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ABSTRACT OF THE DISSERTATION
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Doctor of Philosophy in Geophysics and Space Physics

University of California, Los Angeles, 2021

Professor Vassilis Angelopoulos, Chair

The dynamic variability of Earth’s outer radiation belt is due to the competition among

various particle transport, acceleration, and loss processes. The following dissertation inves-

tigates electron resonance with Electromagnetic Ion Cyclotron (EMIC) waves as a potentially

dominant mechanism driving relativistic electron loss from the radiation belts. EMIC waves

have been previously studied as contributors to relativistic electron flux depletion. However,

assumed limitations on the pitch angle and energy ranges within which scattering takes place

leave uncertainties regarding the capability of the mechanism to explain sudden loss of core

electron populations of the outer radiation belt. By introducing new methods to analyze

EMIC wave-driven scattering signatures and relativistic electron precipitation events through

a multi-point observation approach, this dissertation reveals the effectiveness of EMIC waves

to drive losses of outer radiation belt electrons with a new resolution.

The research that composes this dissertation focuses on three key areas of the EMIC

wave-relativistic electron relationship. A chapter comparing a single EMIC wave event with

a pitch angle scattering signature shows that these waves can cause scattering of electrons

at energies and pitch angles predicted by the wave-particle resonance condition. This initial

study establishes the motivation and methodological groundwork for a statistical study which

provides evidence for the common occurrence of these scattering signatures and shows that
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the energies and pitch angles affected by EMIC waves are often within the core radiation

belt population.

A subsequent study then links scattering signatures to observations of relativistic elec-

tron precipitation events, revealing a significant coincidence rate between EMIC waves and

precipitation events.

These three investigations together provide the first quantifiable tracing of relativistic

electron precipitation events back to the driving EMIC wave, through verified scattering

signatures. The results support EMIC wave-relativistic electron resonant interaction theory

and provide strong quantitative evidence that EMIC waves can effectively drive losses of

core radiation belt electrons.

The new knowledge gained here benefits the space physics community by informing space

weather modelers and forecasters of the conditions that increase the efficiency of EMIC wave-

driven radiation belt losses, and by introducing new and effective ways of identifying and

analyzing EMIC wave-driven scattering to be used in future investigations.
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CHAPTER 1

Introduction

1.1 Motivation

As human exploration expands into the cosmos, the importance of understanding the near-

Earth space environment to a point of accurate space weather forecasting has grown con-

siderably. Since the mid-20th century, the region between the edge of Earth’s atmosphere

and the outer boundary of the magnetosphere1 has become home to a multitude of space-

craft serving a variety of purposes. Many of these, including critically important Global

Positioning System (GPS) satellites, communication satellites, Earth observing platforms,

and various national defense assets, reside in or traverse the region of damaging high energy

plasma known as the Van Allen Radiation Belts. The increased reliance on these space-

based technologies, composed of electronics that are highly susceptible to risks introduced

by unpredictable space weather, demands improved understanding of the physical processes

driving the space environment.

The Van Allen Radiation Belts are important to investigate because they undergo sig-

nificant variation in particle flux, intensity, and boundary location in response to different

drivers. This variability is somewhat unpredictable, owing to a complex balance of particle

acceleration, transport, and loss processes (Baker et al., 1986, 1994; Reeves, 1998; Reeves

et al., 2003; Miyoshi & Kataoka, 2005; Turner et al., 2012). Of particular importance is

the loss of relativistic electrons (the so called “killer” electrons), which are notorious for

causing single event effects (SEEs) often leading to partial or total spacecraft system fail-

1The magnetosphere is the region of space where the dominant magnetic field is due to Earth’s magnetic
dipole.
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ure. Electromagnetic ion cyclotron (EMIC) waves have been investigated as a likely major

contributor to relativistic electron flux depletion due to their ability to resonate with and

scatter ≥˜0.5 MeV relativistic electrons, causing them to be lost from the radiation belts

(Thorne & Kennel, 1971; Horne & Thorne, 1998). While much progress has been made

in characterizing the occurrence of EMIC waves in relation to radiation belt flux depletion

events, much about the effectiveness of this process remains unknown.

Quantitatively characterizing relativistic electron loss by EMIC waves is necessary for

improved resolution of radiation belt dynamics. The work presented in this dissertation

contributes new understanding regarding the effectiveness of EMIC waves in influencing

radiation belt electron loss by both identifying and characterizing scattering signatures and

resultant precipitation caused by them. A comprehensive understanding of this loss process

can greatly improve space weather modelling and forecasting capabilities which will inform

current and future protection systems for critical space, air, and ground assets.

This chapter provides a background to EMIC wave-driven relativistic electron loss and

introduces the concepts that are central to the mechanisms explored throughout this disser-

tation. First, the Van Allen Radiation Belts are described along with the physical principles

that govern them. Second, the plasma phenomenon of the electromagnetic ion cyclotron

wave is introduced, including a summary of the wave generation mechanism and typical

wave characteristics. Third, a review of current understanding of the connection between

EMIC waves and the radiation belts is included.

1.2 Background

1.2.1 The Radiation Belts

The structure of high energy particles trapped by Earth’s magnetosphere was first observed

in 1958 by the Pioneer 3 spacecraft (Van Allen & Frank, 1959), and has since been the

subject of intense scientific interest. Separated by an empty slot region are two toroidal

“belts” of particles (see Figure 1.1): an inner belt that is typically located below an altitude
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of 2.5 Earth radii (RE) and is mainly composed of multi-megaelectronvolt (MeV) energy

protons and kiloelectronvolt (keV) electrons, and an outer belt between 3 and 7 RE, which

is dominated by MeV electrons. The McIlwain L-parameter (McIlwain, 1961), or L-shell (see

Equation 1.1 and Figure 1.4), is used to describe a region of the magnetosphere described

by the magnetic field lines.

R = L cos2 λ (1.1)

In contrast to the relatively stable inner belt (Baker et al., 2007), the outer radiation

belt has been characterized as highly variable, with particle fluxes and intensities changing

drastically on timescales ranging from hours to days (Williams & Smith, 1965; Paulikas &

Blake, 1979; Reeves et al., 2003). While the outer belt contains both high energy protons

and electrons spanning a large energy range, the core populations are often considered to

be electrons with an energy of ≤ 2 MeV (Vette, 1991). The locations and intensities of

these belts are controlled by a competition between particle acceleration, transport, and loss

processes. Scattering of relativistic electrons by EMIC waves is just one of the different ways

a particle can become lost.

From the fundamentals of electromagnetism, it is known that a charged particle will have

its path influenced by a surrounding magnetic field. The Lorentz force, given by Equation

1.2, describes how a particle with charge q and velocity v is influenced by the surrounding

electromagnetic field. Its trajectory can be described by the angle between the background

magnetic field, B̂, and the particle’s velocity vector (see Figure 1.3, Equation 1.3).

F = q (E + v ×B) (1.2)

tanα =
v⊥
v‖

(1.3)

For radiation belt electrons, the Earth’s magnetic field governs three periodic motions:

gyromotion around magnetic field lines, bounce motion between magnetic mirror points,

and drift motion due to the curvature of the Earth’s magnetic field (see Figure 1.2). These

motions are preserved if changes to the background magnetic field occur on time scales and
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Figure 1.1: (Top) Side view representation (not to scale) of inner and outer radiation belts.

(Bottom) Top view representation (not to scale) of inner and outer radiation belts, showing

the overlap with the plasmasphere (yellow shaded region).
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Figure 1.2: Three governing periodic motions of particles in the radiation belts: gyromotion

around the magnetic field line, bounce motion between the magnetic poles, and azimuthal

drift.

spatial scales greater than the periodic motion of the particle, resulting in the three adiabatic

invariants: the magnetic moment, µ; the longitudinal invariant, J; and the total magnetic

flux enclosed by a drift path, φ. Irreversible changes in the total particle flux content of the

radiation belts can occur when one or more of these is not preserved. Thorne and Kennel

(1971) proposed the gyroresonant interaction of electromagnetic ion cyclotron (EMIC) waves

with relativistic electrons as a potential mechanism for rapid relativistic electron precipita-

tion from the radiation belts due to a violation of the first adiabatic invariant. The change

in µ occurs because the particle observes the magnetic field component of the EMIC wave on

timescales shorter than the gyromotion (Tsurutani & Lakhina, 1997). During this gyroreso-

nant interaction, the electron experiences a v×B Lorentz force, resulting in a change in the

pitch angle. This pitch angle scattering can cause trapped particles to become removed from

the radiation belts on short timescales (Summers & Thorne, 2003; Summers et al., 2007a;

Omura & Zhao, 2012, 2013), which can contribute to the global variability of the radiation

belts.

1.2.2 EMIC Wave Excitation and Occurrence

EMIC waves are left handed (L-mode) circularly polarized transverse electromagnetic waves

that become excited in the magnetosphere due to hot (> 100 eV) anisotropic (T‖ > T⊥ )

5



Figure 1.3: A particle’s pitch angle, α, is the angle between the particle’s velocity ~ve, com-

posed of parallel (~ve,‖) and perpendicular (~ve,⊥) components, and the background magnetic

field, B̂. The loss cone (green) is the set of pitch angles that will result in loss from the

magnetosphere.

proton distributions. These anisotropic distributions are often driven by injection of plasma

from the magnetotail (Remya et al., 2020), but can also be driven by dayside magnetospheric

compressions as a result of increased solar wind pressure (Cornwall, 1965; Thorne et al., 1974;

Fraser et al., 2006; Remya et al., 2018). The waves can be generated in three frequency

bands, hydrogen (H+), helium (He+), and oxygen (O+), each defined as the frequency

region below the local ion gyrofrequency. Though typically generated near the magnetic

equator, the waves can propagate down to lower latitudes, where they are detectable by

ground magnetometers as Pc1-22 geomagnetic pulsations (Pickett et al., 2010). EMIC wave

propagation is often described by cold plasma theory, which assumes a cold (few eV) uniform

plasma. In this case, a parallel propagating wave in a multi-species plasma is represented by

the dispersion relation (Equation 1.4), where ω(pe,j) and Ω(e,j) represent the species plasma

frequency and gyrofrequency, respectively, and ω is the wave frequency with wave vector k.

This dispersion relation describes the excitation of EMIC waves in three distinct frequency

bands, separated by stop-bands around the ion gyrofrequencies where wave propagation is

2Pc1-2 waves have frequencies f = 0.1− 5 Hz(Jacobs et al., 1964).
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Figure 1.4: L-shell describes a set of magnetic field lines described by R, the radial distance

of the field line and λ, the geomagnetic latitude.

not allowed. As the frequency of an EMIC wave approaches the ion gyrofrequency, the wave

vector k approaches infinity. This description of the generation and propagation of EMIC

waves is complicated by the presence of hot plasma, which can lead to inaccuracies in the

cold plasma approximation (CPA)3(Jordanova et al., 1996; Chen et al., 2011; Silin et al.,

2011; Chen et al., 2013).

While the probability of EMIC wave occurrence extends over a wide range of magnetic

local times (MLT) and L-shells (Halford et al., 2010, 2016; Min et al., 2012; D. Wang

et al., 2015), the pre-midnight to dusk plasmapause (see Figure 1.1) is often considered

the preferred region for EMIC wave excitation (Fraser et al., 1996; Meredith et al., 2003;

Yuan et al., 2010). This region is where cold dense plasma in a relatively low background

magnetic field overlaps with hot anisotropic ions being injected from the tail region of the

magnetosphere, supporting growth of the plasma instability (Cornwall et al., 1970; Horne &

Thorne, 1993; Morley et al., 2009; Fraser & Nguyen, 2001). Statistical surveys have revealed

that EMIC waves are most often excited in the He+ and H+ bands, and the occurrence rate

3see Appendix A: Supplemental Information for a discussion about using the CPA.
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Figure 1.5: Anomalous gyroresonance between electrons and EMIC waves occurs when the

electron has a parallel velocity v‖ greater than the wave phase velocity ω
k

so that the electron

overtakes the wave.

and intensities of these waves are higher during geomagnetic storms than during quiet times

(Halford et al., 2010; Fraser et al., 2010; Keika, 2013; H. Wang et al., 2019). In fact, sudden

losses of radiation belt electrons have frequently occurred during geomagnetic storms, linking

these loss events to EMIC waves (Bortnik et al., 2006).

c2k2

ω2
= 1−

ω2
pe

ω(ω + |Ωe|)
−

3∑
j=1

ω2
pj

ω(ω − Ωj)
(1.4)

1.2.3 Gyroresonant Interaction and Particle Scattering

In a plasma, charged particles can exchange energy with electromagnetic waves through

resonant interactions. These interactions can occur when a particle that is gyrating about

a background magnetic field observes the electric field component of a wave rotating at

its own frequency and at the same rotational sense (polarization) (Gendrin, 1983). This

standard gyroresonance occurs between EMIC waves and ions that have energies in the

tens of keV range. As electrons gyrate in a right-handed sense, and EMIC waves have

a left-handed polarization (L-mode), standard gyroresonance does not occur. If, however,

electrons have relativistic energies such that electrons have a large enough velocity parallel

to the background magnetic field to overtake the wave (see Figure 1.5), they experience

the wave in a right-handed sense in the particle rest frame. This allows for a second type

of gyroresonance called “anomalous gyroresonance”. It is through this mechanism that

relativistic electrons can resonate with EMIC waves.
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The condition that allows a population of electrons to gyroresonate with a parallel prop-

agating EMIC wave with wave frequency ω and wave vector k, is given by Equation 1.5,

where v‖ is the electron velocity component parallel to the ambient magnetic field, and Ωe is

the electron cyclotron frequency. For the set of v‖ and v⊥ that satisfy Equation 1.5 where the

relativistic factor, γ, is mathematically represented by Equation 1.6, the minimum energy,

Emin, for an electron to be in resonance with the EMIC wave occurs when v⊥ = 0 and is

given by Equation 1.7.

ω − kv‖ =
(−Ωe)

γ
(1.5)

γ =

[
1−

(v2‖ + v2⊥)

c2

]−1/2
(1.6)

Emin =

(
1 +

Ω2
e

c2k2

)1/2

− 1 (1.7)

ωpe/Ωce =

(
4πN0e

2

me

)
/
eB0

mec
(1.8)

As this condition occurs when the electron has a pitch angle near α = 0◦, as the energy

of the particle increases above Emin, gyroresonance is satisfied for an increasing range of

pitch angles. Theoretically, a particle needs only to be relativistic (have an energy near

0.5 MeV (Meredith et al., 2003)) to achieve anomalous resonance with an EMIC wave. In

the magnetosphere, the minimum resonant energy might often be greater than 2.0 MeV. A

number of studies have suggested that a minimum resonant energy of below 2.0 MeV is likely

to occur only where the ratio of the electron plasma frequency to the electron gyrofrequency

(Equation 1.8) is greater than 10 (Meredith et al., 2003; Summers & Thorne, 2003; Sandanger

et al., 2007). This condition corresponds to regions of the magnetosphere where there is high

plasma density and/or low magnetic field strength, such as the outer plasmasphere. The high

plasma density can play the role of encouraging wave growth through reducing the phase

velocity, and the low magnetic field resulting in lower magnetic energy per particle, lowers

the energy needed to satisfy ion cyclotron resonance (Horne & Thorne, 1993, 1997; Cornwall

et al., 1970) encouraging wave growth.
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As a result of the gyroresonance (which violates the first adiabatic invariant) the particle

exchanges energy with the wave, causing the particle to change pitch angle (i.e. the particle

is scattered). This scattering is a diffusive process wherein the energy exchange along the

diffusion curve is far less than the pitch angle diffusion Summers et al. (1998). The rate of

pitch angle diffusion by EMIC waves is often considered to approach the strong diffusion limit,

defined by Kennel and Petscheck (1966) as a loss rate such that the pitch angle distribution

within the loss cone remains nearly isotropic, and that the precipitation rate is limited by

the size of the loss cone. Some studies, such as Shprits et al. (2009), have demonstrated that

strong diffusion should lead to increased losses where EMIC waves are preferentially excited.

When resonant electron populations are scattered and lost, a pitch angle and energy

dependence may theoretically be observed in the particle distributions, revealing scattering

signatures unique to EMIC wave interaction. In reality, the appearance of these scatter-

ing signatures can be quite complicated. In quasilinear pitch angle diffusion theory, the

scattering signature is heavily dependent on the minimum resonant energy, which in the

cold plasma approximation is sensitively controlled by the cold plasma density, the hot ion

composition, and wave spectral properties. While often difficult to identify and examine,

these signatures provide important insight into the scattering process. A novel approach to

examine properties of EMIC wave scattering using wave properties derived from cold plasma

theory is presented in Chapters 2 and 3.

Analysis of the pitch angle diffusion coefficients has suggested that EMIC waves are

capable of scattering electrons in the strong diffusion regime, resulting in electron lifetimes

of less than a quarter bounce period (less than about one second) (Kennel, 1969; Summers

& Thorne, 2003). These scattered electrons result in rapid precipitation into the atmosphere

that can be observed by low altitude polar orbiting spacecraft.

1.2.4 Precipitation

Particles may precipitate into the atmosphere and become lost from the radiation belts when

their pitch angle is within the loss cone, α ≤ αLC . The equatorial loss cone is defined as the
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set of pitch angles within which the magnetic mirror point4 lies below an altitude (∼ 100

km) where collision with an atmospheric neutral particle is a statistical likelihood (Kennel,

1969) (Equation 1.9). The size of the loss cone where EMIC waves are more common is

approximated to be 3.9◦ ≤ αLC ≤ 11.1◦.

sin2 α0 = Beq/BD(100km) (1.9)

Relativistic electron precipitation (REP) events, which may be responsible for radiation

belt flux depletions of several orders of magnitude across short timescales, commonly occur

during the main phase of geomagnetic storms (Morley et al., 2010), linking them to the

conditions favorable for intense EMIC wave activity. However, the extent to which EMIC

waves are responsible for these events considering the known limitations of the interaction

mechanism is unclear. Additionally, observations of low coincidence rates between the two

types of events suggest that certain conditions must be met for EMIC waves to cause sig-

nificant radiation belt depletion. As EMIC waves are also capable of scattering ions with

energies on the order of tens of keV via standard gyroresonance, coincident precipitation of

ions and electrons in the appropriate energy ranges can be used as an indicator of EMIC

wave activity. This concurrent precipitation is used as evidence of EMIC wave activity in

Chapter 4.

1.2.5 Limitations of the pitch angle scattering mechanism

Observational studies involving the direct relationship between EMIC waves and relativistic

electrons have been difficult to conduct owing to the elusive nature of EMIC waves. Not

only do these waves tend to be highly localized in L and MLT, but they are also limited

in duration (≤∼ 30 minutes) as measured in situ (Clausen et al., 2011; Jun et al., 2019).

Though direct evidence of this wave-particle interaction is lacking, many recent observational

studies have reported coincident EMIC activity and relativistic electron precipitation events

(Blum et al., 2015; X. Li et al., 2014). Several proxies for EMIC wave scattering have also

4the magnetic mirror point is the location along the magnetic field line where a particle reverses direction,
or “bounces”, to travel back towards the equator. See Figure 1.2
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been identified. For instance, Spasojević et al. (2004) and Spasojevic and Fuselier (2009),

investigated the link between a detached subauroral proton arc and a plasmaspheric plume to

suggest that the precipitating protons resulted from resonant interaction with EMIC waves

amplified in the plume. Sandanger et al. (2007) showed that relativistic electron precipita-

tion is almost always co-located with regions of proton anisotropy, where EMIC growth is

preferred, thus concluding that concurrent precipitation of these protons and electrons are

indications of EMIC wave resonant interactions. Additionally, numerous modeling efforts

have demonstrated that the inclusion of EMIC waves is necessary to reproduce observed

electron flux and pitch angle distributions (Shprits et al., 2016; Ma et al., 2015) in the outer

belt.

While theoretical and observational evidence support EMIC wave-driven rapid relativis-

tic electron scattering, limitations on the wave-particle interaction bring into question the

effectiveness of the mechanism over broad enough energy and pitch angle ranges to have a

significant impact on core electron populations (≤ 2.0 MeV) of the outer radiation belt. The

interaction is restricted by the minimum resonant energy criterion, which has been suggested

to be typically above 2.0 MeV in the outer radiation belt (Meredith et al., 2003; X. Cao et

al., 2017), and limited to particles with a significant share of their total energy along the

field-aligned velocity component (Albert, 2003) (small pitch angle). This limitation has been

investigated using theory and modelling and has been supported observationally. Usanova

et al. (2014) used computed pitch angle diffusion coefficients and relativistic electron pre-

cipitation data to demonstrate that pitch angle scattering by EMIC waves was confined

to low pitch angles for energies above 2.0 MeV. Additionally, Shprits et al. (2016, 2017)

demonstrated through modelling that while EMIC waves are involved in rapid relativistic

electron loss, the energy range was restricted to multi-MeV electrons (ultrarelativistic). The

emphasis on scattering of ultrarelativistic energies has been supported by works such as Cao

et al. (2017) and Zhang et al. (2016).

It has been shown, however, that under specific conditions (i.e. regions of high cold
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plasma density and/or low magnetic field5) the minimum resonant energy can drop below

2.0 MeV (Meredith et al., 2003; Ukhorskiy et al., 2010). Some recent observations of EMIC-

related electron precipitation involving energies in the keV range (Hendry et al., 2017, 2019)

suggest that additional observational evidence is needed to definitively understand the elec-

tron populations that can be affected by EMIC waves. The likelihood of this drop to lower

energies and the associated pitch angle ranges of electrons that can be scattered has yet to

be thoroughly observationally investigated. Related, quantitative observational evidence of

electron pitch angle scattering and resultant precipitation in relation to the driving EMIC

wave activity is lacking. Using a multi-point observational approach through both case

studies and statistical surveys, this dissertation addresses these deficits.

1.3 Dissertation Overview

This dissertation addresses three fundamental questions regarding the effectiveness of EMIC

wave activity in driving electron pitch angle scattering and loss from Earth’s outer radiation

belt:

1) How is EMIC wave activity related to outer radiation belt relativistic electron pitch angle

distributions and observed fluxes?

2) Do EMIC waves drive scattering signatures of core populations of outer radiation belt

electrons, and what are the preferred conditions to influence this scattering?

3) To what extent are EMIC wave-driven scattering signatures associated with relativistic

electron precipitation events and what are the intensities of these precipitation events?

Investigating these questions is achieved by developing and utilizing new methods to

both quantitatively and qualitatively compare in situ electron distributions with the respon-

sible wave activity. By expanding these methods to an ensemble of events and comparing

scattering signatures with observed precipitation into the atmosphere, the extent to which

this wave-particle interaction process can impact the variability of the radiation belts is

investigated.

5ωpe/Ωe > 10
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The format of this dissertation is as follows. Chapter 2 uses a case study to demonstrate

that EMIC waves can have an immediate and verifiable impact on relativistic electron pitch

angle distributions. Often, this impact takes the form of a “bite-out” scattering signature

which can be qualitatively described by an apparent minimum resonant energy (as evident

by a lack of scattering below a certain electron energy) and a deepening bite-out signature

with increasing energy. Following this qualitative description, Chapter 3 develops a quan-

titative criterion for attributing electron pitch angle scattering signatures to EMIC wave

activity and validates the methodology using example events. It is shown that scattering

signatures co-located with the responsible EMIC wave activity can be identified quantita-

tively. Chapter 3 then expands on these methods and statistically examines the occurrence

of co-located EMIC wave-driven scattering signatures, as well as the typical pitch angle and

energy ranges associated with these signatures. The results of this survey demonstrate that

EMIC waves can impact core electrons in a statistically significant percentage of events.

Chapter 4 presents the results of searching for electron precipitation events associated with

the EMIC wave events and scattering signatures uncovered in Chapter 3. The precipitation

events are quantified and analyzed to determine the leading factors that influence relativistic

electron precipitation. To close, Chapter 5 summarizes and concludes this work and discusses

the significance of the new knowledge gained here to the field of radiation belt dynamics and

space weather.
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CHAPTER 2

EMIC Wave “Bite-Out” Scattering Signatures

2.1 Introduction

Electromagnetic ion cyclotron (EMIC) waves may theoretically be a dominant driver of

relativistic electron loss from Earth’s radiation belts; however, additional observational ev-

idence is needed to quantify their impact. Gyroresonant wave-particle interaction theory

predicts that the condition allowing an EMIC wave to interact with and scatter an electron

is dependent on the electron’s pitch angle and energy.

This condition should result in a distinct energy-dependent scattering signature in the

normalized (to the flux at α = 90◦) flux distribution of electrons as they are scattered

into the loss cone. This signature is also referred to as a bite-out, named for the apparent

shape of the distribution. Such signatures are identified along with the responsible EMIC

waves captured in situ on 15–16 February 2017. From the wave properties and local plasma

conditions, the expected shape of the electron scattering signature is estimated and compared

with observation. This chapter describes the first direct observation of this.

The close conjunction between the Van Allen Probes and Time History of Events and

Macroscale Interactions during Substorms (THEMIS) mission during this time is employed

to explore the temporal and spatial evolution of the scattering signature, as well as the

surrounding wave activity. It is found that the scattering signature formed during continued

wave activity over a period of less than a day. These results are consistent with wave-particle

interaction theory and support the hypothesis that EMIC waves are capable of driving rapid

(on a timescale of minutes) relativistic electron loss from the radiation belts. Additionally,

the findings presented in this chapter provide compelling evidence that EMIC waves can
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have an immediate and verifiable impact on relativistic electron pitch angle distributions,

improving the opportunity for investigating the gyroresonant interaction and motivating the

expansion of this investigation to a statistical scale.

2.2 Data and Methods

The observation presented in this chapter was identified by taking advantage of a unique con-

junction between the Van Allen Probes and THEMIS missions during February 2017, when

the five spacecraft have their apogee in the midnight sector. Both sets of spacecraft are in

orbits that are nearly equatorial and highly elliptical, passing through the outer radiation

belts with substantial spatial coverage to traverse the likely excitation region of EMIC waves.

The configuration of the spacecraft during this interval provide extensive in situ measure-

ments and avoid spatial and temporal ambiguities related to wave propagation from the wave

source region that accompany remote, ground-based evidence of EMIC wave activity. Also

utilized are observations from the Los Alamos National Laboratory satellites (LANL/GEO)

for conjunctive observations of protons and electrons at geosynchronous orbits. Abrupt flux

enhancements observed at those spacecraft can provide further evidence of (often localized)

injections that supply the free-energy source for EMIC wave excitation. Figure 2.1 presents

the orbital configuration of the spacecraft during this observation.

2.2.1 Van Allen Probes

The Van Allen Probes mission (formerly the Radiation Belt Storm Probes, RBSP) consisting

of two spacecraft (from here on referred to as RBSP-A and RBSP-B) was launched in 2012

with a stated objective to “provide understanding, ideally to the point of predictability, of

how populations of relativistic electrons and penetrating ions in space form or change in re-

sponse to variable inputs of energy from the sun” (Mauk et al., 2012). Carrying instruments

designed for the purpose of addressing this objective, the Van Allen Probes mission provides

an ideal laboratory for exploring the interaction of EMIC waves with relativistic electrons.

Pitch angle resolved electron flux data over a broad range of energies is provided by the En-
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Figure 2.1: Spacecraft orbits projected onto the XY-GSM plane for a period of 24 hours

around the scattering event. Spacecraft position at the beginning of the interval is marked

by “x.” ovals along the trajectory highlight the times when He-band electromagnetic ion

cyclotron (EMIC) activity was observed. He-band EMIC waves were persistent in the region

of interest until around 16 February 2017 07:00 UT. Panels (a), (b), (d) and (e) represent

spacecraft orbits during which wave activity is present but not simultaneously accompanied

by a scattering signature. The simultaneous EMIC wave and scattering signature took place

in panel (c). Panel (f) shows spacecraft orbits once wave activity had diminished.
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ergetic Particle, Composition, and Thermal Plasma (ECT) instrument suite (Spence et al.,

2013). For energies below 1.80 MeV, data comes from the Magnetic Electron Ion Spectrom-

eter (MagEIS) (Blake et al., 2013), and for energies at and above 1.80 MeV, data from the

Relativistic Electron-Proton Telescope (REPT) (Baker et al., 2012) is used. High-resolution

magnetometer data from the Electric and Magnetic Field Instrument Suite and Integrated

Science (EMFISIS) (Kletzing et al., 2013) is used to identify and deduce properties of EMIC

wave activity. Finally, the Helium, Oxygen, Proton, and Electron (HOPE) instrument is

used to determine local ion temperature anisotropies. The two RBSP spacecraft orbit Earth

inclined approximately 10 degrees off the equator with an apogee that takes the spacecraft

through the outer radiation belt. These data sets allow for the examination of EMIC waves

in their excitation region, thus enabling direct observation of the impacts these waves have

on outer radiation belt fluxes and pitch angle distributions.

2.2.2 Time History of Events and Macroscale Interactions during Substorms

The three inner THEMIS probes (Angelopoulos et al., 2008) (referred to as THEMIS-A,

THEMIS-D, and THEMIS-E), are used to explore the extent of EMIC wave activity during

the interval of interest. The conjunction between THEMIS and Van Allen Probes during this

time provides additional observational evidence of continued EMIC activity in the dusk sec-

tor. This wave activity is surveyed using low-resolution (four samples per second) magnetic

field measurements from the Fluxgate Magnetometer (FGM) onboard THEMIS (Auster,

2008).

2.2.3 Los Alamos National Laboratory - Geosynchronous Data

The Los Alamos National Laboratory has a historical dataset of radiation belt particles from

spacecraft in geosynchronous orbit (LANL/GEO). This data includes measurements from the

Synchronous Orbit Particle Analyzer (SOPA) (Belian et al., 1992) and Energy Spectrometer

for Particles (ESP) (Meier et al., 1996) detectors and provides evidence of substorm injection

which drives EMIC wave activity.
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2.3 Observations

This observation is constrained to a 24-hour period during which geomagnetic conditions

favor sustained EMIC activity. The relativistic electron pitch angle distributions observed

during this time are found to contain the distinct scattering signatures expected as a result of

this wave activity. Figure 2.2 (top panel) shows the solar wind and geomagnetic conditions

during this time interval obtained from the OMNI database1. Blue dashed lines indicate

the timing of various EMIC observations, and the shaded box represents the period during

which pitch angle bite-out scattering signatures are present.

Table 2.1 presents the full time sequence of events. The observations begin on 15 February

2017 at 15:18:00 UT when the interplanetary magnetic field (IMF) turns southward, marking

the beginning of an interval of preferable conditions for EMIC wave growth. Following the

southward IMF turning, the auroral electrojet (AE) index begins to rise at 17:21:00 UT,

suggesting increased substorm activity. Accompanying the rise in the AE index are injection

signatures evident in LANL/GEO electron and proton omnidirectional flux spectrograms

(see Figure 2.2 bottom panel). These injections are accompanied by an increase in the

temperature anisotropy (T⊥/T‖ > 1), which is captured with the Helium Oxygen Proton

Electron (HOPE) mass spectrometer on board the (nearby) Van Allen Probes (Funsten et

al., 2013) for protons below 50 keV. Intervals of peaked temperature anisotropy, such as those

presented in Figure 2.2, likely provide the free-energy source for wave excitation. The bottom

panels in Figure 2.2 suggest that temperature anisotropy increases are present in the region

where EMIC waves were frequently observed. From these observations it is understood that

increased substorm activity beginning late on 15 February 2017 acts to support the excitation

of EMIC activity in the premidnight sector.

1OMNI space weather data, provided by the Space Physics Data Facility at NASA Goddard
(https://omniweb.gsfc.nasa.gov/)
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Figure 2.2: (Top) Solar wind and geomagnetic conditions. Blue dashed lines indicate the

times of electromagnetic ion cyclotron wave observations, and the gray shaded box indicates

the interval when the scattering signature was present in the electron pitch-angle distribution.

(Bottom) Two examples of injection signatures followed by proton temperature anisotropy

of < 50-keV protons from Helium Oxygen Proton Electron (HOPE), and a He-band electro-

magnetic ion cyclotron wave late 15 February 2017 and early 16 February 2017. EMFISIS =

Electric and Magnetic Field Instrument Suite and Integrated Science; LANL = Los Alamos

National Laboratory; SOPA = Synchronous Orbit Particle Analyzer.
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Table 2.1: Sequence of Events

Date (DD-MM-YY) Time (UT) (hh:mm:ss) Observation

15− 02− 17 15 : 18 : 00 IMF Turns Southward

17 : 21 : 00 AE Index Beings to Rise

18 : 31 : 30 LANL-02A observes Electron Injection, MLT=2.98

18 : 33 : 10 LANL-01A observes Electron Injection, MLT=7.28

18 : 42 : 00 LANL-04A observes Proton Injection, MLT=22.84

18 : 51 : 30 AE Index Peak at 400 nT

19 : 27 : 00 LANL-97A observes proton injection, MLT=19.79

19 : 32 : 30 RBSP-A HOPE observes peak in proton T⊥/T‖, MLT=19.60

19 : 38 : 00 RBSP-A EMFISIS, He-Band EMIC Activity, MLT=19.68, L*=5.5

21 : 03 : 20 LANL-04A observes electron injection, MLT=1.15

21 : 38 : 00 LANL-97A observes proton injection, MLT=21.98

21 : 38 : 40 RBSP-A HOPE observes peak in proton T⊥/T‖, MLT=21.00

21 : 39 : 58 RBSP-A REPT, scattering signature between L*=5.0± 0.1

23 : 45 : 20 THEMIS-E observes He-Band EMIC Wave, MLT=20.89

16− 02− 17 01 : 23 : 00 THEMIS-D observes He-band EMIC wave, MLT=20.86

01 : 29 : 20 LANL-084 observes proton injection, MLT=21.9

02 : 40 : 00 IMF Turns Southward

03 : 09 : 20 RBSP-B REPT, scattering signature, MLT 21.00

03 : 13 : 00 RBSP-B HOPE observes peak in proton T⊥/T‖

03 : 15 : 20 LANL-01A observes small proton injection, MLT=15.9

06 : 07 : 28 LANL-084 observes electron injection MLT=2.27

06 : 26 : 00 AE Index Peaks at 330 nT

06 : 29 : 56 LANL-01A observes proton injection, MLT 19.10

RBSP-A observes peak in proton T⊥/T‖

RBSP-A observes scattering signature, MLT=21.95

RBSP-A EMFISIS captures strong He-band EMIC, MLT=21.95

11 : 56 : 30 LANL-01A observes small electron injection, MLT=0.72

12 : 07 : 40 RBSP-B observes new electron distribution

12 : 14 : 40 THEMIS-A observes faint He-Band wave, MLT=20.19
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2.3.1 Simultaneous Pitch Angle Bite-Out and EMIC Wave Activity

On 16 February 2017 at 06:29:56 UT during an inbound pass through the premidnight outer

radiation belt (Figure 2.1c), RBSP-A captured a strong helium-band EMIC wave near 22:00

Magnetic Local Time (MLT) (Figure 2.3i). The wave persisted until 16 February 06:55:30

UT and had a peak wave power at approximately 0.6 Hz (0.75 times the equatorial he-

lium gyrofrequency). Accompanying this wave was a distinct pitch angle bite-out scattering

signature in the normalized electron distribution (Figures 2.3c-h). The pitch angle bite-

out develops in an electron distribution already characterized by a flux minimum around

α = 90◦. This distribution may have resulted from drift shell splitting and magnetopause

shadowing leading to a loss of equatorially mirroring electrons, a process that is common in

the outer belt (Fritz et al., 2003; Gannon et al., 2007; Turner et al., 2012). Alternatively, the

flux minimum around α = 90◦ may also be due to electron interaction with magnetosonic

waves, which are capable of rapid interaction with electrons near an L of 5.0 (J. Li et al.,

2016). While field aligned electron losses accompanying a flux minimum around α = 90◦,

forming a butterfly distribution similar to what appears in Figure 2.3, can be associated

with the combined effects of magnetopause shadowing and drift shell splitting (J. Li et al.,

2016; Selesnick & Blake, 2002), these processes can be effective for a broad range of energies.

Therefore, the bite-out distribution that is created at L∗ = 5.0± 0.2 is distinctive as a result

of EMIC wave interaction and not another process related to butterfly distributions. First,

the signature has a noticeable energy dependence; below 1.80 MeV there is no scattering

of field-aligned populations, indicating the existence of a minimum resonant energy. Sec-

ond, the bite-out signature extends closer to α = 90◦ with increasing energy, indicative of

a progressively larger pitch angle range in resonance with the wave. Such energy and pitch

angle-dependent electron losses are consistent with EMIC wave-induced scattering (Usanova

et al., 2014; Zhang et al., 2016).

Figure 2.3i shows that the EMIC wave spectrum is not uniform throughout the obser-

vation: the wave frequency slowly increases, and the wave power peaks sharply near 16

February 06:49:40 UT. In cold plasma theory, the minimum resonant energy for electrons to
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be scattered by EMIC waves is highly sensitive to the wave’s spectral properties (Ukhorskiy

et al., 2010); as such, the shape of the bite-out signature is expected to respond to the

change in wave frequency. This is tested by calculating the maximum pitch angle scattered

by the wave as it evolves. Eight points throughout the wave observation (denoted in Figure

2.3i by white dots) are used to calculate the minimum resonant energy at each point. In

solving the cold plasma dispersion relation, the ion density ratio of [H+: 0.7, He+: 0.2, O+:

0.1] is used as an approximate to the typical duskside ratio (Lee & Angelopoulos, 2014b).

The result reveals a minimum resonant energy that began near 3.30 MeV at the time when

the wave was first observed, decreased to 1.8 MeV at 16 February 06:49:40, and increased

slightly thereafter to 2.60 MeV until the wave disappeared. The average minimum resonant

energy during the observation was found to be 2.36 MeV. With the minimum resonant en-

ergy determined for each point, the maximum pitch angle scattered by the wave at energies

between 1.80 and 4.20 MeV is solved (the noise of 5.20-MeV channel was too high to allow

quantitative comparison of a scattering bite-out, although flux variations are still suggestive

of such an effect), as marked by the horizontal black curves in Figures 2.3c through 2.3g. The

strong correlation between the calculated maximum pitch angle and the observed bite-out

signature provides compelling evidence for the wave-induced losses.

2.3.2 Spatial and Temporal Evolution

Previous studies (Usanova et al., 2014) have demonstrated that pitch angle bite-outs may

persist and evolve on multiday time scales. The next phase of this study investigates the

evolution of this individual bite-out scattering signature at a specific energy (3.40 MeV)

where the feature is prominent and considers how the distribution changes over time. This

is possible by examining the pitch angle distributions observed by both Van Allen Probes

as they pass through the electron drift paths between L* = 5.2 and L* = 4.8 (the region

of interest), on consecutive orbits before and after the EMIC observation interval presented

in Figure 2.3. This is based on the assumption that relativistic electrons drift along their

paths on short enough time scales that a localized change in the pitch angle distribution is

observable at any other location along the drift path within seconds of the local change.
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Figure 2.3: Energetic electron pitch angle distribution observed with Relativistic Electron

Proton Telescope (REPT) and Magnetic Electron Ion Spectrometer (MagEIS) onboard RB-

SP-A, normalized to the flux at 90◦. The region of interest (L* = 5.2 to L* = 4.8) is confined

by the black dashed lines. He-band electromagnetic ion cyclotron wave (i) observed by RB-

SP-A. Particle scattering bite-out feature begins forming near 1.8 MeV (b) and deepens

with increasing energy. Black curves in c–g show the estimated maximum pitch angle scat-

tered based off observed wave and plasma parameters. MLT = magnetic latitude; REPT =

Relativistic Electron Proton Telescope.
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These observations are presented for five consecutive inbound passes (top to bottom, at

spacecraft times indicated in the ordinate) through the region of interest (denoted by vertical

dashed lines) in Figure 2.4. The panels on the left (Figures 2.4a through 2.4e) show the local

pitch angle distribution for direct comparison to our primary observation. The panels on

the right (Figures 2.4f through 2.4j) show the pitch angle fluxes mapped to the equator

using an equatorial field produced with the OP77Q model (Olson & Pfitzer, 1982), to avoid

the ambiguity of comparing electron data from two spacecraft at slightly different magnetic

latitudes. In the mapped plots, the electron fluxes are normalized to the electron population

with pitch angle closest to 90◦ where data were continuously available. Figures 2.4a and 2.4f

show that there was no electron bite-out along the drift path of interest (between L* = 5.2

and L* = 4.8) 15 hours before the simultaneous EMIC observation presented in Figure 2.3.

As RBSP-A passed through this region a few hours later, around 21:30 UT on 15 February,

a shallow bite-out starts to form (Figures 2.4b and 2.4g). The bite-out broadens toward

α = 90◦ pitch angles as RBSP-B follows RBSP-A to pass through this region at 02:45 UT on

16 February and becomes most prominent in Figure 2.4d, which corresponds to the primary

observation detailed in Figure 2.3. Finally, in the last panels (Figures 2.4e and 2.4j), the

distinct bite-out signature is no longer observed, replaced by a distribution that peaks closer

to α = 90◦ pitch angle than the previous signatures, and extends far beyond the L* of

interest where EMIC waves are seen. This apparent elimination of the bite-out signature is

discussed in Section 2.3.4. From Figure 2.4 it is inferred that the scattering signature is a

localized, in space (to the L* region of 5.0 ± 0.2), response to the wave activity. It begins

forming at least 9 hours (but no more than 15 hours) before the simultaneous observation of

EMIC waves and the strong bite-out feature. This is likely an indication that the spacecraft

passed through the drift path of interest (L* = 4.8 to 5.2) to observe the electron feature

but were just outside of the magnetic latitude or MLT where the EMIC activity was taking

place; it may not have been until pass 4 when RBSP-A entered the correct spatial region to

observe the wave activity and electron scattering simultaneously. Additionally, the fact that

this feature is present in both the local and equatorially mapped populations indicates that

its appearance is not an artifact of measurements at different magnetic latitudes but a real
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Figure 2.4: Comparison of the development of the local (left) pitch angle distribution through

five consecutive passes through the region of L* = 4.8 to L* = 5.2 and the equatorial (right)

pitch angle distribution.

loss of electrons at low pitch angles.

2.3.3 Extent of EMIC Wave Activity

As discussed in the previous section, the pitch angle scattering signature is present in the

range of L∗ = 5.0±0.2 for at least 9 hours, first appearing on 15 February at 21:39:58 UT and

disappearing after 16 February 06:55:30 UT, even when the responsible EMIC wave activity

is not captured simultaneously. This demands that EMIC wave activity must be present to

sustain the scattering signature. The conjunction between THEMIS and Van Allen Probes

during this time is used to survey the dusk region for evidence of EMIC wave activity during

the evolution of the scattering signature. The orbit locations highlighted with ovals in Figure

2.1 indicate that indeed helium-band activity was observed by the THEMIS and Van Allen

spacecraft during the interval surveyed.
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Figure 2.5: Normalized electron pitch angle distribution observed by Relativistic Electron

Proton Telescope (REPT) and Magnetic Electron Ion Spectrometer (MagEIS) on RBSP-B

just a few hours after the bite-out feature was observed by RBSP-A (Figure 2.3).
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Activity was first observed on 15 February at 19:38:00 UT by RBSP-A, approximately 1

hour before the first bite-out scattering signature (see Table 2.1), following a substorm injec-

tion captured by multiple LANL/GEO spacecraft as well as a peak in the local temperature

anisotropy for < 50keV protons (Figure 2.2, bottom left panel). Shortly after, at 15 Febru-

ary 23:45:20 UT, THEMIS-E captured similar EMIC activity as it passed through the same

MLT region, closely followed by a nearly identical observation with THEMIS-D. The next

He-band EMIC observation was the event described in Figure 2.3, which was accompanied

by substorm injection and local proton temperature anisotropy (Figure 2.2, bottom right

panel). The final EMIC observation of interest was captured by THEMIS-A and occurred

at 16 February 12:14:40 UT. While this activity’s location was consistent with previous ob-

servations (MLT 20.19), it is noted that its duration was significantly shorter in time and

its spectral power noticeably decreased compared to previous EMIC observations. Though

EMIC activity was not observed simultaneously with bite-out scattering signatures in passes

2 and 3, as it was for pass 4 (Figure 2.4), it is reasonable to infer that the responsible wave

activity is present along the appropriate drift shell (L* = 5.2–4.8), but is located just outside

the view of the spacecraft. This inference stems from two observations. First, the initial

Van Allen Probes EMIC observation was associated with a substorm injection and subse-

quent increase in the local proton temperature anisotropy, suggesting that the local plasma

conditions supported wave growth as a response to the injection. Though passes 2 and 3 did

not capture EMIC waves, they were both associated with substorm injection signatures and

temperature anisotropy increases, which likely excited EMIC waves (see Table 2.1). Second,

THEMIS-E and THEMIS-D captured He-band EMIC waves near the same MLT that bite-

outs were observed within 2 hours of a bite-out signature, demonstrating that wave activity

was in fact present, even if not captured by the Van Allen Probes.

This observation suggests that continued EMIC activity, driven by substorm injections

and increases in local proton temperature anisotropy, acted to sustain the bite-out scattering

signature for at least 9 hours. After 16 February 06:55:30 UT, the scattering signature is no

longer observed, likely as a result of changing magnetospheric conditions.
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2.3.4 Elimination of Bite-Out Signatures

The evolution of the electron scattering signature responds not only to EMIC activity but also

to changing magnetospheric conditions. The pitch angle bite-out that developed between

pass 2 (15 February 21:39:58 UT) and pass 4 (16 February 06:29:56 UT) in Figure 2.4

formed during relatively steady geomagnetic and solar wind conditions. As shown in Figure

2.2, there was no evidence of a geomagnetic storm, the solar wind speed remained steady

around 300 km/s, and the magnitude of the southward component of the IMF (Bz) was small

(< 5 nanoTesla (nT)). In addition, while substorm activity was present, the peak AE index

was moderate (< 400 nT). Following the observation of the coincident wave and bite-out

scattering signature presented in Figure 2.3 (pass 4, 16 February 06:29:56 UT), there is a

sudden magnetospheric decompression, indicated by a drop in solar wind dynamic pressure

(from 7 to 1 nanoPascal (nP)). The decompression was accompanied by a jump in solar

wind speed on 16 February 07:42:20 to nearly 400 km/s, an increase in IMF Bz magnitude

(>6 nT), and eventually a significant increase in the AE index to nearly 1,200 nT at 16

February 14:58:30 UT. These changes in solar wind and geomagnetic parameters indicate

that the conditions that were previously preferable for EMIC growth and relativistic electron

scattering have been disrupted. This is evidenced by the new electron distribution feature

apparent in pass 5 in Figure 2.4 (16 February 12:07:40 UT), which no longer resembles

the characteristic bite-out signature seen in previous orbits. Two observations suggest that

this new electron distribution is a response to plasmaspheric reconfiguration due to changing

solar wind and geomagnetic conditions, rather than a response to the observed EMIC activity.

First, the new distribution is observed across a wide MLT (19.29 to 22.04) and across many

L* (at least 4.5–5.6, as evident in Figure 2.4e), whereas the range of the scattering signatures

in passes 2–4 was limited to between an MLT of 20.75 and 21.95, and an L* of 5.0 ± 0.2,

corresponding to the narrow region of EMIC observations. Since the observed EMIC wave

activity was seen to act on the electron populations in highly localized (in L*) regions, it is

unlikely that the same He-band wave activity was responsible for a change this widespread.

Additionally, widespread EMIC wave activity that might account for a bite-out of this spatial

(in L*) scale was not observed on THEMIS or the Van Allen Probes. Second, the new
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distribution appears to have no energy dependence (as can be seen in Figure 2.5), in contrast

to the previous scattering, and is also seen for ions (not shown here), not just electrons. In

fact, the decrease in flux of field-aligned electrons compared to that of equatorially mirroring

electrons extends to energies well below 1.50 MeV, which is inconsistent with the minimum

resonant energy determined from the EMIC wave activity. From these observations it is

inferred that the new electron distribution is likely the result of a global response to changing

solar wind and geomagnetic conditions. It is also noted, however, that the new electron

distribution observed during pass 5 corresponds to a significant decrease in the local plasma

density as derived from Electric and Magnetic Field Instrument Suite and Integrated Science

data. While previous passes took place when the local density was near 370cm−3, the density

during pass 5 had dropped below 10cm−3, suggesting the observation took place outside

of the plasmasphere. The exit to the plasma trough2 is additional evidence of a global

reconfiguration of the magnetosphere, which may move the active EMIC wave region and

affected electron drift shells to another location or quench it altogether.

2.4 Discussion and Conclusion

The wave and electron observations presented in this chapter provide clear evidence for rel-

ativistic electron scattering by EMIC wave activity, capturing both the scattering signature

and the responsible wave activity simultaneously. The presence of a minimum resonant

energy and a widening range of pitch angles for electron loss with increasing energy are

consistent with the wave-particle interaction theory. By expanding the investigation of the

pitch angle distribution to additional time periods to observe the growth of this feature, it

is concluded that it is a localized response to continuous EMIC activity in the dusk sector

supported by moderate substorm activity. The scattering feature developed between L* =

5.2 and 4.8 and continued for at least 9 hours.

As demonstrated in Figure 2.1, wave activity persisted in the MLT region where the

bite-out forms for the duration of the scattering period (gray-shaded region in Figure 2.2)

2The region between the plasmasphere and the plasma plume
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and was captured by the Van Allen Probes and THEMIS spacecraft. The first observation

of EMIC activity occurs about 1 hour before the first indication of a developing bite-out.

Approximately 5 hours after the bite-out observation at 16 February 06:29:56 UT, EMIC

activity is no longer observed in the region, and after 16 February 06:55:30 UT the bite-out

is also no longer observed. This further indicates that the bite-out scattering signature is

a direct result of the observed EMIC activity. By pass 5 (16 February 12:07:40 UT) the

scattering signature is eliminated, at least in that region of the magnetosphere, likely by the

changing solar wind and geomagnetic conditions.

As discussed in Section 2.3.3, scattering signatures were present in electron data even

when the EMIC wave was not directly observed. This can be explained by the rapid drift

of relativistic electrons, allowing the signature to propagate from the scattering region along

drift shells, so it is detectable by spacecraft crossing these drift shells at other local times.

This suggests that EMIC wave activity may be remotely detected by identifying such scat-

tering signatures.

Such studies may demand the investigation of scattering events in the context of a multi-

day orbit averaged flux observation to easily observe many different but consecutive events.

Figure 2.6 applies this technique to the current case study to determine the feasibility of

observations on a larger scale. The data are obtained from RBSP-A and are restricted to

the regions between the drift shells of interest, L∗ = 5.0± 0.2. The colored arrows indicate

the first appearance of the bite-out signature (black, pass 2), the simultaneous bite-out and

EMIC observation (green, pass 4), and the new global distribution (red, pass 5), respectively.

In this representation, a few issues with the multiday orbit averaged technique become ap-

parent. First, it is understood from Figure 2.4 that the bite-out signature began during

pass 2 (black arrow in Figure 2.6), but it is not immediately obvious that this is the case

in Figure 2.6. Close inspection of the distribution at the black arrow suggests there may be

some scattering of near field-aligned electrons obeying an energy dependence. The electron

distributions at 1.10 and 1.50 MeV appear nearly identical, while a slight narrowing begins

to take place at 1.80 MeV. These features, however, are easy to miss when in contrast with

the very clear narrowing during the next orbit (green arrow). Here, scattering starts at
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1.8 MeV and the distribution becomes narrower with increasing energy. Finally, the global

distribution (red arrow) appears as a continuation of the bite-out distribution from the prior

orbit and gives the impression that EMIC wave scattering continues well into the following

orbit. In fact, as discussed in the previous section, the necessary energy dependence is not

present in this interval, and narrowing is observed below 1.8 MeV, unlike the previous orbits.

Therefore, with the multiday orbit averaged view alone, one might misinterpret the evolution

of a scattering signature.

A comparison between the instantaneous scattering bite-out in Figure 2.3 and the multi-

day orbit averaged study in Figure 2.6 suggests that scattering events may happen on time

scales that are too quick to be revealed by multiday observations, as the true scattering

signature may only be present for one or two orbits. While bite-out signatures that appear

in long term, time-averaged pitch angle distribution observations may indicate EMIC ac-

tivity, responses to global magnetospheric changes may also be present that are difficult to

disentangle from wave-particle interactions with this representation alone. Therefore, it is

reasonable to suggest that observations on short time scales (hours or minutes) are more

reliable if trying to correlate features in the electron distributions with expectation from the

wave-particle interactions.

This study investigated the correlation between EMIC wave activity (captured by the

THEMIS and Van Allen Probes) and local relativistic electron pitch angle distributions. The

main points are summarized below:

a. This chapter presents the first direct observation of the formation and evolution of

a pitch angle bite-out scattering signature along with the responsible EMIC wave activity,

consistent with wave-particle interaction theory. Two clear indications of EMIC wave scat-

tering were identified: the presence of a minimum resonant energy and the narrowing of

the distribution toward α = 90◦. Further evidence of the relationship between the wave

and scattering signature resulted by using cold plasma theory to determine the minimum

resonant energy and estimate the range of pitch angles scattered. The pitch angle range

estimate and electron observations were in close agreement, providing compelling evidence

for the wave-particle interaction.
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Figure 2.6: Normalized electron pitch-angle distribution observed by RBSP-A over a period

of 8 days in February 2017. Only fluxes between L∗ = 5.0 ± 0.2 are considered, and the

flux is orbit averaged. The black arrow indicates the time associated with the first indi-

cation of a bite forming (pass 2) presented in Figure 2.3. The green arrow indicates the

simultaneous electromagnetic ion cyclotron and bite formation. The red arrow indicates the

time associated with the observation presented in Figure 2.5 where there was no evidence

of an electromagnetic ion cyclotron-related feature. REPT = Relativistic Electron Proton

Telescope.
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b. The bite-out signature in the electron distribution corresponds spatially (L* region of

5.0 ± 0.2) to the EMIC wave and existed on a short time scale (a few hours). The feature

formed between L* = 4.8 and L* = 5.2 in the dusk sector only 1 hour after the first EMIC

wave observation. The feature was then eliminated or obscured by changing solar wind and

geomagnetic conditions.

c. Scattering signatures like the one presented may provide a reliable way to remotely

detect EMIC wave activity using in situ particle data.

d. While a multiday orbit averaged bite-out may be indicative of sustained EMIC wave

activity, it might also be a response to changing solar wind conditions resulting in a magne-

tospheric reconfiguration, or global changes to electron populations, and caution should be

taken in using such an overview plot to locate the EMIC wave activity. Ambiguities related

to this effect can be addressed by developing a quantitative criterion for EMIC wave-driven

pitch angle scattering signatures, which is explored in the next chapter.
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CHAPTER 3

Statistical Observations of EMIC Wave-Driven

Scattering Signatures

3.1 Introduction

The extent to which the EMIC wave scattering mechanism can drive loss of core radiation belt

electron populations (≤ 2 MeV) is presently unclear, partly due to a historical lack of direct

observations of relativistic electron scattering and the responsible EMIC wave activity. This

chapter first introduces a methodology for investigating pitch angle scattering signatures

(“bite-outs”) using derived quantities from the co-located EMIC wave and local plasma

conditions. This method is then used to conduct a statistical study of EMIC wave activity

captured by the Van Allen Probes between February and May 2017. For these events, the

energies and pitch angle ranges involved in electron scattering are presented. On average,

EMIC wave-driven scattering of core electron populations occurs in 28% of events. By

comparing expected pitch angle ranges for scattering to electron flux measurements co-

located with the wave activity, it is determined that scattering signatures are found in 46%

of those. These results suggest that EMIC waves are capable of driving scattering of core

populations of electrons, and that these scattering signatures are observable in pitch angle

flux data.

This chapter is organized in the following way. Section 3.2 describes the selection process

for EMIC wave events and the criteria for determining whether or not a concurrent electron

scattering signature is present. Section 3.3 presents the statistical results, including the

typical energy ranges and pitch angle ranges involved in the scattering. Finally, Section

3.4 discusses possible conditions that may contribute to the formation of bite-out scattering
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signatures, and comments on the implications of this study.

3.2 Data and Methodology

This chapter uses data from the Van Allen Probes mission (Mauk et al., 2012), comprising

two near-equatorially orbiting spacecraft (hereafter referred to as RBSP-A and RBSP-B).

Data sets are selected from a four-month time period (February through May 2017) when the

two RBSP spacecraft sweep through the dusk side of the magnetosphere, the preferred region

for EMIC wave excitation (Fraser et al., 1996; Meredith et al., 2003; Yuan et al., 2010).

Figure 3.1 shows the orbital configuration of the two spacecraft during the observational

period.

3.2.1 EMIC Wave Event Selection

EMIC waves are identified using high-resolution, field-aligned magnetometer data from the

Electric and Magnetic Fields Instrument Suite and Integrated Science (EMFISIS) instrument

(Kletzing et al., 2013) on board the two RBSP spacecraft. Following Bortnik et al. (2007), an

automated algorithm searches for candidate events in the wave power spectra below the local

proton gyrofrequency. Requirements for candidate events include: wave power sufficiently

above background (by a factor of 0.75), event duration longer than five minutes, and left-

handed polarization. The upper hybrid frequency limit of the wave (closest to the ion

gyrofrequency, corresponding to the minimum electron energy for gyroresonant interaction)

is used to characterize the event. For events in which the wave frequency crosses over

the gyrofrequency, the wave frequency is selected as 0.05 Hz below the gyrofrequency to

prevent Emin from dropping unrealistically low due to inaccuracies of using the cold plasma

approximation1. The gyrofrequency band is tracked for each event.

1see Appendix A: Supplemental Information for a discussion about the limits on EMIC wave frequency
in the cold plasma approximation
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Figure 3.1: Orbital configuration of the Van Allen Probes (RBSP-A: magenta; RBSP-B:

orange) during the four-month interval where events are collected. Each panel shows the

first day of each month: (a) 1 February 2017, (b) 1 March 2017, (c) 1 April 2017, (d) 1 May

2017. The beginning position of each interval is marked by an “x”.

3.2.2 Particle Data

Particle data used in this study comes from the Relativistic Electron Proton Telescope

(REPT) instrument (Baker et al., 2012), as well as the Helium, Oxygen, Proton, Electron

(HOPE) (Funsten et al., 2013) instrument. REPT is used to identify EMIC wave-driven

scattering of electrons with relativistic energies (between 1.80 MeV and 5.20 MeV). This

flux data is first smoothed using a 1-minute moving window average, then mirrored over

α = 90◦ and finally normalized to the flux at α = 90◦. Measurements from HOPE are used
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to determine the local ion composition ratio for use in solving the wave dispersion relation.

This data is also smoothed using a 1-minute moving window average.

3.2.3 Scattering Signature Methodology

Each EMIC wave event is compared to local electron pitch angle distributions to determine

whether a scattering signature is present. This scattering signature is analyzed to determine

how closely it matches with expectations from theory. The method for identifying and

analyzing scattering signatures consists of five steps2.

Step 1: Identify wave and plasma parameters

Step 1 involves identifying and extracting the full time series of relevant wave and plasma

parameters, including the EMIC wave frequency ω, the background magnetic field (B0), the

ion composition ratio, and the background plasma density for the duration of the wave

observation.

Step 2: Estimate the maximum resonant pitch angle

Step 2 uses the wave frequency along with local plasma parameters to solve the cold

plasma dispersion relation (Equation 3.1) for the wave vector k in a multi-ion plasma.

c2k2

ω2
= 1−

ω2
pe

ω(ω + |Ωe|)
−

3∑
j=1

ω2
pj

ω(ω − Ωj)
(3.1)

The electron (ion) plasma frequency, ωpe(j) (Equation 3.2), is solved using time series plasma

density, N0, from the Level 4 EMFISIS data, based on the upper hybrid frequency fuh (Kurth

et al., 2015). The electron (ion) gyrofrequency |Ωe(j)| (Equation 3.3) is determined using the

background magnetic field B0 from EMFISIS measurements. When HOPE data for finding

the local ion density ratio is not available, the typical ratio ([P: 0.7, He: 0.2, Ox: 0.1],(Lee

& Angelopoulos, 2014b) is used.

ωpe(j) =

(
4πN0e

2

me(j)

)1/2

(3.2)

2See Section A.2 Supplemental Information for a demonstration of these steps
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|Ωe(j)| =
qe(j)B0

me(j)c
(3.3)

Using the reduced gyroresonant equation the approximate relationship between the min-

imum resonant energy (Equation 3.4) and k is determined.

Emin =

(
1 +

Ω2
e

c2k2

)1/2

− 1 (3.4)

It follows that the maximum resonant pitch angle, αmax, for a particle of energy E > Emin,

is given by Equation 3.5.

αmax = cos−1
(
|Ωe|
ck

1

E(E + 2)

)
(3.5)

Therefore, by extracting a time series for k, the maximum resonant pitch angle is esti-

mated for the duration of the wave event.

Step 3: Determine the flux loss at the pitch angle boundary

This step involves determining whether there is a loss of flux across the maximum resonant

pitch angle boundary found in Step 2, which would indicate a loss of electrons consistent

with expectations from the observed wave. This is referred to as the flux loss at the pitch

angle boundary (∆fb) and is calculated for the duration of the EMIC event in 5-minute

intervals.

To solve the approximate (∆fb) the flux below the boundary (αmax−1, the pitch angle

bin below the bin containing αmax) is subtracted from the flux above the boundary (αmax+1,

the pitch angle bin above the bin containing αmax) (Equation 3.6).

∆fb = f(αmax+1)− f(αmax−1) (3.6)

To distinguish a flux loss caused by the EMIC wave from a decrease due to other flux

change effects (e.g. 90-degree peaked distributions created by drift shell splitting and radial

diffusion), ∆fb is compared with a similar measurement, ∆f0, from a 5-minute flux interval

measured 20 minutes before or after (depending on electron data availability) the EMIC
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wave. This interval is referred to as the undisturbed time interval. An interval is marked as

a Pass (meaning the interval is a candidate scattering signature) if ∆fb > ∆f0, but a Fail if

∆fb ≤ ∆f0. This results in a ∆f Pass Rate calculated as the fraction of intervals at a given

energy that are marked as Pass. This is repeated for each 5-minute interval and for each

energy.

Step 4: Compare with undisturbed interval

In addition to a flux loss across the pitch angle boundary, a second indicator of scattering by

EMIC waves comes from comparing the entire pitch angle distribution of the flux inside the

EMIC wave interval with that in the undisturbed interval. It is also the case that the pitch

angle range where scattering occurs is not the only pitch angle range impacted by scattering;

some particles will be scattered to higher pitch angles, changing the normalized flux in that

pitch angle range. For these reasons, a measurable change in the entire flux distribution

from the undisturbed interval, not just a change at the pitch angle boundary, is expected.

Step 4 involves directly comparing the pitch angle distribution of the potential bite-

out scattering signature to the undisturbed interval (also similarly normalized) using a

Kolmogorov-Smirnov (K-S) test. This test quantifies the difference between two distribu-

tions and provides a K-S Statistic Significance Level (a value between 0 and 1) that indicates

the similarity between the two distributions. For the purposes of this analysis, a statistic

of ≤ 0.5 indicates the distributions are not similar, suggesting a local change has occurred.

Similarly, a statistic of > 0.5 indicates that the distributions are similar, meaning no sig-

nificant scattering has taken place. The K-S statistic is calculated for each energy at which

scattering is expected and in the same 5-minute intervals used in Step 3. When the K-S

statistic is ≤ 0.5 the interval is marked as Pass, noting it is a candidate scattering signature.

As in Step 3, this results in a K-S Statistic Pass Rate calculated as the fraction of intervals

at a given energy that are marked as a Pass. The results from either Step 4 or Step 3 inde-

pendently are not necessarily indicative of a scattering signature. Combining these results

from both in the next step is needed for increased confidence in the scattering identification.

Step 5: Scattering Signature Score (s)

After Step 4, each event is assigned a scattering signature score, s. The score is assigned
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using the results of Steps 3 and 4. The score, s, given by Equation 3.7, is representative of

the fraction of 5-minute intervals throughout the wave duration in which both the change in

flux across the pitch angle boundary and the K-S statistic Significance Level are marked as

Pass, indicating a pitch angle distribution consistent with the expected scattering signature.

In this equation, R(K−S)i is the ∆fb Pass Rate where the K-S Pass Rate is ≥ 0.5, n is the

number of energies where the K-S Statistic Pass Rate is ≥ 0.5, and N is the number of

energies evaluated. The score ranges between zero and one, where s = 0 indicates that there

is no match with the expected signature, and S = 1 is a perfect match.

s =

∑i=n
i=0 R(K−S)i

N
(3.7)

To demonstrate the range of scores for the events studied, three examples are presented.

The first is the EMIC wave event studied in Chapter 2, comprising both helium-band and

proton-band emissions. That event exhibits a clearly identifiable bite-out scattering signature

(Figure 2.3 in Chapter 2). The original analysis performed on this event considered only

eight points throughout the wave duration to solve for the αmax and used only the helium-

band frequencies. The results closely matched what was visually observed in the electron flux

pitch angle spectrograms. The event is re-analyzed here to examine the full wave duration

and both the helium and proton bands. The analysis results in a scattering score of s = 0.66

for the helium-band wave and s = 0.17 for the proton band wave. The helium-band score

is consistent with the co-located bite-out. These results also confirm that the bite-out was

created predominantly by the helium-band wave.

Figure 3.2 shows an example of an EMIC wave event with a higher scattering score,

s = 0.90. For this event (Event 91) the bite-out scattering signature is visually identifiable

by a significant loss of flux at all energies corresponding to a strong helium band EMIC

wave. The maximum pitch angle range estimation (black lines in 3.2a-3.2f) closely matches

the visible bite-out in the flux distribution, except for the lower energies towards the midpoint

of the event at 0530 UT. The maximum pitch angle estimation at this midpoint drops to lower

pitch angles, which is inconsistent with what is seen in the pitch angle spectrograms. This
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Figure 3.2: Example of an event with a high scattering score, where a helium band wave

showed scattering of all energy electrons. The shaded region indicates the undisturbed flux

used for scattering score calculation. Panels (a)-(f) show the normalized electron flux, panel

(g) is the calculated minimum resonant energy, panel (h) is the wave power spectra.

drop corresponds to an increase in the minimum resonant energy, likely a result of a decrease

in the wave power as well as an increase in the distance between the wave frequency and the

helium gyrofrequency. One explanation of this inconsistency could be that the drop in wave

power close to the noise level introduces increased error in the selection of the wave frequency.

A second possibility is a temporary reduction in scattering as the wave power decreased that

is not reflected in the electron pitch angle spectrogram, as the electron population may not

have had time to recover. Despite this inconsistency, a majority of the electron flux shows

a scattering signature consistent with expectations, hence a high scattering score. Table 3.1
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Table 3.1: Event 91 “s” score results.

Energy (MeV) ∆f Pass Rate K-S Statistic Pass Rate

1.80 0.875 1.0

2.10 0.875 1.0

2.60 0.875 1.0

3.40 0.875 1.0

4.20 0.875 1.0

5.20 0.875 1.0

s = 0.8958

shows the results of Steps 2 and 3 for this event, as well as the final score, s, to demonstrate

how the final score is calculated. When Event 91 is compared with the event in Chapter 2,

it can be seen that a stronger depletion (Event 91) results in a higher score.

In contrast to Event 91, Figure 3.3 (along with Table 3.2), provides an example of an

event (Event 2) with a low scattering score where a certain level of scattering is taking

place. The scattering signature estimate, however, does not well reproduce what is observed

in the flux data. Two major differences between this wave event and the two previously

discussed may contribute to this event’s lower score: this helium-band wave is weaker than

the one presented in Figure 3.2 and has a shorter duration (a few minutes). Scattering is

not visually apparent in the distribution at the lower energies, but loss of flux at the higher

energies is somewhat consistent with expectations. It is also noted that the electron pitch

angle spectrograms for this event suffer from low counting statistics, potentially masking the

scattering signature.

In the next section, this method is applied to a large set of observed EMIC waves and

some explanations for the conditions that may contribute to the appearance of these bite-out

scattering signatures are explored.
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Figure 3.3: Example of an event with a low scattering score, where a helium band wave

showed scattering only in the higher energies. The shaded region indicates the undisturbed

flux used for scattering score calculation. Panels (a)-(f) show the normalized electron flux,

panel (g) is the calculated minimum resonant energy, panel (h) is the wave power spectra.

3.3 Statistical Results

A total of 109 helium-band and 78 proton-band EMIC wave events are identified in the

period between February through May 2017 that matched the criteria described in Section

3.2.1. The occurrence of these events is shown in Figure 3.4.

The steps outlined in Section 3.2.3 are followed to analyze each event for which sufficient

wave and plasma data was available (e.g. events for which the background plasma density

could be identified from the fuh). This narrows the set to 129 events: 82 helium-band and 47

proton-band. These events took place during a time period of minimal geomagnetic activity.

The majority of the events were associated with quiet time conditions, when the Dst was
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Table 3.2: Event 2 “s” score results.

Energy (MeV) ∆f Pass Rate K-S Statistic Pass Rate

1.80 0.0 0.0

2.10 1.0 0.0

2.60 1.0 0.5

3.40 0.5 1.0

4.20 0.5 0.5

5.20 0.0 0.0

s = 0.3333

Figure 3.4: Distribution of detected helium-band (a) and proton-band (b) EMIC wave events

above -50 nT3.

The minimum resonant energy (Emin) is calculated for the full time series of the wave and

the median Emin is extracted. The later is plotted as a function of the proton gyrofrequency

in Figure 3.5.

The results show that 21 out of 82 (26%) helium-band events had a medium Emin that

fell below 2.0 MeV; 15 out of 47 (32%) proton events had a median Emin that fell below 2.0

3see Appendix A.1 Supplemental Information for a description of the geomagnetic conditions during this
interval.
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Figure 3.5: Median Emin for each EMIC event as a function of proton gyrofrequency. The first

and second vertical gray lines represent the oxygen gyrofrequency and helium gyrofrequency,

respectively.

MeV. In total, 28% of EMIC events have an Emin that allows scattering of electrons with

energies below 2.0 MeV.

In many events the Emin does not stay constant throughout the duration of the wave

observation, as it is extremely sensitive to a changing background density, background mag-

netic field, and proximity to the gyrofrequency (see black lines in Figure 3.2). Therefore, the

median Emin does not always provide a complete description of the scattered population.

For this, the full time series of the maximum scattered pitch angle, αmax, is needed.

Figure 3.6 shows the result of estimating αmax of all EMIC wave observations. The

bottom panels (3.6b, 3.6d) show the percentage of total EMIC wave observations for which

the predicted αmax falls in a particular pitch angle range, separately computed for each

electron energy population considered. The top panels (3.6a, 3.6c) are the sum over all pitch

angle bins in each energy to show the predicted occurrence of wave scattering at each energy.
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Figure 3.6: Maximum pitch angle occurrence rate as a function of electron energy for he-

lium-band (a, b) and proton-band (c, d) events. Panels (a) and (c) show the percentage

of total time that scattering can occur as a function of electron energy for all pitch angles.

Panels (b) and (d) show the distribution of pitch angles.

The helium-band events (left) and proton-band events (right) have comparable results: for

lower energy electron populations, the typical αmax is almost evenly distributed across all

pitch angles. In contrast, higher energy electron populations have a typical αmax closer to

ninety degrees. In general, the occurrence rate of αmax at mid-to-high pitch angles increases

with increasing energy.

By focusing on the electron energies most consistent with the core population (1.80 MeV

and 2.10 MeV), it is seen that, in general, scattering at each pitch angle is low (less than

about 15% of the time) but roughly equally distributed over a wide range of pitch angles.

This suggests that core electrons with higher pitch angles α ≥ 60◦ are just as likely to

resonate with a wave as lower (α < 30◦) and mid-range (30◦ ≥ α > 60◦).

Although the probability of scattering at each fixed pitch angle range is low, integration

over all pitch angles shows significantly higher percentages (3.6a, 3.6c) (i.e., between 30% and

40% for helium events and between 40% and 50% of the time for proton events). Although

the occurrence rate of proton events is less than that of helium events, the likelihood of
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potential scattering at all energies and all pitch angles is higher for proton events than for

helium events. These results suggest that by considering the minimum resonant energy

based on the full duration of an EMIC wave event it becomes apparent that scattering of

core electron populations is more likely than how often considering the only the median value

suggests.

Next, Steps 3 and 4 are executed to determine whether the predicted scattering is consis-

tent with what is observed in the REPT flux data. This analysis could only be performed for

events where sufficient pitch angle data was available, which occurred in 96 events total (62

helium and 34 proton). The scattering score results are presented in Figure 3.7, separated

into three categories.

Figure 3.7: Scattering Score “s” for all events as a percentage of total, with the lighter shades

representing lower scattering scores and the darker shades representing higher scattering

scores.

Events that received a scattering signature score of less than s = 0.25 are categorized

as having no observable bite-out scattering signature. Events with a score above s ≥ 0.25

but less than s = 0.5 (similar the example shown in Figure 3.3) are considered as having

some match with predicted scattering, and events with a score greater than or equal to 0.5

(like the example shown in Figure 3.2) are considered as having a good match. The helium
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and proton results have a similar distribution of events: between 50% and 60% of cases

showed no match between the behaviour of the particle data and what was expected from

the estimated pitch angle range, about 30% had some match, and 10-15% of events had a

good match. Considering helium and proton events combined with s ≥ 0.25, 46% of EMIC

wave observations resulted in an identifiable scattering signature consistent with expectations

from particle scattering from linear, cold plasma theory. In other words, under cold plasma

assumptions, scattering of core electron populations is possible in anywhere between 30% of

the time and 50% of the time, and the scattering observations imply that these assumptions

hold true in nearly half of all EMIC wave events observed. These results indicate that EMIC

waves may have a larger impact on core radiation belt variability than previously thought

(Meredith et al., 2003; Usanova et al., 2014), since it appears the interaction is not limited

to multi-MeV populations.

Next, the appearance of the EMIC wave-driven scattering signatures is compared with

geomagnetic activity. As noted earlier, most events in this study took place during quiet

conditions, with Kp rarely rising above 5. Figure 3.8 shows the distribution of scattering

score results according to the geomagnetic Kp index. For both helium-band and proton-band

events, as the Kp index increases, the fraction of events with scattering signatures increases.

This suggests that even in the absence of strong geomagnetic storms, the formation and

persistence of EMIC wave scattering signature increases with increasing geomagnetic activity.

Figure 3.8: Scattering score as a function of Kp index for helium-band (a) and proton-band

(b) events.
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Finally, the relationship between scattering signatures and the average wave power of the

corresponding EMIC event is considered. It has been suggested that more powerful waves

might introduce non-linear scattering effects, such as phase trapping and phase bunching

(Omura & Zhao, 2012, 2013). It is possible that these effects play a role in determining the

formation of a scattering signature.

Figure 3.9: Scattering Score as a function of average wave power for helium-band (a) and

proton-band (b) events.

Figure 3.9 explores that relationship for the events studied. For both helium and proton

band events with greater average wave power (the two largest power categories), the fraction

of scattering signatures was higher than for events with lower average wave power (the lowest

power category).

Overall, these results suggest that scattering of core electrons by EMIC waves can occur

in anywhere between 30% and 50% of observations when cold plasma assumptions are used.

It is also found that scattering signature approximations from cold plasma theory are more

consistent with observations under a higher Kp index and when the EMIC wave power is

higher.
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3.4 Discussion

This investigation statistically examines characteristics of EMIC wave-driven scattering of

core radiation belt electrons. By considering the minimum resonant energy from EMIC

wave properties, it is found that scattering of these populations (1.80 MeV and 2.10 MeV)

is possible in 30% to 50% of EMIC wave events. It is also found that electron scattering

at lower energies and higher pitch angles is more likely for proton-band events than for

helium-band events. These results provide observational evidence of loss of core populations

of relativistic electrons at low-to-moderate pitch angles.

The expected pitch angle scattering range was compared with what is observed in the flux

data. It is found that approximately 46% of EMIC wave events are co-located with a bite-

out scattering signature consistent with what is expected from our estimates (s ≥ 0.25). A

subset of these events, about 10% of all cases, match expectations with a scattering signature

score greater than 0.50, indicative of strong pitch angle scattering. To my knowledge, this

is the first time relativistic electron scattering signatures have been directly confirmed with

the responsible driving EMIC waves on a statistical scale.

Electromagnetic ion cyclotron waves have been observed to be more prevalent and have

larger amplitudes during geomagnetic storms (Blum et al., 2009; Halford et al., 2010;

Ukhorskiy et al., 2010). The observations presented here, however, took place in the early

months of 2017 when geomagnetic activity was generally low, and there were no significant

geomagnetic storms. It is likely that EMIC wave-driven scattering of core electron popula-

tions would be increased during more active times. By comparing the scattering signature

score with the Kp index, a positive relationship between the accuracy of the scattering esti-

mates and increased geomagnetic activity was found. This result emphasizes the importance

of including EMIC-wave effects in radiation belt modeling during periods of enhanced ac-

tivity. It also suggests that EMIC waves captured during more active conditions are better

candidates for future in situ observational study of this phenomenon.

These observations show a positive correlation between stronger EMIC waves and the

appearance of scattering signatures. Stronger and larger amplitude EMIC waves have been
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previously linked to nonlinear scattering effects. Whether the introduction of nonlinear

scattering increases or decreases scattering into the loss cone is currently under debate. These

results support studies such as G. Wang et al. (2017) that have suggested that nonlinear

effects can increase rapid electron loss.

It is also noted that cold plasma resonant interaction theory breaks down with the intro-

duction of hot plasma effects. This breakdown is most often observable when the frequency

of the EMIC wave comes near the gyrofrequency stop-band. In the EMIC wave selection

criteria, this issue is mitigated in the Emin calculation by restricting the selection of the wave

frequency to below the gyrofrequency. This does not, however, fully account for hot plasma

effects. These results suggest that estimating scattering using cold plasma theory is accurate

nearly 46% of the time. It would be worth expanding this analysis to include such effects

in the future. Additionally, the results from solving the cold plasma dispersion relation may

be improved with more accurate ion composition ratios.

Although the observations of scattering signatures presented in this study provide strong

evidence for EMIC wave-driven scattering of core relativistic electron populations at low-to-

midrange pitch angles, the lack of bite-out scattering signatures does not necessarily suggest

that scattering and precipitation of relativistic electrons are not occurring. They may, in-

deed, be occurring but with energy and pitch angle ranges inconsistent with the estimations

from cold plasma theory. To determine the extent to which precipitation is consistent with

these scattering signatures requires an investigation of concurrent relativistic electron pre-

cipitation into the atmosphere. This is investigated in the next chapter.
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CHAPTER 4

Relativistic Electron Precipitation Associated with

Equatorial EMIC Wave-Driven Scattering Signatures

4.1 Introduction

In the previous chapters it was demonstrated that EMIC waves can create distinct scatter-

ing signatures in relativistic electron pitch angle distributions observed near the equator.

While providing new and quantitative descriptions of the energy and pitch angle ranges

affected by the responsible EMIC wave, these scattering signatures by themselves do not

directly quantify the real radiation belt losses taking place. These losses can be determined

by measurements of particles as they are precipitating into the atmosphere sampled using

instrumentation located at the magnetic footpoints of the EMIC waves. This chapter uses

datasets from such instruments on low-Earth polar orbiting spacecraft to extend the analysis

of EMIC wave-driven scattering signatures to associations with relativistic electron precipi-

tation (REP). This multi-point observation approach provides the first quantifiable tracing

of the impacts of EMIC waves from their equatorial observation, through resulting in situ

scattering signatures, and finally to electron precipitation into the atmosphere. These efforts

not only confirm the connection between EMIC waves and REP events, but also provide new

insights into the conditions that influence EMIC wave-driven radiation belt loss.

For many decades, precipitation of high-energy electrons into Earth’s atmosphere has

interested radiation belt scientists, and extensive investigation has begun to unravel the

various mechanisms and conditions that drive it (see R. Millan and Thorne (2007), and

Ripoll et al. (2020) and references therein). REP events characterized by localized bands or

spikes, were first attributed to EMIC waves by Thorne and Kennel (1971), who suggested
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that pitch angle scattering resulting from wave-particle interactions can lead to particle loss

to the atmosphere. Since then, numerous studies have provided strong supporting evidence

for this hypothesis through direct observation of REP (R. Millan & Thorne, 2007; Miyoshi

et al., 2008; C. Rodger et al., 2010; X. Li et al., 2014; Engebretson et al., 2015; Blum

et al., 2015; Capannolo et al., 2018). For example, electron precipitation events, which

may be responsible for radiation belt depletions of several orders of magnitude across short

timescales, commonly occur during the main phase of geomagnetic storms (Morley et al.,

2010), linking them to the conditions favorable for intense EMIC activity.

One indicator that has been used to identify EMIC wave-driven losses is the concurrent

precipitation of tens of keV protons with MeV electrons. Carson et al. (2013) developed

a detection algorithm using this technique to conduct a survey of twelve years’ worth of

precipitation data (from NOAA-POES satellites) and found 2,331 relativistic electron pre-

cipitation events characteristic of EMIC wave scattering. C. J. Rodger et al. (2015) used

the same precipitation detection algorithm introduced in Carson et al. (2013) to identify a

precipitation event, which when analyzed, was found to be consistent with an EMIC wave

measured by the Van Allen Probes around the same time. More recently, Capannolo et al.

(2018) analyzed three cases of EMIC wave-driven precipitation and found that characteris-

tics of the precipitation events were consistent with quasilinear theory applied to the wave

events in question. Chapter 2 demonstrated that EMIC waves can create distinct bite-out

scattering signatures in equatorial electron pitch angle distributions, providing evidence for

loss of MeV electrons. Various statistical studies between EMIC waves and precipitation

events have provided even more compelling evidence that EMIC waves can drive relativistic

electron precipitation. However, these studies also indicate that the coincidence rate between

EMIC wave events and REP events is typically low. Qin et al. (2020), for example, found

coincidence rates of REP to EMIC waves at 34%. In contrast, the results of the previous

chapter showed that approximately 46% of EMIC wave events were accompanied by equa-

torial scattering signatures in relativistic electron pitch angle distributions, implying that

coincidence rate might be higher.

Although efforts on this topic have led to significant confidence that EMIC waves can
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drive radiation belt losses, the reasons for typically low coincidence rates have not yet been

fully resolved, even where there is strong evidence for EMIC wave-driven scattering. Zhang et

al. (2016) for example, provided direct evidence of quasilinear relativistic electron scattering

by an EMIC wave, yet no simultaneous precipitation of relativistic electrons and energetic

ions was observed. Similarly, Usanova et al. (2014) confirmed narrowing of pitch angle distri-

butions related to EMIC waves but was unsuccessful at observing corresponding relativistic

electron precipitation. Attempts to explain this low coincidence rate have included insuffi-

cient instrumentation (precipitation rates below detector thresholds), limited scattered pitch

angle and energy ranges (due to high Emin), low trapped fluxes before the scattering event,

as well as inaccurate precipitation expectations resulting from a lack of understanding of the

role of non-linear scattering.

Qin et al. (2020) attempted to explain these coincidence rates by investigating factors

and conditions that lead to increased coincidence rates. Their results suggest that electron

plasma density and proximity to the ion gyrofrequency might be leading factors. Others have

suggested that the restriction of EMIC wave-electron gyroresonance to ultra-relativistic en-

ergies could limit the occurrence of EMIC wave-driven REP events. Even so, the connection

to EMIC waves to the point of predictability remains unclear. In addition, which conditions

and EMIC wave properties result in stronger precipitation events and, by extension, result

in more significant radiation belt losses, is unknown.

The observations presented in this chapter address these questions by comparing rela-

tivistic electron precipitation events to quantitative, observable evidence of the scattering

process taking place in the EMIC wave region. The EMIC wave events and resulting scat-

tering signatures discussed in Chapter 3 are used to compare with evidence of relativistic

electron precipitation into the atmosphere. This multi-point observation approach provides

the first quantifiable tracing of the impacts of EMIC waves from their equatorial observation,

through resulting in situ scattering signatures, and finally to electron precipitation into the

atmosphere. These effort confirm the connection between EMIC waves and REP events and

provide new insights into the conditions that influence EMIC wave-driven radiation belt loss.

Whereas previous studies have successfully linked precipitation with EMIC waves, prior to
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the observations presented in this chapter, relativistic precipitation events have never been

directly compared with quantitatively examined pitch angle scattering signatures.

4.2 Data

4.2.1 NOAA/POES and EUMETSAT/MetOp

The observations of relativistic electron precipitation presented in this chapter rely on data

gathered by the National Oceanic and Atmospheric Administration (NOAA) Polar Orbit-

ing Environmental Satellites (POES) and European Organization for the Exploitation of

Meteorological Satellites (EUMETSAT) MetOp spacecraft. This investigation uses all five

spacecraft available during the four-month interval of interest: MetOp1, MetOp2, NOAA15,

NOAA18, and NOAA19. The NOAA/POES and EUMETSAT/MetOp spacecraft all carry

the Space Environment Module (SEM-2) instrument package designed to measure energetic

electrons and ions (Evans & Greer, 2000). Included in the SEM-2 suite is the Medium En-

ergy Proton and Electron Detector (MEPED) capable of measuring electrons and protons

between 30 keV and 200 MeV. On each spacecraft there are two sets of detectors, the 0◦

detector and the 90◦ detector, mounted perpendicular to each other. It is generally accepted

that at high latitudes (greater than about ∼ 35◦) the 0◦ telescope captures the bounce

loss cone and the 90◦ telescope observes the trapped radiation belt (Gamble et al., 2008;

C. J. Rodger et al., 2010). As such, from here on out, the 0◦ telescope data is referred to as

the precipitating data, and the 90◦ telescope data is referred to as the trapped data.

The MEPED instrument has multiple channels sensitive to different particle species and

energies (see Table 4.1). The P6 channel, designed to measure protons with energy E >

6900 keV, suffers contamination of > 0.7 MeV electrons (Yando et al., 2011) making it

useful for detecting relativistic electron spikes in the absence of relativistic proton spikes

(M. I. Sandanger et al., 2009; R. M. Millan et al., 2010; Carson et al., 2013). Because the P5

channel does not have this same contamination it is used to confirm the absence of proton

spikes which would otherwise make the P6 channel unusable for this electron identification.
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Table 4.1: SEM-2 Channels
Channel Proton Energies

P1 30 keV - 80 keV

P5 2500 keV - 6900 keV

P6 >6900 keV

EMIC wave-driven proton spikes are identified in P1 data.

4.3 Methods

4.3.1 Precipitation Event Selection

Signatures of REP events are searched for in NOAA/POES and EUMETSAT/MetOp SEM-2

data (full resolution data at a 2-second cadence) when the spacecraft have conjunctions with

the Van Allen Probes at the times of EMIC wave observations. An EMIC wave conjunction

interval is defined as the period of time when a POES or MetOp spacecraft is within an

L-shell of L ±1.0, a magnetic local time of MLT ±1.5 hours, and a time of T ±1.0 hours of

the EMIC wave event of interest.

Precipitation events are automatically detected within the conjunction intervals by the

following process:

1: P6 (P1), both precipitating and trapped, data are loaded, degapped, and smoothed

using a 6-second moving window average. The resulting electron (proton) time series are

referred to as E6T (P6T ) for the trapped population, and E6P (P6P ) for the precipitating

population.

2: P6 (P1), precipitating, data are smoothed using a 60-second moving window average.

The resulting electron (proton) time series is referred to as E60 (P60).

3: Within the E6T time series, where the trapped electrons exceed 1.1∗103 counts/second

is noted. This interval marks precipitation coming from the inner magnetosphere and is

referred to as TIM .
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4: Within the overlap between TIM and Tconj a trigger is applied to the electron (proton)

data where E6P (P6P ) exceeds E60 (P60) by at least a factor of 2.

5: P6 and P1 data (both trapped and precipitating) are smoothed using a 30-second

moving window average and the ratio of the precipitating-to-trapped flux is calculated. These

are referred to as RE15 and RP15, respectively.

6: Within the overlap between TIM and Tconj a trigger is applied for electrons (protons)

when RE15 (RP15) is greater than 0.25.

An EMIC wave conjunction interval is counted as having a precipitation event if there

is a trigger in the RE15 data. This is a signature of an increased precipitating-to-trapped

electron ratio as a result of scattering towards the loss cone. The precipitation event criteria

does not require simultaneous triggers in the electron count rate data or in the proton data.

While a strong spike in the electron count data is a common signature used by other authors

(Hyun et al., 2014; Clilverd et al., 2015; Yahnin et al., 2016) to identify scattering by EMIC

waves, in cases where the trapped count rate is initially low, the precipitating counts will

be low as well making it so that any increases in precipitating electrons is within the noise

and difficult to detect. RE15 is immune to this problem and allows for identification of

precipitation increases. The proton triggers are also somewhat unreliable, particularly in

cases where any spike due to EMIC waves is obscured by signatures of curvature scattering.

It should be noted that the precipitating-to-trapped ratio may be found to be greater than

one. This is an unphysical effect resulting from radiation damage to the trapped detectors

(Galand & Evans, 2000; M. I. Sandanger et al., 2015; Asikainen et al., 2012). While not

used in the precipitation event criteria, the electron count, proton count, and proton ratio

triggers are used in the event analysis.

4.3.2 Example Events

Shown below are three example REP events to demonstrate the use of the automatic de-

tection process described in Section 4.3.1. These events correspond to the three scattering

events presented as examples in Chapter 3. Figure 4.1 shows a positive REP event detec-
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tion associated with the strong helium-band EMIC wave of Event 34 that resulted in a high

scattering score. Panel (a) shows the electron count data (both precipitating and trapped),

with the black dots indicating where the detection algorithm is triggered. Panel (b) shows

the corresponding trigger for the electron ratio data when it exceeds 0.25. Panels (c) and (d)

show similar triggers, indicating there was concurrent proton precipitation as well. Analysis

of the wave and plasma properties performed in Chapter 3 suggested that this wave had

a minimum resonant energy of ∼ 2.0 MeV. A visually identifiable scattering signature was

present in the REPT electron pitch angle distribution and its scattering score was calculated

to be s ≥ 0.5. This precipitation event was detected because of a precipitating-to-trapped

electron ratio of RE15 > 0.25, and the evidence of precipitation of > 0.7 MeV electrons as

well as the concurrent proton precipitation confirm real radiation belt losses.

Figure 4.2 presents a similar case. Event 91 is a strong helium-band wave that had a

small Emin (∼ 2.0 MeV). Like Event 34, this EMIC event is also associated with a scattering

signature with s ≥ 0.5. An associated REP event was positively identified by a trigger in

RE15 which was accompanied by triggers in electron count rate, proton count rate, and

RP15. This precipitation event is another example of real radiation belt losses resulting

from an EMIC wave.

Figure 4.3, however, shows the case where Event 2, which was a weak EMIC wave and

only resulted in a low scattering score, s < 0.5. This may suggest that EMIC waves that

result in low scattering scores will not have associated REP events. The next section expands

beyond these three examples to explore the connection between scattering signatures and

REP events.

4.4 Observations

Between the months of February through May 2017 the Van Allen Probes collectively ob-

served 147 EMIC wave events that met the criteria described in Chapter 3. Of these events,

all but one had at least one conjunction interval with a polar orbiter. Since it is common

that one EMIC wave event can have a conjunction with more than one polar orbiter, only the
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Figure 4.1: Relativistic electron and keV proton precipitation associated with helium-band

EMIC wave Event 34. Panels (a) and (c) are representative of the strength of the precip-

itation event for electrons and protons respectively, presented in counts per second. Black

dashed line shows the 60 second smoothed precipitating data. The blue bar indicates the

interval where the trapped electron flux is above 1.1E3, representative of the inner magneto-

sphere. Panels (b) and (d) show the precipitating-to-trapped ratios of electrons and protons,

respectively. Black dots in each panel represent where the automatic detection triggered an

event. The gray shaded region is the conjunction interval with the EMIC wave captured by

RBSP. 60



Figure 4.2: Relativistic electron and keV proton precipitation associated with helium-band

EMIC wave event 91. Panels (a) and (c) are representative of the strength of the precip-

itation event for electrons and protons respectively, presented in counts per second. Black

dashed line shows the 60 second smoothed precipitating data. The blue bar indicates the

interval where the trapped electron flux is above 1.1E3, representative of the inner magneto-

sphere. Panels (b) and (d) show the precipitating-to-trapped ratios of electrons and protons,

respectively. Black dots in each panel represent where the automatic detection triggered an

event. The gray shaded region is the conjunction interval with the EMIC wave captured by

RBSP.
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Figure 4.3: Relativistic electron and keV proton data associated with helium-band EMIC

wave event 2, without an associated precipitation event. Panels (a) and (c) are representative

of electrons and protons counts respectively. Black dashed line shows the 60 second smoothed

precipitating data. The blue bar indicates the interval where the trapped electron flux

is above 1.1E3, representative of the inner magnetosphere. Panels (b) and (d) show the

precipitating-to-trapped ratios of electrons and protons, respectively. The gray shaded region

is the conjunction interval with the EMIC wave captured by RBSP.
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Figure 4.4: Precipitation event occurrence associated with EMIC wave-driven scattering

signatures, categorized according to scattering score.

precipitation event with the highest precipitating electron count rate is used. Using the pre-

cipitation detection algorithm previously described it is found that 55 out of the 146 EMIC

wave events, roughly 38%, are accompanied by a REP event on at least one spacecraft. Of

the 55 events, 8 did not have a trigger in the electron count data (E6P ), 18 lacked a trigger

in the proton count rate data (P6P ), and 3 had no trigger in the RP15 data.

Figure 4.4 compares the scattering score of EMIC wave events to the occurrence of

precipitation. For the 39 events with low scattering scores (s < 0.25) less than 35% resulted in

a REP event. Similarly, for EMIC events with mid-range scattering scores (0.25 ≤ s < 0.5),

almost 35% resulted in a REP event. Only in the category of high scattering scores, s ≥ 0.5,

is the fraction of precipitation events the majority at over 70%.

Figure 4.5 shows the relationship between the precipitation events and the scattering

score, s, for the EMIC wave events. Note that if a particular EMIC wave event had emissions

in both the helium band and proton band, and as such, a scattering score associated with

each, the higher scattering score is used for this comparison. It is immediately clear that
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Figure 4.5: (Left) Strength of precipitation event E6P , in counts per second, for EMIC

wave events that resulted in relativistic electron precipitation, in association with scattering

score, s. (Right) Precipitating-to-trapped ratio, RE15, for EMIC wave events that resulted

in relativistic electron precipitation, in association with scattering score, s.

precipitation events with a higher electron count rate, E6P and events with a higher electron

precipitating-to-trapped flux ratio, RE15, were more likely to result from EMIC events with

s ≥ 0.5.

The median strength of all REP events is 4,390 counts/s, while the median strength of

REP events associated with s ≥ 0.5 EMIC events is 12,926 counts/s. Similarly, the median

electron precipitating-to-trapped ratio, RE15, is 0.56 for all events and 0.95 for EMIC events

with s ≥ 0.5. For REP events that included triggers in the proton data, the median strength

of proton precipitation is 22,052 counts/s for all events and 31,291 for EMIC events with

s ≥ 0.5. Unlike the electron ratio results, the proton ratio results, RP15, were nearly

identical for the two categories: the median ratio, RP15 is 1.34 for all events and 1.35 for

high s events.

Next, Figure 4.6 shows the relationship between the EMIC wave frequency proximity

to the ion gyrofrequency and the scattering score for events where REP was positively

identified. In this comparison a clear trend is seen. As the wave frequency approaches the ion
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Figure 4.6: Proximity of EMIC wave frequency (ω) to the local ion gyrofrequency (Ω) for

events that resulted in a precipitation event, in association with scattering score, s.

gyrofrequency the wave event is more likely to have a scattering score of s ≥ 0.5. Similarly,

for wave events further from the ion gyrofrequency, a low scattering score (s < 0.25) is more

likely.

Figure 4.7 compares the REP events with the electron plasma density measured by EM-

FISIS on the Van Allen Probes. The left side of the figure compares the density with the

REP event count rate. There is an almost even distribution of REP events between the

lowest count rate and highest count rate, with the median count rate having the highest

fraction of mid-range and high electron density. The right side of the figure compares the

density with RE15. For the lowest values of RE15, there are no events associated with high

density, and the fraction of low density events is roughly the same for the lowest RE15 and

the highest RE15.

A more interesting relationship might exist between the precipitation events and the
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Figure 4.7: (Left) Strength of precipitation event c, in counts per second, in association with

electron plasma density, n(cm−3), measured by the EMFISIS instrument on RBSP. (Right)

Precipitating-to-trapped ratio, R, of precipitation event, in association with electron plasma

density measured by the EMFISIS instrument on RBSP.

ratio of the electron plasma frequency and the electron gyrofrequency (ωpe/Ωe). It has been

suggested that minimum resonant energies reaching below 2.0 MeV might only be possible

where ωpe/Ωe ≥ 10, corresponding to regions of lower magnetic field strength and higher

plasma density (Meredith et al., 2003; Summers & Thorne, 2003; Sandanger et al., 2007).

Therefore, it may be reasonable to expect a positive correlation between a higher RE15 and

a higher ωpe/Ωe, as a lower Emin should free up a larger portion of the electron population

to be scattered. Figure 4.8 shows the trend between the precipitating-to-trapped electron

ratio, RE15, and ωpe/Ωe, extracted from Level4 EMFISIS data. This figure shows that REP

events with higher RE15 were more likely to be associated with smaller ωpe/Ωe than events

with lower RE15. Similarly, there were a higher proportion of events with high ωpe/Ωe for

lower RE15 than for higher RE15.
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Figure 4.8: Precipitating-to-trapped ratio, RE15, of precipitation event, in association with

the ratio of the electron plasma frequency to the electron gyrofrequency.
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4.5 Discussion

This investigation sought out to provide direct quantitative evidence connecting EMIC wave-

driven scattering signatures to real radiation belt losses. This was achieved by searching for

evidence of relativistic electron precipitation in POES/MetOp data when the spacecraft were

in conjunction with EMIC waves observed by the Van Allen Probes. The first notable result

is that the EMIC wave to REP event coincidence rate found here is in general consistent with

what has been reported in literature previously. Qin et al. (2019) reported a coincidence rate

of 27%, while Qin et al. (2020) found a coincidence rate of 34% in an extended statistical

analysis.

The increased rate reported here in comparison to these studies may have a number

of explanations. For one, the event selection criteria used here does not depend on the

precipitating count rate, as is traditionally used. Instead, it relies solely on an increase in

the precipitating-to-trapped electron ratio as an indicator of scattering. Leaving out REP

events that did not trigger the electron count rate would have resulted in a coincidence

rate of 6% less. Another reason why the coincidence rate reported here might be higher

than previously reported is that the selection criteria is independent of concurrent proton

precipitation. While the concurrent precipitation of MeV electrons and 10s of keV protons is

often used as an indicator of EMIC wave activity, it was left out in this study because it was

found that in many cases, evidence of curvature scattering resulted in high precipitating count

rates masking any spikes due to EMIC waves. Roughly one third of the electron precipitation

events did not have concurrent proton precipitation. Leaving these events out would result in

a decrease of the EMIC wave - REP coincidence rate by 13%. Confidence in the strategy to

leave out this proton precipitation requirement and still be able to attribute the REP events

to EMIC waves comes from the strict conjunction interval criteria that provides sufficient

evidence that the REP event is a result of the EMIC wave. It is reasonable to suggest that

requiring the concurrent spikes may result in an undercounting of the EMIC-wave - REP

coincidence rate.

With the coincidence rate established, it becomes important to understand the conditions
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that influence the REP events. This is done by comparing the REP events with the EMIC

wave-driven scattering signatures discussed in Chapter 3. In general it was found that

strong relativistic electron precipitation events (measured by the precipitating count rate)

are associated with EMIC waves that drove scattering signatures with higher s scores in

the radiation belts. REP events were just as likely to occur for EMIC wave events with

s < 0.25 as with 0.25 ≥ s < 0.5. The three case studies presented in the beginning of

Section 4.4 are representative of this fact. Events 34 and 91, which both had scattering

scores of s ≥ 0.5 resulted in positive detection of a precipitation event, while Event 2, which

has a low scattering score, did not. Since the scattering score is a measure of how well a

scattering signatures is visually identifiable and how well its shape can be predicted by cold

plasma theory, this result suggests that the more pronounced a scattering signature appears

in the equatorial pitch angle distribution, the more significant the precipitation spike is.

On the other hand, from the fact that there are REP events associated with low scattering

score events, it is apparent that clear bite-out scattering signatures are not necessary for

precipitation to occur. Precipitation may, in fact occur for these types of events. What is

clear is that a high scattering score (s ≥ 0.5) is a dominant factor in a REP event being

observed. This is also supported by the fact that REP events with higher count rates and

precipitating-to-trapped ratios were more likely to result from EMIC wave scattering events

with high scattering scores.

Figure 4.6 may provide one reason why larger scattering scores result in more signifi-

cant REP events. It is known that as the frequency of an EMIC wave approaches the ion

gyrofrequency, the minimum resonant energy is decreased. Since the flux of a population

of radiation belt electrons increases with decreasing energy, it follow that a lower Emin can

result in greater counts of precipitating electrons. Figure 4.6 shows that higher scattering

scores are most likely to result from waves closer to the gyrofrequency. Combining this ob-

servation with the relationship in Figure 4.5 suggests that higher scattering scores result in

stronger precipitation in terms of count rate. This may explain why Qin et al. (2020) saw

increased coincidence rates when the EMIC waves approach the ion gyrofrequency. What is

interesting to note is that the more significant correlation between precipitation and scatter-
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ing signatures exists with the proximity to the gyrofrequency, and not, as might be expected,

with background plasma density. Previous studies have linked plasma density with REP,

though it is likely that the dependence between the two is limited to the formation of the

EMIC waves, and not on the ability of the EMIC waves to scatter relativistic electrons into

the loss cone. The lack of a clear correlation in Figure 4.7 supports this idea.

The relationship in Figure 4.8 is at contrary to initial presumptions. It was expected that

lower minimum resonant energies (which might result in higher RE15 ) should occur during

periods of higher ωpe/Ωe (Meredith et al., 2003; Summers & Thorne, 2003; Sandanger et

al., 2007). Figure 4.8 shows the opposite. This apparent contradiction can be explained by

considering that lower ωpe/Ωe ratios have been associated with more active times (Agapitov et

al., 2020). More active times were also connected to stronger scattering signatures in Chapter

3, and stronger scattering signatures were found to result in precipitation events with higher

precipitating-to-trapped flux ratios in Chapter 4. By transitive logic, this suggests that more

active times should result in higher precipitating-to-trapped flux ratios. This is confirmed

in Figure 4.9, which shows a slight trend that there is an increased proportion of high AE

intervals associated with high RE15. The weakness of the trend is likely due to the low

number of events. It follows that as more active times are associated with lower ωpe/Ωe,

lower ωpe/Ωe might actually be associated with higher RE15. This is in fact what is seen in

Figure 4.8.

The EMIC wave - REP connection through the context of geomagnetic activity deduced

here is consistent with many previous observations (Horne et al., 2009; Carson et al., 2013;

Douma et al., 2018) and provides additional insight into why this is the case. The observa-

tions presented here suggest that REP events occur during active times, not only because

of increased EMIC activity, but also due to an increased likelihood for the EMIC waves to

result in notable scattering signatures. Since the observations in this study took place during

relatively quiet conditions (no evidence of geomagnetic storms) it may be the case that the

coincidence rate reported here may be used as a lower bound for estimating the impact that

EMIC waves have on the radiation belts. Under more active conditions the coincidence rate

using this methodology may be larger.
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Figure 4.9: Precipitating-to-trapped ratio, RE15, of precipitation events in association with

AE activity.
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It was also found in Chapter 3, that EMIC waves with greater wave power resulted in

higher scattering signatures. By a similar logic, stronger EMIC waves are more likely to

result in stronger REP events. This is also consistent with previous observations, however,

it remains unclear why this is the case. Since the wave power does not affect the pitch

angle cutoffs of scattering, and the simultaneous observation of the waves and scattering

signatures already implies strong diffusion timescales, it seems reasonable that the stronger

precipitation related to stronger EMIC waves is not an artifact of Emin or diffusion timescale.

The key findings of this chapter are summarized as follows:

1. The coincidence rate between EMIC waves and REP events is 38%.

2. Relativistic electron precipitation events preferably occur for EMIC wave events that

created scattering signatures with s ≥ 0.5.

3. The strength of REP events in counts/s is typically greater for scattering signatures with

s ≥ 0.5.

4. The precipitating-to-trapped electron ratio, RE15, is typically greater for scattering

signatures with s ≥ 0.5.

5. The strength and RE15 of REP events is correlated with proximity to ion gyrofrequency

while no significant correlation exists with electron plasma density.

6. Precipitation events are more likely to result from EMIC waves with larger wave power

and those generated during more active geomagnetic conditions.

The concluding chapter will comment on the implications this has on the field of radiation

belt dynamics and comment on the opportunity for future work.
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CHAPTER 5

Conclusions and Future Work

5.1 Conclusions

This dissertation presents a comprehensive quantitative study statistically connecting EMIC

wave-driven scattering signatures with radiation belt depletion. This was done by system-

atically addressing three key questions related to the physics of EMIC waves. The focus of

Chapter 2 was to address the first question: How is EMIC wave activity related to outer ra-

diation belt relativistic electron pith angle distributions and observed fluxes? A single EMIC

wave event case study was presented. The EMIC wave event was a strong helium-band

wave that was captured by RBSP-A in February 2017. The event occurred during a time

of enhanced conditions preferential for EMIC wave growth. Observed simultaneously with

the wave was an energy and pitch angle dependent bite-out scattering signature. To confirm

that this bite-out was a result of pitch angle scattering by the observed EMIC wave, rough

estimations of the minimum resonant energy and pitch angle scattering cutoffs were made

using the cold plasma dispersion relation. The minimum resonant energy was found to be

roughly ∼ 2.0 MeV indicating that evidence of scattering should be present in the pitch

angle distributions of electrons with energy E ≥∼ 2.0 MeV. Qualitatively, this matched

what could be seen in the REPT data by eye. By overplotting the pitch angle cutoff esti-

mations on the REPT data, it was found that the estimations were in good agreement with

the bite-outs. This provided strong support that the bite-out was in fact created by the

observed EMIC wave. By inspecting the drift shell region corresponding to the location of

the wave (L∗± 5.0) a few hours before and after the main observation, it was found that the

scattering signature developed over the course of a few hours during a period of sustained
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EMIC activity. Three main conclusions were drawn from these observations in support of

the motivating question:

1. Electromagnetic ion cyclotron waves and their effect on megaelectronvolt electrons are

highly localized in L.

2. The presence of electromagnetic ion cyclotron waves can be inferred from their effect on

the electron pitch angle distribution.

3. Electromagnetic ion cyclotron waves can have lasting impacts on radiation belt dynamics.

This new understanding about the impacts of relativistic electrons on the radiation belts can

be directly observed in pitch angle distributions motivated the next inquiry.

Chapter 3 expanded the work done in Chapter 2 to a statistical analysis to address

the second question: Do EMIC waves drive scattering signatures of core populations (≤∼

2MeV ) of outer radiation belt electrons, and what are the preferred conditions to influence

these signatures? In this line of questioning, core populations mean electrons with energies

E ≤∼ 2.0 MeV. From the case study in Chapter 2, it was seen that these core populations

were in fact affected by the EMIC wave, but the interaction was limited to field aligned

particles at these energies. This statistical investigation relied on the development of a

standard measure of how well predicted pitch angle cutoffs predict an EMIC-wave driven

scattering signature. This scattering signature score technique uses the same methods as

the analysis in Chapter 2, but with some improvements and automation. The technique

was applied to a set of EMIC waves captured by the Van Allen Probes during a period

of 4 months when the spacecraft were near the dusk-side plasmasphere. The observations

included a median minimum resonant energy that fell below 2.0 MeV in ∼ 28% of EMIC wave

events surveyed. In addition to determining the Emin, scattering signatures were identified

and analyzed associated with the wave events. The key findings are summarized as:

1. EMIC waves are capable of driving loss of core electron populations about a third of the

time during quiet conditions.

2. Approximately 46% of EMIC wave events were co-located with relativistic electron pitch

angle scattering signatures.

3. The presence of scattering signatures is dependent on geomagnetic activity and wave
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power, with increases in each being preferable for the creation of the signatures.

Lastly, Chapter 4 asks the final question needed to provide the end-to-end picture of

EMIC wave-driven relativistic electron losses: To what extent are EMIC wave-driven scat-

tering signatures associated with relativistic electron precipitation events and what are the

intensities of these precipitation events? Chapter 4 took the EMIC events and scattering

signatures identified in Chapter 3 and associated them with relativistic electron precipitation

events observed by polar orbiting spacecraft. This additional dataset provides direct evidence

of radiation belt losses resulting from the EMIC waves. The study was accomplished by au-

tomatically detecting precipitation events in conjunction with the EMIC events triggered

by increases in the precipitating to trapped electron ratio. These precipitation events were

compared with the scattering signatures determined in Chapter 3. The major conclusions

of this chapter are:

1. The EMIC wave to relativistic electron precipitation event coincidence rate is 38%.

2. Precipitation events are preferentially identified for EMIC wave events that resulted in

strong scattering signatures.

3. Stronger precipitation events are associated with EMIC waves closer to the ion gyrofre-

quency and with higher scattering scores.

In summary, this dissertation shows through direct quantitative evidence that EMIC

waves can drive losses of core radiation belt electrons, and that these losses can be indirectly

observed through bite-out scattering signatures and directly observed with associated rela-

tivistic electron precipitation. Figure 5.1 summarizes the end-to-end relationships of EMIC

wave-driven relativistic electron losses discovered throughout this work.

5.2 Future Work

The research presented in this dissertation opens up new avenues for improved research

into the impacts EMIC waves have on the radiation belts. Most immediately, this work

demonstrates that EMIC wave activity as well as EMIC wave-driven losses can be inferred

from relativistic electron pitch angle distributions. The localized nature of EMIC waves
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Figure 5.1: End-to-end description of the EMIC wave-driven relativistic electron loss pro-

cess as determined in this work. Black arrows represent relationships uncovered by the

studies presented in this dissertation, while the blue arrows represent relationships that were

previously known and well supported.

makes them highly elusive and often difficult to capture and study. The technique of using

scattering signatures as a proxy for EMIC activity can lead to increased opportunity to

investigate radiation belt losses.

Related, there are significant opportunities for increased fidelity in predicting scattering

signatures. The work presented here limited the analysis to cold plasma approximations,

however, the inclusion hot plasma effects can improve the prediction of EMIC wave-scattering

signatures. Additional improvements can come from increased precision in ion composition

ratios (which are traditionally difficult to measure due to the cold temperature of the ions),

plasma density estimations, as well as the inclusion of non-linear scattering effects. It has

been suggested that non-linear interactions between EMIC waves and electrons may play

a significant role in influencing scattering into the loss cone. Albert and Bortnik (2009),

for example, found using a test particle analysis that non-linear interactions can lead to

scattering away from the loss cone. This effect could explain why some EMIC wave events

were not associated with expected scattering signatures. This effect is likely more significant
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with larger amplitude waves (Liu et al., 2010). On the other hand, some investigations

have shown the potential for non-linear resonances to increase losses, particularly in cases of

harmonic resonance (G. Wang et al., 2017). In future studies, it will be valuable to consider

how these non-linear interactions relate to precipitation events.Such improvements can lead

to increased accuracy of scattering signature predictions.

This increased accuracy can then be paired with newer and higher resolution measure-

ments of precipitating electrons. Although useful for a first order indication of precipitation,

the POES MEPED instrument suffers a number of issues that limit the comparison to scat-

tering signatures that can be performed. As discussed in Chapter 4, the P6 detector is

sensitive to electrons with energies E > 0.7 MeV (Yando et al., 2011). Above this lower

bound energy, MEPED cannot distinguish further between different energy populations. A

truer comparison between the scattering signatures captured by REPT and relativistic elec-

tron precipitation events could come from particle instrumentation designed with increased

resolution of electrons in the energy range between 0.5 and 5.0 MeV. Additional shortcom-

ings of the MEPED instrument come from not only a lack of sufficient angular resolution

to extract a pitch angle distribution (the detectors have a field of view of ±15◦ (Evans &

Greer, 2000)), but also from uncertainties in the pitch angle populations being measured by

the two orthogonal detectors. C. Rodger et al. (2010) reported that the particle populations

sampled by the detectors are dependent on location. The 0◦ detector, normally samples only

the bounce loss cone, but at lower latitudes can sample the drift loss cone as well, poten-

tially including populations of electrons that are becoming lost due to other processes besides

EMIC wave-driven scattering. Additionally, at very high latitudes, the 0◦ detector cannot

observe the full bounce loss cone, so reported fluxes will not fully correspond to the entire

precipitating population. The 90◦ detector similarly lacks some consistency in the popula-

tion it is sampling as well. At many locations, this detector samples a mix of trapped and

precipitating particles, introducing some unreliability in using the detector as a pure mea-

surement of trapped particles. A more recent analysis of the MEPED instrument performed

by Selesnick et al. (2020) emphasizes the inaccuracies of using the 0◦ telescope to fully rep-

resent the precipitating electron population. In this study, angular response functions show
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that the 0◦ detector is more sensitive to electrons at high incident angles, corresponding to

populations that can be measured by the 90◦ detector. This can result in an over estimation

of the precipitating fluxes.

Many of these issues with comparing the scattering signatures with relativistic electron

precipitation can be addressed by emerging and improved datasets. The EPD-E instrument,

flying on the ELFIN Mission (Angelopoulos et al., 2020) that launched into low-Earth orbit

in 2018, was designed to measure electron precipitation due to EMIC wave-driven scatter-

ing. This detector has an energy range of 50 keV - 5 MeV with a δE/E ∼ 40% and an

additional integral channel for greater than 5 MeV. The EPDE full-width half max of the

detector response is 33.75◦, providing an ideal data set for future studies comparing scatter-

ing signatures with relativistic electron precipitation events. The success of this mission also

highlights the affordability and utility of expanding the number of low-Earth orbiting parti-

cle detectors which will broaden the opportunity for coincident EMIC wave and relativistic

electron precipitation observations such as those presented in this dissertation.

Combining the knowledge gained from this dissertation with the new methods for ana-

lyzing scattering signatures and new data sets can lead to significant improvements in un-

derstanding the variability of the radiation belts. Ultimately, this leads to increased fidelity

of space weather modelling and forecasting capabilities and improved situational awareness

for our space-based assets.
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APPENDIX A

Supplemental Information

A.1 Geomagnetic Conditions

The catalog of EMIC waves used in Chapters 3 and 4 were observed during the months

of February through May of 2017. For most of this time period geomagnetic conditions

were relatively calm (see Figure A.1). With the exception of three instances, the Sym-H

parameter remained above -50 nT and showed no indication of major geomagnetic storms.

The Kp index was typically below 4, also indicating quiet to moderate storm activity. The AE

index shows multiple occurrences of increases in auroral activity, but only rising above 1000

nT at the end of May. The bottom panel of Figure A.1 shows the times when EMIC waves

were observed by the Van Allen Probes for comparison with the geomagnetic conditions. In

general, the occurrence of EMIC wave events clustered around increased AE activity, which

is consistent with increased substorm injection that can drive the anisotropy need to excite

EMIC waves. It is noted that at the time of the largest change in all geomagnetic parameters

towards the end of May 2017, there was not sufficient data to determine scattering scores

for the associated EMIC waves.

A.2 Scattering Signature Methodology

The following figures provide insight to the scattering signature methodology, using Event

34 as an example. Figure A.2 shows how the frequency of the EMIC was is automatically

selected using the criteria described in Chapter 3. The black dots in the top panel show

the frequency of the wave that is selected for the analysis. The middle panel shows the
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Figure A.1: Geomagnetic conditions during the four-month study. The blue ‘+’ symbols

indicate the times that EMIC waves were observed by either RBSP-A or RBSP-B.
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Figure A.2: Steps 1 and 2 of the scattering signature methodology applied to Event 34.

derived minimum resonant energy for the full duration of the helium-band wave. The bottom

panel presents the resulting maximum pitch angle at different electron energies (red colors

representing higher energies.)

Figure A.3 overplots the pitch angle cutoffs for both the helium-band (dashed lines) and

proton-band (solid lines) waves on the pitch angle bite-out in the REPT data. It can be seen

in this figure that the shape of the bite-out is mostly dictated by the helium-band wave.

Figure A.4 visually represents how the K-S statistic is determined, by showing the com-

parison between the bite-out distribution and the undisturbed distribution (pre-bite out).

The left side of the panel shows the normalized flux as a function of pitch angle, while the

right side shows the resulting K-S Significance Level. It is clear from this figure that the

greater the difference between the bite-out distribution and the undisturbed distribution,

the lower the significance level.

A.3 Temperature Effects on EMIC Wave Propagation

The excitation and propagation of EMIC waves is often described using assumptions that the

wave exists in a cold (a few eV), uniform plasma (Albert, 2003; Summers & Thorne, 2003;

Summers et al., 2007a, 2007b). Under this treatment, solving the dispersion relation (given

81



Figure A.3: Step 3 of the scattering signature methodology applied to Event 34. The dashed

black lines are the pitch angle boundary estimates for the helium-band wave and the solid

black lines are the pitch angle boundary estimates for the proton-band wave.

Figure A.4: Step 4 of the scattering signature methodology applied to Event 34.
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in Chapter 1 by Equation 1.3) for wave frequencies at or near the gyrofrequencies will result

in imaginary values for the wave vector k. This suggests that within these frequency ranges,

or stop-bands, field-aligned wave propagation is not possible. The location of the stop-bands

can be roughly predicted if, among other variables, the ion density and electron density is

known (Albert, 2003). Typically, these stop-bands start just before the ion gyrofrequencies

and extend through the cutoff frequencies (Summers & Thorne, 2003). Outside of the stop-

bands, as the wave frequency increases towards the ion gyrofrequency, the wave vector k

approaches infinity which can result in an unrealistically low estimation of Emin if hot plasma

affects are ignored.

Whereas the cold plasma approximation can provide a useful simplified description of

EMIC wave propagation, the inclusion of hot plasma effects in some cases, for example, when

the hot proton density becomes comparable to the cold plasma density, can significantly alter

the estimation of the wave vector k. Silin et al. (2011) investigated the thermal effects on

EMIC wave interaction with electrons using the kinetic dispersion relation, Equation A.1,

where Aj is the temperature anisotropy and vTj is the thermal velocity.

Ω2 = c2k2 −
∑
j

ω2
pj(Aj)− ((Aj + 1)(Ωj − Ω)− Ωj)

Z(zj)

kvTj

(A.1)

Using this treatment, Silin et al. (2011) found that when thermal effects are included,

EMIC waves can be excited at the ion gyrofrequencies and within the stop bands. Ad-

ditionally, k remains finite near the ion gyrofrequencies, preventing Emin from dropping

unrealisitcally low. Chen et al. (2013) similarly evaluated the effects of using an improved

dispersion relation that retained thermal terms, and compared the results to estimations

from the CPA. This study found the CPA works well in H+ plasmas, but significant differ-

ences between the kinetic description and cold plasma description occur for He+ waves in a

H+-He+ plasma near the helium gyrofrequency. As a result, Chen et al. (2013) suggests that

estimations for k found using the CPA for wave frequencies near the helium gyrofrequency

might be poor.

Throughout these chapters, estimations for the minimum resonant energy an pitch angle
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cutoffs for observed EMIC waves are based on solving the CPA for the wave vector k.

The dispersion relation for the CPA was chosen not just for its relative simplicity, but also

because it produced reasonable approximations for pitch angle cutoffs that could be verified

by eye in test cases. As noted in Chapter 3, for EMIC waves that had frequencies at the

ion gyrofrequencies, the wave frequency selected was 0.05 Hz below Ωj to avoid the CPA

issues discussed above, while maintaining the computational simplicity provided by using

the CPA. The selection of 0.05 Hz for subtracting from Ωj was empirically chosen using a

sample of test cases. In these test cases, this choice resulted in a frequency selection that

was just outside the stop-band, providing a real solution for k for the majority of the wave

duration. This technique allowed for the evaluation of more EMIC wave events that would

have otherwise been unusable. It is noted, however, that future efforts in estimating EMIC

wave scattering signatures might be improved by incorporating kinetic plasma effects in the

approximation of k.
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