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Occurrence Statistics and Driving Mechanisms of Ionospheric
Ultra-Low Frequency Waves Observed by SuperDARN Radars

Xueling Shi

(ABSTRACT)

Ultra-low frequency (ULF; 1 mHz - 1 Hz) waves are known to play an important role in
the transfer of energy from the solar wind to Earth’s magnetosphere and ionosphere. The
Super Dual Auroral Radar Network (SuperDARN) is an international network consisting of
35 low-power high frequency (HF: 3-30 MHz) coherent scatter radars at middle to polar lati-
tudes that look into Earth’s upper atmosphere and ionosphere. In this study, we use Doppler
velocity measurements obtained by the SuperDARN radars and coordinated spacecraft ob-
servations to investigate the occurrence statistics and driving mechanisms of ionospheric ULF
waves. We begin in Chapter 2 with a case study of Pi2 pulsations which are short-duration
(5-15 min) damped geomagnetic field oscillations with periods of 40-150 s. Simultaneous
observations of Pi2 pulsations from THEMIS spacecraft, midlatitude SuperDARN radars,
and ground magnetometers, together with analysis of their longitudinal polarization pattern
and azimuthal phase propagation, confirmed that they are consistent with a plasmaspheric
virtual resonance excited by a longitudinally localized source near midnight. In Chapter 3,
to further investigate the overall occurrence of ionospheric ULF signatures, a comprehensive
statistical study was conducted using an automated detection algorithm to identify iono-
spheric signatures of Pc3-4 and Pc5 waves over 7 years of high time resolution SuperDARN
radar data. Specifically, we have investigated their spatial occurrence, frequency charac-
teristics, seasonal factors, and dependence on solar wind and geomagnetic conditions. We
note two particular findings: (i) an internal wave-particle interaction source is most likely
responsible for Pc4 waves at high latitudes in the duskside ionosphere; and, (ii) a source
associated with magnetotail dynamics during active geomagnetic times is suggested for Pc3-
4/Pi2 waves at midlatitudes in the nightside ionosphere. These findings are further expanded
in Chapter 4 which investigates the hypothesis that internal wave-particle interactions are
an important source for generation of these waves. A case study of long-lasting poloidal
waves was conducted using coordinated observations with the GOES and THEMIS satellites
to examine the generation and propagation of waves observed in the dayside ionosphere by
multiple SuperDARN radars. The source of wave excitation is suggested to be bump-on-tail
ion distributions at 1-3 keV. Collectively, these research findings provide better constraints
on where and when ionospheric ULF waves occur, their source mechanisms, and how they
might affect magnetospheric and ionospheric dynamics.



Occurrence Statistics and Driving Mechanisms of Ionospheric
Ultra-Low Frequency Waves Observed by SuperDARN Radars

Xueling Shi

(GENERAL AUDIENCE ABSTRACT)

Earth’s magnetic field, approximates that of a bar magnet. It is an effective barrier to
charged particles originating directly from the Sun and protects us against harmful space
weather influences. The geomagnetic field lines can oscillate in ultra-low frequencies (ULF: 1
mHz - 1 Hz). These natural oscillations of closed magnetic field lines, analogous to vibrations
on a stretched string, are also called geomagnetic pulsations or ULF waves. The interaction
between matter and electromagnetic fields emitted from the Sun and the Earth’s outer atmo-
sphere and magnetic field form a magnetic shield named the Earth’s magnetosphere. ULF
waves play a key role in the transfer of energy from outside this shield to regions inside it,
including Earth’s upper atmosphere and ionosphere (a region extending from about 60 km
to 1000 km above the Earth’s surface). In this study, we use Doppler velocity measurements
obtained by the Super Dual Auroral Radar Network (SuperDARN) radars and coordinated
spacecraft observations to investigate the occurrence statistics and driving mechanisms of
ionospheric ULF waves. We begin in Chapter 2 with an event study of a type of irregular
pulsations (Pi2) which are short-duration (5-15 min) damped geomagnetic field oscillations
with periods of 40-150 s. Simultaneous observations of Pi2 pulsations from NASA THEMIS
spacecraft, midlatitude SuperDARN radars, and ground magnetometers, together with fur-
ther analysis of wave spectra and propagation, confirmed their driving mechanism as a type
of magnetic resonance, analogous to striking a bell. In Chapter 3, to further investigate the
overall occurrence of ionospheric ULF signatures, a statistical study was conducted using
an automated detection algorithm to identify ionospheric signatures of ULF waves over 7
years of high time resolution SuperDARN radar data. Specifically, we have investigated
their spatial occurrence, frequency characteristics, seasonal factors, and dependence on solar
and geomagnetic activity. We obtained findings regarding the different driving sources of
waves observed in different regions. The findings are further expanded in Chapter 4 which
investigates the generation of waves through energy exchange with charged particles. A case
study of long-lasting (2-3 days) waves was conducted using coordinated observations with the
GOES and THEMIS satellites to examine the generation and propagation of waves observed
in the dayside ionosphere by multiple SuperDARN radars. The source of wave excitation is
suggested to be unstable particle distributions in the magnetosphere. Collectively, these re-
search findings provide better constraints on where and when ULF waves occur, their source
mechanisms, and how they affect dynamics in the geospace environment.
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Chapter 1

Introduction

In this chapter, we present some background material for this dissertation including the

Sun-Earth environment, properties of ultra-low frequency (ULF) waves, research objectives,

and the dissertation organization.

1.1 The Solar-Terrestrial Environment

In this section, we describe the solar-terrestrial environment starting from the surface of

the Sun to the Earth’s upper atmosphere including the coupling processes in the geospace

environment and geomagnetic disturbances caused by the interaction between matter and

electromagnetic fields emitted from the Sun and the Earth’s outer atmosphere and magnetic

field.

1.1.1 The Sun and Solar Wind

The four fundamental states of matter in physics are solid, liquid, gas, and plasma. We

are most familiar with the first three states which are observable or sensible in everyday

life. However, the fourth sate of matter, plasma, consisting of approximately equal numbers

of positively charged ions and negatively charged electrons, is the most ubiquitous in the

universe. The Sun, our nearest star, contains 99.86% of the total mass of the solar system.

1
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It is the source of radiation and energy for planets in the solar system. The plasma flow

erupting from the Sun and propagating outward is called the solar wind. Embedded in

the solar wind is the outward extension of the Sun’s magnetic field, which is termed the

interplanetary magnetic field (IMF). In the fluid description, or ideal magnetohydrodynamic

(MHD) approximation, the IMF is “frozen-in” to the solar wind plasma as it propagates at

speeds of several hundred kilometers per second. Rotation of the Sun gives a spiral shape

to the magnetic field lines as the solar wind plasma flows outward named the Parker Spiral

[Parker, 1958].

Over an 11-year solar cycle, solar activity waxes and wanes as magnetic field lines that are

wound and tangled inside the Sun periodically break through to the surface [Babcock, 1961].

Pairs of sunspots of opposite magnetic polarity that move across the surface of the Sun are

produced during this process. Solar magnetic activity associated with sunspots can lead to

solar flares, coronal mass ejections (CMEs), and other electromagnetic phenomena that give

rise to disturbances in the geospace environment that are known as space weather [Cade III

and Chan-Park, 2015].

1.1.2 The Earth’s Magnetosphere

The interaction of the solar wind with the Earth’s magnetic field results in the Earth’s mag-

netosphere [Kivelson and Russell, 1995] (Figure 1.1). Since the solar wind is propagating at

supersonic speed, a structure named the “bow shock” forms in front of the Earth’s magneto-

sphere that mediates the discontinuous change in plasma properties. The outer boundary of

the magnetosphere is named the magnetopause; here, the pressure from the Earth’s magnetic

field balances the dynamic pressure of the solar wind. The region between the bow shock

and magnetopause is named the magnetosheath; here, turbulent plasma flow and waves are
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commonly observed. The magnetopause is compressed on the dayside by the upstream solar

wind pressure while on the nightside it is stretched downstream to form the magnetotail.

In the equatorial magnetotail, the region of closed field lines with hot and dense plasma is

termed the plasma sheet.

Figure 1.1: The Solar Wind and Earth’s Magnetosphere. [Image credit: https://helios.
gsfc.nasa.gov/magnet.html]

Earth’s magnetic field

To first order, Earth’s magnetic field resembles that of a magnetic dipole, being essen-

tially horizontal at the ground-level magnetic equator and nearly vertical at the poles. The

geomagnetic field plays an important role in coupling the upper atmosphere to the magneto-

sphere and solar wind. In particular, energetic ions and electrons can travel along magnetic

field lines freely and so large-scale perpendicular electric fields map along their full length

almost without attenuation. To better understand these processes, we need to review some

basic plasma physics of the system. We start with the motion of a charged particle in the

https://helios.gsfc.nasa.gov/magnet.html
https://helios.gsfc.nasa.gov/magnet.html
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geomagnetic field.

Motion of a Charged Particle in the Geomagnetic Field

There are three basic motions of a charged particle in the geomagnetic field: gyration,

bounce, and drift, as shown in Figure 1.2b. A particle typically gyrates about a field line as

it moves along its length. Gyrofrequency ( qB
m

) is the angular frequency of the circular motion

of a particle in the plane perpendicular to the magnetic field. Bounce motion results when

the gyrating particle is reflected from the converging ends of the field line. The locations

where the particle is reflected are known as mirror points. The angle between the particle

velocity vector and the direction of the magnetic field is called the pitch angle. This is an

important factor for determining whether a particle will be trapped by the geomagnetic field

and bounce between two mirror points (Figure 1.2a) or be lost to the Earth’s atmosphere.

Figure 1.2: Motions of charged particles in the geomagnetic field: (a) schematic representa-
tion of the guiding-center trajectory of a trapped charged particle; (b) three cyclic motions:
gyro, bounce, and drift. [Regi, 2016]

In addition to gyration and bounce motions, a particle can drift around the Earth in a

longitudinal sense. There are three primary drifts to consider in the geomagnetic field:
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E × B, curvature, and gradient drifts. In the presence of a force other than the magnetic

field force, the drift velocity is perpendicular to both the magnetic field and the force and is

thus given by:

vD =
F × B
qB2

(1.1)

The application of an external electric field force (F = qE) thus produces an E × B plasma

drift with velocity v = E×B
B2 . Since v is independent of the mass and sign of the charge, ions

and electrons move together as bulk plasma motion in the absence of collisions and thus do

not create electric current. The E×B drift plays an important role in plasma transport in the

magnetosphere and ionosphere. Since the magnetic field in the magnetotail is predominantly

northward, a dawn-dusk directed electric field will move plasma Earthward. When the

plasma moves to the inner magnetosphere, the curvature and gradient drifts created by the

gradient and curvature of the nonuniform geomagnetic field, become dominant. Unlike E×B

drift, these drifts cause particles of opposite signs to move in opposite directions, creating

current. To be specific, ions (electrons) drift westward (eastward) as shown in Figure 1.2a,

creating the east-to-west directed ring current, which will be described in more detail in

the next subsection.

The inner magnetosphere particle populations

The inner magnetosphere can be treated as a magnetic dipole in which various types of

charged particles are trapped by the Earth’s intrinsic magnetic field. With ordering of the

particle populations by energy and origin, the Earth’s inner magnetosphere consists of the

ring current, plasmasphere, and Van Allen radiation belts.

Ring current: consists of hot (1-400 keV) and tenuous ions of both ionospheric and solar
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wind origins [Daglis et al., 1999], dominates the energy density of the inner magnetosphere. It

is located in the equatorial plane at a distance of 3 to 8 Earth radii (RE) and flows westward

around the Earth, thus creating a magnetic field opposite to the Earth’s geomagnetic field.

Intensification of the ring current leads to characteristic signatures of a geomagnetic storm

in the Dst index which will be further described in subsection 1.1.5.

Plasmasphere: is a torus of cold (1-10 eV) and dense (100-10000 /cm−3) plasma of iono-

spheric origin, dominates the mass density of the inner magnetosphere. The outer boundary

of the plasmasphere, known as the plasmapause, is shown in Figure 1.3 (left) and is de-

fined by an order of magnitude drop in plasma density. The plasmasphere is essentially an

extension of the ionosphere (see subsection 1.1.3) at high altitudes that is trapped by the

geomagnetic field [Lemaire and Gringauz, 2005].

Figure 1.3: Left: Earth’s plasmasphere as measured by IMAGE’s extreme ultraviolet imager
[Sandel et al., 2003]; Right: A cross section of Van Allen radiation belts. [Image credit:
NASA]

Radiation belts: were named after James Van Allen, following their discovery in early

1958 by the Explore 1 and Explore 3 satellites [Van Allen et al., 1958, Van Allen and Frank,

1959]. Van Allen radiation belts consist of energetic charged particles originating primarily
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from the solar wind with two main belts in a donut shape as shown in Figure 1.3 (right).

The inner belt from an altitude of 0.2-2 RE above the Earth contains mainly protons with

energies exceeding 100 MeV. The outer belt consists mainly of 0.4-15 MeV electrons and is

more variable than the inner belt as it is more easily influenced by geomagnetic disturbances

caused by solar activity. The high-energy particles of the radiation belts pose a hazard to

spacecraft and astronauts.

1.1.3 Structure of the Earth’s Atmosphere and Ionosphere

Surrounding the Earth is a layer of gases called the atmosphere, commonly known as air. The

Earth’s atmosphere as retained by gravity is mainly composed of nitrogen (∼ 78%), oxygen

(∼ 21%), and argon (∼ 0.93%) with significant contributions by carbon dioxide (0.038%).

Water vapor and other gases exist in small amounts as well. The layers of the atmosphere

are distinguished by their temperature variation with altitude as shown in Figure 1.4 (left).

The surface of the Earth is warmed by sunlight and so the air is heated at ground or sea

level and temperature initially drops with altitude.

The lowest layer of the atmosphere is called the troposphere and extends from 0 km to ∼ 10

km above the surface of the Earth. The temperature profile (the solid curve in Figure 1.4

(left)) shows that the temperature drops with increasing altitude in the troposphere. This

drop is explained by the increasing distance from the source of heating, i.e., the surface of

the Earth. Roughly 80% of the mass of Earth’s atmosphere and most of the weather and

clouds are found in this layer. The upper boundary of the troposphere is the tropopause,

where the temperature starts to increase with altitude, producing a temperature inversion,

i.e., a region of relatively warm air above a colder one. The increase continues until the

stratopause is encountered at 50-55 km altitude. The rise of temperature with increasing
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Figure 1.4: Typical profiles of neutral atmospheric temperature (left) and ionospheric plasma
density (right) with the various layers designated. [Kelley, 2009]

altitude in the stratosphere is mainly caused by the absorption of ultraviolet (UV) radiation

from the Sun by ozone, which peaks as an atmospheric component in the stratosphere. The

third layer of the Earth’s atmosphere is the mesosphere which extends from the stratopause

to the mesopause at an altitude of about 80-85 km. In this layer, temperature drops as

the altitude increases due to decreased solar heating and increased cooling by CO2 radiative

emission. The decrease in temperature continues until the mesopause is encountered, which

is the coldest part of the Earth’s atmosphere. Above the mesopause lies the thermosphere,

where the temperature increases dramatically due to the absorption of solar X-ray and a

portion of extreme ultraviolet radiation. The radiation causes photoionization of neutral

gases and thus creates plasmas that consist of ions and electrons.

The ionosphere is the ionized region of the Earth’s upper atmosphere, extending from about
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60 km to 1000 km above the Earth’s surface. Unlike the neutral atmosphere, whose stratifi-

cation is controlled by the temperature, ionospheric structure is more organized by plasma

density (Figure 1.4 (right)). It is formed due to photoionization of neutral gases by solar

radiation. The plasma component becomes increasingly dominant over the background neu-

tral atmosphere with altitude. The ionosphere varies significantly between day and night

and it is generally divided into three layers: D, E, F regions.

D-region: altitude range 60-90 km. This layer is mainly produced by Lyman series-α

ionization of NO and hard X-ray ionization of O2 and N2. Recombination rates are high

in this region, thus the D-region is very weakly ionized and has more neutral gases than

charged particles. Due to the high concentration of neutral molecules, this layer causes most

absorption of high frequency (HF:3-30 MHz) radio waves, particularly at 10 MHz and below.

This explains the disappearance of distant AM broadcast band stations in the daytime. At

night, when there is little incident radiation (except for cosmic rays), the D-region almost

disappears except at very high latitudes.

E-region: altitude range 90-150 km. Ionization in this region is mainly due to soft X-ray and

far ultraviolet solar radiation of O2. In addition, photoelectrons and precipitating electrons

also make contributions. At night, the E-region weakens due to lack of incident radiation,

which results in the height of maximum density increasing.

F-region: altitude range > 150 km. The F-region is the outermost layer with maximum

electron density in the ionosphere. This region consists of one layer at night, but splits into

two layers during the day. F1-region: altitude range 150-200 km. This lower layer is mainly

caused by EUV ionization of atomic Oxygen. F2-region: altitude range > 200 km. The

upper layer usually has highest electron density and consists primarily of O+, followed by

H+ at the top and NO+ and O+
2 at the bottom. Vertical transport is the primary source of

ionization at upper F region altitudes.
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1.1.4 The Solar Wind - Magnetosphere - Ionosphere Coupling

Plasma and energy from the Sun are transferred to the Earth’s magnetosphere and ionosphere

through coupling processes between the solar wind, magnetosphere, and ionosphere. The two

most important coupling processes between the solar wind and the magnetosphere are viscous

interaction [Axford and Hines, 1961] and magnetic reconnection [Dungey, 1961]. In general,

magnetic reconnection dominates in transporting mass, momentum, and energy from the

solar wind into the magnetosphere. And it also drives the large scale magnetospheric and

ionospheric convection.

Magnetic Reconnection

Magnetic reconnection (or merging) occurs when the magnetic fields from two neighboring

regions are anti-parallel. In the Earth’s magnetosphere, there are two common sites for

magnetic reconnection to occur. As shown in Figure 1.5, when the upstream southward

IMF meets the dayside northward geomagnetic field, dayside reconnection occurs. For the

magnetotail reconnection, sunward magnetic fields at the northern lobe merge with anti-

sunward magnetic fields at the southern lobe. Magnetic reconnection breaks the frozen-

in condition and converts magnetic field energy into plasma kinetic and thermal energy.

Dayside magnetic reconnection plays an important role in energy transfer from the solar

wind to the magnetosphere, while magnetotail reconnection is known to release the energy

of the magnetosphere to the ionosphere and atmosphere.

Magnetospheric and Ionospheric Convection

Magnetic reconnection drives plasma convection in the magnetosphere, which is known as

the Dungey Cycle [Dungey, 1961]. When dayside reconnection occurs, the IMF and geo-
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Figure 1.5: Magnetic reconnection in the Earth’s magnetosphere and the associated magne-
tospheric and ionospheric convection. [Adapted from Kivelson and Russell, 1995]

magnetic fields merge together and form a new topology denoted as 1′ in Figure 1.5. The

plasma and magnetic field then move together tailward in the sequence from number 2 to 6

until magnetotail reconnection occurs, at which point newly closed field lines move sunward

toward the dayside magnetosphere in the sequence from number 7 to 9. The corresponding

ionospheric convection is shown in the bottom sketch. From here, we can see how high-

latitude ionospheric measurements from ground networks covering relatively small regions

can be used to monitor activity over vast regions of the magnetosphere. This approach is

much less expensive than using in-situ satellite measurements.
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SuperDARN Radars

The Super Dual Auroral Radar Network (SuperDARN) was designed to be a tool for mon-

itoring ionospheric convection over large geographical areas in both hemispheres [Chisham

et al., 2007, Nishitani et al., 2019]. It is an international network consisting of 35 low-power

HF coherent scatter radars at middle to polar latitudes that look into Earth’s upper atmo-

sphere and ionosphere. The radars measure the Doppler shifts of decameter-scale magnetic

field-aligned irregularities at F region latitudes in the ionosphere, which are usually caused

by E × B drift. Figure 1.6 shows the locations and fields-of-view (FOVs) of 35 currently

operational SuperDARN radars in the northern (left) and southern (right) hemispheres.

SuperDARN radars from the northern hemisphere are the primary data set used in this

dissertation.

Figure 1.6: Fields of view of 35 currently operational SuperDARN radars from the northern
(left) and southern (right) hemispheres in magnetic coordinates. Polar cap, high-latitude,
and mid-latitude radar FOVs are shaded green, blue, and red, respectively.
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1.1.5 Geomagnetic Activity

Geomagnetic Storm

The most intense manifestation of magnetic reconnection and solar wind - magnetosphere

coupling is a geomagnetic storm. Geomagnetic storms are commonly characterized by the

Disturbance storm time (Dst) index, which is an hourly measurement derived from four near-

equatorial geomagnetic observatories that measure the intensity of the globally symmetrical

westward flowing ring current [Sugiura and Kamei, 1991]. Hourly horizontal (H, north-south)

component magnetic variations are analyzed to remove annual secular change trends from

records of a worldwide array of low-latitude observatories. The Dst index has been used

to assess the magnetic storm strength and characterize different storm phases (Figure 1.7).

The SYM-H index is a higher resolution (1 min) version of Dst [Iyemori, 1990], which is

calculated using different magnetometer stations and slightly different baseline subtraction

method. Both indices are designed to measure the intensity of the storm time ring current

and are roughly equivalent [Wanliss and Showalter, 2006]. We have used 1-min resolution

SYM-H index in this dissertation.

Associated with solar CMEs or coronal holes [Zhang et al., 2007], a geomagnetic storm is

caused by a solar wind shock wave which typically strikes the Earth’s magnetic field 24

to 36 hours after the solar event. Geomagnetic storms usually begin with storm sudden

commencement (SSC), as seen in Dst index suddenly turning positive. The SSC is produced

by the arrival of a shock in the solar wind, and followed by a period of enhanced field

(the initial phase), and then followed by a period of substantially reduced field (the main

phase), which is caused by intensification of the ring current associated with energetic particle

injections from the magnetotail and in-situ acceleration processes. When the enhanced solar

wind conditions subside and after the Dst index reaches its minimum, the magnetic field
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Figure 1.7: The Dst index shows the SSC, initial phase, main phase, and the recovery phase
of a classic geomagnetic storm [Lui, 2000].

gradually recovers to its pre-storm condition (the recovery phase). The recovery phase

generally takes several days. Figure 1.7 shows the Dst index during a classic geomagnetic

storm with the storm phases as described. Note that not all storms have a well defined SSC

and initial phase.

Magnetospheric Substorm

The magnetospheric substorm is another mode of geomagnetic activity that is characterized

by the auroral electrojet magnetic indices (AE, AU, AL, AO) [Davis and Sugiura, 1966]. They

are derived from geomagnetic variations in the H-component observed at 10-13 observatories

along the auroral zone in the northern hemisphere. They are designed to provide a global,

quantitative measure of auroral zone magnetic activity produced by enhanced ionospheric

currents flowing below and within the auroral oval, and thus can be used to characterize

substorms. The data are normalized by subtracting a base value for each station, which is

calculated at each month by averaging all the data from the station on the five international

quietest days. For the normalized data from all the stations as functions of UT, the upper and
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lower envelopes of the superposed plots are defined as the AU and AL indices, respectively.

The AU (AL) index express the strongest current intensity of the eastward (westward) auroral

electrojets. The AE index is the difference between AU and AL, i.e., AU - AL, representing

the overall activity of the electrojets. The AO index is the mean value of the AU and AL,

i.e., (AU+AL)/2, representing a measure of the equivalent zonal current.

Substorms are associated with sudden release of the solar wind energy stored within the

Earth’s magnetotail toward the inner magnetosphere and high latitude ionosphere/atmo-

sphere. They are usually manifested visually by a global development of auroras [Akasofu,

1964]. Substorms can be described by three phases: growth, expansion, and recovery. The

growth phase typically begins with the start of an IMF southward turning, during which

reconnection occurs at the dayside magnetopause. As magnetic flux is transferred from the

dayside to the magnetotail (Figure 1.5), the tail magnetic field lines start to stretch forming

a more tail-like field configuration and the central plasma sheet thinning develops. The

energy stored in the magnetotail during the growth phase is suddenly released toward the

Earth at the onset of the expansion phase, causing sudden auroral brightening and formation

of ionospheric currents. The stretched field lines developed during the growth phase relax

abruptly to a more dipolar field geometry, a process termed dipolarization. As the expansion

phase proceeds, the region of dipolarization, bright aurora and ionospheric currents expand.

Recovery phase begins when the poleward expansion of the auroral bulge halts and the in-

tense ionospheric currents and auroral activity gradually die out. There are many theories

to explain substorms, however, the actual sequence of processes during a substorm is still an

unsolved problem despite more than half a century of research.
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1.2 Ultra-Low Frequency Waves

The primary focus of this dissertation is to develop an improved understanding of ULF

waves. In this section, we introduce early observations of ULF waves from a historical

perspective, the MHD description of ULF waves, the ULF wave definition and categories,

and their driving mechanisms.

1.2.1 Historical Background

ULF waves are ubiquitous in the solar-terrestrial environment and have been studied for

over a century since the first published account of an observation of a ULF wave in the

ground-based measurements of the 1859 great auroral event [Stewart, 1861]. Historically,

ULF waves were called micropulsations or geomagnetic pulsations when observed in ground

magnetometer data. The name represents how these oscillations were discovered through

observations of the end of a very long compass needle with a microscope [McPherron, 2005].

An example of a photographic recording is shown in Figure 1.8.

The existence of electromagnetic-hydromagnetic waves was first pointed out by Alfvén [1942],

in which the class of MHD waves now known as Alfvén waves (see next subsection) was

described. Hannes Alfvén received the 1970 Nobel Prize in Physics for his work on magne-

tohydrodynamics. The first physical interpretation of geomagnetic pulsations was proposed

by Dungey [1955] almost a century after Stewart’s report when Dungey proposed that these

long-period pulsations might be standing Alfvén waves excited on geomagnetic field lines.

With the growth in ULF wave research during the 1960’s, Dungey’s standing wave idea was

verified by ground magnetometer observations [Nagata et al., 1963, Sugiura, 1961] as well as

in space by satellites for the first time [Patel, 1965].
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Figure 1.8: An example of a photographic recording of magnetic oscillations of a compass
needle. From Figure 1 in McPherron [2005].

In recent years, much attention has been devoted to understanding the role and efficiency

of ULF waves in acceleration of magnetospheric particles, particularly in the ring current

and radiation belts [e.g., Zong et al., 2009]. On the one hand, ULF waves driven by external

sources from the solar wind can accelerate magnetospheric particles. On the other hand, ULF

waves observed on the ground provide a useful diagnostic probe of several magnetospheric

properties [Menk et al., 1999]. Radar and magnetometer observations show that ionospheric

parameters, including electron density, ionospheric conductance, and ion temperature, can

be significantly modulated by global ULF waves during strong geomagnetic storms [Pilipenko

et al., 2014a]. These effects may modify the Total Electron Content (TEC) along GPS signal

paths and result in time delays and phase shifts in signals [Karatay et al., 2010, Pilipenko

et al., 2014b]. Moreover, the ionospheric ULF wave electric field perturbations can cause

Joule heating, which in turn affects the temperature of the ionosphere and neutral atmo-

sphere and can lead to thermosphere expansion and then enhanced satellite drag [Crowley
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et al., 1985, Dessler, 1959]. Before we introduce more observations and properties of ULF

waves, we review the MHD theory to describe the nature of ULF waves, i.e., MHD waves.

1.2.2 MHD Theory

The magnetosphere can be treated as a cavity of charged particles immersed in the Earth’s

magnetic field. Ultra-low frequency range covers the frequencies from roughly 1 mHz to

several Hz, spanning from the lowest frequencies the magnetospheric cavity can support

to the ion gyrofrequencies [Hughes, 1994]. Description of large-scale phenomena can be

provided by MHD theory, which treats plasmas as electrically conducting fluids governed by

the Navier-Stokes equations of fluid dynamics and Maxwell’s equations of electromagnetism.

The wave modes derived using MHD theory are called MHD waves. ULF waves are essentially

MHD waves, since they have frequencies much smaller than the plasma frequency (
√

nee2

mσ0
,

the frequency with which plasmas oscillate) and can thus be described by MHD theory. The

ideal MHD equations can be combined with the Maxwell’s equations to form a closed set of

equations:

∂ρ

∂t
+∇ · (ρV) = 0 (1.2)

ρ
dV
dt

+∇p− J × B = 0 (1.3)
d

dt
(
p

ργ
) = 0 (1.4)

∂B
∂t

+∇× E = 0 (1.5)

∇× B − µ0J = 0 (1.6)

E + V × B = 0 (1.7)
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where ρ is the mass density, V is plasma bulk velocity field, p is plasma pressure, J is the

current density, B is magnetic field, E is electric field, and γ = 5/3 is the heat capacity ratio.

Equation 1.7 is the general Ohm’s law with the conductivity σ → ∞, which describes the

“frozen-in” condition mentioned before. We assume small perturbations which propagate

through a uniform MHD plasma and start by linearizing the above equations and only keep

zero and the first order terms. These equations can be combined to give the linearized wave

equation:

[ω2 − (k · B0)
2

µ0ρ0
]V1 = [(

γp0
ρ0

+
B2

0

µ0ρ0
)k − (k · B0)

µ0ρ0
B0](k · V1)−

(k · B0)(V1 · B0)

µ0ρ0
k (1.8)

where V1 is the perturbed fluid velocity, k is the wave vector, and B0 is the background

uniform magnetic field. Assuming the plane wave solution with exp[i(k ·r−ωt)], the solution

to the wave equation gives the dispersion relation:

[ω2 − k2V 2
Acos

2θ][ω4 − ω2k2(V 2
A + C2

S) + k4V 2
AC

2
Scos

2θ] = 0 (1.9)

where

VA =
B0√
µ0ρ0

(1.10)

is the Alfvén speed. CS =
√

γp0
ρ0

is the sound speed, and θ is the angle between k and B0.

There are three solutions to Equation 1.9, which correspond to three different types of MHD

waves: shear Alfvén wave, fast MHD wave, and slow MHD wave. In the cold plasma limit,

which lets the sound speed CS tend to zero, only the shear Alfvén and fast mode exist. The

shear Alfvén mode dispersion relation, ω2 = k2V 2
Acos

2θ = k2
//V

2
A , shows that the shear Alfvén

wave propagates along field lines and can carry a finite field-aligned current but carries no
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pressure perturbations since the magnetic perturbations are always perpendicular to B0. On

the other hand, the fast mode dispersion relation, ω2 = k2V 2
A , shows that the fast MHD wave

propagates isotropically. The fast mode has a component of magnetic perturbations parallel

to B0. It can thus transmit pressure variation and is also called a compressional mode.

1.2.3 Definition and Category

ULF waves are MHD waves in the frequency of 1 mHz to a few Hz. ULF pulsations are

divided into two main types: pulsation continuous (Pc), which means quasi-sinusoidal waves

lasting more than several cycles, and pulsation irregular (Pi), which means broad band or

short-lived pulsations. They are further split into several subclasses (see Table 1.1) according

to the wave period or frequency [Jacobs et al., 1964]. Each type was originally associated

with morphological characteristics, but with the emergence of new observations particularly

from spacecraft, this classification has become primarily an indication of frequency bands.

However, a prominent exception is the Pi2 pulsations, which have long been recognized to

be associated with substorms and auroral brightenings [Hughes, 1994].

Table 1.1: Classification of ULF Pulsations

Continuous Pulsations Irregular Pulsations
Type Period (s) Frequency Type Period (s) Frequency
Pc1 0.2 - 5 0.2 - 5 Hz Pi1 1 - 40 0.03 - 1 Hz
Pc2 5 - 10 0.1 - 0.2 Hz Pi2 40 - 150 7 - 25 mHz
Pc3 10 - 45 22 - 100 mHz
Pc4 45 - 150 7 - 22 mHz
Pc5 150 - 600 1 - 7 mHz

According to their polarization, ULF waves are categorized into three modes: compressional

mode (B//, Eφ), poloidal mode (Br, Eφ), and toroidal (Bφ, Er) mode. Here, Br (Er) is the

radial, B// is the parallel or compressional, and Bφ (Eφ) is the azimuthal components in

a local magnetic field system. Considering MHD waves in a more realistic dipole magnetic
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field geometry [Allan and Knox, 1979, Singer et al., 1981], shear Alfvén waves in the Earth’s

magnetosphere can be split into the toroidal and poloidal modes (Figure 1.9). They are

usually coupled for a finite azimuthal wavenumber (i.e., 0 < |m| < ∞), which is defined as

the number of wave cycles surrounding the Earth in the azimuthal direction. The m value

is also a good indicator of the wave driving source, which will be described in Section 1.2.4.

Field Line Resonances

Figure 1.9: Fundamental (top) and second harmonic (bottom) perturbations looking earth-
ward at a field line stretched from north to south for toroidal modes (left) and sketched in a
meridional plane for poloidal modes (right) [Hughes, 1994]. ∆H and ∆D refer to north-south
and east-west perturbations, respectively.

One prominent category of ULF pulsations is the field line resonance (FLR), which is a

standing Alfvén wave on closed magnetic field lines analogous to vibrations on a stretched

string. The fundamental and second harmonic toroidal (left) and poloidal (right) FLRs are
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shown in Figure 1.9. Note that for the fundamental mode (top), the poloidal mode magnetic

perturbations (∆H) are in phase whereas the toroidal mode perturbations (∆D) are out

of phase. The opposite is true for the second harmonic mode (bottom). The fundamental

period of a FLR or the eigen-frequency of a magnetic field line is determined by the length

of the field line (l) and the Alfvén velocity along it:

T = 2

∫
dl

VA

(1.11)

Cavity/Waveguide Mode

Figure 1.10: A schematic representation of the generation of a FLR by compressional waves
of the waveguide mode excited via the Kelvin-Helmholtz instability at the magnetopause.
[Adapted from Rae et al., 2008]

Another category of ULF waves is the cavity mode resonance. Boundaries of plasma mass

density (e.g. magnetopause and plasmapause) inside the magnetosphere form cavities which

can resonate in response to different driving sources [Kivelson and Southwood, 1985]. In

effect, the magnetospheric or plasmaspheric cavity as a whole can “ring” at its own natural
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eigen-frequencies analogous to striking a bell. However, due to the existence of the magne-

totail, the magnetosphere is more like a wave-guide than a cavity, such that wave modes

can be standing radially but propagating azimuthally and hence potentially lost down the

tail. The cavity/waveguide mode is essentially the fast or compressional mode. They can

be driven by various external sources such as interplanetary shocks [Takahashi et al., 2018a]

and Kelvin-Helmholtz instability occurring when there is a velocity difference across the

magnetopause [Miura, 1992]. The compressional waves are coupled to shear Alfvén waves

when the cavity mode eigen-frequency matches the field line eigen-frequency and generate

the FLRs as shown in Figure 1.10.

1.2.4 Driving Mechanisms

Extensive studies of ULF waves have been conducted using ground-based and space-borne

measurements which improve our understanding of pulsation occurrence statistics and source

mechanisms. While it has not been conclusively determined, a number of authors have

postulated numerous possible excitation mechanisms for ULF waves, which are summarized

in Table 1.2. For example, it has been shown that band-limited Pc3 pulsations are most often

observed on the dayside and have an upstream source in the foreshock and magnetosheath,

whereas poloidal Pc4 are most often seen in the afternoon sector and related to energetic

particle injections [e.g., Shi et al., 2018a]. By contrast, compressional Pc5 waves are usually

observed on the nightside and the flanks of the magnetosphere and are generally related to

local sources such as the drift mirror instability in high β plasma [Hasegawa, 1969], where

β = p
pmag

= nKBT
B2/(2µ0)

is the ratio of the plasma pressure to the magnetic pressure. Finally,

toroidal Pc5 waves of fundamental mode FLRs are more often seen at the dawn and dusk

flanks and are often associated with external driving sources, such as variations in the solar

wind dynamic pressure and Kelvin-Helmholtz waves at the magnetopause. The external
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driving waves mostly propagate anti-sunward with low azimuthal wave numbers while the

internal sources are expected to generate sunward propagating poloidal waves with high

azimuthal wave numbers. We summarize common external and internal driving sources in

the following subsections.

Table 1.2: Category, location and source of different types of Pc3-5 oscillations [Anderson,
1994, 1993].

Category Location Source Note
Compressional Pc3 dayside upstream ion cyclotron instability

Toroidal Pc3 dayside upstream FLR harmonics
Poloidal Pc4-5 afternoon, evening local related to particle injections

Compressional Pc5 nightside, dawn and dusk local related to high β plasma
Toroidal Pc5 dawn and dusk flanks upstream fundamental mode FLRs

Incoherent noise everywhere unknown increases with magnetic activity

External Sources

The excitation of toroidal Pc5 pulsations are mainly due to external sources, i.e., energy

source from the solar wind, magnetosheath, or magnetopause/boundary layer. Coherent

oscillations in solar wind parameters can penetrate into the magnetosphere and directly

drive ULF waves inside the magnetosphere [Kepko and Spence, 2003]. ULF waves can

also be generated by buffeting of the magnetosphere in response to solar wind pressure

perturbations, such as positive or negative dynamic pressure pulses [Zhang et al., 2010].

More recently, it has been shown that ion foreshock transients, such as hot flow anomalies,

are important driving sources for compressional Pc5 waves and FLRs in the magnetosphere

and ionosphere [Hartinger et al., 2013, Shen et al., 2018, Wang et al., 2018]. As mentioned

before, Kelvin-Helmholtz instability [Miura, 1992] in the magnetosphere flanks is another

external source for ULF wave generation. The generated compressional waves (waveguide

mode) can be coupled to shear Alfvén waves (FLRs) as shown in Figure 1.10. The external
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driving waves are mostly compressional and toroidal modes with low azimuthal wave numbers

and propagating anti-sunward.

Internal Sources

Magnetospheric ULF waves can arise from various sources that are internal to the mag-

netosphere, such as localized instabilities [e.g., Chen and Hasegawa, 1991, Southwood and

Kivelson, 1993] and wave-particle interactions (see review by Zong et al. [2017]). The drift-

bounce resonance [Southwood et al., 1969], a wave-particle interaction process involving

the particle drift and bounce motions (Figure 1.11), is the focus of this dissertation and is

identified as the driving mechanism of a long-lasting poloidal ULF wave event that will be

described in Chapter 4.

Figure 1.11: A schematic representation of standing poloidal Alfvén waves and wave-particle
resonance interactions [Dai et al., 2013].

Since the azimuthal electric field associated with poloidal waves is aligned with the par-

ticle drift motion in the Earth’s magnetosphere, a wave-particle interaction can occur.
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Specifically, this drift-bounce resonance occurs when the wave frequency (ωwave), parti-

cle drift frequency (ωd) and bounce frequency (ωb) meet certain resonance condition (e.g.,

ωwave − mωd = Nωb). Figure 1.11 (top) illustrates the drift-resonance of a particle with a

fundamental poloidal mode (Eϕ anti-node and Br node at the magnetic equator). Figure

1.11 (bottom) illustrates the bounce-resonance of a particle with a second-harmonic poloidal

mode (Eϕ node and Br anti-node at the magnetic equator). Free energy for wave generation

may come from a non-Maxwellian particle distribution which can be created by processes

such as particle injections during substorms. These sources are expected to generate high-m

waves, which are easily screened by the ionosphere [Hughes and Southwood, 1976], thus not

well detectable by ground magnetometers.

Observations and modeling have shown that any of these mechanisms can be viable under

certain conditions; however, positively identifying a source mechanism has proven to be

rather difficult due to limitations in spatial coverage and temporal resolution of measure-

ments. In-situ spacecraft measurements can help identify wave properties such as polar-

ization and Poynting vector. And particle data from spacecraft if available can be used to

examine wave-particle interaction signatures. However, it is very difficult to estimate the

wave spatial distribution and propagation using limited spacecraft measurements. Multi-

point SuperDARN high-time resolution data are a great tool for estimating the wave spatial

extent and ionospheric electric fields in the Pc4-5 frequency range from the sub-auroral re-

gion to the polar cap. We make use of SuperDARN high-time resolution data as well as

spacecraft-SuperDARN conjunctions for ULF wave studies in this dissertation.
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1.3 Objectives and Dissertation Organization

This dissertation seeks to characterize the ionospheric ULF wave activities on a broad range

of spatial and temporal scales and to understand the fundamental processes that drive them.

The broad objective of this dissertation is to utilize the SuperDARN high-time resolution

data to study the occurrence statistics of ionospheric ULF waves over a broad frequency

range as well as extensive spatial and temporal coverage and their driving mechanisms. We

propose to address the following science questions:

1) What is the occurrence probability of ionospheric ULF waves as a function of frequency,

location (dayside/nightside; polar cap/high-latitude/mid-latitude), solar wind condition, ge-

omagnetic activity level, and season?

2) What are the primary driving mechanisms of ionospheric ULF waves?

Answers to these science questions help us to understand the role of ULF waves in coupling

energy and momentum from the solar wind to the magnetosphere and ionosphere and can

provide better constraints on where and when they occur and how they affect magnetospheric

particle dynamics. Research presented in this dissertation might conceivably improve future

space weather forecasts because ULF waves are important for modulating energetic parti-

cle precipitation and accelerating radiation belt particles to relativistic energies and hence

creating space weather hazards.

This dissertation is organized in five chapters. Chapter 1 has introduced the solar-terrestrial

environment, ULF waves, data sets, and research objectives. Chapter 2 will present a case

study of simultaneous observations of Pi2 pulsations from spacecraft, midlatitude Super-

DARN radars, and ground magnetometers to characterize the pulsation properties and

investigate the generation mechanism. Next, Chapter 3 will consider the statistical char-

acterization of ionospheric ULF wave signatures in terms of spatial occurrence, frequency
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characteristics, seasonal effects, and dependence on solar wind and geomagnetic conditions,

using high-time resolution SuperDARN data from the northern hemisphere. Chapter 4 will

report a long-lasting poloidal wave via multi-point observations of satellite and high-latitude

SuperDARN conjunctions. Finally, Chapter 5 will summarize the conclusions and ideas for

future work.
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Abstract

We present simultaneous space and ground-based observations of Pi2 pulsations which oc-

curred during a substorm on 25 September 2014. The timeline for this event starts at ∼

06:04 UT when the THEMIS probe D located inside the plasmasphere detected Pi2 pulsa-

tions in the electric and magnetic fields. Cross-spectral analysis shows the azimuthal electric

field and compressional magnetic field oscillated nearly in quadrature, highly suggestive of a

standing fast-mode wave. Simultaneous Pi2 observations from dayside and nightside ground

magnetometers at low latitudes indicate a global wave mode. A latitudinal magnetometer

chain on the nightside observed a phase reversal in the H component of the Pi2 pulsations

when crossing the footprint of the plasmapause, estimated from THEMIS spacecraft measure-

ments. Spectral analysis of data from ground magnetometers in this latitudinal chain showed

fundamental and second harmonic spectral peaks in their H and D components. Similar pul-

sation signatures at comparable harmonic frequencies were observed by three mid-latitude

SuperDARN HF radars, both poleward and equatorward of the plasmapause ionospheric

footprint. Finally, the longitudinal polarization pattern and azimuthal phase propagation

of mid-latitude Pi2 pulsations are consistent with previous observations of a plasmaspheric

virtual resonance being excited by a longitudinally localized source near midnight.

2.1 Introduction

As a subclass of ultra-low frequency (ULF) waves, Pi2 pulsations are short-duration (5-

15 min) damped geomagnetic field oscillations with periods of 40-150 s. These pulsations

are mainly observed on the Earth’s nightside and are often associated with substorm on-

set or auroral intensification [Liou et al., 2000, Rostoker et al., 1980] but have also been
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observed during quiet geomagnetic conditions [Kwon et al., 2013, Sutcliffe, 1998]. Despite

extensive studies for more than half a century, there is still no consensus on the generation

mechanisms of Pi2 pulsations [Keiling and Takahashi, 2011]. At higher latitudes, Pi2 pul-

sations have larger amplitudes with a maximum in the auroral zone, irregular waveforms,

and longer periods. At lower latitudes, they have smaller amplitudes, more regular damped

sinusoidal waveforms, and shorter periods. Most high-latitude Pi2 pulsations are believed to

be caused by Alfvén waves associated with the transient response of the substorm current

wedge [Baumjohann and Glaßmeier, 1984] while low-latitude Pi2s are often attributed to

cavity mode resonance [Kivelson and Southwood, 1985, Saito and Matsushita, 1968]. An

outstanding open question concerns the generation mechanisms of Pi2s at mid-latitudes,

especially pulsations observed near the plasmapause, where there is a marked transition

between high- and low- latitude Pi2 pulsations [Teramoto et al., 2016].

Many studies have investigated Pi2 pulsations with ground-based or satellite-borne instru-

mentation [e.g., Fukunishi, 1975], and sometimes both [e.g., Keiling et al., 2008]. Several

events have provided clear evidence of the Plasmaspheric Cavity Resonance (PCR) as a

source of middle and low latitude Pi2 pulsations observed on the ground [Sutcliffe and Yu-

moto, 1991] and inside the plasmasphere by spacecraft [Luo et al., 2011, Takahashi et al.,

1995]. Theoretical modeling [Allan et al., 1996] and numerical simulations [Zhu and Kivel-

son, 1989] suggest that low latitude Pi2 pulsations are generally cavity modes and should

be generally confined to the plasmasphere. Due to their global extent, the PCR-associated

Pi2 pulsations can be observed simultaneously over a wide range of magnetic local times

(MLTs), including on the dayside.

An alternative to the PCR model is the Plasmaspheric Virtual Resonance (PVR) model

[Lee and Kim, 1999, Lee and Lysak, 1999], in which wave energy is primarily confined to

the plasmasphere but a small portion escapes beyond the plasmapause. This results in a
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lowered but finite Pi2 amplitude outside the plasmasphere that decreases with distance.

However, depending on the Alfvén speed profile, the amplitude of the Pi2 pulsations in the

PVR model can sometimes increase immediately outside the plasmasphere [Takahashi et al.,

2003]. Observational evidence for the PVR model was recently provided by Ghamry et al.

[2015], who reported simultaneous Pi2 observations by the Van Allen Probes inside and

outside the plasmasphere and earlier by Kim et al. [2005] and Teramoto et al. [2008]. Since

the PCR and PVR models both invoke system eigenmodes of the plasmasphere, they share

the characteristics of radially standing waves constrained by the plasmapause.

Pi2 pulsations can also be detected in the ionosphere by High Frequency (HF; 3-30 MHz)

and Very High Frequency (VHF; 30-300 MHz) radars [Gjerloev et al., 2007]. The ionosphere

is the region where transfer of wave energy from the magnetosphere to the upper atmosphere

mainly occurs. In addition, the ionosphere controls the detectability, polarization, and de-

cay of low frequency magnetohydrodynamic (MHD) waves [Ponomarenko and Waters, 2013].

Taking account of the modulating effect of the ionosphere is thus necessary when comparing

spacecraft data with ground magnetometer observations. The first radar observations of

ionospheric Pi2 pulsations near the plasmapause were made by Frissell et al. [2011] using

the Blackstone radar of the Super Dual Auroral Radar Network (SuperDARN) [Chisham

et al., 2007, and references therein]. These observations supported the Direct Response

Bursty Bulk Flow model (DR-BBF), in which ground instruments directly sense compres-

sional waves generated by BBF braking [Kepko and Kivelson, 1999]. By contrast, Teramoto

et al. [2014] compared SuperDARN Hokkaido radar Pi2 observations with theoretical predic-

tions and suggested that a cavity mode together with the contribution of an Alfvén wave can

account for some mid-latitude Pi2s. More recently, Teramoto et al. [2016] used multipoint

observations from three mid-latitude SuperDARN radars, three Time History of Events and

Macroscale Interactions During Substorms (THEMIS) satellites, and ground magnetometers
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to study the latitudinal dependence of Pi2 frequency near the plasmapause. They suggested

that compressional waves can propagate duskward away from the midnight sector where the

harmonic cavity mode is generated.

Despite numerous previous studies which have used both ground- and space-based instru-

ments to analyze Pi2 pulsations at high, middle, and low latitudes, controversy remains

regarding their origins. This can be partially attributed to the fact that comprehensive anal-

ysis of any particular Pi2 event requires extensive coverage in both latitude and local time to

fully distinguish between competing theories. Indeed, it is a rare occurrence to have sufficient

instrumental coverage to definitively determine the dominant wave mode characteristics of a

Pi2 event, let alone its most likely driver. In addition, only a few studies have been able to in-

vestigate Pi2 pulsations using both space-borne and ground-based platforms in the vicinity of

the plasmapause and its ionospheric footpoint [Frissell et al., 2011, Teramoto et al., 2016]. In

this study, we analyze a Pi2 event that had sufficient coverage by ground- and space-based

datasets in fortuitous locations to definitively determine its dominant wave mode charac-

teristics. Specifically, two THEMIS spacecraft provided measurements of electromagnetic

fields both inside and outside the plasmasphere while three mid-latitude SuperDARN radars

provided high resolution latitudinal profiles of the ionospheric electric field straddling the

plasmapause footpoint location. Also, broadly distributed ground magnetometers provided

context regarding the global nature of the pulsations, as well as their amplitude and spectral

characteristics inside and outside the plasmapause. Our analysis of these various datasets

leads us to conclude that this particular Pi2 event is consistent with a predominant PVR

mode being excited by a longitudinally localized source near midnight. To our knowledge,

this is the first such study to definitively identify a PVR in measurements.

The paper is structured as follows: section 2 describes the ground- and space-based data sets;

section 3 presents the observations and data analysis; section 4 discusses the observations
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and results in the context of the PCR and PVR models; and finally, section 5 states the

conclusions.

2.2 Data Sets

The primary data sets used in this study are magnetic and electric field observations from

the THEMIS spacecraft, SuperDARN radar measurements of ionospheric convection, and

widespread ground magnetometer data. The preparation of these data are described in the

following subsections.

2.2.1 THEMIS Spacecraft

Data from THEMIS [Angelopoulos, 2008] D and E (THD and THE, respectively) spacecraft

were used in this study to characterize the nature of the Pi2 pulsations inside and outside

the plasmasphere. The magnetic field data came from the Fluxgate Magnetometer (FGM)

instrument [Auster et al., 2008]. For studying magnetic oscillations, the FGE data (engineer-

ing, 8 Hz) were used to reduce digitization noise in the sub-nanotesla range. During the time

period of interest, FGE data have the highest time resolution of any FGM data product, and,

when averaged, appear similar to other lower resolution FGM data. The electric field and

spacecraft potential data were obtained from the Electric Field Instrument (EFI) [Bonnell

et al., 2008]. The electric field data are spin-fit, 3 s averaged vector samples constructed from

spin-plane components by assuming no electric field along background magnetic fields. The

EFI is affected by several sources of contamination which can be checked if the spacecraft

is in fast survey mode. Although THD was in slow survey mode just before the interval of

our interest, no contamination was found at 06:21 UT on 25 September 2014 when THD
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entered fast survey mode. This suggests that the electric field measurements made during

the interval of interest (∼ 10-20 minutes earlier) were clean.

Magnetic and electric fields were expressed in local mean-field-aligned (MFA) coordinates

with components denoted as Bx (outward, perpendicular to the mean magnetic field), By

(eastward, perpendicular to the mean magnetic field), and Bz (parallel to the mean magnetic

field) [Takahashi et al., 1990]. We first averaged the FGE data into 3 s intervals to keep the

same time resolution with the EFI data, then took a boxcar running average over 300 s to

get the mean magnetic field. After rotating to the MFA coordinate system, the magnetic

and electric field oscillations were obtained by (i) subtracting the 300 s averaged background

magnetic field data from the 3 s averaged magnetic field data, and, (ii) high-pass filtering

with 150 s period.

2.2.2 SuperDARN Radars

SuperDARN HF radars measure the line-of-sight (LOS) velocity component of the F-region

drift of ionospheric plasma when decameter-scale electron density irregularities are present

and oriented favorably to produce backscatter. The irregularity motion is due to E × B

drift, where E is the ionospheric electric field and B is the geomagnetic field. When ULF

waves pass through the ionosphere, the associated electric field imposes an oscillation in the

Doppler velocity component measured by HF radars. The mid-latitude radars provide an

extension of the global SuperDARN network to ∼ 50◦ magnetic latitude (MLAT) [Baker

et al., 2007]. Normally, the SuperDARN radars are scheduled for 1-min or 2-min azimuthal

sweeps in the “normalscan” mode, but sometimes they are scheduled to operate in a special

mode called “THEMIS” mode. Every radar operating in THEMIS mode includes a camping

beam sampled at a higher rate (∼ once every six seconds) by interleaving soundings on the
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camping beam with successive beams of the normal azimuthal scan. The step in azimuth

between adjacent beams of the radar is ∼ 3.3◦. The range resolution in the measurements is

∼ 45 km. For this study, THEMIS mode data from three mid-latitude SuperDARN radars

- Fort Hays West (FHW), Fort Hays East (FHE), and Blackstone (BKS) - were used to

analyze ionospheric Pi2 signatures.

2.2.3 Other Data Sets

Ground magnetometers from the following networks were used to analyze Pi2 ground signa-

tures: THEMIS [Mann et al., 2008, Russell et al., 2008], Institute for Space-Earth Environ-

mental Research (ISEE), and INTERMAGNET. The original 0.5 s or 1 s sampled ground

magnetometer data were first detrended, then resampled at exactly 1 s time step and high-

pass filtered with 150 s period. The interplanetary and geomagnetic data from the OMNI

database [King and Papitashvili, 2005] and the World Data Center for Geomagnetism were

used to provide context regarding the interplanetary and geomagnetic conditions of this

event.

The locations of the various space and ground instruments used in this study are shown

in Figure 2.1. The upper panels show the locations of the THE and THD spacecraft in

the X-Y plane (Figure 2.1a) and X-Z plane (Figure 2.1b), respectively, in Solar Magnetic

(SM) coordinates. The asterisks identify the locations of the satellites at 06:04 UT and

the start of the interval when THD started to see Pi2 pulsations. The curves of spacecraft

locations end at 06:45 UT. The lower panel (Figure 2.1c) shows a map in Altitude Adjusted

Corrected Geomagnetic (AACGM) coordinates [Baker and Wing, 1989] with the positions

of the space and ground instruments indicated. Included are selected nightside ground

magnetometers (black dots); four THEMIS all-sky imagers (green dots); SuperDARN radar
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Figure 2.1: Locations of various space and ground instruments. The upper panels show the
locations of THE (blue curve) and THD (red curve) spacecraft in (a) the X-Y plane and (b)
the X-Z plane in SM coordinates. The asterisks identify the starting time at 06:04 UT on 25
September 2014. The lower panel (c) shows the locations of ionospheric footprints of THE
(blue asterisk) and THD (red asterisk), ground magnetometers (black dots), THEMIS all-
sky imagers (green dots), and SuperDARN radar FOV and camping beams of FHW (cyan),
FHE (red), and BKS (green) in AACGM coordinates at 06:04 UT.

fields of view (FOV) and camping beams of FHW (cyan), FHE (red), and BKS (green); and

ionospheric footprints of THE (blue asterisk) and THD (red asterisk) using the Tsyganenko

96 (T96) magnetic field model [Tsyganenko and Stern, 1996] at 06:04 UT. Unless specified,

the magnetic coordinates used hereafter are AACGM.

The locations of the ground stations used in this study are listed in Table 2.1. Geographic

latitudes and longitudes, magnetic latitudes and longitudes, and MLT values are shown in the

second to the last columns, respectively. Note that the bottom two rows show the locations

of sample range gates for the camping beams of two SuperDARN mid-latitude radars; i.e.,
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BKS (G38) indicates gate 38 in the camping beam of BKS radar.

Table 2.1: Coordinates of Ground Stations

Station Name Station Code GLAT (◦) GLON (◦ E) MLAT (◦) MLON (◦) MLTa (h)
Addis Ababa AAE 9.03 38.76 0.78 110.72 8.79
Apia API -13.80 188.20 -15.61 -97.34 18.92
Ann Arbor ANNA 42.42 276.10 53.21 -10.80 0.69
Athabasca ATHA 54.71 246.69 61.99 -53.52 21.85
Bay Mills BMLS 46.24 275.31 56.94 -11.83 0.62
Carson City CCNV 39.19 240.22 45.08 -56.66 21.64
Kourou KOU 5.21 307.27 9.51 23.58 2.98
Kototabang KTB -0.20 100.32 -9.08 172.15 12.89
Mbour MBO 14.39 343.04 1.83 57.82 5.27
Ministik Lake MSTK 53.35 247.03 60.70 -52.64 21.90
Newport NEW 48.30 242.88 54.81 -56.15 21.67
Osakis OSAK 45.87 264.92 56.06 -26.99 23.61
Ottawa OTT 45.40 284.45 55.58 1.50 1.51
Pamatai PPT -17.56 210.42 -16.69 -74.56 20.44
Shumagin SHU 55.40 199.50 53.10 -100.98 18.68
Thief River Falls THRF 48.03 263.63 58.05 -29.02 23.48
Ukiah UKIA 45.13 241.07 51.24 -57.33 21.59
Victoria VIC 48.50 236.58 53.68 -63.37 21.19
Vulcan VULC 50.37 247.02 57.72 -51.76 21.96
Wells Gray WGRY 51.88 239.97 57.80 -60.68 21.37
Blackstoneb BKS (G38)c 48.65 265.64 59.12 -26.14 23.67
Fort Hays Eastb FHE (G30)c 48.07 273.97 58.93 -13.81 0.49
Fort Hays Westb FHW (G30)c 50.61 251.58 59.11 -45.99 22.35
aThe MLT values are calculated at 06:04 UT.
bSuperDARN mid-latitude HF radar.
cGate number in the camping beam of SuperDARN mid-latitude HF radar.

2.3 Observations and Analysis

In this section, the Pi2 event that occurred on 25 September 2014 between 06:00 and 06:15

UT is described in detail and analyzed using the data sets described in the previous section.
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Figure 2.2: Interplanetary and geomagnetic conditions on 25 September 2014: (a) OMNI
IMF By and Bz components and (b) solar wind speed Vx in the Geocentric Solar Magne-
tospheric (GSM) coordinate system, (c) solar wind proton density Np, (d) AE (blue), AU
(green), and AL (red) indices, and (e) SymH index. The cyan shaded region identifies the
time interval of interest.

2.3.1 Interplanetary and Geomagnetic Conditions

Figure 2.2 provides an overview of the interplanetary and geomagnetic conditions from 05:30

to 07:00 UT. The cyan shaded region identifies the interval of interest. Of particular note is

the intensification in the Auroral Electrojet (AE) index (Figure 2.2d) at ∼ 06:04 UT which

occurred a few minutes after the IMF (Figure 2.2a) turned northward at the bow shock as

determined by OMNI analysis. This is consistent with a substorm onset which was indeed

observed in auroral activity (not shown) by several THEMIS all-sky imagers whose locations

are shown in Figure 2.1c as green dots. We can further conclude that this substorm was an
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isolated non-storm event based on the weak SymH index (Figure 2.2e) during this period

and through out the preceding day, as well as the absence of storm features in the solar wind

particle data (Figure 2.2b and 2.2c).

2.3.2 THEMIS Spacecraft Observations
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Figure 2.3: Plasmaspheric context of two THEMIS spacecraft during the time interval of Pi2
activity. Each panel shows profiles of spacecraft potential (blue) and electron density (black)
for (a) THE and (b) THD. The cyan shaded region identifies the time interval of interest.
Vertical dashed red lines identify sharp gradients indicative of plasmapause crossings.

Before we can analyze the THD and THE spacecraft measurements in detail, it is important

to first identify whether or not they were inside the plasmasphere. Figure 2.3 shows THE

(upper) and THD (lower) profiles of spacecraft potential (blue) and electron density (black)
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from 04:15 to 06:45 UT. The electron density parameter was derived from the spacecraft

potential. Vertical dashed red lines identify sharp gradients in the electron density and

spacecraft potential suggesting THE made an outbound crossing of the plasmapause at ∼

04:43 UT (L ∼ 4.5 and MLT ∼ 22.0) while THD exited the plasmasphere somewhat later at

∼ 06:31 UT (L ∼ 4.2 and MLT ∼ 21.7). Similar to Figure 2.2, cyan shaded regions identify

the 06:00 to 06:15 UT time interval of interest allowing us to conclude that THD was inside

the plasmasphere but THE was outside during this interval.

-5

0

5

T
H

D
-E

x
[m

V
/m

]

-5

0

5

T
H

D
-E

y
[m

V
/m

]

-2

0

2

T
H

D
-B

x
[n

T
]

-2

0

2

T
H

D
-B

y
[n

T
]

-2

0

2

T
H

D
-B

z
[n

T
]

06:00 06:02 06:04 06:06 06:08 06:10
Time [UT]

-2

0

2

C
C

N
V

-H
[n

T
]

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.4: Time series of Pi2 pulsations observed inside the plasmasphere. The upper five
panels show THD measurements of (a) Ex, (b) Ey, (c) Bx, (d) By, and (e) Bz components,
while the bottom panel (f) shows the CCNV ground magnetometer H component. Vertical
dashed red lines indicate prominent peaks in the THD Ey component.

Figure 2.4 shows time series of Pi2 pulsations observed inside the plasmasphere by THD and
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a representative ground magnetometer. The upper five panels show the THD Ex, Ey, Bx,

By, and Bz components, respectively. The bottom panel shows the H component from the

CCNV ground magnetometer station located at L ∼ 2.0 and MLT ∼ 21.6 (see Figure 2.1c).

The ground magnetometer data were resampled at 3 s step in order to have the same time

resolution as the spacecraft measurements. Strong oscillations in the Pi2 band are clearly

identifiable in the azimuthal component of the electric field (Ey) and the field-aligned com-

ponent of the magnetic field (Bz) measured by THD, as well as the CCNV H component.

The toroidal components (Ex, By) have much smaller amplitudes than the poloidal compo-

nents (Ey, Bx, and Bz), which indicates a predominant fast-mode wave [Takahashi et al.,

2003] observed at the location of THD inside the plasmasphere.

To further investigate the radial structure of the fast-mode wave seen by THD, we perform

cross-spectral analysis to calculate the coherence and phase shift between the THD Ey and

Bz components (Figure 2.5) and the THD Ey and CCNV H components. (Figure 2.6). The

time interval for the cross-spectral analysis is 06:00 - 06:10 UT because the FGE data from

THD is missing after 06:10 UT. The left three panels in Figure 2.5 show the THD Ey and

Bz auto spectra and cross-spectrum, likewise in Figure 2.6. The right two panels show the

coherence and phase shift as a function of frequency between the two components. It can

be seen in Figure 2.5e that the THD Ey component oscillated nearly in quadrature (∼ -100◦

out of phase) with the THD Bz component at the cross-spectral dominant frequency ∼ 13.4

mHz (Figure 2.5c), as indicated by the vertical dashed red lines. The coherence (Figure

2.5d) between the Ey and Bz pulsations at 13.4 mHz is ∼ 0.65. Similarly, Figure 2.6 shows

strong coherence (∼ 0.93) between the THD Ey and CCNV H components at the same peak

frequency ∼ 13.4 mHz with a cross phase value of ∼ -95◦. These phase relationships and

high coherence between the THD Ey, THD Bz, and CCNV H components are expected for a

radially standing wave of the fundamental mode and thus are consistent with both the PCR
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and PVR models [e.g., Ghamry et al., 2015, Luo et al., 2011].
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Figure 2.5: Cross-spectral analysis of THD Ey and Bz components: (a) Auto spectrum of
the Ey component from THD, (b) Auto spectrum of the Bz component from THD, (c) Cross
spectrum of the Ey and Bz components, (d) Coherence between the Ey and Bz components,
and (e) Ey-Bz phase shift as a function of frequency. Vertical dashed red lines indicate the
dominant cross-spectral frequency peak at ∼ 13.4 mHz.

In order to fully distinguish between the PCR and PVR models, simultaneous observations

outside the plasmasphere are needed. As indicated in Figure 2.3, THE was located outside

the plasmasphere during this period. It observed some wave activity signatures (not shown).

However, the waveforms of the electric and magnetic field are more complicated. Several field

components have multiple power spectral density peaks instead of one dominant frequency

peak in the Pi2 band, and the pulsations generally show very small coherence with the

ground magnetometer observations. Using these observations alone, we cannot differentiate

between PCR and PVR. Next we proceed to examine the ground-based data sets for global

characteristics of the pulsations and for evidence that favors one mechanism.
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Figure 2.6: Cross-spectral analysis of THD Ey and CCNV H components (same format as
Figure 2.5).

2.3.3 Ground Magnetometer Measurements

After examining the wave mode of the Pi2 pulsations in space, we search for Pi2 signatures

on the ground. First, we examine the day-night structure of the pulsations at low latitudes.

Magnetic field oscillations from a longitudinal chain of ground magnetometers (i.e., stations

at about the same L shell but varying with magnetic longitude) are shown in Figure 2.7.

The left axes identify the station names. The relevant L and MLT values are labeled at the

upper right-hand corner in each panel. In all cases, Pi2 pulsations are clearly seen in the

H (solid black) components with a similar waveform on the nightside and dayside at nearly

the same time. While the amplitude of oscillations in the D (dashed blue) component is

generally smaller than those in the H component. The vertical dashed red lines correspond

to the peaks in the THD Ey pulsations identified in Figure 2.4. The similarity in waveforms

and the fact that Pi2 pulsations were almost simultaneously observed on both dayside and
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nightside at low latitudes lend further credence to the idea that the observed pulsations were

associated with a plasmaspheric standing wave [Nosé et al., 2006, Sutcliffe and Yumoto,

1991].
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Figure 2.7: Magnetic local time variation of pulsations seen by several low latitude ground
magnetometers. Filtered magnetic field H (solid black) and D (dashed blue) components
are shown. Station identifiers are on the left axes and the relevant L and MLT values are
labeled at the upper right-hand corner in each panel. Vertical dashed red lines identify the
same times as those shown in Figure 2.4.

Next, we examine the radial structure of the pulsations using observations from a latitudinal

chain of ground magnetometers (i.e., stations at about the same magnetic longitude but vary-

ing with magnetic latitude) straddling the footprint of the plasmapause. Recall from Figure

2.3 that THD made an outbound crossing of the plasmapause at ∼ 06:31 UT corresponding

to L ∼ 4.2 and MLT ∼ 21.7. Figure 2.8 shows a stack plot of six ground magnetometers
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Figure 2.8: Latitudinal variation of pulsations seen by several nightside ground magnetome-
ters straddling the footprint latitude of the plasmapause (similar format to Figure 2.7).

in this MLT sector spanning L values of 2.0 - 4.5. The THD measurements indicate the

plasmapause was situated somewhere very close to the MSTK station (L ∼ 4.2 and MLT

∼ 21.9), as identified by the red arrow labeled “PP”. It can be seen that the station that

observed the pulsations with the largest amplitude was located outside the plasmasphere and

that the amplitude of the pulsations generally decreased with decreasing latitude. Also, the

pulsations seen by the stations inside the plasmasphere were highly coherent in both H and

D components, while those near the plasmapause (MSTK) and just outside of it (ATHA)

had more complicated waveforms. Finally, it is also noteworthy that the D component pul-

sations were in phase at all latitudes whereas the H component experienced a phase reversal

across the plasmapause between the MSTK and ATHA stations, which indicates a change

in polarization.
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Figure 2.9: Spectral analysis of ground magnetometer data shown in Figure 2.8: auto spectral
power density of (a) H and (b) D components, and (c) relative phase from cross-spectral
analysis. In (a) and (b), the stations are color coded as shown at right; vertical dashed red
lines identify the dominant spectral peaks. In (c), the H (D) component is shown in black
(blue); vertical dashed red line identifies the magnetic latitude of the plasmapause footprint.

To further quantify how the frequency and phase of the Pi2 pulsations vary across the

plasmapause, we apply Fast Fourier Transform (FFT) and cross-spectral analysis to the time

series data shown in Figure 2.8. The time interval for both analyses is 06:00 - 06:15 UT. The

results are shown in Figure 2.9. The VULC station was chosen as the reference to calculate

the relative phase shift. The first two panels show the spectral power density of the H (Figure

2.9a) and D (Figure 2.9b) components color coded by station at right. Vertical dashed red

lines identify the leading two peaks which occurred at ∼ 14.4 mHz and ∼ 19.0 mHz in the H

component, but slightly shifted to ∼ 13.3 mHz and ∼ 21.1 mHz in the D component. There
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is a general trend for the spectral power to increase with latitude with the secondary peaks,

in particular, being much more prominent in the vicinity of the plasmapause. Figure 2.9c

shows the relative phase variation across the stations as a function of magnetic latitude. The

D components (blue asterisks) are highly coherent across all latitudes while the H component

(black asterisks) reversed phase between ATHA and MSTK stations. As noted previously,

the THD measurements placed the plasmapause very close to the MSTK station.

Thus far, the ground magnetometer observations are more consistent with the PVR model,

considering that the Pi2 pulsations were observed outside the plasmapause as well as in-

side (Figure 2.8). Moreover, the ground magnetometer phase relationships are consistent

with those found in previous observational studies of PVR [Takahashi et al., 2009]. How-

ever, for pulsations observed near and just outside the plasmapause, we cannot rule out

the possibility of a field line resonance (FLR) which has been reported to show polarization

change associated with the plasmapause in previous studies [e.g., Fukunishi, 1975]. To ex-

amine this possibility and characterize the pulsations at higher spatial resolution across the

plasmapause, we next analyze the simultaneous SuperDARN HF radar observations.

2.3.4 SuperDARN HF Radar Measurements

The Pi2 pulsations were also detected on the camping beams of three mid-latitude Super-

DARN radars operating in high time resolution THEMIS mode during the interval of interest.

Figure 2.10 shows the spatial context of the radar measurements from 06:04 to 06:06 UT.

LOS Doppler velocities are color coded according to the scale at right and the camping beams

of the FHW, FHE, and BKS radars are overlaid in blue. Also shown, are the footprints of

THD and THE indicated by black and blue asterisks respectively, and the magnetic latitude

of the plasmapause footprint (dashed black curve) estimated from THD measurements at



2.3. Observations and Analysis 49

06:31 UT. The overall sense of the Doppler velocities is positive (blue-green) on eastward

pointing beams but negative (orange-red) on beams oriented to the west. This is consistent

with a prevailing westward convection. Of particular note is the intensification of these

flows in the narrow region immediately poleward of the THD estimated plasmapause. This

is similar to the behavior expected for subauroral ion drifts (SAID) [Smiddy et al., 1977].
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Figure 2.10: LOS Doppler velocities measured by three mid-latitude SuperDARN radars
(CVW, FHW and FHE) at 06:04 - 06:06 UT, color coded according to the scale at right
with positive (blue-green) values being toward the radar. Three camping beams (blue) of
the FHW, FHE and BKS radars operating in THEMIS mode and footprints of THE (blue
asterisk) and THD (black asterisk) at the same time are overlaid. The dashed black curve
indicates the magnetic latitude of the plasmapause footprint.

Figure 2.11 shows the camping beam measurements as time series of color coded Doppler

velocity and backscatter power versus magnetic latitude. Pi2 pulsations (alternating colored

stripes between two vertical lines in the Doppler velocity time series at left panels were

clearly observed in the camping beams of FHW (upper), FHE (middle), and BKS (lower)

radars during the same interval as the THD and ground magnetometer Pi2 observations. The

strongest ionospheric pulsations were observed by the FHW radar (peak to peak ∼ 1 km/s)

at ∼ 61.5◦ MLAT corresponding to the SAID-like structure identified in Figure 2.10. The



50
Chapter 2. Simultaneous Space and Ground-Based Observations of a Plasmaspheric

Virtual Resonance

FHE and BKS radars saw similar pulsations but at smaller amplitude (note different scales

in the velocity color bars at right). Of the three, FHE observed the pulsations most clearly

over a wider range of latitudes. Also noteworthy is the fact that FHW and BKS observed

the pulsations against a background of mostly westward flows, while FHE saw flows which

were eastward at higher latitudes and westward at lower latitudes. This region of sheared

flows observed by FHE at ∼ 59.5◦ MLAT is most likely the so-called Harang discontinuity

[Koskinen and Pulkkinen, 1995, Zou et al., 2009].

Velocity

06:02 06:07 06:12 06:17

55

57

59

61

63

F
H

W
 B

1
0

 M
L

A
T

 [
°
]

-675

-550

-425

-300

-175

-50

75

V
e

lo
c
it
y
 [

m
 s

-1
]

Power

06:02 06:07 06:12 06:17

55

57

59

61

63

F
H

W
 B

1
0

 M
L

A
T

 [
°
]

4

8

12

16

20

24

28

P
o

w
e

r 
[d

B
]

06:02 06:07 06:12 06:17

55

57

59

61

63

F
H

E
 B

1
0

 M
L

A
T

 [
°
]

-150

-100

-50

0

50

100

150

V
e

lo
c
it
y
 [

m
 s

-1
]

06:02 06:07 06:12 06:17

55

57

59

61

63

F
H

E
 B

1
0

 M
L

A
T

 [
°
]

4

8

12

16

20

24

28

P
o

w
e

r 
[d

B
]

06:02 06:07 06:12 06:17
Time [UT]

55

57

59

61

63

B
K

S
 B

1
1

 M
L

A
T

 [
°
]

-150

-100

-50

0

50

100

150

V
e

lo
c
it
y
 [

m
 s

-1
]

06:02 06:07 06:12 06:17
Time [UT]

55

57

59

61

63

B
K

S
 B

1
1

 M
L

A
T

 [
°
]

4

8

12

16

20

24

28

P
o

w
e

r 
[d

B
]

Figure 2.11: Left (Right) panels show time series of Doppler velocity (backscatter power)
versus magnetic latitude measured on the camping beams of the FHW, FHE, and BKS
SuperDARN radars. Two vertical black lines identify the interval of interest when Pi2
pulsations were observed during the early stages of the substorm.

Figure 2.12 shows a more detailed view of the FHE camping beam data shown in Figure

2.11. These data have been resampled to 6 s resolution and then high-pass filtered with

150 s period. Figure 2.12a shows a time series stack plot of the data measured at gates

23 - 42. The following features are particularly noteworthy: (i) a pronounced minimum in
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Figure 2.12: Latitudinal variation of pulsations observed on the camping beam of the FHE
radar: (a) Time series stack plot for range gates 23 - 42; (b) Relative phase versus magnetic
latitude; and (c) Spectral power versus magnetic latitude.

amplitude of the pulsations exists between gates 31 - 33 (59.17◦ - 59.62◦ MLAT) separating

stronger pulsations at higher latitudes with weaker pulsations at lower latitudes, and, (ii)

phase shifts exist between the pulsations at higher latitude and those at lower latitudes.

These features are explored further in Figure 2.12b and 2.12c which show the variation in

relative phase and spectral power, respectively, as a function of magnetic latitude. The

range gate 37 with the largest spectral power (Figure 2.12c) was used as the reference to

calculate the relative phase (Figure 2.12b). Figure 2.12c confirms that there is a softening

in spectral power centered at ∼ 59.40◦ MLAT with an upward trend equatorward of this

location and a pronounced peak poleward of it at ∼ 60.5◦ MLAT. Note that the softening,
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denoted by gray cells in Figure 2.10 inside the FHE camping beam, was co-located with the

Harang discontinuity (∼ 59.5◦) and the location of the pronounced spectral power peak was

situated ∼ 0.5◦ MLAT equatorward of the magnetic latitude of the plasmapause estimated

from the THD spacecraft measurements at 06:31 UT. At first glance this phase variation and

latitudinal behavior of the spectral power of the pulsations seem to point to the possibility

of a FLR. However, Figure 2.12b shows that the rapid phase shift occurred at the spectral

power minimum which was equatorward of the spectral power peak. Thus the pulsations are

not consistent with a FLR which would require the amplitude enhancement to be centered

on the rapid phase variation across the resonant shell that is usually no more than 1◦ or 2◦

in extent [Ruohoniemi et al., 1991]. In contrast, this kind of phase shift across the amplitude

minimum may be consistent with the radial standing wave structure expected for PVR as

reported by previous investigations [Lee and Takahashi, 2013].
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Figure 2.13: Spectral analysis of FHE radar camping beam measurements for (a) range gates
34 - 42 nominally near or poleward of the plasmapause, and (b) range gates 23 - 33 well
inside the plasmasphere. Vertical dashed red lines identify the dominant spectral peaks.

Putting aside ambiguities in the precise location of the plasmapause, we analyze the range

gates of the FHE camping beam in two categories: those situated near or poleward of the

plasmapause versus those well inside the plasmasphere. Spectra for these two categories of
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Pi2 pulsations are shown in Figure 2.13. The time interval for the spectral analysis is 06:02 -

06:15 UT because SuperDARN FHE radar missed the first two minutes of the interval. For

range gates 34 - 42 (Figure 2.13a) nominally near or poleward of the plasmapause footprint,

the Pi2 pulsations have much larger power than the range gates 23 - 33 (Figure 2.13b) that

were well inside the plasmasphere (note the different scales). Two spectral peaks indicated

by vertical dashed red lines were present both inside (∼ 14.1 mHz and ∼ 19.2 mHz) and

outside (∼ 15.4 mHz and ∼ 19.2 mHz) the plasmasphere. These frequencies are similar to

those observed by the ground magnetometers in Figure 2.9.

2.3.5 Polarization and Propagation Analysis

The evidence presented thus far is very suggestive of a global standing wave mode. How-

ever, except for the compressional wave components (Ey and Bz), the other electric field

and magnetic field components (Ex, Bx, and By) from THD oscillated with much smaller

amplitudes, as can be seen in Figure 2.4. Therefore, a mixture of other wave modes, such

as propagating fast waves and/or shear Alfvén waves, together with a predominant standing

fast wave, is a plausible scenario [Lysak et al., 2015, Teramoto et al., 2014].

Many previous investigations have used polarization analysis of ground magnetometer mea-

surements to help identify the location of the Pi2 source at high latitudes [Gelpi et al., 1987,

Takahashi and Liou, 2004]. Figure 2.14 shows filtered ground magnetometer data from two

longitudinal magnetometer chains (L ∼ 3.5 and L ∼ 2.9) and associated hodograms. It can be

seen that pulsations in the ∼ 21-22 MLT sector (WGRY and VULC in Figure 2.14c and VIC

and NEW in Figure 2.14f) are linearly polarized with their major axes pointing northwest

whereas those further eastward (THRF, BMLS, OTT, OSAK, and ANNA) have dominant

D components and are left-handed polarized (counterclockwise arrows in the hodograms).
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Figure 2.14: Filtered ground magnetic field data between 06:05-06:09 UT from two longi-
tudinal magnetometer chains at L ∼ 3.5 (upper panels a, b, c) and L ∼ 2.9 (lower panels
d, e, f). Panels (a) and (d) show the H component while panels (b) and (e) show the D
component. Panels (c) and (f) are corresponding hodograms with arrows showing the sense
of polarization.

The SHU station located at the duskside also has a counterclockwise sense of polarization

with its major axis slightly pointing northeast. This longitudinal polarization pattern is in-

dicative of a substorm current wedge configuration [e.g., Lester et al., 1984]. Accordingly, we

suggest that the center of the substorm current wedge was located east of the SHU station

(MLT=18.68) and west of the VIC station (MLT = 21.19). Furthermore, the longitudinal

variation of magnetic bays (not shown) are also consistent with a substorm current wedge

configuration. Specifically, negative (positive) bays in the D components of mid-latitude

stations east (west) of the VIC station support the idea that all the mid-latitude stations

shown in Figure 2.14 (except for SHU) were located inside a downward field-aligned current

(FAC) region spanning at least 4 MLT hours.

To investigate the azimuthal propagating property of the Pi2 pulsations, we apply both
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cross-spectral and cross correlation analyses to data from selected radar gates and ground

magnetometers to calculate the wave number, coherence, and time lag. The locations can be

found in Table 2.1. For the ground magnetometer data, we use both H and D components

for the calculation. For the radar data, we interpolated the data into 1 s resolution for

both analyses. When analyzing data from the BKS and FHE radars, we change the sign

of FHE data to take account of the different pointing directions (westward (eastward) for

BKS (FHE)). The interval of radar (ground magnetometer) data for both analyses is 06:02-

06:15 (06:00-06:15) UT. Location pairs were chosen to have small difference in magnetic

latitude and longitude. The results are shown in Table 2.2. The third column shows the L

value, the fourth column is the phase shift (∆φ) from cross-spectral analysis, and the fifth

column shows the magnetic longitude separation (∆θ) between the two sites. The m value

from the cross-spectral analysis (mcs) in the sixth column is calculated as the phase shift

divided by the magnetic longitude difference. The seventh and eighth columns show the

cross-spectral peak frequency and coherence, respectively. The last three columns show the

cross correlation coefficient, time lag in seconds, and m value (mcc) which is calculated as

(Tcc×2×360×fcs)/∆θ. Note that the upper three location pairs are from the pre-midnight

sector, while the lower three pairs are east of 23 MLT (see Table 2.1 for location details).

Location 1 is always westward of Location 2. Thus, a negative value in the phase shift (∆φ),

m value, and time lag (Tcc) indicates that the pulsations in Location 1 lag those in Location

2, which suggests westward propagation.

From Table 2.2 we can see that the pre-midnight location pairs show westward propagation of

pulsations from both methods, though the cross correlation analysis generally produces larger

m number values. The coherence of the magnetic field H components for two pairs of pre-

midnight ground magnetometers calculated from both methods are high, while the coherence

of D components from the cross-spectral analysis are relatively low (0.57 and 0.41). Of
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Table 2.2: Cross-spectral and cross correlation analyses of midlatitude Pi2 pulsations (See
text for details)

Location 1 Location 2 L ∆φ (◦) ∆θ (◦) mcs fcs (mHz) Coh Cocc Tcc (s) mcc
FHW (G30) BKS (G38) ∼3.8 -101.45 19.85 -5.11 14.12 0.60 0.68 -18 -9.22
WGRY (H) VULC (H) ∼3.5 -28.56 8.92 -3.20 13.35 0.81 0.86 -4 -4.31
WGRY (D) VULC (D) ∼3.5 -14.68 8.92 -1.64 12.24 0.57 0.86 -2 -1.97
VIC (H) NEW (H) ∼2.9 -12.07 7.22 -1.67 13.35 0.84 0.90 -2 -2.66
VIC (D) NEW (D) ∼2.9 -47.25 7.22 -6.54 12.24 0.41 0.82 -3 -3.66
BKS (G38) -FHE (G30) ∼3.8 5.64 12.33 0.46 14.12 0.92 0.88 1 0.82
THRF (H) BMLS (H) ∼3.5 -18.18 17.19 -1.06 12.24 0.61 0.80 0 0
THRF (D) BMLS (D) ∼3.5 10.02 17.19 0.58 13.35 0.81 0.88 2 1.12
OSAK (H) ANNA (H) ∼3.0 -39.12 16.19 -2.42 13.35 0.76 0.80 -4 -2.37
OSAK (D) ANNA (D) ∼3.0 8.07 16.19 0.50 13.35 0.94 0.95 2 1.19

particular note is the mixing of azimuthal propagations (predominantly eastward) and very

small m number calculated from the eastern stations. Contrary to the pre-midnight ground

magnetometer stations, the coherence of H components from the cross-spectral analysis

are lower than their D component counterparts. The very small value of the m number

and mixed azimuthal propagation directions at the 23-01 MLT sector suggest that the Pi2

energy source was located on the same meridian. According to Takahashi and Liou [2004],

a cavity mode excited by longitudinally localized disturbances can produce a longitudinal

polarization pattern consistent with the substorm current wedge model with the center of the

Pi2 energy source located to the east of the auroral surge and probably close to the center of

the substorm current wedge. The longitudinal polarization pattern of the mid-latitude Pi2

pulsations in our study implies that the center of the substorm current wedge was located

to the west of the 21 MLT sector, which is roughly 2-3 MLT hours west of the Pi2 energy

source region near midnight.
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2.4 Discussion

In the previous section, we analyzed the Pi2 pulsations both in space and on the ground. The

THD spacecraft inside the plasmasphere observed Pi2 pulsations that were consistent with

a predominant standing fast-mode wave. The similarity of Pi2 observations from dayside

and nightside ground magnetometers at low latitudes indicates a global wave mode. The

harmonic frequency peaks of these pulsations further confirm the plasmaspheric standing

wave property. Similar wave signatures were observed by three SuperDARN mid-latitude

radars and also showed harmonic properties. Pi2 pulsations were observed by both the

SuperDARN radars and ground magnetometers poleward of the footprint of the plasmapause.

Finally, polarization and propagation analysis of mid-latitude Pi2 pulsations suggest the

energy source of these pulsations was located roughly 2-3 MLT hours east of the center of

the substorm current wedge, with westward propagation in the pulsations west of the source

region and mixing azimuthal propagations near (or just east of) the source region.

After analyzing the observations from space to the ground, we now speculate on the possible

generation mechanism for the observed Pi2 pulsations. The PVR and PCR models are two

likely source mechanisms of the observed mid-latitude and low latitude Pi2 pulsations in this

study. The essential difference between these two models is that pulsations can be observed

outside of the plasmasphere in the PVR model, while in the PCR model, pulsations are

confined to the plasmasphere. In this particular case, ground magnetometers and radar

gates poleward of the plasmapause footprint also observed Pi2 pulsations, which indicates

that the pulsations were not strictly localized to the plasmasphere. We thus argue that the

evidence supports the PVR model over the PCR model, although there is some ambiguity

as to the precise location of the plasmapause in these observations.

In the fundamental mode of the PVR, the Bz node (or Bz amplitude minimum) can be located
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just equatorward of the plasmapause [see Figure 12 in Takahashi et al., 2003]. Crossing this

Bz node, a 180◦ phase shift in the Bz component can be observed. During this event, the

pulsations in the Bz component from THD at L ∼ 3.4 show little phase shift with those

in the H component from CCNV (L ∼ 2.0) at the fundamental frequency. The pulsations

observed by ground magnetometers at and below the VULC station (L ∼ 3.5) are highly

coherent without significant phase shift (Figure 2.9c). Therefore, it is very likely that the

Bz node was located somewhere between L ∼ 3.5 and the plasmapause (L ∼ 4.2), which is

consistent with the scenario in Figure 12 from Takahashi et al. [2003].

In the PVR model, one would expect to see Pi2 pulsations outside of the plasmasphere in

space as well. However, as noted in section 3.2, the THE spacecraft was located outside

the plasmasphere at L ∼ 6.0 but observed some wave activity signatures which were more

complicated than the THD pulsations (not shown). Specifically, several field components

had multiple power spectral density peaks instead of one dominant frequency peak in the

Pi2 band, and the pulsations generally showed very small coherence with the ground mag-

netometer observations. THE did see some pulsations in the Pi2 frequency range, but they

were probably not the PVR mode, or perhaps, some small amplitude of PVR mixed with

other wave modes. It is our contention that THE did not observe clear signatures of the

PVR mode outside the plasmapause because it was far enough away from the plasmapause

location (L ∼ 4.2 at ∼ MLT 21.7) for the amplitude of the PVR oscillations to have decayed

away. On the other hand, unlike the radar and ground magnetometer observations, there

is no second harmonic frequency peak in the Pi2 frequency range in the space observations

(Ey/Bz components at THD in Figure 2.5). The second harmonic frequency from the ground

observations is more evident near the plasmapause. This inconsistency between the space

and ground observations of harmonic structure in the Pi2 pulsations is a topic for further

study. Additionally, the role of some other mid-latitude structures which were located near
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to the plasmapause, such as the Harang discontinuity and SAID-like velocity feature, in

modulating the pulsations in amplitude and phase is a direction for future study.

Moreover, one can argue that the Pi2 pulsations could be caused by other mechanisms other

than eigenmodes of the plasmasphere. Teramoto et al. [2016], also using THEMIS satellites,

mid-latitude SuperDARN radars, and ground-based magnetometers, investigated the spatial

characteristics and generation mechanisms of a Pi2 event in the vicinity of the plasmapause.

In their study, earthward and duskward propagating waves were observed inside the plas-

masphere by THEMIS spacecraft which led them to suggest that a plasmaspheric cavity

resonance with harmonic structures was localized at midnight and leaking energy earthward

and duskward via propagating compressional waves. They also suggested the pulsations ob-

served outside and inside the plasmapause were from different sources because the frequencies

of the Pi2 pulsations from these two regions were different based on the SuperDARN radar

observations. By contrast, for our event, we suggest Pi2 pulsations observed just outside

and inside the plasmapause are from the same source (PVR mode). Recall that dayside

magnetometers observed Pi2 pulsations simultaneously with nightside magnetometers at

low latitudes (Figure 2.7) and that Pi2 pulsations with fundamental and second harmonic

frequencies were observed by both ground magnetometers and SuperDARN radars. It is dif-

ficult to see how another mechanism, such as propagating fast waves or FLRs, could generate

globally coherent waves at harmonic frequencies without significant time delays.

Finally, Pi2 pulsations observed at subauroral latitudes have been reported to be associated

with high-latitude phenomena, such as the substorm current wedge and westward traveling

waves [Takahashi and Liou, 2004, Yeoman et al., 1990]. The longitudinal polarization pattern

and azimuthal propagation of mid-latitude Pi2 pulsations in our study imply a connection

with high latitude phenomena as well. Many previous papers found that the major axis

of Pi2 pulsations at mid- and sometimes even low-latitudes points towards the center of
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the substorm current wedge and the source region of the Pi2 pulsations [Gelpi et al., 1987,

Takahashi and Liou, 2004]. Our results indicate that the source of the Pi2 pulsations in

this event was located at the downward FAC region which is roughly 2-3 MLT hours east

of the center of the substorm current wedge. Westward propagation was observed in the

pulsations west of the source region while small eastward phase propagation was observed

by mid-latitude ground magnetometers (D component) just east of the source region (Table

2.2). These features are consistent with a PVR mode being excited by a longitudinally

localized source. Some other studies [Li et al., 1998, Yeoman et al., 1990] have found a

predominant westward phase propagation of Pi2 pulsations at most longitudes. It has also

been suggested that the westward phase propagation and longitudinal polarization pattern

of mid-latitude Pi2 pulsations could be explained by superposition of a westward traveling

wave at higher latitudes and an eastward propagating wave of smaller amplitude at lower

latitudes [Southwood and Hughes, 1985]. Recently, Keiling [2012] found that high-latitude

Pi2 pulsations can be driven by the ballooning instability in the near-Earth plasma sheet

before auroral breakup. The observational evidence for the ballooning mode was identified

using conjugate spacecraft and ground data, however, the manner of mode coupling to the

ionosphere/ground and propagation towards lower latitudes is still far from being understood.

It is therefore possible that the mid- and low-latitude Pi2 pulsations seen in our study were

likewise modulated by (or mixed with) pulsations from high latitudes generated by other

sources such as the ballooning instability. Confirmation of this specific scenario would require

additional spacecraft measurements.

Therefore, different observational evidence and generation mechanisms indicate that the

mid-latitude region is indeed a complicated transition region which requires further statis-

tical investigations of Pi2 pulsations observed near the plasmapause over a wider range in

the magnetosphere and on the ground. Effects from the substorm current wedge, possi-
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ble westward (or eastward) traveling wave at high latitudes and the radially standing wave

from low latitudes need to be taken into account when studying mid-latitude Pi2 pulsations.

Many previous papers have suggested that the PVR/PCR mode waves are radially standing

waves bouncing between the ionosphere and the plasmapause, but they can propagate in

the azimuthal direction with a small value of the azimuthal wave number [Li et al., 1998,

Liou et al., 2000, Nosé et al., 2006]. In our study, we suggest the observed Pi2 pulsations

are a predominant PVR mode, a radial standing wave being excited globally by a longitudi-

nally localized source with westward phase propagation west of the source region and mixed

propagation directions (but predominantly eastward) east of the source region.

2.5 Conclusions

In this study, we provide evidence of the PVR model as the source mechanism for the

Pi2 pulsations observed simultaneously by space and ground-based instruments during a

substorm on 25 September 2014. We have examined the amplitude, frequency, polarization,

and phase variations of these Pi2 pulsations across various data sets. The observations

and conclusions are summarized as follows: (1) High coherence and phase relationship of Pi2

pulsations observed in the THD Ey, THD Bz and CCNV H components indicate the presence

of a predominant standing fast-mode wave inside the plasmasphere. (2) Simultaneous Pi2

observations from dayside and nightside ground magnetometers at low latitudes indicate the

global nature of this event. (3) The fundamental and second harmonic frequency peaks from

the FFT analysis of these pulsations confirm the standing wave property. (4) A change in the

polarization of the pulsations observed by nightside ground magnetometers straddling the

ionospheric footprint of the plasmapause is consistent with previous observations of PVR.

(5) Similar wave signatures observed by three SuperDARN mid-latitude radars inside as well
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as beyond the footprint of the plasmapause with harmonic properties further favor the PVR

model over the PCR model as the source mechanism. (6) Longitudinal polarization pattern

of mid-latitude Pi2 pulsations is consistent with previous observations. (7) Westward phase

propagation of mid-latitude Pi2 pulsations was observed in the pre-midnight while mixing

azimuthal propagations were observed near the source region. Therefore, we conclude that

the space and ground-based observations presented in this study can be explained by a

predominant PVR mode excited by a longitudinally localized source near midnight.
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Abstract

Ionospheric signatures of ultralow frequency (ULF) wave in the Pc3-5 band (1.7-40.0 mHz)

were surveyed using ∼6 s resolution data from Super Dual Auroral Radar Network (Su-

perDARN) radars in the Northern Hemisphere from 2010 to 2016. Numerical experiments

were conducted to derive wave period dependent thresholds for automated detection of ULF

waves using the Lomb-Scargle periodogram technique. The spatial occurrence distribution,

frequency characteristics, seasonal effects, solar wind condition and geomagnetic activity

level dependence have been studied. Pc5 wave events were found to dominate at high and

polar latitudes with a most probable frequency of 2.08 ± 0.07 mHz while Pc3-4 waves were

relatively more common at midlatitudes on the nightside with a most probable frequency of

11.39 ± 0.14 mHz. At high latitudes, the occurrence rate of Pc4-5 waves maximizes in the

dusk sector and during winter. These events tend to occur during low geomagnetic activity

and northward interplanetary magnetic field (IMF). For the category of radially bounded

but longitudinally extended Pc4 events in the duskside ionosphere, an internal driving source

is suggested. At midlatitudes, the Pc3-4 occurrence rate maximizes premidnight and during

equinox. This tendency becomes more prominent with increasing auroral electrojet (AE)

index and during southward IMF, which suggests many of these events are Pi2 and Pc3-4

pulsations associated with magnetotail dynamics during active geomagnetic intervals. The

overall occurrence rate of Pc3-5 wave events is lowest in summer, which suggests that the

ionospheric conductivity plays a role in controlling ULF wave occurrence.
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3.1 Introduction

Ultralow frequency (ULF) waves are magnetohydrodynamic (MHD) plasma waves in the

frequency band of roughly 1 mHz to several hertz. They are ubiquitous and have been ob-

served in geospace and on the ground for over 50 years [e.g., Dungey, 1955, Saito, 1969].

ULF waves were originally called micropulsations or magnetic pulsations since they were first

observed by ground magnetometers. ULF pulsations are classified into two types: pulsations

continuous (Pc) and pulsations irregular (Pi) with several subclasses (Pc1-5 and Pi1-2) ac-

cording to their frequencies and durations [Jacobs et al., 1964]. With respect to polarization,

ULF waves can be categorized into three modes: poloidal (∆Br, ∆Eφ), compressional (∆B//,

∆Eφ), and toroidal (∆Bφ, ∆Er). Here, Br (Er), B//, and Bφ (Eφ) are the radial, parallel (or

compressional), and azimuthal components in the local magnetic field system, respectively.

ULF waves are believed to play important roles in magnetospheric plasma energization and

loss and energy transfer from the solar wind to the Earth’s magnetosphere and ionosphere

[Elkington et al., 1999, Mathie and Mann, 2000, Zong et al., 2009].

Numerous studies have used ground magnetometer and spacecraft measurements to study

ULF pulsation occurrence statistics and source mechanisms [e.g., Anderson, 1994]. Sev-

eral theories have been proposed for the excitation mechanisms of ULF waves observed in

the Earth’s magnetosphere. For example, it has been shown that poloidal Pc4 (6.7-22.2

mHz) waves, which are believed to be an example of a second harmonic field line resonance

(FLR) [Hughes and Grard, 1984, Takahashi and McPherron, 1984], are most often seen in

the afternoon sector and are associated with localized sources [e.g., Anderson et al., 1990].

Compressional and poloidal Pc5 (1.7-6.7 mHz) waves are usually observed on the night-

side and flanks of the magnetosphere and are related to internal driving sources such as

the drift mirror instability [Hasegawa, 1969] and the drift/drift-bounce resonance instabil-

ity [Dai et al., 2013, Southwood and Kivelson, 1982, Southwood et al., 1969]. The internal
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sources are expected to generate poloidal waves with high azimuthal wave numbers (high-m).

Toroidal Pc5 waves of fundamental mode FLR are more often seen on the dawn and dusk

flanks and are often associated with external driving sources such as variations in the solar

wind dynamic pressure [Hudson et al., 2004, Kepko and Spence, 2003] and Kelvin-Helmholtz

waves at the magnetopause [Anderson et al., 1990, Lin et al., 2014]. The externally driven

waves mostly propagate antisunward with low azimuthal wave numbers (low-m). Model-

ing has shown that many external or internal mechanisms can be viable under appropriate

conditions [Kivelson and Southwood, 1985, Lee and Lysak, 1989, Ozeke and Mann, 2001];

however, positively identifying a source mechanism has proven to be rather difficult due to

limited measurements.

ULF waves in the ionosphere have been studied using radars. The Super Dual Auroral

Radar Network (SuperDARN) is a global network of ground-based high frequency (HF: 3-

30 MHz) radars designed primarily for studying ionospheric plasma convection [Chisham

et al., 2007]. The line-of-sight velocity measured by SuperDARN radars can be used to

detect and monitor ionospheric ULF wave signatures with both high- and low-m [Fenrich

et al., 1995, James et al., 2013] and with a total geographical coverage area that cannot

be achieved with any other ground- or space-based instrumentation. Based on a new data

display technique developed by Ponomarenko et al. [2003], SuperDARN detected ULF wave

signatures have been characterized in a few recent studies [e.g., Bland et al., 2014, Norouzi-

Sedeh et al., 2015, Sakaguchi et al., 2012]. These studies have been largely limited to the

Pc5 range since SuperDARN radars are normally scheduled for 1-min azimuthal sweeps in

the common mode [e.g., Bland et al., 2014, Sakaguchi et al., 2012]. ULF wave studies using

higher time resolution SuperDARN data have been either case studies [e.g., Shi et al., 2017]

and/or statistical studies using one or two radars covering a limited range of latitudes [e.g.,

Norouzi-Sedeh et al., 2015]. The lack of comprehensive studies could be partially attributed
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to the absence of a database of high time resolution observations and no efficient way to

identify ULF wave signatures in the SuperDARN data set. Recently, Bland et al. [2014]

presented a method for automatically detecting signatures of ULF waves in SuperDARN

radar data, which used the Lomb-Scargle periodogram to identify periodic fluctuations in

the Doppler velocity. In this study we improve upon this method and apply it to 7 years

of high time resolution data from 17 SuperDARN radars in the Northern Hemisphere. We

investigate the occurrence and frequency characteristics of ULF wave signatures in the Pc3-5

band and discuss possible source mechanisms for these waves.

3.2 Instrumentation and Event Detection Method

3.2.1 SuperDARN

SuperDARN is an international network consisting of more than 30 low-power HF (8-20

MHz) coherent scatter radars at middle to polar latitudes in both hemispheres that look

into Earth’s ionosphere [Baker et al., 2007, Chisham et al., 2007]. The radars measure

Doppler shifts of ionospheric irregularities at F region altitudes undergoing E × B plasma

drift. When ULF waves pass through the ionosphere, the associated electric field produces

a Doppler velocity oscillation that can be measured by the radars.

Normally, the SuperDARN radars are scheduled for 1-min azimuthal sweeps in the “common”

mode. The step in azimuth between adjacent beams is 3.24◦ and the range resolution is 45

km. Sometimes, radars are scheduled to operate in a special mode called “THEMIS” mode,

in which a camping beam is sampled at a higher rate of ∼6 s by interleaving soundings on

the camping beam with successive beams of the normal scan. Figure 3.1 shows the fields of

view of seventeen Northern Hemisphere SuperDARN radars in Altitude Adjusted Corrected



3.2. Instrumentation and Event Detection Method 69

A
A

C
G

M
 c

o
o

r
d

in
a

t
e

s

80°W 60°W 40°W 20°W 0°

2
0
◦

4
0
◦

6
0
◦

8
0
◦

Figure 3.1: Fields of view of seventeen Northern Hemisphere SuperDARN radars in AACGM
coordinates. Cyan highlighted beams indicate the camping beams.

Geomagnetic (AACGM) coordinates [Baker and Wing, 1989]. Only radars which have been

operated regularly in the THEMIS mode in channel A during the interval 2010-2016 are

shown, and the camping beam for each radar is highlighted in cyan. An example period

of THEMIS mode observations from beam 6 of the Saskatoon (SAS) radar during 03:30 -

04:30 UT on 16 February 2015 is shown in Figure 3.2. ULF signatures manifest themselves

as alternating red and blue stripes in the range-time intensity (RTI) plot in Figure 3.2a with

positive (blue-green) values corresponding to motion toward the radar. Figure 3.2b shows

the time series of Doppler velocity measured in range gate 13, where wave-like signatures

with a few gaps are visible.
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Figure 3.2: Time series of THEMIS mode data measured on beam 6 of the SAS radar on
16 February 2015 from 03:30-04:30 UT: (a) RTI plot of Doppler velocity; (b) Time series of
Doppler velocity for range gate 13.

3.2.2 Data Processing and Event Selection

The data processing procedures are similar to those in Bland et al. [2014]. First, we select

for ionospheric backscatter and reject ground scatter by requiring backscatter to satisfy one

of the following conditions: (1) Doppler velocity |V | ≥ 50 m/s; (2) spectral width W ≥

50 m/s; (3) backscatter is flagged as ionospheric backscatter by the standard SuperDARN

ground/ionospheric condition [Blanchard et al., 2009]. Next, poor quality data are filtered

out if backscatter power is less than 3 dB or errors in Doppler velocity or spectral width

is greater than 100 m/s. Data from ranges less than 765 km are excluded to minimize

contamination from meteor and E region scatter. To search for Pc5 (Pc3-4) signatures, a

1-h (0.5-h) interval is used which is incremented by 15 (7.5) min iteratively. The ionospheric

backscatter time series is high-pass filtered by subtracting the median value of a sliding
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window of 10 (5) min length for Pc5 (Pc3-4). Further restrictions are applied to the candidate

intervals to weaken large data gap effects: (1) the largest time step between consecutive

records should be less than 10% of the time interval (i.e., 6 min for Pc5 and 3 min for Pc3-

4); (2) the number of measurements should be no less than 400 for Pc5 and 200 for Pc3-4

(i.e., two thirds of the total number assuming a 6 s sampling rate). Qualified intervals are

selected as valid ionospheric backscatter measurements and tested for periodic behavior in

the Doppler velocity.

Data gaps occur in the radar time series complicating the application of Fourier spectral

analysis. While data interpolation can be applied, spurious spikes in the spectrogram are

likely to mislead the identification of wave period. We instead applied the Lomb-Scargle

periodogram technique for ULF wave signature identification, which is especially advanta-

geous for unevenly sampled signals [Lomb, 1976, Scargle, 1982]. A sufficiently high value of

the normalized peak power (NPP) of a Lomb-Scargle periodogram indicates the existence of

a wave signature at the associated period. In order to establish the significance of spectral

peaks resulting from the Lomb-Scargle periodogram analysis and implement the automated

algorithm to search wave signatures, wave period-dependent spectrum thresholds are derived

based on a series of numerical experiments. Details about the derivation of threshold NPP

can be found in the Appendix.

A ULF wave event is identified if the returned NPP is above the threshold listed in Table 3.1.

The event is classified as Pc5 waves if the frequency is within 1.7-6.7 mHz and Pc3-4 waves

if within 6.7-40.0 mHz. ULF wave event examples detected by the automated algorithm

are shown in Figure 3.3. Left panels are measurements from beam 12 of the Prince George

(PGR) radar during 01:00 - 01:30 UT on 25 January 2016 and right panels are measurements

from beam 6 of the SAS radar during 03:30 - 04:30 UT on 16 February 2015. Comparing

the first two rows shows that the ULF signatures are highlighted after median filtering and
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Figure 3.3: Event examples identified by the automatic detection algorithm using data
collected on beam 12 of the PGR radar at 01:00-01:30 UT on 25 January 2016 (left) and beam
6 of the SAS radar at 03:30-04:30 UT on 16 February 2015 (right). (From top to bottom)
RTI plots of unfiltered Doppler velocity; RTI plots of median filtered Doppler velocity; time
series of filtered Doppler velocity for two particular range gates (red and blue); Lomb-Scargle
periodograms of data shown in (c) and (g).

expansion of the color scale [Ponomarenko et al., 2003]. The filtered Doppler velocity time

series are illustrated for two range gates of each radar in the third row and the Lomb-

Scargle periodograms of these signals are shown in the fourth row. ULF oscillations are

visible in PGR range gate 13 with ∼300 m/s amplitude (red) but are not obvious in range

gate 15 (blue) as shown in Figure 3.3c. Dimensionless NPP values of 85.95 and 20.70 are

returned at frequencies of 6.98 mHz and 3.92 mHz for range gate 13 (red) and range gate

15 (blue) in Figure 3.3d. The horizontal dashed lines indicate the threshold NPPs for these

two frequencies, which are 36.45 and 46.25 according to Table 3.1. A Pc4 event is therefore

reported for PGR range gate 13 while a null event is reported for range gate 15. Similarly

in Figure 3.3h, the Lomb-Scargle periodogram for the SAS radar range gate 16 returns an
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NPP of 156.43 which is much greater than the threshold value of 56.61 at 3.34 mHz, while

gate 18 returns an NPP of 72.50 which is slightly greater than the threshold of 60.66 at 3.00

mHz. A Pc5 event is therefore reported for SAS range gate 16 and a marginal Pc5 event

for range gate 18. These examples illustrate how the algorithm works and the sensitivity of

event determination.

Table 3.1: Empirical equations of threshold NPP dependence on wave period with signal
length from 66.7% to 133.3% of ideally even sampled length in the Pc3-4 and Pc5 range.

Npts Pc3-4 Npts Pc5
200 NPP = 0.72T̃sin +6.8 400 NPP = 0.49T̃sin +16.7

250 NPP = 0.94T̃sin +6.3 500 NPP = 0.60T̃sin +19.0

300 NPP = 1.09T̃sin +6.5 600 NPP = 0.71T̃sin +21.2

350 NPP = 1.25T̃sin +6.6 700 NPP = 0.82T̃sin +23.8

400 NPP = 1.40T̃sin +7.0 800 NPP = 0.95T̃sin +25.0

A few factors should be noted before statistically analyzing Pc3-5 oscillations in the Doppler

velocity with the automated detection algorithm. First, the algorithm searches overlapping

1-h or 0.5-h intervals for ULF wave signatures from each individual range gate of every radar.

Events with a long duration and/or a large spatial scale size will be counted multiple times.

Second, only ionospheric scatter is analyzed because of difficulties in correctly identifying

ground/sea backscatter. This produces a bias toward nightside events when ionospheric

backscatter is dominant. Third, this method cannot distinguish between pulsation irregular

and pulsation continuous. Finally, large amplitude short-lived Doppler velocity fluctuations

other than ULF wave activity are another potential source of contamination.

3.3 Statistical Results

The automated detection algorithm was applied to THEMIS mode measurements collected

with SuperDARN radars in the Northern Hemisphere from 2010 to 2016 to identify Pc3-4
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events (0.5-h intervals) and Pc5 events (1-h intervals) separately. In total, we identified 5182

Pc3-4 events, 2518 events (48.6%) of which had NPP values greater than 1.2 times their NPP

thresholds. For Pc5 events, 7419 out of 17580 events (42.2%) had NPP values greater than

1.2 times their NPP thresholds. In this section, we present statistical results regarding spatial

occurrence of the observed ionospheric Pc3-5 ULF signatures, their frequency characteristics,

seasonal effects, and dependence on solar wind and geomagnetic conditions.

3.3.1 Spatial Occurrence Distribution

Figure 3.4 shows the Pc3-4 (upper panels) and Pc5 (lower panels) occurrence statistics as

a function of magnetic latitude (MLAT) and magnetic local time (MLT) in the Northern

Hemisphere. The geomagnetic location of each event is obtained from standard ionospheric

backscatter mapping in the AACGM coordinate system, assuming a virtual reflection height

of 300 km. The MLAT-MLT maps are organized into bins of 1◦ MLAT and 0.5 h MLT.

Areas where no ionospheric backscatter was observed are shown in white, while black iden-

tifies regions where ionospheric backscatter was observed but the observation time in each

MLAT-MLT cell was less than 50 h. We exclude those black regions from further analysis

due to insufficient backscatter echoes. The left, middle, and right panels show the distribu-

tions of ionospheric backscatter occurrence, ULF event occurrence, and the ULF occurrence

probability, respectively. Here the ULF occurrence probability is defined as the ULF event

occurrence normalized by the ionospheric backscatter occurrence. The upper panels show

the results for Pc3-4 events and lower panels show Pc5 events.

Considering first the occurrence of ionospheric backscatter, measurements from 0.5 h inter-

vals (Figure 3.4a) and 1 h intervals (Figure 3.4d) clearly show the coverage provided by the

tiers of radars at polar, high, and middle latitudes. Ionospheric backscatter covers most



3.3. Statistical Results 75

40 40 40

40 40 40

(a) (b) (c)

(d) (e) (f)

Ionospheric Backscatter Occurrence

00

12

18 06

°

Occurrence

0

3100

775

1550

2325

Pc3-4 Occurrence in Ionospheric Scatter

00

12

18 06

°

Occurrence

0

100

25

50

75

Ionospheric Pc3-4 Occurrence Probability

00

12

18 06

°

Probability %

0

12

3

6

9

Ionospheric Backscatter Occurrence

00

12

18 06

°

Occurrence

0

1400

350

700

1050

Ionospheric Pc5 Occurrence Probability

00

12

18 06

°

Probability %

0

24

6

12

18

Pc5 Occurrence in Ionospheric Scatter

00

12

18 06

°

Occurrence

0

100

25

50

75

Figure 3.4: MLAT-MLT maps of ionospheric backscatter occurrence (left), occurrence (mid-
dle), and occurrence rate (right) of Pc3-4 (upper panels) and Pc5 events (lower panels).

MLTs in the polar region but is mostly seen on the nightside at midlatitudes with an exten-

sion to the afternoon sector at high latitudes. Turning now to consideration of ULF wave

occurrence, Pc3-4 waves occurred predominantly at midlatitudes on the nightside and at high

latitudes on the duskside (Figure 3.4b). Very few events were observed at polar latitudes

despite the presence of sufficient ionospheric backscatter there (Figure 3.4a). In contrast

to the Pc3-4 events, Pc5 events are detected mostly at high and polar latitudes (Figures

3.4e). Note that Pc5 events (Figure 3.4e) at high latitudes mainly occur in the afternoon

and nightside and have a larger longitudinal and latitudinal extent than Pc3-4 events at high

latitudes (Figure 3.4b). Finally, the occurrence probability suggests that Pc3-4 events (Fig-

ure 3.4c) at high latitudes have a peak occurrence probability of ∼7% on the duskside (16-18

MLT) at 67-68◦ MLAT. While the occurrence rate of Pc3-4 events above 70◦ is essentially

zero at almost all MLTs. At midlatitudes, the occurrence rates of Pc3-4 events are generally

greater premidnight than postmidnight, except there is a peak right after midnight above
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60◦ MLAT and another peak at predawn. For Pc5 events, the occurrence probability peaks

at ∼70◦ MLAT on the duskside (Figure 3.4f). While in the polar region, the Pc5 occurrence

rate peaks at ∼80-83◦ MLAT in the premidnight sector. The overall occurrence rate of Pc5

events is much higher than that of Pc3-4 (note different occurrence probability color scales

in Figures 3.4c and 3.4f).

3.3.2 Frequency Characteristics

Previous studies suggested that certain ULF frequencies show up more often than others and

the variation of frequency with latitude can be used to identify FLR [Fenrich et al., 1995].

We applied the Lomb-Scargle periodogram with an oversampling rate of 4, which leads to

a frequency resolution of ∼0.07 mHz for 1-h intervals and ∼0.14 mHz for 0.5-h intervals.

While the Lomb-Scargle Periodogram technique could be used to identify multiple wave

components, in this study we focus on the single component corresponding to the strongest

spectrum power for a given time interval and range gate. Since we identify the Pc3-4 and

Pc5 events separately with different high-pass filter windows, it is thus possible that a single

time interval with multiple frequencies (e.g., harmonic frequencies) could be identified as

separate events (e.g., Pc5 and Pc3-4).

The frequency distribution of Pc3-4 events within 6.7-40.0 mHz is shown in Figure 3.5a with

the most probable frequency of 11.39 ± 0.14 mHz. The Pc3-4 frequency distribution also

shows a steep rise with decreasing frequency below 8 mHz. The lower panels of Figure 3.5

show distributions of the frequency versus MLT (Figure 3.5b) and MLAT (Figure 3.5c). Pc3-

4 events preferentially occur on the duskside and nightside (Figure 3.5b) and cover a broader

frequency range at midlatitude than at high latitudes where the most probable frequency is

∼7 mHz (Figure 3.5c). For Pc3-4 events at midlatitudes, a dominant 11 mHz peak exists
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Figure 3.5: Frequency distribution of Pc3-4 events. Upper panel (a) shows the histogram of
event frequencies while the lower panels show two-dimensional histograms of (b) frequency
versus MLT and (c) frequency versus AACGM latitude.

from 54◦ to 62◦ MLAT with no obvious frequency variation with latitude. However, Pc3-4

events observed from high-latitude radars generally have lower frequencies (< 15 mHz) than

those from midlatitude radars (Figure 3.5c). We thus put the Pc3-4 events from high-latitude

radars into the category of Pc4 events.

Figure 3.6 shows the frequency distribution of Pc5 events in a similar format to Figure 3.5

but in the frequency range of 1.7-6.7 mHz. The most probable frequency is 2.08 ± 0.07 mHz

(Figure 3.6a). The majority of Pc5 events were seen with frequencies below 4 mHz and in

almost all MLT sectors and at middle, high, and polar latitudes. While the Pc5 events with

frequencies above 4 mHz were more often observed on the duskside (Figure 3.6b) at high

and middle latitudes (Figure 3.6c). For Pc5 events at high latitudes, the occurrence of lower
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Figure 3.6: Frequency distribution of Pc5 events. Same format as Figure 3.5.

frequency events around 2 mHz peaks above 70 degrees with a clear trend towards lower

latitudes as the frequency increases. The 0.07 mHz frequency resolution should be sufficient

to resolve discrete frequencies in the Pc5 range, however, we do not find strong evidence of

preferred frequencies except perhaps the 2.36 ± 0.07 mHz when considering 506 Pc5 events

with NPP values greater than 1.8 times the lower threshold (not shown).

3.3.3 Seasonal Effects

The ionospheric conductivity varies with season and may affect the ionospheric backscatter

and ULF wave occurrence. To investigate these effects, ULF events were categorized by

season: summer (May-August), equinox (March-April and September-October), and winter
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(November-February). Figure 3.7 shows the seasonal dependence of Pc3-4 (upper panels) and

Pc5 (lower panels) occurrence rate. The overall spatial coverage of ionospheric backscatter

is highest in winter and lowest in summer. The premidnight peak in occurrence of Pc3-4

events at midlatitudes becomes much more prominent at equinox (Figure 3.7b). While the

predawn and postmidnight occurrence rate peaks of Pc3-4 events at midlatitudes appear to

be features in winter (Figure 3.7c). Turning now to the Pc5 events, the duskside occurrence

of Pc5 events peaks at high latitudes and becomes most prominent in winter (Figure 3.7f).

For Pc5 events at polar latitudes, the overall occurrence rate is lowest in summer.
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Figure 3.7: MLAT-MLT maps of Pc3-4 (upper panels) and Pc5 (lower panels) event occur-
rence rate at different seasons: summer (left), equinox (middle), and winter (right).

To better visualize the seasonal behaviors, line plots of Pc3-4 and Pc5 occurrence rate at

specific latitudes are shown in Figure 3.8. The overall occurrence rate of polar latitude

Pc5 events increases from summer to equinox and winter (Figure 8a). Figure 8b shows an
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occurrence rate peak of high latitude Pc5 events during winter (red curve) reaching ∼30% at

about 15 MLT and another peak during equinox (blue curve) reaching ∼18% at dusk. The

premidnight occurrence rate peak of Pc3-4 at midlatitudes during equinox is clearly seen

from the blue curve in Figure 3.8c.
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Figure 3.8: Occurrence rate variation as a function of MLT at specific latitudes color coded
by season. Occurrence rate variation of (a) Pc5 at polar latitudes (79-83◦), (b) Pc5 at high
latitudes (66-74◦), and (c) Pc3-4 at midlatitudes (54-62◦). Black curves indicate data from
all seasons.

3.3.4 Solar Wind and Geomagnetic Disturbance Dependencies

The manner in which ULF occurrence varies with solar wind and geomagnetic conditions can

provide information about possible generation mechanisms. The Pc3-4 and Pc5 occurrence
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rate distributions are sorted by 0.5 h and 1 h average AE index and IMF BZ . Figure 3.9

shows that Pc4 events at high latitudes tend to occur during low geomagnetic activity as

characterized by the AE index and have a higher occurrence rate during northward IMF than

southward IMF. At midlatitudes, the premidnight peak in occurrence rate of Pc3-4 events

becomes more prominent with increasing AE index value and during southward IMF. Figure

3.10 shows the dependence for Pc5 events in a similar format. Pc5 events at high latitudes

tend to occur during low geomagnetic activity and northward IMF, which is similar to Pc4

events at high latitudes as shown in Figure 3.9.
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Figure 3.9: MLAT-MLT maps of Pc3-4 event occurrence rate sorted by 0.5 h average AE
index (upper panels) and IMF BZ (lower panels).

To further help identify sources that generate categories of ULF waves, we show the time

evolution of average AE index, SYM-H index, and IMF BZ before and after the occurrence

time of ULF wave events in Figure 3.11. The results are shown in histograms color coded by

count of the Pc3-4 events (left, 4274 0.5-h intervals) at midlatitudes (54-64◦) on the nightside

(MLT ≥ 18 or MLT ≤ 6), the Pc4 events (middle, 409 0.5-h intervals) at 64-70◦ MLAT and
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Figure 3.10: MLAT-MLT maps of Pc5 event occurrence rate sorted by 1 h average AE index
(upper panels) and IMF BZ (lower panels).

14-20 MLT, and the Pc5 events (right, 2249 1-h intervals) at high latitudes (65-75◦) in

the dusk sector (14-20 MLT). Solid black lines show the variation with time of the median

values of AE index (top row), SYM-H index (middle row), and IMF BZ (bottom row).

Note that the time span in Figure 3.11 varies with category of ULF wave depending on the

type of geomagnetic activity that appears to be most relevant to it, e.g., substorms, storms.

Nightside Pc3-4 events (left) tend to occur at a sharp increase of AE index, a decrease of

SYM-H index, and during southward IMF, which suggests that substorm activity favors their

occurrence. By contrast, Pc4 events (middle) tend to occur at an AE minimum with a sharp

AE drop several hours before the events and during positive IMF BZ . The gradual increase

of SYM-H index suggests that these events occur during the recovery phase of geomagnetic

storms. Pc5 events (right) mostly occur during quiet geomagnetic intervals as characterized

by the AE and SYM-H indices and during positive IMF BZ . These quiet conditions usually

occur long before the events and last several hours after the events.
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Figure 3.11: Time evolution of histograms of average AE index (top row), SYM-H index
(middle row), and IMF BZ (bottom row) for Pc3-4 events at midlatitudes on the nightside
(left column), Pc4 (middle column) and Pc5 (right column) events at high latitudes on the
duskside. Zero hour indicates the ULF wave event occurrence time. Solid black lines show
the median AE (top row), SYM-H index (middle row), and IMF BZ (bottom row) values.
Dashed black lines in the bottom row indicate zero IMF Bz.

3.4 Discussion

In this study, an automated detection algorithm has been used to identify ionospheric sig-

natures of Pc3-4 and Pc5 waves in seven years of high time resolution SuperDARN radar

data. Pc5 events were found to occur predominantly at high and polar latitudes with a most

probable frequency of 2.08 ± 0.07 mHz while Pc3-4 events were relatively more common

at midlatitudes on the nightside with a most probable frequency of 11.39 ± 0.14 mHz. At

high latitudes, Pc4-5 wave occurrence probability peaks in the dusk sector and in winter
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during low geomagnetic activity and under northward IMF. At midlatitudes, the occurrence

probability of Pc3-4 events peaks premidnight and during equinox with this tendency being

more prominent with increasing AE index value and under southward IMF.

For Pc5 events in the polar region, classical Pc5 waves observed at lower latitudes on closed

field lines are rarely observed beyond the auroral oval inside the polar cap by ground mag-

netometers [Kozyreva et al., 2016]. Since our algorithm cannot distinguish between irregular

and continuous pulsations, it is likely that these events are distinct polar cap pulsations of

∼2 mHz, designated as Picap3 pulsations [Yagova et al., 2004]. These polar Pc5/Picap3 events

show a seasonal effect with the lowest occurrence rate in summer (Figure 3.8a). At high

latitudes, Pc5 events were observed from afternoon to postmidnight (Figure 3.4e) with a

peak occurrence rate in the duskside ionosphere (Figure 3.4f). This diurnal variation is gen-

erally consistent with a recent study using data from the SuperDARN Tasman International

Geospace Environment Radars (TIGER) and the magnetometers located on Macquarie Is-

land by Norouzi-Sedeh et al. [2015]. The majority of ULF signatures seen in the radar data

from a beam pointing toward the southern AACGM pole were detected between 15 and 21

local time in their study. The duskside occurrence rate peak of Pc5 events in our study

becomes most prominent in winter as shown in Figure 3.7 and Figure 3.8b. Both the diurnal

and seasonal behaviors of Pc5 occurrence at high and polar latitudes imply that decreased

ionospheric conductivity leads to increased amplitude of wave electric fields in the ionosphere

[Pilipenko et al., 2012, Sakaguchi et al., 2012]. The occurrence of ULF waves as measured by

ground magnetometers is also sensitive to ionospheric conductivity, but in the opposite sense

with HF radar measurements [see Figure 11 in Sakaguchi et al., 2012], i.e., the occurrence

peak is on the dayside [Baker et al., 2003].

Most Pc5 events in this study occurred in the range 1.7-4.0 mHz with a most common fre-

quency of ∼2 mHz, which is consistent with previous statistical results using SuperDARN
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data [Bland et al., 2014, Norouzi-Sedeh et al., 2015]. Discrete frequencies at 1.6, 2.1, 2.9,

and 3.3 mHz were reported by Norouzi-Sedeh et al. [2015] and earlier at 1.3, 1.9, 2.6, and

3.4 mHz by Samson et al. [1991] and Ruohoniemi et al. [1991]. However, in this study

the frequency distribution is continuous in the Pc5 range and no discrete frequencies were

observed. The source of ∼2 mHz dominance at almost all latitudes is unclear, but possi-

ble source mechanisms include linkage to dominant frequencies in solar wind perturbations

[Kepko and Spence, 2003, Stephenson and Walker, 2002], and magnetospheric cavity/waveg-

uide modes of natural frequencies varying with changes in the cavity topology [Baker et al.,

2003, Kivelson and Southwood, 1985].

Pc4 events were mostly observed at 66-70◦ MLAT from the afternoon to the premidnight

sector (Figure 3.4b). The radially bounded but longitudinally extended Pc4 events observed

during quiet geomagnetic intervals have been reported previously and were attributed to

localized instabilities [Anderson et al., 1990, Engebretson et al., 1992]. The sharp AE drop

several hours before the Pc4 events and gradual increase of SYM-H index are consistent

with ULF waves occurring during the late recovery phase of geomagnetic storms [Dai et al.,

2015, Engebretson et al., 1992]. This indicates a connection between the occurrence of Pc4

events with prior substorm activity and the decay of the ring current. Numerous studies

have shown that poloidal ULF waves are capable of efficiently interacting with energetic

particles in the ring current and the radiation belt during both geomagnetically quiet and

active times [Chi and Le, 2015, Dai et al., 2015, Hudson et al., 2004, James et al., 2013]. A

small convection electric field at quiet times and plasmaspheric refilling during the recovery

phase of geomagnetic storms might play roles in the generation of internal instabilities that

drive these waves. Localized effects such as the drift or drift-bounce resonance instability

are suggested to be possible sources of Pc4 pulsations at high latitudes in the duskside

ionosphere.
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Pc3-4 events at midlatitudes were seen on the nightside with a premidnight peak in the

occurrence rate. The left column of Figure 3.11 shows that they occurred at a sharp increase

of AE index, a decrease of SYM-H index and southward IMF. This evidence indicates that

they are most likely Pi2 and Pc3-4 pulsations associated with magnetotail dynamics during

geomagnetically active times such as substorm onsets or intensification. The fact that the

premidnight occurrence rate peak becomes most prominent during equinox also supports this

idea [Russell and McPherron, 1973]. Multiple frequency peaks in the frequency histogram

shown in Figure 3.5 and no obvious frequency variation at midlatitudes from 54◦ to 62◦

MLAT suggest they might be associated with plasmaspheric cavity mode/virtual resonances

as reported by Teramoto et al. [2016] and Shi et al. [2017].

Finally, it is possible that some of the identified Pc3-5 events in this study are ionospheric

plasma drift fluctuations [Cousins and Shepherd, 2012] which are not related to MHD waves,

because our algorithm cannot differentiate between them. To definitely determine whether

these events are MHD waves, we would need nearby ground magnetometer and/or conjugate

spacecraft measurements, which is beyond the scope of this study and will be explored in

future studies.

3.5 Summary and Conclusions

In this study, ionospheric ULF wave signatures in the Pc3-5 band (1.7-40.0 mHz) were

surveyed in the SuperDARN THEMIS mode data from 2010 to 2016 by means of the Lomb-

Scargle periodogram. Empirical relationships between the Lomb-Scargle periodogram NPP

and associated wave period are derived based on a series of numerical experiments to guide

automated detection of ULF signatures. Statistics regarding the occurrence and frequency

distributions, seasonal effects, solar wind condition and geomagnetic activity level depen-
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dence have been studied. The main results are summarized as follows: (1) Pc5 events occur

predominantly at high and polar latitudes while Pc3-4 are relatively more common at mid-

latitudes on the nightside; (2) The most probable Pc5 (Pc3-4) frequency is ∼2 (11) mHz;

(3) At high latitudes, Pc4-5 occurrence probability peaks in the dusk sector and in winter

and is elevated during northward IMF and quiet geomagnetic intervals with decreasing ge-

omagnetic activity; (4) At midlatitudes, Pc3-4 occurrence probability peaks at premidnight

and becomes most prominent at equinox with a preference for southward IMF conditions

and increasing geomagnetic disturbance level. An internal wave-particle interaction source

is suggested for Pc4 events at high latitudes in the duskside ionosphere and a source associ-

ated with the magnetotail dynamics during active geomagnetic times for Pc3-4/Pi2 events at

midlatitudes in the nightside ionosphere. Our results also emphasize the role of ionospheric

conductivity in controlling ULF wave occurrence.
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Abstract

Poloidal ultra-low frequency (ULF) waves between 5-10 mHz were observed by multiple satel-

lites and three high-latitude Super Dual Auroral Radar Network (SuperDARN) radars during

the recovery phase of a moderate geomagnetic storm on Jan 24-27, 2016. The long-lasting

ULF waves were observed in the magnetic field and energetic particle flux perturbations

during three successive passes by two Geostationary Operational Environmental Satellites

(GOES) through the dayside magnetosphere, during which plasmasphere expansion and re-

filling were observed by two Time History of Events and Macroscale Interactions during

Substorms (THEMIS) probes. The radial magnetic field oscillation was in phase (∼ 180◦

out of phase) with the northward (southward) moving proton flux oscillation at 95 keV, con-

sistent with high-energy drift-bounce resonance signatures of protons with second harmonic

poloidal standing Alfvén waves. The longitudinal extent of the waves approached 10 hours

in local time on the dayside and gradually decreased with time. High-time resolution (∼ 6 s)

data from three high-latitude SuperDARN radars show that the wave intensification region
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was localized in latitude with a radial extent of ∼ 135-225 km in the subauroral ionosphere.

No signature of these waves were observed by ground-based magnetometers colocated with

the GOES satellites suggesting that the poloidal waves were high-m mode and thus screened

by the ionosphere. During this interval one of the THEMIS probes observed a bump-on-tail

ion distribution at 1-3 keV which we suggest is the source of the long-lasting second harmonic

poloidal ULF waves.

4.1 Introduction

Ultra-low frequency (ULF) oscillations in the radial magnetic field (Br) and azimuthal elec-

tric field (Eφ) are known as poloidal waves. Since the azimuthal electric field of poloidal

waves is aligned with the particle drift motion, they are capable of efficiently interacting with

particles in the ring current and the radiation belt [e.g., Murphy et al., 2014, Zong et al.,

2009]. Among the harmonics of poloidal standing Alfvén waves, the second harmonic mode

is among the most frequently observed ULF waves in the Earth’s magnetosphere [Hughes

and Grard, 1984, Takahashi and McPherron, 1984]. The second harmonic standing Alfvén

waves are usually observed in the Pc4 band (6.7-22.2 mHz) and are most often seen in the

afternoon sector during both geomagnetically quiet and active times [Dai et al., 2015, Min

et al., 2017]. Statistical surveys of these waves show that they are usually radially bounded

but longitudinally extended [Anderson et al., 1990, Engebretson et al., 1992].

ULF waves with a strong toroidal component (Bφ and Er) are usually believed to be driven

by external sources such as periodic variations or sudden changes in the solar wind dynamic

pressure [Hudson et al., 2004] and Kelvin-Helmholtz (KH) waves at the magnetopause [e.g.,

Claudepierre et al., 2008, Lin et al., 2014]. Poloidal Alfvén waves with high azimuthal wave

numbers (high-m) are often attributed to internal localized instabilities such as the drift-
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bounce resonance instability [e.g., Southwood and HUGHES, 1983]. For the drift-bounce

resonance instability as a source of ULF waves, free energy usually comes from two sources:

(1) unstable particle populations in the ring current (bump-on-tail distribution) [Baddeley

et al., 2004, Liu et al., 2013, Takahashi et al., 2018b] and (2) a radial gradient of particle

phase space density [Dai et al., 2013, Min et al., 2017, Oimatsu et al., 2018].

One category of poloidal ULF waves is characterized by their long lifetime from several hours

to days [e.g., Korotova et al., 2016, Le et al., 2017, Sarris et al., 2009]. Most previous studies

on the long-lasting poloidal ULF waves were focused on wave properties in the magnetosphere

[Korotova et al., 2016, Le et al., 2017, Min et al., 2017, Takahashi et al., 2018b]. Interestingly,

the waves were usually monochromatic and observed during low geomagnetic activity after

a geomagnetic storm or within the storm recovery phase, as summarized in Table 4.1. It is

thought that a small convection electric field and plasmaspheric refilling during the recovery

phase play key roles in the generation of the internal instabilities that drive these waves

during these periods [Anderson et al., 1990, Dai et al., 2015, Liu et al., 2013, Sarris et al.,

2009, Shi et al., 2018b]. Generally ground-based magnetometers are unable to detect these

high-m waves due to ionospheric screening effects [Hughes and Southwood, 1976]; hence,

simultaneous observations of these waves in the magnetosphere and conjugate ionosphere

are rare, perhaps also in part owing to their localized radial extent and low occurrence rate

[Anderson et al., 1990, Shi et al., 2018b].

In this study, we analyze a long-lasting poloidal ULF wave using multi-point satellite and

Super Dual Auroral Radar Network (SuperDARN) high frequency (HF) radars during the

recovery phase of a storm on Jan 24-27, 2016. We characterize the radial and azimuthal

extent of the waves observed in the magnetosphere and ionosphere and provide evidence of

the wave excitation source.
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4.2 Instrumentation and Analysis

The primary instruments used in this study are the GOES 13 (∼75◦ west geographic longi-

tude) and GOES 15 (∼135◦ west geographic longitude) geostationary satellites, Time His-

tory of Events and Macroscale Interactions during Substorms (THEMIS) D and E (THD and

THE, respectively) spacecraft [Angelopoulos, 2008], three high-latitude SuperDARN radars

[Chisham et al., 2007], and two ground magnetometers from the Canadian Array for Realtime

Investigations of Magnetic Activity (CARISMA) ground-based North America magnetome-

ter array [Mann et al., 2008]. The solar wind and interplanetary magnetic field (IMF) data

are obtained from the WIND satellite and OMNI database [King and Papitashvili, 2005].

The geomagnetic data are from the World Data Center for Geomagnetism in Kyoto.

4.2.1 Satellite Missions

The GOES data used in this study are the measurements of the magnetic field vector and

energetic particle fluxes. The magnetic field data are from the Fluxgate Magnetometer

(FGM) with a sampling rate 0.512 s [Singer et al., 1996]. The magnetic field vector is

expressed in local mean-field-aligned (MFA) coordinates with components denoted as Br

(outward, perpendicular to the mean magnetic field), Bφ (eastward, perpendicular to the

mean magnetic field), and B// (parallel to the mean magnetic field) [Takahashi et al., 1990].

The mean magnetic field data are obtained by a boxcar running average over 30 min. After

rotating into the MFA coordinates, the magnetic field perturbations in the parallel direction

(∆B//) are obtained by subtracting the 30 min-averaged mean magnetic field data. The

GOES proton flux data come from the Magnetospheric Proton Detector (MAGPD) which

measures protons at five differential energy channels centered at 95, 140, 210, 300, and 575

keV. We especially draw on the data collected with the detector telescopes mounted in the
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north/south direction with field-aligned pitch angles [Rodriguez, 2014]. In order to clearly

see the ULF wave modulation in the particle flux j, we use the residual fluxes defined by

δj = (j − javerage)/javerage, where javerage is the 20 min running average of j, similar to

previous studies [e.g., Claudepierre et al., 2013].

The electron density inferred from THEMIS spacecraft potential data are used to provide the

plasmaspheric context. Magnetic and electric field data expressed in MFA coordinates from

the THD and THE spacecraft are used in this study. The magnetic field data are provided by

the FGM instrument [Auster et al., 2008]. The electric field and spacecraft potential data are

obtained from the Electric Field Instrument (EFI) [Bonnell et al., 2008]. The electric field

data are spin-fit, 3 s-averaged vector samples constructed from the spin-plane components

by assuming no electric field along the background magnetic field.

4.2.2 Ground-based Instruments

For ionospheric wave observations, we use the line-of-sight (LOS) velocity data from Super-

DARN HF coherent scatter radars. SuperDARN is an international network consisting of

more than 30 low-power radars operating at 8-20 MHz from middle to polar latitudes in both

hemispheres that look into Earth’s ionosphere [Baker et al., 2007, Chisham et al., 2007]. The

radars measure Doppler shifts of ionospheric irregularities at F region altitudes undergoing

E × B plasma drift. When ULF waves pass through the ionosphere, the associated electric

field produces a Doppler velocity oscillation that can be measured by the radars. Normally,

the SuperDARN radars are scheduled for 1-min azimuthal sweeps in the “common” mode.

The step in azimuth between adjacent beams is 3.24◦ and the range resolution is 45 km.

Sometimes the radars are scheduled to operate in higher cadence “THEMIS” mode, in which

a camping beam is sampled at a higher rate of ∼6 s by interleaving soundings on the camp-
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ing beam with successive beams of the normal scan. For this study, THEMIS mode data

from three high-latitude SuperDARN radars - Prince George (PGR), Saskatoon (SAS), and

Kapuskasing (KAP) - are used to analyze ionospheric ULF wave signatures.

Two ground magnetometers with a sampling rate of 0.5 s are used in this study; one located at

Fort Simpson (FSIM) from the CARISMA magnetometer array, and the other at Sanikiluaq

(SNKQ) from the CANadian Magnetic Observatory System (CANMOS). In order to check

on wave activity in the 5-10 mHz band, the ground magnetometer data were detrended by

subtracting the 30 min running average.

4.2.3 Signal Processing

Dynamic power spectra of magnetic and electric field data from satellites, Doppler velocity

data from SuperDARN radars, and magnetic field data from ground magnetometers are used

in this study for wave analysis in the frequency domain. The dynamic power spectra are

obtained by applying a running 30 min Fast Fourier Transform (FFT) with 25 min window

overlap. The frequency resolution is about 0.56 mHz and the Nyquist frequency is 83.3 mHz

from the lowest time resolution (∼ 6 s) across all the data sets. Prior to taking the FFT, the

data are interpolated for regular spacing at the specified time step and a Hanning window

is applied to reduce spectral leakage.

4.2.4 Instrument Locations

The locations of the various space and ground instruments used in this study are shown

in Figure 4.1. The upper panels show the locations of the GOES (black), THE (blue)

and THD (red) spacecraft in the X-Y plane (Figure 4.1a) and X-Z plane (Figure 4.1b), in

Solar Magnetic (SM) coordinates. The diamonds (GOES) and asterisks (THEMIS) identify
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the locations of the satellites at 23:00 UT on Jan 24, 2016. As can be seen in Figure

4.1b, all measurements from four satellites were made above the magnetic equator with

GOES 15 located at about 4◦ and GOES 13 at ∼ 10◦ off the magnetic equator. The lower

panel (Figure 4.1c) shows a map in Altitude Adjusted Corrected Geomagnetic (AACGM)

coordinates [Baker and Wing, 1989, Shepherd, 2014] with the positions of the spacecraft

and ground instruments indicated. Included are the two selected ground magnetometers

(black dots); SuperDARN radar fields of view (FOV) and camping beams of PGR (cyan),

SAS (green), and KAP (orange); and ionospheric footprints of the GOES satellites (black

diamonds), THE (blue asterisk) and THD (red asterisk) using the Tsyganenko 1996 (T96)

magnetic field model [Tsyganenko and Stern, 1996] at 23:00 UT. The red regions inside

the radar camping beams indicate the range gates where ULF wave signatures were most

frequently observed in this study. Unless specified, the magnetic coordinates used hereafter

are AACGM.

4.3 Observations

In this section, we describe the interplanetary and geomagnetic conditions during the wave

event and analyze the wave properties in the magnetosphere and ionosphere to obtain the

spatial extent and spectral features of long-lasting poloidal ULF waves observed by multiple

satellites and high-latitude SuperDARN radars. This event was initially identified in the

ULF event data base from SuperDARN high time resolution data which was built using an

automated detection method based on the Lomb-Scargle periodogram technique described

by Shi et al. [2018b].
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Figure 4.1: Locations of various space and ground instruments. The upper panels show
the locations of GOES 13 and 15 (black curve), THE (blue curve) and THD (red curve)
spacecraft in (a) the X-Y plane and (b) the X-Z plane in Solar Magnetic coordinates from
20:00 UT on 24 January 2016 to 02:00 UT on 25 January 2016. The lower panel (c) shows
the locations of ionospheric footprints of GOES 13 and 15 (black diamonds), THE (blue
asterisk) and THD (red asterisk), ground magnetometers (black dots), and SuperDARN
radar FOV and camping beams of PGR (cyan), SAS (green), and KAP (orange) in AACGM
coordinates at 23:00 UT on 24 January 2016.

4.3.1 Event Overview

Figure 4.2 provides an overview of the interplanetary and geomagnetic conditions covering

the wave event during a moderate geomagnetic storm with a minimum SymH value of ∼

-100 nT. The interplanetary data come from OMNI and are overlaid with 1 h-shifted data

(dashed purple curves) from the Wind satellite to fill in data gaps in OMNI. The cyan shaded

regions identify the time intervals of interest, when GOES satellites observed monochromatic

poloidal ULF waves in the dayside magnetosphere. Note that approximately two hours before
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the start of the wave event there was a substorm onset at ∼ 18:00 UT on 24 January 2016.

The AE index reached a maximum of ∼ 1000 nT at ∼ 19:00 UT and gradually decreased to

∼ 250 nT at 20:00 UT. The onset of the wave event appears to coincide with a solar wind

dynamic pressure pulse at 20:00 UT. It was geomagnetically quiet (AE < 100 nT) during

the second pass of the dayside magnetosphere by the GOES satellites, the IMF was slightly

northward and dominated by a positive Bx at ∼ 6 nT.
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Figure 4.2: Geomagnetic indices and interplanetary parameters covering the wave event:
(a) SymH index on 19-28 January 2016; (b) AE (red), AU (green), and AL (blue) indices,
(c) OMNI/WIND IMF Bx, By and Bz components in the Geocentric Solar Magnetospheric
coordinate system, (d) solar wind speed, (e) solar wind proton density, and (f) solar wind
dynamic pressure on 24-27 January 2016. The cyan shaded regions identify the time intervals
of interest.

Before we analyze ULF wave properties in the magnetosphere, it is important to know

whether and how the magnetospheric plasma density varies during the course of the wave

event, as changes in the plasma density will result in changes in the eigenfrequency of the
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magnetic field lines and the associated wave frequency. Figure 4.3 shows profiles of the elec-

tron density inferred from the spacecraft potential versus L shell value during four successive

outbound passes from 23-27 January 2016. Figure 4.3 shows evidence of both plasmasphere

expansion and refilling from THD (Figure 4.3a) and THE (Figure 4.3b) observations during

the recovery phase of the geomagnetic storm. Plasmaspheric boundary layer (PBL) or plume

structure was observed during the second outbound pass on Jan 24-25, 2016 (red curve) by

both satellites as a bump in the electron density profile reaching ∼ 100 cm−3 around L ∼

5.5.
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Figure 4.3: Plasmaspheric context from two THEMIS spacecraft during the recovery phase of
the geomagnetic storm. Each panel shows profiles of electron density inferred from spacecraft
potential versus L shell value during four successive outbound passes of (a) THD and (b)
THE from 23 to 27 January 2016.
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4.3.2 Wave Properties in the Magnetosphere

We first examine waves observed by geostationary satellites as shown in Figure 4.4 (GOES

13) and Figure 4.5 (GOES 15). The red (black) vertical lines identify local noon (midnight).

The green (yellow) vertical lines identify local dawn (dusk). Episodes of monochromatic ULF

waves between 5-10 mHz were observed in the dayside magnetosphere by both satellites over

2-3 days. The wave power is strongest in the radial magnetic field (Br) consistent with a

poloidal mode. At the onset of this wave event (∼ 20:00 UT), GOES 13 was located in the

afternoon sector and GOES 15 was located at ∼ 10.5 MLT. The azimuthal extent of these

waves was up to 10 hours in MLT on the dayside as can be seen from the second pass on 25-26

January and gradually decreased to a few hours around noon in the third pass. The wave

frequency generally decreases as the satellites move from the morning sector and into the

noon and dusk sectors and from the first pass to the third pass of the dayside magnetosphere.

Both the diurnal and daily frequency decreases can be explained by the mass density change.

The afternoon sector often has a higher plasma density than the morning sector. In addition,

in this event plasmaspheric plume structure was observed around dusk (Figure 4.3). The

refilling of the plasmasphere evident in Figure 4.3 resulted in an increase in electron density

which may account for the steady decrease in wave frequency. While heavy ion mass loading

during plasmasphere refilling may also contribute to the wave frequency change [Fraser et al.,

2005], the mass loaded plasma density data is not available from spacecraft measurements

in this study.

Note that a higher harmonic was observed during the second pass of GOES 13 and is more

clearly seen in the toroidal component (Bφ). The fact that the azimuthal magnetic field has

strong wave power at similar frequencies to the radial magnetic field suggests coupling of the

poloidal and toroidal modes, which is common in the inhomogeneous media of the Earth’s

magnetosphere. The differences in wave frequency and spatial extent of the monochromatic
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GOES−13, Jan 24−27, 2016
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Figure 4.4: The magnetic field data from GOES 13 in the Mean-Field-Aligned coordinate
system and the dynamic power spectra from 24 to 27 January 2016. The red (black) vertical
lines identify local noon (midnight). The green (yellow) vertical lines identify local dawn
(dusk).

poloidal waves observed by GOES 13 and GOES 15 are probably due to their different orbits,

recalling that GOES 15 was closer to the magnetic equator than GOES 13 (Figure 4.1b).

We now consider the waves observed by the two THEMIS satellites near dusk. During

the outbound pass of THD and THE, both satellites observed monochromatic ULF waves

in the radial and azimuthal electric field components at 6-8 mHz. Note that the ULF

electric field perturbation amplitudes, periods, and phases measured by the THEMIS EFI

short and long booms agree well, suggesting that the THEMIS double probe electric field

measurement is not affected by contamination during this interval. The waves lasted for
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GOES−15, Jan 24−27, 2016
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Figure 4.5: The magnetic field data from GOES 15 in the Mean-Field-Aligned coordinate
system and the dynamic power spectra from 24 to 27 January 2016.

several wave cycles around 19 MLT (vertical red lines in Figure 4.6). THD (left column),

located closer to the magnetic equator, passed through the wave active region a few minutes

before THE, and observed a stronger wave power in the radial electric field (Er) while THE

(right column) observed a stronger electric field power in the azimuthal component (Eφ).

Since both satellites were located off the magnetic equator, the wave power at the same

frequency from the radial magnetic field (Br) is very weak. We will demonstrate later in the

Discussion that the observations in the magnetosphere are consistent with a second harmonic

standing Alfvén wave.

Unlike the GOES satellites which observed wave activity during three successive passes of

the dayside magnetosphere, THEMIS only observed wave activity during the first outbound
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Figure 4.6: The dynamic power spectra of electric and magnetic field components in the
Mean-Field-Aligned coordinate system from THD (left) and THE (right) at 22:00-23:15 UT
on 24 January 2016.

pass near the dusk flank. Figure 4.1 shows that during the wave event THD and THE were

located ∼ 1.5 h eastward of GOES 13 which continued observing monochromatic poloidal

waves until after ∼ 21 MLT. By contrast, GOES 15 located ∼ 4 h eastward of GOES13

did not see the waves after 18 MLT during the first pass. Neither GOES 13 or GOES 15

observed wave signatures between 5-10 mHz after dusk on either the second or third passes.

Hence, the wave active region extended past dusk only during the first pass and thus THD

and THE could only observe the wave during this initial period of wave activity.

4.3.3 Wave Properties in the Ionosphere

After examining wave properties in the magnetosphere, we now analyze wave signatures in

the ionosphere observed by ground-based SuperDARN radars and magnetometers. Figure 4.7
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shows ionospheric ULF wave signatures observed by the PGR radar in the camping beam

12 from 2016-01-24/23:00 UT to 2016-01-25/02:00 UT. The alternating green and yellow

stripes starting at about 23:10 UT on January 24 over range gate 10-15 were signatures

of flow velocity modulations by ULF waves in the ionosphere as shown in the Range-Time

Intensity (RTI) plot (Figure 4.7a). An enhancement in flow velocity (300 m/s) at 01-02

UT on January 25 was localized within 3-5 range gates (135-225 km) and merged with

lower frequency (< 5 mHz) waves at higher latitudes, probably Pc5 pulsations in the auroral

region. Time series of LOS velocity from range gate 12 is shown in Figure 4.7b and its

dynamic power spectrum is shown in Figure 4.7c. Monochromatic waves at ∼ 7-8 mHz

with weaker wave power were observed before 2016-01-25/01:00 UT, waves with stronger

power were seen after 2016-01-25/01:00 UT at similar frequencies. Figure 4.7d shows time

series of LOS velocity from successive range gates. The progression from top to bottom

panel corresponds to decreasing magnetic latitude (first number in the square brackets) at

similar magnetic longitude (second number in the square brackets). Wave intensifications

are isolated to a few range gates, the location of the intensification varies with time generally

propagating to lower latitudes.

Besides the PGR radar, the SAS and KAP radars observed monochromatic ionospheric ULF

wave signatures between 5-10 mHz, as shown in Figure 4.8. RTI plots in Figure 4.8 (left)

show that these monochromatic ULF waves were mostly observed equatorward of lower

frequency Pc5 waves at higher latitudes and lasted for a few hours as long as ionospheric

backscatter persisted. Time series of LOS velocity in 0.5 h intervals incremented by 7.5 min

from individual radar and range gate were analyzed separately for spectral power from 2016-

01-24/20:00 UT to 2016-01-25/04:00 UT, using the Lomb-Scargle periodogram technique

reported in Shi et al. [2018b]. Figure 4.8d shows the frequency of wave events from the three

radars as a function of MLT. Wave events were mostly observed in the afternoon sector and
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Figure 4.7: Ionospheric ULF signatures observed by the PGR radar in the camping beam 12
from 2016-01-24/23:00 UT to 2016-01-25/02:00 UT. (a) The range-time intensity plot; (b)
Doppler velocity time series from range gate 12 of beam 12; (c) Dynamic power spectrum of
data from panel (b); (d) Doppler velocity time series from range gate 8-15 of beam 12.

the wave frequency did not show a clear variation with MLT. A clear trend of wave frequency

decrease with increasing magnetic latitude is observed in Figure 4.8e, which is a prominent

feature of the field line eigenfrequency variation with latitude.

Knowledge of the azimuthal wave number is important for understanding the ULF wave

excitation mechanism and wave interactions with the ambient plasma. Data from individual

SuperDARN radars can be analyzed for information on m number by comparing measure-

ments across multiple beam directions. In standard operation mode, a scan repeats once a

minute. In THEMIS mode, a scan repeats once every two minutes while the THEMIS beam

is sample every 6 s. Thus, high-time resolution data are available in one beam direction but

this is unsuitable for resolving m value. There is scope for combing THEMIS beam data

from multiple radars provided the sampling is dense enough in longitude.
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Median Filtered Doppler Velocity in PGR B12
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Median Filtered Doppler Velocity in SAS B 6
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Median Filtered Doppler Velocity in KAP B 7
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Figure 4.8: (Left) The range-time intensity plot for (a) PGR, (b) SAS, and (c) KAP radar
from 2016-01-24/20:00 UT to 2016-01-25/04:00 UT. (Right) Frequency versus (d) MLT and
(e) magnetic latitude distribution of wave events.

We thus investigate the azimuthal wave number using data from the SNKQ and FSIM

ground magnetometers near the ionospheric footprint of GOES 13 and GOES 15. Radially

polarized (poloidal) Alfvén waves should be observed in the Y component by ground mag-

netometers due to the 90◦ polarization rotation by the ionosphere [Hughes and Southwood,

1976]. However, no long-lasting ULF waves between 5-10 mHz were observed on the dayside

by either ground magnetometer in the Y component, as seen in Figure 4.9. This suggests

that monochromatic ULF waves between 5-10 mHz observed by the satellites in the day-

side magnetosphere and by SuperDARN HF radars in the dayside ionosphere were high-m

mode waves which were screened by the ionosphere from detection by ground magnetome-

ters. Note that we do see higher harmonic waves between 10-15 mHz on the dayside from

2016-01-25/12:00 UT to 2016-01-26/00:00 UT at the SNKQ station, which is consistent with
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observations from GOES 13 (Figure 4.4). These waves are probably low-m higher harmonic

toroidal waves which are less affected by screening and can be detected on the ground. We

applied the cross-phase analysis (not shown) of Waters et al. [1991] using the Bx components

from two closely spaced meridional ground magnetometers. Preliminary results do indicate

the existence of higher harmonic toroidal modes. Detailed consideration of the toroidal mode

in this event is left to future work.

SNKQ, Jan 24−26, 2016
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FSIM, Jan 24−26, 2016
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Figure 4.9: Time series and dynamic power spectra of ground magnetic field northward (Bx)
and eastward (By) components observed at the SNKQ (left) and FSIM (right) stations from
24 to 26 January 2016.

4.3.4 Wave Spatial and Spectral Characteristics

To characterize the wave spatial extent and spectral properties, the wave frequency distri-

bution as a function of MLAT and MLT from the SuperDARN radars, GOES satellites and

THEMIS spacecraft from 2016-01-24/20:00 UT to 2016-01-25/04:00 UT are shown in Figure

4.10. Each symbol represents the frequency of the spectral peak power from 0.5 h interval

satellite and radar data. The wave activities are mainly localized at ∼ 64-70◦ MLAT in
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the afternoon sector in the subauroral region, as indicated by the Special Sensor Ultravio-

let Spectrographic Imager (SSUSI) data from the Defense Meteorological Satellite Program

(DMSP) satellites (not shown). The wave frequency from GOES 13 (diamond) stays stable

at ∼ 10 mHz from 14-22 MLT and is consistent with the SAS (triangle) radar measurements

just poleward of GOES 13. The ionospheric footprint of GOES 15 (square) was located close

to the PGR (x) radar camping beam measurements and they recorded similar wave frequen-

cies at 6-8 mHz at ∼ 66◦ MLAT and 14-16 MLT. The THD (asterisk) and THE (circle)

spacecraft observed ULF waves at a lower frequency (∼ 6.5 mHz) which is closer with the

KAP (cross) and SAS radar measurements at higher latitudes. Despite the uncertainties in

mapping of radar backscatter and of spacecraft measurements to the ionosphere, the 2D wave

frequency distribution shows the consistency of space and ground-based observations of the

monochromatic ULF waves in the dayside magnetosphere and ionosphere. It also illustrates

the importance of using multi-point coordinated satellite and radar observations to obtain

information about the radial and azimuthal extent of the waves at the time of occurrence.

In this case the long-lasting high-m ULF waves were localized in the radial direction but

extended in the azimuthal direction across the dayside.

4.4 Discussion

In this section, we summarize the observed wave properties and discuss possible mechanisms

for wave excitation and the impact these waves have on magnetospheric plasma via wave-

particle interactions.

The very strong wave power in the radial magnetic field observed by GOES 13 and GOES

15 near the magnetic equator suggests these waves were second harmonic poloidal mode

(antisymmetric). As shown in Figure 4.1 from Dai et al. [2013], the fundamental poloidal
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Figure 4.10: Frequency distribution as a function of magnetic latitude and MLT for ULF
wave events from three high latitude SuperDARN radars, GOES and THEMIS satellites
from 2016-01-24/20:00 UT to 2016-01-25/04:00 UT.

mode (symmetric) with a magnetic node near the magnetic equator is not detectable as a

magnetic field oscillation. Furthermore, THD and THE located 13◦-16◦ off the magnetic

equator observed very strong electric field oscillations but very weak magnetic field oscilla-

tions (Figure 4.6). This suggests the THEMIS satellites were located close to the magnetic

field node of the second harmonic wave.

Although the observed ULF waves share similarities with giant pulsations (Pgs) [Chisham,

1996, Motoba et al., 2015, Wright et al., 2001], (i.e. localized in latitude, monochromatic

waveform, high-m, poloidal mode, usually observed during geomagnetically quiet times,

driven by internal instabilities), the ULF waves observed in this study are not likely Pgs

which are more often observed in the morning sector in the auroral zone and can be de-

tected by ground magnetometers with |m| ∼ 20−40. Our observed ULF waves are generally

constrained to the dayside and extended to post-dusk in the subauroral region on the first

day; there is also no clear signature of the wave in ground-based magnetometer observations
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(Figure 4.9). Fortunately, high-latitude SuperDARN HF radars detected the ionospheric

signatures of these high-m waves and the latitudinal extent of the wave active region is

estimated to be 135-225 km in the ionosphere (Figure 4.7). With the aid of SuperDARN ob-

servations, we are also able to distinguish waves with different sources, e.g., lower frequency

waves from the auroral region and long-lasting higher frequency waves in the subauroral

region (Figure 4.7a). In addition, multiple radar observations provide information on the

wave azimuthal extent and wave property variations with magnetic latitude and longitude

(Figure 4.8d-e and Figure 4.10). In summary, we conclude that the observations of narrow-

band ULF waves in the magnetosphere and ionosphere are consistent with a high-m mode

second harmonic standing Alfvén wave with a wide longitudinal extent but narrow radial

extent.
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Figure 4.11: (a) The azimuthal electric field from 22:40 UT to 23:10 UT on 24 January 2016
and ion phase space density as a function of energy measured at about (b) 22:45 UT, (c)
22:55 UT, and (d) 23:05 UT by the THE spacecraft.



110
Chapter 4. Long-Lasting Poloidal ULF Waves Observed by Multiple Satellites and

High-Latitude SuperDARN Radars

As mentioned in the Introduction, high-m poloidal standing Alfvén waves are often driven

by internal instabilities, such as the drift-bounce resonance. To gain insights into internal

sources of free energy for wave excitation, we examine the ion phase space density (f) as

a function of energy (W ) to determine if a bump-on-tail distribution exists [e.g., Baddeley

et al., 2005]. The Electrostatic Analyzer (ESA) [McFadden et al., 2008] measures phase

space density as functions of energy, pitch angle and time. We obtained omnidirectional

(pitch angle averaged) ion phase space density from THE ESA measurements and present in

Figure 4.11 (bottom panels). The azimuthal electric field measured by the THE spacecraft is

shown in Figure 4.11a. The positive energy slope (∂f/∂W > 0) marked between blue dashed

lines in the ion distribution function identifies a bump-on-tail structure which contains ”free

energy” in the ”bump” that can be fed to a wave when the drift frequency (ωd) and bounce

frequency (ωb) of ions match the wave frequency (ω) through the drift-bounce resonance

condition [e.g., Southwood, 1976]:

ω −mωd = Nωb (4.1)

where m is the azimuthal wave number and N is an integer (0,±1,±2, ...) representing the

harmonic mode of the wave. We estimate proton ωd and ωb based on the following formulas

given by Hamlin et al. [1961] and Chisham [1996]:

ωb ≈
π
√
W√

2mpLRE(1.3− 0.56sinαeq)
(4.2)

ωd ≈ −6WL(0.35 + 0.15sinαeq)

qBsR2
E

+
90(1− 0.159Kp + 0.0093K2

p)
−3L3sinϕ

BsR2
E

(4.3)

where W is the proton energy, mp is the proton mass, L is the proton’s L-shell, RE is the

radius of the Earth, αeq is the proton equatorial pitch angle, Bs is the equatorial surface



4.4. Discussion 111

magnetic field strength, Kp is the planetary magnetic activity index, ϕ is the azimuthal

angle of the particle measured anticlockwise from local midnight (ϕ = mlt/24.× 360.). The

first term on the right hand side of equation (3) represents gradient-curvature drift and

the second E × B drift under a model magnetospheric potential [Maynard and Chen, 1975,

Yeoman and Wright, 2001].

The proton bounce and drift frequencies at the location of the bump W = 2 keV are es-

timated to be ωb = 0.0196739 rad/s (fb = ωb/2π = 3.13119 mHz), ωd = −8.19879 ×

10−5 rad/s (fd = ωd/2π = −0.0130488 mHz), using L = 7.6, αeq = 30◦, Kp = 1, mlt = 19

for THE observed the bump-on-tail distribution at 2016-01-24/22:45 UT. For low-energy ions

interacting with the second harmonic poloidal wave through drift-bounce resonance, we have

N = 1 and the m value is estimated to be -258 (negative value represents westward propaga-

tion) based on equation (1) and wave frequency ω = 2πf = 0.04084 rad/s (f = 6.5 mHz).

Takahashi et al. [2018b] reported Van Allen Probes observations of second harmonic poloidal

standing Alfvén waves propagating westward with m ∼ −200. The proton phase space den-

sity in their study also exhibited a bump-on-tail structure occurring in the 1-10 keV energy

range. Seen from Table 4.1, a similar event has been reported by Liu et al. [2013] in the

plasmasphere boundary layer. Since the high-m modes are usually observed with |m| ∼ 100,

previous studies seldom observed any ground signatures due to ionospheric screening effects.

Baddeley et al. [2005] examined the cause and effect relationship between the unstable mag-

netospheric particle populations and conjugate ionospheric high-m ULF waves measured by

the DOppler Pulsation Experiment (DOPE) HF sounder. In this study, multiple ground-

based SuperDARN HF radars provide 2D wave properties in the ionosphere (Figure 4.10)

and nicely fill the gap between observations from space-based satellites and ground-based

magnetometers.

High-m poloidal mode waves may also be excited via high-energy ion drift-bounce resonance
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with an inward radial gradient of ion phase space density, e.g., ∂f/∂L < 0. Previous studies

[e.g., Takahashi et al., 1990] show that the radial magnetic field oscillation should be 180◦

(0◦) out of phase with the southward (northward) moving proton flux oscillations in the

resonant energy associated with a second harmonic poloidal standing Alfvén wave observed

at the magnetic equator. At energies away from the resonance, the cross phase of ion flux

oscillation and the radial magnetic field oscillation should approach +/-90◦. Signatures of

drift-bounce resonance in ion flux oscillations at 95-300 keV with field-aligned pitch angles

(α) from GOES 13 are shown in Figure 4.12. Namely, ∼ 180◦ phase shift between Br (Figure

4.12a), southward moving (α ∼ 140◦) ion residual flux at 95 keV (red line in Figure 4.12b),

∼ 90 ◦ phase shift for 140 keV ions (green line in Figure 4.12b). Also, the amplitude of ion

residual flux oscillations peaks at 95 keV energy channel. For ions moving nearly parallel to

the magnetic field (α ∼ 2◦) from the detector telescope 7 (Figure 4.12c), the 95 keV residual

flux leads Br by a few degrees which is consistent with the pitch angle dependence reported

by Takahashi et al. [2018b] in Figure 12. Another approach to estimate m value draws on

assuming the 95 keV ions are in drift-bounce resonance (N=-1) with the observed poloidal

wave. The m number is estimated to be -152 in this case, which is still consistent with a

high-m mode wave. However, we are unable to check the radial phase space density profile

at the resonant energy using GOES satellite measurements. Thus, we cannot exclude or

confirm the possibility of wave excitation involving drift-bounce resonance at high energy

with an inward radial gradient of ring current protons.

Finally, we discuss possible explanations for why these high-m poloidal waves could last

for days and are observed on the dayside with a wide azimuthal extent but a localized

radial extent. Both event analysis and statistical studies suggest these waves are mostly

observed during low geomagnetic times within the recovery phase of a geomagnetic storm

[e.g., Engebretson et al., 1992, Le et al., 2017, Sarris et al., 2009, Shi et al., 2018b]. Previous
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Figure 4.12: Time series of magnetic field and energetic ion residual flux data from GOES
13 between 17:20 and 17:50 UT on Jan 25, 2016: (a) radial magnetic field; (b) southward
moving energetic ion residual fluxes at ∼ 140◦ pitch angle from detector telescope 9; (c)
northward moving energetic ion residual fluxes at ∼ 2◦ pitch angle from detector telescope
7.

investigations also indicate a connection between the occurrence of these waves with prior

substorm activity (followed by sharp AE drops) and the decay of the ring current [Anderson

et al., 1990, Oimatsu et al., 2018, Shi et al., 2018b]. For low energy ions (< 10 keV), the

convection electric field becomes significant and can cause these particles to drift out of the

magnetosphere and form unstable bump-on-tail distribution occurring ∼ 0.5-2 days after

particle injections as proposed by Ozeke and Mann [2001]. However, it is difficult to identify

the source of these low energy particles which may be associated with prior substorm activity

or other magnetospheric processes [Liu et al., 2013, Wright et al., 2001]. The bump-on-tail

distribution might last for a few days and cover some longitudinal extent on the dayside.

The cold background plasma density during the plasmaspheric refilling would change the
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local field line eigenfrequency and thus control the location of ULF wave excitation through

the drift-bounce resonance condition [Liu et al., 2013, Min et al., 2017].

4.5 Conclusions

Using multiple spacecraft and high-latitude SuperDARN radars, we have analyzed a long-

lasting (2-3 days) second harmonic poloidal ULF wave during the recovery phase of the

geomagnetic storm on 24-27 January 2016. These narrowband waves between 5-10 mHz

are very localized radially but extended azimuthally (up to 10 hr) in the dayside magne-

tosphere and ionosphere. The waves are westward propagating high-m (∼ -258) mode and

thus cannot be detected by ground magnetometers due to ionospheric screening effects. The

source of wave excitation is suggested to be bump-on-tail ion distributions at 1-3 keV. These

waves could impact magnetospheric particle dynamics through drift-bounce resonance, in-

cluding modulation and acceleration/deceleration of ring current energetic particles and cold

plasmaspheric particles. This study emphasizes the role of conjugate satellite-SuperDARN

observations in high-m ULF wave study as well as multi-point SuperDARN high-time resolu-

tion data in estimating the wave spatial extent and ionospheric electric fields/flow for Pc4-5

waves in the radiation belts/ring current (i.e., sub-auroral region). The relatively recent

mid-latitude SuperDARN radars and high-time resolution radar data (e.g., THEMIS mode)

open up several possibilities for ULF wave studies and make it possible to study global waves

at higher frequency and lower latitude as shown in this study.
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Table 4.1: Comparisons of Select Long-Lasting Poloidal ULF Wave Case Studies

Case study Magnetic activity & Wave mode & Instrumentation & m-value Source
event duration frequency spatial coverage mechanism

This study Recovery phase of 2nd harmonic THEMIS, G-13 ∼ -258 Bounce resonance
the Jan 19-28, 2016 G-15, SuperDARN westward through bump-on-
geomagnetic storm postdusk tail unstable proton

dayside distributions at
2-3 days 5-10 mHz L∼5.5-8 1-3 keV

Takahashi After a geomagnetic 2nd harmonic Van Allen probes ∼ -200 Bounce resonance
et al. 2018 storm during low westward through bump-on-

geomagnetic activity near tail unstable proton
MLT∼10-14 noon distributions at

1 day ∼10 mHz L∼4.4-5.8 1-10 keV
Min et al. After a minor 2nd harmonic Van Allen probes ∼ -100 Drift-bounce
2017 geomagnetic storm G-15 westward resonance through

during quiet time pre- an inward radial
MLT∼17-02 midnight gradient of ring

1 day ∼7 mHz L∼6-6.7 current protons
Le et al. Recovery phase of 2nd harmonic Van Allen probes ∼ -100 No observational
2017 the 22 June 2015 THEMIS, Cluster westward evidence, could be

geomagnetic storm G-15, G-13, MMS postdusk drift-bounce
dayside to resonance
premidnight

3 days 3-30 mHz L∼4-12
Korotova After the main phase 2nd harmonic Van Allen probes Not Not completely
et al. 2016 of the 1-2 May 2014 THEMIS, G-15 available clear, attribute to

geomagnetic storm bounce resonance
during quiet time dayside
3 days 10-25 mHz L∼4-8

Liu et al. After a moderate 2nd harmonic THEMIS Not Bounce resonance
2013 geomagnetic storm available through bump-on-

tail unstable proton
MLT∼12-14 distributions at

1 day 5-15 mHz L∼3.7-6.8 ∼10 keV
Sarris et al. Recovery phase of Narrowband G-8, G-9, Geotail ∼ 20-55 Undetermined, but
2009 the Nov 24-30, 1997 Pc5 LANL, ground eastward exclude: external

geomagnetic storm magnetometer prenoon solar wind source,
dayside KH waves, ion drift-

4-5 days 5-9 mHz L∼6.6 bounce resonance



Chapter 5

Conclusions and Future Work

The goal of this research has been to gain a better understanding of the occurrence and

generation mechanisms of magnetospheric and ionospheric ULF waves, their interactions

with particles, and their role in solar wind - magnetosphere - ionosphere coupling. In Chapter

2, we examined the generation of ULF waves in the magnetosphere and their propagation to

the ionosphere. A case study of Pi2 pulsations observed near the plasmapause was analyzed

through coordinated spacecraft and ground observations. By analyzing the longitudinal

polarization pattern of the wave and its azimuthal phase propagation, we confirmed that

the pulsations were consistent with a global plasmaspheric virtual resonance excited by a

longitudinally localized source near midnight. A logical extension of this work would be

to conduct a statistical investigation of similar events to develop a better understanding

of the properties of this type of pulsation and the conditions that lead to its excitation in

the complicated midlatitude transition region. The effects of these pulsations on energetic

particle injections associated with substorm activity [Turner et al., 2015] could be explored

as a practical and possibly predictable impact of ULF wave activity.

Chapter 3 presented a statistical study that further investigated the overall occurrence of

ionospheric ULF wave signatures using an automated detection algorithm to identify iono-

spheric signatures of Pc3-5 waves in seven years of high-time resolution SuperDARN data.

We investigated the wave spatial occurrence, frequency characteristics, and seasonal effects,

and considered their dependencies on solar wind and geomagnetic conditions. The results
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suggest an internal source is responsible for Pc4 waves in the high-latitude duskside iono-

sphere while processes associated with magnetotail dynamics during active geomagnetic times

are responsible for Pc3-4/Pi2 events in the midlatitude nightside ionosphere. Similar tech-

niques could be applied to SuperDARN data in other special modes (e.g., RBSP and ULF

modes) that feature multiple camping beams operating in high-time resolution. Extension of

this work could estimate the wave propagation (i.e., m value) by comparing measurements

across the multiple camping beams with high time resolution data from the individual Super-

DARN radars. As stated in the Introduction, knowledge of m value and wave propagation

are vital for distinguishing possible excitation mechanisms, i.e., internal versus external.

Statistically quantifying the azimuthal wave number using SuperDARN data is a promising

future direction to gain a better understanding of the ULF wave sources.

In Chapter 4 we investigated the possibility that internal sources can be important as gen-

eration mechanisms. Using multiple spacecraft and the high-latitude SuperDARN radars,

we analyzed a long-lasting (2-3 days) second harmonic poloidal ULF wave event that oc-

curred during the recovery phase of a geomagnetic storm. These narrowband waves (5-10

mHz) were very localized radially but extended azimuthally across the dayside magneto-

sphere and ionosphere. They were westward propagating high-m mode and thus could not

be detected by ground magnetometers due to ionospheric screening effects. The source of

wave excitation was suggested to be bump-on-tail ion distributions at 1-3 keV based on ion

phase space density distribution data from one THEMIS probe. Applying sonification to the

GOES magnetometer data, Archer et al. [2018] found 21 long-lasting poloidal wave events

following geomagnetic storms in 2013, suggesting that such events cannot be considered rare.

Collaboration with Dr. Martin Archer to find more GOES-SuperDARN conjunction events

is suggested as a way to resolve the properties of these events on global scales and to clarify

the source in geomagnetic storm conditions.
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In summary, utilizing the SuperDARN high-time resolution data, we investigated ionospheric

Pc3-5 ULF wave occurrence statistics, including their spatial and frequency distribution, sea-

sonal, solar wind condition, and geomagnetic activity level dependencies. This study answers

the first science question we brought up in Section 1.3, which provides better constraints on

where and when ULF waves occur. Through space and ground coordinated observations,

we confirmed the generation mechanism of a Pi2 pulsation event and a long-lasting poloidal

wave event. Both studies help answer the second science question of the primary driving

sources of ionospheric ULF waves. Research in this dissertation also provides some insight

into how ULF waves can affect magnetospheric and ionospheric dynamics.

In addition, we provide the following suggestions for future work that could make good use

of the ULF wave database presented in Chapter 3:

1. Only a few event studies have quantified the energy dissipation in the ionosphere related

to ULF waves. Greenwald and Walker [1980] estimated the total energy deposition in the

ionosphere through Joule heating by Pc5 toroidal mode pulsations to be up to 4% of the

energy that is deposited during a small substorm. However, Rae et al. [2008] found that

the total energy deposition via Joule heating of a global FLR may actually be 30% or more

of the energy deposited in the ionosphere during a substorm cycle. Very few studies have

statistically quantified the energy budget in the magnetosphere - ionosphere (M-I) system

associated with ULF waves. The ULF wave database described in Chapter 3 could be used

to statistically quantify energy deposition in the ionosphere via Joule heating associated with

ULF waves.

2. We have mainly focused on nightside ULF wave activity in this dissertation; identi-

fication and characterization of ULF waves observed on the dayside remains unexplored.

Transient ion foreshock phenomena, such as hot flow anomalies and foreshock bubbles, are

known to drive field-aligned currents, traveling convection vortices, and ULF waves in the
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magnetosphere-ionosphere system. Taking advantage of the ULF wave events in our database

observed on the dayside by multiple SuperDARN radars operating simultaneously at differ-

ent latitudes and local times, it should be possible to monitor the large-scale ionospheric

response to foreshock transients and to characterize the ULF wave spatial distribution and

propagation.

3. The generation mechanisms of ULF waves observed on the Earth’s closed magnetic field

lines have been extensively studied and are reasonably well understood. However, ULF

waves observed in the polar cap region on open magnetic field lines are poorly understood.

Previous investigations have suggested three possible sources that might contribute to the

generation of polar ULF pulsations: turbulent processes occurring in the magnetosheath,

transient wave activity in the magnetotail lobes, and solar wind direct driven source. The

ULF wave events from three PolarDARN radars (i.e., INV, RKN, and CLY) detected in the

database described in Chapter 3 could be used to further investigate the nature of polar cap

ULF waves and to identify their causes.

The studies described in Chapter 2-4 were published in the Journal of Geophysical Research:

Space Physics [Shi et al., 2017, 2018a,b] and supported by NSF grants and a NASA Earth

and Space Science Fellowship. ULF waves have been recognized to play an important role in

magnetospheric plasma energization/loss and energy transfer from the solar wind to Earth’s

magnetosphere and ionosphere. The improved understanding of ULF wave and particle

interactions developed in this work is a step forward in improving future space weather

forecasts, which is the NASA Heliophysics main goal, because ULF waves are important

for modulating energetic particle precipitation and accelerating radiation belt particles to

relativistic energies and hence creating space weather hazards.
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Appendix A

Methodology: Lomb-Scargle

Periodogram

The Lomb-Scargle periodogram is a spectrum analysis technique especially advantageous

for unevenly sampled data [Lomb, 1976, Scargle, 1982]. It has recently been used to search

Pc5 ULF oscillations from the SuperDARN common mode data [Bland et al., 2014]. The

periodogram at angular frequency ω is defined as

P (ω) =
1

2σ2
(
[Σixi cosω(ti − τ)]2

Σi cos2 ω(ti − τ)
+

[Σixi sinω(ti − τ)]2

Σi sin2 ω(ti − τ)
), (A.1)

where xi is the sampled signal at sampling time ti, σ is the standard deviation of the data,

and the constant τ is defined such that tan(2ωτ) = Σi sin 2ωti
Σi cos 2ωti and P (ω) is invariant under

a constant shift applied to all the time stamps. The power spectrum is normalized by the

variance of the signal (σ2). A sufficiently high value of NPP indicates the existence of a

wave signature at the associated frequency. The significance of this prediction used to be

evaluated by the false alarm probability, namely the probability that the peak was produced

by white Gaussian noise:

p = 1− (1− e−z)M ≈ M · e−z (A.2)
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Here M is the number of independent frequencies which is roughly the number of signal

points, and z is the NPP. However, this evaluation is frequency-independent and may become

unevenly fair when the target frequency has a broad range. The ULF wave frequency range

is typically from 1.0 to 1000 mHz, which covers three orders of magnitude. Assuming the

observed wave signatures have a comparable number of cycles, the NPP of a high-frequency

wave should be lower than that of a low-frequency wave due to lower duty cycle, as verified

in the numerical experiments below.

In order to determine thresholds of NPP that account for wave periods, numerical exper-

iments were conducted to explore the statistically expected NPP of signals with different

wave periods. SuperDARN measurements are simulated by assuming the signal as a mix-

ture of a sinusoidal component and a Gaussian background noise. It should be pointed out

that besides the wave period, NPP also depends on signal parameters including the number

of data points, duty cycle of the sinusoidal component, and the signal-to-noise-ratio (SNR).

The duty cycle is defined as NCY C · Tsin/N , where NCY C is the number of sinusoidal cycles,

Tsin is the wave period, and N is the signal length. The SNR is determined by the wave

amplitude Asin normalized by the standard deviation of Gaussian noise. In the simulations

presented in this paper, Asin and Tsin are both assumed to be constant within one signal.

Figure A.1(a) shows a sample simulation with a signal length of N = 600. This length is

equivalent to 1 h given 6 s sampling rate of the SuperDARN THEMIS mode data. The

length is chosen so as to cover a few Pc5 wave cycles. The sinusoidal signal component has

a period of 45 6-s steps in time (i.e., 270 s) and an amplitude of 2. The signal consists of 4

cycles. Figure A.1(b) shows the Lomb-Scargle periodogram of the sample simulation. The

NPP is found to be 37.6 at a period of 46 time steps, which is within 5% of the designed

value.

Figure A.2 illustrates the procedures to derive a wave-period dependent threshold NPP
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Figure A.1: Example Lomb-Scargle periodogram analysis: (a) A simulated signal with length
of 600 points, wave period of 45 points, wave amplitude of 2, and 4 sinusoidal cycles; (b)
Lomb-Scargle periodogram of the simulated signal. The magenta dashed line indicates the
NPP is 37.6, the wave frequency is 0.02, and the wave period is 46.

for signals with length of N = 600. 2000 simulations were performed to be statistically

significant for the same parameter set as in Figure A.1 (N = 600, Tsin = 45, Asin =

2, NCY C = 4). The effectiveness of Lomb-Scargle periodogram for this parameter set is

evaluated by the correct-period probability PCf , which is defined as the ratio between the

number of simulations for which the wave period is consistently identified by Lomb-Scargle

periodogram and the total number of simulations. Figure A.2(a) shows the distribution of

NPPs with consistently identified wave period. The PCf of this parameter set is 1658/2000 =

0.83. The mean value of the period-consistent NPPs is 38.2 and the standard deviation is

5.0. Figure A.2(b) shows the mean NPP (blue) and PCf (green) for NCY C from 1 to 6 with

(N = 600, Tsin = 45, Asin = 2). It is visible that Lomb-Scargle periodogram has a better

performance in identifying wave period correctly with more cycles. The NPP also increases

with cycle number monotonically. Defining a threshold PCf of 80%, the threshold NPP

corresponding to this probability can be calculated via linear interpolation as shown by the

magenta dashed lines. The threshold NPP for (N = 600, Tsin = 45, Asin = 2) is 36.8. Figure
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A.2(c) shows the threshold NPP for Asin from 1 to 10 with (N = 600, Tsin = 45). The

threshold NPP increases with the wave amplitude and approaches a stable level of ∼54.3

when Asin is above 4. The asymptotic level represents the threshold NPP of the given signal

length and wave period. Figure A.2(d) shows the threshold NPPs of 8 wave periods in the

Pc5 range (150 s - 600 s): 25, 30, 37, 45, 55, 67, 82, and 100. These threshold NPPs are

linearly fitted by NPP = 0.71Tsin + 21.2. NPP above the value specified by this equation

indicates the existence of a wave signature at the associated period with a probability of

more than 80%.
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Figure A.2: Procedure to derive wave period-dependent threshold NPP. (a) NPP distribution
for (N = 600, Tsin = 45, Asin = 2, NCY C = 4); (b) PCf (green) and mean NPP (blue) for
NCY C = 1−6 with (N = 600, Tsin = 45, Asin = 2); (c) Threshold NPP for Asin = 1−10 with
(N = 600, Tsin = 45); (d) Asymptotic threshold NPP for Tsin = 25 − 100 with (N = 600).
See text for details.

It should be noted that the empirical equation obtained by fitting values of NPP depends

on two observables of Lomb-Scargle periodogram: Tsin and NPP. The threshold NPP for a

high frequency wave signature is lower than for a lower frequency wave, which is reasonable

considering that more cycles of high frequency waves are needed to achieve the same duty

cycle. The classical false alarm probability uniquely dependent on NPP is overly strict for

high frequency wave signatures and not strict enough for low frequency wave signatures.
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In Figure A.2(c), the asymptotic level may raise the threshold for small amplitude wave

signatures. However, this could exclude weak signals relative to the background noise, thus

increasing the reliability of wave signature identification. In real SuperDARN data, the

number of data points available in a 1-h interval could deviate from 600 due to gaps or

oversampling. Gaps and oversampling effects were simulated and analyzed with the same

method introduced above. The threshold NPP equations for different numbers of points

(Npts) are listed in Table 3.1. The threshold equations for Pc3-4 wave identification are

based on a basic length of 30 minutes.
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