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Abstract Using magnetic field and electron density data from the Arase satellite for the period from March
2017 to September 2019, we investigate the spatial properties of Pi2 pulsations in relation to the plasmapause
over a wide latitudinal range (absolute magnetic latitude, IMlatl, < 45°) in the inner magnetosphere. Magnetic
field disturbances that have high coherence (> 0.7) with Pi2 pulsations in the north-south (H) component at
low-latitude ground stations on the nightside, are dominantly identified from the magnetic fields in the radial
(B,) and compressional (B,,) components when the satellite is in the pre-midnight sector. In particular, high-
coherence B, events are distributed over wide L-values and latitudinal ranges on the nightside in the pre-
midnight sector. We identify the location of the plasmapause using the electron densities measured by Arase,
and found that the B ,-H power ratio and the cross phases of the high-coherence events show a gradual peak and
a clear phase change from 0° to 180° in the vicinity of the plasmapause, respectively. These features indicate
that mid- and low-latitude Pi2 pulsations on the nightside are excited by the plasmaspheric virtual resonance
mode.

1. Introduction

Pi2 pulsations are irregular ultra low frequency waves in the geomagnetic field with a period of 40-150 s
(Jacobs, 1970). They occur over a wide latitudinal range from low to high latitudes on the nightside during sub-
storm expansions or pseudo-breakups. Mid- and low-latitude Pi2 pulsations are utilized as indicators of substorm
onset (Keiling & Takahashi, 2011; Rostoker et al., 1980). Two excitation mechanisms have been proposed for
the generation of mid- and low-latitude Pi2 pulsations: the plasmaspheric cavity (PC) mode resonance (Saito &
Matsushita, 1968) and direct driving by periodic bursty bulk flows (BBFs) models (Kepko & Kivelson, 1999;
Kepko et al., 2001).

PC mode resonance is excited by compressional waves with broadband frequencies that propagate earthward
from the current disruption region in the equatorial plane at substorm onset. After the compressional waves
reach the plasmasphere, their energy is trapped in the Alfven speed (V,) well structure between the inner and
outer boundaries (the ground or the ionosphere at low latitudes and the plasmapause, respectively), at which V,
is enhanced. The compressional waves are reflected back and forth between the boundaries, and radial standing
waves are excited in the plasmasphere. The eigenfrequency of these PC mode waves depends on the mass density
of the plasmasphere and the radial distance between the two boundaries in the equatorial plane. In PC mode
resonance, the poloidal mode waves are dominant and have a common frequency in the plasmasphere (Takahashi
et al., 1995). Because the plasmapause structure varies with geomagnetic activity and the radial profile of the
V, changes, the plasmapause is not always a perfect reflector. Lee (1996) suggested the plasmaspheric virtual
resonance (PVR) mode, in which the energy of radial standing waves leaks from the plasmasphere owing to an
imperfect plasmapause boundary. In the PVR mode, eigenmode waves are formed by a process similar to the PC
mode in the plasmasphere. However, the poloidal mode waves exist both inside and outside the plasmasphere in
the PVR mode, while the poloidal waves in the PC mode are confined to the plasmasphere.

The direct BBF-driven model represents a different school of thought. In this model, periodic earthward plasma
flows directly drive mid- and low-latitude Pi2 pulsations (Kepko & Kivelson, 1999; Kepko et al., 2001). At
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substorm onset, the periodic plasma flows in the plasmasheet reach the boundary between the dipolar and tail-
like fields and decelerate or brake (Angelopoulos et al., 1992). The braking of the periodic flow bursts generates
compressional pulses that propagate earthward and directly excite Pi2 pulsations in the inner magnetosphere. In
the direct BBF-driven model, each plasma pulse in the plasmasheet generates a pulse in the geomagnetic field.
Therefore, the periodicities of the Pi2 pulsations in the inner magnetosphere are determined by the flow periodic-
ities in the plasmasheet. Because the compressional waves excited by the periodic plasma flow propagate from
the braking region to the near-earth region, Pi2 pulsations that are directly excited by periodic BBFs propagate
radially; they also have a common frequency in the entire inner magnetosphere from the braking region to the
inner magnetosphere.

To investigate the propagation mode and generation mechanism of mid- and low-latitude Pi2 pulsations, in-situ
observations of the inner magnetosphere using satellites are important, because they provide data on the spatial
characteristics of magnetic disturbances in the inner magnetosphere. Through a systematic statistical study using
the equatorially orbiting Active Magnetospheric Particle Tracer Explorer (AMPTE) Charge Composition Explor-
er (CCE) magnetometer data, Takahashi et al. (1995) showed the spatial properties of Pi2 pulsations in the inner
magnetosphere at L < 7 and IMlatl < 16°. They identified magnetic disturbances that had high coherence with Pi2
range pulsations at low-latitude ground stations, and found that these high-coherence events were dominated by
the poloidal (radial and compressional) components in the magnetic field. High-coherence events are primarily
observed at L < 5 on the nightside. Using magnetic and electric field and plasma density data from the Combined
Release and Radiation Effects satellite, Takahashi, Lee, et al. (2003) investigated the radial mode structure of Pi2
pulsations in the electric and magnetic fields at L < 7 and IMlatl < 13° in relation to the plasmapause. They found
that high-coherence events in the poloidal component were excited in the plasmasphere or near the plasmapause.
Such studies using equatorial orbiting satellites provide evidence for PC mode-type oscillations, which are con-
fined to the plasmasphere.

Even off the magnetic equator, high-coherence Pi2 pulsations have been reported by Osaki et al., (1998), Keiling
etal. (2001), Kim et al. (2005), and Teramoto et al. (2008, 2011) using polar-orbiting satellites. Osaki et al. (1998)
observed Pi2 pulsations off the equator (24°—40° Mlat) in the plasmasphere on the nightside for the first time,
using the Akebono satellite. They reported two transverse Pi2 events, the Poynting fluxes of which indicate
propagating features from the magnetic equator to the ionosphere along the magnetic field lines, rather than
field-aligned standing features. As such, they concluded that the cavity model was not a suitable model to explain
the off-equatorial Pi2 pulsations observed by Akebono. Using the magnetic and electric field data observed
at 10°-14° Mlat, L ~ 3.7-4.1, and ~23 magnetic local time (MLT) by the Polar satellite, Keiling et al. (2001)
reported a toroidal mode Pi2 event with the standing wave properties of the field line resonance (FLR) coupled
with the radially propagating fast mode waves. They also reported that the transverse Pi2 pulsations correlated
well with Pi2 pulsations at mid- and low-latitude ground stations (L < 4) at 21-23 MLT. Kim et al. (2005) showed
that 14 high-coherence events in the compressional component could be observed outside the plasmasphere off
the equator (> 15°), identifying the location of the plasmapause from the electron number density inferred using
the Polar satellite. High-coherence events have out-of-phase relationships to the Pi2 pulsations in the H compo-
nent on the ground at low latitudes. Using the magnetic field data of the Dynamic Explorer (DE)-1 satellite and
geomagnetic field data from low-latitude ground stations, Teramoto et al. (2008) showed the latitudinal profile of
magnetic disturbances in the inner magnetosphere. The profile showed a large number of high-coherence events
in the compressional component off the magnetic equator (IMlatl > 30°) on the nightside, even in the polar cap
region. Teramoto et al. (2011) simultaneously investigated Pi2 pulsations in the inner magnetosphere on and off
the magnetic equator, using magnetic field data from DE-1 and AMPTE/CCE. They reported that high-coherence
events in the compressional component were only observed at a limited radial distance (r <7 R,) at the magnetic
equator, while they were frequently observed in high-latitude regions. These studies using polar-orbiting satellites
have proposed that Pi2 pulsations are excited by the PVR mode.

As shown in previous studies using data from equatorial orbiting satellites and in numerical studies, the plasmas-
phere is an important region for the generation of mid- and low-latitude Pi2 pulsations. Although the latitudinal
profiles of Pi2 pulsations in the magnetic field have been reported in a few previous studies, the relationship
between high-coherence Pi2 pulsations off the equator and the plasmapause is not well specified because of a
lack of electron density observations. Therefore, the wave properties of off-equatorial Pi2 pulsations relative to
the plasmasphere are not clear. In addition, a recent study (Ghamry et al., 2015) showed that high-coherence
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Pi2 pulsations appear at L ~ 6 near the nightside magnetic equator (IMlatl < 11°) outside the plasmasphere (the
plasmapause is located at L ~ 5), which is inconsistent with the PC mode suggested by statistical studies using
equatorial orbiting satellites (Takahashi et al., 1995; Takahashi, Lee et al., 2003) and multi-satellite case studies
(Collier et al., 2006; Luo et al., 2011). Further investigations on the spatial distribution of Pi2 pulsations at wider
latitudinal and L ranges in the inner magnetosphere are needed. Thus, the present study investigates the spatial
properties of Pi2 pulsations off the magnetic equator in relation to the plasmapause, using data from the Arase
satellite, which has a unique orbit with an inclination of 31°. The unique inclination can encourage us to investi-
gate off-equatorial Pi2 pulsations in the plasmasphere and in the vicinity of the plasmapause in more detail than
the previous studies using the polar-orbiting satellite (Teramoto et al., 2008, 2011). The Arase satellite can remain
around the plasmasphere for a longer time than the polar-orbiting satellites, which travel through the plasmas-
phere for only a short time due to their high inclination of ~90°.

The remainder of this paper proceeds as follows. Section 2 presents the dataset used. Section 3 provides the
event selection and statistical results of the Pi2 pulsations observed by the Arase satellite. Section 4 discusses the
relationship between the Pi2 pulsations and the plasmapause, and the generation mechanism of low-latitude Pi2
events. Finally, Section 5 summarizes and concludes the study.

2. Data Set

The Arase satellite is a spin-stabilized satellite that was developed by the Japan Aerospace Exploration Agency
(JAXA) and launched on 20 December 2016 (Miyoshi, Shinohara, et al., 2018). It orbits in the inner magne-
tosphere with an apogee of 32,000 km and a perigee of ~400 km for altitude, which correspond to geocentric
distances of 6.0 and 1.06 R, respectively, orbital period of 9.4 hr, and spin period of ~8 s. The Arase satellite
can investigate off-equatorial Pi2 pulsations with a wide latitudinal range owing to its unique orbital inclination
of ~31°. Arase occasionally can reach a dipole L > 10. We used spin-averaged magnetic field data with a time
resolution of ~8 s from the magnetic field instrument (MGF, Matsuoka, Teramoto, Imajo, et al., 2018; Matsuo-
ka, Teramoto, Nomura, et al., 2018), from 27 March 2017 to 27 September 2019. We adopted a local magnetic
mean field-aligned coordinate system, where the z-axis of the B, component is parallel to the mean background
magnetic field of <B>, the x-axis is perpendicular to <B> and radially outward (the B, component), and the
y-axis is perpendicular to <B> in an eastward direction (the B, component). In this study, <B> is defined as the
5-min moving average of the observed magnetic field. To reduce the disturbance of the ambient magnetic field
by much lower frequencies, we used B, data, which were derived by subtracting the 5-min moving average B,
data from the measured B, data. To identify the location of the plasmapause, we used the electron number density
data observed by the High Frequency Analyzer (HFA, Kumamoto et al., 2018) of the Plasma Wave Experiment
(PWE, Kasahara et al., 2018) onboard Arase, with a time resolution of 1 min. The electron number density was
determined from the upper hybrid resonance waves.

To identify magnetic fluctuations in the inner magnetosphere that were highly correlated with Pi2 pulsations
at low latitudes on the ground, we used the north—south (H) component of geomagnetic field data from three
low-latitude ground stations, San Juan (SJG, 27.51° Mlat and 6.96° Mlon, L ~ 1.27), Honolulu (HON, 21.65°
Mlat and 270.88° Mlon, L ~ 1.16), and Guam (GUA, 5.85° Mlat and 216.52° Mlon, L ~ 1.01). Because Pi2 pul-
sations at low latitudes dominantly appear in the H component, we examined the H component in this study. The
H components of the geomagnetic field data at SJG, HON, and GUA have a 1-s sampling rate. After subtraction
of the 300-s moving average, the residual geomagnetic field data (H) were downsampled for 8-s data to accom-
modate the MGF data.

The wave and planetary (Wp) index (Nosé et al., 2012; World Data Center for Geomagnetism, Kyoto & Nosé
etal., 2016) was used to identify the onset times of the Pi2 pulsations. The Wp index was derived every minute by
averaging the wavelet power of the 5.3—41.7 mHz frequency bands from 11 geomagnetic stations at low latitudes.
These low-latitude geomagnetic stations with longitudinal separation were adopted so that at least one of the 11
stations would always be located on the nightside, where low-latitude Pi2 pulsations can be clearly observed.
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3. Statistical Analysis of High-Coherence Events Observed by Arase
3.1. Identification of High-Coherence Events in the Magnetic Field Data

We identified high-coherence events, in which both ground stations and Arase observe the similar waveform of
Pi2 pulsations, using the following two processes. In the first process, we select t,,, from the Wp index using
t,;, should be less than
0.05 nT and (b) the Wp index should increase by more than 0.3 nT within 10 min after ¢,,,. The rapid increases

two criteria: (a) the standard deviation of the Wp index for a 30 min time interval before

in the Wp index identified by these two criteria indicate that low-latitude Pi2 pulsations appear on the ground at
low latitudes. Because we wanted to focus on nightside low-latitude Pi2 pulsations at GUA, HON, and SJG, the
selected #,,, was retained only when one of the three low-latitude ground stations was located on the nightside
(21-03 MLT). Next, we visually assessed whether clear Pi2 pulsations are present in the geomagnetic field data
from GUA, HON, and SJG at ¢,,,. Finally, we identified 1050 Pi2 events at the low-latitude ground stations at t,,,,
from 27 March 2017 to 27 September 2019.

In the second process, high-coherence events at 7,,,

ing the same procedure as Teramoto et al. (2011). By applying the fast Fourier transform to 128 data points

were identified in the magnetic field data from Arase, us-

(~17 min = 8 X 128 s), we calculated the power spectra of the geomagnetic field data in the H component and
the magnetic field data in the B,, B,, and B, components and automatically identified the peak frequency (i.e.,
the dominant frequency) from the H, B,, B,, and B,, power spectra. The coherence and cross phases of the B,, B,
and B, components relative to the H component were also calculated. When the B—H coherence was > 0.7 at the
common dominant frequencies, we regard the magnetic perturbations in the Arase data as high-coherence events.
Pi2 pulsations in the inner magnetosphere have the multi-harmonic structure, indicating that the frequency of
Pi2 pulsations contains both the fundamental and second harmonic frequencies (Lin et al., 1991; Takahashi,
Anderson, & Hughes, 2003; Takahashi et al., 2018). In the first process, we detect the dominant frequency with
the largest power of Pi2 pulsations at the low-latitude ground stations on the nightside, at which the power of Pi2
pulsations at the fundamental frequency is larger than that of Pi2 pulsations at the second harmonic frequency
(Nosé, 1999; Takahashi, Anderson, & Hughes, 2003). Therefore, in this study, we detect Pi2 pulsations of the
fundamental mode in the inner magnetosphere.

Figure 1 shows examples of high-coherence events in the B, component that were selected using this process.
The vertical dashed lines in Figure 1 indicate #,,,, which was automatically detected from the Wp index during
the first process. Figure 1a shows that the Wp index starts increasing from ~0.1 nT to ~0.6 nT for 13 min after
t,;,,- Corresponding with the increase in the Wp index, clear Pi2 pulsations can be seen in the H component at
SJG, with a period of ~2 min, as shown in Figure 1b. Figures 1c—le show the magnetic field data in the B,, B,,
and B, components from the Arase satellite, which was in the pre-midnight sector (~21.4 MLT) off the magnetic
equator (38.2° Mlat) at high L (L, Mcllwain L in IGRF model, ~8). Irregular magnetic perturbations occurred
in the transverse (B, and B,) components, which do not resemble the Pi2 pulsations at SJG. In contrast, the mag-
netic perturbations in the B, component had similar waveforms to the Pi2 pulsations at SJG with the same period
(~2 min). The peak-to-peak amplitude of the B, magnetic perturbations (~0.6 nT) was much smaller than that
of the Pi2 pulsations (~2 nT) at SIG. The B, magnetic perturbations were also identified as having out-of-phase

relationships with Pi2 at SJG.

The power spectra of the magnetic perturbations in the B,, B,, and B, components of the Arase data are represent-
ed by thick lines in Figures 2a—2c. The dominant frequencies of the magnetic perturbations in the B,, B,, and B,
components were ~7, 7, and 9 mHz, respectively. The gray lines in Figures 2a—2c¢ show the power spectra of the
Pi2 pulsations in the H component at SJG, as a reference. The H power spectrum had a clear peak at a dominant
frequency of 9 mHz. Only the B, component shared a dominant frequency with the Pi2 pulsations in the H com-
ponent at SJIG. The B, power was larger by an order of magnitude than that of H at ~9 mHz. Figures 2d and 2e
show that the B,-H and B,-H coherences were very low across the whole Pi2 range (6.7-25 mHz). At 9 mHz,
the B,-H coherence was high (~0.9), as shown in Figure 2f, indicating that the magnetic disturbance in the B,
component is a high-coherence event. Figures 2¢g, 2h, and 2i show the cross phases of B,, B,, and B, relative to H,
respectively. The cross phases were plotted when the coherences were > 0.7. The B,-H cross phase was ~180° at
9 mHz. Using this process, we successfully identified magnetic field perturbations that had high coherence with
Pi2 pulsations at low-latitude ground stations.
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Figure 1. Example of a satellite-ground Pi2 pulsation event showing (a) the Wp index, (b) the waveform of Pi2 pulsations in

the H component of the geomagnetic field at San Juan (SJG), and (c)—(e) the magnetic field components in the B, (radial), B,
(azimuthal), and B,, (compressional) components in the local magnetic mean field-aligned coordinate system, observed by the
Arase satellite. The dashed vertical line indicates the onset time of a low-latitude Pi2 pulsation on the ground, 7,,,, which was

identified using the Wp index.

3.2. Spatial Distribution and Number of High-Coherence Events

Figure 3a shows the MLT-L distribution of Arase locations when the 1050 nightside Pi2 pulsations were identi-
fied at low-latitude ground stations at 7,,,. The red dots indicate that high-coherence events were detected in the
magnetic field data of the Arase satellite for at least one component. The black dots show the low-coherence (<
0.7) events. Although the Arase observations cover a wide range of MLT and L at t,,,,
were observed on the nightside (18-06 MLT). There were no high-coherence events on the dayside (07-15

high-coherence events

MLT), which is consistent with previous statistical studies using satellite observations (Takahashi et al., 1995;
Takahashi, Lee, et al., 2003; Teramoto et al., 2008, 2011). The nightside occurrence bias of high-coherence
events implies that the source region of the low-latitude Pi2 pulsations was located on the nightside and not on

the dayside. Figure 3b shows the 4/ X § ut YS2 v — | Zswm | distribution of Arase locations on the nightside (18-06
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Figure 2. Spectral analysis of the Pi2 pulsations shown in Figure 1. The black lines indicate the power spectra of the
magnetic fields in the (a) By, (b) B,, and (c) B, components. The power spectra of the geomagnetic fields in the H component
at SJG are represented by gray lines in (a)—(c). The thick gray vertical lines represent the peak frequencies of the B and

H power, respectively. The (d) B,-H, (¢) B,-H, and (f) B,-H coherences are shown. The horizontal dashed lines indicate
coherence of 0.7. (g)-(h) The phase of the satellite relative to the ground is represented only for the frequencies at which the
ground-satellite Pi2 pulsation coherence was > 0.7. The vertical lines indicate the peaks of the satellite and ground spectra.

MLT). Despite the Arase satellite being located off the magnetic equator (IMlatl > 15°), high-coherence events
on the nightside could be identified. The white and red histograms in Figure 3c represent the number of ground
and high-coherence events as the function of log power of ground Pi2, respectively. Both ground and high-co-
herence events numbers are largest when ground Pi2 pulsations have the power of 1.0-10 nT?/Hz. The numbers
of the ground Pi2 events with lower (< 1.0 nT*Hz) and the largest (> 10 nT?Hz) power are comparable. The
occurrence rate of Pi2 pulsations is shown by the blue line in Figure 3c. The occurrence rate increases as the log
power of ground Pi2 increases, indicating that the occurrence rate of high-coherence events depends on the power
of ground Pi2 pulsations.

The numbers of high-coherence events are presented in Figure 4. Of the 1,050 events, 154 (14%) showed high
coherence in at least one field component. The number of high-coherence events was largest in the B, com-
ponent and smallest in the B, component. The Arase satellite dominantly observed high-coherence Pi2 pulsa-
tions in the radial or compressional components, rather than the toroidal component. When the high-coherence
events observed by Arase are associated with FLR (Keiling et al., 2001) and field-aligned propagating waves
(Osaki et al., 1998), high-coherence events are frequently detected in the toroidal component. However, Arase
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Figure 3. (a) MLT-L, and (b) sqrt(X § ut Y;M )-1Z,,| distributions of the
Arase locations at 7,,,. The red and black dots show high- and low-coherence

events observed by Arase, respectively. (c) The number of all events (the white

histogram) and the high-coherence events (the red histogram) as a function

of the power of ground Pi2 pulsations. The occurrence rate of high-coherence

events is represented by a blue line.

observations indicate that low-latitude Pi2 pulsations originate from poloi-
dal mode waves, particularly from fast mode waves, which is inconsistent
with the FLR mode. The Arase observations are consistent with the statis-
tical studies using data from the polar-orbiting DE-1 satellite by Teramoto
et al. (2008, 2011). In the following analysis of high-coherence events, we
show the results of the B, and B, high-coherence events, which were the
dominant components.

3.3. MLT-Mlat Dependence of Occurrence Rate and Power Ratio

In Figure 5, we show the MLT-IMlatl distributions of high-coherence events
in the radial B, and compressional B, components. Figure 5a shows the
MLT-Mlatl distribution of the cumulative Arase observation time and the
number of ground Pi2 pulsations. The Arase satellite spends a large amount
of time at mid-latitudes (15°-30°IMlatl); its cumulative time spent at high
latitudes (30°—45°IMlatl) is only half that spent at mid-latitudes. To quantify
the occurrence rate of high-coherence events on the nightside, we calculated
the occurrence rate by dividing the number of high-coherence events by the
number of Pi2 events on the ground in each bin. The occurrence rate distribu-
tion of the high-coherence B, events is shown in Figure 5b. The rate is higher
at low latitude (IMlatl = 0°-15°) than at mid or high latitudes (IMlatl > 15°),
indicating that the poloidal mode waves are confined to the magnetic equa-
tor. However, Figure 5¢ shows that high-coherence B, events were observed
with a wider latitudinal range than the B, events. The occurrence rates of the
high-coherence B, events in the 20-02 MLT sector were ~27% in average,
in a wider latitudinal range of 0°-45° which were higher at any Mlat or MLT
value than that of the corresponding high-coherence B, events. The occur-
rence rates shown in Figures 5b and Sc have high degree of variability from
one bin to another. This is because the number of events is not uniform in
each bin as shown in Figure 5a. Although the number of events has latitudinal
dependence, in which the number of events at high latitudes is smaller than
those at mid and low latitudes, the number of events has no significant MLT
dependence. Not only the occurrence rate but the number of high-coherence
events is larger at 20—02 MLT sectors than in other sectors. Figures 5b and 5c
also show that both the high-coherence B, and B, events frequently appear in
the 20-02MLT sector in the magnetic equatorial region.

Figures 6a and 6b show the MLT dependence of the satellite-to-ground
power ratio, with the lines indicating the average value in each 2-hr MLT
range. The black, green, and red colors represent the high-coherence events
for three Mlat bins, the low (IMlatl = 0°-15°), mid (IMlatl = 15°-30°), and
high (IMlatl = 30°-45°) latitudes, respectively. The average value of the B,-H
power ratio at high latitudes is not shown because there were not enough
high-coherence events to average. The averaged B,-H power ratios show no
clear MLT dependence in the pre-midnight sector (20-02 MLT) at either
low- or mid-latitudes, while the averaged B,-H power ratios at low and mid
latitudes showed maxima at 23 and 21 MLT (pre-midnight), respectively. To
assess the significance of the maxima, we conducted unpaired #-tests between
the adjacent MLT bins and the maximum MLT bins. The P values of the
low-latitude 22-23 MLT and 23-00 MLT comparisons and the mid-latitude
20-21 MLT and 21-22 MLT comparisons were 0.34, 0.06, 0.24, and 0.26,
respectively. The large P values (> 0.05) indicate no significant differenc-
es between the adjacent and maximum MLT bins in the statistical unpaired
t-test. Although there were no significant differences between adjacent bins,
the results seem to indicate B,-H power enhancements in 20-02 MLT sector
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. Arase at mid and low latitudes. Figures 6c and 6d indicate the MLT dependence
High-Coherence Events of the satellite-to-ground power ratio for the low L_ (L < 6) and high L _

Br

(L,, > 6), represented by the black and red colors. The vertical bars indicate
the standard errors of the power ratio every 2-hr MLT bin. While the B, -H
power ratio at L, < 6 has no MLT dependence, the B,-H power ratio at L <
6 and L > 6 has a maximum at 23 MLT. The BP-H power enhancements in
20-02 MLT sector also are seen at Lm <6 and Lm > 6.

3.4. L _-Milat Dependence of Occurrence Rate for Nightside Events and
Miat Dependence of Power Ratio

Figure 7 shows the cumulative time of the Arase satellite, the number of
ground Pi2 pulsations, and the occurrence rate of B, and B, high-coherence
Bp events, as a function of IMlatl and L_, in the pre-midnight sector (20-02 MLT),
in which the occurrence probability was high, as shown in Figure 5. Because

Figure 4. The number of high-coherence events observed by the Arase of orbital restrictions, Arase observations are entirely absent at high—L_ and

satellite.

low- and mid-latitudes in the (L, IMlatl) bins of (610, 0°~15°) and (8-10,

15°-30°), respectively. The Arase spent most of its time at an L_ of 6-7 at a

mid-latitude of 15°-30° IMlatl. In the high-latitude (30°—45° IMlatl) and high
L, (6-10) bins, no high-coherence events were observed in the B, component, whereas high-coherence B, events
appeared with a moderate occurrence rate of ~20%. High-coherence B,, events were frequently observed in the
near-Earth region (L < 6) at all magnetic latitudes. In contrast, the high-coherence B, events appeared over wide
L and IMlatl ranges, which is consistent with the previous studies using polar-orbiting satellites by Teramoto
etal. (2008, 2011). At low latitudes (0°-15° IMlatl), high-coherence B, events were detected even at L, > 4, with
an occurrence rate > 30%. The low-latitude occurrence rate in the B, component increased earthward, except at
L, ~3—4. The maximum occurrence rate of the high-coherence B, events was ~66% at low-latitude and L ~2-3,
but it is noted that the number of ground Pi2 pulsations events is very small (3) as shown in Figure 7a. The occur-
rence rate of B, at L, ~3—4 is low although there are a high enough number of events (more than 10). In contrast,
the occurrence rate of the B, component in the 0°~15° IMlatl and 03-04 L _ bin is much higher occurrence rate
(~41%) than the B, component in the same bin. We will explain these properties from the point of view of the
PVR nodal structure in discussion section.

We investigate the [MIatl distributions of the B,-H and B,-H power ratios for the nightside high-coherence events
(Figure 8). The B,-H power on a logarithmic scale increased monotonically with increasing latitude. The linear
correlation coefficient for B, events was 0.62 and the slope was 0.031. A similar positive correlation for the
By-H power ratio was reported by Takahashi et al. (1995) while their observations are limited near the magnetic
equator (IMlatl < 15°). Considering the latitudinal structure of poloidal waves, the amplitude of poloidal mode
waves increases with increasing magnetic latitude because the fundamental poloidal oscillations have nodes and
antinodes on and off the magnetic equator, respectively. The positive correlation of the B,-H power ratio implies
that poloidal mode waves with symmetrical modes are excited. In contrast to the B,-H power distribution, the
B,-H power ratio decreases monotonically with increasing latitude, with a high correlation coefficient of —0.63.

Considering the latitudinal structure of the PVR mode, the amplitudes of B, and B, have latitudinal dependence
within the plasmasphere. According to 3D simulations of the PVR mode, the B, component has a node at the
magnetic equator, and the B, amplitude increases with latitude. The amplitude of the B, component is largest at
the magnetic equator in the plasmasphere and decreases with increasing latitude. Both the B, and B, power ratio
distributions shown in Figure 8 are consistent with the PVR mode structure. Takahashi et al. (1995) showed a
positive correlation between latitude and the B,-H power ratio using AMPTE/CCE observations near the magnet-
ic equator (< 15° IMlatl). However, the power ratio of the B, components did not depend on the magnetic latitude.
We investigated the Mlat dependence of B,-H power ratio near the magnetic equator (< 15° IMlatl) of Arase
observations (see Text S1 and Figure S1 in Supporting Information S1) and found that the correlation coefficient
between IMlatl and the B,-H power ratio is low (=0.01). The high Mlat dependence of the B,-H power ratio is
seen when the observational region includes higher latitudes. To confirm that the Mlat distribution of the B,-H
power ratio in Figure 8b is independent of L_, we investigated the Mlat distribution of the B,-H power ratio with
alimited L of 4.5-5.5 and 5.5-6.5 (see Text S2 and Figure S2 in Supporting Information S1). Although the L
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Figure 5. MLT-Mlat distributions of (a) the cumulative time of the Arase satellite and (b)-(c) the occurrence rate of high-
coherence events in the B, and B, components. Occurrence probability was defined as the number of high-coherence events
divided by that of 7,,, events in each IMlatl and MLT bin.
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Figure 6. MLT dependence of the log (a) B,-H and (b) B,-H power ratios for high-coherence events. The black, green, and
red colors indicate low- (IMlatl < 15°), mid- (15° < IMlatl < 30°), and high-latitude (30° < IMlatl < 45°) events. The lines
indicate the average log power ratio for each 2-hr MLT bin. The vertical bars indicate the standard errors for each 2-hr MLT.
The average log B,-H power ratios at high latitudes are not shown owing to the small number of high-coherence events. MLT
dependence of (c) B,-H and (d) B,-H power ratios for high-coherence events with dividing the high-coherence events to two
categories of high (L > 6) and low (L, < 6) L _. The low and high L  are represented by black and red colors. The average
log power ratio and the error bars are represented by the same format as Figures 6 (a) and (b).

was limited, moderate negative correlations (—0.52 and —0.47) were observed between Mlat and the B ,-H power
ratio. These results indicate that the Mlat dependence shown in Figure 8 is not affected by the L shell. Using
multiple-satellite observations from the CCE and DE-1, Teramoto et al. (2011) indicated that the B,-H power
ratio decreased by a factor of ~3 from the equatorial plasmasphere (~0° Mlat) to the polar cap (~90° Mlat). The
negative trend shown in Figure 8b is consistent with the results by Teramoto et al. (2011). In this study, the factor
is ~1.3 from the magnetic equator to the off-equatorial region at ~40° IMlatl.

3.5. Plasmapause Dependence

To investigate the amplitude and phase properties of high-coherence events relative to the plasmapause, we
examined the electron density observed by PWE/HFA and determined the plasmapause location (Lpp) whenever
the Arase satellite identified at least one high-coherence Pi2 event in the pre-midnight sector (20-02 MLT). To
reduce the MLT dependence of the L shell in this analysis, we used the Mcllwain L calculated in the Tsyganenko
04 model (Tsyganenko & Sitnov, 2005) by tracing particles with a 90° pitch angle. Automatically, we defined the
plasmapause-crossing timing, at which the electron number density drops or increases with more than a factor of
10 and the L_ difference is smaller than 0.5 for 5 min. We also checked that the plasmapause locations were suc-
cessfully identified by the visual inspection. The inner edge of the steep gradient was regarded as the Lpp. Because
the Lpp value differs between the outbound and inbound passes of the same orbit, we chose the Lpp with an MLT
closer to the location of the high-coherence events observed by Arase in the same orbit. We note that the plas-
mapause identified by the total mass density is different from the plasmapause identified by the electron number
density. The plasmapause of the total mass density is located at one or two higher L shells than the plasmapause
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Figure 7. L _-IMlatl distributions of (a) the cumulative time of the Arase

satellite and (b)—(c) the occurrence rate of high-coherence events in the B, and

B, components.

mapause identified by the electron number density (Nosé et al., 2018, 2020;
Takahashi et al., 2008). Although the structure of Pi2 pulsations in the inner
magnetosphere is affected by the total mass density rather than the electron
number density, we use the electron number density to identify the plasma-
pause. It is because identification of the plasmapause from the electron num-
ber density is much easier than investigation of the total number density, in
which we need the analysis of the ULF waves with the FLR structures. As an
example, Figure 9 shows the electron density on the Arase orbit that includes
the B, event shown in Figure 1, which occurred outside the plasmasphere
(highlighted by hatching). For some high-coherence events, we could not de-
fine Lpp because there was a gradual change in the electron density without a
steep gradient. The Lpp was available in 28 out of 40 (70%) in the B, compo-
nent and 57 (76%) of 75 events in the B, component.

Figure 10 shows the AL distributions of the log power ratios and cross phases
of the B, and B, components, relative to the H component, for the high-co-
herence nightside events. The relative plasmapause distance was defined as
AL=L - Lpp. AL < 0 indicates that high-coherence events were detected in
the plasmasphere. The open and filled circles represent the northern (Zg,, <
0) and southern (Zg,, > 0) observations, respectively. The lines in Figures 10a
and 10b indicate the average power ratio values per 1-AL bin. The vertical
vars indicate the standard errors at 1-AL bin. To reduce the Mlat bias of the
Arase orbit, the log power ratio in Figures 10a and 10b is mapped to 0° IMlatl,
using the IMlatl dependence of power ratio in Figures 8a and 8b. Figure 10a
reveals a nearly constant B,-H power ratio in the vicinity of the plasmapause
(IALI < 1), with high-coherence B, events confined to AL < 1. In contrast,
the B,-H power ratio likely exhibits a peak near the plasmapause at AL ~0
with the wider spread outside the plasmapause (AL > 1). Figure 10c shows
that the B,-H cross phases cluster around ~0° and ~180° in the northern and
southern hemispheres, respectively. This distribution indicates that high-co-
herence B, events have a symmetrical pattern with respect to the equator.
Irrespective of hemisphere, the B,-H cross-phase distribution (Figure 10d)
shows an in-phase relationship inside the plasmasphere (AL < —1), the phase
change from 0° to 180° in the vicinity of the plasmapause (—1 < AL < 0),
and the out-of-phase relation outside the plasmapause (AL > 1). These B,-H
and B,-H cross-phase structures were predicted by a PVR mode simulation
using an magnetohydrodynamic code (Lee & Takahashi, 2006), as shown
in Teramoto et al. (2011). Teramoto et al. (2011) reported the AL distribu-
tions of B,-H cross phases using multiple observations from the polar-orbit-
ing DE-1 and AMPTE/CCE satellites. However, the distributions showed no
sharp changes and large variation because the plasmapause was identified
using an empirical model from the Kp index. In this study, we identified the
Lpp using electron density data from PWE/HFA. Thus, a clear B,~H phase
change could be seen in the vicinity of the plasmapause (AL ~0), as predicted
by numerical simulations of the PVR mode. Figures 10e and 10d show AL
distributions of I[Mlatl of high-coherence events in the B, and B, components,
respectively. The 13 events out of B,-H high-coherence events were observed
at mid and high latitudes (>15° IMlatl). Most of B,-H high-coherence events
with ~180° cross phase at AL > 2 are observed off the magnetic equator (<
15° MIatl). Although high-coherence B, events are observed at higher lati-

tude (> 15° IMlatl), the observational region is limited in the vicinity of the plasmapause (AL < 1). In contrast,

high-coherence B, events are present at higher latitudes (> 15° [Mlatl) with a long distance from the plasmapause

(AL > 2). This result indicates that the high-coherence B, events are confined in the vicinity of the plasmapause
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Figure 8. IMlatl dependence of the log (a) B,-H and (b) B,-H power ratios
of nightside high-coherence events. The straight lines indicate the linear
regression analysis of each scatter diagram. The slope of the line and linear
correlation coefficient between the magnetic latitude and power ratio are
shown.

while the high-coherence B, events are present within the wide region off the
magnetic equator beyond the plasmapause.

4. Discussion

In this study, we show the spatial properties of the occurrence rate of high-co-
herence events, and the AL distributions of the power ratios and cross phases
of the B, and B, components relative to the H component, to investigate the
generation mechanism of low-latitude Pi2 pulsations.

Figure 3 shows that high-coherence events were frequently observed on the
nightside while there were no high-coherence events on the dayside (07-14
MLT). Of the 154 high-coherence events, 118 appeared in the B, component.
In the off-equatorial inner magnetosphere, the compressional component
dominated the magnetic disturbances with high coherence to low-latitude
ground Pi2 pulsations, which has already been reported in previous statis-
tical studies using polar-orbiting satellite data (Teramoto et al., 2008, 2011).
The occurrence rate of high-coherence B, events was especially high in the
pre-midnight sector. B ,-H power ratio enhancement was evident in the 20-02
MLT sector at low and mid-latitudes (IMlatl < 30°). This result is consistent
with the longitudinal power distributions of Pi2 pulsations in the H compo-
nent observed by low-latitude ground stations during substorm (Takahashi &
Liou, 2004) and quiet periods (Kwon et al., 2013). Similar dawn-dusk asym-
metry in the MLTs of occurrence rate or power distributions is also seen in the
other substorm-related phenomena, such as injections (Gabrielse et al., 2014;
Sergeev et al., 2012), fast flows in the plasma sheet (McPherron et al., 2011;
Runov et al., 2005), and dipolarizing flux bundles (Liu et al., 2013). The
MLT distributions indicate that the source regions of the Pi2 pulsations are
in the pre-midnight sector. In both the BBF and PC/PVR modes of low-lati-
tude Pi2 pulsation generation, the source region is expected to be located in
the pre-midnight sector. The asymmetrical MLT power and occurrence rate
distributions support a pre-midnight source of low-latitude Pi2 pulsations.

Previous statistical studies of off-equatorial Pi2 pulsations using polar-or-
biting satellites reported that high-coherence Pi2 pulsations were most often
detected in the compressional component, rather than in the transverse com-
ponents (Teramoto et al., 2008, 2011). Consistently, the Arase observations
show a higher number of high-coherence events in the compressional B,
component than in the transverse B, and B, components. However, high-co-
herence B, events were detected more frequently in the Arase observations
than in the polar-orbiting DE-1 observations in Teramoto et al. (2008, 2011).
The observation ratio of B, events to B, events was ~50% in this study, while
the ratio were 33% and 24% in the study by Teramoto et al. (2008, 2011),
respectively. Considering the spatial distributions of the radial and compres-
sional components in the PVR mode, we can explain this difference in the
B,-B,, observation ratio between Arase and DE-1. In the PVR mode simu-

lation presented by Teramoto et al. (2011), Pi2 pulsations in the compressional component exist over a wider

latitudinal range beyond the plasmapause than those in the radial component. Consistently, Figures 7b and 7c

show that the high-occurrence region of high-coherence B, events is confined to L_ < 6, while that of high-co-

herence B, events spreads across the high-latitude area at L > 6. Numerical simulations of the PVR mode also

show that Pi2 pulsations in the radial component exist in the off-equatorial plasmasphere and in the vicinity of

the off-equatorial plasmapause. Owing to its orbital inclination of 31°, the Arase satellite spends much more

time in the vicinity of the off-equatorial plasmapause than polar-orbiting satellites. Therefore, Arase can observe

Pi2 pulsations in the B, component more frequently than a polar-orbiting satellite, which would stay in the polar

region most of the time. Such comprehensive investigation of off-equatorial Pi2 pulsations in both of the radial
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N

PP and compressional components is not reported by previous statistical studies

using a polar-orbiting satellite (Teramoto et al., 2008, 2011). As further sup-
B port for the latitudinal properties of the radial component in the PVR mode,
Figures 7b and 8a show that the amplitude and occurrence rate at L, ~ 4-5 of
high-coherence B, events increase with increasing latitude.

e

e
; In this study, we obtained the AL dependences of the power ratios and cross
gg i phases of the high-coherence B, and B, components, relative to the H com-
%_ ponent, at the low-latitude ground stations on the nightside. The AL distri-
@ 100 - . butions of the high-coherence B, and B, events shown in Figure 10 are also
<

consistent with the PVR mode. First, we considered the AL distributions of
the B,-H power ratio and phase. The B,-H power ratio is almost constant

N\

102 in the plasmasphere and in the vicinity of the plasmapause (-2 < AL < 1).

According to the PVR mode simulation in Teramoto et al. (2011), the ra-
1 I I I I I 1

Lm 100 dial component of PVR oscillation has a node at the magnetic equator and

8.5 6.1 2.7
MﬂT ?18:? %23‘2‘ %?1;2 2%_99 antinodes in both hemispheres. In particular, the regions of amplitude en-
hhmm 0300 0400 0500 0600 hancement in the radial component (i.e., antinode regions) extend into the
2017 Aug 31 off-equatorial plasmasphere and in the vicinity of the off-equatorial plas-
Figure 9. Time serics of electron density data observed by HFA/PWE mapause. The constant distribution of the B,-H amplitude ratio shown in
when Arase observed the high-coherence Pi2 event shown in Figure 1. The Figure 10a is likely to correspond to the spatial expansion of the amplitude
diagonally shaded region represents the period of the high-coherence event enhancement in the radial component in the PVR mode. Considering the

observation by Arase. The vertical line indicates the plasmapause (PP) used in field line displacement pattern of the eigenmode in the plasmasphere rep-
this study. resented by Takahashi et al. (1995), the radial magnetic field displacements
in the southern and northern hemispheres are in the opposite direction. The
By-H cross-phase distribution shown in Figure 10c agrees with the phase

distribution of the radial component in the PVR mode.

Next, we considered the AL distributions of the B,-H power ratio and the cross phase using Pi2 pulsations ob-
served off the equator. According to previous studies showing AL distributions of Pi2 in the equator, the B,-H
power ratio likely has a gradual peak at the plasmapause (AL = 0). When an eigenmode is excited anywhere in
the plasmasphere, the amplitude of the oscillations in the compressional component has a node in the plasmas-
phere and antinodes at the inner and outer boundaries of the ionosphere and plasmapause. The peak in the B,-H
power ratio at AL = 0 shown in Figure 10b is consistent with the structure of the amplitude in the compressional
component of the PVR mode, in which an antinode is located at the plasmapause. In a realistic magnetic field,
the node is located so close to the outer boundary of the plasmapause that it could be difficult to clearly identify
the nodal point using satellite observations, as shown in Figure 10b. Figure 7c shows that the occurrence rate of
high-coherence B, events is low at L  of 3—4. This region could be related to the nodal point of the compressional
component in the PVR mode, in which Pi2 pulsations are difficult to observe by satellite owing to their small
amplitude. In the PVR mode, the magnetic fields between a nodal point and boundary oscillate in the same radial
direction. Therefore, when the magnetic fields between the ionosphere and a nodal point become dense, those be-
tween the nodal point and the plasmapause become sparse. This means that the phase is changed from 0° to 180°
at the nodal point, maintaining the same phase between the nodal point and the boundary. Consistently, the AL
distribution shows that the B,,-H cross phases are ~0° and ~180° at AL < 0 and AL > -2, respectively, regardless
of hemisphere. Most of the high-coherence B, events outside the plasmasphere, that have out-of-phase relation-
ships with the Pi2 pulsations on the ground, were observed off the equator (IMlatl < 15°). In the PVR mode, the
oscillation phase in the compressional component outside the plasmasphere is out-of-phase relative to the low-L
Pi2 pulsations. The AL distributions of the B,-H power ratio and cross phase in this study suggest the possibility
that the PVR mode is excited even further from the magnetic equator in the inner magnetosphere.

Our observations show that the high-coherent Pi2 pulsations in the compressional component are observed in
the vicinity of the plasmapause (AL < 1) at the magnetic equator (IMlatl < 10°) while high-coherence B, events
are detected beyond the plasmapause (AL > 1) at high latitudes. This result may indicate that Pi2 pulsations
excited by the PVR mode are spread off the magnetic equator. The previous statistical study (Takahashi, Lee,
et al., 2003), which investigates the relationship of Pi2 pulsations to the plasmapause, showed that the compres-
sional Pi2 pulsations in the magnetic field around the magnetic equator (IMlatl < 13°) are confined within the
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Figure 10. (a)—(b) power ratio, (c)—(d) cross-phase, and (e)—(f) IMaltl distributions versus AL for nightside B, and B,
high-coherence events. The open and solid circles represent Arase observations in the northern and southern hemispheres,
respectively. The black lines and vertical bars in (a) and (b) indicate the average power ratio and standard errors per AL bins.
plasmasphere. This result is consistent with our result shown in the distributions in low latitudes (IMlatl < 10°).
Our observations indicate that high-coherence events are spread wider, in regions beyond the plasmapause at
high latitudes (IMlatl > 10°), rather than at low latitudes (IMlatl < 10°) in the inner magnetosphere. Multipoint
observations of equatorial Pi2 pulsations on the nightside using the Time History of Events and Macroscale In-
teractions during Substorms (THEMIS) satellite (Luo et al., 2011) showed that the poloidal Pi2 pulsations with
high coherence to low-latitude ground Pi2 pulsations are observed in the plasmasphere by the THEMIS-A and
-E satellites while THEMIS-D satellite could not observe high-coherence events in the magnetic and electric
fields outside the plasmapause at the magnetic equator (~3° Mlat). On the other hand, the resent multipoint
observation using Van Allen Probes (Probe-A and -B) in Ghamry et al. (2015) showed that high-coherence com-
pressional events are simultaneously observed inside and outside the plasmapause by the Probe-B and-A, respec-
tively. Consistent with our results, the compressional high-coherence events outside the plasmapause in Ghamry
et al. (2015) also have the out-of-phase relation to Pi2 pulsations at the low-latitude ground station of Bohyun
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(BOH) when Probe-A and BOH was located at 0055MLT and 0300 MLT, respectively. When the high-coherence
compressional events in Ghamry et al. (2015) are found outside the plasmapause (AL ~ 1), the magnetic latitude
of the Probe-A (~—10.8° Mlat) is located at higher magnetic latitudes than the THEMIS-D. The AL distribution
of the high-coherence B, events is consistent with both multipoint observations of the Probe-A and THEMIS-D.
Our observations may suggest that the high-coherence events of the compressional components associated with
the PVR mode are detected outside the plasmasphere more easily off the equator (> 10° IMlatl) than around the
magnetic equator (< 10° IMlatl).

We discuss our results with the properties expected from the direct BBF-driven model. If most of the high-co-
herence Pi2 pulsations identified in this study were directly excited by periodic BBFs, the occurrence rate in the
higher L region would be higher than or comparable to that in the lower-L region because, in this mode, the source
energy propagates from the boundary layer at L > 8 in the braking region. However, in this study, the occurrence
rate of the high-coherence B, events was low in the high L shell (L > 6), and the high-occurrence (> 40%) region
of the B, component was in the near-earth region (L < 6). These results are consistent with those of previous
studies using equatorial-orbiting (Takahashi et al., 1995; Takahashi, Lee, et al., 2003) and polar-orbiting satellites
(Teramoto et al., 2008, 2011). The enhancement of the B, occurrence rate at L | < 6 indicates that the low-latitude
Pi2 pulsations are associated with a plasmaspheric process, not periodic BBFs, considering that the plasmapause
is typically located at 4 < L < 6. In the direct BBF-driven model, the amplitude of the compressional oscillation
outside the plasmasphere decreases as the distance from the source region increases. A recent numerical study
(Lysak et al., 2015) showing the response of the dipole magnetosphere to a compressional pulse presents the
wave features of Pi2 pulsations at L < 10 generated by a compressional pulse, which simulates the impinging
of a fast flow on the inner magnetosphere. The study shows that coherent waves structure is established in the
plasmasphere by the pulse, which indicates that periodic compressional pulses driven by BBFs in the magnetotail
generate PC/PVR mode in the plasmasphere. They also showed Pi2 pulsations waveforms in the compressional
component from L ~2 to L ~10. The amplitudes of compressional Pi2 waves decreased earthward from the L ~10
to the plasmapause while it was enhanced in the plasmasphere because of the plasmaspheric eigenmode. This
result indicates that the L dependence of Pi2 amplitude derived by BBF has the same tendency as our results, in
which the B,-H amplitude ratio has a peak at the plasmapause. In addition, the Mlat dependence of the B,-H and
B,-H power ratios shown in Figure 8 indicates the equatorial nodal structure of these waves. The direct BBF-driv-
en mode may also cause such Mlat dependence in the inner magnetosphere. To interpret the spatial distribution
of the B-H power ratio more accurately, we may need to consider variation in the geometry of the background
magnetic field lines, ionospheric condition, and the plasma density in each L shell. These variations may affect
the B-H power ratio of Pi2 pulsations in the inner magnetosphere. For instance using analytical and numerical
solutions to the guided poloidal Alfven wave equations in a dipole field, Ozeke and Mann (2004) reported that
the field-aligned distributions of the magnetic field amplitudes for the half- or quarter-wavelength mode are al-
tered as the ionospheric conductivities become increasingly asymmetric. Although the Pi2 pulsations are global
mode waves, the local variations in the geometry of the background magnetic field line, plasma density, and
the ionospheric conductivities may cause the field-aligned magnetic field distributions of the Pi2 pulsations to
change; these local variations in each L shell may alter the global distribution of the Pi2 pulsation amplitudes.
Therefore, using only the power ratio profile shown in Figures 8 and 10b, we cannot distinguish whether the Pi2
pulsations observed by Arase are excited by the BBF or PVR mode. However, the AL profile of the B,-H cross
phase cannot be explained by the direct BBF-driven model. Owing to compressional waves propagating in the
inner magnetosphere, the phase distribution of the Pi2 pulsations outside the plasmasphere would change linearly
(Lysak et al., 2015). This would mean that the phase of the compressional waves in the inner magnetosphere
would shift gradually from the source region to the plasmapause. As shown in Figure 10d, the B -H cross phase
outside the plasmasphere is almost constant (~180°) and does not show a linear change, which is inconsistent
with the direct BBF-driven model.

To clarify the generation mechanism of low-latitude Pi2 pulsations in more detail, statistical studies using mul-
tiple-satellite observations, in which Pi2 pulsations in the inner magnetosphere (L < 6) are compared to Pi2
pulsations in the higher L region and plasma flows oscillations in the tail, are needed. Wang et al. (2020) statisti-
cally assessed the midnight conjunction events of Pi2 pulsations at geosynchronous distances and in the plasma
sheet and BBFs, using observations from the THEMIS and Geostationary Operational Environmental Satellites
(GOES). They compared the enhancement of the 6-25 mHz bandpassed compressional magnetic perturbations of
the GOES data to the enhancement of the 6-25 mHz bandpassed compressional magnetic perturbations and flow
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speeds of the THEMIS data. They suggested that all Pi2 enhancements were associated with BBFs. However,
to confirm that periodic BBFs in the magnetotail directly drive Pi2 pulsations in the inner magnetosphere, one
should compare the waveforms of periodic plasma flows in the plasma sheet and the magnetic perturbations in the
inner magnetosphere. An event study by Takahashi et al. (2018) showed that periodic plasma flows with a period
of 2 min in the magnetotail were observed by the THEMIS satellite when compressional Pi2 pulsations were
detected in the plasmasphere by the Van Allen Probes. The coherence between the periodicity of the plasma flow
and compressional Pi2 pulsations was low. This result suggests that Pi2 pulsations in the inner magnetosphere
are generated by a broadband energy source, although the plasma flows in the magnetosphere show periodicity
with the Pi2 band frequency. Statistical cross-spectral analysis of the flow oscillation in the magnetotail and Pi2
pulsations in the inner magnetosphere (L < 6) is needed to reveal whether the periodic plasma flows play the role
of a pulse-by-pulse driver or a broadband energy driver to the Pi2 pulsations in the inner magnetosphere.

5. Summary and Conclusions

We statistically investigated the spatial properties of Pi2 pulsations in the inner magnetosphere, which have high
coherence with Pi2 pulsations at low-latitude ground stations, in relation to the plasmapause, using magnetic field
data from the Arase satellite for the period from March 2017 to September 2019. In the approximately 2.5 years
of observations, the Arase orbit covered wide latitudinal (IMlatl < 45°) and longitudinal ranges. The number of
high-coherence events relative to Pi2 pulsations at the low-latitude ground stations is largest in the compressional
component. The MLT distribution of the high-coherence B, event occurrence probability and the B,-H power ra-
tio show that the source regions at low- and mid-latitudes are located on the nightside. For the nightside high-co-
herence poloidal events, we identified the Lpp and defined the distance from the plasmapause as AL =L _ — Lpp,
using electron density data from Arase. We investigated the AL dependence of the B—H power ratio and cross
phase for high-coherence poloidal events. The B,-H power ratio was almost constant near the plasmapause. The
By-H cross phase was distributed at ~0° and ~180° in the northern and southern hemispheres, respectively. The
B,-H power ratio likely had a gradual peak at AL ~0. The B,-H cross phase clearly changed from 0° to 180° in
the vicinity of the plasmapause (AL ~0) and remained at ~180° outside the plasmapause (AL > 0). The AL distri-
bution also show that off-equatorial B, high-coherence events at IMlatl > 15° exist beyond the plasmasphere with
the large distance from the plasmapause (AL > 1) while high-coherence B, events are confined to the vicinity of
the plasmapause (AL < 1). Although Pi2 pulsations were excited further away from the magnetic equator (IMlatl
> 15°) as well as close to it, the power ratio, and cross-phase properties relative to the plasmapause are consistent
with the PVR mode across a wide latitudinal range.

Data Availability Statement

Data from the ERG (Arase) satellite were obtained from the ERG Science Center operated by ISAS/JAXA and
ISEE/Nagoya University (https://ergsc.isee.nagoya-u.ac.jp/index.shtml.en, Miyoshi, Hori, et al., 2018). The pres-
ent study analyzed MGF-L2 v03_04 data (Matsuoka, Teramoto, Imajo, et al., 2018), PWE/HFA-L3 v01_02 data
(Kasahara et al., 2021), and Orbit L2 v02 (Miyoshi et al., 2018a) and L3 vO1 (Miyoshi et al., 2018b) data. The
geomagnetic field data from Honolulu, San Juan, and Guam were provided by the U.S. Geological Survey sta-
tions (https://www.usgs.gov/natural-hazards/geomagnetism and http://themis.ssl.berkeley.edu/data/themis/thg/
12/mag/). The Wp index is available at https://doi.org/10.17593/13437-46800. Data access and processing were
performed using SPEDAS V4.1 (see Angelopoulos et al., 2019).
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