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Abstract

Pc1 geomagnetic pulsation is a geomagnetic oscillation at frequencies of 0.2-5 Hz observed
by induction magnetometers on the ground. These waves are related to electromagnetic ion
cyclotron (EMIC) waves generated in the equatorial region of the magnetosphere at L ~4-8
due to the temperature anisotropy of energetic plasma in the radiation belts. They propagate
along the magnetic field line and bounce between the Northern and Southern hemispheres.
When EMIC waves reach the ionosphere, they are converted to compressional-mode waves
due to interaction with ionospheric plasma. They are trapped in the F-layer of the ionosphere
and propagate longitudinally and latitudinally from high to low latitudes through the iono-
spheric duct, and are observed as Pcl geomagnetic pulsations. EMIC waves interact with
energetic particles in the radiation belts, causing pitch angle scattering and precipitation of
these particles into the ionosphere. This process is related to isolated proton aurora at sub-
auroral latitudes. Therefore, studying the generation and propagation of EMIC/Pc1 waves is
important for understanding the loss mechanism of energetic particles in the radiation belts.

Pcl pearl structures are quasi-periodic amplitude modulations of Pcl pulsations with
a repetition period of several tens of seconds. Many studies have used ground-based and
satellite observations to investigate the generation mechanisms of Pcl pearl structures. The
generation of Pc1 pearl structures can be divided into two possibilities: 1) magnetospheric
and 2) ionospheric effects. Magnetospheric effects generate Pc1 pearl structures in the mag-
netosphere, and these structures should not change during ionospheric duct propagation.
Ionospheric effects generate Pc1 pearl structures in the ionosphere, and these structures may
have different shapes at different locations on the ground. Previous studies have investi-
gated the formation of Pcl pearl structures, but their generation mechanisms have not yet
been clearly identified.

In the research presented in this thesis, we investigated the generation mechanisms of Pc1
pearl structures in the ionosphere using multi-point ground-based induction magnetometers
at Athabasca (ATH) in Canada, Magadan (MGD) in Russia and Moshiri (MOS) in Japan,
L ~1.5-4.5. We investigated two Pc1 events simultaneously observed at the three stations,
and we compared our observations with model calculations. Case 1 (April 8, 2010) shows

that Pc1 pearl structures observed at two stations have different shapes with polarization
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angle-dependence on Pcl frequency. Case 2 (April 11, 2010) shows that they have similar
Pcl pearl structures at two stations with a constant polarization angle within Pc1 frequen-
cies. The repetition period of the Pcl pearl structures was ~10 s in case 1 and ~10 to 40
s in case 2. These periods are shorter than those expected from the bouncing wave packets
model, which is a candidate for describing magnetospheric effect in the formation of Pcl
pearl structures. Using two simple model calculations under different conditions, we also
investigated the possibility of beating processes in the ionosphere as a potential generation
mechanism for Pcl pearl structures. The first model assumes Pcl waves propagated to the
observation point from a latitudinally distributed source with different frequencies at differ-
ent latitudes, representing beating processes in the ionosphere. The second model considers
that Pcl waves with different frequencies are mixed at a point source and propagate to the
observation points, indicating Pc1 pearl structures caused by magnetospheric effects. As a
result of the model calculations, the first model shows slightly different waveforms at differ-
ent observation points. However, the second model shows identical waveforms among the
observation points. The result of the first model is related with Case 1, which showed dif-
ferent Pc1 pearl structures with dependence of polarization angle on frequency at the three
stations. From these results, we suggest that beating processes in the ionosphere with a
spatially distributed ionospheric source can cause pearl structures during ionospheric duct
propagation from high to low latitudes, with long distances from the source to the stations.
In case 2, however, we cannot reliably interpret the Pcl pearl structures with a constant
polarization angle by using the beating process in the ionosphere.

We then investigated the statistical characteristics of Pcl pearl structures observed by
longitudinally (ATH and MGD) and latitudinally (MGD and MOS) separated induction mag-
netometers. From among six years of ground observations, from 2008 to 2013, we selected
84 Pcl events observed simultaneously at the longitudinally separated stations (ATH and
MGD) and 370 events observed at the latitudinally separated stations (MGD and MOS), all
with high coherence (> 0.7) of Pcl waveforms. We calculated the cross-correlation coeffi-
cient (similarity: r) for the Pcl pearl structures and found that more than half of the events
in both pairs had low similarity (r < 0.7), indicating that most Pc1l waves exhibit different
pearl structures at different stations. We found that high-similarity Pc1 pearl structures (r
> 0.7) at the longitudinally separated stations are concentrated from 6 to 15 UT when both
stations are in the nighttime. The similarity of Pc1 pearl structures tends to show a negative
correlation with the standard deviation of the polarization angle in both pairs. The observed
repetition period of Pcl pearl structures has a clear positive correlation with the repetition
period estimated from Pcl bandwidth by assuming beating of different frequencies. From

these results, we suggest that an ionospheric beating effect could be the dominant process



vii

for the generation of Pcl pearl structures. Beating processes in the ionosphere with a spa-
tially distributed ionospheric source can cause the different shapes of Pc1 pearl structures at
different observation points during ionospheric duct propagation.

However, we should also consider that magnetospheric processes, such as EMIC waves
modulated by long-ULF waves, could be a major contribution in the generation of Pc1 pearl
structures. To identify the spatial and temporal characteristics of the generation and propa-
gation of Pc1 pearl structures in the ionosphere and in the magnetosphere, we will investigate
quasi-periodic and randomly structured EMIC/Pc1 waves using multi-point ground induc-

tion magnetometers and the Van Allen Probes.
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Chapter 1

Introduction

1.1 Overview

Pc1 geomagnetic pulsation is an ultra low-frequency (ULF) pulsation at frequencies of 0.2-5
Hz. These waves are observed by induction magnetometers on the ground as a geomagnetic
oscillation. Jacobs et al. [1964] classified these geomagnetic pulsations by frequency range,
as shown in Table 1.1. Fukunishi et al. [1981] investigated Pc1 pulsations in the range of 0.2-
2 Hz observed at the Showa station. Pc1 pulsations were classified according to their spectral
spectra to eight subtypes in the Pcl geomagnetic frequency range. Figure 1.1 shows the de-
pendence of preferential magnetic local time for these subtypes of geomagnetic pulsations as
a function of frequency with their spectral structures. For example, periodic hydromagnetic
(HM) emission bursts preferably occur at the magnetic noon, and Pc 1-2 bands are frequently
observed between 6 and 18 MLT. The HM emissions tend to decrease in frequency from the
morning to the dusk. Fukunishi et al. [1981] suggested that this frequency variations of HM
emissions with local time are related to L-shell variations associated with the generation
regions of HM emissions in the plasmapause.

Figure 1.2 shows a schematic of the generation and propagation of electromagnetic ion
cyclotron (EMIC)/Pcl waves in the magnetosphere and ionosphere. The EMIC waves are
due to the temperature anisotropy (7 < T ) of energetic ions in the equatorial regions of

the magnetosphere, and they usually have left-hand polarity. These waves propagate along

Table 1.1 Classification of geomagnetic pulsations (Jacobs et al., 1964)

Pcl Pc2 Pc3 Pc4 Pc5
Period Range [sec] 0.2-5 5-10 10-45 45-150 150-600
Frequency Range  0.2-5Hz 0.1-0.2Hz 22-100mHz 7-22 mHz 2-7 mHz




2 Introduction
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Figure 1.1 Dependence of subtypes HM emissions on magnetic local time within the Pcl
frequency range (reproduced from Fukunishi et al., [1981].

Magnetic field

w
N

EMIC waves eneration

region
7
A

/ Ionosphere
Isolated proton
aurora
/. :
Ionospheric duct A Ground stations ‘

< High latitude Ground Low latitude —>

Figure 1.2 Schematic of the generation and propagation of electromagnetic ion cyclotron
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1.1 Overview 3

the magnetic field lines and bounce between the Northern and Southern hemispheres. When
EMIC waves reach the ionosphere, they interact with ionospheric plasma and are converted
to compressional-mode waves. These waves are trapped in the F-layer of the ionosphere and
propagate latitudinally and longitudinally from high to low latitudes through the ionospheric
duct, and are observed as Pc 1 geomagnetic pulsations on the ground at frequencies of 0.2-5
Hz.

The important features of EMIC waves are related to the loss of energetic particles in
the radiation belts and precipitation into the ionosphere. When EMIC waves resonate with
energetic particles in the radiation belts during bouncing motions, they cause pitch-angle
scattering into the loss-cone. Particles precipitated into the ionosphere generate isolated
proton aurora at sub-auroral latitudes [e.g., Sakaguchi et al., 2007; Miyoshi et al., 2008;
Sakaguchi et al., 2008].

Pcl geomagnetic pulsations have been widely studied since the 1960s to identify their
characteristics. Characteristics of Pcl geomagnetic pulsations associated with ionospheric
duct propagation have been extensively investigated, for example, for attenuation effects (0-
13 dB/1,000 km) [e.g., Althouse and Davis, 1978; Kim et al., 2010], the propagation speed
(89-2,000 km/s) [e.g., Greifinger and Greifinger, 1968; Manchester, 1970; Fraser, 1975a;
Lysak, 2004; Kim et al., 2010], propagation direction (mainly along the magnetic meridian,
but also latitudinally with higher attenuation effect) [e.g., Kawamura et al., 1981], and the
polarization parameters (angle and sense) obtained by multi-point magnetometer ground
stations [e.g., Nomura et al., 2011]. The relation with isolated proton aurora has been also
investigated using all-sky images and ground magnetometer stations [e.g., Sakaguchi et al.,
2007; Miyoshi et al., 2008; Sakaguchi et al., 2008]. In statistical studies by Fraser [1968]
and Kuwashima et al. [1981], Pcl geomagnetic pulsations were more frequent during the
daytime and in winter at high latitudes. A low latitudes, Pcl geomagnetic pulsations peaked

during the nighttime and in equinox months.

Pc1 pearl structures are quasi-periodic amplitude modulations of Pcl waves with repeti-
tion periods of several tens of seconds. There are several possible generation mechanisms of
Pc1 pearl structures. In particular, we can classify these mechanisms according to the regions
in which Pc1 pearl structures are mainly produced, namely, magnetospheric and ionospheric
effects. Magnetospheric effects are, for example, bouncing wave packets between the North-
ern and Southern hemispheres and EMIC waves modulated by long-period ULF waves. In
these effects, Pcl pearl structures are caused in the magnetosphere and propagate into the
ionosphere. Ionospheric effects are those where Pc1 pearl structures are formed in the iono-
sphere, in which case the shape of the pearl structures can change during the ionospheric

duct propagation.
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In this introduction, Section 1.2 describes the geomagnetic environments from Earth's
magnetosphere to its ionosphere. The geomagnetic environment is very important to under-
stand the generation and propagation of EMIC/Pc1 waves. Section 1.3 describes the general
equations of EMIC waves, including their growth rate, resonance conditions, and dispersion
relation. Section 1.4 reviews observations of Pcl pulsations and their characteristics. In
that section, we introduce the propagation and polarization characteristics of Pc1 pulsations.

Section 1.5 describes possible generation mechanisms of Pc1 pearl structures in detail.

1.2 Geomagnetic environment

This section describes the geomagnetic environments of the magnetosphere and the iono-
sphere, within which we are interested to investigate electromagnetic wave activities. The
Earth, one of the planets in the solar system, is surrounded by a well-defined magnetic field
called the Earth's magnetosphere. The Earth's magnetosphere forms a bubble around the
Earth, and protects it from the dense solar winds containing many energetic particles. The
magnetosphere can be approximated as a dipole magnetic field with a magnetic moment of
8.05x10%* Am?*. The structure of the magnetosphere is complicated, because interplane-
tary magnetic field (IMF) and energetic plasma particles in the solar wind interact with the
Earth's magnetic field, the configuration of which is shown in Figure 1.3. On the dayside of
the magnetosphere, solar wind pressure compresses the Earth's magnetic field, and recon-
nection between the IMF and the Earth's magnetic field occurs when the IMF has a south-
ward component. The solar wind transports the reconnected magnetic field to the night side,
creating a magnetotail that is stretched in the range from 10 to more than 200 R.

Energetic plasma entering the Earth's magnetosphere from the Sun is transported from
the magnetotail toward the Earth contributing to the particle distribution in the inner mag-
netosphere. The plasmasphere has the densest (> 100 cm?) and coldest (< 1 eV) plasma
configuration in the range of 1-4 R,. The ring current region shows as torus-like structures
where the energy density of the plasma is the highest in the inner magnetosphere. The Van
Allen radiation belts consist of energetic particles of electrons and ions within more than a
few hundreds keV. Radiation due to these energetic particles is very harmful to life, including
to human beings.

Injected energetic particles from the magnetotail are a free energy source for the gener-
ation of various types of plasma waves. During geomagnetically disturbed periods, called
storm interval, many hot, energetic particles are injected into the inner magnetosphere and
cause various instabilities, such as temperature anisotropy, that generate plasma waves. The

generated plasma waves interact with cold and hot plasma in the inner magnetosphere, chang-
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Figure 1.3 The Earth's magnetosphere, showing characteristic regions and magnetic field
lines. [Source: http://www.mps.mpg.de/1969078/PPGresearch]

ing their energies and pitch angles. These interactions are called wave-particle interactions,
and they cause the acceleration and loss of energetic particles. Particle scattering into the loss
cone is the main process causing particle loss to the ionosphere and is an important cause of
visible auroral activities. Figure 1.4 shows wave activity in the inner magnetosphere during

geomagnetic storms.

The ionosphere is a region in the Earth's upper atmosphere at altitude of 60-1,000 km. It
includes the thermosphere and part of the mesosphere. It is distinguished by ionized particles
due to solar radiation. The ionosphere is also a boundary between the magnetosphere and
the atmosphere, and plays an important part in atmospheric electricity. Figure 1.5 shows
the several layers created by electron density variation in the ionosphere as a function of
altitude. These layers follow daily variations. At night time, the F layer is the only layer
with significant ionization; the ionization in the E and D layers is extremely low. During
the day time, the D and E layers become much more ionized, and the F layer separates into
two regions, the F1 and F2 layers. The F2 layer persists both day and night and is the region

mainly responsible for EMIC wave refraction.
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Figure 1.4 Spatial distribution of plasma waves during a geomagnetic storm in relation to the
position of the plasmapause and the drift paths of ring current electrons and ions. Electrons
injected into the magnetosphere excite a whistler-mode chorus on the dawn side, and the
ions generate EMIC waves on the dusk side near the plasmapause reproduced from Thorne,
[2010].

1.3 Electromagnetic ion cyclotron waves

EMIC waves are predominately left-hand polarized emissions observed at frequencies of 0.1-
5 Hz near the equator region of the magnetosphere. In the presence of heavy ions He* and
O™ in the inner magnetosphere, EMIC waves are generally distinguished into three distinct
bands: the H" band between wy,+ and wy., the He™ band between w,: and w,+, and
the O" band below w,.. EMIC wave amplitude can reach 1-10 nT during geomagnetic
storms. According to THEMIS satellite observations by Min et al. [2010], the peak EMIC
occurrence rate in space is separated with frequency band; for H" band EMIC waves, there
is a peak occurrence in the dawn sector at 8-12 R, while He™ band EMIC waves have a
maximum occurrence in the dusk sector at 8-12 R,. EMIC waves strongly interact with
radiation belt electrons and ions, leading to loss of these particles into the ionosphere.

We describe the dispersion relation, resonance condition, and growth of the EMIC waves

and their interaction with plasma. Figure 1.6 shows the dispersion relation of EMIC waves
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Figure 1.5 The variation of electron density as a function of altitude in the ionosphere.
The green (red) lines indicate the variation of electron density during solar minimum (solar
maximum). The solid lines and dashed lines denote day time and night time, respectively
[Source: http://sidstation.loudet.org/ionosphere-en.xhtml].

for realistic ion compositions in the inner magnetosphere. For parallel propagation of EMIC
waves, the dispersion relation including electrons and multi-ion dynamics is described in
Parks [2004], as

7 (1.1)

N =1-—FX
RL a)(a)+Q) Za)(a)+9w)

where the upper and lower sign indicates the R-mode and L-mode, respectively, )’ is a
summation with respect to ions of species s, w,, and @, are plasma frequencies of electrons
and s-species ions, and €2, and €, are gyrofrequencies of electrons and s-species ions. Field-
aligned L-mode EMIC waves are confined to frequency bands below each ion gyrofrequency.
Propagation along the magnetic field line within the stop-band of L-mode propagation is
not allowed between the cut-off frequency and each heavy ion gyrofrequency. The relative
composition of heavy ions controls the location of the cut-off frequency. EMIC waves can
grow due to energy transfer from ions to waves, such as pitch-angle anisotropy, to recover
from the unstable condition. This process occurs when the temperature at energetic ions
in the parallel direction to the magnetic field is lower than in the perpendicular direction
(T, < T,), as called the ion cyclotron instability. During storm intervals, hot and energetic
injected particles from the magnetotail develop the ring current and radiation belts in the

inner magnetosphere. Ion cyclotron instability frequently occurs in such situations. The
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Figure 1.6 Dispersion relation of EMIC waves for parallel propagation in a plasma composed
of 70% H*, 20% He*, and 10% O" species. The solid curves show the three left-handed
polarized modes below the H*, He* and O* cyclotron frequencies, respectively. The dashed
curve denotes the right-handed polarized mode.

growth rate y of EMIC waves is described as,

(1 — x)*

K2 U”2

N, @% (1 = x)? _
y=yr2 e (1= %) (A=)~ expl- 1 (12)

where N, and N, are the cold and hot plasma densities, respectively, w,; is the angular fre-
A=T/T,-1is
the temperature anisotropy constant, 7, and T are the perpendicular and parallel tempera-
tures, U = (2KT/ml.)”2, and m; is the ion mass [Fukunishi et al., 1983]. If the growth rate is

quency of the ion cyclotron waves,k is the Boltzmann constant, x = w/®

ci?

higher than zero, EMIC waves can grow. In this equation, 7', and 7| are the most important
parameters controlling EMIC wave growth.

In contrast, EMIC wave energy can be transported to ions through ion cyclotron reso-
nance. Whenever radiation belt particles can resonate with EMIC waves, the Doppler-shifted
EMIC wave frequency as viewed in the reference frame of the particle is an integer multiple

(n =0,+1,+2,...) of the particle gyrofrequency. The resonance condition of EMIC waves
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is expressed in Parks [2004] as,

nQ

where y = (1 — (v/c)*)™"? is a relativistic factor and x; and v, are the wave propagation
vector and particle velocity along the magnetic field line, respectively. This wave-particle

interaction causes energy transfer from EMIC waves to particles and particle scattering.

1.4 Pcl geomagnetic pulsations

1.4.1 Ground observations of Pcl pulsations

EMIC waves are known to be generated at L-shells 4 to 8 in the equatorial regions of the
magnetosphere due to ion cyclotron instabilities with an anisotropic energy distribution.
Theoretical studies [e.g., Horne and Thorne, 1993] and observations [e.g., Anderson et al.,
1996] have suggested that EMIC waves are left-hand polarized Alfvén waves located near
the generation region in the magnetosphere. They propagate by bouncing along the mag-
netic field lines between the Southern and Northern hemispheres. During this bouncing mo-
tion, some portions of EMIC wave energy pass through the ionospheric resonance region,
allowing the waves to propagate into the ionosphere [Fraser, 1975a, 1975b; Altman and
Fijalkow, 1980; Fujita and Tamao, 1988]. In the ionosphere, right-hand polarized compres-
sional (fast) isotropic waves are generated through the interaction of incident EMIC waves
with ionospheric plasma in the F-region. Theory and observations show that after this mode
conversion from Alfvén to compressional waves, the compressional waves can be trapped in
the ionospheric duct (or waveguide) centered in the F2-region (a layer of maximum electron
density at an altitude of ~400 km) with minimum Alfvén speed [e.g., Manchester, 1966;
Tepley and Landshoff, 1966; Campbell, 1967; Kuwashima et al., 1981; Kawamura et al.,
1981; Kim et al., 2011; Waters et al., 2013]. These trapped waves propagate latitudinally
and longitudinally from the ionospheric source region to low latitudes. These waves are
observed on the ground as Pcl pulsations at frequencies of 0.2-5 Hz [Jacobs et al., 1964].
During ionospheric duct propagation, the wave energy of Pcl pulsations is attenuated with
an attenuation ratio of O to 13 dB/1,000 km [Althouse and Davis, 1978; Kim et al., 2010]. In
previous studies, Pcl pulsations were frequently observed at high latitudes during the day-
time with a maximum occurrence at 1 to 2 h before sunrise during winter. On the other hand,
the occurrence of Pc1 pulsations at low latitudes peaked during the nighttime about 1 h after

local magnetic midnight and during equinoxes [Fraser, 1968; Kuwashima et al., 1981].
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Figure 1.7 shows typical Pcl pulsations observed on the ground using induction magne-
tometers. During the day on April 8, 2010, we observed several Pc1 pulsations at Athabasca
(ATH) in Canada, Magadan (MGD) in Russia, and Moshiri (MOS) in Japan, in the frequency
range of 0.2-2.2 Hz. The first Pc1 burst at 03-09 UT is mainly observed at ATH, but observa-
tions at MGD and MOS were very weak, probably because of attenuation during ionospheric
duct propagation. This indicates that the ionospheric source for this event should be close to
ATH, as ATH was in the pre-midnight sector while MGD and MOS were in the afternoon
sector. These Pcl waves may have difficulty propagating latitudinally, due to the sudden
change of electron density profile in the F layer of the ionosphere at the dusk side termina-
tor. Conversely, MGD and MOS simultaneously observed Pc1 pulsations at 10-21 UT, but
these were not seen at ATH. During this time interval, MGD and MOS were in the night
time, when variation in the electron density of the ionosphere would be stable. This condi-
tion could present a well-defined ionospheric duct in the F-layer, propagating Pc1 pulsations
further. At the same time, ATH was in the morning sector, over the dawn side terminator,

probably making propagation of Pc1 pulsations difficult.

1.4.2 Trapped Pcl pulsations and propagation in the ionospheric duct

Pc1 waves with left-hand polarization have a mode conversion to the compressional waves
near the ionospheric source region at high latitudes. These waves propagate latitudinally
from higher to lower latitude through the ionospheric duct centered by the F layer of the
ionosphere [e.g., Greifinger and Greifinger, 1968]. Figure 1.8 shows the ionospheric duct
propagation for Pc1 pulsations from high to low latitudes, as described in Kawamura et al.
[1981]. In the F layer in the ionosphere, there is maximum electron density at an altitude
of ~400 km with minimum Alfvén speed. Pcl waves are trapped in this layer, and these
trapped waves propagate latitudinally and longitudinally from the ionospheric source region
to low latitudes. From this process, Pc1 pulsations can be observed at low latitudes, even
though these waves observed at high latitudes strongly connect with direct propagation of
EMIC waves from the magnetosphere.

The plasma density of the ionosphere is key to Pcl propagation from the ionospheric
source at high to low latitudes. The attenuation effect in the ionospheric duct leads to a dif-
ference of Pcl occurrence rate between high and low latitudes. The occurrence rate of Pcl
pulsations observed at high latitudes has a maximum during the daytime and up to 1 h after
magnetic local noon,while observations at low latitudes are maximized during the nighttime
and up to 1 h before sunrise. This is probably due to differences in ionospheric electron
density profiles in the F-region. In seasonal variations of Pc1 occurrence, they reach a maxi-

mum at equinoxes at high latitudes and in the winter at low latitudes, probably due to seasonal
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Figure 1.7 Dynamic spectra of the H and D components for the magnetic field variations

observed at ATH, MGD and MOS at 00-24 UT on April 8, 2010, in the frequency range of
0.2 to 1.8 Hz.
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Figure 1.8 Schematic figure of ionospheric duct propagation of Pc1 pulsations reproduced
from Kawamura et al. [1981].

differences in the attenuation of Pcl waves during ionospheric duct propagation. The Pcl
occurrence also has an anti-correlation with sunspot number variation, which is an indicator
of solar activity [Fraser-Smith, 1970; Kawamura et al., 1985; Park et al., 2013].

1.4.3 Dependence of Pcl polarization angle on frequency

The polarization angle of Pcl pulsations observed on the ground can provide important in-
formation on their ionospheric source region. In theoretical studies [Greiginger, 1972; Fujita
and Tamao, 1988], polarization parameters (angle and sense) vary significantly with the lat-
itudinal scale of the ionospheric source region of Pcl waves and the distance between the
source and the location of the observation.

Fujita and Tamao [1988] conducteda model calculation of the dependence of Pc1 polar-
ization parameters on the distance and position of the Pc1 ionospheric source. The orienta-
tion of the polarization angle observed on the ground varies as a result of coupling between
magnetospheric EMIC waves and ducted Pc1 waves. Near the source region, the polarization
angle mainly follows magnetospheric EMIC waves,with the minor axis of the polarization
angle pointed to the source region. Far from the source region, however, the major axis of
the polarization angle points toward the ionospheric source region.

The polarization angle of Pcl pulsations is useful for determining the location of the
ionospheric source region of the waves. At mid-to-low latitudes, this region is generally
located far from the source region, so the major axis of the polarization angle mainly points
to the Pcl ionospheric source [Fraser, 1976]. Nomura et al. [2011] found that ~ 70% of
Pc1 pulsations observed at low-latitude ground stations have a dependence of polarization
angle on frequency. This result suggests that Pcl pulsations have latitudinally distributed

ionospheric source region.
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1.4.4 Distributed ionospheric source region observed by isolated pro-

ton aurora at subauroral latitudes

Precipitation of magnetospheric ions scattered by resonance with EMIC waves in the mag-
netosphere causes isolated proton auroras at subauroral latitudes. From space and ground
observations, Yahnina et al. [2000] reported that proton precipitation at subauroral latitudes
has a relation with ground Pcl pulsation activity. They also found that the frequency of
Pc1 pulsations increases with decreasing proton aurora latitudes. Sakaguchi et al. [2008]
found that the spatial distribution of isolated proton auroras has limited latitudinal and lon-
gitudinal widths of less than 230 km and 250-800 km, respectively. They also found that
as isolated arcs moved equatorward (poleward), the frequency of simultaneous Pc 1 pulsa-
tions increased (decreased). In temporal variation of the isolated proton aurora, the isolated
proton auroral spots, indicators of Pc1 ionospheric sources, were intermittently distributed
over a 4-h MLT period in the pre-midnight sector equatorward of substorm auroral activity
at auroral latitudes [Sakaguchi et al., 2012]. Figure 1.9 shows a photograph of an isolated
proton aurora observed at Athabasca, Canada, at subauroral latitudes. The bottom left of this
figure partially shows a typical diffuse aurora, while the main photograph shows an isolated
proton aurora with two separated patches.

1.5 Pcl pearl structures

A “Pcl pearl structure’ is a quasi-periodic amplitude modulation of Pcl pulsations with a
repetition period of several tens of seconds [Troitskaya and Gul'Elmi, 1967]. Figure 1.10
shows dynamic spectra and time series of the H and D components of the magnetic field
observed at ATH at 13-18 UT on February 16, 2013. In Figure 1.10(a), we can see quasi-
periodic modulation of Pcl pulsations at both components in at frequencies of 0.2-1.2 Hz.
To see the magnetic field variation in detail, in Figure 1.10b we zoom in at 1415-1419 UT.
We can see many amplitude modulations of Pcl waves in this time interval with a repetition
period of approximately 30 s. Theses quasi-periodic modulations in the spectral domain and

amplitude modulations in the time domain are called as “Pcl pearl structures'.

1.5.1 Generation of Pcl pearl structures

There have been many studies using ground-based and satellite observations to investigate
the generation mechanisms of the Pc1 pearl structures [e.g., Perraut, 1982; Erlandson et al.,
1992; Guglielmi et al., 1996; Mursula, 1997; Rasinkangas and Mursula, 1998; Mursula et
al., 1999; Mursula, 2007; Usanova et al., 2008; Nomura et al., 2011; Jun et al., 2014]. Pcl
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Figure 1.9 Photograph of an isolated proton auroral arc in the southeastern sky of Athabasca,
Canada, on November 12, 2015 (photo: Claudia Martinez-Calderon).
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Figure 1.10 (a) Dynamic spectra of the H and D components of magnetic field variations
observed at ATH at 13-18 UT and (b) band-pass filtered (0.2-1.2 Hz) Pc1 waveform of the
magnetic field of the H and D components observed at ATH at 1415-1419 UT on February
16, 2013.
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pearl structures can be generated by magnetospheric and ionospheric effects. Though many
previous studies have investigated the formation of Pcl pearl structures, their generation
mechanisms have not been conclusively identified.

If magnetospheric effects are dominant in the creation of Pc1 pearl structures, the pearl
should not be changed during ionospheric duct propagation. If ionospheric effects are dom-

inant, however, the structures may change during ionospheric duct propagation.

1.5.2 Magnetospheric effects

One candidate for the magnetospheric effect is the bouncing wave packets model (BWP
model) [e.g., Guglielmi et al., 1996; Mursula et al., 1999]. This model suggests that the
bouncing of EMIC waves along the magnetic field lines between the Northern and Southern
hemispheres cause Pcl pearl structures. According to this model, the length of a magnetic
field line associated with EMIC wave sources could be a main controller for the repetition
period of Pc1 pearl structures. The Alfvén velocity in the magnetosphere depends on plasma
conditions along the field line, and the traveling time of the wave packets between both hemi-
spheres determines the bouncing periods. The repetition period of Pcl pearl structures also
depends on the length of the magnetic field lines. This period varies in a range of several
tens of seconds, depending on the L-value of the EMIC generation region. However, some
recent studies have suggested reconsidering whether the BWP model is appropriate for the
formation of Pcl pearl structures. For example, their repetition periods can significantly
differ from the results expected from this model [e.g., Perrant et al., 1982; Paulson et al.,
2014]. If Pcl pearl structures are mainly caused by BWP model, the repetition period in
space should be half that on the ground. However, comparing ground and satellite observa-
tions, Perrant et al. [1982] found that the repetition periods of Pc1 pearl structures observed
in space did not have this relation. Furthermore, Paulson et al. [2013] observed repetition
periods on the ground that were similar to those in space. Additionally, using data obtained
by the Viking satellite near the plasmapause, Erlandson et al. [1992] found that the Poynting
flux of Pcl pearl structures was mainly directed downwards, along the magnetic field lines
and into the ionosphere, contradicting the BWP model.

Another candidate magnetospheric effect for Pc1 pearl generation is the modulation of
EMIC waves by long-period ULF waves (such as Pc4 or Pc5 pulsations), as suggested by
Mursula et al. [2001] and Mursula [2007], who found that EMIC waves observed in space
were modulated by magnetospheric Pc3 pulsations. The generation of Pc1 pulsations by ion
cyclotron instability also causes amplitude modulations, such as EMIC rising tone emissions
[Omura et al., 2010; Shoji and Omura, 2013; Nakamura et al., 2014]. It has also been

suggested that Pc1 pearl structures can be generated by the superposition of EMIC waves



1.6 Purpose of this thesis 17

traveling in the magnetosphere with a coherence length associated with the waves' growth
[Hu and Denton, 2009].

1.5.3 Ionospheric effects

Some studies have instead suggested beating processes in the ionosphere for the generation
of Pcl pearl structures [e.g., Pope, 1964; Nomura et al., 2011; Jun et al., 2014]. In previ-
ous studies, Pope [1964] suggested that Pc1 pearl structures could be generated during iono-
spheric duct propagation by the superposition of Pc1 waves with a broad frequency. Nomura
et al. [2011] showed that around 70% of Pc1 pulsations observed at low-latitude ground sta-
tions have a dependence of Pc1 polarization angle on its frequency, indicating that the Pcl
ionospheric source is spatially extended from north to south. Sakaguchi et al. [2008] found
that the isolated proton auroral spots associated with Pcl pulsations had longitudinal ex-
tents of 250-800 km. These observations show that Pc1 pulsations observed at some ground
stations could be a mixture of several waves from different ionospheric source regions. Fig-
ure 1.11 shows Pc1 pearl structures caused by beating processes in the ionosphere and their
ionospheric duct propagation from source region to ground. Beating processes occur in the
ionosphere when Pc1 waves with slightly different frequencies associated with a north-south
extended ionospheric source region are superposed at the observation points. The propaga-
tion time differences from the extended sources to the ground stations generate different
amplitude modulations at different observation points. Pcl pearl structures may thus have
different shapes at different locations on the ground due to different wave-beating condi-
tions. This process also implies that the amplitude modulation of Pc1 pulsations might not
be related to the energy transfer between energetic particles and waves. From these consid-
erations, we should investigate similarities in Pc1 pearl structure between different stations

to identify this mechanism for Pc1 pearl generation.

1.6 Purpose of this thesis

Ground induction magnetometers present the prefect opportunity to investigate the genera-
tion mechanisms of Pc1 pearl structures in the ionosphere. While Pc1 source regions in the
ionosphere are located far from the ground stations, we can observe Pcl pulsations through
their ionospheric duct propagation. The Pc1 polarization angle is a key parameter to demon-
strating the source distribution of waves. This information led to our idea that Pcl pearl
structures could be caused by beating processes in the ionosphere. Previous studies have

tried to understand the generation mechanisms of Pcl pearl structures using satellites and
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Figure 1.11 Beating processes in the ionosphere.

ground magnetometer chains, but despite many mechanisms having been suggested for the
formation of Pcl pearl structure, the dominant mechanism is not yet well understood.The
purpose of this research is thus to identify the dominant generation mechanism of Pc1 pearl

structures.

In Chapter 2, we introduce the instrumentation and data analysis methods used in this
study. We present the characteristics of the induction magnetometers installed at Athabasca
(ATH) in Canada, Magadan (MGD) in Russia, and Moshiri (MOS) in Japan. We also de-
scribe the calibration of the induction magnetometers, and how we used the data obtained
these instruments. We calculate the spectral parameters (wave power, central frequency, and
bandwidth) and polarization parameters (angle and sense), as well as coherence of Pc1 wave-
forms. For the waveform analysis, we make a band-pass filter function to reduce noise from
outside the Pc1 frequencies. To identify similarity between Pc1 pearl structures at different

stations, we use cross-correlation analysis based on the upper envelope of Pcl waveforms.

In Chapter 3, we investigate the possibility of Pcl pearl generation by beating processes
in the ionosphere, using two Pc1 pulsation events simultaneously observed at three stations

combined with model calculations. Case 1 presents different Pcl pearl structure shapes at



1.6 Purpose of this thesis 19

different stations with polarization-angle dependence on Pc1 frequency. Case 2 shows simi-
lar Pc1 pearl structures at different stations with a constant polarization angle. To understand
their differences, we use model calculations of Pc1 pearl structures. The first model assumes
that Pc1 waves propagate from the distributed source region to the observation points with
different arrival times for each frequency. The second model assumes that all Pc1 frequencies
are mixed at a point source before propagating to the observation points. We then compare
our ground-based observations with model calculations.

In Chapter 4, we present a statistical description of Pcl pearl structures using multi-
point ground-based induction magnetometers for a six-year period from 2008 to 2013. The
purpose is to identify the dominant generation mechanism of Pcl pearl structures in the
ionosphere. We separate these into two groups, longitudinally (ATH and MGD) and lati-
tudinally (MGD and MOS) separated stations, then classify Pc1 pulsation events into these
two groups. We show the distribution of similarity for Pc1 pearl structures for both groups.
We also present temporal variations (UT dependence, monthly dependence, and annual de-
pendence) of similarity of Pcl pearl structures. We also present Pcl pearl similarity de-
pendencies on geomagnetic conditions and wave properties, and discuss possible Pc1 pearl
generation caused by beating processes in the ionosphere.

In Chapter 5, we summarizing the study and suggest areas for future research.






Chapter 2

Instrumentation and data analysis
methods

2.1 Induction magnetometers

In this thesis, we use multi-point ground induction magnetometers installed by the Institute
for Space-Earth Environmental Research, Nagoya University, at Athabasca (ATH; 54.7°N,
246.7°E, L=4.3) in Canada, Magadan (MGD; 60.1°N, 150.7°E, L=2.6) in Russia, and Moshiri
(MOS; 44.4°N, 142.3°E, L=1.5) in Japan [Shiokawa et al., 2010]. The stations are separated
by 5,317 km between ATH and MGD and 1,880 km between MGD and MOS. Table 2.1
shows the geographic and geomagnetic coordinates, L.-values, and the dates of data acquisi-
tion start of these stations. Figure 2.1 is a map showing the locations of these stations with
their geographic coordinates and dipole geomagnetic latitudes, as obtained by the IGRF-11

model using an epoch time of 2010.

The induction magnetometer is a sensor that measures variations of magnetic flux in
frequency ranges from several mHz to hundreds of MHz. The induction magnetometer is

based on Faraday's law of induction. Temporal variation of the magnetic field intensity (B)

Table 2.1 Locations and date of data acquisition start at the three stations

glat glon mlat mlon L-value Acquisition start
ATH 547 246.7 61.7 306.2 4.5 Sep. 7, 2005-
MGD 60.1 156.7 519 2132 2.6 Nov. 5, 2008-
MOS 444 1423 35.6 209.5 1.5 Jul. 14, 2007-
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Figure 2.1 Locations of the three induction magnetometer stations: Athabasca (ATH) in
Canada, Magadan (MGD) in Russia, and Moshiri (MOS) in Japan. Solid lines indicate dipole
magnetic latitudes calculated using the IGRF-11 model with an epoch time of 2010. Dashed
lines indicate geographic coordinates.

through the number of circuit turns (n) will induce a voltage (V) as:

dB
V =-nS—, (2.1)

dt
where S is the size of the coil cross-section. The induced voltage has dependence on the
magnetic permeability, which is a measure of the ability of a material to support the for-
mation of a magnetic field within itself. The permeability constant (), also known as the
magnetic constant, is a measure of the amount of resistance encountered when forming a

magnetic field in a vacuum. The magnetic constant is 47 X 10’ Hm™

. The output voltage of
the induction magnetometer varies in proportion to the temporal variation of the magnetic

field, allowing us to compute variations in the magnetic field from the recorded voltage.

2.1.1 Data sampling

We use induction magnetometers to measure the H (horizontal), D (perpendicular), and Z
(vertical) components of geomagnetic field variation. This measurement records voltage

variations, which are generated by magnetic field fluctuation due to Faraday's law. Figure 2.2
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shows the induction magnetometer system. For MGD and MOS, to prevent noise from the
cable connecting the sensors to the main amplifier, the system has a pre-amplifier near the
sensor. This amplifies signals 100 times before sending them to the main amplifier. However,
the induction sensors at ATH were installed near the observation site, making a pre-amplifier
unnecessary. The three sensors were installed in the geomagnetic H-, D-, and Z-directions
at all stations.

GPS antenna

Only for
‘ Sensor (H, D, Z2) MGD and MOS
10 m cable Pre-
amplifier
100 m
cable
ZI D
GPS Desktop Z Main
receiver PC D| amplifier
H

External hard disk

driver l

UPS power backup
[ = battery —&] Transformer

Figure 2.2 The induction magnetometer system.

Magnetic field data obtained by induction magnetometers are recorded at a sampling
rate of 64 Hz. To ensure time accuracy of the data,we use a GPS clock with approximately 1
us accuracy to correct the clock of the personal computer every 10 min with a 1 pps signal.
This signal is divided into a 64 Hz signal to trigger the data sampling. The clock information
generated by the personal computer is written to a data file every 4 s. The time accuracy of
this GPS system is thus considered suitable for investigating Pcl geomagnetic pulsations
with frequencies of 0.2-5Hz.

2.1.2 Calibration

To obtain the sensitivity, phase difference, and polarity of induction magnetometers at 0.1-50
Hz for the three stations, we calibrated these measurements using the calibration test system

shown in Figure 2.3. We used a calibration coil for this test. The length, diameter, and num-
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ber of turns of the calibration coil are 2 m, 0. m, and 100 turns/m, respectively. The method
of calibration for the induction magnetometers is as follows: First, we set up the induction
sensor in the middle of the calibration coil. Then, the AC oscillator generates an artificial
sinusoidal current with a specific frequency in the range of 0.1-50 Hz, inducing magnetic
field fluctuation in the calibration coil. The induction magnetometer sensor installed in the
middle of the calibration coil measures the magnetic fluctuation. The equation of magnetic
field intensity for the finite coil length L (=2 m) is

Honl L
2 Janr+rR

where p,, is the permeability of vacuum (u, = 1.26 X 10~°H/m), and R is the radius of the

B(T) =

(2.2)

calibration coil.

<€ >
L= .
Coil
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MGD and MOS ‘I, /\ /\
Pre-amplifier I D=04m
Q/\,/\ Vv VvV UV \
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Main-amplifier
| I— Phase difference

detector

' Input

Figure 2.3 Magnetometer calibration system.

The relation between input current I (A) and magnetic field B (nT) is
I1=— (2.3)
niy

where 7 is the number of turns of the coil. We set the target B value to 100 nT. Then, we can

compute V' from Ohm's law with a resistance R (€2) as

V=IR=—. (2.4)
T
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Because of the accuracy of the AC oscillator, the actual voltage V, in this calibration
system is not exactly the expected ideal input. We therefore have to calculate the actual
current I, and the actual magnetic field intensity B, from the measured input voltage V.
Since 1, is

a

- ‘ 2 5
I 0 .

the B, generated in this coil is
npyg,

B = J = —. 2.6
a nﬂO a R ( )

For the calibration test of the magnetometer system for Zhigansk in Russia, which have
not yet installed, we use a voltage with 100 nT peak-to-peak oscillation generated by the AC
oscillator into the calibration coil with » = 100 turns/m. We also add a resistance of 10 k€.
Thus, the voltage obtained by Equation 2.4 is

100 x 10~ - 10*

V =
100-1.26 x 10-°

= 8.116(V). (2.7)
From Equation 2.6 using the voltage obtained above,

100-1.26 x 1076
B= T = 101(nT). (2.8)

The magnetometer output signals are sent to the phase difference detector and the oscil-
loscope. We perform measurements five times and average them to determine the sensitivity
and phase difference. The sensitivity (V/nT) is obtained by dividing the output voltage by the
input magnetic field intensity (~100 nT) applied on the sensor. More detailed information

regarding the calibration is presented in Shiokawa et al. [2010].

Sensitivity and phase difference

We measured the sensitivity and phase difference of the induction magnetometer infrequency
range 0.1-50 Hz. Figure 2.4 shows the sensitivity for the H, D, and Z components of the
induction magnetometers at the three stations as a function of frequency. The maximum
sensitivity of the induction magnetometer is 0.46 V/nT at 5.5 Hz for ATH, 0.45 V/nT at 1.8
Hz for MGD, and 13.16 V/nT at 2.7 Hz for MOS. The output voltages are proportional to
frequency within the frequency range below these turnover frequencies, as expected from

the characteristics of the induction magnetometer.
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Figure 2.4 Sensitivities of the induction magnetometers at ATH (red), MGD (blue), and
MOS (green). H,D, and Z components are shownin the same color and overlap.

Figure 2.5 shows the phase differences for MGD and MOS. The data for ATH is not
shown in this figure because we did not measure the phase differences at ATH. The phase
difference at the two stations continuously decreases with increasing frequency. These values
are close to 0" near the turnover frequencies, indicating maximum sensitivity of the induction
magnetometer.

As shown in Figures 2.4 and 2.5, the sensitivities and the phase differences of the induc-
tion magnetometer at the three stations clearly respond within Pc1 frequencies (0.2-5.0 Hz).
These instruments, therefore, are enough to demonstrate the characteristics of Pcl geomag-

netic pulsations.

Polarity

We checked the polarity of the induction sensors at the three stations using a 1.5 V dry battery
cell connected to the calibration coil. This battery produces a sudden increase in magnetic
field intensity in the calibration coil when it is connected to the coil. If the output voltage sign
from the induction sensor is positive (negative) with increasing magnetic field, the polarity
of this sensor is defined as positive (negative). The polarity of the induction sensor is very

important for identifying the polarization parameters of Pc1 geomagnetic pulsations and the
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Figure 2.5 Phase differences of the induction magnetometers at MGD (blue) and MOS
(green). The horizontal dashed line indicates 0" of phase difference. Blue and green vertical
dashed lines denote the turnover frequencies at MGD and MOS, respectively.

similarity of Pcl pearl structures between two stations. The positive polarities of the H, D,
and Z components of the induction magnetometer are northward, eastward, and upward for
ATH, northward, eastward, and downward for MGD, and southward, westward, and upward
for MOS.

2.2 Data analysis method

This section describes our data analysis methods. We used spectral analysis, including po-
larization parameters and waveform analysis. We obtained the spectral parameters described
by Hino [1977]. The polarization parameters are computed by the method of Fowler et al.
[1967]. The waveform analysis is performed as described in these references for band-pass
filtering and cross-correlation.

We follow the data process shown in Figure 2.6. This analysis considers the frequency
and time domain. To obtain the polarization parameters, we first calculate a Fast Fourier
transform (FFT) with a Tukey window, converting the original magnetic field data into the

frequency domain. We then multiply the calibration parameter (frequency-dependent sensi-
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Figure 2.6 Schematic of the data analysis process.

tivity of the induction magnetometer) by the obtained power spectral density (PSD). Finally,
we calculate polarization parameters (angle and sense) from the H and D components of the
PSDs of a station and coherence of Pcl waveforms between two stations. To identify simi-
larities in Pc1 pearl structures observed at two stations, we use a cross-correlation analysis of
the upper envelopes of the Pc1 waveforms. For this purpose, we compute FFT with a Tukey
window and multiply the calibrated parameters, and apply a band-pass filter to extract the
pure oscillation due to Pcl waves without noise. We then convert this filtered PSD from
the frequency domain to the time domain. Finally, we calculate the envelopes of the Pcl

waveforms and cross-correlation of the envelopes between two stations.

2.2.1 Window function and Fast Fourier transform

In signal processing, a window function is a mathematical function that is zero-valued out-
side of some chosen time interval. This function is used to reduce the error of estimated PSD
on FFT analysis applied to a finite time segment. If we calculate PSD for a finite time seg-
ment without the window function, the results contain side lobes from the sudden jump of
values at either edge of the time segment. Applying an appropriate window function to the

time segment before applying FFT avoids this problem. We use a Tukey window function
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called the tapered cosine window. In this case, the Tukey window |W (n)|is expressed as

( T n
sin| —- 0<n< N/10
2 N/10

W) =11 N/10<n< N — N/10 (2.9)

T N-—n
sin| —- N -N/10€£n <N,
| 2 N/10

where N is total number of data points in the FFT time segment.

FFT converts a signal from its original time or space domain into the frequency domain
and inverse FFT is used for conversion in the opposite direction. This analysis is widely used
for many applications in engineering, science, and mathematics. The Fourier transform is

expressed as
N-1

Fo) =~ Y f®expl—i2zwt/N], (2.10)

t=0

andthe inverse Fourier transform is defined as

N-1

f@6y="Y F(w)exp[-i2zwt/N], 2.11)

w=0

where F(w) is the spectrum, f(¢) is the time series, w is the frequency, N is total number
of data, and i is the imaginary number. We used a FFT procedure provided in the IDL
programming language. In this procedure, we first applied a Tukey window function to the
original magnetic field data for each component with a time interval of 64 s (4096 data points)
every 15 s. We then calculated the PSD given by the FFT in this time interval. Because we
took spectral averages of four points in frequency domain, the final frequency resolution is

0.0156 Hz. This procedure is performed every 15 s.

2.2.2 Cross-spectrum and coherence

The PSD P(w) is described by Hino [1977] as

w 1

P (7> = FEX(@)X"(@)]. (2.12)

where w is the frequency, T is the time segment, X (w) and X*(w) are the product of the

conjugate vectors, and E denotes the ensemble average.
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The cross-spectrum function .S, (w) is expressed as

2
Sy@) = ?E[X*(a))Y(a))]. (2.13)

The term 2z/T is multiplied to express .S, (@) in units of PSD.

To examine whether Pcl waves observed in different observations have the same iono-
spheric source region, we calculated the coherence C, (@) of Pcl waveforms with the same
time window of PSD. This is described in Hino [1977] as

C. ()7 = M (2.14)

TS (@), () |
where S, (@) and S, () are the PSDs for time series x() and y(7), respectively, and S, (@)
is the cross-spectrum density. If the coherence of the Pcl waveforms between two stations
is close to one, then these signals are identical, indicating that they come from the same
source. If there is no relation between the two signals, the coherence is close to zero, indi-
cating different sources. We calculated four pairs of the Pcl waveform coherence between

stations: coherence between Hg,,,;,,,; and H coherence between Hg, ,;,,,, and D

Station2> Station2>

coherence between Dy, ,;,,,; and Hg,,;,.o, and coherence between Dy, ,;,,,; and Dy, ,i0,0- We
considered the highest coherence of these four pairs as the representative coherence between

the two stations.

2.2.3 Polarization

To investigate the polarization characteristics of Pcl pulsations, we use the method of po-
larization analysis described by Fowler et al. [1967]. This analysis is more useful in inves-
tigating the frequency dependence of Pcl pulsations, because ordinary hodogram analysis
can only provide an average value within a certain frequency range. This analysis provides
polarization parameters such as ratio, angle, and sense between the H and D components
of the magnetic field variations. The polarization ratio R between the totally polarized and

non-polarized signals is

4J]
R=\|1-———, 2.15
(P, + P, (21)
where the coherency matrix |J| is written as
PXX PX
J = >, (2.16)

Pyx Pyy
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where P, and P, are the PSDs for the H and D components of the magnetic field variations,
respectively, and P, and P, are the cross-spectra of the two signals. This ratio varies from
Otol.

The polarization angle 6, which is the major axis angle between the H and D components

of the magnetic field variations, is defined as

—2ReP,,

tan(20) = ——.
P_—-P
xx yy

(2.17)
The polarization angle is defined to be positive as measured westward from magnetic north.
Finally, the polarization sense € is expressed as

2ImP,,
sin2e = ————, (2.18)
P.+P,

€ is negative (positive) for left-handed (right-handed) polarity of the two signals.

2.2.4 Band-pass filter

The band-pass filter allows only certain frequencies of a signal to go through, while removing
those outside the predetermined parameters. This becomes useful to extract a certain target
frequency range from the original signal. The band-pass filter in the frequency domain is

expressed as:
Ffiltered(f) = Foriginal(f) ’ Ffilter(f) (219)

There are several band-pass filters that can be used for spectral analyses. In this thesis, we
used a multiplied high-and low-pass (MHL) filter, designed by combining low- and high-
pass filters. This filter gives us a flat frequency response within a selected frequency range.

The functions of Low- and high-pass filter are defined as,

1
F = 2.20
Low—pass(f) 1+ [f/flow]s ( )

1
FHigh—pass(f) = < (221)

U [£1 gl

where f,,, and f, ., are the lower and higher cutoff frequencies, respectively, and S is the
order of the filter (.S = 20 in this thesis). The function of MLH filter (F,,;; (f)) is expressed
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by,
Frur(f) = Frow—pass() - Friigh-pass(f) (2.22)

Figure 2.7 shows the gain response curve of the MHL band-pass filter function in the fre-
quency domain. As shown in Figure 2.7, we see a flat curve between the high and low cutoff

frequencies, as well as that the half of the gain is well within the applied cutoff frequencies.

Gain

Low f High f

cutoff cutoff

Frequency

Figure 2.7 Gain curve for the MHL band-pass filter (red) as a function of frequency. The
horizontal dashed line indicates the half of the gain. The vertical dashed lines indicate the
required cutoff frequencies (left: low frequency, right: high frequency).

We also checked the phase difference between original and filtered signal, using artificial
sinusoidal waves from 0.1 to 10 Hz. Figure 2.8 shows the result of the phase difference
between original and filtered signal for the MHL filter. This filter has no phase difference
between the original and the filtered signal for all the frequency ranges.

To determine the suitability of this filter for our study, we applied the MHL filter to
the magnetic field data. Figure 2.9 shows the waveform of the original magnetic field data
and the signal after applying the MHL filter for a case at ATH at 14:16:00-14:17:00 UT on
February 16, 2013. We set up the frequency range of the band-pass filter from 0.3 to 0.8 Hz

in this particular case. The original signal (upper panel in Figure 2.9) shows the oscillations
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Figure 2.8 Phase difference between the original signal and filtered signal for the MHL filter
with a red solid line.

of the magnetic field, as well as high frequency noises. In this case, it is difficult to define
the repetition period of the waveforms which is why we applied the MHL filter in this signal
as shown in the bottom panel in Figure 2.9. The filtered waveforms show clear oscillations
of the magnetic field in this time interval. Therefore, the MHL filter is suitable to investigate

the Pc1 waveform while removing the high-frequency noise.

2.2.5 Cross correlation

Cross-correlation analysis is useful for investigating the time delay between two signals. Af-
ter calculating the cross-correlation between the two signals, the maximum coefficient time
indicates the timing when the two signals are best aligned. A positive (negative) coefficient is
indicates in-phase (out of phase) correlation between the two signals. The cross-correlation

r.,(At) between the two time series x and y is described as,

N-— l
(Visar =)
=O
r (A1) = £ (2.23)
N-1 N-1
2
(xk_x) Z YVivar —
k=0 k=0

where 7 is the time lag, N is the total number of data, and X and y are the averages of the
two signals, respectively. In this thesis, we calculated the cross-correlation coefficient of
the upper envelope of Pcl waves to quantify the similarity of Pc1 pearl structures between
two stations. For this calculation, we applied the maximum propagation time delay between

two stations considering the minimum ionospheric duct propagation speed. Previous studies
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Figure 2.9 H-component Pcl waveforms in the magnetic field variation observed at ATH
at 1416:50-1417:40 UT on February 16, 2013. The black solid curve indicates the original
signal. The red solid curve denotes the filtered signals applied a MLH band-pass filters.

[Greifinger and Greifinger, 1968; Manchester, 1970; Fraser, 1975a; Lysak, 2004; Kim et al.,
2010] have suggested that the Alfvén speed of Pcl pulsations in the ionosphere should be
between 89 to 2,000 km/s depending on ionospheric conditions. So, in this study, we chose
a maximum propagation time delay of +59.7 s at the longitudinally separated stations (ATH
and MGD), and +21.1 s at the latitudinally separated stations (MGD and MOS) using the
lowest propagation speed in the ionosphere (89 km/s).

2.2.6 Physical meaning of parameters

Figure 2.10 shows a schematic of physical meanings of the coherence of Pcl waveforms,
the cross-correlation of the upper envelopes of Pcl amplitudes and the standard deviation of
Pc1 polarization angles. To examine if Pcl waves observed at different observation points
propagated from the same ionospheric source region, we calculated the coherence of Pcl
waveforms C(w) with same time window of PSD using their waveforms, black solid curves
shown in Figure 2.10a. More detailed calculation of C(w) is written in Section 2.2.2. From
all of these cases, we selected the best pair satisfying our criteria (given below) to define the

frequency range.
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Figure 2.10 Schematic figures showing the meaning of (a) coherence of Pcl waveforms
C(w), (b) cross-correlation of the upper envelopes of Pc1 waves r(6t), and standard deviation
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To define the similarity of Pc1 pearl structures between two different stations, we also cal-
culated cross-correlation (r(At)) of the upper envelopes of Pcl amplitudes, red solid curves
shown in Figure 2.10b. For this calculation, in order to consider all possibility of propaga-
tion of Pc1 pulsations through the ionospheric duct from high to low latitudes, we applied the
maximum propagation time delay between two stations based on the minimum ionospheric
duct propagation speed. More detailed information for choosing the limitation of the time
delay between two stations is written in Section 2.2.5.

To identify whether the ionospheric source extended over a range of longitudes, we also
calculated the standard deviation of the polarization angle (c,) for the high coherence Pcl
events only (Figures 2.10c and 2.10d). In each time window, we calculated the polarization
angle (0) as described by Fowler et al. [1997]. The angle (0) is defined to be positive as
measured westward from magnetic north. Nomura et al. [2011] found that the polarization
angle has a dependence on Pc1 frequency. As Pcl frequency is determined by local magnetic
field intensity in the equatorial source region of the magnetosphere, an ionospheric source
with a low (high) frequency of Pc1 pulsation would be located at higher (lower) latitudes. We
assumed that a large (small) 6, would represent a spatially extended (localized) ionospheric
source.



Chapter 3

Case studies and model calculation of
Pcl pearl structures

3.1 Introduction

In this chapter, we report two Pcl pulsation events (case 1 and case 2) simultaneously ob-
served at longitudinally and latitudinally separated ground stations to investigate generation
mechanisms of Pcl pearl structures. We used coherence analysis of waveforms to identify
Pc1 pulsations coming from the same source region and observed simultaneously at the three
stations. We then investigated the similarity of Pc1 pearl structures between two stations us-
ing cross-correlation analysis of the upper envelopes of the Pcl pearl structures. In case
1, the Pcl pearl structures are slightly different between stations, whereas in case 2, they
are similar between all. Our model found that a spatially distributed ionospheric source can
create different waveforms at different stations. This research is the first case study compar-
ing the similarity of Pc1 pearl structures at very distant ground stations due to wave beating
during ionospheric duct propagation. This research provides evidence of beating in the iono-
sphere as a possible generation mechanisms of Pc1 pearl structures. Note that the results of
this chapter have been reported by Jun et al. [2014].

3.2 Observations

We present two Pcl pulsation events to investigate Pcl pearl structures using multi-point
induction magnetometers deployed by the Institute for Space-Earth Environmental Research,
Nagoya University, at Athabasca (ATH) in Canada, Magadan (MGD) in Russia, and Moshiri
(MOS) in Japan. The distance between ATH and MGD is about 5,317 km, while MGD and
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MOS are separated by about 1,880 km. We use data giving the H, D, and Z geomagnetic
field components with a sampling rate of 64 Hz and a GPS clock accuracy of about 1 us.
The magnetometer sensors have nearly identical sensitivities and provide phase differences
for H, D, and Z components in the Pcl frequency range (0.2 to 5.0 Hz). Magnetometer
data, originally in volts, were converted to physical units (nT) by considering the frequency-
dependent sensitivity of the system. The sensor sensitivity was measured by a2 m calibration
coil, as described in Section 2.1.2. Additional details of these induction magnetometers are
given by Shiokawa et al. [2010].

3.3 Results

3.3.1 Case 1: April 8, 2010

Figure 3.1 shows the dynamic spectra of H and D components of the magnetic field varia-
tions, polarization angle, coherence between different stations, and cross-correlation of Pc1
amplitude envelopes (red lines in Figure 3.2) for a clear Pcl geomagnetic pulsation event
observed simultaneously at ATH, MGD, and MOS at 1000 to 1200 UT on April 8, 2010.
We chose the cross-correlation between the ATH H component and the MGD D component,
since they show the highest correlation between ATH and MGD. During this event, geo-
magnetic activity was slightly elevated (Kp = 1 to 2), with auroral electrojet (AE) indices of
approximately 300 to 500 nT. The local time at ATH was 0000 to 0200 LT, and the local time
at MGD and MOS was 0600 to 0800 LT. In Figures 3.1a-f, Pcl pulsations can be clearly
identified at the three stations at frequencies of 0.4 to 1.2 Hz. The intensity of power spectral
density (PSD) at MOS is weaker than at the other two stations, probably because of attenu-
ation due to ionospheric duct propagation to lower latitudes [e.g., Kawamura et al., 1981].
We can see that the Pc1 pulsations are observed during three separated time intervals,1012-
1033, 1041-1053, and 1055-1149 UT at all stations. At ATH, the first and second Pc1 bursts
can be clearly seen in Figures 3.1a,b, but the third Pc1 burst is much weaker than the others.

Pc1 pulsations are clearly identifiable at MGD and MOS for all three intervals.

The polarization angles at ATH, MGD, and MOS are shown in Figures 3.1g-i. For ATH
(Figure 3.1g), it increased from approximately —50° (dark blue) to —20°(light blue) for 0.6 to
1 Hz. At MGD (Figure 3.1h), the polarization angle varies from approximately —90° (black)
to —50° (dark blue) in the same frequency range as ATH. The frequency dependence at MOS
(Figure 3.11) shows a decrease of the polarization angle from approximately 30° (green) to
—50° (dark blue). According to Nomura et al. [2011], this polarization angle dependence on
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Figure 3.1 Spectral parameters of Pc1 pulsations in case 1.The figures show power spectrum
densities of the (a) H and (b) D components of the magnetic field at ATH, (c) H and (d) D
components at MGD, and (e) H and (f) D components at MOS; polarization angle at (g)
ATH, (h) MGD, and(i) MOS; coherence between (j) ATH H and MGD D, (k) ATH H and
MOS D, and (I) MGD D and MOS D components; and (m) cross-correlation of the upper
envelopes of Pc1 pearl structures between ATH H and MGD D components observed at 1000
to 1200 UT on April 8, 2010 at frequencies of 0.4 to 1.2 Hz.
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frequency indicates that the Pc1 pulsation observed at the three stations at 1000 to 1200 UT
has a spatially distributed ionospheric source at high latitudes.

To distinguish whether the Pc1 pulsations propagated from the same ionospheric source,
we show the coherence of Pc1 waveforms between each pair of stations in Figure 3.1j-1. High
coherence of Pcl waveforms was observed between two stations, indicating that the Pcl

pulsations observed at the three stations propagated from the same origin in the ionosphere.
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Figure 3.2 Time-series analysis of Pc1 pulsations in case 1.From top to bottom, the figures
show band-pass filtered (0.5 to 1.2 Hz) Pc1 waveforms of the magnetic field of the H and D
components observed at ATH, MGD, and MOS at (a) 1024-1026 and (b) 1043-1045 UT on
April 8, 2010. Red solid lines indicate upper envelopes of Pcl pearl structures.

Figure 3.2a,b shows the waveforms of the H and D components of Pcl pulsations at
ATH, MGD, and MOS on April 8, 2010, at 1024-1026 and 1043-1045 UT, respectively. To
remove noise at other frequencies, we show the time series of Pc1 pulsations obtained using
the MHL band-pass filter described in Section 2.2.4 at frequencies of 0.5 to 1.2 Hz. The
amplitude modulation of the pulsations varies with a repetition period of approximately 10
s in both time intervals. The time difference between ATH and MGD (MGD and MOS) is
approximately 4 s (0 s), which was confirmed by lag correlation studies (see below). The
repetition periods of pearl structure changes in time during this event at all stations, and the
structures observed at ATH, MGD, and MOS, are generally similar but differ in their details.

Figure 3.3 shows the PSD of the H and D components of magnetic field variations on
April 8, 2010, at ATH and MGD, respectively, and the coherence of Pcl waveforms between
these two components at 1024:00-1026:08 (Figure 3.3a-c) and 1043:00-1045:08 UT (Fig-
ure 3.3d-f) with a resolution of 0.0078 Hz. Here, time intervals correspond to those shown
in Figure 3.2a,b. In Figure 3.3a,b and Figure 3.3d,e, we can see a continuous high-PSD
band at frequencies of 0.6-1.0 and 0.7-1.0 Hz, respectively. The coherence between the H
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Figure 3.3 The PSD and coherence of Pcl waveforms of the H and D components in case
1.The upper three panels show the power spectrum densities of (a) the H component of the
magnetic field at ATH and (b) the D component of the magnetic field at MGD, as well as
(c) coherence of Pcl waveforms between the H component at ATH and the D component at
MGD, as observed at 1024:00 to 102608 UT on April 8, 2010 at frequencies of 0.4 to 1.2
Hz. The lower three panels show the same quantities as observed at 1043:00 to 1045:08 UT
on April 8, 2010.
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component at ATH and the D component at MGD is close to one in the latter frequency
range.

We investigated the cross-correlation between the H component at ATH and the D com-
ponent at MGD using the upper envelope of Pcl pearl structures in the time domain. We
used only these components because they have the highest PSD intensity compared with the
other components and the background intensity. Figure 3.4a,b shows the cross-correlation
between the H component at ATH and D component at MGD obtained for the upper enve-
lope of the Pcl pearl structure at 1024:00-1026:08 and 1043:00-1045:08 UT, respectively,
on April 8, 2010. In Figure 3.4a, we can see that the correlation is greater than 0.5 with a
time difference of approximately 3 s. In contrast, in Figure 3.4b the cross-correlation be-
tween ATH and MGD is close to 0.9, indicating that the upper envelope of the Pcl pearl
structures is generally similar, with a time difference of approximately 3 s. In Figure 3.1m,
the cross-correlation between the H component at ATH and the D component at MGD is
greater than 0.5 throughout the event. For the second Pc1 burst in particular, the coherence
and correlation are extremely high (r > 0.8). For the first and third Pc1 burst time intervals,
however, the correlation decreases to 0.5, despite the waveform coherence being clearly close
to one.

3.3.2 Case 2: April 11, 2010

Figure 3.5 shows the dynamic spectra of the H and D components of magnetic field varia-
tions, polarization angle, coherence between different stations, and cross-correlation of Pc1
amplitude envelopes (red lines in Figure 3.6) between the ATH H component and the MGD
D component, for a clear Pc1 geomagnetic pulsation event observed simultaneously at ATH,
MGD, and MOS at 1100 to 1300 UT on April 11, 2010. Geomagnetic activity was relatively
high during this event, with Kp = 3 to 4. The average AE index during the 1100 to 1300 UT
interval was approximately 104 nT. The local time at ATH was 0100-0300 and 0700-0900
LT at MGD and MOS. In Figure 3.5a-d, Pcl pulsations were clearly identified at ATH and
MGD at frequencies of 0.2 to 0.8 Hz. However, the Pcl pulsations observed at MOS were
much weaker than those seen at the other two stations (Figure 3.5¢e,f). At 1130 to 1220 UT
at ATH, we can see three frequency bands of Pc1 pulsations at 0.38-0.48, 0.5-0.6, and 0.61-
0.73 Hz. At MGD, the two frequency bands of Pc1 pulsations at 0.4-0.47 and 0.52-0.6 Hz
can be seen in the D component of magnetic field variation (Figure 3.5d).

Figure 3.5g-1 shows the polarization angles at ATH, MGD, and MOS. From 0.3 Hz to
0.7 Hz, the polarization angle at ATH (Figure 3.5g) is nearly constant, with values around 0°
(light green). In Figure 3.5h, the polarization angle at MGD barely varies, and remains near
—60° (dark blue) at frequencies of 0.3 to 0.6 Hz. The frequency dependence at MOS is not
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Figure 3.4 Cross-correlation analysis in case 1. Cross-correlation between the H component
at ATH and the D component at MGD, obtained using the upper envelope of Pcl pearl
structures at (a) 1024:00-1026:08 and (b) 1043:00-1045:08 UT on April 8, 2010.
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Figure 3.5 Spectral information of Pcl pulsations in case 2. Power spectrum density of (a)
H and (b) D components of magnetic field at ATH, (c) H and (d) D components of magnetic
field at MGD, and (e) H and (f) D components of magnetic field at MOS; (g) polarization
angle at ATH, (h) MGD, and (i) MOS; coherence between (j) ATH H and MGD D, (k) ATH
H and MOS D, and (I) MGD D and MOS D components; (m) cross-correlation of the upper
envelopes of Pcl pearl structures between ATH H and MGD D components observed at
1100 to 1300 UT on April 11, 2010, for frequencies of 0.2 to 0.8 Hz. Vertical stripes seen
approximately every 5 s in the PSD at MGD are due to artificial noise.
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Figure 3.6 Time series analysis of Pcl pulsations in case 2. From top to bottom, the figures
show band-pass filtered (0.3 to 0.7 Hz) Pcl waveforms of the magnetic field of H and D
components observed at ATH, MGD, and MOS at (a) 1157-1159 and (b) 1202-1204 UT on
April 11, 2010. Red solid lines indicate upper envelopes of Pcl pearl structures.

clear, as seen in Figure 3.51, because the intensity of the Pcl pulsations is very weak. The
constant polarization angle observed at ATH and MGD suggests, independent of frequency,
that Pc1 pulsations have a localized ionospheric source at high latitudes [Nomura et al.,
2011].

To distinguish whether the observed Pcl pulsations propagated from the same iono-
spheric source, we show the coherence of Pcl waveforms between the different stations in
Figure 3.5j-1. The coherence between two stations is close to one for all frequencies, though
the Pc1 pulsation at MOS was weak for frequencies near 0.5 Hz. This indicates that the Pc1

pulsations observed at the three stations propagated from the same origin.

Figure 3.6a,b shows the waveforms of the H and D components of Pcl pulsations ob-
served at ATH, MGD, and MOS on April 11, 2010, at 1157-1159 and 1202-1204 UT, re-
spectively. We show the time series of Pc1 pulsations obtained using a MHL band-pass filter
from 0.3 to 0.7 Hz to remove noise at other frequencies. Even if the amplitude modulation
of Pcl pulsations at MOS was weak in both time intervals, we can clearly see Pcl pearl
structures at all three stations. The repetition periods of Pcl pearl structures vary from 10
to 40 s. We also note that there is a time difference of a few seconds in the pearl structures
between ATH and MGD. The Pc1 pearl structures observed at ATH and MGD are similar
in the time series of magnetic field variation, even though these two stations are separated
by a distance of approximately 5,000 km.

Figure 3.7 shows the PSD of the H and D component magnetic field variations at ATH
and MGD, respectively, and the coherence between these two components at 1157:00 to
1159:08 (Figure 3.7a-c) and 1202:00 to 1204:08 UT (Figure 3.7d-f) on April 11, 2010, with
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a frequency resolution of 0.0078 Hz. The time intervals in Figure 3.7a,b correspond to those
in Figure 3.6a,b, respectively. In Figure 3.7a,b and Figure 3.7d,e, we can see a continuous
high-PSD band at frequencies of 0.4 to 0.6 Hz in both time intervals. The coherence between
the H component at ATH and the D component at MGD is close to one at frequencies of 0.4
to 0.6 Hz.

Figure 3.8a,b shows the cross-correlation between the upper envelopes of ATH H and
MGD D components of Pcl pearl structure at 1157:00-1159:08 and 1202:00-1204:08 UT,
respectively, on April 11, 2010, in the same format as Figure 3.4. In Figure 3.8a,b, we can
see that the correlation is greater than 0.8 with a time difference of approximately 4 s during
both time intervals. As shown in Figure 3.5m, we performed this cross-correlation analysis
of Pc1 envelopes for the whole time interval. The cross-correlation of Pc1 envelopes between
the H component at ATH and the D component at MGD is greater than 0.8 throughout this
Pc1 event, which also has high coherence (r > 0.8).

3.4 Discussion

Comparing the two case studies, we found that Pc1 pearl structures observed at widely sep-
arated ground stations can be generally similar. However, case 1 shows that detailed pearl
structures are different in some time intervals, even if the coherence of Pcl waveforms be-
tween the two stations is close to one. The polarization angle varied depending on frequency
for case 1, suggesting a spatially distributed ionospheric source. On the other hand, case 2
shows that the coherence of Pcl waveforms and cross-correlation of Pc1 envelopes can both
be high (r > 0.8). In this second case, the polarization angle was nearly constant for fre-
quencies from 0.4 to 0.6 Hz. Below, we discuss mechanisms that may have contributed to

these differences.

3.4.1 Possible generation mechanisms of Pcl pearl structures in the
magnetosphere

One of the possible generation mechanisms is based on the bouncing wave packets (BWP
model) [e.g., Guglielmi et al., 1996; Mursula et al., 1999]. This model explains Pcl pearl
structures as being caused by bouncing of Pcl waves along the geomagnetic field line be-
tween the Northern and Southern Hemispheres. According to the BWP model, the repetition
period of Pcl pearl structures should be related to the length of the magnetic field line, as
well as to the Alfvén velocity in the magnetosphere. According to this model, the expected

repetition period of Pcl pearl structures is several tens of seconds, depending on the radial
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Figure 3.7 The PSD and coherence of Pcl waveforms of the H and D components in case
2.The upper three panels show the power spectrum densities of (a) the H component of the
magnetic field at ATH, (b) the D component of the magnetic field at MGD, and (c) coherence
of Pc1 waveforms between the H component at ATH and the D component at MGD, observed
at 1157:00 to 1159:08 UT on April 11, 2010, for frequencies of 0.2 to 0.8 Hz. The lower
three panels (d-f) show the same quantities observed at 1202:00 to 1204:08 UT on April 11,
2010.
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distance of the generation region of electromagnetic ion cyclotron (EMIC) waves located
near the magnetic equator. However, some studies have reconsidered the BWP model, be-
cause they found that observations did not match its predicted results. For example, the
BWP model is based on comparison of ground and satellite data, yet Perraut [1982] found
that the repetition period of Pc1 pearl structures seen at ground stations did not clearly match
space-based observations. In addition, Erlandson et al. [1990] measured the Poynting flux
of EMIC waves using the Viking satellite to investigate Pc1 pulsations near the plasmapause
and found that the energy flux of Pc1 pearl structures was mainly downward, along magnetic
field lines. Moreover, Paulson et al. [2014] measured the average wave power over 0.6 to
0.8 Hz Pc1 waves observed at the Hornsund station on the ground and the Van Allen Probes
in space. They found that both repetition periods of an average wave power were approxi-
mately 130 s. They suggested that the similar repetition periods on the ground and in space
contradict the BWP model, because if the BWP model is correct, the repetition period of av-
erage wave power in space would have to be half that observed on the ground. In Figures 3.2
and 3.6, the repetition period of Pc1 pearl structures at the three stations was approximately
10 s, which is much shorter than the expected repetition period from the BWP model.
Mursula et al. [2001] and Mursula [2007] attempted to explain Pcl pearl structures as
the result of modulation of EMIC waves by long-period ultra-long-frequency waves (such
as Pc4 to Pc5 pulsations). The repetition periods of Pcl pearl structures found in this study,
approximately 10 s in case 1 and 10-40 s in case 2, are shorter than the period of Pc4 to Pc5
pulsations. Such generation mechanisms of Pc1 pearl structures in the magnetosphere do not
explain the different wave structures at different stations that we observed, even in the case of
Pc1 pulsations that propagated from the same source. If Pcl waves with different frequencies
are mixed in the magnetosphere, these waves should have similar waveforms, even if they
are detected at different stations. As we observed in case 1, the detailed Pc1 pearl structures
were slightly different at the three stations. In Figure 3.1m, the cross-correlation of Pcl
envelopes at ATH and MGD is less than 0.5 in the time interval of the first and third Pc1

bursts, although the coherence of Pcl waveforms is close to one.

3.4.2 Comparison of observations and model calculations of Pcl pearl

structures

Some studies have considered that Pc1 pearl structures can be caused by beating in the iono-
sphere. This is a consequence of amplitude modulation of Pcl waves caused by the su-
perposition of waves at slightly different frequencies during their propagation through the

ionospheric duct [Pope, 1964]. Nomura et al. [2011] found that some Pc1 events observed



50 Case studies and model calculation of Pc1 pearl structures

at low latitudes have a polarization angle that is frequency dependent. This indicates that
these Pcl pulsations have a spatially distributed source region in the ionosphere that can
cause beating in the ionosphere to create Pc1 pearl structures. In case 1, Figure 3.1g-i show
that Pc1 pulsations at three stations can show variations in polarization angle depending on
frequency, and thus we suggest that these waves have a spatially distributed source in the
ionosphere. Figure 3.2a,b shows that the Pc1 pearl structures varied with a repetition period
of 10 s, suggesting that these structures may also be caused by beating in the ionosphere.
Moreover, their amplitude envelopes are slightly different at the three stations. In contrast,
the polarization angle in case 2 does not show clear dependence on frequency (Figures 3.5g-
1), indicating that these waves have a localized ionospheric source. Figure 3.6a,b shows that
the Pcl pearl structures at the three stations are similar, with a repetition period of approxi-

mately 10 s.

To understand the different features of Pc1 pearl structures between the two case studies,
we performed two model calculations of Pc1 pearl structures under differing conditions, as
shown in Figure 3.9. We generated simple sinusoidal waves at frequencies of 0.6 to 1.0 Hz,
and assumed that they propagated through the ionospheric duct with an Alfvén velocity of
500 km/s, as estimated by Fraser [1975a]. We considered the time difference and polariza-
tion angle variation due to the relative location of these wave sources and the observation
points. We did not consider the mode conversion effect or polarization sense of Pcl waves
during their propagation through the ionospheric duct. During duct propagation, we consider
an attenuation effect that causes the amplitude of Pcl waves to decrease by 25% per 1,000
km distance from the source region to each station. Subsequently, we checked the pearl
structures under two conditions. First, model 1 assumes that Pc1 waves are generated in a
north-south extended source region (orange line in Figure 3.9a) with frequencies that vary by
latitude, from 0.6 (high latitude) to 1.0 Hz (low latitude). This would correspond to a pearl
structure caused by beating during duct propagation in the ionosphere, from their source
points to the observation points. Model 2 assumes that Pc1 waves with different frequencies
are mixed at a point source in the ionosphere (orange point in Figure 3.9b), corresponding

to pearl structures created in the magnetosphere.

Figures 3.9a-c and 3.9d-f show the results of models 1 and 2, respectively. For model 1,
the source region is distributed from north to south with a length of 1,000 km. The waveforms
of Pcl waves in Figure 3.9b,c show that Pc1 pearl structures are slightly different at different
stations, particularly for a station located at 90° (black dot in Figure 3.9a and black lines
in Figure 3.9b,c), corresponding to a perpendicular direction from the source distribution.
Additionally, the time difference between two stations with the same distance from the source

region varies because of the changing angle between the stations from the south. In the case
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Figure 3.9 Simple model calculations for comparison between distributed and point sources.
Location of stations and source region for(a) a distributed source region (model 1) and (d)
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of model 2, as shown in Figure 3.9d-f, Pcl waves coming from a point ionospheric source
have identical waveforms at different stations. The time difference between two stations
at the same distance from a source region is close to zero. If the Pcl waves propagated
from a spatially distributed source region in the ionosphere, the different Pc1 pearl structures
would be observed at different stations due to beating processes in the ionosphere, even if the
waves are coming from the same ionospheric source region. In Case 1 of our observations
(Figure 3.2), we found that Pc1 pearl structures were slightly different in some time intervals,
with high coherence of Pc1 waveforms. We also found that variation of the polarization angle
at the three stations depended on frequency. In Case 2 in Figure 3.6, however, the Pc1 pearl
structures were similar, and the polarization angle was independent of frequency. As shown
in the model calculations of Pcl waves, we suggest that the observed Case 1 could be caused
by beating processes in the ionosphere, while the Pcl pearl structures in Case 2 could be
created by magnetospheric effects.

We cannot exclude the possible effects of dispersive propagation occurring with ducted
Pc1 waves,which could also contribute to the formation of Pcl pearl structures in the iono-
sphere. Because the group velocity of dispersive waves differs from the phase speed, it
can cause modulation of the wave amplitude in a wave packet. The high-latitude transmis-
sion and reflection properties of the ionosphere in the Pcl frequency range are related to
the wavenumber @ and the wave vector k [Greifinger, 1972]. As shown by model calcula-
tions by Fujita [1987, 1988], the group velocity of Pc1 pulsations as a function of frequency
increases near the lower cutoff frequency. If the observed Pcl waves have a broad band-
width, the amplitude modulation of Pcl waves could be caused by dispersive propagation
through the ionospheric duct. From our observations, Pcl pearl structures can have either
different (Case 1) or similar (Case 2) shapes at different stations. The bandwidth of case
1 (approximately 0.5 Hz) was wider than that of Case 2 (approximately0.2 Hz), suggesting
that dispersive propagation contributes more to the creation of Pcl pearl structures in the
first case. In this study, however, we cannot quantify the contribution of this effect to the

creation of Pc1 pearl structures in the ionosphere.

3.5 Conclusions

From January 1, 2009, to December 31, 2011, we investigated pearl structures of Pcl ge-
omagnetic pulsations observed by induction magnetometers at three mid- to low-latitude
ground stations (ATH, MGD, and MOS). We selected two Pcl pulsation events observed
simultaneously at the three stations, Case 1 on April 8, 2010, and Case 2 on April 11, 2010.

The results of this study can be summarized as follows
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1. In Case 1, even though the coherence of Pcl waveforms was high at different stations,
the Pc1 pearl structures were slightly different at different stations in some time inter-
vals. The polarization angle varied depending on frequency, indicating that the Pcl
pulsations propagated from a spatially distributed ionospheric source.

2. In Case 2, the Pc1 pearl structures were similar at different stations and had high wave-
form coherence. The polarization angle was nearly constant, indicating that the source
region of Pc1 pulsation was positioned in a localized region in the high-latitude iono-

sphere.

3. Pcl pearl structures with a repetition period of around 10 s in Case 1 and 10-40 s
in Case 2 were observed at the three stations. These periods were shorter than BWP

model predictions.

4. From the model calculation of Pcl pearl structures, the pearl structures propagating
from an ionospheric point source should have identical waveforms at different stations.
The pearl structures generated by beating in the ionosphere with a spatially distributed
source can be different at different stations.

From these results, we suggest that beating processes in the ionosphere with a spatially
distributed ionospheric source can cause pearl structures during ionospheric duct propaga-
tion from high to low latitudes, with long distances from the source to the observation sta-
tions. In Case 2, however, we cannot reliably interpret the Pc1 pearl structures with a constant
polarization angle using the beating process in the ionosphere. Therefore, we cannot exclude
the possibility that mechanisms in the magnetosphere also contribute to the generation of Pc1
pearl structures. To understand and quantify the contribution of beating in the ionosphere to
the creation of Pc1 pearl structures, we will investigate their statistical characteristics in the

next chapter.






Chapter 4

Statistical study of Pcl pearl structures
observed on the ground

4.1 Introduction

Despite many previous studies having investigated the formation of Pc1 pearl structures, no
dominant mechanism for their generation has been found. This is the first statistical report on
the similarity of Pcl pearl structures simultaneously observed at multi-point ground-based
induction magnetometers, covering a six-year period from 2008 to 2013, half of a solar cycle
from minimum to maximum. We selected Pc1 events with high coherence of Pc1 waveforms
(> 0.7), indicating that the Pc1 pulsations observed at different stations came from the same
source region, and study temporal characteristics and dependences of Pcl pearl structures
at longitudinally and latitudinally separated ground stations. If magnetospheric effects are
dominant in the creation of Pcl pearl structures, these structures should not change their
shape during ionospheric duct propagation. However, if ionospheric effects are dominant,
the structures may have different shapes when they are observed at different ground stations.
In this chapter, we report that even though they came from the same source, more than half
of the events had low similarity (r < 0.7) of Pcl pearl structures. We conclude that the
ionospheric beating effect during duct propagation could be the dominant process in Pcl

pearl generation.

4.2 Observations

In this statistical analysis of Pc1 pearl structures in the ionosphere, we used longitudinally

and latitudinally distributed induction magnetometers installed by the Institute for Space-
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Earth Environmental Research, Nagoya University, at Athabasca (ATH, 54.7°N, 246.7 °E,
L=4.3) in Canada, Magadan (MGD, 60.1 °N, 150.7 °E, L=2.6) in Russia, and Moshiri (MOS,
44.4°N, 142.3°E, L=1.5) in Japan as used in Chapter 3. The stations are separated by 5,317
km for ATH and MGD and 1,880 km for MGD and MOS. We take into account the three
components (H, D, and Z) of the geomagnetic field provided by all three magnetometers.
The detail information and the method of calibration of the induction magnetometers are
written in Section 2.1.2 and provided by Shiokawa et al. [2010]. In this study, we used the
H and D geomagnetic components obtained by induction magnetometers. Power spectrum
density (PSD) is calculated for each component every 15 s with a time window of 64 s (4096
data points). The final frequency resolution is 0.0156 Hz.

4.2.1 Event selection

For this statistical study, we selected Pc1 pulsations observed simultaneously at two stations
during a 6-year period, from January 1, 2008, to December 31, 2013, at the longitudinally
(ATH and MGD) and latitudinally (MGD and MOS) separated stations. To select Pc1 pulsa-
tions observed simultaneously at the two stations, we used four selection criteria. First, the
Pcl pulsations must have a wave power higher than 10~ nT?/Hz in the dynamic spectra by
visual inspection, in order to distinguish Pc1 pulsations from the background noise. Second,
we take into account only high-coherence (> 0.7) waveforms to consider Pcl waves came
from the same source region. Third, to identify clear characteristics of each Pc1 event, we
used only the timing with the highest integrated Pc1 power at both stations (within the Pcl
frequency range). Then we used the averaged values of ¢,, central frequency, bandwidth,
auroral electrojet (AE) index, pearl similarity r(Af), and repetition period of Pc1 pearl struc-
tures within +2 min of the selected timing, in order to obtain a representative value of these
parameters of each event.

Using these criteria, we selected 84 simultaneous Pc1 events at the longitudinally sep-
arated stations and 370 events at the latitudinally separated stations from the full 6-year
dataset. More than 86% of the 84 events for ATH-MGD gave the highest cross correlation r
with time differences At less than 20s, corresponding to a propagation velocity higher than
265 km/s. More than 94% of the 370 events for MGD-MOS gave the highest cross correla-
tion r with time differences At less than 6s, corresponding to a propagation velocity higher
than 313 km/s.
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4.2.2 Example of event selection: October 7, 2013

We illustrate our event selection using an event observed on October 7, 2013, between 11
and 13 UT at ATH and MGD. The dynamic spectra for H and D magnetic field components,
the polarization angle, as well as the integrated wave power within the Pc1 frequency range
is shown in Figure 4.1 for ATH (Figures 4.1a- 4.1d) and MGD (Figures 4.le- 4.1h). The
local time was 3 to 5 LT at ATH and 20 to 22 LT at MGD. During this time interval, AE
index varied from 49 to 171 nT, indicating a weak substorm interval. In this time interval,
we can see well-defined Pcl pulsations observed at both stations. In Figures 4.1a-b and
4.1e-f, several Pcl pulsations are shown clearly at both stations within the frequency range
of 0.4 to 1 Hz. Pcl pulsations observed at ATH can be separated into four time intervals
with different frequency ranges: 0.8 to 1 Hz at 1100-1117 UT, 0.8 to 1 Hz at 1130-1200 UT,
0.5 to 0.7 Hz at 1140-1150 UT and finally 0.5 to 0.7 Hz at 1200-1250 UT. For MGD, Pcl1
pulsations are observed at 1200-1240 UT within a frequency range of 0.5 to 0.7 Hz. The
first three Pc1 bursts can be clearly seen at ATH as shown in Figures 4.1a-b, but they are not
simultaneously detected at MGD. As shown in Figure 4.1i, C(w) between the H component
magnetic field variations at ATH and the D component at MGD is close to 0 during these
three time intervals. Thus, we exclude those intervals from our final event list.

From the above considerations, we focus on the Pcl event observed simultaneously at
both stations at 1200-1240 UT within frequency range of 0.5 to 0.7 Hz with high C(w) (>
0.7). In Figures 4.1c and 4.1g, the angles # at ATH and MGD are shown, respectively.
For ATH (Figure 4.1c), it suddenly changed from approximately —20 ° (bright blue) to +20°
(green) at 1220 UT. For MGD (Figure 4.1g), the polarization angle was almost constant, with
values around —60 ° (dark blue) with same frequency range as ATH at 1200-1240 UT. In this
time interval, C(w) between ATH dD and MGD dH (Figure 4.11) is close to one, suggesting
that the observed Pc1 pulsations at both stations came from the same source region.

To investigate the similarity of Pc1 pearl structures at the two stations and its dependence
on wave properties (i.e., central frequency, bandwidth, and standard deviation of polarization
angle), we selected the time with the highest integrated Pc1 power at both stations. Figure 4.2
shows the averaged PSD of ATH dH and MGD dD, the polarization angle at ATH and MGD,
and the coherence of Pcl waveforms between the two stations at 1219-1221 UT on October
7, 2013 (resolution of 0.0156 Hz). At ATH (Figure 4.2a), a continuous high-PSD band
existed at frequencies of 0.5 to 0.75 Hz. At MGD (Figure 4.2b), however, we see a narrow
low-PSD band at frequencies of 0.58 to 0.63 Hz above 10~ nT?/Hz shown by the vertical
dashed lines. C(w) between the two stations is close to one in the latter frequency range.
We also see a slight dependence of polarization angle on frequency at the two stations. In
Figures 4.2¢ and 4.2d, the polarization angle varied from —11.5° to —8.11 ° at ATH and from
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Figure 4.1 Dynamic spectrum densities of the (a) H and (b) D components of the magnetic
field at ATH; (e) H and (f) D components of the magnetic field at MGD; (c) polarization
angle at ATH, and (g) at MGD; (d) the integrated wave power at ATH and (h) at MGD;
(i) coherence of waveforms between ATH D and MGD H observed for 1100-1300 UT on
October 7, 2013, in a frequency range of 0.4-1 Hz. The vertical arrows indicate the times
1219-1221 UT for which the power PSD and the waveforms of the magnetic field are shown
in Figures 4.3 and 4.4, respectively.
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—62.8° to —75.8° at MGD in the frequency range of 0.58 to 0.63 Hz. Using these values,
we calculated o, in order to investigate the distribution of the ionospheric source regions. In
this event, o, at ATH and MGD are 1.77° and 16.89°, respectively.

To investigate the similarity of Pcl pearl structures in the ionosphere, we calculated
r(At) between ATH and MGD. Figure 4.3 shows the waveforms of the H component of Pc1
pulsations at ATH and the D components at MGD on October 7, 2013, at 1218-1222 UT.
To separate noise from the other frequencies, a band-pass filter is applied for frequencies
between 0.55 and 0.63 Hz. This frequency range has the highest coherence of waveforms
between the two stations. We see a clear modulation of Pc1 amplitudes, red solid curves in
Figure 4.3a and 4.3b, with repetition periods of 25.3-44.7 s at ATH and 10.8-42.3 s at MGD.
The average repetition periods at ATH and MGD are 34.6 s and 23.6 s, respectively. These
modulations are the Pcl pearl structures. In Figure 4.3c, the maximum cross-correlation
coefficient between these envelopes is close to one (r ~ 0.94) with a time difference of ap-
proximately 4.3 s, indicating that ATH observed Pcl amplitude modulations 4.3 s earlier
than MGD.

4.3 Statistical analysis

Using 84 Pcl events observed simultaneously at the longitudinally separated stations (ATH
and MGD) and 370 events at the latitudinally separated stations (MGD and MOS), we inves-
tigated statistical characteristics of the Pc1 pearl structures in the ionosphere. In this section,
we show the distribution of similarity of Pc1 pearl structures, temporal variations of Pc1 oc-
currence and similarity of Pc1 pearl structures, as well as their dependence on geomagnetic

conditions and wave properties.

4.3.1 Distribution of similarity of Pc1 pearl structures

Figure 4.4 shows the distribution of the similarity of Pcl pearl structures at the longitudi-
nally (ATH and MGD) and latitudinally (MGD and MOS) separated stations. We found that
pearl similarity r has peaks at ~ 0.2 at the longitudinally separated stations (ATH and MGD,
Figure 4.4a), and at ~ 0.8 the latitudinally separated stations (MGD and MOS, Figure 4.4b).
Jun et al., [2014] reported that Pc1 pearl structures caused by beating processes in the iono-
sphere have slightly different shapes in model calculations of Pc1 pearl structures. Note that
more than half of the events in both pairs (69 events at the longitudinally separated stations
and 178 at the latitudinal stations) have similarities of less than 0.7. For the latitudinally sep-

arated stations, we detected simultaneous Pcl events approximately four times more often
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Figure 4.2 Power spectrum density of (a) the H component of the magnetic field at ATH
and (b) the D component of the magnetic field at MGD, as well as (c) the coherence of
Pc1 waveforms between the H component at ATH and D component at MGD, observed for
1219-1221 UT on October 7, 2013, in a frequency range of 0.5-0.8 Hz. The vertical dashed
lines indicate the selected frequency range of 0.55 to 0.63 Hz, which satisfied our selection
criteria.
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Figure 4.3 Band-pass filtered (0.55-0.63 Hz) Pcl waveform of the magnetic field at (a)
ATH (D component) and (b) MGD (H components) for 1218-1222 UT on April 8, 2010.
Red solid lines indicate the upper envelope of the Pcl pearl structures. (c) cross correlation
between ATH D and MGD H components, obtained using the upper envelope of the Pcl
pearl structures
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than at the longitudinally separated stations. This difference of Pcl occurrence may be re-

lated to attenuation effects during ionospheric duct propagation [Althouse and Davis, 1978].

4.3.2 Temporal variations of similarity of Pcl pearl structures in the

ionosphere

Figure 4.5 shows the UT dependence of the occurrence of Pcl pulsations observed at two
stations and the similarity of Pcl pearl structures in the ionosphere. The occurrence rate is
calculated as the duration of the Pcl event divided by the total observation time. In Fig-
ures 4.5a and 4.5d, Pc1 pulsations observed at ATH have a peak occurrence in the morning
sector. On the other hand, for MGD and MOS the peak is in the daytime. The occurrence
rates of Pcl pulsations at ATH and MGD are consistent with previous statistical studies on
the ground [e.g., Fraser, 1968; Kawamura et al., 1981; Kuwashima et al., 1981]. These
studies suggest that the occurrence rate of Pc1 pulsations observed at high latitudes (low lat-
itudes) has a maximum during the daytime and up to 1 hr after magnetic local noon (during
the nighttime and up to 1 hr before sunrise) probably due to the ionospheric electron density
profile in the F-region. However, the peak occurrence rate for MOS, located in the afternoon,
differs from that found in previous studies.

Figure 4.5b shows that the occurrence rate of Pcl pulsations observed simultaneously at
the longitudinally separated stations has a clear peak around 15 UT, when ATH is on the dawn
side and MGD is at midnight. For the latitudinally separated stations (Figure 4.5¢), the peak
of occurrence rate is located around 20 UT when both stations are on the dawn side. This
result suggests that Pc1 pulsations can propagate with less attenuation to different stations in
the nighttime because the plasma density in the F-region of the ionosphere is lower at these
times. In Figure 4.5c, the similarity of Pcl pearl structures at the longitudinally separated
stations shows that high similarity events (r > 0.7) are concentrated between 6 and 15 UT
when it is nighttime at both stations and, in particular, ATH is in the dawn sector and MGD
in the midnight sector. However, in the case of latitudinally separated stations, as shown in
Figure 4.5f, the similarity of Pc1l pearl structures is independent of UT.

Figure 4.6 shows the seasonal variations of the occurrence rate of Pc1 pulsations and the
similarity of Pc1 pearl structures for the longitudinally and latitudinally separated stations. In
both cases, we see that the highest occurrence rate of Pc1 pulsations at ATH, MGD, and MOS
takes place near the equinoxes (peaks of occurrence in March and October), as shown in
Figures 4.6a and 4.6b. The seasonal variations of Pcl occurrence observed simultaneously

at both stations are similar to those at each station. This result is consistent with those at
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Figure 4.5 Universal time variations of the Pcl occurrence rate observed at each station,
at the two stations, and the cross correlation coefficient of Pcl pearl structures for (a)-(c)
longitudinally (ATH and MGD) and (d)-(f) latitudinally (MGD and MOS) separated stations.
The horizontal colored bars in (a) and (d) indicate local night time at ATH (blue), MGD (red),
and MOS (green). The solid red dots and lines in (c) and (f) indicate mean values of Pcl
pearl similarity (r(At)) at each 1-hour bin.
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high latitudes reported by Fraser [1968] and Kuwashima et al. [1981]. They reported that
seasonal variations of Pcl occurrence reach a maximum at equinoxes at high latitudes and
in the winter at low latitudes due to ionospheric plasma density variations depending on the
season, causing different attenuations of Pc1 waves during ionospheric duct propagation. As
shown in Figures 4.6¢ and 4.6f, the similarity of Pc1 pearl structures in both cases is highly
scattered and shows no seasonal dependence.
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Figure 4.6 Seasonal variations of the Pc1 occurrence rate observed at each station, at the two
stations, and the cross correlation coefficient of Pc1 pearl structures for (a)-(c) longitudinally
(ATH and MGD) and (d)-(f) latitudinally (MGD and MOS) separated stations, respectively.
The solid red dots and lines in (c¢) and (f) indicate mean values of Pc1 pearl similarity (r(At))
at each 1-month bin.

The annual variations of Pcl occurrence and similarity of Pcl pearl structures for the
longitudinally and latitudinally separated stations are shown in Figure 4.7, together with
monthly average sunspot number in Figure 4.7a. The sunspot numbers varied from minimum
to maximum from 2008 to 2013. We observed fewer Pcl events at these stations during the
solar minimum than during the solar maximum, as shown in Figure 4.7b. The Pc1 occurrence
at MGD (red line in Figure 4.7b) and MOS (green line in Figure 4.7b) seems to suddenly

increase with increasing sunspot numbers until 2012 and then to decreases slightly in 2013.
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This result differs from those of previous studies [Fraser-Smith, 1970; Kawamura et al.,
1985; Park et al., 2013], where it was reported that Pc1 occurrence has a negative correlation
with sunspot number variations. As our ground observation covers only half of the solar
cycle, we cannot investigate Pcl activity over the variation of a full cycle; therefore, this
subject will be investigated in future works. The annual variations of Pc1 occurrence at each
station (Figure 4.8b) and longitudinally and latitudinally separated stations (Figure 4.7c)
show clear seasonal variations. The similarity of Pc1 pearl structures in both pairs (Figures
4.7d and 4.7e) seems to be independent of year and sunspot variation.

4.3.3 Dependence of the similarity of Pcl pearl structures on geomag-

netic conditions and wave properties

The relationships between the similarity of Pcl pearl structures in the ionosphere and geo-
magnetic conditions and other wave properties are shown in Figure 4.8. Figures 4.8a-4.8d
show the results for the longitudinally separated stations, and Figures 4.8e-4.8f show the
results for the latitudinally separated stations. We calculated correlation coefficients R for
these plots as noted in the top left of each panel. We investigated dependence of four param-
eters on the similarity of Pcl pearl structures. o, represents the ionospheric source distri-
bution, as shown in Figures 2.10c and 2.10d. The central frequency and bandwidth of Pcl
pulsations represent latitudes of the ionospheric source. If Pcl waves are generated at the
equatorial region of the magnetosphere and propagate along the magnetic field lines, their
frequencies depend on the magnetic field intensity at the equatorial region. We consider
that higher (lower) frequencies of Pcl pulsations are related to the magnetic field at lower
(higher) latitudes. The average AE index represents the total current intensity in the auroral

ionosphere and thus the level of disturbance of ionospheric conditions.

o, in both pairs (Figure 4.8a and 4.8e) tends to have weak negative correlation with the
similarity of Pcl pearl structures. However, the coefficients (-0.19 for the longitudinally
(Figure 4.8a) and -0.2 for the latitudinally (Figure 4.8b) separated stations) are small. We
also found no relationships (R ~ 0) between the similarity of Pc1 pearl structures and wave
properties (i.e., central frequency in Figures 4.8b and 4.8f and bandwidth in Figures 4.8d and
4.8f). In Figures 4.8c and 4.8e, the average AE index and the similarity of Pc1 pearl struc-
tures show weak positive and negative correlations for the longitudinally and latitudinally

separated stations, respectively.
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Figure 4.7 Annual variations of (a) monthly averaged sunspot number, the Pcl occurrence
rate observed (b) at ATH (blue line), MGD (red line) and MOS (green line), and (c) simul-
taneously at ATH and MGD (red line) and MGD and MOS (blue line), and cross correlation
coefficients of Pc1 pearl structures for (d) longitudinally separated (ATH and MGD) and (e)
latitudinally separated (MGD and MOS) stations, from January 1, 2008, to December 31,
2013. The solid red dots in (d) and (e) indicate mean values of Pc1 pearl similarity (r(Az))
at each 1-month bin.
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Figure 4.8 Dependence of the cross correlation coefficient of Pcl pearl structures on the
standard deviation of Pc1 polarization angle, Pc1 central frequency, AE index, and Pc1 band-
width, for (a)-(d) longitudinally (ATH and MGD) and (e)-(h) latitudinally (MGD and MOS)
separated stations.
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4.3.4 Dependence of the Pcl pearl periods on Pcl bandwidth

If the Pcl pearl structure is caused by the beating of Pcl waves with slightly different
frequencies during their duct propagation in the ionosphere, the repetition period of the
pearl structure should have a relation to the frequency difference, i.e., bandwidth of the Pcl

waves. Namely, we can estimate the possible repetition period T, = 1/f},;,, Of Pcl pearl

St
structures using the observed Pcl bandwidth, as described by the simple beating equation
(Freating = Supper — Frower)» Where f, . and f,,... are upper and lower frequencies of the
observed Pcl band. Figure 4.9 shows the relationship between observed and estimated rep-
etition periods of Pcl pearl structures at the three stations. We used all the 84 Pcl events
at ATH and MGD and 370 at MGD and MOS. We define the observed repetition periods of
Pcl pearl structures by calculating the time intervals between amplitude peaks of the pearl
structures, as shown in the example in Figures 4.3a and 4.3b, and calculated the average rep-
etition period T,,, for each event by averaging all the repetition periods during the + 2-min
intervals of the event.

In Figure 4.9, we found that averaged repetition periods of Pcl pearl structures have a
clear positive correlation (R = 0.89) with the estimated values. We also note that they are
always scattered below the estimated repetition period from the Pcl bandwidth. Since we
took the frequencies of the upper and lower boundary of the Pc1 bandwidth to estimate T,

we expect the actual beating period 7, should be always larger than the dashed line in
and T,

Figure 4.9. Thus the two facts that there is a clear positive correlation between T, bt

obs
and that the T'

"ps 18 always larger than T,

est?

strongly support the idea that the beating of Pcl
waves in their bandwidth creates the Pc1 pearl structures.

4.4 Discussion

We investigated the statistical characteristics of Pcl pearl structures in the ionosphere us-
ing multi-point ground stations, with the aim of understanding possible mechanisms for the
generation of Pcl pearl structures in the ionosphere.

We found that more than half of Pcl events observed at the longitudinally and latitudi-
nally separated stations had low similarity (» < 0.7) for the Pc1 pearl structures in Figure 4.4.
If Pc1 pearl structures are mainly generated in the ionosphere, they should show different
pearl structures at different stations, despite coming from the same source region. If mag-
netospheric effects cause Pcl pearl structures, they should have a similar shape at different
stations. Thus, the low similarity of Pcl pearl structures at different stations suggests that
ionospheric effects could be the dominant generation mechanism for Pc1 pearl structures in

the ionosphere. The positive correlation between observed and estimated Pc1 repetition pe-
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Figure 4.9 Scatterplot of observed repetition periods of Pcl pearl structures versa the esti-
mated beating periods at the three stations. The dashed line indicates the line of equality. R
indicates the correlation coefficient between two values.
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riods in Figure 4.9 suggests that the beating of different frequency waves in the ionospheric

duct creates the Pc1 pearl structures.

When Pcl pulsations propagate a longer distance through the ionospheric duct, they
become more attenuated. Thus, stations located farther from the source region would observe
weaker Pc1 pulsations. In that sense, we may not be able to exclude the possibility that local
background noise becomes dominant for these waves, causing the low similarity » of Pcl
pearl structures. In this study, however, we selected Pcl events with wave power higher than
1077 nT?/Hz, which is the threshold for which the observed pearl structures can be clearly
distinguished from background noise. To identify whether the influence of background noise
contributes to the low similarity of Pcl pearl structures at different stations, we investigated
the dependence of the similarity r of Pcl pearl structures on Pcl power at each station in
pairs. The correlation coefficients between the pearl similarity and Pcl wave power are 0.47
at ATH and 0.08 at MGD for the longitudinally separated stations, and 0.14 at MGD and 0.15
at MOS for the latitudinally separated stations. These results indicate that the similarity r
of Pcl pearl structures has a weak positive correlation with Pcl wave power at only ATH
for the longitudinally separated stations. We conclude that background noise does not have

much affect on the similarity r of Pc1 pearl structures.

We investigated the temporal variations of the similarity of Pcl pearl structures (Fig-
ures 4.5- 4.7). For UT variation in Figure 4.5, high similarity events at the longitudinally
separated stations are detected only when both stations are located in the night sector. This
result suggests that Pc1 pearl structures caused by magnetospheric effects are frequently ob-
served in the nighttime of the magnetosphere. If this is the case, then latitudinally separated
stations should also observe high similarity events of Pcl pearl structures in the nighttime.
However, for the latitudinally separated stations, the similarity of Pcl pearl structures is
highly scattered at all UT. We also could not find any seasonal and annual variations in the
similarity of Pcl pearl structures as shown in Figures 4.6 and 4.7. The formation of Pcl

pearl structures seems to be independent of ionospheric conditions.

We note that the similarity of Pcl pearl structures has a weak negative correlation with
the standard deviation of the polarization angle in both cases. Although it is small, this
negative correlation supports the idea that Pcl waves coming from a spatially distributed
source can generate different Pcl pearl structures at different observation points by beating
processes in the ionosphere. Nomura et al. [2011] suggested that Pc1 polarization angle has
dependence on frequency. Sakaguchi et al. [2008] reported that the isolated proton auroral
spots, indicators of Pc1 ionospheric sources, were intermittently distributed over a 4-hr MLT
period in the pre-midnight sector equatorward of the substorm auroral activity at auroral lati-

tudes. Jun et al. [2014] noted that Pc1 pulsations having a polarization angle dependence on
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Pcl frequency have differently shaped Pcl pearl structures at different stations. These ob-
servations indicate that, if Pc1 pulsations come from distributed ionospheric source regions,
they could have different Pc1 pearl structures at different observation points due to different
propagation time delays from the source regions to the ground stations.

Although the negative correlation between o, and the pearl similarity r support the idea
that Pc1 waves coming from a spatially distributed source cause beating and thus Pc1 pearl
structure, the absolute value of the correlation is small (~0.2). This may be because of
the effect of relative location of the ground station to the ionospheric source region. If the
ionospheric source region is too close to the stations, the polarization angle 8 shows complex
patterns, as a mixture of direct incident Alfvén waves and ducting compressional waves.
Thus, near the ionospheric source region, the minor (not major) axis of polarization angle
can point to the source region [Fujita and Tamao, 1988; Nomura et al., 2012]. This effect
would contribute to reduce the correlation between o, and the similarity r.

In our study, other parameters (i.e., central frequency, bandwidth, and AE index) did
not have any correlation with the similarity of Pc1 pearl structures. We supposed that lower
frequency Pcl pulsations may have longer propagation time than that of higher frequency
because they come from higher latitudes, resulting that lower frequency waves may be more
attenuated during the ionospheric duct propagation. Thus, if the central frequency has a
positive correlation with the Pc1 pearl similarity, Pcl pearl similarity may be related to the
attenuation effect. Our result shows, however, that Pc1 pearl similarity has no clear correla-
tion with the central frequency and bandwidth. For the AE dependence in Figures 10c and
10e, if attenuation effect is controlled by the ionospheric condition represented by AE index,
the similarity of Pc1 pearl structures should have a negative correlation with AE index. Our
result shows, however, that there is no clear relationship between Pc1 pearl generation and
AE index.

4.5 Conclusion

Between 2008 and 2013, we investigated the statistical characteristics of Pc1 pearl structures
observed by induction magnetometers at three ground stations (ATH, MGD, and MOS) lo-
cated at mid-to-low latitudes. We selected 84 Pcl events simultaneously observed at lon-
gitudinally separated stations and 370 events at latitudinally separated stations. The results

can be summarized as follows:

1. The cross-correlation coefficients r(At) for pearl structure similarities have a peak of
occurrence at around 0.2 for the longitudinally separated stations (ATH and MGD),
and at around 0.8 for the latitudinally separated stations (MGD and MOS). More than
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half of the events in both pairs (69 events at the longitudinally separated stations and
178 at the latitudinally separated stations) have a similarity of pearl structures less than
0.7, suggesting that ionospheric effects could be the dominant generation mechanism
for Pc1 pearl structures in the ionosphere.

2. Highly similar Pc1 pearl structures (r > 0.7) at the longitudinally separated stations
are concentrated between 6 and 15 UT, when it is nighttime at both stations. We found

no seasonal or annual dependence in the similarity of Pc1 pearl structures.

3. Pcl occurrences at all stations peak in the daytime during equinox periods. However,
Pcl pulsations simultaneously observed at two stations in both pairs are frequently
detected in the dawn sector, indicating that the dawn sector and equinox period provide

favorable conditions for propagation of Pc1 pulsations through the ionospheric duct.

4. The similarity of Pcl pearl structures tends to have weak negative correlation with
the standard deviation of the polarization angle (R ~ 0.2) for both longitudinally and
latitudinally separated stations. However, we found that the similarity of Pcl pearl
structures is less correlated with central frequency and bandwidth at longitudinally
and latitudinally separated stations. If we consider the AE index, in both cases the
correlation coefficient between AE and Pc1 similarity has the same absolute value, but
is positive for the longitudinal case and negative for latitudinally separated stations.
We thus found no relation between the similarity of Pcl pearl structures and other

parameters (central frequency, bandwidth, and AE index).

5. There is a clear positive correlation between the observed Pcl repetition periods and
the periods estimated from the Pc1 bandwidth by considering beating. The observed

repetition period is always larger than the estimated period.

From these results, we conclude that ionospheric effects, particularly the beating of dif-
ferent frequency waves, could be the dominant mechanism for Pcl pearl structures in the
ionosphere. We also suggest that the different shapes of Pcl pearl structures at different
points could be mainly by beating in the ionosphere with a spatially extended ionospheric
source during ionospheric duct propagation. Highly similar events of Pcl pearl structures
were also observed at both longitudinally and latitudinally separated stations. Thus, we
should also consider that magnetospheric processes, such as electromagnetic ion cyclotron
waves modulated by long-period ULF waves, could contribute to the generation of Pc1 pearl
structures. To understand and quantify these contributions to the creation of Pc1 pearl struc-

tures in the ionosphere and in the magnetosphere, in future studies we would like to in-
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vestigate the statistical propagation characteristics of Pcl pearl structures using combined

ground-satellite observations.



Chapter 5
Conclusion and future works

We investigated possible generation mechanisms of Pcl pearl structures in the ionosphere
using multi-point ground induction magnetometers. From the analysis of the magnetic field
data obtained at the three stations at Athabasca (ATH), Magadan (MGD), and Moshiri (MOS),
in Chapter 3 we compared two Pcl events simultaneously observed at the three stations.
Case 1 on April 8, 2010, showed that Pcl pearl structures observed at two stations have
difference shape with polarization angle dependence on Pcl frequency. In contrast, case 2
on April 11, 2010, showed similar Pc1 pearl structures at two stations with constant polar-
ization angle in the Pcl frequency range. In addition, Pc1 pearl structures with a repetition
period of approximately 10 s in Case 1, and approximately 10 to 40 s in Case 2, were ob-
served at three stations. These periods are shorter than those expected from the bouncing
wave-packets model, which is one candidate magnetospheric effect for the formation of Pcl
pearl structures.

Using two simple model calculations under different conditions, we also investigated the
possibility of beating processes in the ionosphere as a potential generation mechanism of the
Pc1 pearl structures. The first model assumed that Pc1 waves propagate from a latitudinally
distributed source with different frequencies at different latitudes to the observation point,
representing beating processes in the ionosphere. The second model assumed that Pc1 waves
with different frequencies are mixed at a point source and propagates to the observation
points, indicating that Pc1 pearl structures are caused by magnetospheric effects. The first
model showed slightly different waveforms at different observation points, but the second
model showed identical waveforms among the observation points. The result of the first
model is related with case 1, which showed different Pc1 pearl structures with dependence
of polarization angle on frequency at the three stations.

From these results, we suggest that beating processes in the ionosphere with a spatially

distributed ionospheric source can cause pearl structures during the ionospheric duct prop-
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agation from high-to-low latitudes, with long distances from the source to the stations. In
case 2, however, we cannot reliably interpret the Pcl pearl structures with a constant polar-
ization angle as using the beating process in the ionosphere. Thus, we cannot exclude the
possibility that mechanisms in the magnetosphere also contribute to the generation of Pcl

pearl structures.

To quantify the contribution of beating in the ionosphere to the creation of Pcl pearl
structures in the ionosphere, we investigated the statistical characteristics of Pc1 pearl struc-
tures observed from 2008 to 2013 by longitudinally and latitudinally separated induction
magnetometer stations (ATH, MGD, and MOS), located at mid-to-low latitudes. In this
stage, we identified the dominant generation mechanism of Pc1 pearl structures in the iono-
sphere. We selected 84 Pc1 events simultaneously observed at longitudinally separated sta-

tions and 370 events at latitudinally separated stations.

We found that the cross-correlation coefficients (At) for pearl structure similarities have
a peak occurrence at ~ 0.2 for the longitudinally separated stations (ATH and MGD), and at
~ (.8 for the latitudinally separated stations (MGD and MOS). More than half of the events
in both pairs (69 events at the longitudinally separated stations and 178 at the latitudinally
separated stations) had a pearl structure similarity of less than 0.7, suggesting that iono-
spheric effects could be the dominant generation mechanism for Pc1 pearl structures in the
ionosphere.

In temporal characteristics of Pcl pearl structures, highly similar Pcl pearl structures
(r > 0.7) at the longitudinally separated stations are concentrated between 6 and 15 UT,
when it is nighttime at both stations. We found no seasonal or annual dependence in the
similarity of Pc1 pearl structures. We further found that Pc1 occurrences at all stations have
a peak in the daytime during equinox periods. However, Pcl pulsations observed simulta-
neously at two stations in both pairs are frequently detected in the dawn sector. According
to Kuwashima et al. [1981], Pc1 occurrence has a tendency to have an anti-correlation with
electron density in the ionosphere. During the ionospheric duct propagation, Pc1 waves have
attenuation effect by absorptions. The attenuation effect would increase with the increase
of the electron density in the ionosphere. Thus, this result indicates that the dawn sector
and equinox period, which is low attenuation effect by the small electron density, provide
favorable conditions for propagation of Pc1 pulsations through the ionospheric duct.

We also investigated the relations between the similarity of Pcl pearl structures and ge-
omagnetic and polarization parameters. The similarity of Pcl pearl structures tends to have
a weak negative correlation with the standard deviation of the polarization angle (R ~ 0.2)
at both longitudinally and latitudinally separated stations. However, we found that the simi-

larity of Pcl pearl structures is less correlated with central frequency and bandwidth. If we
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consider the auroral electrojet (AE) index, in both cases the correlation coefficient between
AE and Pcl similarity has the same absolute value, but is positive for the longitudinal case
and negative for latitudinal one. We thus found no relation between the similarity of Pcl
pearl structures and other investigated parameters (central frequency, bandwidth, and AE
index).

We also found a clear positive correlation between the observed Pcl repetition periods
with the periods estimated from the Pcl bandwidth by considering beating. The observed
repetition period is always larger than the estimated period. This result suggests that beating
processes in the ionosphere cause Pcl pearl structures.

From these results, we conclude that ionospheric effects, particularly the beating of dif-
ferent frequency waves, could be the dominant mechanism for Pcl pearl structures in the
ionosphere. We also suggest that the different shapes of Pcl pearl structures at different
points could be mainly due to beating in the ionosphere with a spatially extended ionospheric
source during ionospheric duct propagation. Highly similar Pc1 pearl structures were also
observed at both longitudinally and latitudinally separated stations. We should thus also con-
sider that magnetospheric processes, such as electromagnetic ion cyclotron (EMIC) waves
modulated by long-period ultra low-frequency (ULF) waves, could contribute to the gener-

ation of Pcl pearl structures.

Future works

We found that more than half of Pc1 events have low similarity of Pc1 pearl structure between
two stations. We also reported that the standard deviation of Pcl polarization angle has a
negative correlation with the similarity of Pcl pearl structures. These results suggest that
ionospheric effects, such as beating processes in the ionosphere with spatially distributed Pc1
ionospheric source, are the dominant mechanism for the formation of Pcl pearl structures
in the ionosphere. However, we cannot exclude the possibility that their generation could
also be caused by magnetospheric effects, such as EMIC rising-tone emissions, long-period
ULF wave modulation, or superposition of EMIC waves within the coherent length in the
magnetosphere. We have not been able to identify other possibilities of ionospheric effects.

To identify the dominant generation mechanism of Pcl pearl structures, we would like
to investigate the similarity of Pc1 pearl structures using conjugated events simultaneously
observed on the ground and in space. If Pcl pearl structures are mainly caused by mag-
netospheric effects, Pcl pearl generation could be related to EMIC wave generation. For
example, in the case of long-period ULF wave modulation, the magnetic field intensity near
the EMIC generation region will vary due to magnetospheric compressional-mode waves

(such as Pc3-5 pulsations), causing EMIC amplitude modulation. If, however, we consider
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ionospheric effects such as beating processes in the ionosphere, Pc1 pearl structures could
be caused by Pcl waves mixing without energy transfer between the waves and particles in
the ionosphere. The Van Allen Probes (RBSP-A and -B) give us a perfect opportunity to
identify Pcl pearl generation. These satellites were launched in August 2012, and follow
similar orbits encompassing both the inner and outer radiation belts [Kessel et al., 2013].
These satellites can measure high-energy particles in the radiation belts, as well as the ambi-
ent magnetic and electric fields. For this study, we will select conjugated EMIC/Pc1 events
between the ground and space. From 2012 to 2015, during the solar maximum, we could also
investigate the generation and propagation characteristics of Pcl pearl structures under ac-
tive magnetospheric conditions. This work will provide an opportunity to better understand
EMIC/Pcl wave generation.

Another idea is to investigate the propagation characteristics of EMIC waves from the
magnetosphere into the ionosphere. In theory, EMIC waves are perfectly trapped between
the northern and southern reflection regions at high latitudes in the magnetosphere. Thus,
these waves should not propagate into the ionosphere. However, as ground observations
clearly show, we can observe Pcl pulsations frequently from high-to-low latitudes. We will
select conjugate EMIC/Pc1 events between ground and space, considering that the footprints
of the satellites are up to 1,000 km from the ground stations. We could also investigate the
particle distributions at high latitudes using the Polar Orbiting Environmental Satellite to
determine the quantity of heavy ions in this region. These observations provide important
information toward understanding EMIC wave propagation in the ionosphere.

A final possibility is investigating the relation between isolated pulsating proton aurora
and Pcl amplitude variations. During our research trip to Canada on November 11, 2015,
we observed an isolated pulsating proton aurora at ATH with a repetition period of approxi-
mately 20-30 s. In this interval, strong Pc1 pulsations were also observed at ATH. We found
that Pc1 amplitude modulations during this event had a similar repetition period consistent
with that of the isolated pulsating proton aurora. EMIC waves interact with energetic ions
in the magnetosphere during their propagation along the magnetic field lines, causing pitch
angle scattering of these ions and making them precipitate into the ionosphere. We can
simultaneously observe Pcl pulsations and isolated proton aurora at subauroral latitudes.
By measuring the total intensity of isolated pulsating proton auroras during the event, we
could compare the repetition periods of aurora and Pc1 amplitude modulations. This would
give sufficient information to understand the energy transfer between energetic particles and
EMIC wave packets during their bouncing motion along the magnetic field lines, as well as

the resonance conditions of EMIC waves with protons at high latitudes.
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