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Abstract Magnetospheric compression due to impact of enhanced solar wind dynamic pressure Pdyn has
long been considered as one of the generation mechanisms of electromagnetic ion cyclotron (EMIC) waves.
With the Van Allen Probe-A observations, we identify three EMIC wave events that are triggered by Pdyn
enhancements under prolonged northward interplanetary magnetic field (IMF) quiet time preconditions.
They are in contrast to one another in a few aspects. Event 1 occurs in the middle of continuously increasing
Pdyn while Van Allen Probe-A is located outside the plasmapause at postmidnight and near the equator
(magnetic latitude (MLAT) ~�3°). Event 2 occurs by a sharp Pdyn pulse impact while Van Allen Probe-A is
located inside the plasmapause in the dawn sector and rather away from the equator (MLAT~ 12°). Event 3 is
characterized by amplification of a preexisting EMIC wave by a sharp Pdyn pulse impact while Van Allen
Probe-A is located outside the plasmapause at noon and rather away from the equator (MLAT~�15°). These
three events represent various situations where EMIC waves can be triggered by Pdyn increases. Several
common features are also found among the three events. (i) The strongest wave is found just above the
He+ gyrofrequency. (ii) The waves are nearly linearly polarized with a rather oblique propagation direction
(~28° to ~39° on average). (iii) The proton fluxes increase in immediate response to the Pdyn impact, most
significantly in tens of keV energy, corresponding to the proton resonant energy. (iv) The temperature
anisotropy with T⊥> T|| is seen in the resonant energy for all the events, although its increase by the Pdyn
impact is not necessarily always significant. The last two points (iii) and (iv) may imply that in addition to
the temperature anisotropy, the increase of the resonant protons must have played a critical role in
triggering the EMIC waves by the enhanced Pdyn impact.

1. Introduction

Electromagnetic ion cyclotron (EMIC) waves are one of the important low-frequency waves in space plasma,
and naturally, it has long been one of the popular research topics. As one of the most important aspects for
the magnetospheric physics, a number of previous researches proposed that the EMIC waves can play a role
of precipitating energetic protons in the ring current region [e.g., Cornwall et al., 1970; Yahnin and Yahnina,
2007; Spasojević and Fuselier, 2009; Jordanova et al., 2001; Yuan et al., 2013] and possibly relativistic electrons
of the radiation belts into the Earth’s atmosphere [e.g., Summers and Thorne, 2003;Miyoshi et al., 2008; Shprits
et al., 2013; Yuan et al., 2013; Kersten et al., 2014; Li et al., 2014; Usanova et al., 2014; Drozdov et al., 2015; Ni
et al., 2015].

It has long been recognized that generation of the EMIC waves is caused by ion cyclotron resonant instability
due to temperature anisotropy (T⊥> T||) of energetic protons mostly in ~1 keV to ~100 s keV energy [e.g.,
Kennel and Petschek, 1966; Young et al., 1981; Garry, 1993; Meredith et al., 2003]. Some complexities arise
due to a number of other factors that can play a role in this wave generation process such as the heavy
ion populations, ion temperatures, background magnetic field and cold plasma density, and wave number
[Kozyra et al., 1984, Chen et al., 2011; Silin et al., 2011; Gary et al., 2012]. The source of the energetic protons
is largely the plasma sheet, in particular when substorms and storms occur [Engebretson et al., 2002]. They
can also be created by magnetospheric compression due to impact of an enhanced solar wind dynamic
pressure [Olson and Lee, 1983, and references therein].
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The close association of EMIC waves with solar wind compression has long been recognized in many previous
works [Olson and Lee, 1983; Kangas et al., 1986; Anderson and Hamilton, 1993; Erlandson et al., 1994; Arnoldy
et al., 1996, 2005; Cocheci, 2000; Zolotukhina et al., 2007; McCollough et al., 2009, 2010, 2012; Usanova et al.,
2008, 2010, 2012, 2013]. Thus, it is now one of the classic topics, but the recent advanced observations in
the radiation belts by the Van Allen Probes satellites since September 2012 provide excellent opportunities
to revisit this topic and do a more meaningful analysis. For the present paper, we have identified three
contrasting events of EMIC waves observed on Van Allen Probes, which are triggered by enhanced dynamic
pressure. We present detailed analysis of the three events using the simultaneous observations of waves and
particles on Van Allen Probes.

Our three events are distinguished from those in previous works in the following aspects. First, they are all
identified at low L-shell region (L ~ 6 or lower). While there have been many reports on EMIC wave observa-
tions at low L-shell region by various satellites [e.g., Kasahara et al., 1992; Halford et al., 2010; Meredith et al.,
2014; Engebretson et al., 2015;Wang et al., 2015; Yu et al., 2015; Saikin et al., 2015, 2016], there are rather lim-
ited reports of the EMIC waves observed by satellites in low L region that are “associated with the enhanced
dynamic pressure.” For example, Usanova et al. [2008, 2010] report the EMIC waves in low L regions by Time
History of Events and Macroscale Interactions during Substorms (THEMIS) and Cluster, which, however,
appeared on the measuring satellites with some substantial time delays after the enhanced pressue impact.
This is in contrast to our three events where the occurrence of the EMIC waves is almost immediate (in the
sense that there is no or only a fewminute time delay after pressure impact). Engebretson et al. [2015] studied
a dynamic pressure-triggered EMIC wave event using the observations from the Van Allen Probes satellites at
L< 6 along with other satellites and ground observations together. Li et al. [2014] also studied precipitation
caused by an EMIC wave event observed by Van Allen Probes and GOES. In fact, the events studied by
Engebretson et al. [2015] and Li et al. [2014] are the same as two of our three events. While they paid more
attention to particle precipitation by the triggered EMIC waves, we focus on wave triggering issue by dynamic
pressure with more detailed analysis of waves and associated particles data from Van Allen Probes observa-
tions. More recently, in their statistical work using the Van Allen Probes observations, Saikin et al. [2016]
divided their EMIC wave occurrence rates into two groups according to the solar wind dynamic pressure con-
ditions, i.e., low (3 nPa or less) and high (above 3 nPa) pressure conditions. They presented the spatial depen-
dence of the occurrence rates for each of the two pressure groups. In our work here, we focus on three
selected events to examine the triggering conditions of EMIC waves by dynamic pressure enhancements
with a more comprehensive analysis on waves and particle observations together. Second, our three events
are strictly selected by requiring prolonged northward interplanetary magnetic field (IMF) Bz and quiet geo-
magnetic preconditions prior to pressure increase so that they can represent the pure pressure effect.
Despite the similar quiet preconditions, the wave occurrence is distinguished by contrasting features among
the three events. They include different patterns of dynamic pressure changes (continuous increase versus
abrupt jump), different magnetic local time (MLT) locations of the waves, different radial locations of the
waves relative to the plasmapause locations (inside versus outside the plasmapause), and excitation of
new waves versus amplification of preexisting wave.

The paper is organizedas follows. In section2,we introduce theobservational dataandmethodused to identify
and interpret the EMICwaves. In section 3, we present themain results of the observations with interpretation.
We summarize the results and give conclusions and relevant discussion in section 4.

2. Data and Methodology

To identify enhanced Pdyn events and to determine corresponding and geomagnetic conditions, we use the
OMNIWeb data set of solar wind parameters with a 1min time resolution at 1 AU and geomagnetic indices,
SYM-H, AE, and Kp, provided at http://omniweb.gsfc.nasa.gov. To confirm the impact signatures of the
enhanced Pdyn front on the magnetosphere, we check the response of the magnetic field measured on geo-
synchronous satellites GOES and at some selected ground stations at low-middle latitude.

For this study, we have identified three events of Pdyn enhancement for which the Van Allen Probes satellite
observations of the magnetic field and associated energetic particles are available. They are all under pro-
longed northward IMF and geomagnetically quiet time precondition prior to Pdyn enhancements. The basic
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information on the solar wind and geomagnetic indices for the identified events is summarized in Table 1.
The event locations are summarized in Table 2.

To identify and examine the EMIC waves and corresponding particle features associated with the identified
Pdyn enhancement events, we use Van Allen Probes observations of the magnetic field and energetic ions.
The Van Allen Probes mission consists of two identical satellites that orbit in a near equatorial plane around
the Earth with a perigee of ~1.1 RE and apogee of ~5.8 RE [Mauk et al., 2012]. For the three events, the obser-
vations from both satellites reveal EMIC waves. However, in the main body of this paper, section 3, we use the
data from one of the two satellites, Van Allen Probe-A, to focus on comparison among the three events. Then,
in section 4.4, we give only a short summary of the observations from the other satellite.

To examine the EMIC waves, we use the magnetic field data provided from the fluxgate magnetometer mea-
surements of the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrument
[Kletzing et al., 2013]. Also, to determine the location of the identified EMIC wave events relative to the plas-
mapause location, we use the electron density data derived from the upper hybrid wave frequency, which is
in turn determined from the EMFISIS/WAVES instrument measurements. These density data are checked with
that derived from the spacecraft potential of the Electric Field and Waves instruments [Wygant et al., 2013].
For this study, we examine the energetic proton flux responses, the data of which are provided from the
Helium, Oxygen, Proton, and Electron (HOPE) mass spectrometer measurements of the Energetic Particle
Composition and Thermal Plasma instrument suite [Spence et al., 2013]. While the HOPE measurements
provide ion fluxes with distinction among three species in the energy range of ~1 eV to 52 keV, we focus
on protons in the energy range of 1 keV and above.

3. Description and Interpretation of Observations
3.1. Event 1: EMIC Waves on 17 January 2013

The geomagnetic (SYM-H, AE, and Kp) and solar wind (IMF Bz and dynamic pressure Pdyn) conditions for an
interval on 16–17 January 2013 are shown in the top three panels of Figure 1. We are interested in the solar
wind dynamic presure enhancement starting at ~00:00 UT on 17 Januray as can be seen in the third panel.
We stress that the geomagnetic conditions are weak and the IMF Bz is northward for at least 2 h prior to this
pressure enhancement (see Table 1 for a summary of the parameters). The fourth and fifth panels show,
respectively, the same dynamic pressure data and the geomagnetic field H component at two ground
stations, i.e., GUA (Guam: geomagnetic latitude = 5.3°) and TDC (Tristan da Cunha: geomagnetic
latitude =�40.6°) for a shorter, ~6 h, interval from ~00:00 UT on 17 January. The pressure continues to
increase in a stepwise manner for ~3 h until it reaches ~20 nPa, then it starts to decline until ~04:30 UT.
The geomagnetic field H component at two stations shown in the fifth panel confirms the impact of the

Table 2. Information on Van Allen Probes Satellite Locations for the Observed EMIC Wave Events

Event Spacecraft (S/C) La Relative to Lpp
b MLTa (h) MLATa (deg)

1 A 5.6–5.8 outside 1.8–3.5 �2.8 to �6.7
2 A 5.1–6.0 inside 5.2–6.7 12.5–13.3
3c A 5.9–6.3 outside 12.3–13 �14.8 to �16.6

aOver each EMIC wave period.
bS/C position relative to the plasmapause location Lpp.cOnly for the interval of the EMIC associated with the Pdyn enhancement impact.

Table 1. Information on Solar Wind Conditions and Geomagnetic Indices for the Observed EMIC Wave Events

Event Pdyn Change IMF Bz
b (nT) SYM-Hc (nT) AEc (nT) Kpc

1 Stepwise increase (up to ~20 nPa) N for ~2 h 12.6 69.4 2.7
2 Abrupt jump by ~3.7 nPaa N for >12 h 25 58.9 3
3 Abrupt jump by ~3 nPaa N for ~3.5 h -9.6 56.9 2.7

aDifference between two averages of solar wind dynamic pressure Pdyn over 10min each before and after the Pdyn
enhancement time.

bIMF Bz prior to each Pdyn increase. “N” refers to northward direction of IMF Bz.cAverages over 3 h prior to each Pdyn increase.
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pressure changes. The two ground stations are chosen to cover roughly opposite local times (see the x axis
labels in the fifth panel) and check the global impact signatures.

Now we examine how the inner magnetosphere responds to this pressure impact, in particular, from a view-
point of EMIC wave generation, using the data from Van Allen Probe-A, which was traveling at postmidnight
close to the equator (MLAT~�6.6° to�3.2°). (See Table 2 for a summary of the location parameters.) Figure 2
shows the relevant data for this examination. The dynamic pressure data are repeated in the first panel of
Figure 2 for easy comparison, and the magnetic field (black) and plasma density (magenta) observed on
Van Allen Probe-A are shown in the second panel. The third panel shows the power spectral density (PSD)
of the wave magnetic field measured on Van Allen Probe-A with the lines of the local gyrofrequency of three
ions. The EMIC wave appears at the frequency just above He+ gyrofrequency starting at ~01:56 UT. The con-
stant tone at 1.4 Hz is due to a heater near the sensor [Engebretson et al., 2015]. The plasma density in the
second panel implies that the EMIC wave event bounded by two vertical dotted lines lies clearly outside
the plasmapause. The occurrence of the EMIC wave is in the middle of the continuous stepwise increase of
Pdyn. This corresponds to the pressure jump from ~8 nPa to ~12–13 nPa, and the resulting magnetic field
compression on Van Allen Probe-A is obvious at the same time as the EMIC wave onset. We see an earlier
compression of themagnetic field on Van Allen Probe-A at ~01:10 UT, but this did not cause any wave activity
on Van Allen Probe-A. Therefore, we determine ~01:56 UT as the time when the continuously increasing Pdyn
starts its main effect on triggering the EMIC wave on Van Allen Probe-A. It is reasonable to say that the wave
began to appear at the point of the greatest compression effect when the continuously increasing dynamic

Figure 1. (top three panels) Geomagnetic indices (SYM-H, AE, and Kp), the IMF Bz, and solar wind dynamic pressure for an
interval from ~14:00 UT on 16 January to 10:00 UT on 17 January 2013, and (bottom two panels) an expanded view of the
solar wind dynamic pressure and geomagnetic field H component at two low-latitude ground stations for a shorter time
interval from 23:55 UT on 16 January to 06:07 UT on 17 January 2013. The solar wind data are time-shifted to the Earth.

Journal of Geophysical Research: Space Physics 10.1002/2016JA022841

CHO ET AL. EMIC WAVES TRIGGERED BY DYNAMIC PRESSURE 9774



pressure reached over 12 nPa and the Van Allen Probe-A satellite was approaching its apogee where the
magnetic field was weaker. In contrast to this, it should be mentioned that around the time of the first pres-
sure jump right after 00:00 UT, the satellite was at L ~ 3.8, where the background magnetic field was too
strong to expect EMIC wave excitation given the pressure value of a moderate level (~5 nPa). (In contrast,
being situated at different L and MLT, GOES 13 observations revealed EMIC waves at the earlier times as
shown by Li et al. [2014]. See more discussion in the last paragraph of section 4.4.)

Figure 2 indicates that the triggered wave continues to exist over the ~2 h interval until ~04:09 UT when the
pressure drops significantly. Note that when the wave disappears, the Van Allen Probe-A satellite is in its
inbound orbit toward the Earth, and accordingly, the background magnetic field begins to increase strongly
while the dynamic pressure declines. Therefore, this inbound orbit makes it hard to see a clear depression of

Figure 2. (top) The magnetic field intensity (black) and plasma density (magenta) from Van Allen Probe-A on 17 January
2013. (from second to seventh panels) Extracted wave parameters.
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the magnetic field on Van Allen Probe-A. Instead, the ground magnetic field in Figure 1 better reflects the
depression effect. We identify the decrease of the geomagnetic field at TDC at about the same time,
~04:09 UT, as the time of the EMIC wave disappearance. Note that at this depression moment the MLT of
TDC is ~3 h, roughly the same as that of Van Allen Probe-A. Accordingly, we identify the time of the geomag-
netic field decrease at TDC as the time when the depression effect occurs at Van Allen Probe-A due to the
reduced dynamic pressure. After then, the dynamic pressure further reduces while Van Allen Probe-A
approaches the plasmapause (around 4:30 UT) seeing no further wave activity.

The remaining four panels in Figure 2 show the power spectral density, wave normal angle (WNA), ellipticity,
and degree of polarization at the frequency points representing the major wave activity. Here we defined the
major wave activity by the condition that the 10 points sliding averaged wave power density is greater by a
factor of 10 than that of a median value determined as a background level. As averaged over these points, the
WNA is ~39° and the ellipticity (defined in the plane perpendicular to the background magnetic field here) is
~0.07. This implies an obliquely propagating wave with a nearly linear polarization and is an interesting
feature considering that this EMIC wave event occurred near the equator. We will discuss this matter at
the end of section 4.2.

Next we examine the response of energetic proton fluxes to the pressure impact. Figure 3 shows the proton
flux response for 1 keV up to ~50 keV to the pressure impact. The two vertical lines mark the EMIC wave start
and end times, respectively, shown in Figure 2. During the EMIC wave interval, the flux increases most notably
at a few tens of keV and above, and it tends to decrease at lower energies.

In interpreting particle flux changes, it should be kept in mind that the plasma seen by the spacecraft after
the compression is what was located at a larger radial distance and was not measured by the same spacecraft
before the compression [Anderson and Hamilton, 1993]. The solar wind compression brings lower energy par-
ticles at a larger distance with energization to the spacecraft. The particle acceleration is due to the betatron
and Fermi effects, which increases the perpendicular and parallel velocity components, respectively, and
should act in principle on all energies as long as the adiabatic particle description remains valid. The actual
change in the particle flux seen at the spacecraft at a fixed energy is eventually determined by the back-
ground radial profile of the initial particle distribution at constant first and second adiabatic invariants, which
can differ among energies, pitch angles, and ion species [e.g., Lee et al., 2005].

For further examination of the proton response, we present the phase space density (PSD) of the protons as a
function of pitch angle in Figure 4. The first two columns in Figure 4 correspond to ~6min prior to the wave
onset and the wave onset time, respectively. The last column corresponds to roughly the time of the wave
disappearance. One striking feature throughout the time interval shown, even before the wave onset, is that
the PSDprofile in pitch angle is a shape having aminimumat ~90° for<~5 keV, but in contrast it is 90°-peaked
for>~9 keV. Then, comparing the first two columns indicates that right at the wave onset (second column), a
major PSD increase is seenat rather narrowenergy range, ~15 keVup to~28 keV,while keeping the90°-peaked
shape of their pitch angle dependence. No dramatic increase is seen for higher energy range. There is some
increase of PSD also for lower energy, 3.3 keV and less, for which the PSD profile has a minimum near 90°. On
the other hand, comparison of the last two columns indicates the major decrease in PSD at the energy
of ~18 keV–30 keV.

We quantitatively estimate the degree of anisotropy in the phase space density using the parameter
A= T⊥/T||� 1, defined as below [Chen et al., 1998].

A ¼
∫

π=2

0
f E; α0ð Þsin3α0dα0

2 ∫
π=2

0
f E; α0ð Þcos2α0sinα0dα0

� 1 (1)

where α0 is the equatorial pitch angle of particle velocity, E is the kinetic energy of the particles, and f is the par-
ticle’s phase space density. A=0 implies isotropic temperature, A> 0 (i.e., T⊥> T||) represents the anisotropic
phase space density distribution that is peaked at 90°, and a phase space density distributionwith itsminimum
at 90° should result inA< 0.We compute the anisotropy parameterA using thedirectional fluxes of protons for
each of the proton energies available from the HOPE measurements on Van Allen Probes.
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We present the detailed plots of the
estimated anisotropy A in Figure 5.
First, based on visual inspection,
there are minor increases in A at a
few keV to 8.3 keV after the wave
onset. The anisotropy A at 15.2 keV
and 20.7 keV is well above 2 prior to
the wave onset, followed by
decreases after the wave onset. This
enhanced anisotropy prior to the
wave onset at 01:56 UT in Figure 2
did not trigger any wave. We empha-
size that the main increase of the
proton flux occurred only at the iden-
tified wave onset and, in contrast, the
proton flux level prior to the wave

onset was not high enough (discussed with Figure 4 above) to provide a sufficient number of resonant par-
ticles (discussed in section 3.4 below). The most obvious increase in the anisotropy, A, after the wave onset is
seen mainly at 28 keV and 38 keV. The 28 keV is the only energy showing a rather abrupt increase in A. The
increase at 38 keV is also notable but takes place at a gradual rate after the wave onset. Finally, at the highest
energy, 51.8 keV, the anisotropy A decreases at the wave onset. Overall, the Pdyn impact around the wave
onset results in minor increases in the anisotropy A at <~10 keV and larger changes at ~15 keV to < 50 keV.

Figure 3. Proton flux data from Van Allen Probe-A on 17 January 2013.

Figure 4. Proton phase space density profile in pitch angle derived from the directional flux data of Van Allen Probe-A on
17 January 2013.
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Figure 5. Temperature anisotropy parameter A calculated for selected energies for the EMIC wave Event 1. The two vertical
lines represent the times of the EMIC wave onset and disappearance, respectively.
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However, as stated above, the change in the anisotropy seen at the spacecraft means a comparison of the
incoming flux tube from an outer radial distance with the original flux tube that has been brought into an
inner radial region after the compression. It is undetermined what the radial profile of the anisotropy of
the initial background distribution was like and how the anisotropy in the new incoming flux tube has chan-
ged from the initial value as convected inward by the compression. For the sake of simplicity in interpreting
the events in this paper, we assume that the radial profile of the anisotropy of the initial background distribu-
tion is constant between the inner spacecraft position and the outer radial position of the original flux tube.
Then, the results in Figure 5 can be interpreted as representing the change of the anisotropy by the
pressure impact.

Summarizing the main features found in this event, (i) the solar wind dynamic pressure increases continu-
ously, in a stepwise manner, under weak geomagnetic and northward IMF Bz conditions. This results in
EMIC wave excitation on Van Allen Probe-A when the satellite is approaching close to the apogee where
the magnetic field is weaker (and outside the plasmasphere) while the dynamic pressure reaches ~12 nPa.
(ii) The wave polarization is nearly linear and its propagation direction is notably oblique despite its proximity
to the equator. (iii) The corresponding proton flux response measured on Van Allen Probe-A is strongly
dependent on energy; the flux increases most notably only at ~15 keV up to ~28 keV. (iv) The phase space
density of protons is anisotropic with T⊥> T|| at a few keV and above throughout the enhanced pressure per-
iod, but its increase by the pressure impact is notable mostly at ~15 keV to < 50 keV.

3.2. Event 2: EMIC Waves on 14 July 2014

The geomagnetic (SYM-H, AE, and Kp) and solar wind (IMF Bz and dynamic pressure Pdyn) conditions for an
interval on 14 July 2014 are shown in the top three panels of Figure 6. We are interested in the solar wind
dynamic pressure enhancement at ~14:30 UT as can be seen in the third panel. Like in Event 1, the geomag-
netic conditions are weak and the IMF Bz is northward for more than 10 h prior to this pressure enhancement
(see Table 1 for a summary of the parameters). The fourth and fifth panels show, respectively, the same
dynamic pressure data and the geosynchronous magnetic field intensity on GOES 15 for a shorter, ~6 h, inter-
val from 12:34 UT. In contrast to the case of Event 1 above, the pressure enhancement here is relatively sharp,
more like a pulse type, increasing from ~5 to 6 nPa to over 10 nPa. The pressure remains enhanced for ~2 h
from slightly after ~14:30 UT, though dropping somewhat in the middle but soon being followed by the sec-
ond increase at ~15:20–15:30 UT, until the major drop at ~16:20 UT. This main pressure enhancement is
shortly followed by another less significant enhancement at ~16:30 UT. The geosynchronous magnetic field
intensity B on GOES 15 in the fifth panel confirms the impact of the pressure changes. Based on the magnetic
field on GOES 15 (and that on Van Allen Probe-A discussed below), we determine the precise impact time of
the enhanced pressure to be 14:33 UT and the time of the major drop of the pressure to be 16:20 UT.

Aroundthe timeof theenhancedPdyn impact, theVanAllenProbe-Asatellitewas locatedatL ~ 5–6,MLT~5–7 h,
andMLAT~ 12°–13°. The relevant data of the observations on Van Allen Probe-A are shown in Figure 7. The
first panel in Figure 7 shows the magnetic field magnitude B (black) on Van Allen Probe-A, where the vertical
lines indicate the compression and depression, respectively, determining the impact times of the Pdyn
increase and decrease. The second panel in Figure 7 indicates the occurrence of the major EMIC wave at
the frequency just above the He+ gyrofrequency. This wave starts at ~14:37 UT as delayed by ~4min after
the Pdyn impact. The wave becomes weak at ~15:25 UT, immediately followed by the second enhancement
of its power, consistent with the pressure variations and GOES B response in Figure 6. It becomes notably
weak again at ~16:08 UT which is earlier by ~12min than the main Pdyn reduction time, 16:20 UT. On the
other hand, we notice another weak, short-lasting, wave activity just below the He+ gyrofrequency starting
at ~14:37 UT, roughly simultaneously with the main H-band wave. We do not consider this event
seriously here.

The plasma density (magenta) at the first panel in Figure 7 indicates a few tens of particles/cm3 or more dur-
ing the EMIC interval. After checking the time evolution of the plasma density profiles in L for>2 days, during
which the geomagnetic and solar wind conditions remained quiet, we find that this wave event occurred
inside the plasmasphere which has been refilled. On the other hand, the average WNA is ~28°, and the aver-
age ellipticity is ~�0.01, which thus implies an obliquely propagating wave with a nearly linear polarization
(we give more discussion on this issue in section 4.2).
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Next, Figure 8 shows the proton fluxes for 1 keV up to ~50 keV for the period around the pressure impact
(as marked by two vertical lines). First, the enhanced Pdyn impact results in flux increases most obviously for
the highest energy range, above tens of keV, right after its impact. Any similar flux response for lower energy
may be harder to identify unambiguously based on a visual inspection. But, more detailed plots in Figure 9
below will show more clearly that the immediate response of protons to the pressure impact occurs down
at several keV energy range as well. For below ~5 keV, the flux data are absent largely prior to the pressure
impact due to zero counts following the satellite’s perigee pass. This makes it not practical to assess the
proton response right after the pressure impact at this energy regime. Overall, the enhanced flux peaks at
two energy regimes, one at a few keV and the other at ~10–20 keV with a gap in between them. Then, at
the time of the pressure drop (the second vertical line) the proton flux drops, which is seen at wide energies.

In Figure 9 we present the phase space density of protons as a function of pitch angle for energies>~2.8 keV
at selected times. The first column corresponds to ~3min prior to the enhanced Pdyn impact, the second col-
umn corresponds to approximately the time of the enhanced Pdyn impact, and the ninth column represents
the phase space density at ~4min after the Pdyn drop. Several interesting features are identified. First, the
shape of the phase space density at most energies is ~90°-peaked even before the Pdyn impact and remains
so throughout the times shown. Second, comparing the first two columns indicates that the Pdyn impact
results in increase of the phase space density, which is most obvious at ~24 keV and above. Some increases
at ~14:33 UT right at the Pdyn impact are also seen at a lower energy range, ~7.1 keV–11.2 keV.

Figure 6. (top three panels) Geomagnetic indices (SYM-H, AE, and Kp), the IMF Bz, and solar wind dynamic pressure for
~03:00 UT–22:00 UT on 14 July 2014, and (bottom two panels) an expanded view of the solar wind dynamic pressure
and magnetic field intensity on GOES 15 for a shorter time interval from 12:34 UT–18:20 UT on 14 July 2014. The solar wind
data are time-shifted to the Earth.
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Third, recall from Figure 7 that there is a time delay of ~4min after the pressure impact before the EMIC wave
appearance at ~14:37 UT. During this delay time, the anisotropic phase space density remains elevated
(as shown in the third to fifth columns in Figure 9). We speculate that the 4min time delay couldmean a wave
growth time: Considering that the observed wave frequency is ~1Hz, the 4min time delay corresponds to the
wave growth rate of ~4 × 10�3 times the wave frequency, which is in a reasonable range implied from the
conventional linear theory [Garry, 1993].

Fourth, there is second increase in the phase space density at ~15:29 UT in Figure 9. This corresponds to the
proton flux enhancement in the energy of tens of keV, which can be identified in Figure 8. This is due to the
second enhancement in the dynamic pressure as mentioned in Figure 6 and is consistent with the start of
the later half part of the EMIC wave as mentioned in Figure 7.

Finally, recall that the EMIC wave in Figure 7 became substantially weak at ~16:08, which is ~12min earlier
than the pressure drop at ~16:20 UT. In contrast, the columns at ~16:06 UT and 16:10 UT in Figure 9 indicate
no dramatic changes in the proton phase space density (such as significant decreases in levels of the phase
space density and anisotropy) at all energies around this time. A notable decrease of the phase space density
occurs only after the pressure drop as shown in the last column. There must be wave damping mechanisms
such as cyclotron heating of He+ ion [Gendrin and Roux, 1980; Young et al., 1981; Zhang et al., 2010, 2011; Yuan

Figure 7. (top) The magnetic field intensity (black) and plasma density (solid magenta) from Van Allen Probe-A on 14 July
2014. (from second to sixth panels) Extracted wave parameters.
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et al., 2016] and/or Landau damping
due to cold electrons [e.g., Cornwall
et al., 1971; Thorne and Horne, 1992;
Zhou et al., 2013; Yuan et al., 2014].
Such particles of different species
could be responsible for the wave
decay prior to the drop of the phase
space density of protons.

For this event, the directional fluxes
of the protons at low pitch angles
are not available at many times prior
to the enhanced Pdyn impact and
even after the pressure impact at
wide energies. This makes it hard to
precisely determine a relative change

of the anisotropy after the enhanced Pdyn impact compared to the preimpact time. We find that the data cov-
erage is complete for ≥13 keV after the pressure impact, for which the anisotropy parameter A is above unity
but mostly below 2 throughout the duration of the enhanced Pdyn impact.

Summarizing the main features found in this event, we find that (i) the relatively sharp jump of the dynamic
pressure under weak geomagnetic and northward IMF Bz conditions results in the EMIC wave excitation with
~4min delay on Van Allen Probe-A. (ii) The wave location is likely inside the refilling plasmasphere. Its polar-
ization is nearly linear, and its propagation direction is notably oblique. (iii) The associated proton flux
response is immediate to the pressure impact, and its increase is dependent on energies, being most signifi-
cant at tens of keV. (iv) The phase space density of the protons in tens of keV is ~90°-peaked both before and
after the pressure impact. The associated anisotropy parameter A lies mostly between 1 and 2 throughout the
wave period.

3.3. Event 3: EMIC Waves on 23 February 2014

Figure 10 shows the geomagnetic (SYM-H, AE, and Kp) and solar wind (IMF Bz and dynamic pressure Pdyn) con-
ditions as well as the geomagnetic field H component at two ground stations as in Event 1 above but for an
interval on 22–23 February 2014. We are interested in the solar wind dynamic presure enhancement starting
at ~07:00 UT on 23 February as can be seen in the third panel. Like in the eariler two events, the geomagnetic
conditions are weak and the IMF Bz is northward for ~3.5 h prior to this pressure enhancement (see Table 1 for
a summary of the parameters). The fourth and fifth panels show, respectively, the same dynamic pressure
data and the geomagnetic field H component at two low-latitude ground stations for a shorter, ~7 h, interval
from 02:55 UT on 23 February. Like in Event 2 above, the dynamic pressure increases abruptly from ~3–4 nPa
to ~9 nPa. The geomagnetic field H component at two stations well reflects the impact signatures of the
pressure changes.

What distinguishes this event from the other two events above is that there are preexisting wave activities
prior to the impact of this pressure pulse. Figure 11 shows the wave data for this event in the same format as
Figure 7. First, we note that there is wave activity between ~03:40 UT and 04:10 UT at the frequency around
the He+ gyrofrequency, which we do not deal with here. We are interested in the wave that starts at ~04:50
UT just above the He+ gyrofrequency and continues until it is amplified at ~07:04 UT and finally disappears at
~08:00 UT. The “preexisting” EMIC wave between ~04:50 UT and ~07:04 UT is associated with a relatively
quiet state of the geomagnetic indices and a modest Pdyn state (~3 nPa) for the ~2 h interval. Then, the
enhanced Pdyn impact occurs at 07:04 UT as determined based on the magnetic field increase on Van
Allen Probe-A (black line in the first panel). Our visual inspection indicates that right at the Pdyn impact,
the EMIC wave amplifies immediately and extends to a broad frequency range above and below the He+

gyrofrequency. After this, the wave disappers as the pressure peak drops to some extent and reappears at
~07:15 UT. A close examination of AE and energetic particle flux data from GOES 15 (not shown here) sug-
gests us that there was a substorm occurrence around this time, which likley provided energetic ions that
contributed to this later wave excitation to some extent. (As Wang et al. [2014] discussed, the enhanced

Figure 8. Proton flux data from Van Allen Probe-A on 14 July 2014.
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dynamic pressure can promote the injection of the plasma sheet ions into the ring current region, which can
contribute to increasing the EMIC wave occurrence rate during the magnetic storms and substorms.) The
wave finally disappears at ~08:00 UT nearly simultaneous with the Pdyn reduction.

Like for the other two events, the wave propagation in this event is oblique and its polarization is nearly lin-
ear: The wave normal angle and ellipticity values averaged over the amplified wave period are ~37° and
�0.03, respectively. These wave polarization features are in fact similar even for the preexisting wave prior
to the pressure pulse impact. The Van Allen Probe-A satellite location around this time is rather away from
the magnetic equator (�14.8° to �16.6°) and in local time near noon. This event implies that the enhanced
pressure impact amplifies the preexisting linearly polarized wave immediately even away from the equator
(we give more discussion on this issue in section 4.2). Then, it is an interesting question if the compression
leads to an appropriate change of the ion distribution responsible for the immediate wave amplification.

The plasma density curve obtained from Van Allen Probe-A (solid magenta in first panel) in its inbound orbit
indicates that the satellite has not yet crossed the plasmapause during the period shown in Figure 11 (later, it
crossed the plasmapause after 09:30 UT though the density data are not shown up to this time here). The
plasma density curve from the preceding satellite, Van Allen Probe-B (dotted magenta in top panel), shows
crossing of the plasmapause at ~08:45 UT at the position (L = 3.92, MLT= 14.9 h). The density data from both
satellites clearly imply that this EMIC wave lasting ~3 h between 04:50 UT and 08:00 UT has occurred outside
the plasmapause.

Figure 12 shows the proton flux data for this event interval with the two vertical lines indicating the pressure
pulse period. First, the energy spectrum is characterized by a two-peak structure in energy throughout the
interval shown. The flux enhancement is clearly identified to occur from ~05:00 UT over the energy range
from ~10 keV and above. This is roughly consistent with the start of the preexisting wave shown in
Figure 11. Then the pressure pulse impact at 07:04 UT causes further enhancement in the flux most

Figure 9. Proton phase space density profile in pitch angle derived from the directional flux data of Van Allen Probe-A on 14 July 2014.
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significantly at ~10 keV and above. There is also an enhancement in a few keV range, but for which we find
that its phase space density at these energies is rather flat or at least not of a significantly 90°-peaked shape
(data not shown).

Figure 13 shows the proton phase space density for ~13 keV and above. The first two columns correspond
to <3min prior to the pressure impact and <1min after the pressure impact, respectively. The PSD shape is
90°-peaked for these energies and at all times even prior to the pressure impact. Comparing the first two
columns indicates that the PSD increases mostly for>~15 keV. It is interesting to note that the proton phase
space density becomes lower at 07:35 UT than that at the initial impact time in Figure 13, but the wave power
still remains high in Figure 11. By ~08:00 UT, when the pressure drops and wave disappears, the PSD level
reduces significantly at most of the energies shown. This reduction is likely below the threshold needed to
keep the wave active.

Figure 14 shows the calculated anisotropy parameter, A, for 9.6 keV up to 51.8 keV. The major point in the
anisotropy for this event is that the anisotropy, A, increases mainly for 17.8 keV to 32.7 keV, although the
increase is gradual and modest. This gradual increase is in contrast to more abrupt response in ion fluxes
and wave amplification. Therefore, it is an interesting question how and to what extent the gradual change
of the anisotropy plays a critical role in amplifying or exciting the EMIC wave of Event 3.

Summarizing the main features found in this event, we find that (i) the relatively sharp jump of the dynamic
pressure under weak geomagnetic and northward IMF Bz conditions results in immediate amplification of the

Figure 10. (top three panels) Geomagnetic indices (SYM-H, AE, and Kp), the IMF Bz, and solar wind dynamic pressure for
17:00 UT on February 22 to 14:00 UT on 23 February 2014, and (bottom two panels) an expanded view of the solar wind
dynamic pressure and geomagnetic field intensity at two low-latitude ground stations for a shorter time interval from 02:55
UT to 10:00 UT on 23 February 2014. The solar wind data are time-shifted to the Earth.
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preexisting EMIC wave. (ii) The wave location is outside the plasmasphere. Its polarization is nearly linear, and
its propagation direction is notably oblique. (iii) The associated proton flux response is immediate to the
pressure impact, and its increase is dependent on energies, being most significant at a few tens of keV. (iv)
The phase space density of the protons in the tens of keV energy is ~90°-peaked both before and after the
pressure impact. The associated anisotropy parameter A increases, mostly at a modest and gradual fashion,
after the pressure impact.

3.4. Resonant Energy

For the purpose of comparison with the observed energy range showing the major proton response, we
calculate the resonant kinetic energy of protons for the observed EMIC waves using the L-mode dispersion
relation of cold plasma approximation. Considering that all of our EMIC wave events occurred under quiet
time conditions, for this calculation, we assume 0.1% of cold O+ population compared to cold electron
density and vary the population ratio of cold He+ only up to ~10%. The square of the ratio between the
gyrofrequency (fce) and plasma frequency (fp) of electrons, (fce/fp)

2 enters into the dispersion relation. For this,
we use approximate values of the measured cold electron density andmagnetic field for each event and take
(fce/fp)

2 = 0.05, 0.01, 0.05 for three events, respectively. We also use the measured EMIC wave frequencies for
the dispersion relation. Specifically, we take the frequency values averaged over the EMIC wave periods as

Figure 11. (top) The magnetic field intensity (black) and plasma density (solid magenta) from Van Allen Probe-A, and the
plasma density from Van Allen Probe-B (dottedmagenta) on 23 February 2014. Note that the L, MLT, andMLAT information
in thehorizontal axis at the sixthpanel is only for VanAllenProbe-A. (fromsecond to sixthpanels) Extractedwaveparameters.
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shown in Table 3. Additionally, for
Event 1, we do the same calculation
with the frequency value at the wave
onset to demonstrate the depen-
dence of the resonant energy on the
wave frequency (f) relative to the pro-
ton gyrofrequency (fcp), i.e., x≡ f/fcp.

The results calculated for the three
EMIC wave events are shown in
Figure 15. First, for all of the three
events, the resonant energy KEres
increases with the cold He+ popula-
tion ratio. The dependence of the
resonant energy on the He+ popula-
tion ratio is more sensitive for the

Event 2wavewhichwas found in thehigh-density region. In addition, there is somedifference among the three
events. For the wave of Event 2, the resonant energy ranges from ~8 keV up to a few hundreds keV for the He+

populationratioof<8%. Incontrast, for theEvents1and3waves,whichareH-bandwaves in low-density region
(outside theplasmasphere)withahigher ratioof (fce/fp)

2, the resonantenergy isoverallhigher thanthatofEvent
2 in low He+ population ratio regime. However, the resonant energy for the Event 2 wave becomes higher in
higher He+ population ratio regime. Specifically, for Event 3, the resonant energy is ~25 keV–60 keV for the
He+ population ratio of up to ~10%. For Event 1, we show two cases of x= f/fcp to which the resonant energy
is sensitive. For x= 0.4 which roughly represents the wave onset time value, the resonant energy lies in
~17 keV to 30 keV for the entireHe+population ratio. It is higher for x=0.33, ranging from~35 keV to a fewhun-
dreds keV. Given the fact that all of the waves are found in the H-band regime, the resonant energy becomes
lower for frequencies closer to proton gyrofrequency (farther from the He+ gyrogrequency) [Kennel and
Petschek, 1966; Summers and Thorne, 2003].

We compare the calculated resonant energy range with the observed energy range showing the major pro-
ton flux response. First, for Event 1, the observation indicates the largest proton flux increase below 30 keV.
This is consistent with the calculated resonant energy range with x=0.4 but is lower than with the calculated

Figure 12. Proton flux data from Van Allen Probe-A on 23 February 2014.

Figure 13. Proton PSD from Van Allen Probe-A on 23 February 2014.
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Figure 14. Temperature anisotropy calculated for selected energies for the EMIC wave Event 3.
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energy with averaged x value, 0.33. For Events 2 and 3, the calculated resonant energy is more consistent
with the observed energy range showing the major proton flux responses shown in sections 3.2 and 3.3.
Therefore, the simple calculations and observations mostly agree for all of the three events. However, this
conclusion should be taken with caution considering the fact that the plasma dispersion relation and thus
the resulting resonant energy depend on various factors such as the hot ion populations and temperature
effects which we have not considered here [Chen et al., 2011; Silin et al., 2011; Gary et al., 2012].

4. Summary, Conclusions, and Discussion
4.1. Summary of Observations

In this work we have used the Van Allen Probes observations of waves and particles to identify and interpret
three events of EMIC waves associated with the solar wind dynamic pressure enhancements. While the three
events are all found under prolonged northward IMF Bz and quiet geomagnetic preconditions, they are
distinguished by contrasting situations as follows.

1. Event 1: The EMIC wave occurs in the middle of continuously (in a stepwise fashion) increasing Pdyn when
the Van Allen Probe-A satellite approaches the weaker magnetic field region near the apogee. The wave
location lies outside the plasmapause, at postmidnight, and close to the equator (MLAT~�3°).

2. Event 2: The EMIC wave occurs after a sharp Pdyn pulse impact, while Van Allen Probe-A is located inside
the plasmapause, at dawn sector and rather away from the equator (MLAT~ 12°).

3. Event 3: Thepreexisting EMICwave is amplified immediately after a sharp Pdyn pulse impact,while VanAllen
Probe-A is located outside the plasmapause, near noon, and rather away from the equator (MLAT ~�15°).

There are also wave and particle features common to the three events.

4. Themain EMICwaves are found in theHbandwith power spectral density of 0.3–2.1nT2/Hz just above theHe+

gyrofrequency (however, see discussion about the statistical significance of the He-band waves in section 4.4).
5. The wave polarization is highly elliptical, being nearly linear, and the propagation direction is rather obli-

que, the wave normal angle ranging from ~28° to ~39° on average.
6. The proton fluxes increase in

immediate response to the Pdyn
impact, most significantly in tens
of keV energy range, which is con-
sistentwith the expected resonant
interaction energy for protons.

7. The proton temperature aniso-
tropy with T⊥> T|| is seen in the
energy range of several keV to
~50 keV for all the events, and its
increase by the Pdyn impact is
sometimes seen, but not necessa-
rily always significant.

4.2. Conclusions and Discussion

This work leads us to two major con-
clusions as below.

Table 3. Summary of Major Wave Properties on Van Allen Probes-A

Event f (Hz)a fp (Hz)
a,b f/fp PSD (nT2/Hz)a WNA (deg)a Ellipticitya,c

1 0.8 2.4 0.33 0.6 39 0.07
2 1.1 3.5 0.31 0.3 28 �0.01
3 1.3 3.5 0.37 2.1 37 �0.03

aAverages over each EMIC wave period.
bAverage proton gyrofrequency.
cThe plus and minus signs refer to the right- and left-handed polarizations, respectively, and zero and unity of this

parameter mean perfectly linear and circular polarizations, respectively.

Figure 15. Proton resonant energy calculated for the observed EMIC waves.
Two cases are shown for Event 1 to demonstrate the dependence on x = f/fcp.
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1. The three contrasting events as summarized in the above summary (i) to (iii) imply that the enhanced Pdyn
of different types can trigger EMIC waves under various situations and locations even in the low L-shell
region that is covered by Van Allen Probes.

2. Based on the summary (vi) and (vii), we suggest that in addition to the anisotropic proton distribution, the
increased number of resonant protons should be considered important in triggering EMIC waves.

In relation to conclusion (i), we identified one EMIC wave event inside the plasmapause and the other two
outside the plasmapause (see Saikin et al. [2015] for a statistical result about the EMIC wave locations relative
to the plasmapause locations based on the Van Allen Probes satellite observations). Also, the three events
were detected at different MLT regions (near dawn, midnight, and noon, respectively) and latitudes (close
to and away from the equator, respectively). This implies to us that in low L-shell regions an enhanced
Pdyn impact can trigger EMIC waves anywhere, in particular, in any MLT region, as long as the conditions
are satisfied favorable for exciting the waves (see Saikin et al. [2016] for a statistical result about the EMIC
wave distribution in relation to the dynamic pressure). As the triggering rate should increase with L, in higher
L regions, it is more reasonable to expect a higher triggering rate of EMIC waves on the dayside and closer to
the magnetopause, as previously suggested by Anderson and Hamilton [1993].

Selection of our events aimed to emphasize the necessity of considering the distinction between two types of
the dynamic pressure increases, namely, the gradual (Event 1) versus abrupt (Events 2 and 3) increases. The
time scales of the dynamic pressure increases should be carefully considered in comparison with wave
instability growth time, satellite’s travel time under consideration, etc. In the case of Event 1, the spatial effect
had to be considered due to the ~3 h time scale of the gradual pressure increase. In the other two cases, the
EMIC waves appeared with a few minute delay (Event 2) or practically no time delay (Event 3) after the pres-
sure peak impact (see more discussion on instability triggering issue below).

A critical issue is the question about latitudinal dependence of the EMIC wave generation location [Allen et al.,
2015; Loto’aniu et al., 2005]. It is usually favored to be close to the equator or to some off-equatorial minimum
B region on the dayside. For Event 1, the wave detection location is very close to the equator on the nightside
and the proton flux response is consistent with the condition favorable for wave excitation, i.e., increased
phase space density of protons with anisotropy T⊥> T|| in the expected resonant energy range. Therefore,
it is likely that the Van Allen Probe-A satellite has observed the waves at the generation region. For Event
2, the wave was observed rather away from the equator at dawn region. It is not clear to us if this is the mini-
mum B region away from the equator, and thus, a question arises whether this is indeed the wave generation
region. We do not preclude the possibility that the Van Allen Probe-A satellite detected the propagating wave
from another source region closer to the equator. But at the same time we see no reason to exclude the pos-
sibility that the global compression can lead to conditions favorable for wave excitation anywhere away from
the equator even though it is not precisely the minimum B region. For Event 3 which is seen rather away from
the equator, the amplification of the preexisting wave is immediate to the enhanced Pdyn impact, and the
associated proton distribution is also appropriate for further wave excitation. Therefore, for this event, what
the Van Allen Probe-A satellite detected is the wave amplified at the same latitudinal location.

The conclusion (ii) is supported by Kennel and Petschek [1966], who suggest that the linear growth rate of ion
(and electron as well) cyclotron wave instability is determined by a multiplication of a term containing the
anisotropy factor, A, and another term that represents the fraction of particle population in the resonant
energy range.

While the Kennel and Petschek theory represents a temporal growth of waves at a fixed location, the
enhanced dynamic pressure causes a transport of the outer flux tubes inward, during which it is hard to
determine the precise location where the ion cyclotron wave grows first. Extending what was pointed out
by Anderson and Hamilton [1993], we consider three possibilities that may cause an inherent ambiguity in
interpreting the EMIC waves in association with enhanced Pdyn impact. Specifically, the observed EMIC waves
may be due to one of the following mechanisms: (1) A flux tube at outer region that is already unstable to ion
cyclotron wave instability prior to pressure impact is simply transported inward to the satellite location, with
and without further growth, in which case the measured EMIC wave is due to a spatial effect, (2) the ion cyclo-
tron wave instability is newly triggered by pressure impact at an outer radial distance than the observing
satellite location and this newly unstable flux tube is transported to the satellite position, and (3) an outer flux
tube becomes unstable only when it arrives at the satellite position, with or without a growth time delay after
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its arrival. For Event 1, where the EMIC wave appears in the middle of the continuously increasing pressure,
we find no reason to favor one against the other two possibilities. For Event 2, the EMIC wave is observed with
~4min time delay after the pressure impact. The pressure jump is sufficiently abrupt such that the time scale
of the magnetic field compression on Van Allen Probe-A (so the transport time scale of the outer flux tube) is
much shorter than the EMIC wave delay time. Therefore, we find it most natural to expect that the instability
must have occurred with a growth time of a few minutes after the outer flux tube arrived at the satellite posi-
tion, supporting the possibility (3). In section 3.2, we have argued that the EMIC wave time delay lies in a rea-
sonable range of the growth time scale of cyclotron wave instability. For Event 3 where the preexisting wave
was amplified immediately at the pressure impact, it is likely that the ongoing instability at an outer distance
flux tube became further amplified andwas then brought inward (thus corresponding to the possibility (1)) or
the amplification took place when the flux tube arrived at the satellite location (thus similar to the possibility
(3)). In this event, the magnetic compression on Van Allen Probe-A is abrupt and the wave amplification takes
place immediately. The amplified wave power in this event is much larger than that in the other two events.
Therefore, the time scale for this further growth must have been much shorter than the linear growth from a
seed wave.

Themost popular explanation for the EMIC wave excitation is based on proton cyclotron resonance instability
of L-mode circularly polarized waves. This is in contrast with the EMIC waves observed in our events which are
characterized by linear polarization. In fact, other statistical works [e.g., Anderson et al., 1992; Saikin et al.,
2015] also report the observations of a number of EMIC wave events with linear polarization identified at
all latitudes. One possibility to explain this discrepancy is that the linearly polarized waves can occur by a
crossover from L-mode to R-mode polarization during wave propagation [Young et al., 1981], which we can-
not prove for or disprove against our specific events. Alternatively, rather than relying on the polarization
crossover effect, Denton et al. [1996] suggested the possibility that the observed wave polarization features
can result from the superposition of more than one wave mode. Another possibility is that a highly elliptical
polarization in the plane perpendicular to the backgroundmagnetic field is expected if the wave propagation
is highly oblique. From a hybrid simulation, Hu and Denton [2009] found that EMIC waves with initially left-
hand polarization that are generated at the equator become more elliptically polarized as they propagate
more obliquely away from the equator. However, the observations in our events are not precisely consistent
with these suggestions. For Event 1 which was found relatively close to the equator, the associated particle
feature supports that the wave observation was likely made at the generation region. However, the wave
was found to be practically linearly polarized with substantially oblique propagation angle. For Events 2
and 3, since they were found rather away from the equator, one might want to take the conventional view
that the wave became more oblique and more elliptically polarized as it propagated from the equator.
However, we point out that the degree of ellipticity is much greater (the ellipticity value close to zero, being
practically linear) than expected from that of observed obliquity (WNA ~28° to ~39° on average). Clearly, a
further study to explain these observational features is required.

4.3. More Discussion in Relation With Previous Works

Engebretson et al. [2002] andMann et al. [2014] suggest that the EMIC waves could last longer than observed
on a moving satellite. The triggered EMIC waves in our events disappeared at about the time of (at least ear-
lier than) the Pdyn drop. We have shown that the resonant energetic particle flux drops when the Pdyn drops,
setting the conditions that are less favorable for continuous wave excitation. Also, the excited wave can die
out even before the pressure drops as seen in Event 2 if the energy release rate is faster than the rate of free
energy supply from the continuing compression [Anderson and Hamilton, 1993]. Therefore, we expect no
further excitation of EMIC wave after the Pdyn drop although the initially triggered waves can survive longer
and continue to propagate inside the magnetosphere and down to the ground.

There are previous works that report somewhat different energy range in association with the observed EMIC
waves. For example, Engebretson et al. [2002] suggested that the population of ~1 keV anisotropic protons
from the plasma sheet is more closely related to wave occurrence in the outer dayside magnetosphere, being
in contrast to our events found in lower L-shell region. Arnoldy et al. [2005] examined Pc1 waves and asso-
ciated proton distributions observed during a solar wind pressure pulse. From Polar satellite particle observa-
tions at L = 7.5 and magnetic latitude of �22°, they find that the pressure increase created a significant
population of protons between a few hundreds eV and several keV, whose fluxes were mostly perpendicular
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to themagnetic field. However, they emphasize the importance of both the increased perpendicular keV pro-
ton population energized by pressure pulse and the field-aligned population in determining whether the net
population is unstable at a given time. The Polar particle observations they used are limited up to the energy
of 19 keV. In contrast, the Van Allen Probes energy range we used for the present paper covers up to ~52 keV.
Our events are characterized by proton flux enhancements by the compression in the energy range of tens of
keV and above. This is rather higher than suggested in those previous works.

McCollough et al. [2009, 2010, 2012] suggested an interesting nonenergizing mechanism for generating tem-
perature anisotropy that can lead to EMIC wave excitation. The mechanism is based on the Shabansky orbits
of the drifting particles in the dayside magnetosphere under compressed condition. It requires a quantitative
calculation to test if a similar mechanism can play a role in triggering EMIC waves in our events where the
dynamic pressure increases either continuously or abruptly.

4.4. Future Works

There are some meaningful issues that deserve further investigation in future. First, the major triggered EMIC
waves in the studied events are all in the frequency regime corresponding to H-band (summary (iv) above).
However, we see no physical reason for excluding He-band excitation by enhanced Pdyn impact and we
emphasize that there may be other events of EMIC waves at frequencies below He+ and O+ gyrofrequencies
when triggered by dynamic pressure enhancements. In fact, the compression-related EMIC wave event
reported in Usanova et al. [2008] indicates the occurrence of waves below the He+ gyrofrequency. Also,
our separate study on statistical features of the EMIC waves measured on Van Allen Probe-A indicates that
the number of H-band waves associated with enhanced dynamic pressure conditions is only modestly larger
than that of He-band waves with similar association. In the general statistical study using the Van Allen
Probes observations by Saikin et al. [2015], the EMIC wave power is found to be larger for He-band waves than
for H-band waves, while the waves below O+ gyrofrequency are characterized by weak power intensity. The
statistical work based on the CRRES observations by Meredith et al. [2014] also reports higher power for the
He-band waves than for the H-band waves. Therefore, the pressure-triggered EMIC waves in the He-band
should be considered important. More analysis with these events will be reported in a future paper.

Second, although not presented in this paper, for all of the three events, we find hot heavy ion fluxes increase
after the enhanced Pdyn impact at tens of keV energy range where their temperature anisotropy is 90°-peaked
like that of protons. Although their population is much lower than that of protons, their effect in exciting the
EMIC waves should be evaluated in a future work.

Lastly, for the present paper, we have focused on analyzing the data only from one of the two Van Allen
Probes satellites. For all of the events, the other satellite observations also reveal EMIC wave activities.
While we plan to report the results of a more comprehensive analysis using multisatellites observations in
a separate paper, here we give a short summary of the main features of the wave observations by Van
Allen Probe-B.

1. For Event 1, the differences in L and MLT are negligible such that the two satellite orbits are practically the
same. Therefore, it is no surprise that the wave features seen on Van Allen Probe-B are found to be nearly
the same as those of Van Allen Probe-A.

2. For Event 2, Van Allen Probe-B was located slightly at higher L by ~0.4, higher latitude by ~0.5°, and
eastward by 0.2 MLT than Van Allen Probe-A. For this event, we see some differences between the wave
observations of two satellites. The EMIC wave detected by Van Allen Probe-B is overall weaker, and a weak
He-band wave appears ~1 h after the pressure impact that is absent in the observations from Van Allen
Probe-A.

3. For Event 3, Van Allen Probe-B at the time of the dynamic pressure increase was located slightly at lower L
by ~0.4, lower latitude by ~0.3°, and eastward by 0.7 MLT than Van Allen Probe-A. Unlike Event 2, this
difference in the satellite locations does not cause a significant difference in the pressure-amplified
EMIC waves between the two Van Allen Probes although there exist minor differences.

In addition, it is worthwhile to examine the observations from other satellites in the inner magnetosphere
such as GOES. For example, for Event 1, the GOES 13 observations at different MLTs indicate occurrence of
EMIC waves, which is earlier than the EMIC wave onset seen by Van Allen Probes, as recognized by Li et al.
[2014]. In fact, the GOES 15 observations at another MLTs also reveal EMIC waves. The wave properties are
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different among the GOES satellites and Van Allen Probes. We think that there must be a spatial dependence
of EMIC wave properties in a sensitive way when triggered by enhanced dynamic pressure. We plan to do a
more comprehensive analysis of pressure-triggered EMIC waves by comparing the observations among
different satellites as a separate project.
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