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Abstract we have statistically studied the relationship between electromagnetic ion cyclotron (EMIC)
waves and cold plasmaspheric plasma (Nyp) in the L range of 6-12 using the Time History of Events and
Macroscale Interactions during Substorms (THEMIS) data for 2008-2011. The important observational
results are as follows: (1) Under quiet geomagnetic conditions (Kp < 1), the maximum occurrence rate of
the hydrogen (H) band EMIC waves appears in the early morning sector (0600—0900 MLT) at the outermost
region (L = 10-12). (2) Under moderate and disturbed conditions (Kp > 2), the H-band occurrence rate is
higher in the morning-to-early-afternoon sector for L > 10. (3) The high-occurrence region of helium (He)
band waves for Kp < 1 varies from L = 7 to 12 in radial distances along the local time (i.e, atL ~ 7 near
noon and at L = 8-12 near late afternoon). (4) The He-band waves for Kp > 2 are mainly localized between
1200 and 1800 MLT with a peak around 1500-1600 MLT at L = 8-10. (5) N, is much higher for the He-band
intervals than for the H-band intervals by a factor of 10 or more. The He-band high occurrence appears at a
steep Ny, gradient region. (6) The morning-afternoon asymmetry of the normalized frequency seen both in
H-band and He-band is similar to the asymmetric distribution of N, along the local time. These observations
indicate that the cold plasma density plays a significant role in determining the spectral properties of EMIC
waves. We discuss whether a morning-afternoon asymmetry of the EMIC wave properties can be explained
by the spatial distribution of cold plasmaspheric plasma.

1. Introduction

Early theoretical works described how proton cyclotron waves with frequencies below the proton gyrofre-
quency can be generated as transverse left-handed polarized waves in the equatorial region of the magne-
tosphere by an anisotropic distribution of energetic (~10-100 keV) ring current ions [e.g., Cornwall, 1965;
Kennel and Petschek, 1966]. It has been generally accepted that the proton temperature anisotropy is a nec-
essary condition to generate waves. However, recent observations provide that the anisotropy is not the only
important factor for the generation of proton cyclotron waves [e.g., Lin et al., 2014].

Since these waves are excited over the Pc1-Pc2 frequency range (0.1-5.0 Hz), it has long been recog-
nized that Pc1-Pc2 geomagnetic pulsations observed on the ground are generated in the magnetosphere
by wave-particle interactions [e.g., Bossen et al., 1976; Fraser et al., 1989; Yahnina et al., 2000; Sakaguchi et al.,
2008; Kim et al., 2016b]. Spacecraft observations have shown that Pc1-Pc2 waves in the magnetosphere are
mostly transverse and left-handed polarized [Anderson et al., 1992a, 1992b; Fraser and Nguyen, 2001; Min et al.,
2012], which is the polarization state of the waves expected from the theoretical studies. In the presence of
heavy ions (He* and O*), the waves can be generated in three distinct bands: a H-band between the local
H* gyrofrequency (f,;+) and He* gyrofrequency (f,.+), a He-band between the local He* gyrofrequency (f.+)
and O* gyrofrequency (f,+), and an O-band below f,. . These waves are now identified as electromagnetic ion
cyclotron (EMIC) waves.

There have been studies reporting that the cold plasmaspheric density including heavy ions plays an impor-
tant role in controlling the generation and propagation of EMIC waves because the cold background plasma
strongly influences the convective growth rate [e.g., Young et al., 1981; Kozyra et al., 1984; Horne and Thorne,
1994; Chen et al., 2009]. Since an enhanced convective growth rate is expected in a region of dense and cold
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plasmaspheric plasma [e.g., Cornwall, 1965; Kennel and Petschek, 1966; Kozyra et al., 1984], the plasmapause
has been considered as a preferred region for EMIC wave generation. However, CRRES observations showed
that the plasmapause itself is not necessarily the preferred region for wave generation and that the occurrence
rate of EMIC waves peaks near the apogee of the spacecraft (L = 6-7), which is more outward than a typical
plasmapause location (L = 4-5), in the afternoon sector [Fraser and Nguyen, 2001]. More extensive statistical
studies using Active Magnetospheric Particle Tracer Explorers/Charge Composition Explorer (AMPTE/CCE)
data [Anderson et al., 1992a] and Time History of Events and Macroscale Interactions during Substorms
(THEMIS) data [Usanova et al., 2012] showed that the highest occurrence rate of EMIC waves appears in the
afternoon near the spacecraft apogees (L ~ 9 for AMPTE/CCEand L ~ 12 for THEMIS), which is ~2-5 R, farther
out than the CRRES apogee.

Most recently, statistical studies of inner magnetosphere (L < 6) EMIC waves using Van Allen Probes [Saikin
etal., 2015, 2016; Wang et al., 2015] and CRRES [Halford et al., 2016] showed that the occurrence rate of EMIC
waves increases with radial distance. In the dayside sector between L = 4 and L = 6, EMIC waves were
more frequently detected on Van Allen Probes and CRRES than on AMPTE/CCE and THEMIS by a factor of 2
or more, implying the important role of the plasmapause or plasmaspheric plume in generating EMIC waves.
This difference may be due to a by-product of the apogee of the spacecraft.

Magnetospheric compression leads to an increase in temperature anisotropy of energetic ions [e.g., Anderson
and Hamilton, 1993], and its effect increases with increasing radial distance, with the maximum just inside
the magnetopause. It has been proposed that the radial dependence of EMIC wave occurrence is attributed
to solar wind dynamic pressure variations. That is, enhanced solar wind dynamic pressure is one of the main
parameters driving EMIC waves during disturbed and quiet times in the outer magnetosphere [e.g., Olson and
Lee, 1983; Anderson and Hamilton, 1993; Arnoldy et al., 2005; Engebretson et al., 2002; Usanova et al., 2008; Hyun
et al, 2014; Park et al., 2016]. Recent statistical studies of EMIC waves using Cluster data covering all dipole
latitudes have reported the existence of off-equator source regions at high L shell values in the dayside outer
magnetosphere for EMIC waves [Allen et al., 2015, 2016]. The authors suggest that such off-equator source
regions are due to the compression of the dayside magnetosphere leading the bulk plasma population to
execute Shabansky orbits, which play a role in providing the source anisotropy of waves at higher latitudes
on the dayside [McCollough et al., 2012].

There are many observations showing the occurrence peak of EMIC waves in the afternoon at a wide L range
from the inner magnetosphere to the outer magnetosphere [Anderson et al., 1992a; Kasahara et al., 1992;
Fraser and Nguyen, 2001; Meredith et al., 2003; Clausen et al., 2011; Min et al., 2012; Usanova et al., 2012; Keika
etal., 2013; Allen et al., 2015; Saikin et al., 2015, 2016; Park et al., 2016]. It has been suggested that the occur-
rence rate bias toward the afternoon is probably associated with plasmaspheric plumes [e.g., Chen et al., 2009].
Darrouzet et al. [2008] found that plasmaspheric plumes have a high chance of being detected in the after-
noon (MLT = 1500-1600) between L = 6 and L = 9. The morning-afternoon asymmetry of plume detection
rate is qualitatively similar to that of EMIC wave occurrence.

Recently, Posch et al. [2010] and Usanova et al. [2013] reported that EMIC wave occurrence has a weak causal
relationship with the plume occurrence. That is, the high-occurrence region of EMIC waves is not consistent
with that of plumes. Consequently, the authors concluded that plumes were not necessary for EMIC wave
generation. In their studies, however, the occurrence rate of EMIC waves were examined without separat-
ing frequency bands (i.e., the H-band and He-band). As pointed out by Kozyra et al. [1984] and Horne and
Thorne [1994], cold plasmaspheric plasma plays a significant role in determining the spectral properties of
EMIC waves, and the presence of cold He* ions greatly suppresses the H-band wave growth. If H-band waves
are suppressed and He-band waves are enhanced by cold plasmas including heavy ions in plumes, then the
correspondence between He-band waves and plumes will be high. Thus, a statistical study for the relationship
between EMIC waves and plasmaspheric plumes should be done separately for the H-band and He-band.

Keika et al. [2013] reported global distributions of H-band and He-band waves using AMPTE/CCE data over a
~4.5 year period. The peak occurrence rate of H-band waves is seen in the early afternoon near the apogee
(L ~ 9), and the He-band peak rate occurs in the late afternoon sector for L = ~7-9. Global distributions
of H-band and He-band waves derived from THEMIS observations are significantly different from those of
the AMPTE/CCE observations [Min et al., 2012]. The occurrence rate of H-band waves is clearly peaked in the
dawnside sector at L = 10-12 while the He-band peak is seen in the late afternoon near dawn at a wider
range of L = 8—-12. This dawn-dusk asymmetry of H-band and He-band EMIC wave occurrences may be due
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to the cold plasma distribution in the outer magnetosphere as suggested by Min et al. [2012]. Thus, precise
knowledge of the cold plasma distribution is critical to understand the properties of EMIC waves.

The objective of the present study is to investigate the relationship between EMIC wave occurrence and the
spatial distribution of plasmaspheric plasmas. We note that Min et al. [2012] used the plasmaspheric plasma
density to examine spatial variations of EMIC wave properties. However, they did not compare plasmaspheric
plasma densities associated with EMIC waves separated in the H-band and He-band and thus could not deter-
mine how plasmaspheric plasma influences EMIC wave occurrence and their spectral properties. In our study,
we compare the plasma densities detected during the H-band and He-band wave intervals, respectively, and
discuss how and where the cold plasmaspheric plasma contributes to the wave occurrence and wave spec-
tral properties. Our data analysis was motivated in part by geosynchronous observations, which indicate that
the local time occurrence distribution of He-band waves depends on geomagnetic activity [Park et al., 2016].
In this study, we investigate the spatial occurrence distributions for H-band and He-band waves under three
different geomagnetic conditions (all Kp, Kp > 2, and Kp < 1). Since O-band EMIC waves in the outer magne-
tosphere overlap with dayside ultralow frequency pulsations in the Pc3 frequency band (~20-100 mHz), we
exclude O-band EMIC waves in this study.

The organization of this paper is as follows. In section 2, we describe the data for this study. In section 3,
we examine examples of EMIC waves observed in the outer magnetosphere and describe the event selec-
tion procedure. In section 4, we present statistical analyses. In section 5, we discuss the statistical results. Our
conclusions are presented in section 6.

2. Data Set

The THEMIS probes were launched in February 2007. They were on a low-inclination (<10°) orbit with apogees
above 10 R; and perigees below 2 R, [Sibeck and Angelopoulos, 2008]. This satellite inclination limits the mag-
netic latitude between —20° and 20°. Each THEMIS probe carried a triaxial fluxgate magnetometer [Auster
et al., 2008]. In this study, we used the magnetic field data of low-resolution mode at four samples per sec-
ond (0.25 s) measured by THEMIS A, THEMIS D, and THEMIS E in the outer magnetosphere (L > 6) over a 4 year
period from 2008 to 2011. The THEMIS magnetic field data are displayed in a mean-field-aligned (MFA) coor-
dinate system, where &, points along the magnetic field, defined to be the low-pass-filtered magnetic field
measured using 300 s moving average, &, (eastward) is parallel to &, Xr, where ris the spacecraft position vec-
tor relative to the center of the Earth, and &, (radial) is given by &, =&, X &,.We used the total electron density
inferred from the spacecraft potential and electron thermal speed measured by the Electric Field Instrument
[Bonnell et al., 2008] and electrostatic analyzer (ESA) instrument [McFadden et al., 2008] on board THEMIS A, D,
and E probes to examine whether the properties of EMIC waves depend on the cold plasma density.

3. Example of EMIC Waves and Event Selection

Figures 1a and 1b show the interplanetary magnetic field (IMF) B, in geocentric solar magnetospheric (GSM)
coordinates and solar wind dynamic pressure (P, ), respectively, shifted to the bow shock nose from the Wind
spacecraft for 13:00-19:00 UT on 11 August 2009. The IMF B, exhibited southward and northward fluctua-
tions between +2 and —2 nT for 13:00-15:15 UT, rotated from north to south at ~15:15 UT, and then stayed
southward mostly near —3 nT until 19:00 UT. P,, gradually increased from ~1.1 to ~1.4 nPa for 13:00-15:00 UT,
and was near ~1.3 nPa before a sudden increase with a peak of ~1.7 nPa at 18:30 UT.

During the 6 h interval, THEMIS D was near the magnetic equator between 1.4° and 6.3° in magnetic latitude
(MLAT) and moved outward from L = 6.2 to L = 11.1 in the dayside sector of 11.8—-14.3 magnetic local time
(MLT). Figure 1c shows the magnetic field intensity observed by THEMIS D and the TO5 model field intensity
[Tsyganenko and Sitnov, 2005] estimated using solar wind conditions at 16:00 UT. There were sudden changes
in the observed magnetic field intensity after 18:30 UT, corresponding to the interval of sudden increase in
P, These field signatures indicate that THEMIS D transiently entered the magnetosheath. The magnetic field
magnitude (AB), subtracting the model from the observation, is plotted in Figure 1d. Except for the interval of
~15:00-16:30 UT, the observed field intensity was slightly smaller than the model intensity (|JAB| < ~6 nT).
AB gradually decreased from 13:00 to 14:00 UT and then increased from 14:00 UT to 15:00 UT to a magnitude
of ~5 nT. This magnetic field distortion is due to the magnetic field compression caused by the increase in P,
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11 August (Day 223) 2009

=)
£
m (a)
B~
2
4L i
1.8 T T T T T T T T T T T
1.6 | 1
e
Y]
£ 14t w (b)
Z
=) ’//H'\'\,\. !
1.0

uUT 13:00 14:00 15:00 16:00 17:00 18:00 19:00

THEMIS-D
o
£ (©
m L
30 L —— THEMIS-D Obs.
[ — TSO05 Model
0 " L " L N 1 N 1 N 1
6 T T T T T
3| AB=O0bs.-Model ]
= _
= d
= @
g J
100 g T T T T T T T T
%
2 10 | (e)
2
1 . . . .

uT 13:00 14:00 15:00 16:00 17:00 18:00 19:00
L 6.2 7.5 8.5 9.4 10.1 10.7 11.1
MLAT 1.4 2.1 32 43 53 5.9 6.3
MLT 11.8 12.4 12.9 13.3 13.7 14.0 14.3

Figure 1. Comparison of solar wind parameters at Wind and magnetospheric magnetic field and electron density (Ngp),
inferred from the spacecraft potential, at THEMIS D for the interval from 13:00 to 19:00 UT on 11 August 2009.

(a) Interplanetary magnetic field (IMF) B, in GSM coordinates. (b) Solar wind dynamic pressure (P,,). (c) The magnetic
field intensity observed by THEMIS D (blue) and the T05 model field intensity (red). (d) The magnetic field magnitude
(AB), subtracting the model from the observation. (e) Electron density.

Figure Te shows the radial profile of electron density (N,,), inferred from the THEMIS D spacecraft potential, for
the outbound leg. Since N, is plasmaspheric (i.e., cold plasma), Ny, has been used to examine the spatial distri-
bution of plasmaspheric plasmas [e.g., Li et al., 2010; Nishimura et al., 2013; Walsh et al., 2013; Kwon et al., 2015].
N, has a simple radial structure, decreasing as a function of L, with a slight enhancement around 14:16 UT and
a sudden decrease from ~27 cm~3 at 15:04 UT (L = 8.6) to ~6 cm~3 at 15:19 UT (L = 8.8). The plasmapause
is usually defined to be a density gradient of a factor of 5 or greater over an L distance smaller than 0.5 [e.g.,
Carpenter and Anderson, 1992; Moldwin et al., 2002]. Thus, the sudden decrease in N, at L = 8.6 indicates that
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Figure 2. (a) Electron density and AB shown in Figure 1. Dynamic power spectrograms for the THEMIS D magnetic field
data for the interval displayed in Figure 1. The three components (b) 6b,, () 6by, and (d) 6b, denote perturbations in the
radial, azimuthal, and field-aligned directions, respectively. The data were time differenced prior to spectral estimate in
order to remove a slowly varying background. The two white lines in the dynamic spectrograms indicate the local
helium (f4+) and oxygen (fo+) gyrofrequencies.

THEMIS D moved across the plasmapause. Since Kp stayed at low levels between 0+ and 1 for 21 h from 00:00
t0 21:00 UT on 11 August 2009, the location of the plasmapause formed at L = 8.6 is not unreasonable [Kwon
et al., 2015]. After exiting the plasmasphere, THEMIS D was in a low-density plasma and then reentered the
dense plasmaspheric plasma region around 16:30 UT as it was approaching the magnetopause. The dense
plasma was observed until just before the transient magnetopause crossing, indicating that the cold plasma-
spheric plasma was attached at the magnetopause. Although we cannot determine whether the cold and
dense plasmaspheric plasma near the magnetopause is detached from the plasmasphere or connected to the
plasmasphere (i.e., plasmaspheric plume), it may be associated with the magnetospheric convection electric
field, enhanced during the steady southward IMF interval from 15:30 to 19:00 UT under quiet geomagnetic
conditions (Kp < 1).

Figure 2 shows N, AB, and dynamic Fourier spectrograms of the three components (transverse components,
radial (6b,) and azimuthal (6b,), and the compressional (6b,) component) of the differenced magnetic field
in the MFA coordinates for the interval displayed in Figure 1. The two white lines in dynamic spectrograms
represent the local helium (f,.+) and oxygen (fy.+) gyrofrequencies. The spectra were calculated using a data
window of 3 min (720 data points), stepping it forward by 25% (45 s), and smoothed by eight-point averaging.
All three components have a frequency band near 330 mHz, which is related to the spin period (~3 s) of the
spacecraft. The strongly enhanced spectral intensities in the frequency band from 0 to 600 mHz occurred
when the spacecraft briefly entered the magnetosheath and/or boundary layer regions.
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THEMIS-D
11 August (Day 223) 2009
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Figure 3. (a) The waveforms of the three components (5b,, 6by, and §b,) in MFA coordinates for a 3 min period during
the intense EMIC wave activity seen in Figure 2. (b) The power spectral densities of transverse components (PSD_&b,
and PSD_szy) and compressional component (PSD_éb,). (c) Total transverse power spectral density (PSD_(Sbe), defined
to be PSD_é6b, + PSD_&by. The solid circles indicate the spectral peak (fpeak) in PSD_ébe in the H-band and He-band,
respectively. The spectral width for each peak is marked with open circles.

For the interval of ~13:30-15:15 UT, where AB gradually increased, the wave activity in the transverse com-
ponents was strongly enhanced in the He-band. This is consistent with recent studies by Hyun et al. [2014]
and Park et al. [2016]. They reported that the He-band EMIC waves can be excited by small enhancements in
P.,, under quiet geomagnetic conditions. A maximum intensity in the He-band occurred at ~14:20 UT. This
coincides with the increase in N,,. The He-band waves suddenly disappeared as the spacecraft exited the plas-
masphere. In the low-density region, the wave activity was identified only in the H-band. The He-band EMIC
waves were again detected while the spacecraft was in the dense plasmaspheric plasma attached at the mag-
netopause. The important fact here is that the appearance and disappearance of He-band and H-band EMIC
waves are associated with the spatial distribution of cold plasmaspheric plasma. We note that EMIC wave
occurrence depending on solar wind dynamic pressure and various geomagnetic conditions identified with
AE and SYM-H has been reported by Usanova et al. [2012], who used THEMIS magnetic field data. In this study
we mainly focus on the relationship between EMIC wave occurrence and cold plasmaspheric plasma.

Figure 3a shows the waveforms of the three components in MFA coordinates for a 3 min period during the
intense EMIC wave activity seen in Figure 2. There are oscillations in all field components, but they are mostly
strongly transverse oscillations, as expected from the dynamic spectra of Figure 2, that consist of several wave
packet structures. The transverse components, 5b, and 6b,, exhibit EMIC waves superposed on the field vari-
ations, which are much slower in period and larger in amplitude than the EMIC waves. To reduce the effect of
such slow and large field variations in the frequency domain analysis, differencing is used prior to the Fourier
transform for a given time series [e.g., Anderson et al., 1992a; Park et al., 2016].

The power spectral densities of transverse components (PSD_sb, and PSD_gb,) and the compressional com-
ponent (PSD_sb,) are plotted in Figure 3b. A strong peak is seen in PSD_sb, at ~190 mHz in the He-band.
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Figure 4. (a) The dynamic spectrum of the time-differenced transverse field component (6bxy) and (b) peak frequency
(red dots) of PSD_sb,,, with spectral width (blue dots) for EMIC wave events identified using the event selection
procedure.

A secondary peak appears in PSD_sb, at ~320 mHz above the local helium gyrofrequency frequency (f.)
(i.e., in the H-band). The secondary peak is located near the spacecraft spin period (~3 s). By comparing the
dynamic spectra of Figure 2 and power spectrum densities in Figure 3b, we confirmed that the spin tone
around 330 mHz has a power spectral density of ~10~2 in units of (nT/0.25 s)?/Hz, which is comparable to the
background noise level in the frequency band above ~300 mHz. We also confirmed that PSD_¢b, at the sec-
ondary peak is larger than the spin tone power by a factor of 15. If our threshold is used to identify EMIC wave
activity near 330 mHz, the spin tone does not significantly affect our statistical study.

In order to identify EMIC wave events, we used the following procedure. First, we generated 3 min segments
of data covering the outer magnetosphere (L > 6) by THEMIS spacecraft and calculated the power spectrum
density of the three field components. Over this time period, the oscillations should be characterized as pre-
dominantly transverse. That is, PSD_éb,, or PSD_éby should be larger than PSD_6b, by a factor of 10 or more.
This is a very simple procedure to discriminate against Pc3 pulsations (frequency = 22-100 mHz by definition),
generated in the upstream region and propagating into the magnetosphere as fast mode (compressional)
waves Hughes [1994]. In the frequency domain analysis, Pc3 pulsations and EMIC waves cannot be distin-
guished in the outer magnetosphere because the He-band of EMIC waves in that region overlaps with the
frequency band of Pc3 pulsations with a short period. Second, we determined the highest spectral peak (fe)
in the total transverse power spectral density (PSD_ébxy), defined to be PSD_éb, + PSD_&by, in the H-band
and He-band. Third, the spectral width, marked by f; and f,, of the PSD_sb,,, peak is determined at the level
of 50% of the peak power. Both f,and f, should be in the He-band for He-band EMIC waves and in the H-band
for H-band EMIC waves. Finally, we determined the EMIC wave power (P,) calculated by integrating PSD_éb,,
over the frequency band (Af) between f, and f,. The wave power P,, should be larger than a power threshold
of 2.0 x 107* (nT/0.25 s)2.

Figure 3c shows PSD_sb,,, f.., (solid circles), and the width of f,.,, (marked by open circles) for the 3 min
interval. The peak powers calculated over Af in the H-band and He-band are greater than our threshold.
However, the H-band EMIC wave event is not selected as a H-band EMIC wave event because f; of f ., is
located in the He-band. It should be noted that only ~3% of the He-band wave events were identified with the
H-band wave events in our statistical study. This result is not surprising. According to Kozyra et al. [1984], the
H-band wave growth is strongly suppressed by cold heavy ions (He* and O*) in the plasmaspheric plasmas.
As shown in Figures 2 and 3, the wave power in the H-band when both H-band and He-band waves coexist
is smaller than the He-band power by a factor of 10. This indicates that the high-density region contains cold
heavy ions.
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Figure 4 shows the dynamic spectrum of the time-differenced transverse field component (6b,,) and peak
frequency of PSD_éb,, with Af for EMIC wave events identified using the above procedure. In the dynamic
spectrum, the He-band EMIC wave activities for the interval of ~13:30-14:10 UT are visually identified.
However, they were not selected as EMIC wave events because their powers calculated in 3 min time win-
dows did not pass our threshold. In our statistical study, EMIC wave activity is required to last more than
10 min (i.e., more than three P,;). Once EMIC wave events are selected, their peak frequencies are plotted in the
frequency-time format and verified by manually comparing them against the 6b,, dynamic spectrum of the
format shown in Figure 4. Thus, our event selection procedure is not automatic but instead semiautomatic.

4. Statistical Analysis

In this section, we present statistical analyses of EMIC wave events selected using the procedure described
in section 3. It should be noted that comprehensive statistical studies of EMIC wave properties using THEMIS
spacecraft have been conducted by Minetal. [2012] and Usanova et al. [2012]. However, Min et al. [2012] did not
examine whether the spatial distribution of the EMIC wave occurrence depends on geomagnetic activity, and
Usanova et al.[2012] examined wave occurrence without distinguishing the He-band and H-band EMIC waves.
In our statistical study, we investigate the occurrence rate of the He-band and H-band EMIC waves for three
different geomagnetic conditions (i.e., all Kp conditions, Kp > 2,and Kp < 1). We also examine the relationship
between EMIC wave occurrence and cold plasmaspheric plasma distribution because the example shown
above indicates that the plasmaspheric plasma is one of the main control parameters for EMIC wave activities.

4.1. Spatial Distribution of EMIC Waves

Figures 5a—5c show the distribution of the total observation time of three THEMIS probes in hours for all Kp
conditions, moderate and disturbed conditions (Kp > 2), and quiet conditions (Kp < 1), respectively, in L-MLT
coordinates for a 4 year period from 2008 to 201 1. Note that the color key scale for all Kp conditions is different
from that for Kp > 2 and Kp < 1. The gray circles represent four magnetic L shells (L =6, 8, 10, and 12). The
data coverage is biased to higher values at larger L because the spacecraft stayed longer near their apogees
(~10 R;). The coverage is much higher under quiet geomagnetic conditions (Kp < 1) than under moderate
and disturbed conditions (Kp > 2). This is due to the fact that a 3 year (2008—2010) period out of a total of
4 year period was in solar minimal activity although solar cycle 24 began in 2008. Park et al. [2016] reported
that ~70% of 2007-2008 was under geomagnetic conditions of Kp < 2. Comparing solar cycle 22 and solar
cycle 24, Saikin et al. [2016] reported that a disproportionate amount of spacecraft dwell time has occurred
when geomagnetic activity or solar wind dynamic pressure was considerably quiet or low in solar cycle 24.

Figure 6 shows the spatial distributions of H-band EMIC wave observation time and occurrence rate, calculated
by dividing the event observation time by the total observation time for each square bin with Ax =1 R; by
Ay =1 R, covering all local times from L = 6 to L = 12 for the three different geomagnetic conditions.
Regions with an event observation time less than 0.2 h and occurrence rate less than 0.1% appear as white
space on the L-MLT plots. The occurrence rate of H-band EMIC waves for all Kp increases with L and is high in
the outermost region (L = 10-12), suggesting wave generation sources located at large radial distances [e.g.,
Anderson et al., 1992a; Usanova et al., 2012]. This is quantitatively consistent with previous THEMIS statistics
provided by Min et al. [2012] except for a region of 0300-0600 MLT for L > 10. This difference may be due
to different thresholds for event selection. In Min et al., the average H-band EMIC wave power in the early
morning sector (0600-0900 MLT) for L > 10 is larger than in the early dawn sector (0300-0600 MLT) for L > 10.
Such dawn sector events with weak power may not exceed our threshold. In the occurrence rate distribution of
the H-band eventsforKp > 2and Kp < 1, we found two important features. One is that the H-band EMIC waves
appear more globally in longitude under quiet geomagnetic conditions than under moderate and disturbed
conditions. Another notable feature is that the H-band events under quiet geomagnetic conditions (Kp < 1)
mostly contribute to the maximum occurrence rate seen in the early morning sector (0600-0900 MLT) at the
outermost region (L > 10) for all Kp conditions. This geomagnetic dependence of the spatial distribution on
H-band EMIC wave occurrence has not been reported in Min et al. [2012].

The He-band EMIC wave observation time and occurrence rate are plotted in Figure 7, in the same format as
Figure 6. Note that the color key scale for H-band events is different from that for He-band events. By com-
paring the occurrence rates of H-band and He-band waves, we confirm that the overall occurrence rate of the
H-band events is higher than the He-band events, consistent with AMPTE/CCE observations [Keika et al., 2013].
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Figure 5. The distribution of the total observation time of THEMIS A, D, and E in hours for (a) all Kp conditions, (b) moderate and disturbed conditions (Kp > 2),
and (c) quiet conditions (Kp < 1), respectively, in L-MLT coordinates for a 4 year period from 2008 to 2011.
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Unlike the occurrence rate of H-band waves, the occurrence peak of He-band waves for all Kp is not in the out-
ermost region (L > 10) in the morning but in a region of L =8-10 located in the postnoon (~1500- 1600 MLT)
sector. This peak location is similar to the previous THEMIS and AMPTE/CCE observations. In our study, the
He-band events are very rare in a region of the midnight-to-early morning sector. Therefore, there is no sec-
ondary peak near dawn for L > 10 seen in Min et al. [2012]. The discrepancy between our result and that of Min
et al. should be again reconciled. Min et al. reported that the average He-band EMIC wave power in the post-
noon sector for L > 7 is much larger than the wave power in a region of 0300-0900 MLT, by a factor of ~10,
and that low power He-band EMIC waves near dawn have large normal angles (~60°). These waves are char-
acterized as compressional waves in our study. Thus, He-band waves near dawn in Min et al. [2012] may not
be selected as He-band events in our study. We note that the local time occurrence distribution of He-band
waves for all Kp shown in Figure 7d is very consistent with AMPTE/CCE observations using transverse compo-
nents to determine EMIC wave activity [Keika et al., 2013] even though the spacecraft apogee is around L = 9
(see Figure 5c in their study).

The He-band waves for Kp > 2 are mainly localized between 1200 and 1800 MLT with a peak near postnoon
at L =8-10, and their occurrence rate (note the different color scale) is higher than that for Kp < 1. Under
quiet conditions, the wave occurrence distribution extends toward both morningside and nightside. At lower
L values near geosynchronous orbit (L ~ 7), the occurrence of quiet-time He-band waves is high near noon.
At larger radial distances (L ~ 8—12), however, higher occurrence appears in the late afternoon. Under quiet
conditions, the radial distance of high-occurrence region varies with longitude. Unlike the He-band events for
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Figure 6. Spatial distributions of H-band EMIC wave observation time and occurrence rate (a, d) for all Kp, (b, e) for Kp > 2, and (c, f) for Kp < 1, respectively.
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Figure 7. The spatial distributions of He-band EMIC wave observation time and occurrence rate in the same format as Figure 6.

H-band EMIC waves

He-band EMIC waves

Kp > 2, the high occurrence rate for Kp < 1 extends out to the outermost radial distance region (L = 10-12)
in the afternoon. These observations indicate that the high-occurrence region of He-band waves depends on
geomagnetic activity.

Figures 8a-8c show the L-MLT maps of the median values of the normalized frequency (fq,/fy+) for H-band
waves. Information on the geomagnetic activities is also provided for all Kp, Kp > 2, and Kp < 1. The notable
feature in the map for all Kp is the strong morning-afternoon asymmetry in the normalized frequency. This
morning-afternoon asymmetry does not depend on the geomagnetic activities. The normalized frequency is
~0.5 in the morning and ~0.3 in the afternoon. These results are consistent with previous THEMIS statistics
[Minetal., 2012].
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Figure 8. (a—c) The L-MLT maps of the median values of the normalized frequency (f,eai /fi+) for H-band waves under the three different geomagnetic
conditions. (d—f) Same as Figures 8a-8c, except for He-band waves.
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Figure 9. The median wave powers of the H-band and He-band events under the three different geomagnetic conditions.

Figures 8d-8f show the normalized frequency for the He-band events. The normalized frequency is clearly
higher in the prenoon sector than in the postnoon sector in the outer magnetosphere for L > 8. This asymme-
try is mainly due to the quiet-time He-band waves. Near noon, the normalized frequency of He-band waves
decreases monotonically with decreasing radial distance with a minimum of about 0.12 at L = 6-7.This value
is very similar to the medians of the normalized frequency near noon at geosynchronous orbit under quiet
geomagnetic conditions [Kim et al., 2016a].

The median wave powers of the H-band and He-band events are plotted in Figure 9. For each geomagnetic
activity, it is likely that the location of enhanced wave power is not always consistent with the region where
the majority of the EMIC waves occur. As shown in the example (Figures 2 and 3), the EMIC wave power sig-
nificantly varies from event to event even though the events are observed at near the same location. Thus,
median statistics likely do not provide a systematic spatial distribution of wave power. However, there is a
clear tendency for the power of EMIC waves to increase under more disturbed geomagnetic conditions. This
observation is connected to previous observations reporting that the occurrence rate of EMIC waves increases
with geomagnetic activity [e.g., Usanova et al., 2012; Park et al., 2016].

4.2. Cold Plasmaspheric Plasma Distribution and EMIC Waves

Figures 10a-10c show the distribution of the median values of N, derived from the spacecraft potential for
the total observation time plotted in Figure 5 for the three different Kp conditions. The median N, is clearly
lower (<1 cm™3) at large distances (L > 8) in the premidnight-to-noon local time sector (~2000-1200 MLT)
than in the remainder of the local time sector (~1-10 cm~3) for all Kp conditions. There is a strong enhance-
ment of Ny, (~15-30 cm~3) at a radial distance of L = 6-8 in the late afternoon sector (~1500-1800 MLT).
This location is consistent with a region where plumes have been commonly detected [e.g., Darrouzet et al.,
2008]. According to Sheeley et al. [2001], plasmaspheric density is give by

6.6 )4 )

Ny = 105 (=2
where L is the magnetic shell parameter. Taking this model, Ny, varies from 15 cm™ atL = 6 to 1 cm™ at
L = 12. Walsh et al. [2013] used a threshold for plume identification as twice the value given in equation (1)
and found many plumes extending toward the dayside magnetopause. From the results of these studies, we
suggest that relative high densities (~1-30 cm~3) formed over the L range of 6-12 in the afternoon-to-dusk
sector are regions of plasmaspheric plasma extending out to the magnetopause. These regions are called
plasmaspheric plumes in this study.
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Figure 10. (a-c) The distribution of the median values of Ny, derived from the spacecraft potential for the total observation time shown in Figure 5 for the three
different Kp conditions. (d-f) The median values of Nep during the intervals of the H-band EMIC waves. (g—i) The median values of Ngo during the intervals of the
He-band EMIC waves.

Under the moderate and disturbed conditions (Kp > 2) seen in Figure 10b, the plume structure is more local-
ized along the local time in the afternoon sector from L = 6 to L = 12. This plume distribution in the L-MLT
map is similar to that reported in previous studies [Darrouzet et al., 2008; Usanova et al., 2013]. High-density
regions (~20-30 cm™3) are strongly localized near the late afternoon (MLT = 1600-1800) for L ~ 7. This may
be associated with the plasmaspheric duskside bulge.

During quiettimes (Kp < 1), the large N, enhancementis globally seen at a radial distance between L = 6 and
L = 8along the local time with a dawn-dusk asymmetry. That is, the dusk region has a higher density than the
dawn region over the radial distance. The enhanced N, sharply decreases around L = 8 near dusk and within
L = 8inotherlocal time sectors. This high-density appearance at L = 6-8 can be interpreted as plasmasphere
expansion above L = 6 under quiet conditions [e.g., Moldwin et al., 1994; Kwon et al., 2015]. From a comparison
of the radial and longitudinal N, distributions for Kp > 2 and Kp < 1, we confirm that the duskside plume
boundary for Kp > 2 expands toward later local times for Kp < 1. The geomagnetic activity dependence
of the longitudinal plume distribution is similar to the motion of the plasmaspheric bulge reported by Kwon
etal. [2015], who observed that a plasmaspheric bulge shifts toward the postdusk sector from the afternoon
sector with decreasing geomagnetic activity.

Figures 10d-10i display the median N, derived using Ny, values obtained during the intervals of the H-band
and He-band EMIC waves. A major feature evident in the Ny, distributions is that Ny, is much higher for the
He-band intervals than for the H-band intervals by a factor of 10 or more, as indicated in the examples in
Figure 2. This gives strong support that He-band EMIC wave generation is associated with enhancements in
cold plasma density (i.e., in the outer plasmasphere, near the plasmapause, or in plume regions).
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Another important feature is that the overall Ny, medians in a region over L = 8 when H-band waves were
detected are comparable to the median values of N, for the total observation time. There is a clear longi-
tudinal asymmetry in N, for H-band events, which is similar to the asymmetric density distribution seen for
total observation time (Figure 10a), implying that H-band waves can occur inside or outside the relatively
low-density plumes. The H-band Ny, asymmetry for Kp > 2 is quantitatively similar to that for Kp < 1. This
indicates that the asymmetry is independent of geomagnetic activity.

5. Discussion

The most important result of the present study is the fact that a pronounced morning-afternoon asymmetry
in the H-band and He-band wave occurrence rates (i.e., frequent occurrence of H-band waves in the morn-
ing and He-band waves in the afternoon) is due to the asymmetric distribution of cold plasmaspheric plasma
along the local time over large values of L. We showed that occurrence of the H-band and He-band waves
is clearly related to the N, values. For each band, we found the morning-afternoon asymmetry of the nor-
malized frequency. This asymmetry is qualitatively similar to the spatial N, distribution, implying that the
morning-afternoon asymmetry of the frequency is also attributed to the N, distribution. In the He-band, the
normalized frequency near noon decreases with decreasing radial distance to a minimum at L = 6, where N,
is a maximum. From these observations, we can conclude that the cold plasma density plays a significant role
in determining the spectral properties of EMIC waves in the outer magnetosphere [Young et al., 1981; Kozyra
etal., 1984; Horne and Thorne, 1994].

Our statistical study showed that the occurrence rate of H-band waves increases with radial distance, which
is consistent with previous AMPTE/CCE statistics [Anderson et al., 1992a; Keika et al., 2013] and THEMIS statis-
tics [Min et al., 2012; Usanova et al., 2012], which reported that the occurrence of EMIC waves was maximized
at higher L values in the dayside magnetosphere. Under moderate and disturbed geomagnetic conditions
(Kp > 2) in our study, high L occurrence of the H-band waves mostly appears in the dayside. These obser-
vations have been interpreted in terms of EMIC wave growth rate increasing with radial distance [e.g.,
Anderson et al., 1992a] and magnetospheric compression [e.g., Usanova et al., 2012], leading to an increase in
temperature anisotropy of energetic ions.

In the outermost region (L > 10), the H-band occurrence rate peaks in the early morning under quiet geomag-
netic conditions (Kp < 1). Such morningside H-band events were less frequently observed for Kp > 2. Both
the local time dependence and geomagnetic activity dependence of the H-band occurrence distribution for
larger L (>10) were not reported in previous statistical studies. A possible explanation for quiet-time morn-
ingside H-band waves is the outer related to lower part of energetic plasma sheet ions (<10 keV), which was
proposed by Keika et al. [2013]. Since such lower energy ions are not sufficiently energetic for their gradient
and curvature drifts, the particle motions are dominated by the ExB drift. The lower energy ions from the mag-
netotail are convected toward dayside, passing through both dawn and dusk. N, is higher in the duskside
than in the dawnside, as shown in Figure 10c. If the cold plasmaspheric plasma contains heavy ions (primarily
Ot and He"), the H-band growth rate in the duskside is strongly suppressed [Kozyra et al., 1984]. Recently,
Hyun et al. [2014] and Park et al. [2016] reported that EMIC waves can be readily generated with small P,
enhancements under quiet geomagnetic conditions. Since magnetospheric compression has a large effect
on the region close to the magnetopause, the occurrence rate of H-band waves is higher in the morning than
in the afternoon in the outermost region under quiet conditions, as seen in Figure 6f. The H-band occurrence
distribution is not continuous along the magnetic local time from dawn to dusk for L > 10. That is, there is a
longitudinal separation near noon. This may be due to the fact that the plasma sheet ions are not on closed
drift paths.

The He-band waves for all Kp, shown in Figure 7d, mostly occur in the postnoon sector with a peak around
1500-1600 MLT. Unlike the H-band waves, the He-band peak occurrence along the radial direction is not at the
outermost location (L = 10-12), but instead at the radial distances of L = 8-10, indicating that the preferred
region for He-band EMIC wave generation is different from that for H-band generation. The spatial distribu-
tion of Ny, shown in Figure 10 contains important clues about the occurrence of He-band waves. Comparing
the peak occurrence region of the He-band events and the radial distribution of N, for the three levels of Kp,
we found that a preferred He-band wave occurrence appears at a steep Ny, gradient region, which is consid-
ered to be the plasmapause or plume boundary, near L = 7-10 along the local time. These results support
previous theoretical studies reporting that enhanced wave growth occurs within regions of spatial overlap
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of anisotropic ring current ions and high-density cold plasma regions just inside the plasmapause or plumes
[e.g., Cornwall et al., 1970; Kozyra et al., 1984; Thorne et al., 2006; Chen et al., 2009].

Under quiet geomagnetic conditions, the He-band occurrence rate is higher around noon at lower L values of
~6-8.1n that region, N, is atits highest (~100 c¢m™3), indicating that He-band EMIC waves occur just inside or
near the plasmapause. The longitudinal peak location at this radial distance is consistent with a recent study
reported by Park et al. [2016], who examined the occurrence probability of quiet-time He-band EMIC waves
using geosynchronous magnetometer data. They observed that quiet-time geosynchronous He-band waves
mostly occur in the region from morning to afternoon, with a peak around noon, and suggested that the
major driver of the He-band waves is solar wind pressure variations, even for small enhancements. A higher
occurrence near noon at L = 6-8 indicates that the plasmasphere expanded frequently, approaching the
geosynchronous region, under quiet geomagnetic conditions [Kwon et al., 2015]. In the late afternoon sector,
the higher-occurrence region is distributed over large radial distances between L = 8 and L = 12. This may
be due to the fact that density gradients occur more broadly with radial distance. Kwon et al. [2015] observed
that the plasmapause location under quiet conditions (Kp < 1) is highly scattered between L = 4and L = 10
in the postnoon-to-midnight sector. The He-band occurrence distribution extending to midnight under quiet
conditions can be explained by the longitudinal distribution of quiet-time plasmapause locations reported
by Kwon et al. (see Figure 4 in their study).

There have been statistical studies on the relationship between the occurrence of EMIC waves and plasmas-
pheric plumes [Posch et al., 2010; Usanova et al., 2013]. They reported that the occurrence of EMIC waves has
a weak correlation with the occurrence of plasmaspheric plumes. In their studies, however, they examined
EMIC waves without distinguishing the H-band and He-band. Our statistical results clearly show that N, was
relatively low when H-band EMIC waves were detected and that H-band waves occur globally both inside and
outside low-density plumes. Since the occurrence rate of H-band waves is higher than that of He-band waves
in the outer magnetosphere above L = 6, the correspondence between the occurrence of He-band waves
and plumes may be smeared in the previous studies.

6. Conclusion

We have examined the properties of EMIC waves in the outer magnetosphere using THEMIS data over a 4 year
period from 2008 to 2011. We have shown that the spatial distribution of H-band and He-band wave occur-
rence rates depends on geomagnetic activity. By comparing the cold plasma distribution with the EMIC wave
occurrence and normalized frequency, we confirmed that the morning-afternoon asymmetries of H-band and
He-band EMIC wave occurrence rate and normalized frequency for each band are associated with the cold
plasma density distribution. Our major finding is 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. These observations indicate that
the cold plasma density plays a significant role in determining the spectral properties of EMIC waves in the
outer magnetosphere.
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