comprehensively studied by previous studies (e.g., Clausen
etal., 2011; Park et al., 2016; Kim et al., 2016b), we mainly focus on the
Pcl-Pc2 waves at subauroral latitude on the ground in this study.

We have examined whether there is a Kp dependence of peak fre-
quencies by plotting fyeak and fpeak/fu+ as a function of LT for all Kp
conditions, moderate and disturbed conditions (Kp > 2), and quiet
conditions (Kp < 1), respectively, for the Athabasca samples in Fig. 7.
Here fy. is the equatorial proton gyrofrequency at L = 4.6, which is
calculated using the background magnetic field intensity at L = 4.6
estimated by using the dipole field model. The large blue dots are me-
dians in 1-h LT bins, and the vertical bars connect the upper and lower
quartiles in each LT bin. The horizontal dashed lines in Fig. 7d-f indicate
the estimated equatorial helium and oxygen gyrofrequencies at L = 4.6.

fpeak is mostly in the frequency range between fy., and fo, even
though the data points are scattered. The plot of fyear/fr+ versus LT for
Kp > 2 is similar to that for Kp < 1 in terms of the LT dependence of wave
frequency and the data spread with LT. That is, the median value of
fpeak/fr+ monotonically deceases from postmidnight to morning, the LT
profile of the median value is nearly flat in the 0800-1800 LT sector, and
the data spread is larger in the postmidnight LT bins than that in the
afternoon sector. Under quiet geomagnetic conditions (Kp < 1), the
number of samples considerably decreases in the dusk sector, and the
wave samples were not detected in a local time sector of LT = 20-22. We
show later in Fig. 9 the occurrence rate of wave samples for LT under
different geomagnetic conditions.

In order to examine the dependence of fj,..x On geomagnetic activity,
the median values for Kp < 1 (blue dots) and Kp > 2 (red dots) are
plotted as a function of LT in Fig. 8. From comparison of the median
values, we have noted that the median frequencies in the local time
sector of postmidnight to prenoon are larger for Kp > 2 than for Kp < 1.
By contrast, the median fpeax lacks a dependence of Kp in the postnoon-
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Fig. 7. (a)—(c) fpeak and (d)—(f) fpeax/fu+ as a function of LT for all Kp conditions, moderate and disturbed conditions (Kp > 2), and quiet conditions (Kp < 1). The
large blue dots are medians in 1-h LT bins, and the vertical bars connect the upper and lower quartiles in each LT bin. The horizontal dashed lines in Fig. 7d-f indicate
the estimated equatorial helium and oxygen gyrofrequencies at L = 4.6. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 8. The median values for Kp < 1 (blue dots) and Kp > 2 (red dots) plotted
as a function of LT. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

to-midnight sector.

Fig. 9a shows the distribution of Athabasca observation time versus
LT under different geomagnetic conditions for a 2-year period from
January 2007 to December 2008. For that time period, the local time
occurrence distributions of the wave samples under different geomag-
netic conditions are compared in Fig. 9b. As mentioned above, each
wave sample was identified for a 3-min interval. Thus, the number of
samples is equal to the number of 3-min segments. The occurrence rates,
defined to be the sample observation time divided by the total obser-
vation time for each 1-h local time bin, for the three different geomag-
netic conditions are plotted in Fig. 9c—e. Comparing Fig. 9d and e, we
found that the local time dependence of the wave occurrence rate for Kp
> 2 is quite different from that for Kp < 1. That is, the occurrence rate
under quiet geomagnetic conditions has a peak in the prenoon sector at
the 0900-1100 LT. This result is consistent with the observations at
geosynchronous orbit (Park et al., 2016; Kim et al., 2016b). Under
moderate and disturbed geomagnetic conditions, however, the occur-
rence rate is high in the postnoon sector of 1300-1900 LT, which is a
favored local time region of EMIC wave generation (e.g., Anderson et al.,
1992b; Clausen et al., 2011).

Fig. 10a shows a scatterplot of ellipticity versus LT for the high-
coherence (y > 0.7) samples, and Fig. 10b shows the occurrence distri-
bution of the ellipticity. The high-coherence samples are about 42%

(4411 out of 10494) of the total wave samples. This rate is higher than at
geosynchronous orbit by a factor of ~4 (Kim et al., 2016b). It is clear
that the distribution of the ellipticity along local time is considerably
scattered within the —0.9 to 0.9 range. Although the distribution is
skewed toward negative values (left-hand polarization) with a peak
occurrence between —0.4 and —0.2, ~40% (1766 out of 4411) of the
high-coherence samples were observed with the positive ellipticity
(right-hand polarization). This indicates that the Pcl-Pc2 waves
observed at Athabasca were composed of a mixture of left-handed,
right-handed, and linear polarized waves.

5. Discussion

This study is motivated by a recent case study of long-lasting (>20 h)
EMIC Pc1-Pc2 waves observed at Athabasca (L ~ 4.6) on April 5, 2007
(Kim et al., 2016a). The Pcl-Pc2 waves were localized in the inner
magnetosphere inside geosynchronous orbit, and their frequencies
changed with LT (i.e., the minimum frequency near dusk and the
maximum frequency near dawn) in the He-band between the equatorial
helium and oxygen gyrofrequencies at the estimated plasmapause.
During the wave activities, localized proton enhancement (LPE) events
were detected at low-altitude polar-orbiting spacecraft. The equatorial
radial distance (L) of the magnetic shell corresponding to the location of
the LPE event shows a systematic variation of LT. That is, a minimum of
L is near dawn, and a maximum of L is near the afternoon. Consequently,
LPE events were detected at lower (higher) L for the interval of higher
(lower) frequency waves (see Fig. 5 in Kim et al., 2016a). The authors
suggested that the LPE events are associated with the result of
wave-particle interactions with EMIC waves generated near the asym-
metric plasmapause location along the local time.

Sakaguchi et al. (2007, 2008) reported simultaneous appearance of
isolated proton auroras and Pcl geomagnetic pulsations at the Atha-
basca station of subauroral latitudes. The auroral arcs appeared at lower
(higher) latitudes when Pcl waves were detected at higher (lower)
frequencies. The authors found that the isolated aurora arcs are associ-
ated with the localized enhancement of energetic (~30-80 keV) ions
precipitating from a region connected near L = 4 and suggested that the
coincident precipitation with Pcl wave occurrence at subauroral lati-
tudes is due to wave-particle interactions with EMIC waves generated
near the plasmapause. They also reported that the Pcl waves are in the
frequency range of the He-band. From the previous studies showing a
close relationship between localized energetic proton enhancements and
Pcl-Pc2 wave occurrences at subauroral latitudes (Sakaguchi et al.,
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Fig. 9. (a) The distribution of Athabasca observation time versus LT under
different geomagnetic conditions for a 2-year period from January 2007 to
December 2008. (b) The local time occurrence distributions of the wave sam-
ples under different geomagnetic conditions. (c)-(e) The occurrence rates,
defined to be the sample observation time divided by the total observation time
for each 1-h local time bin, for the three different geomagnetic conditions.

2007, 2008; Kim et al., 2016a), we suggest that the Pcl-Pc2 waves
observed at Athabasca are generated near the plasmapause.

In the present study, we statistically examined whether Pcl-Pc2
waves observed at Athabasca show the characteristics of the long-
lasting Pc1-Pc2 waves reported in the case study by Kim et al. (2016a)
and confirmed that our statistical results are similar to the wave prop-
erties in that case study. The median values of wave frequencies made in
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1-hr local time bins clearly exhibit LT dependencies with a maximum
near dawn and a minimum near late afternoon, and that the wave
samples are mostly detected in the He-band, as shown in Fig. 5. The
median values of fpeak/fu+ monotonically decrease from dawn to late
afternoon in the He-band for Kp < 1 and Kp > 2 (see Fig. 8). This fre-
quency behavior is similar to that at geosynchronous orbit under steady
quiet conditions (Kim et al., 2016b).

Using THEMIS data in the outer magnetosphere, Min et al. (2012)
and Kim et al. (2016c¢) reported that the maximum occurrence rate of
H-band EMIC waves is in the outer most region (L = 10-12) of the
magnetosphere in the morning sector, and that He-band waves exhibit a
peak occurrence rate in the afternoon sector at L = 8-10. These spatial
distributions of the H-band and He-band EMIC wave occurrences in the
outer magnetosphere (L > 7) have been attributed to the asymmetric
cold plasma density distribution along the local time, implying that the
cold plasma density plays an important role in determining the spectral
properties of EMIC waves. Kim et al. (2016c¢) found that the cold plasma
density is much higher for the He-band wave intervals than for the
H-band wave intervals by a factor of 10 or more. This indicates that
He-band waves are more frequently observed than H-band waves in the
inner magnetosphere (L < 7) (e.g., Keika et al., 2013; Meredith et al.,
2014; Saikin et al., 2015). In the Earth’s magnetosphere, cold plasma-
spheric plasmas contain heavy ions (primarily O" and He'). Previous
studies reported that the great amplification of EMIC waves occur in the
He-band even though a small amount of He" ions exist in the magne-
tosphere (e.g., Young et al., 1981; Kozyra et al., 1984). Thus, He-band
wave samples detected at Athabasca are associated with EMIC waves
generated in a region of cold and dense plasmas containing heavy ions in
the inner magnetosphere.

It has been suggested that a region near the plasmapause is one of the
favored regions for the generation of EMIC waves because EMIC wave
growth is enhanced by increasing the cold background plasma density
(e.g., Kozyra et al., 1984). Fraser et al. (1989) reported that Pc1 waves
observed at middle-latitude ground stations are generated near the
plasmapause. Since the magnetic L shell of Athabasca (L ~ 4.6) is close
to the typical location of the plasmapause (L = ~4-5), we suggest that
the source region of Pc1-Pc2 waves observed at Athabasca is near the
plasmapause. The Pc1-Pc2 wave properties observed at Athabasca may
be attributed to the background magnetic field intensity and plasma
conditions in the vicinity of the plasmapause because EMIC wave fre-
quency is determined by the energy and anisotropy of energetic ions, ion
composition of cold and energetic ions, cold plasma density, and back-
ground magnetic field intensity (Gomberoff and Neira, 1983; Kozyra
et al., 1984; Horne and Thorne, 1994). This is why we have data points
of wave frequencies considerably scattered in each local time bin (see
Figs. 5 and 7).

Recently, Kwon et al. (2015) reported that the plasmapause has a
larger radius at an afternoon-to-dusk sector than at a postmidnight
sector under moderate geomagnetic conditions. The median values of
the wave frequencies show a systematic change with local times (i.e.,
higher in 0.5-6.5 LT and lower in 12-18 LT). Thus, we suggest that the
local time dependence of Pc1-Pc2 wave frequencies shown in Figs. 5b
and 7 is due to the asymmetric plasmapause location along the local
time. Fig. 11 shows longitudinal variations of the hourly median values
of peak frequencies at Athabasca and the hourly medians of the plas-
mapause distance L, under moderate geomagnetic conditions reported
by Kwon et al. (2015). The L, medians show a bulge formed in the dusk
sector above L = 6. Around this local time sector, the median frequency
is lower, and the median frequency in the ~0.0-7.0 LT sector is higher
when the median Ly, is closer to the earth (L, < 5). It is possible to
explain the frequency behavior in terms of the background magnetic
field intensity near the longitudinally asymmetric plasmapause. Since
Athabasca is located on a magnetic L shell of 4.6, as noted above, the
Pc1-Pc2 waves detected in the dawn and dusk sectors are attributed to
the waves ducted from lower and higher L shell regions, respectively, in
the vicinity of the plasmapause.
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Fig. 10. (a) A scatterplot of ellipticity versus LT for the high-coherence (y > 0.7) samples. (b) The occurrence distribution of the ellipticity.

Kwon et al. (2015) also reported that the plasmapause location in the
local time sector of 00-12 LT expands under quiet time geomagnetic
conditions (Kp < 1). Since the He-band EMIC wave frequency decreases
with increasing cold plasma density (e.g., Kim et al., 2016b), the fre-
quencies lower for Kp < 1 than for Kp > 2 in the 00-12 LT sector shown
in Fig. 8 may be due to the expansion of the plasmasphere.

We observed that the occurrence rate of Pc1-Pc2 waves at Athabasca
is higher in the postnoon sector (13-19 LT) under moderate and
disturbed geomagnetic conditions (Kp > 2). This result is consistent with
the local time occurrence distribution of the He-band EMIC waves re-
ported in previous studies (e.g., Anderson et al., 1992b; Clausen et al.,
2011; Keika et al., 2013; Meredith et al., 2014; Park et al., 2016). This
high-occurrence longitudinal region corresponds to the bulge region of
the plasmasphere or plasmaspheric plumes. Many theoretical studies
have described that enhanced cold plasmaspheric density increases the
growth rate of EMIC waves (e.g., Cornwall et al., 1970; Kozyra et al.,
1984). Since energetic ring current and plasma sheet ions, which are
considered as the source of EMIC instability and drifting westward,
encroach on the cold plasmaspheric plasmas in the dusk sector, the EMIC
wave growth can maximize in the bulge and plume regions during
moderate and disturbed geomagnetic conditions.

Unlike the local time occurrence distribution of Pc1-Pc2 waves under
moderate and disturbed geomagnetic conditions, the occurrence rate is
higher in the prenoon sector with a peak near 0900-1100 LT, which is
consistent with geosynchronous observations (Park et al., 2016; Kim
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Fig. 11. Local time dependence of (a) the hourly median values of peak fre-
quencies at Athabasca station and (b) the hourly medians of the plasmapause
distance Ly, (Kwon et al., 2015).

et al., 2016b) under quiet geomagnetic conditions (Kp < 1). Hyun et al.
(2014) and Park et al. (2016) reported that EMIC waves can be gener-
ated by even small solar wind dynamic pressure enhancements under
quiet geomagnetic conditions at geosynchronous orbit. Although the
magnetic shell of Athabasca is inside the geosynchronous orbit, we
suggest that the high occurrence of the Pc1-Pc2 waves near noon in the
inner magnetosphere is due to dayside magnetospheric perturbations
caused by small solar wind dynamic pressure changes.

In the scatter plot of Fig. 10, the ellipticities for high-coherence (y >
0.7) wave samples are distributed between —0.9 and 0.9 without local
time dependence even though the distribution is slightly skewed toward
negative values. That is, the Pc1-Pc2 waves at Athabasca exhibit the
coexistence of left-handed, right-handed, and linear polarized waves.
This is significantly different from the geosynchronous observations
reported by Kim et al. (2016b). They observed that ellipticities of
high-coherence (y > 0.7) He-band EMIC waves at geosynchronous orbit
over 0600-1800 magnetic local time are mainly distributed below zero,
and the median values are distributed in the range of —0.5 to —0.2. This
indicates that geosynchronous He-band waves are left-hand polarized.
The difference between polarizations of signals detected in space and on
the ground is not surprising because the polarization of ground signals
varies as a function of radial distance from a source region (Greifinger,
1972; Fujita and Tamao, 1988). Thus, we suggest that the ellipticity
distribution, spreading over a wide range between —0.9 and 0.9, of the
Pcl-Pc2 waves at Athabasca is due to the fact that the wave source in the
magnetosphere is not a localized point, but a longitudinally and radially
extended region near the equatorial plasmapause.

6. Conclusion

Using the induction magnetometer data obtained at s subauroral
station Athabasca (L ~ 4.6), we have statistically investigated sub-
auroral latitude Pc1-Pc2 waves. We clearly showed that the frequencies
of Pc1-Pc2 waves are mostly in the He-band and that their median fre-
quencies made in 1-hr local time bins depend on the local time. That is,
the frequency is higher in the postmidnight sector, and the frequency is
lower late afternoon. This frequency behavior showing longitudinal
variation of Pcl-Pc2 wave frequency may be due to the asymmetric
plasmapause location along the local time. Additionally, we have
examined the properties of the Pcl-Pc2 waves under different
geomagnetic conditions and found that the median wave frequencies in
the 00-12 LT sector are lower for Kp < 1 than for Kp > 2. This obser-
vation can also be explained by the radial distance of the plasmapause
expanded under quiet conditions. Based on our study, we suggest that
subauroral latitude Pcl-Pc2 waves are associated with EMIC waves
generated near the plasmapause. In future studies, we will use the data
from Van Allen Probes and ERG mission to determine the degree that the
sources near the plasmapause contribute to EMIC wave generation in the
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