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[11 Much evidence indicates that Pi2 pulsations in the inner magnetosphere can be
explained as radially trapped fast-mode waves in the plasmasphere. Most of these studies,
however, are based on observations from a single spacecraft in the plasmasphere and
low-latitude ground stations within several hours of local time. Here we present
simultaneous observations of two Pi2 pulsations on 26 January 2009 by three THEMIS
probes (P3, P4, and P5) and the Ascension Island (ASC) ground station (L ~ 1.002,
MLT ~ 23). By using plasma density and spacecraft potential measurements, we
determined that during this time P4 and P5 were located inside the plasmasphere and

P3 was located outside it. It is found that fast-mode components (compressional
component Bz, azimuthal component Ey) observed by P4 and P5 have a high correlation
with the H component at ASC while those at P3 do not. The Bz oscillations at P4 are
nearly in phase with ground Pi2 while those at P5 near the plasmapause are almost out of
phase with the H component on the ground during the two Pi2 events. The Ey -H cross
phases at P4 and P5 are nearly constant at —90° for both Pi2 events. These multipoint
observations strongly suggest that fast-mode waves trapped in the plasmasphere are the

source of the low-latitude Pi2 pulsations.

Citation: Luo, H., G. X. Chen, A. M. Du, V. Angelopoulos, W. Y. Xu, X. D. Zhao, and Y. Wang (2011), THEMIS multipoint
observations of Pi2 pulsations inside and outside the plasmasphere, J. Geophys. Res., 116, A12206, doi:10.1029/2011JA016746.

1. Introduction

[2] Pi2 pulsations, which can be indicators of a substorm
onset [Saito, 1969; Saito et al., 1976], are damped oscilla-
tions of the geomagnetic field in the 40-150 s period band.
They occur at all latitudes on the nightside and exhibit lati-
tudinal and longitudinal amplitude and phase variations
[Yumoto, 1986]. Maximum amplitudes of Pi2 pulsations are
usually observed in the region of the auroral zone beneath
the substorm-enhanced ionospheric electrojet [e.g., Olson
and Rostoker, 1975]. These auroral zone Pi2s have been
interpreted as transient Alfvén waves; their period is deter-
mined by the Alfvén wave travel time between the iono-
sphere and the near-Earth plasma sheet [e.g., Baumjohann
and Glassmeier, 1984]. At midlatitude nightside, Pi2s are
clearly observed to have similar signatures extending over at
least 60° longitude near the meridian of the substorm current
wedge (SCW) [Singer et al., 1983]; their polarization pattern
varies systematically relative to the center of the substorm
current wedge [Lester et al., 1983]. Therefore, the SCW

nstitute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing, China.

“Graduate University of Chinese Academy of Sciences, Beijing, China.

Institute  of Geophysics and Planetary Physics, University of
California, Los Angeles, California, USA.

Copyright 2011 by the American Geophysical Union.
0148-0227/11/2011JA016746

A12206

model is favored to explain the generation of midlatitude
Pi2s. Pi2s can be observed at almost all local times and
even on the dayside in midlatitudes to low latitudes
[Sutcliffe and Yumoto, 1989, 1991]. Shear Alfvén mode
resonances [Tamao, 1965; Chen and Hasegawa, 1974a;
Southwood, 1974], surface waves excited on the plasma-
pause [Chen and Hasegawa, 1974b; Sutcliffe, 1975], bursty
bulk flow- (BBF-) driven model [Kepko and Kivelson, 1999;
Kepko et al., 2001], and cavity mode resonances [e.g., Saito
and Matsushita, 1968] have been proposed as possible gen-
eration mechanisms of Pi2 pulsations in midlatitudes to low
latitudes.

[3] The oscillatory nature of Pi2 pulsations has usually
been attributed to magnetohydrodynamic standing waves,
which can be excited by compressional hydromagnetic
waves [Dungey, 1954]. Both shear Alfvén waves and com-
pressional fast-mode waves can produce standing waves in
the magnetosphere. These waves, either Alfvén or magneto-
sonic, can be excited by impulsive hydromagnetic momen-
tum released when the near-Earth (R < 10 Rz) magnetotail
goes through a rapid configurational change at the expansion
phase onset of a substorm [Southwood and Stuart, 1980].
The damping rate of Alfvén waves (which propagate along
the background magnetic field) is regulated by ionospheric
conductivity [Takahashi et al., 1996]. However, the damping
rate of magnetosonic waves (which propagate isotropically)
is controlled by not only the ionospheric conductivity but
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also by the radial distribution of the Alfvénic velocity [Fujita
and Glassmeier, 1995].

[4] Although the field line resonance (FLR) model can
successfully explain the variation of Pi2 pulsation amplitude
with latitude and the associated latitudinal variation of wave
polarization [Samson et al., 1971], it cannot account for
frequent observations of the same discrete frequencies over
a wide range of latitudes in the inner magnetosphere and
on the ground. Kivelson and Southwood [1985] proposed
that the discrete frequencies correspond to eigenfrequencies
of the fast (compressional) mode in the magnetosphere.
Kivelson and Southwood [1986] found that in a box model
the eigenmode equation yields a spectrum of discrete
eigenfrequencies. For nightside Pi2s at low latitudes, both
observations [e.g., Lester and Orr, 1983; Yeoman and Orr,
1989; Takahashi and Anderson, 1992; Takahashi et al.,
1992, 1995; Keiling et al., 2001] and theoretical model cal-
culations [Lee, 1998; Lee and Kim, 1999; Fujita et al., 2002]
support cavity mode resonance or virtual trapped resonance
as the generation mechanism. Other studies [e.g., Han et al.,
2004] found that Pi2 pulsations at low-latitude dayside
cannot be simply explained by the global cavity resonance,
and they suggested these Pi2s were generated by the current
flows in the F region along the equator. Kim et al. [2010]
found that plasmaspheric cavity resonance might not estab-
lish itself globally because of strong longitudinal attenuation
of fast-mode waves near the duskside caused by duskside
plasmapause undulations.

[5] Both the plasmaspheric cavity mode and plasma-
spheric virtual resonance (PVR) require that fast-mode
waves be trapped in the inner magnetosphere and that the
radial structures of their fast-mode components (Bz, Ey) be
qualitatively the same [Takahashi et al., 2003a]. The dif-
ference between the PVR mode and the idealized cavity
mode is that the latter requires a perfectly reflecting outer
boundary (e.g., plasmapause) while the former allows fast-
mode wave energy escapes through the outer boundary. In
addition, when realistic plasma, magnetic field configura-
tions are considered, the eigenmode has shorter wavelengths
near the outer boundary [Denton et al., 2002; Takahashi
et al., 2003a]. As a result, the nodes (antinodes) of both
fundamental and second harmonics are located closer to the
outer boundary than those in the idealized cavity mode,
which was proved by Takahashi et al. [2003b], who inves-
tigated the radial profile of the phase and amplitude of the Ey
and Bz components observed by the CRRES satellite and
suggested that the fundamental node of Bz is located inside
the plasmasphere near the plasmapause. A node or antinode
is a point at which the amplitude of one of the two types of
displacement in a standing wave has a minimum or maxi-
mum value. Lee and Lysak [1999] performed numerical
studies that suggested that Pi2 pulsations in the magneto-
sphere can be explained by the PVR model. Kim et al.
[2005] gave observational evidence of the PVR model out-
side the plasmasphere by using the Polar satellite, though the
PVR mode events were observed off the equator at ~15° to
60° magnetic latitude. This was further proved by Teramoto
et al. [2008], who statistically studied the Pi2 pulsations
inside and outside the plasmasphere observed by the DE-1
satellite. Recently, Teramoto et al. [2011] statistically pre-
sented two-satellite observations of the Pi2 pulsations inside
and outside the plasmasphere and provided additional
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evidence of plasmaspheric virtual resonance. Little clear
observational evidence for Pi2-associated fast-mode standing
waves in the nightside region near the magnetic equator of
the outer magnetosphere (beyond the plasmapause) has
been reported, however. Takahashi et al. [2001] found that
although poloidal components had high coherence with Pi2
pulsations at low latitudes when CRRES was in the plasma-
sphere, they did not maintain high coherence when the
spacecraft moved completely into the plasmatrough. This
suggests that the outer boundary of the cavity is the plasma-
pause. The phase differences between poloidal components
and H components at low latitudes for both fundamental and
secondary harmonic cavity resonances were investigated
extensively by Takahashi et al. [2003a].

[6] There are a few studies that used multipoint observa-
tions in space and on the ground to examine the spatial
structure of Pi2 pulsations both inside and outside the plas-
masphere. For example, Collier et al. [2006] studied a Pi2
event by using three Cluster satellites inside the plasma-
sphere and a satellite in the plasmatrough; they gave evidence
of standing waves confined in the plasmasphere. Recently,
Teramoto et al. [2011] statistically presented two-satellite
observations of the Pi2 pulsations at different regions in the
inner magnetosphere and provided additional evidence of
plasmaspheric virtual resonance. However, these studies did
not provide a detailed radial structure of plasmaspheric
resonance such as the location of the node or antinode for
both fundamental and second harmonic structures of the
magnetic and electric fields.

[7] In this paper, we present four point observations of
Pi2 pulsations in the inner magnetosphere by using three
THEMIS probes and a ground magnetic station. Two
probes were located inside the plasmasphere, one located
near the Earth and the other located near the plasmapause.
The third probe was located just outside the plasmapause.
We believe that the spatial distribution of observation points
can help us study the radial structure of Pi2 pulsations
inside and outside the plasmasphere in great detail.

[8] The remainder of this paper is organized as follows.
In section 2 we describe the data sets. In section 3 we present
observations and data analysis. In section 4, we discuss
the results of our observations. In section 5 we give our
conclusions.

2. Data Sets

[9] In this study, we use data from identical instruments
on THEMIS-A (P5), THEMIS-E (P4), and THEMIS-D (P3)
[Angelopoulos, 2008; Sibeck and Angelopoulos, 2008] and
at a low-latitude ground station on Ascension Island (ASC).
The THEMIS magnetic data come from the fluxgate mag-
netometer (FGM) [Auster et al., 2008]. A combination of
FGE (engineering, 8 Hz data) and FGL (fast survey product
“low” resolution at 4 Hz) from P4 is used to reduce digiti-
zation noise in the sub-nanotesla range. Data from FGS are
used to study the magnetic oscillations at P3 and P5. The
plasma density data are from the electrostatic analyzer
(ESA) [McFadden et al., 2008]. The electric field and probe
potential data are from the electric field instrument (EFT)
[Bonnell et al., 2008]. The THEMIS electric field data used
here are spin-fit, 3 s averaged vector samples constructed
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Figure 1. (a) The AU/AL index from 0000 to 0300 UT. (b) The H component of the Ascension Island
station (L = 1.002, geographic latitude = —7.9°, and geographic longitude = 345.6°). (c) High pass-filtered
data at Ascension Island station. (d) High-pass-filtered data at Hermanus (HER) (L = 1.45, geographic
latitude = —34.4°, geographic longitude = 19.2°). The vertical dashed lines indicate Pi2 onsets at 0017 UT

(event A) and at 0025 UT (event B).

from spin-plane components by assuming no electric field
along the background magnetic field (EgB = 0).

[10] Magnetic and electric fields from THEMIS are
resampled to 3 s resolution and rotated into local mean-field-
aligned (MFA) coordinates [e.g., Takahashi et al., 1990].
Three components of the magnetic field in the MFA system
are e,, e, and e., where e; is a unit vector parallel to the
5 min sliding average magnetic field direction, e, is the unit
azimuthal component parallel to the vector product of the
probe position vector and the e, vector, and e, is the unit
radial component, completing the right-hand rule. After that
rotation, the data are operated by a 3 s averaged field minus
a 5 min averaged field and high-pass filtered with a 150 s
period.

[11] Data from a three-components suspended fluxgate
magnetometer sampled every second from the Ascension
Island observatory are used to identify the low-latitude Pi2
pulsations. ASC was located at —2.6° of the geomagnetic
latitude, 57.2° geomagnetic longitude. Measurements at
Hermanus (HER) performed by the induction magnetometer
are used to compare the pulsations with those from ASC to
confirm that the equatorial anomalous behavior of the Pi2
pulsations does not appear at the ASC station. We have

taken 3 s running averages of the 1 s resolution data into 3 s
resolution to make the data resolution comparable to the
THEMIS field data.

3. Data Presentation

[12] In this section we present data analysis details. Two
Pi2 events that occurred from 0015 to 0040 UT on 26 January
20009 are described, including the positions of three THEMIS
probes relative to the plasmapause and the field components
inside and outside the plasmasphere.

3.1.

[13] Figure 1 shows an overview of geomagnetic condi-
tions from 0000 to 0300 UT. The AU and AL indices
(Figure 1a) begin to increase and decrease sharply, respec-
tively, at about 0017 UT. Another sharp decrease of the AL
index occurs at about 0025 UT; the index reaches its mini-
mum value (~—430 nT) at about 0034 UT, indicating a
moderate substorm. The THEMIS pseudo-AE index (which
has more stations at this time; not shown) shows similar
behavior. Los Alamos National Laboratory geostationary par-
ticle data (http://leadbelly.lanl.gov/lanl_ep data/) also indicate

Overview
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energetic particle injections, which confirm the occurrence of a
substorm. The H component magnetic field data from ASC
are plotted in Figure 1b. The H component began to
increase almost simultaneously with the AL index decrease
at 0017 UT, indicating a positive bay excursion. These are
typical substorm signatures of nightside low-latitude sta-
tions. During the H component increase, two Pi2 onsets
were observed at about 0017 and 0025 UT; these could be
clearly seen superposed on the H component of the mag-
netic field observed at the ASC station. Therefore, the two
Pi2 events in our study are substorm-related phenomena.

[14] Ground signatures of Pi2 pulsations in the daytime
near the magnetic equator usually exhibit characteristics
similar to those of the polar Pi2 pulsations [Yumoto and
CPMN Group, 2001]. During the Pi2 events in our study,
the Ascension observatory was located in the nighttime, so
the equatorial anomalous behavior of the Pi2 pulsations may
not appear at this observatory. We compare the Pi2s at both
ASC and Hermanus (HER) to confirm this. In Figures lc
and 1d, we plot high-pass-filtered H components from the
ASC and HER stations, respectively. As we can see in the
two panels, nearly the same waveforms appear in the two
observatories. During this time, ASC (L = 1.002, magnetic
latitude = —2.47°, and magnetic local time = 23 h) was
located at the vicinity of the geomagnetic equator and HER
(L = 1.45, magnetic latitude = —34.02°, and magnetic local
time = 0.8 h) was located at midlatitude about 2 h east of the
ASC station. Similar behavior between the two observatories
means that the equatorial anomalous behavior of the Pi2
pulsations does not appear at the ASC station, and Pi2 sig-
natures at the ASC stations represent behavior of the Pi2
pulsations in middle and low latitudes other than that of
polar Pi2 pulsations.

[15] To investigate the wave mode inside and outside the
plasmasphere, we need to identify the location of the plas-
mapause. Both the plasma density and the spacecraft
potential, which depends on the plasma density [Pedersen
et al., 1998; Scudder et al., 2000], are used to determine
that location. Cross correlation between measured plasma
densities and spacecraft potential determined from the
THEMIS EFI Langmuir probes provides their quantitative
relationship [Bonnell et al., 2008]. The plasma density and
the spacecraft potential of P4, P5, and P3 from 0000 to
0200 UT are shown in Figure 2. Ion (black) and electron
(green) density measurements are shown in Figure 2a. The
ion and electron densities come into agreement at about
0015 UT, 0040 UT, and 0103 UT for P3, P5, and P4,
respectively (black dashed line in each panel of Figure 2a).
The time is consistent with the sharpest change (red dashed
line in each panel of Figure 2b) in the spacecraft potential
measurements plotted in Figure 2b. The thick black bar in
each panel indicates the time interval of interest (0015 to
0040 UT).

[16] Figure 3 shows the magnetic local time (MLT) and
the dipole L distribution of P4, P5, P3, and the low-latitude
ASC station from 0000 to 0200 UT on 26 January 2009.
During this time, the THEMIS probes were in stage seven of
the “tail science phase.” P4, P5, and P3 were in an outbound
pass near the magnetic equator with magnetic latitudes of
9°, 2°, and 2°, respectively. The solid circles in each line
indicate the crossing of the plasmapause by each probe at the
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different times identified in Figure 2. The time of interest
(0015-0040 UT) is indicated by a thick bar for each probe.
During this time, the three probes were located at premid-
night, P4 moved outward from L ~ 2.9 to L ~ 3.5 (MLT
from 20.6 to 21.5); P5 moved outward from L ~ 4.0 to
~4.9 (MLT from 22.3 to 23); and P3 moved outward
from L ~ 5.7 to ~6.2 (MLT from 23.2 to 23.6). The ground
ASC station (L ~ 1.002) was located near midnight with
MLT from 22.8 to 23.2. Both the probes and the ground
station were located on the nightside with a small local
time separation that was favorable for analyzing the radial
mode structure of Pi2 pulsations [Takahashi et al., 1995].

[17] From the analysis above, we can confirm that P3, PS5,
and P4 crossed the plasmapause at about 0015 UT, 0040 UT,
and 0103 UT, respectively. During the two Pi2 events, P4
was inside the plasmasphere closer to the Earth; P5 was also
inside the plasmasphere but near the plasmapause; and P3
was outside the plasmasphere.

3.2. Observations of P4 Inside the Plasmasphere Closer
to the Earth

[18] For P4 inside the plasmasphere closer to the Earth, we
examine the field components of the Pi2 pulsations (0015—
0040 UT) and their correlation with observations at the ASC
station. Figure 4a shows the MFA components of P4 (from
top to bottom, Ex, Ey, Bx, By, Bz) and the H component from
ASC observations. Oscillations in the Pi2 band can be
clearly seen in the azimuthal component (Ey) of the electric
field, the field-aligned component (Bz) of the magnetic field,
and the H component of the ASC station. The toroidal
components (Ex, By) are smaller than the poloidal compo-
nents (Ey, Bx, Bz), which implies that the poloidal compo-
nents dominated the wave mode at P4. This is consistent
with a statistical study by Takahashi et al. [1995], who
concluded that the oscillations were dominated by poloidal
components on the nightside at L <4. As shown in Figure 4a
(middle and bottom), the time series plots of Bz and H have
almost identical waveforms during the two Pi2 events,
which implies that Pi2s at P4 and ASC are from the same
source. Figure 4b shows the spectral properties of the two
Pi2 events, computed by using a fast Fourier transform from
the high-pass-filtered data. Figure 4b (top) shows the spec-
tral properties of the poloidal components at P4 and H at
ASC for event A, calculated for the 0015-0022 UT interval.
It can be seen that poloidal components at P4 and A at ASC
have almost identical spectral shapes and have a strong peak
at 9.3 mHz. We also note that there is a second peak of the H
component at the frequency of 19 mHz, which is not evident
of the poloidal components at P4. Figure 4b (bottom) shows
the spectral properties of the poloidal components at P4 and
H at ASC for event B, calculated for the 0025-0032 UT
interval. Similar spectral properties are observed for event B
except that the H component shows a second power peak at
~14.2 mHz.

[19] To investigate the radial structure of the fast-mode
wave, we examine the coherence and phase difference
between poloidal components at P4 and H at ASC. Figure 5
(top) shows the wavelet coherence between Ey at P4 and the
H component at ASC. The wavelet coherence finds regions
in time-frequency space in which the two time series co-vary
(but do not necessarily have high power) [e.g., Grinsted
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Figure 2. (a) From top to bottom, the ion (black) and electron (green) densities measured by P3, P5, and
P4. The horizontal thick black bar stands for the time of interest, and the plasmapause crossing is marked

by vertical dashed lines. (b) The format is identical
measurements.

et al., 2004]. The Ey at P4 is well correlated with the H
component during the two Pi2 events, with a wavelet
coherence of more than 0.9 in the period band from ~70 to
~130 s centered at ~100 s. The cross phase between Ey and
H is nearly —90° for both two Pi2 events (indicated by the
phase arrows pointing upward). The Bz-H coherence is
shown in Figure 5 (bottom). High Bz-H coherence is also
present in the period band from ~70 to ~130 s centered at
~100 s. Bz oscillates in phase with A during 0015-0031 UT
(indicated by the phase arrows pointing right). After
0031 UT, the high coherence between Bz and H shifts to a
period of ~45 s, and Bz is no longer in phase with the H
component (indicated by the phase arrows pointing left) but
instead is in antiphase with the H component.

[20] These results are consistent with the fundamental
structure of the fast-mode wave trapped in the plasmasphere
[Takahashi et al., 2003a]. We can confirm that P4 was
located inward of the fundamental Bz node (Ey antinode)
during the two Pi2 events.

3.3. Observations of P5 Inside the Plasmasphere Near
the Plasmapause

[21] According to the analysis in section 3.1, PS5 moved
across the plasmapause at ~0040 UT. Therefore, it was
located inside the plasmasphere and near the plasmapause

to that of Figure 2a, but for the spacecraft potential
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Figure 4. (a) Electric and magnetic oscillations in MFA coordinates at P4 and the H component at the
ASC station from 0015 to 0040 UT. (b) Spectral properties of the poloidal components (Bx, Bz, Ey) at
P4 and the H component at ASC during (top) event A and (bottom) event B.

during the two Pi2 events. Midway through this time of
interest, P5 was at L ~ 4.3, ~2° MLAT, and 22.7 h MLT.
The ASC station was ~0.5 h MLT east of P5. The field
components and their correlations with ASC observations
are also investigated. Figure 6a shows the field oscillations
at P5 and the H component at the ASC station from 0015 to
0040 UT. The same coordinate system and data format as in
Figure 4a are used. Pulsations in all field components are
shown in the Pi2 band and show nonsinusoidal signatures.
Unlike the P4 oscillations, both poloidal and toroidal com-
ponents were observed at PS5, and their amplitudes were
comparable. The spectral properties of the two Pi2 events are
shown in Figure 6b. For event A (Figure 6b, top), both the
Ey and H at ASC show a power peak at 9.3 mHz, while
the Bz spectrum shows a strong power band from ~9 to
~19 mHz. Bx has a power peak at ~12 mHz, which is a little
higher than that of Ey. For event B, Ey and Bx spectra show a
strong peak at 9.3 mHz and the Bz spectrum shows a peak
at 14.2 mHz. The H component shows both peaks at 9.3
and 14.2 mHz, which correspond to the Ey and Bz peaks,
respectively.

[22] The wavelet coherence between poloidal components
at P5 and the H component at ASC for both Pi2 events is
shown in Figure 7. Figure 7 (top) demonstrates that Ey is well
correlated with the H component, with a squared wavelet
coherence of more than 0.8 in the period centered at ~100 s
for both Pi2 events. The Ey-H cross phase at the period
~100 s is about —90° (indicated by the phase arrows
pointing upward), which is the same as the cross phase
between Ey and H observed at P4. The Bz-H coherence
(Figure 7, bottom) shows different signatures from those at
P4, which exhibits high correlations at ~ 50 s and ~ 70 s for

events A and B, respectively. In addition, Bz oscillations are
nearly out of phase with H for both Pi2 events.

[23] From the observations at P5 above, we identify that
PS5 observed the fundamental structure of the £y component
and the second harmonic signatures of Bz components for
both Pi2 events. These results are consistent with the radial
structure of the trapped fast-mode wave illustrated in Figure 1
of Takahashi et al. [2003a]. In section 4.1, we discuss the
structures as well as the position relative to the node or
antinode.

3.4. Observations of P3 Outside the Plasmasphere

[24] As shown in Figure 3, P3 moved across the plasma-
pause at ~0014 UT. At the midpoint of the two Pi2 events,
P3 was located at L ~ 6.1, 2° MLAT, and 23.2 MLT. The
ASC station was in nearly the same MLT as that of P3.
Figure 8a shows time series plots of the disturbed field
components in the MFA system at P3 and the H component
at ASC. Although oscillations are present at both poloidal
and toroidal components, their waveforms are not quite
sinusoidal and differ significantly from the pulsations at P4
and P5. Although the first two cycles of the Bz at P3 mat-
ched those of the H component at ASC to some extent, a
good, long-lasting match, like those observations at P4 and
PS5 inside the plasmasphere, did not happen at P3. Figure 8b
(top) shows that the power spectra of poloidal components
exhibit signatures that are somewhat similar to those of the
H component for event A at ~ 9 mHz; there is no similar
spectral shape for event B (Figure 8b, bottom). The Ey-H
and Bz-H coherences are rather low for both Pi2 events
(Figure 9).
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Figure 5. (top) The squared wavelet coherence between
the compressional component (Bz) at P4 and the H compo-
nent at the ASC station. (bottom) Azimuthal component
(Ey) and H component. The 5% significance level against
red noise is shown as a thick contour. The relative phase
relationship is shown as arrows (with in-phase pointing
right, antiphase pointing left, —90° cross phase marked by
pointing upward).

[25] Observations at P3 imply that the low-latitude ground
Pi2 may not be directly excited by the fast-mode wave out-
side the plasmasphere. The plasmapause provides an ade-
quate barrier for trapping fast-mode waves.

4. Discussion

[26] In the previous section, we discussed wave modes for
two Pi2 events observed by three THEMIS probes inside
and outside the plasmasphere and their relationship to low-
latitude ground Pi2. The wave modes of the three probes
and the probe-ground coherences are highly dependent on
the positions of the probes relative to the plasmapause. This
dependence is consistent with the findings of Takahashi
et al. [2001].

4.1.

[27] The resonance period of the fundamental mode
(Pi2 period) can be approximately expressed as Tpp, =

What Causes Frequency Differences in the Cavity?

2Rg fLL:” %, where Vy(x) = 5%)? (Alfvénic velocity) is a
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function of the radial distance (x) [Takahashi et al., 2010];
the integration is made from the inner boundary (L) to the
outer boundary (L,,). Hence, the wave period of Pi2 pulsa-
tions exhibited by plasmaspheric cavity resonance depends
on the size and density of the plasmasphere. For an idealized
situation, the frequency of the second harmonic normalized
to the fundamental equals two.

[28] In Figure 1 of Takahashi et al. [2003a], they sum-
marized the radial structure of the fundamental and second
harmonics of the cavity model. They assume that the mode
is excited between two rigid radial boundaries that would
correspond to the equatorial ionosphere and plasmapause,
respectively. Considering an idealized cavity, both harmo-
nics have Ey nodes located at two boundaries and the Bz
node is located at the Ey antinode and vice versa. A node or
antinode is a point at which the amplitude of one of the two
types of displacement in a standing wave has the minimum
or maximum value. For the fundamental mode, there are
three nodes or antinodes in the plasmasphere with Ey —90°
out of phase with the H component while Bz is in phase with
the H inside the Bz node and anti phase with H outside the
Bz node. For the second harmonic mode, there are five
locations of nodes or antinodes in the plasmasphere, with
three Bz antinodes located at two boundaries and in the
middle of the cavity (labeled L,,); while two nodes are
located in the middle of two adjacent nodes, which are
labeled L,,; and L, 5 in Figure 1 of Takahashi et al. [2003a],
respectively. Ey is = 90° out of phase with Bz. We also
should note that the nodes (antinodes) of both fundamental
and second harmonics are located closer to the outer
boundary than those in Figure 1 of Takahashi et al. [2003a]
because the eigenmode has shorter wavelengths near the
outer boundary when a realistic plasma, magnetic field
configuration, and energy leakage through the boundaries are
considered [Denton et al., 2002; Takahashi et al., 2003a].

[29] For event A (0017 to 0024 UT), the 9.3 mHz oscil-
lation was observed at P4 in both Bz and E)y (see Figure 4b).
Poloidal components have high coherence with H at ASC in
the period band around 100 s (see Figure 5). At PS5, the
9.3 mHz oscillation was observed only in the Ey component
while the Bz showed strong power at 9—19 mHz and centered
at ~14 mHz (Figure 6b). Both frequencies were detected in
the H component at the ASC station. This difference could
also be seen in the satellite-ground coherence (Figure 7).
Observations for event B also show similar results.

[30] It is reasonable to explain the frequency difference of
field components between P4 and P5 to be that the two
probes located at different positions of the cavity observed
different harmonics and the ASC station observed both
harmonics. We can infer that the plasmapause was located at
L ~ 5.6 according to the positions where P3 and PS5 crossed
the plasmapause during the midpoint of the two Pi2 events.
P4 (L ~ 2.8) was possibly located between L,; and L,,, and
near L,;, which is the Bz node of the second harmonic.
Therefore, it mainly observed the fundamental mode of Bz.
PS5 was possible located near L,,, which is the second har-
monic antinode (fundamental node) of Bz. Hence, Bz mainly
exhibited the second harmonic signature. However, we
could not identify which side Z,,, P5 was located on in our
observations. Ey oscillations at P5 exhibited only the fun-
damental mode structure since the Ey-H coherence is rather
low at the second harmonic frequency (Figure 7, top)
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Figure 6. The format is identical to that of Figure 4, but for PS5 observations.

because the amplitude of Ey at the second harmonic fre-
quency is small near L,,. According to radial structure of
both harmonics [Takahashi et al., 2003a, Figure 1], we
could identify only that P5 was located near L,.

[31] It was found that the frequencies of the second har-
monic oscillations had different values (19 mHz for event A,
14.2 mHz for event B) while the fundamental frequencies
were the same for events A and B. A possible explanation
was that the frequencies of both fundamental and second
harmonic were changed from event to event. Unlike the
idealized situation, the f2/f1 ratios do not equal two and are
not stable in the realistic plasmasphere. Takahashi et al.
[2003a] studied two successive Pi2 events and found that
the f2/f1 ratios were 1.7 and 2.2, respectively. Statistical
studies of the harmonic Pi2 events on the ground also
reported a large spread in the frequency ratio [Denton et al.,
2002, summary table]. In our study, the frequency ratios
showed 2.0 (f2 = 19 mHz, f1 = 9.3 mHz) and 1.5 (f2 =
14.2 mHz, f1 = 9.3 mHz) for events A and B, respectively.
The two frequency ratios were in reasonable range accord-
ing to Denton et al. [2002].

[32] We also note that the Bz-H coherence at P4 during
0033-0037 UT showed high correlations at ~ 45 s (Figure 5,
bottom). At first, we thought that P4 observed the second
harmonic of Bz oscillations for event B. However, we noted
that event B ended at about 0034 UT. In fact, the amplitudes
of poloidal oscillations at both P4 and P5 were rather small
after 0032 UT compared with those of events A and B.
Hence, we cannot attribute the 45 s correlations between Bz
and H after 0032 UT to P4 observing the second harmonic
structure of event B.

4.2. Comparison of the Observations
With Other Models

[33] Although many studies show that theoretical or obser-
vational plasmaspheric wave trapping is the main generation

Period (s)

Period (s)

e

e

Bz-H ASC
00:25 00:30
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b

Ay XSS
B N\ NN
00:20

256
00:15

Figure 7. The format is identical to that of Figure 5, but for
PS5 observations.
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mechanism of low-latitude Pi2 pulsations, its occurrence in
the real magnetosphere is not universally accepted. A major
question is that of the relative importance of external forcing
waves and internal resonance in establishing the frequency of
the Pi2 pulsations in the inner magnetosphere. It was dis-
covered that the waveforms of low-latitude Pi2s matched
well with the time-delayed earthward ion bulk flows [Kepko
and Kivelson, 1999; Kepko et al., 2001]. This led them to
suggest that Pi2 pulsations at low-latitude nightside and
flanks are directly driven by time-modulated earthward fast
flows. These periodical fast flows reach the dipolar inner
magnetosphere and enhance periodic compressional pulses,
which travel earthward and generate Pi2s at nightside and
flanks of the Earth with possible mode conversions.

[34] An important feature in our study is that there are
three probes making simultaneous observations near the
magnetic equator inside and outside the plasmasphere. This
can help us identify the source of Pi2 events. For event A,
although the first two wave cycles observed by P3 outside
the plasmasphere show some similarity to those inside the
plasmasphere and ASC station, we cannot attribute it to be
BBF driven. If the Pi2 pulsations in the plasmasphere are
directly driven by an external source such as BBF, the
amplitude of the compressional pulses outside the plasma-
sphere may larger than that inside it. However, we notice
that the Bz amplitude (7 nT peak to peak; see Figure 8a) at
P3 is smaller than that at P5 (9 nT peak to peak; see
Figure 6a). In addition, if the Ey Pi2 pulsations observed in
the plasmasphere resulted from radially propagating fast-
mode waves, the phase would change linearly with L.
However, the cross phase between the azimuthally compo-
nents (Ey) inside the plasmasphere (see Figure 5 (top) and
Figure 7 (top)) and the H component is nearly constant at
—90°. Therefore, Pi2s in our study may not be caused by
simple radial propagation. The BBF-driven model is not
appropriate for event A. For event B, although the Bz

Period (s)

Period (s)

00:25 00:30 00:35 00:40 ¢

UT (Jan. 26, 2009)

Figure 9. The format is identical to that of Figure 5, but for
P3 observations.
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amplitude at P3 is much larger than that inside the plasma-
sphere and at ground, the waveforms between Bz at P3 and
the H component at ASC are quite different and their
coherence is rather low (<0.6). Hence, event B also cannot
be explained by the BBF-driven model.

[35] At first we attempt to explain the matching between
Bz and H for the first two cycles of event A by the
PVR model. According to the numerically simulated PVR
[Teramoto et al., 2011], the Bz node is located around the
inner edge of the plasmapause. If event A exhibits the PVR
mode at P3, the Bz oscillations should be out of phase with
ground H because P3 was outside the Bz node. However,
we note that the cross phase between them is about 90°
during 00:17-00:20 UT (see Figure 9, bottom), which
seems not to be consistent with the PVR model. We believe
this does not contradict the PVR model. Teramoto et al.
[2011] showed that high-coherence Bz events detected by
CCE were limited to the time when CCE was in the low-
latitude near-Earth region because the PVR mode was
substantially attenuated at the region outside the plasma-
sphere, not far from the plasmapause. The PVR mode at P3
may be masked by the compressional oscillations driven by
the free energy in the plasma sheet during substorm onset
[Kim et al., 2005]. We also examined the Poynting flux at
P5 and P3 (not shown). The radial component of the
Poynting flux showed an outward and inward net energy
flux at P5 and P3, respectively. For a plasmaspheric virtual
resonance (PVR) mode, the Pi2 is excited inside the plas-
masphere and the wave energy can escape through the
plasmapause because the plasmapause is not a perfect outer
boundary. Hence, there should be an outward radial
Poynting flux at P5 inside the plasmasphere near the plas-
mapause and at P3 just outside the plasmapause. This is the
case with the observations at P5, but not the case at P3. This
confirmed that the PVR mode signature outside the plas-
mapause was masked by strong non-Pi2 disturbances [e.g.,
Takahashi et al., 1995].

5. Conclusions

[36] In this study, we examined simultaneous observations
of two Pi2 pulsations by three THEMIS probes (P3, P4, and
P5) that were located at premidnight and by a low-latitude
ground station (Ascension Island). From the observations
and analysis above, several conclusions can be drawn.

[37] 1. Three probes across the plasmapause at different
times were identified by using plasma density and spacecraft
potential measurements: 0015 UT, 0040 UT, and 0103 UT
for P3, PS5, and P4, respectively. During the two Pi2 events,
P4 and P5 were inside the plasmasphere, with P4 closer to
the Earth and P5 near the plasmapause; P3 was outside the
plasmapause. The low-latitude ground station, Ascension
Island, was located within several hours in MLT of the three
probes.

[38] 2. Fast-mode components observed by P4 in the
plasmasphere closer to the Earth have high coherence with
the H component of the ASC station for the two Pi2 events.
The cross phases between the fast-mode components (Bz, Ey)
and the H component at ASC are 0° and —90°, respectively.

[39] 3. Fast-mode components observed by P5 near the
plasmapause also have high coherence with the H compo-
nent of the ASC station. The fundamental was observed in
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the electric azimuthal component while the second harmonic
was observed in the magnetic compressional component of
the cavity mode.

[40] 4. Field oscillations at P3, outside the plasmasphere,
do not show a good, long-lasting match, like those obser-
vations at P4 and P5 inside the plasmasphere, with ground
Pi2.

[41] 5. Radially trapped fast-mode waves in the plasma-
sphere (plasmaspheric cavity resonance or plasmaspheric
virtual resonance) are the source of nightside low-latitude
Pi2 pulsations, and the plasmapause is the most likely outer
boundary for the fast-mode wave trapping.
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