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Abstract Long-lasting (> 20 h) electromagnetic ion cyclotron (EMIC) Pc1-Pc2 waves were observed

by the Athabasca (L = ~ 4.6) induction magnetometer and Canadian Array for Realtime Investigations of
Magnetic Activity (L= ~4-6) fluxgate magnetometers on 5 April 2007. These waves showed a systematic
frequency change with local time, the minimum frequency near dusk, and the maximum frequency near
dawn. Assuming the plasmapause as a potential source region of the waves, we estimated the plasmapause
location from localized proton enhancement (LPE) events observed at NOAA-Polar Orbiting Environmental
Satellites and METOP-2 satellites. We found that the longitudinal frequency variation of EMIC waves has a
clear correlation with the estimated plasmapause location and that the waves are in the frequency band
between the equatorial helium and oxygen gyrofrequencies at the estimated plasmapause. With our
analysis results we suggest that the LPE events are caused by wave-particle interaction with the helium
band EMIC waves generated near the plasmapause.

1. Introduction

Pc1-Pc2 (frequency = ~0.1-5 Hz) pulsations are commonly observed on the ground at low to high latitudes. It
is generally accepted that ground Pc1-Pc2 waves are electromagnetic ion cyclotron (EMIC) waves generated
near the magnetospheric equatorial plane through a cyclotron resonant interaction with anisotropic (T, > T)
ions providing free energy for instability [e.g., Cornwall, 1965; Kennel and Petschek, 1966]. Such anisotropic
conditions can be expected during geomagnetically disturbed intervals associated with geomagnetic storms,
substorms, and solar wind dynamic pressure variations [e.g., Fraser and McPherron, 1982; Olson and Lee, 1983;
Ishida et al., 1987; Meredith et al., 2003; Usanova et al., 2008].

Theoretical studies have shown that the presence of the cold dense ions and a weak magnetic field are
favorable for EMIC wave generation because of the low group velocity of the wave in that region, leading
to an enhanced convective growth rate [e.g., Cornwall, 1965; Kennel and Petschek, 1966; Kozyra et al., 1984].
Thus, the plasmapause and plasmaspheric plumes, in which cold plasmaspheric plasmas overlap with ener-
getic/anisotropic ring currentions on open and closed drift paths, are expected to be favored regions for EMIC
wave generation.

According to previous statistical studies [e.g., Anderson et al., 1992a; Min et al., 2012; Usanova et al., 2012], the
occurrence rates of EMIC waves increase monotonically with L. That is, EMIC waves occur much more fre-
quently in the outer magnetosphere beyond geosynchronous orbit than in the inner (L < 6) magnetosphere.
Although previous statistical studies reported a minor enhancement in occurrence near the nominal location
of the plasmapause (L = 4-5), EMIC waves in the inner magnetosphere play an importantrole in the dynamics
of ring current and radiation belt particles, leading to plasma heating and/or precipitation loss through
resonant wave-particle interactions [e.g., Summers and Thorne, 2003; Miyoshi et al., 2008; Usanova et al., 2010].

In this paper we present a case study of long-lasting (> 20 h) Pc1-Pc2 waves observed at the Athabasca
(L =~ 4.6) and CARISMA (L = ~4-6) stations in North America on 5 April 2007. These waves are interpreted as
EMIC waves generated near L = ~4-6 in the magnetosphere. The EMIC waves showed a systematic frequency
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Figure 1. (a) The interplanetary magnetic field (IMF) B, in the geocentric solar magnetospheric (GSM) coordinate system,
(b) the solar wind dynamic pressure (P, ), (c) the SYM-H index, and the AE index on 5 April 2007. The 3 h values of the
K, index are displayed on the top.

change with longitude although their power was time modulated. We will examine whether the change in
frequencies can be associated with the plasmapause location and discuss whether the plasmapause is the
source region for the EMIC waves.

2. Observations

Figure 1 shows the interplanetary magnetic field (IMF) B, in geocentric solar magnetospheric (GSM) coordi-
nates, solar wind dynamic pressure (P, ), SYM-H index, and AE index for the entire 24 h of 5 April 2007. The
3 h values of the K, index are displayed on the top of Figure 1a. We note that the geomagnetic conditions
shown in Figure 1 were observed during the late recovery phase of a moderate geomagnetic storm with a
peak of D, = —63 nT on 1 April 2007. The IMF B, was primarily southward from 00:00 to 14:00 UT and fluctu-
ated between roughly +2 and —2 nT for 14:00-21:45 UT and then stayed southward until 24:00 UT. On this
day P, exhibited small variations, staying between ~1.0 nPa and ~1.5 nPa. SYM-H was about —15 nT near the
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Figure 2. Dynamic power spectra of the transverse field component (6b,,) for the 24 h interval of (a) GOES 11, (b) GOES
12, and (c) GOES 10 magnetometer data on 5 April 2007 in a mean field-aligned (MFA) coordinate system. The transverse
power is defined to be in the text. Two white lines indicate the local helium (Qy.+) and oxygen (Qq+) gyrofrequencies,
respectively. The magnetic local times of GOES spacecraft are shown at the bottom. (d) The H component dynamic
spectrum of induction magnetometer at Athabasca (ATH, L = ~4.6) in Canada.

beginning of this day, and it gradually increased to —10 nT near the end of the day. SYM-H begun to increase
around 15:00 UT and reached its maximum, —6 nT, around 18:00 UT. This SYM-H increase may be due to the
magnetopause current enhancement caused by the enhanced P, for ~15:00-18:00 UT. The AE index shows
sudden increases around 07:00 UT and 12:00 UT, indicating substorm expansions, with a peak amplitude of
~300 nT. The IMF B,, AE, and SYM-H conditions indicate that the geomagnetic activity on this day was not
unusually quiet even though the K, values were between 0+ and 1+.

Figures 2a—2c show the magnetic field Fourier dynamic spectra of the time-differenced transverse field com-
ponent (5b,,) for the 24 h interval of GOES 11, GOES 12, and GOES 10 magnetometer data on 5 April 2007
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in a mean field-aligned coordinate system [Hyun et al., 2014]. In the 6b,, dynamic spectrum, the transverse
power is defined to be P +P,, where P, and P, are the transverse power spectrum density of 6b, (radial) and
b, (eastward), respectively. The local time of each GOES spacecraft is given at the bottom. Two white traces
included in each panel indicate the local helium (,,.+) and oxygen (€,+) gyrofrequencies. In the GOES 11
spectrogram, broadband spectral shapes occurred at ~07:10 UT and ~22:00 UT. The former is associated with
the substorm activity as shown in Figure 1¢, and the latter is due to a data gap.

The overall intensity in the dynamic spectra at geosynchronous orbit is so low that there are no spectral fea-
tures in the frequency bands below Q4+, between Qq+ and Q.+, and above Q.+ that stand out above the
lower threshold of the color display except for the interval of ~15:30-16:10 UT at GOES 11 and the interval
of ~16:00—18:0 UT at GOES 10 and GOES 12. We changed the dynamic range for the display but were unable
to find band-limited features similar to those seen under quiet geomagnetic conditions by Hyun et al. [2014].
The only prominent band-limited feature is seen above Q.+ for ~16:00-18:00 UT at GOES 10 and GOES 12
when both spacecraft were near noon. We attribute these transverse wave oscillations to EMIC waves that
were generated by changes in the solar wind dynamic pressure. As shown in Figure 1b, P, increased from ~1
to ~1.5 nPa for the interval of 15:00-18:00 UT.

Figure 2d shows the H component dynamic spectrum of the induction magnetometer at Athabasca
(ATH, L = 4.6) in Canada. Note that the frequency scale of the ATH spectrum is different from that of the GOES
spectrum. The local time of ATH is also shown with GOES local times at the bottom of Figure 2. The ATH
ground station is longitudinally close to all GOES satellites. The ATH meridian is located between GOES 11
and GOES 12 with a small ground-satellite local time separation within 2.5 h. The ATH spectrum is remark-
ably different from the GOES magnetic field dynamic spectra. A major feature evident in the ATH spectrum
is a band-limited spectral enhancement in Pc1-Pc2 frequency band. This structure lasted more than 20 h
from ~01:00 UT to ~21:30 UT with frequencies smoothly changing with longitude. That is, the frequency of
Pc1-Pc2 waves changes with local time (LT). It is about 200 mHz at ~01:00 UT near dusk (17.5 LT) and smoothly
increases to ~1000 mHz at ~12:00 UT near early dawn (4.5 LT). Then, the frequency shows a gradual decrease
to ~250 mHz at ~21:30 UT in the afternoon (14.0 LT). The pulsation power was strong for the ~09:30-12:40 UT
and ~15:00-18:30 UT intervals with its level strongly time modulated. The latter interval is concurrent with
positive changes in the solar wind dynamic pressure.

Since GOES spacecraft detected enhanced waves in the Pc1-Pc2 frequency band during the interval of slightly
increased solar wind pressure, we believe that the very long-lasting Pc1-Pc2 wave activities seen at the ATH
ground station at L = 4.6 were spatially localized within geosynchronous orbit (L ~ 6.7). To infer the latitudinal
localization of Pc1-Pc2 wave activity, we examined Canadian Array for Realtime Investigations of Magnetic
Activity (CARISMA) fluxgate magnetic field data [Mann et al., 2008]. The longitudinal separation between ATH
and CARISMA stations is within ~20°. Fort McMurray (MCMU, L =5.35), Ministik Lake (MSTK, L=4.22), ATH are
along the ~307° magnetic meridian, and Fort Churchill (FCHU, L = 7.44), Gillam (GILL, L = 6.15), Island Lake
(ISLL, L =5.15), and Pinawa (PINA, L =4.06) are along the ~330° meridian. The CARISMA and ATH stations
are shown on the map in Figure 3a. Figures 3b-3g present Fourier spectrograms of differenced CARISMA X
(north-south) component fluxgate magnetic field data at MCMU, MSTK, FCHU, GILL, ISLL, and PINA.

Although the spectral power at CARISMA stations cannot make a quantitative comparison with the ATH data
because CARISMA data were acquired by fluxgate magnetometers, the spectral shapes at GILL, ISLL, PINA,
MCMU, and MSTK are quite similar to that at ATH. During the interval of ~00:30-06:00 UT, the strongest
power of Pc1-Pc2 waves was observed at ISLL, and these waves propagated in an ionospheric duct from
ISLL to higher latitude stations (FCHU and GILL) and to the lower latitude station (PINA) along the ~330°
meridian. The Pc1-Pc2 power at MCMU and MSTK was much weaker than that at GILL, ISLL, and PINA. These
observations imply that the Pc1-Pc2 wave activity during ~00:30-06:00 UT occurred at a fixed local time
region around ~330° meridian rather than a broad local time region and that the waves originated near
a region of L = ~5.2 in the magnetosphere. Wave activity was the strongest at MSTK for the interval of
09:00-16:00 UT, and these waves were also ducted to a higher station (MCMU). The maximum frequency
appeared around 12:00-13:00 UT near dawn (LT = ~5). The wave power was strongly attenuated at the ~330°
meridian, implying that the events occurred west of the ~330° meridian near L = 4.2. During the interval of
~16:00-19:00 UT, wave activity was stronger at ISLL than at other stations, and Pc1-Pc2 frequency showed
local time dependence decreasing from morning to noon.
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Figure 3. (a) Locations of the selected CARISMA stations and Athabasca station. (b-g) Fourier spectrograms of differenced CARISMA X (north-south) component
fluxgate magnetic field data from selected CARISMA stations on 5 April 2007.

It has been reported that localized enhancements of energetic (> 30 keV) protons, both trapped at the space-
craftaltitude and precipitating, at low altitude in the subauroral region are associated with Pc1 waves [Yahnina
et al., 2000]. The localized proton enhancement (LPE) with precipitating particles has been interpreted as
strong pitch angle scattering by EMIC waves [e.g., Miyoshi et al., 2008; Usanova et al., 2010; Hyun et al., 2014].
LPE with only trapped particles is also considered to be a very weak pitch angle diffusion [Yahnina et al., 2000].
Thus, EMIC source region can be estimated from LPE. We examine whether such LPE events occurred during
the interval of Pc1-Pc2 waves observed at ATH and CARISMA stations.

Figure 4 shows the trapped (blue) and precipitating (red) proton count rates in the 30-80 keV channel
measured by the Medium Energy Proton and Electron Detector (MEPED) instrument instrument on the
low-altitude polar-orbiting METOP-2 spacecraft. METOP-2 encountered the isotropic zone, in which the
trapped and precipitating count rates are comparable, around 03:30:27 UT as passing Northern Hemisphere
higher (auroral) latitudes (Figure 4a). This isotropic particle distribution is due to the pitch angle scattering of
protons bouncing between mirror points along the magnetospheric magnetic field stretched on the night-
side [e.g., Sergeev et al., 1983]. During the interval equatorward of this isotropic zone, the protons show highly
anisotropic distributions with a very weak precipitation of energetic protons. Inside the anisotropic zone,
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Figure 4. The trapped (blue) and precipitating (red) proton count rates in the 30-80 keV channel measured by MEPED
instrument on the low-altitude polar-orbiting METOP-2 spacecraft for the intervals of (a) 03:26-03:35 UT and

(b) 17:15-17:25 UT on 5 April 2007. Solid and open circles indicate localized proton enhancement with and without
precipitating protons, respectively.
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METOP-2 detected isolated peaks in the proton count rates (i.e., LPEs) at 03:28:27 UT (marked by solid circles)
and 03:30:27 UT (marked by open circles) in the premidnight sector. The former was observed at L = ~4.8,
MLT = 20.9, and MLAT = 61.1° N with both trapped and precipitating particles, and the latter was observed at
L=~5.4,MLT =20.8, and MLAT =62.7° N with only the enhancement of trapped particles. The local time differ-
ence between CARISMA and METOP-2 when LPEs were observed was ~0.5 h. As shown above, the strongest
Pc1-Pc2 wave activity for ~03:00-04:00 UT was observed at ISLL (L = 5.15), which was very close to the
L shell of LPE events. Figure 4b shows another LPE event with strong precipitating protons at 17:20:25 UT. This
event was observed in the morning sector (L = ~5.1, MLT = 10.0, and MLAT = 61.9° N). The L shell of the LPE
is nearly equal to that of ISLL with a small local time separation (~1.0 h). These observations support that the
occurrence of LPEs is strongly related with EMIC waves, seen as Pc1-Pc2 waves on the ground.

3. Discussion

Early studies for LPE reported that the region of LPE is located just inside the plasmapause [Cornwall et al.,
1971; Williams and Lyons, 1974] or outside the plasmapause [Mizera, 1974; Seraas and Berg, 1974]. It has been
suggested that the equatorial region of the magnetosphere is favored for EMIC wave generation because of
the low group velocity of the wave in that region, leading to enhancement of the convective growth rate [e.g.,
Cornwall, 1965; Kennel and Petschek, 1966; Kozyra et al., 1984]. Thus, the growth rate of EMIC waves may reach a
maximum at the inner edge of the plasmapause and the outer magnetosphere at high L where group velocity
is low [e.g., Perraut et al., 1976; Kozyra et al., 1984]. This indicates that LPEs can be observed both inside and
outside the plasmapause because EMIC waves have been generated over a wide L range [e.g., Anderson et al.,
1992a]. The LPEs shown in Figure 4 were magnetically mapped to the ground at L = ~5 where strong Pc1-Pc2
waves were seen. These LPE events, in conjunction with Pc1-Pc2 waves, have been interpreted to be the result
of wave-particle interactions with EMIC waves enhanced near L = ~5, the typical location of the plasmapause
[e.g., Yahnina et al., 2000; Yahnin and Yahnina, 2007; Miyoshi et al., 2008; Usanova et al., 2010].

Fraser et al. [1989] demonstrated that the source region of Pc1 pulsations observed at middle and low-latitude
ground stations is just inside the plasmapause identified at L = ~4.9. In their study linear convective wave
growth was calculated by using the parameters observed and assuming a location just inside the plasmapause
atL=4.7.This showed the presence of growing waves in the helium band between helium and oxygen gyrofre-
quencies. Thorne et al. [2013] showed that EMIC waves below the helium gyrofrequency near L = 4 just inside
the plasmapause effectively scatter protons at energies of ~10-100 keV. Sakaguchi et al. [2008] reported that
isolated proton arcs at subauroral latitudes appeared coincident with strong Pc1 waves in the helium band.
Yahnin et al. [2013] reported that the subauroral source is located in the vicinity of the plasmapause or in the
cold plasma gradient inside the plasmapause.

We suggest that the source region of our long-lasting Pc1-Pc2 waves is near the plasmapause. The longitudinal
variation of Pc1-Pc2 frequencies seen on the ground may be due to the spatial and/or temporal variation
of plasmapause location. That is, the farther plasmapause distance is near dusk (~02:00 UT), and the closer
distance is near early dawn (~12:00 UT). We can make a rough estimate of the plasmapause location assuming
that LPEs are produced by wave-particle interactions with EMIC waves generated near the plasmapause.

We used three NOAA-Polar Orbiting Environmental Satellites (POES) (NOAA-15, NOAA-16, and NOAA-18) and
METOP-02 satellites to identify L values of LPEs on 5 April 2007. Only LPE events observed within 2 h of local
time of CARISMA stations are plotted in Figure 5a. Red and Blue dots indicate LPE events with and without pre-
cipitating protons, respectively. The radial location of LPEs shows a systematic variation with UT (and thus LT).
Thatis, the L values from 01:00 to 03:00 UT (~18-19 LT) are larger than those from 11:00 to 13:00 UT (~4-5LT).
From 17:00 to 19:00 UT near noon, LPE events with precipitation were detected in a wide range, L = ~5-9.
We note that there was a slight P,,, enhancement from 15:00 to 19:00 UT and GOES spacecraft detected EMIC
waves for the interval of 16:00—18:00 UT. Therefore, we suggest that EMIC waves were generated over a wide
L range for the interval of 17:00-19:00 UT.

To make an estimate of the plasmapause location using LPE events, the second order polynomial fit was
applied to the LPE data points from 00:00 to 15:00 UT and is plotted with a smoothed curve in Figure 5a.
Although the LPE events from 16:00 to 21:00 UT were not used for the polynomial fit because of a large scat-
terin L, some of LPE events lie closely below and above the fitting line. The polynomial exhibits a minimum of
L=~4.6at11:30 UT (~4 LT) and a maximum of L = ~7.3 at 23:30 UT (~16 LT). This indicates that the estimated
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Figure 5. (a) Localized proton enhancement (LPE) events observed within 2 h of local time of CARISMA stations by 3
NOAA-POES satellites (NOAA-15, NOAA-16, and NOAA-18) and METOP-02 on 5 April 2007. Red and blue dots indicate
LPE events with and without precipitating protons, respectively. A smooth curve indicates the second order polynomial
fit to the LPE data points from 00:00 to 15:00 UT. (b) The equatorial magnetic field intensity (Beq) given by the TS05
model at the estimated plasmapause location. (c) The H component dynamic spectrum of Athabasca (ATH) induction
magnetometer data. Two white lines indicate the equatorial helium (Qequ+) and oxygen (Qeqo+) gyrofrequencies,
respectively.

plasmapause is asymmetric along the local time [e.g., Kwon et al., 2015]. However, we do not exclude temporal
variations of the plasmapause location because of IMF conditions and geomagnetic activities (see Figure 1).

Figure 5b shows the equatorial magnetic field intensity (B,,) given by the TS05 model [Tsyganenko and Sitnov,
2005] at the estimated plasmapause location. From the B, profile, we calculated the helium (Qqye+) and
oxygen (Q,q0+) gyrofrequencies at the equatorial plasmapause, and the result is shown in Figure 5c with the
H component dynamic spectrum of ATH. The general trend of the longitudinal variation of the estimated
equatorial gyrofrequencies is similar to the band structure of Pc1-Pc2 waves seen in the dynamic spectrum.
Most of the wave power shows in the frequency band between Qegpet and Qeqo+ (i.e., the helium band), which
gives support to previous theoretical and observational studies [e.g., Fraser et al., 1989; Sakaguchi et al., 2008;
Thorne et al., 2013]. We believe that the LPE events result from wave-particle interaction with the helium band
EMIC waves generated near the plasmapause.

Considering the plasmapause as a possible source region, we examined the longitudinal frequency variation
of Pc1-Pc2 waves localized in the inner magnetosphere and showed a clear correlation between frequency
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variation and the estimated plasmapause location. We cannot confirm a systematic local time frequency
change, similar to our observations, of EMIC waves near the typical location of the plasmapause atL=4-5ina
previous study [Anderson et al., 1992b]. This may be due to the fact that the plasmapause location is dynamic.
Thus, we wish to emphasize that it is necessary to know the location of the plasmapause for various geomag-
netic conditions in order to understand the contribution of the plasmapause to EMIC wave generation. In the
future work, we will perform statistical analyses to examine the relationship between EMIC wave frequency
and the plasmapause location using the data from Van Allen Probes.
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