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Abstract:  42 

We perform a statistical study of electromagnetic ion cyclotron (EMIC) waves detected by the Van 43 

Allen Probes mission to investigate the spatial distribution of their occurrence, wave power, 44 

ellipticity, and normal angle. The Van Allen Probes have been used which allow us to explore the 45 

inner magnetosphere (1.1 to 5.8 Re). Magnetic field measurements from the Electric and Magnetic 46 

Field Instrument Suite and Integrated Science onboard the Van Allen Probes are used to identify 47 

EMIC wave events for the first 22 months of the mission operation (8 September 2012 �± 30 June 48 

2014). EMIC waves are examined in H+-, He+-, and O+-bands. Over 700 EMIC wave events have 49 

been identified over the three different wave bands (265 H+-band events, 438 He+-band events, 50 

and 68 O+-band events). EMIC wave events are observed between L = 2 �± 8, with over 140 EMIC 51 

wave events observed below L = 4. Results show that H+-band EMIC waves have two peak MLT 52 

occurrence regions: pre-noon (0�������������0�/�7���”������00) and afternoon �����������������0�/�7���”��������������sectors. 53 

He+-band EMIC waves feature an overall stronger dayside occurrence. O+-band EMIC waves have 54 

one peak region located in the morning sector at lower L-shells (L < 4). He+-band EMIC waves 55 

average the highest wave power overall (> 0.1 nT2/Hz), especially in the afternoon sector. 56 

Ellipticity observations reveal that linearly polarized EMIC wave dominate in lower L-shells.    57 

 58 

 59 

 60 

 61 

 62 

 63 
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1. Introduction  64 

 Electromagnetic ion cyclotron (EMIC) waves play a crucial role in particle 65 

dynamics and cross-energy plasma �L�Q�W�H�U�D�F�W�L�R�Q�V���Z�L�W�K�L�Q���W�K�H���(�D�U�W�K�¶�V���P�D�J�Q�H�W�R�V�S�K�H�U�H����These 66 

interactions take the form of heavy ion heating (up to 1 keV) [Zhang et al., 2010, 2011], 67 

relativistic electron pitch angle scattering within the radiation belts [Thorne and Kennel, 68 

1971; Lyons et al., 1972; Summers and Throne, 2003; Summers et al., 2007; Jordanova et 69 

al., 2008], energetic proton scattering loss in the ring current [Jordanova et al., 2001], 70 

causing traveling convection vortices inside the magnetosphere [Lockwood et al., 1990; 71 

Engebretson et al., 2013], and influencing the appearance of isolated auroral arc events 72 

[Sakaguchi et al., 2008]. 73 

 EMIC waves are in the frequency range of 0.1-5 Hz (Pc 1-2 pulsations) and excited 74 

with a left-handed polarization [Rauch and Roux, 1982]. EMIC wave events may be 75 

categorized by the wave band in which they occur. This gyrofrequency distinction allows 76 

us to categorize EMIC wave events by band. H+-band EMIC wave events are defined as 77 

those occurring below the proton gyrofrequency (denoted as f(H+)) and above the helium 78 

ion gyrofrequency (f(He+)). Helium ion (He+) band waves occur below the helium ion 79 

gyrofrequency and above the oxygen ion gyrofrequency (f(O+)). There also exists oxygen-80 

band (O+) EMIC waves occurring below f(O+). 81 

Observations of H+- and He+-band EMIC waves have been extensively reported 82 

[Kasahara et al., 1992; Min et al., 2012; Keika et al., 2013; Meredith et al., 2014]. For L 83 

< 4, theoretical ray tracing results show that wave growth for the H+- and He+-band EMIC 84 

waves are higher than their O+- band counterparts  [Horne and Thorne, 1993]. Statistical 85 

observations focusing on H+- and He+-band EMIC waves have been performed showing 86 
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peak occurrence regions in the outer magnetosphere [Min et al., 2012; Keika et al., 2013]. 87 

Case studies have been performed on O+-band EMIC waves [Fraser et al., 1980; Sakaguchi 88 

et al., 2013]. Because of wave background contamination at low frequencies in O+-band, 89 

only few observational studies on O+-band EMIC waves [Bräysy et al., 1998; Yu et al., 90 

2015] have been performed so far.  91 

 Generated by hot (typically 10-100 keV) anisotropic (T�c > T�æ) ions overlapping 92 

with cold dense plasma populations [Kennel and Petschek, 1966], EMIC waves are 93 

generated in minimum magnetic field regions. Upon generation, EMIC waves propagate 94 

away from their source regions to areas of increased magnetic field strength [Mauk and 95 

Mcpherron, 1980]. Should the wave frequency of the EMIC wave equal that of the 96 

crossover frequency, the wave packet may experience a polarization reversal becoming 97 

linearly or right-handedly polarized. The reason is that in a multi-ion plasma heavier ions 98 

(e.g., He+ and O+) affect the dispersion relation and may result in different wave 99 

polarizations along the same dispersion surfaces [Rauch and Roux, 1982; Horne and 100 

Thorne, 1993]. As the waves propagate to higher magnetic latitudes, the wave vector also 101 

becomes oblique [e.g., Rauch and Roux, 1982; Thorne and Horne, 1997; Fraser and 102 

Nguyen, 2001; Hu et al., 2010].      103 

 The formation of EMIC waves hinges on the availability of hot and cold ion 104 

populations. Hot populations provide the free energy necessary to allow the EMIC wave 105 

growth [Cornwall, 1965; Rauch and Roux, 1982] while the presence of cold ions serve to 106 

increase the wave growth rate [Young et al., 1981; Rauch and Roux, 1982; Horne and 107 

Thorne, 1993]. These source regions occur at locations of magnetic field magnitude 108 

minima and if we assume a dipole field model for the Earth this translates to the magnetic 109 
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equator. By examining the occurrence of magnetic latitude (MLAT ) based bi-directional 110 

propagation, �/�R�W�R�¶�D�Q�L�X���H�W���D�O. [2005], using the Combined Release and Radiation Effects 111 

Satellite (CRRES) data, placed a limit on the range of the source region at ± 11° MLAT 112 

around the magnetic equator. However, bi-directional wave packets have been observed in 113 

the 30-45° MLAT range [Allen et al., 2013] implying the existence of off equator wave 114 

source regions in the dayside outer magnetosphere. The observance of EMIC waves over 115 

various magnetic local times (MLTs) and L-shells, ranging from L = 3 to L = 14 [Anderson 116 

et al., 1992a; Halford et al., 2010; Min et al., 2012; Usanova et al., 2012], also indicates 117 

the potential global effects of EMIC waves. Several studies [Anderson et al., 1992a; 118 

Kasahara et al., 1992; Halford et al., 2010; Min et al., 2012; Usanova et al., 2012, 2013; 119 

Keika et al., 2013; Meredith et al., 2014] have been performed that repeatedly show a peak 120 

in EMIC wave occurrence around the afternoon MLT �V�H�F�W�R�U�����a���������������0�/�7���” ~1800.  121 

The plasmapause and plasmaspheric plumes have been suggested as favorable 122 

locations for this EMIC wave occurrence enhancement [Fraser et al., 1989; Horne and 123 

Thorne, 1993; Morley et al., 2009; Pickett et al., 2010]. Usanova et al. [2013] reported that 124 

EMIC waves were ~20 times more likely to have been observed inside a plasmaspheric 125 

plume than outside. Furthermore, Fraser and Nguyen [2001] suggest that EMIC waves 126 

observed by CRRES in the afternoon sector occurred in the plasma bulge region of the 127 

duskside and detached plasma regions. This would allow for the overlapping of ring current 128 

H+ with dense cold plasma, which could lead to EMIC wave generation. In the inner 129 

magnetosphere these conditions may be supplied by the occurrence of geomagnetic storms 130 

which would inject hot ring current ions over the cold heavy ion populations [Cornwall, 131 

1965; Criswell, 1969; Jordanova et al., 2001; Fraser et al., 2010]. Dayside compressions 132 
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of the magnetosphere can likewise supply the anisotropic conditions for regions of the outer 133 

dayside magnetosphere [Tsurutani and Smith, 1977; McCollough et al., 2012] with 134 

particles executing Shabansky orbits [Shabansky, 1971]. 135 

 The presence of EMIC waves and their impact on particle populations within the 136 

magnetosphere have drawn much attention. To form a more complete description of 137 

�S�D�U�W�L�F�O�H���G�\�Q�D�P�L�F�V���L�Q���W�K�H���(�D�U�W�K�¶�V���P�D�J�Q�H�W�R�V�S�K�H�U�H���� �R�Q�H must understand the distribution of 138 

EMIC waves and their properties. Previous statistical studies have been carried out over 139 

the years with each study utilizing a different satellite to help obtain a comprehensive 140 

picture of the occurrence of EMIC waves in the global magnetosphere. Observations by 141 

the Charge Composition Explorer (CCE) spacecraft in the Active Magnetopsheric Particle 142 

Tracer Explorers (AMPTE) mission [Anderson et al., 1992a, 1992b] reveal peak EMIC 143 

wave observations between L = 7 and L = 9 in the ~0900 < MLT < 1800 region. However, 144 

it should be noted that a majority of the measurement coverage reported in Anderson et al. 145 

[1992a], despite being roughly equally covered in MLT, was primarily focused between L 146 

= 7 and L = 9. While Anderson et al. [1992a] do observe EMIC wave events for L < 7, 147 

there still remains a disproportionate amount of dwell time between the L < 7 and the L > 148 

7 regions. Another study [Keika et al., 2013] also using the AMPTE CCE mission examines 149 

the relationship between storm intensity and EMIC wave occurrence rates.  150 

 The Akebono satellite, launched in February 1989, has also observed EMIC wave 151 

activity. With a perigee and apogee of 275 km and 10500 km respectively, Akebono 152 

observed EMIC waves during equatorial crossings. Kasahara et al. [1992] reported 153 

observing H+- and He+-band EMIC waves at these low altitudes ���L���H�������”���������������N�P��. Since 154 

Kasahara et al. [1992] focused on observations during equatorial crossings, all MLTs were 155 
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not equally covered. Peak occurrence regions for H+- and He+-band EMIC waves are 156 

present in the �a���������������0�/�7���”���������� regions. However, Kasahara et al. [1992] conclude 157 

that data coverage for the nightside and morningside MLT sectors are insufficient to 158 

provide occurrence characteristics for those regions.  159 

 The CRRES mission, which was operated from July 1990 until September 1991, 160 

explored the inner magnetosphere with an apogee and perigee of 6.3 RE and 350 km, 161 

respectively. Halford et al. [2010] conducted a similar EMIC wave statistical study with 162 

respect to wave occurrence compared with geomagnetic storm activity. However, CRRES 163 

never managed to complete a full precession around the Earth. As a result, there exists a 164 

noticeable gap in coverage between 800-1400 MLTs. Another study [Meredith et al., 165 

2014], also using CRRES data, compared geomagnetic activity levels against wave power 166 

and distinguished wave events between H+-and He+-band waves. EMIC waves in both 167 

bands were found to have peak occurrences in the afternoon sector.  168 

 EMIC waves in the outer magnetosphere have also been explored by Min et al. 169 

[2012] using the Time History of Events and Macroscale Interactions during Substorms 170 

(THEMIS) measurements. This study not only examined EMIC wave occurrences between 171 

3.9 RE  (6.2 RE) and the magnetopause for He+-band (H+-band) waves, but also examined 172 

wave properties differences between the H+-and He+-band EMIC waves. Min et al. [2012] 173 

found that peak regions for the occurrence rates of EMIC wave events changed depending 174 

on the wave band. Despite having data coverage in the inner magnetosphere (L �”������, Min 175 

et al. [2012] reported observing few EMIC wave events below L = 6. 176 

 Another survey [Allen et al., 2015] used observations from the Cluster Mission to 177 

study EMIC waves in the outer magnetosphere. This study focused on EMIC wave 178 
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occurrence and wave properties over the course of 10 years of data (2001 - 2010). Despite 179 

covering similar regions in the outer magnetosphere (L = ~4.5 - 15) to the work by Min et 180 

al. [2012], Allen et al. [2015] examined EMIC waves and their properties against MLT and 181 

MLAT. �&�O�X�V�W�H�U�¶�V�� �S�R�O�D�U�� �R�U�E�L�W���� �Z�K�L�O�H��allowing for a study based on MLAT, drastically 182 

lowers the dwell time in the equatorial region. This reduction in dwell time is more 183 

pronounced in the inner magnetosphere. Additionally, this study did not have sufficient 184 

coverage of the midnight sector for a statistical analysis (Figure 1 in Allen et al. [2015]). 185 

Allen et al. �>���������@���G�R�H�V���U�H�S�R�U�W���R�E�V�H�U�Y�L�Q�J���(�0�,�&���Z�D�Y�H�V���I�R�U���/���”������with occurrence rates on 186 

the order of ~1%.      187 

While the previous studies mentioned provide much insight into the spatial 188 

distributions and wave properties of EMIC waves on a global scale, a comprehensive wave 189 

property analysis similar to Min et al. [2012] has not been carried out for the inner 190 

magnetosphere. Unfortunately the loss of CRRES before it could complete its full 191 

precession and the uneven spatial coverage of the AMPTE CCE orbit has left regions in 192 

the inner magnetosphere underexplored. The Van Allen Probes, launched in August 2012, 193 

survey the radiation belts allowing the observations necessary for such an analysis of inner 194 

magnetosphere EMIC waves. The high-fidelity wave data of the probes will also allow for 195 

a statistical study of O+-band EMIC waves.  196 

An O+-band EMIC wave study has been recently carried out utilizing data from 197 

only Van Allen Probe-A. This study focused on the spatial distribution of O+-band EMIC 198 

wave occurrences. The data set from one probe reveals that most O+-band events have been 199 

observed between ~0���������”���0�/�7���”���a�������� [Yu et al., 2015]. Our study expands on these 200 
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results by incorporating data from both Van Allen Probes, as well as investigating various 201 

wave properties and their differences among all three wave bands.   202 

The present study presents an examination of EMIC waves in the inner 203 

magnetosphere detected by both of the Van Allen Probes over the first 22-month period in 204 

the mission. The paper will be presented in the following manner: a description of the Van 205 

Allen Probes and instrumentation used (Section 2.1), the data analysis technique (Section 206 

2.2), results on the spatial distributions of wave occurrence and properties (wave power, 207 

ellipticity, and normal angle) based on band separation (Sections 3.1 �± 3.3), and finally 208 

discussion and conclusions (Section 4 and 5, respectively).   209 

2. Instrumentation and Technique 210 

2.1 Van Allen Probes 211 

The Van Allen Probes mission (formerly the Radiation Belt Storm Probes, RBSP) 212 

[Kessel et al., 2013; Mauk et al., 2013] are two identical spacecraft that orbit around the 213 

Earth between a perigee and apogee of 1.1 and 5.8 RE, respectively. Each probe carries out 214 

an orbital period of ~9 hours while following a low inclination (~10°), highly elliptical 215 

orbit. The perigee-apogee line of each probe, i.e., the line of apsides, precesses in local 216 

time at a rate of ~210°/year. The probes, denoted as A and B, follow nearly identical 217 

trajectories at different speeds leading one probe to lap the other every ~2.5 months.  218 

One of instruments onboard both probes is the Electric and Magnetic Field 219 

Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013], in which  the 220 

magnetometer instrument provides high temporal resolution (64 vectors/sec) magnetic 221 

field measurements for the current study. Each EMFISIS has two magnetic field sensors, a 222 
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tri-axial fluxgate magnetometer (MAG) and a tri-axial AC magnetic search coil 223 

magnetometer (MSC). For this study, magnetic field measurements from MAG are used. 224 

2.2 Data Analysis 225 

High-resolution magnetic field data taken by the Van Allen Probes EMFISIS 226 

instrument from 8 September 2012 �± 30 June 2014 (the first 22-months of the mission) 227 

were processed through the Fast Fourier Transform (FFT) technique and the waver power 228 

was calculated following the method described in Allen et al. [2013] and Zhang et al. 229 

[2014]. Daily plots of EMFISIS data were generated and EMIC wave events were 230 

identified visually. For each wave event the start time, end time, and frequency range of 231 

the event were documented on a wave event list. Broadband wave activity was not 232 

identified as an EMIC wave event (see Zhang et al. [2014] for an example of EMIC wave 233 

activity and broadband wave activity). EMIC wave events were identified using a 234 

minimum power threshold of 0.01 nT2/Hz. Each wave event must have been observed for 235 

at least 5 minutes in universal time (UT) to avoid being considered background noise. Once 236 

identified, all events were catalogued by frequency band. Should an EMIC wave occur 237 

over multiple bands (i.e., a gyrofrequency passed through the wave packet), the wave 238 

packets would be broken into their own respective events using the local gyrofrequency. 239 

An example of each type of EMIC wave event can be seen in Figure 1. Figure 1c shows an 240 

example of EMIC wave activity over multiple bands (a He+- and O+-band event).  241 

Our polarization analysis, as described in  Allen et al. [2013] and Zhang et al. 242 

[2014], of the EMIC wave events utilized a 10-second mean magnetic field as the 243 

background field from which the magnetic field data were then rotated from the GSE 244 
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coordinates to field-aligned coordinates. The FFT wave analysis of this field-aligned wave 245 

data used 4096 data points with an input step length of 512 points.  246 

Normal angle was calculated using the direction of minimum variance as the k 247 

vector direction. This assumes that all EMIC waves are a plane wave. The propagation 248 

direction along the background field is not able to be determined as the calculation is 249 

limited to 0° to 90°. This method, however, may underestimate the normal angle [Anderson 250 

et al., 1996]. 251 

The ellipticity of each wave packet was calculated by taking an ellipse defined by 252 

the field variations perpendicular to the background magnetic field. Ellipticity, �Ý�á was then 253 

defined by dividing the minor axis of the ellipse, a, by the major axis, b, i.e., �Ý��
L ���=���>.  254 

Negative ellipticity values refer to left-handedly polarized waves. Positive values refer to 255 

right-handedly polarized waves. Ellipticity values falling between ���Ý�� 
Q���r�ä�s were defined 256 

as linear waves. 257 

3. Statistical Results 258 

3.1 Dwell Time   259 

All of the following plots have combined measurements from both Van Allen 260 

Probes. Figure 2 shows the total combined dwell time in minutes for both probes in L-shell 261 

versus MLT bins. The bin sizes represent 15 minutes of MLT per 0.5 L-shell. This 262 

resolution was chosen after testing different variations of bin sizes and was found to present 263 

noticeably distinguishable spatial features. We used the 2004 Tsyganenko and Sitnov 264 

�P�D�J�Q�H�W�L�F�� �¿�H�O�G��model (TS04D) [Tsyganenko and Sitnov, 2005] to calculate the L values 265 

using realtime solar wind inputs. White regions denote areas where the Van Allen Probes 266 
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do not have magnetic field measurements. The Van Allen Probes, over the 22-month period 267 

used, have effectively covered all MLT. While the probes are never beyond the apogee of 268 

5.8 Re, there is limited coverage of L-shells beyond L = 8 and upwards of L = 12 on the 269 

nightside. This is due to magnetic field stretching that the Van Allen Probes encounter on 270 

the nightside, especially in the pre-midnight sector. Figure 2 indicates that the dwell time 271 

of the Van Allen Probes is almost always > 1000 minutes in each bin for L < 7, peaking at 272 

L ~ 6�����Z�K�L�F�K���K�D�V���E�H�H�Q���X�V�H�G���W�R���G�H�V�L�J�Q�D�W�H���³�V�X�I�I�L�F�L�H�Q�W���G�Z�H�O�O���W�L�P�H�´. The first 22-month period 273 

of the Van Allen Probes mission has yielded a total time of 31,080 hours of data coverage.  274 

3.2 Wave Occurrences 275 

To determine the occurrence rates of EMIC wave activity, the time duration of each 276 

wave packet has been cataloged and summed within each respective bin of MLT and L-277 

shell. The occurrence rate is then defined as the total amount of EMIC wave observation 278 

time divided by the amount of dwell time that the Van Allen Probes have in that bin. Figure 279 

3 shows the occurrence rates for all EMIC wave activity observed by the Van Allen Probes 280 

over the 22-month period. Grey regions displayed on the occurrence plots refer to areas 281 

where the Van Allen Probes had made magnetic field measurements but no EMIC wave 282 

activity was observed. To gain insight into the relative position of EMIC waves in the inner 283 

magnetosphere, the plasmapause was simulated using the model described in Moldwin et 284 

al. [2002]. The plasmapause was calculated for each EMIC wave observation by obtaining 285 

the maximum Kp values within the past 12 hours of the EMIC wave event. The average 286 

position of the plasmapause, during wave observations, for every 15 minutes in MLT, is 287 

denoted by black diamonds over plotted on Figure 3. A black linear �³best�  ́fit line (through 288 

all points) has also been plotted as a reference point. Moldwin et al. [2002] found that using 289 
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the maximum Kp value within the past 12 hours of the plasmapause crossing yielded the 290 

best correlation between Kp and the plasmapause location. Moldwin et al. [2002] 291 

determined plasmapause crossings by observing a decrease in electron density by a factor 292 

of 5. Most of the EMIC wave activity observed by the Van Allen Probes has been located 293 

beyond the simulated plasmapause, which is calculated to have a radius of L �§���������� The 294 

implications of the location of this plasmapause will be further examined in the discussion 295 

section. 296 

Overall the dayside of the magnetosphere has higher occurrence rates than the 297 

nightside. Notable peak regions include the MLT = 1500 - 1700 region at L �§����, which 298 

show a peak occurrence of ~25 %, and the MLT = 1000 �± 1200 region at L �§ 5.5. It should 299 

�E�H���Q�R�W�H�G���W�K�D�W���W�Z�R���R�W�K�H�U���U�H�J�L�R�Q�V���R�Q���W�K�H���Q�L�J�K�W�V�L�G�H���W�K�D�W���R�F�F�X�U���L�Q���W�K�H���³�I�U�L�Q�J�L�Q�J�´���S�R�U�W�L�R�Q���R�I���W�K�H��300 

�9�D�Q���$�O�O�H�Q���3�U�R�E�H�V�¶���F�R�Y�H�U�D�J�H���D�O�V�R���U�H�J�L�V�W�H�U���D�V���K�D�Y�L�Q�J���D�����������R�F�F�X�Urence rates. The Van Allen 301 

Probes have not had sufficient dwell time over those regions. In passing through those 302 

regions, the Van Allen Probes appear to have had a bit of serendipity and observed a few 303 

events despite limited coverage. For this significantly smaller amount of coverage we do 304 

not consider these regions as peak wave occurrences.  305 

All EMIC wave events were then separated by the 3 wave bands in which they 306 

occur. Afterward, their occurrences rates were plotted in the similar format to the overall 307 

occurrence plots. Figure 4 displays the (a) H+-, (b) He+-, and (c) O+-band EMIC wave event 308 

occurrence rates using a single color bar for comparisons between the bands of waves. 309 

Table 1 shows the number of EMIC wave events by band and the sum of EMIC wave 310 

activity duration. Using the criteria described above, 771 EMIC wave events have been 311 

identified. Most observations of EMIC wave events have been He+-band wave events (438 312 
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He+-band wave events, ~265 hours of He+-band EMIC wave observations). H+-band EMIC 313 

wave events are the second most observed (265 H+-band EMIC wave observations, ~156 314 

hours of H+-band EMIC wave observations). O+-band EMIC waves are the least observed 315 

of the three wave bands (68 O+-band EMIC wave observations, ~32 hours of O+ EMIC 316 

wave observations). EMIC wave occurrences account for 1.46% of the total observations 317 

by the Van Allen Probes. This percentage of total observation is consistent with Meredith 318 

et al. [2014] which reported that EMIC wave observations accounted for 1.33% of total 319 

CRRES observations. Table 2 provides a breakdown of the number of EMIC waves in each 320 

band and L-shell bin. Most H+- and He+-band EMIC wave observations have occurred 321 

between L = 4 �± 6. O+-band EMIC wave events are mostly observed at low L-shells (L �” 322 

5). 323 

The H+-band occurrence rate distribution (Figure 4a) shows two occurrence peaks. 324 

The first is located between 0900 < MLT �” 1200 (the pre-noon peak) at L > 4. The second 325 

peak occurs between 1500 < MLT �” 1700 at L > 5.5. This afternoon peak corresponds to 326 

the well-known enhanced EMIC wave occurrence region where ring current ions overlap 327 

with the plasmasphere and where dayside drainage plumes are known to occur [Morley et 328 

al., 2009; Pickett et al., 2010; Thorne, 2010] and has been reported before at higher L shells 329 

[Keika et al., 2013]. This pre-noon H+-band peak, however, has not been observed in 330 

previous studies. Previous studies have instead reported a dawn centered peak at higher L-331 

shells [Min et al., 2012; Usanova et al., 2012]. The midnight sector (2100 < MLT < 0300) 332 

shows moderate to low occurrence rates.   333 

The majority of EMIC waves observed by the Van Allen Probes were in the He+-334 

band (Figure 4b). He+-band EMIC waves have been observed at all MLT and the primary 335 
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L-shell coverage (L = 2 �± 6.5). The dayside, however, features peak occurrence regions. 336 

The afternoon sector peak (1200 < MLT �” 1800) overlaps with the H+-band wave 337 

occurrence peak and occurs in the expected enhanced EMIC wave source region 338 

[Jordanova et al., 2001, 2008]. The pre-noon region (0800 < MLT �”��~1200) also shows a 339 

peak occurrence region. Anderson et al. [1992a] also reported a strong occurrence region 340 

around 1200 MLT although they did not distinguish between wave bands.   341 

There have been significantly fewer O+-band EMIC wave observations (Figure 4c), 342 

compared to their H+ and He+ counterparts. However, there does appear to be one peak 343 

region located between 0900 < MLT �” 1100 from L = 2 �± 4. Most of these O+-band EMIC 344 

waves were observed as the Van Allen Probes were approaching or leaving perigee passes. 345 

Yu et al. [2015] reports a similar observation using data from Van Allen Probe-A. Unlike 346 

the other bands, most of the O+-band EMIC wave events have been observed within the 347 

averaged plasmapause.   348 

3.3 Wave Properties 349 

Using the method described in Anderson et al. [1996], where it is assumed that 350 

EMIC wave events are plane waves, each event was subject to the polarization analysis 351 

�G�H�V�F�U�L�E�H�G�� �L�Q�� �6�H�F�W�L�R�Q�� ������ �7�K�L�V�� �D�Q�D�O�\�V�L�V�� �\�L�H�O�G�H�G�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �I�R�U�� �D�Q�� �(�0�,�&�� �Z�D�Y�H�� �H�Y�H�Q�W�¶�V��352 

power spectrum and polarization. The results are plotted in the same L vs. MLT format as 353 

the previous figures. Note that regions with low occurrence rates may showcase the 354 

properties of a small number of EMIC wave events.  355 

Figure 5 represents the wave power spatial distribution of EMIC waves by band. 356 

The power spectrum of an entire wave event was separated into the L vs. MLT bins in 357 

which they are observed. The power spectrum of the EMIC wave events within each bin 358 
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has then been averaged together. �(�D�F�K���E�D�Q�G�¶�V���Z�D�Y�H���S�R�Z�H�U���G�L�V�W�U�L�E�X�W�L�R�Q���K�D�V���E�H�H�Q���S�O�R�W�W�H�G���L�Q��359 

a log format to better display features. The estimated location of the plasmapause has again 360 

been overplotted.  361 

The dayside H+-band EMIC wave occurrence peaks show wave power averages around 362 

0.1 nT2/Hz. Beyond the peak occurrence regions the wave power distribution plot for the 363 

H+-band waves (Figure 5a.) does not reveal a significant spatial distribution structure. The 364 

largest wave power observations occurs beyond L = 6 at 1200 MLT. The nightside wave 365 

occurrence distribution features a diverse range of wave power. However, the lower overall 366 

occurrence rates indicate that these results are dictated by limited EMIC wave observations. 367 

The He+-band EMIC wave power distribution (Figure 5b) shows overlap between 368 

the afternoon occurrence peak and the most intense wave power. The afternoon peak 369 

averages consistently larger than 0.1 nT2/Hz, which again corresponds to the enhanced 370 

EMIC wave region [Morley et al., 2009; Pickett et al., 2010; Thorne, 2010]. However, we 371 

also observe peak power regions within the pre-noon region (0800 < MLT �” 1100) at L ~ 372 

6 and another peak in the pre-midnight (2000 < MLT �” 2300) region at L ~ 5 just beyond 373 

the averaged plasmapause. This is in agreement with previous simulation studies that have 374 

shown that the source regions of EMIC waves are present with the largest wave amplitudes 375 

predicted in the afternoon MLT sector near Dst minimum [Jordanova et al., 2001, 2008]. 376 

Three EMIC wave events observed by the Van Allen Probes in the near midnight region 377 

have already been analyzed more closely and found to occur near the plasmapause where 378 

fresh ion injections occur [Zhang et al., 2014]. Overall the He+-band EMIC waves exhibit 379 

higher wave powers than either the H+- or O+-band wave events.   380 
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The O+-band EMIC waves (Figure 5c) exhibit relatively weaker wave intensity. 381 

Only three regions (i.e., red and yellow colors) beyond L ~ 4.5 are shown to have wave 382 

power greater than 0.1 nT2/Hz. This may be largely due to the instability of the O+-band 383 

EMIC wave with the small wave growth [Horne and Thorne, 1993]. The average wave 384 

power of O+-band waves occurring within the averaged p�O�D�V�P�D�S�D�X�V�H���D�U�H���R�Q���W�K�H���R�U�G�H�U���”�������� 385 

nT2/Hz. 386 

The left-hand (�Ý
O
F�r�ä�s) polarization wave occurrence rates are shown in Figure 387 

6, displayed in the same format as Figure 4. Note that a 100% occurrence implies that all 388 

waves observed in that region were found to be left-handedly polarized. Properties 389 

observed in low occurrence regions may overemphasize this polarization occurrence rate. 390 

The H+- and He+-band EMIC wave plots (Figures 6a and 6b respectively) showcase 391 

that left-handedly polarized waves are observed mainly beyond L = 4. Given the small 392 

range of MLAT covered by the Van Allen Probes (MLAT = -20° �± 20°), we would expect 393 

that most EMIC waves should be observed in their source region as EMIC waves are 394 

generated left-handedly polarized. However, most of the high left-hand polarization 395 

occurrence rates correspond to lower occurrence regions for the H+- and He+-band waves 396 

(Figures 6a and 6b). EMIC wave events in the peak occurrence regions have a left-handed 397 

occurrence rate of ~50 %. Very few O+-band EMIC wave events (Figure 6c) are left-398 

handedly polarized. A breakdown of L vs. MLAT (figure not shown) reveals that most left-399 

hand polarized He+-band EMIC waves are observed at lower MLATs (MLAT = -10° �± 400 

10°). This distribution is consistent with the source region being located between MLAT 401 

= ±11° of the magnetic equator [�/�R�W�R�¶�D�Q�L�X���H�W���D�O��, 2005]. 402 
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The linear wave (|�Ý�� 
Q�r�ä�s) occurrence rates for the H+-, He+-, and O+-band events 403 

(Figures 7a, 7b, and 7c, respectively) have the broadest L shell distribution. Most of the 404 

EMIC wave events observed at L < 4 for all the wave bands are linearly polarized. The 405 

linearly polarized EMIC waves observed at L < 4 were surprisingly observed at low 406 

magnetic latitudes as well: MLAT = -10° �± 10° (figure not shown). These events may not 407 

be locally generated and have been propagating away from their source region. Due to the 408 

lower occurrence rates of right-handedly polarized waves (Figure 8), the peak occurrence 409 

regions for the H+-and He+-band EMIC waves appear to be split between linear and left-410 

handed polarizations. The non-peak occurrence regions for the H+-band events also mostly 411 

show a high rate of linear polarization occurrence.  412 

The right-hand (�Ý
P�r�ä�s) wave occurrence rates for the three bands are shown in 413 

Figure 8. Similar to the left-hand polarized wave occurrences, the H+ (Figure 8a) and He+ 414 

(Figure 8b) right-hand EMIC waves are observed beyond L = 4. Contrary to the other two 415 

wave bands, the O+-band occurrence peak region is observed to be mostly linearly or right-416 

handedly polarized.  417 

The averaged normal angle values are plotted in Figure 9. The wave normal angle 418 

distributions do not display distinct features at higher L-shells (L > 4), but on average the 419 

He+- and O+-band waves are almost always oblique (>50°) at lower L-shells. Across all 420 

wave bands, averaged normal angles have fallen between 30.0° and 60.0°. This outcome is 421 

due to the selection of the wave power threshold for events used in this study. Previous 422 

EMIC wave observations show that weaker wave powers often come with a higher normal 423 

angle [Zhang et al., 2014]. Figure 10 shows a comparison between the normal angle spatial 424 

distributions of He+-band EMIC waves with our initial event power threshold (0.01 425 



20 
 

nT2/Hz) and a higher threshold (0.1 nT2/Hz). Note that Figure 10 features different color 426 

bar scales than Figure 9. By enforcing a higher power threshold, Figure 10b shows a 427 

decrease in the averaged normal angle per bin suggesting that wave packets with higher 428 

wave power values yield smaller normal angle values.  429 

4 Discussion 430 

        In this study, we have performed a statistical study of EMIC waves detected by the 431 

Van Allen Probes for the first 22-month mission period. The spatial distributions of the 432 

occurrence rates and properties (e.g., wave power, ellipticity, and normal angle) of H+-, 433 

He+-, and O+-band EMIC waves have been examined. This survey provides an extension 434 

of previous studies on EMIC waves in various magnetospheric regions [Anderson et al., 435 

1992a, 1992b; Kasahara et al., 1992; Halford et al., 2010; Min et al., 2012; Keika et al., 436 

2013; Meredith et al., 2014; Allen et al., 2015; Yu et al., 2015] by examining waves in all 437 

wave bands for a full MLT coverage in the inner magnetosphere. 438 

4.1 Wave Favorable Occurrence Locations 439 

As stated before, the plasmapause that has been overplotted on Figures 3, 4, and 5 440 

was calculated from formulas given in Moldwin et al. [2002]. These formulas were derived 441 

by examining electron density drops during perceived plasmaspheric crossings observed 442 

by CRRES. The locations of these crossings were then plotted against Kp values to 443 

determine a linear fit. Moldwin et al. [2002] provides linear fits of their results for nine 444 

different MLT sector variations. The result shows a nearly circular description of the 445 

plasmapause.  446 

Previous studies have reported that the afternoon sector has been the favored 447 

occurrence region for EMIC waves. This region of the magnetosphere is characteristic of 448 
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the existence of plasmaspheric plumes, which provide the cold ion populations that 449 

increase the growth rate of EMIC waves. The plasmapause may expand during periods of 450 

quiet storm activity. While the equations derived by Moldwin et al. [2002] represent an 451 

averaged position of the plasmapause over all events, there were many events whose 452 

calculated plasmapause boundaries were located at higher L-shells. These lower Kp value 453 

events are possibly the higher L-shell EMIC wave events observed by the Van Allen 454 

Probes. An expanded plasmapause overlapping with ring current hot anisotropic ions could 455 

therefore generate the EMIC waves located at these L-shells [Jordanova et al., 2001]. 456 

During magnetic storms, hot ring current ions are injected into the inner magnetosphere 457 

allowing for the necessary wave free energy providers to exist. An analysis specific to the 458 

solar wind and geomagnetic conditions has not been carried out for the present study and 459 

is part of our future work following up the current study. The relatively high wave 460 

occurrence rates pertaining to the afternoon sector peaks for the H+- and He+-band events 461 

can be explained by the coexisting of cold dense plasma and hot anisotropic ions from the 462 

expanding/contracting plasmasphere or plasmaspheric plumes and the ring current, 463 

respectively.  464 

This survey also revealed the existence of EMIC wave occurrence peaks in all three 465 

bands located before 1200 MLT. Simulation results show there is a preference for H+-band 466 

EMIC waves to be generated in the plasma trough region, i.e., the depleted plasma region 467 

beyond the plasmapause [Denton et al., 2014]. Using the simulated plasmapause as a 468 

reference, both H+- and He+-band wave occurrence peaks would be primarily located in the 469 

averaged plasma trough region. The O+-band wave occurrence peak, however, is the only 470 

peak region located primarily within this simulated plasmasphere. Yu et al. [2015] also 471 
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found that most of the O+-band EMIC wave events were observed just inside the 472 

plasmapause. Strong geomagnetic activity (Dst �”��-100 nT) can contract the plasmapause 473 

to those lower L-shells allowing for their generation. The O+ torus is known to form when 474 

plasmaspheric and ring current particles interact in the lower L-shells (L = 2 �± 5) [Roberts 475 

et al., 1987]. The presence of high populations of O+ could increase the O+-band wave 476 

growth rate, exciting more EMIC waves in this band [Kozyra et al., 1984]. Dayside 477 

magnetospheric compressions or lower�±energy anisotropic ion drift may also contribute to 478 

wave excitation conditions for the dayside magnetosphere [Anderson et al., 1996; Usanova 479 

et al., 2012; Yu et al., 2015] which could explain the dayside all-band wave occurrence 480 

peaks. 481 

With the exception of the Akebono satellite and the CHAllenging Minisatellite 482 

Payload (CHAMP) satellite, few studies have focused on EMIC wave observations below 483 

L ~ 3.5 [e.g., Kasahara et al., 1992; Park et al., 2013; Sakaguchi et al., 2013; Matsuda et 484 

al., 2014]. At these lower L-shells H+-band EMIC waves were observed to be more 485 

prominent than the He+-band waves. Ray tracings for H+- and He+-band EMIC waves show 486 

that H+-band waves were more favorable than the He+-band waves to be generated at lower 487 

L shells, L ~ 1.5 [Kasahara et al., 1992]. However, the Van Allen Probes have detected 488 

many EMIC wave events below L = 4, particularly in the He+- and O+-bands. So far, many 489 

intense He+-band wave events have been observed in the L-shell region: 16 and 58 events 490 

in L = 2 - 3 and L = 3 - 4, respectively. Recently, Gamyunov et al. [2014] also found the 491 

presence of strong He+-band wave activity at the low-L regions from their EMIC wave 492 

simulation results. The heart of the inner radiation belt is located at these low L-shells. The 493 
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impact of the low-L EMIC waves on the loss of relativistic electrons will be a future 494 

research topic. 495 

As mentioned in their description, the Van Allen Probes follow nearly identical 496 

orbits at slightly different speeds. There are cases in this study where EMIC wave events 497 

are observed by both probes. There are also cases where both probes are spatially separated 498 

enough to not observe the same EMIC wave event [Zhang et al., 2014].  For this study each 499 

event was considered unique regardless if observed by both probes. A breakdown by probe 500 

reveals that Probe A accounts for ~46% of EMIC wave observations while Probe B 501 

accounts for the remaining ~54%. Both probes, individually, feature the same data 502 

coverage and roughly similar occurrence distributions (figure not shown). A further study 503 

featuring a data coverage breakdown between Probes A and B against wave occurrence 504 

and different geomagnetic conditions is needed. 505 

4.2 Wave Properties 506 

Since the orbits of the Van Allen Probes are confined to ±20° MLAT, the 507 

expectation would be that the probes should have observed EMIC waves mostly around 508 

their source region [�/�R�W�R�¶�D�Q�L�X���H�W���D�O��, 2005]. The observations for the occurrence rates of 509 

He+-band left-handedly polarized waves suggest that newly generated waves were located 510 

in all MLTs primarily in �W�K�H�������”��L �”������region. A breakdown by MLAT reveals that left-511 

handed polarization occurrence rates were mostly observed at lower MLAT (i.e., |MLAT | 512 

�”�������ƒ����in those L shells across all MLT (figure not shown). The same L distribution feature 513 

is also present in the left-hand polarization occurrence rates of the H+-band wave events. 514 

However, there exist MLT ranges i.e., 1300 < MLT �” 1400 and 1900 < MLT �” 2100, which 515 

exhibit sparse observations of left-hand H+-band EMIC waves. Comparison of the peak 516 
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H+-band wave occurrence regions to the corresponding wave polarization distribution 517 

indicates that the pre-noon occurrence peak shows higher left-hand polarization 518 

observations than the afternoon sector peak region. This suggests the possibility of a local 519 

source region for H+-band events in the morning sector.  520 

The linear wave occurrence rates across all bands show the largest L-shell spatial 521 

distribution. These events have propagated away from their source region and have, in 522 

theory, crossed their respective crossover frequency [Young et al., 1981; Rauch and Roux, 523 

1982]. Simulation results, however, reveal that linearly polarized EMIC waves may be 524 

generated in the equatorial region with specific plasma densities [Hu et al., 2010]. While 525 

the event on 28 April 2013 and its generation conditions were recently reported by Zhang 526 

et al. [2014], local plasma conditions for all the EMIC wave events in this study have not 527 

been examined and are beyond the scope of the present work. Both H+-band wave peak 528 

occurrence regions exhibit high linear occurrence rates. Regions in the afternoon-dusk 529 

sector �����������������0�/�7���”���a���������� also show a divide between left and linear polarizations. The 530 

high occurrence of linearly polarized waves was observed at higher latitudes, between the 531 

10° - 20° |MLAT | range observed by the Van Allen Probes in the L = 4 �± 6 range (not 532 

shown). Nearly all He+-band EMIC wave events observed below L = 4 are linearly 533 

polarized and occurred at the lower MLAT ranges (|MLAT | �”�������ƒ��. Two possible reasons 534 

may explain the observed features. First, these waves may have propagated toward the 535 

inner magnetosphere from their respective higher L source region. The linear polarization 536 

is then only a wave propagation effect. Second, recent simulation results show at these 537 

lower L-shells, a loss-cone O+ ion distribution in the ring current may result in significant 538 
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EMIC wave growth and highly oblique, linearly polarized waves may be locally generated 539 

in the He+-band [Gamayunov et al., 2014]. 540 

  The occurrence region for the O+-band wave events are largely divided between 541 

linear and right-hand polarizations. It remains unclear if these locations should be 542 

considered a source region for the O+-band wave events. Few left-hand O+-band waves 543 

have been observed and they exhibit no defining spatial distribution structure. Ion 544 

anisotropic or loss-cone distributions and ion composition in the lower L-shell 545 

magnetosphere could also result in our observed wave properties for the O+-band waves 546 

and this needs further investigation.  547 

As Figure 10 implies, there is a correlation between wave amplitude and normal 548 

angle. When the wave power threshold for the event selection is lifted from 0.01 to 0.1 549 

nT2/Hz, the average normal angle of all waves observed in that bin can be decreased by 550 

20°. An analysis examining the correlations between EMIC wave intensity and properties 551 

has not been performed as part of this study and will serve to be future work.  552 

4.3 Comparisons with Previous Results 553 

As stated above, an in-depth wave property analysis of EMIC waves in the inner 554 

�P�D�J�Q�H�W�R�V�S�K�H�U�H���K�D�V�Q�¶�W���E�H�H�Q���S�H�U�I�R�U�P�H�G���L�Q���S�U�H�Y�L�R�X�V���V�W�X�G�L�H�V�����1�R�U���K�D�V���D���V�W�D�W�L�V�W�L�F�D�O���V�W�X�G�\���E�H�H�Q��555 

included that examines all three wave bands together. Table 3 provides a comparison 556 

between EMIC wave statistical studies based on the spacecraft used, and regions covered 557 

by the spacecraft (not the respective study). Table 4 shows the EMIC wave bands used in 558 

each study. Anderson et al. [1992b] discussed the observation of wave polarization by MLT 559 

sectors and presented histograms on wave power distribution. Anderson et al. [1992b] 560 

observed sparse EMIC waves below L = 6 and wave power averages remain on an order 561 
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of 1 nT2/Hz. Ellipticity results also show a prevalence of left-handedly polarized waves for 562 

the dayside. Keika et al. [2013] provides occurrence results by band separation and their 563 

study examines the relationship between geomagnetic activity and EMIC wave occurrence. 564 

The peak occurrence region of EMIC waves observed by AMPTE CCE was found to be at 565 

�����”��L �”������[Anderson et al., 1992a; Keika et al., 2013], which are regions where the Van 566 

Allen Probes do not have significant data coverage. In regards to the overall spatial 567 

distribution of EMIC waves in the inner magnetosphere, our results are consistent with 568 

those from CRRES performed by Halford et al. [2010] and Meredith et al. [2014]. Both 569 

show that there exists a peak in EMIC wave occurrence in the afternoon sector at those 570 

lower L-shells ���/�”������. A breakdown by band shows that the inner magnetosphere afternoon 571 

region serves to be both peak regions for the H+- and He+-bands, which is in agreement 572 

with Meredith et al. [2014] and consistent with our results. As stated above, CRRES failed 573 

to complete a full MLT precession. Our pre-noon results provide a supplement to the 574 

CRRES data set. The results by Kasahara et al. [1992] pertain to L-shell regions (L ~ 1.5) 575 

�Z�K�H�U�H�� �W�K�H�� �9�D�Q�� �$�O�O�H�Q�� �3�U�R�E�H�V�¶�� �(�0�)�,�6�,�6�� �L�Q�V�W�U�X�P�H�Q�W�� �G�Res not observe EMIC waves. 576 

Kasahara et al. [1992] reported a peak occurrence region for H+- and He+-band EMIC 577 

waves in the evening sector (MLT = 1600 �± 2000).   578 

By comparing those from Min et al. [2012], results from our study provide insight 579 

into the differences of EMIC waves between the inner and outer magnetosphere. Our lower 580 

L-shell afternoon sector peak wave power observations concur with those observations 581 

reported at higher L-shells, with some overlap, by Min et al. [2012]. Overall, both studies 582 

are in agreement that He+-band EMIC waves tend to be stronger in wave power than the 583 

other wave bands. The afternoon sector wave power peak present in both Min et al. [2012] 584 
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and our study coincides with the well-known enhanced EMIC wave region [Thorne, 2010]. 585 

Our results do not reveal the appearance of a dawn centered H+-band occurrence peak. 586 

Therefore this may be a feature only apparent in the higher L shells. However, where Min 587 

et al. [2012] shows a decrease in H+-band occurrence around 0900 - 1100 MLT from Re = 588 

~6.5 �± 14, the Van Allen Probes observe an increase in H+-band EMIC waves at L = 6. 589 

Another THEMIS study, by Usanova et al. [2012], focuses on EMIC wave occurrences 590 

associated with geomagnetic conditions. Usanova et al. [2012] reported EMIC wave 591 

occurrence peak regions at L = 9 on the dayside magnetosphere but did not distinguish by 592 

wave band. Furthermore, Usanova et al. [2012] reports a less than 2% EMIC wave 593 

occurrence rates for L < 6.6 across all MLT sectors. Our results show that EMIC occurrence 594 

rates may be as high as 25 % within this L < 6.6 region. The discrepancies in observations 595 

between the missions may be attributed to the different spatial regions of focus (the outer 596 

magnetosphere vs. the inner magnetosphere) for each mission. Differences in the solar 597 

cycle may also account for the discrepancy. 598 

Despite observing few events below L = 6, Allen et al. [2015] does examine the 599 

wave properties of these inner magnetosphere EMIC waves. Most of the inner 600 

magnetosphere EMIC waves observed by Allen et al. [2015] occur centered around 1200 601 

MLT and appear to mostly split between linear and left-handedly polarized at lower MLAT 602 

(�0�/�$�7���”�������ƒ����where the Van Allen Probes observe. Our afternoon polarization occurrence 603 

rates are also consistently split between the linear and left-handedly polarized waves. Both 604 

studies report low right-handedly polarized wave occurrences. Inner magnetosphere 605 

normal angle measurements also appear to be oblique. 606 
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A recent EMIC wave statistical study with measurements from the Van Allen 607 

Probes, performed by Yu et al. [2015], only examined the occurrence of O+-band waves on 608 

Probe A. Our inclusion of both Van Allen Probes has nearly tripled the total of O+-band 609 

wave events. Probe B observed more events overall than Probe A. The increase in 610 

observations has provided a more symmetric MLT distribution of O+-band wave 611 

occurrences while still revealing a peak region as reported by Yu et al. [2015]. Note that 612 

our study also includes the statistical properties of O+-band waves that have not been 613 

addressed before. 614 

 615 

5. Conclusions 616 

In this study, we have utilized high-resolution magnetic field data from the Van 617 

Allen Probes in the time period of 8 September 2012 �± 30 June 2014, i.e., the first 22 618 

months of the mission. We have examined the occurrence rate and wave property 619 

distributions of EMIC waves as observed by the EMFISIS instrument on both probes. The 620 

analysis is based on the observations of over 700 EMIC wave events that are categorized 621 

into three wave bands. The results are summarized as such: 622 

1. Overall the dayside inner magnetosphere features higher EMIC wave occurrence rates 623 

than the nightside, consistent with results from previous studies for the global 624 

magnetosphere. 625 

2. A breakdown by band reveals that He+-band EMIC waves are the most prevalent in the 626 

inner magnetosphere among the three wave bands. The peak occurrence regions of the 627 

He+-band waves include the pre-noon (0�������� ���� �0�/�7���”�� ������������ �D�Q�G�� �D�I�W�H�U�Q�R�R�Q�������������� ����628 

�0�/�7���”������������ sectors between L = 4 �± 6. 629 
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3. Peak occurrence regions are revealed for the H+-band EMIC waves in the pre-noon 630 

(0�������������0�/�7���”������00 from L = 4 �± 6) and after�Q�R�R�Q�������������������0�/�7���”�������������I�U�R�P��L = 5.5 631 

�± 6.5) sectors. O+-band EMIC waves also show an occurrence peak in 0�������������0�/�7���”��632 

1100 at lower L-shells (L < 4). 633 

4. He+-band EMIC waves exhibit the highest wave power (1 nT2/Hz) in the afternoon 634 

sector, i.e., the well-known enhanced EMIC wave occurrence region. Left-hand EMIC 635 

waves in all bands appear to be confined between L = 4 �± 6. 636 

5. Linearly-polarized, oblique He+- and O+-band EMIC waves have been observed below 637 

L = 4.   638 

6. Higher wave powers appear to be correlated with lower normal angle values. 639 

 640 
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Figures: 845 

Figure 1. Three sample EMIC wave events observed by the Van Allen Probes. Shown are the 846 

wave power spectrograms of a (a) H+-, (b) He+-, and (c) O+-band EMIC wave event. All plots are 847 

on a log scale. The solid black lines represent ion gyrofrequencies. Vertical dashed lines 848 

represent the start and end time of the event.   849 

 850 

Figure 2. The data coverage of the Van Allen Probes. Each cell refers to 15 minutes in MLT per 851 

half L-shell. Overplotted on this plot are circles representing the L = 2, 4, 6 and 8 shell, 852 

respectively. 853 

 854 

Figure 3. The occurrence rates of all EMIC waves observed by the Van Allen Probes from 8 855 

September 2012 to 30 June 2014. Grey areas refer to regions where the Van Allen Probes were 856 

located but did not observe EMIC wave activity. Overplotted is a simulated plasmapause (at L �§��857 

4.5) as described by Moldwin et al. [2002], with diamonds representing the average position per 858 

15 minutes of MLT. The black line was then fitted through the averaged positions to indicate the 859 

location of the plasmapause.  860 

 861 

Figure 4. The occurrence rates of (a) H+-, (b) He+-, and (c) O+-band EMIC waves. Regions 862 

beyond L = 6.5 lack significant coverage compared to lower L-shells and therefore have not been 863 

defined as peaks. 864 

    865 

Figure 5. Same format as Figure 4, showing the wave power distribution of EMIC waves 866 

observed by band.    867 
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Figure 6. Same format as Figure 4, showing the occurrence of left-handedly polarized EMIC 868 

waves by band. 869 

 870 

Figure 7. Same format as Figure 4, showing the occurrence of linearly polarized EMIC waves by 871 

band. 872 

 873 

Figure 8. Same format as Figure 4, showing the occurrence of right-handedly polarized EMIC 874 

waves by band. 875 

 876 

Figure 9. Same format as Figure 4, showing the normal angle spatial distribution of EMIC waves 877 

by band. 878 

 879 

Figure 10. Normal angles of He+-band EMIC waves considering a wave power threshold of (a) 880 

0.01nT2/Hz and (b) 0.1 nT2/Hz. Note that the color bar display is different than Figure 9. 881 
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Tables 892 

Table 1. EMIC wave occurrence by band 893 

Band Event # Time Duration (hours) 
H+  265 156.38 
He+ 438 265.08 
O+ 68 31.50 

Total 771 452.96 
 894 

 895 

Table 2. Wave occurrences by L shell. 896 

 897 

Band 2 < L �” 3  3 < L �”��4 4 < L �” 5 5 < L �” 6 6 < L �” 7 7 < L �” 8 

H+ 0 22 70 152 20 1 

He+ 16 58 125 207 31 1 

O+ 17 29 14 5 3 0 

Total 33 109 209 364 54 2 

       
 898 

Table 3. Comparisons of EMIC wave statistical studies 899 

Study Spacecraft L Range MLT covered Start Time End Time 

Anderson et al. [1992a] AMPTE CCE 3-9 All  Aug. 1984 Nov. 1985 

Keika et al. [2013] AMPTE CCE 3-9 All  Aug. 1984 Jan. 1989 

Kasahara et al. [1992] Akebono 1-3 0-22, 23-24 Apr. 1989 Nov. 1990 

Halford et al. [2010] CRRES 3-8 14-24,0-8 Jul. 1990 Oct. 1991 

Meredith et al. [2014] CRRES 3-8 14-24,0-8 Jul. 1990 Oct. 1991 

Min et al. [2012] THEMIS 3.9-14 All  Apr. 2007 Dec. 2010 

Usanova et al. [2012] THEMIS 3-14 All  May. 2007 Dec. 2011 

Allen et al. [2015] Cluster 4.5-15 All  2001 2010 

Yu et al. [2015] Van Allen Probe-A 2-8 All  Sept. 2012 Aug. 2014 

This Study Van Allen Probes 2-8 All  Sept. 2012 Jun. 2014 

 900 

 901 

 902 

 903 



39 
 

 904 

Table 4. Comparisons of EMIC wave statistical studies by band inclusion 905 

Study H+ He+ O+ 
Anderson et al. [1992a] �Fa �F �F 

Keika et al. [2013] Yes Yes No 
Kasahara et al. [1992] Yes Yes No 
Halford et al. [2010] �F �F �F 

Meredith et al. [2014] Yes Yes No 
Min et al. [2012] Yes Yes No 

Usanova et al. [2012] �F �F �F 

Allen et al. [2015] �F �F �F 
Yu et al. [2015] No No Yes 

This Study Yes Yes Yes 
   aA study does not specify waves by band. 906 
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