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ABSTRACT
DEVELOPMENT OF GROUND-BASED SEARCH-COIL
MAGNETOMETER SYSTEMS IN THE POLAR REGIONS AND
STUDIES OF ULF Pc 1-2 WAVE PROPAGATION IN THE
IONOSPHERIC WAVEGUIDE
by
Hyomin Kim

University of New Hampshire, May, 2010

Search-coil magnetometers, which measure time-varying magnetic flux density (dB/dt)
and its direction, have been developed for the observations of geomagnetic pulsations in
the ultra low frequency (ULF) range (a few mHz to a few Hz). The design, »fabrication,
and test/calibration have been performed to detect very weak geomagnetic pulsations with
approximately a few& pT resolution over the frequency range 0 — 2.5 Hz and 100 usec tim-
ing accuracy, given a system gain of 4.43 V/(nT-Hz) and 12-bit analog-to-digital converter
(ADC) with GPS time stamps. These instruments are deployed in the Polar regions form-
ing high latitude networks and conjugate measurement points between the northern and
the southern hemispheres. In éddition to the development and installation of the magne-
tometers, this thesis describes analysis of the data from the magnetometer systems, mainly
focusing on ULF wave propagation in the ionospheric waveguide (duct) centered around
the electron density maximum near the F2 ionization peak. The Antarctic magnetometer
array observes well-defined, band-limited ULF Pc 1-2 waves with poleward spectral power
attenuation over a very extensive latitudinal coverage from geomagnetic latitudes of —62°
to —87° (over the distance of 2920 km). This is a clear indication of the propagation of

the electromagnetic ion cyclotron (EMIC) waves in the ionospheric waveguide. This study

xxiii



focuses on the ducting events by comparing spectral power attenuation factors and polar-
ization patterns. A statistical survey of the events reveals that the attenuation factors are
between ~ 10 to 14 dB/1000 km and the polarization sense changes as the waves are ducted
poleward from the low latitude regions. For a detailed event study, a CHAMP satellite con-
junction is presented. During the overflight, a transverse and linearly polarized Pc 1 ULF
wave was also found over a limited latitudinal extent (—53° to —61° ILAT), which supports
the idea that EMIC waves are injected at low latitudes and ducted in the ionosphere. The
results show the observations of ducted waves over such an unprecedented latitudinal ex-
tent, which have rarely been measured before, and thus provide very important information

about ionospheric wave ducting characteristics.
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CHAPTER 1

INTRODUCTION

The Sun and the Earth are closely linked through a stream of charged particles ejected
from the Sun called the solar wind and the Sun’s magnetic field carried by the solar wind
called the interplanetary magnetic field (IMF). This connection is often called the Sun-
Earth connection or the solar-terrestrial environment. The physics involved in the space
environment has been of interest not only because its complex nature is inﬁriguing but also
because it impacts life on Earth in many ways especially during the space era. For example, a
large-scale geomagnetic field perturbation (e.g., geomagnetic storm or substorm) can disrupt
or damage technologically complex systems such as electric power and telecommunication
systems as well as spacecrafts in orbit.

This thesis presents a system design of ground-based instruments which measure the
geomagnetic field in the ultra low frequency (ULF) range, called search-coil magnetometers,
and the study of ULF geomagnetic pulsations using the magnetometer array. Multiple sets
of magnetometefs have been constructed to form ground-based magnetometer arrays in the
polar regions, which enable us to perform large-scale systematic observations of ULF wave
propagation in the ionosphere.

Various types of waves are generated in space plasma by electron and ion dynamics
associated with the geomagnetic field. They play an important role in accelerating radiation

belt particles and transporting magnetospheric energy to the ionosphere. Some of the energy



of the magnetospheric waves is transmitted to the ionosphere and the waves propagate in the
ionospheric waveguide. For this reason, the wave activity seen on the ground can be used to
study the magnetosphere-ionosphere coupling dynamics, part of the Sun-Earth connection.
This chapter briefly describes an introduction to waves in plasma and wave propagation in
the ionospheric waveguide. Chapter 2 presents the design, construction, and test of the ULF
search-coil magnetometers for the ground-based array. Chapter 3 and Chapter 4 show the
analysis of the ULF magnetic field data obtained from the magnetometer array and discuss
the ULF wave propagation in the ionospheric waveguide. Chapter 3 also presents a satellite
observation of the ULF wave in the ionosphere. Finally, the conclusions are summarized in

Chapter 5.

1.1 Solar-Terrestrial Environment

The electromagnetic connection between the Earth’s magnetic field and the solar wind in-
duces various kinds of large-scale currents and confines the Earth’s magnetic field, forming a
unique solar-terrestrial environment which includes the dipole-like structure of the Earth’s
magnetic field called the magnetosphere. The outer boundary, called the magnetopause, sep-
arates the Earth's magnetic field from the IMF. Figure 1-1 shows the Earth’s magnetosphere
and its current systems.

A variety of solar activitieé (a long-term or short-term variation of the solar wind and
the IMF) affect the Earth’s magnetosphere and its coupling to the ionosphere, which can
be described by magnetohydrodynamics (MHD). The manifestations of these variations in-
clude geomagnetic storms, substorms, electromagnetic wave pulsations over a wide range of
frequencies, electron and ion precipitation to the ionosphere from space, aurorae, and many
more. Especially, geomagnetic storms and substorms disturb the Earths magnetic fields and

cause acceleration/depletion of high energy charged particles in the radiation belts. These



Nightside
magnetopause
. 4 Surrent

Ptasma sheet boundary
. layer current

/
//7 B
/ mag:gtzl::use
Solar wind current

Figure 1-1: The Earth’s magnetosphere and its current system (with permission from An-
thony T.Y. Lui at JHU/APL).

phenomena can usually be detected by satellite-borne, rocket-borne, and ground-based in-
struments. Some of the typical, widely-used instruments are electric field antennas, imagefs,
particle detectors, and magnetometers.

The interaction between the ionosphere and magnetosphere characterizes the electro-
dynamic coupling affected by electric currents along the geomagnetic field lines, called
field-aligned currents (FACs). The solar wind and outer magnetosphere act as a generator
(i.e., by transferring mechanical energy to electromagnetic energy) and provide energy and
momentum to the ionospheric load via FACs. The magnetosphere-ionosphere coupling pro-
cess involves energy exchange between the two regions through plasma convection, Joule

heating, auroral particle precipitation, ion outflow, and wave activities. The altered mag-



netospheric ion composition can have a significant effect on the magnetospheric dynamics.
The waves in a space plasma transport magnetospheric energy to the ionosphere, deter-
mining the lifetime of trapped radiation, accelerating particles either stochastically or in

resonance, and perhaps coupling solar wind energy to the magnetosphere.

1.2 System Engineering of Magnetometer Project for Space

Research

The search-coil magnetometer is extremely sensitive and can detect time-varying magnetic
fields (within the frequency response of the instrument) more than tens of thousands times
weaker than the ambient magnetic field of the Earth. Ground-based observations of low-
level magpetic field fluctuations provide important information about the magnetosphere
and its coupling to the ionosphere. Coupling can occur in a variety of ways, encompassing
a wide range of spatial scales and frequencies.

Single—poinf ground observations of the geomagnetic pulsations provide limited informa-
tion about the wave source region since the ground-based magnetometer integrates signals
over a horizontal extent of around 200 km (Baker et al. 1998) and the waves are predomi-
nantly observed from a region to which the source field line is mapped down. In addition,
the existence of the ionospheric waveguide, in which the waves can propagate isotropically
near the Alfvén speed, complicates the ground observations. An array of ground-based
stations can provide spatially and temporally extended observations which can lead to a
better understanding of wave propagation characteristics. If the ground stations are located
over a large extent to form an array (especially along a magnetic meridian), time delays,
determined by group velocity of the waves, and phase differences can be observed. Fig-
ure 1-2 is a simple sketch demonstrating the advantage of the “system” of ground-based

magnetometers.
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Figure 1-2: A sketch showing one use of the “system” of ground-based magnetometers, which
provides spatially and temporally extended observations of the geomagnetic pulsations.

1.3 Waves in Space Plasma

1.3.1 Generation of Waves in Plasma

The collective behavior of magnetized plasma in space, combining mechanical forces due to
gas-like properties of the plasma and electromagnetic forces due to charged particles, creates
a unique type of waves in space, MHD waves, at low altitude where a cold magnetized
plasma is found. They play an important role in transporting energy and accelerating
plasma particles. Waves in plasma are typically generated by electron/ion cyclotron motion
and plasma oscillation. The typical generation mechanisms of the waves in plasma are
described briefly as follows.

Cyclotron (or Gyro) Motion The equation of motion for a particle of charge g and

mass m under the Lorentz force (assuming F = 0 and B = B,) can be represented as

mccli—‘t, =q(v x B) (1.1)
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Figure 1-3: Charged particles gyrating around a guiding center in a uniform magnetic field.

which describes a simple harmonic motion at the gyrofrequency or cyclotron frequency, wg,

which is represented as

9| B
Wg = 7 (12)
with the gyroradius (also called Larmor radius) defined as
vy muy
Tg= — = = 1.3
g Wy IQIB ( )

where v | is a velocity in the plane perpendicular to B. The gyrating particle orbits around a
center, called the guiding center, in a uniform magnetic field. The sense of rotation depends
on the sign of the charge as shown in Figure 1-3. If the convention of the polarization
sense is applied here, at ion cyclotron resonance, wgy;, the macroscopic ion motion is circular
and left-hand polarized and at electron cyclotron resonance, wge, the macroscopic electron
motion is circular and right-hand polarized. The direction of the gyrating particle motion
is such that the magnetic field created by the gyration is opposite to the externally imposed
field. Therefore, plasma particles reduce the ambient magnetic field and this behavior is
called the diamagnetic effect.

Plasma Oscillation If the pl»a,sma is disturbed by external force (e.g., due to a

charge or a density gradient), the plasma particles are accelerated in an attempt to restore



the charge neutrality. Due to their inertia the particles will move back and forth around
the equilibrium position, resulting in fast collective oscillations. This oscillation is so fast
that on the time scale of the oscillation the heavier ions do not have time to respond to
the oscillation and may be considered as fixed. The frequency of the plasma oscillation is
considered as a natural frequency of the plasma and can be represented as

wp = (”_"’2)1/2 (1.9

meg

where n is particle number density (m~3) and ¢ is permittivity in free space.

1.3.2 Types of Plasma Waves

A variety of wave modes exist due to the complex interconnection between particles and
fields, in which the waves propagate in an unmagnetized plasma or propagate parallel,
perpendicular, or oblique to the ambient magnetic fields. When they are disturbed, waves
in plasma oscillate around an equilibrium position because there are restoring forces involved
in the oscillation. In an unmagnetized plasma, thermal pressure is the only restoring force,
which leads to a wave mode called the longitudinal, acoustic wave. If a magnetic field is
present in the plasma, the motion of charged particles is restricted. Particles can move freely
_along the magnetic field, but not perpendicular to the field due to the Lorentz force, »q(v xB),
which causes the charged particles to gyrate about the magnetic field. Therefore, additional
restoring forces, including magnetic pressure, Pg(= B?/2u) and the magnetic tension
force, Mp(= (B - V)B/uo), need to be considered. As a result, three MHD wave modes
exist and, depending on how the waves propagate with respect to the ambient magnetic
fields, are named pure (or oblique) Alfvén waves, fast waves, and slow waves. The Alfvén
waves do not change the plasma and magnetic pressure or plasma density while the fast

and slow waves cause changes of all of the plasma parameters, including the field-aligned



component of the magnetic field (b, which changes the field magnitude and the magnetic
pressure. The magnetic field perturbation in the fast and slow waves lies in the plane of B
and k (Kivelson & Russell 1995).

The MHD waves are described with the combination of Maxwell’s equations (Faraday’s
law and Ampere’s law) and Ohm’s law (E+v x B = 0), which also demonstrates the “frozen-
in flur” condition. The concept of frozen-in flux ié very important in understanding how
the plasma is linked with the magneti'c field lines. That is, in MHD fluid flow, the magnetic
flux is frozen in to the fluid so that the fluid can move with the field lines (if the electrical
conductivity of the fluid is large enough). Under the frozen-in flux condition, the total
magnetic flux (® = [ B - dS) through a surface S remains constant even as the surface
changes its location and shape over time. Schematic illustration of frozen-in flux is shown
in Figure 1-4, in which an initial surface (S(¢1)) is changed to a surface at a later time
(S(t2)) due to plasma motion. The magnetic field is accordingly weakened or strengthened
but the total magnetic flux through the surface remains unchanged. This can also cause
the magnetic field line to bend to satisfy the frozen-in flux condition.

The Alfvén wave is purely transverse electromagnetic and can be repreéen’ced as string-
like low frequency (compared to the ion cyclotron frequency) oscillations of the magnetic
field lines. The Alfvén wave propagates with the phase velocity,

Vph = %f( = vy cosf ' (1.5) n

where v4 is called the Alfvén velocity, which is represented as

B
Viop

va = (1.6)

where g is permeability in free space and p is the total mass density of the charge plasma
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Figure 1-4: Schematic illustration of frozen-in flux. In MHD fluid flow, the magnetic flux
is frozen in to the fluid so that the fluid can move with the field lines. Therefore, the total
magnetic flux through surface remains unchanged.

particles. € is the angle between k and B. This means that the wave cannot propagate
perpendicular to B. Since the frequency of the Alfvén wave depends linearly on kj, the
Alfvén wave is non-dispersive. The group velocity of the Alfvén wave, vq = Ow/0k, at which
wave energy (or wave packet) is carried, is parallel to the field lines (vg = v 4B) (Kivelson
& Russell 1995).

The ion n‘lass density provides the inertia and the tension force of the magnetic field line
(Mp) provides the restoring force. Therefore, the motion of the ions and the perturbation of
the magnetic field are in the same direction and transverse to the direction of propagation of
energy. The Alfvén wave is also called a shear Alfvén wave because there is no compression
(Pp = 0) of the plasma. The Alfvén wave is a major mechanism in accelerating charged
particles in plasma. The Alfvén waves at low frequencies have a right-hand and a left-hand
component, both of which are dominated by ion inertia. In general, Alfvén waves have

an elliptical polarization, but they can become linearly polarized when the two oppositely



polarized modesl have about equal amplitudes (Baumjohann & Treumann 1996).

The fast wave is a longitudinal wave of particles in a magnetized plasma, propagating in
any direction and can transport energy in any direction (vy = v Af(). If the wave propagates
in directions other than along B (i.e., if § # 0), the phase velocity (see Equation 1.5) is
larger than vy (Kivelson & Russell 1995). It is known that the Alfvén wave changes into
the fast wave when the direction of propagation (k) becomes close to perpendicular to
the magnetic field. Since the fast mode wave can transport energy across magnetic field
lines, magnefic pressure (Pp) and the tension force (Mp) are involved in the fast wave
motion. The magnetic pressure fluctuates with the magnetic field in this wave mode. Thus
the fast wave is also called a compressional wave. It is also known as magnetosonic or
magnetoacoustic wave.

In the slow wave, total pressure (the sum of particle pressure and magnetic pressure) is
approximately constant across B if k || B but not constant along B. Its phase velocity is
less than or equal to v4, largest in the direction of B and the wave does not propagate per-
pendicular to B (Kivelson & Russell 1995). The magnetic tension force (Mp) is not present.
The slow wave is driyen by field-aligned gradients of the total pressure and thus transports
energy predomiﬁantly along the fields (k | B). This wave mode is analogous to acoustic
waves propagating along the field lines. The tybes of plasma waves are demonstrated in
Figure 1-5.

Unlike the fast and slow mode waves, which change the pressure gradient, the Alfvén
wave reduces only the bending of the magnetic field lines while plasma flow acroés the fields
can increase the bending. The associated field perturbations create currents that reduce the
additional curvature of the field lines. The currents are, in part, along the field lines so that
the Alfvén wave induces the FACs, which play an important role in the magnetosphere-

ionosphere coupling process (Kivelson & Russell 1995). Alfvén waves in association with

10
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Figure 1-5: Types of waves in a magnetized plasma.

FACs have been observed by sounding rockets (e.g., Ivchenko et al. (1999)) and satellites

(e.g., Gurnett et al. (1984), Chaston et al. (2002)).

1.3.3 Polarization of Waves

Polarization is a property of waves that describes the orientation of their oscillations. De-
pending on the direction of rotation of the field vector (electric field or magnetic field),
polarization sense is defined: left-hand polarization (LHP), right-hand polarization (RHP),
and linear polarization (LP). The wave polarization is one of the properties that provide
the information about the wave and spatial characteristics of wave propagation and media.
For example, it is known that electromagnetic ion cyclotron waves are LHP and the polar-

ization changes during their propagation (e.g., due to the interaction with other waves or to
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density gradients caused by heavy ions such as He™ and O* (Horne & Thorne 1993)). For
the geomagnetic pulsations observed on the ground, the polarization characteristics of the
waves can provide information about the source region (Webster & Fraser 1985) and about
the wave propagation from the source to the ground (Southwood & Hughes 1985). More
detailed concepts and analysis techniques of polarization used in this thesis are described

in Appendix A.

1.3.4 Geomagnetic Pulsations

Geomagnetic pulsations are short period (usually of the order of seconds or minutes) fluc-
tuations of the Earth’s magnetic field. The pulsation frequencies are lower than the natural
frequencies of the plasma, such as the plasma frequency, wp, and the ion gyrofrequency,
wgi. Such waves are referred to as ultra low frequency (ULF) waves. They are transitory
variations with a small amplitude and leave no permanent effects on the field. Like longer
period disturbances, such as magnetic storms, the energy that drives them is of solar origin,
in contrast to the Earth’s main field and secular variations which are of internal origin.
The notation and classification of ULF geomagnetic pulsations, which have been made
based on early studies and observations, are given in Table 1.1 (see Jacobs et al. (1964)).
The ULF pulsations were found to be grouped into two classes, continuous pulsations and
irregular pulsations. The continuous pulsations are quasi-sinusoidal signals lasting more
than several cycles and are broken into subclasses based on the wave period (T) or frequency
(mHz), designating the subclass by a number (from Pc 1 to Pc 5). The Pc 1 and Pc 2
waves are typically associated with electromagnetic ion cyclotron (EMIC) waves. Field
line resonances (FLRs), formed by standing Alfvén waves on the geomagnetic field lines,
are usually observed in the Pc 5 range. The irregular pulsations are, on the other hand,

broadband, short-lived signals, which contain spectral peaks at many different frequencies
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Type Period (sec) Freq (mHz)

Continuous Pulsations Pc1l 02-5 200 - 5000
Pc 2 5-~10 100 - 200
Pc3 210 - 45 22 — 100
Pc4 45 - 150 7 -22
Pc b 150 - 600 2-7
Irregular Pulsations Pil 1-40 25 - 1000
Pi2 40 - 150 7-25

Table 1.1: The classification of ULF geomagnetic pulsations (Jacobs et al. 1964).

(Pi 1 and Pi 2, based on the wave period or frequency) and are closely related to substorm
activity.

The work done in this thesis is focused mostly on EMIC waves in the ULF Pc 1 (0.2 - 5.0
Hz) and Pc 2 (0.1 - 0.2 Hz) range (called Pc 1-2 hereinafter). EMIC waves are generally
thought to be excited by the cyclotron instability of a hot, anisotropic (T > T}) distri-
bution of medium energy ring current ions in the equatorial region of the magnetosphere
in the energy range of ~1 — 100 keV during geomagnetic storms and substorms (Anderson
et al. 1996, Kozyra et al. 1997, Jordanova et al. 2001, Thorne et al. 2006). Energy can be
transferred from the particles to the waves when the particle gyrofrequency matches the
Doppler shifted wave frequency. Because EMIC waves induce the cyclotron resonance of
ring current particles, EMIC waves play an important role in causing rapid particle heating,
pitch angle scattering and thus precipitation loss from radiation belts which are disturbed by
geomagnetic storms or substorms. Measured EMIC wave amplitudes in space are typically
in the range 0.1 — 10 nT.

A number of studies have reported observations of EMIC waves in the magnetosphere
and the ionosphere. Simultaneous multipoint ground and satellite observations by Erland-
son et al. (1996) estimated the latitudinal extent of the Pc 1 source at Viking’s altitude from

63.7° to 64.7° invariant latitude (ILAT) (L = 5.1 to 5.5). The ST5 satellite observations of
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Pc 1-2 waves by Engebretson et al. (2008) also showed a very narrow region of wave activity
with a latitudinal extent of ~ 0.5° to 1° in ILAT (~50 to 100 km). Anderson et al. (1992)
reported the AMPTE/CCE satellite observations of Pc 1-2 waves in the equatorial magne-
tosphere over the range L = 3 to 9 and found that the waves were predominant at L > 7,
concluding that plasma sheet ion distributions develop sufficient temperature anisotropy to
generate EMIC waves on their open drift paths. The Polar satellite observations of Pc 1
waves in conjunction with ground observations (Mursula et al. 2001) reported that two
EMIC wave bands (H* and He') are found around the plasmapause and the total Poynting
flux of the He™ band waves strongly directed downward away from the equator. The space-
ground conjunction studies indicate that although the frequency response in space and the
ground are similar, there are differences in both the spatial and temporal structures, sug-
gesting that the wave structure is modified during propagation from the magnetosphere to
the ionosphere.

EMIC waves are typically observed as Pc 1-2 type pulsations (e.g., as observed with
search-coil magnetometers). It is generally accepted that left-hand polarized Alfvén EMIC
waves propagate along the closed geomagnetic field lines from the magnetosphere to the
ionosphere through field-aligned injection of the Alfvén wave and couple to right-hand
polarized compressional (fast), isotropic waves in the ionospheric waveguide (Fraser 1975a,b,
Fujita & Tamao 1988). It should be noted that EMIC wave polarization modes other than
LHP (i.e., RHP or LP) can be found during propagation from thevmagnetosphere to the
ionosphere (Young et al. 1981, Horne & Thorne 1993, Anderson et al. 1996, Denton et al.
1992). Horne & Thorne (1994) and Hu & Denton (2009) show that LHP EMIC waves
generated near the equator become LP as they become oblique and propagate toward the
ionosphere. Some of the energy of the field-guided signals is transmitted_ to the ionosphere

near or in the auroral zone if the ionospheric. conductance is matched to the Alfvén wave
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impedance (see Lysak (2004)) and propagate in the ionospheric waveguide located around
the F2 region in the ionosphere (see Section 1.4). Therefore, a signal observed on the
ground may not be generated on the same field line as the incident Alfvén wave structure
that generated it.

Although the solar induced wave energy in the Earth’s magnetosphere is a small frac-
tion of the energy present in the form of plasma and energetic particles (trapped radi-
ation), waves are one of the most important components in the eiectrodynamics of the
magnetosphere-ionosphere coupling. They play a role in transporting magnetospheric en-
ergy to the ionospheré; determining the life time of trapped radiation; accelerating particles
either stochastically or in resonance; and, perhaps, even in coupling the solar wind energy

itself to the magnetosphere.

1.4 Wave Propagation in the Ionospheric Waveguide

The ionosphere is the uppermost part of the atmosphere and consists of electrons and ions
which are ionized by solar radiation, stretching from a height of about 50 km to 1000 km.
" The altitude range 150 — 500 km is termed the F region (O™ dominant) and the altitude of
maximum density there is térmed the F peak. The F region consists of one layer at night
while two layers, F1 and F2, appears during the day. The altitude range 90 — 150 km is
called the E region and the ionization below 90 km is called the D region. NO* and OF
become more dominant in the D and E regions (Kelley 1989). Typical profiles of neutral
atmospheric temperature and ionospheric electron density are shown in Figure 1-6.

The ionospheric waveguide (br duct) is formed around the ionospheric F2 region alti-
tude of the electron density maximum (or the Alfvén speed minimum since the electron
density and Alfvén velocity profiles are almost mirror images near this region) at an alti-

tude of ~400 km, bounded by the E region (~100 km) and a region where the Alfvén speed
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Figure 1-6: Profiles of neutral atmospheric temperature and ionospheric electron density
with the various layers designated (Courtesy of Bhamer, from Wikipedia public domain).

increases sharply (~1000 km) (Tepley & Landshoff 1966, Manchester 1966, Greifinger &
Greifinger 1968). The density structure forms a resonance cavity for Alfvén waves in the
ionosphere and thus provides a waveguide for compressional waves that propagate across
field lines (Greifinger & Greifinger 1968). The field line guided waves in the LHP (or LP)
Alfvén mode are injected in the ionosphere and coupled to the RHP compressional isotropic
waves, propagating horizontally in the waveguide (Fraser 19754, Altman & Fijalkow 1980,
Fujita & Tamao 1988). The mode conversion is caused by anisotropic Hall currents (e.g.,
Fujita & Tamao (1988)). ULF Pc 1-2 waves (especially, Pc 1 pearls) are one of the most
efficiently propagated MHD waves in the waveguide. Figure 1-7 sketches the concept of
the propagation of EMIC waves from the equatorial region in the magnetosphere to the
ionospheric waveguide.

Since the waveguide boundaries are not perfect reflectors, waves attenuate during prop-

agation in the waveguide. Moreover, the attenuation does not always occur in a consistent
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Figure 1-7: Conceptual sketch of the propagation of EMIC waves from the equatorial region
in the magnetosphere to the ionospheric waveguide.

and linear fashion probably due to a leaky waveguide (Neudegg et al. 2000, Manchester
1968). In addition, the ionospheric inhomogeneity and superposition effects of ducted Waves
during propagation cause changes in polarization (e.g., change of polarization sense and po-
larization ellipse major axis angle).

Wayves are identified as ducted in the ionospheric waveguide when identical spectral
structures with wave power attenuation are observed from multi-point ground magnetome-
ters located over a large extent. In other cases, some waves could be detected simultaneously
by the spatially separated instruments, showing similar (but not identical) spectral struc-
tures. These waves might be generated from different L-shells in the magnetic field lines,
causing similar spectral patterns over a distance. This is what needs to be distinguished
from the ducted waves. In addition, one might argue that the waves with identical spec-
tral pattern seen on the ground, being attenuated over a large extent, may not be.ducted
waves in the ionosphere but instead waves originating from a localized region and spreading

out to a large extent in the form of an electromagnetic wave in free space. If this were
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a valid scenario, the waves would not be able to be detected beyond the horizontal range
that a typical ground magnetometer can cover (the spatial measurement range of a typical
ground magnetometer is approximately 200 km as mentioned earlier (Baker et al. 1998)).
Moreover, according to the far-field approximation in electromagnetics, the phase variation
across the sensors is not observed or negligible if the wavelength is much larger than the
distance between the sensors (in the case of Pc 1-2 waves, the wavelength is estimated to
be much larger than the array spacing). HOWEVGI“, the observations of the ducted waves do
show phase delays, supporting the concept of §vave propagation in the waveguide.

In this thesis, simultaneous observations of ULF Pc 1-2 waves are discussed using a a
ground-based search-coil magnetometer array, spanning ~2920 km geographically, of which
the coverage is much larger than the detectable range of a single search-coil magnetometer.
By means of multipoint ground observations, the ducting effects of ULF Pc 1-2 waves are

clearly observed.
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CHAPTER 2

DEVELOPMENT OF SEARCH-COIL

MAGNETOMETERS

2.1 Introduction

The search-coil magnetometer is widely used for space science research to measure low
frequency magnetic field fluctuations and waves in space and on the ground. The magnetic
field frequencies of interest in space physics typically falls into the ultra low frequency (ULF)
range (a few mHz to a few Hz, as typically defined in space physics), which can be detected
by a search-coil magnetometer. This type of magnetometer is very useful in space science
research in that many phenomena in space plasma (e.g., plasma waves, ion cyclotron waves,
etc.) are found in the ULF range.

A search-coil magnetic sensor is copper wire wound around a core of high permeability
(1) to draw a voltage across the coil when magnetic field through the search-coil changes over
time. One of the major benefits of a search-coil magnetometer is that it can resolve changes
in magnetic fields very quickly over a wide range of frequencies, up to a few MHz. Unlike
fluxgate magnetometers, which measure ambient magnetic field intensity (B), responding
only to low frequency magnetic field variations (suitable up to a few tens of Hz), search-

coil magnetometers detect time-varying magnetic fields (dB/dt) with typically higher signal
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resolution and sensitivity. The resolution and sensitivity can be improved relatively easily
by increasing the number of turns of the wire, physical size of the core, or gain of amplifying
electronics.

Since a search-coil magnetometer is sensitive to the magnetic field direction, it provides
vector magnetic field information. Two or three orthogonally mounted search-coil magnetic
sensors are used for the measurement of field direction. A search-coil magnetometer is espe-
cially suitable for space-borne instrumentation and unmanned ground-based configuration
because of its low power consumption (~tens of mW), simple structure, and reliability. It

is also relatively easy to build using mostly off-the-shelf components and materials.

2.2 Principle of Operation

A search-coil magnetometer is the simplest type of magnetic field sensor which measures
magnetic field intensity and direction. The principle of operation is based on Faraday’s Law

of induction:

d dd,
V: . 1:_._ B. A:— 2.1
° %E d dt/A d "at (2.1)

The voltage (V) induced in turns of a coil (solenoid) is proportional to the number of
turns of coil (n) and the time rate of change of flux (®.) linked with the coil. Figure 2-1
describes the concept of the search-coil magnetometer. For more efficient induced voltage
output from the coil (i.e., to increase flux density), a high permeability (u) ferromagnetic
core is typically used. The main advantage of using a high permeability core is the increase in
sensitivity at a given sensor weight or the significant reduction in size and weight for a given
sensitivity. If the coil is wrapped tightly around a long and thin core, reducing the coil’s

radial dimensions and thus the length of wire used, lower internal noise and higher sensor
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Figure 2-1: Schematic of search-coil magnetometer showing principle of operation based on
Faraday’s Law of induction. When the magnetlc flux density through the coil changes, a
voltage (emf) is induced in the coil.

bandwidth are expected (Boll & Overshott 1989). A search-coil magnetometer employs
very simple electronics, which mostly consists of amplifiers and band-pass filters.

The sensitivity of the search-coil magnetometer depends on the permeability of the
core material, the area of the coil (cross-sectional area where magnetic flux intersects), the
number of turns of coil, and the rate of change of the magnetic flux through the coil. The

sensitivity S, of the coil is defined as

S, = f 2 [V/(nT - Ho) (2.2)

where V, is the open-loop peak output voltage of the coil, f is frequency, and H is magnetic

field intensity. Assuming a sinusoidal magnetic flux variation,

D, = D4, cos(wt) (2.3)

the open-loop peak output voltage of the coil is then obtained from the Equation (2.1),

Vo = wn®ar = wnpruoH; Ac (2.4)

where u, is relative permeability, po permeability of vacuum, H; magnetic field intensity

inside the core, and A, is the area of the coil. Using the relation, pu.H; = p.H and the
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cross-sectional area of the core A, = wD2/4 (D is the core diameter), the sensor output

voltage can now be rewritten as

2
mw
Vo = 5npcpo D fH (2.5)

Therefore, the sensitivity defined in Equation (2.2) is then

2
So = 2mnAcpictto = %an/,Lc,uo [V/(uT - Hz)] (2.6)

(Boll & Overshott 1989). The sensitivity of the search-coil magnetic sensor in this study is

estimated by Equation 2.6 as shown in Section 2.3.4.

2.3 Technical Details of the UNH ULF Search-Coil Magne-

tometer

A search-coil magnetometer consists of two (or three) orthogonally mounted magnetic sen-
sors, analog electronics, and data acquisition electronics. Figure 2-2 and Figure 2-3 show
a schematic diagram and a picture of a search-coil magnetometer system developed at the
University of New Hampshire, respectively. Signals detected by the search-coil magnetic
sensors are filtered and amplified by the analog circuit, and digitized and archived in the
data acquisition system. A preamp is equipped in each magnetic sensor so the signals are
amplified to a suitable level before being transmitted to the main analog electronics through
a long cable (typiéally, approximately 200 m). The main analog electronics, including am-
plifiers and band-pass filters, are installed with the data acquisition electronics. The data
acquisition electronics employs a multi channel analog-to-digital converter (ADC) and a
microcontroller for data acquisition, storage (into a Compact Flash memory card or a Com-

pact Disc) and system user interface. A GPS antenna/receiver is used to synchronize the
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Figure 2-2: Schematic diagram of the UNH ULF search-coil magnetometer system.

data acquisition process for time reference with 100 usec accuracy.

2.3.1 Search-Coil Magnetic Sensor

23

The search-coils that are used for this project have 160,000 turn coils of enamel-coated
copper wire (AWG 36) wound around a 80 ¢cm long X 2.54 cm diameter annealed p-metal
core. There are 16 individual wire spools, each of which has 10,000 turn coil. A test coil (of
10 turns) is placed on one of the spools (the one closest to the preamp), which is directly
qonnected to the main analog electronics through the cable. A test signal (1 Hz square
wave) from the main analog electronics excites the magnetic sensor through the test coil
so that connectivity of the entire system can be checked. The spool coil winding, inter-
cénnection between the spools, and schematic diagram of the magnetic sensor are shown in

Appendix B.1. The technical information for the core material used is as follows: Descrip-
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Figure 2-3: UNH ULF search-coil magnetometer system.

tion: MuShield magnetic shielding 2.54 cm diameter barstock (heat treated); Specification:
MIL N 14411C COMP1, ASTM A 753 ALLOY 4 DC; Magnetic Properties: pu @40 G =
44250; p @100 G = 51500; p @2500 G = 183400; pimaz = 223668; H, = 0.007.

Two identical magnetic sensors are mounted orthogonally to measure geomagnetic north-
south and east-west wave activity. This setup identifies the polarization characteristics of
magnetic field waves. In some cases, a third sensor is installed vertically to detect magnetic
activity along the geomagnetic field line. The low-noise preamp, powered from the data
acquisition electronics through the cable, is equipped in each magnetic sensor (Figure 2-
4). The gain of the preamp is 121. An electrical schematic of the preamp is shown in

Appendix B.2. The core and the wire spools are housed in a polycarbonate tube (82 cm
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Figure 2-4: Preamp board of the UNH ULF search-coil magnetic sensor.

long x 6 cm diameter), on which a connector is attached (See Figure 2-5). The weight of one
axis of the sensor is approximately 8 kg. All the materials used for the magnetic sensors are
chosen to be non-magnetic to avoid any possible interference during measurement. A thin
copper sheet is wrapped around the sensor housing in order to reduce external noise. Both
sides of the sheet do not touch each other to avoid eddy current around the sheet although
the eddy current might be negligible in the low frequency range (Figure 2-5 shows the sensor
before the copper sheet is wrapped. See Figure 2-3 for completed sensor construction). More

electrical specification along with the entire system specification is described in Section 2.3.4.

2.3.2 Main Analog Electronics

The main analog electronics provide input signal conditioning (band-pass filtering and am-
plifying) for three channels of analog input signals from the preamp in the search-coil
magnetic sensors. The main analog electronics consists of a two-stage first-order passive
low-pass filter and a two-stage first-order active low-pass filter, of which the total gain is

244. The passive filters employ RC type filters. Low-noise op-amps are used for the active
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Figure 2-5: UNH ULF magnetic sensor with annotations.

filters. The high-pass filter RC constant is about 100 sec and therefore, a slow response
of DC offset signal output to signal input is expected. Figure 2-6 shows the main analog
electronics on PC104 (an embedded computer standard) PCB. An electrical schematic of

the main analog electronics is shown in Appendix B.3.

2.3.3 Data Acquisition System

The data acquisition system digitizes the signals in three channels (signals from X, Y, and
Z axis; currently, Z axis is not used) from the main analog electronics with a sampling rate
of 10 Hz and saves the acquired data in its built-in Compact Flash memory. Optionally,
the data can be archived in Compact Discs. Data sampling is synchronized to 1 pulse per
second (PPS) GPS signal from a GPS antenna to provide time information to within 100
usec accuracy. Data file length can be configurable from 1 second to 24 hours. Currently,
the data acquisition system creates a data file that contains 24 hours worth of data. In the
data acquisition system, there are five PC104 modules (see Figure 2-7) as well as the main
analog circuit board as described below.

(1) Eagle PC104-30G Acquisition Board: 16 channel, £10 V differential analog input 12 bit

ADC with an array of configurable input/output (I/O) and counters and timers.
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Figure 2-6: UNH ULF search-coil magnetometer main analog electronics.

(2) WinSystems PCM-SC520 PC104 Computer Board: includes an AMD x86 based proces-
sor, configurable volatile system memory, 4 serial ports, an IDE interface and a Compact
Flash card which provides datd storage as well as system boot information and acquisition
software.

(3) RTD GPSHR 140 PC104 GPS Receiver: contains the NAVMAN GPS receiver module
to provide GPS location and time information.

(4) VGA graphic card module: provides VGA display when connected to an external mon-
itor.

(5) PC104 Power Supply: provides £12 VDC and +5 VDC.

2.3.4 System Specification

The technical details of the UNH ULF search-coil magnetometer system are specified below
and a magnetometer system connection diagram is shown in Appendix B.4.

Type of instrument: 2-axis search-coil magnetometer
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Figure 2-7: PC104 module stack in the data acquisition system enclosure. The module
consists of analog-to-digital converter (ADC), Microcontroller, GPS receiver, VGA graphic
card, power supply board, and main analog electronics.

Operating voltage: +12 VDC (analog), +5 VDC (digital)

Power consumption: 10 mA (5 mA + 5 mA, preamp), 36.8 mA (18.4 mA + 18.4 mA, main
analog electronics)

Gain: preamp=121, main electronics=244

Magnetic sensor sensitivity: 150 uV/(nT - Hz)

System sensitivity: 4.43 V/(nT - Hz)

Frequency response: 0 — 2.5 Hz (—3 dB corner frequency, DC is not measured)
System resolution: ~10 pT/ vHz over the frequency response

Dynamic range: +2.26 nT over the frequency response

Analog input voltage range: +£10 V

Signal input channels: 3 (X, Y, and Z), differential

ADC bit resolution: 1 pT - Hz (12 bits)
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ADC sampling rate: 10 samples/sec
GPS timing: data sampling synchronized to GPS 1 PPS within 100 usec accuracy
File storage: Compact Flash memory (128 MB to 4 GB+)
File length: configurable from 1 second to 24 hours
File storage format: binary with ASCII NMEA 0183 heading
File size: 10 samples/sec/ch x 3ch x 2 byte/sec x 1 hour = 216 kB
The coil gain (sensitivity) of the search-coil used for this study is 150 pxV/(nT - Hz).
Preamplifiers (gain = 121) at the coils provide mV signal levels for transmission to the

main analog electronics (gain = 244). Therefore, the overall system provides the gain,
Gs = 150uV/(nT - Hz) x 121 x 244 = 4.43V/(nT - Hz)

Bit resolution of this system associated with analog-to-digital conversion can then be esti-
mated with an ADC analog input range and the system gain specified. The data acquisition
system used in this study employs a 12 bit ADC with 10 V analog input range; the system
resolution is

System signal resolution = 20 V/Gg = 4.51 nT - Hz

and the bit resolution is

Bit resolution = System signal resolution/2!? = ~ 1 pT - Hz
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2.4 Tests

2.4.1 Polarity Test

The polarity test is performed once the magnetic sensors are built to confirm that the
sensors correctly measure increase/decrease of magnetic flux. Correct polarity is critical to
identify wave polarization. For this project, a magnetic perturbation along the sensor axis
in the direction toward the sensor connector is defined as a “positive” signal as shown in
Figure 2-8a (See Section 2.5 for more detail). A test signal as shown in Figure 2-8b is applied
to see if an output signal appears as displayed in Figure 2-8c. A search-coil magnetometer
detects only a time-varying magnetic field (dB/dt), and therefore a positive output voltage
will be induced when a test signal voltage increases (when dB/dt > 0). Output signal will
be zero when there is no magnetic field change in time (when dB/dt = 0). A negative signal
from the>output will be measured when a test signal voltage decreases (when dB/dt < 0).
A test signal for polarity test as shown in Figure 2-8b can easily be created by a simple RC
circuit and a test solenoid (Figure 2-9).

The main analog electronics has a built-in test signal generator. The test signal generator
is connected to the test coil in the search-coil magnetic sensor. The principle of operation is
identical to the test RC circuit described above. A test signal can be generated by pushing
a button located on the front panel of the data acquisition system. This test method is very
useful for a system integrity check after the system is deployed for operation. The main
analog electronics generates a square wave test signal and the system responds to the rising

and falling transition of the square wave signal as shown in Figure 2-10.

2.4.2 Frequency Response Test

The frequency response test characterizes how the magnetometer system responds to mag-

netic fields over a specified range of frequencies by measuring output signals in response
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Figure 2-8: (a) Definition of signal polarity of the UNH ULF search-coil magnetic sensor;
(b) test signal for sensor coil polarity test; (c) magnetometer output signal in response to
the test signal.

to input signals. As shown in Figure 2-11, a test solenoid is used to generate a known in-
put signal (time-varying magnetic field) around the magnetic sensor and the corresponding
output signal from the magnetometer can be measured.

The test solenoid has 872 turns of wire wound around a PVC pipe of dimension large
enough to provide uniform magnetic fields around the one-axis search-coil magnetic sensor
under test (see Figure 2-12). This test is performed in the field where minimal electromag-
netic interference (EMI) is expected although there is no information obtained as to what
the level of EMI is during the test. Ideally, a calibration room which provides EMI shielding
around the sensor is desired but no such facility is available at the University of New Hamp-
shire. However, one can expect that the frequency response of the system can be obtained

as long as an input signal is well-defined and generated without significant disturbance by
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Figure 2-9: A solenoid and an RC circuit for polarity test. This device is used externally
near the search-coil magnetic sensor to test the sensor polarity.

(a) Test Signal J \ ( L
§ : y 0V

(b) Output Signal

Figure 2-10: (a) Square wave test signal generated by the main analog electronics of the
UNH ULF search-coil magnetometer system; (b) output signal in response to the rising and
falling transition of the test signal.

EMI (observed from test equipment such as an oscilloscope). The search-coil sensors and
the test solenoids are placed about 200 m away from the magnetometer electronics and the
test equipments to isolate them from being disturbed electromagnetically. The test solenoid
is approximately 50% longer in length and 100% larger in diameter. Since the magnetic

field inside a solenoid is defined as

B = ponl = ponV/R (2.7

the coil constant of the solenoid (B/I)is 1.10 x1073 T/A (= pon where pg = 47 x10~"H/m,
n = 872). Therefore, with a known voltage across the resistor, R, (5 M for this test)
connected in series with the test solenoid, the magnetic field inside the test solenoid can

be estimated when a signal is applied to the test solenoid by a function generator. The
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Figure 2-11: Test setup for frequency response and resolution characterization of the search-
coil magnetometer system.

Figure 2-12: Test solenoid used for frequency response and resolution tests.

amplitudes of the output signals from the main analog electronics (the signals before they
are digitized) are measured when a magnetic field intensity of 1.3 nT in the solenoid is
created by a peak-to-peak voltage of 6 V,_, across the resistor R, as shown in Figure 2-11,
over the sweep frequency (0.1 — 30 Hz).

Bode plots of frequency response test results of the sensor and the overall magnetometer
system in dB scale versus frequency are shown in Figure 2-13 and 2-14, respectively. A
search-coil magnetometer measures time-varying magnetic fields only (dB/dt) and does

not detect a DC magnetic field (when f = 0). The top panels of Figure 2-13 and 2-
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Figure 2-13: Bode plots of frequency response to the voltage output (top) and to the mag-
netic field (bottom) of the UNH ULF search-coil magnetic sensor (with preamp), showing
that the frequency response is 0 — 10 Hz (specified at —3 dB corner frequencies). Note that
DC magnetic field (when f = 0) is not detected by a search-coil magnetic sensor.

14 show the frequency response of the voltage outputs from the sensor and the overall
magnetometer system, respectively. For a different type of representation of frequency
response, the measured, voltages from the‘ magnetometer are divided by w to show a plot
of magnetic field (B) versus frequency (the bottom panels of Figure 2-13 and Figure 2-14)
since the search-coil magnetometer measures dB/dt = wBpcoswt = wB assuming that
the magnetic field can be represented as a sinusoidal signal, B = Bgsinwt. The result
demonstrates that the frequency response of the search-coil magnetic sensor (With.preamp)
and the magnetometer system is 0 — 10 Hz and 0 — 2.5 Hz, respectively, at —3 dB corner
frequencies. Frequency response characterization of each component of the magnetometer

system using equivalent circuit models is described in Appendix B.5.
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Figure 2-14: Bode plots of frequency response to the voltage output (top) and to the
magnetic field (bottom) of the UNH ULF search-coil magnetometer system, showing that
the frequency response is 0 — 2.5 Hz (specified at —3 dB corner frequencies). Note that DC
magnetic field (when f = 0) is not detected by a search-coil magnetometer.

2.4.3 Resolution Test

The resolution of a magnetometer represents the smallest change in magnetic field it can
detect. The test setup is identical to the one for the frequency response test except for the
use of a spectrum analyzer to measure signals in the frequency domain in replacement of
an oscilloscope. Instead of applying a signal with a fixed voltage and a frequency being
swept to the test solenoid as conducted in the frequency response test, the resolution test is
performed by adjusting the input voltage level (equivalently, the magnetic field inside the
test solenoid) and observing a minimum discernable signal (MDS) from the magnetometer
output at a fixed frequency. In this test, the MDS is defined as a spectral peak shown in

3 dB above the noise floor in response to an external magnetic field given by the test solenoid
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Figure 2-15: Screenshot of spectrum analyzer showing the search-coil magnetometer re-
sponse to a 1 Hz (left) and a 2 Hz (right) test signal when the peak is 3.0 dB above the
noise floor. This peak intensity corresponds to 8.8 pT and 5.5 pT, respectively.

at selected frequencies. In practice, the spectral peak seen in the output signal spectrum
is read when the peak is 3 dB above the noise floor in the spectrum. The resolution of the
magnetometer system is the magnetic field in the test solenoid when the MDS is observed.
The magnetic field can be easily estimated using Equation (2.7) where V is the voltage
across the resistor, B (10 M for‘ this test) as shown in Figure 2-11. Figure 2-15 shows
the screenshots of the spectrum analyzer when it reads the resolution of 8.8 pT at 1 Hz
and 5.5 pT at 2 Hz. The following is the summary of the resolution test result at selected
frequencies.

Resolution = 8.8 pT/vHz @0.5 Hz (Vi, = 80 mV)

Resolution = 8.8 pT/vHz @1 Hz (Vi, = 80 mV)

Resolution = 5.5 pT/vHz @2 Hz (Vi, = 50 mV)

Resolution = 8.8 pT/vHz @4 Hz (Vi;, = 80 mV)

Resolution = 11 pT/vHz @5 Hz (V;, = 100 mV)
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Figure 2-16: Test setup for search-coil magnetic sensor deviation test.
2.4.4 Deviation Tests

The deviation test is to confirm that the multiple magnetometer systems that will be de-
ployed as an array perform the measurements of magnetic fields with minimal deviation
between the systems and thus to ensure data quality appropriate for simultaneous observa-
tions. The deviation tests are conducted for the search-coil magnetic sensors and the analog
electronics separately.

Search-Coil Magnetic Sensor Deviation Test The test setup for the search-coil
magnetic sensor deviation test is similar to the one for the frequency response and resolution
test except that the main analog electronics is not included in the sensor deviatién test (see
Figure 2-16). Input signals of peak-to-peak amplitude of V,,_, = 0.144 V across R (=1 k)
over the sweep frequency range (0.1 — 100 Hz) are given by the function generator to the
test solenoid to produce B =~ 160 nT. The output voltages from each search-coil magnetic
sensor are measured and compared with the outputs from the other sensors. The average
output peak-to-peak voltage is approximately 3.8 V and the phase shift is m/2 over the
flattop frequency response range.

Preamp and Main Analog Electronics Deviation Test This test is in principle
a frequency response test only with either the preamp or the main analog electronics to

confirm minimal deviation among the electronics. The input of each circuit is connected
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Figure 2-17: Bode plot of frequency response for deviation tests of the 18 preamps (top)
and the 15 main analog electronics (bottom).

to a function generator so that an input signal (V,—p, = 20 mV) over the sweep frequency
(0.1 — 40 Hz) is applied to the analog circuit input and the voltage of an output signal is
observed using an oscilloscope. A total of 18 preamps and 15 main analog electronics have
been tested for the deviation test. The deviation test results are shown in Figure 2-17. The
standard deviation of the preamp outputs is 0.04 dB over the frequency range 0.1 — 5 Hz.
The standard deviation of the main analog electronics outputs is also 0.04 dB over the

frequency range 0.1 - 5 Hz.

2.5 Installation in the Polar Regions

The UNH ULF search-coil magnetometer systems are deployed in the polar regions such

as Svalbard, Greenland, Canada, and Antarctica. Some of them are installed as a form of
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array with multiple magnetometers being spaced at a distance. As mentioned earlier, the
search-coil sensors are placed under the ground ~200 — 300 m away from the stations where
the data acquisition systems are housed in order to protect them from being physically and
electromagﬁetically disturbed. The magnetic field measurement using search-coil magne-
tometer is significantly affected by wind, too. Therefore, it is very important to secure the
Sensors.

The search-coil sensors are mounted on the ground with the Z sensor (up) along the
geomagnetic field line, the Y sensor (east-west) horizontal and perpendicular to the Z sensor,
and the X sensor (north-south) along the geomagnetic meridian, perpendicular to the Y
and Z sensors. In some cases, a Z sensor is not used because measurements in the X and Y
direction provide sufficient information about the magnetic activity (e.g., wave polarization).

The polarity setup of the ULF search-coil magnetic sensor, definition of coordinate ‘sys-
tem applied to the sensor installation, and orientation of the sensors for ground installation
are shown in Figure 2-18. A magnetic perturbation along the sensor axis in the direction
toward the sensor connector is defined as a “positive” signal, meaning that it produces a
positive voltage out of the preamp when magnetic flux increases in the direction of the arrow
as shown in Figure 2-18a. The orientation of the sensors when installed on the ground is
determined by using Cartesian coordinate systems: X (geomagnetic north), Y (geomagnetic
east) and Z (field line) in the northern hemisphere (Figure 2-18b); X (geomagnetic south), Y
(geomagnetic east), and Z (field line) in the southern hemisphere (Figure 2-18c). The sensor
1 is oriented along the geomagnetic north-south direction (magnetic meridian), which can
be found by on-site measurement using a compass, making an angle perpendicular to the
local magnetic field inclination to the ground (= 90°— inclination). The inclination of the
Earth’s magnetic field can be obtained by an IGRF model. Figure 2-19 shows an example

of the installation of the search-coil sensors under the ground.
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Figure 2-18: (a) Polarity setup of the ULF search-coil magnetic sensor; definition of coor-
dinate systems applied to the sensor installation and orientation of the sensors for ground
installation (b) in the northern hemisphere and (c) in the southern hemisphere.
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Figure 2-19: UNH ULF search-coil magnetic sensors (X and Y components) installed under
the ground in Ny Alesund, Svalbard.
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CHAPTER 3

DucTING CHARACTERISTICS OF Pc 1
WAVES AT HiGH LATITUDES ON THE

(GROUND AND IN SPACE

3.1 Introduction

ULF Pc 1 (0.2 - 5 Hz) geomagnetic I:;ulsations include electromagnetic ion cyclotron (EMIC)
waves generated by the cyclotron instability of hot, anisotropic protons in the equatorial
region of the magnetosphere in the energy range of ~ 1 — 100 keV (Brice 1965, Cornwall
1965, Anderson et al. 1996, Kangas et al. 1998). The theoretical studies (e.g., Horne &
Thorne (1993)) and the observations (e.g., Anderson et al. (1996)) suggest that Pc 1 waves
are generated close to the magnetic equator. It is generally accepted that left-hand polar-
ized (LHP) Alfvén Pc 1 pulsations propagate along the geomagnetic field lines from the
magnetosphere to the ionosphere and couple to right-hand polarized (RHP) compressional
(fast), isotropic waves in the ionosphere (called the “ionospheric source region” or the “wave
injectién region”) (Fraser 1975a,b, Altman & Fijalkow 1980, Fujita & Tamao 1988). It has
also been shown in theory and observations that the compressional waves are trapped in

the ionospheric waveguide (or duct), centered around the Alfvén speed minimum (electron
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density maximum, at an altitude of ~ 400 km) near the F2 region bounded by the E region
(~ 100 km) and a region where the Alfvén speed increases sharply (~ 1000 km), after
mode conversion from the incident Alfvén waves to the horizonfally propagating compres-
~ sional waves by the anisotropic ionospheric Hall currents as shown in Figure 1-7 (Tepley &
Landshoff 1966, Manchester 1966, Greifinger & Greifinger 1968, Fujita & Tamao 1988).

Tepley & Landshoff (1966) discussed a waveguide theory for ionospheric propagation of
MHD waves and mode conversion through collisional processes in the ionosphere. Manch-
ester (1966) suggested that as the walls of the duct are not perfect reflectors, the wave is
attenuated as it propagates down the duct. A model result in Greifinger & Greifinger (1973)
showed that duct propagation is most efficient along the magnetic meridian. The model
suggested by Fujita & Tamao (1988) sHowed an attenuation rate of 8 dB/100 km near the
injection region. They also predicted higher attenuation with increasing dip angle at high
latitudes. Ground observations by Hayashi et al. (1981) at high latitudes using a search-coil
magnetometer array found that ULF Pc 1 waves propagated from an injection region in
a concentric pattern of equicontour lines of its intensity and observed an attenuation of
10 dB/100 km in the injection center and 2.5 dB/100 km in the region beyond 500 km
from the center. Multipoint observations by Neudegg et al. (2000) estimated the average
attenuation of 41 dB/1000 km and suggested that the attenuation of waves did not always
occur in a consistent and linear fashion, probably due to a leaky waveguide as described in
Manchester (1968).

Greifinger & Greifinger (1968) estimated that the ionospheric Alfvén speed varies ap-
proximately between 200 and 700 km/s depending on local time and sunspot conditions.
Neudegg et al. (1995) found a Pc 1-2 propagation speed of 300 — 800 km/s from a ground-
based magnetometer array located at high latitudes over a range of a few hundred km. A

model by Lysak (2004) concludes that the wave front propagates on the order of 1000 km/s
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in the ionospheric waveguide across magnetic field lines and the fast mode wave speed in
the ionosphere is close to the Alfvén speed.

The polarization characteristics of geomagnetic pulsations can provide information about
the source region and about the wave propagation from the source to the ground. Theo-
retical appfoaches by Baranskiy (1970), Greifinger (1972), Altman & Fijalkow (1980), and
Fujita & Tamao (1988) showed transmitted LHP Alfvén waves vertically incident on the
ionosphere gradually change to RHP as distance from the injection region increases as ob-
served on the ground. Many observations using ground arrays also found the polarization
sense changes from predominantly LHP around the injection region to RHP away from
the injection region and the ellipticity becomes linearly polarized (LP) with the major axis
aligned with the injection location (Summers & Fraser 1972, Fraser & Summers 1972, Fraser
1975a, Hayashi et al. 1981, Webster & Fraser 1985).

Fraser (19'%5(1) estimated the general location of the injection region near the dawn
terminator in the range 58°—66° ILAT (L = 3.5 — 6) using the polarization ellipse major axis
azimuthal directions and direction of arrival triangulation method. Simultaneous multipoint
ground and satellite observations by Erlandson et al. (1996) estimated the latitudinal extent
of the Pc 1 source at Viking’s altitude at L = 5.1 — 5.5 (63.7° — 64.7° ILAT), which
corresponds to a latitudinal width of 120 km at ionospheric altitude. The Magsat satellite
observations by Iyemori & Hayashi (1989) also showed a source region of < 100 km in the
ionosphere F region at 58° to 60° ILAT. The latitudinal width of the source of ~ 0.5° in
ILAT has been obtained by Mursula et al. (1994). The ST5 satellite observations of Pc 1-2
waves by Engebretson et al. (2008) and satellite-borne proton precipitation measurements by
Yahnin & Yahnina (2007) also show very narrow regions of wave activity, with a latitudinal
extent of ~ 0.5° — 1° (~ 50 — 100 km).

This study describes ULF Pc 1 geomagnetic pulsations observed from a ground array of
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search—coil magnetometers predominantly in the morning sector of Antarctica. With exten-
sive latitudinal coverage along the magnetic meridian, the five search-coil magnetometers
show very we]l-deﬁned poleward spectral power attenuation and polarization change of the
waves suggesting wave propagation in the ionospheric waveguide (ducting). Halley Station,
located at the lowest latitude among the stations in the array, typically observes the high-
est spectral wave power and well-defined band-limited signatures. The same wave event,
showing less wave power, is found at the other four remote stations at higher latitudes. The
conjunction of an overflight of the CHAMP satellite for the event provides a measure of the
incident wave power in the ducting layer at 350 km altitude. Data from CHAMP reveal
that Pc 1 waves enter the ionosphere across a lmited latitudinal range and that the waves

are LP.

3.2 Instrumentation and Data

The ground data presented in this study were obtained from the five ULF search-coil magne-
tometers deployed at Halley Station (HBA), South Pole Station (SPA), and three automated
geophysical observatories (AGOs) in Antarctica on Mar. 23, 2007. They provide three-axis
vector samples of dB/dt in local geomagnetic coordinates with X northward, Y eastward,
and Z upward parallel to geomagnetic field at a rate of 10 samples/sec (Engebretson et al.
1997). Table 3.1 shows the geographic and corrected geomagnetic locations of the ground
stations used in this study. This Antarctic ground-based magnetometer array provides ob-
servations over an unprecedented latitudinal extent covering geomagnetic latitudes of —62°
to —87° (over the distance of 2920 km) as shown in Figure 3-1 and has been showihg very
well-defined ULF wave ducting events over the entire extent of the array.

Observations of the ULF waves were also made in the ducting layer by the CHAMP

satellite, which was in almost circular, near polar (inclination = 87°) orbit with an altitude
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Station Geographic Geomagnetic L MLT MN Distance from

Station Code Lat. Lon. Lat.  Lon. in UT HBA (km)
Halley HBA 7550 33340 -61.56 2901 44 0243 0
AGO P2 P2 —85.67 313.62 -69.84 19.33 84 0329 1170
South Pole  SPA  —90.00 0.0 -74.02 1835 13.2 0335 1610
AGO P1 P1 —83.86 129.61 —80.14 16.87 341 0344 2252
AGO P5 P5 —~77.24 123.52 —-86.74 29.46 309.2 0252 2920

Table 3.1: Geographic and geomagnetic locations of the Antarctic stations used in this
study. Geomagnetic coordinates, dipole L-values, and MLT MN in UT are obtained from
NASA GSFC Modelweb Website, http://modelweb.gsfc.nasa.gov /models/cgm/cgm.html,
for epoch 2007, assuming an altitude of 100 km.

of approximately 350 km during the time of this study. The CHAMP satellite is equipped
with a fluxgate magnetometer, which provides three axis vector background magnetic field
data at a maximum rate of 50 Hz over the bandwidth (—3 dB) of 13 Hz. During the events
in this study, the CHAMP satellite flew over the ground stations with a very good MLT
conjunction. The satellite footprint from 0835 to 0845 UT with a ground conjunction is
also shown in Figure 3-1.

CHAMP data are originally acquired in a satellite coordinate system in which the X axis
is approximately along the direction of the satellite track, the Z axis points downward, and
the Y axis completes a right-handed set. A coordinate transformation is carried out for this
study in order to examine the wave mode in the ionospheric ducting layer after the data are
detrended to obtain time-varying magnetic fields (b) by subtracting background magnetic
fields (Byp). In this study, a smoothing of the original data from the satellite has been used
as background field. One of the three components in the new coordinate system represents
a compressional wave component (b“), which is denoted by “B_par” in the figures of the
satellite data shown herein. Compressional perturbations can be obtained by projecting
the detrended data onto the background magnetic fields. The other two components in

the new coordinate system contain wave power perpendicular to the background magnetic

46


http://modelweb.gsfc.nasa.gov

Figure 3-1: Map of Antarctica showing the ULF search-coil magnetometer array used for
this study. The geomagnetically most poleward station, P5, and the other four stations,
P1, P2, SPA and HBA are aligned well with the magnetic meridian. This map also shows
the southern hemisphere ground track of the magnetic field lines traversed by the CHAMP
satellite from 0835 to 0845 UT on March 23 2007, based on data from the Satellite Situation
Center Web utility, available at http://sscweb.gsfc.nasa.gov.

fields, which is, for this study, decomposed into perpendicular perturbations in the azimuthal
(b1,) and in the meridional direction (61¢), which conforms to the right-hand rule. They are
denoted by “B_perp_phi” and “B_perp_theta” respectively in the figures of the satellite data
shown herein. The perpendicular azimuthal perturbation (b;,) is calculated by projecting
the detrended data (b) onto the azimuthal vector (¢, normal of the magnetic meridian). The
azimuthal vector () can be obtained by crossing the background magnetic field unit vector
(Bo/By) and the vertical field component from the original CHAMP data (B,/B,) (i.e.,
@ = Bo/By x B,/B,). The perpendicular meridional perturbation (b,4), which completes
the triad (§ = @ x Bg/By), is then calculated by projecting the detrended data (b) onto the

meridional vector (é) Appendix C decribes the coordinate transformation in more detail.
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The new set of the three components is thus summarized as follows.

by = b-Bo/Bo
big = b-8
chp = b-¢

3.3 Observations and Interpretations

Well-defined, band-limited ULF Pc 1 waves were measured by the five ULF search-coil
magnetometer systems deployed in Antarctica as shown in the stacked 0 — 1 Hz, 2048-point
FFT spectrograms (with Hanning window) in Figure 3-2. Wave power as a function of
frequency (0 — 1 Hz) in the X (north-south) and Y (east-west) components and time is
plotted for a 5 hour interval (from 0800 to 1300 UT) on Mar. 23, 2007. The data from the
X component at AGO P5 was unavailable during the observation. As shown in Figure 3-2,
identical spectral patterns albeit attenuated across the network suggest that the waves were
generated in a localized region within the ionosphere. Otherwise, such identical spectral
signatures may not be detected over the wide range.

The distance between the station at lowest magnetic latitude (HBA) and the one at
highest magnetic latitude (P5) is 2920 km. The three stations P2, SPA and P1 are aligned
approximately along a magnetic meridian within 15 min MLT while HBA is somewhat off-
meridian (600 km from the meridional line of the three stations). The MLT difference at P5
is not very significant as it is close to the magnetic pole. The spectral structures over the
frequency ranges between 0.3 and 0.6 Hz are most clearly registered at the station located
at lowest magnetic latitude, Halley Station (HBA, L = 4.4) from 0830 to 1230 UT. There

is some period during which multiple band structures are observed.

As shown in Table 3.1, the MLT is approximately 3 hours behind UT, which indicates
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Figure 3-2: Stacked 0 — 1 Hz Fourier spectrograms in the X (north-south) (left panels) and
Y (east-west) (right panels) components of the search-coil data showing the ULF Pc 1 waves
recorded at the Antarctic stations, Halley (HBA), P2, South Pole (SPA), P1, and P5 from
0800 to 1300 UT on March 23, 2007. The stations are located along the magnetic meridian
covering from geomagnetic latitudes of —62° to —87° with the lowest latitude station at the
bottom of the plot. Spectral power attenuation as the waves are ducted poleward is clearly
registered. X axis data from AGO P5 were unavailable during this interval. Note that the
time intervals of Figure 3-3, Figure 3-5, and Figure 3-8 are indicated.

that the events occurred in the morning sector. Based on the fact that the event was
most clearly shown at HBA (L = 4.4), in this lower L-shell, EMIC waves in the Pc 1
frequency range are likely to be generated by protons and heavy ions in the ring current
(near the equator) and propagate along the field lines. The wave spectral power attenuation
is displayed in Figure 3-2 as the latitude increases, which suggests that the waves propagated
poleward in the ionospheric waveguide along the magnetic meridian.

Figure 3-3 shows the temporal and spectral structures of the Pc 1 waves in a shorter

time scale in order for the detailed structures to be displayed (the event during this period is
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Figure 3-3: Temporal and spectral structures of the ULF Pc 1 waves (called “pearls”)
measured from HBA in a shorter time scale (from 1020 to 1050 UT). Wave modulation
with approximately 3 min period is clearly shown. Note that the event during this period
is indicated in Figure 3-2.

indicated in Figure 3-2). Wave modulations are observed at HBA during almost the entire
event while the other stations at hi_gher latitudes also detected the same signatures but with
less spectral power and shorter duration. Such spectral features fall into a ULF subclass,
called “pearls” or “structured Pc 17, which are characterized by periodic variations of the
wave amplitude, thus appearing as pearls on a sﬁring when plotted as a time series. The
repetition period is approximately 3 min. The structured Pc 1 is one of the most frequently
observed Pc 1 waves and is sﬁggested to propagate in the ducting layer (Mursula et al.
2001). |

The CHAMP fluxgate magnetometer measured very similar Pc 1 waves over the fre-
quency band (~ 0.3 to 0.5 Hz) approximately from 0840 to 0843 UT. The signature mea-
sured by CHAMP is shown over a limited exteﬁt (—53° to —61° ILAT) while the ground
array detected the wave at higher latitudes over a wider ra,nge’ (—62° to —87° ILAT). This

study focuses on the ULF waves observed in space and on the ground and their propagation
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characteristics in the ionospheric ducting layer. ’i‘he pearl structure is not within the scope
of this study and will be left for future work.

The following four subsections describe the Pc 1 events and their ducting characteristics
in the ionosphere in more detail. Wave power attenuation, wave propagation speed, and
polarization are discussed in the first three subsections (3.3.1 through 3.3.3), respectively.
The last subsection (3.3.4) presents the spatial extent of the Pc 1 wave injection region

observed by the CHAMP satellite.

3.3.1 Spectral Power Attenuation

Spectral power attenuation is one of the features typically observed in a ducted wave event.
Figure 3-4 shows the absolute power spectra (log;q power versus frequency) of the ULF
Pc 1 events observed by the Antarctic search-coil array and the wave power attenuation
(in dB) over the distance from HBA (in km) at four selected frequencies (0.3, 0.4, 0.5,
and 0.6 Hz). Two different time periods are examined for this analysis in an attempt to
separate wider band structure (from 0915 to 0945 UT in Figure 3-4a) and narrower band
structure (from 0945 to 1015 UT in Figure 3-4b). Each graph displays the results from both
X and Y components. In the power spectra depicted in Figure 3-4a, three spectral peaks
are observed (predominantly in the X component), which are also seen in Figure 3-2.

The attenuation (in dB) is obtained by multiplying the log;q power in the power spec-
tra by 10. The wave power values at each selected frequency £0.01 Hz (this bandwidth
corresponds to 5 bins in the 2048-point spectrogram) during the event period are averaged
and line-fitted to estimate attenuation over distance. From the results in Figure 3-4, the
attenuation factors appear to be approximately between 8 dB/1000 km and 20 dB/1000 km.
More specifically, thefe seems to be a tendency for the attenuation factor to increase with

increasing frequency, which is in agreement with Greifinger & Greifinger (1968), although
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Figure 3-4: Power spectra (log;, power versus frequency) of the ULF Pc 1 events observed
by the Antarctic search-coil array and wave power attenuations (in dB) over the distance
from HBA (in km) at four selected frequencies (0.3, 0.4, 0.5, and 0.6 Hz) during the two
time periods, (a) 0915 — 0945 UT and (b) 0945 — 1015 UT. The graphs for each time period
display the results from both X and Y components.

the stations located far from HBA (P1 and P5, in particular) show no clear tendency of
spectral power attenuation, probably due to the poor signal-to-noise ratio. It should also
be noted that in general, attenuation in the waveguide may not occur in a linear fashion
due to its inhomogeneous conductivity and the leaky ionospheric layer (Manchester 1968,
Neudegg et al. 2000, Fraser & Nguyen 2001).

The average attenuation factor observed in this study appears to be much lower than

that of many other previous studies. The model study by Fujita & Tamao (1988) reported
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~ 8 dB/100 km and the ground observations by Hayashi et al. (1981) showed 10 dB/100 km
near the injection center and 2.5 dB/100 km in the region beyond 500 km from the center
using a network of 13 stations at high latitudes spanning 30° in longitude and 15° in
latitude (from 53.7°N, 290.9°E to 75.1°N, 328.0°E, CGM). Note that these studies used
“per 100 km” instead of “per 1000 km”. The comparison between model andv observation
by Manchester (1970) reported ~ 1 — 8 dB/1000 km at low/mid-latitudes. Neudegg et al.
(2000) obtained ~ 41 dB/1000 km using a closely-spaced (~ 150 km) triangular network
near Davis, Antarctica (74.6° S, 102.3° E, CGM) and suggested that the high attenuation
might be due to higher dip angle at high latitudes as predicted by Fujita & Tamao (1988).
Hayashi et al. (1981) observed both poleward and equatorward attenuation and concluded
that poleward propagation shows slightly less attenuation.

In general, the wide range of attenuation factors obtained from the model /observation
studies seem to be related to the fact that wave propagation in the ionospheric waveguide is
susceptible to the variation of ionospheric conditions. In addition, since the configurations
of the arrays in these studies are different both in latitudinal and longitudinal extent and
the distanpes between the possible injection regions and the arrays are not necessarily the
same, attenuation factors can be obtained with quite a large uncertainty if the attenuation
is not linear. Moreover, the more efficient poleward than equatorward ducting might be
attributed to incident Poynting flux being initially poleward based on the fact that the
incident waves are field-aligned Alfvén waves (field lines are angled pointing toward the
Poles).

The observations in this study, showing much less attenuation compared to the other
previous observations, are unique in that the ducted waves, seen over an array with un-
precedented geomagnetic latitudinal range and positioning along a magnetic meridian (a

condition that provides the most efficient ducting as suggested by Greifinger & Greifinger
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(1973)), have rarely been measured before.

3.3.2 Propagation Speed

Propagation in the ducting layer occurs in the form of compressional waves with a speed
of the order of the Alfvén speed in the region. As described earlier, similar patterns of the
spectral signatures of the Pc 1 waves are observed at different ground stations. Although
wave power was found to attenuate as the waves propagated poleward, the presence of the
pearl structure remains clear. By taking the consistent spectral patterns over the large
extent in latitude and their attenuations into account, the idea that waves are ducted
in the ionospheric waveguide is suggested. In temporally extended time-series plots and
spectrograms as shown in Figure 3-5, propagation time delays among the stations during
the event are observed by comparing the onset time of the temporal and spectral signatures
(indicated by vertical lines in Figure 3-5). Note that the event during this period is indicated
in Figure 3-2. The propagation time delay between HBA and SPA, which are separated by
~ 1600 km, appears to be ~ 18 sec, indicating that the propagation speed is ~ 89 km/s. |
In this study, the data from P1, P2, and P5 are not used since slight timing errors due to
the issues of the data acquisition modules at those stations were known to occur.

The propagation speeds obtained by the previous theoretical estimations and observa-
tions range from ~ 360 to 720 km/s (day-night, sunspot minimum) and ~ 190 to 400 km/s
(day-night, sunspot maximum) (Greifinger & Greifinger 1968); ~ 500 to 800 km/s (Manch-
ester 1970); ~ 540 to 2500 km/s at mid latitudes (Fraser 1975a); and ~ 1000 km/s (Lysak
2004). Neudegg et al. (1995) using a triangular network in Antarctica measured speeds of
~ 150 to 750 km/s. The propagation speed estimated for the event in this study (~ 89 km/s)
is lower than most of the results from the previous studies. Greifinger & Greifinger (1968)

discussed that variation in propagation speed is largely dependent on ionospheric condi-
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Figure 3-5: Propagation time delay in the temporal and spectral structures observed from
HBA and SPA. This event period is band-pass filtered over 0.3 — 0.5 Hz for the structures
to be seen more clearly. The wave arrival time is delayed by ~ 18 sec between the stations,
which are separated by ~ 1600 km. The wave packets and the spectral patterns that are
compared for the timing are indicated by vertical lines. Note that the event during this
period is indicated in Figure 3-2.

tions. We do not, however, exclude a possibility of misinterpretation of the data, which
can be caused by relatively big systematic error due to the difficulties in analyzing the data
acquired from the stations which are separated beyond the range where autocorrelation and

phase correlation analyses are reliably performed.

3.3.3 Polarization

Two polarization properties - ellipticity and polarization angle are discussed in this study.
Ellipticity () is defined as the ratio of the minor axis to the major axis of the ellipse of
magnetic field perturbation in the plane perpendicular to the background magnetic field.

Ellipticity is represented in three ranges: € > 0.2 right-hand polarization (RHP); ¢ <

55


file:///t/ff

—0.2 left-hand (LHP); and |¢| < 0.2 linear (LP)‘ as specified in Anderson et al. (1992).
Polarization major axis angle (6, polarization angle in short) is the angle between the major
axis of the polarization ellipse and the magnetic meridian in the north-south direction. -
Changes of the polarization properties of the waves during the propagation are shown in
Figure 3-6 and Figure 3-7, in which a polarization analysis technique as described in Fowler
et al. (1967) and Rankin & Kurtz (1970) is used to display ellipticities and polarization
angles in a plot of frequency versus time. See Appendix A for more details about the
polarization analysis technique used in this study. The ellipt;icity as shown in Figure 3-6 is
represented in a color scale with —1 being LH circular polarization (negative ellipticity) and
+1 being RH circular polarization (positive ellipticity). LP is defined as having |e| < 0.2
as mentioned earlier. Ellipticities are displayed only for frequencies which exceed a certain
power threshold appropriate to the signal-to-noise ratio. Figure 3-7 shows the polarization
angle change during the wave propagation. In this type of analysis, polarization angle
ranges between —90° and +90°. The sign represents the direction of angle with respect
to the magnetic meridian in the north-south direction (X component in the magnetomgter
data) with positive angle being counterclockwise and negative angle being clockwise.

The waves observed at lower latitudes are predominantly LHP while RHP signals are
more dominant at higher latitudes. The intermediate stations such as P2 and SPA de-
tect intermediate features, i.e., LP. This overall tendency of the wave polarization sense
change from LHP to RHP during propagation appears to be in good agreement with many
other observations (e.g., Hayashi et al. (1981) and Inhester et al. (1984)) and models (e.g.,
Greifinger & Greifinger (1968), and Fujita & Tamao (1988)). To summarize, it is commonly
suggested in the literature that this result implies that 1) LHP Alfvén waves, originating
in low latitude regions, are transmitted into the ionosphere; 2) the waves propagate in the

ionospheric waveguide; 3) the LHP waves, observed in the vicinity of the injection region,
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Figure 3-6: Polarization ellipticity (g) of the ULF Pc 1 waves observed by the ground array
from 0800 to 1300 UT on March 23, 2007 in a plot of frequency versus time. The ellipticity
is shown in a color scale with —1 being LH circular polarization (negative ellipticity) and
+1 being RH circular polarization (positive ellipticity). LP is defined as having |e| < 0.2.
Note that the time intervals of Figure 3-3, Figure 3-5, and Figure 3-8 are indicated.
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gradually change to RHP (with LP observed between LHP and RHP) as distance from the
injection region increases.

It should be noted, however, that there are other spectral components in which the
polarization changes in a different way. For example, Figure 3-6 shows that the spectral -
signatures observed from 0820 to 0900 UT at HBA contain two dominant polarization
senses - LP signals over the frequency range between 0.3 and 0.35 Hz (¢ =~ —0.1) and
LHP between 0.35 and 0.5 Hz (¢ =~ —0.25 to —0.45). It is clearly shown that at AGO P1,
the polarization sense appears to be opposite to those at HBA between the two frequency
ranges (0.3 and 0.35 Hz; 0.35 and 0.5 Hz). Thié tendency is seen at other frequencies in
other times.

The complexity of the polarization patterns as seen in Figure 3-6 might be due to
the horizontal inhomogeneity of the conductivity in the ionosphere. Waves with multiple
frequency components from different injection regions can also affect the pattern. Super-
position effects through refraction, reflection, and transmission in the waveguide can also
be considered. A model study by Belova et al. (1997) showed how the polarization pattern
on the ground can change in a complicated fashion as the inhomogeneity of the ionospheric
conductivity varies. Hayashi et al. (1981) reported greater variation of polarization proper-
ties at high latitudes and suggested that the lack of uniformity in the polarization pattern
appeared to be related to the fact that the array is located close to the wave injection region
where the combination of incident waves and ducted waves is more dominant.

Wave polarization is one of the properties that show the spatial characteristics of the
wave propagation and media. EMIC waves are LHP and, within the extent of the incident
wave into the ionosphere, the ground data also show LHP. It has also been suggested in
theory and observations that the polarization of Pc 1 waves on the ground shows concentric

patterns of polarization sense changing from LHP within the extent of the wave injection
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Figure 3-7: Polarization angle () of the ULF Pc 1 waves observed by the ground array from
0800 to 1300 UT on March 23, 2007 in a plot of frequency versus time. The angle change
ranges between —90° and +90°. The sign represents the direction of the angle with respect
to the magnetic meridian in the north-south direction (X component in the magnetometer
data) with positive angle being counterclockwise and negative angle being clockwise. Note
that the time intervals of Figure 3-3, Figure 3-5, and Figure 3-8 are indicated.
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region to RHP outside the lateral extent of the injection region with LP shown in transition
of the sense change (Greifinger 1972, Hayashi et al. 1981, Fujita & Tamao 1988). Since
incident waves are attenuated rapidly with distance (Hayashi et al. 1981) and mode conver-
sion from the incident Alfvén mode waves to the ducted compressional mode waves occurs
within the extent of the injection region (Fujita & Tamao 1988), the ground signature of
the ducted waves is dominant at larger horizontal distances compared to the extent of the

injection region. Greifinger (1972) demonstrated that a ‘ducted wave is nearly LP.

3.3.4 Spatial Extent of Wave Injection Region

Figure 3-1 shows the southern hemisphere ground track of the magnetic field lines traversed
by the CHAMP satellite from 0835 to 0845 UT on Mar. 23, 2007 at an altitude of ap-
proximately 350 km. The orbit was lined up well with the SPA-P2-HBA line during the
event. Figure 3-8 shows the spectrograms of the three components (b, big, and by,) of
the magnetic field data from the fluxgate magnetometer onboard the CHAMP satellite and
the polarization ellipticities during the event in this study. The ground data from HBA
(Y-component) is also shown in Figure 3-8 for comparison. Band-limited ULF waves over
the frequency band (~ 0.4 - 0.5 Hz) are observed approximately from 0840 to 0843 UT,
which have very similar spectral structures to the ULF Pc 1 waves measured on the ground
array, suggesting a common localized source and ducting effect. Note that the event during
the CHAMP overflight is indicated in Figure 3-2.

The time of CHAMP observation corresponds to the ILAT between —53° and —61° at
L =29-44. CHAMP passed HBA approximately at 0839:30 UT, the time when rather
higher frequency waves (~ 0.6 — 0.7 Hz) are observed. Although the signatures are detected
in both the perpendicular meridional (b1¢) and azimuthal components (by,,), the signals in

the azimuthal component (b, ) are more dominant. On the other hand, no compressional
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Figure 3-8: Stacked spectrograms of the Y-component of the HBA search-coil data, the three
components (b”, big, and b)) of the magnetic field data and the polarization ellipticities
(in three ranges: LP, LHP, and RHP) from the fluxgate magnetometer of the CHAMP
satellite during the event in this study. Band-limited ULF waves over the frequency band
(~ 0.4 — 0.5 Hz) are observed approximately from 0840 to 0843 UT on Mar. 23, 2007. The
satellite crossings over SPA, P2, and HBA are shown with the arrows. Note that the event
during this



power (the parallel component, b”) ié detected, which indicates the waves are transverse.

The sudden disappearance of the broadband structure from the CHAMP data at 0839
UT (L = 5.6) is a clear indication that CHAMP passed from the plasmatrough region to
the plasmasphere. The transition from broadband to narrowband signature is typically
observed by CHAMP when it enters the plasmasphere. This is confirmed by using a model
developed by O’Brien & Moidwin (2003) to estimate the plasmapause location at L = 5.8
during this event, which is close to what was seen from the CHAMP observation.

Fujita & Tamao (1988) concluded that the Alfvén wave is dominant near the wave
injection region and Hall current associated with the Alfvén wave generates the ground
magnetic field variations. Observations using low altitude DE-2 satellite data by Iyemori
et al. (1994) showed wave injection was confined in latitude (< 100 km) and longitude and
concluded that a localized region of electron temperature enhancement is caused by the
direct acceleration of thermal electrons by the Alfvén ion cyclotron waves.

The ground observations by Hayashi et al. (1981) estimated the size of the injection
region to be in the range 100 — 300 km in radius. Fraser et al. (1989) determined the
injection region of structured Pc 1 at L = 4.9 just inside the plasmapause using satellite-
ground observations, which is consistent with the observation results in this study. The
satellite observations in the topside ionosphere by Freja (Mursula et al. 1994) showed Pc 1
activity measured in a small latitude range (60° to 63° MLAT) but a wide longitude range
(03 — 14 MLT). The latitudinal extent of Pc 1-2 waves was found to be 0.3° to 1° in
ILAT using ST5 satellite data (Engebretson et al. 2008). Satellite observations at high
altitude by the Polar satellite showed that the EMIC wave source region at high altitudes
can extend over a very large latitude range of more than 5° in ILAT although the source
region of coherent EMIC waves with a constant frequency is much more limited in latitude

(Mursula et al. 2001). Engebretson et al. (2008) stated that the latitudinal localization
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in the magnetosphere might be attributed to the fact that EMIC waves trapped within a
magnetospheric waveguide are guided along narrowly defined density gradients.

The Pc 1 signatures from the satellite and the ground station are displayed in Fig-
ure 3-9, in which time-series plots of the two perpendicular components, meridional (b, )
and azimuthal (b lvgp) perturbations from the CHAMP magnetié field data and the three
components, By, By, and B,, of the search coil magnetometer at HBA, are shown during
the Pc 1 wave event from 0840 to 0844 UT. Both satellite and ground data are band-pass
filtered over 0.3 to 0.5 Hz so the ULF pulsations are shown more clearly. It appears that
the time-series data from CHAMP in Figure 3-9 also display a pearl structure, which is
a good comparison with the ground data. The average peak-to-peak amplitudes of the
total wave activity between 0841:20 and 0842:00 UT, when the most distinct signals were
detected simultaneously, are estimated at the center frequency of 0.4 Hz over the pass-band
of the filter (0.3 to 0.5 Hz). CHAMP measured b1y = 0.2 nT and b, = 0.4 nT (b =
0 nT), which leads to 0.45 nT in total (= 1/b14% + blwz), while- a.total of 0.08 nT in the
wave activity (= /B2 + B2 + B?) was observed from HBA. The ratio of the peak-to-peak
wave amplitude at CHAMP to that at HBA is thus approximately 6. It should be noted |
that the ground search-coil magnetometer measures dB/dt, so the search-coil data are first
converted to corresponding amplitudes of B. To be more specific, one can assume that a
fluxgate magnetometer measufesv B =Dy »sin wt while a search-coil magnetometer measures
dB/dt = wBycoswt. Therefore, the amplitude measured by the search-coil instrument is
divided by w to obtain By.

Iyemori & Hayashi (1989) showed that the amplitude of the Pc 1 on the ground was more
than 2 orders of magnitude smaller than that observed by Magsat. Engebretson et al. (2008)
found, similarly, that the amplitudes of the Pc 1 waves from the ST5 satellite observations

(~ 5 — 100 nT) were from 1 — 2 orders of magnitude larger than corresponding amplitudes
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Figure 3-9: Time-series plot of the two perpendicular components, meridional (b;¢) and
azimuthal (b,,) perturbations from the CHAMP satellite magnetic field data (first and
second panels, respectively) and the three components, B, By, and B, of the search coil
magnetometer at Halley Station, Antarctica (third, fourth, and fifth panels, respectively)
during a Pc 1 wave event from 0840 to 0844 UT on Mar. 23, 2007.
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observed on the ground. They pointed out that large variations in the fatio of satellite to
ground amplitude may be caused by 1) variations in the spatial extent of the wave source
region; 2) wave absorption and/or partial reflection by heavy ions in the magnetosphere or
3) ionospheric ducting effect of waves originating in a distant source region.

Polarization analysis of the CHAMP data as shown in Figure 3-8 indicates that the
wave events are nearly LP. The wave is transverse as mentioned earlier, which is one of the
characteristics of the incident wave near the wave injection region. Engebretson et al. (2008)
also reported transverse Pc 1 wave activity from the ST5 satellite observation. However,
whether the signal is Alfvénic cannot be determined since CHAMP has no E-field mea-
surement. Satellite observations in the ionosphere using Magsat (Iyemori & Hayashi 1989)
and ST5 (Engebretson et al. 2008) showed reversals between RHP and LHP and between
elliptical and LP. Iyemori & Hayashi (1989) attributed the reversal to the coupling of the
transverse and fast mode waves in the ionosphere. In theory, magnetoacoustic waves carry-
ing the energy of Pc 1 in the ionospheric duct are LP whereas the observations have shown
the waves are elliptically polarized. Baranskiy (1970) suggested the discrepancy might be
due to superposition of polarized waves and thus observed signals tend to be elliptic in
general and band-limifed waves will show smaller ellipticity (close to LP).

Given certain assumptions, the polarization ellipse observed on the ground becomes
increasingly LP with the major axis pointing toward (or away from) the wave injection region
as Pc 1 emissions propagate away from the injection region in the ionospheric waveguide
(Greifinger 1972, Summers & Fraser 1972, Fraser & Summers 1972, Fujita & Tamao 1988).
In addition, Fujita & Tamao (1988) predicted that near the injection center the major
axis of polarization is perpendicular to the radial direction from the injection region. In the
surrounding regioh, however, the major axis points to the center. Although the polarization

angle change shown in Figure 3-7 appears to be somewhat irregular, it shows a general
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tendency that the angle changes consistently at a certain time period and a certain frequency
range during the propagation. This might imply that the waves were injected near HBA,
perhaps near the CHAMP trace between 0840 and 0843 UT (between L = 2.5 and 4.4),
and propagated in a poleward direction in the waveguide since strongest spectral power was
seen at HBA as mentioned earlier and the higher polarization angles (nearly perpendicular
to the magnetic meridian) were observed at HBA as suggested by Fujita & Tamao (1988).
For example, the polarization angle during the CHAMP overflight is ~ +75° at HBA over
the frequency range and becomes less at higher latitudes (particularly at AGO P1) as
shown in Figure 3-7. However, it is not clearly known whether the LP waves observed from
CHAMP was due to either that the incident Pc 1 waves were originally in the LP mode as
they propagate toward the ionosphere (Horne & Thorne 1994, Hu & Denton 2009) or that
CHAMP also detected ducting effect of the Pc 1 waves at lower latitudes.

Although it is quite challenging to determine the extent of the injection region with the
meridional configuration of the array used in this study, the plasmapause location estimation
at L = 5.8 in association with the CHAMP observation as discussed earlier supports the
idea of the wave injection near or poleward of HBA since possible regions of wave generation
and propagation are near or higher L-shells of the plasmapause locations (possibly including
detached plasma regions) (e.g., Fraser & Nguyen (2001), Fraser et al. (2005)). Even though
the wave injection occurred poleward of HBA, the poleward wave attenuation from HBA
to AGO P5 with the signals at HBA being strongest still explains the idea as long as the
injection was not far beyond the location of HBA because HBA is located off the meridional
line of P2-SPA-P1-P5 and therefore, the wave power atteﬁuated more quickly between HBA

and P2 than between the other stations as shown in Figure 3-4.
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3.4 Summary

Well-defined ULF Pc 1 pulsations were observed from the Antarctic magnetometer array
and the CHAMP satellite, providing a very systematic coverage from the satellite overflight
at lower latitude to the ground array covering a very large spatial latitudinal extent, while
aligned almost along a magnetic meridian. The observation is unique in that théy were ac-
quired at stations distributed over an unprecedented range in geomagnetic latitude (—62°
to —87°, spanning ~ 2920 km geographically), while positioned approximately along a mag-
netic meridian and that Antarctica is the only place where such a configuration is possible.
The array deployed in the Antarctic terrain also has very significant advantage of minimal
geoelectric inhomogeneity. As described in Fraser (1975b), polarization observed on the
ground may not reflect the true wave properties due to the inhomogeneous ground conduc-
tivity. In addition, clearly distinguishable ionospheric sunlight conditions in Antarctica can
provide more systematic change of polarization pattern on the ground.

The extent of the ducting is substantial. The spaced magnetometer array with the
latitudinally extensive range along a magnetic meridian revealed very efficient wave propa-
gation in the ionospheric waveguide (~ 8 ~ 20 dB/1000 km), which has rarely been reported
before. Propagation speed and polarization sense and major axis change during the prop-
agation were also shown. These features clearly suggest poleward wave propagation in the
ionospheric waveguide.

The Pc 1 pulsations measured by the CHAMP satellite appear to be transverse and
nearly LP, which might imply that the wave activity was observed in the wave injection
region in the ionosphere. The injection region is also found to have a limited latitudinal
extent (—53° to ~61° ILAT). The pattern of the polarization sense change was observed
on the ground. LHP was dominant at lower latitude and changed to RHP (or LP) during

propagation.
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The polarization angle pattern change observed fromv the ground array (e.g., ~ +75° at
HBA, being less at higher latitudes) during the CHAMP overflight and the plasmapause
location estimation using a model and the CHAMP observations of the wave activity might
imply that the waves were injected near HBA, perhaps near the CHAMP trace (between
L = 2.5 and 4.4), and propagated in a poleward direction in the waveguide. However, a
complex polarization pattern (i.e., change in ellipticity and polarization angle) was found
on the ground during propagation, which might be attributed to the array being close to
the wave injection region where the superposed effect of incident waves and ducted waves

is dominant.
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CHAPTER 4

STATISTICAL STUDY OF PcCc 1-2 WAVE

PROPAGATION CHARACTERISTICS IN

THE HIGH-LATITUDE IONOSPHERIC

WAVEGUIDE

4.1 Introduction

Electromagnetic ion cyclotron‘(EMIC) waves are generally thought to be excited by the
cyclotron instability of hot, anisotropic (T > T}) distribution of medium energy ring cur-
rent ions i‘n the equatorial region of the magnetosphere in the energy range of ~ 1-100 keV
during geomagnetic storms and substorms (Anderson et al. 1996, Kozyra et al. 1997, Jor-
danova et al. 2001, Thorne et al. 2006). Because EMIC waves induce cyclotron resonance of
ring current particles, EMIC waves play an important role in causing rapid particle heating,
pitch angle scattering and thus precipitation loss from radiation belts, which are disturbed
by geomagnetic storms or substorms, to the ionosphere.

The waves in the ULF range propagate from the magnetosphere toward the Earth in the

Alfvén ion cyclotron mode (left-hand polarized, LHP or sometimes linearly polarized, LP)
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through field-aligned injection and are reflected back along the lines at the ionosphere (Brice
1965, Cornwall 1965, Kennel & Petschek 1966, Liemohn 1967, Kangas et al. 1998). Some
energy of the field-guided signals is transmitted to the ionosphere near or in the auroral
zone and couples to right-hand polarized (RHP) compressional (fast), isotropic waves in
the ionospheré (Fraser 1975a,b, Fujita & Tamao 1988). The EMIC waves generated inside
the magnetosphere are typically observed as Pc 1 (0.2 - 5.0 Hz) or Pc 2 (0.1 - 0.2 Hz) type
pulsations on the ground.

It has long been discussed that there exists the ionospheric waveguide (duct) centered
around the Alfvén speed minimum (or electron density maximum) at an altitude of ~
400 km near the F2 region bounded by the E region (~ 100 km) and a region where the
Alfvén speed increases sharply (~ 1000 km) to form a resonance cavity for Alfvén waves (see
Figure 1-7). Compressional waves, not guided by the magnetic field, propagate horizontally
in the waveguide after mode conversion from the incident Alfvén wave to the compressional
wave (Manchester 1966, Tepley & Landshoff 1966, Greifinger & Greifinger 1968, Fujita &
Tamao 1988). ULF Pc 1-2 waves are the one of the most efficiently propagated MHD
waves in the waveguide. Manchester (1966) suggested as the walls of the duct are not
perfect reflectors, the the wave is attenuated asl it propagates down the duct.

Groﬁnd observations by Hayashi et al. (1981) at high latitudes using a search-coil magne-
tometer array found that ULF Pc 1 waves propagated from an injection region in a concen-
tric pattern of equicontour lines of its intensity and observed an attenuation of 10 dB/100 km
near the injection center and 2.5 dB/100 km in the region beyond 500 km from the center
using a network of 13 stations spanning 30° in longitude and 15° in latitude (from 53.7°N,
290.9°E to 75.1°N, 328.0°E, CGM). Neudegg et al. (2000) obtained ~ 41 dB/1000 km using
a closely-spaced (~ 150 km) triangular network near Davis, Antarctica (74.6°S, 102.3°E,

CGM). The theoterical study by Fujita & Tamao (1988) reported ~ 8 dB/100 km and
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the comparison between model and observation by Manchester (1970) estimated ~ 1 —
8 dB/1000 km at low/mid latitudes (note that some studies use “per 100 km” instead of
“per 1000 km”). In addition, it has been predicted in theoretical studies that more efficient
waveguide propagation occurs at nighttime than daytime as the nighttime boundary pro-
vides good reflection (Tepley & Landshoff 1966, Manchester 1966, Greifinger & Greifinger
1968).

Wave polarization is one of the properties that can provide the information about the
wave source location and spatial charactefistics of wave propagation and media. It has been
predicted theoretically that transmitted LHP Alfvén waves, vertically incident on the iono-
sphere, gradually change to RHP as the wave propagates from the injection region to the
surrounding regions in the ionosphere (Baranskiy 1970, Greifinger 1972, Altman & Fijalkow
1980, Fujita & Tamao 1988). Theoretical approaches (e.g., Baranskiy (1970), Greifinger
(1972), Summers (1974), Fujita & Tamao (1988)) and ground observations (e.g., Fraser &
Summers (1972), Summers & Fraser (1972), Fraser (1975a), Fraser (1975b), Hayashi et al.
(1981),Webster & Fraser (1985)) showed that for horizontally ducted transmissions, ellip-
ticity becomes LP with the major axis of the polarization ellipse pointing toward (or away
from) the injection location as well as that the polarization sense changes from predomi-
nantly LHP around the injection region to RHP as the distance from the injection region
increases, assuming a homogeneous ionosphere and vertical magnetic field lines. Hayashi
et al. (1981) reported greater variation of the polarization pattern at high latitudes, sug-
gesting it might be attributed to the array being located close to the wave injection region
where the combination of incident waves and ducted waves is more dominant. A theoretical
approach by Belova et al. (1997) showed how the polarization pattern on the ground can
change in a complex fashion as the inhomogeneity of the ionospheric conductivity varies.

This study describes a statistical analysis of ULF Pc 1-2 wave propagation in the iono-
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spheric waveguide observed from a ground-based search-coil magnetometer array in Antarc-
tica, consisting of five stations along the magnetic meridian. Halley Station, located at the
lowest latitude among the stations, typically observes well-defined Pc 1-2 wave events with
strongest spectral power. The events, showing the identical spectral structure but less wave
power, are detected at the other four stations located at higher latitudes. Section 4.2 in-
troduces the ground search-coil magnetometer arréy instrumentation and data survey for
statistical study. Three examples of the Pc 1-2 wave ducting events are presented in Sec-
tion 4.3 and the statistical study using the ground data obtained in the year 2007 is shown

in Section 4.4.

4.2 Data Analysis

4.2.1 Instrumentation

The ground data presented in this study were obtained from the five ULF search-coil magne-
tometers deployed at Halley Station (HBA), South Pole Station (SPA), and three automated
geophysical observatories (AGOs) in Antafctica. They pfovide three-axis time-varying mag-
netic field (dB/dt) in local geomagnetic coordinates with X northward, Y eastward, and
Z upward parallel to geomagnetic field at a rate of 10 samples/sec (Engebretson et al.
1997). Data from the Z axis are not used in this study since the data from X and Y axis
provide sufficient information about the wave power attenuation and polarization during
propagation.

The geographic and corrected geomagnetic locations of the ground stations used in this
study are presented in Table 3.1. The MLT near the stations is approximately 3 hours
behind UT. The Halley Station is at the lowest magnetic latitude and AGO P5 is at the
highest magnetic latitude among the stations. This Antarctic ground-based magnetometer

array provides observations over.an unprecedented latitudinal extent covering geomagnetic
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latitudes of —61.56° to —86.74° (over the distance of 2920 km) as shown in Figure 3-1.
The three stations P2, SPA and P1 are aligned approximately along a magnetic meridian
within 15 min MLT while HBA is somewhat off-meridian (600 km from the meridional line
of the three stations). The MLT difference at P5 is not very significant as it is close to
the magnetic pole. The latitudes encompass the regions from the subauroral latitude (near

HBA) to the cusp (near SPA) and polar cap latitudes (near AGO P5).

4.2.2 Data Survey

This study utilized the data set obtained in the year 2007 from the Antarctic search-coil
magnetometer array. Stacked 0 — 1 Hz, 2048-point FFT spectrograms (with Hanning win-
dow) of the X (geomagnetic north-south) and Y (geomagnetic east-west) components for all
of the stations and for each day in 2007 have been produced and surveyed to identify ULF
Pc 1-2 wave activities. Once surveyed, the events are categorized as the “ducting events” if
and only if the events occurred at more than 3 stations (out of the five Antarctic stations)
with the same duration, frequency bandwidth, and spectral signatures, and with the spec-
tral power attenuating over the latitudinal distance across the network. The attenuation
was poleward in most cases.

The time period (start and end time) and frequency bandwidth of each event, which are
found simultaneously from the available stations, are specified based on the values obtained
from the spectrogram. If the duration of an event is longer than approximately 30 min, the
event is split into sub-events, of which the duration exceeds no more than 20 min only for
analysis (calculations of attenuation and polarization) purpose. Four frequencies of interest
within the frequency bandwidth of each event in both the X and the Y components are also
selected to examine whether there is frequency dependence in attenuation and polarization

characteristics. Each frequency of interest is defined in this study as a very narrow spectral
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signature, of which the bandwidth is center frequency (the selected frequency of interest)
+0.01 Hz. This corresponds to 5 bins in the 2048-point spectrogram. With the event time
periods and frequencies specified, attenuation and polarization parameters for each event
period are estimated.

The wave power (in dB) is obtained by multiplying the log;, power in the spectrogram
by 10. The wave powers at four selected frequencies during each event period are averaged
and line-fitted in a plot of attenuation (dB) versus distance from HBA (km) to estimate
attenuation factor (dB/1000 km). The wave powers at each selected frequency are compared
to investigate the relationship between wave frequency and attenuation.

In a similar way for the attenuation factor calculation, the polarization parameters
(ellipticity and polarization major axis angle) are obtained at four selected frequencies and
each station for each event using a polarization analysis technique as described in Fowler
et al. (1967) and Rankin & Kurtz (1970) to display ellipticities and polarization major
axis angles in terms of frequency versus time. See Appendix A for more details about
the polarization analysis technique used in this study. AGO P5 data are not used for the
polarization analysis because X-axis data were unavailable during most of the time in 2007.

Ellipticity () is defined as the ratio of the minor axis to the major axis of the ellipse
of magnetic field perturbation in the plane perpendicular to background magnetic field.
Ellipticity is represented in three ranges: ¢ > 0.2 RHP; ¢ < —0.2 LHP; and || < 0.2
LP as defined in Anderson et al. (1992). Polarization major axis angle (§, polarization
angle in short) is the angle betwgen the major axis of the polarization ellipse and the
magnetic meridian in the north-south direction. In the analysis tool used in this study,
the polarization angle ranges between —90° and +90°. The sign represents the direction of
angle with respect to the magnetic meridian in the north-south direction (X component)

with positive angle being counterclockwise and negative angle being clockwise.
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The dates in the dataset are categorized into three conditions based on the sunlight
condition in the ionosphere. The information on the sunlight condition at the low-altitude
bound of the E region was obtained via use of an algorithm developed by Muneer (2004)
(called ProgI-7 in the text). It is first necessary to calculate the angle of elevation of the
‘Sun above the horizon, as well as the azimuthal angle that the projection of the Sun’s ray
makes with north. These values are determined for an altitude of 100 km and allow for
identification of the (local) time at which sunrise and sunset occurred for each location. An
event was classified as “Sunlit” if its start time was after sunrise and its end time was before
sunset for all of the stations. An event was classified as “Dark” if either its start time and
end time were earlier than sunrise or if both start and end times were later than sunset
for all of the stations. All events that did not fall into one of these three cases were called
“Mixed”. There are 67 sunlit events, 8 dark events, and 63 mixed events. The insufficient
number of the events during dark times is partly (or perhaps completely) due to limited

power at the unmanned stations (AGOs) during the winter time.

4.3 Example Events

The data from the Antarctic magnetometer array has been showing very well-defined ULF
wave ducting events over the entire extent of the array. This section presents three example
events showing Pc 1-2 wave propagation in the ionospheric waveguide. Each example is
presented with four figures, which include spectrograms, power spectra and attenuation
plots, polarization ellipticity patterns, and polarization angle patterns. In the 0 — 1 Hz
Fourier spectrograms, the five stations are shown in the order of latitude, the station at
the highest latitude being on the top (P5) and the station at ‘the lowest latitude being on
the bottom (HBA). The power spectra display log;, power as a function of frequency. The

attenuation plots show the wave power attenuation (in dB) over the distance from HBA (in
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km) at four selected frequencies.

The two polarization parameters (ellipticity and polarization angle) are also displayed
for each example event. The figures for the polarization ellipticity (a) patterns show the
ellipticities in a color scale over the course of the event duration in terms of frequency for
each station, containing 12 panels: 3 polarization modes (LP, LHP, and RHP) for each
station. The top 3 panels represent the data from P1 and the bottom 3 panels the lowest
latitude station, HBA (P5 data are not used for polarization analysis due to the unavailable
X component data). The color scale represents LH circular polarization as —1 (negative
ellipticity) and RH circular polarization as +1 (positive ellipticity). LP is defined as having
le] < 0.2 as mentioned earlier.

The figures for the polarization angle () patterns show the polarization angles in a color
scale over the course of the event duration in terms of frequency for each station, containing
8 panels: positive (§ > 0) and negative (6§ < 0) angles for each station, P1 being on the
top 2 panels and HBA being on the bottom 2 panels. Ellipticities/angles are displayed only
for those frequencies which exceed a certain power threshold appropriate to the digitization
level of the instrument range. Each horizontal pixel corresponds to an average of 2048-point

Fourier power spectra.

4.3.1 Example 1: Mar. 5, 2007

The event occurred on Mar. 5, 2007 approximately from 0200 to 0600 UT over the broad-
band frequency range 0.4 to 0.8 Hz (Pc 1 range) as shown in the stacked spectrograms
of the Y components in Figure 4-1. The poleward propagation across the entire network
(from HBA to P5) is apparent and both overall and detailed (pearls) spectral structures
remain constant during the propagation. The identical spectral patterns, albeit attenuated

_across the network, suggest that the waves were generated in a localized region within the
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ionosphere. Otherwise, such identical spectral signatures may not be detected over the wide
range. During this event, the ionosphere at an altitude of 100 km over all of the stations
was sunlit.

Figure 4-2 shows the power spectra (log;q power versus frequency) of the ULF Pc 1
events and the wave power attenuation (in dB) over the distance from HBA (in km) at
four selected frequencies (0.55, 0.62, 0.69, and 0.76 Hz). Two different time periods are
examined for this analysis in an attempt to separate such a long event duration (0220 to
0240 UT and 0240 to 0300 UT). Each time period displays. the results from both X and
Y components. The power spectra also clearly reveal that the spectral structures remain
almost identical during the propagation. From the results in Figure 4-2, the attenuation
factors appear to be approximately between 10 and 16 dB/1000 km (~ 14 dB/1000 km on
average) depending on the wave frequency. Although not very significant, the attenuation
appears to increase as the wave frequency increases, as predicted by Greifinger & Greifinger
(1968).

Polarization ellipticity patterns shown in Figure 4-3 suggest that both LHP and RHP
modes are predominantly shown at HBA although the modes appear during different times
and over different frequency ranges. The event from 0315 to 0530 UT over the frequency
range 0.4 to 0.7 Hz is in LHP mode But the event during the same period over the upper
frequency range (0.7 to 0.8 Hz) is in RHP mode. The event occurring from 0215 to 0315 UT
over the frequency range 0.5 to 0.8 Hz is also in RHP mode. The polarization sense change
is somewhat clear during the poleward propagation. For example, the LHP mode event
at HBA changes to an event in either LP or RHP mode at the higher latitudes while the
RHP mode event at HBA changes to the LP or LHP mode events. Although the pattern
of the polarization ellipticity appears to be complex over the temporal and spatial extent,

one thing that seems to be shown clearly is that the ratio between the modes varies over
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Antarctic Search—-Coil Magnetometer Data 2007/03/05 02:00-06:00 UT

P2 By Freq (Hz) SPA By Freq (Hz) P1 By Freq (Hz) PS5 By Freq (Hz)

HBA By Freq (Hz)

02:00 03:00 0400 05:00 0600

Universal Time (hh:mm)

Figure 4-1: Stacked 0 — 1 Hz Fourier spectrograms in the Y (east-west) components of the
search-coil data showing the ULF Pc 1 waves recorded at the Antarctic stations, Halley
(HBA), AGO P2, South Pole (SPA), P1 and P5 from 0200 to 0600 UT on Mar. 5, 2007
(Example 1). '
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(b) Antarctic Search—Coil Magnetometer Data  2007/03/05 02:40-03.00 UT
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Figure 4-2: Power spectra (log;q power versus frequency) of the ULF Pc 1 events observed
by the Antarctic search-coil array and the wave power attenuation (in dB) over the distance
from HBA (in km) at four selected frequencies (0.55, 0.62, 0.69, and 0.76 Hz) during the
two time periods, (a) 0220 — 0240 UT and (b) 0240 — 0300 UT on Mar. 5, 2007. The graphs
for each time period display the results from both X and Y components.

distance. As mentioned earlier, the waves seen from HBA are predominantly in LHP and
RHP modes but LP mode shows up more dominantly at P1.

The polarization angle patterns in Figure 4-4 appear to show similar temporal structures,
as shown in the elliptjcity pattern in Figure 4-3, at least at HBA. In other words, the
temporal distribution of the positive angles at HBA shows a similar pattern to that of the
ellipticities at HBA, which might indicate that the wave events in each polarization mode
are propagated from each different localized injection region. This scenario is supported by

Greifinger (1972), Summers & Fraser (1972), Fraser & Summers (1972), and Fujita & Tamao

79



Antarctic Search—Coil Magnetometer Data 2007/03/05 02:00-06:00 UT
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Figure 4-3: Polarization ellipticity (¢) of the ULF Pc 1 waves observed by the Antarctic
search-coil array on Mar. 5, 2007 in a plot of frequency versus time. Each panel is repre-
sented in a color scale with —1 being LH circular polarization (negative ellipticity) and +1
being RH circular polarization (positive ellipticity). LP is defined as having |e| < 0.2.
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Antarctic Search-~Coil Magnetometer Data 2007/03/05 02:00-06:00 UT
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Figure 4-4: Polarization angle (#) of the ULF Pc 1 waves observed by the Antarctic search-
coil array on Mar. 5, 2007 in a plot of frequency versus time. The angle ranges between
—90° and +90°. The sign represents the direction of angle with respect to the magnetic
meridian in north-south direction (X component) with positive angle being counterclockwise
and negative angle being clockwise. The panels on the left and right present. positive (8 > 0)
and negative (6 < 0) angles, respectively.
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(1988), who suggested, given certain assumptions, that the polarization ellipse observed on
the ground becomes increasingly LP with the major axis pointing toward (or away from)
the wave injection region as Pc 1 emissions propagate away from the injection region in the

ionospheric waveguide.

4.3.2 Example 2: Mar. 24, 2007

The Pc 1 wave event was observed from 1900 Ito 2130 UT on Mar. 24, 2007 as shown
in the stacked spectrograms of the X components in Figure 4-5. Although the overall
wave activity occurred over a broad bandwidth (~ 0.25 to 0.4 Hz), the detailed structure
displays narrowband events (at around 0.3 and 0.4 Hz). Data from P5 were unavailable.
Pearl structure is also shown in the spectrograms. During this event, the ionosphere at an
altitude of 100 km over all of the stations was sunlit.

The power spectra and the wave power attenuation (in dB) over the distance from
HBA (in km) at four selected frequencies (0.27, 0.31, 0.35, and 0.39 Hz) are shown in
Figure 4-6. Two different time periods are examined for this analysis in an attempt to
separate such a long event duration (2010 to 2030 UT and 2100 to 2120 UT). Each time
period displays the results from both X and Y components. Surprisingly identical spectral
signatures are found in the power spectra in both components for each time period. From
the results in Figure 4-6, the attenuation factors appear to be approximately between 7 and
14 dB/1000 km (~ 10 dB/1000 km on average) depending on the wave frequency. No clear
tendency in the relationship between the attenuation and the frequency is found from the
results in Figure 4-6.

Unlike the patterns as shown in Figure 4-3, the polarization ellipticity patterns in Fig-
ure 4-7 show very consistent ellipticity over a certain frequency range over the course of the

event duration at all of the stations. In other words, the events occurred over the higher
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Antarctic Search—Coii Magnetometer Data 2007/03/24  19:00-22:00 UT
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Figure 4-5: Stacked 0 — 1 Hz Fourier spectrograms in the X (north-south) components of
the search-coil data showing the ULF Pc 1 waves recorded at the Antarctic stations, Halley
(HBA), AGO P2, South Pole (SPA), and P1 from 1900 to 2130 UT on Mar. 24, 2007

(Example 2).

(~ 0.35 to 0.40 Hz), mid (~ 0.30 to 0.35 Hz), and lower (~ 0.25 to 0.30 Hz) frequency
range consistently show LP, RHP, and LHP, respectively. While LP and RHP modes lose
their power during the poleward propagation, the LHP mode events intensify at mid lati-
tudes. The polarization angle patterns in Figure 4-8 show that the positive angles are more
dominant than the negative angles at HBA and this tendency appears to remain the same
at the higher latitudes. Again, the polarization patterns in this example might indicate
that the wave events in each polarization mode are propagated from each different localized

injection region.
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Figure 4-6: Power spectra (log;, power versus frequency) of the ULF Pc 1 events observed
by the Antarctic search-coil array and the wave power attenuation (in dB) over the distance
from HBA (in km) at four selected frequencies (0.27, 0.31, 0.35, and 0.39 Hz) during the

two time periods, (a) 2010 — 2030 UT and (b) 2100 - 2120 UT on Mar. 24, 2007. The
graphs for each time period display the results from both X and Y components.

4.3.3 Example 3: Oct. 7, 2007

This example displays very well-defined pearl structure in the Pc 1 range (~ 0.30 to 0.50 Hz)
from 0420 to 0640 UT on Oct. 7, 2007. The stacked spectrograms in Figure 4-9 show the X
component of this event. Data from P5 were unavailable. During this event, the ionosphere
at an altitude of 100 km over all of the stations was sunlit.

As shown in the previoﬁs examples, very similar spectral signatures are found in the
power spectra in both components for each time period; 0440 to 0500 UT and 0600

to 0620 UT (Figure 4-10). The wave power attenuation (in dB) over the distance (in

84



Antarctic Search—Coil Magnetometer Data 2007/03/24 19:00-22:00 UT
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Figure 4-7: Polarization ellipticity (¢) of the ULF Pc 1 waves observed by the Antarctic
search-coil array on Mar. 24, 2007 in a plot of frequency versus time. Each panel is
represented in a color scale with —1 being LH circular polarization (negative ellipticity) and
+1 being RH circular polarization (positive ellipticity). LP is defined as having || < 0.2.
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Antarctic Search—Coil Magnetometer Data 2007/03/24 19:00-22:00 UT
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Figure 4-8: Polarization angle (6) of the ULF Pc 1 waves observed by the Antarctic search-
coil array on Mar. 24, 2007 in a plot of frequency versus time. The angle ranges between
—90° and +90°. The sign represents the direction of angle with respect to the magnetic
meridian in north-south direction (X component) with positive angle being counterclockwise
and negative angle being clockwise. The panels on the left and right present positive (8 > 0)
and negative (f < 0) angles, respectively.
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Antarctic Search—Coil Magnetometer Data  2007/10/07 04:00-07:00 UT
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Figure 4-9: Stacked 0 - 1 Hz Fourier spectrograms in the X (north-south) components
of the search-coil data showing the ULF Pc 1 waves recorded at the Antarctic stations,
Halley (HBA), AGO P2, South Pole (SPA), and P1 from 0420 to 0640 UT on Oct. 7, 2007
(Example 3).

km) at four selected frequencies (0.30, 0.38, 0.46, and 0.54 Hz) as shown in Figure 4-
10 reveal that the attenuation factors are approximately between 11 and 29 dB/1000 km
(~ 20 dB/1000 km on average) depénding on the wave frequency. As also previously shown,
the attenuation factor tends to increase with frequency except for the highest frequency of
0.54 Hz, at which the spectral power is too attenuated even at P2 to be included in the
analysis.

The ellipticity patterns in Figure 4-11 show that the event is in a complex mode at HBA

but at the higher latitudes, LP and RHP modes are predominantly displayed in a clear

87



(a) Antarctic Search—Coil Magnetometer Data  2007/10/07 04:40-05:00 UT

OT\ {

o 1000 2000 3600

ation Bx (dB)

Attenu

Attenuation By (dB)

0 1000 2000 3000

Distance from HBA (km}

{b} Antarctic Search—-Coil Magnetometer Data 2007/10/07 06:00-06:20 UT

uation Bx (dB)

Log. Power 8x

Atten

Q 1000 2000 3000

Logu Power By
Atlenuation By (dB)
|
o
3

)
®

30 He ;
38 He
46 Hz
54 H

0
Q
Q
0 z

1000 2000 3000

°
>
=3
[N
o
S
o
@
o
@
°
©

Frequency (Hz) Distance from HBA (km)

Figure 4-10: Power spectra (log,o power versus frequency) of the ULF Pc 1 events observed
by the Antarctic search-coil array and the wave power attenuation (in dB) over the distance
from HBA (in km) at four selected frequencies (0.30, 0.38, 0.46, and 0.54 Hz) during the
two time periods, (a) 0440 — 0500 UT and (b) 0600 — 0620 UT on Oct. 7, 2007. The graphs
for each time period display the results from both X and Y components.

fashion during the event period and over the event bandwidth. This tendency is similarly
shown in all of the three examples, which might imply that the events observed at HBA are
dominated by both incident and ducted waves while the events at the higher latitudes are
mostly ducted. The polarization angle patterns in Figure 4-12 show a similar tendency to
the ellipticity patterns of this event, displaying somewhat complex angle patterns at HBA
but less complexity at the higher latitudes. Both positive and negative angles are shown

almost equally in the events at the higher latitudes.

88



Antarctic Search—Coil Magnetometer Data 2007/10/07 04:00-07:00 UT
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Figure 4-11: Polarization ellipticity (¢) of the ULF Pc 1 waves observed by the Antarctic
search-coil array on Oct. 7, 2007 in a plot of frequency versus time. Each panel is represented
in a color scale with —1 being LH circular polarization (negative ellipticity) and +1 being
RH circular polarization (positive ellipticity). LP is defined as having |¢] < 0.2.
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Antarctic Search—Coil Magnetometer Data 2007/10/07 04:00-07:00 UT
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Figure 4-12: Polarization angle (8) of the ULF Pc 1 waves observed by the Antarctic search-
coil array on Oct. 7, 2007 in a plot of frequency versus time. The angle ranges between
—90° and +90°. The sign represents the direction of angle with respect to the magnetic
meridian in north-south direction (X component) with positive angle being counterclockwise
and negative angle being clockwise. The panels on the left and right present positive (6 > 0)
and negative (6 < 0) angles, respectively.
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4.4 Statistical Results

A total of 138 ULF Pc 1-2 wave events showing poleward propagation in the ionospheric
waveguide are found from the Antarctic search-coil magnetometer array data in 2007. Out
of the 138 events, 95 events are structured pulsations (pearls). Bandwidths of the events
in this study are classified as “broadband” and “narrowband”. Although there is no gener-
ally accepted definition for the classification used in other studies, this study classifies the
bandwidth as narrowband if the bandwidth is < 0.1 Hz, otherwise, broadband. Out of the
total events, 37 events are classified as narrowband waves.

There are 20 events that are not clearly propagating poleward, meaning the most dom-
inant spectral power shows up somewhere other than the lowest latitude (HBA). Instead,
either SPA or P2 displays the most dominant spectral power. This type of irregular prop-

agation occurred mostly under sunlit conditions.

4.4.1 MLT Occurrences

MLT occurrences of Pc 1-2.wave du_cting events are shown for the entire set of events in
2007 (Figure 4~13)‘ and for the evénts classified according to the their propagation types
(Figure 4-14). Figure 4-13 shows that the Pc 1-2 ducting occurred at all local times, but
was more common during daytime hours and shdwed peaks near 0700 MLT and 1400 MLT.

While a Pc 1-2 wave occurrence peak was found in the early afternoon sector using
a ground network (Popecki et al. 1993) and satellite measurements (Fraser & McPherron
1982), some studies observed two occurrence peaks. Satellite observations of Pc 1-2 waves
by Anderson et al. (1992) found that an occurrence peak was found at 1100 to 1500 MLT
at L = 3.5 to 9, indicating that plasma sheet protons in the partial ring current as well as
protons on closed drift paths are important for generating EMIC waves. They also found

a secondary peak in the dawn sector (0300 to 0900 MLT) at L > 7. Bolshakova et al.
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MLT Distribution of Pc 1-2 Ducting Events (2007)
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Figure 4-13: MLT distribution of ULF Pc¢ 1-2 ducting events in the year 2007.

(1980) used 7 ground magnetometers to suggest that occurrence depends significantly on
geomagnetic latitude. According to their study, one maximum has been found around noon
from two stations at higher latitudes (77° and 85°). Two maxima appeared at mid latitudes
(74° and 75°): one approximately at 0800-0900 MLT and the other at around 1500 MLT.
Stations located in the auroral zone (63° and 64°) also show two maxima but at significantly
different times: a peak at 1600-1700 MLT and a secondary peak in the early morning sector.
Bolshakova et al. (1980) suggest the existence of the two occurrence peaks is attributed to
the position of the stations with respect to the dayside polar cusp since the stations approach
the cusp twice in the course of their diurnal rotation. The MLT occurrences observed by
Plyasova-Bakounina et al. (1996) using a ground network of six stations at latitudes 65° to
76° appear to be similar to those in the Bolshakova et al. (1980) study. Although the MLT
occurrences in Figure 4-13 appear to agree with the previous results, the implication might
be somewhat different because the result in Figure 4-13 contains all the MLT occurrences
of the ducting events over the entire latitudinal extent while the previous studies show

occurrences from each station.
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As mentioned earlier, there are 20 events that are categorized as “irregular propagation”,
in which the most dominant spectral power shows up somewhere other than the lowest lati-
tude (HBA). This might imply a higher-latitude or off-meridional (from the meridional line
of P2-SPA-P1-P5) wave injecti.on. Figure 4-14 displays the MLT oécurrence difference be-
tween the regular poleward propagation and the irregular propagation. It is noted that the
irregular propagation events are rather clustered in the prenoon and the postnoon sectors
and occurred mostly under sunlit condition. Figure 4-15 shows the normalized occurrences
of the frequency components of the two different propagation types - “Clear Poleward”, and
“Irregular Propagation”, in which the propagation types - or perhaps, where the injection
region is relatively located - are related with the wave frequency components in the waveg-
uide. A similar tendency is also demonstrated in Figure 4-17 in Section 4.4.2, which reveals
that the frequency components in the waveguide are dependent on the ionospheric conduc-
tivity and the occurrences of the frequency range under sunlit conditions show a similar
pattern to what is shown in Figure 4-15. This relationship might indicate that wave in-
jection is affected by geomagnetic activity (or at least the geometry of the field lines along
which waves are injected) because the wave frequency components appear to be related
with the ionospheric conductivity which also varies with the geomagnetic activity. Another
possible explanation as to the irregular propagation might be fhat the Wavegﬁide lower
boundary has varying transmission coeflicients, so the wave does not necessarily have less
amplitude on the ground at succe,ésive stations along the direction of propagation (Neudegg

et al. 2000).

4.4.2 Spectral Power Attenuation and Ionospheric Conductivity

The average spectral power attenuation factors under the three different sunlight con-

ditions are estimated by averaging the attenuation factors of the X and Y components
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Figure 4-14: MLT distribution of ULF Pc 1-2 ducting events - clear poleward propagation
versus irregular propagation.

over the bandwidth (at four selected frequencies) of eaf:h event. The survey estimated ~
9.85 dB/1000 km (standard deviation, ¢ = 6.55) under sunlit conditions, ~ 12.33 dB/1000 km
(¢ = 4.61) under mixed conditions, and ~ 13.81 dB/1000 km (o = 7.08) under dark con-
ditions, giving an total average (over the entire year) of ~ 11.10 dB/1000 km (o = 5.93).
The at‘tenuation shows a seasonal effect, sunlit-time attenuation being lower, dark-time
attenuation being higher, and mixed-time being in the middle.

The attenuation results from the model/observation studies including the ones in this
study reveal a wide range of the attenuation factors. Moreover, the attenuation factors
obtained in this study appear to be ﬁluch lower than those in many other previous studies
as listed in Section 4.1. The wide range of the results seem to be attributed to iono-
spheric conductivity in the waveguide, which varies with sunlight. In addition, attenuation
in the waveguide may not occur in a linear fashion due to its inhomogeneous conductivity
and the leaky ionospheric layer (Manchester 1968, Neudegg et al. 2000, Fraser & Nguyen
2001). It can also be attributed to the different configuration of the arrays in latitudinal

and longitudinal extent in other studies since ducting can occur most efficiently along the
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Figure 4-15: Frequency distribution of two different Pc 1-2 wave propagation types - clear
poleward propagation versus irregular propagation. Note that the occurrences of each
propagation type are normalized.

magnetic meridian (Greifinger & Greifinger 1973, Fraser 1975a). Fraser & Nguyen (2001)
suggests that signals may not fall off monotonically with distance in the presence of spa-
tial variations in density in the E region in the ionosphere. In addition, Hayashi et al.
(1981) observed both poleward and equatorward attenuation and concluded that poleward
propagation shows slightly less attenuation. The more efficient poleward than equatorward
ducting might be attributed to incident Poynting flux being initially poleward based on the
fact that the incident waves are field-aligned Alfvén waves (field lines are angled pointing
toward the .Polés). The observations in this statistical study, showing much less attenuation
compared to the other previous observations, are unique in that the ducted waves, seen
over an array with unprécedented geomagnetic latitudinal range and positioning along a
magnetic meridian (a condition that provides the most efficient ducting), have rarely been
measured before.

The result in this study that sunlit-time propagation is more efficient than dark-time

(or mixed-time) propagation is opposite to the ones in the model studies (e.g., Tepley
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& Landshoff (1966), Manchester (1966), Greifinger & Greifinger (1968), Lysak (2004)) in
which less attenuation was found in dark-time propagation than sunlit-time propagation.
It has been suggested that the less attenuation under dark conditions is attributed to
higher reflection coefficients at both the upper and lower boundaries of the waveguide (e.g.,
Manchester (1966)) and less collisions in plasma, equivalently, longer plasma skin depth
(o 1/wpe) (e.g., Greifinger & Greifinger (1968)). Lysak (2004) concluded that since ducted
signals are responsive to the vertical magnetic field caused by the curl of the horizontal
electric fields (Faraday’s law), implying that in the weak electric fields (at high conductivity)
the magnetic fields seen on the ground are weak accordingly. Manchester & Fraser (1970)
showed the difference of Pc 1 wave occurrences between two mid-latitude stations and found
that‘ more simultaneous events are observed near 0500 MLT than in midday-afternoon hours
when the ionospheric electron density was higher. However, no observational statistical
study of the variation of attenuation factors under different sunlight conditions has been
completed before.

The contrasting results in this study might suggest that the wave attenuation in the
ionospheric waveguide is governed by the Hall current induced by the incident Alfvén wave
more than by collisional processes in the ionospheric plasma. Sunlit conditions cause higher
Hall conductivity (equivalently, lower electric field intensity) in the ionosphere. Unlike the
model predictions by the previous studies commented above, in which the higher conduc-
tivity leads to higher attenuation due to either higher collision plasma frequency or lower
induced magnetic field, the results in this study might suggest that the increased Hall
current due to increased conductivity under sunlit conditions results in lower attenuation
assuming ducted waves propagating in the waveguide are induced by the Hall currents as
predicted by Fujita & Tamao (1988).

Fujita & Tamao (1988) commented that the Pedersen and Hall currents are generated
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in the E region by the incident Alfvén waves, which contribute to the generation of the fast
mode waves. The Hall currents induce ducted fast waves propagating horizontally in the
waveguide. Since the electrostatic electric field of the incident Alfvén waves is dominant
in power, the Hall current generates ground magnetic fields, which are detected by ground
search-coil magnetometers, near the region where the Alfvén waves are injected. They also
mentioned that, on the other hand, in the region surrounding the injection region both the
fast waves trapped in the duct and the ‘ﬁelds induced by Pedersen currents perturb the
magnetic field on the ground since the signal intensity of the fast waves is larger than that
of the incident Alfvén waves. Fujita (1988) suggested ionospheric Joule loss is the most
effective mechanism of wave attenuation in the waveguide and energy loss of the fast wave
by Pedersen current is dominant.

The spectral power attenuation of the ducting events as a function of frequency under
the three ionospheric sunlight conditions is shown in Figure 4-16, indicating wave power
attenuation appears to increase with increasing frequency. This result is supported by a
model predicted by Greifinger & Greifinger (1968), who suggest that attenuation in any
band generally increases with frequency, being smallest at the cutoff frequency since signals
are attenuated due to collisional process (signals with higher frequencies undergo more
collisions). Fujita (1988) explained that fhe attenuation decreases at the lower frequency
because the ducted wave with a lower frequency has a longer vertical wavelength. Fujita
(1988) also mentioned that at a lower frequency, because of the longer vertical wavelength
and wave reflection at the surface of the Earth, the electric field disturbance of the ducted
wave has its maximum value at the higher altitude where the conductivity is smaller.

The statistical survey of the frequency components of the Pc 1-2 ducting events is shown
in Figure 4-17. This result clearly shows the frequency of the ducting events decreases with

the increasing ionospheric conductivity. In other words, the frequency cutoff defined by
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Attenuation vs Frequency
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Figure 4-16: Spectral power attenuation versus frequency under three ionospheric sunlight
conditions.

the waveguide is strongly dependent on the conductivity. Note that the occurrences in
each sunlight condition aré normalized. The cutoff feature in the waveguide is not the
property of the medium but of the boundary conditions. At the lower frequency cutoff,
the wavelength is longer than the physical extent of the ionosphere in altitude so that the
ionospheric waveguide has little effect on the wave since most of the wave (in wavelength)
is not confined in the waveguide. At higher frequencies, on the contrary, the wavelength
becomes small enough to be confined in the waveguide and thus the wave propagation
becomes more sensitive to the physical size of the waveguide, which is affected by the
ionospheric sunlight condition. Therefore, dark-time cutoff frequencies are higher than the

sunlit-time cutoffs (Greifinger & Greifinger 1968), which is confirmed in this study.

4.4.3 Polarization Characteristics

Polarization ellipticity observations at each station under the three sunlight conditions are
presented in percentiles as shown in Figure 4-18, showing that both LHP and RHP modes

are dominant at HBA and the occurrence of LP mode at HBA is about 10%. On the

98



Frequency Distribution of Pc 1-2 Ducting Events
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Figure 4-17: Frequency distribution of Pc 1-2 ducting events under three ionospheric sun-
light conditions. Note that the occurrences in each sunlight condition are normalized.

other hand, both LHP and RHP modes decrease and the LP mode increases at the higher
latitudes. EMIC waves are typically in the LHP Alfvén mode (or LP mode as the waves
propagate toward the ionosphere) and, within the extent of the incident wave into the
ionosphere, the ground data show LHP mode predominantly while LP and RHP modes are
also found. Modg‘conversion from the incident Alfvén waves to the ducted compressional
mode waves occurs within the extent of the injection region (Fujita & Tamao 1988) and at
larger lateral distance compared with the wave incident region, signals found on the ground
should be identified as ducted waves in LP mode since tlhe incident waves are attenuated
rapidly with distance (Hayashi et al. 1981). Greifinger (1972) predicted that the ducted
waves are nearly LP. However, a somewhat more complicated polarization pattern has been
reported by a number of observation studies (e.g., Fraser (1975b), Hayashi et al. (1981),
Inhester et al. (1984)), which is discussed below.

As commented earlier, it is predicted that meridional propagation is most eflicient.

Greifinger & Greifinger (1973) explained that off-meridian propagation involves the appear-
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Figure 4-18: Ellipticity occurrence percentiles over distance using the data from the Antarc-
tic array. Note that the events under dark ionospheric condition are not included due to
insufficient number of events.

ance of resonant absorption peaks at certain frequencies. Fujita (1988) predicted in his
model that Poynting loss appears when the ducted wave propagates out of the meridian
plane. Figure 4-19 demonstrates a relationship between polarization angle at HBA and
attenuation to examine how much initial horizontal propagation direction near the injec-
tion region (i.e., at HBA) affects attenuation during propagation in the waveguide. Since
meridional pr;)pagation is thought to be most efficient, it can be observed that if the initial
propagation direction is along the magnetic meridian (i.e., # = 90° as predicted by Fujita
& Tamao (1988) assuming that HBA is close to the injection region), attenuation should
be small. On the other hand, if the initial horizontal propagation direction is off-meridian,
attenuation should increase.

Figure 4-20, presented by Fujita & Tamao (1988), sketches horizontal spatial distribu-
tions of polarization patterns for the incident wave in the magnetosphere and the trans-

mitted wave on the ground, suggesting that the magnetic vector rotates by 90° but the
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Attenuation vs Polarization Angle at HBA
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Figure 4-19: Plots showing the relationship between spectral power attenuation and polar-
ization ellipse major axis angle at HBA using the data from the Antactic array.

polarization sense keeps its direction in transmission through the E layer. Fujita & Tamao
(1988) also suggest that the polarization pattern on the ground shows that, near the wave
injection region, the major axis of polarization is perpendicular to the radial direction from
the region whereas, in the surrounding region, the major axis points to the region. The
result in Figure 4-19 appears to support this scenario since the attenuation appears to be
lower at higher angles (i.e., for meridional propagation near the wave injection region). It
is also shown in Figure 4-19 that the events under the dark-time and mixed-time conditions
tend to display the tendency in a more well-defined manner than those under the sunlit con-
dition. This might be due to less inhomogeneity in the ionosphere during dark (or mixed)
conditions.

It should be noted that the results in Figure 4-18 and Figure 4-19 do not always show
polarization patterns as predicted in previous studies rather displaying a somewhat complex

pattern in the polarization change and in the relationship between polarization angle and
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Incident magnetic field disturbance Transmitted magnetic field disturbance
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Figure 4-20: Horizontal spatial distributions of polarization patterns for incident wave (left)
and transmitted wave on the ground (right). Circles drawn with a broken line and a solid
line are demarcations of the polarization sense and the major axis direction, respectively
(after Fujita & Tamao (1988)).

attenuation. In general, propagation properties change in a very complicated way as waves
propagate through inhomogeneous media. As an example, through reflection, refraction
and transmission in different media, waves may change their amplitudes and phases and
hence affect the polarization characteristics of the waves.Baranskiy (1970) predicted that
polarization is complicated by the presense of a thin, strongly absorbing ionospheric layer
and thus ellipticity tends to become smaller (LP) in nighttime than in daytime. This agrees
well with the observations by Fraser & Summers (1972) suggesting that well-defined LP
events relating to a high latitude wave injection region are most likely to occur when the
ionosphere is most uniform whereas LP events observed during sunrise and in the daytime
are not generally correlated with the direction of an injection region. Hayashi et al. (1981)
also observed that the polarization major axes at several stations in high latitudes do not

necessarily direct to one point, which might be due to the ionospheric inhomogeneities.
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To summarize, the complexity in polarization pattern might be due to 1) the horizontal
inhomogeneity of the ionospheric conductivity (Hayashi et al. 1981, Belova et al. 1997)
or the ground conductivity (Fraser 1975b); 2) waves with multiple frequency components
from different injection regions; 3) superposition effects through refraction, reflection, and
transmission in the waveguide (Altman & Fijalkow 1980); 4) at high latitudes, the array is
located close to the wave injection region where the superposed effect of incident waves and
ducted waves is more dominant (Hayashi et al. 1981); and 5) polarization change of EMIC
waves during propagation in the magnetosphere (Young et al. 1981, Horne & Thorne 1993,

Meredith et al. 2003, Hu & Denton 2009).

4.5 Summary

Simultaneous observations of ULF Pc 1-2 waves have been made from the Antarctic search-
coil magnetometer array, consisting of five stations, covering an unprecedented range in
geomagnetic latitude (—62° to —87°, spanning geographically ~ 2920 km) along a magnetic
meridian and with uniform ionospheric condition. The meridional alignment of the array
can provide useful information about wave propagation in the waveguide since it is known
that ducting can occur most efficiently along the magnetic meridian. Using the data set
obtained from the Antarctic search-coil magnetometer array in the year 2007, this study
presents a statistical approach to understanding the Pc 1-2 wave propagation characteristics
(attenuation and polarization) in the ionospheric waveguide centered around the F2 region
altitude of maximum ionospheric electron density, in which a resonance cavity for Alfvén
waves is formed aﬁd compressional waves propagate horizontally after mode conversion from
the incident Alfvén waves to the compressional waves. Halley Station, located at the lowest
latitude among the stations in the array, typically observed well-defined Pc 1-2 wave events

with the strongest spectral power of any of the stations. The events, showing identical
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spectral structure but less wave power, were detected at the other four stations located at
higher latitudes.

The statistical study includes a total of 138 ULF Pc 1-2 wave events showing poleward
propagation in thé ionospheric waveguide. The Pc 1-2 ionospheric ducting occurred at all
local times, but was more common during daytime hours, and showed peaks near 0700 MLT
and 1400 MLT. The dates in the dataset are categorized into three conditions based on the
sunlight condition in the ionosphere - “Sunlit” if an event occurred during sunlit ionopshere
for all of the stations; “Dark” if an event occurred during dark ionosphere for all of the
stations; “Mixed” if all of the stations during an event were under neithér sunlit nor dark
conditions. There are 67 sunlit events, 8 dark events, and 63 mixed events.

The followings are the major conclusions from the statistical study:

(1) Spectral power attenuation appears to be dependent on the ionospheric conductivity.
Average attenuation is ~ 11.10 dB/1000 km; ~ 9.85 dB/1000 km (o = 6.55) under sunlit
conditions; ~ 12.33 dB/1000 km (o = 4.61) under mixed conditions; ~ 13.81 dB/1000 km
(o0 = 7.08) under dark conditions. The wave propagation observed in this study appears
to be more efficient than what is shown in previous studies perhaps because the ground
array is effectively positioned along the magnetic meridian spanning ~ 2920 km, ideal
for measuring such wave ducting events since duéting can occur most efficiently along the
magnetic meridian. The more efficient propagation during sunlit times found in this study
might suggest that the ionospheric waveguide is governed by the Alfvén wave-induced Hall
current, which increases under sunlit conditions.

(2) The statistical survey of the frequency components of the Pc 1-2 ducting events reveals
that the frequency cutoff is strongly dependent on the ionospheric conductivity. In addition,
the wave power attenuation increases with increasing frequency.

(3) Polarization analysis demonstrates that both LHP and RHP modes are dominant over
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the LP mode at lower latitude (i.e., at HBA) and the occurrences of the LP mode at HBA
are about 10%. It is also shown that the occurrences of both LHP and RHP modes decrease
during propagation whereas the LP mode occurrences increase.

(4) It appears that the initial propagation direction (polarization angle at HBA in this case)
is related to atteﬁuation; at higher polarization angles at HBA, the attenuation appears to
be smaller, which supports the idea that meridional propagation is most efficient.

(5) Although the overall patterns appear as predicted, the polarization results (as shown in
Summary (3) and (4)) show somewhat complex patterns, which might be due to an inhomo-
geneity of the ionospheric conductivity; multiple injections of EMIC waves; superposition
effects through refraction, reflection, and transmission in the waveguide; combined effects of
incident waves and ducted waves; or polarization change of EMIC waves during propagation

in the magnetosphere.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

This thesis encompasses a wide range of topics from hardware development to data analysis
for space science research. The hardware development includes the system design of a set
of ULF search-coil magnetometers which have been installed in the polar regions. The
instruments are located to form an array so that simultaneous observations of geomagnetic
pulsations in the ULF range can be made over a large region extending from the auroral zone
to the polar cap region. This configuration is to perform large-scale systematic observations
of the ULF wave propagation in the ionosphere. The data from one of the arrays installed
in the polar regions, the Antarctic search-coil magnetometers located along a magnetic
meridian, are analyzed to study wave propagation in the ionospheric waveguide.

A search-coil magnetometer can detect time-varying magnetic fields and is used to ob-
serve low-level magnetic field variations providing important information about the magne-
tosphere and its coupling to the ionosphefe. Single-point ground observations of geomag-
netic pulsations have a limited measurement range to investigate the temporal and spatial
distribution of the wave events. In addition, the existence of the ionospheric waveguide, in
which the waves can propagate isotropically near the Alfvén speed, complicates the ground
observations. Thus, an array of ground-based stations can provide spatially and temporally
extended observations which can lead to a better understanding of wave propagation char-

acteristics. If the ground stations are located over a large extent to form an array (especially
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along a magnetic meridian), time delays, determined by the group velocity of the waves,
and phase differences can be observed. Chapter 2 describes the design, construction, and
tests of ULF search-coil magnetometers.

Waves generated in space plasma by electron and ion dynamics associated with the
geomagnetic field play an important role in establishing the interaction between the mag-
netosphere and the ionosphere by accelerating radiation belt particles and transporting
magnetospheric energy to the ionosphere. Some of the energy of the magnetospheric waves
is transmitted to the ionosphere while the waves propagate in the ionospheric waveguide,
which is formed around the ionospheric F2 region altitude of the electron density maximum
(at ~ 400 km). The density structure forms a resonance cavity in which waves can propa-
gate very efficiently in horizontal directions across field lines. Especially, the waves in the
ULF Pc 1-2 range (0.1 - 5 Hz) are known to propagate most efficiently in this waveguide.
The Pc 1-2 waves are typically associated with EMIC waves, which are excited by the ion
cyclotron instability of a hot, anisotropic distribution of medium energy ring current ions
in the equatorial region of the magnetosphere during geomagnetic storms and substorms.

Chapter 3 and Chapter 4 present simultaneous observations of ULF Pc 1-2 wave events
from widely-spaced Antarctic ULF search-coil magnetometers with an unprecedented ge-
omagnetic latitudinal range (—62° to —87°, spanning ~ 2920 km geographically) and po-
sitioning along a magnetic meridian. The observations of the Pc 1-2 waves show very
well-defined propagation in the ionospheric waveguide. Chapter 3 focuses on a case study
of Pc 1-2 wave activity propagating in the waveguide observed simultaneously from the
ground array and the CHAMP satellite. In Chapter 4, the ground array data obtained in
the year 2007 are analyzed to perform a statistical study of the MLT occurrences, wave
power attenuation, and polarization characteristics of Pc 1-2 wave propagation in the iono-

spheric waveguide. For polarization analysis, a software tool has also been developed as
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shown in Appendix A. The summary and conclusions of each chapter are as follows.

5.1 Development of Search-Coil Magnetometers

The magnetic field frequencies of interest in space physics include the ultra low frequency
(ULF) range (a few mHz to a few Hz, as typically defined in space studies), which can be
detected by a search-coil magnetometer. A search-coil magnetometer is especially suitable
for space-borne instrumentation and unmanned ground-based configurations because of its
low-power consumption (~tens of mW), simple structure, and reliability. It is also relatively
easy to build mostly from off-the-shelf components and materials.

The search-coil magnetometers used in this study consist of two orthogonally mounted
search-coil magnetic sensors to measure geomagnetic north-south and east-west wave ac-
tivity. This setup identifies the polarization characteristics of magnetic field waves. The
instruments can detect time-varying magnetic fields at a rate of 10 samples/sec with a sen-
sitivity of 4.43 V-nT~! - Hz™! and a resolution of ~ 8 pT over a frequency range 0 — 2.5 Hz.
GPS is used to synchronize the data acquisition process for time reference with 100 usec
accuracy.

In order to provide accurate simultaneous observations and to minimize output sig-
nal errors among the magnetometers in the array, a system design approach is essential,
focusing on the standardization and consistency of the manufacturing/testing of the instru-
ments. Various test methods have been applied for the characterization of the magnetometer
systems, which include frequency response, resolution, and sensor/system deviation tests.
Equivalent circuit models have also been used to compare with the test results as shown in

Appendix B.
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5.2 Pc 1-2 Wave Propagation Characteristics in the High-

Latitude Ionospheric Waveguide

This thesis also presents analysis of the data from the magnetometer systems, mainly fo-
cusing on ULF wave propagation in the ionospheric waveguide (duct) centered around the
electron density maximum near the F2 ionization peak. The Antarctic magnetometer array
observes well-defined, band-limited ULF Pc 1-2 waves with poleward spectral power at-
tenuation over a very extensive latitudinal coverage from geomagnetic latitudes of —62° to
—87° (over. the distance of 2920 km). Halley Station, located at the lowest latitude among
the stations in the array, typically observed Pc 1-2 wave events with the strongest spectral
power of any of the stations. The events, showing identical spectral structure but less wave
power, were detected at the other four stations located at higher latitudes. This is a clear
indication of the propagation of the electromagnetic ion cyclotron (EMIC) waves in the
ionospheric waveguide. The study in this thesis focuses mainly on the ducting events by
comparing spectral power attenuation factors and polarization patterns.

The statistical study includes a total of 138 ULF Pc 1-2 wave events showing poleward
propagation in the ionospheric waveguide. The Pc 1-2 ionospheric ducting occurred at all
local times but was more common during daytime hours, and showed peaks near 0700 MLT
and 1400 MLT. The dates in the data set are categorized into three conditions based on the
sunlight condition in the ionosphere - “Sunlit” if an event occurred during sunlit ionopshere
for all of the stations; “Dark” if an event occurred during dark ionosphere for all of the
stations; “Mixed” if all of the stations during an event were under neither sunlit nor dark
conditions. There are 67 sunlit events, 8 dark events, and 63 mixed events.

The followings are the major conclusions from the statistical study:

(1) Spectral power attenuation appears to be dependent on the ionospheric conductivity.

Average attenuation is ~ 11.10 dB/1000 km; ~ 9.85 dB/1000 km (¢ = 6.55) under sunlit
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conditions; ~ 12.33 dB/1000 km (o = 4.61) under mixed conditions; ~ 13.81 dB/1000 km
(o = 7.08) under dark conditions. The wave propagation observed in this study appears
to be more efficient than what is shown in previous studies perhaps because the ground
array is effectively positioned along the magnetic meridian spanning ~ 2920 km, ideal
for measuring such wave ducting events since ducting can occur most efficiently along the
magnetic meridian. The more efficient propagation during sunlit times found in this study
might suggest that the ionospheric waveguide is governed by the Alfvén wave-induced Hall
current, which increases under sunlit conditions.

(2) The statistical survey of the frequency components of the Pc 1-2 ducting events reveals
that the frequency cutoff is strongly dependent on the ionospheric conductivity. In addition,
the wave power attenuation increases with increasing frequency.

- (3) Polarization analysis demonstrates that both LHP and RHP modes are dominant over
the LP mode at lower latitude (i.e., at HBA) and the occurrences of the LP mode at HBA
are about 10%. It is also shown that the occurrences of both LHP and RHP modes decrease
during propagation Whergas the LP mode occurrences increase.

(4) It appears that the initial propagation direction (polarization angle at HBA in this case)
is related to attenuation; at higher polarization angles at HBA, the attenuation appears to
be smaller, which supports the idea that meridional propagation is most efficient.

(5) Although the overall patterns appear as predicted, the polarization results (as shown in
Summary (3) and (4)) show somewhat complex patterns, which might be due to an inhomo-
geneity of the ionospheric conductivity; multiple injections of EMIC waves; superposition
effects through refraction, reflection, and transmission in the waveguide; combined effects of
incident waves and ducted waves; or polarization change of EMIC waves during propagation
in the magnetosphere.

One satellite-ground conjunction study is also presented. During the CHAMP overflight,
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a transverse and linearly polarized ULF Pc 1 wave was found over a limited latitudinal
extent (—53° to —61° ILAT), which supports the idea that EMIC waves are injected at low
latitudes and ducted in the ionosphere. Given certain assumptions, the polarization ellipse
observed on the ground becomes increasingly LP with the major axis pointing toward (or
away from) the wave injection region as Pc 1 emissions propagate away from the injection
region in the ionospheric waveguide. In addition, according to a model prediction, near
the injection center, the major axis of polarization is perpendicular to the radial direction
from the injection region. In the surrounding region, however, the major axis points to the
center. The polarization angle pattern change observed from the ground array (e.g., ~ +75°
at HBA, being less at higher latitudes) during the CHAMP overflight and the plasmapause
location estimation using a model and the CHAMP observations of the wave activity might
imply that the waves were injected near HBA, perhaps near the CHAMP trace (between
L = 2.5 and 4.4), and propagated in a poleward direction in the waveguide. However,
it is quite challenging to determine the extent of the injection region with the meridional
configuration of the array used in this study. Moreover, a complex polarization pattern (i.e.,
change in ellipticity and polarization angle) was found on the ground during propagation,
which might be attributed to the array being close to the wave injection region where the

superposed effect of incident waves and ducted waves is dominant.

5.3 Concluding Remarks

The observations of P¢ 1-2 wave propagation in the ionospheric waveguide, showing much
less attenuation compared to the other previous observations, are unique in that the ducted
waves, seen over an array with an unprecedented geomagnetic latitudinal range and posi-
tioning along a magnetic meridian (a condition that provides the most efficient waveguide

propagation), have rarely been measured before over such a latitudinally extended region.
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The array deployed in the Antarctic terrain also has the very significant advantage of mini-
mal geoelectric inhomogeneity since polarization observed on the ground may not reflect the
true wave properties due to the inhomogeneous ground conductivity. In addition, clearly
distinguishable ionospheric sunlight conditions in Antarctica can provide a more systematic
change of the polarization pattern on the ground. Simultaneous observations of the Pc 1
wave event from the CHAMP satellite provide very useful information as to where wave

events that are incident to the ionospheric waveguide can occur.
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APPENDIX A

POLARIZATION ANALYSIS TECHNIQUE

A.1 Polarization of Plane Waves

Polarization is a property of waves that describes the orientation of their oscillations. Ac-
cording to the IEEE Standard Definitions for Antennas, the polarization of a radiated wave
is defined as “that property of a radiated electromagnetic wave describing the time-varying
direction and relative magnitude of the electric (or magnetic) field vector; specifically, the
figure traced as a function of time by the extremity of the vector at a fixed location in space
and the sense in which it is traced, as observed along the direction of propagation” (Balanis
1989). Polarization is the curve traced by the field vectors at a certain space or time and is
observed along the direction of propagation.

A monochromatic wave can be expressed in the form
E(x, Y, 2, t) = E;X + Eyy

where

Ey(z,y,2,t) = Az cos(wt — kz + ¢y)
Ey(xaya Z,t) = Ay COS(UJt —kz + ¢y)

with positive real amplitudes A; and Ay, wave number k = 27/A, and phase angles ¢
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Figure A-1: An example of rotation of a plane wave at z = 0 as a function of time: right-hand
circular polarization as seen in a plane perpendicular to the direction of propagation.

and ¢,. Polarization can be classified into three types - linear, circular, and elliptical -

depending on the phase difference

¢=¢y_¢z

and on the relative size of the wave amplitudes A, and Ay. A three-axis coordinate system
is typically used for the representation of polarization, in which the x-axis is in the vertical
direction, the y-axis horizontal, and the z-axis along the direction of propagation. Figure A-
1 is one of the typical field traces at z = 0 as a function of time.

If the field propagation is toward the reader (with the z-axis out of the page), the figure
of the field is traced in a clockwise (CW) or counterclockwise (CCW) sense, which are also
designated as left-hand polarization (LHP) and right-hand polarization (RHP), respectively
in electromagnetics as shown in Figure A-2. This type of representation is called a hodogram.

It should be noted, however, that the convention in optics is the opposite: CW sense is RHP
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Figure A-2: An example of representation of a polarized field by the convention in electro-
magnetics. This type of representation is called a hodogram. Clockwise (CW) sense and
counterclockwise (CCW) sense of the field trace are designated as left-hand polarization
(LHP) and right-hand polarization (RHP), respectively. Note that the convention in optics
applies in the opposite way - CW is RHP and CCW is LHP.

and CCW is LHP (Klein & Furtak 1986). In this article, the convention in electrofnagnetics
is used. In general, the axes of the ellipse are not in the x and y direction. As shown in
Figure A-2, the angle between the x-axis and the major axis of the ellipse is denoted as the
angle 6, which will be called the polarization angle hereinafter.

A monochromatic wave is always polarized, which means with increasing time the po-
larization trace in space is an ellipse with periodicity. This shape may reduce in special
cases to a circle (circular polarization) or a straight line (linear polarization). In the case
of an unpolarized wave, the trace of the wave vector shown in a plane perpendicular to the
direction of propagation becomes very irregular and therefore the wave shows no prefer-
ential directional properties. These two cases represent complete coherence and complete
incoherence, respectively. In reality, a wave is partially polarized; i.e., the variation of the
field vectors is ngither completely regular nor completely irregular. In general, a partial

polarization is usually due to reflection or scattering (Born & Wolf 1999). This type of po-
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Computer—Generated Signal Hodogram

magnitude

time (sec) Hx

Figure A-3: An example of a hodogram from a computer-generated signal of multiple
frequencies, amplitudes, and phase angles, which mimics a natural signal.

larization characteristic contributes to the complexity of the polarization analysis of natural
signals. Whereas the hodogram technique as shown in Figure A-2 can provide a snapshot
of the wave polarization in a monochromatic case, this technique may not allow one to
infer quantitatively the polarization parameters due to the mixed nature of the regularity
and irregularity of the wave vector variation. Figure A-3 demonstrates an example of a
hodogram from a computer-generated signal of multiple frequencies, amplitudes, and phase
angles, which mimics a natural signal. As seen in this figure, the hodogram technique may
not be applied as an appropriate polarization analysis tool. The next section will describe

a more efficient polarization analysis technique to study geomagnetic pulsations.

A.2 Polarization Analysis for Geomagnetic Pulsations

A.2.1 Theory

The interpretation of geomagnetic micropulsations in terms of physical and mathematical
models requires certain knowledge of the polarization of these signals. The hodogram tech-
nique is based on simple, physically nonrealizable monochromatic theory and is generally
not applicable to many types of geomagnetic signals due to the nature of their complexity.

This section describes a polarization analysis technique based on the methods introduced by
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Fowler et al. (1967), Rankin & Kurtz (1970), and Means (1972). These studies commonly
use the theory studied by Born & Wolf (1999).
A monochromatic or quasi-monochromatic signal of frequency w, propagating in the

positive z direction can be represented by a time sequence of analytic signals:

hy(t) = Az sin{wt + ¢z) + Ux(t) (A1)

hy(t) = Ay sin(wt + ¢) + Uy (t) (A.2)

where A; and A, are the amplitudes of each component and ¢, and ¢, are the phase
delays. Uz (t) and Uy (t) are unpolarized signals. If the signal is monochromatic (i.e., totally
polarized), Az, Ay, ¢z, and ¢, are constants and Uz, Uy = 0. For a quasi-monochromatic
signal, these quantities depend also on time, t, but their temporal changes are small enough
to be negligible in any time interval compared to the coherence time.

The power matrix, J, (see Born & Wolf (1999), Fowler et al. (1967), and Rankin &
Kurtz (1970) for more detail) can be expressed as the sum of a totally polarized signal and

a completely unpolarized signal which is as follows:
J=P+U (A.3)

where P and U are the matrix for the polarized and unpolarized component, respectively.

The matrix can thus be given

A2 4 (U2 AgAye®
J= (A4)

AgAye™ AL+ |U|?

where Az, Ay, ¢ are chosen to represent the appropriate time averages and 6 = ¢y — ¢@s.

If 6 > 0, the polarization sense is CCW (RHP in electromagnetics). Rewriting the matrix
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form,

J= = + (A.5)

Ag indicated in Equation A.4,

Uzy = Uym =0 (AG)

Assuming that the unpolarized components are similarly contributed,

Uzm = Uyy (A7)

Therefore, the matrix form in Equation A.5 can be rewritten as

PO R O R (A.8)
Jyz  Jyy Py Py +U
Using determinant |J|
|3} = PyyPyy + U? + (Pyy + Py )U — Py Py (A.9)

the unpolarized component U is obtained from

“(Pm + Pyy) + ((sz + Pyy)2 + 4|J|)1/2

U= 2 2

(A.10)

where only the positive sign is used since U is positive. Therefore, the components in J can

be represented as

— Py + (P + Pyy)® + 4|3 )2
2

P,
Jxx:me+U: zx2

(A.11)
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P, '_Pzz + ((Pzz+Pyy)2+4|J|)1/2

Jyy = Py + U = X (A.12)
2 2
oy = Pry (A.13)
Jyw = Pyz (A.14)

The degree of polarization (R) is defined as the ratio of the polarized signal to the total

signal intensity or

T I e
Jra + Jyy (Jzz + Jyy)?

The coherency (C) is defined as

C — Ja:y - nyc]y(l) 1/2 (A 16)
' JzzJyy .

If C =1, the signal is completely polarized and if C = 0, completely unpolarized.
The ellipticity (&) is defined as the ratio of the minor axis to the major axis of the ellipse
or

e = tanf3 (A.17)

where

2Im (Jzy)
((Ja:z + Jyy)2 - 4|J|)1/2

sin24 = (A.18)

The polarization sense is defined by the sign of 3: if 8 > 0, the polarization is RHP (CCW);
if 8 <0, LHP (CW).

The polarization angle (6) is the angle that the principal axis of polarization makes with
the X axis or the orientation of the polarization ellipse as described in Figure A-2, which is

represented as

2Re(Jzy)

A.19

tan 20 =
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In the case of a geomagnetic pulsation, the ellipticity is defined as the ratio of the
minor axis to the major axis of the ellipse of the magnetic field perturbation in the plane
perpendicular to the background magnetic field and the pola}”ization angle implies the angle
between the major axis of the polarization ellipse and the magnetic meridian in the north-

south direction.

A.2.2 Implementation

For a numerical approach to implement the polarization analysis technique, each element
of the power matrix is treated in the frequency domain instead of the time domain in order
to obtain the parameters shown above: i.e., signal amplitude and phase delay. The power

matrix components J;; can be expressed as

Jij = /Aw Hij(w)dw (AQO)

where Aw is the effective bandwidth of the signal and H;; is the real power spectral function
when ¢ = j and H;; is the complex cross-correlation function when i # j. In practice, the
power spectrum and the cross spectrum of signals h.(t) and hy(t) are calculated: Hg,
power spectrum of hy(t); Hyy, power spectrum of hy(t); Hgy, cross spectrum of hg(t) on

hy(t); Hys, cross spectrum of hy(t) on hg(t), that is,

Hyy = Hp(w) = F(he(t)) (A.21)
Hy, = Hy(w) = F(hy (1) (A22)
Hay = F(hy(t) * ha(t)) (A.23)
Hyz = F(hg(t) % hy(t)) (A.24)
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where F denotes Fourier Transform and % a cross-correlation. Since the cross-correlation is

defined by

frxg=Fxg (A.25)

where f is the complex conjugate of f and * denotes convolution and

F(f*g) = F(f)-F(g) (A.26)
the cross spectra, Hy, and Hy, can be rewritten as

Hyy = Hy(w) - Hy(w) (A.27)

Hyy = Hy(w) - Hy(w) (A.28)

~and the phases of the cross spectra, comparing the components given in Equation A.4, can

be represented as

Ozy = tan™? (;ﬁ—fﬁ%) (A.29)
Sye = tan™ ! (g%g%) (A.30)

Therefore, the power matrix components can be given as

J:v:z: = IHJ::EIQ (A31)
Jyy = [ Hyy|? (A.32)
Joy = |Hez||Hyyle= (A.33)
Jyz = |Hyz|| Hyyletv , (A.34)
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and now they can be used for the polarization parameters associated with the signal: degree
of polarization (Equation A.15), coherency (Equation A.16), ellipticity (Equation A.17 and
Equation A.18), and polarization angle (Equation A.19). |

The ULF search-coil sensors used in this study are aligned with the X axis geomagnet-
ically north-south and the Y axis east-west. Some of them are equipped with the Z axis
which is aligned along the geomagnetic field B. The orientation of the sensors when in-
stalled on the ground is determined by using Cartesian coordinate systems - X (geomagnetic
north), Y (geomagnetic east) and Z (down, along the field line) in the northern hemisphere;
X (geomagnetic south), Y (geomagnetic east), and Z (up, along the field line) in the south-
ern hemisphere. The positive direction of each axis is defined as a magnetic perturbation
along the sensor axis in the direction toward which the sensor produces a positive signal
when magnetic flux increases. For the polarization analysis using the Antarctic search-coil
magnetometer erray data used in this study, the signs of the X axis data are changed since
the polarization ellipse should be presented on the plane where the X axis is directed toward
north, Y axis west, and Z axis up (in other words, out of page; see Arnoldy et al. (1982))

to conform to the right-hand rule.
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APPENDIX B

UNH ULF SEARCH-COIL

MAGNETOMETER TECHNICAL DETAILS

B.1 Search-Coil Magnetic Sensor Spool and Wiring Diagram

The search-coil sensor consists of 16 spools of enamel wire (36 AWG), each of which has
10,000 turns of wire. The spool winding diagram is presented in Figure B-1 showing how
the wire starts and ends on the spool and in what direction the wire is wound. The spools
have to be connected as shown in Figure B-2 so that each sensor provides identical polarity

of signal output.

Front View Top View
Coil winding [ [
start point (S)
,..\‘
O
Coil winding

end point (E) \ —
LY
Front l__—J\>

Direction of Winding

[HE—.

Figure B-1: Spool winding diagram showing how the wire is wound around the spool.
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Figure B-2: UNH ULF search-coil magnetic sensor wiring diagram.
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Figure B-3: Electrical schematic of the preamp circuit for the search-coil magnetic sensor.

B.2 Electrical schematic of Preamp

Figure B-3 shows the electrical schematic of the preamp circuit of the search-coil magnetic
sensor. A first-order active low-pass filter (0 — 15 Hz, —3 dB corner frequencies) is used for
the preamp circuit. Frequency response of the preamp circuit using an equivalent circuit

model is described in Section B.5.

B.3 Electrical schematic of Main Analog Electronics

Figure B-4 shows the electrical schematic of the main analog circuit of the search-coil mag-
netometer system. A two-stage first-order passive low-pass filter and a two-stage first-order
active low-pass filter are employed for the main analog circuit. The overall frequency re-
sponse of the main analog electonics is 0 — 5 Hz (—3 dB corner frequencies). Frequency
response of the main analog circuit using an equivalent circuit model is described in Sec-

tion B.5.

B.4 Magnetometer System Cable Connection Diagram

The ULF search-coil magnetometer system cable connection diagram is shown in Figure B-5.
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Figure B-4: Electrical schematic of the main analog circuit of the search-coil magnetometer

system.
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B.5 Frequency Response Characterization of Search-Coil Mag-

netometer System Using Equivalent Circuit Model

B.5.1 Search-Coil Magnetic Sensor Model

A search-coil magnetic sensor can be modeled as a resistor (R_coil = 30 k2) and an inductor
(L_coil = 9.4 kH). Figure B-6 shows the search-coil model used in this study. The inductance
of the coil is calculated based on the coil geometry and winding. Since the magnetic flux,
®, through the coil js a constant called the self inductance, L, times a current, I (& = LI),

the inductance, L, is represented as
L=®/T = pyn?Al

where yo = 47 x 10~7 (H/m), n is number of turns per unit length (= total number of
turns/coil length) and A is the cross-sectional area.

The coil model does not include capacitance because the Cl in the preamp circuit, as
shown in Figure B-6, is much larger than the capacitance of the coil. In the calculation for
the search-coil, C1 and R1 are also included, which forms an RLC' circuit. The impedance
of the entire coil block (Z_coil_block)‘is the parallel connection of the impedance of the coil

(Zcoil) and the impedance of the coil components, C1 and R1 (Z_coil_term), that is
Z_coil_block = (Z_coil x Z_coil_term)/(Z_coil + Z_coil_term)

where

Z_coil = jwL_coil + R_coil

Z_coil term = (R1/(jwC1))/(R1 + 1/(jwC1))
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Figure B-6: Search-coil magnetic sensor model used in this study.

The transfer function, T'(jw) is

T(jw) = V,/V; = Z_coil_term/(Z_coil + Z_coil_term)

The magnitude frequency response is |T'(jw)| and the phase frequency response is ZT'(jw)

(Figure B-7).

B.5.2 Passive Low-Pass Filter Model

The main analog circuit of the ULF search-coil magnetometer is equipped with a two-stage
first-order passive low-pass filter. Figure B-8 shows a first-order passive low-pass filter

design. The cutoff frequency, w,, is represented as

we =1/RC

or equivalently,

fe = 1/(2rRC)
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Figure B-7: Magnitude and phase frequency response of the search-coil magnetic sensor
model.
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Figure B-8: First order passive low-pass filter model used in this study.

The transfer function of the passive low-pass filter is

T(jw) = Vo/Vi = (1/jwC)/(R + 1/jwC) = 1/(1 + jwRC)

B.5.3 Active Low-Pass Filter Model

In the ULF search-coil magnetometer circuit, a first-order active low-pass filter is used for

the coil preamp and a two-stage first-order active low-pass filter is used for the main analog
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Figure B-9: First order active low-pass filter model used in this study.

circuit. A first-order active low-pass filter design is shown in Figure B-9. This design

employs a non-inverting op-amp circuit. The cutoff frequency, we, is represented as

we = 1/R1C

or equivalently,

fo=1/(2rR1C)

The impedance (Z_F) of the parallel components, R1 and C is

Z_F = (R1(1/jwC))/(R1 + (1/jwC)) = R1/(1 + jwR1C) = R1/(1 + j(w/w,))

The transfer function of the active low-pass filter is

T(jw) =Vo/Vi=1+ Z_F/R2 =1+ (R1/R2)(1/(1 + j(w/w.)))

The gain of the preamp can be obtained using the transfer function. Since R1 = 2.2 MQ

and R2 = 18.2 k2, the gain is 121 and 3 dB gain is 86 (= 121 x 0.707) when f = 0 Hz.
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B.5.4 Modeling of the Overall Magnetometer System

The preamp consists of one first-order active low-pass filter (gain=121, see Figure B-3) and
the main circuit has a total of four low pass filters as shown in Figure B-4. For example,
the Channel X in Figure B-4 includes Block 1 (R1 and C2), Block 2 (R2, R3, and C3),
Block 3 (U1A, R7, R8, and C4), and Block 4 (U1B, R9, R10, and C5). The total gain of
the main circuit is obtained by combining the gain of each filter; i.e., the total gain of the

main analog circuit is
Thotat ()| = [T3G)] % [T ()] x Ts(jw)| x [Ty4(jw)]
In addition, the total phase response is
LTyat(0) = LT3(G0) + £To(jw) + £Ta(jw) + LTa(j)|

The magnitude and phase frequency response of the preamp model is shown in Figure B-10.
The magnitude and phase frequency responses of the main analog circuit models for each
block (1 through 4) are presented in Figure B-11 through Figure B-14. Figure B-15 shows
the model result for the entire main analog circuit. The overall magnetometer circuit model
results without and with the search-coil magnetic sensor are presented in Figure B-16 and

Figure B-17, respectively.
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Figure B-10: Magnitude and phase frequency response of the preamp model.
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Figure B-11: Magnitude and phase frequency response of the main analog circuit model
(Block 1).
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Magnitude Frequency Response of Main Ano\og Electronics (Block 4)
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Figure B-14: Magnitude and phase frequency response of the main analog circuit model
(Block 4).
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Figure B-15: Magnitude and phase frequency response of the main analog circuit model
(Blocks 1 to 4).
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Figure B-16: Magnitude and phase frequency response of the overall magnetometer system
model without the search-coil magnetic sensor.
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Figure B-17: Magnitude and phase frequency response of the overall magnetometer system
model with the search-coil magnetic sensor.
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APPENDIX C

THE CHAMP SATELLITE FLUXGATE
MAGNETOMETER DATA COORDINATE

TRANSFORMATION

The CHAMP data (B) are originally given in a satellite coordinate system in which the X
axis is approximately along the direction of the satellite track, the Z axis points downward
(toward the center of the Earth), and the Y axis completes a right-handed set. A coordinate
transformation is carried out for this study in order to examine the wave mode in the
ionospheric ducting layer after the data are detrended to obtain time-varying magnetic
fields (b) by subtracting background magnetic fields (Bg) as shown in Equation C.1 (B and

By have to be in the identical coordinate system):
b=B - By (C.1)

or by differentiating the data as shown in Equation C.2, in which the differential of B is
obtained by subtracting a data point from another data point in a previous step and by

dividing by a time step.
dB B, -B,_
b=—=——— C.2
dt th — tp—1 ( )

138



where n is a data point index (n=1, 2, 3). Either the IGRF model or smoothing the original
data from the satellite can be used as background fields. In this study, smoothing of the
original data from the satellite has been used as background field.

One of the three components in the new coordinate system represents a compressional
wave component (bj). Compressional perturbations can be obtained by projecting the
detrended data onto the background magnetic field. The other two components in the new
coordinate system contain wave power perpendicular to the background magnetic field,
which is, for this study, decomposed into perpendicular perturbations in the azimuthal
(bly) and in the meridional direction (bip), which conforms to the right-hand rule. The
perpendicular azimuthal perturbation (b, ) is calculated by projecting the detrended data
(b) onto the azimuthal vector (@, normal of the magnetic meridian). The azimuthal vector
(¢) can be obtained by crossing the background magnetic field unit vector (Bg/Bp) and the
vertical field component from the original CHAMP data (B,/B,) (i.e., § = Bo/ByxB,/B,).
The perpendicular meridional perturbation (big), which completes the triad (9 = @ X
By/By), is then calculated by projecting the detrended data (b) onto the meridional vector
(9) Figure C-1 describes the satell‘ite coordinate system and its transformation to the new

coordinate system. The new set of the three components is thus summarized as follows.

by = b-Bo/By (C.3)
blg = b-8 ' (C.4)
b, = b-¢ (C.5)

139



New Coordinate

/ System
X (satellite track) “
/ \ By (= Bo/Bo)

Satellite
Coordinate
System

Dipole Magnetic Field Tk

i
GM coord

Figure C-1: Schematic diagram showing coordinate transformation from the CHAMP satel-
lite coordinate system to the new coordinate system used in this study.
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