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Abstract

Electron loss to the atmosphere plays a critical role in driving dynamics of the Earth’s Van Allen
radiation belts and slot region. This is a review of atmospheric loss of radiation belt electrons
caused by plasma wave scattering via Doppler-shifted cyclotron resonance. In particular, the
focus is on observational signatures of electron loss, which include direct measurements of
precipitating electrons, measured properties of waves that drive precipitation, and variations in
the trapped population resulting from loss. We discuss wave and precipitation measurements
from recent missions, including simultaneous multi-payload observations, which have provided
new insight into the dynamic nature of the radiation belts.

Introduction

The Van Allen radiation belts are toruses of semi-trapped, high-energy electrons and ions
surrounding the Earth [e.g. Van Allen, 1959]. Typical belt structure consists of an inner zone of
stably-trapped energetic ions and electrons, and a dynamic outer zone of energetic electrons.
These are often separated by a slot region devoid of energetic particles. Storm-time dynamics of
the radiation belts arise from competition of a number of time-varying processes that enhance or
deplete energetic electron populations. These include energization or de-energization from radial
transport [Li et al., 1997; Shprits et al., 2006], outer boundary loss [Turner et al., 2012; Hudson
et al., 2014; Ukhorskiy et al., 2015], dramatic local acceleration events [Horne et al., 2005;
Thorne et al., 2013; Matsui et al., 2017], and steady or bursty precipitation loss to the
atmosphere [Thorne et al., 2010; Millan et al., 2011]. The complex interplay of these processes,
driven by a dynamic solar wind [Hudson et al., 2008; Reeves et al., 2011; Li et al., 2015c;
Boynton et al., 2017] and influenced by pre-storm magnetospheric conditions [Kilpua et al.,
2015], ultimately leaves the radiation belts enhanced, depleted, or relatively unchanged over pre-
storm levels. [Friedel et al., 2002; Reeves et al., 2003; Turner et al., 2015; Moya et al., 2017]

Understanding the relative importance, time-variability, and interrelationships of these
drivers is required for predicting short- and long-term space weather. Enhanced predictive
capability [Baker et al., 2012; Meredith et al., 2017] provides the foundation for mitigation
strategies protecting satellites against accumulated radiation dose or single event damage [Wrenn
and Smith, 1996; Horne et al., 2013a], enhancements in GPS accuracy, and understanding the
effects of space weather on climate via modification of upper atmosphere chemistry [Miranova
et al., 2015] including ozone depletion [Andersson et al., 2014].

This review focuses on one aspect of this complex system; loss of energetic (>~100 keV),
relativistic (>500 keV) and ultra-relativistic (>2 MeV) electrons to the atmosphere through



Doppler-shifted cyclotron resonance with waves. In particular, the focus is on observational
signatures of electron precipitation and comparison with measured properties of the plasma
waves that drive a substantial part of this loss. Section 1 reviews the basics of Doppler-shifted
cyclotron resonance scattering of electrons by plasma waves, along with quasi-linear theory,
which is the dominant paradigm for describing the collective effects of scattering. We provide a
brief overview of the various types of energetic electron precipitation observed, followed by a
review of the three waves most responsible for causing radiation belt precipitation loss:
plasmaspheric hiss, chorus, and electromagnetic ion cyclotron (EMIC) waves. Section 2 then
discusses the structure and dynamics of the radiation belts, and in particular the role cyclotron
resonance scattering via these three waves plays in dictating belt morphology. Section 3 presents
recent single-satellite observations of wave properties, and simultaneous, multi-payload
comparative observations of waves and precipitation. These observations provide further insight
into resonant scattering and allow close comparison of waves and precipitation loss, necessary
for testing models. We conclude this review by discussing important current issues being
explored, new approaches to radiation belt understanding (modeling), and the usage of new
techniques that promise to enhance our understanding of precipitation loss via Doppler-shifted
cyclotron resonant scattering.

1: Background:

1.1 Doppler-shifted cyclotron resonance and quasi-linear theory

Magnetospheric electrons have helical trajectories that are a combination of cyclotron
motion about the magnetic field and translation along the field line. The vector sum of these
motions describes a cone of velocity vectors with a pitch angle relative to the magnetic field. In
the magnetosphere, these electrons exist in a magnetic bottle configuration. As electrons
propagate to higher magnetic latitudes, magnetic field line convergence produces an effective
mirror force opposing the electron motion. For electrons with pitch angles outside of the loss
cone, this force is sufficient to reverse the guiding center motion, sending the electrons back
towards the opposite hemisphere and effectively trapping them inside the magnetic bottle.
Electrons with pitch angles inside the loss cone, however, have sufficient velocity parallel to the
background field to overcome this mirror force, and will precipitate into the atmosphere. Due to
the azimuthally asymmetric nature of the Earth’s magnetic field, the size of the loss cone varies
with geographic longitude and hemisphere. Particles scattered into the bounce loss cone (BLC)
will precipitate within a single bounce period, while particles scattered into the larger drift loss
cone (DLC) will precipitate within one drift period once they reach a region of weaker magnetic
field called the South Atlantic Anomaly.

Electrons trapped in the magnetic bottle geometry can be scattered into the loss cone by
interaction with circularly/elliptically polarized waves in a process called Doppler-shifted
cyclotron resonance [e.g. Tsurutani and Lakhina, 1997]. Normal resonance occurs between a
counter-streaming electron with field-aligned velocity vy, and right-hand polarized wave, with
field-aligned wave number k| and angular frequency w<wmce, where wce is the cyclotron
frequency. Resonant electrons observe the wave Doppler-shifted to an integral multiple n (n=0,
+/-1, +/-2, ...) of their cyclotron frequency, satisfying the resonance condition:

o - KV = nQcely, 1)
where y is the relativistic Lorentz factor. Anomalous resonance [Ginzburg, 1960] can occur
between a co-propagating electron and left-hand polarized wave if the electron velocity exceeds



the wave phase velocity. In the frame of the electron this shifts the sense of wave rotation from
left to right, allowing resonance to occur. Anomalous resonance allows left-hand polarized
waves, such as EMIC waves, to interact with highly energetic (typically multi-MeV) electrons.
Electrons in resonance (either normal or anomalous) see a constant wave phase and are able to
efficiently exchange energy and momentum with the wave [Brice, 1964].

To determine the importance of Doppler-shifted cyclotron resonance interactions in
magnetospheric dynamics we’re seldom interested in the details of any single wave/electron
interaction. In the quasi-linear paradigm, the combined effect of a number of weak scattering
interactions involving small amplitude, broadband waves and a phase-randomized distribution of
electrons results in diffusion of electrons in pitch angle and energy [Kennel and Petschek, 1966;
Kennel and Engelmann, 1966]. For decades, quasi-linear theory, due to its relative simplicity and
utility, has been an important foundation for modeling and understanding radiation belt dynamics
(see review by Horne et al., 2016). Modern quasi-linear simulations, utilizing the most up to date
wave statistical parameterizations and plasma models constructed from decades of satellite
observations, have found success describing long-duration (days to weeks) evolution of radiation
belt populations [e.g. Subbotin et al., 2011; Kim et al., 2013; Tu et al., 2013; Shprits et al.,
2009].

A simple metric calculated from quasi-linear theory for describing the integrated effect of
multiple source and loss processes is the electron lifetime, defined as the e-folding loss timescale
for electrons [e.g. Shprits et al., 2007; Albert and Shprits, 2009]. In the Earth’s radiation belts,
electron lifetimes are driven largely by Doppler-shifted cyclotron resonance scattering with three
prominent plasma waves: plasmaspheric hiss, chorus, and EMIC. These are discussed in detail in
Section 1.3. Loss by these waves plays an important role in creating the classic two-belt structure
of the Earth’s radiation belts.

1.2 Overview of precipitation observations

A long history of observations has established that precipitation into the atmosphere is an
important source of radiation belt electron loss. Precipitation is observed to come in a variety of
forms ranging from slow drizzle to impulsive, subsecond events. Tying the various forms of
precipitation to potential causative waves, typically observed near the equator, is critical for
understanding this connection. This comparison turns out to be exceedingly difficult in practice.
Equatorial satellites are ideally suited for measuring in situ wave populations generated near the
magnetic equator, but are often unable to distinguish between trapped and precipitating electrons.
High inclination, low Earth orbit (LEO) satellites can directly observe precipitating electrons but
are usually far from the wave source. More continuous, albeit indirect precipitation observations
come from balloons, which infer precipitating spectra from measurements of X-rays produced by
bremsstrahlung interaction with atmospheric neutrals [Woodger et al., 2015; Millan et al., 2013;
Foat et al., 1998], as well as from ground-based platforms like riometers and VVLF receivers,
which indirectly measure precipitation through its effect on atmospheric ionization [e.g. Rodger
etal., 2012; Clilverd et al., 2009]. Due to accessibility and low relative cost, balloons and
ground-based platforms provided the majority of precipitation observations in the early decades
of radiation belt research [e.g. Rosenberg et al., 1971].

LEO spacecraft, due to their fast traversal of the radiation belts, provide a snapshot of
electron precipitating populations at a given time interval. Figure 1, adapted from Nakamura et
al. [2000], shows two example passes through the outer radiation belt of >1 MeV electron flux



measured by the LEO satellite SAMPEX. Figure 1a shows a well-populated outer belt from L~3-
7 superimposed with a relativistic electron precipitation (REP) band of strongly enhanced flux at
L~6. These bands are often seen on consecutive orbits and/or in conjugate hemispheres. The
observed repeatability and duration is thought to reflect a persistent (lasting minutes to hours),
latitudinally narrow precipitation region [Nakamura et al., 1995; Blake et al., 1996]. Balloon and
satellite observations show that REP events occur predominantly in the afternoon and night
sectors, with increased frequency during geomagnetic activity [Millan et al., 2002; Imhof et al.,
1986; Nakamura et al., 2000; Comess et al., 2013; Blum et al., 2015a]. Numerous studies
attempting to identify the causes of these precipitation events have categorized them into
different groups based on shape, duration, and whether simultaneous lower energy electron or
ion precipitation is observed [e.g. Yahnin et al., 2016; Vampola 1971, Imhof et al., 1986]. Some
of these precipitation events have been attributed to a breakdown of adiabaticity in the warped
nightside magnetic field geometry, while others have been attributed to scattering by various
wave modes [Vampola 1971; Koons et al., 1972; Brown and Stone 1972]. They have been
estimated to be an important source of >MeV electron loss, particularly during geomagnetically
active periods [Bortnik et al., 2006; Millan et al., 2002; Blum et al., 2013].

Figure 1b shows an example of a well-populated outer zone superimposed with short-
duration spikes of high precipitation flux. These spikes, occurring on subsecond timescales, are
termed microbursts. Microbursts were initially observed at ~keV energies [Winckler et al., 1962;
Anderson and Milton 1964, Tsurutani et al., 2013, Lampton 1967], and more recently at
relativistic (MeV) energies [Imhof et al., 1992; Blake et al., 1996; Crew et al., 2016].
Microbursts are most common during storm main and early recovery phases [O 'Brien et al.,
2004], are typically found in the morning sector and outside of the plasmasphere [Lorentzen et
al., 2001a, b; Johnston and Anderson, 2010; Douma et al., 2017], and often occur in long trains
(e.g. Figure 1b). These observations have led to suggestions that they are caused by impulsive,
nonlinear scattering [e.g. Blake et al., 1996; Hikishima et al., 2010; Osmane et al., 2016].
Comparisons of precipitating microburst flux to trapped population estimates are subject to large
uncertainties, but indicate that long-lasting and extended sources of relativistic microbursts
[Anderson et al., 2017] can be a major source of electron loss during storm times [Lorentzen et
al., 2001b; O Brien et al., 2004; Breneman et al., 2017].

Figure 1 (Adapted from Nakamura et al., 2000): SAMPEX observations of >1 MeV electron
flux from two passes through the outer radiation belts, with (a) showing smoothly varying flux
with a well-defined precipitation band, and (b) showing strong flux contributions from
relativistic microbursts.
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Despite decades of observations, large gaps remain in our understanding of energetic,
relativistic, and ultra-relativistic electron precipitation. It is yet unclear what fraction of
precipitation loss results from wave resonance scattering as opposed to other mechanisms such
as breakdown of adiabaticity in the tail region. Also unclear is how the theoretical energy
dependence of scattering by various wave modes matches up with observations. Finally, there is
an incomplete understanding of the relative importance of precipitation loss compared to other
loss mechanisms, such as outer boundary loss. To complicate matters, the relative importance of
wave-induced loss, as well as the details of this loss, can be highly variable within the evolution
of a single storm, and from storm to storm. The remainder of this review aims to address the role
that different wave modes play in causing electron precipitation, and the overall contribution of
this precipitation to the dynamics of the Earth’s radiation belts.

1.3 Key wave modes involved in radiation belt electron loss

We now provide a brief overview of plasmaspheric hiss, chorus, and EMIC waves. These
wave types are thought to dominate resonant scattering loss of radiation belt electrons. Other
wave types, such as VLF transmitters, lightning whistlers, magnetosonic waves, and kinetic
Alfven waves, play small or supporting roles in scattering loss [Abel and Thorne, 1998] and are
not extensively discussed here.

Figure 2: Magnetic field power spectral density during periods of (a) unstructured plasmaspheric
hiss, (b) lower and upper band chorus tones, and (c) electromagnetic ion cyclotron (EMIC) wave
activity.
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1.3.1 Plasmaspheric Hiss

Plasmaspheric hiss [Thorne et al., 1973] is a typically structureless, broadband
electromagnetic whistler mode emission (Figure 2a) found within the high density plasmasphere
and plasmaspheric plumes. Wave amplitudes usually range from 10-100 pT and peak at ~300-
400 Hz [Meredith et al., 2004; Golden et al., 2012; Yu et al., 2017; Li et al., 2015b]. Various
other types of hiss have been observed, such as mid-latitude hiss (see review by Hayakawa and
Sazhin, 1992), dayside hiss following shock compressions [Tsurutani et al., 2015], low altitude
or ionospheric hiss [Chen et al., 2017; Zhima et al., 2017], and plasma trough exohiss [Zhu et al.,
2015], but the focus in this review is on the more dynamically important plasmaspheric hiss.

Despite being one of the most ubiquitous plasma waves, the processes leading to hiss
growth have been difficult to pin down. Early theories (e.g. Thorne et al., 1973) suggested local
growth near the magnetic equator via temperature anisotropy instability, but this idea was later



rejected as offering insufficient growth [Huang et al., 1983; Church and Thorne, 1983]. Recent
Poynting flux observations from the VVan Allen Probes, however, indicate in situ generation near
the magnetic equator for at least some fraction of plamaspheric hiss [Kletzing et al., 2014 AGU
abstract]. Local generation can also occur within radial extensions of the plasmasphere called
plumes [Laakso et al., 2015]. Hiss that does not grow locally appears to originate with whistler
mode chorus that has propagated into the plasmasphere after reflection at low altitudes [Parrot et
al., 2004; Chum et al., 2005; Santolik et al., 2006; Bortnik et al., 2008; Bortnik et al., 2009;
Santolik et al., 2009; Yue et al., 2017; Hartley et al., 2018]. Once inside, damping rates are
significantly reduced [Li et al., 2010] allowing these waves to propagate long distances and mix
to form a hiss-like spectrum. This direct connection between chorus and hiss has been verified
observationally [Li et al., 2015a; Bortnik et al., 2011; Chen et al., 2012; Delport et al., 2012;
Meredith et al., 2013; Zhou et al., 2016], and with ray tracing invoking modest in situ growth
[Bortnik et al., 2011; Chen et al., 2012; Thorne et al., 1979; Tsurutani et al., 2012].

Hiss waves can interact via cyclotron resonance with a wide range of electron energies,
from few keV to MeV, and scattering by hiss waves within the plasmasphere is recognized to
play a dominant role in creating the quiet-time structure of the slot region and radiation belts
[Lyons et al., 1972; He et al., 2016].

1.3.2 Chorus

Whistler mode chorus is a prominent VVLF wave that exists in the low density
magnetosphere outside of the plasmasphere [Burtis and Helliwell, 1969; Tsurutani and Smith,
1974; Sazhin and Hayakawa, 1992]. Chorus waves (Figure 2b) are often observed as distinctive
rising or (less frequently) falling tones of several kHz/sec [Santolik et al., 2004; Macusova et al.,
2010]. Wave power is separated into a lower band (~0.1-0.5 fceo, where fceo is the minimum
electron cyclotron frequency along a particular field line) and an upper band (0.5-0.8 fceo), often
with a gap at 0.5 fceo [Tsurutani and Smith, 1977; Santolik et al., 2005]. Lower band chorus is
typically much stronger and more common than upper band chorus [W. Li et al., 2012], and
interacts with higher energy electrons.

Chorus grows near the magnetic equator [Nagano et al., 1996; LeDocq et al., 1998;
Parrot et al., 2003; Santolik et al., 2005] around midnight in association with injections of few
keV to tens of keV plasma sheet electrons during substorm onset [Tsurutani and Smith, 1974;
Xiao et al., 1998; Meredith et al., 2001; Li et al., 2009; Summers et al., 2009; Jordanova et al.,
2010; Yue et al., 2017], on the dawn side in association with enhanced convection that can occur
pre-substorm or during the substorm growth phase [Hwang et al., 2007], and in higher latitude
minimum magnetic field pockets formed during times of enhanced dayside compression
[Spasojevic and Inan, 2010; Tsurutani and Smith, 1977; Meredith et al., 2001]. In all these
cases, initial wave growth arises from the temperature anisotropy instability [Kennel and
Petschek, 1966; Omura and Summers, 2004; Summers et al., 2009; Fu et al., 2014; Yue et al.,
2016], and results in electron scattering to lower pitch angles [Brice, 1964], leading to
precipitation in the form of few keV diffuse aurora [Thorne et al., 2010], tens of keV pulsating
aurora [Nishimura et al., 2010], and microbursts [Oliven and Gurnett, 1968; Rosenberg et al.,
1981]. Once amplitudes grow beyond a critical threshold, nonlinear phase bunching and trapping
occur [Nunn 1974; Omura and Summers, 2006; Katoh and Omura, 2007; Shkylar and
Matsumoto, 2009; Omura et al., 2012; Matsui et al., 2016], and facilitated by magnetic field



inhomogeneity, this can lead to the classic chirping, narrowband tones [Katoh et al., 2013; Teng
et al., 2017], and allows energy and momentum exchange with resonant electrons.

For hundreds of keV electrons, chorus waves are both theorized [Summers et al., 1998,
Horne and Thorne, 1998; Roth et al., 1999; Horne et al., 2003a, b; Horne et al., 2005] and
observed [Meredith et al., 2002; Meredith et al., 2003a; Chen et al., 2007; Xiao et al., 2014; Su
et al., 2014; Jaynes et al., 2015; Rodger et al., 2016; Foster et al., 2017] to play a dual role
[Bortnik et al., 2007; Millan and Baker, 2012] of driving both dramatic, localized storm-time
enhancements of electrons to MeV energies, and causing significant electron precipitation loss
up to MeV energies, including microbursts [Agapitov et al., 2018; Lorentzen et al., 2001a].

1.3.3 EMIC

Electromagnetic ion cyclotron (EMIC) waves are electromagnetic fluctuations that occur
at frequencies below and approaching the local ion (H+, He+, O+) cyclotron frequencies, around
0.1-5 Hz in the heart of the outer radiation belt (see Figure 2c). Occurrence rates peak across the
dayside and afternoon sectors [e.g. Saikin et al., 2015; Wang et al., 2015], with He+ band waves
often more prevalent and of larger amplitude in the dusk sector, while H+ band waves are more
often located in the day and morning sectors [e.g. Min et al., 2012; Keika et al., 2013]. A recent
study of O+ band waves, less often surveyed than H+ and He+, found these waves to be
prevalent in morning and noon sector as well [Yu et al., 2015].

EMIC waves are thought to be generated from keV ion populations with an unstable
temperature anisotropy (T, >T,) [Cornwall et al., 1965; Horne and Thorne, 1994]. The presence
of cold plasma lowers the instability threshold, enabling enhanced wave growth [e.g. Gary
1993]. In the inner magnetosphere, EMIC waves often occur in the afternoon sector where keV
ring current ions overlap cool, dense plasmaspheric plumes [e.g. Spasojevic et al., 2005;
Clausen et al., 2011; Halford et al., 2010]. EMIC waves can also be generated across the dayside
during times of enhanced solar wind dynamic pressure, which acts as a source of temperature
anisotropy as well [McCollough et al., 2010; Usanova et al., 2012]. Ray tracing models have
suggested that density gradients, found at the plasmapause and in fine structure of plasmaspheric
plumes, can support enhanced EMIC wave growth [Chen et al., 2009; de Soria SantaCruz et al.,
2013]. However, observationally, EMIC wave dependence on cold plasma structures is less
clear, with some studies finding a relationship between EMIC occurrence and enhanced cold
plasma density and/or density gradients [e.g. Halford et al., 2015], and others finding little
statistical correspondence [e.g. Usanova et al., 2013; Posch et al., 2010; Fraser and Nguyen,
2001].

EMIC waves have long been theorized to precipitate radiation belt electrons through
anomalous cyclotron resonance [Thorne and Kennel, 1971]. The energy of electrons resonant
with EMIC waves, based on observed plasma and wave parameters, typically falls in the multi-
MeV range [Meredith et al., 2003b; Loto ‘aniu et al., 2005; Ni et al., 2017], but can be lowered
with increased cold plasma density [Li et al., 2013], or as the wave frequency approaches a
heavy ion cyclotron frequency [Ukhorskiy et al., 2010]. EMIC waves can also resonate with and
scatter keV ions, acting as a loss process for the ring current [Cornwall et al., 1970; Jordanova et
al., 2007]. For this reason, simultaneous keV ion and MeV electron precipitation is often
interpreted as a signature of EMIC wave scattering [e.g. Sandanger et al., 2007; Miyoshi et al.,
2008; Carson et al., 2013]. Theoretical estimates have shown that EMIC waves can produce
scattering near the strong diffusion limit and thus may contribute to rapid losses of outer belt
electrons [e.g. Summers and Thorne, 2003]. However, warm plasma, nonlinear, and non-



resonant effects can all complicate these interactions, leading potentially to increased minimum
resonant energies, reduction in scattering rates, or scattering into the loss cone at non-resonant
energies [e.g. Chen et al., 2011; Silin et al., 2011; Albert and Bortnik, 2009; Chen et al., 2016],
to be discussed in more detail in Section 3.

2: Radiation belt structure and morphology

Figure 3 (from Reeves et al., 2016): Electron flux levels as a function of L-shell and energy from
Van Allen Probes measurements showing (a) the nominal quiet-time structure with clear
separation between inner zone, slot, and outer belt regions across a wide range of energies, and
(b) belt structure following active time enhancements showing a much less distinct separation
between the three zones.

L-Shell L-Shell

The classic quiet-time structure of the radiation belts consists of two toruses of energetic
particles surrounding the Earth - a relatively static inner zone of energetic ions and electrons, and
a more dynamic outer zone of energetic electrons. These are separated by a slot region largely
devoid of energetic electrons. What is often not depicted in this classic picture is the strong
energy, L shell, and geomagnetic activity dependence of these fluxes and zone boundaries, as
illustrated in the VVan Allen Probes observations of Figure 3 [Reeves et al., 2016]. Radiation belt
structure during quiet-times (3a) and following active time enhancements (3b) is distinctly
different. This structure is formed as a balance of different acceleration and loss processes that
vary in relative importance with storm phase. The efficiency of each process depends on electron
energy, wave frequency, and location, with important differences occurring inside and outside of
the plasmapause.

Quiet time morphology shows a distinct separation between inner and outer zones. This
zonal separation diminishes during active times where enhanced radial transport [Brautigam and
Albert, 2000; Zhao and Li, 2013b] and local energization processes [e.g. Baker et al., 2014; Ma
et al., 2017] enhance flux levels, partially or fully filling the slot region. These enhancements
temporarily overwhelm loss processes which include outward radial diffusion, outer boundary
loss at the magnetopause, and precipitation loss. As the driving geomagnetic activity subsides,
transport and energization processes begin to lose out to wave-induced precipitation loss, and the
radiation belts gradually return to the quiet-time configuration in Figure 3a.



We now discuss details of how this balance leads to both the quiescent and dynamic structure of
the radiation belts, focusing on the important role of cyclotron resonant scattering loss caused by
plasmaspheric hiss, chorus, and EMIC waves.

2.1 Inner zone and slot
Figure 4 (from Abel and Thorne, 1998): Typical minimum resonant cyclotron energies vs L-shell

for a range of wave frequencies corresponding to plasmaspheric hiss (~550 Hz), lightning-
generated whistlers (4.5 kHz), and VLF transmitters (17.1 and 22.3 kHz).

Resonant Energy (keV)

The inner zone is a region of stably trapped ions and energetic electrons, where lifetimes
can vary from months to years [e.g. Hess 1963; Walt 1994]. Lifetimes drop sharply to days to
weeks in the adjacent slot region. This sharp transition forms from the combined L-dependence
of wave-induced precipitation rates and efficiency of radial transport [Lyons et al., 1972; Lyons
and Thorne, 1973; Kim et al., 2011; He et al., 2016]. Precipitation rates are dependent on
resonance access, meaning that local particles must exceed the minimum cyclotron resonance
energy, plotted in Figure 4 vs L for a range of frequencies. Resonance energy increases with
decreasing L, due to the increase in background magnetic field strength, and decreases with wave
frequency. Electrons with energies below (or well above) this minimum cyclotron energy are
unable to effectively resonate with the waves. Near the boundary of the inner zone and slot this
minimum resonance energy begins to exceed available electron populations and lifetimes
drastically increase.

Electrons are supplied into the slot and inner zone by injections or inward radial transport
by ULF waves. Transport rates strongly decrease with increasing energy and decreasing L-shell.
Low energy (<100 keV) electron injections, which can occur multiple times per day [Zhao et al.,
2013; Turner et al., 2017], are able to penetrate further in than higher energy electrons because
they have relatively high radial transport rates and their energies are below the minimum
cyclotron resonant energy for plasmaspheric hiss. At a given L, as energy increases, injections
become less frequent, and electron energies can exceed the minimum cyclotron resonance energy
for plasmaspheric hiss, tipping the balance between inward transport and loss gradually towards
loss. This results in a widening of the slot region with energy.

At ultra-relativistic (few MeV) energies, radial transport rates are so low [e.g. Ma et al.,
2017a, Fig4; O Brien et al., 2016; Zhao et al., 2013] that wave scattering rates, despite being
low, dominate radial transport, creating a sharp inner boundary near L=2.8 termed the
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impenetrable barrier [Baker et al., 2014b; Foster et al., 2016]. This barrier is not absolute, and
relativistic electron incursions into the inner belt do occasionally happen during rare and very
powerful storms [Blake et al., 1992; X. Li et al., 1993; Baker et al., 2004], though no >1.5 MeV
electrons have been observed in the inner zone as of yet during the VVan Allen Probes era (2012-
2017) due to historically low recorded solar activity [Claudepierre et al., 2017; Fennell et al.,
2015; X. Li et al., 2015].

This simple picture of a balance of radial transport and plasmaspheric hiss scattering
fairly accurately describes the global structure and long term (days) evolution of the inner belt
and slot region during storm recovery. Not included, but also important are contributions to
scattering loss due to higher frequency (1-2 kHz) lightning-generated whistlers [Storey, 1953;
Helliwell, 1965; Sonwalker and Inan, 1989; Abel et al., 2098; Meredith et al., 2006a; Agapitov et
al., 2014; Rodger et al., 2003; Meredith et al., 2009; Kim et al., 2011], and (10-40 kHz) whistler
mode VLF transmitters [Inan et al., 2007; Ma et al., 2017b]. Though generally containing far
less spectral power than plasmaspheric hiss, the higher frequencies of these waves allow them to
scatter electrons with energies below the range in resonance with plasmaspheric hiss.

2.2 Outer Zone

Beyond the previously-discussed inner zone and slot region lies the far more dynamic
outer zone [Paulikas and Blake, 1979]. Precipitation loss via cyclotron resonance with
plasmaspheric hiss, chorus, and EMIC waves plays a large role in its structure and variability.
Both steady, longer term decay of the outer radiation belt (e.g. due to scattering by plasmaspheric
hiss) as well as more dynamic changes in the population from faster timescale scattering
processes, including precipitation loss from EMIC and chorus waves, are observed.

The location of the plasmapause, and waves contained inside this higher density region
versus those in the low density region beyond, plays an important role in the structure and
evolution of the outer radiation belt. Inside the plasmasphere, plasmaspheric hiss is largely
responsible for gradual depletion of electron flux during the storm recovery and quiet times, as is
also the case with inner belt electron decay. Electron lifetimes, derived from observations of
precipitation [e.g. Selesnick et al., 2003; Jaynes et al., 2014], as well as from the decay of
trapped outer radiation belt electrons [Meredith et al., 2006b; O 'Brien et al., 2014], show good
agreement with expected scattering rates driven by hiss waves. On days to months timescales,
the inner edge of the outer radiation belt tracks the plasmapause location very closely, further
supporting the relationship between plasmaspheric hiss and electron loss [X. Li et al., 2006;
Goldstein et al., 2005].

Outside the plasmasphere, loss can be more dynamic and highly energy-dependent. Rapid
(minutes to hours), electron flux dropouts are commonly observed during storm main phase,
often wiping out the entire outer radiation belt. Loss to the magnetopause, facilitated by outward
radial transport, has been shown to account for a large portion of these depletions, but additional
loss is often needed, particularly at lower L shells [e.g. Turner et al., 2014; Hudson et al., 2014].
Enhanced precipitation to the atmosphere, associated with EMIC and chorus wave scattering, has
been observed during some storm main phases and may contribute to these depletions [Green et
al., 2004; Xiang et al., 2017; Yu et al., 2015; Blum et al., 2015a; O Brien et al., 2004]. Radial
profiles of phase space density (PSD) have been used to infer the primary mechanisms active in
radiation belt enhancements and depletions. Decaying peaks in PSD can indicate rapid losses to
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the magnetopause from a combination of magnetopause shadowing and outward radial diffusion
[Turner et al., 2012]. In contrast, local minima in PSD profiles at ultra-relativistic energies,
recently observed by Shprits et al. [2017], suggest a rapid energy-selective loss process in the
heart of the outer belt, due potentially to scattering by EMIC waves.

However, due to the multitude of possible time-varying acceleration and loss processes
acting in the outer zone, it is often difficult to separate out any single process. To accurately
estimate enhancement events one must also account for simultaneous losses. A further layer of
complexity comes in the form of warping (or asymmetric configuration) of the plasmasphere,
which manifests as plumes, shoulders, etc [Sandel et al., 2003]. This can allow energetic
electrons access to both high and low density plasma environments during the course of a drift
orbit. Summers et al. [2008] showed that loss due to plasmaspheric hiss scattering in a warped
plasmasphere or plume can limit electron energization due to interaction with chorus. In this
scenario, an electron may experience cyclotron resonant interactions with both whistler mode
and EMIC waves over the course of its drift orbit, and thus the combined scattering effects of
multiple wave modes must be taken into account [Ma et al., 2015; Mourenas et al., 2016; Zhang
etal., 2017].

An illustrative example of this complexity is the formation and subsequent slow depletion
of a temporary third storage ring at multi-MeV energies following a September, 2012
geomagnetic storm [Baker et al., 2013]. On September 3rd, an interplanetary shock triggered a
geomagnetic storm and resulted in the rapid depletion of electron flux at L>3.5. Within this
distance, though, a narrow belt of ultra-relativistic electrons remained. As local energization
processes then reconstituted the outer belt beyond L=4, this storage ring persisted undisturbed for
multiple weeks, showing gradual decay consistent with energy-dependent scattering by
plasmaspheric hiss [Thorne et al., 2013]. Some studies have suggested scattering from EMIC
waves may be important for the formation of this 3-belt structure [Shprits et al., 2013], while
others emphasize the role of ULF-driven radial transport [Mann et al., 2016a]. The plasmapause
boundary and its relationship to these more complex, energy-dependent radiation belt structures
is less straightforward than the longer term averaged picture described previously [Darrouzet et
al., 2013; Goldstein et al., 2016]. Eventually the storage belt was abruptly destroyed following
the passage of another interplanetary shock. Storage rings have since been identified in previous
periods [e.g. Yuan and Zong, 2013; Kellerman et al., 2014], and a better understanding of the
role of cyclotron resonance in their formation, stability, and ultimate decay is still needed.

The processes contributing to radiation belt precipitation losses have long been studied,
but recent observations have revealed new features of the inner belt, slot region, and outer belt
morphology and require renewed investigation into the role of various waves and processes in
dictating the structure and dynamics of the radiation belts.

3: MODERN SINGLE- AND MULTI-POINT
OBSERVATIONS, AND UPDATING THE CLASSIC
PICTURE

Observations of detailed wave properties, brought about by an increasingly large dataset of
sophisticated spacecraft observations spanning the inner to outer zone, have provided a new look
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at waves that have long been measured in Earth’s magnetosphere. In the first half of Section 3,
we discuss some of these recently observed wave properties and the effects they may have on our
understanding of wave-particle resonant scattering. In the second half, we discuss results from
simultaneous multi-payload observations, which allow the separation of temporal and spatial
effects, and can provide global context during times of rapidly changing radiation belt dynamics.

3.1 New (single-satellite) observations of wave characteristics

An increasing number of sophisticated satellite observations are revealing new properties
of waves that have been studied for decades. These include measurements suggesting extended
ranges of frequency and wave normal angle, large amplitudes, and wave/plasma and wave/wave
coupling. These properties influence how waves interact with electrons, the energies with which
they resonate, and the efficiency of loss cone scattering.

3.1.1: Wave populations at extended frequency ranges

Wave frequency helps to determine the energy of cyclotron resonance. For fixed wave
normal angle, plasma parameters, and harmonic number, Equation 1 shows that cyclotron
resonant energy increases (decreases) as frequency decreases (increases). Proper measurement of
wave spectra is necessary for determining the effective range of resonant energies.

A low frequency (~20-100 Hz) population of plasmaspheric hiss has been recently
identified [Li et al., 2013a] in association with injections of >100 keV plasma sheet electrons
that gradient/curvature drift into an asymmetric plasmasphere [Shi et al., 2017]. This is an
entirely separate population from the more common >100 Hz hiss discussed in Section 2.3.1
[Malaspina et al., 2017]. Ray tracing studies suggest that these low frequency hiss waves
repeatedly traverse the equatorial amplification region via cyclical ray paths made possible by
the low frequencies and refraction near the plasmapause, leading to path-integrated amplification
to observed values [Chen et al., 2014]. Electron lifetime models derived from hiss scattering
show that few hundred keV electron lifetimes can be shortened by a few orders of magnitude due
to this low frequency component [Ni et al., 2014a; Orlova et al., 2016].

Chorus waves are also occasionally observed to extend below their typical frequency
range. Meredith et al. [2014] observed a low frequency extension of chorus power at higher
latitudes where the increasing magnetic field strength results in a relative drop in frequency to
f/fce< 0.1. This frequency range is often not accounted for in chorus spectra included in radiation
belt models, but may provide important energization and scattering of 100s keV electrons.
Chorus is also occasionally observed at f/fce<0.1 near the equator. Cattell et al. [2015] observed
drops in chorus frequency to f<0.1fce in association with storm-time injections of ~100 keV
electrons, rather than the 10s keV electrons thought to typically lead to chorus growth. Wave
amplitudes are often large, and the low frequencies provide much stronger pitch-angle diffusion
for >500 keV than typical chorus [Gao et al., 2016; Xiao et al., 2017].

Recent Van Allen Probes observations have identified oxygen cyclotron harmonic waves
as a common occurrence in the inner magnetosphere during geomagnetic storms [Usanova et al.,
2016]. While electromagnetic ion cyclotron harmonic waves have been observed previously in
the inner magnetosphere and plasma sheet boundary layer [e.g. Perraut et al., 1982; Denton et
al., 2010], these observations have been of predominantly compressional, proton harmonic
waves. The recent ion cyclotron harmonic waves investigated by Usanova et al., [2016] (distinct
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from O+ band EMIC waves) were instead most often at O+ harmonic frequencies propagating
close to the background magnetic field, with small wave normal angles. These waves, likely
previously assumed to be the same as EMIC waves, have wave power concentrated at the O+
cyclotron frequency and its harmonics, rather than having a stop-band at ion cyclotron
frequencies as is typical for EMIC waves [e.g. Kozyra et al., 1984]. Ukhorskiy et al. [2010]
showed that as the wave frequency approaches the ion cyclotron frequency, EMIC waves can
more efficiently scatter electrons of lower energies. The effects of these ion cyclotron harmonic
waves are still to be explored.

3.1.2: Wave populations with a wide range of wave normal angles

In addition to frequency, wave normal angle can determine resonant energy for cyclotron
interaction as well as pitch angle diffusion rates. Wave polarization changes with increasing
wave normal angle, including the development of an electrostatic component along the wave
vector [Stix, 1992]. This can significantly modify wave-particle resonance, modify the wave
dispersion relation, increase the importance of higher-order harmonic (|n|>1) contributions to
scattering, and introduce significant Landau (n=0) interaction [e.g. Artemyev et al., 2012b;
Agapitov et al., 2015; Hsieh et al., 2017]. Due to these complexities, a lack of comprehensive
statistics, and difficulty of proper inclusion into models, the overall effect of wave obliquity on
precipitation rates is not well understood. However, it is possible oblique waves may contribute
significantly to precipitation loss. For example, inclusion of a range of wave normal angles of
plasmaspheric hiss is thought to be required [e.g. Tsurutani et al., 2012] to explain the wide
energy extent of the slot region [Lyons et al., 2072; Meredith et al., 2007; Ni et al., 2013; Albert
etal., 1994; Glauert et al., 2014; Gao et al., 2015; Z. He et al., 2016; Ripoll et al., 2017].
Oblique chorus waves prevalent above about 25° latitude [e.g. Haque et al., 2010] may be
responsible for creating relativistic microbursts [Horne et al., 2003b; Breneman et al., 2017].

Near the magnetic equator, a subpopulation of highly oblique, quasi-electrostatic chorus
with wave normal angles near the resonance cone is often observed [Taubenschuss et al., 2014;
Li et al., 2016]. Despite carrying only a small fraction of the total wave magnetic energy, these
may lead to a significant reduction of electron lifetimes (1-2 orders of magnitude) over a wide
range of activity levels [Artemyev et al., 2012a; Mourenas et al., 2012; Mourenas et al., 2014;
W. Li et al., 2014; Artemyev et al., 2015]. Near the loss cone, wave properties are highly
sensitive to small variations in wave normal angle, and accurately measuring the maximum index
of refraction is critical in determining whether diffusion rates are ultimately higher or lower as
compared to field-aligned waves [Albert et al., 2017; Ma et al., 2017c]. Significant observational
and theoretical/modeling work [e.g. Artemyev et al., 2016, Agapitov et al., 2018a] remains to
properly quantify the role oblique chorus plays in energetic outer belt electron loss.

3.1.3 Wave element structure/coherence

Structure and/or coherence in waves can have an important effect on electron scattering.
Coherent scattering interactions may result in significantly enhanced rates of pitch angle
scattering relative to broadband, unstructured waves [e.g. Lakhina et al., 2010; Bellan et al.,
2013]. The stereotypical example of this is chorus waves, which are often observed to consist of
a succession of narrowband, chirping tones [e.g. Gao et al., 2014; Crabtree et al., 2017; Santolik
et al., 2014a]. Nonlinear test particle simulations show that discrete chorus packets can lead to
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discrete microbursts over a wide range of energies, from 10-100 keV [Rosenberg et al., 1990;
Hikishima et al., 2010] to MeV [Saito et al., 2012].

Plasmaspheric hiss, as its name implies, is traditionally characterized as a structureless,
broadband emission. This is supported by decades of observations from low resolution satellite
spectra (e.g. Figure 2a). However, Summers et al. [2014] presented the result that hiss spectra
produced from high time-resolution “burst” waveform data from the Van Allen Probes
occasionally show highly polarized, coherent (over a few wave periods) rising and falling tones.
Structured hiss emissions are strongly associated with intervals of high solar wind pressure, and
at larger L they can be highly oblique and have large amplitudes [Tsurutani et al., 2015].

EMIC waves, also traditionally characterized as structureless, are occasionally observed
containing coherent, triggered emissions [Pickett et al., 2010; Grison et al., 2013; Nakamura et
al., 2014]. Figure 5 shows examples of these highly structured EMIC waves, observed by Grison
et al. [2013] on Cluster spacecraft, with rising tones reminiscent of whistler mode chorus wave
elements. Roughly ~30% of EMIC wave observations from the THEMIS spacecraft beyond 6
RE included rising or falling tones, primarily during larger amplitude events and more disturbed
times [Nakamura et al., 2016]. Simulations by Omura and Zhao [2013] have suggested that
these EMIC triggered emissions can produce nonlinear trapping and rapid scattering of MeV
electrons in the form of relativistic microburst precipitation. During an intense EMIC wave event
observed by the VVan Allen Probes, Engebretson et al. [2015] found signatures of relativistic
electron depletions in the outer belt qualitatively consistent with the nonlinear trapping theory by
Omura and Zhao [2012, 2013]. Remya et al. [2015] show that large amplitude (nT), coherent
EMIC waves can result in relativistic electron loss rates orders of magnitude higher than those
produced by incoherent waves, suggesting that estimates of EMIC scattering should take into
account wave coherence and structure.

Figure 5 (from Grison et al., 2013): Structured EMIC waves observed simultaneously on three
Cluster satellites.
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3.1.4 Large amplitude waves

Wave power, though not affecting the conditions of cyclotron resonance, can have a large
effect on scattering rates. Under the quasi-linear paradigm, diffusive scattering is proportional to
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wave magnetic field power. However, interaction between large amplitude waves and electrons
is fundamentally nonlinear, and under these conditions electron transport towards the loss cone
may be advective, rather than stochastic.

Unfortunately, the occurrences and properties of large amplitude waves are poorly
understood. Time- and frequency-averaged spectral data, traditionally used to study wave
properties, overwhelmingly show populations of small amplitude (e.g. Bw << Bo), broadband
waves, consistent with assumptions inherent in quasi-linear theory. Modern measurements using
high cadence resolution “burst” spectra or waveforms, which have much greater time and
frequency resolution, often show a much larger range of wave amplitudes on short timescales.
Perhaps the most dramatic example of this was the discovery by Cattell et al., [2008] of
extremely large amplitude (hundreds of mV//m) chorus waves using STEREO satellite burst
waveform captures. These waves can carry orders of magnitude more Poynting flux [Santolik et
al., 2010] than their smaller amplitude counterparts, and can have an unusually large, nonlinearly
steepened parallel (to the magnetic field) electric field component [Agapitov et al., 2018b] . Due
to chorus element inter-spacings, time-averaged amplitudes can under represent true peak
amplitudes by an order of magnitude or more [Cully et al., 2008; Tsurutani et al., 2009].

This discovery has prompted a closer look at past burst waveform datasets for large
amplitude chorus [Wilson et al., 2011; Kellogg et al., 2011; Cattell et al., 2012], as well as for
other types of waves. Recent observations show that plasmaspheric hiss waves can be large
amplitude, coherent, and oblique on the dayside during times of enhanced magnetospheric
compression caused by high solar wind ram pressure [Tsurutani et al., 2015; Su et al., 2017].
EMIC waves, which can occur with amplitudes up to a few 10s nT [e.g. Engebretson et al.
2015], can also exhibit nonlinear formation and interaction with particles [Shoji and Omura,
2013; Tsintsadzee et al., 2010], potentially actually reducing their effectiveness as a loss
mechanism [Albert and Bortnik, 2009; Liu et al., 2012].

Large amplitude waves, though far less common than small amplitude waves, may play
an important role in radiation belt electron energization and loss. They can cause phase bunching
and phase trapping [Albert et al., 2002; Bortnik et al., 2008; Kellogg et al., 2011], and dramatic
acceleration of electrons [Mozer et al., 2014]. Further studies over full solar cycle are needed to
quantify wave properties such as amplitudes, periodicities, subpacket structure, and the
conditions under which they grow to large amplitudes. This will help to fully understand the role
large amplitude waves play in radiation belt dynamics.

3.2 New (multi-payload) observations of wave/precipitation characteristics

Connecting wave-induced loss cone scattering of electrons to observed precipitation is
difficult to do with single-satellite instrumentation. Near the magnetic equator where hiss, chorus
and EMIC amplitudes typically maximize, the size of the loss cone (~a few degrees at L=5) is
often smaller than the angular resolution of particle detectors, thus making it difficult or
impossible to distinguish between magnetically trapped and loss cone electrons. Due to this
limitation, relating electron loss rates to observed wave populations is then often done by
comparing equatorial wave and trapped electron decay rates. Unfortunately, this technique is
often unable to distinguish between actual precipitation loss and apparent loss due to
energization/de-energization or transport.

Direct comparisons of precipitating electrons to waves requires combining low altitude
and high-altitude measurements. Low altitude balloons, ground observatories, and LEO satellites
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directly measure precipitating (bounce loss cone) electrons or their atmospheric signatures.
These observations can then be compared to comprehensive wave observations, making use of
the ever-increasing numbers of satellites and constellation missions in the Earth’s magnetosphere
- e.g. four Cluster, five THEMIS, two Van Allen Probes, and four MMS satellites - to provide
more event-specific loss and scattering comparisons. Multipoint observations allow the
resolution of radiation belt evolution on timescales of minutes to hours, less than the orbital
period of any single equatorial satellite. In addition, multipoint observations made
simultaneously by magnetically conjugate platforms can be used to disentangle spatial from
temporal variability of waves and precipitation. These combined measurements allow a more
detailed comparison between observations and theory. We now discuss comparative low and
high-altitude observations in the context of precipitation associated with plasmaspheric hiss,
chorus, and EMIC waves.

3.2.1 Linking precipitation and plasmaspheric hiss observations:

It has been observed for decades that, statistically, the slow (days to weeks) decay of
trapped radiation belt electron populations during storm recovery phase is consistent with
predicted diffusive scattering loss by plasmaspheric hiss. A more direct comparison of hiss to
precipitation loss was provided by Rodger et al. [2007], who showed that >150 keV precipitating
electron fluxes estimated from sub-ionospheric radio signal propagation at L=3.2, and
plasmaspheric hiss amplitudes observed on DEMETER had similar order of magnitude day/night
asymmetries for a six day storm recovery, suggesting that hiss waves were primarily responsible
for this storm recovery.

Jaynes et al. [2015] compared precipitating electrons measured on the CCSWE CubeSat
[X. Lietal., 2013] to trapped populations observed on the VVan Allen Probes during a period of
low geomagnetic activity where loss contributions from hiss, estimated from Van Allen Probes
measurements, could be isolated. Electron lifetimes near L=4.5 were observed to be less than
three days, consistent with loss estimates from the observed hiss, but shorter than values
typically used in models at the time.

The most direct comparison of plasmaspheric hiss to electron loss was made by
Breneman et al. [2015], who compared BARREL balloon [Millan et al., 2013] and Van Allen
Probe observations during two intervals of close magnetic conjunction. Distinctive double-
peaked modulations (Figure 6) observed in both hiss intensity and electron precipitation up to
180 keV (inferred from the balloon X-ray spectrum) during one of these conjunctions showed a
direct connection between hiss and precipitation, with observed loss rates consistent with
estimates from quasi-linear theory. These modulations, also observed in plasma density and
magnetic field [see also J. Li et al., 2017] were near global in scale, as observed from multiple
balloons, satellites, and ground magnetometers. These results show that intricate cross--scale
wave--wave coupling can significantly modulate both wave intensities and precipitation loss.
Similar comparisons of hiss and precipitation at energies >180 keV are necessary for exploring
the full energy extent of the influence of plasmaspheric hiss on scattering loss.

Figure 6 (from Breneman et al., 2017): Global-scale coherence observed in plasmaspheric hiss

and <180 keV precipitation observed during a close magnetic conjunction between Van Allen
Probe A and a BARREL balloon. (a) Magnetic field spectral power of hiss showing distinctive
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modulations from ~20 Hz to 400 Hz. (b) Comparison of hiss intensity and X-ray counts showing
strong similarities for two hours.
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3.2.2 Linking precipitation and chorus observations:

Direct comparisons of chorus to precipitation is, in general, more difficult than for hiss
due to its stronger spatial and temporal variability. At sub-relativistic energies, multi-point
observations have firmly established the role chorus plays in precipitation loss of 10s keV
pulsating aurora [Nishimura et al., 2010; Kasahara et al., 2018], microbursts [Rosenberg et al.,
1971; Rosenberg et al., 1981], and regional precipitation [Lam et al., 2010; Halford et al.,
2015b]. Measurements of >30 keV precipitating electron flux on the POES LEO constellation
are now routinely used to infer equatorial amplitudes [Li et al., 2013b; Ni et al., 2014b].

Observations are sparser at relativistic energies, largely due to lower flux levels and lack
of energy coverage/resolution on low altitude particle detectors. Chorus is perhaps the leading
wave candidate for the creation of relativistic microbursts from ~100 keV to up to ~MeV. Large-
scale regions producing chorus and precipitation can last for hours and extend across multiple L
and MLT. [Anderson et al., 2017]. These regions are constrained beyond the plasmapause,
typically across the morningside, and have occurrences that increase with geomagnetic activity
[Johnston and Anderson 2010]. Within these extended generation regions, smaller chorus and
microburst substructures are observed [Kersten et al., 2011; Aryan et al., 2016; Anderson et al.,
2017], though their relation has not been established.

On smaller scales, individual chorus subpackets and microbursts share similar durations
and cadences. Spatial scales perpendicular to the background magnetic field, as determined from
simultaneous multipoint measurements, range from many tens [Santolik et al., 2003, Santolik et
al., 2004a] to more than a thousand km [Agapitov et al. 2011; Agapitov et al., 2017]. When
mapped to the topside ionosphere, these scales are roughly consistent with the few to 10s km
scale size of individual relativistic microbursts, inferred from single spacecraft [e.g. Blake et al.,
2096] and multipoint CubeSats [Crew et al., 2016] measurements.
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Direct comparison of chorus to microbursts is difficult, however, due to this small
transverse scale size. Breneman et al. [2017] provided the first direct evidence that lower band,
rising tone chorus waves create relativistic microbursts by analyzing a near-perfect magnetic
conjunction between Van Allen Probe A and one of two FIREBIRD Il CubeSats [Klumpar et al.,
2015]. The combined datasets showed that the chorus created microbursts over a wide energy
range from 200-850 keV along a single magnetic field line. The likely mechanism was n=-1
cyclotron resonance scattering away from the chorus source at 20-30° mlat, consistent with the
theoretical suggestion of Thorne et al. [2005], and with quasi-linear [Shprits et al., 2009] and
nonlinear test particle simulations [Hikishima et al., 2010; Saito et al., 2012]. Comparisons of the
microburst flux to the trapped electron population at L=5.6 showed that a long-lasting chorus
source region extended over a few hours MLT, consistent observations of Anderson et al., 2017,
would provide a major source of radiation belt electron loss from 200-850 keV. Using SAMPEX
measurements of >1 MeV electrons, Douma et al. [2018] found microburst events in close
conjunction with VVLF signatures suggestive of chorus observed on the ground, but also found
some with ground observations of EMIC waves, suggesting that, on occasion, some MeV
microbursts may be caused by EMIC rather than chorus waves.

At lower energies, Mozer et al. [2018] compared Van Allen Probe B and AC6-B CubeSat
[Blake and O’Brien, 2016] observations mapping to the same patchy region of larger
precipitation showing strongly correlated one second averages of chorus and >35 keV
microbursts. These scattering interactions must be fundamentally nonlinear due to the large (1
nT) chorus amplitudes, but observed fluxes were shown to be consistent with quasi-linear
scattering rates, suggesting that the overall effect of many nonlinear scattering interactions can
resemble quasi-linear diffusion [also see Tao et al., 2012].

The aforementioned multipoint studies provide strong evidence that chorus creates
microbursts from sub-relativistic (10s keV) to relativistic (~MeV) energies. However, due to the
small number of comparative studies, many details of this connection remain unresolved.
Examples include small-scale spatial structures, termed curtains [Blake and O Brien, 2016],
thought to come about from drift loss cone microburst populations, microburst energy and storm
phase dependence, and the overall importance of relativistic microbursts to outer belt electron
loss.

3.2.3 Linking precipitation and EMIC observations:

Direct links between EMIC waves and relativistic electron precipitation have increasingly
been observed with recent multi-observatory measurements. Early observations of REP events
preferentially occurring on the duskside, close to the plasmapause, provided the first suggestion
of their connection to EMIC waves [e.g. Imhof et al., 1986; Millan et al., 2002]. The narrow
radial extent of REP events observed by LEO spacecraft is consistent with the often radially
narrow EMIC wave spatial extents suggested by combined ground and in situ wave observations
[e.g. Mann et al., 2014; Paulson et al., 2014]. Multipoint in situ observations have now begun to
quantify these spatial and temporal extents of EMIC waves [e.g. Lee et al., 2013; Clausen et al.,
2011; Engebretson et al., 2008; Engebretson et al., 2015; Sigsbee et al., 2016; Blum et al., 2017;
Yu et al., 2017], for better comparison to precipitation region properties. Multipoint observations
of REP regions, e.g. from the BARREL balloon and POES satellite constellations, suggest that
precipitation events are often very localized [Shekhar et al., 2017; Millan et al., 2016 AGU
abstract]
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Recent coordinated observations of EMIC wave activity have been seen at locations
magnetically conjugate to simultaneously observed REP events, further strengthening their
association. EMIC waves were observed by ground-based magnetometers in conjunction with
keV ion and MeV electron precipitation [Miyoshi et al., 2008; Hendry et al., 2016] as well as
with ground-based electron precipitation signatures [Rodger et al. 2008]. However, due to
ducting of EMIC waves as they propagate to lower altitudes, it can be difficult to identify the
localized region in space of wave generation from ground observations [Greifinger and
Greifinger, 1968; Fujita and Tamao, 1988]. More recently, studies have observed precipitation
in close magnetic conjunction with in situ EMIC waves near the equator, often with similar
modulation between precipitation and waves [Z. Li et al., 2014; Blum et al., 2015b; Rodger et al.,
2015]. Applying quasilinear theory to observed EMIC wave properties measured near the
equator, Z. Li et al. [2014] were able to reproduce the precipitation signature observed at one of
the BARREL balloons during an event in Jan 2013. These event studies have confirmed that at
least some REP events are produced by EMIC wave scattering in the magnetosphere.
Quantification of precipitation due to these events [e.g. Blum et al., 2013] suggests they can
provide significant loss to the localized L shells over which they occur, in agreement with the
minima in PSD profiles observed by Shprits et al. [2017].

Through these conjugate studies, additional questions have arisen regarding the nature of
the relationship between EMIC waves and REP. While individual events confirm that EMIC
waves can produce REP events seen by balloons, LEO spacecraft, and ground-based platforms,
the global distributions of EMIC waves and REP events show significant differences - with
EMIC wave occurrences peaking in the noon and afternoon sectors, while REP events show a
pre-midnight occurrence peak [e.g. Smith et al., 2016]. It is necessary to determine what fraction
of EMIC waves produce relativistic electron precipitation, and what fraction of these
precipitation events are due to EMIC wave scattering. While field line curvature scattering was
initially proposed as a process producing MeV electron precipitation on the nightside [Imhof et
al., 1991], Smith et al. [2016] suggested this might also produce some of the coincident MeV
electron and keV proton precipitation features often interpreted as due to EMIC wave scattering.

The energy spectrum and structure of EMIC wave-driven precipitation is also an open
topic of investigation. A number of REP events show precipitating energy spectra peaked at ~1-
2 MeV [Z. Li et al., 2014; Woodger et al., 2015; Clilverd et al., 2017], in agreement with
theoretical estimates than EMIC waves primarily scatter electrons above a ~MeV minimum
resonant energy [Thorne and Kennel, 1971]. However, a handful of studies have found evidence
of sub-MeV electron precipitation, down to energies at low as ~300 keV, in association with
EMIC waves [Clilverd et al., 2015; Hendry et al., 2017]. EMIC wave anomalous cyclotron
resonant scattering of these low energies can only occur under extreme, likely unrealistic, plasma
and field conditions; however, non-resonant or bounce resonance interactions might allow EMIC
waves to scatter electrons at these lower energies [Chen et al., 2016; Cao et al., 2017]. This
motivates investigation into the detailed nature of the wave-particle interaction and precipitating
electron energy spectrum driven by EMIC waves

Together, recent conjugate wave and precipitation studies have helped solidify the causal
relationship between various types of waves and precipitation events. However, new questions
have arisen from these observations, and continued study of such events will enable more
detailed understanding of the energy spectrum, spatial structure, and global distributions of
different types of precipitation and their drivers.
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4: Discussion and Conclusions

4.1 Incorporating cyclotron resonant scattering into radiation belt models

Comprehensive datasets provided by the single- and multi-point observations discussed
in Section 3 are necessary for constraining radiation belt models, which facilitate our
understanding of radiation belt dynamics. Models are only as good as the accuracy of the
empirical data that drives them, and incomplete knowledge of diffusion coefficients, for
example, can lead to significant, even orders of magnitude uncertainties in electron lifetimes
[e.g. Tuetal., 2013; Pham et al., 2017; Agapitov et al., 2018a]. Input with the aforementioned
up-to-date wave distributions, parameterized with respect to spatial location and activity level
[e.g. Shprits et al., 2007; Spasojevic et al., 2013], modern simulations show relatively good
agreement with comprehensive observations of radiation belt electron decay on multi-day
timescales. They also provide further support of the general importance of resonant scattering by
hiss, chorus, and EMIC waves.

Further improvements to parameterization are being explored. Hiss and chorus wave
populations, for example, are bounded inside and outside the plasmasphere, respectively, and
sorting their properties relative to plasma boundaries, rather than strict L, which varies only
statistically with L, is a more natural system, as shown in Figure 7 [Malaspina et al., 2016].
Parameterizations of waves relative to the plasmapause location have not yet been integrated into
quasi-linear diffusion models, but may significantly enhance their accuracy during highly
dynamic times.

Figure 7 (from Malaspina et al., 2016): Comparative sorting of plasmaspheric hiss and
chorus wave power by L-shell and distance relative to the plasmapause (delta-L). (a and b) Wave
power sorted traditionally by L-shell, and (c and d) wave power sorted relative to distance from
the plasmapause, which provides a clear delineation of wave power.
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Despite all these improvements, using statistical models to describe radiation belt
evolution has severe limitations. Some waves, due to their sporadic nature - like EMIC waves
[Drozdov et al., 2017] or <100 Hz hiss [Malaspina et al., 2017] - are difficult to properly
parameterize. In addition, stormtime radiation belts often show significant variation on
timescales of minutes and hours [e.g. Yu et al., 2015], which cannot be accurately captured using
empirical models based on highly averaged data. Instead, event-specific waves, particles, and
plasma boundaries with good spatial, energy, and time resolution are needed [Thorne et al.,
2013; Tu et al., 2014; Xiao et al., 2015; Schiller et al., 2017]. This allows models to differentiate
between different important physical processes. For example, certain dramatic outer belt electron
flux dropouts (not caused by outer boundary loss) during storms [e.g. Morley et al., 2010]
require either consideration of nonlinear scattering loss, or more accurate input to QL models
with high spatiotemporal, and energy resolution input. This necessitates a better quantification of
REP [e.g. Shekhar et al., 2017].

4.2 Summary

In this review, we discuss the role of wave-particle interactions in driving loss of
radiation belt electrons, with an emphasis on observational signatures of this process. These
include direct measurements of precipitation, wave properties, and variations in the trapped
electron population as a result of cyclotron resonance.

Precipitation loss from cyclotron resonance with plasma waves, primarily hiss, chorus,
and EMIC, is one of the primary drivers of radiation belt morphology. The energy-dependent
structure of the slot region and inner belt is formed primarily by the balance of inward radial
transport and scattering loss from plasmaspheric hiss. In the outer belt, and outside of the
plasmasphere, chorus waves can cause significant scattering loss over a wide range of energies.
EMIC waves, not limited by the plasmapause boundary, likely control loss of ultra-relativistic
electrons. While the role of these three waves in forming the large-scale structure of the belts is
well-established, their contributions to the more complex dynamics and fine-scale features
recently observed are still under investigation.
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Sophisticated wave instrumentation on recent satellite missions has provided new details
of wave properties, including observations of large amplitude, highly oblique waves, power at
extended frequency ranges, and previously undiscovered wave coherence and structure. These
observations motivate revisiting theories of wave particle interactions and the contribution of
these waves to radiation belt electron loss and overall dynamics.

Lastly, a new paradigm of simultaneous multi-platform observations, including equatorial
and LEO satellites, balloons, and ground-based observations, has led to new insights into wave-
induced precipitation. These observations show temporal and large-scale spatial structures of
waves and precipitation. Simultaneous, magnetically conjugate measurements allow close
comparisons of scattering by various wave types and electron precipitation loss, vital for
understanding the relative roles played by various wave types. Investigation continues into the
energy dependence of precipitation events, as well as when, where, and how often various wave
modes cause different types of precipitation.

Ultimately, the importance of precipitation loss, including inter-comparison of different
precipitation loss processes, cannot be ascertained without careful consideration of other time-
dependent loss processes, such as outward radial diffusion and magnetopause shadowing [e.g. Tu
etal., 2013; Murphy et al., 2016; Watt et al., 2017; Mann et al., 2016b], and second that care
must be taken when generalizing modern results due to the historically quiet solar cycle 23
[Russell et al., 2010] and relatively quiet cycle 24 [X. Li et al., 2017; Riley and Love, 2017].
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