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Abstract

To understand the relationship between generation of electromagnetic ion cyclotron (EMIC)
waves and energetic particle injections, we performed a statistical study of EMIC waves associated with
and without injections based on the Van Allen Probes (Radiation Belt Storm Probes) and Geostationary
Operational Environmental Satellite (GOES; GOES-13 and GOES-15) observations. Using 47 months
of observations, we identified wave events seen by the Van Allen Probes relative to the plasmapause
and to energetic particle injections seen by GOES-13 and GOES-15 on the nightside. We separated the
events into four categories: EMIC waves with (without) injections inside (outside) the plasmasphere. We
found that He+ EMIC waves have higher occurrence rate inside the plasmasphere, while H+ EMIC waves
predominantly occur outside the plasmasphere. Meanwhile, the time duration and peak occurrence rate
of EMIC waves associated with injections are shorter and limited to a narrower magnetic local time region
than those without injections, indicating that these waves have localized source regions. He+ EMIC waves
inside the plasmasphere associated with injection are usually accompanied by an increase in H+ flux
within energies of 1–50 keV through all magnetic local time regions, while most wave events outside
the plasmasphere show less relationship with H+ flux increase. From these observations, we suggest
that injected hot ions are the major driver of He+ EMIC waves inside the plasmasphere during active
time. Expanding plasmasphere during quiet times can provide broad wave source regions for He+ EMIC
waves on the dayside. However, H+ EMIC waves outside the plasmasphere show different characteristics,
suggesting that these waves are generated by other processes.

1. Introduction
Electromagnetic ion cyclotron (EMIC) waves are known to be generated in the equatorial regions of the
magnetosphere at L ∼ 4–13 in the frequency range of 0.2–5 Hz (e.g., Allen et al., 2015; Anderson et al., 1992;
Min et al., 2012; Saikin et al., 2015). EMIC waves can be categorized by wave bands. H+ band EMIC waves
occur between the proton gyrofrequency and helium gyrofrequency, He+ band EMIC waves are between
the helium gyrofrequency and oxygen gyrofrequency, and O+ band EMIC waves are below the oxygen
gyrofrequency.
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EMIC waves propagate along magnetic field lines to the Northern and Southern Hemispheres. They can
also be trapped in the F2 region of the ionosphere, a region referred as the ionospheric duct, where the
Alfvén velocity reaches a minimum (altitude of ∼400 km). These waves propagate latitudinally and longitudinally from high to low latitudes and are observed as Pc1 geomagnetic pulsations on the ground (Kawamura
et al., 1981; Kim et al., 2011; Kuwashima et al., 1981). By interacting with energetic particles, these waves
play a fundamental role in the dynamics of the radiation belts surrounding the Earth. In particular, EMIC
wave-particle interaction is a possibly significant loss process of ring current particles by pitch angle scattering near the magnetic equator. The scattered ions precipitate into the ionosphere and generate an isolated
proton aurora at subauroral latitudes (e.g., Miyoshi et al., 2008; Sakaguchi et al., 2007, 2008).
EMIC waves are excited within the source region with left-handed polarization due to ion cyclotron instability by temperature anisotropy (T || < T ⟂ ) of energetic ions, where T || and T ⟂ are temperatures parallel
433
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and perpendicular to the background magnetic field, respectively (Horne & Thorne, 1993). Temperature
anisotropy may develop as plasma is transported to regions of increased magnetic field strength or when
strong solar wind dynamic pressure compresses the magnetosphere (e.g., McCollough et al., 2010; Yue et al.,
2009, 2011).
Large-scale magnetospheric convection leads to transport of energetic ions and electrons from the plasma
sheet into the inner magnetosphere (e.g., Axford, 1969; Yue, Bortnik, Chen, et al., 2017; Yue, Bortnik,
Thorne, et al., 2017), leading to the temperature anisotropy. Such transport can also occur via localized particle injections, which are associated with plasma sheet flow bursts and result in sudden enhancement of
energetic particle fluxes over a broad range of energies >1 keV (e.g., Baker et al., 1978; Birn et al., 1997; Chen
et al., 2010; Denton et al., 2016, 2015; Erlandson & Ukhorskiy, 2001; Fraser et al., 2010; Fraser & McPherron,
1982; Halford et al., 2010; Meredith et al., 2003; Perraut, 1982; Walker et al., 1976). Erlandson and Ukhorskiy
(2001) found that intense EMIC waves were observed in the dusk sector during the strongest ring current
intervals, and they suggested that EMIC wave activity at lower L shells (3.5 < L < 5) is affected by ring
current ions. Using the Van Allen Probe satellites in the inner magnetosphere, Saikin et al. (2016) found
that the peak EMIC occurrence region shifted to the afternoon sector at L ∼ 4–6 as the AE index increases,
indicating strong injections.
Previous studies have suggested that the plasmapause and plasmaspheric plumes, located in the afternoon
sector, are the favorable regions for the excitation of EMIC wave in the inner magnetosphere (e.g., Fraser
et al., 1989; Fraser & Nguyen, 2001; Horne & Thorne, 1993; Kawamura et al., 1981; Morley et al., 2009).
Chen et al. (2010) found significant wave gain within a limited spatial region inside the plasma plume during storms. They suggested that wave gain maximizes at the eastward edge of the plume in the dusk and
premidnight sector. Keika et al. (2013) found that He+ band EMIC waves were frequently observed in the
prenoon to dusk sector at L < 7 during active geomagnetic conditions using Active Magnetospheric Particle
Tracer Explorers/Charge Composition Explorer (AMPTE/CCE) satellites. They suggested that peak EMIC
occurrence within the afternoon sector over a broad range of L shell during the main phase of a geomagnetic
storm is related to injection-associated EMIC wave generation at the sunward surge of the plasmasphere
and plasma plumes.
Magnetospheric compression induced by strong solar wind dynamic pressure can increase ion temperature
anisotropy through adiabatic heating of local plasma by betatron acceleration, contributing to the generation
of EMIC waves in the dayside magnetosphere (e.g., Engebretson et al., 2002; Olson & Lee, 1983; Usanova
et al., 2008). Using three Time History of Events and Macroscale Interactions during Substorms (THEMIS)
satellites, Usanova et al. (2012) found that 15% of EMIC waves observed on the dayside of the magnetosphere
beyond geosynchronous orbit occurred during increased solar wind dynamic pressure or positive SYM-H
index, suggesting that the dayside outer magnetosphere is a preferential region of EMIC waves controlled by
solar wind dynamic pressure. Park et al. (2016) performed a statistical study and found that solar wind pressure plays a more significant role in EMIC wave generation during quiet geomagnetic condition (Kp ≤ 1)
at geosynchronous orbit.
To understand the relationship between generation of EMIC waves and energetic particle injections from the
magnetotail, we perform a statistical study of the spatial distributions of EMIC waves and energetic particle
associated with and without injections. We also consider EMIC wave locations with respect to the plasmapause, in order to demonstrate the influence of cold ion composition on the generation of EMIC waves. We
use nightside GOES observations to identify clear injection signatures at geosynchronous orbit and identify EMIC wave events using the Van Allen Probes (RBSP, Radiation Belt Storm Probes) observations. We
emphasize that this paper is the first to use simultaneous observation from the GOES and RBSP satellites
to investigate the relationship between EMIC wave activity and energetic particle injections in the inner
magnetosphere. We have found distinctly different wave characteristics for events with and without particle
injections and for events inside and outside the plasmasphere. Thus, we believe that our observation results
provide quantitative evidence to improve our understanding of the generation of EMIC waves in the inner
magnetosphere.
In section 2, we describe the instruments used in this statistical study and the methods used for data analysis. In section 3, we illustrate the event selection procedure with examples of EMIC waves associated with
and without an injection inside and outside the plasmasphere. In section 4 we present the statistical analysis.
JUN ET AL.
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Section 5 discusses possible generation processes of EMIC waves under the different magnetospheric
environments, and we conclude and suggest future study in section 6.

2. Instrumentations and Data Analysis
RBSP were launched on 30 August 2012. The two identical spacecraft (A and B) follow a similar elliptical
orbit with inclination of 10◦ , perigee and apogee of 1.1 RE to 5.8 RE and a period of ∼9 hr (Mauk et al.,
2013). Instruments include the following: the Electric and Magnetic Field Instrument Suite and Integrated
Science (EMFISIS) magnetometer that measures the direct current magnetic field (Kletzing et al., 2013),
the Electric Field and Waves instruments that provide direct current electric field (Wygant et al., 2013) and
spacecraft potential in volts, and the Helium, Oxygen, Proton, and Electron (HOPE) mass spectrometer of
the Energetic particle Composition and Thermal Plasma Suite (Spence et al., 2013) that provides 1-eV to
50-keV ion fluxes and 15-eV to 50-keV electron fluxes.
To detect EMIC waves in the inner magnetosphere, we utilized the EMFISIS flux gate magnetometer data
with a frequency resolution of 64 Hz in SM coordinates. The typical value of the H+ gyrofrequency, which
is the maximum cutoff frequency of EMIC waves, is below 10 Hz, as calculated by the local magnetic field
intensity throughout the region in the inner magnetosphere. The x component (sunward) completes the
right-handed orthogonal system (XSM = YSM × ZSM ), where the y component (eastward) is perpendicular to both the z axis and the Sun-Earth line, and the z component is parallel to the geomagnetic north
pole. We calculated a 10-s moving average of the magnetic field data and subtracted that from the original
data to obtain the wave signals. Then, we applied a fast Fourier transform to the data set to calculate the
power spectrum density of the waves. We calculated the power spectrum density for each component, with
a time segment of 64 s (4,096 data points), and a moving window of every 15 s. The frequency resolution is
0.0156 Hz.
Omnidirectional particle data from the HOPE instrument onboard the RBSP satellites were averaged into
1-min time resolution. The HOPE data set requires a simple treatment. Energy channels below 200 eV may
be affected by spacecraft charging positively when the background cold plasma density (1–10 cm−3 ) is small
(Sarno-Smith et al., 2016). Using the measured spacecraft potential obtained from the Electric Field and
Waves instrument, we excluded unreliable energy ranges due to spacecraft charging and then interpolated
using a log scale for H+ flux over the energy range 0.1–50 keV.
It is difficult to identify energetic particle injection signatures from only the RBSP observations due to their
orbital motions. Thus, we identified energetic particle injections from the magnetotail using NOAA's Geostationary Operational Environmental Satellite (GOES)-13 and GOES-15 at geosynchronous orbit on the
nightside. GOES-13 is located at 10◦ N in SM coordinates with local midnight at 0712 UT and L ∼ 6.8, and
GOES-15 is located at 4.5◦ N with local midnight at 1121 UT and L ∼ 6.6. Each satellite carries identical
instruments: flux gate magnetometers provide the intensity of the magnetic field; the Magnetospheric Electron Detector and the Magnetospheric Proton Detector measure 40- to 475-keV e− fluxes and 95- to 575-keV
H+ fluxes, respectively. Combining both satellites together, there are 16-hr coverage of the nightside at 23–15
UT. We utilized 1 min time resolution magnetic field data and omnidirectional H+ and e− flux data.

3. Observations
We identified EMIC waves for a 47-month period from February 2013 to December 2016, to ensure that the
RBSP data set fully encompassed all magnetic local time (MLT) regions. We selected EMIC events according
to six criteria by visual inspection. (1) EMIC waves must be detected within the typical EMIC frequency
range (0.1–5.0 Hz). (2) EMIC wave power must be higher than 10−4 nT2 /Hz with a minimum duration of
5 min, in order to distinguish these waves from the background noise in the dynamic spectrum. (3) The
frequency of EMIC waves must be lower than the local proton gyrofrequency obtained from the measured
local magnetic field. (4) We excluded ultralow frequency waves having a strong field-aligned (compressional)
component in SM coordinates (e.g., magnetosonic waves). (5) For harmonic EMIC waves inside one wave
band, we only selected the fundamental waves as an individual event. (6) Cases of multiband EMIC waves
with different spectral structures (i.e., a gyrofrequency passed through the spectral structures) would be
broken into events for each band using the local gyrofrequency. In the RBSP observations, O+ band EMIC
waves typically had frequencies below 0.2 Hz at the apogee locations of the satellites and were difficult to
JUN ET AL.
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distinguish from overlapping broad band emissions (e.g., PiB bursts and Pc 3 pulsations) and background
noise. Thus, in this study we only considered H+ and He+ band EMIC wave events.
When RBSP detected EMIC waves, their locations relative to the plasmapause were determined using the
upper hybrid resonance-derived density profile (Kurth et al., 2015). Using the upper hybrid resonance
frequency (fuh ), we calculated the cold electron density (ne ) from
2
ne = (𝑓uh
− 𝑓ce2 )∕89802

(1)

where fce is the local electron cyclotron frequency. In this study, we used the electric fields within a frequency
range of 10 to 500 kHz as measured by the high-frequency receiver (HFR) to determine fuh profile. For
computing the derived electron density profile, the automatic fuh detection algorithm in the HFR dynamic
spectrum has an uncertainty and accuracy issues in some cases (i.e., fuh below the HFR coverage and multibands electron cyclotron harmonic tones). Based on the identification of a plasmapause crossing by electron
density varying sharply by at least a factor of 5 within a radial distance of 0.5 in L (Moldwin et al., 2002), we
defined the plasmapause location if fuh varied by at least a factor of 2.5 within a radial distance of 0.5 L by
visual inspection.
Then, we identified whether the selected EMIC events were associated with or occurred without an injection
at geosynchronous orbit using the GOES satellites. Energetic particle injections must satisfy the following
conditions. We required that at least one of the GOES satellites must be located on the nightside. The nightside coverage of GOES-13 and GOES-15 occurs at 23–11 UT and 03–15 UT, respectively. To be qualified as
an injection event, the GOES observation had to show clear proton or electron flux enhancements at all
energy channels with an increase in B parallel component, which is called dipolarization (e.g., Gabrielse et
al., 2014; Liu et al., 2014). However, if the satellite is located far from the injection regions, the dipolarization
signature becomes weaker and appears as a fluctuating background magnetic field intensity. In this study,
an injection signature at geosynchronous orbit is defined as a sudden flux enhancement of at least 1 order
in magnitude with the variations of the background magnetic field intensity > ±5 nT. We estimated the half
drift time of 95- to 575-keV ions at geosynchronous orbit (L ± 6.6) which is 0.4–2.7 hr with an average of 1.5
hr. Thus, we considered an EMIC wave event to be associated with a nightside injection if it was observed
within a 1.5-hr interval after the injection.
Based on the conditions of observed EMIC waves, we divided the selected EMIC events into four groups,
inside or outside the plasmasphere and associated with or without injection at geosynchronous orbit.
3.1. Category 1 (C1): EMIC Waves Inside the Plasmasphere Associated With an Injection
Figure 1 shows an example of a C1 event observed on 14 August 2013 at 04–06 UT. Both satellites were
located in the dusk sector (RBSP-B at 18 MLT and GOES-15 at 20 MLT) during this event. The average AE
index was ∼387 nT with a maximum value of 598 nT during this time interval, indicating moderate substorm
activity (Figure 1a). Figures 1b–1e show observations from RBSP-B: a 10–500 kHz of the HFR dynamic spectrum (Figure 1b), a 0- to 1-Hz dynamic spectrum of the x component (Figure 1c) and y component (Figure 1c)
magnetic field, and the omnidirectional H+ flux data from HOPE instruments (Figure 1d) in the energy of
0.1–50 keV. We mark fuh with a white arrow in Figure 1b and the RBSP location relative to the plasmapause
(IP: inside the plasmasphere and OP: outside the plasmasphere). The fuh dramatically decreased from 100
to 10 kHz during 0518 to 0523 UT, so that ne decreased from 124 to ∼1 cm−3 within a radial distance of 0.1 L
and thus corresponds to our definition of a plasmapause crossing. In Figures 1c and 1d, we can see clearly
He+ band EMIC waves from 0458 to 0518 UT as marked with two red vertical dashed lines. The H+ flux
spectrum (Figure 1e) shows sudden enhancements at 20–50 keV with the EMIC wave onset. Figures 1f–1h
show the background magnetic field variations (Figure 1f) and the omnidirectional H+ flux (Figure 1g) and
e− flux (Figure 1h) measured by GOES-15. The H+ flux started to increase at 0440 UT for all energy channels and the background magnetic field intensifies, indicating an energetic particle injection. Based on these
observational features, this EMIC event observed by RBSP-B is defined as a C1 event, that is, EMIC waves
inside the plasmasphere associated with an injection.
3.2. Category 2 (C2): EMIC Waves Outside the Plasmasphere Associated With Injections
Figure 2 shows an example of a C2 event observed on 7 August 2015 at 07–09 UT. In Figure 2a, the AE index
had a maximum value of ∼1,100 nT at 0758 UT and gradually decreases to ∼400 nT at 0815 UT, indicating
disturbed geomagnetic conditions. Two H+ band EMIC wave intervals were observed at 0745–0753 UT and
JUN ET AL.
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Figure 1. Example of a C1 event observed on 14 August 2013 at 04–06 UT. (a) AE index. RBSP-A data showing
(b) HFR dynamic spectrum, (c) Bx, and (d) By component of the magnetic field dynamic power spectrum obtained by
EMFISIS instrument. (e) H+ omnidirectional ion energy flux measured by HOPE instrument. The (f) background
magnetic field intensity; (g) H+ and (h) e− omnidirectional fluxes at GOES 15. A white arrow represents fuh , and the
labels (IP and OP) indicate the satellite location relative to the plasmapause. Universal time (UT), L value, magnetic
local time (MLT), and magnetic latitude (MLAT) for the RBSP-B and GOES-15 were shown at the bottom. The red
vertical lines indicate the start and end times of the EMIC wave. The yellow and white dashed lines denote the local
He+ and O+ gyrofrequencies, respectively. RBSP = Radiation Belt Storm Probes; HFR = high-frequency receiver;
EMFISIS = Electric and Magnetic Field Instrument Suite and Integrated Science; GOES = Geostationary Operational
Environmental Satellite; EMIC = electromagnetic ion cyclotron; IP = inside the plasmasphere; OP = outside the
plasmasphere.
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Figure 2. Example of a C2 event observed on 7 August 2015 at 07–09 UT with the same format as in Figure 1.

at 0800–0805 UT near L ∼ 5.7 by RBSP-A, as shown in Figures 2c and 2d. These waves exhibit sudden
wave power intensifications. Figure 2b shows that fuh stayed near ∼20 kHz, giving ne ∼ 5 cm−3 , during the
EMIC event intervals, indicating that it occurred outside the plasmasphere. Figure 2e shows the H+ flux
enhancement from 1 to 50 keV after the first EMIC onset at 0745 UT. GOES-15 observed clear H+ and e−
flux enhancements with an increase in the background magnetic field intensity at 0740 UT (Figures 2f–2h).
Based on these observations, this EMIC event observed by RBSP-A is defined as a C2 event, that is, EMIC
waves outside the plasmasphere associated with an injection.
3.3. Category 3 (C3): EMIC Waves Inside the Plasmasphere Without Injection
Figure 3 shows an example of a C3 event observed on 13 February 2014 at 11–13 UT. The AE index was
less than 25 nT during this 2-hr interval (Figure 3a), and there were no significant variations of the proton and electron fluxes at GOES 15 (Figures 3f–3h), indicating extremely quiet geomagnetic conditions. In
JUN ET AL.
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Figure 3. Example of a C3 event observed on 13 February 2014 at 11–13 UT with the same format as in Figure 1.

Figure 3b, fuh slowly decreased while the satellite was moving outward to higher L shells. Figures 3c and 3d
present structured H+ band EMIC waves from 1118 to 1210 UT, representing a long duration event. These
structured EMIC waves are called “pearl structures” (e.g., Jun et al., 2014, 2016; Paulson et al., 2014) that
have often been observed during quiet geomagnetic conditions in the morning sector within the inner magnetosphere (Paulson et al., 2016). During this EMIC event, we can see a clear H+ flux enhancement at 0.1–1
keV (Figure 3e). Based on these observations, this EMIC event observed inside the plasmasphere without
injections is defined as C3.
3.4. Category 4 (C4): EMIC Waves Outside the Plasmasphere Without Injection
An example of a C4 event on 21 January 2015 at 09–11 UT is shown in Figure 4. In Figure 4a, we can see that
the AE index was less than 100 nT during this 2-hr interval, and it slightly increased with the EMIC onset.
JUN ET AL.
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Figure 4. Example of a C4 event observed on 21 January 2015 at 09–11 UT with the same format as in Figure 1.

The fuh fluctuated from 0940 UT until 1017 UT during the RBSP-A outbound pass. By the definition of the
plasmapause in this study, there were numerous plasmapause crossings in Figure 4b. After RBSP-A moved
to permanently outside the plasmapause, H+ band EMIC waves were detected from 1018 to 1049 UT in the
midnight sector as shown in Figures 4c and 4d (∼24 MLT). A H+ flux enhancement was seen over the energy
range 1–10 keV associated with EMIC wave activity (Figure 4e). The GOES 15 observation exhibited quiet
magnetospheric condition at geosynchronous orbit during this time interval, except for very small electron
fluctuations after the EMIC wave onset. Thus, this event can be categorized as C4 of EMIC waves outside
the plasmapause without injection.
JUN ET AL.
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4. Statistical Results
We identified 177 (169) hr of EMIC waves inside (outside) the plasmapause associated with injections and 130 (132) hr for those inside
(outside) the plasmapause without injections observed by RBSP-A and
RBSP-B, from February 2013 to December 2016. In this section, we
present the distribution of EMIC wave time durations, spatial distribution, and energetic H+ flux variations associated with the EMIC waves for
each category.

Figure 5. Distribution of the EMIC durations of C1 (black dotted line), C2
(red dotted line), C3 (blue dotted line), and C4 (pink dotted line). EMIC =
electromagnetic ion cyclotron.

4.1. EMIC Wave Duration Distributions
Although it is difficult to distinguish spatial and temporal variations of
EMIC wave source from single-point spacecraft observations due to the
orbital motion, EMIC wave duration can be used as an indicator that represents either expected spatial size or lifetime of the wave source. Figure 5
shows the distribution of EMIC wave durations for each category with a
bin size of 10 min and normalized using the total number of events in
each category. We can see that more than half of the EMIC events have
a duration less than 20 min for all categories. Two distinct points can be
found in Figure 5. One is that C3 and C4 tend to have a larger fraction of
longer duration events than C1 and C2. EMIC wave outside the plasmasphere (C2 and C4) tend to have shorter wave duration compared to those
inside the plasmasphere (C1 and C3).

4.2. Spatial Distributions of EMIC Waves
Figure 6a shows the total combined dwell time in hours of both RBSP satellites in L shell versus MLT bins
near the equatorial plane while the GOES-13 or GOES-15 was on the nightside. The L shell coverage ranges
L = 2 to L = 7, with bin sizes of 1 hr in MLT and 0.5 in L shell. It is shown that the RBSP satellites
have sufficient coverage over all MLT and L shells to study the characteristics of EMIC waves in the inner
magnetosphere.
Figure 6b shows the spatial distribution of EMIC wave occurrence rate observed by RBSP. We computed
EMIC occurrence rates in each bin as the total EMIC wave observation time divided by the dwell time
of RBSP in that bin, as shown in Figure 6a. We can see that the dayside magnetosphere has significantly

Figure 6. The (a) dwell time and (b) EMIC occurrence rate of all EMIC waves observed by the RBSP from February 2013 to December 2016 while at least one of
the GOES satellites was on the nightside. EMIC = electromagnetic ion cyclotron; RBSP = Radiation Belt Storm Probes.
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Figure 7. The EMIC occurrence rates for (a) C1, (b) C2, (C) C3, and (d) C4. The top, middle, and bottom panels show total, H+ , and He+ band EMIC waves.
EMIC = electromagnetic ion cyclotron.

higher EMIC wave occurrence rate than that in the nightside. Previous satellite observations in the inner
magnetosphere (e.g., Halford et al., 2016; Paulson et al., 2016; Saikin et al., 2015; Usanova et al., 2016; Wang
et al., 2015) have shown that high EMIC wave occurrence rates were concentrated at 13–17 MLT at L ∼ 4–6
with an average peak of ∼5%. Our spatial distribution of EMIC waves is consistent with these previous
studies of EMIC wave occurrence rates in the inner magnetosphere. Even though the RBSP observation can
cover up to L = 7, the dwell time near L = 7 was too low to yield reliable occurrence rates. Thus, we
only used spatial distributions of EMIC waves within L = 2–6.5, in order to avoid unreliable EMIC wave
occurrence rate.
We divided all selected EMIC events into the four categories as defined previously and separated the waves
into H+ and He+ bands according to the observed EMIC wave frequency. Figure 7 presents the spatial distributions of EMIC waves in the two wave bands for C1 (Figure 7a), C2 (Figure 7b), C3 (Figure 7c), and C4
(Figure 7d) using a common color bar ranging from 0 to 2%. The upper, middle, and bottom panels show
the total, H+ , and He+ band EMIC wave occurrence rates for each category, respectively. The format is the
same as the overall occurrence rate shown in Figure 6b.
For C1, the total EMIC wave occurrence (the upper panel in Figure 7a) shows a clear peak occurrence
at 14–17 in MLT and ∼5.5–6.5 in L. A clear dawn-dusk asymmetry of EMIC wave occurrence rate is also
observed, which coincides with previous reported EMIC wave occurrence rates obtained during active geomagnetic conditions (e.g., Saikin et al., 2016; Usanova et al., 2012; Wang et al., 2015). Both H+ and He+ band
waves have similar peak occurrence regions as seen in the bottom two panels of Figure 7a, but He+ band
EMIC waves have much higher occurrence rates than H+ band wave at all MLT and L.
JUN ET AL.
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The majority of EMIC waves in the C2 category are in the H+ band (Figure 7b). H+ band EMIC waves are
observed with a peak occurrence at 12–15 MLT that occurred at L ∼ 4–6, which is consistent with previous
studies (e.g., Anderson et al., 1992; Keika et al., 2013; Min et al., 2012) showing that EMIC waves at higher L
shells tend to have peak occurrences in the afternoon sector in the H+ band. On the other hand, He+ band
EMIC waves show significantly lower wave occurrence rates than those of the H+ band wave.
For C3 category, He+ band EMIC waves are predominantly observed with wide spatial coverage at 3–14 MLT
and at L ∼ 4–6.5, while there are significantly lower H+ band EMIC wave occurrence rates (Figure 7c). The
peak occurrence rate of C3 near the noon sector is consistent with previous studies of EMIC wave occurrence
rates during steady quiet geomagnetic conditions at geosynchronous orbit (e.g., Kim et al., 2016; Park et
al., 2016). The wider L shell coverage of He+ band wave might be related to the influence of the expanding
plasmasphere during quiet geomagnetic conditions (Kwon et al., 2015). Thus, the RBSP can detect more
EMIC waves from lower to higher L shell inside the plasmasphere.
The spatial distributions of EMIC waves in the C4 category (Figure 7d) show similar tendencies as C2. H+
band EMIC waves are dominantly observed at 9–15 MLT at L ∼ 4–6 with a day-night asymmetry of the wave
occurrence. Since He+ band EMIC waves are rarely observed and are scattered at all MLT, we cannot find
any significant peak occurrences of He+ band EMIC waves in this category.
4.3. Energetic H+ Flux Variations With EMIC Wave Activity
In Figure 7, we found the distinct spatial distributions of four categories of EMIC waves, including how the
dominant EMIC wave band depends on the location with respect to the plasmasphere. To determine the
relationship between local energetic ion variations and EMIC wave activity in the inner magnetosphere,
we investigated the variations of H+ flux in the energy range of 0.1–50 keV measured by the HOPE instrument onboard RBSP. For this analysis, we used the dominant wave band for each category (i.e., He+ band
for C1 and C3 and H+ band for C2 and C4 in Figure 7). To avoid the radial H+ flux variations due to the
orbital motion, we only selected the events observed during the satellite outbound pass at L = 4–6.5. We
also neglected the events observed just after the plasmapause crossing due to sudden changing background
plasma compositions. Then, we averaged the H+ flux separated into three energy steps, 0.1–1, 1–10, and
10–50 keV, and computed flux ratios as the average flux profile at the time of maximum EMIC wave power
divided by that 3 min before the EMIC onset.
Figures 8–11 present the histogram of the H+ flux variations with energies of 0.1–50 keV for each category
of dominant band. We use at least 5% increase in H+ flux ratio as a threshold to define whether EMIC waves
are associated with (red bar) or without (blue bar) H+ flux increase for each energy step. Then, we sorted into
four MLT ranges: 21–03 MLT for the midnight sector (Figure 8), 03–09 MLT for the dawn sector (Figure 9),
09–15 MLT for the noon sector (Figure 10), and 15–21 MLT for the dusk sector (Figure 11).
At 21–03 MLT in the midnight sector in Figure 8, more than half of the EMIC wave events for C1 clearly
show a H+ flux increase at 1–50 keV. Although the events of C3 were considered as EMIC waves occurring
without injections, they are predominantly observed with a H+ flux increase at all energy steps. On the other
hand, EMIC waves without H+ flux increase are dominant at all energy steps for C2 and C4, except for C2
at 10–50 keV.
Figure 9 presents the relationship of H+ flux variations with EMIC wave activity at 03–09 MLT in the dawn
sector. Since only few events for C1 and C2 were observed at 03–09 MLT, we cannot find any significant
relationship between H+ flux variation and EMIC wave activity during substorm injections in this region.
During quiet geomagnetic conditions, EMIC waves without H+ flux increase are predominantly observed
at all energy steps for C3 and C4, except for a significant large number of the events for C3 at 10–50 keV.
Figure 10 shows the relationship of H+ flux variations with EMIC wave activity at 09–15 MLT in the noon
sector. We can see a significant difference of the relationship with a H+ flux variation between inside and
outside the plasmasphere. For C1 and C3, EMIC waves are predominantly accompanied by H+ flux increase
at 1–50 keV and at all energy steps, respectively. This H+ flux increase might result from direct energetic
particle injections or from overlapping between cold plasmaspheric ions and hot ring current ions. However, most EMIC waves outside the plasmasphere (C2 and C4) are observed without a H+ flux increase
at all energy steps within their peak wave occurrence region. This contrasting result between inside and
outside the plasmasphere suggests that EMIC waves inside and outside the plasmapause are excited by
different processes.
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Figure 8. The histograms of averaged H+ flux variations at energy steps of (a) 0.1–1, (b) 1–10, and (c) 10–50 keV with
EMIC wave activity for each category at 21–03 MLT in the midnight sector. The red and blue bars indicate flux increase
(W FI) and without flux increase (WO FI), respectively. EMIC = electromagnetic ion cyclotron.

In Figure 11, more than half of the events for C1 exhibit a H+ flux increase with energies of 1–50 keV at
15–21 MLT where peak EMIC wave occurrence is located, suggesting that these waves are caused by westward drifting ions after their injection on the nightside. Some EMIC waves of C3 are accompanied by a
H+ flux increase at 0.1–10 keV in the dusk sector. EMIC waves outside the plasmasphere (C2 and C4) are
predominantly observed without a H+ flux increase at 0.1–10 keV.

5. Discussion
We have preformed a statistical study of EMIC waves inside and outside the plasmasphere associated with
or without nightside injections by using the simultaneous observations from RBSP and GOES satellites from
February 2013 to December 2016. We divided our EMIC events into four categories (C1: EMIC waves inside
the plasmasphere associated with an injection, C2: EMIC waves outside the plasmasphere associated with
an injection, C3: EMIC waves inside the plasmasphere without an injection, and C4: EMIC waves outside
the plasmasphere without an injection), and they showed different statistical characteristics.
We found that EMIC waves for C1 are predominantly observed in the He+ band at 14–18 MLT during disturbed geomagnetic conditions (i.e., the average IMF Bz, Vsw , Psw , Kp, and AE of ∼ − 3 nT, ∼ 430 km/s, ∼3
nPa, and 3.4 and ∼400 nT, respectively). The dawn-dusk asymmetry of EMIC occurrences for C1 coincides
with the favored excitation regions of EMIC waves, in which plasmaspheric plumes and westward drifting hot injected ions are overlapped. We also found that C1 exhibits a H+ flux increase at energies of 1–50
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Figure 9. The histograms of averaged H+ flux variations at energy steps of (a) 0.1–1, (b) 1–10, and (c) 10–50 keV with
EMIC wave activity for each category at 03–09 MLT in the dawn sector. EMIC = electromagnetic ion cyclotron.

keV through all MLT ranges except for 03–09 MLT. In particular, most He+ band EMIC wave events for C1
exhibit a H+ flux increase with energies of 1–50 keV at the peak EMIC wave occurrence in the late-afternoon
sector. This observation fact supports injected ions with energies ≥ 1 keV from the magnetotail being the
free energy source of EMIC instability (Fraser & McPherron, 1982). The dominant He+ band EMIC occurrence in that region could be due to enhanced cold ion populations. Cold ions inside the plasmasphere play
an important role in reducing EMIC instability threshold and shifting the maximum growth rate of EMIC
waves to lower frequencies (Chen et al., 2010). Since most of the events for C1 had short EMIC durations of
less than 15 min, we surmise that these EMIC waves could be generated within localized or unstable source
regions in the late-afternoon to dusk sector.
C3 shows different characteristics on the EMIC wave spatial distributions and energetic H+ flux variations
from those of C1. EMIC waves in C3 are frequently observed with a broad MLT coverage from the morning
to noon sectors in the He+ band. The average geomagnetic parameters are ∼ 1 nT in IMF Bz, ∼380 km/s in
Vsw , ∼ 2nPa in Psw , 1.3 in Kp, and ∼50 nT in AE, indicating extremely quiet geomagnetic conditions. C3 has
a peak occurrence in the dayside magnetosphere and longer EMIC durations than other categories. We also
found many EMIC waves in the C3 category accompanied with a H+ flux increase at energies of 0.1–50 keV
for most MLT regions except for 03–09 MLT region. This energetic H+ flux enhancement without injections
may be related to coexistence ring current ions. Under this condition, the plasmasphere can extend up to
L ∼ 8 (Kwon et al., 2015). From these observations, we suggest that EMIC waves can be generated within a
broad and stable wave source region that consists of expanding plasmaspheric cold ions with coexisting hot
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Figure 10. The histograms of averaged H+ flux variations at energy steps of (a) 0.1–1, (b) 1–10, and (c) 10–50 keV with
EMIC wave activity for each category at 09–15 MLT in the noon sector. EMIC = electromagnetic ion cyclotron.

ions in the ring current region (Kawamura et al., 1981). We cannot exclude the possibility that we detected
EMIC waves propagating obliquely from higher L shells. Identification of the origin of EMIC waves through
the analysis of wave properties during quiet times on the dayside is an attractive future research topic.
We found similar spatial distributions and energetic H+ flux variations for C2 and C4. Both show a day-night
asymmetry of EMIC wave occurrence rates, with high occurrence rates on the dayside. We also found that
most of EMIC wave events in the C2 and C4 categories are predominantly not accompanied by a H+ flux
increase at all energy steps through all MLT regions, though the EMIC waves in the C2 category are associated with injections at geosynchronous orbit. The dominant H+ band EMIC waves for C2 and C4 are
explained by the absence of plasmaspheric cold ions outside the plasmasphere. EMIC durations for both
categories are shorter than those of C1 and C3 (see Figure 5), indicating that the wave sources outside the
plasmasphere are not persistent and are localized.
The average geomagnetic parameters are ∼ − 2 nT in IMF Bz, ∼450 km/s in Vsw , ∼3.5 nPa in Psw , 3.5 in
Kp, and ∼350 nT in AE for C2. For C4 the average values of geomagnetic parameters are ∼1.5 nT in IMF
Bz, ∼450 km/s in Vsw , ∼2 nPa in Psw , 1.7 in Kp, and ∼80 nT in AE. These geomagnetic parameters outside
the plasmasphere (C2 and C4) represent slightly more disturbed conditions than those inside the plasmasphere (C1 and C3). From the superposed epoch analysis of solar wind pressure, we found that Psw increases
approximately 0.4 nPa during 30-min time interval from the EMIC wave onset. Based on these observations,
we suggest that EMIC waves outside the plasmasphere are generated by different processes (i.e., magnetospheric compressions on the dayside of the magnetosphere; Park et al., 2016; Usanova et al., 2008). Enhanced
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Figure 11. The histograms of averaged H+ flux variations at energy steps of (a) 0.1–1, (b) 1–10, and (c) 10–50 keV with
EMIC wave activity for each category at 15–21 MLT in the dusk sector. EMIC = electromagnetic ion cyclotron.

magnetospheric compression causes an increase in temperature anisotropy of the preexist ring current ions
through betatron acceleration, regardless of the energetic particle input (Anderson & Hamilton, 1993). Since
it is not possible to identify the arrival timing and location of solar wind compression front on the dayside
using only the OMNI data set, conjugate ground-space EMIC wave observations on the dayside should be a
future research topic in order to understand the influence solar wind pressure variations on generation of
EMIC waves.

6. Summary
In this study, we investigated the spatial distributions of EMIC waves and the corresponding energetic ion
variations inside and outside the plasmasphere associated with or without nightside particle injections. We
have identified EMIC wave events observed by the RBSP satellites and energetic plasma injections from
the magnetotail by the GOES satellites from February 2013 to December 2016, a period of 47 months. We
observed a total of 608 hr of EMIC waves during this period and divided them into four categories by considering the existence of the particle injections with the EMIC activity and satellite location relative to the
plasmapause. The results are summarized as follows:
1. EMIC waves with (without) injections outside (inside) the plasmapause have shorter (longer) time
durations.
2. Inside the plasmasphere, EMIC waves associated with injections show a concentrated peak occurrence at
14–17 MLT at L ∼5.5–6.5 in the He+ band. EMIC waves without injections are predominantly observed
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with a wide spatial coverage at 3–14 MLT and at L ∼4–6.5 in the He+ band. On the other hand, EMIC
occurrence outside the plasmasphere shows a distinct day-night asymmetry with a peak occurrence at
12–15 MLT at L ∼4–6 in the H+ band, regardless of particle injections.
3. He+ band EMIC waves inside the plasmasphere associated with injections are related to H+ flux increase
at 1–50 keV at all MLT regions. More than half of the He+ band EMIC wave events inside the plasmasphere
without injections are associated with H+ increase at 0.1–50 keV at most MLT regions except for 03–09
MLT. Most H+ band EMIC wave events outside the plasmasphere are predominantly observed without a
H+ flux increase at all MLT regions and at 0.1–10 keV.
From these results, we suggest that injected hot ions from the magnetotail during disturbed geomagnetic
conditions provide the free energy source for the generation of EMIC waves in the late-afternoon sector with
localized wave sources. During quiet geomagnetic intervals, He+ band EMIC waves can be excited at stable
wave source regions, which are the overlap regions between coexisting hot ring current ions and expanding
plasmaspheric cold ions in the dayside magnetosphere. Outside the plasmasphere, the major driver of H+
band EMIC waves on the dayside magnetosphere would differ from those inside the plasmasphere. The magnetospheric compressions by solar wind dynamic pressure variations can be a possible free energy source for
the generation of H+ band EMIC waves outside the plasmasphere, regardless of hot plasma input in the ring
current regions. For future work, it will be desirable to investigate the wave properties of EMIC waves under
the different geomagnetic environments to examine the possible EMIC wave generation and propagation
mechanisms.
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