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Abstract We have studied the spectral properties of quiet-time electromagnetic ion cyclotron (EMIC)
waves following a steady quiet condition, which is defined with Kp values ≤1 during 12 h, using GOES 10,
11, and 12 magnetometer data for solar minimum years 2007–2008. We identified 6584 steady quiet-time
EMIC wave samples using a semiautomated procedure. Approximately 82% of the samples were observed
in the morning-to-early afternoon sector (0700–1500 magnetic local time) with a maximum occurrence
near noon, and their peak frequencies were mostly in the He band. We found that the occurrence rate of
steady quiet-time EMIC waves is higher than that of EMIC waves for all or quiet geomagnetic conditions
(Dst > 0 nT or AE < 100 nT) reported in previous studies by a factor of 2 or more. The frequency ratio fpeak

(sample’s peak frequency)/fH+ (the local proton gyrofrequency) of the He-band waves (∼0.11–0.16) under
steady quiet conditions is lower than that (∼0.14–0.24) in previous studies. These results may be due to
the fact that the plasmasphere expanded more frequently to the geosynchronous region under extremely
quiet geomagnetic conditions in 2007–2008 than the periods selected in previous studies. The amplitude
and frequency of He-band EMIC waves for nonlinear wave growth are examined as changing cold plasma
density at geosynchronous orbit. We confirm that the spectral properties of observed EMIC waves are in
good agreement with the nonlinear theory.

1. Introduction

The theory of wave-particle interactions [e.g., Cornwall, 1965; Kennel and Petschek, 1966] describes that pro-
ton (H+) cyclotron waves with frequencies below the proton gyrofrequency are generated as transverse
left-handed polarized waves in the equatorial region of the magnetosphere beyond L = 4 by the proton
cyclotron instability. The source of free energy for this instability is anisotropic (T⟂ > T∥), where T⟂ and T∥
are perpendicular and parallel temperatures, respectively, to the background magnetic field, and energetic
(∼10–100 keV) protons injected into the Earth’s magnetosphere.

The Earth’s magnetosphere is filled with energetic ring current plasmas and cold plasmaspheric plasmas,
both of which contain heavy ions (primarily O+ and He+). The presence of heavy ions even in small quantities
dramatically modifies the amplification and propagation of waves generated by wave-particle interactions
[e.g., Young et al., 1981; Kozyra et al., 1984]. In the presence of cold heavy ions these waves appear in three dis-
tinct bands, H band between the local H+ gyrofrequency (fH+ ) and He+ gyrofrequency (fHe+ ), He band between
the local He+ gyrofrequency (fHe+ ) and O+ gyrofrequency (fO+ ), and O band below fO+ , and are now known as
electromagnetic ion cyclotron (EMIC) waves.

EMIC waves are commonly observed in space over a wide L range [Anderson et al., 1992a; Fraser and Nguyen,
2001; Min et al., 2012; Usanova et al., 2012; Keika et al., 2013; Meredith et al., 2014] and also on the ground at low
to high latitudes [e.g., Fraser et al., 1989; Engebretson et al., 2002; Nomura et al., 2011; Kim et al., 2016] in the fre-
quency range of Pc1–Pc2 pulsations (∼0.1–5 Hz). Theoretical studies suggest that the greatest amplification
of EMIC waves occurs near the geomagnetic equator where the magnetic field strength is minimum and the
cold plasma density is high [e.g., Cornwall, 1965; Kennel and Petschek, 1966; Kozyra et al., 1984; Mauk, 1982].
The relationship between the occurrence of EMIC waves and enhancement in cold plasma density has led
to a prediction that the afternoon-to-dusk sector in the outer magnetosphere, where energetic/anisotropic
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ring current or plasma sheet ions drifting westward interact with cold and dense plasmas in the plasmas-
pheric bulge and plumes, is a favored region for the generation of EMIC waves. It has been reported that
plasmaspheric plumes have a high chance of being detected in the afternoon sector between L=6 and L=9
[Darrouzet et al., 2008]. The high occurrence of EMIC waves at L> 7 in the afternoon sector from Active Mag-
netospheric Particle Tracer Explorers (AMPTE)/CCE [Anderson et al., 1992a; Keika et al., 2013] and Time History
of Events and Macroscale Interactions during Substorms (THEMIS) [Min et al., 2012; Usanova et al., 2012] obser-
vations is consistent with the theoretical prediction that growth rate can be expected to increase with radial
distance [e.g., Anderson et al., 1992a].

Anisotropic (T⟂ > T∥) ions providing free energy for EMIC instability are convected and injected toward the
inner magnetosphere, respectively, during geomagnetic storms [e.g., Erlandson and Ukhorskiy, 2001; Meredith
et al., 2003; Fraser et al., 2010; Halford et al., 2010] and substorms [e.g., Ishida et al., 1987]. Such an anisotropic
condition for EMIC wave generation can also be expected when the magnetosphere is compressed by large
solar wind dynamic pressure changes associated with sudden commencements [e.g., Olson and Lee, 1983;
Anderson and Hamilton, 1993; Engebretson et al., 2002; Arnoldy et al., 2005; Usanova et al., 2008] and even by
small changes in the solar wind dynamic pressure during quiet geomagnetic conditions [Hyun et al., 2014;
Park et al., 2016].

Since EMIC waves interact with energetic ring current ions and relativistic electrons and cause loss of these
particles into the Earth’s atmosphere through pitch angle scattering [e.g., Kennel and Petschek, 1966; Thorne
and Kennel, 1971; Erlandson and Ukhorskiy, 2001; Summers and Thorne, 2003], their activities are critical to
the dynamics of ring current and radiation belt particles, in particular for MeV electrons [e.g., Horne, 2002;
Summers and Thorne, 2003; Kang et al., 2015]. Observations of precipitating ring current or radian belt particles
at low-altitude polar-orbiting spacecraft during the occurrence of EMIC waves support the theory of resonant
wave-particle interactions with EMIC waves [e.g., Yahnina et al., 2000; Miyoshi et al., 2008; Yuan et al., 2012;
Hyun et al., 2014; Kim et al., 2016].

In a recent study reported by Park et al. [2016], who used geosynchronous magnetic field data in 2007–2008,
the authors confined their attention only to geomagnetically quiet periods (Kp≤1). Within this limitation they
found that the He-band EMIC waves at geosynchronous orbit mostly occur in the morning-to-early afternoon
sector (0700–1500 magnetic local time, MLT) with a peak around noon, which is clearly different from previous
results for all Kp conditions showing a peak occurrence in the afternoon around 1500–1600 magnetic local
time (MLT) [Anderson et al., 1992a; Clausen et al., 2011; Min et al., 2012; Usanova et al., 2012; Keika et al., 2013].
They also found that solar wind dynamic pressure enhancement is a main control parameter for quiet-time
EMIC wave occurrence and that the amplitude of the pressure enhancement need not be large for excitation
of the EMIC waves.

This paper extends the study by Park et al. [2016], called P1, to examine spectral characteristics of quiet-time
EMIC waves. As mentioned above the presence of heavy ions in the cold plasmaspheric plasma strongly affects
EMIC wave properties. Under moderate geomagnetic conditions the plasmapause is located near L ∼ 4–5
and thus geosynchronous orbit is mostly outside the plasmapause. Under quiet conditions, however, the
plasmapause expands to or even beyond geosynchronous orbit [e.g., Kwon et al., 2015]. This indicates that the
dense and cold plasmaspheric plasma appears more frequently at the geosynchronous region during the solar
minimum period 2007–2008 selected in our study. By comparing with previous results, we discuss whether
spectral characteristics of quiet-time EMIC waves are due to heavy ions in the cold plasmaspheric plasma.

This paper is organized as follows. In section 2 we describe the data set for this study. In section 3 we present
samples of steady quiet-time EMIC waves. In section 4 we present the statistical analysis. In section 5 we
discuss the statistical results, and conclusions are presented in section 6.

2. Data Set

We use high time resolution (∼0.512 s) magnetic field data from GOES 10, GOES 11, and GOES 12 acquired
through a 2 year period from January 2007 to December 2008 in order to identify geosynchronous EMIC
waves. The GOES magnetic field vector quantities are presented in a mean-field-aligned (MFA) coordinate sys-
tem in order to separate the compressional and transverse components. The data set and coordinate system
used in this study are in the same format as those used in P1. Detailed descriptions of the data processing and
coordinate system are given in P1.
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Figure 1. Occurrence frequency distribution of the 3 h Kp values following steady quiet conditions during the period of
2007–2008. Most of Kp values (∼88%) immediately following steady quiet conditions were between 0 and 1.

The quiet-time EMIC wave events presented in P1 were selected when geomagnetic activity was low (Kp ≤ 1)
without considering geomagnetic conditions before the onset of the events. Because there may be a variety
of Kp values just before the onset of quiet-time EMIC waves, some of the events in P1 would not have a connec-
tion to quiet geomagnetic conditions. To ensure that EMIC wave events are associated with quiet conditions,
we selected the events following a steady quiet condition, which is defined with Kp values ≤1 during 12 h.
That is, the maximum Kp was ≤1 for the four 3 h Kp values (12 h) prior to the event that occurred for any inter-
val of Kp ≤ 1. Figure 1 shows the occurrence frequency distribution of the Kp values following steady quiet
conditions during the period of 2007–2008. Most of Kp values (∼88%) immediately following steady quiet
conditions were between 0 and 1. In this study, we use the GOES magnetic field records for such intervals to
identify steady quiet-time EMIC waves.

3. Example of Steady Quiet-Time EMIC Waves
3.1. Dynamic Spectra of EMIC Waves
Figure 2 shows the Kp index, solar wind dynamic pressure (Psw), and AE index for a 2 day period (2–3 July) in
2008. Psw was calculated with the solar wind parameters (solar wind speed and density), time shifted to the
bow shock nose, from the Wind spacecraft. During most of the interval of the 2 day period, the Kp index was
at low levels ≤1, and the AE index was less than 50 nT. Psw was near ∼1 nPa. The Kp index slightly increased
to 1+ for 15:00–18:00 UT on 3 July. This is due to a small but sudden increase in Psw around 12:00 UT and a
small substorm activity associated with a peak amplitude of ∼160 nT in AE around 16:00 UT. After 18:00 UT on
the same day, Kp decreased again to the low level less than 1. Since the steady quiet condition is defined as
the 12 h interval with the maximum Kp ≤ 1, the 3 h Kp intervals following the steady quiet conditions are in
the period from 15:00 UT on 2 July to 18:00 UT on 3 July. This period is marked by the thick horizontal bar in
Figure 2a.

Figures 3a and 3b display the dynamic power spectra of the transverse components, 𝛿bx and 𝛿by , in MFA coor-
dinates with the local helium (fHe+ ) and oxygen (fO+ ) gyrofrequencies at the GOES 10 spacecraft for the interval
from 09:00 to 21:00 UT on 3 July 2008, highlighted by shading in Figure 2. The spectra were generated by
Fourier transforming for the interval with the same method as that used in P1 without time differencing. GOES
10 dynamic spectra show the He-band EMIC waves enhanced in the frequency band between fHe+ and fO+ for
the interval of ∼10:40–19:00 UT. During this EMIC wave interval GOES 10 moved from dawn (MLT =∼6.4 h) to
afternoon (MLT =∼15.2 h) on geosynchronous orbit. The spectral intensity in 𝛿bx is strongly time modulated
with large wave activity for the intervals of ∼13:00–14:30 UT and ∼16:00–17:00 UT. The intensity modula-
tion in 𝛿by is fairly similar to that in 𝛿bx , but not the same. As shown in Figure 2, Psw was enhanced between
12:00 UT and 19:00 UT. This implies that the quiet-time EMIC waves are triggered by Psw variations when GOES
10 was in the morning and dayside [Hyun et al., 2014; Park et al., 2016]. However, we do not exclude the possi-
bility that the occurrence of the EMIC waves was associated with substorm activity [Ishida et al., 1987] because
a sudden increase in AE occurred around 15:00 UT.

KIM ET AL. STEADY QUIET-TIME EMIC WAVES 8642



Journal of Geophysical Research: Space Physics 10.1002/2016JA022957

Figure 2. (a) The Kp index, (b) solar wind dynamic pressure (Psw), and (c) AE index for a 2 day period (2–3 July) in 2008.
The steady quiet condition is defined as the 12 h interval with the maximum Kp ≤ 1. The thick horizontal bar indicates a
period including the 3 h Kp intervals following the steady quiet conditions. The shading indicates a period selected for
detailed EMIC waves analysis in Figures 3 and 6.

Figures 3c shows the 𝛿bx-𝛿by coherence spectra. The coherence is defined as

𝛾 =
|Gxy|2

Gxx Gyy
(1)

where Gxx and Gyy are the autospectral density (or power spectral density) functions of time series x(t) and y(t),
respectively, and Gxy is the cross-spectral density function between x(t) and y(t) [Bendat and Piersol, 2010]. If
𝛾 is unity, x(t) and y(t) are completely identical. If 𝛾 is zero, both time series data are completely unrelated.
Thus, the value of the coherence function indicates how much of x(t) is related to y(t) and determines the
similarity in waveform between two signals. Since 𝛾 depends on the cross-spectral density function given as
the product of the Fourier transforms of x(t) and y(t), the relative phase of two signals should be constant for
high coherence.

When the 𝛿bx and 𝛿by dynamic spectra are compared, it is evident that there is a high degree of spectral
similarity between both transverse components in terms of the spectral intensity modulation in the He band.
However, the 𝛿bx-𝛿by coherence is significantly low for the enhanced EMIC wave intervals, although there are
a few intervals of high coherence, for example, ∼10:40–11:20 UT and ∼13:00–14:00 UT. This indicates that
oscillations in 𝛿bx and 𝛿by are coherent only for a fraction of the EMIC wave intervals. As mentioned above,
the phase delay between two signals needs to remain constant to produce a strong coherence. Thus, our
observations of low-coherence intervals can be interpreted as 𝛿bx and 𝛿by oscillated with slightly different
frequencies. That is, the relative phase variations of 𝛿bx and 𝛿by are incoherent.

Figure 3d shows the degree of polarization derived from the 𝛿bx and 𝛿by time series. We used the method
described by Fowler et al. [1967] to determine the degree of polarization (R) defined as

R =

[
1 − 4|G|

(Gxx + Gyy)2

]1∕2

=

[
1 −

4(GxxGyy − GxyG∗
xy)

(Gxx + Gyy)2

]1∕2

(2)
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Figure 3. Dynamic power spectra of the transverse components, (a) 𝛿bx and (b) 𝛿by , in a mean-field-aligned coordinate
system at the GOES 10 spacecraft for the interval from 09:00 to 21:00 UT on 3 July 2008. Two white lines indicate the
local helium (fHe+ ) and oxygen (fO+ ) gyrofrequencies, respectively. (c) The 𝛿bx-𝛿by coherence spectra. (d) The degree of
polarization derived from the 𝛿bx and 𝛿by time series.

where |G| is the determinant of a coherency matrix of a two-component time series x(t) and y(t) and the
asterisk denotes the complex conjugate. Using the definition of 𝛾 in (1), R is given as

R =

[
1 −

4(1 − 𝛾)GxxGyy

(Gxx + Gyy)2

]1∕2

(3)

If 𝛾 is unity, the signals of x(t) and y(t) consist of a completely polarized signal (i.e., R = 1). If 𝛾 is zero, however,
R is zero only in the case of Gxx = Gyy . R, defined from (3), will increase if any oscillation existing in only x(t) or
y(t) dominates the coherency matrix even though 𝛾 is zero. This problem is due to the fact that the time series
x(t) and y(t) in R are assigned the same frequency. Thus, we suggest that 𝛾 should be examined with R prior
to determining polarization characteristics of waves. In (3), R = (𝛾)0.5 when the amplitudes of two signals are
identical (i.e., Gxx = Gyy). In this study the high coherence is defined to be 𝛾 > 0.7, and the high degree of
polarization is defined to be R> 0.8.

Unlike the 𝛿bx − 𝛿by coherence, the degree of polarization displayed in Figure 3d is persistently high in
the entire band for spectral enhancements of EMIC waves. For example, the coherence in the intervals,
∼12:10–12:50 UT and ∼17:00–19:00 UT, is significantly low, but the degree of the polarization is very high
(R> 0.8). This high degree of polarization is not due to a strongly polarized signal but a large-amplitude
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Figure 4. (a) The time series of the transverse magnetic field components, 𝛿bx (blue) and 𝛿by (red), for a 3 min period
10:57–11:00 UT on 3 July 2008. Spectral parameters computed from the time series: (b) the transverse power spectral
densities (PSD 𝛿bx and PSD 𝛿bx ) and total transverse power spectral density (PSD 𝛿bxy ), (c) coherence (red) and degree
of polarization (blue), (d) cross phase, and (e) ellipticity. The enhanced spectral width is marked by the two vertical
dashed lines.
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difference between 𝛿bx and 𝛿by . That is, 𝛿bx or 𝛿by oscillations dominate a two-dimensional vector sig-
nal in the x-y plane, which is perpendicular to the ambient background magnetic field. The coherence and
degree of polarization are high in the interval of ∼10:40–11:20 UT, indicating that the EMIC waves are
highly polarized.

3.2. Spectral Analysis and EMIC Wave Detection Method
Figure 4a shows the time series of the transverse magnetic field components, 𝛿bx and 𝛿by , for a 3 min period
(10:57–11:00 UT) selected from the high coherence and polarization interval of EMIC waves seen in Figure 3.
Although the spectral intensity for the interval is weak as shown in Figure 3, the coherence and degree of
polarization are high. This indicates that the coherence and polarization do not depend on the wave ampli-
tude. The two traces show quite similar wave packet structures with comparable amplitudes. 𝛿bx and 𝛿by

oscillate, maintaining a 180∘ phase delay throughout the 3 min period. Figures 4b–4e show the transverse
power spectral densities (PSD_𝛿bx and PSD_𝛿by), total transverse power spectral density (PSD_𝛿bxy) defined
to be PSD_𝛿bx+ PSD_𝛿by , coherence (𝛾), degree of polarization (R), cross phase, and ellipticity as a function
of frequency. As shown in the time series plot, each component had a variation much slower in period and
larger in amplitude than EMIC wave oscillations. To remove such slowly varying magnetic fields, the time
series was time differenced prior to Fourier transform. The cross-phase estimates are shown only if the coher-
ence is higher than 0.7. The ellipticity is defined to be the ratio of the minor to major axes of the ellipse as
described by Fowler et al. [1967]. If the ellipticity is 0 (±1), the wave is linearly (circularly) polarized. The value of
the ellipticity lies between −1 and 1. The negative (positive) sign of the ellipticity corresponds to left-handed
(right-handed) polarization when looking into the direction of the background magnetic field.

In order to identify EMIC wave samples and examine their spectral properties, we determine the highest spec-
tral peak in PSD_𝛿bxy and the spectral width of the peak at the PSD_𝛿bxy level that is 50% of the peak power
(i.e., the full width at half maximum). The spectral peak (marked by a solid circle, fpeak) and its width (marked
by open circles, flower and fupper) for the PSD_𝛿bxy of the 3 min time series are plotted in Figure 4b. As expected
from the time series, spectral shapes of 𝛿bx and 𝛿by are very similar. The coherence and polarization are high
(𝛾 > 0.8 and R> 0.9) in the frequency band of ∼165–280 mHz. In that frequency band, the cross phase is near
180∘, and the ellipticity is close to zero, indicating a linear polarization.

Figure 5 shows the low-coherence time series of the transverse components and spectral properties for two
3 min intervals, 12:17–12:20 UT, 14:03–14:06 UT, and 16:01–16:04 UT, in the same format as for Figure 4. The
oscillations in 𝛿bx and 𝛿by for 12:17–12:20 UT in Figure 5a are likely to have similar periods. In the expanded
time scale (not shown here), however, we find that the phase delay between 𝛿bx and 𝛿by is not constant
throughout the 3 min interval. That is, the oscillations were in phase (marked by solid cycles) and then became
out of phase (marked by open cycles) after several cycles. This indicates that 𝛿bx and 𝛿by oscillate with slightly
different frequencies. Consequently, the spectral peaks of 𝛿bx and 𝛿by appear at different frequencies. The
coherence calculated for the 3 min interval with these inconsistent phase delays is very low (𝛾 = 0.1) at the
peak of PSD_𝛿bxy . However, the degree of polarization is 0.9 at the peak frequency with the ellipticity of 0.05.
This high degree of polarization is due to the large-amplitude difference between 𝛿bx and 𝛿by oscillations.
Since the relative phase variations occur randomly, it is impossible to obtain meaningful ellipticity at the peak
of PSD_𝛿bxy even though R is large.

The incoherent phase delays between 𝛿bx and 𝛿by occurred more frequently in the 3 min interval of
16:01–16:04 UT shown in Figure 5f. The amplitude of the two field components is comparable. The relative
phase between 𝛿bx and 𝛿by changes rapidly and randomly within a few cycles. For example, the oscillations
starting around 16:03 UT are seen with similar amplitude and wave packet in 𝛿bx and 𝛿by , but their periods
are different. The 𝛿bx and 𝛿by oscillations were initially in phase and then gradually became out of phase
after two cycles. On detailed examination of the waveforms of 𝛿bx and 𝛿by , we found that the period of
𝛿by is significantly shorter than that of 𝛿bx , notably at ∼16:02:30 UT, and the 𝛿by wave train contains some
phase skips.

In the frequency domain, the above results can be confirmed. The spectral shapes of 𝛿bx and 𝛿by shown in
Figure 5g significantly differ in the enhanced frequency band of 100–400 mHz. The 𝛿by spectrum is much
broader than the 𝛿bx spectrum. The 𝛿by spectrum is peaked at ∼240 mHz, while the 𝛿bx spectrum is peaked
at ∼210 mHz. The coherence is peaked (𝛾 = 0.72) at ∼267 mHz, slightly higher than the peak of 𝛿by , and
rapidly decreases to 0.13 at the spectral peak of 𝛿by . That is, the coherence is not consistently high in the
enhanced frequency band. The 𝛿by power is larger than the 𝛿bx power by a factor of ∼6 at the 𝛿by spectral
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Figure 5. The low-coherence time series of the transverse components and spectral properties for two 3 min intervals, 12:17–12:20 UT, 14:03–14:06 UT, and
16:01–16:04 UT on 3 July 2008, in the same format as for Figure 4. In-phase oscillations are marked by solid circles, and out of phase oscillations are marked by
open circles. The red (blue) horizontal bar in Figure 5k indicates the interval when 𝛿by (𝛿bx) leads 𝛿bx (𝛿by ).

peak, while both powers are nearly identical at the 𝛿bx spectral peak. The total transverse power, PSD_𝛿bxy ,
exhibits a peak at the same frequency as the 𝛿bx spectral peak. These spectral signatures indicate that 𝛿by

contains more various waves. The coherence and degree of polarization calculated for the 3 min interval
are very low (𝛾 = 0.13 and R = 0.36) at the peak frequency of PSD_𝛿bxy , indicating that the EMIC waves are
highly unpolarized.

Figure 5k shows the transverse magnetic field data for a 3 min interval (from 14:03 to 14:06 UT) of strongly
enhanced EMIC wave pulsations (see Figure 3). Note that the scale for the amplitude of the oscillations in
Figure 5k is different from that in Figures 5a and 5f. The red (blue) horizontal bar indicates the interval when
𝛿by (𝛿bx) leads 𝛿bx (𝛿by). 𝛿bx and 𝛿by oscillated out of phase for two and three cycles. That is, the constant
phase between 𝛿bx and 𝛿by lasted only a few wave cycles of data. The relative phase and amplitude of the
two components change rapidly although their periods are similar. As expected, the 𝛿bx-𝛿by coherence at
the enhanced frequency band is low, which means that we cannot find any meaningful ellipticity for the
oscillations in the frequency band.

Since the spectral peaks of 𝛿bx and 𝛿by do not always appear at the same frequency, we use the spectral
parameters (the coherence, degree of polarization, and ellipticity) averaged over the frequency band (Δf )
between flower and fupper, which is occupied by the spectral peak of PSD_𝛿bxy , in the statistical study pre-
sented below. The EMIC wave power (Ptr) in P1 was obtained by integrating PSD_𝛿bxy over the local He-band
frequency range. In this study, however, Ptr is defined as the integral of PSD_𝛿bxy over Δf because we do
not limit EMIC waves to the He band, although GOES data do not provided spectral parameters over the
entire H band at geosynchronous orbit on the dayside [Fraser et al., 2012; Clausen et al., 2011]. Once the
Ptr peaks are determined, they are plotted in the format of frequency and universal time (UT) and verified
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Figure 6. The spectral parameters of the EMIC wave samples for the same interval shown in Figure 3. (a) The spectral
peak (marked by a red circle, fpeak) of EMIC wave power (Ptr) and its width (marked by blue circles, flower and fupper).
(b) Ptr. (c) coherence (red dots) and degree of polarization (blue dots). (d) Ellipticity. Red (blue) dots in ellipticity indicate
the high coherence (degree of polarization) samples.

by manually comparing them against the 24 h dynamic spectra of the format shown in Figure 3. This semiauto-
mated EMIC wave selection procedure was also used in P1. We impose the power threshold of 0.002 (nT/0.6 s)2

in event selection. Throughout this paper we adopt a 3 min time window (180 data points at 0.6 s time
resolution) to obtain the spectral parameters of EMIC waves. The parameters are calculated in nonoverlapping
3 min segments.

Figure 6 shows the spectral parameters of the EMIC wave samples, obtained by the moving time window
analysis, for the same interval shown in Figure 3. We identified 139 Ptr samples by the semiautomated
procedure for the 12 h interval. There are gaps for the intervals, 11:22–12:13 UT and 12:43–13:10 UT.
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Figure 7. (a) The distribution of the total observation time with MLT under steady quiet conditions for three GOES
satellites. (b) The local time distribution of the Ptr samples. (c) The occurrence rate of EMIC wave samples at each
spacecraft. The occurrence rate was calculated by dividing the net observation time of samples by total observation
time for each 1 h MLT bin.

These are caused by the threshold imposed on Ptr. Spectral peak frequencies (red circles) andΔf for each peak
(blue circles) are plotted with fHe+ and fO+ in Figure 6a. Comparing with the dynamic spectra in Figure 3,
we confirm that the peak frequency and Δf well indicate the frequency band, in which the EMIC waves are
enhanced. Figures 6b–6d show Ptr , coherence, degree of polarization, and ellipticity, respectively. Of the 139
samples, 24 (∼17%) samples show high coherence (𝛾 > 0.7), and 80 (∼58%) samples show high degree of
polarization (R> 0.8). As expected in Figure 3, there are many high-polarization samples with low coherence.
The ellipticity parameters are plotted only for 𝛾 > 0.7 (red circles) and R> 0.8 (blue circles) in Figure 6d. The
ellipticity indicates that EMIC waves with the high 𝛾 and R values are linearly and left-hand polarized.

4. Statistical Analysis
4.1. MLT and MLAT Dependence of Quiet-Time EMIC Wave Detection Rate
Using the semiautomated EMIC wave selection procedure, we identify 2364 Ptr samples at GOES 10 located
at 60∘W geographic longitude and slightly off the equator (MLAT (magnetic latitude) ∼ 6–13∘), 1556 samples
at GOES 11 at 135∘W near the magnetic equator (MLAT ∼ 4–5∘), and 2664 samples at GOES 12 at 75∘W and
slightly off the equator (MLAT ∼ 9–11∘), respectively, during quiet-time intervals (Kp ≤ 1) following steady
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Figure 8. Scatterplots of fpeak and fpeak∕fH+ as a function of MLT at GOES spacecraft. The small dots indicate individual samples, the large red dots connected by
a straight line indicate the medians in the MLT bins, and the vertical bars connect the lower and upper quartiles. There is a tendency for the medians of fpeak∕fH+

over ∼0600–1500 MLT to decrease monotonically from morning to afternoon.

quiet conditions in 2007–2008. The MLAT is computed based on an Earth center dipole. Since GOES satellites
were located at different latitudes and longitudes, we examine whether the different number of samples is
caused by sampling bias at each geosynchronous spacecraft.

Figure 7a shows the distribution of the total observation time with MLT under steady quiet conditions. The
distribution in MLT at each satellite is slightly biased: there are more observations in the prenoon sector at
GOES 11 and in the postnoon sector at GOES 10 and GOES 12. Figures 7b and 7c show the local time distri-
bution of the Ptr samples (or 3 min intervals) and the occurrence rate at each spacecraft. The occurrence rate
was calculated by dividing the net observation time of samples by total observation time for each 1 h MLT bin.
The majority of the samples were observed in the morning-to-early afternoon sector (∼0700–1500 MLT) with
a peak occurrence near noon, which is consistent with P1 because our samples are the subset of quiet-time
EMIC waves identified in P1. In addition, Figure 7 gives further information for the latitudinal occurrence
distribution. Comparing the occurrence rates at GOES 11 near the equator (MLAT ∼ 4–5∘) and GOES 12 off
the equator (MLAT ∼ 9–11∘), the occurrence rate off the equator is higher than near the equator, indicating
that EMIC waves are more frequently detected off the equator. This result is consistent with previous study
[Fraser, 1985].

Figure 9. The hourly medians of 0.3fH+ for the samples, calculated with magnetic fields observed from three GOES
spacecraft. The dashed horizontal line indicates the 500 mHz cutoff frequency.

KIM ET AL. STEADY QUIET-TIME EMIC WAVES 8650



Journal of Geophysical Research: Space Physics 10.1002/2016JA022957

Figure 10. Ptr-MLT scatterplots at three GOES spacecraft. Since the Ptr samples are highly scattered at each local time,
leading to a large uncertainty, median statistics for the samples are not made.

4.2. Spectral Characteristics of Quiet-Time EMIC Waves
Figure 8 shows a scatterplot of fpeak and fpeak∕fH+ (fpeak normalized to the local proton gyrofrequency
frequency) as a function of MLT at GOES spacecraft. The small dots indicate individual samples, the large dots
connected by a straight line indicate the medians in the MLT bins, and the vertical bars connect the lower
and upper quartiles. The median values are displayed only in MLT bins containing more than five samples. In
the fpeak∕fH+ plots, the horizontal dashed lines indicate the helium and oxygen gyrofrequencies, respectively.
Since the samples appear in the He band and/or in the H band, the arithmetic mean is sensitive to a small num-
ber of samples that have large values of fpeak∕fH+ in the H band. Thus, we use median values instead of mean
values for statistical analysis. The large error bars in premidnigh and postmidnigh are due to the appearance
of EMIC waves in both He and H bands. The fpeak plots show a strong concentration of data points in the fre-
quency band of ∼150–400 mHz in the 0600–1500 MLT sector. They are lying between fO+ and fHe+ , indicating
that the majority of steady quiet-time EMIC waves occur in the He band, as observed in the example shown
in Figures 3 and 6. In the remainder of the MLT, the small number of samples appears in the He and H bands.
These results are similar to CRRES observations over radial rage L =∼ 4–7 [Fraser and Nguyen, 2001; Meredith
et al., 2014]. The medians in the He band at three GOES spacecraft lie in the range of fpeak∕fH+ =∼ 0.11–0.16
over ∼0600–1500 MLT where the majority of the He-band EMIC waves occur. There is a tendency for the
medians in that local time sector to decrease monotonically from morning to afternoon. The mean values
show the same trend as the medians and are in the range between 0.12 and 0.16 over the local time sector
(data not shown).
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Figure 11. Scatterplot of degree of polarization (R) versus coherence (𝛾) for all GOES Ptr samples. The solid curve
indicates R = (𝛾)0.5. Most samples lie above the solid curve corresponding to R = (𝛾)0.5.

It should be noted that our observations for EMIC wave activities in the H band might result from nongeophys-
ical effect. As pointed out by Clausen et al. [2011] and Fraser et al. [2012], the GOES magnetic field data were
filtered through a five-pole Butterworth low-pass filter in the frequency band of 0.5–1 Hz. The response in that
band is reduced by the low-pass filter, and thus, the EMIC wave events in the H band above 500 mHz would

Figure 12. (a) Occurrence frequency distribution of Ptr samples for coherence values. (b) The occurrence rate obtained
by dividing the number of the Ptr sample in each 0.1-coherence bin by total number of samples. Higher coherence
samples (𝛾 > 0.5) are more frequently detected near the equator.
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Figure 13. Scatterplot of ellipticity versus coherence for the high-polarization (R> 0.8) samples at (a) GOES 10, (b) GOES
11, and (c) GOES 12. In each panel the small dots (blue) are individual samples, the large dots (red) are the medians
within each 0.2-coherence bin, and the vertical bars connect the lower and upper quartiles. The degree of the data
scatter increases as 𝛾 increases.

be missed. In previous study [Anderson et al., 1992b], AMPTE/CCE observations reported that the dayside
EMIC waves near geosynchronous orbit (L = 6–7) occur mainly in the H band with fpeak∕fH+ =∼ 0.3–0.4.
Assuming fpeak∕fH+ = 0.3, we examine the MLT dependence of lower frequencies for EMIC waves in the H band
with respect to the cutoff frequency of 500 mHz. Figure 9 shows the hourly medians of 0.3fH+ for the samples,
calculated with magnetic fields observed from three GOES spacecraft, with the 500 mHz cutoff frequency
(dashed horizontal line). In the dayside the frequencies of 0.3fH+ are above 500 mHz, while their frequencies
are below 500 mHz in the premidnight and postmidnight sectors. Thus, we do not exclude the possibility that
the H band EMIC waves appearing and disappearing along the local time are due to the filtering effect.

Figure 10 shows the Ptr-MLT scatterplots at three GOES spacecraft. Since the Ptr samples are highly scattered
at each local time, leading to a large uncertainty, we do not make median statistics for the samples. Ptr varies
∼2–3 orders of magnitude, ranging from 0.002, which is the threshold value for Ptr, to greater than 1 (nT/0.6 s)2.
This indicates that EMIC wave power varies from event to event, as shown in the example (Figures 3 and
6), even under quiet geomagnetic conditions. Significant EMIC waves with Ptr > 0.1 (nT/0.6 s)2 were mostly
observed in the region where the majority of the He-band waves occur. Recently, Hyun et al. [2014] and
P1 reported that the He-band EMIC waves with power greater than 0.1 (nT/0.6 s)2 can be excited by small
enhancements in solar wind dynamic pressure under quiet conditions.

KIM ET AL. STEADY QUIET-TIME EMIC WAVES 8653



Journal of Geophysical Research: Space Physics 10.1002/2016JA022957

Figure 14. The ellipticity for high-coherence (𝛾 > 0.7) samples over 0600–1800 MLT as a function of MLT. The median
values with error bars are displayed only for 0700–1500 MLT, where the majority of the He-band EMIC waves were
detected. The median values are distributed in the range of −0.5 to −0.2 without local time dependence.

Figure 11 shows the relationship between coherence and degree of polarization for all GOES Ptr samples. The
vertical and horizontal dashed lines indicate 𝛾 = 0.7 and R = 0.8, respectively. Most samples lie above the
solid curve corresponding to R = (𝛾)0.5. Out of 6584 samples, 2288 (∼35%) samples show high polarization
(R> 0.8). However, they are distributed over a wide range of 𝛾 between 0 and 1, and only 783 (∼34%) samples
of these high R samples exceed 𝛾 = 0.7. That is, ∼12% of total samples have high coherence between 𝛿bx

and 𝛿by . This indicates that meaningful polarization properties can be obtained from only a small fraction of
steady quiet-time EMIC waves observed at geosynchronous orbit.

In order to examine whether there is the MLAT dependence of high-coherence samples, we computed the
occurrence rate for three GOES satellites, which were located at different latitudes. The result is shown in
Figure 12. The occurrence rate is obtained by dividing the number of the Ptr sample in each 0.1-coherence
bin by total number of samples. By comparing the occurrence rates at GOES 11 (near the equator, MLAT =
∼4–5∘) and GOES 12 (off the equator, MLAT = ∼9–11∘), we found that the occurrence rate of the samples
for 𝛾 = 0.5–0.9 at GOES 11 is about 1–3% higher than that at GOES 12. That is, the overall occurrence rate
of higher coherence samples (𝛾 > 0.5) is higher near the equator, implying that more coherent EMIC waves
appear near the equator.

Figure 13 shows a scatterplot of ellipticity versus coherence for the high-polarization (R> 0.8) samples. In
each panel the small dots (blue) are individual samples, the large dots (red) are the medians within each
0.2-coherence bin, and the vertical bars connect the lower and upper quartiles. The distribution of the ellip-
ticity exhibits no significant difference among GOES satellites. It is clear that the degree of the data scatter
increases as 𝛾 increases. Most samples with 𝛾 < 0.3 are scattered around zero, indicating linearly polarized,
with a small spread of data points. Since the coherence is very low for the samples, reliable polarization
results cannot be obtained from them even though R> 0.8. Thus, the linear polarized waves are required to
examine whether the relative phase variations of the oscillations in 𝛿bx and 𝛿by are coherent. Ellipticity for
the high-coherence (𝛾 > 0.7) samples is distributed between −0.8 and 0.2, indicating left-handed and linear
polarization, with median values around −0.3.

The ellipticity for high-coherence (𝛾 > 0.7) samples over 0600–1800 MLT is plotted as a function of MLT in
Figure 14. The median values with error bars are displayed only for 0700–1500 MLT, where the majority of
the He-band EMIC waves were detected. As expected from Figure 13, most of samples are below zero, and
the median values are distributed in the range of −0.5 to −0.2 without local time dependence. This result is
similar to previous observations from AMPTE/CCE and CRRES satellites for the He-band EMIC waves [Anderson

et al., 1992b; Fraser and Nguyen, 2001].
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Figure 15. Schematic illustration of radial cold plasma density (Nc) distribution. See the text for descriptions.

5. Discussion
5.1. Comparison With Previous Observations
The occurrence rate of steady quiet-time EMIC waves observed at geosynchronous orbit is higher than 5%
in the morning-to-early afternoon sector (0700–1500 MLT). The peak occurrence rate near noon is ∼13% at
GOES 12, ∼9% at GOES 10, and ∼6% at GOES 11, respectively. These rates are much greater than previous
AMPTE/CCE and THEMIS observations on the dayside. THEMIS observations showed that the occurrence rate
of dayside (0900–1500 MLT) EMIC waves without distinguishing in the He and H bands is lower than 3% near
geosynchronous orbit under quiet geomagnetic activities [Usanova et al., 2012]. AMPTE/CCE observations
using ∼4.5 year data reported that the He-band event occurrence rate near the morning-to-afternoon sector
is lower than 5% under quiet geomagnetic conditions [Keika et al., 2013].

It is generally accepted that the source region of EMIC waves is near the equator and extended to ±11∘ in
magnetic latitude [Fraser et al., 1996; Loto’aniu et al., 2005]. Although GOES satellites observed EMIC waves
near the source region, there is a MLAT dependence of the rate. That is, the occurrence rate near the equator
(GOES 11, MLAT ∼ 4–5∘) is lower than off the equator (GOES 10, MLAT ∼ 6-13∘ and GOES 12, MLAT ∼ 9–11∘)
as shown in Figure 7. Considering that the EMIC wave growth can maximize in the region where the magnetic
field strength is minimum [e.g., Cornwall, 1965; Kennel and Petschek, 1966], GOES 11 is well inside the source
region and closely located to the region favored for EMIC wave generation, while GOES 12 was near the upper
boundary of the source region. We suggest that GOES 11 near the equator mainly observes EMIC waves gen-
erated in the source region rather than waves propagating from the source region, while GOES 12 off the
equator observes both generated and propagating waves. Thus, EMIC waves are more frequently detected
at GOES 12 than at GOES 11. The occurrence rate at GOES 10 is between the values at GOES 11 and GOES 12.
This may be due to the fact that GOES 10 was just inside or outside the source region.

Our observations showed that the medians and means of fpeak∕fH+ are in the range of ∼0.11–0.16 and
∼0.12–0.16, respectively, in the morning-to-afternoon sector (0700–1500 MLT) where the majority of the
He-band EMIC waves occur. In a previous study using the 1 year data set in 2007 of GOES 11 and GOES 12 for
the all-Kp case, the mean values of fpeak∕fH+ are distributed in the range of ∼0.14–0.24 over the same local
time sector [Fraser et al., 2012]. This indicates that frequencies of He-band EMIC waves under steady quiet
conditions shift toward lower frequency close to the oxygen gyrofrequency.

5.2. EMIC Wave Occurrence and Cold Plasma Density
The relatively high occurrence rate of the He-band waves in our study may be explained in terms of cold
plasma distribution under quiet geomagnetic conditions. It has been known that the EMIC wave growth
can be enhanced by increasing the cold background plasma density [e.g., Cornwall et al., 1970; Kozyra et al.,
1984; Horne and Thorne, 1994; Hu and Fraser, 1994]. The plasmapause is a preferred region for the generation
of EMIC waves [e.g., LaBelle et al., 1988; Fraser et al., 1989; Kim et al., 2016] even though highest occurrence
rate is in the outer magnetosphere (L> 7) [e.g., Anderson et al., 1992a; Min et al., 2012; Usanova et al., 2012;
Keika et al., 2013].
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Figure 16. (a) Linear growth rate of EMIC waves as a function of frequency and normalized frequency at geosynchronous
orbit for Nc = 5 cm−3 (blue), 10 cm−3 (green), 20 cm−3 (red), and 30 cm−3 (black), which are marked by solid dots in
Figure 15. (b) Optimum amplitudes (solid lines) and threshold amplitudes (dashed lines) of nonlinear growth for
Nc = 5 cm−3, 10 cm−3, 20 cm−3, and 30 cm−3.

The plasmapause is located around L = 4–5 under moderate geomagnetic conditions, but if the magne-
tosphere is quiet, the plasmapause expands to the geosynchronous region or beyond. Recently, Kwon et al.
[2015] reported that the plasmapause is often identified beyond geosynchronous orbit with the average
plasmapause location near geosynchronous orbit under steady quiet geomagnetic conditions. Our EMIC
wave samples are taken from the period of 2007–2008 in a solar minimum, and about 50% of this period
were under quiet geomagnetic conditions (Kp ≤ 1) as noted in P1. Thus, the geosynchronous region is
more often to be a region for EMIC wave generation in the 2007–2008 period than other periods selected in
previous studies.

In order to examine the effect of cold plasmas on EMIC waves observed at geosynchronous orbit, we assume
a radial cold plasma density distribution plotted in Figure 15. At geosynchronous orbit in the outer magneto-
sphere (region 1), the background magnetic field (Bo) and cold plasma density (Nc) are assumed to be 100 nT
and 5 cm−3, respectively. In the plasmasphere (region 3), Nc just inside the plasmapause (i.e., at inner boundary
of the plasmapause) is assumed to be 30 cm−3. This cold plasma density is not the value at the plasmapause
normally located at L = 4–5 but at the plasmapause expanded to or beyond geosynchronous orbit [Kwon
et al., 2015]. The plasma density between 5 and 30 cm−3 in region 2 indicates the value of the density gradi-
ent region corresponding to the plasmapause or in the plasmaspheric plume [e.g., McFadden et al., 2008]. The
cold ion composition is assumed to be 90% H+, 9% He+, and 1% O+.

Figure 16a shows the linear growth rate as a function of frequency and normalized frequency at geosyn-
chronous orbit for Nc = 5 cm−3, 10 cm−3, 20 cm−3, and 30 cm−3, which are marked by solid dots in Figure 15.
The growth rate presented in this study was calculated by using the Kyoto University Plasma Dispersion
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Figure 17. Scatterplot of fpeak∕fH+ versus He-band Ptr. The large red dots are medians in logarithmically spaced Ptr bins.
The vertical bars connect the lower and upper quartiles in the Ptr bin. The median value goes down to ∼0.12 for Ptr > 0.2.

Analysis Package (KUPDAP), which is a dispersion solver developed by the Space Group at Kyoto Univer-
sity, Kyoto, Japan [Sugiyama et al., 2015]. In KUPDAP energetic proton populations are considered to be
T⟂∕T∥ = 1.7, the kinetic energy of 33 keV, and 4.5% of the total proton population. The maximum growth rate
appears at 293 mHz for Nc = 5 cm−3 (blue), 261 mHz for Nc = 10 cm−3 (green), 232 mHz for Nc = 20 cm−3

(red), and 215 mHz for Nc = 30 cm−3 (black), respectively. Those frequencies are well in the frequency range of
the He-band EMIC waves observed in the morning-to-early afternoon sector (0700–1500 MLT) (see Figure 8).
In Figure 16a we confirm that wave growth increases with increasing Nc and that the peak in the growth rate
shifts toward lower frequencies as geosynchronous orbit encounters the increasing Nc.

The optimum amplitudes (solid lines) and threshold amplitudes (dashed lines) for the nonlinear wave growth
are plotted for the four Nc values in Figure 16b. Detailed theoretical descriptions for the optimum and
threshold amplitudes for the nonlinear wave growth are provided in Omura et al. [2010] and Shoji and Omura
[2013]. Since the wave amplitudes for Nc = 5 cm−3 are below the threshold amplitude, EMIC-triggered emis-
sions do not occur. This does not mean that the waves are not generated in a source region but that waves
are strongly localized in a generation region without growing. It is clear that the frequency range of the opti-
mum amplitude above the threshold increases as Nc increases and that wave power increases as frequency
decreases in the frequency range.

In order to compare theoretical predictions for nonlinear wave growth and observations, we plot fpeak∕fH+ ver-
sus He-band Ptr in Figure 17. As expected in Figure 8, fpeak∕fH+ is mostly in the range between 0.1 and 0.2. The
distribution of fpeak∕fH+ is comparable to the frequency range of the optimum amplitude above the thresh-
old for Nc = 20 and 30 cm−3. Thus, we suggest that EMIC waves observed at geosynchronous orbit under
steady quiet conditions may be generated in the dense plasmaspheric plasma. There is no clear Ptr depen-
dence of fpeak∕fH+ from Ptr = 0.002 and Ptr = 0.2. That is, the medians are staying at fpeak∕fH+ =∼0.14. However,
the median value goes down to ∼0.12 for Ptr > 0.2. This is qualitatively consistent with higher power EMIC
waves at lower frequencies shown in Figure 16b.

We observed that the fpeak∕fH+ median values change with local time over in the morning-to-afternoon sector
(∼0700–1500 MLT). That is, the values are higher in the morning and lower in the afternoon. Most recently,
Kim et al. (Occurrence of EMIC waves and plasmaspheric plasmas derived from THEMIS observations in the
outer magnetosphere: Revisit, submitted to Journal of Geophysical Research: Space Physics, 2016) reported
that there is a morning-afternoon asymmetry of plasmaspheric plasma density in the outer magnetosphere
under quiet geomagnetic conditions (Kp ≤ 1). Higher plasmspheric density is observed in the afternoon
sector. The decreasing fpeak∕fH+ values with local time might be explained with a asymmetric local time
signature of plasmaspheric density distribution.

5.3. Coherence Between 𝜹bx and 𝜹by

In our statistical result we showed that only ∼12% of total samples showed high coherence between 𝛿bx and
𝛿by components, implying that a large fraction of EMIC waves observed at GOES satellites are phase incoher-
ent between the transverse components. The theory of wave-particle interactions with EMIC waves describes
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that EMIC waves play an important role in the loss of relativistic electrons in the Earth’s radiation belts into the
Earth’s atmosphere [e.g., Horne, 2002; Summers and Thorne, 2003; Shprits et al., 2006, 2013; Usanova et al., 2014],
and it has been used to explain precipitation of relativistic electrons observed at low-altitude polar-orbiting
spacecraft [e.g., Miyoshi et al., 2008; Rodger et al., 2010; Yuan et al., 2012; Hyun et al., 2014]. It has been reported
that the efficiency of the pitch-angle scattering for relativistic electrons interacting with coherent EMIC waves
depends on the gradient of the magnetic field, the frequency sweep rate, and the wave amplitude [Omura
and Zhao, 2012]. This indicates that only a small fraction of EMIC waves observed in space contributes to the
pitch-angle scattering.

The lack of 𝛿bx-𝛿by coherence is caused by the fact that the phase of two signals varies randomly for sev-
eral cycles, like the example shown in Figure 5. If a satellite is in the generation region of EMIC waves and
detects only newly generated waves, phase-coherent sinusoidal waves can be expected in the 𝛿bx and 𝛿by

waveforms. However, if a satellite observes propagating and generated waves near the source region,
long-lasting wave matching in period and phase between the two components cannot be found because the
observed waves consist of various waves with slightly different frequencies and wavelengths. With this argu-
ment we can explain why more coherent EMIC waves exist near the equator than off the equator as shown in
Figure 12.

6. Conclusion

We have examined the spectral characteristics of steady quiet-time EMIC waves observed at geosynchronous
orbit for the solar minimum years 2007–2008. Most of EMIC waves appear in the He band and are distributed
in the morning-to-early afternoon sector (∼0700–1500 MLT). The EMIC wave occurrence rate in our study is
higher than that in previous studies by a factor of 2 or more. The peak occurrence rate near noon is ∼13% at
GOES 12, ∼9% at GOES 10, and ∼6% at GOES 11, respectively. The relatively high wave occurrence probably
results from the expansion of the plasmasphere to geosynchronous orbit under extremely quiet geomagnetic
conditions in 2007–2008.

We examined the effect of cold plasmas on EMIC wave generation and showed that maximum growth rate
of EMIC wave in the He-band shifts to lower frequency as the cold background plasma density increases. As
mentioned above, geosynchronous satellites presumedly experience frequent appearance of dense plasmas-
pheric plasma under steady quiet conditions. The frequency ratio fpeak/fH+ of the quiet-time He-band waves is
∼0.11–0.16, which is lower than that (∼0.14–0.24) in previous study. We interpret the lower values of fpeak∕fH+

in our study as a consequence of plasmasphere expansion to the geosynchronous region. The amplitude and
frequency of He-band EMIC waves for nonlinear wave growth are examined as changing cold plasma den-
sity at geosynchronous orbit. We confirmed that the spectral properties of observed EMIC waves are in good
agreement with the nonlinear theory.

We observed that only ∼12% of EMIC wave samples have high coherence (>0.7) between the two transverse
components, 𝛿bx and 𝛿by . Since the source region has been considered to be located near the equator within
±11∘ MLAT, the observed fluctuations at GOES satellites consist of various waves, which are generated with
different growth histories. Thus, their frequencies and wavelengths might be slightly different. These waves
will interfere in a complicated manner as they propagate from the source and will show phase-incoherent
signatures between 𝛿bx and 𝛿by .
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