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Abstract The temporal and spatial evolution of electromagnetic ion cyclotron (EMIC) waves during
the magnetic storm of 21–29 June 2015 was investigated using high-resolution magnetic field observations
from Swarm constellation in the ionosphere and Van Allen Probes in the magnetosphere. Magnetospheric
EMIC waves had a maximum occurrence frequency in the afternoon sector and shifted equatorward during
the expansion phase and poleward during the recovery phase. However, ionospheric waves in subauroral
regions occurred more frequently in the nighttime than during the day and exhibited less obvious
latitudinal movements. During the main phase, dayside EMIC waves occurred in both the ionosphere
and magnetosphere in response to the dramatic increase in the solar wind dynamic pressure. Waves were
absent in the magnetosphere and ionosphere around the minimum SYM-H. During the early recovery
phase, He+ band EMIC waves were observed in the ionosphere and magnetosphere. During the late
recovery phase, H+ band EMIC waves emerged in response to enhanced earthward convection during
substorms in the premidnight sector. The occurrence of EMIC waves in the noon sector was affected by
the intensity of substorm activity. Both ionospheric wave frequency and power were higher in the summer
hemisphere than in the winter hemisphere. Waves were confined to an MLT interval of less than 5 hr with a
duration of less than 186 min from coordinated observations. The results could provide additional insights
into the spatial characteristics and propagation features of EMIC waves during storm periods.

1. Introduction
It is important to understand the spatial and temporal variations of electromagnetic ion cyclotron (EMIC)
waves, as they play an important role in controlling particle dynamics in the magnetosphere. They can
induce transverse energization of ions and cause their subsequent outflow (e.g., Bortnik et al., 2010),
precipitate ions in the ring current via resonant pitch angle scattering (e.g., Jordanova et al., 2001), and
cause precipitation of ultrarelativistic electrons from the radiation belt into the atmosphere via reso-
nant wave-particle interactions (e.g., Thorne & Kennel, 1971). EMIC waves are generated by energetic
(10–100 keV) and anisotropic (perpendicular temperature > parallel temperature) ions that overlap with
cold dense plasma populations. The energetic populations provide the free energy necessary to facilitate the
EMIC wave instability (Cornwall, 1965; Rauch & Roux, 1982), while the cold dense plasma serves to increase
the convective growth rates (Horne & Thorne, 1993; Rauch & Roux, 1982; Young et al., 1981).

EMIC waves are typically observed within the range of 0.1 to 5 Hz (Rauch & Roux, 1982). The cold plasma
population also dictates at which frequencies EMIC wave activity can be excited and observed. Varying the
concentration and composition of the cold plasma (between hydrogen [H+], helium [He+], and oxygen [O+])
determines in which frequency band EMIC wave excitation can occur (Kozyra et al., 1984; Saikin et al.,
2018). The H+ band lies below the gyrofrequency of H+ and above the gyrofrequency of He+. The He+ band
lies between the gyrofrequency of He+ and O+. The O+ band lies below the gyrofrequency of O+. EMIC
waves can propagate along the magnetic field lines, and ionospheric Pc1/2 pulsations are commonly related
to EMIC waves generated in the magnetosphere.

Over the years, numerous statistical studies on the distribution and occurrence rates of EMIC waves in the
magnetosphere have been performed, using data from the following satellites: Active Magnetospheric Par-
ticle Tracer Explorer/Charge Composition Explorer (Anderson et al., 1992; Keika et al., 2013), Akebono
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(e.g., Kasahara et al., 1992), Time History of Events and Macroscale Interactions during Substorms (e.g.,
Min et al., 2012; Usanova et al., 2012), Cluster (Allen et al., 2015, 2016), Geostationary Operational Envi-
ronmental Satellite (e.g., K.-H. Kim et al., 2016; Park et al., 2016), Combined Release and Radiation Effects
Satellite (CRRES; e.g., Halford et al., 2010; Min et al., 2012; Meredith et al., 2014), Dynamic Explorer 1
(Erlandson & Ukhorskiy, 2001), Van Allen Probes (VAPs; Saikin et al., 2015; D. Wang et al., 2015; Yu et al.,
2015), and Magenetospheric Multiscale mission (X. Y. Wang et al., 2017). Ionospheric EMIC waves have
been statistically studied using data from the Magnetic Field Satellite, Freja, Dynamic Explorer 2, Challeng-
ing Minisatellite Payload, and Swarm satellites (e.g., Erlandson & Anderson, 1996; Iyemori & Hayashi, 1989;
H. Kim et al., 2018; Mursula et al., 1994; Park et al., 2013). These studies found that the source regions of
EMIC waves varied over a wide range of magnetic local times (MLTs) from 03:00 to 20:00 MLT and over the
L shells from 2 to 13 RE, which correspond to the range of invariant latitudes (ILat) from 45◦ (midlatitudes)
to 74◦ (auroral zone). Waves in the three frequency bands (H+, He+, and O+) were found to exhibit peaks
at different MLTs and in different L shells (latitudes). Differences in the statistical results might be due to
different spatial swaths covered by the various satellite missions.

It remains controversial whether EMIC waves occur more frequently during the main phase or the recovery
phase of geomagnetic storms. During the main phase, the injection of high-energy ions from the plasma
sheet increases, which can provide more free energy for the generation of EMIC waves (Fraser & Nguyen,
2001). By using data from both the Freja satellite and Finnish ground-based magnetometers during 2–8
April 1993, Bräysy et al. (1998) found O+ band EMIC waves during a limited period of about 7 hr in the late
main phase. Blum et al. (2009) found a higher occurrence of enhanced EMIC waves in the main phase of a
storm with or without net losses of relativistic electrons by using observations from the Los Alamos National
Laboratory Magnetospheric plasma Analyzer. By using observations from the CRRES mission (L < 6.3RE),
Halford et al. (2010) found that the majority of storm time EMIC waves occurred during the main phase,
whereas a minority occurred during the recovery phase. The mean location of occurrence from the CRRES
mission was L = 6RE and MLT = 15:00, which suggested that EMIC waves were generated when the ring
current and plasmasphere or plasma plume particles overlapped.

During the recovery phase, there may be more regions of overlap between the ring current and the plasmas-
phere, which is favorable for the generation of EMIC waves (Fraser & Nguyen, 2001). Engebretson, Lessard,
et al. (2008) found that EMIC waves were absent during the main phase and early recovery phase of storms
during two storms in 2005 by using ground-based observations. This result was supported by Engebretson,
Posch, et al. (2008) by the inclusion of observations from Space Technology 5 satellites. Using observations
from geosynchronous satellites, Fraser et al. (2010) found that 29% of wave events occurred during the main
phase in comparison with 71% during the recovery phase. By using VAP data (L < 5.8RE), Saikin et al.
(2016) examined the correlation between the occurrence of EMIC waves and geomagnetic conditions, as
well as the dynamic pressure of the solar wind. They found that waves were observed more often during the
recovery phase than during the main phase, which was consistent with findings by D. Wang et al. (2016).
Halford et al. (2016) considered how the occurrence of waves varied with the phase of the storms and found
that EMIC waves occurring during the recovery phase have plasma and wave characteristics that were more
similar to those found during quiet conditions than to those observed during the main phase. Using 3 years
of Swarm A observations in the ionosphere, H. Kim et al. (2018) found that EMIC waves exhibited some
correlation with geomagnetic activity, with a tendency to occur during the late recovery phase of the storms
at low Earth orbit. However, their work did not mention differences by hemisphere/local time or the three
wave bands, which are the objectives in the present study. Ground-based studies have found that EMIC
waves were observed more frequently on multiple days after the disturbance storm time index of an isolated
storm reached a minimum (e.g., Bortnik et al., 2008).

Previous works have investigated the different features of three wave bands in the high- and low-L shell
regions of the magnetosphere separately but not in the ionosphere (Keika et al., 2013; Min et al., 2012;
Meredith et al., 2014; Saikin et al., 2015; Yu et al., 2015). By using nearly 4.5 years of magnetic field data
from Active Magnetospheric Particle Tracer Explorer/Charge Composition Explorer satellites during storm
periods, Keika et al. (2013) found that the region of peak occurrence of H+ and He+ EMIC waves was in
the outer magnetosphere at approximately L > 7RE. H+ band waves peaked in the daytime sector, which
was attributed to the compression of the magnetosphere, whereas He+ band waves mostly occurred in the
afternoon sector, which was correlated with the injection of hot ions from the plasma sheet. From Time
History of Events and Macroscale Interactions during Substorms observations, Min et al. (2012) reported
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the occurrence of dawn-centered H+ band waves in the higher L shells, but there was a decrease in the
occurrence of H+ band waves around 09:00–11:00 MLT from 6.5 to 14 RE. By using CRRES observations,
Meredith et al. (2014) reported that the regions of peak occurrence of H+ and He+ band waves were in the
afternoon sector in the inner magnetosphere (L < 7RE). This was in agreement with findings by Saikin
et al. (2015) based on VAPs observations. Most O+ band wave events occurred inside the plasmapause and
around 06:00–13:00 MLT (Saikin et al., 2015; Yu et al., 2015). In low-L shell regions (L = 1.5RE) Kasahara
et al. (1992) found that the region of peak occurrence of H+ and He+ band EMIC waves was in the evening
sector (16:00–20:00 MLT). By using a ray tracing technique, they showed that H+ band waves were more
easily generated in lower L shell region than He+ band waves.

The propagation features of EMIC waves have been studied using ground-based and satellite observa-
tions and theoretical analysis (e.g., Engebretson, Lessard, et al., 2008; Engebretson, Posch, et al., 2008;
Engebretson et al., 2015; Johnson & Cheng, 1999; H. Kim et al., 2011; K.-H. Kim et al., 2016; Lund & LaBelle,
1997; Morley et al., 2009; Perraut et al., 1984; Rauch & Roux, 1982). Coordinated observations of both the
magnetosphere and the ionosphere are few in the literature. Because the ionosphere is a region of incidence
of EMIC waves, a combined study of both the ionosphere and the magnetosphere could help to better under-
stand the spatial propagation feature of EMIC waves. Perraut et al. (1984) reported significant correlations
between waves in the magnetosphere and on the ground (about 50% of events reached the ground), which
suggested that waves propagated from the magnetosphere to the ground. During the main phase of storms,
wave events were absent both on the ground (Engebretson, Lessard, et al., 2008) and in the magnetosphere
(Engebretson, Posch, et al., 2008). Engebretson et al. (2015) showed that EMIC waves were observed across
a broad range of local times and L shells in both VAP and ground observations, and these were associated
with strong magnetospheric compression. Using a ray tracing technique, Rauch and Roux (1982) found
that a left-handed polarized EMIC wave would be reflected at the location of Buchsbaum resonance (or fre-
quency of bi-ion). On the basis of a full-wave analysis, Johnson and Cheng (1999) showed that strong mode
coupling could occur near the locations of the He+/O+ resonance, which would allow equatorial EMIC
waves to change their polarization and propagate to the ground. Using a 2D full-wave code, E.-H. Kim and
Johnson (2016) confirmed that polarization reversals occurred at the crossover frequency, and a wave with
right-handed polarization could thus propagate to the inner magnetosphere.

The Swarm constellations provide us with an opportunity to study the properties of ionospheric EMIC waves
during storm main and recovery phases. The Swarm satellites cover a wide range of L shells (latitudes) at
a roughly constant MLT and traverse the wave region rather quickly (i.e., they have a short orbital period).
This makes it possible to examine the latitudinal structure of a wave within a confined MLT sector and
enables almost simultaneous resolution of hemispheric differences using a single spacecraft. The Multisatel-
lite Swarm configurations can provide additional insights into the spatial characteristics of EMIC waves. The
Swarm A and Swarm C satellites and the Swarm B satellite are separated by a MLT interval of about 2 hr,
which allows us to simultaneously compare storm time variations in EMIC waves in different local time
sectors. As far as we know, such a comprehensive analysis of the properties of the storm time ionospheric
EMIC waves in both hemispheres and at different local times has not been performed. Simultaneous obser-
vations of EMIC waves in both the magnetosphere and ionosphere by the VAPs and the Swarm constellation
are also presented, and these are quite scarce in the literature. The present work could provide additional
insights into the spatial characteristics and propagation features of EMIC waves during storm periods.

This paper is organized as follows. The satellite missions and data processing methods are described in
section 2. Section 3 presents the results of our study of EMIC waves during geomagnetic storms. Section 4
comprises a discussion of our main results, and section 5 presents our final conclusions.

2. Data and Methods
2.1. Swarm Mission
The European Space Agency's Swarm satellites were launched into near-polar orbits with an inclination
of 87.5◦ at an altitude of about 500 km and an orbital period of about 93 min. They reached their final
constellation on 15 April 2014. Swarm A and Swarm C orbit side by side with a longitudinal separation of 1.4◦

at an altitude of 460 km. Swarm B orbits at about 520 km with a higher inclination. In this study we utilized
high-resolution vector magnetic field data sampled at 50 Hz with an accuracy of 0.01 nT from all three
satellites. During the magnetic storm of 21–29 June 2015, Swarm A and Swarm C were mainly located in the
prenoon and premidnight sectors (around 10:30 and 22:30 MLT), whereas Swarm B was in the afternoon
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Figure 1. Trajectories of Swarms A, B, and C and ionospheric footprints of VAPs A and B during the storm periods in the invariant latitude versus magnetic
local time coordinates. The regions where EMIC waves can be detected are colored in red, green, blue, magenta, and cyan for Swarms A, B, and C and VAPs A
and B, respectively. The concentric circles represent 30◦, 50◦, and 70◦ ILAT, from outer to inner. Swarms A and C are in the prenoon and premidnight sectors at
460-km altitude, and Swarm B is in the afternoon and postmidnight sectors at a 520-km altitude. VAPs A and B orbit at higher latitudes in the afternoon and
midnight sectors and at lower latitudes in the morning and prenoon sectors, where EMIC waves are rarely detected. VAP = Van Allen Probe;
EMIC = electromagnetic ion cyclotron; ILat = invariant latitudes; MLT = magnetic local time; NH = Northern Hemisphere; SH = Southern Hemisphere.

and postmidnight sectors (13:00 and 01:00 MLT). The orbit segments of Swarm A, Swarm B, and Swarm C
during storm periods in both the Northern Hemisphere (top row) and the Southern Hemisphere (middle
row) are shown in Figure 1 in the ILat versus MLT coordinate system. The regions where EMIC waves were
possibly detected are colored in red, green, and blue for Swarm A, Swarm B, and Swarm C, respectively (The
same color scheme is used in the following). In the following description, where not specifically defined, the
term latitude refers to ILat. The orbit of Swarm C is similar to Swarm A. The hemispheric differences in local
time coverage between the orbits can be attributed to the difference in the offset between the geographic
and geomagnetic poles in the two hemispheres.

To determine the background magnetic field, the 50-Hz magnetic field data were filtered using a
Savitzky-Golay smoothing filter with a moving window of 30 × 50 data points and a second-order poly-
nomial, a method also used by H. Kim et al. (2018). The background magnetic field was subtracted from
the original 50-Hz data to determine the fluctuating field. The fluctuating field was then expressed in the
field-aligned coordinate system, in which the z⃗ axis is parallel to the background magnetic field lines, 𝑦 is
defined as z⃗× r⃗, where r⃗ is the radial vector from the Earth's center to the satellite location, and x⃗ corresponds
to 𝑦 × z⃗. The fluctuating field data were processed via the fast Fourier transform technique, and the power,

WANG ET AL. 296



Journal of Geophysical Research: Space Physics 10.1029/2018JA026299

Figure 2. Stacked plot of Swarm A VFM (Vector Field Magnetometer) data from 16:35 to 17:05 UT on 25 June 2015.
(top) The high-pass magnetic field component in the mean-field-aligned coordinates. The z⃗ is along the background
magnetic field; 𝑦 is defined as z⃗ × r⃗, where r⃗ is the radial vector from the Earth's center to the satellite location; and x⃗
corresponds to 𝑦 × z⃗. The background magnetic field has been subtracted (see text for details). Swarm A is descending
from the northern auroral region to the southern auroral region. (bottom) The vertical axis shows frequency from 3.5 to
5 Hz. Wave power is color coded; see color bar on the right, which is in units of square nanoteslas per hertz. Two
examples of Pc1 wave events can be detected in northern and southern midlatitudes. The maximum power densities
can be found at 16:41 and 17:01 UT, respectively. MLT = magnetic local time; ILat = invariant latitudes.

normal angle, and ellipticity of waves were calculated using a method similar to that described by Allen et al.
(2015). Plots of Swarm data were generated for each descending and ascending orbit, and EMIC wave events
were identified visually. We chose the lower and upper frequency, limits of 0.1 and 25 Hz, respectively; the
gyrofrequency of O+ in the magnetosphere is far higher than 0.1 Hz, and the gyrofrequency of H+ is lower
than 25 Hz under the investigation conditions.

An example wave spectrogram is shown in Figure 2. The top panel shows the temporal variations of the
fluctuating magnetic field in the field-aligned coordinate system as observed by Swarm A from 16:37 to
17:03 universal time (UT) on 25 June 2015. The satellite was in a descending orbit traversing from north to
south. It was in the premidnight sector at approximately 22:00 MLT. The bottom panel of Figure 2 shows
the wave power spectral density as a function of frequency and UT. The MLT and ILat values are shown
together with the UT. The detection of wave events at auroral latitudes is impossible owing to the stronger
signal associated with the auroral field-aligned currents (data not shown). EMIC wave events were detected
in the premidnight sector in both subauroral regions, with a greater frequency in the Northern Hemisphere
than the Southern Hemisphere. These EMIC waves occurred during the storm recovery phase. In a similar
way, EMIC waves were identified in both subauroral regions (from 30◦ to 60◦ and from −30◦ to −60◦ ILat)
separately by Swarms A (19 events in the Northern Hemisphere and 17 events in the Southern Hemisphere),
Swarm B (13 events in the Northern Hemisphere and 12 events in the Southern Hemisphere), and Swarm C
(19 events in the Northern Hemisphere and 17 events in the Southern Hemisphere). The waves in equatorial
regions were related to plasma bubbles (Lühr, Park, et al., 2014; Lühr, Xiong, et al., 2014) and hence were
not studied in the present work. For each event, the UT, ILat, MLT, and ellipticity values for the maximum
power density of the EMIC waves were recorded. We then did an analysis of these features of the waves.

2.2. VAP Mission
The twin VAPs (formerly referred to as the Radiation Belt Storm Probes) were launched by NASA in late
August 2012 to investigate radiation belt dynamics. The apogee and perigee of their orbits is nearly 5.8 RE
and 1.1 RE, respectively. Both probes have an orbital period of 9 hr and follow a low-inclination (10◦) highly
elliptical orbit. The perigee-apogee line precesses in local time at a rate of 210◦ per year. In this study, we
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Figure 3. One example of EMIC wave events observed by Van Allen Probe
A at 15:50–16:40 UT on 24 June 2015. From top to bottom are wave power
density, normal angle, and ellipticity, respectively. The dashed black lines
plot the local gyrofrequency of H+, He+, and O+ ions. The maximum
power density can be found at 16:11 and 16:10 UT for the high and low
band, respectively. EMIC = electromagnetic ion cyclotron; ILat = invariant
latitudes; MLT = magnetic local time.

utilized magnetometer data from the Electric and Magnetic Field Instru-
ment Suite and Integrated Science on board VAPs A and B (Kletzing et al.,
2013). During the storm of 21–29 June 2015, the apogees of the VAPs were
in the dusk sector, and the perigees were in the dawn sector. Figure 1
(bottom row) shows the ionospheric footprints of VAP A and VAP B. The
regions where it is possible to detect EMIC waves are shown in magenta
and cyan for VAP A and VAP B, respectively. The locations of the VAPs
were magnetically mapped to the ionospheric altitude by tracing field
lines in the Tsyganenko 1996 model (Tsyganenko, 1995; 1996).

We utilized a 10-s mean magnetic field as the background field, from
which the magnetic field data were converted into field-aligned coordi-
nates. The fast Fourier transform technique was performed on 4,096 data
points with an input step length of 512 points. Wave power was calcu-
lated utilizing the method described by Allen et al. (2015). Daily plots of
Electric and Magnetic Field Instrument Suite and Integrated Science data
were generated, and EMIC wave events were identified visually. A total of
19 and 14 EMIC wave events were selected for VAP A and VAP B, respec-
tively. For each wave event, the UT, ILat, MLT, and ellipticity values for
the peak power density of the EMIC waves were documented. Each wave
event needed to be observed for at least 1 min UT to avoid being classified
as background noise. Events were also cataloged by wave band.

Figure 3 shows an example of an EMIC wave event detected by VAP A
from 15:50 to 16:40 UT on 24 June 2015, during the recovery phase of the
storm. Two EMIC waves (one H+ band and one He+ band) were observed
during this period, split by the He+ gyrofrequency. The lower band was
centered around 16:10 UT, and the higher band was centered around
16:11 UT. The frequency at peak power of the lower band was 1.58 Hz,

and that of the higher band was 3.03 Hz. The wave data at peak power for both bands are listed in Table 1.
These two events were also observed by Swarm A and Swarm C at an altitude of 460 km at nearly the same
UT and MLT. This will be addressed in more detail in section 4.3.

3. Observations
3.1. Solar Wind and Geomagnetic Conditions
This study used the OMNI data set with a resolution of 5 min. The data were time shifted to the bow shock.
Figure 4 shows the y and z components of the interplanetary magnetic field (IMF By and IMF Bz), the
dynamic pressure of the solar wind (Pdyn), the magnetic indices AE (auroral electrojet) and SYM-H, and
the merging electric field (Em; Newell et al., 2007) during the geomagnetic storm from 21 to 29 June 2015.
The storm began on 21 June after IMF Bz turned southward with a large number of oscillations (−30 to
30 nT). These fluctuations in IMF Bz coincide with a spike in Pdyn (47.2 nPa) observed at 19:45 UT on 22 June.

Table 1
Two-Band EMIC Waves Observed Coordinately by Swarm A in the F Region and by VAP A in the Magnetosphere, on 24 June 2015

UT MLT ILat Frequency Maximum power Normal angle L
Satellite Date (HH) (HH) (deg) (Hz) (log (nT2∕Hz)) (deg) Ellipticity (RE)
Swarm A 20150624 15:41 22:04 48.58 3.33 −3.47 0.67 −0.09 2.29
Swarm A 20150624 15:41 22:05 46.70 1.75 −2.64 0.58 −0.18 2.13
Swarm A 20150624 16:03 22:08 −48.13 2.59 −3.29 34.91 0.06 2.30
Swarm A 20150624 16:02 22:11 −43.51 1.44 −4.45 31.26 −0.03 1.93
VAP A 20150624 16:11 21:23 58.94 3.03 −2.72 22.35 0.03 3.76
VAP A 20150624 16:10 21:23 58.94 1.58 −0.03 4.22 −0.58 3.76

Note. The wave informations for the maximum power density of each wave event is shown. Dates are formatted as YY/MM/DD. EMIC = electromagnetic ion
cyclotron; VAP = Van Allen Probe; UT = universal time; MLT = magnetic local time; ILat = invariant latitudes.
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Figure 4. Temporal variations of the 5-min averaged solar wind and
interplanetary magnetic field (IMF) data from 21–29 June 2015. The data
have been time shifted to the bow shock. (left column, from top to bottom)
IMF By, IMF Bz, and solar wind dynamic pressure (Pdyn). (right column,
from top to bottom) magnetic indices, AE and SYM-H, as well as the
merging electric field, Em = V4∕3(B2

𝑦 + B2
z )

1∕3 sin (𝜃∕2)8∕3, where V is solar
wind velocity, By and Bz are IMF components, 𝜃 is the clock angle,
𝜃 = arctan(B𝑦∕Bz) (Newell et al., 2007). We commonly divided the value by
3,000 in order to obtain it in millivolts per meter.

SYM-H is also observed to possess positive values during this period,
indicating magnetospheric compression. Minimum SYM-H occurred at
approximately 04:25 UT on 23 June with a value of −207 nT. Here we
defined the main phase as the period from the event onset to the SYM-H
minimum (start time to 04:25 UT), and the recovery phase follows the
point of minimum SYM-H to the end of 29 June. The AE index showed
that a series of substorms occurred during the storm period. The substorm
at 09:30 UT on 24 June (peak AE index of 965 nT) was weaker than that at
07:40 UT on 25 June (peak AE index of 1,428 nT). Both these substorms
occurred during the recovery phase. The merging electric field also exhib-
ited several major peaks, which were almost synchronous with those of
the AE index.
3.2. MLT and ILat Distributions of EMIC Waves
EMIC waves were observed on both the dayside and nightside, in subau-
roral regions by the Swarm satellites and in auroral regions by VAPs. The
event numbers are listed in Table 2. For each Swarm and VAP satellite,
EMIC wave occurrence rates were determined in an ILat vs. MLT format
with each bin representing 2◦ ILat and 2-hr MLT. The occurrence rate was
determined by taking the ratio of the total amount of EMIC wave observa-
tion time to the total dwell time in that respective bin. The local time and
ILat distributions of the occurrence frequency of EMIC waves observed
by the Swarm satellites and VAPs are shown in Figure 5. Regions in which
the Swarm satellites (VAPs) had a dwell time of less than 30 min (1 hr)
are not shown. Swarm events are shown separately for the Northern and
Southern Hemispheres. The occurrence frequency of EMIC waves was

highest in the 22:00–24:00 MLT sector (on the nightside), and the northern (summer) occurrence was higher
than the southern (winter) occurrence. The occurrence rate was higher in the 00:00–02:00 MLT sector (on
the nightside) than in the 12:00–14:00 MLT sectors (on the dayside) in the Northern Hemisphere but not in
the Southern Hemisphere. The prenoon sector (10:00–12:00 MLT) shows higher occurrence rate than the
afternoon sector (12:00–14:00 MLT). The local time distribution of the occurrence rate of storm time EMIC
waves are different from those of statistical results by H. Kim et al. (2018) based on Swarm wave events from
December 2013 to June 2017. In their work quite comparable occurrence distribution was found around
the noon and midnight, while in the present work, we found maximum occurrence in the premidnight sec-
tor when compared to the prenoon, postnoon, and postmidnight sectors. The local time difference in the
occurrence rates will be discussed in more detail in section 4.2.

For the VAP A events, in the dusk sector, the peak occurrence was observed in the 14:00–16:00 MLT sector
around 60◦ ILat (4 RE). The peak occurrence of VAP B events was observed in the 14:00–18:00 MLT sec-
tor around 60◦–65◦ ILat (4–5.5 RE). The occurrence probability was higher in the afternoon sector than in
the premidnight sector. There was an overlap between the orbits of the Swarm satellites and VAPs in the

Table 2
The Event Numbers of EMIC Waves as Observed by Swarms and VAPs in
the Daytime and Nighttime

Satellite Day, NH Night, NH Day, SH Night, SH
Swarm A 7 12 8 9
Swarm B 5 8 8 4
Swarm C 7 12 8 9

VAP A 10 9 — —
VAP B 11 3 — —

Note. VAPs events were detected near the magnetic equatorial regions,
and the Northern and Southern Hemispheres were not differenti-
ated. EMIC = electromagnetic ion cyclotron; VAP = Van Allen Probe;
NH = Northern Hemisphere; SH = Southern Hemisphere.
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Figure 5. A plot of the occurrence frequency of EMIC waves as detected by Swarm and Van Allen Probes during the storm period in the same format as
Figure 1. Over-plotted circles represent 30◦, 50◦, and 70◦ ILat, respectively. EMIC = electromagnetic ion cyclotron.

premidnight sector at almost the same time, which made coordinated observations of EMIC waves possible
and these will be shown in section 4.3.
3.3. Temporal and Latitudinal Variations in EMIC Waves
The temporal and latitudinal variations in EMIC waves on both the dayside and the nightside in both hemi-
spheres are shown in Figure 6. Also plotted are the values of the SYM-H index, which represent the storm
phases during EMIC wave events. Superimposed onto Figure 6 is a simulated plasmapause location based
on Moldwin et al. (2002), which estimates the location from measurements of Kp. It contained the standard
deviations of the measured locations of the plasmapause in comparison with the locations determined by a
linear best fit. The average positions of the plasmapause are indicated, with error bars, by a yellow line in
the 12:00–18:00 (Figures 6a and 6c) and 18:00–24:00 MLT (Figures 6b and 6d) sectors. The variability in the
location of the plasmapause for a given Kp value was attributed to the imperfect characterization of convec-
tion history achieved using a single Kp value (Moldwin et al., 2002). Part of the variability in the dusk sector
was due to the small-scale surface features in the form of bulges and drainage features (Moldwin et al., 2002).
The trajectories of the VAPs during which EMIC wave could be detected are marked by gray lines.

VAP events are represented by asterisks and Swarm events by dots. Here the storm time and ILat correspond
to the location of the peak power density. On the dayside (14:00–18:00 MLT, Figures 6a and 6c), VAP events
were observed during the main and recovery phases, with more events during the recovery phase. On the
nightside (20:00–01:00 MLT, Figures 6b and 6d), VAP events occurred during the main phase and early
recovery phase before 25 June. VAP events were absent within a period of ±1 hr when the SYM-H index
was at a minimum around 04:23 UT on 23 June, although the VAPs were in regions where waves could be
detected (VAP A flew from about 70◦ to 33◦ ILat and from around 20:00 to 03:00 MLT, and VAP B flew from
about 70◦ to 62.8◦ ILat and from around 19:00 to 21:00 MLT within 03:25–05:25 UT on 23 June).
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Figure 6. The variation of EMIC waves detected by VAPs A and B and by Swarms A, B, and C as a function of invariant
latitude and storm time (days of June). SYM-H evolution is superimposed. An average plasmapause location as
described by Moldwin et al. (2002) in the 12:00–18:00 and 18:00–24:00 MLT sector is over-plotted with error bars. The
VAP A and B orbits when they are able to detect EMIC waves are shown in light and dark gray lines, respectively.
The top panels (a, b) are in the NH; bottom (c, d) are in the SH. Left panels (a, c) are on the dayside; right (b, d) are on
the nightside. VAP A events are marked in magenta, VAP B in light blue, Swarm A in red, Swarm B in green, and
Swarm C in blue. EMIC = electromagnetic ion cyclotron; VAP = Van Allen Probe; MLT = magnetic local time;
NH = Northern Hemisphere; SH = Southern Hemisphere.

The ILats of VAP events tend to shift equatorward as SYM-H decreases and poleward as SYM-H increases,
which is consistent with the erosion of the plasmasphere during the main phase of storms and its expansion
during the recovery phase, as indicated by the modeled plasmapause (Moldwin et al., 2002). With an increase
in geomagnetic activity, both the location of the maximum energy density of the ring current and plasma-
pause tend to move to lower L shells. Thus, waves tend to occur at lower latitudes. This indicates that the
cold and dense plasma in the plasmasphere or plume is important for the generation of EMIC waves, which
is consistent with the result of Lee et al. (2008). Lee et al. (2008) solved the coupled plasma wave equation
by adopting the invariant imbedding method. They showed that Pc1–2 waves were strongly associated with
the presence of various ions in the magnetosphere. They suggested that the composition of heavy ions could
be monitored by checking the peak frequencies of waves. Furthermore, Magnetospheric compressions can
impact the locations of EMIC wave source regions. Here such compression was observed around 19:45 UT
on 22 June.

During the expansion phase on 22 June, Swarms observed EMIC waves in the prenoon and postnoon sectors
around 20:00–21:00 UT (Figures 6a and 6c). VAP A detected EMIC waves around 21:00 UT at higher ILats
(55.6◦ ILat) in the late-afternoon sector (Figures 6a and 6c). These EMIC waves might be related to the
sudden increase in the dynamic pressure that began at 19:45 UT on 22 June 2015 (see Figure 4).

More Swarm events occurred during the recovery phase as compared to those during the main phase. Dur-
ing the recovery phase, the nighttime wave events (Figures 6b and 6d) detected by Swarm A and Swarm C
occurred about 2 days earlier than on the dayside (Figures 6a and 6c). The daytime events were detected on
26 June, whereas the nighttime events occurred on 24–25 June and around 26 June. This daytime-nighttime
asymmetry existed in both hemispheres. In addition, the postnoon events (Swarm B) tended to occur ear-
lier than the prenoon events (Swarms A and Swarm C, Figures 6a and 6c). In both hemispheres, Swarm
B observed EMIC waves on 24 June, whereas Swarms A and Swarm C detected the events on 25 June. On
the nightside (Figures 6b and 6d), the premidnight events (Swarms A and Swarm C) occurred earlier than
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Figure 7. Scatterplot of normalized frequencies of EMIC waves versus storm time. SYM-H evolution is superimposed.
The top panels (a, b) are in the NH; bottom (c, d) are in the SH. Left panels (a, c) are on the dayside; right (b, d) are on
the nightside. VAP A events are marked in magenta, VAP B in light blue, Swarm A in red, Swarm B in green, and
Swarm C in blue. The equatorial He+ (normalized frequency = 1), and the O+ gyrofrequencies (normalized frequency
< 1/4) are indicated by dashed lines. Different band ranges are indicated in the left upper figure panel.
EMIC = electromagnetic ion cyclotron; NH = Northern Hemisphere; SH = Southern Hemisphere; VAP = Van Allen
Probe.

the postmidnight events (Swarm B). These differences in response times will be examined in more detail in
section 4.2.
3.4. Wave Bands
Figure 7 presents the temporal variations in the normalized frequency (normalized to the equatorial He+

gyrofrequency) on both the dayside and the nightside in the Northern and Southern Hemispheres. The
dashed lines indicate the gyrofrequencies of He+ (normalized frequency = 1.0) and O+ (normalized fre-
quency < 0.25). The wave events have been mapped along the magnetic field lines to the equatorial region,
where the gyrofrequencies of He+ and O+ were calculated, using the Tsyganenko 1996 model (Tsyganenko,
1995; 1996). O+ band EMIC waves were observed during the main phase by Swarm B in the postnoon sector
(∼13:00 MLT, Figures 7a and 7c) in the Northern Hemisphere, while Swarm A and Swarm C observed O+

band waves in the prenoon sector (∼10:30 MLT) in the Southern Hemisphere. These observations are con-
sistent with peak occurrence region of O+ band EMIC waves (Saikin et al., 2015; Yu et al., 2015). By utilizing
data from VAP A alone, Yu et al. (2015) revealed that most O+ band events were observed between 06:00 and
13:00 MLT. Following their work, Saikin et al. (2015) made an extension on these results by incorporating
data from both VAPs and found that O+ band EMIC waves displayed one peak region in the morning sector
in lower L shells (L < 4RE).

During the recovery phase from 23 to 25 June, most of the Swarm and VAP events were He+ waves (0.25 <

normalized frequency < 1.0). During the later recovery phase, after 25 June, most of the Swarm wave events
corresponded to the H+ band (normalized frequency of between 1 and 4), except in the Southern Hemi-
sphere nightside. Both ionospheric wave frequency and power are higher in the summer hemisphere than
in the winter hemisphere. The hemispheric differences in wave frequency and power density will be revis-
ited in section 4.2. In the case of the VAP events during the recovery phase after 25 June, H+ and He+ waves
coexisted. Most of the Swarm event waves were linearly polarized. This is consistent with previous results
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for low altitudes, according to which waves observed by the Challenging Minisatellite Payload satellite had
features dominated by linear polarization(e.g., Park et al., 2013) .

4. Discussion
4.1. Controlling Factors
The relationship between the dynamic pressure and increased EMIC wave activity has been demonstrated
in the literature (Anderson, 1993). During compression events (i.e., high Pdyn), the magnetic field strength
undergoes large relative changes around noon in the higher L shells, and the proton anisotropy can increase
as a result of either Shabansky orbits (McCollough et al., 2009; Shabansky, 1971) or perpendicular adiabatic
ion heating (Anderson, 1993). Anderson (1993) reported a strong correlation between magnetospheric com-
pressions and EMIC wave observed in space. They found that in the 08:00–16:00 MLT sector, 47% of sudden
increases in the magnetic field strength were associated with EMIC waves. Engebretson et al. (2002) found
that EMIC waves were preferably associated with significant compressions of the magnetosphere according
to polar observations. When the magnetosphere is compressed by large changes in the dynamic pressure of
the solar wind associated with the sudden commencement of a storm, anisotropic ion distributions can be
generated in the magnetosphere, which makes the plasma in a given flux tube more unstable (Engebretson
et al., 2002). Therefore, the plasma environment in the dayside outer magnetosphere becomes more favor-
able for the generation of EMIC waves (Allen et al., 2016; McCollough et al., 2010). McCollough et al. (2009)
outlined several mechanisms for the temperature anisotropy of warm plasma during the magnetospheric
compression. The first was related to the drift shell splitting, which occurred in any field that has been
distorted by the solar wind. With significant distortion, local regions of minimum B values could be pro-
duced away from the magnetic equator in the dayside magnetosphere (McCollough et al., 2009; McCollough
et al., 2010; McCollough et al., 2012; Shabansky, 1971). Particle executing Shabansky orbits could lead to
anisotropies at the equator. These were favorable locations for the generation of EMIC waves (Allen et al.,
2013, 2015, 2016; Liu et al., 2012, 2013).

Another mechanism was related to adiabatic energization, which occurred when magnetospheric compres-
sion happened sufficiently slowly that all adiabatic invariants were conserved, but the strengthening field
increased the perpendicular energy (McCollough et al., 2009). In accordance with this paradigm, both VAPs
and Swarm satellites observed EMIC waves when the solar wind pressure suddenly increased to 47.2 nPa
and the SYM-H quickly changed to positive values during the main phase of the storm. Engebretson et al.
(2015) presented the VAP observations of the pressure effects on 23 February 2014, when H+ waves extended
over 8 hr from the late morning sector to the dusk sector. In the present study, VAPs observed H+ band waves
whereas Swarm satellites observed He+ and O+ band waves on the dayside. We also note that there were two
increases in the dynamic pressure (about 10 nPa) on 21 and 22 June, when no EMIC waves were observed
by either VAPs or Swarm satellites. Park et al. (2013) could find no evidence that the dynamic pressure con-
trolled the rate of occurrence of Pc1 waves at low Earth orbit. There might be a critical threshold value for
the increase in the dynamic pressure required to generate EMIC waves in the inner magnetosphere.

During the expansion phase, waves were also observed by VAPs and Swarm satellites in the premidnight
(around 22:00–24:00 MLT) sector, except for the southern ionosphere. A previous work suggested that the
dynamic pressure mainly affected dayside waves (Anderson, 1993). The waves in the premidnight sector
might be related to the substorm processes (Engebretson et al., 2015; Keika et al., 2013; see the values of the
AE index in Figure 4).

The lack of observations of waves by the VAPs around the SYM-H minimum might be due to the suppression
of waves by the abundance of O+ ions in accordance with previous results (McCollough et al., 2009; Thorne
& Horne, 1997). Using simulations, Thorne and Horne (1997) demonstrated that an increase in the frac-
tion of O+ ions in the ring current during storms could affect the excitation of EMIC waves. During intense
storms, when the concentration of O+ ions was ≥ 60%, cyclotron absorption by resonant O+ could become
so severe that it totally suppressed the wave excitation in the band above the gyrofrequency of O+. Further-
more, when examining EMIC wave excitation through compression related growth, McCollough et al. (2009)
found that an increase in the abundance of warm oxygen suppressed wave growth, which supported the
result of Thorne and Horne (1997). Similarly, ground-based observations failed to observe EMIC waves dur-
ing the main phase of storms (Engebretson, Lessard, et al., 2008; Engebretson, Posch, et al., 2008), which they
attributed to the ionospheric screening effects or unfavorable locations of ground stations. Our observations
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are consistent with their observations. In the present work, we provide evidence that EMIC waves in both
the magnetosphere and the ionosphere were absent around the SYM-H minimum (Swarm A, Swarm C, and
Swarm B observed EMIC waves before 21:00 UT on 22 June, not around the SYM-H minimum).

During the recovery phase of the storm, VAPs observed relatively high occurrence rates of waves in the after-
noon sector that corresponded to H+ and He+ band events, consistent with previous results (Meredith et al.,
2014; Saikin et al., 2015). This can be explained by the coexistence of cold dense plasma and hot anisotropic
ions from the expanding/contracting plasmasphere or plasmaspheric plumes and the ring current, respec-
tively. Allen et al. (2016) studied the plasma conditions associated with EMIC waves during 10 years of
observations by the Cluster satellites and found that an overlap between a cold plasmaspheric plume and
the ring current in the afternoon sector was a favorable condition for the occurrence of waves. As an exam-
ple, Figure 8 shows EMIC wave events and the corresponding spectra of H+, He+, and O+ recovered by the
Helium, Oxygen, Proton, and Electron Mass Spectrometer, as well as the electron density measured by the
VAP Electric Fields and Waves instrument between 15:00 and 16:00 UT in the afternoon sector on 23 June.
The black vertical dashed line in the bottom panel indicates the location of the plasmapause identified by
adopting the method used in Heilig and Lühr (2018), that is, a factor of 5 drop or more over an L range of
less than 0.25 RE. This gradient threshold (Heilig & Lühr, 2018) is about twice as large as those applied by
previous studies (He et al., 2017). The first EMIC wave was generated close to the plasmapause but slightly
outside, where low- and high-energy ions coexisted, which indicated that the EMIC wave was generated
when the ring current and plasmasphere or plasma plume particles overlapped. The second EMIC wave
occurred outside of the plasmapause. We checked the other VAP wave events in the afternoon sector dur-
ing recovery phase and found that 11 events occurred within or close to the plasmapause where low- and
high-energy ions coexisted (Electric Fields and Waves data were unavailable for five events, and four events
occurred outside of the plasmapause). Previous work have suggested that the plasmapause and plasmas-
pheric plumes are favorable locations for the occurrence of EMIC waves (e.g., Fraser & Nguyen, 2001; Horne
& Thorne, 1993; Usanova et al., 2013). Usanova et al. (2013) reported that EMIC waves were about 20 times
more likely to be observed inside a plasmaspheric plume than outside of such a plume. Fraser and Nguyen
(2001) found that the afternoon EMIC waves occurred in the plasma bulge region, where H+ ions in the ring
current and dense cold plasma overlapped. Fraser et al. (2010) suggested during geomagnetic storms, the
ring current hot ions were injected into populations of cold heavy ions in the inner magnetosphere. Blum
et al. (2009) disclosed a difference according to local time in the occurrence frequency of EMIC waves in the
magnetosphere. They found that the area of the greatest concentration of enhanced EMIC waves extended
from noon to dusk. They suggested that although the temperature anisotropy caused elevated occurrences
from dusk to dawn (e.g., Allen et al., 2016; Min et al., 2012), the instability threshold for the generation of
waves was more easily attained from noon to dusk due to the presence of more cold plasma.

During the late recovery phase, large numbers of Swarm H+ band EMIC waves occurred in the prenoon
and premidnight sectors, except for the nighttime winter (i.e., the Southern Hemisphere). Few studies have
focused on the wave band observed below 2 RE except that of Kasahara et al. (1992). They found that in the
lower L shells (1.5 RE), H+ band waves were more prominent than He+ band waves. Our observations are
consistent with these findings. Kasahara et al. (1992) found that the peak occurrence of waves took place
in the evening sector (16:00–20:00 MLT) in the low-L shell region. Our study also disclosed that the occur-
rence frequency of waves was higher in the nighttime than in the daytime in the ionosphere. We associate
these waves during the recovery phase of the storm with the occurrence of substorms. Bossen et al. (1976)
reported that almost every EMIC wave observed by the ATS-1 satellite was associated with a substorm. As
mentioned in section 3.1, there were two substorms, which occurred on 24 and 25 June (see the values
of the AE index in Figure 4). Substorm-related injections of anisotropic energetic ions in the ring current
aided in the generation of waves. These high-energy ions can drift westward to the dusk and noon sectors
because of the magnetic field gradient and curvature forces. This would explain why the first observations
of waves were made in the premidnight sector by Swarm A and Swarm C, followed by the postnoon sector
by Swarm B, and finally the prenoon sector by Swarm A and Swarm C. The substorm on 24 June was weaker
than that on 25 June. During the weaker substorm, the energetic ions might not have been able to generate
waves in the noon sector. This might explain the lack of waves in the noon sector on 24 June, although there
were waves in the premidnight sector. Thus, it can be concluded that the auroral activity (reflected in the
AE index) might affect the occurrence of EMIC waves on the nightside during the storm recovery phase of
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Figure 8. (top panel) The wave spectrogram as a function of frequency and universal time. MLT, L shell value, and ILat are given together with the UT. (middle
panel) The spectrum of H+, He+, and O+ ions for ion energy from 1 eV to 50 keV. MLT and L are given together with UT. (bottom panel) The electron density
measured by VAP Electric Fields and Waves instrument. Red vertical dashed lines represent the EMIC wave period. Black dashed line denotes the plasmapause
location by adopting the same method of Heilig and Lühr (2018). MLT = magnetic local time; ILat = invariant latitude; UT = universal time; VAP = Van Allen
Probe; EMIC = electromagnetic ion cyclotron.
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Figure 9. Comparison of EMIC wave frequency (left column) and power (right column) from the Northern (local
summer) and Southern (local winter) Hemispheres for Swarms A, B, and C from the descending or ascending orbits.
Dayside data are red asterisks; nightside data are blue asterisks. The dashed line is the 1:1 line. The average frequency
and power are given. The values out of the brackets are in the Northern (summer) Hemisphere, and those in the
brackets are in the Southern (winter) Hemisphere. EMIC = electromagnetic ion cyclotron; NH = Northern
Hemisphere; SH = Southern Hemisphere.

storms. The strength of the AE might affect the occurrence of waves on the dayside. Future work will use
an ion drift model to test this speculation in more detail.

4.2. Hemispheric and Local Time Differences
There were differences in the frequencies and power densities of ionospheric EMIC waves in the Northern
and Southern Hemispheres. In Figure 9 the frequency (left column) and power density (right column) of
waves in both hemispheres are shown separately for Swarm A, Swarm B, and Swarm C. These events were
observed during the same descending or ascending orbit in the same MLT sector, with UT differences of less
than 25 min, and 83% of differences in L values were less than 0.5 RE. The data points represented orbits in
which Swarm observed EMIC wave packets in both hemispheres and as such assumed that they were from
the same source region. Daytime (nighttime) observations are shown in red (blue). The average frequency
and wave power are given for Swarm A and Swarm C events. A Wilcoxon rank-sum test was employed
to test for statistical significance (Wild & Seber, 2000). The probabilities with nonequal means were 100%
and 57% on the dayside and nightside for Swarm A frequency, 100% and 67% for Swarm C frequency, 84%
and 34% for Swarm A wave power, and 55% and 31% for Swarm C wave power, respectively. The statistical
significances of the nonequal means were fairly well. The mean wave frequency and power density were both
higher in the Northern (summer) Hemisphere than in the Southern (winter) Hemisphere. Alternatively, we
have calculated the average frequency and power density of all wave events in the two hemispheres and
the conclusions remained the same. This might indicate that the ionospheric electron density affected the
propagation of waves from the magnetosphere to the ionosphere. This process might be related to the Alfvén
wave speed, VA =

√
B2∕min𝜇0, where B is the magnetic field strength, mi is the ion mass, n is the electron

density, and 𝜇0 is the magnetic permeability. VA is inversely proportional to the ionospheric electron density.
A higher electron density in the ionospheric F region can reduce the Alfvén wave speed to a greater extent
and thus confine the wave power to the F region. A Lower electron density in the F region might cause more
leakage of waves to the ionospheric E region or the ground. The hemispheric differences in wave frequency
might arise because magnetospheric wave packets could be distorted in the dispersive ionosphere. Because
the difference in electron density between the Northern (summer) and Southern (winter) Hemispheres, the
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Figure 10. Comparison of EMIC wave frequency (left column) and wave power (right column) observed almost
simultaneously by Swarm A versus B, Swarm A versus C, and Swarm B versus C. Both hemispheres are shown
together. Dayside data are red asterisks; nightside data are blue asterisks. The dashed line is the 1:1 line. The average
frequency and power are given. The values out of the brackets are for the x axis parameter, and those in the brackets
are for the y axis parameter. EMIC = electromagnetic ion cyclotron.

extent of distortion of the wave signal could be different in the two hemispheres. This might result in a
difference in the frequency that corresponds to the maximum power density in the two hemispheres.

The Swarm A and Swarm C satellites and Swarm B satellite traversed the wave regions almost simultane-
ously but were separated by an MLT interval of about 2 hr. This provided us with an opportunity to compare
the differences in wave frequency and power density according to MLT during storm periods. For the selec-
tion of events observed by two satellites, the difference in UT was less than 50 min, the difference in MLT
was less than 3 hr, and the difference in ILat was less than 9◦ (the difference in L shell was less than 0.6 RE).
In Figure 10, the left column shows a comparison of Swarm frequency values and the right column shows
a comparison of Swarm power density values in both hemispheres. Again, dayside (nightside) observations
are shown in red (blue). From top to bottom, the comparisons are: Swarm A versus Swarm C, Swarm A ver-
sus Swarm B, and Swarm B versus Swarm C. The average frequency and wave power are given. The values
in brackets are the y axis parameters, and those outside of brackets are the x axis parameters. In general,
Swarm A and Swarm C measured similar frequencies and power densities because they flew side by side
with a longitudinal separation of only 1.4◦. However, Swarm A and Swarm C generally observed lower fre-
quencies and higher power densities than Swarm B. This indicates an obvious difference according to local
time in EMIC waves observed in the ionosphere in response to geomagnetic storms. The difference accord-
ing to local time in the wave frequency and power density in the ionosphere during storm periods has not
been addressed in the literature.

4.3. Combined Observations
At approximately 16:00 UT on 24 June, VAP A, together with Swarm A and Swarm C, detected a two-band
wave event in the 21:00–22:00 MLT sector. The wave information from VAP A and Swarms A is listed in
Table 1. The differences in MLT, ILAT, and L shells between VAP and Swarm were 30–40 min, 10–15◦,
1.5–1.8 RE, respectively. Figure 11 (top panel) shows a schematic summary of the locations on the polar map
(ILat versus MLT coordinate system) where EMIC waves were detected around 16:00 UT. The VAP footprints
are shown from 15:00 UT to 17:00 UT. The Swarm A and Swarm C traces (red and blue lines) extended from
15:30 to 15:45 UT in the Northern and from 15:56 to 16:10 UT in the Southern Hemisphere. The Swarm B
trace (green line) extended from 15:59 to 16:15 UT in the Northern Hemisphere, and from 15:30 to 15:45
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Figure 11. (top panel) Plot of the MLT (magnetic local time) versus ILat (magnetic latitude) locations of VAP A
(magenta) and B (light blue), Swarm A (red), Swarm B (green), and Swarm C (blue). Over-plotted circles represent 30◦,
50◦, and 70◦ ILat, respectively. The ionospheric footprint of VAP is shown as a function of time from 15:00 to 17:00 UT.
The start and stop time of Swarm B trace is from 15:59 to 16:15 UT in the Northern Hemisphere and from 15:30 to
15:45 UT in the Southern Hemisphere. The VAP EMIC wave is indicated by an asterisk, and Swarm waves in the
Northern Hemisphere are indicated by circles and in the Southern Hemisphere by asterisks. (bottom two panels) Wave
spectrograms of the magnetic fields measured by Swarms A and C at approximately 16:00 UT on 24 June 2015.
Two-frequency band EMIC waves can be identified at subauroral latitudes in the 22:00 MLT sector. VAP = Van Allen
Probe; EMIC = electromagnetic ion cyclotron.

UT in the Southern Hemisphere. The location of the EMIC wave observed by VAP A is indicated by the
magenta asterisk. The Swarm A waves in the northern midlatitudes are indicated by circles, and those in
the southern midlatitudes are indicated by asterisks. At approximately 16:00 UT, VAP A was located near
22:00 MLT, while VAP B was located near 20:00 MLT and did not detect the event at that local time. This
indicates that the wave region extended over an MLT interval of less than 2 hr in the westward direction.
The two-band wave event observed by VAP A is illustrated in Figure 3. The wave spectrograms from the
observations by Swarm A and Swarm C in the premidnight sector (22:00 MLT) are shown in the bottom
two panels of Figure 11. Swarm B did not detect this event in the postmidnight sector (01:00 MLT: figure
not shown). This indicates that the wave extended over an MLT interval of less than 5 hr in MLT. In their
subsequent orbits, about 93 min later, Swarm A and Swarm C did not detect a similar wave. Hence, the wave
duration of the wave was less than 186 min. Waves occurred in both Northern and Southern Hemispheres,
which implied that the propagation of the waves from the magnetosphere was bidirectional.

The high-frequency band was centered at approximately 3.33 Hz in the Northern Hemisphere and 2.59 Hz in
the Southern Hemisphere, whereas the low-frequency band was centered at approximately 1.75 and 1.44 Hz
in the respective hemisphere (as indicated by the white circles in the Figure 3). These frequencies correspond
to the maximum power density. The gyrofrequency of He+ in the equatorial region was 2.12 Hz. Hence, the
high-frequency wave was a H+ wave, whereas the low-frequency wave was a He+ wave. VAP A observed two
wave bands, of which one had a frequency of 3.03 Hz and the other had a frequency of 1.58 Hz, both of which
were comparable to those observed in the ionosphere. In the magnetosphere, the low-frequency band had a
greater power value than the high-frequency band. This was similar to observations in the ionosphere, with
the exception of values from Swarm A in the Southern Hemisphere. This might indicate that the same source
caused the events in both the magnetosphere and the ionosphere. The source regions of such waves might
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be located very close to the site of VAP A site near the equatorial plane (about 0.51◦ magnetic latitude) and in
the inner magnetosphere (where L = 3.76RE). The magnetospheric wave propagated along the northward
and southward field lines into the ionosphere. Allen et al. (2013) found that the propagation of EMIC waves
was bidirectional near their source regions and unidirectional when away from these regions. Liu et al.
(2012) showed a prolonged EMIC wave event propagated in both directions in the outer magnetosphere
(L = 13RE). They provided the first direct evidence that the off-equatorial regions where the magnetic field
reaches a minimum may be important regions for the excitation of waves.

The newly generated EMIC waves were often transverse and exhibited left-handed polarization, which was
consistent with the direction of gyration of ions in the magnetic field. However, the lower-frequency wave
in the magnetosphere displayed left-handed polarization, whereas the higher-frequency wave was linearly
polarized. Previous researchers have proposed possible explanations for the observed linear polarization,
characteristics of the wave in the VAP event (Saikin et al., 2015). The waves may have propagated toward
the inner magnetosphere from a source region in a higher L shell. Linear polarization would thus only be
an effect of wave propagation. Linear-mode EMIC waves have also been reported by missions other than the
VAPs (Allen et al., 2015; Anderson et al., 1992; Min et al., 2012; X. Y. Wang et al., 2017). Denton et al. (1992)
found that EMIC waves generated with linear polarization were more favorable for the obliquely propagating
mode by using model efforts. Previous theoretical research has shown that a wave can change its polarization
during its propagation to the ionosphere because of the abundance of heavy ions (He+ and O+; Johnson
& Cheng, 1999; E.-H. Kim & Johnson, 2016; Young et al., 1981). Johnson and Cheng (1999) theoretically
demonstrated how H+ mode EMIC wave generated in the equatorial magnetosphere could propagate to the
ground. They found that the strong coupling between the left hand and right hand polarized waves occurred
near the He+ and O+ resonance locations, which allowed the equatorial H+ mode waves to penetrate to the
ionospheric altitudes. By using a recently developed 2-D full-wave code, K.-H. Kim et al. (2016) found that
mode coupling from guided left hand polarized EMIC waves to unguided right hand polarized or left hand
polarized waves (i.e., fast mode) occurred in the He+-H+ plasma. This enabled the waves to propagate to
the ionosphere.

We have considered the issues known for Fourier analysis methods (Anderson et al., 1996; Denton et al.,
1996; Lee & Angelopoulos, 2014). Should the spacecraft be observing multiple overlapping EMIC wave pack-
ets, this can throw off the polarization techniques being used. Anderson et al. (1996) found that the spectral
analysis might underestimate the normal angle by 45◦ or more, due to the fluctuations in the polarization
ellipse azimuth orientation. The constituent wave ellipticity values might be a median of superposed wave
ellipticities (Denton et al., 1996).

The ionospheric ducting effect was not investigated in the present study (please refer to a comprehensive
review by Lysak & Yoshikawa, 2013), because the signals of EMIC waves in the auroral regions were con-
taminated by field-aligned currents. To address the ionospheric ducting features of this event in more detail,
data from ground-based coordinated observations must be included, which will be left for future work. The
propagation Pc1–2 waves in the high-latitude ionospheric waveguide (duct) was comprehensively investi-
gated by H. Kim et al. (2011) using ground-based magnetometer data obtained in Antarctica from −62◦ to
−87◦ magnetic latitude. They found that poleward propagation was most efficient and that the wave power
attenuation increased with an increase in wave frequency.

5. Conclusions
In this study, we have used high-resolution magnetic field data from the VAPs and Swarm constellation
for the time periods of the 21–29 June 2015 magnetic storm. We have examined the temporal and spatial
variations in EMIC waves, which were categorized into three bands. Hemispheric and local time variations
were discovered. One wave event that was observed simultaneously by both VAPs and Swarm satellites was
investigated. The results are summarized as follows:

1. The magnetospheric (VAP) EMIC waves had a maximum occurrence frequency in the afternoon sector in
higher L shells, which was consistent with the results of previous statistical analysis. The ILat of the waves
tended to shift equatorward during the expansion phase and poleward during the recovery phase, which
was consistent with the movement of the plasmapause.
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2. The ionospheric (Swarm) waves were observed in subauroral regions and occurred more frequently in the
nighttime than in the daytime. They also exhibited less obvious movement in terms of variations in ILat,
thus, less L shell dependence.

3. During the expansion phase, EMIC waves occurred on the dayside and in both the ionosphere and the
magnetosphere in response to the dramatic increase in the dynamic pressure of the solar wind.

4. Waves were not observed in either the magnetosphere or in the ionosphere within ±1 hr when SYM-H
index approached a minimum. This might have been the result of a suppression effect caused by an
increase in the fraction of O+ ions. During the early recovery phase, He+ band EMIC waves were observed
in the ionosphere and magnetosphere.

5. During the late recovery phase, H+ band ionospheric EMIC waves were generated in response to substorms
in the premidnight sector. The occurrence frequency of ionospheric EMIC waves in the noon sector was a
function of the intensity of the substorm activity.

6. There were MLT and hemispheric differences in ionospheric wave frequency and power. Both frequency
and power were higher in the summer hemisphere than in the winter hemisphere, which suggested that
the ionospheric plasma density had an effect on the propagation of waves from the magnetosphere to the
ionosphere. The wave frequency was lower and the power was higher in the premidngiht sector than in
the postmidnight sector.

7. Coordinated observations of a two-band EMIC wave were reported from both Swarm A and VAP A in
the premidnight sector, which indicated a common source of wave generation in the magnetosphere. The
wave event was found to extend over an MLT of less than 5 hr and had a duration of less than 186 min in
the ionosphere.

Our future work will investigate more storm events to confirm these newly identified features.
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