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ABSTRACT OF THE DISSERTATION

Influence of the Solar Wind on the Dynamics of Relativistic Electrons

in the Earth’s Radiation Belts
by

Victor Alejandro Pinto Abarzua
Doctor of Philosophy in Atmospheric and Oceanic Sciences
University of California, Los Angeles, 2019
Professor Jacob Bortnik, Co-Chair

Professor Lawrence Lyons, Co-Chair

The Earth’s electron outer radiation belt is a highly variable region in which the pop-
ulations can vary by several orders of magnitude in a minute to hours. Such extreme
dynamics depends on a complex and delicate balance between source and loss processes
that are ultimately driven by the interactions between the interplanetary medium and
the Earth’s magnetosphere. In recent years, several efforts have been carried out to im-
prove our understanding of the controlling processes driving radiation belt dynamics
and to improve the predictability of the relativistic electrons that populate it. In the first
part of this dissertation, we study the solar wind parameters that are relevant for the
understanding and prediction of relativistic electron enhancement events and relativis-
tic electron persistent depletion events at geostationary orbit and what have the largest
potential for prediction. We then use these results to explore the extent of the effects
of the solar wind through the outer belt by comparing relativistic electron enhancement
events at geostationary orbit with the response at lower radial distances and so try to un-
derstand how deep within the inner magnetosphere the solar wind influence can reach.
In the second half of this dissertation we explore the recently discovered phenomena of
ultrarelativistic remnant belts that can lead to a triple belt configuration of the Earth’s
radiation belts. Such events were first reported shortly after the launch of the Van Allen

Probes mission but are poorly understood. We identify three-belt events to character-
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ize their occurrence rate, and the geomagnetic conditions under which they occur. We
investigate their location, characteristic energy and general properties of the magneto-
sphere and solar wind that can favor their formations. We finally look at remnant belt
persistence by statistically calculating their lifetime and decay rates. Using these results,
we study the physical mechanism of ultrarelativistic remnant belts decay by comparing

with previously reported analytical estimates.
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5.5 Location of the remnant belt (black dots), external slot (white dots) and outer
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belt peak flux (blue dots) for two events that occurred on 26 September 2017
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parameter (right). . . . . ... ... L
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observed by the Van Allen Probes between 2012 and 2017. Estimated life-
times during each remnant belt event correspond to a unique symbol-color
combination (events starting dates are indicated at the top of each panel).
The theoretical electron lifetime (Mourenas et al., 2017) corresponding to elec-
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with dotted blue curves indicating the standard deviation. The theoretical
lifetime corresponding to combined scattering by hiss and typical hydrogen-
band EMIC waves is shown by a red dashed curve. Panels show different
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6.4 (a) EMIC wave spectra in the hydrogen band observed by the Van Allen
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CHAPTER 1

Introduction

1.1 The Earth’s Magnetosphere

Earth’s internal magnetic field can be approximated to first order as a dipolar field. It
is believed that Earth’s magnetic field is generated by the internal flow of the planet’s
metal molten core and its dynamics are currently explained through “dynamo theory”
(Parker, 1955). Earth’s magnetic dipole is tilted with respect to the geographical poles
by ~ 11.5°, and has a surface intensity of ~ 0.25 — 0.65 uT. The region of space in
which the internal magnetic field of the planet dominates over the interactions between
individual particles and their collective behavior is known as the Earth’s magnetosphere.
Its lower boundary corresponds to the region in which the ionized plasma starts to
dominate over the neutral interactions of the atmosphere, usually at an altitude of ~
80 — 100 km from the planet’s surface. Its outer boundary corresponds to the region
where the magnetospheric magnetic pressure equals the solar wind dynamic pressure.
At its closest point, this outer boundary region, —the magnetopause— is located around
~ 67,000 km, or ~ 10Rg (Earth Radii) in the direction facing towards the sun. The solar
wind, blowing constantly away from the sun with speed between ~ 400 — 600 km/s
impinges in the dayside region of the magnetosphere and compresses it. The same
interaction with the solar wind results in an expansion of the magnetic field lines on
the nightside region of the Earth, giving the magnetosphere its characteristic form of
a tear-shaped cavity with a very extended tail that has an extension up to 80 — 100RE.
The Earth’s magnetosphere is a region in which many complex plasma processes occur,

which are driven by both its internal configuration and the external influence of the
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Figure 1.1: Schematic illustration of Earth’s magnetosphere in the plane perpendicular to the
ecliptic, illustrating major distinct regions. The sun is located towards the left of the image.
Figure adapted from Hill and Dessler (1991)

solar wind. This results in several different internal regions that can be differentiated
by their plasma properties and behavior of the particle populations that reside in them.
Figure 1.1 shows a schematic two-dimensional diagram in the plane perpendicular to

the ecliptic that describe the locations of the main regions of the Earth’s magnetosphere.

The solar wind, flowing at supersonic Alfvén speeds of ~ 400 — 600 km/s in the
ecliptic plane before encountering the Earth’s magnetosphere, must be decelerated upon
arrival. This deceleration produces a bow-shock upstream of the magnetopause. The
region between the magnetopause location and the bow shock results in thermalized
plasma and its known as the magnetosheath. In the nightside of the planet, the stretched
magnetic field lines form a tail-like structure. The magnetotail is mainly populated by
particles coming from the ionosphere and the solar wind. For the purposes of this disser-
tation, the magnetotail is important as it provides the seed particles that are injected into
the inner magnetosphere and are important for the interactions that lead to the dynam-
ics of the radiation belts. However, regions outside the inner magnetosphere, including

the tail dynamics are not going to be discussed extensively.



1.2 Structure of the Inner Magnetosphere

This dissertation will focus on the dynamics of the Earth’s radiation belts, located in
the Earth’s inner magnetosphere. However, the inner magnetosphere is populated by
three distinct regions that coexist with each other; the plasmasphere, the ring current
and the radiation belts, each of them having their own unique characteristics locations,
populations, densities and energies, some of which overlap and many of which interact
with each other. Here we present a brief description of these three regions, and their

more relevant interactions.

The Van Allen Radiation Belts

The launch of Explorer 1 in 1958 resulted in the discovery of a region of intense radiation
at high altitudes. Subsequent experiments led to the discover the Van Allen radiation
belts, named after James Van Allen who initially reported the discovery (Van Allen and
Frank, 1959). The Van Allen radiation belts consist of two distinct regions of the inner
magnetosphere populated by highly energetic trapped electrons that are separated by
a zone relatively devoid of particles and is located approximately at altitudes between
1.2 < Rg < 8. Figure 1.2 is an illustration of the Earth’s radiation belts in the plane
perpendicular to the ecliptic. Warm colors indicate the regions of greater intensity. The
inner belt, located approximately in the region 1.2 < Rg < 2 is a very stable region and
consist mostly of energetic protons of energies as high as 100 MeV and is thought to
be populated as a result of cosmic rays interacting with the atmosphere that produce
decay of energetic neutrons (Pizzella et al., 1962; Selesnick et al., 2014). The region between
2 < Rg < 2.5 is relatively devoid of particles and is referred to as the "slot" region.
Particles that enter this region are quickly precipitated into the atmosphere and lost
mostly through resonant pitch-angle scattering with waves (Lyons et al., 1972; Lyons and
Thorne, 1973). The outer zone 2.5 < Rg < 7 is populated mostly by energetic or relativistic
(> 0.5 MeV) electrons and is an extremely dynamic region. Electron populations in the

outer zone can be depleted, energized and transported with the result that their fluxes
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Figure 1.2: Schematic illustration of the Earth’s electron radiation belts and some of the most
commonly used satellite orbits. Colors represent the intensity (increasing from blue to red) of
the stored radiation at different radial distances. Figure from Horne et al. (2013)

vary by several orders of magnitude in time periods ranging from hours to a few days

(Baker et al., 1994).

It is the outer radiation belt that is the region that has gathered most of the attention
in the past several years for both scientific and technical reasons. Fast changes in ener-
getic particle populations pose a significant threat to the instrumentation that orbits the
planet (Baker, 2000; Wrenn et al., 2002; Wrenn, 2009) and are require to be explained by
processes strong and fast enough that can provide the required energization and trans-
port conditions in relatively small timescales. The broad range of energies to be studied,
the harsh environment and the relatively fast interactions that occur in the radiation belts
made it difficult to study in the past, and it is only recently, with the launch of the Van
Allen Probes mission that many of this studies have been possible. The Van Allen Belts
are the focus of the studies presented in this dissertation and therefore will be explored

in depth in the following chapters.



The Ring Current

The ring current is a region of energetic particles (although not relativistic, at energies
of ~ 10 — 100 keV), located between 2 < Rg < 7 that is composed of electrons and ions
drifting longitudinally around the Earth. Because electrons and ions drift in opposite
directions due to the gradient and curvature of the Earth’s magnetic fields, with electrons
drifting to the east and ions to the west, they produce a westward directed current in
the magnetosphere. Such current produces a magnetic field perturbation in the opposite
direction to the internal magnetic field of the planet, which results in an effectively lower
magnetic field that can be measured by ground magnetometers. In fact, early ground
measurements have been transformed in useful indices to indicate geomagnetic activity
and in particular, the hourly Dg; index and the similar but 1-minute index, the SYM — H
index try to measure the magnetic field depression caused by the Earth’s ring current.
The main ion component in the ring current is H, generally about 85% and as low as
74% during geomagnetic stoms with a certain percentage of energetic heavier ions He™
(2-5%) originating from solar wind and O from the ionosphere which corresponds to

about 6% during quiet conditions and up ~ 20% during active times Daglis et al. (1999).

The ring current has a relatively low density compared, for example, to the plas-
masphere (typically 1 —5 cm 3, however, the ring current contains the bulk of the en-
ergy density in the inner magnetosphere and therefore provides most of the free energy
needed for waves growth, considered to be one of the main mechanism for acceleration
and losses of radiation belt particles. The ring current strength and composition is highly
dependent on geomagnetic activity, and it is the main reason why much of the radiation

belt phenomena is closely tied to geomagnetic storms.

The Plasmasphere

The Earth’s plasmasphere, first discovered by Carpenter (1963), is a region of relatively
dense (~ 50 — 10* cm~3) cold plasma (~ 1 eV) that co-rotates with the Earth and that

extends from the ionosphere and up to anywhere between ~ 3 — 7 Rg depending on ge-
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omagnetic conditions, with a tendency to expand during quiet geomagnetic conditions,
but generally being compressed during active times. Its outer boundary is known as the
plasmapause, and corresponds to the region in which the plasma density drops sharply
by at least an order of magnitude over less than 0.5Rg (Carpenter and Anderson, 1992). The
region outside the plasmasphere is often referred to as the plasmatrough. Plasmaspheric
composition consists of mostly H™ ions, followed by He', O", with some heavier ions
sometimes observed (Comfort et al., 1988). The cold plasma in the plasmasphere is fun-
damental in controlling the resonance conditions between plasma waves and the particle
populations (e.g. Chen et al., 2009) and is therefore also fundamental for acceleration and

loss processes in the radiation belts.

1.3 Single Particle Motion

This section provides a brief introduction to particle motion in near collisionless plas-
mas, such as the Earth’s inner magnetosphere. The following subsections describe the
most relevant equations of motion for the trapped particles that reside in the inner mag-
netosphere, in particular, those in the radiation belts. More information can be found
in the books Basic Space Plasma Physics (Baumjohann and Treumann, 1997), Introduction to
Space Physics (Kivelson and Russell, 1995), Introduction to Plasma Physics and Controlled Fu-
sion (Chen, 1983) and from the course reader Solar System Plasma Physics by professor

Richard Thorne at the Department of Atmospheric and Oceanic Sciences, UCLA.

Motion in Uniform Fields

In the presence of an electric and magnetic field, a particle of charge ¢ moving with a ve-
locity v in a near collisionless plasma (which the magnetosphere can generally assumed
to be) will experience a force known as Lorentz force,

d
d—lt’ — g(E+v x B) (1.1)



where p = ymv is the particle’s momentum and vy = 1/v/1 —v?/c? is the relativistic
Lorentz factor. In the general case, when other forces are considered, the equation of
motion, will be given by

\4
mE:qE—quxBnLFg (1.2)

where Fg corresponds to all non electro-magnetic forces, such as the gravitational force.
For the regions of the magnetosphere that are of interest to this dissertation, that is, the
radiation belts, we can generally assume Fg ~ 0 and therefore negligible compared to
the electromagnetic forces. If we consider the particular (and ideal) case of a uniform
magnetic field in an arbitrary directions (B = ByZ) and no electric field (E = 0), a charged
particle will gyrate with cyclotron motion around the field, with an angular frequency
(or gyrofrequency) given by

Q.= . (1.3)

The gyration radius (Larmor radius) is determined by the component of the particle’s

velocity perpendicular to the background magnetic field and is given by

0 mo |

oL = . 4B (1.4)

The gyration motion depend on the charge and mass of the particles, and therefore,
positively charged ions and negatively charged electrons will execute trajectories with
different gyroradii and in opposite directions. If a finite and uniform electric field E # 0
is added in a direction not parallel to the magnetic field, the movement of the particle
will now be given by a combination of the magnetic gyration and the electric field effect.
In general we can describe this motion as a superposition of the two different motions,
this is,

r=R+p1 (1.5)

with R the location of the particle’s guiding center and pj, the vector Larmor radius. If
we choose E to be such that the electric field components parallel to the magnetic field

disappear, that is, E - B = 0 (a reasonable assumption in magnetospheric plasmas), then,
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Figure 1.3: Diagram of the E x B drift for electrons and ions in uniform fields. Figure from
Baumjohann and Treumann (1997)

if E = EX and B = BZ we can find a frame of reference in which we know that the

acceleration occurs only in the circular motion, we therefore obtain
E+vxB=0 (1.6)
If we take the cross product with B we have
ExB+vxBxB=vB2—B(v-B) (1.7)

and from the transverse components of this equations we obtain the electric drift of the

guiding center
ExB
B2

VE = (1-8)

In this case, vg is independent of ¢, m, and v, . The reason is that during the first
half of the particles orbit, they gain energy from the electric field and increase their v |
and therefore p;. In the second half of the orbit, the particles lose energy and decrease
their p;. This difference in the gyroradius on the first and second half of the orbit is
responsible for the vg drift motion. For particles of the same velocity but different mass,
the lighter ones will have smaller p; and therefore will drift less per cycle, however, its
gyration frequency will also be larger, and the two effects exactly cancel. Two particles
of the same mass but different energies would have the same gyrofrequency. The slower

one will have smaller p; and therefore will gain less energy from the electric field in



half a gyration. For this reason, in collisionless plasmas the electric drift will force
the motion of particles in the same direction and speed, as shown in Figure 1.3 and
therefore the electric drift will result in no electric currents generated in the system. It
is relevant to mention that this drift motion will also occur in the presence of any force
F such as gravity. However, in such cases the drift will be charge dependent and may
result in drift motions in opposite directions, resulting in currents being generated in
the system. Equation 1.8 can be written as a general expression to account for the drift

motion produced by any force F in a uniform magnetic field:

FxB
VE = B2 (1.9)

Motion in Non-uniform Magnetic Fields

In the most realistic case, inhomogeneities in the magnetic field need to be considered.
In the case of spatially changing magnetic fields (such as the Earth’s magnetic field),
particle motion will be affected by the gradient VB in the form of a drift motion if no
electric field (E = 0) is present. In the simplest case, we assume a static (or slowly
varying) magnetic field with a gradient pointing perpendicular to the direction of the
tield (VB L B). As the particle gyrates, the magnitude of B will no longer be constant
over its trajectory, and thus, pr will vary in one gyration. Although the process is similar
to the process described in the E x B drift, in the case of the VB drift, particles of
opposite charge drift in opposite directions, and the drift velocity is dependent on the

particle’s charge, mass, and velocity (energy), and can be described as

2

_ mvy
V= o (B x VB) (1.10)

The gradient drift is only one component of the particle drift in an inhomogeneous
magnetic field. When the field lines are curved (such as in a dipolar field), a curvature

drift will also be present. Due to their parallel velocity v|, the particles experience a
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Figure 1.4: Schematic of three different particle motions in a magnetic field occurring in
different time scales. Gyro motion, Bounce Motion and Drift Motion with characteristic
timescales such that Tgyro < Thounce K Tdrift- Figure from Kivelson and Russell (1995).

centrifugal force

R
_ 2 Tx¢
Fr = muj| R2 (1.11)

where R, is the radius of curvature. This expression can be replaced in Equation 1.9 to

derive the drift caused by a curvature of the magnetic field lines, which results in

. _ ™[R xB
©q KRB

(1.12)

The curvature drift is thus proportional to the parallel particle energy, E; =1/ 2mov? and

is oriented in a direction that is perpendicular to the magnetic field and its curvature.

Adiabatic Invariants of Motion

Because of the geometry of the Earth’s magnetic field, charged particles in the inner
magnetosphere can be described, during quiet times, by three different types of motion:
1) gyro-motion around the field lines, 2) bounce motion along the field lines between the
mirror points and 3) an azimuthal drift motion around the Earth. Figure 1.4 illustrates

these three type of characteristic motions.

The timescales involved in each type of motion are such that Tgyro < Thounce K Tdrift
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and thus they can be considered independent of each other most of the time. If the
magnetic (and any electric) field is slowly varying, the three types of motion can be
considered invariant (or adiabatic invariants). The first adiabatic invariant y, also known
as the magnetic moment, is derived from the fact that a magnetic field does not exert a

force over a particle that moves perpendicular to it, and this can be expressed as

al

where p is the relativistic momentum of the particle perpendicular to the local magnetic
tield, m is the rest mass of the particle and B is the local magnetic field component.
The conservation of the first adiabatic invariant is equivalent to the conservation of the
magnetic flux through the particle’s gyro-orbit. A commonly used quantity to calculate
the parallel or perpendicular component of the particle’s velocity is the pitch angle,

defined as the angle between v and B. The pitch angle can be expressed as

& = tan~! <%> (1.14)

If we consider a particle trapped between two magnetic mirror points, it bounces
between them and therefore has a periodic motion given by its “bounce frequency.”
A constant of this motion is given by the integral of the parallel momentum through
the bounce path of the guiding center along a field line. However, since the guiding
center drifts across field lines, the guiding center motion is not exactly periodic, and
the constant motion is the bounce period which becomes an adiabatic invariant. This

invariant is labeled | and is defined for a half-cycle between the two mirror points as

= /bv”ds (1.15)

and can be re-written in terms of the magnetic field across the path B(s) and the magnetic

11



field at the mirror point B,, which results in

[ =2\/2mn / " B — B(s)ds (1.16)

with m; and mj correspond to the location of the mirror points, and y is the first adiabatic
invariant. This relationship between the first and the second adiabatic invariants is

written in a different and more commonly use form by defining

" /Bm — B(s)ds (1.17)

as the component that only depends on the magnetic field, and therefore

] = 2/2muk (1.18)

and so the second adiabatic invariant is also written in terms of the first adiabatic invari-

ant . Another useful computation is to rewrite K in the form

1_/ l1_ (1.19)

which is used in the definition of the Mcllwain parameter L Mcllwain (1961), and that is
going to be used extensively through this dissertation and to represent the radial distance
from the Earth at which a magnetic field line crosses the equator. Therefore with this

definition we can tell that particles bounce through the magnetic field at constant L.

A third invariant invariant of motion, ® corresponds to the conserved magnetic flux
encircled by the periodic orbit of a particle trapped in the magnetic field when it is
moving in a closed drift shell orbit around the magnetic field axis. This drift invariant
can be written as

@:fwmw (1.20)

where v, is the perpendicular drift velocity, ¥ is the azimuthal angle and the integration

must be performed over a full drift path of the particle. Whenever the typical frequency
12
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Figure 1.5: Top: sunspot numbers and daily averaged solar wind speed for 20 years, from 1993
to 2013. Bottom: 2-6 MeV electron observations from SAMPEX as a function of L for the same

period of time. The color scale on the main plot shows electron flux intensity. Figure from Baker
et al. (2018)

of the electromagnetic field variation is much smaller than the drift frequency, w < wy,

then @ is invariant and essentially equal to the magnetic flux enclosed by the orbit. This

relationship can be expressed as

2
o = %M = const. (1.21)

where M is the magnetic moment of the magnetic field. It is often relevant when analyz-

ing the motion of particles in the magnetosphere, to utilize the quantity L* as the third

adiabatic invariant, defined as
_2nM

L* =
DRE

(1.22)
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1.4 Outer Radiation Belt Dynamics

Fluxes in the outer radiation belt are highly variable. Such variability occurs on both
short and long timescales. For example, Figure 1.5 shows low-altitude radiation belt
relativistic electron fluxes measured by the Solar Anomalous and Magnetospheric Par-
ticle Explorer (SAMPEX) mission from 1993 to 2013. It can be seen that the intensity
and location of the electron fluxes varies on short timescales, from days to weeks, but
also correlates with long term solar activity, in this case, the sunspot number and hence
the ~ 11 year solar cycle. Figure 1.5 is a remarkable example of how outer radiation
belt electron fluxes correlate extremely well with solar activity (Baker et al., 1986) and in
particular with the solar wind (Paulikas and Blake, 1979). The outer radiation belt also
responds on time scales of hours to days, usually in association with enhanced geo-
magnetic activity, that can result in prompt responses, either removing, transporting or
energizing particles. Outer radiation belt dynamics have been described as a "delicate
equilibrium of acceleration, loss and transport processes" (Reeves et al., 2003), as it is not
always straightforward to anticipate or forecast the radiation belt response to a strong
geomagnetic disturbance providing free energy to the system. For example, Reeves et al.
(2003) analyzed geosynchronous data from 276 geomagnetic storms and compared elec-
tron fluxes at geostationary orbit before and after each event. They found that the re-
sponse varied from event to event, with 53% of the storms resulting in enhancement of

fluxes, 28% resulting in no significant change, and 19% resulting in depletion of fluxes.

One of the goals of this dissertation is to study the solar wind conditions that favor
acceleration or depletion of relativistic electron fluxes in the radiation belts, the influence
of the solar wind is ultimately driven by internal processes of the inner magnetosphere
and outer radiation belt that result in its extreme dynamics. We describe below the most
commonly studied and accepted source and loss processes that act in the outer radiation
belts. It is important to mention that the effectiveness of a particular process can vary
greatly from event to event, and that in general, these processes do not occur in isolation

and often operate at the same time or in rapid succession.
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Figure 1.6: Schematic of the outer radiation belt and the two main mechanisms of relativistic
electron sources (a) Phase space density expected for radial-diffusive acceleration. (b) Local
wave-particle acceleration. Figure from Reeves et al. (2013)

Radiation Belt Sources

Sources of energetic particles in the radiation belt are usually the result of non-adiabatic
processes that violate one or more adiabatic invariants and can be broadly be separated
in two categories: radial transport and acceleration. Figure 1.6 shows a schematic of the
outer radiation belt and the phase space density profiles associated with local accelera-

tion and inward radial transport.

Transport of particles generally takes the form of inward radial diffusion and in-
volves motion of particles from the tail region to the inner magnetosphere. It occurs
when phase space density gradients appear and allows for particles to diffuse inward
to lower L regions (Schulz and Lanzerotti, 1974; Green, 2004). Since this process violates
the third adiabatic invariant of motion, but not the first two, as the particles move into
regions of stronger magnetic fields, they are energized. Inward diffusion processes can
be enhanced by interactions with magnetospheric ULF waves (e.g. O’Brien et al., 2001;
Mann et al., 2004; Hudson et al., 2008) and can also be the result of direct particle injections
from the tail generally associated with substorm activity. Although injections could in
principle energize electrons up to relativistic energies (e.g. Schiller et al., 2016) they are

most commonly responsible for facilitating local acceleration mechanisms.

The second source mechanism is related to local acceleration. Figure 1.7 shows a

schematic of the sequence of processes required for strong enhancement of outer belt
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Figure 1.7: Schematic sequence of processes required for strong local acceleration of outer belt
electrons to E > 1 MeV. Figure from Jaynes et al. (2015)

electrons. In this case, favorable solar wind conditions will drive injections of low-to-
medium energy electrons (few to hundreds of keV) towards the inner magnetosphere.
The low energy electrons, considered the source population, generally exhibit a strong
anisotropic distribution by the time they reach the inner magnetosphere (Thorne et al.,
2013a) and therefore tend to release energy and feed electromagnetic waves, such as the
whistler-mode chorus waves. These waves can then resonantly interact with the medium
energy electrons (tens to hundreds of keV) (Summers et al., 1998; Bortnik and Thorne, 2007;

Thorne, 2010) resulting in acceleration up to MeV energies.

Radiation Belt Losses

Radiation belt electrons can also be lost by several different processes. These losses can
be true losses or apparent losses due to adiabatic effect (Kim and Chan, 1997). In the case
that the particles disappear through adiabatic effect (generally associated to the main
phase of geomagnetic storms) it is very likely that once the magnetic field recovers, the
particles will return to their original position. For the particles to be truly lost from the
system, they need to either be pitch-angle scattered towards the loss cone, in which case
the electrons get lost into the Earth’s atmosphere while undergoing bounce motion (Jor-
danova et al., 2008; Hyun et al., 2014; Gao et al., 2015) a process that generally requires local
wave-particle interactions or the particles can be lost to the interplanetary medium due
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to magnetopause shadowing (Turner et al., 2012), generally by a combination of outward
radial diffusion (Shprits et al., 2006) or simply by a compression of the magnetopause

location.

1.5 Solar wind effects on the radiation belts

The variability of the energetic electron fluxes in the Earth’s outer radiation belt is ulti-
mately driven by the solar wind. In addition to the long-term variability known to be
modulated by the solar cycle (Baker et al., 1986) (and shown in Figure 1.5), large variations
occur most of the time on shorter timescales. It is not unusual for the outer radiation
belt to experience sudden decreases in flux levels that are typically followed by quick
recoveries that occur on hours or days across different radial distances and in a wide
energy range. The short and long term variations of relativistic electron flux levels to
different solar wind and magnetospheric parameters has been studied extensively, from
Paulikas and Blake (1979) who reported that high fluxes are linked to the solar wind speed,
to other authors who have studied, for example, the variability and orientation of the

interplanetary magnetic field B, (Blake et al., 1997; O’Brien et al., 2001).

A common denominator to most studies of the variability in the outer radiation belt
is that they generally focus on the response of the relativistic electron populations to
storm-time conditions. As an example, Figure 1.8 shows a superposed epoch time anal-
ysis of different solar wind quantities for storms leading to an enhancement in relativis-
tic electron fluxes at geostationary orbit compared to those storms that don’t result in
enhancement. We will take a similar approach in using the superposed epoch analy-
sis technique for the study of the outer radiation belt, but not restricted exclusively to
storm-time. It is our intention to first consider fluxes at geostationary orbit and then
expand our study to fluxes across the outer radiation belt, a study made possible with

the data provided by the Van Allen Probes Mission
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Figure 1.8: From O’Brien et al. (2001): The evolution of various quantities as a function of epoch
time. Thick lines indicate upper and lower quartiles, and thin lines indicate median values.

Recent discoveries in the radiation belts: The third belt

One of the first results of the Van Allen Probes mission was the discovery of a completely
new configuration of the radiation belts, a stable three-belt configuration that lasted for a
month before being wiped out by a geomagnetic storm Baker et al. (2013a). The creation
of this three-belt configuration was the product of a partial depletion of the external
outer belt that left a remnant belt at 2.8 < L < 3.5 and that was later followed by a

recovery of electron fluxes at L > 4. The consequence of this external recovery is that a
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Figure 1.9: Electron fluxes from Van Allen Probes showing a remnant belt and three-belt
configuration across several energy channels of the REPT instrument. (a) Electrons in the energy
channel E = 3.4 MeV (b) Electrons with E = 4.2 MeV and (c) Electrons with E = 5.2 MeV. Figure
from (Baker et al., 2013a).

second "slot" region appeared in between the split outer belt. Figure 1.9 shows the first

report of an ultrarelativistic remnant belt.

To explain the formation of the remnant belt, Shprits et al. (2013, 2018) has argued
that simulation of losses dut to scattering of electrons by electromagnetic ion-cyclotron
(EMIC) waves and losses to the interplanetary medium can successfully replicate the
remnant belt formation, while Mann et al. (2016, 2018) has argued that EMIC waves
scattering is not needed as losses to the magnetopause by a combination of traditional
inward motion of the magnetopause and fast outward diffusion driven by ULF waves is
enough to replicate the observations. The decay of the remnant belt has been studied by
Thorne et al. (2013b) who argued that that a remnant belt trapped in the plasmasphere
by a rapid expansion of the plasmapause will only present a slow decay associated
with interactions with hiss waves. It is our intention to explore the phenomenon of
the ultrarelativistic electron remnant belts associated with three-belt events in the outer

radiation belt.
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1.6 Objectives and Organization of the Dissertation
The major goals of this dissertation are

1. Establish what solar wind parameters are statistically relevant for enhancement
and depletion events of MeV electrons at geostationary orbit regardless of storm-

time conditions

2. Study the extent of the solar wind influence for the entire outer belt, by investigat-
ing to what extent enhancements of MeV electrons occurring at geostationary orbit

will penetrate to lower L-shells

3. Improve our understand the morphology of the radiation belts, in particular of
remnant belt of ultrarelativistic electrons that form at low L-shells by exploring

their occurrence, location and decay mechanisms.

Chapter 2 describes the main datasets we are going to use, in particular the Van Allen
Probes instruments and characteristics of the mission and the processing of the REPT
data. In Chapter 3 we present the study Interplanetary Parameters Leading to Relativistic
Electron Enhancement and Persistent Depletion Events at Geosynchronous Orbit and Potential
for Prediction were we study the statistical state of the solar wind during relativistic
electron enhancement events and persistent depletions at geostationary orbit. In Chapter
4 we present the study Radial Response of Outer Radiation Belt Relativistic Electrons During
Enhancement Events at Geostationary Orbit that explores the response of the outer radiation
belt during enhancement events detected at geostationary orbit and study the coherence
in the response of different parts of the radiation belt. Chapter 5 corresponds to the
study Characteristics, Occurrence and Decay Rates of Remnant Belts associated with Three-Belt
events in the Earth’s Radiation Belts that characterize the occurrence and main properties
of ultrarelativistic remnant belts associated with three-belt events in the outer radiation
belt. Chapter 6, the study entitled Decay of Ultrarelativistic Remnant Belt Electrons Through
Scattering by Plasmaspheric Hiss extends the previous study by exploring in detail the
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mechanisms responsible for the slow decay of ultrarelativistic remnant belts. Finally,

Chapter 7 presents a summary of the findings in this dissertation.
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CHAPTER 2

Datasets and Data Processing

2.1 The Van Allen Probes Mission

The Van Allen Probes mission (Mauk et al., 2013), formerly known as the Radiation Belt
Storm Probes, consisted of two identical spacecraft, named RBSP-A and RBSP-B that
were designed to survey the different particle populations and fields in the inner mag-
netosphere with emphasis in the extreme dynamics of the Earth’s radiation belts. Both
spacecraft carried a comprehensive suite of instruments designed for such purposes. The
spacecraft were located in nearly identical highly elliptical, near-equatorial (~ 10° incli-
nation) orbits with an apogee at 5.8 R (geostationary transfer orbit), an orbital period

of ~ 9 hours, and a spin period of ~ 11 seconds.

The satellites were designed to have a precession rate of ~ 210°/year, so that their
apogee-perigee line covered all magnetic local times (MLT) every ~ 20 months. The
individual orbits of the probes were slightly different so that one satellite overtakes
the other every ~2.5 months, allowing for measurements at variable distances between
the two probes, simultaneous measures at different radial distances from the Earth and

measurements at different MLT separation.

The mission was launch on an Atlas V 401 rocket on August 30, 2012, and some in-
struments turned on the following days. Relativistic electrons from REPT (the central
pillar of this dissertation) are available starting September 3, 2012. The spacecraft started
their decommission process in February 2019 with the lowering of their perigee orbits so
that atmospheric drag eventually results in a re-entry to the atmosphere. It is expected

that this re-entry will occur at some point in 2034. After running out of fuel, needed
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Figure 2.1: Rendered illustration of the Van Allen Probes and the location of the on-board suites
of instruments carried by the mission. Source: NASA Van Allen Probes website
(http://nasa.gov/mission_pages/rbsp/spacecraft)

to maintain the satellites pointing their solar panels in the direction of the sun, on July
19, 2019, RBSP-B was deactivated, and RBSP-A followed on October 18, 2019, in what is
considered the official end of the mission. Figure 2.1 shows a diagram of the configura-
tion of the Van Allen Probes suites of instruments. Of all the available instruments and
measurements from the Van Allen Probes mission, we now describe the two we have
used for the research presented in this dissertation: The ECT-REPT instrument and the

EMFIFIS instrument.
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ECT-REPT

The Relativistic Electron-Proton Telescope (REPT) instrument (Baker et al., 2013b) was
part of the Energetic Particle, Composition and Thermal Plasma (ECT) suite (Spence
et al., 2013). Designed to measure relativistic particles, REPT measures full pitch-angle
distributions in the energy range from 1.6 MeV to >18.9 MeV for electrons, with an
energy resolution AE/E 25% which results in 12 energy channels and from 17 MeV
to >100 MeV for protons, with an energy resolution AE/E 25% resulting in 8 energy

channels.
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Figure 2.2: Profile diagram of the REPT instrument showing high-Z disk-loaded collimator,
detectors and shielding along with the supporting electronics. Figure from Baker et al. (2013b)

Figure 2.2 shows a diagram of the REPT instrument, which pointed perpendicular
to the spin axis of the spacecraft. REPT consisted of a stack of nine silicon solid state
detectors placed behind a collimator and thick aluminum-tungsten protective casing
and shielding. A beryllium window at the back of the collimator was in place to exclude
electrons low energy electrons of E < 1 MeV and protons E < 15 MeV. The instrument

has a geometric factor of 0.2 cm? sr and a field of view of 32°. Processing of the electron
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data is made available both as a sector measurements (L2) and pitch-angle resolved
(L3) data that contains 17 pitch angles from 0° — 180°. For this dissertation we used
L3 pitch-angle resolved data, which is available in the instrument team website (https:

//www.rbsp-ect.lanl.gov).

EMFISIS

The Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) in-
strument Kletzing et al. (2013) suite provided measurements of DC magnetic fields and
wave electric and magnetic fields covering the frequency range from 10 Hz up to 12
kHz (400 kHz for single-axis electric field. There were two sensors in EMFISIS: a tri-
axial fluxgate magnetometer (MAG), and a tri-axial magnetic search coil magnetometer
(MSC). The Waves instrument used signals from both the MSC and electric field mea-
surements from the Electric Fields and Waves (EFW) instrument (Wygant et al., 2013).

The EMFISIS magnetic field sensors were mounted on booms as shown in Figure 2.1.

Several products are available from the EMFISIS instrument, including low cadence
continuous survey and burst products such as magnetic field, HFR-spectra and WER-
waveforms (L2, calibrated in spacecraft coordinates), as well as magnetic fields in dif-
ferent coordinates (L3) in both high and low temporal resolution. Finally, the EMFI-
FIS team has produced some high-level processed data (L4) of which in this disser-
tation we will use the electron density obtained from the upper hybrid resonance f,;,
(Kurth et al., 2015). EMFISIS data is available in the instrument team website (https:

//emfisis.physics.uiowa.edu/)

2.2 GOES Data

The Geostationary Operational Environmental Satellite (GOES) (Onsager et al., 1996) is
the National Oceanic and Atmospheric Administration (NOAA) main environmental

monitor for Earth and space. Orbiting the Earth in geosynchronous orbit, at about 6.6
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REg (35,800 km), the monitoring has been active since 1974, although the relevant space
data for this dissertation, the relativistic electrons, has been available continually only
since GOES-8 was launched in 1994. There is generally two GOES satellites operating at
the same time, GOES-East positioned over the equator at 75 degrees West longitude, and
the GOES-West satellite is positioned at 135 degrees West longitude. All of them, start-
ing with GOES-8 carry a Space Environment Monitor (SEM) instrument which consists
of a three-axis fluxgate magnetometer, energetic particle detector, and soft X-ray detec-
tor. Newer generations of GOES satellites (starting with GOES-13) also carry a medium
energy particle detector. In this dissertation, we will use data from the GOES-8 (1996-
2003) and GOES-10 (2003-2006) relativistic electron fluxes > 2 MeV sampled at 5 minutes
of temporal resolution by the Energetic Particle Sensor (EPS) instrument (Onsager et al.,
1996) and from the Energetic Proton, Electrons and Alpha particles Detector (EPEAD)
instrument (Rodriguez et al., 2014) for GOES 15 (2012-2017).

Data from the GOES satellites has only been minimally processed, and generally
to remove contamination from energetic protons (GOES-8 and GOES-10) or to obtain
hourly or daily averages. All data used in this dissertation is available in the NOAA

website (https://satdat.ngdc.noaa.gov/sem/goes/data/).

2.3 OMNI Data

The OMNI (currently OMNI-2) data set contains hourly, 1-minute and 5-minutes res-
olution of the solar wind magnetic field and plasma properties obtained from many
spacecraft in geocentric orbit, in orbit about the L1 Lagrange point ~ 225Rg in front
of the Earth among others. Since the creation of the minute datasets in 1995, the main
contributors to the OMNI dataset have been the ACE, Wind and IMP 8 spacecraft. In
recent years, data from Geotail and GOES has been added. The data set also contains

geomagnetic activity indices (AE, D4, etc.) and sunspot numbers.

Processing of the data includes time-shifting to the Earth’s bow shock nose. Time
shifting is based on the assumption that solar wind magnetic field values observed by
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a spacecraft at a given time and place lie on a planar surface convecting with the solar
wind, and that the same values will be seen at a different place at the time that the phase
front sweeps over that location, commonly referred to as "ballistic propagation”. Specific
details about the data processing and availability can be found in the OMNI website

(https://omniweb.gsfc.nasa.gov)

For this dissertation we will mostly use the 1-minute resolved OMNI data except
when certain quantities are not available, for example, Ds; and Kp index are only avail-
able in hourly resolution. All the data used in this dissertation is available in the Coor-

dinated Data Analysis Web (CDAWeb) repository (https://cdaweb.gsfc.nasa.gov/)

2.4 Data Processing

The data used in this dissertation is publicly available and generally pre-processed such
that it can be used with minimal manipulation. During the following chapters, some
derived quantities will be calculated, such as, for example, the southward (negative)
accumulated interplanetary magnetic field B, component. When a derived quantity is

calculated, it will be described within the text.

One particular type of processing for the data that was used several times in this
dissertation and that is worth disussing separately, is the binning of the Van Allen Probes
REPT data in time and sometimes in space. Originally presented in 17 pitch angle bins
and 12 energy channels, the L3 REPT data is sampled at 11 seconds (one measurement
per satellite spin). For our research purposes, such high temporal resolution is not
needed and it can significantly slow down the calculations when analyzing several days,
months or even years of data. Therefore, the following standard procedures were applied

to REPT data.

1. Individual daily files were processed by taking a simple geometric average of
all pitch angle bins, and therefore changing from unidirectional fluxes to omni-

directional fluxes
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2. The first 8 energy channels were kept and the 4 more energetic channels were
dropped from the data since they rarely present useful information and therefore

were not considered during this dissertation.

3. These daily files were combined into monthly files containing only electron data
for the first 8 channels, time, and location of the satellites given in L and MLT
format. Although these files are not published, they can be requested to me by

email, as well as the processing routines (written in IDL)

The simplified dataset was used for the different studies carried out in this dissertation.
Additionally, several other processing steps were carried out, and that are described in
each chapter to account for small differences between studies. However, the general

guidelines are the following

1. Spatial binning of the datasets: Considering that fast variations in fluxes were not
fundamental to our purposes, and to reduce the size of the database to only one
measurement for each satellite for each L every AL = 0.1, we performed a binning
by averaging all the data points available for that particular pass of the satellite in
the region L < r < L + 0.1 with r the actual position of the satellite (in L units).
The time of that measurement was chosen as the median time of the collection of

points

2. Merging of the datasets: Most of the time data from RBSP-A and RBSP-B was
merged to obtain a single dataset that contained all measurements from both satel-
lites. This was done by simply combining both datasets and sorting them by time,
without preservation of the identity of each probe. This merging allowed for in-
creased temporal resolution of data for each L-shell, at the cost of presenting some

variability given the slight differences in the satellites orbits.

3. Temporal binning of the datasets: For some studies, high temporal resolution was
not as important as consistent time-dependent measurements. When that was the

case, we performed a temporal binning in the merged datasets for a particular
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AL = 0.1 by by averaging all the measurements at that particular L within a time
range of typically At = 6 hours. Although different studies used particular binning
time, 6 hours produces consistent non null results in the range 2.5 < L < 6.0,

although sometimes a binning of At = 4.5 hours also produces satisfactory datasets

Background removal was performed depending on the particular needs of the investi-
gation. The general background removal mechanism used for this dissertation was first
presented in Moya et al. (2017) and follows the guidelines described by Claudepierre et al.
(2015).
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CHAPTER 3

Interplanetary Parameters Leading to Relativistic Electron
Enhancement and Persistent Depletion Events at

Geosynchronous Orbit and Potential for Prediction

The material in this chapter has already been published in the Journal of Geophysical Re-
search: Space Physics (Pinto et al., 2018a). The text is presented with some minor modifica-
tions to the original to include the supplementary information of the original published

work.

3.1 Introduction

Fluxes of relativistic electron populations (> 0.5 MeV) in the Earth’s outer radiation
belt are highly variable. There is a long-term variability that has been suggested to
be modulated by the solar cycle (Baker et al., 1986), but large variations also occur on
short time scales. For example, sudden drops in flux levels that are typically followed
by quick recoveries can occur on timescales of hours or days. Numerous studies have
linked the short and long term variations of relativistic electron flux levels to different
solar wind and magnetospheric parameters; the solar wind velocity (Paulikas and Blake,
1979; Blake et al., 1997; Baker et al., 1998; Lyons et al., 2005, 2009; Reeves et al., 2011; Wing
et al., 2016), showing that high-speed streams are favorable for increases in flux, the
change and orientation of the interplanetary magnetic field B, (Blake et al., 1997; O’Brien
et al., 2001; Iles et al., 2002; Li et al., 2005; Miyoshi and Kataoka, 2008; Gao et al., 2015; Boynton
et al., 2016), the solar wind proton density (Lyons et al., 2005; Lyatsky and Khazanov, 2008;
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Borovsky and Denton, 2010; Balikhin et al., 2011), the auroral activity measured by the AE
index (Meredith, 2002, 2003; Li et al., 2009; Kim et al., 2015; Hajra et al., 2015) and the solar
wind or magnetospheric ULF wave activity (Rostoker et al., 1998; Kim et al., 2006; Kozyreva
et al., 2007; Potapov et al., 2014).

The physical processes that lead to the variations in relativistic electron fluxes in the
outer radiation belt have been another important area of study. While the topic is still
open, it is generally accepted that the main processes for relativistic electron losses are
magnetopause shadowing (Turner et al., 2012), outward radial diffusion (Shprits et al.,
2006) and pitch angle scattering to the atmosphere (Thorne et al., 2013b; Hyun et al.,
2014; Gao et al., 2015). For electron acceleration leading to an increase in relativistic
electron fluxes, we point to wave-particle interactions (Summers et al., 1998; Bortnik and
Thorne, 2007; Horne et al., 2007; Thorne, 2010) acting on a seed population and resonance
with ULF wave activity (Mathie and Mann, 2000; Mann et al., 2013) as the main causes.
Understanding the processes that lead to variability is a major goal of radiation belt
research. However, when it comes to applications, and in particular prediction, we need
a better understanding of the external factors driving the relativistic electron fluxes,
as it has become clear that elevated fluxes can damage satellites in geostationary orbit
(Baker, 2000; Wrenn et al., 2002; Wrenn, 2009), disrupt communications and pose a threat
for space exploration. Therefore, having the ability to predict the outer belt variability
accurately has important technical applications and several efforts have been conducted
in this regard (Baker et al., 1990; Reeves, 1998; Li et al., 2001; Turner and Li, 2008; McPherron
et al., 2009; Simms et al., 2014; Boynton et al., 2015; Simms et al., 2016).

Relativistic electron flux variations have been historically associated with geomag-
netic storms (e.g., Gonzalez et al., 1994), with a common proposition that storms are
accompanied by a drop in the electron flux during the storm main phase followed by a
recovery or increase during the storm recovery phase (e.g., Reeves, 1998). Even though
this association is relatively common, not all storms result in enhancements from pre-
storm levels. For example, Reeves et al. (2003) studied 276 storms and only 53% were
associated with an enhancement event at geostationary orbit, while 19% were associated
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with a net flux loss and 28% showed no significant change. Similar results have been ob-
tained in other studies (e.g., Turner et al., 2013; Zhao and Li, 2013; Moya et al., 2017), giving
us confirmation that storms are not always associated with enhancement or depletion in

relativistic electron fluxes.

To better understand the geomagnetic conditions needed for the fluxes of relativistic
electrons to be enhanced or depleted, it is very important to study the problem from a
non Dg-based point of view. By using Dg minima during storm to locate events, we
restrict the studies to only a subset of all events and therefore limit our capacity to fully
understand the enhancement and depletion phenomena and to develop fully functional
predictive capabilities. For example, starting from enhancement events, Kim et al. (2015)
showed that a geomagnetic storm, as defined by a drop in Dg; index, is not necessary
for a relativistic electron enhancement event to occur and that a persistent southward
IMF or north-south IMF oscillations that can drive sufficiently large substorm activity as
measured by AE index are key for enhancements occurrence (see also Hajra et al., 2015;

Rodger et al., 2016, and references therein).

In this work, we study two types of events associated with flux variations: relativistic
electron enhancement events and relativistic electron persistent depletion events that
occurred during the years between 1996 and 2006. We examine various solar wind
parameters that are associated with them to understand if there are critical parameters
involved in the processes of enhancement or persistent depletion. Section 3.2 describes
the event selection criteria and the data used for the study. Section 3.3 presents the results
of a superposed epoch analysis of the events and cumulative distribution analysis for
various solar wind parameters for both enhancement and persistent depletion events and
the comparison between them. Section 3.4 discusses some ideas about the predictability
of relativistic electron enhancement events and persistent depletion events based on our

results
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3.2 Selection of Events and Data

We use > 2 MeV electron flux data sampled at 5 minutes by the Energetic Particle Sen-
sor (EPS) instrument on-board the Geostationary Operational Environmental Satellite
(Onsager et al., 1996) GOES-8 (1996-2003), and GOES-10 (2003-2006) satellites located at
geostationary orbit to identify the events to study, and GOES-11 (2007-2010) to test the
predictive power of the results. To avoid background contamination from energetic solar
protons, we have used NOAA definition of solar proton events (SEP) of > 10 cm=2 sr~!
s~! in the > 10 MeV proton channel as a criterion for exclusion if they were measured
during the first two days following the start of our events. Relativistic electron enhance-

ment events (REE) are defined by an increase in the minimum daily flux from less than

2 1

102 ecm 2 sr~! s7! to more than 2 x 103 ecm~2 sr! s7! in less than 48 hours, followed

2 o1

by an average daily flux larger than 0.5 x 103 em~2 sr~! s7! for at least 3 days, and a
relative increase of at least a factor of 4 for the flux daily average. Time t=0 corresponds
to the time when the increase in flux initiates. Relativistic electron persistent depletion

1

events (REPDE) are defined as a drop to less than 10" em™2 sr~! s7! in the maximum

daily flux resulting in a decrease of a factor of 4 or more with respect to the pre-drop

2 gr~1 g1 for at least 3 days.

flux and with daily average flux remaining below 10! cm —
For REPDE, time t=0 is determined by the time at which flux reaches its minimum value
after the initial drop. Figure 3.1 shows a schematic of the electron flux evolution for REE
and REPDE. During the period covered by this study, from 1996 to 2006, we identified

61 REE and 21 REPDE.

To study solar wind parameters, we use the OMNI database that provides 1-minute
temporal resolution data obtained from ACE, WIND and IMP-8 satellites processed to be
shifted to the position of the Earth’s bow shock nose, and that can be obtained through
CDAWeb (http://cdaweb.gsfc.nasa.gov). IMF ULF index corresponds to a 1-hour av-
erage of the spectral power in the Pc5 range (1-8 mHz) calculated from WIND, ACE and
IMP-8 1 minute resolution IMF data time-shifted to the magnetopause nose using the

method of Kozyreva et al. (2007), and the data can be obtained from the Augsburg website
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Enhancement Event

< 48 hrs. time
> 96 hrs.

Figure 3.1: Scheme of the flux evolution for an idealized relativistic electron enhancement event
(red) and a relativistic electron persistent depletion event (blue). t = 0 corresponds to the time
when the enhancement can be first appreciated (REE) or when the depletion is complete
(REPDE), vertical dashed lines represent the time in which threshold value should be reached
for REE and the minimum duration allowed for persistent depletions.

(http://space.augsburg.edu/MACCS/ULF_index). IMF ULF power is then calculated as

10index with a 1-hour resolution.

We have also cataloged the events by their associated solar driver, i.e. Interplanetary
Coronal Mass Ejection (CME) or Co-rotating Interaction Region (CIR). The identification
of the solar wind driver was based on the observation of solar wind speed changes (Vx
and V), proton density changes, and IMF B, response around the time of the events.
For REE, 53 events are associated with a CIR and 8 with a CME, while for REPDE, 18
are associated with a CIR and 3 with a CME. The full list of events with their respective
start times and geomagnetic drivers is shown in Table 3.1 for REE events and in Table

3.2 for REPDE events.
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Figure 3.2: Example of a relativistic electron enhancement event occurred on 29 June 2004 (left)
and persistent depletion event occurred on 16 January 1998 (right). From top to bottom, panels
show: > 2 MeV electron flux (cm~2 sr~! s7!) from GOES, solar wind speed Vy (km/s), solar
wind proton density 7 (cm ™), solar wind dynamic pressure pgyn (nPa), interplanetary magnetic
field (IMF) B, (nT), AE Index (nT), solar wind ULF power (nT?) and solar wind reconnection
electric field E, (mV/m). Vertical dashed line indicates the time ¢ = 0; enhancement start or
depletion of flux.

3.3 Superposed epoch time analysis

Figure 3.2 shows an example of a relativistic electron enhancement event that occurred
on 29 June 2004 (left) and a relativistic electron persistent depletion event that occurred
on 16 January 1998 (right). For both events, we also show the different parameters that
are considered in this work; from top to bottom: solar wind speed V}, solar wind proton
density ngy, solar wind dynamic pressure Pdyn/ interplanetary magnetic field B,, AE
index, IMF ULF power and solar wind reconnection electric field E, component (Kan

and Lee, 1979). Note that the SYM-H index has been deliberately excluded because we
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collected our events without considering SYM-H drops. To examine a possible SYM-H
influence, Figure 3.3 shows the time difference between the SYM-H minimum value for
each individual event and the time we have labeled as t=0. Negative values indicate
that SYM-H minimum occurred before time t=0. We have indicated in red the events
associated with a CME and in blue those associated with a CIR. While a spread in time
is expected, it is interesting to note that relativistic enhancement event can start before
SYM-H minimum when that minimum is modest, and there are several enhancement
events for SYM-H minimum > —50 nT, which are not traditionally considered geomag-
netic storms. For persistent depletion events, we would expect the SYM-H minimum to
occur at positive time (after flux minimum) if we assume depletions occur during the
storm main phase. However, this is not true for all our events as can be seen in the
tigure. Figure 3.3 is consistent with results that magnetic storms are not directly related
to relativistic electron enhancements at geostationary orbit, (Hajra et al., 2015; Kim et al.,
2015), as events can occur at any time relative to, and for any value of, SYM-H minimum.
While the occurrence of geomagnetic storm was not a criteria for event selection, we note

that all REE are associated with some type of geomagnetic disturbance.

Figure 3.4 shows a superposed epoch time analysis of the solar wind and magneto-
spheric parameters displayed in Figure 3.2 to statistically identify common features that
are associated with the relativistic electron enhancement events. Every individual event
is shown in light grey to illustrate the spread of each parameter. The upper and lower
quartile values are shown in blue and the median values in red. The top panel in Figure
3.4 show the time evolution of the > 2 MeV electron flux, and we can observe the statis-

tical shape of an enhancement, modulated by the MLT dependence (diurnal variation)

2 1 -1

of the flux. For negative time, the flux oscillates in the range 10° to 10> cm 2 sr! s
At time t = 0 the enhancement in flux starts, and in the first 12 hours each quartile value
rapidly increases by 2 orders of magnitude. Within 36 hours after the enhancement ini-
tiation, the ratio of the flux levels to pre-flux values is larger than 3 orders of magnitude.

Around this time, we consider the enhancement to have stopped, despite some minor
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Figure 3.3: Minimum SYM-H value for enhancement events (top) and dropouts (bottom) and
their time of occurrence with respect to start time t = 0. Red marks indicate CME events and
blue marks indicate CIR events. Horizontal dashed lines indicate traditional definitions of weak
(-50 nT), moderate (-100 nT) and strong (-150 nT) geomagnetic storms.

growth in flux during the following days for some events. When analyzed separately,
events associated with a different solar wind driver, CIR or CME disturbances, exhibit
very similar behaviors, suggesting that the overall, average enhancement characteristic
does not depend on the type of driver as can be seen in Figure 3.5 that shows a super-
posed epoch analysis over the events separated by solar wind driver, (CME and CIR). The

solar wind speed V), component shows a continuous increase that reaches a maximum
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soon after the enhancement starts and then a plateau, with the speed not decreasing for
most of the duration of events. The lower quartile has a speed > 500 km/s for the whole

duration of the enhancement events.

Solar wind proton density ns, and solar wind dynamic pressure pgyn both show a
drop right before the enhancement starts. A further relevant feature is that for the dura-
tion of the enhancement period, both solar wind proton density and dynamic pressure
values remain low, and recover only when electron fluxes start to decrease. Interplane-
tary magnetic field B, magnitude for pre-enhancement is larger than post-enhancement
and presents strong ULF oscillations due to the compression in the solar wind stream
interface (as the majority of events are associated with CIRs). The oscillations and the
magnitude of B, are much weaker during the flux enhancement period. Bz median value

is slightly southward directed with 0 > B, > —1 nT during that same period.

For derived indices, AE index peaks around the time enhancements start at around
400 nT and remains elevated for most of the pre and post-enhancement time period. ULF
power peaks around half a day before the enhancement starts and steadily decreases af-
terwards. The peak ULF power median value is double the average (~ 0.79 nT?) and
median (~0.82 nT?) ULF power that characterizes the 11 year period of this study, and
the power decreases until it reaches average values a few days following the enhance-
ment Finally, the reconnection electric field calculated from the definition given by Kan
and Lee (1979) increases and peaks in a similar way to ULF power. Considering that
reconnection electric field is an indicator of magnetospheric convection it makes sense to
expect an increase in electric field before the enhancement in flux begins (Meredith, 2002;

Lyons et al., 2005; Hwang et al., 2007; Lyons et al., 2009; Kissinger et al., 2014).

Figure 3.6 shows the relativistic electron persistent depletion events following the
same format as Figure 3.4. Epoch t = 0 is the time where the flux has dropped to
its minimum (or below instrument background). Maybe the most important feature in

Figure 3.6 is that for almost 4 days no recovery exists, the shortest individual event
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Figure 3.4: Epoch time superposition of 61 relativistic electron enhancement events. Median
value of events is shown in red and upper and lower quartile values are shown in blue. Light
gray background corresponds to every single superposed event. From top to bottom, panels
show: > 2 MeV electron flux from GOES, solar wind speed V,, solar wind proton density, solar
wind dynamic pressure, interplanetary magnetic field (IMF) B,, AE Index, IMF ULF power and

solar wind reconnection electric field.

lasting 3.7 days. Solar wind speed V) has a median value Vy, < 400 km/s and very

few cases show speeds closer to V, ~ 450 km/s. There are only 3 persistent depletion

events associated with CME, and those have a higher speed V, ~ 500 km/s which
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Figure 3.5: Epoch time superposition of 53 CIR associated relativistic electron enhancement
events (left) and 8 CME associated events (right). Median value of events is shown in red and
upper and lower quartile values are shown in blue. Light gray background corresponds to every
single superposed event. From top to bottom, panels show: >2 MeV electron flux from GOES,
solar wind speed VX, solar wind proton density, solar wind dynamic pressure, interplanetary
magnetic field (IMF) Bz, AE Index, IMF ULF power and solar wind reconnection electric field

suggest that for persistent depletion events, the solar wind speed might have a different
impact depending on whether the event is associated with CME or CIR. Large peaks in
solar wind proton density ng, and solar wind dynamic pressure are observed around
the time the drop in flux occurs, a result that agrees with a possible depletion through
magnetopause shadowing (Shprits et al., 2006; Kim et al., 2010; Turner et al., 2012; Hietala
et al., 2014). There is a drop in both dynamic pressure and proton density in the following
days, but the values are still very large compared to those seen in enhancement events,
suggesting that a low versus high value in dynamic pressure and/or proton density

is important for the differentiation of the two types of events. IMF B, median value is
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Figure 3.6: Epoch time superposition of 21 relativistic electron depletion events. Median value
of events is shown in red and upper and lower quartile values are drawn in blue. Light gray
background corresponds to every single superposed event. From top to bottom, panels show:
> 2 MeV electron flux from GOES, solar wind speed Vy, solar wind proton density, solar wind
dynamic pressure, interplanetary magnetic field (IMF) B,, AE Index, IMF ULF power and solar
wind reconnection electric field

negative (southward directed) around the time flux drops and is followed by a northward
B, turning just after time t = 0. This northward oriented B, median lasts for several days,

and only around the fourth day after the persistent depletion event started the median
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value return to a near zero value. If a sudden increase in proton density and dynamic
pressure might explain in part the initial drop, the combination of low solar wind speed
and northward directed B, might explain why the flux does not recover. AE index is
significantly low except for a small increase around the time the drop occurs, providing
another possible explanation for lack of electron flux recovery due to the lack of seed
population injection to the radiation belts (e.g., Jaynes et al., 2015). IMF ULF power
remains relatively near its average value (~ 0.79 nT?), the main difference with respect
to enhancement events being the lack of a pre t = 0 increase. The reconnection electric
tield also is low during the time of the drop, having a small increase just at the drop

time and then several days later.
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Figure 3.7: Cumulative distribution functions associated with REEs (blue) and persistent
depletion events (red). Dashed lines correspond to the average of the 24-hour period before the
beginning of the event at t = 0, and solid lines correspond to the average of the 24-hour period
after t = 0. The 8 different panels correspond to (a) solar wind speed VY, (b) solar wind proton
density, (c) solar wind dynamic pressure, (d) AE index (e) time percent of southward directed
IMF B,, (f) average southward IMF B, (g) solar wind reconnection electric field and (h) IMF
ULF power.

To further characterize the relationship between the solar wind (together with mag-
netospheric parameters), and relativistic electron enhancement and persistent depletion
events, in Figure 3.7 we have calculated cumulative distributions for the parameters pre-

sented in Figure 3.4 and Figure 3.6. Figure 3.7 shows relativistic electron enhancement
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events (blue) and relativistic electron persistent depletion events (red) cumulative distri-
bution of the average value for the day before the start time (dashed line) and for the
day after the events started (solid line). Panel (a) shows solar wind speed, and we have
drawn a dotted black line at V, = 520 km/s that corresponds to the point of maximum
separation between enhancement events and persistent depletion events. After time
t = 0, 90% of events have a velocity above (enhancement) or below (persistent depletion)
this chosen speed value. Both enhancement and persistent depletion events occur with
an increase in solar wind speed, but the difference in values exceeding 100 km/s is a
clear indication and further confirmation that a high solar wind speed characterizes all
relativistic electron enhancement events and is likely necessary for relativistic electron
enhancement events to occur. Solar wind proton density (panel b) presents a clear de-
crease in value between the pre and the post-enhancement time for enhancement events
but not for persistent depletion events. We have drawn a dashed line at ngyy = 4 cm ™2
for solar wind proton density as that value separates more than 90% of the enhance-
ment events between a pre and post time t = 0. In the case of the persistent depletion
events, we notice that most events are associated with large solar wind proton density
values. For solar wind dynamic pressure, shown in panel (c), we can also find a similar
separation value for pre and post time t = 0 in relativistic electron enhancement events.
Choosing pgyn = 3 nPa separates around 80% of the enhancement events indicating that
a drop in pgyn is a very common feature for REE. Looking at persistent depletion events,
we notice that the cumulative distribution falls right in between the distributions for
pre and post time t = 0 of relativistic electron enhancement events, and presents little
change. That the cutoff value is not as clear for solar wind dynamic pressure when com-
pared with solar wind proton density suggests that solar wind proton density is a better
parameter to characterize the events than solar wind dynamic pressure and possibly has
better predictive potential. The AE index (panel d) shows little variation around ¢ = 0
for enhancement events, which in combination with Figure 3.4 indicates a very steady
disturbance during pre-and post-enhancement, with 90% of events having AE > 250

nT. High AE index has been proposed a necessary condition for REE to occur (Hajra
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et al., 2015; Jaynes et al., 2015; Kim et al., 2015), as it reflects energy transfer from the solar
wind to the magnetosphere and can be associated with injection of seed populations to
geostationary orbit. Similarly, persistent depletion events also show very little variation

around t = 0, but around 80% of these events have AE < 250 nT.

To characterize IMF B, we have estimated the percent of the time IMF B, is pointing
southward in GSM coordinates and the hourly average value of the southward compo-
nent. Panel (e) shows the percent of time that IMF B, is pointing southward and the
black dashed line is set at 50%, This roughly separates 80% of the enhancement events
(more than 50% of the time pointing southward) and persistent depletion events (less
than 50% of the time pointing southward) for both pre and post ¢t = 0. This indicates
the dominance of a southward oriented B, during enhancement events. To determine
the characteristic values associated with the predominantly southward IMF, the absolute
value of the hourly averaged southward directed Bz is shown in panel (f). Dashed line
has been selected at B, = 2 nT. Around 80% of the events are below that number after
the enhancement starts. In this case, the most intense southward IMF occurs before the
enhancement time t = 0 and it seems to decrease afterwards. The post-enhancement
southward IMF B, values are similar to the persistent depletion southward IMF B, val-
ues. Both panels (e) and (f) suggest that continuous occurrence of south-oriented IMF
B, which is not necessarily large in value, is important in driving strong electron en-
hancement. Panel (g) shows the reconnection electric field and the cumulative plot is
very similar to IMF B;, that is for REE it decreases after t = 0 and reaches levels similar
to those seen in persistent depletion events. ULF power also shows a decrease indicat-
ing that the fluctuations in the IMF are less intense during the period that follows the
start of the enhancement. The bottom panels in Figure 3.7 seem to indicate that IMF B,
magnitude and oscillations may be important in the process that leads to enhancement,

but of no significant importance in the process that leads to the persistent depletion.
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3.4 Summary and Discussion

We have epoch analyzed a set of relativistic electron enhancement and persistent deple-
tion events that occurred between the years 1996 and 2006, identified using > 2 MeV
electron flux observations at geostationary orbit from GOES-8 and GOES-10 spacecraft.
Our results are consistent with previous results (e.g. Paulikas and Blake, 1979; Reeves et al.,
2011), in that a large average solar wind speed (V, > 500 km/s) is characteristic of en-
hancement events. We have also found that persistent depletion events are characterized
by lower solar wind speeds (Vy < 450 km/s) that are still associated with some type of
geomagnetic disturbance (CIR or CME). When comparing REE to REPDE, we find that a
threshold velocity separates relativistic electron events from persistent depletion event.
Our current estimated threshold value is V, = 520 km/s for which more than 90% of
events are situated above (enhancement) or below (persistent depletion). A similar result
is obtained for solar wind proton density, where we identify a separation value between
relativistic enhancement events and persistent depletion events. A low solar wind pro-
ton density seems to be needed for the enhancements to occur (no enhancement event

3 around t = 0 is sufficient to differen-

occurs for ngy > 4 cm™3), A value of ngy = 4 cm™
tiate an enhancement event from a persistent depletion event in most cases. Our results
do not suggest that a low solar wind proton density is a sufficient condition to ensure
that an enhancement event will occur, but strongly suggest that it is a necessary condi-
tion for one to occur. Solar wind dynamic pressure closely follows the proton density.
We can also find a pressure value for characterize relativistic electron enhancement oc-
currence, that value being pg4yn = 3 nPa. However, solar wind dynamic pressure is also
tied to solar wind speed, so a low solar wind speed can also result in a low solar wind
dynamic pressure, which is not favorable for REE occurrence, and therefore low pgyn is
not as reliable a predictor of relativistic electron enhancement events as solar wind pro-
ton density. IMF B, is predominantly southward oriented for enhancement events and

northward oriented for persistent depletion events. The strength of the magnetic field

varies considerably from enhancement to persistent depletion events before time ¢t = 0
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but is similar after t = 0, therefore making a large southward oriented IMF B, average a
good indicator of a possible relativistic electron enhancement event. Reconnection elec-
tric field and AE values increase as the IMF B, becomes more southward oriented, and
peak around or right before t = 0. Increase in IMF fluctuations as shown in the ULF
power index are characteristic of the period of pre-enhancement, and remain above their

average value during the period of flux enhancement.

In general, our results agree really well with the results of previous works that have
focused only on events associated with storms and with those that study long-term
variations of the electrons at geostationary orbit. We have gone one step further and
established a set of thresholds for some solar wind parameters that we expect will be of
use to predict relativistic electron enhancement events. We note that these parameters
are not the only possible predictors. AE-Index and reconnection electric fields could
be used, but these relate strongly to IMF Bz and solar wind speed and thus would not
add new information. SYM-H is not a reliable predictor as a decrease in SYM-H is not
needed for a relativistic electron event to occur. Instead, a disturbance associated with
a corotating interaction region might result in an enhancement just as during a storm
recovery phase independent of whether the event led to a significant SYM-H drop (see
also Miyoshi and Kataoka, 2008).

For a simple test of predictive power of our results we have set up a simple set of
conditions, using a “threshold” mechanism. According to our results, we expect an en-
hancement event to occur when Vi > 520 km/s, neyw < 4 cm 2 and southward average
B, < —2 nT. Going through the period of our study, 1 Jan. 1996 to 31 Dec. 2006 we
find that 90% (55 of 61 events) fulfill the three conditions while in the other 6 at least
two are met. We have extended this testing to the out of study period of from 1 Jan.
2007 to 31 Dec. 2010 during which our identification criteria gives 18 relativistic electron
enhancement events. The set of threshold conditions is able to predict 16 of those 18
events, while the two missing still fulfill at least two of the three conditions. Figure 3.8

show the predictability during the year 2010 using different combinations of “thresh-
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Figure 3.8: Yearly > 2 MeV flux from GOES for year 2010 (top) and different thresholds: solar
wind speed Vy > 520 km/s, solar wind proton density ng, < 4 cm 3 and IMF B, southward
component average (Bz) < —2 nT. Color indicate when 3 thresholds are met (red), two different
are met in different combinations (green) or one is met (blue). Black vertical lines correspond to
REE and red vertical lines correspond to a period in which the three thresholds are met and an
enhancement (not considered REE) occurs.

olds” as identified in the lower panel. Interestingly, in 2010 we have only two relativistic
electron enhancement events based on the criteria we used to select them, yet there are
plenty of increases in flux that we have not catalogued as “events” but the threshold
criteria accounts for all of them. We are showing 2010 as it is a particularly inactive
year, together with 2009, as they are close to solar minimum. This may present some
extra challenges when it comes to prediction (Rodger et al., 2016), however, visualization
is easier. The identification of relativistic electron enhancement events and increases in
flux not labeled as “events” still works for the years not shown on the plot. Therefore,
although this is a rather simple attempt, it strongly indicates that a combination of the
high solar wind speed, low solar wind proton density and southward IMF are important
in the electron acceleration process regardless of the detailed physical mechanisms for

acceleration.

We have also studied IMF ULF as a possible contributor to relativistic electron en-
hancement events, specifically when IMF B, is not strong enough to result in enhance-
ment as was proposed by Kim et al. (2006). While the cumulative distribution analysis
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Figure 3.9: Example of a relativistic electron enhancement events occurred on 24 May 2000 with
a very steady IMF B, component during the enhancement period (left) and 24 Feb 2000 that
presents a minor IMF B, component but intensely fluctuating, as captured by ULF index (right).
From top to bottom, panels show: > 2 MeV electron flux from GOES, solar wind speed V,, solar
wind proton density, solar wind dynamic pressure, interplanetary magnetic field (IMF) B,, AE
Index, solar wind ULF power and solar wind reconnection electric field. Vertical dashed line
indicates the time ¢ = 0; enhancement start or depletion of flux.

did not show clear statistically relevant signature in IMF ULF power other than an in-
crease just before t = 0, we think that in a case by case study, IMF ULF power can
provide some extra information to improve predictive capabilities. Figure 3.9 compares
a relativistic electron enhancement event with steady, relatively large southward IMF B,
(left) and an event with north-south fluctuating IMF with average B, close to 0 (right).
Despite the large difference in average southward B, the electron intensities reach com-
parable peaks. This observation suggests that north-south ULF fluctuations might be
as effective as steady, relatively large southward IMF in transferring solar wind energy

that can drive continuous AE activity which in turn drive electron enhancement at GEO
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by supplying seed electrons and contributing to the growth of waves that can accelerate
the seed electrons via wave-particle interactions. This is a topic that we believe warrants
further elaborated study. Statistical verification of an IMF ULF power effect requires
separation of its effect from the effects of other solar wind parameters, especially solar
wind speed, because large IMF fluctuations usually prevail in high-speed streams and

IMF ULF power effect can only be secondary to the dominant solar wind speed effect.
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Table 3.1: List of the 61 relativistic electron enhancement events events used in the present
study. Time corresponds to the first time of positive gradient. Driver corresponds to the type of
solar wind geomagnetic driver.

Date Time (t=0) Driver Date Time (t=0) Driver
1996-01-14 22:00 CIR 2002-08-11 15:00 CIR
1996-02-11 21:00 CIR 2002-09-10 12:00 CME
1996-03-12 06:00 CIR 2002-10-04 08:00 CIR
1996-09-12 09:00 CIR 2002-11-21 15:00 CIR
1997-02-28 10:00 CIR 2003-01-20 10:00 CIR
1997-11-23 10:00 CIR 2003-06-02 12:00 CIR
1998-03-11 09:00 CIR 2003-10-15 06:30 CIR
1998-05-05 06:18 CME 2003-11-11 12:00 CIR
1998-07-17 06:00 CIR 2004-02-12 11:30 CIR
1998-07-23 15:00 CIR 2004-02-29 11:00 CIR
1998-09-25 09:53 CME 2004-04-06 05:30 CIR
1998-10-21 03:00 CIR 2004-05-06 12:00 CIR
1999-04-30 04:00 CIR 2004-06-29 14:30 CIR
1999-08-17 07:00 CIR 2004-10-14 05:00 CIR
1999-09-13 09:00 CIR 2004-12-17 11:00 CIR
1999-11-08 21:00 CIR 2005-01-12 15:00 CIR
1999-12-04 12:00 CIR 2005-02-08 08:00 CIR
2000-01-28 12:00 CIR 2005-03-07 11:00 CIR
2000-02-24 14:30 CIR 2005-03-26 07:00 CIR
2000-04-07 18:30 CME 2005-05-01 02:00 CIR
2000-05-24 17:08 CME 2005-11-03 12:00 CIR
2000-08-29 08:00 CIR 2006-01-26 13:00 CIR
2000-09-19 21:00 CME 2006-02-20 14:00 CIR
2000-11-11 12:00 CME 2006-03-19 12:00 CIR
2001-04-13 13:00 CME 2006-04-10 00:00 CIR
2001-06-10 06:00 CIR 2006-06-07 12:00 CIR
2001-06-20 09:00 CIR 2006-07-05 06:00 CIR
2001-07-17 12:00 CIR 2006-08-07 16:00 CIR
2002-01-11 15:00 CIR 2006-09-18 11:00 CIR
2002-02-07 12:00 CIR 2006-10-14 06:00 CIR

2002-07-20 06:00 CIR
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Table 3.2: List of the 21 relativistic electron persistent depletion events used in the present
study. Time corresponds to the minimum flux after dropout. Driver corresponds to the type of
solar wind geomagnetic driver.

Date Time (t=0) Driver

1996-11-24 19:00 CIR
1997-04-10 21:00 CIR
1998-01-16 22:00 CIR
1998-04-04 02:00 CIR
1999-06-16 04:00 CIR
1999-09-22 00:00 CME
1999-12-13 07:14 CIR
1999-12-24 01:31 CIR
2000-08-23 12:00 CIR
2001-01-04 05:00 CIR
2001-02-06 04:30 CIR
2001-08-17 12:00 CME
2001-11-25 12:00 CME
2001-12-12 06:00 CIR
2002-02-01 00:00 CIR
2002-02-19 00:00 CIR
2002-07-01 03:00 CIR
2004-11-04 03:00 CIR
2006-02-11 03:00 CIR
2006-03-07 00:00 CIR
2006-05-31 02:00 CIR
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CHAPTER 4

Radial Response of Outer Radiation Belt Relativistic
Electrons During Enhancement Events at Geostationary

Orbit

The material in this chapter has been submited for publication to the Journal of Geo-
physical Research: Space Physics. The text is presented with some minor modifications
to the submitted manuscript to include the supplementary information of the original

published work.

4.1 Introduction

The Earth’s outer radiation belt, located approximately in the region between 3 < Rg <7
consists mostly of trapped electrons with energies ranging from few tens of keV up to
tens of MeV. These electron populations are very dynamic and fluxes are known to vary
by several orders of magnitude in periods of time ranging from hours to days (e.g.
Li et al., 1999; Millan and Thorne, 2007; Thorne, 2010; Thorne et al., 2013a; Jaynes et al.,
2015). Such extreme responses are known to be associated with changes in the solar
wind (Paulikas and Blake, 1979; Reeves et al., 2011), the phase of the solar cycle (Baker
et al., 1986) and increased levels of geomagnetic activity (Reeves, 1998). Geomagnetic
storms have been the centerpiece of the investigation of enhancements of relativistic
electrons as they are known to provide the necessary energy input into the system to
set the inner magnetosphere in motion. Yet, Reeves et al. (2003) found that only around

50% of geomagnetic storms result in enhancement of fluxes at geostationary orbit since
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loss processes are enhanced together with acceleration processes during storm periods.
It has been shown that geomagnetic storms, defined by a significant drop in the Dk
index (Gonzalez et al., 1994), are not required to produce enhancement events (Anderson
et al., 2015; Schiller et al., 2014; Kim et al., 2015; Pinto et al., 2018a; Su et al., 2014) since
energy transfer mechanisms that are not efficient at driving enhancements in the ring
current, and hence the Ds; index, can still provide the required energy for enhancement

of electron fluxes (Borovsky and Denton, 2010; Denton and Borovsky, 2012).

In the past, the bulk of studies focused on enhancement of relativistic electrons at
geostationary Earth orbit (GEO). Located at Rg ~ 6.6, the geostationary orbit is a key
location for communication and meteorological satellites, and therefore has provided
scientific measurements of the outer radiation belt for several decades. Due to its location
in the outer part of the radiation belt, dramatic changes can occur in electron fluxes.
Since relativistic (~MeV) electrons that get enhanced can cause malfunctions in satellite
equipment (Baker, 2000; Wrenn et al., 2002; Wrenn, 2009), many efforts have been made
to understand what causes enhancements at GEO (O’Brien et al., 2001; Hajra et al., 2015;
Kim et al., 2006, 2015; Balikhin et al., 2011; Lyatsky and Khazanov, 2008; Iles et al., 2002) as
well as to accurately forecast their behavior (Baker et al., 1990; Li et al., 2001; Turner and

Li, 2008; Simms et al., 2014, 2016; Boynton et al., 2015).

The launch of the Van Allen Probes mission in 2012 provided a unique opportunity
to expand studies of relativistic electron enhancements to the whole extent of the outer
radiation belt (Mauk et al., 2013). The response of the outer radiation belt to geomagnetic
storms has been studied in detail for relativistic (e.g. Turner et al., 2015) and ultrarela-
tivistic (i.e. ¢ > 10) energies (e.g. Moya et al., 2017; Xiong et al., 2015, 2018; Zhao et al.,
2019; Katsavrias et al., 2019; Tang et al., 2017; Murphy et al., 2018), and their dependence
on the solar wind driver of the storms (e.g. Pandya et al., 2019; Bingham et al., 2018; Yuan
and Zong, 2019; Li et al., 2015b; Shen et al., 2017). Recently, Turner et al. (2019) presented
an extended overview of the state of the response of the electron radiation belt to geo-
magnetic storms summarizing most of the findings during the Van Allen Probes era and
showing that storm-time response of the radiation belt is qualitatively predictable.
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Although several models of different kinds have been developed to forecast the state
of the outer radiation belt based on the real-time measurements of the Van Allen Probes,
the end of the mission requires the development of forecast methods that rely on proxy
measurements. Although several attempts have been made with low-orbiting satellites,
in this study we take a different approach and explore the use of geostationary data
from the GOES satellites as a possible proxy for the state of the outer radiation belt.
Recently, Baker et al. (2019) has calculated the correlation between daily averaged fluxes
in geostationary orbit and the Van Allen Probes mission, establishing a baseline statistics
for how often we should expect to be able to use the GEO boundary as a predictor for
fluxes at lower L-shells. Additionally, Moya et al. (2017) showed that when geomagnetic
storms result in enhancement of fluxes, there is a relatively coherence response of the
belt for L > 4.5. In this Chapter we focus on the relativistic electron enhancement events
at GEO and determine under which circumstances the correlation to fluxes at lower
L—shells, and therefore the potential for forecast across the whole outer belt, can be
improved. This Chapter is presented as follows. Section 4.2 describes the data utilized
and the event selection criteria. In section 4.3 we compare the response of the fluxes from
GOES and Van Allen Probes for 60 events that occurred between 1 October 2012 and 31
December 2017. Section 4.4 we study the correlation between fluxes at GEO and those at
different L—shells. In section 4.5 we study magnetospheric parameters associated with
those events to estimate to what extent we can use GEO data from GOES satellites to
estimate the fluxes of relativistic electrons across the outer radiation belts and what are
the current limitations. Finally, in section 4.6 we summarize and discuss the findings of

this study.

4.2 Data and Events

Relativistic electron enhancement (REE) events at GEO are defined as prolonged peri-

ods of time over which electron fluxes recover from a dropout and exceed a minimum

1

threshold, for example, NOAA issues warnings when fggo > 10> cm~2 sr~! s1. Here
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we follow the definition used in Pinto et al. (2018a) and Kim et al. (2006) that defines an

enhancement event as an increase in electron fluxes from less than 102 cm 2 sr—1 s~!

to more than 2 x 10> cm~2 sr~! s7! in less than 2 days, and maintains an average daily

1's~1 for at least 3 days. The increase by at least an order

flux larger than 103 cm =2 sr™—
of magnitude in fluxes, as well as the relatively long 3-day interval of elevated fluxes
attempts to avoid confusion between real increases in flux, and purely adiabatic effects
which are reversible and recover when Dy recovers (Kim and Chan, 1997). To identify
REE events we used > 2 MeV electron fluxes obtained from the Geostationary Opera-
tional Environmental Satellite (GOES) 15 Energetic Proton, Electron and Alpha Detector
(EPEAD) instrument (Rodriguez et al., 2014), sampled at 5 minute temporal resolution.
From 1 September 2012 to 31 December 2017 we found 60 REE events at GEO. For each
event, we have determined a time f = 0 as the first time at which a positive gradient
in the fluxes is detected after a dropout has occurred, given that the gradient contin-
ues to be positive until the enhancement flux threshold has been met. This selection
of a time t = 0 is different from the more traditionally used time of minimum Dy (or
SYM-H) (e.g. O'Brien et al., 2001) and reflects the assumption that we do not consider
geomagnetic storms to be a strict requirement in the search of REE events, but the two
phenomena are both results of the same driving conditions. Indeed, a geomagnetic
storm defined by a minimum Dg; < —50 nT (Gonzalez et al., 1994) has long been shown
to be not strictly required for the occurrence of REE events at GEO (Kim et al., 2015; Pinto
et al., 2018a; Hajra et al., 2015; Anderson et al., 2015; Su et al., 2014; Schiller et al., 2014). This
is explained in part by the fact that a significant number of events are associated with a
high-speed stream driven Corrotational Interaction Region (CIR), which has been shown
to be effective at driving REE’s but can be less effective at causing Ds; drops (Borovsky
and Denton, 2006, 2010). A detailed list of the dates of each event with their respective

solar wind driver and SYM — H minimum values can be found in Table 4.2.

To study the response of the outer electron radiation belt as a function of L—shell
during REEs at GEO, we used data from the Van Allen Probes (Mauk et al., 2013) En-

ergetic Particle, Composition and Thermal Plasma Suite (Spence et al., 2013) Relativistic
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Electron-Proton Telescope (Baker et al., 2013b) (ECT-REPT). As we want to compare be-
tween GOES and the Van Allen Probes, we will use the E = 2.1 MeV differential energy
channel. The data has been processed following a procedure similar to the one described
in Moya et al. (2017), that is, we have calculated omni-directional fluxes by averaging over
all pitch angles, and then we have performed a binning to AL = 0.1. We then combined
data from RBSP-A and RBSP-B and performed a new binning in both time At = 6 hours
and space AL = 0.1. This procedure ensures continuous coverage over all 2.5 < L < 6.0
but reduces the temporal resolution to 4 points a day. To determine enhancements in
the outer belt during each event, we follow the more traditional definition of evaluating
whether the maximum fluxes in the time interval 12 < ¢ < 96 hours (t = 0 is defined by
the GOES events) are at least twice the maximum fluxes during the interval —72 < t —12
hours for every L—shell between 2.5 < L < 6.0 (Reeves et al., 2003; Turner et al., 2015; Moya
et al., 2017). To avoid spurious results due to oscillations in low fluxes, we also require
that the maximum flux after t = 0 for a particular L—shell to be larger than the 25 per-
centile values calculated from the entire Van Allen Probes mission (values can be found

in the Table 4.3).

Figure 4.1 shows the temporal evolution of two different REE events that occurred
on 08 October 2012 (left) and 13 May 2015 (right). Both events are associated with
large geomagnetic storms (SYM-H min ~ —100 nT), continuously elevated AE index
values for at least one day after t = 0, large > 500 km/s solar wind speed and a
somewhat negative interplanetary magnetic field B,. Differences do exist in maximum

Vy and soutward IMF B, intensity, but despite these differences both events result in

2 -1 -1

very similar maximum flux values as observed at GEO of ~ 2 x 10* cm™2 sr™! s
during the recovery phase of the storm and on the following days. These similarities in
flux evolution at GEO are still present down to L = 5.5 but do not propagate inward
across the rest of the outer radiation belts. Panels (b) and (h) show the E = 2.1 MeV
channel as a function of L—shell. The black lines correspond to the contours of 90%
and 75% of the maximum log(flux) illustrating the differences in penetration to lower

L—shells. It can be appreciated from the figure that the event of 08 October 2012 presents
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Figure 4.1: Two relativistic electron enhancement (REE) events that occurred on 08 October 2012
(left) and 13 May 2015 (right). From top to bottom: (a,g) > 2 MeV electron flux from GOES 15,
(b,h) Van Allen Probes REPT E = 2.1 MeV electron flux binned in time and space. Contours
correspond to 90% and 75% of log(maximum flux) showing the different regions of maximum
enhancement. Lower panels show SYM-H index (c,i), solar wind speed (d,j) , AE index (e, k)
and interplanetary magnetic field B, component (f,1).

significant enhancement down to L ~ 3.2 with a peak in flux at L = 4.0. The event of
13 May 2015 shows an enhancement down to L ~ 4.0 with peaks in fluxes at L = 4.5
More importantly, the enhancement profiles are very different, fluxes for the event of 08
October 2012 are up to an order of magnitude larger than in the event of 13 May 2015
in the region 3.5 < L < 5.0 but are actually lower in the region L > 3.3. Still the high
magnitude of pre-existing fluxes on the belt results in a depletion (when comparing by

L) of fluxes for the 13 May 2015 events for all L < 3.7.

The examples in Figure 4.1 show that REE events that look similar at GEO may re-
spond very differently at different L-shells across the outer radiation belt, and especially
so at lower L—shells. Also, the magnitude of pre-existing fluxes on the belt may play an
important role in the interpretation of any statistical analysis that uses ratios of post-to-
pre enhancement fluxes and therefore must be considered. In the following sections we

characterize the similarities and differences in the response of the belt as a function of
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L for the 60 events we have found and quantify how the strength of some geomagnetic
indices translates to predictive capabilities of the extent of the enhancements across the

outer belt.

4.3 Radial response of relativistic electron enhancement events

To understand the evolution of the outer radiation belt at different L—shells we have
estimated the ratio of change in electron fluxes for all 2.5 < L < 6.0. Figure 4.2 shows
the comparison of the maximum fluxes measured in the —72 < t — 12 hours prior to

= 0 and maximum fluxes measured in the 12 < t < 96 hours after t = 0. The
different panels show electron fluxes at GEO and at 7 different L—shells ranging from
L = 6.0 and decreasing at intervals of AL = 0.5 to L = 3.0. Blue (red) dashed lines
in each panels correspond to a ratio r = 2.0 (r = 0.5), traditionally used to determine
an enhancement (depletion) event (e.g. Reeves et al., 2003). Individual events have been

color-coded following the same definition.
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Figure 4.2: Maximum post-to-pre t = 0 fluxes at geostationary orbit (GOES 15) and at different
L—shells from Van Allen Probes data. Dashed blue (red) lines mark the ratio r = 2.0 (r=0.5).
Individual events have been color coded according to whether their ratio is indicative of an
increase r > 2.0 (blue), a decrease r < 0.5 (red) or in between showing no change (black).

Figure 4.2 shows the drastic decrease in the effectiveness of the enhancement re-
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sponse as L—shell decreases. At L = 6.0, all but one event (98%) result in enhancements,
which decreases to 85% at L = 5.0. However, for L < 5.0 the decrease in occurrence is
significant, with only 36% of events resulting in enhancement of fluxes at L = 4.0 and
only 5% at L = 3.0. Since Figure 4.2 also shows the changes in fluxes, we can notice that
the trend is to move towards lower post-to-pre flux ratios as we move to lower L—shells.
Several events present little to no change (0.5 < r < 2.0) for L < 5.0 which then becomes
the majority of the events at L = 3.0. Additionally, a number of events correspond to
depletions (r < 0.5) between 3.0 < L < 4.5, with a peak in the decrease in fluxes at
L = 4.0 where the depletions appear to be most significant suggestive of a possible local

loss mechanism (e.g. Bortnik et al., 2006; Mourenas et al., 2016; Blum and Breneman, 2019).

Figure 4.3 expands the information of Figure 4.2 to all L—shells in the range 2.5 <
L < 6.0. Figure 4.3(a) shows the occurrence (in percentage) of enhancements, depletions
and no-change of fluxes as a function of L—shell. Between 6.0 < L < 5.1 the occurrence
of enhancement events is > 90% as would be expected since they are selected based on
REEs at GEO. However, a significant decrease in enhancement occurrence takes place
between 3.5 < L < 5.1, decreasing down to only 8% of events resulting in enhancement
of fluxes at L = 3.1. The number of unaffected (no change) events increase from 2% at
L = 6.0 up to 98% at L = 2.5, indicating the range of effectiveness of propagating an
REE from GEO towards the inner magnetosphere, the exception being the 17 March 2015
storm (minimum Dst = —223 nT) that caused an enhancement for all L. > 2.5, consistent
with the expected result that only extremely strong geomagnetic activity can affect the
innermost part of the outer radiation belt. For L < 4.7 there are a number of events
that present a depletion compared to pre t = 0 fluxes (r < 0.5). The peak occurrence of
depletions is ~ 25% of events, which occurs at 3.4 < L < 3.8, suggestive of a local loss

mechanism.

Figure 4.3(b) shows the distribution of post-to-pre flux ratios as a function of L—shell
for all 60 events. The black dots represent the median of the distribution at each L—shell;
the green colored bars indicate the upper and lower quartiles of the distribution and
black bars the 5th and 95 percentiles. The blue (red) dashed lines represent the enhance-
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Figure 4.3: (a) Occurrence percentage as a function of L for enhancement (blue), depletion (red)
and no-change (black) response of all 60 events. (b) Distribution of post-to-pre flux ratios as a
function of L—shell. Black dots indicate median values, the colored bar corresponds to upper
and lower quartile distributions and black lines indicate the 5th and 95th percentiles of the
distribution of events at each L—shell. (c) Distribution of maximum to minimum flux ratio as a
function of L—shell. Colored bars and black lines indicate similar percentiles as in (b).

ment (depletion) thresholds » = 2.0 (r = 0.5). The medians of the distributions show a
decrease in the flux ratio as L decreases that reaches a minimum at around L = 3.5 and
that slightly increases for L < 3.5 to reach a value of almost r = 1 at L = 2.5, indicating
the range of penetration of a REE at GEO. By showing the 5th and 95th percentiles we
can get a sense of how much spread there is in the distribution for all L > 4.0 with the
highest variability between 4.0 < L < 4.5. A sharp decrease in the spread for L < 3.5
indicates that this region is mostly unaffected by processes that affect the external part
of the belt. The depletion zone r < 0.5 between 3.5 < L < 4.5 indicates the region
that is likely affected by the depletion processes driven by geomagnetic activity but not
so much for the processes producing the enhancement of fluxes, for around 25% of the
events and it shows that the peak in depletion occurrence is between 3.5 < L < 4.0 with

the strongest depletion rate at L = 4.0.

Figure 4.3(c) shows the distribution of the ratio of increase of the fluxes at different
L with respect to the minimum fluxes measured within —24 < t24 hours, in the same
format as Figure 4.3(b). The black dashed line is located at an increase in fluxes by
a factor of 10 with respect to the minimum flux measured at that particular L—shell.
At higher L > 5.5 the increase can be of 3-4 orders of magnitude with respect to the

minimum measured flux but this factor also decreases as L decreases. For L < 3.5
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the majority of the events presents no increase in fluxes with respect to the minimum
value, and therefore the categorization of a depletion or a no-change event is mostly
determined by the pre-existing magnitude of the fluxes and the dropout effectiveness
at low L—shells instead of by any process occurring afterwards. Figure 4.3(b,c) also
indicates that enhancements are less extreme as L decreases, although the maximum

fluxes can be 1-2 orders of magnitude higher than at GEO.

4.4 Correlation of fluxes as a function of L

We have discussed the general response of the outer radiation belt during REE events at
GEO. To get a better idea of the coherence of the response across the belt for all events,
we have calculated the correlation coefficient between the fluxes at GEO and at different
L—shells for three quantities of interest: the maximum flux post enhancement (¢ > 0),
the maximum flux pre enhancement (¢ < 0)and the pre-to-post flux ratio. Figure 4.4
shows the correlation coefficient between the maximum fluxes post t > 0 at GEO and
maximum fluxes at different L—shells every AL = 0.5. The correlation coefficient is
very high R > 0.8 for L > 4.5, indicating that the response of the outer belt at L > 4.5
is in general similar to the response that the geostationary orbit is experiencing. The
correlation coefficient quickly decreases in the region L < 4.5 and becomes very low
(R < 0.2) for L < 3.0 showing that in this region the response is independent to what
occurs at higher altitude. Similar figures for the correlation coefficients of maximum flux
pre enhancement and ratios can be found at the end of the Chapter in Figures 4.8 and

4.9. Although they have a similar trend, they also show some significant differences.

Figure 4.5 shows the correlation coefficients obtained in Figure 4.4 as a function of
L—shell, plus correlation coefficients calculated for maximum pre fluxes and for the
ratio of change. The correlation coefficient is expected to increase and approach R =1
as the measurements get closer together. Of course, the spatial gap between the Van
Allen Probes and the GOES satellites ( AL > 0.6) plus the differences in the actual

instruments (integrated channels in GOES versus differential energy channels in the Van
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Figure 4.4: Maximum fluxes measured by GOES after t = 0 versus maximum fluxes measured
by the Van Allen Probes at different L—shells. The red line indicates the best linear fit of the
fluxes from which a correlation coefficient has been calculated, showing the general decrease in
coherence as L—shell decreases.

Allen Probes), and calibrations can result in differences such that a perfect correlation
is unlikely to be achieved. Still, for fluxes post enhancement the correlation coefficient
is very high, peaking at R = 0.94 for L = 5.8. The slightly lower correlation coefficient
at L = 6.0 is probably related to the lack of coverage from the Van Allen Probes during
certain events since this L is larger than the radial distance of the spacecraft apogee,
and thus requires data from off the equatorial plane, thus reducing accuracy relative to
more equatorial measurements. The strong correlation for L > 4.5 and in particular for
L > 5.5 confirms that by simply predicting the same flux evolution in this region as in

GEO should have a very high accuracy.

Examining the correlation of post-to-pre flux ratios we observe a peak of R = 0.8 at
L = 5.8 and a continuous near-linear decrease down to R = 0.4 at L = 4.5. Then, the
correlation continues decreasing but at a slower rate down to L = 3.5 where it signifi-
cantly drops again. The increase in correlation for L < 3.1 is yet another indication of
how unaffected that part of the outer belt is for most of the enhancement events studied.
Of course, correlation of fluxes for t < 0 does not depend on the geomagnetic driver

resulting in relativistic enhancement event and it probably indicates a natural tendency
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Figure 4.5: Correlation coefficients of GOES fluxes versus Van Allen Probes at different L—shells
for flux ratio (blue line), maximum flux for post-event t > 0 (green line) and maximum flux for
pre-event t < 0.

of the outer radiation belt to remain somewhat coherent in its evolution (Kanekal et al.,
2001). Still, a difference in correlation of up to ~ 0.25 in pre or post fluxes shows that
geomagnetic activity results in a heavily organized outer belt. Recently Baker et al. (2019)
calculated correlations coefficients of daily average fluxes between the Van Allen Probes
and GOES data for most of the mission lifetime and found that fluxes are generally
correlated to a high degree the closer they are. Still, it is noteworthy that there is a sig-
nificant difference in the correlation between fluxes for t < 0 and for t > 0 that indicate
that it is more likely to have better predictions capabilities for the outer belt if data from

GOES satellites is used as a proxy once a REE is initiated.

By studying the occurrence rate of enhancement events as a function of L—shell and
by calculating the flux correlations between GEO and different L—shells, we show that
prediction of events should be possible and relatively simple for L > 5.0, and most
likely remain very accurate for L > 4.5. We also know that relativistic electron events
at GEO can be predicted with a fairly high degree of confidence when solar wind and
magnetospheric conditions are known by using simple models (O’Brien et al., 2001; Lyons
et al., 2009; Lyatsky and Khazanov, 2008; Kim et al., 2015; Pinto et al., 2018a) to indicate that
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an enhancement is likely to occur or with more complex models that will predict the
maximum flux levels (Baker et al., 1990; Li et al., 2001; Simms et al., 2014, 2016) facilitat-
ing a simple prediction mechanism for fluxes across the outer belt for L > 4.5. For
lower L—shells, it may be possible to improve the correlations and, possibly, our degree
of predictability if we improve our understanding of the response and occurrence of

enhancements by accounting for geomagnetic activity or solar wind parameters.

4.5 Response to geomagnetic indices

It is well known that geomagnetic indices are useful at characterizing and sometimes
predicting the response of the outer radiation belt, and so the most commonly used
indices, SYM-H, Kp and AE are studied to determine if they improve the potential for
prediction of the response of the belt during REE events at GEO. SYM-H minimum index
(or Dgt) is reflective of the ring current strength and is known to determine fairly well the
location of peak electron fluxes in the outer radiation belt following geomagnetic storms
(Zhao and Li, 2013; Tverskaya et al., 2003; Moya et al., 2017). The AE index is indicative of
substorm particle injections into the inner magnetosphere and is considered relevant for
the occurrence of REE events at GEO (Kim et al., 2015; Pinto et al., 2018a; Hajra et al., 2015;
Antonova et al., 2018; Li et al., 2009; Borovsky, 2017) and Kp index indicative of general
magnetospheric convection and is regularly used in different forecasting models (e.g.

NOAA).

To understand the response of the outer radiation belt to geomagnetic activity as
reflected in different geomagnetic indices, we separate the events into 3 groups according
to their intensity and describe how those groups of events differentiate from each other.
For SYM-H index, we have separated our 60 events into three different groups of roughly
the same size according to their minimum SYM-H value within —24 < t < 24 hrs. This
separation results in thresholds of min(SYM-H) > —48 nT for weak or no storms (20
events), min(SYM-H) < —70 nT for strong storms (18 events). The group of min(SYM-H)

in between those two quantities is referred to as the moderate storm group (18 events).
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For the AE index, we have selected the three groups using thresholds of daily averaged
AE index (for the first day of enhancement) of AE < 325 nT (18 events) which will be
named “low AE”, 325 < AE < 430 nT (20 events) which we will refer to as “moderate
AE” and AE > 430 nT (22 events) “strong AE”. It is important to mention that compared
to quiet times, all these events are actually “strong AE” and our sub-division only makes
sense with that understanding in mind. For the Kp index the separation is considered

weak for Kp < 4.7, moderate for 5.0 < Kp < 5.7 and strong for Kp> 5.7.
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Figure 4.6: Superposed Epoch Analysis of all events separated according to their SYM-H
minimum values (left) and to their averaged AE index (right). From top to bottom (a) GOES > 2
MeV fluxes (e) SYM-H index (f) Solar Wind Speed (g) Solar wind proton density (h) IMF Bz (h)
AE index. Solid lines represent median values and the envelopes represent the quartile
distributions. Black color is used for weak index group, red for the moderate index group and
blue for the strong index group. Van Allen probesE = 2.1 MeV flux distribution (median) are
shown in panels (b) weak (c) moderate and (d) strong.
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Figure 4.6 shows a superposed epoch analysis of all events when divided according
to their SYM-H minimum value within a day of t = 0 (left) or according to their daily av-
erage AE index strength for the first day of enhancement 0 < t < 24 hrs. (right). Similar
tigures for Kp index and for all events combined are available at the end of the chapter
in Figures 4.10 and 4.11. Separation according to a particular geomagnetic results in
partial separation of other indices as they present some degree of correlation. For exam-
ple when separating according to min(SYM-H), the events with the strongest drops also
have the highest AE indices during the period of enhancement. Similarly, when sorting
by the AE indices, increasing AE intensity also results in more pronounced decreases in
SYM-H. Nevertheless, we can still get relevant information from this sorting for singular
parameters. Possibly the most relevant information is that minimum SYM-H does not
discriminate the statistical evolution of fluxes at geostationary orbit. It can be seen in
panel 4.6(a) that all groups present a very similar temporal evolution at GEO with very
similar median values, regardless of that group they are in. In contrast, AE index does a
somewhat better job at discriminating the final flux values at GEO based on this group
separation. Of course, both minimum SYM-H and AE index separation are significantly
better in describing the outer belt response at lower L—shell as seen from the Van Allen
Probes perspective. Fluxes with a low minimum SYM-H index drop or the lowest AE
index take more time reaching enhanced levels and they develop predominantly at high
L-shells (panel 4.6(b). Strong SYM-H drops and the strongest AE index groups develop
enhancement across the belt significantly faster and over a wider range of L-shells, with
peaks in flux being higher in value and developed at lower L—shells compared to the
other groups. The top 4 panels in each column of Figure 4.6 show the essential point of
this study, namely that similar enhancements of relativistic electron fluxes at GEO can
result in vastly different responses at lower L—shells, including the heart of the radiation
belts. As a result, studies that only focus on electron fluxes at GEO as a proxy for the
entire outer radiation belt and draw conclusions about the radiation belt dynamics from
just this one location can be misleading or sometimes simply wrong, as evidenced by the

range of responses shown in panels 2-4 from the top. Fortunately, it appears that even
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a single geomagnetic index combined with fluxes at GEO can significantly improve the

predictability of the outer radiation belt at regions interior to GEO.
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Figure 4.7: (a) Distribution of maximum fluxes for t < 0 when separated in three different
groups according to their SYM-H minimum values. Black corresponds to weak (or no) storm,
red corresponds to moderate storms and blue corresponds to strong storms. Dotted lines
corresponds to the median of each distribution and the colored envelopes to the upper and
lower quartiles. (b) Same as in (a) but showing maximum fluxes for t > 0. (c) Same as in (a) but
for the ratio of change in fluxes. (d-f) Same as in (a-c) but when separating by daily average AE
index during the first day after t = 0. (g-i) Same as in (a-c) but when separating by maximum
Kp index. Green lines in panel (f) correspond to the best Gaussian fit for each of the median

curves.

Figure 4.7 shows the distribution of maximum electron fluxes before t = 0 (a) post

t = 0 (b) and the post-to-pre flux ratios (c) for all three different groups. Colored dots

represent each group; black for the lowest values group, red for the moderate values

group and blue for the strong values group. Colored envelopes represent their respective
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quartile distributions. Figure 4.7(a) indicates a lack of intense pre-event fluxes on the belt
favoring a particular group of SYM-H minimum, and that therefore post flux and ratio
should offer some valuable information. Figure 4.7(b) quantifies what Figure 4.6 clearly
shows, that being for L > 5.5 the SYM-H minimum has little impact of the resulting
maximum fluxes whereas it plays a very important role in the region 3.5 < L < 5. It can
also be appreciated how even statistically the peaks in flux move inward as the SYM-H
minimum decreases. Figure 4.7(c) also offers some of that information as it is clear that

the ratio has a very strong dependence with SYM-H in the region 3.5 < L < 5.0.

Figure 4.7(d-i) present the corresponding distributions when events are separated by
the magnitude of the daily averaged AE index (d-f) calculated for the first day after
t = 0. Figure 4.7(d) shows that although the distributions seem to be relatively similar
to each other, they are not identical and the moderate AE group has a slightly lower
median in the region 3.7 < L < 5. We do not anticipate that a pre-conditioning exists
here, but the difference may need to be considered when discussing ratios. Figure 4.7(e)
shows extremely clearly separated distributions for all L > 3 when daily average AE is
larger than 430 nT and for all L > 4 for all three groups. Although it is known that
AE plays an important role in enhancement events at GEO, it is remarkably how well
it differentiate post enhancement fluxes at low L-shells. Figure 4.7(f) shows the ratio of
change between maximum post-to-pre fluxes and again the separation is very clear from
one group to the other. Given that AE index presents the most clear separation, we fit

each distribution to a Gaussian of the form
L—Ly)?
R = Aexp (%) +c

where the parameters A, Ly, o and ¢ have been determined numerically by minimizing
the sum of the squared residuals. Table 4.1 shows the values that provide the best Gaus-
sian fits for all three groups. Although far from perfect, as a first approach to the problem
it at least indicates that the response of the radiation belt presents a coherent response

that increases, widens in L-shell extent, and moves inward as AE index increases.
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Table 4.1: Gaussian fit coefficients for post-to-pre flux ratios as a function of AE intensity

A LO o c

Lowest AE 6.62 598 098 -0.05
Mid AE 16.8 575 3.08 -5.50
Largest AE 559 6.70 17.66 -31.2

Figure 4.7(g-i) show the distributions for Kp index. Interestingly, Kp index shows
little differences in the two lowest groups, which behave similarly in terms of maximum
post-fluxes and ratio of enhancement, but for events with Kp > 5.7 there is a huge
difference in their response through the outer belt. Kp at GEO does show some minor
differences across the groups, with the highest Kp events exhibiting a slightly larger
statistical increase relative to the other two groups (see Figure 4.11), and that difference
can be appreciated down to L = 5. However, events with high Kp show a significant
difference in the region 3.5 < L < 5.0 compared to the other two groups, again showing
that this particular parameter can be of utility when trying to estimate the fluxes across
the radiation belt based on information from GEO. Since Kp and Ap are related to each
other, this result is consistent with the findings of Mourenas et al. (2019) who showed that

elevated integrated Ap results in high peaks of E = 2.1 MeV across the outer belt.

4.6 Discussion and Conclusions

In our study, we identified 60 relativistic electron enhancement events that were observed
at geostationary orbit between 01 September of 2012 and 31 December 2017 using data
available from GOES 15 > 2 MeV electrons and the criteria previously established in
Pinto et al. (2018a). By comparing against simultaneous data available from the Van
Allen Probes ECT-REPT (Baker et al., 2013b) instrument we studied the response of the
E = 2.1 MeV electron channel during those 60 REE events.

We have found that despite all events starting off as enhancements in the external part
of the outer belt (by definition), the occurrence rate (that is the percentage of events that
results in enhancement) decreases significantly for L < 5.0 and that some enhancement
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events can actually result in a depletion of fluxes for L < 4.6. Those depletion rates are
generally slow and they tend to peak at L = 4.0 which may be an indication of a local
loss mechanism. The most general behavior is that as L decreases further, the post-to-pre
flux ratio gets closer to unity, indicating that the penetration of the enhancement event is

always limited to some extent, such that almost no enhancement occurs below L = 3.0.

By studying the correlation between flux enhancements at geostationary orbit with
contemporaneous fluxes provided by the Van Allen Probes as a function of L, we find
that maximum post event fluxes present a very strong correlation between these two
regions. Recently, Baker et al. (2019) showed that the correlation coefficient between GEO
and different L—shells is generally high for any day, and that can be seen by the fact that
even pre-enhancement fluxes are relatively well correlated for L > 4.5. However, post-
enhancement event fluxes present a much larger correlation down to L = 4.0 indicating
that predictions of the response of the belt up to that point should be relatively accurate,

but only at post-enhancement times.

We have also studied the response of the outer radiation belt when we separate the
events according to the strength of certain geomagnetic indices, in particular SYM-H, AE
and Kp, since they are all known to be effective at modulating the response of the outer
belt. We have found so far that all three studied parameters are useful in describing
part of the response of the outer belt in terms of ratio of enhancement, peak of the
fluxes and maximum post flux values and location. We also examined several solar
wind parameters (solar wind speed, solar wind proton density, solar wind dynamic
pressure, IMF southward directed B, and time of southward directed B;) attempting to
separate them in three groups as we did with geomagnetic indices. We have included
those results in Figure 4.12, because the solar wind parameters leading to enhancement
events are strongly correlated with geomagnetic indices. Thus, the results are somewhat

redundant with what we have discussed already.

This study has attempted to quantify what other studies have suggested, that fluxes
at GEO can be used as a proxy for the fluxes throughout the whole outer radiation belt.

In a first step, we have demonstrated that it is possible to use GEO for the occurrence
70



of enhancement events and enhanced fluxes with high accuracy for L > 5 and with
moderate accuracy for L > 4. While reconstructing the fluxes of the radiation belt
in real time using proxy data seems unlikely, and it is necessary to have real time in-
situ measurements for increased prediction potential, the use of GEO. Although not
discussed here, it is possible that by adding GPS and low altitude measurements results
in an improved description of the system, in particular at lower (L < 4) radial distances

and therefore improved predictions of fluxes throughout the outer radiation belt.
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Table 4.2: List of relativistic electron enhancement events used for this study. Dates correspond
to the first positive gradient in fluxes leading to an enhancement detected by GOES satellites
(rounded to the nearest hour). Table also shows minimum SYM-H index associated with each

event and the solar wind driver

Event Date SYM-H min Driver Event Date SYM-H min Driver
2012-10-08/22:00 -116 CME 2016-05-08/13:00 -105 CIR
2013-03-01/18:00 -76 CIR  2016-06-25/00:00 -40 CIR
2013-04-25/12:00 -52 CIR  2016-07-08/09:00 -36 CIR
2013-06-22/08:00 -27 CIR  2016-08-03/12:00 -63 CIR
2013-07-10/08:00 -57 CME 2016-08-24/12:00 -83 CIR
2013-08-05/00:00 -56 CIR  2016-09-01/14:00 -74 CIR
2013-08-16/04:00 -54 CIR  2016-09-27/06:00 -51 CIR
2013-09-01/04:00 -42 CIR  2016-10-13/19:00 -114 CME
2013-09-19/08:00 -31 CIR  2016-10-25/12:00 -81 CIR
2013-10-15/11:00 -52 CIR 2016-11-12/13:00 -55 CME
2014-04-24/15:00 -28 - 2016-11-25/01:00 -53 CIR
2014-08-29/09:00 -90 CME 2016-12-08/14:00 -33 CIR
2014-10-21/12:00 -57 CIR  2016-12-22/06:00 -52 CIR
2014-11-15/12:00 -51 CIR  2017-01-05/12:00 -47 CIR
2014-12-07/12:00 -34 CIR 2017-01-31/21:00 -48 CIR
2015-02-02/12:00 -52 CIR 2017-03-01/18:00 -74 CIR
2015-03-18/04:00 -234 CME 2017-03-22/09:00 -46 CIR
2015-04-16/12:00 -88 CIR  2017-04-20/18:00 -48 CME + CIR
2015-05-13/09:00 -98 CIR  2017-05-20/09:00 -44 CIR
2015-06-08/17:00 -105 CIR 2017-06-17/12:00 -38 CIR
2015-08-16/00:00 -94 CME 2017-07-16/17:00 -67 CME
2015-11-03/18:00 -67 CIR  2017-08-05/06:00 -35 CIR
2015-12-01/14:00 -45 - 2017-08-18/08:00 -36 CIR
2016-01-21/15:00 -95 CIR  2017-09-01/08:00 -64 CIR
2016-02-16/17:00 -58 CIR 2017-09-15/04:00 -44 CME
2016-03-07/09:00 -110 CME 2017-09-28/00:00 -74 CIR
2016-03-15/08:00 -62 CIR 2017-10-12/09:00 -49 CIR
2016-04-03/09:00 -66 CIR  2017-11-07/23:00 -89 CIR
2016-04-13/10:00 -70 CME 2017-12-05/14:00 -47 CIR
2016-05-02/12:00 -56 CIR 2017-12-17/15:00 -34 CIR
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Table 4.3: Quartile distribution of Van Allen Probes fluxes (cm~2 sr~! s71) for E = 2.1 MeV,
calculated during the Whole mission (September 2012 — September 2019) as a function of
L—shell. Events were required to have fluxes larger than the lower quartile to be considered

enhancements

L—shell 25 % Median 75 %
2.5 15.53 22.40 32.55
2.6 11.63 15.99 23.17
2.7 10.39 14.07 23.23
2.8 10.55 19.39 64.73
2.9 14.28 49.58 240.22
3.0 33.43 156.44 819.66
3.1 85.06 426.90 2364.13
3.2 190.63 1114.88 6443.03
3.3 409.32 252459  14221.93
3.4 75759 487442 26063.81
3.5 1286.06 8504.76  43179.70
3.6 1993.50 13666.83 66083.67
3.7 3068.88 20163.92 94317.29
3.8 4399.40 28050.31 120537.17
3.9 5965.74 35663.38 143403.92
4.0 7217.88 43177.72 165639.49
4.1 8399.07 50238.59 186396.22
4.2 9989.00 56793.11 204958.64
4.3 11123.76 61578.79 216056.93
4.4 11903.25 64920.84 223780.01
4.5 12143.37 66530.72 226083.62
4.6 12027.03 65497.66 222541.06
4.7 11663.24 62136.76 213123.06
4.8 11193.28 58103.48 200848.46
4.9 10389.19 53294.99 185670.35
5.0 9522.71 47903.37 166824.56
5.1 8383.06 41427.08 146981.88
5.2 7233.23  35500.18 128069.96
5.3 6033.02 30436.64 109564.06
54 497495 25838.21 92397.94
5.5 4053.53 21760.50 76863.51
5.6 3226.00 18003.02 63494.91
5.7 2565.33 14682.10 51968.19
5.8 216555 12356.97 43385.67
5.9 1833.21 10480.01 36794.99
6.0 1411.35 8266.98 30555.86
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Figure 4.8: Maximum fluxes measured by GOES for t<0 versus maximum fluxes measured by
the Van Allen Probes. The red line indicates the best linear fit of the fluxes from which a
correlation coefficient has been calculated, showing the general decrease in coherence as L-shell
decreases
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Van Allen Probes. The red line indicates the best linear fit of the fluxes from which a correlation
coefficient has been calculated, showing the general decrease in coherence as L-shell decreases
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CHAPTER 5

Characteristics, Occurrence and Decay Rates of Remnant
Belts associated with Three-Belt events in the Earth’s

Radiation Belts

The material in this chapter has already been published in Geophysical Research Letters
(Pinto et al., 2018b). The text is presented with some minor modifications from the origi-

nally published version to include the supporting material.

5.1 Introduction

The Earth’s electron radiation belts (Van Allen and Frank, 1959), located approximately
between 1.2 < L < 7, consist of a very stable inner zone, a “slot" region (Lyons and Thorne,
1973), and a very dynamic outer zone in which electron populations of energies from
keV to MeV can vary by several orders of magnitude in periods ranging from hours to a
tew days (e.g. Thorne, 2010; Reeves et al., 2016; Baker et al., 2018). The outer zone extreme
dynamics are ultimately driven by the solar wind interacting with the magnetosphere,
therefore the relation between geomagnetic storms (Gonzalez et al., 1994), and flux vari-
ations in the outer radiation belt has been extensively studied. It has been consistently
found that, while geomagnetic storms favor enhancements of electrons fluxes, they can
also result in depletions, or cause little variation to the outer belt electron populations
(Reeves et al., 2003; Kataoka and Miyoshi, 2006; Yuan and Zong, 2012; Zhao and Li, 2013;
Turner et al., 2015; Moya et al., 2017).

The Van Allen Probes mission was designed to study the radiation belts and to an-
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swer some of the many unknowns regarding their internal dynamics (Mauk et al., 2013).
One of the first results of the mission was the discovery of a temporary third belt at high
energies that lasted a month (Baker et al., 2013a). The creation of this three-belt config-
uration was a product of a partial depletion of the outer belt that left a remnant belt at
2.8 < L < 3.5, and that was followed by a recovery of electron fluxes at L > 4 for energies
> 3.4 MeV. To explain the formation of the remnant belt, Shprits et al. (2013, 2018) argued
that simulation of losses by scattering of electrons with electromagnetic ion-cyclotron
(EMIC) waves can replicate the remnant belt formation, while Mann et al. (2016, 2018)
has argued that EMIC wave scattering is not needed as losses to the magnetopause by a
combination of inward motion of the magnetopause and fast outward diffusion driven
by ULF waves was sufficient to replicate the observations. The decay of the remnant belt
has been studied by Thorne et al. (2013b) who argued that that a remnant belt trapped
in the plasmasphere by a rapid expansion of the plasmapause will only present a slow

decay, due to interactions with hiss waves.

To date, only few remnant belt events have been reported during the Van Allen Probes
era, (e.g. Kellerman et al., 2014; Baker et al., 2016) and no statistical analysis has been per-
formed to characterize them. The most comprehensive studies come from Turner et al.
(2013) who reported 13 double peak occurrences in phase space density of equatorially
mirroring electrons between the years 2007 and 2011 using data from the Time His-
tory of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft and
from Yuan and Zong (2013a) who reported 8 three-belt events between the years 1994
to 2003 using data from the low altitude Solar Anomalous and Magnetospheric Particle
Explorer (SAMPEX) spacecraft. However, the different techniques, instruments and mea-
surements used both in Turner et al. (2013) and Yuan and Zong (2013a) make it difficult
to compare with Van Allen Probes era events. Additionally, the original September 2012
event reported is still the subject of disagreement with respect to the dominant process
responsible for the formation of the remnant belt. In this work, for the first time we
catalog three-belt events that occurred during the Van Allen Probes era, from September

2012 to November 2017. We report on the main characteristics of the events and discuss
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the process of decay of the remnant belt.

5.2 Data and Events

The Van Allen Probes have a highly elliptical (apogee ~ 5.8 Rg), near-equatorial (inclina-
tion ~10°) orbit with period ~ 9 hours. The satellites follow each other with separations
that vary from ~ 1 hour to half-orbit, therefore any particular radial distance gets is sur-
veyed every few hours. To identify three-belt events we have used spin-averaged electron
flux data obtained from the Energetic Particle Composition and Thermal Plasma Suite
(Spence et al., 2013) Relativistic Electron Proton Telescope (ECT-REPT) (Baker et al., 2013b)
on board the Van Allen Probes. We have combined the data from both satellites into a
single grid of data points binned in space AL = 0.1) and time (At = 6 hours) by averag-
ing all data points available inside each bin, during the time period from 01 September
2012 to 30 November 2017. Here L corresponds to the dipole L (the radial distance at
which a magnetic line would cross the equator). Solar wind data and magnetospheric
indices have been obtained from the OMNI database. Magnetopause standoff location

was calculated using the corrected Shue model (Shue et al., 1998).

Figure 5.1 (left) shows a three-belt event that started on 27 September 2017 follow-
ing a high-speed stream (HSS) arrival that resulted in a moderate geomagnetic storm
(SYM-H minimum -74 nT). Panels (a) to (d) show the evolution of electron fluxes for en-
ergies between 2.6 MeV and 5.2 MeV in the region 2.5< L <6. Electron fluxes at L >3.5
were depleted around the time a sharp increase in solar wind dynamic pressure arrived
(panel i). As a result, a remnant belt stayed in place in 2.8< L <3.2. The partial de-
pletion was followed by an enhancement of the outer belt at higher L-shells during the
recovery phase of the storm that resulted in a stable three-belt configuration (inner belt
is not shown). Panel (e) shows that with the arrival of the high-speed stream the magne-
topause standoff location briefly moved down to L =6.0 (2017-09-27/07:30 UT), which
match with the time of the partial depletion. The three-belt configuration lasted until

11 October 2017 when another high-speed stream driven storm completely depleted the
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Figure 5.1: Example of a three-belt event that started 27 September 2017 (left) and a second
event that started on 13 July 2015 (right). From top to bottom: spin-averaged combined electron
fluxes from Van Allen Probes as a function of L for energy channels (a) 2.6 MeV, (b) 3.4 MeV, (c)
4.2 MeV, (d) 5.2 MeV. Panel (e) corresponds to the estimated magnetopause standoff location,
panel (f) to the SYM-H index. Bottom three panels show solar wind parameters such as speed
Vy (g), IMF B, (h) and dynamic pressure P4yn (i). The blue dashed line corresponds to the time
of magnetopause minimum. The black dashed line corresponds to SYM-H minimum.

outer belt (not shown). Plasmapause location calculated by the AE-dependent O’Brien
and Moldwin (2003) empirical model (shown in panels (a) to (d) as a white line) defines
with relative accuracy the penetration and the initial depletion after the arrival of the
high-speed stream, suggesting that a plasmapause effect may prevent a complete dis-
appearance of the outer belt and therefore help the “formation" of a remnant belt. The
plasmapause location moves outward in the following days, consistent with the idea that
the remnant belt can remain in place if it’s shielded from loss and acceleration processes
outside the plasmapause that result in the creation of the new external outer belt. Figure
5.1 (right) shows another three-belt event that started around 13 July 2015 also in asso-

ciation with a moderate storm resulting of the arrival of a high-speed stream on 10 July
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2015 and a small CME on 13 July 2015 (SYM-H minimum -71). In this case the magne-
topause was also pushed inward down to L =6.3 in association with a sharp increase in
solar wind dynamic pressure. In this event, a pre-existing remnant belt was already in
place and was affected only moderately by the pressure shock arrival, and only after a

few days the formation of the new outer belt lead to a three-belt event.

For the period between September 2012 and November 2017, we found 30 events that
present a three-belt structure, defined as an extended period of time (> 1 day or about
3 satellites orbits) in which a double peak in flux versus L is observed beyond the slot
region at L =3, in at least one energy channel in the range 1.8< E <7.6 MeV. We checked
all energy channels individually to determine if there is a triple belt or a remnant belt
only. Table 5.2 presents a list of all the event dates, SYM-H minimum for each event, the
interplanetary driver associated with each event, magnetopause minimum location, the
range of energies at which each event presents a three-belt structure and whether there

was a pre-existing remnant belt or not.

5.3 General characteristics of three-belt events

Three-belt events occur under a variety of geomagnetic conditions, associated with high-
speed streams (HSS) that either result in geomagnetic storms (13 events or 43%) or do not
(10 events or 33%) while other events are associated with CME-driven storms (5 events or
17%) and finally some occur in association with geomagnetic storms that resulted from
the combination of CME and HSS (2 events or 7%). If we consider all geomagnetic storms
that occurred between September 2012 and November 2017, the fraction that resulted in
three-belt events were 13 of 46 (28%) for high-speed streams, 5 of 48 (10%) for CMEs and
2/15 (13%) for CME + HSS storms. These numbers, when combined indicate that 18% of
all geomagnetic storms lead to three-belt events. We have not calculated the occurrence
rate for high-speed streams not resulting in geomagnetic storms, but these do occur, a
result that is consistent with the current notion that a traditional geomagnetic storm is

not needed to drive an enhancement of electrons in the radiation belts (e.g. Schiller et al.,
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2014; Kim et al., 2015; Pinto et al., 2018a).
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Figure 5.2: SYM-H minimum (top) and Magnetopause standoff minimum L value (bottom)
calculated during 48 hours before and after of each event at time t=0 for all events (a,d), events
in which the remnant belt is created (b,e) and events with a pre-existing remnant belt (c,f). Red
dashed lines correspond to the median value of the distributions.

For the outer radiation belts to enter a three-belt configuration, a combination of
two different and in principle independent processes must occur. First, a remnant belt
should be created, either abruptly as the result of a fast depletion of the fluxes at high
L-shells, or through a slower process of erosion of the existing outer belt, that can occur
in days to months. Second, a new “external outer" belt must form at higher L-shells
following the depletion, but occurring in a region that does not overlap or significantly
affect the dynamics of the already established remnant belt, so that the two populations
can coexist. Oftentimes both processes occur as a consequence of a single geomagnetic
disturbance, but it is also possible to have large time delays between the creation of
the remnant belt and the appearance of the new outer belt. We are interested in the
consequences of the process of formation of the remnant belt, as it has been proposed
that the magnetopause location may play a role in the formation of remnant belts (Mann
et al., 2016, 2018). To do this, we have separated the events by the change in the location

of the peak of the radiation belt fluxes. Events with a partial depletion leave behind a
83



remnant belt that experiences a quick inward motion of the peak in flux, while events
with a pre-existing remnant belt see no change (or minimal change) in the location of
the peak in flux after the commencement of the relevant geomagnetic disturbance has
occurred. We have chosen a threshold of A = 0.3L to determine if an event corresponds
to the group of "pre-existing" remnant belt or "created" remnant belt as that particular
number describe with relative accuracy what we visually observe in the data. Figure 5.2
presents a histogram of the magnetopause standoff minimum L values calculated within
48 hours of the start of each event and SYM-H minimum in the same time window. The
left panels correspond to the distribution of values for all events, while the center and
right panels correspond to the separation between events in which the remnant belt was

created versus events in which the remnant belt can be considered pre-existing.

The SYM-H minimum distribution in Figure 5.2 (a) shows that three-belt events oc-
cur in a variety of weak to moderate geomagnetic storms, with a median value of the
distribution of -61 nT. Here only one event occurs for SYM-H minimum significantly
lower than -100 nT. If we separate the events we find that cases in which the remnant
belt is created (b) present a higher SYM-H drop with a median value of -68 nT while pre-
existing remnant belt cases tend to develop under weak (or no) storms, with a median
value of -45 nT (c). This may reflect weak storms not being able to produce depletion of
fluxes down to very low L shells, but still resulting in enhancements at higher L-shells.
The estimated minimum location of the magnetopause results in a broad distribution (d)
covering 5.0 < L < 8.1 (median L = 6.6), the subset of events during which the remnant
belts is created (e) can be generally associated with lower magnetopause standoff loca-
tions (median L = 6.2) than events with a pre-existing (f) remnant belt (L = 7.0), which
is consistent with the idea of a magnetopause influence on the formation of the remnant

belts.

Remnant belts tend to be observed in more energy channels than three-belts. One
possible explanation is that since remnant belt creation and enhancement of the outer
belt are different processes, it may be easier for a disturbance to remove those particles at
high energies than it is to repopulate them in the outer region. Figure 5.3 (a) shows the
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observed occurrence of three-belt events as a function of the energy of the electrons. The
occurrence rate increases with energy, peaks at E = 5.2 MeV, and then greatly decreases
at higher energies. Figure 5.3 (b) shows the occurrence of remnant belts. Similar to
the events with a three-belt structure, remnant belt occurrence also peaks at E = 5.2
MeV, however, remnant belt occurrence tends to remain higher at high energies when
comparing to three-belt events. Figure 5.3 (c) shows the median location of the peak
of the remnant belt (blue) for all events, as well as the upper and lower quartiles (red).
The location of the remnant belt shows dependence on the energy of the particles, the
median location decreasing in L-shell as the energy increases from L =3.9 for E =1.8

MeV to L =29 at E =7.6 MeV.
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Figure 5.3: Top: observed occurrence frequency of three-belt events (a) and remnant belts (b)
and peak location of remnant belts as a function of energy (c) with blue line corresponding to
median value and red corresponding to quartiles. Bottom: relationship between SYM-H
minimum and remnant belt peak location (L) for energy channels 3.4 MeV (d), 4.2 MeV (e) and
5.2 MeV (f). Red dashed line corresponds to the best linear fit for the trend.

We have also explored the dependence of the remnant belt location with respect to
geomagnetic indices and found that SYM-H shows the best correlation with the location
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of remnant belts. Figure 5.3 (d-f) shows the SYM-H minimum versus the location of
the remnant belt for all events for three different energy channels. The linear trend has
been marked as a red dashed line, and the correlation coefficient of the linear trend
has been calculated as 0.87 for E =3.4 MeV (d), 0.87 for E = 4.2 MeV (e) and 0.81 for
E =52 MeV (f). The location of the peak flux in the outer radiation belt after a storm
is known to correlate with the SYM-H index (Tverskaya et al., 2003; Moya et al., 2017), but
the correlation for the remnant belt is probably associated with the partial depletion of

the belt at the beginning of the events.

5.4 On the persistence and decay of the remnant belt

Remnant belts can be very persistent. A strong geomagnetic storm could certainly de-
stroy the remnant belt, but otherwise they naturally decay slowly as they appear to be
relatively shielded from loss processes during moderate geomagnetic activity, in partic-
ular at high energies, therefore, the duration of a three-belt event depends principally on
the ability of the external outer radiation belt to survive, which tends to decay relatively
quickly. The duration of three-belt events in our list ranges from 5 to 17 days with an
average duration of 11 days at E =4.2 MeV, while the duration of the remnant belts can
be occasionally measured in months An example of a long-lasting remnant belt is shown
in Figure 5.4. To estimate the lifetime of the remnant belts, we have calculated the decay

rate assuming the electrons follow an exponential decay given by
£(t) = A,

where f corresponds to the electron flux measured in cm~2sr~!s~! and A, B are the
parameters to fit. To find the best fit, we first identified the peak flux location of every
remnant belt for every energy channel and then performed a linear fit to the natural
logarithm of the peak fluxes of the remnant belt. We have chosen the start time of

the event at the vertical dashed line in Figures 5.1 and 5.5, which corresponds to the
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Figure 5.4: Example of a series of three-belt event associated with a persistent remnant belt that
occurred between November and December 2016. From top to bottom: spin-averaged combined
electron fluxes from Van Allen Probes as a function of L for energy channels 2.6 MeV, 3.4 MeV,
4.2 MeV, 5.2 MeV and 6.3 MeV. Bottom panels correspond to the estimated magnetopause
standoff location, SYM-H index, solar wind speed V, solar wind proton density 7, and IMF B,.
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minimum SYM-H value of the associated geomagnetic disturbance. Because we are

interested in the natural decay rate of the remnant belt, we have excluded from the

calculation the depletion associated with the start of the event, therefore the fitting must

start after ¢+ = 0 (vertical dashed line). Figure 5.5 shows an example of the peak location

of the remnant belt and the decay rate for two energy channels for the event shown in

Figure 5.1 and for a second event that occurred on 10 November 2016. The upper panels

show fluxes for two energies as a function of L and we have overplotted the remnant

belt peak (black), the minimum of the external "slot" (white) region and the new external

outer belt peak flux (blue). The peak electron fluxes of the remnant belt for the shown

energy channels are shown below each plot along with the linear fit of the data (shown

in red).
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peak flux (blue dots) for two events that occurred on 26 September 2017 (left) and 10 November
2016 (right) for two different energy channels. Below each plot there is a time series that show

the flux values for the remnant belt peak and the best fit of the decay rate. Bottom panels

correspond to the lifetime of the remnant belt as a function of energy for all events (left) and B

parameter (right).
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Table 5.1: Decay rates and lifetime of remnant belts as well as the number of events used for
each energy channel to calculate the values

Energy Events B (days™!') Lifetime (days)
E =1.8 MeV 4 -0.12 + 0.03 7.6
E =2.1 MeV 8 -0.11 + 0.02 9.5
E =2.6 MeV 13 -0.06 £ 0.02 14.6
E = 3.4 MeV 20 -0.045 + 0.026 23
E =4.2 MeV 20 -0.034 + 0.022 29
E =5.2 MeV 14 -0.025 + 0.013 33
E = 6.3 MeV 11 -0.017 £ 0.005 66

E =7.6 MeV 0 - -

To calculate the lifetime of the remnant belt, we have excluded fluxes that are too low
f < 25cm~2sr s as they approach the background noise level of the REPT instrument
(Claudepierre et al., 2015). We have also ignored those events that do not present a decay
but rather a growth in flux. Events with growth rates in flux instead of decay tend to
present very small growth, and can be due to fluctuations on the data associated with
the location of the spacecraft, or acceleration processes that in fact supply particles to
the remnant belt region, but these cases are beyond the scope of the present study. The
values of the remnant belt lifetime and the parameters A and B for every energy channel
are shown in Table 5.1. Individual fit parameters for every events are shown in Table
5.3. Figure 5.5 (bottom-left) shows the lifetime (in days) of the remnant belt calculated
for different energy channels and the value of the fit parameter B (bottom-right). It can
be seen that the lifetime of the remnant belt increases as a function of the energy, yet
while the lower quartile and median values tend to present only moderate variation,
there are a number of events in which the lifetime is very high especially at energies of
4.2 MeV and higher, indicating that in general, remnant belts are indeed very stable. We
consider those values to be in agreement with previous studies that have evaluated the

decay rates of the outer radiation belt (e.g. Thorne et al., 2013b; Drozdov et al., 2015).

89



5.5 Summary, discussion and conclusions

The discovery of the third radiation belt (Baker et al., 2013a) has generated much inter-
esting discussion about the possible causes leading to such a configuration, however,
to date, there have been a limited number of events reported and no extensive statisti-
cal examination of such events. Here, we have identified 30 three-belt events, between
September 2012 and November 2017. We have shown that around 18% of all geomagnetic
storms during that period of time led to a remnant belt or three-belt structure, usually
at energies between 3.4 MeV and 5.2 MeV making this a relatively common phenomena
that can be statistically studied. The variety of geomagnetic conditions under which
three-belt events can occur suggests that there may be more than one process responsi-
ble for the formation and evolution of three-belt events. In particular, the magnetopause
location might have a stronger role in events that are "created" while pre-existing events
may be the result of more natural long-term decay process occurring in the outer radia-
tion belt. Although the same can be said about SYM-H minimum which more strongly
correlates with the location of the remnant belts, the SYM-H effect seems to be general
to all events, and therefore should be explored further. Although three-belt events occur
more often during weak to moderate storms, they can also occur in association with

high-speed streams that cause no storm.

As there is still relatively little known about three-belt events, we have tried to char-
acterize them based on a number of parameters: the energy at which they appear, the
conditions that lead to their formation and the boundaries that are thought to be impor-
tant in their dynamics, such as the magnetopause location, in part motivated by early
studies that present those parameter as being of possible importance. By calculating the
decay rate of the remnant belt after it is formed we can conclude that while a three-
belt event can vary between a few days to a few weeks depending on the particularities
of each event and the energy of the electrons, remnant belts can exist in the radiation
belts for months and possibly years given that no other strong storm removes them from

existence. This is in agreement with Thorne et al. (2013b) suggestion that pitch-angle
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scattering with hiss waves is the responsible for decay of remnant belts. Of course,
this assumes that the remnant belt is located inside the plasmasphere, and therefore
shielded from other interactions, but an extensive study of the effects of the plasma-
pause in three-belt events is yet to be performed. Three belt events and remnant belts
preferentially occur at energies between 3.4 MeV and 5.2 MeV, but there are a significant
number of events outside that energy range, and therefore it seems to be an important
topic for discussion if the mechanisms that favor formation of remnant belts at 1.8 MeV

are the same that are dominating at 7.6 MeV.

Three-belt structures represent a unique configuration of the radiation belts which
comes about as a consequence of a number of factors that deplete and enhance fluxes of
energetic electrons in the radiation belts. The processes are in general energy-dependent
and location specific, and as such, an important challenge is to understand and untangle
the effects of the contributing mechanisms. This work is the first attempt to understand
the characteristics of the events. For example, instead of using phase space density
(to separate adiabatic from non adiabatic effects) we have chosen to use fluxes so our
results can be more directly comparable to previous studies that also dealt with fluxes
(e.g. Baker et al., 2013a), and because our objective was to characterize and study the
statistical behavior of the remnant belts. Phase space density studies will be required in
order to unravel the relevant physical processes responsible for acceleration and losses
leading to this particular configuration. Our results provide valuable insights about the
characteristics of three-belt events, their relationship with geomagnetic boundaries and
indices and contribute to the understanding of the response of the radiation belts to the

effects of the solar wind.
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Table 5.2: List of Three-Belt Events and their main characteristics: SYM-H minimum, the
interplanetary driver, magnetopause minimum location, the range of energies and whether
there was a pre-existing remnant belt or not

Date SYM-H Driver MPloc. min E max E Pre-
min. (nT) (L) (MeV) (MeV)  Existing
2012-09-05/07:43:00 -83 CME 5.7 3.4 5.2 No
2013-03-01/10:12:00 -76 HSS 6.8 3.4 5.2 No
2013-03-17/20:28:00 -132 CME 5.5 5.2 6.3 No
2013-04-24/18:11:00  -52 HSS 5.9 2.1 5.2 No
2013-05-01/19:10:00 -67 CME 8.1 4.2 6.3 No
2013-10-02/06:19:00  -90 CME 5.0 2.6 5.2 No
2013-11-09/08:14:00 -79 HSS 6.5 4.2 5.2 Yes
2015-04-16/23:29:00 -88 HSS 6.9 2.6 5.2 Yes
2015-05-13/06:59:00 -98 CME 6.1 2.6 4.2 Yes
2015-06-08/07:45:00  -105 HSS 7.2 3.4 5.2 No
2015-07-13/10:54:00 -71 CME 6.3 1.8 6.3 No
2015-11-30/11:32:00  -45 HSS* 6.7 1.8 2.1 Yes
2015-12-06/13:04:00 -26 HSS* 7.6 2.1 5.2 Yes
2016-01-20/16:42:00  -95 HSS 6.1 3.4 5.2 No
2016-06-06/06:47:00  -55 HSS 5.8 2.6 5.2 No
2016-07-12/10:11:00 -44 HSS* 7.2 3.4 6.3 Yes
2016-11-13/02:32:00  -30 HSS* 7.3 1.8 6.3 Yes
2016-11-25/06:38:00  -53 HSS 7.4 3.4 6.3 Yes
2016-12-09/19:09:00 -48 HSS* 6.9 4.2 6.3 No
2016-12-23/21:07:00  -55 HSS 7.2 5.2 6.3 No
2017-01-05/23:23:00  -47 HSS* 7.5 3.4 6.3 Yes
2017-05-20/08:11:00 -44 HSS* 7.1 2.1 3.4 Yes
2017-06-17/00:00:00  -38 HSS* 6.2 1.8 2.6 Yes
2017-07-16/15:51:00  -67 CME 6 2.6 6.3 No
2017-08-04/14:44:00 -35 HSS* 6.3 2.6 4.2 No
2017-08-20/03:35:00 -46 HSS* 7.1 5.2 6.3 Yes
2017-09-15/00:23:00 -44 HSS 6.0 1.8 7.6 Yes
2017-09-28/05:55:00 -74 HSS 6.0 2.6 6.3 No
2017-10-14/05:36:00 -68 HSS 7.0 4.2 7.6 No
2017-11-08/04:04:00 -89 HSS 6.1 3.4 7.6 No

*High speed streams that did not resulted in a SYM-H min lower than -50 nT
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CHAPTER 6

Decay of Ultrarelativistic Remnant Belt Electrons Through

Scattering by Plasmaspheric Hiss

The material in this chapter has already been published in the Journal of Geophysical Re-
search: Space Physics (Pinto et al., 2019). Although the text it is presented in a similar form
to the published work, my contribution is limited to the data analysis of ultrarelativistic
electron remnant belts. The theoretical background to perform comparisons has been
developed by Dr. Didier Mourenas, and the calculations of phase space density and

wave intensity by Dr. Xiaojia Zhang and Dr. Anton Artemyev.

6.1 Introduction

One of the first results reported from the Van Allen Probes mission (Mauk et al., 2013)
was the appearance of a previously unreported triple-belt configuration of the Earth’s ra-
diation belt that included a storage ring of multi-MeV electrons located at 3.0 < L < 3.5
in-between the inner belt and the re-populated outermost part of the outer belt (Baker
et al., 2013a). This configuration was very stable, as it lasted for a month before being
wiped out by a new geomagnetic storm. In parallel to this first report, Turner et al. (2013)
while studying the phase space density (PSD) evolution of equatorially mirroring elec-
trons during storms using data from the THEMIS mission, encountered several of these
transient three-belt configurations at relativistic energies. They suggested that this likely
results from a partial depletion of the outer radiation belt at high L that leaves behind
a remnant belt clearly separated from the re-forming outermost radiation belt, and that
this phenomenon is relatively common. The processes potentially leading to the forma-
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tion of a remnant belt have been discussed in various works (Shprits et al., 2013, 2018;
Turner et al., 2013; Thorne et al., 2013b; Mann et al., 2016, 2018; Yuan and Zong, 2013b,a), but
it still remains largely an open problem. Remnant belts can exist from hundreds of keV
to multi-MeVs energies but they do not last a long time at lower energies, probably due
to stronger hiss-induced scattering (Thorne et al., 2013b; Turner et al., 2013). Since they are
formed at low L < 3.5 — 4, remnant belts of multi-MeV electrons should more likely ap-
pear very quickly following coronal mass ejection driven-storms than after disturbances
associated with co-rotating interaction regions (e.g., Yuan and Zong, 2012). Recently, Pinto
et al. (2018b) found that three-belt events, including a middle remnant belt of multi-MeV
electrons are a relatively common occurrence with 30 such events occurring between
2012 and 2017, 25 of them showing a clear exponential decay of remnant belt electron
fluxes. Such finding allowed a statistical characterization of remnant belts of multi-MeV
electrons, demonstrating that they are more likely to occur at ultra-relativistic energies
(3 to 5 MeV) but can sometimes be observed over the whole 1.8 MeV-7.6 MeV range, and
that they are generally located in the region 3 < L < 4. Their lifetime was found to
increase as the energy of the electrons increase, from a few days at 1.8 MeV up to several

months at energies of 6.3 MeV.

This increase in lifetime with energy raises the important question of what is the
dominant mechanism of multi-MeV electron losses causing the decay of remnant belt
electrons. The decay of one remnant belt formed at L = 3.2 following the Septem-
ber 2012 geomagnetic storm was studied by Thorne et al. (2013b) using two-dimensional
Fokker-Planck simulations, showing that hiss waves were mainly controlling electron
losses during this event. Plasmaspheric hiss waves are whistler-mode waves that typi-
cally occur in the 50 Hz to 2 kHz range, become more intense during active periods and
have larger power on the dayside compared to the nightside (e.g., see Li et al., 2015a;
Lyons and Thorne, 1973; Meredith et al., 2007; Spasojevic et al., 2015, and references therein).
They are thought to be partly generated locally by substorm-injected electrons (e.g.,see
Li et al., 2013; Nakamura et al., 2016; Su et al., 2018, and references therein) and partly

amplified locally from a seed made of chorus waves initially generated outside the plas-

95



masphere and having propagated inside it after reflection at high latitude (Bortnik et al.,
2008, 2009; Meredith et al., 2013; Agapitov et al., 2018). For electron energies smaller than
~ 2 MeV located at L < 5 inside the plasmasphere, the inner structure in energy and
space of the radiation belts has been shown to be mainly controlled by electron loss
due to cyclotron-resonant interaction with hiss waves and inward radial diffusion by
ultra-low frequency (ULF) waves (or injections) from a source located in the outer belt
or in the plasma sheet (e.g., see Lyons and Thorne, 1973; Ma et al., 2015; Mourenas et al.,
2017; Schulz and Lanzerotti, 1974; Thorne et al., 2013b), however, several recent studies have
demonstrated that combined and synergistic electron scattering by hiss and electromag-
netic ion cyclotron (EMIC) waves can often strongly increase ultra-relativistic (> 2 MeV)
electron losses as compared with hiss waves alone around L ~ 4 — 5 within the plas-
masphere (Ma et al., 2015; Mourenas et al., 2016, 2017; Zhang et al., 2017). EMIC waves
generated by anisotropic hot ion populations have indeed been observed in this region
with significant occurrences and amplitudes, sometimes simultaneously with hiss waves

at similar or different local times (Meredith et al., 2014; Zhang et al., 2016, 2017).

The relative importance of hiss and EMIC waves in controlling the observed decay
rates of remnant belt ultra-relativistic electrons needs to be assessed statistically. The
recent statistics of remnant belt events obtained by Pinto et al. (2018b) based on Van
Allen Probes data represents an opportunity to address this problem in detail. In this
study, we will use spin-averaged electron flux measurements from the Energetic Particle
Composition and Thermal Plasma Suite (Spence et al., 2013) Relativistic Electron Proton
Telescope (ECT-REPT) (Baker et al., 2013b) on-board the Van Allen Probes between 1.8
MeV and 6.3 MeV. The data from Van Allen Probes A and B were combined into a single
grid of data points binned in space (JL = 0.1) and time (6t = 6 hours) by averaging
all available data in each bin between 1 September 2012 and 30 November 2017. The
processed data was then used to identify remnant belts and estimate their decay rates

when fluxes were well above the background limit of the instrument (f > 25 cm ™2

st—! s71) and the fluxes showed clear exponential decay (for more details, see Moya

et al., 2017; Pinto et al., 2018b). In the next sections, we compare observed lifetimes of
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remnant belt ultra-relativistic electrons and analytical lifetime estimates (Mourenas and
Ripoll, 2012; Mourenas et al., 2017; Zhang et al., 2017) for quasi-linear electron scattering by
hiss waves (Mourenas and Ripoll, 2012; Mourenas et al., 2017), or by hiss and EMIC waves
(Mourenas et al., 2016, 2017; Zhang et al., 2017) based on recent wave statistics (Li et al.,
2015a; Meredith et al., 2014; Spasojevic et al., 2015; Zhang et al., 2016). During some peculiar
events, we examine electron phase space density (PSD) and simultaneous EMIC wave
observations (Kletzing et al., 2013) on board the Van Allen probes to estimate the relative

importance of inward radial diffusion and EMIC waves on decay rates.

6.2 Comparisons between observed electron decay and theoretical es-

timates for hiss-induced loss

Repeated interactions between radiation belt electrons and broadband whistler-mode
hiss waves of moderate average amplitudes By, < 50 — 100 pT via cyclotron or Landau
resonance usually produce a quasi-linear diffusion of the particles towards the region of
smaller phase space density located in the loss-cone, leading to their precipitation into
the atmosphere (e.g., see Lyons and Thorne, 1973; Meredith et al., 2007; Mourenas and Ripoll,
2012). Combining analytical expressions of electron lifetimes T inside the plasmasphere
(Mourenas and Ripoll, 2012; Artemyev et al., 2013; Mourenas et al., 2016) with the most
recent statistical models of plasmaspheric electron density (Ozhogin et al., 2012) and the
most recent statistical models hiss time-averaged intensity and frequency spectra (Li
et al., 2015a; Agapitov et al., 2014; Meredith et al., 2014; Spasojevic et al., 2015), we can get a

simple estimate of electron lifetimes in the presence of scattering by hiss only:

P3/2'YL2 ;77/9

T~ 10Kp exp (—(L —3272/2) 9asl (6.1)
at sufficiently high electron energy
3 5) _
Es V1+103/(yL%) —1 MeV]
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(Mourenas et al., 2017) where p is the electron momentum normalized to m.c (with m,
the electron mass and c the velocity of light), v the Lorentz factor, and # the actual
plasmaspheric density normalized to the model density from Ozhogin et al. (2012). This
analytical estimate of T gives the physical scaling of T with E, L, Kp, and normalized
plasma density #. When Kp~ 1 — 2, this analytical estimate of T was checked to remain
within a factor ~ 1.5 of full numerical lifetimes from 1 MeV up to at least 5 MeV(Mourenas
et al., 2017). The recent statistical hiss model from Li et al. (2015a) shows that peak
hiss wave power occurs at relatively low frequencies ~ 180 — 260 Hz at L = 3 —4,
corresponding to a higher upper limit ~ 6.5 MeV of validity of the above analytical
lifetime estimates than when considering older and more approximate hiss models that
assumed a peak wave power frequency ~ 550 Hz (see Mourenas and Ripoll, 2012). In
this simplified expression for 7, the MLI-averaged hiss intensity is assumed to vary
approximately like B2 ~ Kp exp(—(L —3.2)2/2) over 1.5 < L < 45and 0.5 < Kp < 5
based on hiss statistics (Spasojevic et al., 2015; Meredith et al., 2007; Agapitov et al., 2014),
with almost no variation with latitude up to 35° in agreement with satellite observations

(Artemyev et al., 2013).

The above theoretical lifetime estimates have already been well validated by compar-
isons with observations at energies E < 1.8 MeV over 1.5 < L < 5 (Mourenas et al., 2017).
However, almost no comparison with measured lifetimes have been performed at higher
electron energies E > 1.8 MeV for L < 4.0, due to the generally very low and noisy
multi-MeV electron fluxes in that region (Mourenas et al., 2017). The lifetimes recently
obtained by Pinto et al. (2018b) in this low L < 4 region during remnant belt events pro-
vide a unique opportunity to check whether hiss waves alone are generally controlling
the loss rate of ultra-relativistic electrons in that zone, or if other mechanisms also affect

electron losses.

The presence of electromagnetic ion cyclotron (EMIC) waves (Summers, 2003; Thorne
and Kennel, 1971) in addition to hiss waves may amplify electron losses at energies E > 2
MeV (e.g., see Blum et al., 2015; Li et al., 2007; Mourenas et al., 2016; Sandanger et al., 2007;
Usanova et al., 2014). Since helium-band EMIC waves with a frequency very close to the
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helium gyrofrequency are less frequent at L < 4 (Zhang et al., 2016; Kersten et al., 2014)
and hot plasma effects limit their effectiveness for scattering ~MeV electrons (Cao et al.,
2017; Chen et al., 2011; Ni et al., 2018), one can only consider the hydrogen-band EMIC
waves. Recent satellite statistics (Zhang et al., 2016; Kersten et al., 2014) show a statisti-
cal mean frequency ~ 0.4 times the proton gyrofrequency f.p, a spectrum half-width
~ 0.05f.y, and MLT-averaged and time-averaged RMS amplitudes ~ 15 pT at L =3 — 4
in a plasma with ~ 90% protons. Cyclotron resonance with EMIC waves is then avail-
able up to a maximum equatorial pitch-angle amax ~ arccos(min[1,8/ (1'/2(L/2)'*E)))
at energies E > Eg = 8/[n'/?(L/2)'*] MeV. In this high energy and low pitch-angle
domain, EMIC wave-induced pitch-angle diffusion is much faster than hiss diffusion
(Mourenas et al., 2016), representing an increased effective loss-cone and leading to a
reduction of electron lifetimes that can be approximately modeled as Tith gmMic) ~
TRemic, with Revic = (cos? a* + 21In(sina*))/[cos? arc + 2In(sinarc)] where a* =
min[max(arc, #max), 50°] and ayc is the drift loss-cone angle. As a result, there is usu-
ally a sudden decrease of lifetimes as energy increases above Ej, then an approximate
plateau, before lifetimes resume their increase with E at higher energy (Mourenas et al.,

2016; Zhang et al., 2016).

Figure 6.1 shows comparisons between observed lifetimes of decaying remnant belts
(Pinto et al., 2018b) and analytical electron lifetimes (Mourenas et al., 2017) due to elec-
tron scattering by plasmaspheric hiss and by combined hiss and EMIC wave scattering
(Mourenas and Ripoll, 2012; Artemyev et al., 2013; Mourenas et al., 2016), based on statisti-
cal models of plasmaspheric density (Ozhogin et al., 2012), hiss intensity (Spasojevic et al.,
2015), and hiss frequency spectra (Li et al., 2015a; Agapitov et al., 2014; Meredith et al., 2007).
Four different relatively narrow (L, Kp) ranges are considered, such that the maximum
error made in analytical lifetime estimates when using the mean L and Kp value in each
range is at most £ 30%-40%. Since the standard deviation of plasmaspheric density in
the statistical model from Ozhogin et al. (2012) is a factor ~ 1.5 about the nominal model
density, the standard deviation of analytical lifetime estimates in Figure 6.1 is roughly

a factor ~ 2 about the mean lifetime shown by a solid blue line. The corresponding
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minimum and maximum analytical lifetimes are marked by dotted blue lines in Figure

6.1.
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Figure 6.1: Lifetimes of remnant belt multi-MeV electron as a function of electron energy
observed by the Van Allen Probes between 2012 and 2017. Estimated lifetimes during each
remnant belt event correspond to a unique symbol-color combination (events starting dates are
indicated at the top of each panel). The theoretical electron lifetime (Mourenas et al., 2017)
corresponding to electron scattering by plasmaspheric hiss alone is shown by a solid blue curve,
with dotted blue curves indicating the standard deviation. The theoretical lifetime
corresponding to combined scattering by hiss and typical hydrogen-band EMIC waves is shown
by a red dashed curve. Panels show different L and time-averaged Kp ranges; (a) 3.4 < L < 3.9
and 1.2 <Kp <19.(h)34<L<39and 21 <Kp <29.(c)29<L<35and 1.2 <Kp <19.
(d) 29 <L <35and 2.1 < Kp < 2.9. The thin dashed red line in panel (d) corresponds to a
single event that started on 2017-09-15.

Although the MLT-averaged hiss intensity can easily vary by a factor ~ 2 about its
100



time-averaged modeled level at any given time (e.g., Spasojevic et al., 2015; Malaspina et al.,
2016), it is worth noting that observed electron lifetimes are evaluated over ~ 7 — 15 days,
which should generally correspond to time-averaged hiss intensity levels close to the
time-averaged intensity of the statistical hiss model (which is based on several years of
satellite measurements, but where each measurement is confined to a narrow MLT sector
at any given time). Uncertainties of observed lifetimes inferred from measured electron
flux decay over ~ 10-day periods can be estimated as a factor ~ 1.5 at most about the
calculated value for relatively short lifetimes < 40 days, with larger uncertainties for

longer lifetimes.

The good agreement between observed and theoretical lifetimes 7 in Figure 6.1 at all
(L, Kp) ranges and at all electron energies from 1.8 MeV to 5.2 MeV demonstrates that
the decay of remnant belts at 2.9 < L < 4.0 within the plasmasphere is dominantly
due to electron scattering by hiss waves (Lyons and Thorne, 1973; Mourenas and Ripoll,
2012; Mourenas et al., 2017). Observed lifetimes are within a factor ~ 1.5 of analytical
estimates on average, and almost always within a factor of ~ 2 — well within combined
model and empirical uncertainties. This suggests that time-averaged hiss wave models
(Li et al., 2015a; Spasojevic et al., 2015), the statistical plasmasphere density model from
Ozhogin et al. (2012), and analytical lifetime estimates based on them can be used with
relative confidence over timescales larger than 5-7 days, at least during not too disturbed
periods when mean Kp< 3 and the remnant belt remains well inside the plasmasphere.
Comparisons with the analytical lifetime estimate T(yin gvic) (Mourenas et al., 2016, 2017)
taking into account the combined effects of EMIC and hiss wave scattering (see thick red
dashed curves in Figure 6.1) suggest that EMIC waves probably do not play a role as
important at energies 2 MeV < E < 5 MeV and L < 4 during remnant belt events as they
do at higher L > 4 for E > 2.5 MeV (Ma et al., 2015; Mourenas et al., 2017; Zhang et al.,
2017). This is probably due to the lower statistical occurrence of hydrogen band EMIC
waves at L < 4 (Zhang et al., 2016).

Figure 6.2 further shows the measured electron lifetimes (normalized to their value
at the minimum energy where lifetimes are available) versus yp3/? normalized to its

101



value at E = 1.8 MeV. Here, we only kept the 16 events with lifetimes available in
at least 3 successive REPT energy channels starting at E < 3.4MeV. Such events are
expected to provide more accurate information on the scaling of lifetimes with energy
than events for which lifetimes are available in only two energy channels, allowing for
instance to detect an inflexion in the variation of lifetimes with energy. Also, when
only two lifetimes are available, the lifetime at the highest energy is more likely to be
over-estimated (since in the next, higher energy channel, the lifetime was too long to
be measured or the electron flux was near noise level). The measured electron lifetimes
were obtained at the L-shell of peak electron flux at each energy channel during a given
remnant belt event, corresponding to a very slight decrease of L by AL ~ 0.1 to 0.3 as
energy increases. Now, if observed lifetimes only result from quasi-linear electron pitch-
angle scattering by the sole hiss waves, they should increase monotonously with electron
energy like the theoretical scaling T ~ yp%/? (dotted black line) at energies above 1.8 MeV
(Mourenas and Ripoll, 2012; Artemyev et al., 2013; Mourenas et al., 2017). In contrast, if other
physical mechanisms such as EMIC wave-induced scattering or inward radial diffusion
are sometimes affecting the decay of the remnant belts, a significant deviation from the
theoretical hiss scaling should appear in Figure 6.2, in the form of a localized decrease or
plateau of lifetimes as 'yp3/ 2 increases during a given event (Mourenas et al., 2016, 2017;

Zhang et al., 2017).

For the 13 events displayed in Figure 6.2(a) there is a close agreement between the
scaling of measured lifetimes with energy and the theoretical scaling T ~ p3/? (dotted
black line). The very slight decrease of many observed lifetimes below the theoretical
scaling at higher yp3/? (i.e., higher energy) may be partly due to a slight reduction of
the measurement L-shell by AL ~ 0.1 — 0.3 as energy increases (unaccounted for in
the theoretical scaling) that can sometimes decrease the theoretical T by 10%-30%. Still,
discrepancies between theoretical and observed scaling remain within empirical lifetime
uncertainties of about +30%-40%. Occasionally, the measured lifetime at the highest
energy can be sensibly larger than theoretical expectations, as seen during one event

(2016-11-13) at 3.4 MeV - but this is probably due to a too low and noisy electron flux at
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Figure 6.2: Normalized lifetimes of remnant multi-MeV electron belts observed by the Van
Allen Probes between 2012 and 2017 as a function of the theoretical energy scaling p>/?
normalized to its value at 1.8 MeV. Measured lifetimes during each remnant belt event
correspond to a unique symbol-color combination. The theoretical scaling for scattering by hiss
alone is denoted by a dotted black line. Only events having at least 3 lifetimes in consecutive
REPT energy channels available are displayed: (a) the most usual behavior, such that lifetimes
monotonically increase with energy (events starting dates are indicated on the right-hand-side
of the panel); (b) Three anomalous events with some significant lifetime decrease or plateau,
starting on 2015-12-06 (red curve), 2017-09-15 (blue curve), and 2015-07-13 (green curve).

high energies during such events: the uncertainty on such long > 100 days lifetimes can

become larger than a factor 2.

In contrast with events in Figure 6.2(a), a significant departure of the observed life-
times from the theoretical scaling for hiss scattering alone (dotted black line) is found
during 3 events at 3.2 < L < 3.8 as shown in Figure 6.2(b). During the 13 July 2015 event,
measured lifetimes are higher than hiss-only lifetimes and the reduction only occurs for
very long lifetimes ~ 200 — 300 days (see corresponding red circles in Figure 6.1(c)) that
already lie above the theoretical scaling that was well followed at lower energy < 3 MeV.
In such a case, the uncertainty on measured lifetimes is larger than a factor 2, sufficient to
account for the apparent lifetime increase at E = 4.3 MeV and then reduction at E = 5.2
MeV. During the two other events, however, the measured reduced lifetimes are shorter
(< 28 days and < 11 days, respectively — see thin red dashed curve in Figure 6.1(d)
for the 2017-09-15 event and black diamonds in Figure 6.1(b) for the 2015-12-06 event)

and therefore accurate within ~ £30%. The plateau in lifetimes found during these two
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events therefore signals the likely presence of some additional effect. It may consist of
either an additional electron loss mechanism reducing lifetimes at higher energy, such
as scattering by EMIC waves in combination with hiss waves (Li et al., 2007; Mourenas
et al., 2016), or in an additional electron replenishment mechanism increasing lifetimes
at lower energies, such as inward radial diffusion by ULF waves at fixed first adiabatic

invariant 4 = p% /2m,B, with m, the electron mass and B the geomagnetic field strength.

During the 6 December 2015 event, geomagnetic activity was significant, (Kp) ~
2.7 and the remnant belt at E = 2.1 MeV was at a relatively high L = 3.8. In such
circumstances, the plateau in lifetimes at 2.1 MeV < E < 3.4 MeV could have resulted
from a strong inward radial diffusion of electrons, that could partly compensate for
losses due to hiss waves (e.g., Mourenas et al., 2017; Schulz and Lanzerotti, 1974). Such
a strong inward radial diffusion would require the presence of a significant positive
outward gradient of electron phase space density (PSD) just above L* = 3.8 at constant
tirst adiabatic invariant ¢ and E ~ 2.1 — 2.5 MeV. However, Figures 6.3(a),(b) show that
there is no such monotonic outward increase of the electron PSD over 3.8 < L* < 4.1 at
the corresponding u ~ 1000 — 2000 MeV /G during the start of this event on 6 December
2015 — instead, there is a small PSD peak at invariant drift shell L* ~ 3.8 (corresponding
to the remnant belt position) followed by a relative minimum at L* ~ 4.0 —4.2, or
simply a plateau over 3.8 < L* < 4.1. The strong PSD peak present at higher L*-shells

corresponds to the outer belt.

During the 15 September 2017 event, geomagnetic activity was moderate (Kp) ~ 2.1
and the remnant belt peak flux was at lower L ~ 3.4. A plateau in lifetimes occurred
at 3.4-5.2 MeV. A partial replenishment of electron flux at ~ 2 — 4 MeV by radial dif-
fusion might be able to explain such a plateau. However, this would require a net
positive outward gradient of the electron PSD at constant first adiabatic invariant over
L =35—-38at2—4MeV as well as a significantly stronger ULF wave intensity than
statistical averages at such low L-shells and low Kp (Ozeke et al., 2014; Mourenas et al.,
2017). Actually, Figures 6.3(c),(d) show that there is no monotonous outward increase of
the PSD at the corresponding . ~ 1000 — 3000 MeV /G over L* = 3.5 — 3.8, but rather a
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minimum at L* ~ 3.8 for electrons with pitch-angle ~ 45° (K = 0.2) and a PSD plateau

over L* ~ 3.5 — 3.8 for nearly equatorially mirroring electrons (K = 0.03).
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Figure 6.3: Electron phase space density (PSD) from the REPT instrument onboard the Van
Allen Probes as a function of first adiabatic invariant  and L*. (a,b) Electron PSD for second
adiabatic invariant K = 0.03 G}/2Rr and K = 0.2 G1/2R[. electrons on 2015-12-06 over 16:50-20:40
UT from RBSP-A. (c,d) Electron PSD for K = 0.03 G1/2Rg and K = 0.2 G/2R, electrons on
2017-09-15 over 6:25 to 10:20 UT from RBSP-B. Contour lines at the same PSD level are shown in
black.

The above results suggest the absence of significant inward radial diffusion in the
two events of 06 December 2015 and 15 September 2017. The plasmapause location Ly,
has been calculated from the formula N,(L,,) = max(50,10(6.6/L,,)*) cm™2 (e.g., see
Li et al., 2015a) over the two corresponding intervals of electron flux decay, based on
plasma density N, measurements from the Van Allen Probes. During the flux decay
period with (Kp) ~ 2.1 starting on 15 September 2017, the plasmapause remained at
L > 3.6 nearly all the time (mostly at L > 4.5), that is, well above the remnant belt
location at L = 3.4. During the especially disturbed period with (Kp) ~ 2.7 starting

on 06 December 2015, the plasmapause still remained above the remnant belt location
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(at L = 3.8) approximately ~ 75% of the time. Although the plasmapause sometimes
decreased in this case to L ~ 3.2 near 12 ML]T, it is generally ~ 0.5 — 1 Earth radii higher
from 15 MLT through midnight to 9 MLT than near 12 MLT (O’Brien and Moldwin, 2003).
Accordingly, the remnant belt was probably inside the plasmasphere during most of this
06 December 2015 event as well. This leaves only the additional presence of EMIC waves
as a possible explanation for the creation of a plateau in lifetimes as a function of E
during two of the three events in Figure 6.2(b). EMIC waves may therefore contribute
with hiss waves to multi-MeV electron loss at 3.0 < L < 3.9 in about 10-15% of remnant

belt events.

6.3 Combined effects of hiss and EMIC waves on multi-MeV electrons

during the 15 September 2017 remnant belt decay event

We now investigate in more detail the peculiar decay of the 15 September 2017 remnant
belt event discussed in the previous section. The profile of electron lifetimes measured
during this event at L ~ 3.4, displayed in Figure 6.2(b) (blue curve), shows an initial
increase of lifetimes with energy in agreement with hiss-induced loss, then a plateau
between 3.4 and 5.2 MeV, before lifetimes increase again above 5.2 MeV. The comparison
in Figure 6.1(d) of measured lifetimes (thin red dashed curve) with theoretical lifetimes in
the presence of hiss waves alone (blue curve) and with hiss waves plus a statistical model
of hydrogen band EMIC waves (thick dashed red curve) shows lifetimes in-between the
hiss-alone and hiss-plus-EMIC theoretical lifetimes. This suggests that EMIC waves were
probably present but with a lower occurrence rate or time-averaged intensity than in
the assumed model. Indeed, the plateau in measured lifetimes starts at roughly the
same energy (~ 4 MeV) where the hiss-plus-EMIC theoretical lifetimes start to depart
from hiss-only lifetimes. The hydrogen band EMIC wave model used in Figure 6.1(d)
assumed approximate MLT-averaged and time-averaged RMS amplitudes ~ 15 pT and
a upper frequency cutoff at ~ 0.45f., based on years of wave statistics over 3 < L < 4

(Mourenas et al., 2017; Zhang et al., 2016).
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We have examined Van Allen Probes observations of EMIC waves between 15 and 25
September 2017 to check whether measured EMIC waves actually possessed the char-
acteristics (hydrogen band waves, relatively high upper frequency cutoff, weak time-
averaged amplitudes) that could explain the peculiar profile of electron lifetimes during
this specific event. We have found that intense EMIC waves were recorded on two oc-
casions at L ~ 3.4 by the Van Allen Probes, both times in the hydrogen band. The
strongest hydrogen band EMIC waves had a time-averaged RMS amplitude By, = 350 pT
over nearly 5 minutes on 18 September, with mean and upper-cutoff frequencies ~ 0.73
and 0.77 f.y as shown in Figure 6.4(a) (black line). There was a second observation of
hydrogen band EMIC waves over 25 minutes on 20 September, with RMS amplitudes
By = 120 pT, mean and upper-cutoff frequencies ~ 0.37 and 0.42 f.p (see Figure 6.4(a)
red line). Both EMIC waves had small wave-normal angles < 10° and were observed at
geomagnetic latitudes ~ 4° and 14° near 9-10 MLT. In addition, a weak burst of helium
band EMIC waves with RMS amplitude B,, ~ 150 pT was observed, but these waves had
a too low upper frequency cutoff (about 0.77 times the helium gyrofrequency) to interact
via cyclotron resonance with electrons of energy < 6 MeV at L = 3.4 (Kersten et al., 2014;

Summers, 2003).

Therefore, it appears that EMIC waves measured during this event possess at least
two of the needed characteristics to account for the observed lifetimes: they were ob-
served in the hydrogen band and had a relatively high upper frequency cutoff > 0.4f.5.
It is impossible, however, to infer their MLT-averaged and time-averaged amplitudes
from available measurements during this event due to the limitation of the orbital cov-
erage of the Van Allen Probes to narrow local time domains near 9 MLT and 16 MLT at
L = 3.4 for the duration of the event. Consequently, we had to rely on past statistics of
hydrogen band EMIC wave occurrence and intensity as a function of AE or AL indices
near L = 3.4. Between 16 and 24 September 2017 (included), the daily AE and AL had
mean values of 240 nT and -170 nT, respectively. For such moderate geomagnetic activ-
ity, CRRES statistics of hydrogen band EMIC waves at L ~ 3.5 show occurrence rates of
about 1% confined to two MLT regions at 9-10 MLT and 21-22 MLT, with time-averaged
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RMS amplitudes of roughly 20 pT inside these zones (see Figures 7 and 10 from Meredith
et al., 2014), while Van Allen Probes statistics show =~ 0.5% occurrence rates at 10-11 MLT
and 15-16 MLT, with (non-time-averaged) RMS amplitudes of measured waves of about

450 pT in these zones (see Figure 2 from Zhang et al., 2016).

Interestingly, both CRRES and Van Allen Probes statistics show that the 10 MLT
region is one of the few narrow MLT regions of significant occurrences of hydrogen
band EMIC wave at L ~ 3.4. Since this MLT zone was relatively well-covered by the Van
Allen Probes during the considered event, the observed EMIC wave spectra are likely
representative of actual wave spectra over the duration of this event. However, other
bursts of hydrogen band EMIC waves were probably present near 10 MLT or 15 MLT at
other universal times, when the Van Allen Probes were not crossing the L ~ 3.4 region
to measure them. In the following, we therefore assume that the total MLT- and time-
averaged intensity of EMIC waves was close to their statistical level, corresponding to a
RMS amplitude ~ 9 pT (Zhang et al., 2016), using time-averaged spectra obtained from
the Van Allen Probes during the considered event (see Figure 6.4a) — that is, we consider
EMIC waves with upper frequency cutoff ~ 0.77f.;; and RMS amplitude 7 pT together
with waves with upper frequency cutoff ~ 0.42f.; and RMS amplitude of 6 pT.

In addition, over the 9-10 days of the event duration, it is reasonable to assume that
the MLT-averaged and time-averaged hiss waves can be well represented by their statisti-
cal spectra (Li et al., 2015a; Spasojevic et al., 2015) at L = 3.4 when Kp~ 2.1, with a peak of
magnetic power of about 1300 pT? at a mean frequency of 200 Hz. During this event, the
time-averaged plasma density inferred from upper-hybrid line measurements on-board
the Van Allen Probes was (N,) ~ 700 + 160 cm > at L = 3.4. The corresponding mea-
sured electron plasma frequency to gyrofrequency ratio Fy./F. ~ 10.8 is therefore very
close to the ratio Fy,/Fee =~ 5(L/ 2)1'4 ~ 10.51 expected from the statistical plasmaspheric
density model of Ozhogin et al. (2012) used in analytical lifetime estimates (Mourenas

et al., 2017, Figures 1-2).

Figure 6.4(b) shows the measured lifetimes during this event, compared with nu-

merically calculated lifetimes corresponding to quasi-linear diffusion by combined hiss
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Figure 6.4: (a) EMIC wave spectra in the hydrogen band observed by the Van Allen Probes on
18 and 20 September 2017 at L ~ 3.4. (b) Observed lifetimes as a function of electron energy E
at L ~ 3.4 during the 15-25 September 2017 event (black diamonds), together with
corresponding numerically calculated lifetimes based on quasi-linear pitch-angle scattering by
hiss waves alone (cyan) or hiss and EMIC waves (blue), considering a statistical model of hiss
intensity and spectrum (Li et al., 2015a; Spasojevic et al., 2015), a statistical model of EMIC wave
intensity (Zhang et al., 2016), measured EMIC wave frequency spectra during this event, and a
plasma consisting of ~85% protons (solid blue curve) or 90% protons (dashed blue curve)
during this disturbed period (Kersten et al., 2014; Summers, 2003). (c) Electron quasi-linear
pitch-angle diffusion rates by hiss (blue) and EMIC (red) waves at 5 MeV and L = 3.4 in a
plasma consisting of ~85% protons. The total diffusion rate obtained by summing hiss and
EMIC wave-induced diffusion rates is shown in black.

and EMIC waves. Numerical calculations were needed here, because the simple analyt-
ical lifetime estimates used in the previous section assume that, when EMIC waves are
present, pitch-angle diffusion due to hiss waves is negligible as compared with diffusion
due to EMIC waves at small equatorial pitch-angles, which is not anymore justified for
the very low amplitude EMIC waves considered in the present case. Accordingly, life-
times were evaluated as the integral over a between the drift loss-cone angle a1 ¢ and 85°
of 1/[2tan(a) Dyy(a)] with Dy, the total quasi-linear pitch-angle diffusion rate (Albert
and Shprits, 2009; Mourenas et al., 2016). The good agreement between measured and nu-
merical lifetimes in Figure 6.4(b) shows that adding the observed EMIC waves together
with hiss waves can indeed accurately reproduce the observed plateau in lifetimes be-
tween 3.5 < E < 5 MeV, which would have been absent without them (compare blue
and cyan curves in Figure 6.4(b)). The numerically calculated quasi-linear pitch-angle

diffusion rates, displayed in Figure 6.4(c) further demonstrate that the additional EMIC
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waves, despite their weak time-averaged intensity, remain sufficiently strong to visibly
increase 5 MeV electron diffusion at small equatorial pitch-angles, where the effect on

lifetimes is maximal (Albert and Shprits, 2009; Mourenas et al., 2016).

During this disturbed period, the plasma is assumed in Figures 6.4(b,c) to consist
of approximately ~85% protons based on previous estimates during observations of
hydrogen band EMIC waves (Kersten et al., 2014; Summers, 2003). Varying the proton
fraction between 85% and 90% only slightly modifies electron lifetimes below 6 MeV
(compare solid and dashed blue curves in Figure 6.4(b); see also analytical estimates

from Mourenas et al. (2016)).

It is worth noting that ultra-relativistic electron lifetimes remain large during each
EMIC wave burst period due to the strong localization in MLT of these waves, their
moderate time-averaged intensity, and the fact that only small pitch-angle electrons are
scattered by them — letting hiss waves alone first scatter higher pitch-angle electrons
toward this region of small pitch-angles where, in turn, EMIC waves can ultimately
precipitate them into the atmosphere. As a result, the effect of EMIC wave bursts on
lifetimes measured by the Van Allen Probes with a roughly 6-hour time step is only
gradual, and it becomes smoothed out over several days of measurements, explaining

the absence of flux decreases (or dropouts) localized in time in the present observations.

6.4 Conclusions

Radiation belt electron remnant belts are often observed at 3 < L < 4 in the aftermath
of geomagnetic disturbances, located in-between the relatively steady inner belt and a
freshly re-forming outer belt. In the present Chapter, we statistically investigated the role
played by plasmaspheric hiss and EMIC waves in controlling the observed decay rates
of remnant belt ultra-relativistic electrons inside the plasmasphere during 25 remnant
belt events that occurred between September 2012 and November 2017. The absolute
value of the observed decay rates, as well as their scaling with electron energy, were
shown to be in good agreement (within uncertainty ranges) with analytical expressions
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of ultra-relativistic electron lifetimes, calculated for hiss-induced loss based on statistical

models of hiss and plasmaspheric density.

During a few particular events, however, a deviation of measured electron lifetimes
from the theoretical scaling became apparent over a certain energy range. A close ex-
amination of electron PSD maps at 3 < L < 5 has shown that such a behavior appar-
ently cannot be related to inward radial diffusion. During at least one of these particular
events, we found that simultaneously observed EMIC waves in the hydrogen band could
sufficiently increase the rate of electron scattering at low pitch-angles as compared with
hiss alone, to account for the observations despite their very small MLT-averaged and
time-averaged intensity of only ~ 9 pT. The effect of EMIC waves was only to decrease
lifetimes by a factor ~ 2. Such an effect is, therefore, difficult to identify with confidence
at a given electron energy, due to the uncertainty inherent in measuring actual hiss in-
tensity and plasma density levels at a given time. However, the effect of EMIC waves of
such very weak time-averaged intensity can be much more easily discerned in lifetime
profiles as a function of energy, because this effect should be localized in energy just
above the minimum energy threshold for cyclotron resonance with multi-MeV electrons.
Our limited statistics of events suggests that only about 10-15% of remnant belt events

at L < 4 are probably affected by such EMIC wave-driven precipitation losses.

Several studies have indicated that the most intense plasmaspheric hiss can some-
times be composed of short (~ 3 —5 wave periods) quasi-coherent wave-packets that
may lead to non-linear effects in addition to the quasi-linear diffusion by relatively inco-
herent hiss considered here (e.g., Nakamura et al., 2016; Tsurutani et al., 2018). In reality,
however, non-linear electron interactions with such short hiss packets can still lead to
loss rates similar to quasi-linear diffusion, provided that such intense but short wave-
packets are sufficiently rare or spread in time over periods of weeks when Kp < 3 (e.g.,
Mourenas et al., 2018), and hence most probably do not affect the findings of the present
study.
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CHAPTER 7

Summary, Conclusions and Future Work

This dissertation explored various aspects of the relationship between the solar wind and
the dynamics of the Earth’s Van Allen radiation belts. We first studied the response of
relativistic and ultra-relativistic electrons to solar wind and geomagnetic disturbances,
in particular those that resulted in enhancement or depletion of fluxes throughout the
outer radiation belt, but starting from events occurring at geostationary orbit. We in-
vestigated the solar wind parameters that were good candidates to explain the response
of the outer belt relativistic electrons and attempted a simple prediction of relativistic
electron enhancement events. We also quantified the penetration of enhancements to
lower altitudes and the degree of correlation of outer radiation belt fluxes at different
L—shells with fluxes at geostationary orbit to understand the limits and characteristics
of the outer belt cohesive response. In the second part of the dissertation, we explored
the newly discovered phenomenon of remnant belts associated with a triple-belt con-
figuration of the Earth’s radiation belt with the idea of determining their occurrence
rate, and under which conditions they are likely to be formed, at what energies they
occur, where are they generally located, how long they last and what their most likely

formation mechanisms might be.

In Chapter 3, we identified relativistic electron enhancement events and persistent
depletion events during a complete solar cycle, from 1996 to 2006 and performed a su-
perposed epoch analysis to characterize the solar wind parameters necessary and/or
favorable to their occurrence. We did this by searching for events regardless of whether
they were storm-time events or not. By doing this we found that, despite the fact that

most events were associated with some type of geomagnetic disturbance, (CME or CIR)
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around 30% of them were considered non storm time (i.e. minimum SYM-H > —50),
which reinforces the idea that storms are not necessary for enhancement events or per-
sistent depletions to occur (e.g. Kim et al., 2015). We found that a sustained and elevated
AE index is fundamental for enhancements to occur, consistent with previous studies
(e.g Kim et al., 2015; Hajra et al., 2015) but that significant differences in the solar wind
profiles between enhancement and persistent depletion events allowed us to establish a
set of threshold values for enhancement events that were favorable for their occurrence.
In particular, most enhancement events occur with solar wind speeds V, > 520 km/s
and cumulative southward directed IMF B, > 120 nT-hour (on a 1 minute time resolu-
tion). Most importantly, solar wind proton density needs to fall below g, < 4 cm~3 for
enhancement events to occur, as no increase in fluxes is seen for higher proton densi-
ties. The use of these threshold values for solar wind parameters, provide a good simple
forecasting method for relativistic electron enhancement events occurrence that was able

to predict 90% of events on an out-sample dataset (2007-2010).

In Chapter 4 we studied the radial response of the outer radiation belt during rel-
ativistic electron enhancements at geostationary orbit by comparing data from the Van
Allen Probes mission across the entire outer radiation belt, with the data from the GOES
satellites. Using the knowledge developed in Chapter 3 about the solar wind param-
eters favorable for enhancements at geostationary orbit, we wanted to investigate how
the rest of the outer belt might respond to the same external driver. The purpose was
both scientific and technical, as following the end of the Van Allen Probes mission, direct
measurements of outer belt fluxes is restricted to either low altitude satellites or geosta-
tionary orbit, and therefore understanding the coherence in the response of the belt is
crucial for forecast purposes. We calculated the occurrence rates as function of L-shell
and the correlation of fluxes between geostationary orbit and the rest of the outer belt
and analyzed the response of the outer radiation belt according to the intensity of geo-
magnetic activity, in particular, SYM-H index, daily averaged AE index and Kp index.
We found that in general the response of the radiation belt during enhancement events

is cohesive for L > 5.0, and highly correlated for all L > 4.5. While the radiation belt
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seems to be in a state of low correlation just before enhancement events, in particular
for L < 5.0, post enhancement maximum fluxes show a remarkable correlation for all
L > 4.0, indicating a strong re-ordering of the outer belt following geomagnetic distur-
bances. Pre existing fluxes at lower L-shells are shown to play a significant role in the
apparent response of the belt and make the ratio of pre-to-post enhancement fluxes less
predictable, in particular in the region 4.0 < L < 4.5, which seems to be indicative of
wave activity that needs to be further studied. We have also examined the roles of the
SYM-H, Kp and AE indices and found that depending on their intensity, the response
of different parts of the outer belt can be better quantified, in particular in the regions

3.5 < L < 4.5 which could be used for improving the current forecasting methods.

Chapter 5 focus was the recently discovered remnant belt associated with a three belt
configuration of the radiation belts (Baker et al., 2013a). Although initially thought to be
a unique or highly rare configuration, we reported that these remnant belts occur more
often than previously thought, with almost 20% of geomagnetic storms resulting in a
remnant belt of ultrarelativisic electrons and a three-belt configuration. We reported the
main characteristics of 30 three-belt events that occurred between 2012 and 2017 using
Van Allen Probes. We found that the formation of a three-belt event can be associated
with either a slow erosion of the outer belt that leaves a remnant belt and that is then
followed by a disturbance that creates a new outermost belt, or that the formation occurs
through a quick partial depletion followed by a re-formation of the outer belt. Events in
the second category are most likely influenced by the magnetopause minimum location,
suggesting that radial transport may play a role in some events (e.g. Mann et al., 2016,
2018). We also showed that their location correlates with SYM-H minimum index and
depends on the energy of the remnant belt, with higher energies presenting remnant
belts at lower L-shells. Remnant belts were studied from 1.8 to 7.6 MeV, mostly by
instrumentation limitations, since they can also occur at lower energies. We calculated
the decay rate of the remnant belts when it showed a simple exponential decay, suggested
to be associated with plasmaspheric hiss scattering (Thorne et al., 2013b) and on average

their decay rates get longer as energy increases ranging from days at E = 1.8 MeV up to
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months at E = 6.3 MeV which also indicates that remnant belts are extremely persistent.

In Chapter 6 we used the decay rates calculated for remnant belts in Chapter 5 and
compared them to the theoretical scaling law yp3/? of the lifetimes of ultrarelativistic
electrons as a function of energy for E > 3 MeV in the region L < 4.0 (Mourenas et al.,
2017). For this comparison we used the 25 ultrarelativistic electron remnant belts that
presented well defined exponential decays in the original study. The theoretical scaling
law of electron lifetimes has been derived from quasi-linear theory. We demonstrated
that, in general, the observed decay rates and their scaling with electron energy are in
good agreement with theoretical lifetimes of ultrarelativistic electrons calculated for hiss-
induced loss based on statistics of hiss waves and plasmaspheric density (e.g. Mourenas
and Ripoll, 2012). In addition, we found in some cases a variation of lifetimes with energy
very different from this theoretical scaling, such that lifetimes remained constant over
a range of energy ~ 3 — 5 MeV, contrary to the theoretical expectation of a continued
increase with energy in the presence of hiss alone. This slower increase of lifetimes
with energy indicates the likely presence of an additional loss due to other waves than
hiss. We showed that this behavior is apparently unrelated to inward radial diffusion.
We checked that the combined presence of observed hiss waves and EMIC waves of
small time-averaged amplitudes indeed allowed us to recover the observed variation of

multi-MeV electron lifetimes with energy.

Future Work

While this dissertation has provided some answers to the problem of the influence of the
solar wind on the dynamics of the outer radiation belt, it has also resulted in some new
questions that should be addressed in the future for further improving our understand-

ing of the radiation belts. Some possible extensions to this work are now presented.

Chapter 3 presented a study of both relativistic electron enhancement events and
persistent depletions, however, in Chapter 4 only enhancements were considered. A
study of the radial response of persistent depletions detected at geostationary orbit can

115



lead to further understanding of the coherence in the response of the radiation belt
to external solar wind driving. In particular, the question of what is the lowest L of
depletion? How persistent in time those depletions are, can help us further understand

the balance of loss mechanisms versus acceleration mechanisms at different altitudes.

Chapter 4 also showed that even for enhancement events at geosynchronous orbit,
some regions of the outer belt can respond with strong depletions. This is most likely
due to localized losses being relevant for the dynamics of the belt at very narrow loca-
tions. A study on the conditions that lead to these spatially constrained losses is needed
if we plan to utilize remote measurements, such as the geostationary orbit to predict the

response of the whole outer radiation belt.

Regarding remnant belts of ultra-relativistic electrons, Chapter 5 opened a whole
new set of questions to be answered. The formation process of remnant belts seems to
be associated to at least two different process; fast partial depletion and slow erosion of
the outer belt, and these mechanisms should be explored in detail. The decay process of
remnant belts has already been mostly addressed in Chapter 6, however, the persistence
of the second "slot" region must be addressed, as well as the dependence of the remnant
belt location with energy. It is important to note that the creation of a remnant belt is
in principle not necessarily coupled to the creation of a new outer belt, and therefore
we should understand under which circumstances the system will result in an isolated

remnant belt and when it is going to lead to a three-belt configuration.
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