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Highlights: 29 

• In situ plasma measurements cannot reproduce observed EMIC wave amplitudes. 30 

• Inner magnetosphere Ahp distributions are asymmetric in MLT. 31 

• Ahp decreases in the presence of EMIC waves. 32 

• Ahp provides more “free energy” than Ahhe or Aho 33 

• Ahp must be increased (2 – 4 times measured value) to replicate EMIC wave amplitudes. 34 

 35 
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Abstract: 47 

We perform a statistical study calculating electromagnetic ion cyclotron (EMIC) 48 

wave amplitudes based off in situ plasma measurements taken by the Van Allen Probes’ 49 

(1.1 to 5.8 Re) Helium, Oxygen, Proton, Electron (HOPE) instrument. Calculated wave 50 

amplitudes are compared to EMIC waves observed by the Electric and Magnetic Field 51 

Instrument Suite and Integrated Science on board the Van Allen Probes during the same 52 

period. The survey covers a 22-month period (1 November 2012 to 31 August 2014), a 53 

full Van Allen Probe magnetic local time (MLT) precession. The linear theory proxy was 54 

used to identify EMIC wave events with plasma conditions favorable for EMIC wave 55 

excitation. Two hundred and thirty-two EMIC wave events (103 H+-band and 129 He+-56 

band) were selected for this comparison. Nearly all events selected are observed beyond 57 

L = 4. Results show that calculated wave amplitudes exclusively using the in situ HOPE 58 

measurements produce amplitudes too low compared to the observed EMIC wave 59 

amplitudes. Hot proton anisotropy (Ahp) distributions are asymmetric in MLT within the 60 

inner (L < 7) magnetosphere with peak (minimum) Ahp, ~0.81 to 1.00 (~0.62), observed 61 

in the dawn (dusk), 0000 < MLT ≤ 1200 (1200 < MLT ≤ 2400), sectors. Measurements 62 

of Ahp are found to decrease in the presence of EMIC wave activity. Ahp amplification 63 

factors are determined and vary with respect to EMIC wave-band and MLT. He+-band 64 

events generally require double (quadruple) the measured Ahp for the dawn (dusk) sector 65 

to reproduce the observed EMIC wave amplitudes. 66 

 67 

 68 

 69 

 70 
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1. Introduction 72 

Electromagnetic ion cyclotron (EMIC) waves are Pc 1-2 pulsations (0.1 – 5 Hz) 73 

that play an integral role in manipulating particle dynamics within the Earth’s 74 

magnetosphere. Through wave-particle interactions, EMIC waves may: scatter relativistic 75 

electrons (Jordanova et al., 2008; Lyons et al., 1972; Meredith et al., 2003; Thorne and 76 

Kennel, 1971), cause ring current protons to precipitate (Burch et al., 2002; Jordanova et 77 

al., 2001; Usanova et al., 2010; Xiao et al., 2012, 2011),  and heat heavy ions (Zhang et 78 

al., 2011, 2010). EMIC waves have also been associated with the appearance of isolated 79 

auroral arc events (Sakaguchi et al., 2008), cusp proton aurora events (Xiao et al., 2013), 80 

and traveling convection vortices in the Earth’s magnetosphere (Engebretson et al., 2013; 81 

Lockwood et al., 1990).  82 

EMIC waves are generated when hot (10 – 100 keV) anisotropic (�� �‖⁄  > 1) ions 83 

(usually H+) overlap with cold dense plasma populations (Cornwall, 1965; Kennel and 84 

Petschek, 1966). The hot anisotropic ion populations provide the “free energy” necessary 85 

for EMIC wave growth (Cornwall, 1965; Rauch and Roux, 1982). The presence of cold 86 

heavy ions (i.e., He+ and O+) influence the formation of EMIC waves by enhancing the 87 

wave growth rate and lowering the threshold for the EMIC instability (Horne and Thorne, 88 

1993; Rauch and Roux, 1982; Young et al., 1981). The impact of cold dense plasma 89 

populations on EMIC wave enhancement causes frequent suggestions that the 90 

plasmapause and plasmaspheric plumes are the favorable regions for EMIC wave 91 

excitation (Fraser et al., 1989; Morley et al., 2009; Usanova et al., 2013; Zhang et al., 92 
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2010). Usanova et al. (2013) found EMIC waves to be ~20 times more likely to have 93 

been observed inside a plasmaspheric plume than outside  94 

While EMIC wave events can be observed in any magnetic local time (MLT) 95 

sector, they are most frequently observed in the afternoon (1200 < MLT ≤ 1800) MLT 96 

sector (e.g., Anderson et al., 1992; Halford et al., 2010; Min et al., 2012; Usanova et al., 97 

2012; Keika et al., 2013; Saikin et al., 2015, 2016; Paulson et al., 2016). The afternoon 98 

sector coincides with the well-established EMIC wave enhancement region (Thorne, 99 

2010). EMIC waves within this region coincide with cold plasmaspheric plumes (Fraser 100 

and Nguyen, 2001) and hot ring current ion injections from the plasma sheet caused by 101 

disturbed geomagnetic conditions. During geomagnetic storms, hot ring current ions are 102 

injected into the inner (L < 7 ) magnetosphere, overlapping with these cold dense plasma 103 

populations, leading to EMIC wave generation (Cornwall, 1965; Criswell, 1969; Fraser et 104 

al., 2010; Jordanova et al., 2001; Saikin et al., 2016). Previous surveys revealed the 105 

EMIC wave occurrence rates increase during geomagnetic storm phases (Halford et al., 106 

2016; Saikin et al., 2016), increasing values of Kp (Kasahara et al., 1992), and disturbed 107 

(AE > 300 nT) geomagnetic conditions (Meredith et al., 2014; Saikin et al., 2016; 108 

Usanova et al., 2012). Magnetospheric compressions are often considered a cause of 109 

outer magnetosphere EMIC wave generation (Allen et al., 2015; Anderson and Hamilton, 110 

1993; Usanova et al., 2012) with particles executing Shabansky orbits to help generate 111 

the necessary anisotropy (McCollough et al., 2012; Shabansky, 1971). 112 

Excited with a left-hand polarization, these transverse propagating waves are 113 

preferably generated in regions of low magnetic field strength (Kennel and Petschek, 114 

1966). Generally, these source regions are confined to the magnetic equator within ±10° 115 
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magnetic latitude (MLAT) (Loto’aniu et al., 2005). However, evidence of off-equator 116 

EMIC wave generation has been observed (Allen et al., 2013, 2016). Post generation, 117 

EMIC waves propagate along field lines to regions of increased magnetic field strength 118 

(Mauk and McPherron, 1980).   119 

EMIC waves can be classified with respect to the wave-band within which they 120 

occur. Wave activity observed below the proton gyrofrequency (denoted as f(H+)) and 121 

above the helium ion gyrofrequency (f(He+)) are classified as proton-band (H+-band) 122 

EMIC waves. Similarly, events found between the f(He+) and the oxygen ion 123 

gyrofrequency (f(O+)) are known as helium-band (He+-band) EMIC waves. Varying the 124 

heavy ion concentration present during EMIC wave generation directly impacts which 125 

wave-bands become excited (Kozyra et al., 1984). For example, the presence of cold He+ 126 

increases the growth rate for He+-band EMIC waves, while lowering the growth rate for 127 

H+-band EMIC waves (Kozyra et al., 1984). Furthermore, wave-band specific EMIC 128 

waves are not observed equally (Keika et al., 2013; Min et al., 2012; Saikin et al., 2015; 129 

Wang et al., 2015; Yu et al., 2015). Consistently, He+-band EMIC waves have higher 130 

wave powers than their H+- or O+-band counterparts (Horne and Thorne, 1993), 131 

particularly in the afternoon sector (Min et al., 2012; Saikin et al., 2015). 132 

EMIC waves remain an important topic of discussion given their role in particle 133 

dynamics and cross-energy plasma interactions within the Earth’s magnetosphere. 134 

Numerous statistical studies on EMIC wave observation using in situ measurements (e.g., 135 

Allen et al., 2015; Anderson et al., 1992; Halford et al., 2010; Kasahara et al., 1992; 136 

Keika et al., 2013; Min et al., 2012; Saikin et al., 2015; Usanova et al., 2012) and 137 

simulations calculating EMIC wave growth rates (e.g., Rauch and Roux, 1982; Kozyra et 138 
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al., 1984; Horne and Thorne, 1993; Jordanova et al., 2001, 2007; Denton et al., 2014; 139 

Gamayunov et al., 2014) have been performed over the years. Statistical in situ 140 

observations, while generally consistent, possess orbital biases dependent upon which 141 

mission is used (Saikin et al., 2015). Similarly, different EMIC wave simulation studies 142 

examine alternate magnetospheric locations (e.g., L = 4 - 7 (Horne and Thorne, 1993), L 143 

= 3 – 6 (Gamayunov et al., 2014)), with plasmaspheric enhancements used when 144 

necessary (Jordanova et al., 2001; Kozyra et al., 1984), and focus on either EMIC wave 145 

generation (e.g., Bortnik et al., 2011; Omidi et al., 2011; Fu et al., 2016) and/or EMIC 146 

wave propagation (e.g., Roux et al., 1982; Horne and Thorne, 1993; Khazanov and 147 

Gamayunov, 2007; Gamayunov et al., 2014) . Common parameters investigated in these 148 

parametric simulation studies include the anisotropy of hot protons, parallel plasma beta, 149 

the density of hot protons, and the concentration of cold plasma (Bortnik et al., 2011; Fu 150 

et al., 2016; Gamayunov et al., 2014; Kozyra et al., 1984). While metrics exist that 151 

examine the in situ plasma conditions associated with EMIC waves to determine if wave 152 

activity is possibly observed within the source region (Allen et al., 2016; Blum et al., 153 

2009; Gary et al., 1994; Zhang et al., 2014), these measurements are generally not used in 154 

conjunction with simulations to reproduce the observed EMIC waves. 155 

Recent studies have attempted to derive the relationship between initial plasma 156 

conditions and the saturation amplitude of EMIC waves. 2-D hybrid simulations 157 

performed by Bortnik et al. (2011) revealed that the saturation of EMIC wave amplitudes 158 

increase monotonically when hot proton densities and anisotropies are increased (i.e., 159 

increased linear growth). Another study derived a relationship between EMIC wave 160 

saturation and parameters associated with the linear theory proxy (Fu et al., 2016). Both 161 
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studies are purely theoretical and do not use in situ plasma measurements. To our 162 

knowledge, a study focusing on replicating observed EMIC wave amplitudes with in situ 163 

plasma measurements has not been performed. 164 

In this study, we seek to expand upon the work by Bortnik et al. (2011) and Fu et 165 

al. (2016) by calculating EMIC wave amplitudes with parameters set up according to in 166 

situ plasma measurements. This study will be performed using data taken by the Van 167 

Allen Probes over a 22-month period, a full MLT precession, and with EMIC wave 168 

calculations based off the work by Jordanova et al. (2001). This paper will be organized 169 

as follows: a description of the Van Allen Probes and the instruments used (section 2.1), 170 

the selection of EMIC wave events and EMIC wave favorable plasma conditions (section 171 

2.2 and 2.3, respectively), an explanation of the model used to calculate wave growth 172 

rates (section 2.4), results on how the calculations compare to the Van Allen Probes’ 173 

observations (section 3), and finally, a discussion and conclusions (section 4 and 5, 174 

respectively). 175 

2. Methodology  176 

2.1 Van Allen Probes 177 

The Van Allen Probes mission (Kessel et al., 2013; Mauk et al., 2013) are two 178 

identical spacecraft that orbit around the Earth with an apogee and perigee of 5.8 and 1.1 179 

Re, respectively. Each probe performs a highly elliptical, low inclination (~10°) orbit with 180 

a period of ~9 h. The probes, denoted as Probe A and Probe B, follow nearly identical 181 

orbits at different speeds, causing one probe to lap the other every ~2.5 months. The 182 

perigee-apogee line of each probe precess in local time at a rate of ~210°/yr. 183 
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For this study, two instruments on board both Van Allen Probes have been used to 184 

identify EMIC wave activity and measure the plasma conditions during their 185 

observations. The Electric and Magnetic Field Instrument Suite and Integrated Science 186 

(EMFISIS) (Kletzing et al., 2013) contains a magnetometer instrument that provides high 187 

temporal resolution (64 vectors per second) magnetic field measurements. EMFISIS 188 

instrument suite has two magnetic field sensors, a triaxial fluxgate magnetometer (MAG), 189 

and a triaxial AC magnetic search coil magnetometer. For this study, we have only used 190 

magnetic field measurements from MAG. Electron density (ne) was determined using the 191 

Neural-network-based Upper hybrid Resonance Determination (NURD) algorithm 192 

developed by Zhelavskaya et al. (2016). The authors employed feedforward neural 193 

networks to reconstruct the upper hybrid frequency from plasma wave observations made 194 

on board the Van Allen Probes. The inputs to the NURD neural network are the EMFISIS 195 

High Frequency Receiver observations and geophysical parameters and the output is the 196 

upper hybrid frequency. After training and validating the NURD model for 1,091 Van 197 

Allen Probes orbits, it was used to estimate the upper hybrid frequency (and by extension, 198 

the electron density) for all Van Allen Probe orbits for the period of 1 October 2012 to 1 199 

July 2016 (Zhelavskaya et al., 2016). The resulting electron density data set is available 200 

on the ftp server: ftp://rbm.epss.ucla.edu/ftpdisk1/NURD/.. EMIC wave amplitudes were 201 

calculated following the procedure established in previous studies (Allen et al., 2015; 202 

Saikin et al., 2015). A fast Fourier transform technique (FFT) analysis was performed on 203 

the high resolution magnetic field data taken by the EMFISIS instrument for each EMIC 204 

wave. A 10-second mean magnetic field was utilized as the background field from which 205 

the magnetic field data were rotated from GSE coordinates to field-aligned coordinates. 206 
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This FFT wave analysis used 4096 steps with an input step length of 512 points, and was 207 

applied to this field-aligned data. 208 

Plasma data were obtained from the Helium, Oxygen, Proton, and Electron 209 

(HOPE) mass spectrometer (Funsten et al., 2013), which is part of the Radiation Belt 210 

Storm Probes-Energetic Particle Composition and Thermal Plasma (RBSP-ECT) Suite 211 

(Spence et al., 2013). The HOPE mass spectrometer measures electron and ion flux 212 

distributions over 4π sr every spacecraft spin in the energy range of ~1 eV – 52 keV with 213 

a ~12 second cadence. HOPE also distinguishes between the three major ion species of 214 

H+, He+, and O+. Available data from the HOPE instrument begin on 25 October 2012. 215 

This EMIC wave survey encompasses the period of 1 November 2012 – 31 August 2014. 216 

This 22-month period covers one complete Van Allen Probes MLT precession.  217 

2.2 EMIC Wave selection method 218 

EMIC wave selection follows the same guidelines described in Saikin et al. 219 

(2015) and Saikin et al. (2016). EMIC wave events were visually identified from daily 220 

plots generated from the EMFISIS data set. EMIC wave events must be observed for at 221 

least 5 minutes in Universal Time (UT). This time limit was imposed to avoid 222 

background noise being considered EMIC wave activity. Furthermore, broadband ultra 223 

low frequency (ULF) wave activity was not included in this study (for an example, see 224 

Figure 1c in Zhang et al. (2014) of broadband and EMIC wave activity). A minimum 225 

wave power threshold of 0.01 nT2/Hz was employed, with wave power being calculated 226 

by the procedures described in Allen et al. (2013) and Zhang et al. (2014). H+- and He+-227 

band EMIC wave events have been included in this study. O+-band EMIC wave events, 228 
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while observed by the Van Allen Probes, were not included in this study given their low 229 

occurrence rates (Saikin et al., 2015; Yu et al., 2015).  230 

2.3 Linear theory proxy 231 

Not all H+- and He+-band EMIC wave events observed within this 22-month 232 

precession were used in this study. Since the purpose of this study is to use in situ plasma 233 

measurements to replicate the observed EMIC wave amplitudes, only EMIC wave events 234 

observed when plasma conditions were favorable for EMIC wave excitation were used 235 

for our analysis. This event selection was determined by testing the Van Allen Probes’ 236 

EMIC wave observations with a linear theory proxy. Derived assuming an electron-237 

proton collisionless plasma where both species are represented with bi-Maxwellian 238 

velocity distributions, linear theory states that if the observational growth parameter, Σh, 239 

exceeds the theoretical instability threshold, Sh, then the plasma is favorable for EMIC 240 

wave excitation (Blum et al., 2009; Gary et al., 1994; Zhang et al., 2014). Events with 241 

any plasma conditions that satisfied this criterion, Σ� −		� > 0, for at least a 1 minute 242 

UT duration were included in this study. Here, the observational growth parameter is 243 

defined as: 244 

�� =	����‖ − 1��‖����  

     �� = �� − �� ln ������ � − � !ln ������ �"  245 

The observational growth parameter depends explicitly on the hot (≥ 1 keV) 246 

proton anisotropy, #�� = 	�� �‖⁄ − 1, the parallel hot proton plasma beta, βǁhp, and the 247 

ratio of the hot proton to electron density, $�� $%⁄ . The hot proton data was extracted 248 
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from the HOPE instrument measurements and covers the 1 – 52 keV energy channels. 249 

“Hot” was defined as ≥ 1 keV since enhancements in proton energy flux can begin at ~1 250 

keV (for an example proton energy flux spectrum, see Figure 3 in Zhang et al. (2014)). 251 

For consistency, each linear theory proxy calculation used the same “hot” proton 252 

definition. The constants a0, a1, and a2 are derived from Blum et al. (2009), and equal 253 

0.409, 0.0145, and 0.00028, respectively. 254 

The theoretical instability threshold is defined as: 255 

	� = 	&� + &� ln ($��$% ) + & *ln ($��$% )+
 
 

Here, &� = 0.429, &� = 0.124, and & = 0.0018. These values are also derived 256 

by Blum et al. (2009).  257 

2.4 Calculating EMIC wave amplitudes  258 

To calculate EMIC wave convective growth rates, this study follows the 259 

procedures outlined by Koyzra et al. (1984) and Jordanova et al. (2001). Given that 260 

EMIC wave amplification depends on the time spent within the source region, convective 261 

growth rates are more suitable for understanding EMIC wave growth. Convective growth 262 

rates were obtained from the hot plasma dispersion relation using ring current H+, He+, 263 

and O+ densities, parallel energy (Tǁ), and anisotropy (Ah) measurements taken by the 264 

HOPE instrument. The calculation considers frequencies between f(H+) and f(O+), and 265 

selects the maximum convective growth rate per wave band. Local growth rates are then 266 

integrated along wave paths, which are field-aligned and extend over ±5° MLAT to get 267 

the wave gain G (decibels). The presence of plasmaspheric cold plasma populations is 268 

included in the calculation. For the calculation, H+-band EMIC wave events were 269 
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assumed to have a H+ rich cold plasma concentration: 100% H+, 0% He+, and 0% O+. 270 

He+-band EMIC wave events were presumed to have a more varied cold plasma 271 

concentration: 77% H+, 22% He+, and 3% O+. These different cold plasma concentrations 272 

were chosen since wave-band specific EMIC wave growth rates are heavily dependent on 273 

the concentrations of heavy ions in a cold plasma (Kozyra et al., 1984). Events located 274 

near the plasmapause (or within 0.25 RE on either side) received an extended ±10° 275 

(±7.5°) MLAT wave path. This cold plasmaspheric enhancement factor is based on the 276 

guiding of waves along the plasmapause, i.e. the thermal density gradient allows the wave 277 

vector to remain field aligned and wave growth is possible over a longer ray path (Jordanova 278 

et al., 2001; Thorne and Horne, 1997) The convective growth rate, S (1/cm), is calculated 279 

by taking the ratio of the temporal growth rate, µ (1/s), and the group velocity, Vg (cm/s) 280 

(Kozyra et al., 1984): 281 

	 = 123 

 282 

The temporal growth rate is determined by: 283 

1 = 	 456�
= 786�9:;√=>5 	�::? @[B#5 + 1CB1 −>5DC − 1] ∗ GHI J−6� >5 

B>5D − 1C �:: ? KL5 M 		

∗ NDBO + 1CB2 − DCBD − 1C + 	8P9Q; + 9QRS ∗ >QDB2 −>QDCB>QD − 1C Q TU� 
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>Q =	 VQWQV� , 9Q;BRC = >Q 4�;QBRC 4��;  

The temporal growth depends on the plasma frequency for that respective ion (j) 284 

and warm (cold) population, 4�Q;BRC, the real part of the frequency, 4Y, the mass of the 285 

ion species, VQ, the proton gyrofrequency, 6�. 286 

The group velocity is determined by:  287 

23 = Z4Z? =
[\
]26�^4��; 	 _1 + O1 − D +89Q; + 9QR >Q1 + >QDQ `

� 

ab
c 	 ∗ 

NB1 + OCB2 − DCB1 − DC +8B9Q; + 9QRC>QB2 −>QDCB1 − >QDC Q TU� 

With the maximum convective growth rate determined, the gain [dB] for that 288 

convective growth rate was calculated. Following the procedure described in Kozyra et 289 

al. (1997), the maximum wave gain was related to the maximum EMIC wave amplitude, 290 

via a simple model, and the gain was then used to calculate the max wave amplitude, Bw:  291 

d; = 10 ∗ 10efeghi  (nT). For best agreement with the data, G1 = 40 (Jordanova et al., 292 

2001). 293 

3. Results 294 

3.1 Linear theory observations 295 

Following the criteria established in Section 2.2 and 2.3, 628 EMIC wave events 296 

were initially identified between 1 November 2012 and 31 August 2014. Each event was 297 

examined with the linear theory proxy to determine if their observations coincided with 298 

favorable plasma conditions for EMIC wave excitation. 299 
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Figure 1 shows a sample He+-band EMIC wave event (panel a) and its 300 

corresponding linear theory proxy calculation as observed by Van Allen Probe-A on 25 301 

May 2013 between 1705 – 1715 UT. All the plasma parameters associated with linear 302 

theory, as described above, are featured in Figure 1. During the 25 May 2013 EMIC wave 303 

event, marked by the green translucent rectangle, Ahp (panel b) remains at relatively high 304 

values (Ahp = ~0.70 to ~0.90). This wave activity also coincides with steep enhancements 305 

in both βǁhp (panel c) and nhp (panel d). Before and during the EMIC wave activity, ne 306 

(panel e) steadily decreases, indicating that Van Allen Probe-A is probably in the process 307 

of leaving the post-dusk plasmasphere. np/ne (panel f) also increases during this period. 308 

The EMIC theoretical instability threshold and the observational growth parameter are 309 

shown in panels g and h, respectively. There is a significant enhancement in the 310 

observational growth parameter (peak value of �� = 0.26C during the EMIC wave 311 

activity. The final panel (i) marks the  �� − 	� calculation, with a blue horizontal line 312 

marking �� − 	� = 0. Since �� − 	� > 0, linear theory states that the observed plasma 313 

conditions are favorable for EMIC wave excitation. Another	�� − 	� > 0 appears later in 314 

the orbit, 1833 – 1837 UT, however no EMIC wave activity is observed during this 315 

period. After applying linear theory to all observed events, 232 EMIC wave events (103 316 

H+-band and 129 He+-band) were found to have positive �� − 	� values. Few EMIC 317 

wave events with excitation favorable plasma conditions below L = 4 were included. 318 

 319 

3.2 Calculation results 320 

As described in Section 2.4, convective wave growth rates were calculated for 321 

each H+- and He+-band EMIC wave event with a positive �� − 	� value. For each of 322 

these events, their instantaneous density, Tǁ, and anisotropy measurements of H+, He+, 323 
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and O+ ions were used. The calculated electron density (Zhelavskaya et al., 2016) was 324 

used to determine the location of an EMIC wave event with respect to the plasmasphere. 325 

By visual inspection, events determined to be found near the plasmasphere received the 326 

enlarged MLAT integrated path described in Section 2.4. 327 

The following plots have combined measurements from both Van Allen Probes. 328 

Figure 2 shows the comparison between the calculated EMIC wave amplitudes based off 329 

the in situ plasma measurements from the HOPE instrument (a) and the observed in situ 330 

EMIC wave amplitudes obtained from the EMFISIS instrument and subsequent 331 

polarization analysis (b), for the H+-band EMIC waves in L vs. MLT bins. Each bin 332 

comprises 15 min of MLT per 0.5 L shell. The resolution was chosen to be consistent 333 

with previous studies (Saikin et al., 2015, 2016). L shell was determined by using the 334 

2004 Tsyganenko and Sitnov magnetic field model (TS04D) (Tsyganenko and Sitnov, 335 

2005). Each EMIC wave event was divided into 1 min UT intervals, and plotted into the 336 

respective bin based off the L and MLT value during that 1 min UT duration. The values 337 

within those bins were then averaged over the amount of time within that respective bin, 338 

White spaces represent regions where neither Van Allen Probes has magnetic field 339 

measurements. Grey spaces represent regions where the Van Allen Probes do have 340 

magnetic field measurements, but no EMIC wave activity is observed. The percent 341 

difference between the observed and calculated EMIC wave amplitudes are shown in 342 

Figure 2c.  343 

Throughout all MLT sectors, the calculation produces H+-band EMIC waves with 344 

wave amplitudes of ~0.10 nT. In the midnight sector, (2200 < MLT ≤ ~130), EMIC wave 345 

amplitudes around ~1.0 nT are produced. Peak wave amplitudes are produced in the 346 
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afternoon sector, (1600 < MLT ≤ 1700), ~10.0 nT. The calculation, however, fails to 347 

reproduce the wave amplitudes observed by the Van Allen Probes. H+-band EMIC waves 348 

observed by the Van Allen Probes possess wave amplitudes between ~1.0 – 5.0 nT 349 

throughout all MLT sectors between L = 4 – 6. The lowest H+-band wave amplitudes, 350 

~0.1 – ~0.3 nT, are observed primarily around L = ~6 within 0615 < MLT ≤ ~1930.  351 

The calculation repeatedly produces H+-band EMIC wave amplitudes that are too 352 

low when compared to the observed wave amplitudes. Percent differences between the 353 

calculated and observed wave amplitudes for almost every bin consistently feature 354 

negative percentages ranging from -50.0 – -100.0 %. For comparison, the previously 355 

described ±5° MLAT source region has been expanded to the ±11° MLAT described in 356 

Loto’aniu et al. (2005) for all EMIC waves, regardless of their observation with respect 357 

to the plasmapause. In the same format as Figure 2, Figure 3 shows this recalculation 358 

with the extended integrated MLAT path. As expected, the increased wave path does 359 

produce EMIC waves with higher wave amplitudes than the previous ±5° MLAT setting. 360 

However, in the region of L = ~6, the calculation now produces EMIC waves with wave 361 

amplitudes beyond the values that are observed by the Van Allen Probes (Figure 3c).  362 

Figure 4 compares the calculated wave amplitudes results (a) with the observed 363 

wave amplitudes (b) for the He+-band EMIC wave events. Like the H+-band results, the 364 

calculated He+-band wave amplitudes are generally ~0.1 nT. The calculation does 365 

produce higher wave amplitudes in the afternoon and midnight MLT sectors, ~1.0 – 10.0 366 

nT. However, the calculation does not reproduce the observed He+-band wave amplitudes 367 

consistently (Figure 4c). Percent differences between the calculated and observed EMIC 368 

wave amplitudes continue to be predominately negative throughout all MLTs. Some 369 
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midnight sector bins do show good agreement between the calculated and observed wave 370 

amplitudes, 2300 < MLT ≤ 100 from L = 5 - 7. Conversely, some calcuation results 371 

produce wave amplitudes greater than the observations in the afternoon sector (i.e., 372 

positive percent differences), 1500 < MLT ≤ 1700 at L = ~5.5. Like Figure 3, the ±11° 373 

MLAT Loto’aniu et al. (2005) region was applied to the He+-band waves in Figure 5. 374 

Again, the calculation now produces EMIC wave amplitudes too high to match the 375 

observed amplitudes, specifically around L = ~6, and the midnight MLT sector (2200 < 376 

MLT ≤ 200).   377 

Using the original ±5° MLAT integrated wave path (±10° for events observed 378 

near the plasmapause), the in situ plasma measurements obtained from the HOPE 379 

instrument do not possess enough “free energy” to reproduce the coinciding observed H+- 380 

and He+-band EMIC wave amplitudes. The expanded ±11° MLAT Loto’aniu et al. 381 

(2005) source amplification region produces EMIC wave amplitudes too high compared 382 

to wave observations. 383 

3.3 Plasma recalculations: Ahp  384 

 385 

To understand the discrepancy between the calculated and observed wave 386 

amplitudes for both H+- and He+-band events, we explore the differences in the plasma 387 

parameters when EMIC waves are and are not present. EMIC wave favorable plasma 388 

conditions can be observed without the presence of any EMIC wave activity (Figure 1h).  389 

 Figure 6 shows the observed Ahp (the instantaneous measured value, averaged per 390 

L vs. MLT bin) for all periods where �� − 	� > 0 (Figure 6a), and for all periods where 391 

�� − 	� > 0 that coincide with EMIC waves (Figure 6b).  Wave-band separation has not 392 

been considered for Figure 6. For all �� − 	� > 0 periods, Ahp is rarely observed to be 393 
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lower than Ahp = ~0.62. Ahp does exhibit an MLT dependence. The highest Ahp values are 394 

observed in the dawn sector (0 < MLT ≤ 1200), with peak values reaching Ahp = ~1.00. 395 

The dusk and pre-midnight MLT sectors (1600 < MLT ≤ 2400) have measured Ahp values 396 

~ 0.62. Furthermore, almost all regions observed to have �� − 	� > 0 are located beyond 397 

L = ~4. 398 

Ahp values decrease when EMIC waves are present (Figure 6b). Without EMIC 399 

waves, the dawn MLT sector measures hot proton anisotropies between Ahp = ~0.81 to 400 

1.00. With EMIC waves present, some dawn MLT sector regions observe Ahp =~0.62 (a 401 

26.6% to 46.9% decrease). The dusk MLT sector measures lower anisotropies (Ahp 402 

=~0.25 to 0.44, an 85.1% to 34.0% decrease). The midnight MLT sector (MLT = 2300 – 403 

0100) is the only region where Ahp was found to increase with the presence of EMIC 404 

waves, Ahp = ~1.00.  405 

Since Ahp is lowered in the presence of EMIC waves, using their in situ 406 

measurements will generally not reproduce the observed wave amplitudes. To produce 407 

calculated wave amplitudes that match the Van Allen Probes’ observations, we must 408 

determine the initial ion anisotropies responsible for the EMIC wave excitation.  409 

The following has been performed using the originally ±5° MLAT (±10° MLAT 410 

for plasmapause events) framework. Using our routine to calculate EMIC wave 411 

amplitude, we have tested each ion’s anisotropy to determine which ion’s anisotropy has 412 

the greatest impact on EMIC wave growth. Each ion population’s anisotropy values were 413 

altered, Ah* , individually between 0.00 ≤ Ah* ≤ 2.00 (e.g., while Ahp was altered, the in 414 

situ measurement of Ahhe and Aho were used). Table 1 shows the percentage of calculated 415 

wave-band specific EMIC wave events that are calculated to come within ±0.1 nT of the 416 
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observed EMIC wave amplitude when only that hot ion’s specific anisotropy is altered. 417 

For both H+- and He+-band events, altering Ahp yields the highest agreement with the 418 

observed wave amplitude with 75.5% and 73.4%, respectively. By exclusively altering 419 

the hot helium anisotropy (Ahhe
*), only 11.8% and 20.2% of the H+- and He+-band EMIC 420 

waves, respectively, match the observed wave amplitudes. The hot oxygen anisotropy 421 

(Aho
*) has the least impact on the H+-band EMIC waves, 10.8%. As with the Ahhe

*, only 422 

20.2% of the He+-band calculated EMIC waves could match the observation when only 423 

Aho
 is altered.  424 

Altering Ahp yields the greatest success in reproducing observed EMIC wave 425 

amplitudes (75.5% and 73.4% for H+- and He+-band, respectively). For each event, we 426 

retroactively calculated Ahp that yields the best agreement with the data. These altered 427 

anisotropy values Ahp
* are compared against the in situ Ahp in Figure 7. Displayed in 428 

Figure 7 is the ratio between Ahp*  and the observed Ahp (or amplification factors) for both 429 

the H+-band (Figure 7a) and He+-band events (Figure 7b) in the same L vs. MLT format.  430 

Generally, the H+-band EMIC wave events observed throughout all MLT sectors 431 

are found to require increased Ahp values, ranging from 1 < Ahp* /Ahp ≤ 4. Peak 432 

amplification factors (~4) are observed in the pre-noon (900 < MLT ≤ 1000), afternoon, 433 

and pre-midnight (2000 < MLT ≤ 2200) MLT sectors. The pre-noon and afternoon 434 

regions correspond to peak occurrence rates for H+-band EMIC waves (Saikin et al., 435 

2015). 436 

He+-band EMIC wave events require similar altered Ahp values in the dawn sector, 437 

1 < Ahp* /Ahp ≤ ~3. However, post-noon/dusk (1330 < MLT ≤ 2230) sector He+-band 438 

events require amplification factors ~3 - ~4 times than the in situ measurements to 439 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 

 

reproduce the observed wave amplitudes. Peak He+-band wave occurrence and wave 440 

power is observed in the afternoon sector (Saikin et al., 2015). These high amplification 441 

factors suggest that high-powered EMIC waves are more efficient at scattering ring 442 

current protons and further reduce Ahp. 443 

 444 

4. Discussion 445 

 446 

In this study, we compared wave amplitudes between calculated and Van Allen 447 

Probes’ observed EMIC wave events between 1 November 2012 – 31 August 2014, a full 448 

MLT precession by Van Allen Probes. Calculated wave amplitudes were determined 449 

using the in situ HOPE instrument plasma measurements which coincided with EMIC 450 

wave activity. EMIC wave events were selected based on a criterion incorporating event 451 

duration (≥	5	minutes	in	UTC, wave power (≥0.01	nT2C, and plasma conditions 452 

favorable for EMIC wave excitation (�� − 	� > 0). This study serves as an extension on 453 

previous observation-based (e.g., Blum et al., 2009; Zhang et al., 2014; Allen et al., 2016) 454 

and simulation-based (e.g., Jordanova et al., 2001; Bortnik et al., 2007; Fu et al., 2016) 455 

studies focusing on EMIC wave excitation by combining both observations and 456 

simulations.  457 

4.1 Linear theory Limitations 458 

Due to their increased presence in the ring current, protons typically are the free 459 

energy providers for EMIC wave generation when they are injected into the inner 460 

magnetosphere and overlap with cold plasma populations. The linear theory proxy 461 

calculation only explicitly includes the plasma parameters associated with hot protons 462 

and neglects the presence of hot helium or hot oxygen ions. Only by proxy are the 463 

contributions from cold ions present in linear theory in the form of the electron density. 464 
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This proxy does not include specific ratios of cold H+, He+, or O+ ions which impact 465 

EMIC wave growth, especially which wave-bands EMIC waves are excited (Jordanova et 466 

al., 2001; Kozyra et al., 1984). This possible missing “free energy” from the hot He+ or 467 

hot O+ ions, along with the lack of a proper cold plasma distribution per event, may have 468 

caused some ��values to not exceed 	�, thereby registering an event with a negative 469 

�� − 	� value. The proxy derived from the linear theory proxy was used to identify 470 

EMIC wave events with plasma parameters more favorable for EMIC wave excitation. 471 

Without incorporating the impact of the hot He+ and hot O+ ions, other EMIC wave 472 

events may have been considered for this study. However, Table 1 reveals that Ahp has a 473 

greater impact on EMIC wave amplitude than the Ahhe or Aho. Furthermore, the 474 

contribution from hot He+ or hot O+ ions may be limited due to their relative low ring 475 

current densities (Fu et al., 2016). The possibility remains that heavy ions may damp the 476 

waves or may lower the wave growth rate for other wave-band events. The hot ring 477 

current H+ population remains the greatest provider of “free energy” for EMIC wave 478 

excitation.  479 

As described in section 2.3, the linear theory proxy is derived assuming a bi-480 

Maxwellian velocity distribution for both protons and electrons. The use of bi-481 

Maxwellian velocity distributions have been examined over the years in relation to EMIC 482 

wave generation (Allen et al., 2016; Blum et al., 2009; Gary et al., 1994; Lin et al., 2014; 483 

Zhang et al., 2014). However, the use of bi-Maxwellian distributions is not required. 484 

Another study has explored using kappa distributions to describe the instability threshold 485 

for EMIC wave excitation (Xiao et al., 2007). While focusing on a kappa plasma, bi-486 

Maxwellian velocity distributions were found to overestimate the maximum wave growth 487 
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(Xiao et al., 2007). If the observational growth parameter is overestimated, then our event 488 

list of EMIC waves believed to have favorable plasma conditions for EMIC wave 489 

generation would decrease. While we have not assumed a kappa distribution in this 490 

current study, we may examine this as an alternative in future work. 491 

The linear theory proxy does reveal periods of favorable plasma conditions where 492 

no EMIC wave activity is observed. These favorable regions without EMIC waves have 493 

been explored in a recent study (Saikin et al., Local plasma conditions during EMIC 494 

wave events detected in the inner magnetosphere by the Van Allen Probes, submitted to 495 

the Journal of Geophysical Research: Space Physics, 2017). Of the 1,793.8 hours of Van 496 

Allen Probes’ observations in which plasma favorable for EMIC wave generation is 497 

observed, only 271.8 hours coincide with EMIC wave activity. The occurrence rate of 498 

EMIC waves does increase with higher positive values of �� − 	�. Most periods of 499 

�� − 	� > 0 in which no EMIC waves are observed, generally, have very low �� −500 

	�values (i.e., �� − 	� = ~0.001 − 0.1C. Calculated wave amplitudes based off these 501 

non-EMIC waves observed plasma conditions have not been performed and are reserved 502 

for future work. 503 

Linear theory does not consider wave propagation effects. The possibility exists 504 

that EMIC waves are generated in a different region and propagate to the location where 505 

they are observed by the Van Allen Probes. Using a Poynting vector analysis could 506 

confirm whether the observed EMIC wave activity is found to be bi-directionally 507 

propagating, which is characteristic of newly generated EMIC waves (Allen et al., 2013; 508 

Loto’aniu et al., 2005). However, this paper emphasizes the comparison between in situ plasma 509 

parameters and linear instability predictions. Bi-directionally propagating EMIC wave events 510 
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are not necessarily observed in regions where plasma conditions are currently favorable 511 

for EMIC wave excitation. Future work should examine the relationship between bi-512 

directional EMIC waves, their associated plasma conditions, and how well the linear 513 

theory proxy predicts their observation. 514 

4.2 Higher-energy Wave Free Energy Provider 515 

The Van Allen Probes’ Radiation Belt Storm Probes Ion Composition Experiment 516 

(RBSPICE) instrument is designed to collect measurements of keV particles. Energy 517 

channels vary per species (H+: 10–10,000 keV, He+: 25–10,000 keV, O+: 40–10,000 518 

keV). However, previous studies which used linear theory have not incorporated 519 

energetic particles greater than 52 keV (Allen et al., 2016; Blum et al., 2009; Lin et al., 520 

2014; Zhang et al., 2014). Using satellites at geosynchronous orbits, hot proton 521 

populations between 100 eV – 45 keV were used for linear theory in the work by Blum et 522 

al. (2009). Both Lin et al. (2014) and Allen et al. (2016) examined EMIC wave excitation 523 

with measurements from the Cluster mission. The ion COmposition DIstribution 524 

Function (CODIF) instrument onboard Cluster observes ions (H+, He+, and O+) with an 525 

energy per charge range between 0.04 – 40 keV/e. Another linear theory case study on 526 

EMIC wave excitation performed with the Van Allen Probes only used measurements 527 

from the HOPE instrument (~1 eV – 52 keV for H+, He+, and O+) (Zhang et al., 2014).  528 

There are some RBSPICE energy channels which overlap with the HOPE 529 

instrument. However, to remain consistent with previous work, measurements from 530 

RBSPICE have been not included in this current study. Incorporating energetic particles 531 

beyond the HOPE energy range (> 52 keV) could possibly supply some of the missing 532 

“free energy”, -thereby increasing the wave amplitudes of the calculated EMIC waves. 533 
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Follow-up studies examining EMIC wave excitation with linear theory may wish to 534 

include the more energetic particles measured by RBSPICE. Using the higher energetic 535 

(> 52 keV) proton populations would increase the hot proton density and therefore the 536 

observational growth parameter. More events would be considered to coincide with 537 

plasma conditions favorable for EMIC wave excitation. Calculated EMIC wave 538 

amplitudes may better replicate their observed counterparts. 539 

4.3 Calculated EMIC wave amplitudes and Ahp requirements 540 

  541 

 EMIC wave excitation requires populations of hot anisotropic ions to overlap with 542 

cold dense plasma. Previous studies report a significant increase in EMIC wave 543 

observation and wave power in the afternoon sector (Anderson et al., 1992; Halford et al., 544 

2010; Meredith et al., 2014; Min et al., 2012; Paulson et al., 2016; Saikin et al., 2016, 545 

2015). Plasmaspheric plumes are often attributed with supplying the cold dense plasma in 546 

the afternoon sector (Fraser and Nguyen, 2001; Saikin et al., 2015; Usanova et al., 2013). 547 

The calculation used in this study includes a wave growth enhancement factor when 548 

EMIC wave activity is believed to be near cold plasmaspheric ion populations.  549 

Using the cold plasmaspheric enhancement factor (i.e., the extended source region 550 

given to EMIC wave events believed to be near the plasmapause), the in situ Van Allen 551 

Probes’ plasma measurements, and the calculated electron density (Zhelavskaya et al., 552 

2016), the calculation produces H+- and He+-band EMIC wave events (Figures 2a and 3a, 553 

respectively) with enhanced (~1.0 – 10.0 nT) wave amplitudes in the afternoon sector. 554 

While not accurate to the observed EMIC wave amplitudes, the routine is successful in 555 

favoring this region for enhanced EMIC wave growth. Previous simulation studies have 556 
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also reproduced the EMIC wave-enhanced afternoon sector (Jordanova et al., 2001; 557 

Kozyra et al., 1997).  558 

The calculation also produces enhanced (~1.0 nT) EMIC wave amplitudes in the 559 

midnight sector (2200 < MLT ≤ 200) for both the H+- and He+-band EMIC wave events. 560 

Other simulations have shown increased wave growth rates with respect to geomagnetic 561 

storm phases (Jordanova et al., 2001, 2014). During geomagnetic storms or substorms, 562 

plasma sheet ions may be injected into the inner magnetosphere from the magnetotail 563 

(Bossen et al., 1976; Cornwall, 1965; Jordanova et al., 2001). This would supply the hot 564 

plasma necessary for EMIC wave generation. Statistical studies examining the 565 

relationship between inner magnetosphere EMIC wave observations and geomagnetic 566 

activity have been performed (Halford et al., 2010, 2016; Keika et al., 2013; Meredith et 567 

al., 2014; Saikin et al., 2016). During geomagnetic disturbances, these studies repeatedly 568 

show peak EMIC waves observations occur in the afternoon sector, with limited 569 

observations in the night side magnetosphere. Varying levels of geomagnetic activity was 570 

not found to increase EMIC wave amplitudes in the midnight sector (Meredith et al., 571 

2014). Future work should explore the relationship between the linear theory proxy, 572 

geomagnetic activity, and EMIC wave observations.  573 

 574 

Figure 6a shows the Ahp values of all periods with plasma conditions considered 575 

favorable for EMIC wave excitation. The dawn side (0 < MLT ≤ 1200) inner 576 

magnetosphere is observed to have higher measurements of Ahp than the dusk side (1200 577 

< MLT ≤ 2400) inner magnetosphere, consistent with previous studies (Allen et al., 2016; 578 

Min et al., 2012). This observed Ahp MLT asymmetry may be a symptom of 579 

magnetospheric dynamics. For example, injections supply the ring current with fresh 580 
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particles from the plasma sheet. Curvature and gradient drifts cause high-energy ions to 581 

drift westward while low-energy ions drift eastward. As the energetic (keV) ions drift 582 

they are subject to loss processes such as charge exchange (Keika et al., 2006; Kistler et 583 

al., 1998; Noël, 1997) and pitch angle scattering from EMIC waves (Burch et al., 2002; 584 

Jordanova et al., 2001). The afternoon sector, where most EMIC wave observations occur 585 

(Anderson et al., 1992; Halford et al., 2010; Kasahara et al., 1992; Keika et al., 2013; 586 

Meredith et al., 2014; Min et al., 2012; Saikin et al., 2015), is the region where Ahp 587 

decreases due to scattering EMIC waves (Figure 6a). Saikin et al. (2015) showed that the 588 

dayside magnetosphere, overall, has consistent EMIC wave occurrence rates (between 13 589 

-25%). The noon sector EMIC waves could continue to scatter energetic ions, further 590 

increasing Ahp. Ions not impacted by these loss mechanisms would continue to drift to the 591 

dawn sector. With the population of loss cone vulnerable particles decreasing, the 592 

remaining ions, which continue to drift, would represent a more anisotropic ion 593 

population. Simulations have been able to reproduce this MLT asymmetry in the ring 594 

current (Kozyra et al., 1997). This trend is not observed in the outer (> 10 Re) 595 

magnetosphere (Allen et al., 2016). 596 

   597 

Despite relatively higher (≥ ~0.62) Ahp measurements, EMIC waves are still 598 

preferably observed in the afternoon sector than the dawn sector (Anderson et al., 1992; 599 

Halford et al., 2010; Min et al., 2012; Saikin et al., 2015). Plasmaspheric plumes, which 600 

increase convective growth rates, are not as prevalent in the dawn sector compared to the 601 

afternoon sector (Goldstein et al., 2014). Limited availability of these cold plasma 602 

populations may inhibit EMIC wave excitation and observations in dawn side 603 

magnetospheric regions. 604 
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Generally, Ahp values are found to be lower in the presence of EMIC waves 605 

(Figure 6b), implying that these in situ measurements are not necessarily the initial 606 

anisotropy responsible for wave generation. Since the in situ measurements are not 607 

necessarily the EMIC wave inciting conditions, expanding the ±5° MLAT integrated path 608 

to ±11° MLAT (the Loto’aniu et al. (2005) source region) with the observed Ahp values 609 

would not exclusively explain the calculation producing EMIC waves with wave 610 

amplitudes too low to match the observations. The relationship between initial EMIC 611 

wave excitation plasma conditions with variable integrated wave paths MLAT regions 612 

should be examined, and is reserved for future work. 613 

Given the linear theory proxy framework (Blum et al., 2009; Gary et al., 1994; 614 

Zhang et al., 2014), EMIC waves observed during intervals where �� − 	� > 0, plasma 615 

conditions favorable for EMIC wave excitation, are inferred to be within the EMIC wave 616 

source region. These EMIC wave favorable plasma conditions continue to supply the 617 

EMIC wave activity with “free energy”, i.e., increasing the wave amplitudes. As EMIC 618 

waves continue to grow, they begin to stabilize the anisotropic hot proton distributions 619 

responsible for the wave excitation (Gary et al., 1994) until wave amplitude saturation is 620 

reached. Similar results have been found in simulating EMIC wave amplitude saturation 621 

(Bortnik et al., 2011). In Figure 1 of their study, Bortnik et al. (2011) model wave 622 

amplitude saturation over time while focusing on the growth, saturation, and decay phase 623 

of the wave. During the growth phase, as the wave amplitude increases, the hot protons’ 624 

��(�‖) decreases (increases) indicating that the anisotropy has decreased from the initial 625 

starting condition.  626 
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Throughout all MLTs, H+- and He+-band events require higher Ahp values to 627 

reproduce the data. Except for the pre-noon (800 < MLT ≤ 1000), the afternoon (1500 < 628 

MLT ≤ 1800), and the post-dusk (2000 < MLT ≤ 2200) sectors, on average H+-band 629 

events require Ahp values twice what is observed during the EMIC wave observation. The 630 

previously mentioned exceptions require Ahp values between ~3 to ~4 times greater than 631 

the measured Ahp. These exception regions correspond to locations within the inner 632 

magnetosphere where peak H+-band EMIC wave occurrence is observed (Saikin et al., 633 

2015).  634 

He+-band EMIC waves have the highest observed wave power in the afternoon 635 

sector within the inner magnetosphere (Meredith et al., 2014; Saikin et al., 2015). The 636 

afternoon sector coincides with the known EMIC enhanced region (Thorne, 2010). To 637 

produce EMIC waves with higher wave amplitudes, dusk side He+-band EMIC waves 638 

require higher hot proton anisotropy amplification factors, ~4, compared to the He+-band 639 

EMIC wave events observed in other MLT regions. Increasing Ahp to produce higher 640 

EMIC wave amplitudes is consistent with previous works (Bortnik et al., 2011; Fu et al., 641 

2016). Future studies should consider this Ahp decrease when examining EMIC wave 642 

generation using their in situ plasma observations.   643 

 Neither Bortnik et al. (2011) nor Fu et al. (2016) incorporated the use of in situ 644 

plasma measurements in their simulation studies. Bortnik et al. (2011) varied their hot 645 

proton density and anisotropy inputs, while keeping the density of cool (~eVs) plasma 646 

constant (H+: 4.66 cm-1, He+: 0.04 cm-1). Increasing either parameter produced higher 647 

wave amplitudes. No cool O+ ions were considered for their simulations. For their study, 648 

Bortnik et al. (2011) compared their simulated wave amplitudes to observations from the 649 
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Charge Composition Explorer (CCE) spacecraft in the Active Magnetospheric Particle 650 

Tracer Explorers (AMPTE) mission. While focusing on the outer dawn and dayside 651 

magnetosphere (L ~ 9), AMPTE/CCE observed wave amplitudes between 1.6 nT - 2.5 652 

nT, respectively (Anderson et al., 1992). Using their typical simulated saturation 653 

amplitudes, Bortnik et al. (2011) produced EMIC wave amplitudes between 0.4 nT – 2.6 654 

nT, generally in good agreement with Anderson et al. (1992). AMPTE/CCE’s orbit 655 

extends beyond the range of the Van Allen Probes’ orbit and disproportionately favors 656 

outer magnetosphere EMIC wave measurements (Saikin et al., 2015). Despite these 657 

orbital differences, EMIC wave amplitudes remain similar for both the H+- and He+-band 658 

wave events (Figures 2b and 3b, respectively). 659 

 Fu et al. (2016) utilized their hybrid simulations with the linear theory proxy 660 

parameters (βǁhp, Ahp, and $�� $%⁄ ) to predict EMIC wave amplitudes. The impact of hot 661 

He+ ions was ignored due to their relatively low ring current density. Their simulations 662 

reveal that when the wave amplitude saturates, Ahp begins to decrease in response to 663 

EMIC waves scattering hot protons. Our results using the Van Allen Probes in situ 664 

measurements support this notion. The Van Allen Probes measure higher Ahp values 665 

when EMIC waves events are not observed. Fu et al. (2016) further expands on their 666 

simulations by deriving an equation for wave amplitude saturation as a function of βǁhp, 667 

$�� $%⁄ ,	and  $�% $%⁄ . No specifications are made within Fu et al. (2016) with respect to 668 

magnetospheric location, only the magnetic field magnitude, nor if there exists an Ahp 669 

MLT asymmetry.  670 

 671 

5. Conclusion 672 
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In this paper, we have calculated EMIC wave amplitudes based off in situ plasma 673 

measurements from the Van Allen Probes’ HOPE instrument. These calculated wave 674 

amplitudes were compared with EMIC wave events associated with those plasma 675 

conditions. This analysis focused on EMIC waves observed during plasma conditions 676 

considered favorable for EMIC wave generation. The study examines events between 1 677 

November 2012 and 31 August 2014, a full MLT precession for the Van Allen Probes. 678 

Two hundred and thirty-two EMIC wave observations (103 H+-band and 129 He+-band) 679 

were found to coincide with favorable plasma conditions for EMIC wave excitation. The 680 

results based on comparing the calculated and observed EMIC wave amplitudes can be 681 

summarized as such: 682 

 683 

1.) Using exclusively in situ plasma measurements, the calculations cannot reproduce 684 

the observed wave amplitudes for either H+- or He+-band EMIC wave events. 685 

Often the calculated events require more “free energy” than the in situ 686 

measurements yield. The calculation does produce wave amplitude enhancements 687 

in the afternoon (1500 < MLT ≤ 1700) sector consistent with previously observed 688 

results (e.g., Meredith et al., 2014; Saikin et al., 2015). 689 

2.) Ahp distributions in the inner (L < 7) magnetosphere are asymmetric in MLT. In 690 

the dawn (dusk), 0000 < MLT ≤ 1200 (1200 < MLT ≤ 2400), sector Ahp are 691 

measured between 0.81 – 1.00 (~0.62). Ahp generally decreases when EMIC 692 

waves are present. 693 

3.) The anisotropy of hot (≥ 1 keV) H+ has a greater impact on EMIC wave saturation 694 

amplitudes than the anisotropies of hot He+ or hot O+. Varying values of Ahp could 695 
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replicate observed EMIC wave amplitudes for ~75.5 % (73.4%) of the H+-band 696 

(He+-band) events. Altering Ahhe or Aho only replicated ~10.8% - ~20.2% of the 697 

observed wave amplitudes. 698 

4.) The required Ahp to reproduce EMIC wave events varies with wave-band and 699 

MLT. H+-band events (He+-band), generally, require double the in situ measured 700 

Ahp throughout all MLTs (0000 < MLT ≤ 1200). Dusk (1200 < MLT ≤ 2400) 701 

sector: He+-band events require quadruple the in situ measured Ahp to reproduce 702 

their observed wave amplitudes. 703 
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Captions: 1044 

Figure 1. Sample EMIC wave event and linear theory analysis 1045 

Caption: A He+-band EMIC wave event (a) observed between 1705 – 1715 UT on 25 May 2013 1046 

and its corresponding  linear theory analysis. Wave power (in nT2/Hz) less than the 0.01 nT2/Hz 1047 

threshold has been marked white. Greed dashed lines mark the start (1705 UT) and end (1715 1048 

UT) times of the sample EMIC wave event, with solid green lines mapping them to the linear 1049 

theory parameters. Figures b-i showcase the hot proton anisotropy (Ahp), the parallel hot proton β 1050 

(βllhp), the hot (≥ 1 keV) proton density (nhp), the electron density (ne), the ratio of nhp and ne, the 1051 

theoretical EMIC instability (Sh), the observational growth parameter (??h), and ??h – Sh, 1052 

respectively. The translucent green box marks the duration of the EMIC wave activity. A blue 1053 

horizontal line has been over-plotted on panel h to mark ??h – Sh = 0. 1054 

 1055 

Figure 2. Comparison between calculated and observed H+-band EMIC wave amplitudes 1056 

(±5°/±10° MLAT source region) 1057 

Figure 2. The wave amplitudes of H+-band EMIC waves as calculated by the calculation (a), the 1058 

wave amplitudes observed by the Van Allen Probes (b), and the relative difference between the 1059 

simulation and observation (c). Each cell refers to 15 min in MLT per half L shell. Over-plotted 1060 
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on this plot are circles representing the L =2, 4, 6, and 8 shells, respectively. Grey areas refer to 1061 

the regions where the Van Allen Probes were located but did not observe EMIC wave activity. 1062 

 1063 

Figure 3. Comparison between calculated and observed H+-band EMIC wave amplitudes 1064 

(±11 MLAT source region) 1065 

Figure 3. Same format as Figure 2 but showing the analysis for the H+-band EMIC waves with 1066 

the source amplification region expanded to ±11° MLAT. 1067 

 1068 

Figure 4. Comparison between calculated and observed He+-band EMIC wave amplitudes 1069 

(±5°/±10° MLAT source region) 1070 

Caption: Same format as Figure 2 but showing the analysis for the He+-band EMIC waves. 1071 

 1072 

Figure 5. Comparison between calculated and observed He+-band EMIC wave amplitudes 1073 

(±11 MLAT source region) 1074 

Caption: Same format as Figure 3 but showing the analysis for the He+-band EMIC waves. 1075 

 1076 

Figure 6. Inner magnetosphere Ahp distributions  1077 

Caption: The measured hot proton anisotropy during all periods where Σh – Sh > 0 (a) and during 1078 

periods of Σh – Sh > 0 which coincide with EMIC waves (b). 1079 

 1080 

Figure 7. Ahp amplification factors 1081 

Caption: Same format as Figure 2 but showing the necessary multiplicative Ahp factors needed 1082 

for the (a) H+-band and (b) He+-band calculations to match observations. 1083 
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Figures: 1092 
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Figure 5. 1109 

 1110 

 1111 

 1112 

 1113 

Figure 6. 1114 
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Figure 7. 1131 
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 1135 

Tables:  1136 

Table 1. Percentages of EMIC wave events with simulated wave amplitudes within ±0.1 nT of 1137 

the observed wave amplitudes after Ahp, Ahhe, and Aho are altered, exclusively. 1138 

Wave Band Ahp*  Ahhe*  Aho*  

H+-band 75.5% 11.8% 10.8% 

He+-band 73.4% 20.2% 20.2% 

*Denotes that the ion anisotropy has been altered. 1139 
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