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We present a method to infer heavy ion concentration ratios from 

electromagnetic ion cyclotron (EMIC) wave observations that result from ion-8 

ion hybrid (IIH) resonance. A key feature of the IIH resonance is the 

concentration of wave energy in a field-aligned resonant mode that exhibits 10 

linear polarization. These mode-converted waves at the IIH resonance are 

localized at the location where the frequency of a compressional wave driver 12 

matches the IIH resonance condition, which depends sensitively on the heavy 

ion concentration. This dependence makes it possible to estimate the heavy ion 14 

concentration ratio. In this paper, we evaluate the absorption coefficients at the 

IIH resonance at Earth’s geosynchronous orbit for variable concentrations of 16 

He+ and wave frequencies using a dipole magnetic field model. We found that 

the resonance only occurs for a limited range of wave frequency such that the 18 

IIH resonance frequency is close to, but not exactly the same as the crossover 

frequency. Using the wave absorption and observed EMIC waves from the 20 

GOES-12 satellite, we demonstrate how this technique can be used to estimate 

that the He+ concentration is around 4% near L=6.6.  22 
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1. Introduction 

The presence of heavy ions can have a profound impact on the time response of the 24 

magnetosphere to internal and external forcing and can play a significant role in plasma entry 

and transport processes within the magnetosphere and ionosphere. Although satellites have 26 

directly detected heavy ion compositions and densities [e.g., Chappell, 1982; Horwitz et al., 

1984; Farrugia et al., 1989; Craven et al., 1997; Bouhram et al., 2005], accurate measurement is 28 

difficult because of spacecraft charging effects and low flux of low velocity particles.  

Consequently, significant attention has been given to indirect methods that employ ULF wave 30 

observations, which are affected by the presence of heavy ions. Field-line resonance 

eigenfrequencies have been used to estimate magnetospheric plasma mass densities [e.g., Denton 32 

et al., 2004; Menk et al., 2004; Takahashi et al., 2006; Nose et al., 2011]. Comparison of electron 

density from plasma wave observations with mass density inferred from field-line resonance 34 

eigenfrequency measurements indicate that the mean mass is significantly larger than the proton 

mass meaning that significant amount of heavy ions may be present [Denton et al., 2004; 36 

Takahashi et al., 2006]. However, Alfvén resonant modes do not contain sufficient constraints to 

distinguish between relative concentrations of heavy ions. On the other hand, because ULF 38 

waves at higher frequency, such as electromagnetic ion cyclotron (EMIC) waves, are particularly 

sensitive to heavy ion concentrations they may be particularly useful to constrain heavy ion 40 

abundances through indirect measurement [e.g., Fraser et al., 2005; Sakaguchi et al., 2013; Min 

et al., 2014].  42 

EMIC waves are low frequency waves typically in the Pc 1-2 (0.2-5Hz) frequency range that 

are excited below the proton gyrofrequency and are commonly observed in the plasmasphere and 44 

magnetosphere. The polarization of these waves has been generally reported to be left-hand and 
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these waves are generated by proton temperature anisotropy [e.g., Cornwall, 1965; Kennel and 46 

Petschek, 1966; Williams and Lyons, 1974a, 1974b; Taylor and Lyons, 1976; Samson et al., 1991; 

Kozyra et al., 1997; Jordanova et al., 2001; Thorne et al., 2006]. Fraser et al. [2005] suggested 48 

that the edge of the detected by left-handed EMIC wave frequency could be assumed to the 

cutoff frequency and thus the heavy ion density ratio can be estimated.  50 

Right-hand or linear polarizations of EMIC waves have also been reported [e.g., Fraser and 

McPherron, 1982; Anderson et al., 1992, 1996; Min et al., 2012] and their origin is not fully 52 

understood. Although linear polarization can result from refraction [Rauch and Roux, 1982; 

Horne and Thorne, 1993], absorption at high latitudes [Horne and Thorne, 1997] likely limits 54 

such polarizations to higher latitudes. Denton et al. [1996] suggested that the linear polarization 

may result from superposition of two waves, but the mechanism requires multiple waves and 56 

appropriate differences in phase.  

Alternatively, Lee et al. [2008] suggested that linearly polarized EMIC waves can be generated 58 

via mode conversion near the ion-ion hybrid (IIH) resonance location. When the frequency of 

incoming compressional waves matches the IIH resonance condition in an increasing (or 60 

decreasing) heavy ion concentration or inhomogeneous magnetic field strength, energy from 

incoming compressional waves concentrates at the IIH resonance location and mode converts to 62 

EMIC waves. Wave simulations using multi-fluid codes showed that the mode-converted EMIC 

waves at the IIH resonance are strongly guided by the ambient magnetic field (B0) and have 64 

linear polarization [Kim et al., 2008, 2013, 2015a].  

The IIH resonance condition is apparent in the wave dispersion relation of compressional 66 

waves in the ion cyclotron frequency range, 
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where n is the wave refractive index, subscriptions of  and || represent the perpendicular and 

parallel to B0, respectively, and R,L,S is the tensor elements for two ions [Johnson et al., 1995],  70 

))((
)(

21

21

2

2

cc

cut

cut

cc

A

LR
V

c













  (2) 

and 72 

))(( 2

2

22

1

2

22

2

2

2

2

1

2

2

cc

bb

bb

cc

A

S
V

c













 , (3) 

where  = 2πf is an angular frequency, VA is the Alfvén velocity, c is an ion gyrofrequency, 74 

cut is the cutoff frequency for R(L)=0, and bb is the Buchsbaum resonance frequency (or bi-

ion frequency) for S(bb)=0 [Buchsbaum, 1960]. The dispersion relation in Eq. (1) exhibits a 76 

resonance (n) where  

Sn 2|| . (4) 78 

In between two ion gyrofrequencies, this resonance is referred as the IIH resonance and the 

frequency (ii) for S(ii)=n2
||(ii) called the IIH frequency is a function of ion concentration 80 

ratio (ηion=Nion/Ne), the ambient magnetic field strength (B0), and field-aligned wave number (k||), 

where Ne(ion) is an electron (ion) number density. For perpendicular propagation (n||0), the 82 

resonance condition of Eq. (4) becomes S(bb)=0, which is the condition of Buchsbaum 

resonance. In the MHD regime of <<ci, the resonance condition in Eq. (4) is reduced to ω = 84 

k||VA.  

Because the IIH waves are expected to globally oscillate along the magnetic field line at 86 

Mercury, which is similar to the field line resonance at Earth, Kim et al. [2008] assumed that a 

field-aligned wavelength (|| = 2/k||) of the IIH waves is similar to the magnetic field line length 88 
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and showed that ii becomes a function of ηion at a specific location. Thus they suggested that ηion 

can be estimated using the detected ULF wave frequency of the field-line resonance. 90 

Later, Kazakov and Fulop [2013] calculated the value of k|| where the mode conversion at the 

IIH resonance is maximized in the dipole magnetic field and argued that the maximum 92 

absorption of compressional waves always occurs near the crossover frequency (cr), 

2

12

2

21

2

cccr   . (5) 94 

Thus, similar to Othmer et al. [1999], they suggested that ηion can be estimated using crossover 

frequency at the IIH resonance location in the arbitrary planetary magnetosphere.  96 

However, Kim et al. [2011] previously showed that at Mercury the IIH resonance can be 

efficient over a wide range of frequency relative to the crossover frequency (0.5cr≤ii≤0.9cr), 98 

thus Kim and Johnson [2014] argued that the crossover frequency cannot be generally used to 

infer ηion in the arbitrary planetary magnetosphere. Moreover, Kim et al. [2015b] showed that a 100 

relatively large absorption occurs in a wide range of ηion even for a single frequency waves at a 

specific location at Mercury, thus they concluded that the ηion at Mercury cannot be simply 102 

inferred from the frequency of field-aligned IIH waves. 

While number of study of ULF waves at Mercury in the context of the IIH resonance has been 104 

performed [e.g., Othmer et al., 1999; Glassmeier et al., 2003, 2004; Klimushkin et al., 2006; Kim 

et al., 2008, 2011, 2013, 2015a, b], the detailed characteristics of EMIC waves generated via 106 

mode-conversion at the IIH resonance in the Earth’s magnetosphere have not been thoroughly 

investigated. Although the sharply peaked dependence of mode conversion on ω with observed 108 

B0 makes it possible to estimate ηion from the detected ULF waves that mode-converted at the 

IIH resonance location [e.g., Kazakov and Fulop, 2013; Kim et al., 2015b], the relative efficiency 110 
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of wave energy absorption at the resonance in a realistic magnetospheric profile has not been 

studied at Earth. 112 

The aim of this paper is to determine the wave energy absorption at the IIH resonance in the 

Earth’s magnetosphere and to predict whether such mode-converted IIH waves could be used as 114 

a diagnostic tool to estimate heavy ion density concentration ratio at Earth. To achieve these 

goals, we evaluate the absorption coefficient for variable concentrations of He+ and azimuthal 116 

and field-aligned wavenumbers at Earth’s geosynchronous orbit. 

The paper is structured as follows: The numerical model and wave dispersion relations using 118 

realistic magnetospheric parameters are described in Section 2. Section 3 contains numerical 

results showing the dependence of absorption coefficient on He+ concentration ratio and wave 120 

frequency. The method to infer heavy ion density from the detected EMIC waves is presented in 

Section 4. The last section contains a brief discussion and the conclusions. 122 

2. Model Description 

We calculate the efficiency of mode conversion of a radially propagating compressional wave 124 

at the IIH resonance using a simplified 1D slab cold plasma model that captures the essential 

features of the IIH resonance [Kim et al., 2011]. The slab model is a local approximation where x, 126 

y, and z correspond to radial, azimuthal, and field-aligned coordinates. Wave propagation in the 

cold and fluid model can be described by Maxwell’s equations combined with fluid equations for 128 

ions and electrons (ignoring electron inertial effects and background gradients related to 

diamagnetic drift and density compressions) [Kim et al., 2011], 130 
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where ny is the refractive index in the azimuthal direction and d = (r+l)/2. Eqs. (6)-(8) have 136 

been solved with a finite difference approach with nonuniform mesh [e.g., Johnson et al., 1995; 

Johnson and Cheng, 1999; Kim et al., 2011]. Figure 1a shows the computational domain of 138 

6.1≤L≤7.1 and an illustration of transmission and reflection coefficients. Incoming waves are 

assumed to propagate from the outer magnetosphere at L=7.1 and have a resonance at L=6.6. The 140 

wave solution is decomposed into WKB solution to determine reflection, transmission, and 

absorption coefficients at the boundaries. 142 

The resonance condition at L=6.6 can be written as a function of  and ηHe from Eq. (4),  

 )6.6(),6.6(,,),( 0

2

||  LNLBn eHesHe  . (9) 144 

For calculation, we adopt a dipole magnetic field model at the equator, 

B0 =
BS

L3
, (10) 146 

where BS = 3.110-5 T is the magnetic field strength on Earth’s surface at the equator, and an 

empirical electron density model at the equator [Sheeley et al., 2001], which is used in EMIC 148 

wave calculations [e.g., Chen et al., 2009], 
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 KIM ET AL.: INFERRING MAGNETOSPHERIC HEAVY ION DENSITY X - 9 
 

D R A F T            February 5, 2015 12:07AM           D R A F T  

and these profiles are plotted in Figure 1a.  

To examine how the presence of heavy ion affects the dispersion and controls the distance 152 

between the cutoff of the incoming compressional wave and resonance, Figure 1b shows an 

example of n across L for  = 3.2Hz and 3.45%<ηHe<4%. In this figure, it is apparent that 154 

n at L=6.6, except for ηHe = 3.57%, where wave dispersion is reduced to S(cr)=n2
||(cr) 

from Eq. (1). For ny=0, wave equations in Eqs. (6)-(8) show that there is no singularity and no 156 

mode conversion occurs. 

For ηHe = 3.86%, the compressional waves have two cutoffs (n0) and one resonance 158 

(n) in the calculation domain, which is called a cutoff-resonance-cutoff triplet, while for ηHe 

= 4% waves have one cutoff and resonance, which is called a cutoff-resonance pair [Stix, 1992]. 160 

These two cutoffs are readily seen from the dispersion relation shown in Eq. (1) at n2
||=r(l) and 

they occur on either side of the IIH resonance n2
||=s [Karney et al., 1979]. When waves have a 162 

cutoff-resonance-cutoff triplet, absorption at the IIH resonance can occur both as the wave leaks 

through the resonance as well as when the wave reflects off the inner cutoff and propagates back 164 

into the resonance, and the wave absorption can be as large as 100% [e.g., Kim et al., 2011], 

which is a characteristic of cutoff-resonance-cutoff conditions [Karney et al., 1979; Ram et al., 166 

1996; Lin et al., 2010]. 

3. Absorption Coefficient at the Ion-ion Hybrid Resonance 168 

By adopting plasma conditions seen in Figure 1a, we calculate the absorption coefficient of the 

compressional waves as a function of ηHe for ω=3.2Hz as shown in Figure 2. Because the 170 

azimuthal wavenumber, ny, is one of important factors that control absorption [Kim et al., 2011], 

we also consider several azimuthal wavenumbers, such as  172 
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)6.6(),(),( ||  LKmnn SyHeHey  , (12) 

where m is the azimuthal wavenumber normalized to the field-aligned wavenumber and we 174 

examine cases with m=0, 0.1, 0.2, and 0.3, respectively. 

In Figure 2, the absorption coefficient oscillates as a function of ηHe due to the interference 176 

effect between incoming and reflected compressional waves that occurs when the waves 

encounter a cutoff-resonance-cutoff triplet as shown in Figure 1b. For m=0, at 178 

=ii(L=6.6)=cr(L=6.6) (for ηHe=3.57%), no absorption occurs, which is consistent with previous 

calculations [Klimushkin et al., 2006; Kim et al., 2011]. When m increases, the maximum value 180 

of absorption decreases from ~95% for m=0 and 0.1 to 27% for m=0.3 and the value of ηHe 

where the maximum absorption occurs shifts from 3.84% for m=0 to 4.06% for Ky=0.3.  182 

We focus on the range of ηHe (ΔηHe) where strong absorption at the IIH resonance occurs and 

we found that ΔηHe is very narrow and slightly decreases from ΔηHe ~ 1.7% for m=0 to ΔηHe~1.2% 184 

for m=0.3. Therefore, Figure 2 suggests that linearly polarized EMIC waves for =3.2Hz (thus 

the normalized frequency to the local gyrofrequency at the resonance location =/ci=0.31) 186 

can be effectively mode-converted from the incoming compressional waves only when plasma 

contains 3.3-5% He+ plasma. Conversely, if linearly polarized EMIC waves are observed with 188 

=0.31 at L=6.6, ηHe can be inferred to as 3.3-5% by assuming electron-H+-He+ plasma.  

In order to investigate the frequency range as well as He+ density range that allows strong 190 

absorption at L=6.6, we calculate the absorption coefficient of the compressional waves as a 

function of the normalized wave frequency to the local gyrofrequency () and ηHe for m=0, 192 

where ΔηHe is maximized. The frequency range in Figure 2 is restricted to range of frequency 

that provides efficient mode conversion, which is close to the crossover frequency. Figure 3 194 

shows the calculated absorption and the shaded regions in this figure represent that no wave 
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absorption has been calculated. The figure clearly shows that most absorption occurs near the 196 

crossover frequency (cr) with narrow Δ and ΔηHe (the maximum Δ and ΔηHe are ~ 0.02 and 

1.8%, respectively). Therefore, ηHe can be inferred from the observed  using the results of 198 

Figure 3. In the next section, we show how to infer the heavy ion concentration ratio using 

detected EMIC waves.  200 

4. Inferring Heavy Ion Concentration Ratio 

Figure 4 shows an example of EMIC waves detected by the GOES-12 near the solar minimum 202 

that exhibits dominant power in linear polarization. In this figure, EMIC wave activity in the H+ 

band occurs from 04:00 to 04:50 UT with frequencies ranging from ~0.35 to 0.45 Hz, and the 204 

wave polarization ellipticity (e) in the plane perpendicular to the local magnetic fields indicates 

that the waves are largely linearly polarized. In our study, linear polarization is defined as having 206 

|e| < 0.2 [e.g., Anderson et al., 1992]. Note that the GOES-12 was located at 75W geographic 

longitude and 11 off the geomagnetic equator for this event. 208 

In order to calculate heavy ion density ratio we select wave frequencies at 4:15, 4:20, 4:25, 

and 4:30 UT and the maximum and minimum frequencies at each time are (UT, obs

min , obs

max )   210 

(4:15, 0.29, 0.3), (4:20, 0.29, 0.34), (4:25, 0.27, 0.35), and (4:30, 0.28, 0.32), respectively. We 

plot the frequency ranges as a horizontal bars and the average values ( obs ) between obs

min  and 212 

obs

max  as circles in Figure 3. Using the average frequencies, the ηHe can be inferred to 3.3, 3.4, 4.2, 

and 3.6  0.6%, respectively. Here, the minimum density ratio can be estimated by assuming that 214 

the average frequency is the crossover frequency ( crobs  ) and ηHe is about 2.7, 2.8, 3.6, and 

3.0, respectively. Because both Δ and ΔηHe are narrow, the estimated density ratio difference 216 

between maximum and minimum is approximately 1%, therefore the heavy ion density ratio can 
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be estimated to reasonable accuracy by assuming the detected wave frequency is the crossover 218 

frequency, which is consistent with Kazakov and Fulop [2013], as well as by using Figure 3.  

5. Discussion and Conclusion 220 

In this paper, we present a method to infer a magnetospheric heavy ion concentration ratio 

using observed EMIC waves, which is mode-converted from compressional waves [Lee et al., 222 

2008]. At geosynchronous orbit near L=6.6, we show that compressional wave absorption at the 

IIH resonance (i.e., the linearly polarized EMIC wave generation) occurs over a limited range of 224 

wave frequencies near the crossover frequency. Therefore, ηHe can be inferred from the observed 

EMIC waves at L=6.6. Interestingly, this result was predicted by Kazakov and Fulop [2013], 226 

although their approach does not provide an accurate estimate of wave absorption [Kim and 

Johnson, 2014]. Using the wave absorption and observed EMIC waves from the GOES-12 228 

satellite, we also demonstrate how this technique can be used to estimate that the He+ 

concentration is around 4% near L=6.6. Similarly, Fraser et al. [2005] estimated ηHe to range 230 

between 6-16% at L=6.6 inferred from the GOES-8 and 10 observations of left-handed polarized 

EMIC waves. 232 

Because the electron density affects the compressional wave dispersion relation, wave 

absorption at the IIH resonance can be modified by the radial structure of the electron density. 234 

Although we adopt an empirical density model [Sheeley et al., 2001], the results showing that the 

maximum absorption of compressional waves occurs near the crossover frequency are consistent 236 

with Kazakov and Fulop [2013], which assumed a homogeneous electron density. However, in 

order to accurately estimate ηHe using linear polarization EMIC waves, it is necessary to quantify 238 

ΔηHe where strong absorption occurs. Thus we adopt three electron density models to calculate 

the wave absorption, including an empirical density model (Ne
empirical) [Sheeley et al., 2001], a 240 
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simple density model used in MHD simulations (Ne
simple) [Lee and Lysak, 1989], Ne

simple=(10/L)3, 

and a homogeneous density of 33 cm-3 (Ne
constant), which is the average value between Ne

empirical 242 

and Ne
simple at L=6.6. 

Figure 5a shows the electron density profiles that have been used. The density gradient of the 244 

empirical model (Ne
empirical) is the largest of all the models. We calculate the absorption 

coefficient as a function of ηHe at L=6.6 as shown in Figure 5b. Here, the strong absorption 246 

occurs for almost same ranges of ΔηHe (2.5%<ηHe<5%), but ΔηHe decreases when N increases. 

This result suggests that ΔηHe where strong absorption occurs is not sensitive to the radial 248 

structure of electron density profile. Therefore, we confirm our conclusion that ηHe can be 

inferred from the observed EMIC waves at geosynchronous orbit using Figure 3, which is robust 250 

for typical magnetospheric parameters. 

The method suggested in this paper can also be applied to other L-shells to estimate the global 252 

structure of magnetospheric heavy ion concentrations using observations of linearly polarized 

EMIC waves to infer density from the equivalent of Figure 3 constructed at each L-shell. 254 

Because the wave absorption is very sensitive to plasma conditions such as density scale length, 

heavy ion density ratio, and magnetic field gradient, it is expected that frequency ranges where 256 

strong absorption occurs might vary depending on different L-shells. For example at Mercury, 

the value of the frequency ratio to the crossover frequency with maximum absorption is 258 

0.5≤ii/cr≤0.9 [Kim et al., 2011, 2015b; Kim and Johnson, 2014], which is much wider than 

ii/cr~0.9 at Earth’s geosynchronous orbit. 260 

For simplicity of presentation, in this paper we have ignored the effects of O+. However, the 

O+ concentration can be large at solar maximum [Denton et al., 2011] and may even exceed the 262 

H+ concentration throughout the nightside and around dawn [Lee and Angelopoulos, 2014]. In 
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addition, EMIC waves are often observed in each pair of ion gyrofrequencies, such as He+ band 264 

(co<<cHe), and O+ band (<cO), and the IIH resonance also occurs between each pair of ion 

gyrofrequencies [e.g., Kim et al., 2013]. It is straightforward to include the effects of O+ in our 266 

model, and the inclusion of heavier ions would likely modify the frequency window for wave 

absorption. To constrain both He+ and O+ would require measurement of two bands 268 

corresponding to the two ion-ion hybrid resonances or utilization of another complementary 

method that constrains the total mass density using lower frequency waves [e.g., Denton et al., 270 

2011]. However, in order to confirm, further research in multi-heavy ion plasmas should be 

followed.  272 

In summary, we present a method to infer heavy ion concentrations using detected EMIC 

waves from satellites at geosynchronous orbit. Because linearly polarized EMIC waves can be 274 

generated via mode conversion from compressional waves, peaked dependence of compressional 

wave absorption (thus generation of linearly polarized EMIC waves) enables us to estimate 276 

heavy ion concentration ratios. We demonstrated that the maximum absorption occurs when the 

IIH resonance frequency is close to the crossover frequency at geosynchronous orbit and inferred 278 

heavy ion densities around ~ 4% using an EMIC wave event observed by the GOES-12 data near 

solar minimum, which is consistent with previous estimations. 280 
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 432 

Figure 1. (a) The ambient magnetic field (B0, solid line) and electron density (Ne, dashed line) in 

the radial direction. Dotted vertical lines are the resonance location at L=6.6 and spatial 434 

calculation boundaries at L=6.1 and 7.1. (b) The refractive index n of incoming compressional 

waves of =3.2Hz (=/ci(L=6.6)=0.31) for ηHe = NHe/Ne = 4% (orange), 3.86% (green), 3.7% 436 

(blue), 3.57% (black) and 3.45% (red), respectively. In this case, the IIH resonance is assumed to 

occur at L=6.6. 438 
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 440 
 

Figure 2. The absorption coefficient for  = 3.2 Hz as a function of ηHe at L=6.6 for m=0 (blue), 442 

0.1 (red), 0.2 (green) and 0.3 (magenta), respectively, where m is the azimuthal wavenumber 

normalized to the field-aligned wavenumber. 444 

 

  446 
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Figure 3. The absorption coefficient as a function of  and ηHe. The shaded regions in this figure 448 

represent that no wave absorption has been calculated. The circles signify individual averaged 

wave frequencies detected by GOES-12 on 4:15, 4:20, 4:25, and 4:30UT from Figure 4. The 450 

crosses are the maximum and minimum frequency detected by the GOES satellite ( obs ) and 

helium concentration ratio ranges calculated in this letter. Using the average frequencies, ηHe can 452 

be inferred to 3.3, 3.4, 4.2, and 3.6  0.7%, respectively. Here, the minimum density ratio can be 

estimated by assuming that the average frequency is the crossover frequency ( crobs  ).  454 
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 456 
 

Figure 4. High-time resolution (512ms) Level 2 GOES-12 magnetic field data showing EMIC 458 

wave activity in the H+ band from 04:00 to 04:50 UT over the frequencies of ~0.35 to 0.45 Hz. 

The top and middle panels present wave power as a function of frequency in the E and N 460 

components of the data, respectively. The GOES satellite magnetometers conform to the PEN 

coordinate system, in which BP is a magnetic field vector component pointing northward, 462 

perpendicular to the orbit plane (parallel to Earth’s spin axis) and BE  points earthward, being 

perpendicular to BP, BN completes the Cartesian coordinates and points eastward. Wave 464 

polarization ellipticity in the plane perpendicular to the local magnetic fields (E and N) is shown 

in the bottom panel, indicating that the wave is largely linearly polarized. Note that only linear 466 

power (|e|<0.2) is displayed. 

  468 
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 470 

 
Figure 5. (a) The adopted magnetospheric electron density model: a simple density model used 472 

by MHD wave simulations of Lee and Lysak [1989] (red solid line), an empirical density model 

by Sheeley et al. [2001] (green solid line), and a homogeneous density of Ne = 33 cm-3 (blue 474 

dashed line); (b) absorption coefficient of compressional waves as a function of L for =3.2Hz 

and ηHe=3.84% by adopting three electron density models shown in Figure 5(a). 476 
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