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Abstract

Space radiation is often identified as one of the most prominent dangers of
space exploration. It mostly originates at the Sun and streams into the space
between planets, creating hazardous radiation conditions at every point of the
solar system which is not shielded by an atmosphere. Therefore, it is crucial to
characterize this radiation and determine the worst-case radiation levels to aid
in the design of radiation-tolerant spacecraft and satellites, mitigate damaging
space radiation effects, and protect humans during the exploration of deep
space. This thesis focuses on studying the dynamics of the electron radiation
trapped in the magnetic field of the Earth, also known as Van Allen radiation
belts, during geomagnetic storms that create the most hazardous radiation
conditions around our planet.

Often, the dynamics of the electron radiation belt are asserted to result
from a delicate balance between acceleration and loss. In contrast, this thesis
shows evidence for some remarkable repeatability in flux dynamics associated
with both the loss and acceleration phases of geomagnetic storms. In relation
to loss, this thesis presents a study of 69 geomagnetic storms that demonstrate
intense and isolated compressions of the magnetopause, characterized by the
location of the last closed drift shell (LCDS), to assess the repeatability of
loss processes associated with magnetopause shadowing. A superposed epoch
analysis of the particle dynamics associated with periods of low LCDS reveals
a clear and repeatable organization of the loss as a function of both L* and

energy for electrons with energies above 600 keV. The high repeatability reveals
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almost the same fraction of pre-existing particles is rapidly lost in every event.
This can be explained by the fast outward radial diffusion of the electrons to
the compressed LCDS.

On the other hand, the lower energy electron population does not experience
loss over the course of the storm but is instead accelerated to levels two to
three orders of magnitude above the pre-storm level within a period of hours
at the beginning of the storm. Significantly, the maximum flux reached in
every event for this lower energy population (<800 keV) is identical in almost
every storm! Remarkably, the maximum flux reaches the theoretically derived
limit exactly as predicted by the Kennel and Petschek (1966) theory developed
more than 50 years ago. A superposed epoch analysis of 70 strong geomagnetic
storms shows that the Kennel-Petschek limit impacts the radiation belt electron
dynamics in almost every storm of at least strong intensity in the Van Allen
Probes era (2012-2019). The study presented in this thesis also reveals how
the Kennel-Petschek theory elegantly explains the evolution and hardening
of the electron spectrum up to strongly relativistic (up to 2.6 MeV) energies,
introducing an energy-dependent maximum flux limit. No current radiation
belt models include this theory. As shown here, this is an important process
that has a strong and sometimes controlling and limiting effect on electron flux.
Its impacts appear to be essential for understanding and accurately predicting
the absolute limits of the most extreme electron space radiation.

Finally, this thesis presents studies of geomagnetic storms with very fast
radiation belt acceleration that increases the electron flux of relativistic or
strongly relativistic electrons by orders of magnitude over very short periods of
time (<1-hr). The multipoint measurements by the Van Allen Probes reveal
how the apparent phase space density (PSD) peak, commonly associated with
local acceleration by the chorus waves, can instead arise from aliasing monotonic

PSD profiles which are rapidly increasing due to acceleration from very fast
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inwards radial diffusion. In the absence of such multi-satellite conjunctions
during fast acceleration events, such peaks might otherwise be interpreted as
caused by local acceleration processes. As also shown in this thesis, utilizing
an even larger electron radiation belt measurement dataset from 20 Global
Positioning System satellites can reveal even faster radiation belt dynamics
with greater detail.

Overall, this thesis provides an extensive study of the storm-time radiation
belt dynamics, the main results of which not only contribute to the under-
standing of the dynamics of the near-Earth plasma but also can be used for
the improved radiation specification models for designing radiation-hard space

infrastructure.
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Chapter 1

Introduction

It is believed that a large portion of the visible Universe exists in the form of
plasma. Plasma, comprising a hot ionized gas, permeates the interplanetary and
interstellar media, composes stellar atmospheres, and plays a role in planetary
ionospheres, nebulas, and aurorae. Throughout the cosmos, plasmas exist in
a variety of states with different densities and temperatures with a variety of
different physical processes driving their dynamics, being strongly influenced by
both electric and magnetic fields. This chapter presents an overview of various
plasma environments within our solar system with a focus on the main subject
of this thesis — the Van Allen radiation belts of the Earth and the processes

that govern their dynamics.

1.1 Sun-Earth Coupling

Throughout the Solar system, the vast majority of various plasma populations
originate from the Sun. The solar atmosphere expands into interplanetary space
to form the solar wind that carries the interplanetary magnetic field (IMF)
with it. Depending on the conditions at the solar surface, this plasma outflow
can vary greatly in terms of speed, density, and, characteristics of the magnetic
fields embedded within it. Such variability creates a dynamic environment
around different planets which in turn may react differently to these changes
depending on their own characteristics and structure. This section focuses on
the influence that the solar wind produces in near-Earth space, specifically how

it can change the radiation conditions around our planet, and what are the
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typical characteristics of these interactions. So naturally, it is good to start

this description with the source of the solar wind — the Sun.

1.1.1 The Sun

The Sun is a main sequence G-type star located 8 light minutes, or 1 astronomi-
cal unit (AU), from the Earth. It is a ball of hot plasma that is held together by
gravitational forces, with an energy source sustained by nuclear fusion processes
that are active in the Sun’s core. It radiates energy predominantly in the form
of visible light, and infrared and ultraviolet radiation, with a similar intensity
to a black body heated to 5777 K. The Sun is mostly composed of hydrogen
(about 2/3 of its mass), helium (about 1/3), and much smaller quantities of
heavier elements like oxygen and iron (e.g., Priest, 1995). It is by far the
heaviest object in the solar system with an equatorial radius of 109 times that
of the Earth and almost 333,000 times heavier than our planet. Overall, from
the perspective of an astrophysicist, the Sun is representative of a yellow dwarf
star, formed approximately 4.6 billion years ago and has ~5.5 billion years
before its transformation into a red giant. However, from the perspective of a
space physicist, the Sun and its interactions with the planets is one of the most
exciting subjects to study, partially due to the lack of in-situ observations from
any other planetary system.

From inside out, the solar interior is composed of the core, radiative zone,
convection zone, photosphere, chromosphere, and corona. The latter three
layers compose the solar atmosphere, with the outermost corona being the
hottest (~ 2-10°% K) and the photosphere being responsible for the majority of
the electro-magnetic radiation emitted (characteristic temperature of 5777 K).
The anomalous heating of the solar corona is typically attributed to the
dissipation of the magnetohydrodynamic waves (e.g., Golub, 2010), but the
processes responsible remain poorly understood. In particular, particles in
the corona can be heated or accelerated due to the energy deposition from
waves that propagate from the solar surface into the corona (e.g., Priest, 1982).
Alternatively, plasma can be heated through magnetic reconnection processes

that rapidly accelerate particles through the transfer of energy stored in the
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magnetic field into kinetic and thermal energy in plasma (e.g., Priest, 1982,
1995). Due to the lower densities of the corona in comparison to the interior
of the Sun, these processes can lead to the anomalous heating of the plasma
population in the corona.

Solar wind particles can escape the gravitational pull of the Sun and
stream into interplanetary space. However, the solar wind is not steady
and is commonly accompanied by explosive bursts of plasma that travel into
interplanetary space as a result of coronal mass ejections (e.g., Kilpua et al.,
2017). As the Sun goes through the solar cycle — an 11-year period during which
the North and South poles of the Sun flip — the magnetic activity at the Sun’s
surface and thus that of the solar wind changes greatly (e.g., McComas et al.,
2003). In particular, during solar maximum, the solar activity is much more
intense and explosive in nature, when compared to quiet conditions and more
steady solar wind streams that dominate solar minimum. The next section
provides some further details about the solar wind and structures within it, as

well as their characteristics at Earth’s orbit.

1.1.2 Solar Wind

According to the first theoretical model of the solar wind as a rapidly expanding
solar corona developed by Parker (1958), the solar wind speed, v(r), can be

calculated using the following equation (1.1):

(1.1)

1/2
v(r) ~ 2 (RT)1/2 (ln QRTT) ,

GM,
where r is the distance from the Sun, R is the gas constant, T" is the coronal
temperature, G is the universal gravitational constant, and M, is the mass of
the Sun. According to this model, the solar wind speed in near-Earth space
can be on the order of 200-1000 km/sec, depending on the temperature of
the solar corona. In-situ observations of the plasma properties around our
planet show that the solar wind mostly consists of ionized hydrogen, a much
smaller number of ionized helium, an even smaller number of heavier ions, and

electrons in equal numbers to that of the ions. At 1 AU, the average proton



number density in the solar wind is approximately 6.6 cm™> and the electron
density is around 7.1 cm™® (e.g, Hundhausen, 1995). The solar wind also
carries a magnetic field from the Sun that is stretched into the interplanetary
space, such that its magnetic field lines are almost parallel to the plane of the
ecliptic and approximately 45° to a line connecting the Sun and the Earth
(e.g., Hundhausen, 1995). This magnetic field is commonly referred to as
interplanetary magnetic field (IMF). Its strength is relatively weak and on the
order of 10 nT (Baumjohann and Treumann, 1996). Interestingly, the sound
speed in the solar wind is approximately 60 km/s, which means that even a
steady solar wind is supersonic and its interaction with any object in the solar
system includes the creation of a shock region upstream where its speed is
lowered.

Due to the dynamic nature of the solar corona, the steady solar wind
stream can be accompanied by solar ejections, explosive releases of plasma
into interplanetary space, or be perturbed by fast streams which overtake
the ambient solar wind. The most prominent examples of these processes in
the heliosphere can be the formation of interplanetary coronal mass ejection
(ICME) or a solar wind stream interaction region (SIR). For example, an ICME
can be created by a magnetic field reconnection inside a prominence ( Webb
and Howard, 2012), which causes an outer part of the prominence to break off
from the Sun and stream into space. ICMEs are prevalent during the period of
solar maximum and can reach speeds up to 2000 km/s. The SIR is formed by
the interaction of a high-speed plasma that originates at a coronal hole with
the preceding slower solar wind (e.g., Kilpua et al., 2017). This interaction
creates a region of higher plasma density. SIRs are commonly long-lived and
can exist for up to a few months, creating solar wind conditions that vary
periodically (at ~27 day intervals corresponding to the solar rotation period).
Both ICMEs and SIRs cause substantial changes in the typical solar wind
density, velocity, and embedded magnetic field, thus creating a highly variable,
both spatially and temporally, interplanetary environment. Thus, the presence
of ICMEs, SIRs, or any other solar transients can cause a variable response

from a planetary magnetosphere, resulting in a number of processes. Periods
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of strong interaction between planetary magnetospheres and solar wind are

generally referred to as magnetic storms.

1.1.3 Earth’s Magnetosphere

Close to the planet’s surface, the magnetic field of the Earth is well represented
by a dipole field with the magnetic dipole being misaligned with the rotational
axis of the Earth by ~11.3° and offset from its center by ~550 km (e.g.,
Baumjohann and Treumann, 1996; Russell, 1995). Its magnetic moment has a
magnitude of 8.07-10 Am?. The current understanding is that the magnetic
field is created by the self-sustaining processes of a dynamo through which the
movement of the liquid metal inside the Earth’s core can sustain the generation
of the dipole-like magnetic field over long periods of time (e.g., Akasofu and
Chapman, 1973; Glatzmaier and Roberts, 1995). Note that the magnitude of
the magnetic moment, its offset, and tilt angle change over time and are usually
described by empirical models. One of the most commonly used ones is the
International Geomagnetic Reference Field (IGRF) model (e.g., Alken et al.,
2021).

Further from the Earth’s surface, the dipole field is distorted due to the
interaction with the solar wind and IMF (e.g., Hundhausen, 1995). Figure 1.1
shows a schematical representation of the Earth’s magnetic field and some of its
regions. Curved solid lines with arrows represent the magnetic field lines and
their direction which are distorted after the interaction between the solar wind
and the Earth. The dotted lines represent the purely dipolar magnetic field
indicating schematically the distortion of the magnetic field. The outermost
boundary of the Earth’s magnetosphere is called the bow shock. It is a shock
boundary created ~10-13 Rg from the Earth’s surface by the supersonic solar
wind, beyond which the solar wind slows and increases its density. The next
boundary, located ~7-10 Rg from the Earth at the dayside along the Sun-Earth
line is called the magnetopause. It separates the distorted magnetic field of
the Earth from that of the IMF. While Figure 1.1 represents a schematic of
the static background magnetic field around our planet, it is important to

note that the magnetosphere is constantly perturbed by the variable solar
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Solar wind

Bow shock

Figure 1.1: Schematic representation of the magnetic field lines of the Earth.
Solid curved lines represent the magnetic field lines of the Earth with arrows
showing the direction of the magnetic field. Dotted lines around the Earth
represent the field lines of the magnetic dipole for comparison with the more
realistic representation. The schematic also labels various magnetospheric
boundaries. From Olifer (2019).

wind. Figure 1.1 also shows a situation where field lines from the Earth do
not connect to the IMF — a so-called closed magnetosphere. During periods
of southward IMF, magnetic reconnection strongly couples the solar wind to
the magnetosphere and creates a cycle of magnetic convection known as the
Dungey cycle (Dungey, 1961).

This solar wind coupling can also excite plasma waves inside the magneto-
sphere. In turn, these waves can alter the trapped plasma populations by, for
example, accelerating lower energy electrons up to relativistic energies. Notably,
wave activity is higher during geomagnetic storms and during fast or rapidly
varying solar wind conditions. This thesis will investigate interactions between

various plasma waves in the magnetosphere with the charged particles that are
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trapped in the magnetic field of the Earth.

The majority of the terrestrially trapped charged particles originate at the
Sun and are captured by the magnetosphere from the solar wind, with a smaller
portion originating from the Earth’s ionosphere. Thus, the plasma around our
planet is mostly composed of electrons and protons with very small portions
of Het, O, and heavier ions. Regions of the Earth’s magnetosphere can be
separated by the energies of the dominant populations. For example, cold
plasma in the plasmasphere and energetic particles in the ring current and the
Van Allen radiation belts. While overlapping in some regions, these plasma
populations are differentiated by their origin and particle energies.

The plasmasphere is a torus-shaped region within ~4 Rg from the center
of the Earth. It contains mostly cold, low-energy (< 1 eV) particles that drift
upwards from the ionosphere and corotate with the Earth. This population
is mostly stable due to its proximity to the Earth’s surface. However, during
times of high geomagnetic activity, the outer plasmasphere boundary, the
plasmapause, gets closer to the Earth additionally forming a plasmaspheric
plume on the dusk side, which can extend all the way to the magnetopause
(e.g., Walsh et al., 2013). This region is also populated by waves within the
extremely low frequency (ELF) range (300 Hz to 10 kHz) called plasmaspheric
hiss.

As will be explained in Chapter 2, energetic electrons and protons drift
around the Earth in opposite directions, creating a steady electric current
known as the ring current that is mostly carried by protons. The major source
of particles in the ring current is the solar wind. The ring current occupies the
region of the magnetosphere above ~4 Rp but sometimes overlaps with the
plasmasphere, extending further into the inner magnetosphere. The majority
of particles in the ring current are protons and electrons with energies around
~10-200 keV, with a very minor inclusion of heavier ions. The dynamics of
the ring current are also commonly used to identify periods of storm-time
geomagnetic activity using the disturbance storm time (Dst) index.

The Van Allen radiation belts are formed by highly energetic, ~200 keV-

10 MeV, electrons and protons. They typically extend from ~2 to 7 Rg and
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are usually shaped as two toroidal belts surrounding the Earth. The outer
Van Allen radiation belt population is highly dynamic with characteristics
that strongly depend on the level of solar-terrestrial coupling. This thesis in

particular focuses on the dynamics of the Van Allen belt during storm times.

1.1.4 Van Allen Radiation Belts

Discovered in early 1958, the Van Allen radiation belts comprise a highly
energetic plasma population trapped around the Earth. Typically, they form
two distinguishable regions — the inner and the outer belts. The inner belt is
located around 1.5-2 Rp from the center of the Earth and consists of low energy
electrons (<0.05 MeV), much higher energy protons (with energies ~1-10 MeV
and more), and heavier ions like helium or oxygen (e.g., Walt, 1994). The inner
belt population remains largely unaltered by geomagnetic storm processes,
because of its proximity to the Earth’s surface and the relative stability of
the background magnetic field there. However, the most intense geomagnetic
storms can still influence those regions (e.g., Baker et al., 2004; Ozeke et al.,
2018).

The outer radation belt is located ~3-7 Rg from the center of the Earth
and consists mostly of relativistic electrons with energies >500 keV (e.g., Walt,
1994). The magnetic field of the Earth is highly dynamic in that region due
to the interaction with the solar wind. Therefore, the outer radiation belt is
prone to drastic changes in its population which can occur on timescales of
minutes to days or even years (e.g., Rodger et al., 2010; Olifer et al., 2018).
These changes may even result in the splitting of the outer radiation belt into
two or even more belts, creating a three- or four-belt morphology around the
Earth (e.g., Mann et al., 2016). Figure 1.2 shows diagrams of the median flux
of charged particles in the inner and outer belts as provided by the empirical,
epoch-independent NASA AP8/AES model (Sawyer and Vette, 1976; Velte,
1991). Note that this model is storm-time independent and only capable of
predicting typical fluxes present in the radiation belts, and does not include
any storm-time variability. Moreover, recent studies showed that it, or its

more modern counterpart AP9/AE9; is also incapable of predicting worst-case
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Figure 1.2: Integral, omnidirectional electron (left panel) and proton (right

panel) fluxes as provided by NASA AP8/AES8 model (Sawyer and Vette, 1976;
Vette, 1991). Note, that the cavity (slot) between inner and outer belts is
present for electron >1 MeV population and this population is larger in the
outer belt. Meanwhile, the majority of protons with energies >40 MeV mostly
concentrate in the inner belt. Adopted from Walt (1994)

scenario radiation levels around the Earth (e.g., Zhang et al., 2021).

The highly dynamic nature of the terrestrial radiation belt poses a major
obstacle to creating accurate models of the near-Earth radiation environment,
and therefore for mitigating radiation impacts on spacecraft infrastructure.
Over the course of a geomagnetic storm, the radiation belt flux, a measure
of how many charged particles there are in the belt, can change by multiple
orders of magnitude over very short periods of time. The possible damaging
effects of the changing radiation conditions on satellites, and ways to mitigate

them, are presented in the next section of this chapter.

1.2 Space Weather and its Impacts

Space weather commonly refers to the cumulative conditions of the Sun, solar
wind, planetary magnetospheres, and ionospheres that can affect the operations
of any kind of infrastructure and impact the health or lives of humans. Extreme
space weather events can critically damage or even destroy space- or Earth-
based infrastructures with the potential for cascading failures through key

services like power, communication, healthcare, and/or stock trading (e.g.,



U.S. National Space Weather Plan, 2019). Thus, understanding the processes
that lead to the formation of severe space weather events, their impacts, and
possible outcomes are the main steps required in order to protect society from
such dangerous effects.

Typically, extreme space weather at the Sun or solar wind can be linked
to various explosive events that occur on the solar surface and propagate into
interplanetary space. They include solar flares, solar energetic particles (SEPs),
and interplanetary coronal mass ejections (ICMEs, discussed earlier in the
chapter) (e.g., Schwenn, 2006). Solar flares are sudden releases of a massive
amount of electromagnetic radiation across a wide wavelength range (from
radio waves to gamma rays). Typically, they heat up the terrestrial atmosphere
within minutes, causing it to expand, thus leading to increased drag on satellites
and a shortening of their projected orbital lifetime. A similar process likely
caused 40 SpaceX Satlink satellites to quickly decay their very low orbit and
burn up in the atmosphere in February 2022.

Another example of extreme and potentially damaging space weather
arises from SEPs, that are comprised of charged particles, accelerated to
near-relativistic energies, and may, among other things, severely endanger
astronauts that are located outside the magnetic protection afforded by plan-
etary magnetospheres. For example, only luck prevented the astronauts of
the Apollo 16 and 17 missions being caught in the SEP event which occurred
on August 4, 1972 (e.g., Knipp et al., 2018). Coronal mass ejections are not
extremely dangerous on their own when encountered in interplanetary space,
apart from increased plasma density within them. However, upon reaching the
Earth, ICMEs cause geomagnetic storms that in turn can be detrimental to

space-based and ground-based infrastructure.

1.2.1 Geomagnetic Storms

Typically, geomagnetic activity is characterized using geomagnetic indices that
are derived from ground-based magnetometer measurements. The disturbance
storm time (Dst) index is classically used to determine the times of geomag-

netic storms, classify their intensity, and separate various storm phases. Dst is
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determined using a network of near-equatorial magnetometers that measure
the hourly variation of the horizontal component of the equatorial magnetic
field. Changes in Dst are caused by the strengthening of the ring current, and
thus the magnetic field that is generated by it, during the geomagnetically
active times. According to the Loewe and Prdilss (1997) classification, geo-
magnetic conditions with Dst< —30 nT can be classified as a geomagnetic
storm. The periods of decreasing (more negative) Dst are commonly referred
to as the main phase of the storm, and the subsequent periods of increasing
(less negative) Dst are referred to as the recovery phase. Other geomagnetic
indices that can be used for determining geomagnetically active times include
the planetary Kp index (determined using the largest magnetic field variation
in magnetometer data across various latitudes), auroral electrojet index (AE,
determined using horizontal magnetic field variation within the auroral oval),
or SYM-H (equivalent to a continuous measure of Dst and determined using
north-south component of geomagnetic disturbances at mid-latitudes).

Figure 1.3 shows an example summary of solar wind conditions, geomagnetic
indices, and radiation belt response during a strong geomagnetic storm for
September 7-9, 2017. It is adapted from Olifer et al. (2021c) (also Chapter 6
of this thesis) and shows (a) the solar wind speed, (b) the z—component of
the interplanetary magnetic field (IMF), B,, in the geocentric solar magne-
tospheric (GSM) coordinates (c) solar wind dynamic pressure, (d) resulting
Dst and Kp indices, and (e) radiation belt response characterized by 3 MeV
electron flux measured by constellation of Global Positioning System (GPS)
satellites. Figure 1.3 shows that the main phase of the storm (decreasing, more
negative, Dst between ~20 UT on September 7 and ~2 UT on September 8) is
accompanied by a strong increase in the solar wind speed, dynamics pressure,
and increasingly southward component of the IMF — all characteristic of a
geomagnetically active period. This time period is also accompanied by the
loss of the relativistic electrons from the radiation belt (Figure 1.3e) with the
3 MeV electron flux decreasing by more than 3 orders of magnitude over only
a few hours.

Following the end of the main phase of the storm, the recovery phase begins
11
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Figure 1.3: (a) Solar wind speed, (b) B, component of the interplanetary
magnetic field (IMF) in GSM coordinates, (c) solar wind dynamic pressure
(5-min data in black, and 1-h resolution data in green). High-resolution solar
wind data is absent for the majority of September 9. (d) Dst index as a line
plot and Kp index as a histogram (secondary y-axis). (e) 3 MeV electron flux
measured by the constellation of global positioning system (GPS) satellites
(Morley et al., 2017) as a function of time and L*. L* is a coordinate related to
the radial distance of the trajectory of energetic particles, and is described in
detail in section 2.3.1 in the next chapter. Adapted from Olifer et al. (2021c)

at around 2 UT on September 8, which is partially interrupted by another
period of increased geomagnetic activity at 12 UT on the same day. During
this recovery period, the Dst is steadily increasing (becoming less negative),

accompanied by the lowering of the solar wind speed, dynamic pressure, and
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IMF B, magnitude. Importantly, during the recovery period, the radiation
belt flux is replenished to levels almost an order of magnitude above the pre-
storm values, creating harsher space radiation conditions around the Earth.
Such substantial variations in the relativistic electron flux during geomagnetic
storms naturally lead to the need for radiation mitigation for any space-based
infrastructure, as the impacts of such charged particles on spacecraft may be
detrimental for example as a result of deep dielectric charging and the damage

acquired as a result of a discharge (e.g., Lai, 2012).

1.2.2 Spacecraft Charging

Trapped radiation in near-Earth space can produce serious operational problems
for space-based infrastructure and electronics placed in various orbits around
our planet. Such effects can often be related to spacecraft charging, which
occurs when various charged particle populations interact with a satellite
placed in the space plasma environment. Two main concerns for spacecraft
operations in near-Earth space are surface and deep (dielectric) charging. They
are caused by the low (~10-~100 keV) and high (~200 keV-~5 MeV) energy
electrons respectively (e.g., Lai, 2012, and references therein). Both of these
effects can cause operational interruptions or even catastrophic failures of
satellites, resulting in social and economic losses that can be equivalent to
many tens of millions of dollars. The maximum radiation levels that a satellite
may withstand while continuing the nominal operations vary with its design.
However, and probably not surprisingly, the probability of detecting a failure
in spacecraft operations increases with the number of charged particles in the
radiation belts. For example, if the daily fluence of electrons with energies
above 300 keV exceeds ~ 10 electrons/cm?, there is at least a 50% chance
to detect the effects of deep-dielectric discharge inside the spacecraft (Baker,
2000). Above this fluence level, the probability quickly increases.

Spacecraft surface charging is predominantly caused by electrons with lower
energies between ~10 keV and ~100 keV. These electrons can charge isolated
surfaces of a spacecraft up to several kilovolts potential. Differential charging of

different spacecraft surfaces can lead to discharges (e.g., Baker, 2000). They can
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introduce additional noise into spacecraft systems, may interrupt their nominal
operations, result in false commands, or even cause physical damage to the
satellite bus (Baker, 2001). While such effects could be present throughout the
magnetosphere, this effect has been identified as being pronounced on satellites
operating at geosynchronous orbit during geomagnetic storms. Since the
beginning of the space race, hundreds of spacecraft command and operational
anomalies caused by surface charging have been detected.

Deep dielectric charging is caused by relativistic electrons with energies
above ~200 keV. Due to their high energies, these electrons can penetrate
through satellite shielding and deposit their charge in the internal satellite sys-
tems. Various dielectric materials, like circuit boards, are especially vulnerable
to charging by this radiation (e.g., Garrett and Whittlesey, 2000). Similar to
surface charging, deep dielectric charging can cause a charge buildup inside
dielectric materials (with potential differences of several kV) which typically
results in an intense breakdown that can damage or even destroy circuits or
other internal systems. Deep charging is prevalent in the heart of the radiation
belt (at ~3-5 Rp from the Earth, Figure 1.2) and can potentially damage
satellites that are located in any trajectory between geosynchronous and low
earth orbits.

The damaging effects of space radiation are typically correlated with the
geomagnetic activity (Baker, 2000). During a geomagnetic storm, harsher
radiation conditions can develop that increase deep and surface charge buildup
in a spacecraft. While an informed spacecraft design remains the primary
mitigation method for preventing catastrophic outcomes arising from spacecraft
charging events linked to space weather, providing an accurate forecast of the
radiation environment can help alleviate or reduce operational risks. This can be
done by ensuring that a space mission is designed with proper radiation tolerance
or by turning off non-essential spacecraft subsystems during a predicted time
of increased radiation dose. However, accurate descriptions of the dominant
physical processes that are responsible for driving the radiation belt dynamics,
which is crucial for the creation of a robust and high-fidelity forecasting model,

are still hotly debated in the research community.
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This thesis addresses various aspects of radiation belt dynamics during
geomagnetic storms and seeks to determine the dominant physical processes
active within them to shape belt morphology. We especially focus on radiation
belt dynamics during the most intense storms of the last decade, during
which the electron radiation was subjected to sudden and substantial losses or

accelerations, and which remain an active area of current research.

1.3 Thesis Outline

Overall, it is important to characterize near-Earth space radiation and deter-
mine the worst-case radiation levels to aid in the design of radiation-tolerant
spacecraft and satellites, thus protecting humans and space-based infrastruc-
ture during space exploration. The goal of this thesis is directly related to
these challenges and focuses on investigating typical and extreme radiation
belt conditions and their dynamics during geomagnetic storms.

This thesis extends the study of radiation belt dynamics during geomagnetic
storms, which was initiated in the Olifer (2019) master’s thesis. The studies
outlined in Olifer (2019) focussed on investigating geomagnetic storms with fast
radiation belt losses, occurring on timescales <4 hours. Their results showed
that the magnetopause shadowing loss — a type of electron radiation loss caused
by fast compression of the magnetopause into the heart of the radiation belt —
is likely a dominant loss mechanism that empties the radiation belt of electrons
within only a few hours during the main phase of the storm. In particular,
Olifer (2019) (as well as Olifer et al., 2018, 2019) found that the dynamics of
the outer magnetospheric boundary, as defined by the location of the last closed
electron drift shell, are closely related to the fast radiation belt loss progression
observed in various geomagnetic storms. Chapter 3 of this thesis generalizes
this assessment by performing a statistical superposed epoch analysis of all
geomagnetic storms observed by the NASA Van Allen Probe mission (Mauk
et al., 2012) between 2012 and 2019 and which contain a strong compression
of the magnetopause into the inner magnetosphere. Chapter 3 identifies the

typical characteristic electron radiation belt loss patterns in such storms and
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further showcases similarities and repeatabilities in the characteristics of the
electron losses from one event to the next. A strong similarity and repeatability
of the electron loss reported in Chapter 3 can be used in the future to create an
empirical model of radiation belt loss driven by magnetopause shadowing that
does not rely on sophisticated and resource-expensive simulation techniques.
Thus, simplifying the creation of a potential future loss forecast model. This
chapter is also published in the Journal of Geophysical Research: Space Physics
with the same title (Olifer et al., 2021a).

Chapter 4 presents a superposed epoch analysis of all geomagnetic storms
of at least moderate intensity (Dst< —50 nT) that occurred between the
years 2012 and 2019, again using NASA Van Allen Probe data. This chapter
focuses on determining typical radiation belt behavior during the recovery
and radiation belt acceleration phase of a storm. Importantly, Chapter 4
shows that the electron population at energies below ~800 keV is capped at
almost the same level in every geomagnetic storm. This level is consistent
with the theoretical model of the maximum limit to space radiation developed
by Kennel and Petschek (1966) more than 50 years ago. This model went
largely untested due to the lack of in-situ particle measurements, however, its
validity was confirmed in our studies. Interestingly, ours shows that the natural
limit to space radiation is reached in essentially every storm, thus, showcasing
the importance of adding relevant Kennel and Petschek (1966) physics to any
physics-based radiation belt simulation or forecast model. This chapter is also
published in Geophysical Research Letters with the same title (Olifer et al.,
2021b).

Chapter 5 continues the examination of the influence of the Kennel-Petschek
limit on radiation belt particles during the six geomagnetic storms with the
largest 2.6 MeV electron flux ever recorded during the Van Allen Probe era.
It shows that both relativistic and strongly relativistic particles (~100 keV-
2.6 MeV) reached but never exceeded the Kennel-Petschek limit to the flux of
space radiation. This finding proves that the effects of the Kennel-Petschek
limit can extend up to relativistic energies and not only affect but also define

the worst-case scenario electron space radiation levels around our planet. My
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thesis especially demonstrates how intense the near-Earth radiation can become
during geomagnetic storms, and defines worst-case requirements which can
be used for designing radiation-hard satellites. Chapter 5 was accepted for
publication in a form presented in this thesis in the Journal of Geophysical
Research: Space Physics on August 2, 2022 (Olifer et al., 2022a).

Continuing the examination of radiation belt acceleration, Chapter 6
presents a study of a very fast and intense electron radiation belt enhancement
during the September 7-9, 2017 geomagnetic storm. By analyzing electron flux
and phase space density (PSD), we show that inward radial diffusion is the
dominant cause of the very fast acceleration observed in this event. Moreover,
we show for the first time how very fast radial diffusion can mimic characteristic
signatures in measured and processed data which were previously associated
with local acceleration. Note that local acceleration and radiation diffusion
are different and are often competing physical processes that are commonly
assumed to be responsible for radiation belt acceleration. Our analysis and
conclusions are made possible only through a careful analysis of the multipoint
measurements by the state-of-the-art NASA Van Allen Probes mission. This
study clearly highlights the importance and showcases the approach of utilizing
measurements from multiple scientific satellites when analyzing fast radiation
belt dynamics, especially when substantial changes occur on timescales shorter
than 1 hour. Chapter 6 is published in the Geophysical Research Letters with
the same title (Olifer et al., 2021c).

Chapter 7 introduces for the first time approach for calculating electron PSD
from electron flux data measured by a constellation of 204+ Global Positioning
System (GPS) satellites. In this study, we exploit the data from the GPS
constellation of satellites with unprecedented spatial and temporal resolution to
assess belt dynamics in unprecedented detail. Due to the design of the energetic
particle detector on-board the GPS satellites, the electron flux provided by these
spacecraft is omnidirectional. However, directionality information is needed
for the PSD calculation, and thus, for discriminating between the dominant
physical processes that drive the overall radiation belt dynamics. Due to a

large number of satellites, as compared to other missions, GPS data enables
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us to resolve the radiation belt dynamics on previously unreachable minute
timescales. Chapter 7 also applies the technique approach to an analysis of the
August 26, 2018, geomagnetic storm. Our results clearly show that electron
interactions with localized chorus plasma waves and larger scale and more
global ultra-low frequency (ULF) waves are both capable of enhancing the
radiation belt by orders of magnitude in much shorter bursts of acceleration
than have been previously reported. Observations by other missions have been
unable to determine whether acceleration progresses quasi-continuously (as is
usually assumed) or in short bursts that may have different and indeed separate
and distinct causes (as shown here). Importantly, our results provide a new
and much higher temporal resolution view of radiation belt dynamics. This
paper has been sent for review in Nature Communications but despite positive
technical reviews was rejected by the editor due to its likely generation of only
“specialist interest”. Currently, this paper is under preparation to be submitted

to an alternative discipline-specific journal (Olifer et al., 2022b).
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Chapter 2

Charged Particles in Earth’s
Magnetosphere

This chapter focuses on a mathematical description of the charged particle
dynamics in a planetary magnetosphere, with a focus on the near-Earth envi-
ronment. We assess the motion of particles trapped in a dipole magnetic field
and derive adiabatic invariants associated with their trajectories. This chapter
also introduces basic mathematical models to describe interactions between
particles and various waves or magnetosphere boundaries that can impact
planetary radiation belts. The equations and models of particle dynamics can
also be generalized to describe other planetary or stellar magnetospheres with
predominantly dipole magnetic fields. For the purposes of this thesis, this
chapter acts as a short overview of various models and approaches for studying

radiation belt dynamics that are utilized in the later chapters (3 through 7).

2.1 Single Particle Motion

The equation of motion of a charged particle under the influence of electric

and magnetic field can be described using equation (2.1).

dp _
dt

where p is the relativistic particle momentum, v its velocity, ¢ its charge, and

q(E+vxB), (2.1)

E and B are electric and magnetic fields, respectively. Particle momentum

is connected to its velocity as p = ymv, where v is the Lorentz factor v =
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1/ \/m , m is particle mass measured in its rest frame, and c is the speed
of light.

In the dipole-like magnetic field of the Earth, the charged particles complete
three types of periodical motion: gyrating around a magnetic field line, bouncing
along it, and drifting around the Earth. They are schematically shown in
Figure 2.1. Each of these motions is periodical with different characteristic
times. For example, for a relativistic 1 MeV electron located in the heart of
the radiation belt, the frequency of gyration is on the order of a few kHz, the
frequency of bounce motion is on the order of 1 Hz, and the drift frequency
is ~10 mHz. This section describes these three types of periodic motion and

three adiabatic invariants associated with them.

74
Inner belt
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lon drift Electron drift

Figure 2.1: Schematic representation of the single charged particle motion in
the magnetosphere of the Earth. The direction of gyration and drift is different
for positively and negatively charged particles as represented in the schematic.
Particles that complete these types of motion are trapped in the magnetic
field and constitute the Van Allen radiation belts. Adopted from Olifer et al.
(2021c)
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2.1.1 Gyro-Motion

When a non-relativistic particle is subjected to a uniform magnetic field, and in
the absence of an electric field, the equation of motion (2.1) can be transformed
into the form shown in (2.2).

dv

M = a4V X B. (2.2)

It describes a helical motion with constant speed v along the magnetic
field and a circular motion around it. The circular motion has a constant
tangential speed v, and a constant angular frequency w. (equation 2.3). The
directionality of the circular motion is determined by the sign of the charge of

the particle.

_ 4B
-

(2.3)

We
w, is often called a gyro-frequency, cyclotron frequency, or Larmor frequency.
For an electron, its oscillation frequency can be written as f.. (Hz) =28 B (nT).
In the heart of the radiation belt, at L = 4.5, the dipole magnetic field strength
is ~350 nT, resulting in the electron gyro frequency of ~9.8 kHz.

Pitch angle, «, is another important quantity that defines the helical
motion of the particle and defines the angle between the particle velocity and
the direction of the magnetic field. It is determined using equation (2.4) and
combines circular speed, v, perpendicular to the field, and constant speed v

along the field:

tana = —=. (2.4)
Yl

At a = 90°, the motion of the particle is purely circular, and at o = 0° the
particle follows the magnetic field line along a straight trajectory. Due to the
properties of the Earth’s magnetosphere and ionosphere, the radiation belt
traps only particles with equatorial pitch angles above ~ 5°, and lower pitch
angles are lost into the atmosphere.

According to the Hamilton-Jacobi theory, any periodic motion of a system

can be associated with an adiabatic invariant J (e.g., Landau and Lifshitz,
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1976). Under the slow changes present in that system (slow with respect to
the characteristic timescales of the periodic motion), the adiabatic invariants
are conserved. The general equation for an adiabatic invariant is J; = f pidq;,
where the integration of the canonical momentum p; is performed over a single
period for generalized coordinate ¢;. In the case of the particle in a magnetic
field, the equation becomes .J; = 959 (p+qA)dl, where A is the vector potential
of the magnetic field, dl is a vector along the particle trajectory, and €2; denotes
different types of periodic motion. For gyro-motion, the adiabatic invariant is
Ji1 = mp? /Bq. Tt is often called the first adiabatic invariant. It is often used in
a form of equation (2.5), which is equivalent to .J; except for constant factors,
and is equivalent to the magnetic moment of the particle in the non-relativistic
case. In radiation belt physics it is often given in units of MeV /G (mega

electron-volts per Gauss).

(2.5)

2.1.2 Bounce Motion

In the case of an inhomogeneous magnetic field strength along the magnetic
field line, particles that complete helical motion (o < 90°) can experience
a so-called bounce motion. Due to the conservation of the first adiabatic
invariant, p, an increase in the magnitude of the magnetic field B along the
trajectory of the particle causes an increase in the perpendicular component
of its momentum p,. It is associated with an increase in pitch angle until
sina = 1. At that point, the particle trajectory becomes purely circular which
causes it to bounce back in the opposite direction along the same magnetic
field line. The point along the field line where o = 90° is called the mirror
point and its magnetic field strength is denoted as B,,. In the case of a dipole
magnetic field, an approximate formula for the electron bounce period, 7, is

given by equation (2.6) (e.g., Walt, 1994):

L
™ =0.1177 [1—0.4635sin** ] , (2.6)
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where = v/c and « is the equatorial pitch angle. For the 1 MeV electron,
trapped in the heart of the radiation belt, at L = 4.25, and 30° pitch angle
this results in a bounce period of ~0.4 s and thus a frequency of ~2.5 Hz.
The second adiabatic invariant, associated with the bounce motion, only
depends on the integral of the particle momentum along the magnetic field line
Jo=1¢ pyds, as the magnetic flux over the negligibly small area enclosed by the
bounce motion is § gA - ds = ¢ [ B -dS = 0. By expressing pj in terms of the
total energy in the parallel component, W), and the magnetic field energy, it is

possible to transform the equation for J; in the form shown in equation (2.7).

Jy = 7{ \/Qm (W) — uB (s))ds. (2.7)
To remove the particle momentum from the definition of the second adiabatic
invariant and express it based only on field geometry, it is commonly presented
in a form of I = J5/2p. However, even more common is another related quantity
K = I\/B,,. Using this value as the second adiabatic invariant allows one to
account for nonconservative I, B,,, and p when external forces (perpendicular
to the magnetic field) are present (Roederer, 1970). Equation (2.8) shows an

alternative form of the second adiabatic invariant. It is commonly given in

units of RpG®®, where Rp is Earth radii.

K= [ " /Bn— B(s)ds, (2.8)

where B!, and B! are two mirror points along a magnetic field line.

2.1.3 Drift Motion

The third type of periodic motion, present in dipole-like magnetic fields is drift
motion. It arises in the system due to the curvature of the magnetic field lines
and the presence of a magnetic field strength gradient in the direction perpen-
dicular to the field lines. These factors perturb the particle drift trajectory,
causing it to change its gyro radius over the course of a single revolution. This,
in turn, creates a drift of the particles in the direction perpendicular to the

magnetic field lines that typically become apparent only after a substantial
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number of gyro orbits. Figure 2.1 schematically shows the direction of the
particle drift around the Earth, the velocity of which in general depends on
particle charge and energy. Multiple space physics textbooks present a detailed
description of various types of drift motion, including adiabatically perpendic-
ular drifts which can develop for example as a result of the action of electric
fields which are perpendicular to the background magnetic field. Thus, for
more information, we recommend the reader to refer to the material presented
in, for example, Walt (1994) (their Chapter 2) or Koskinen and Kilpua (2022)
(their Chapter 2). For the dipole magnetic field, equation (2.9) (e.g., Walt,

1994) can be used for calculating drift period for electrons, 7y:

74 = 1.557 - 10 [1—0.333sin"%a] . (2.9)

L%y
For the 1 MeV electron, trapped in the heart of the radiation belt, at L = 4.25,
and 30° pitch angle this results in a drift period of ~15 min and thus a frequency
of ~1 mHz.

Importantly, periodic drift motion is also associated with the third adiabatic
invariant J; = ¢ [ B -dS = ¢®, where ® is the magnetic field flux enclosed
by the drift path. For the case of a dipole field ® = 27 ByR% /L, where L is
the distance to the trajectory of a charged particle in the magnetic equatorial
plane in units of Earth radii, commonly referred to as the Mcllwain L-shell
(Mecllwain, 1966) and By is the mean strength of the terrestrial magnetic field

at the equator. In radiation belt physics, a value L* is usually used as the

third adiabatic invariant (Roederer, 1970) and it is given by equation (2.10).

27TMO
PRp’

where M, = 8.22-10?2 Am? is the Earth’s magnetic dipole moment. Importantly,

L* = (2.10)

equation (2.10) is applicable to the distorted dipole magnetic field, but the
L* calculation in this case requires numerical tracing of the particle drift
trajectory through a magnetic field model followed by numerical integration
of the magnetic field flux through the surface enclosed by it. In the case of
the dipole field, L*= L. In combination with x and K, the triad (p, K, L*)
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fully describes an unperturbed trajectory of the particle around the Earth and
is commonly referred to as the adiabatic coordinates or a coordinate system
based on adiabatic invariants. These adiabatic invariants are conserved as long
as there are no changes in the system at the timescales of each of the periodic
motions, which in the case of the terrestrial magnetosphere is typically only
true during non-storm times and periods of low geomagnetic activity. During
a geomagnetic storm, however, various types of electromagnetic waves are
generated in the magnetosphere. Their frequency can range from a few mHz
to hundreds of kHz, thus, having the possibility to resonate with each type of
periodic motion, thereby violating the conservation of their respective adiabatic
invariants. This property of wave-particle interactions is key to explaining the
high degree of variability observed in the space radiation population in the Van

Allen belts around the Earth.

2.2 Statistical Description of the Radiation
Belt

The section above explained the dynamics of a single charged particle inside
the Earth’s magnetosphere. However, plasma that is trapped around our
planet is much more appropriately described self-consistently as a collective
using the concepts of statistical physics. Such a self-consistent approach is
especially important for an accurate description of the electromagnetic fields
that are created by the moving particles. This section focuses on introducing
some statistical physics methods for describing the collective dynamics of the
Earth’s radiation belt plasma population and makes connections between those

populations and satellite measurements.

2.2.1 Brief Overview of Statistical Theory of Plasmas

Equation (2.11) shows the differential-integral Boltzmann equation for the
particle distribution function f, for particle species a that accounts for external
fields, fields generated by the plasma, and collisions between different plasma

species. Here we use index « to identify the particle species (electrons or ions).
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The distribution function, f,, is normalized in such a way that its integral
over the whole phase space, €2, gives the number of all particles of that species,
Ng, within it, [, fo(r,p,t)drdp = N,. An alternative normalization of the
function to 1 is also common.

afoz afa afa

dfa
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where (df,/dt), is a collision term which is typically a complicated function
of velocity (e.g., Koskinen and Kilpua, 2022). Importantly, both electric and
magnetic fields in the equation above obey Maxwell equations, and include
both external fields as well as those generated by the plasma through charge
distribution and its movement.

If the collision term (df,/dt) is zero or negligible, equation (2.11) is also
called the Vlasov equation and describes the dynamics of collisionless plasma.
In some collisionless systems (including radiation belts), however, it is common
to use the collision term to describe the impact on the plasma from fluctuations
of the background fields. In the presence of collisions between particles, it can
be represented in a form of Landau collision operator (df,/dt), =5 Cop.

The solution of equation (2.11) provides the time evolution of the phase
space density in a system. However, in the general case, this equation be-
comes extremely complicated to solve even using modern computer simulation
techniques. Instead, the Boltzmann equation can be rewritten as a diffusion
equation that can include wave-particle interactions or Coulomb collisions.
This approach is commonly referred to as a quasi-linear theory. It describes
only the slow temporal evolution of the distribution functions ignoring any
non-linear effects arrising for example from large-amplitude perturbations.

The formal introduction of this quasi-linear theory is done by using a
Fokker-Planck approach. In this thesis we follow the approach presented by
Walt (1994) by introducing the probability function P(p — Ap, Ap, At) which
describes the probability of change in particle momentum p by Ap (Ap < p)
over time At due to collisions or wave-particle interactions. In this case, the

phase space density function can be represented in a form shown in equation
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(2.12, e.g., Walt, 1994).

F(p.t) = / EApf(p— Ap.t — AP(p — Ap, Ap, At). (2.12)

If Ap and At are small, the product under the integral can be represented
in the form of a Taylor series (equation 2.13), with implied summations over

repeating indices (e.g., Walt, 1994):

f(p— Ap,t — At)P(p — Ap, Ap, At)
1 9?

z(l—AtQ—Apli—i-—A A

e P(p, Ap, A
ot opi 2 Di pjapﬁpj) Xf(p,t) (p7 P, t)

(2.13)

The Fokker-Planck equation can be obtained by substituting (2.13) into (2.12)
and introducing the notation of an average of an arbitrary function g as
(9) = =7 [ &*Apg(Ap)P(p, Ap, At) results in equation (2.14).

of 0 1 0
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The first coefficient (Ap;) is commonly referred to as a drag coefficient and is

(ApiAp;) f. (2.14)

responsible for the acceleration or deceleration of particles due to collisions.
The second coefficient (Ap;Ap;) /2 is called the diffusion coefficient with a
common notation D;;. Equation (2.14) can be further expressed in a diffusion

form:

of _ 9 (, 9of
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As is described in the next section, in the physics of the radiation belts it is
common to use the triad of the adiabatic invariants as the coordinates for the
phase space density instead of the location and momentum phase space. In

this case, equation (2.15) can be rewritten in a form (2.16, e.g., Walt, 1994).

of (1K, ®) 0 (DUM) | (2.16)
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where x; designates one of the adiabatic invariants p, K, and . This equation
is commonly used as a basis for radiation belt models as it can describe the
evolution of the particle distribution function due to the violation of three
adiabatic invariants, which often occurs under the influence of plasma waves of
different frequencies that are present in the magnetosphere. Importantly, and
as mentioned above, this quasi-linear theory is only valid for small changes
occurring over long periods of time and the limits of its applicability to radiation

belt dynamics under a range of conditions are still not fully understood.

2.2.2 Particle Fluxes and Distributions

Until now, this chapter presented the description of plasma in terms of a
phase space density (PSD) f(r,p,t) or f(u, K, ®). However, the actual particle
measurements of the space plasma are often made in terms of particle flux
J(W,a, L, t). Particle flux, or more strictly a differential directional flux, is a
measure of the number of particles that cross a unit of area per second, from
a specific direction, and at a specific energy. In radiation belt physics it is
commonly given in units of ecm™2stsr~tkeV~!. The flux is typically a derived
quantity from the number of counts per second measured in-situ by a spacecraft-
based particle detector. These counts are usually processed by the spacecraft
mission team, taking into account the design of the detector, providing the
differential directional flux as a function of energy, pitch angle, location, and
time. However, as described above, the quasi-linear theory typically used to
address radiation belt dynamics is based on solving diffusion equations for the
particle phase space density rather than flux. The connection between flux
and PSD can be easily found by postulating that the number of particles that
cross an area, dA, per unit time in terms of flux (equation 2.17) and in terms

of PSD (equation 2.18) is the same (e.g., Walt, 1994).

AN = (W, a) dAdQ AW = j dz dydQ Ldp. (2.17)
m

dN = fdxdydzdp, dp,dp, = fdxdyvp® dQdp. (2.18)
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Equating equations (2.17) and (2.18) provides a simple relation between flux
and PSD:

_JW.a)
f(ra p) - p2 .

While straightforward, providing the PSD as a function of three adiabatic invari-

(2.19)

ants, f(u, K, L*), which is useful for determining the driving physical processes
that are responsible for radiation belt dynamics, requires additional, often
numerical, processing. In particular, by studying the evolution of f(u, K, L*)
it is possible to investigate which adiabatic invariant is violated, if any, and
to draw conclusions about the relative impact of various disturbances in the
magnetosphere in driving radiation belt dynamics. Often, electromagnetic
waves act as the main cause of the observed radiation belt dynamics as a result

of the violation of one or more adiabatic invariants.

2.3 Wave-Particle Interactions

The equations presented in Sections 2.1 and 2.2 above are valid for describing
the dynamics of any charged particle species trapped in any planetary magne-
tosphere with a dipole-like magnetic field. In this section, however, we focus
on applying the main results from the earlier sections to the electron radiation
belts around the Earth. A relativistic electron trapped in the heart of the
terrestrial Van Allen belt completes the three types of periodic motion over
three different characteristic times (~0.1-1 ms for gyration, 1 s for bounce, and
~10 min for drift). Therefore, in the presence of electromagnetic waves with pe-
riods close to the periods of these periodic particle motions, the conservation of
the associated adiabatic invariants can be violated. In Earth’s magnetosphere,
there are multiple wave species with different frequencies that may drive the
radiation belt dynamics. They range from very-low-frequency (VLF) whistler
mode chorus waves with frequencies of a few kHz to ultra-low frequency (ULF)
waves with frequencies of a few mHz. Under their influence, radiation belt
electrons can be lost or accelerated to relativistic or even ultra-relativistic

energies over the course of a geomagnetic storm.
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2.3.1 Ultra-Low Frequency (ULF) Wave Radial Diffu-
sion

In space physics, ULF waves are pulsations in the electromagnetic field with
frequencies from approximately 2 mHz to 0.2 Hz (e.g., Elkington and Sarris,
2016). These are not to be confused with the radio communication ULF waves
that according to the International Telecommunication Union designation have
frequencies from 0.3 kHz to 3 kHz. ULF waves in the magnetosphere of the
Earth can be excited by a range of large-scale phenomena in the magneto-
sphere, for example, due to the action of the Kelvin—-Helmholtz instability at
the magnetopause that can penetrate ULF waves which propagate into the
magnetospheric cavity (e.g., Kivelson, 1995). Importantly, the frequency of
these ULF waves is similar to the frequency of the drift motion for relativistic
electrons inside the Van Allen belt. Thus, in the presence of the ULF waves,
the third adiabatic invariant of relativistic electrons may not be conserved.
However, because the ULF frequencies are much lower than those of gyro and
bounce motion, the first and second invariants are still conserved.

Under these circumstances, the diffusion equation (2.16) can be simplified
by only keeping the terms associated with the violation of the third adiabatic
invariant. Equation (2.20) shows the final form of the electron diffusion equation
where the third adiabatic invariant is presented in terms of L, which is equivalent

to L* for the case of a dipole field (e.g., Walt, 1994).

of _ 120 (%ﬁ) (2.20)
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where Dy is often called the radial diffusion coefficient and can be characterized
using the wave power in the ULF band.

Importantly, equation (2.20) describes the diffusion of particles across
different L-shells or when cast in terms of L* across different L*. Depending
on the sign of the PSD gradient, df /0L, the particles can diffuse inwards
or outwards. Typically, the outward diffusion is observed during the main
phase of a storm, when radiation belt electrons are lost. Particles can be

diffused outwards to the edges of the magnetosphere and be subsequently
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lost at the magnetopause by a process known as magnetopause shadowing
(e.g., Turner et al., 2012). The inward diffusion dominates during the recovery
phase when the new source population, injected at high L*, is transported
inward to replenish the radiation belt. The inward diffusion is also associated
with electron acceleration. Due to the conservation of the first adiabatic
invariant, particle energy increases when it is transported into regions with
higher magnetic field, as is the case with inward radial diffusion.

Chapters 3, 6, and 7 of this thesis present statistical and case studies
addressing the importance of radial diffusion in driving the dynamics of Earth’s
radiation belts. By analyzing the measured electron fluxes and derived PSD as
a function of three adiabatic invariants, as well as performing radial diffusion
simulations using equation (2.20), we show that the radial diffusion process is

often a dominant factor in driving storm-time radiation belt dynamics.

2.3.2 Pitch Angle and Energy Diffusion

Higher frequency waves can cause a violation of the first and /or second adiabatic
invariants of radiation belt electrons. Some examples of these waves include
plasmaspheric hiss whistler mode chorus waves, and signals from man-made
VLF transmitters. Notably, electromagnetic ion cyclotron (EMIC) waves, while
having frequencies between ~0.2-5 Hz, can also violate the first adiabatic
invariant once the effects of the Dopler shift from the parallel motion of the
electron along the field are taken into account (e.g., Usanova and Mann, 2016).
The evolution of electron PSD under the influence of these waves can be
presented in the form of equation (2.21), commonly used for the radiation belt

simulations (e.g., Koskinen and Kilpua, 2022, and references therein).
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(2.21)
This form of equation (2.16) allows for an easier calculation of diffusion
coefficients Dy, Dy, and D,,, which depend on the wave activity in a respec-

tive frequency band. Under the influence of these waves, the electrons can be
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lost into the atmosphere through the diffusion of particles towards the lower
pitch angles during the main phase of a storm, or be accelerated during the

recovery phase.

2.3.3 Maximum Limit on Trapped Flux

An interesting outcome arising from the competition between the excitation
of electron cyclotron plasma waves and pitch angle diffusion and subsequent
atmospheric loss induced by chorus waves was discovered by Kennel and
Petschek (1966). In their paper, Kennel and Petschek (1966) showed that
whistler mode chorus waves can be generated by an absolute instability arising
in the system due to the temperature anisotropy of electron distributions in
the directions parallel and perpendicular to the magnetic field (typically when
T\ > T)). Moreover, the intensity of the chorus waves is higher in the system
with larger anisotropy and larger particle flux. However, in the presence of
whistler waves, pitch angle diffusion of particles also occurs resulting in the
electron distribution becoming more isotropic and driving enhanced losses by
transporting particles into the loss cone. Based on this property, Kennel and
Petschek (1966) have postulated that an upper limit to the electron population
exists, beyond which any increase in the electron flux results in a generation
of more intense chorus waves, which in turn cause this new population to
diffuse towards lower pitch angles and precipitate into the atmosphere. In the
literature, the level at which the electron population self-limits itself in this
way is known as the Kennel-Petschek (KP) limit. In this thesis, we follow
an improved KP theory developed by Mauk and Foz (2010) which applies to
relativistic and non-relativistic energies and which presents the analysis in
terms of differential flux, as opposed to the integral flux used by Kennel and
Petschek (1966). Note that the following equations are presented in CGS units,
consist with the work by Mauk and Foz (2010), meanwhile, the remainder of
this thesis flows SI unit convention.

According to the KP theory, the electron population is limited when any
losses of whistler wave amplitude, caused by ionospheric reflections of these

waves, are balanced out by subsequent wave growth of the reflected wave
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and where the growth rate of whistler-mode waves directly depends on the
temperature anisotropy and the flux of the particle distribution. Following
Mauk and Fox (2010), we start our introduction of the KP theory by estimating
the gain GG of whistler wave amplitudes when they pass through the magnetic

equator in equation (2.22).

G = exp /D/2 Tdsh = exp {lD} : (2.22)
—p/2 Vg Vg

where D is the total distance along the magnetic field line, 7 is the temporal
wave growth rate associated with the absolute instability, V; is the wave group
speed and ds is the infinitesimally small distance along the magnetic field line.
Typically, the length D is roughly estimated as Rpg - L.

If R is the ionospheric reflection coefficient for wave amplitudes, the KP
theory is defined by the condition R -G = 1. By assuming that R = 0.05 and
applying the condition above, equation (2.22) can be rewritten in a form of
equation 5.1:

- 3Ve(w(W))

Y (W, a)) ~ T LR, (2.23)

where InG = In1/R =~ 3, and we explicitly state that the wave growth depends
on differential directional electron flux j(W, o) meanwhile the group speed V,
depends on wave frequency at a resonant energy W,. Thus, equation (5.1)
defines conditions for the KP limit at various energies. By calculating v and V,
for different resonant energies and wave frequencies, it is possible to find the
electron differential flux j that satisfies condition (5.1) and thus represents the
limiting KP flux. As assessed by Mauk and Fox (2010), V, can be estimated
using equation (2.24):

2 kwe (1 — w/w,)?

w2, + 2ww (1 — w/we)?’

(2.24)

g =

where k is the wavenumber and w, is plasma frequency (w,e = \/4mne?/m.).
Calculating the temporal wave growth rate v involves solving a set of

rather long and complicated equations. Following Mauk and Foz (2010) (whose
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calculation relies on theoretical estimations by Summers et al. (2009) and Xiao

et al. (1998)), v can be calculated using equations (2.25-2.27).

) [m + (%3—“)2} h , (2.25)
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where 7 is the fraction of the energetic electron distribution near cyclotron

resonance (equation 2.26).
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where pp = m.(yrw — w.)/k is the parallel momentum for resonant particles
with vz denoting the Lorentz factor, Ap = 1 —wpr/me.c*kyg, and [ is electron
phase pace density in (p, p.) coordinates.

A is relativistic distribution pitch angle anisotropy factor (equation 2.27):

k o 2 0 0
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The distribution function f, as well as the electron flux j = fp?, that

satisfies equation (5.1) defines the KP limit at a particular time and location
in the radiation belt of the Earth as a function of resonant particle energy.
Plasma density and background magnetic field can change during the course of a
storm resulting in changes in related plasma and electron cyclotron frequencies.
Therefore, the resulting KP limit can vary based on these changes. Notably,
however, the variation of the KP limit from storm to storm is rather small, as
we show later in this thesis (Chapters 4 and 5), introducing the concept that
there can be a maximum electron flux in the radiation belts as a result of the

action of the KP process.
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Chapter 3

On the Similarity and
Repeatability of Fast Radiation
Belt Loss: Role of the Last
Closed Drift Shell

Based on Olifer et al. (2021a) On the similarity and repeata-
bility of fast radiation belt loss: Role of the last closed drift
shell, Journal of Geophysical Research: Space Physics, 126 (11),
d0i:10.1029/2021ja029957. The paper was reformated to fit thesis
formatting guidelines without any changes to its content.

Properly characterising fast relativistic electron losses in the terrestrial Van
Allen belts remains a significant challenge for accurately simulating their
dynamics. In particular, magnetopause shadowing losses can deplete the
radiation belt within hours or even minutes, but can have long-lasting impacts
on the subsequent belt dynamics. By statistically analyzing seven years of data
from the entire Van Allen Probes mission in the context of the last closed drift
shell, here we show how these losses are much more organized and predictable
than previously thought. Once magnetic storm electron dynamics are properly
analyzed in terms of the location of the last closed drift shell, not only is the
loss shown to be repeatable but its energy-dependent spatio-temporal evolution
is also revealed to follow a very similar pattern from storm to storm. Employing
an energy-dependent ULF wave radial diffusion model, we further show for

the first time how the similar and repeatable fractional loss of the pre-storm
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electron population in each storm can be reproduced and explained. Empirical
characterisation of this loss may open a pathway towards improved radiation
belt specification and forecast models. This is especially important since
underestimates of loss can also create unrealistic sources in models, creating
phantom electron radiation and leading to the prediction of an overly harsh

radiation environment.

3.1 Introduction

Since the discovery of the Earth’s Van Allen radiation belts over 50 years ago
(Van Allen and Frank, 1959), determining the physical processes responsible for
their dynamics have been a major focus of space physics research (e.g., Friedel
et al., 2002). The dynamics of the trapped relativistic electron population
with energies from hundreds of kilo electronvolts (~100 keV) to millions of
electronvolts (~1 MeV) during geomagnetic storms is of particular interest
because of their potential impact on satellite electronics through deep-dielectric
charging (Baker et al., 1994). Electrons can be lost at the beginning of the storm
before the subsequent acceleration of a source population to MeV energies,
which can partially or completely replace those which are lost, in some cases
creating radiation orders of magnitude stronger than that which existed pre-
storm (e.g., Reeves et al., 2003). In particular, interaction with high-frequency
plasma waves, such as chorus (e.g., Shprits et al., 2007; Lee et al., 2013),
electromagnetic ion cyclotron (EMIC) (e.g., Ukhorskiy et al., 2010; Usanova
et al., 2014), or plasmaspheric hiss (e.g., Thorne et al., 1973) waves, can cause
loss into the atmosphere. Meanwhile, ultra-low frequency (ULF) plasma waves
(Mann et al., 2016) can cause particles to be transported outwards to the last
closed drift shell (LCDS) and lost at the magnetopause into the solar wind in
a process known as magnetopause shadowing (e.g., Turner et al., 2012; Olifer
et al., 2018). The relative importance of these processes continues to be hotly
debated (Shprits et al., 2018; Mann et al., 2018). This chapter, in particular,
focuses on investigating whether the LCDS dynamics can explain the fast

magnetopause shadowing losses.
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Recent studies have shown that a compression of the outer magnetospheric
boundary can cause intense electron radiation belt losses occurring on very
short (<1 day) timescales. For example, Olifer et al. (2018) showed that the
LCDS location of the Van Allen belt electrons and its dynamics can explain
rapid and intense dropouts of relativistic electrons in some of the most intense
geomagnetic storms of the last decade. It is also interesting to investigate
on a statistical basis whether a substantial compression of the magnetopause,
characterized by inward motion of the LCDS, can cause a radiation belt dropout
in every storm and whether the response is repeatable and/or predictable. In
this research, we perform a statistical superposed epoch analysis of 69 events
which contain rapid and deep magnetopause compressions and reveal how
outward radial transport to the compressed magnetopause is the dominant
cause of rapid particle depletions in the heart of the Van Allen radiation belt for
such storms. Our results also reveal for the first time a remarkable repeatability

and indeed similar radiation belt response to such solar wind forcing.

3.2 Results

Recent event-specific studies of radiation belt dropouts (e.g., Turner et al.,
2012; Olifer et al., 2018; Tu et al., 2019; Ozeke et al., 2020, and references
therein) commonly associate the electron loss with the rapid compression of the
last closed drift shell (LCDS) into the heart of the radiation belt. In particular,
such studies reveal, using in-situ observational data and radiation belt modeling,
that the dropouts in some storm events are caused by magnetopause shadowing
loss enhanced by outward radial diffusion and not by precipitation into the
atmosphere. Here, we extend these studies by statistically studying the effects
of the LCDS compression. We select events with a single isolated intense
compression of the LCDS below the L* value of 5.8 over the course of six days.
Notably, the threshold value of 5.8 was selected to obtain the largest number
of isolated events with strong magnetopause compression whilst removing any
impacts from compound events. For the purposes of this study, we analyze

the LCDS dynamics during the entirety of the Van Allen Probes mission
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(September 2012 until July 2019) and select 69 isolated events with a single
LCDS compression. We calculate the location of the LCDS using the neural
network LANL* code (Yu et al., 2012) which allows for fast detection of the
times with singular LCDS compression. Once the low LCDS events have been
identified, accurate L* locations of the LCDS are then determined using the
full calculation by the LANLGeoMag library (Henderson et al., 2017) for every
storm (Supplementary Figure E.1). By superposing the selected events with
respect to the minimum LCDS in each event, we analyze the median radiation
belt response to the LCDS compression and its variability. The list of selected

events is shown in Appendix A.

3.2.1 Overview of the Storms

Figure 3.1 shows the superposed epoch analysis of selected solar wind conditions
and geomagnetic indices for these 69 isolated events. Panels a through f show
the mean value across different storms in red, median value in black, and
upper and lower quartiles in gray as a function of the superposed epoch
time in units of days. The bottom panel g shows the median spin-averaged
electron flux in the 2.6 MeV channel as a function of the superposed epoch
and L* parameter (Roederer, 1970). In this research, the solar wind data
were taken from the Qin-Denton dataset provided by the Energetic Particle,
Composition, and Thermal Plasma (RBSP-ECT) team (Spence et al., 2013)
and the radiation belt flux measurements data were taken from both Van
Allen Probes A and B for both of the REPT (Baker et al., 2012) and MagEIS
(Blake et al., 2013) instruments. Notably, 66 of the selected 69 events can be
considered geomagnetic storms of weak to severe intensity (Dst < —30 nT)
according to the typical storm classification by Loewe and Prélss (1997). The
three remaining events, the May 2015 (minimum Dst = —28 nT), the July
2016 (minimum Dst = —23 nT) and the June 2019 (minimum Dst = —17 nT),
still contained a substantial compression of the LCDS (minimum values of 5.5,
5.3, and 5.4 in L* respectively) and due to the low value of the LCDS are
retained in the statistical analysis.

Figure 3.1g shows that the selected low LCDS events display clear signs of
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Figure 3.1: Superposed epoch analysis of selected solar wind parameters, ge-
omagnetic indices, and radiation belt response for the selected geomagnetic
storm events. a, solar wind speed; b, dynamic pressure; ¢, southward compo-
nent of the interplanetary magnetic field (IMF); d, geomagnetic storm-time
disturbance index (Dst); e, planetary Kp activity index; f, L* of the last closed
drift shell (LCDS); g, median 2.6 MeV spin-averaged electron flux in units of
cm 25 tsr!MeV L. For panels a through f, the mean value across all events is
shown with the red line, with the black line and two gray lines representing
the median value and the lower and upper quartiles, respectively.
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fast radiation belt losses, with maximum depletion occurring within half a day
and reaching relatively low L* regions of L*~4 well inside the envelope of the
LCDS (Figure 3.1f). These fluxes are reduced by almost an order of magnitude
relative to the pre-storm levels (cf., Figure 3.3). To further analyze the radiation
belt dynamics and determine the dominant mechanism that causes such rapid
and intense loss we perform similar superposed epoch analysis for multiple
energy channels from both REPT and MagEIS instruments. However, because
different energies and L*, as well as different storms, have different pre-storm
electron flux levels it is beneficial to perform superposed epoch analysis of the
relative flux change, with respect to the pre-storm levels.

Figure 3.2 shows the results from a superposed epoch analysis of the
fractional flux loss, with different energies shown in different panels. Note
that the color scale is the same for the different energies and represents the
fraction of the flux changes with respect to the pre-storm level. The yellow color
represents no changes with respect to the pre-storm flux, and it is the dominant
color on the left side of each panel until half a day before the minimum of the
LCDS (zero epoch). This result shows that the pre-storm flux in the selected
events is a stable population suitable for subsequent loss analysis. The loss
across all panels in Figure 3.2 is represented by the color change from yellow
through green to blue. This loss happens earlier for higher L* regions and
later for lower L*, but occurs with approximately the same timescale across
all energy channels. Meanwhile, the normalized minimum flux level reached
during the loss period is lower for higher energies. This indicates that all of the
energies react at the same time, starting on the higher L* regions and with the
loss propagating inward, but with a loss intensity which increases with energy.
On the other hand, the recovery for different energies differs strongly in both
intensity and timescale with the lower energies recovering earlier and reaching

stronger intensities as compared to the pre-storm flux.
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Figure 3.2: Superposed epoch analysis of the normalized spin-averaged electron
flux. Different panels represent different energies that are shown on the bottom
left corner of each panel. The color scheme in each panel is the same and
represents the median relative change of the flux with respect to the pre-storm
levels as a function of L* and superposed epoch days. Electron flux data was
taken from both MagEIS and REPT instruments on board both the Van Allen
Probes A and B. The mean L* value of the last closed drift shell across all
events is shown with the red line, the black line and two gray lines show the
median value and the lower and upper quartiles respectively.

41



3.2.2 Similarity and Repeatability of the Radiation Belt
Loss

To further investigate the loss dynamics and the self-similarity between the
storm events, we analyze the evolution of the fractional reduction of the pre-
storm flux at a fixed L* as a function of superposed epoch time. To assess any
potentially competing adiabatic effects on the observed flux at fixed energy we
also analyze the fractional changes in superposed epoch phase space density
(PSD) at fixed first and second adiabatic invariants at the same fixed L*.
Figure 3.3 shows examples of these fixed L* superposed epoch time series at
L*=4.25 with flux plotted in the panels in the left column and PSD plotted
in the right columns. Different energies (left) and first adiabatic invariants
(right) are plotted in different rows. In each row, the first adiabatic invariant
value on the right corresponds to the energy value on the left at L*=4.25 at
the superposed epoch time zero. The median normalized values are shown
with black dots and the upper and lower quartiles are represented by the
error bars. Such a representation of the flux and PSD dynamics provides
an unexpected but extremely important result about the Van Allen belt loss
dynamics during intense magnetic storms. The panels in the left column of
Figure 3.3 show that the fractional loss in electron flux is extremely self-similar
from one storm to the next. This feature is clearly represented by the small
separation between the upper and lower quartiles, which indicates the low level
of variability between the different storms during the dropout. Notably, the
size of the error bars, representative of the separation between the quartiles, in
normalized flux sharply increases from being a factor of three at most up to
end of the loss phase, to approximately two orders of magnitude during the
recovery. In addition, during the pre-storm phase (up to 3 days before the
minimum of the LCDS), the error bars remain small across all energies which
indicates that the pre-storm phase of the selected storms is mostly quiet with
no significant additional loss processes. Overall, the left column of Figure 3.3
shows that the temporal profile of the fractional loss of pre-existing radiation

belt electrons follows almost exactly the same time profile during the period of
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loss, independent of the magnitude of the pre-storm flux. Rather unexpectedly
the flux evolves such that the relative amount of the particle loss in each event
is the same, and depends only on the electron energy and L*.

Similar behavior is seen in the right panel of Figure 3.3 for the observed
evolution of the normalized median PSD and the respective 25% and 75%
quartiles. The same observation in PSD demonstrates that the observed changes
in flux represent genuine losses and are not explained purely by adiabatic effects,
but rather by the LCDS reaching low L*. It is also interesting to note that
the variability of both flux and PSD during the acceleration phase remains
symmetrical around the median for all studied energies and first adiabatic
invariants. In addition to that, the final median value of the flux of more
energetic (>1.8 MeV) electrons which are reached at the end of the acceleration
phase is close to the pre-storm level. A natural interpretation of this result is
that the level of flux recovery is strongly dependent on the solar wind conditions
and the availability of the new source populations with the same probability
for flux recovery to reach above or below the pre-storm flux. This result is in
good agreement with the analysis of Reeves et al. (2003) where they reported
that the properties of the >2 MeV post-storm flux at geosynchronous orbit was
almost equally likely to have increased or decreased compared to the pre-storm
level.

To further analyze the dynamics of the radiation belt during the dropout
we perform a quantitative analysis of the timing and intensity of the loss by
fitting a two-sided Gaussian to the L*= const flux and PSD profiles. This
approach provides a quantitative method of analyzing loss dynamics. A detailed
description is presented in the Appendix B. The two-sided Gaussian fits are
shown for both flux and PSD in Figure 3.3 with red lines. The estimated
intensity of the loss from the fit as characterized by the ratio of the pre-storm
flux to minimum flux, Jps/Jmin (fps/ fmin), is shown in the bottom left corner
in each panel. To confirm the self-similarity of the fractional loss of pre-existing
radiation belt flux, we analyze 12 different energy channels from the REPT
and MagEIS instruments between energies of 0.5 MeV and 4.2 MeV and at 14

different fixed L* values between 3.75 and 5.57. Figure 3.4 shows a summary
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Figure 3.3: Storm-time evolution of the fractional change of electron flux
(left) and phase space density (right) at fixed L*. The left column shows
the fractional change of the spin-averaged electron flux with respect to the
pre-storm levels at fixed L*=4.25, with different fixed energies in different
rows. The right column shows the fractional change of the electron phase
space density (PSD) at fixed first adiabatic invariants at fixed L*=4.25 and for
fixed second adiabatic invariant of K =0.1 RrpG/2. Different first adiabatic
invariants are shown in different rows. Note that the first adiabatic invariants
shown on the right correspond to the energy channel on the left at the end
of the loss phase for the selected L* and K. Energy and invariant values are
shown in the top left corner of every panel. The median values are shown with
black dots and the upper and lower quartiles are represented with error bars.
Additionally, each panel shows a two-sided Gaussian fit to the data plotted
with a red line, and with the maximum loss intensity defined in the bottom
left corner of each panel.
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Figure 3.4: The intensity of the fractional flux loss for different energies and
L* locations in the Van Allen radiation belt. Different energies are shown
in different colors with data from the MagEIS instrument marked with an

U,

x” and data from the REPT instrument with a circle. The error bars were
obtained from the least-squares numerical fitting of the fractional flux loss with
a two-sided Gaussian.

of the loss intensity, or by how much the pre-storm flux is larger than the
minimum flux reached during the loss, for these fixed energies as a function of
L*. Different energies are shown in different colors and the error bars represent
uncertainties in the loss intensity, obtained from the numerical least-squares
fitting of the two-sided Gaussian profiles.

Figure 3.4 shows a remarkably clear structuring of the loss intensity in both
energy and L*. First, it shows that the loss is more intense at higher L*. For
different energy channels, the loss at L*=5.5 is ~30 times larger than at L*=4.0
reaching values as large as ~100 for the highest energies. The magnitude of
this loss during low LCDS events is approximately an order of magnitude more
intense than has been reported in some previous superposed epoch studies
(Morley et al., 2010; Murphy et al., 2018; Turner et al., 2019). Second, the
fractional loss is very clearly much more significant at higher energies. For
example, the loss of the 3.4 MeV population is an order of magnitude more

intense than that at 0.6 MeV, across all values of L*. In combination with the
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L* dependence, it creates a remarkably well-organized picture of a self-similar
and repeatable loss profile in energy-L* space. Moreover, the relatively small
and non-overlapping error bars confirm that this structure repeats from one
storm to the next. It shows that even though the initial pre-storm fluxes
can differ significantly in magnitude from storm to storm, the relative change
during the loss phase is very well-behaved and described by the repeatable
pattern shown in Figure 3.4. Our discovery of substantial repeatability during
radiation belt losses that occur during the LCDS compression has the potential
to play a decisive role in the development of improvements to the accuracy of
physics-based radiation belt specification and forecast models.

Supplementary Figure E.2 shows a similar plot to Figure 3.4 but calculated
for PSD. Very similar structuring is also present in the PSD data with the
higher losses being observed at higher first adiabatic invariants, and higher L*.
Notably, the intensities of the dropouts in PSD are somewhat smaller than
those measured in flux at fixed corresponding energies. This proves that the
flux decreases are not caused only by adiabatic processes alone, but represent
genuine repeatability of loss profiles associated with magnetopause shadowing,

as shown below.

3.2.3 Probing the Origin of the Similarity and Repeata-
bility of the Loss

The superposed epoch analysis performed in this chapter allows for an extensive
investigation of the role of the compressed LCDS in driving losses in the heart
of the Van Allen radiation belt, even at L*<5. In particular, it is interesting to
investigate how the energy and L* dependence of the loss intensity (Figure 3.4)
might be explained by outward radial diffusion to a compressed LCDS. The
role of this process in radiation belt depletion has been examined in computer
simulations in a number of recent case-studies (Hudson et al., 2014, 2015; Mann
et al., 2016; Ozeke et al., 2019; Tu et al., 2019; Wang et al., 2020; Ozeke et al.,
2020). These studies have already concluded that magnetopause shadowing,
perhaps enhanced by ULF wave outward radial diffusion, can explain the losses
at L*>5. However, the discussion of whether the losses at lower L-shells (L*<5)
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can be explained in terms of ULF wave enhanced magnetopause shadowing
still continues (Shprits et al., 2018; Mann et al., 2018). Here, we use our
observations to investigate the signatures of the loss as defined by its timing,
intensity, and location, and assess whether such an outward radial transport
model can explain the repeatable characteristics of the observed dropouts.

Figure 3.5 presents the L* dependence of the timing of the flux loss as
characterized by the time of the beginning of the loss, and the epoch of the
minimum flux relative to the time of minimum LCDS at epoch time zero for
different energies in the same format as Figure 3.4. It shows that the loss
starts earlier at higher L* and propagates inward, with lower L* being affected
later. Meanwhile, different energies are affected at the same time at fixed
L*. Such behavior is consistent with the radial diffusion paradigm where the
particles at the higher L* are affected and see loss effects earlier as they are
transported outward to the more proximal magnetopause. The data from the
highest L*=5.57 observed by the Van Allen Probes in the statistics reported
here shows that the loss starts half a day before the time that the minimum of
the LCDS is reached. Interestingly, this is the same time as the median LCDS
typically starts to move inward (c.f., Figure 3.1). In addition, Figure 3.5 also
shows that the losses stop simultaneously for all energies and L* at the time
of superposed epoch ~0.0474+0.003 days, very close to the time at which the
LCDS reaches its minimum L* location. These results show that the timing of
the energy-independent loss is controlled by the dynamics of the magnetopause
as defined by the LCDS location. This is very strong evidence that outward
radial diffusion and magnetopause shadowing are likely the dominant cause of
the observed losses.

To describe the global behavior and trends in the PSD evolution we analyze
a statistical PSD which is calculated from the statistically well-behaved median
flux dynamics. It is important, as the data of the superposed epoch PSD
has limited L* coverage (Supplementary Figure E.3) and a larger deviation
from the median (Figure 3.2), suggesting that additional variability in PSD
profiles is introduced by the magnetic field model used to convert flux to PSD.

The detailed description of this transformation is provided in the Appendix B.
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Figure 3.5: Fractional flux loss timescales. The top panel shows the time
before the minimum last closed drift shell (LCDS) when the dropout starts
for different energies and L*. The value of this time when the loss begins was
obtained from the two-sided Gaussian fitting as described in the Appendix B.
The bottom panel shows the time inferred as the end of the loss phase based
on the fit, as compared to the epoch time zero at the time of the minimum L*
location of the LCDS. This time also marks the beginning of the recovery. For
both panels, different energies are shown in a different color with data from the
MagEIS instrument marked with an “x” and data from the REPT instrument
with a circle. Also, the timings at fixed L*, shown by the gray shadowing point
on the x-axis, are grouped into the shaded regions and are spread out L* for
the convenience of the reader. The actual L* value obtained from the analysis
corresponds to the center of each bin and is represented in the bottom panel
by where the shadowing reaches the x-axis.
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Figure 3.6 shows the resulting PSD profiles as a function of L* for different fixed
first adiabatic invariants, u. Each fixed p is shown in different rows, with L*
PSD profiles at different times shown in a different color. This statistical PSD
is determined from the median flux using a superposed epoch Tsyganenko and
Sitnov (2005) magnetic field model at the location of the spacecraft, assuming
that the spin averaged flux from Figure 3.2 is representative of the flux at a
local pitch angle of 90°.

The PSD dynamics in Figure 3.6 again point to outward transport to
the compressed LCDS as the dominant cause of the radiation belt depletion.
The PSD profiles in the left column show that the population of particles is
gradually depleted with time across a wider and wider range of L*, which
causes the profiles to monotonically decrease in magnitude outwards towards
the LCDS and with a gradient in L* which gets steeper with time. Meanwhile,
the right column shows that the normalized relative loss in PSD at each L*
is well-behaved and starts earlier and is larger at higher L*. The same result
was already noted for the median flux and median PSD in Figure 3.4 and
Supplementary Figure E.2, respectively. Note also that the PSD profiles become
more structured in L* as the epoch approaches the time of the minimum LCDS.
For example, the largest PSD fluctuations away from a monotonic profile of
PSD decreasing with L* are present for PSD traces at superposed epoch time
zero (brown line in Figure 3.6). According to Figure 3.1f, 75% of all events
contain LCDS below L*=5.8 at epoch time zero with the lowest LCDS reaching
L*=4.3. Hence, such fluctuations away from a monotonic PSD profile as a
function of L* are representative of cases that may have the LCDS inside the
L* domain.

To explain the energy dependence of the dropout intensity in terms of a
radial diffusion model we turn to an analysis of the temporal evolution of the
PSD profiles as a function of L*. We use the PSD data calculated for every
analyzed storm to determine how fast the electron population at different pu
and L* for fixed K =0.1 RG'/? are transported outwards and compare it
to that expected based on a model for outwards ULF wave radial diffusion

to the LCDS. In particular, we assess the normalized outward transport rate,
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Figure 3.6: Evolution of the phase space density (PSD) profiles. The PSD
profiles calculated from the median superposed epoch flux (left column) and
their relative change with respect to the pre-storm levels at each L* (right
column) for fixed p at different epochs in advance of the epoch time zero
of minimum LCDS. Different rows show data for different values of the first
adiabatic invariant, p, with different epochs shown in a different color according
to the legend on the top of the figure. The right column additionally shows a
linear fit to the logarithm of the relative PSD losses as a function of L* used
for the PSD profiles calculations (see text for details).
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L in units of L* /day, that combines both PSD gradients and outward radial
diffusion coefficients, Dy, in one equation (defined by Schulz and Lanzerotti

(1974)):

: 0ln f)
L=-D ( : (3.1)
AT .

where L is the L*-shell, Dy is the radial diffusion coefficient in units of
L*?/day, f is the PSD, K is the second adiabatic invariant, and the dot
represents the time derivative. Radial diffusion coefficients were obtained from
the Kp-parametrization in Ozeke et al. (2014). The gradients of the PSD
in log-space are calculated for every individual storm from every inboud or
outbound pass of the Van Allen Probes. Then, the superposed epoch transport
rates are determined in the similar way as the superposed epoch flux (see
Results section above and the Appendix B). Figure 3.7 shows the outward
radial transport rate L as a function of L* and superposed epoch days, with
different panels showing different fixed first adiabatic invariants, . Note that
in computing the L rates in Figure 3.7 we used the L* dependence of PSD
from the Van Allen Probe data, but used an assumed equivalence between
dipole L and L* in equation (3.1) and in the (Ozeke et al., 2014) Dyy.
Figure 3.7 shows that there is a clear structuring of the radial transport rates
in p-L* space, consistent with the structuring observed in the loss intensity
of the flux as a function of energy and L* (Figure 3.4). Figure 3.7 confirms
that populations with different energies (that are equivalent to different u) are
being transported outward with different rates even at the same L* because
of the dynamical development of energy-dependent PSD gradients. Figure 3.7
also demonstrates that the maxima of the PSD profiles for a constant p moves
inward with time, consistent with outward radial diffusion driving the loss.
Such behavior is of course associated with the appearance of the outward
gradients with LL™! > 0 at lower L* at later times during the loss phase as
clearly demonstrated in Figure 3.7. Significantly, our analysis shows how the
energy dependence of the loss can be explained by only utilizing the outward

radial diffusion paradigm. The energy dependence of the loss is often used to
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Figure 3.7: Outward radial transport rate, L. Median superposed epoch
outward radial transport rates in units of L*/day with different first adiabatic
invariants, u, shown in different panels as a function of L* and superposed epoch.
All data present is calculated for the second adiabatic invariant K =0.1 RpG'/?
using T'syganenko and Sitnov (2005) magnetic field model. The mean L* value
of the last closed drift shell across all events is shown with the red line, the
black line and two gray lines show the median value and the lower and upper
quartiles respectively.
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argue in favor of plasma wave-particle scattering into the loss cone. However,
our results show that the energy dependence of the loss shown here can instead

be naturally explained by outward radial diffusion to a compressed LCDS.

3.3 Discussion and Conclusions

In this chapter, we assess the dynamics of Van Allen radiation belt losses
observed during magnetic storms in which the LCDS penetrated to relatively
low L* (L*<5.8). In contrast to some previous superposed epoch studies,
where the median flux loss ranged from a factor of 2 to 10 with respect to the
pre-storm levels, our results show that low LCDS-related losses can generate
much stronger losses and deplete the Van Allen belt electron fluxes by up to
two orders of magnitude, depending on energy and L*. For example, recent
results presented by Turner et al. (2019) show rapid losses happening over
a half-a-day period but with much smaller statistically averaged magnitudes,
their median electron flux at most only decreasing by an order of magnitude.
Similarly, results by Murphy et al. (2018) suggest that total radiation belt
content for the relativistic electron population (>0.5 MeV) decreases at most
by a factor of 4. This suggests that the classical approach of assessing losses
in storms selected using the storm-time disturbance index Dst (or its proxy
SYM-H) statistically underestimate the strength of extreme losses.

We show for the first time strong evidence for the repeatability and indeed
similarity and repeatability in the characteristics of rapid and strong radiation
belt dropouts during intense magnetopause shadowing events. The fractional
flux change with respect to the pre-storm levels during the loss is effectively
statistically almost identical across the assessed events, differing only with
energy and location and independent of pre-storm flux. The self-similarity
is confirmed by small deviations in individual storms from the superposed
epoch median fractional flux loss and quantified by studying the variability in
fractional loss using the quartiles of the observed distribution. Notably, the
pre-storm flux levels in the selected storms span approximately two or three

orders of magnitude, depending on energy. However, the observed fractional
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loss of flux is effectively almost the same (within a factor of approximately 3
between the quartiles) from storm to storm when the LCDS reaches low L*
(here using storms when the minimum LCDS is at L*<5.8). To our knowledge,
this is the only study to date that presents such self-similar behavior of the
radiation belt electron loss. The self-organisation and repeatability of the
loss we show here can be contrasted with previous descriptions of a relative
unpredictability of belt response and which is usually attributed to a delicate
balance between acceleration and loss processes (e.g., Reeves et al., 2003).
Instead, our results show that the magnitude of the losses is in fact rather
predictable and repeatable, once examined in terms of the LCDS location as
shown previously in four case studies by Olifer et al. (2018).

Moreover, we can also explain the dynamical evolution of losses in the
heart of the belt (L*<5) in terms of outward radial transport and particle loss
to the LCDS. Analysis of the PSD profiles reveals that the loss is associated
with monotonic gradients in PSD which get steeper with time, with losses
at high L* happening first across the L* range between 3 and 6, with more
intense losses happening for higher L* and . This result is equivalent to
that obtained for the electron flux, where a very clear structuring of the loss
intensity as a function of energy and L* also exists (c.f., Figure 3.4). The L*
dependence of the loss is caused by the strong power-law dependence of the
diffusion coefficients on L-shell (Brautigam and Albert, 2000; Ozeke et al., 2014;
Olifer et al., 2019), with an energy dependence developing as a result of the
radial transport rates in the radial diffusion model depending on the radial
PSD gradients at fixed first adiabatic invariants, and thus different energies at
fixed L*.

An important aspect of the observed dynamics is the preference for faster
losses to develop at higher ;. How can this be explained by outward radial
diffusion? The answer is that the impacts of the magnetopause shadowing are
experienced more quickly per unit time at higher p, as a result of the energy
dependence of the electron drift. Just inside the LCDS, higher p particles
have more interactions with the magnetopause per unit time, such that the

drift-averaged rate of loss per unit time is larger for higher p. As a result, the
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rate of inward propagation of the loss (equation (3.1)) develops a i dependence
(and an energy dependence at fixed L*) due to the faster evolving df/0L
at higher p at the outer boundary at the LCDS, even if the radial diffusion
coefficient, Dy, inside the LCDS is independent of energy at fixed L*. In other
words, the relevant time step for establishing a drift-averaged radial gradient
at the LCDS at the outer boundary of the belt, g—é L-—cps 18 the drift time
of the electrons and that is shorter for higher .

The resulting self-organization of radiation belt loss under the action of
radial diffusion from low L* to the LCDS acts across a wide range of energies
larger than ~0.3 MeV. However, this model may also be able to explain why
there is no apparent loss for the lower energies below ~0.3 MeV as well, except
in the L* regions which actually lie outside the LCDS. The drift time of such
particles, on relatively high L* close to the LCDS, is >1 hour; for example, a
150 keV electron at L =6 has a drift period of one hour. As shown in Figure 3.1,
although the LCDS penetrates to low L* below 5.8 in every storm included in
our statistics, it does not stay at low L* for very long. For example, around
75 % of the storms have the LCDS below L*=6 for <6 hours. For electron
energies with drift times on the order of this LCDS penetration timescale,

drift-arranged losses and hence the gradients of are quite likely

% ’u,L*:LCDS
to be smaller. The PSD profiles at these energies do not have enough time to
develop strong outward gradients in such cases at the LCDS. Therefore, the
outward radial diffusion losses for that population would be expected to be
rather slow. Moreover, the electron populations below 300 keV are known to
be rapidly replenished at the very beginning of the storm from new source
population available from the plasmasheet (e.g., Jaynes et al., 2015; Reeves
et al., 2016, and references therein). Such rapid recovery appears to be able to
overcome any losses developing at the LCDS. Thus, the only losses for those
particles would exist in the domain of direct magnetopause shadowing outside
the LCDS, and only at L* locations where the particle drift time allows the
entire drift shell to be emptied during the period of LCDS compression at the
magnetopause.

Interestingly, the observed self-similarity of the belt dynamics does not
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extend into the recovery and acceleration phase. At that time, flux increases as
it is partially or completely replenished, varying by orders of magnitude from
storm to storm. This suggests a strong variability of this phase that is being
controlled by the availability of the source population, as suggested for example
by Jaynes et al. (2015), as well as by the strength of the acceleration process
itself. Such behavior in the recovery phase is of course also similar to the results
presented by Reeves et al. (2003) where they suggest, based on geosynchronous
observations, that the recovery of the multi-MeV electron population is highly
sensitive to the storm conditions and can vary from storm to storm by orders
of magnitude. Additionally, the results we present in our Figure 3.3 nicely
agree with the results of Reeves et al. (2003) where they showed that the MeV
electron population usually recovers to levels with an equal probability of being
above or below pre-storm levels, depending on the storm.

Overall, our study demonstrates that once characterized in terms of the
dynamics of the last closed drift shell, the fast loss of Van Allen belt electrons
can not only be explained but also to a large degree predicted as a function of
energy and L*. The processes that are responsible for the loss of electrons can
be explained in terms of direct magnetopause shadowing at the LCDS, as well
as at lower L* due to radial diffusion to the compressed magnetopause. This
creates a self-organizing system that affects Van Allen belt electron losses in
exactly the same manner from storm to storm. The discovery reported here
that the fractional flux loss is essentially identical once LCDS dynamics are
examined represents a significant advance towards more accurate physics-based
radiation belt specification and forecast models. It promises a relatively simple
method of defining the electron population which remains at the end of the
loss phase in any storm since it appears that the extent of the loss of the
pre-storm population can be defined by a factor that depends on energy and
L* and which are connected clearly and repeatably to LCDS dynamics. All
radiation belt models consist of the superposition of processes that result in
the transport, acceleration, and loss of electrons within the simulation domain.
When losses are incorrectly specified in these models, errors will develop either

due to the transport and acceleration of phantom particles which should have
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been lost or due to an under-representation of flux levels of some populations
due to unrealistic extreme losses. Consequently, a more accurate specification
of the energy and L* dependent loss processes using approaches based on
the importance of the LCDS dynamics reported here offers an important
advance towards significantly improved radiation belt specification and forecast

capabilities.
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Chapter 4

A Tale of Two Radiation Belts:
The Energy-Dependence of

Self-Limiting Electron Space
Radiation

Based on Olifer et al. (2021b) A tale of two radiation belts: The
energy-dependence of self-limiting electron space radiation, Geo-
physical Research Letters, 48 (20), doi:10.1029/2021gl095779. The
paper was reformated to fit thesis formatting guidelines without

any changes to its content.

The flux of energetic electrons in the terrestrial Van Allen belts varies by orders
of magnitude during a magnetic storm. Here, we show how the dynamics of
these electrons are clearly separated by energy into two distinct populations
which are governed by different storm-time behavior. We reveal how self-limiting
processes, described theoretically by Kennel and Petschek (1966), govern the
energy-dependent dynamics of the electrons. For terrestrial magnetic storms,
accelerated electrons with energies below ~850 keV quickly reach a maximum
energy-dependent differential flux level which is almost the same in every storm.
Higher energy electrons typically do not reach a limiting flux and instead
are governed by the differential impacts of competing acceleration and loss
mechanisms. In general, electron fluxes saturate at the Kennel-Petschek limit
first at lower energies, impacting higher energies later in the storm. For the

most intense storms, the maximum energy at which the fluxes are capped can
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also increase.

4.1 Introduction

Despite renewed recent attention, how the physical processes that are active in
geospace combine to produce the observed dynamics of the Earth’s electron
radiation belts remains elusive (e.g., Li and Hudson, 2019; Millan and Thorne,
2007, and references therein). With increasing appreciation of disruptive or
even potentially catastrophic impacts of this space radiation on an ever growing
number of satellites (e.g., Baker et al., 1987; Baker, 2001; Reeves, 2007), the
research area is also one of increasing societal importance. The NASA Van Allen
Probes mission (Fox and Burch, 2014) has provided a unique long-duration data
set of unprecedented fidelity with which to probe the elusive processes which
control the harshness of this space environment. Here, we statistically show
for the first time how self-limiting processes appear to couple the acceleration
and loss of a vast portion of the electron population trapped around the Earth,
thus generating a remarkable natural limit for electron space radiation.
Specifically, in this letter we show that acceleration and loss associated with
chorus wave-particle interactions are strongly coupled in the way theoretically
predicted by Kennel and Petschek (1966) more than 50 years ago. At lower
energies, ~50-850 keV, the Kennel-Petschek process generates a natural limit
to the maximum electron flux in every geomagnetic storm investigated here.
Meanwhile, higher energy electrons (>~850 keV) remain relatively unaffected
by the Kennel-Petschek (KP) limit and instead reach varying levels of flux as a
result of the differing but often delicate balance between acceleration and loss.
The results of this letter clearly show that any experimental or modeling study
of the radiation belt dynamics should be performed within the framework of

the Kennel-Petschek theory.
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4.2 Overview of the Superposed Epoch Anal-
ysis

We analyze 70 isolated storms with at least moderate geomagnetic activity
(Dst< —50 nT) over the course of the entire Van Allen Probes era. The list
of events used in this study is presented in Appendix A. The selected storms
contain a single decrease of Dst< —50 n'T' over the course of a six-day interval.
Such selection allows us to investigate the dynamics of the radiation belt during
a typical magnetic storm, whilst removing any impacts in the superposition
which arise from compound events. A superposed epoch analysis of the solar
wind parameters, resulting Dst index, and the location of last closed drift shell
(LCDS) aligned by minimum Dst in each storm are shown in Figure 4.1a-e.
Figure 4.1f-h presents the median response of the superposed epoch flux of
the relativistic radiation belt electrons as a function of energy, L* (Roederer,
1970), and superposed epoch again aligned by minimum Dst. Figure 4.1f reveals
distinctly different electron dynamics at higher and lower energy at a fixed
L*=4.25. The lower energy electrons (E <~ 850 keV) are quickly accelerated
after epoch time zero, rapidly reaching median flux levels almost two orders of
magnitude larger than the pre-storm conditions. The higher energy electrons
(E >~ 850 keV) are instead rapidly lost from the radiation belt prior to their
subsequent recovery to pre-storm levels. Figure 4.1g.h confirm this assessment,
and show rapid acceleration of the lower energy population occurs across a
wide range of L* encapsulating the entire outer belt; meanwhile, the loss of
the higher energy population is confined to regions above L*=3.5. These
dropouts are commonly associated with the magnetopause shadowing losses
(e.g., Turner et al., 2012; Turner and Ukhorskiy, 2020; Xiang et al., 2017, 2018;
Olifer et al., 2018). A similar median radiation belt response was revealed in
prior superposed epoch studies. For example, Turner et al. (2015); Bingham
et al. (2018); Turner et al. (2019) showed a similar rapid energization of the
lower energetic electrons at the beginning of the storm, and the presence of the
dropouts prior to recovery for the higher energy particles — results similar to

those reported by Li et al. (2015) for electrons with energies >1 MeV. These
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Figure 4.1: Superposed epoch solar wind conditions, geomagnetic indecies,
and radiation belt response during the selected events. a solar wind speed; b
dynamic pressure; ¢ southward component of the interplanetary magnetic field
(IMF); d geomagnetic storm-time disturbance index (Dst); e L* of the last
closed drift shell (LCDS). Each of these panels shows the mean (red), median
(black), and lower and upper quartiles (gray). Superposed epoch f median
differential electron flux as a function of energy at L*= 4.25 for a 90° local pitch
angle. g, h median electron flux as a function of L* at fixed energies of 168 keV
and 1800 keV, respectively. Magnetic Electron-lon Spectrometer (MagEILS)
(Blake et al., 2013) and Relativistic Electron-Proton Telescope (REPT) (Baker
et al., 2012) data are combined in panels f-h. Dotted lines in panels f-h
correspond to the constant L* and energies from other panels f-h.
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losses have also been associated with an effective “hard reset” of the relativistic
electrons in the outer belt, from which the characteristics of a newly accelerated
population can be studied ( Turner et al., 2014). Reeves et al. (2016) also discuss
similar energy-dependent belt dynamics. Notably, Murphy et al. (2018) showed
using total radiation belt electron content that the lower energy populations
show smaller losses and more intense acceleration, meanwhile the higher energy

populations tend to exhibit much larger loss prior to their recovery.

4.3 Investigating Variability of the Electron
Fluxes

The superposed epoch analysis also allows a statistical quantification of the
variability of the electron fluxes and their dynamics. Figure 4.2 shows the results
from this analysis in terms of the median electron fluxes at different energies,
locations, and epochs at fixed local 90° pitch angle. The upper and lower
quartiles of flux (plotted as error bars) also quantify the level of variability of
the electron flux from one storm to the next. Figure 4.2a and Figure 4.2b show
that the lower energy electrons are accelerated immediately at the beginning
of the recovery phase of the storm, meanwhile, those at higher energies are
lost prior to their recovery (c.f., Figure 4.1f-h). Interestingly, the variability
of the measured electron flux, as demonstrated by the error bars, shows
distinctly different behavior based on energy. At lower energies, the variability
drops drastically from about two orders of magnitude to approximately only a
factor of two by epoch time zero and later. Meanwhile, the variability of the
higher energy electron flux remains at the same level, spanning approximately
two orders of magnitude during the entire storm. Note that this is not an
instrumental effect since the flux remains below the level of saturation (see e.g.,
Figure 5 of Blake et al. (2013) and Figure 2 of Baker et al. (2012)). Notably,
the low variability of the seed electron fluxes during the acceleration phase was
noted by Murphy et al. (2018) and Turner et al. (2019). However, the observed
effects were not interpreted in the context of the KP limiting process.

This suggests that at lower energies the processes of acceleration and loss
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Figure 4.2: Superposed epoch a-b electron flux at L*=4.25 and local 90°
pitch angle for two energy channels; c-e electron energy spectra at three fixed
epoch times at L*=4.25 and 90° pitch angle; f-g electron flux L* profiles
for two fixed energies at epoch time 0.2 days. Diamond markers represent
fixed superposed epoch times, energies (168 keV in magenta, 1800 keV in red),
and locations used in other panels; median flux is shown with a solid circle,
with error bars spanning the flux between the upper and lower quartiles. The
median Kennel-Petschek (KP) limit is shown with a red line, with its variability
(upper-to-lower quartile) represented as a red shaded region. The blue shaded

region represents the original factor of 3 uncertainty assumed by Kennel and
Petschek (1966).
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conspire to produce an almost identical flux, and therefore electron radiation
severity at this energy, in the Van Allen belt in every storm! This observed
behavior is similar to that predicted by the theoretical model advanced by
Kennel and Petschek (1966). According to the Kennel-Petschek (KP) theory,
once the electron flux reaches a certain threshold, the electron radiation is
capped at a maximum flux level. At this flux level, the particle losses arising
from scattering into the atmosphere due to interactions with self-generated
chorus waves self-limit any further increases in flux. Figure 4.2a-b show the
calculated median KP limiting differential flux in red as well as its upper
and lower quartiles and model uncertainty. The flux value at the KP limit
is determined using the algorithm developed by Mauk and Fox (2010) which
allows the calculation of the KP limit for a fit to an observed differential energy
spectrum (Mauk, 2021). This is calculated individually for each storm, and the
median and quartiles characterising the variability of the modelled limiting flux
level are shown in Figure 4.2. Remarkably, Figure 4.2 shows that the variability
of the observed electron flux level from event to event at lower energies drops
drastically at the same time as the observed median flux reaches the modelled
KP limit, within model uncertainty. Meanwhile, the higher energy electrons
remain orders of magnitude below the theoretical KP limit with no apparent
changes to the statistical variability of the flux from event to event.

Figure 4.2c-e reveal that the variability of the measured fluxes in different
events is very small once the fluxes reach the KP limit. At epoch time 0.2 days,
this applies to energies below ~200 keV (Figure 4.2d); by epoch time 2 days
at the end of the acceleration phase this behavior has expanded in energy to
reach approximately 500-900 keV (Figure 4.2e). Note that we more accurately
determine the domain of influence of the KP limit in the next section. The
radial L* profiles of the electron flux (Figure 4.2f, g) at epoch time 0.2 days
further show that the flux of the 168 keV population is at the KP limit within
model uncertainty above L* of 4. Through the storm, the higher energy (e.g.,
1800 keV) electron flux remains well below the KP limit, and its variability
remains high (large error bars) across the whole of the outer zone.

Notably, the calculation of the KP limit for the differential flux of relativistic
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and non-relativistic electrons, developed by Mauk and Fox (2010), assumes
that the saturated pitch angle distribution can be fitted to a sin®? (o) function,
where « is the pitch angle and S is an anisotropy parameter. For the purposes
of this study, similar to the approach adopted by Mauk and Fox (2010), we
assume that a value of S = 0.3 is appropriate at the KP limit. Figure 4.3
shows the superposed epoch evolution of the flux at four energies, and the
related anisotropy parameter and full pitch angle distributions derived from
Van Allen Probe data at fixed L*= 4.25. The middle panel of Figure 4.3 shows
a rapid increase of the anisotropy parameter S during the acceleration phase
after superposed epoch zero. However, electrons with low energies (e.g, electron
energies of 168 keV and 354 keV in the first two rows of Figure 4.3), that
exhibit a decrease in absolute flux variability as they approach the KP flux limit
(Figure 4.3 left column), contemporaneously develop pitch angle distributions
that demonstrate a decrease in S that asymptotically approaches S=0.3 after
the 90° pitch angle flux reaches the KP limit. Meanwhile, the pitch angle
anisotropy parameter for higher energies (e.g., 1800 keV in Figure 4.3 bottom
row) remains well above the value of 0.3. It is also evident from the temporal
evolution of the pitch angle distribution in the right column of Figure 4.3, that
the broadening of the pitch angle spectra during the acceleration phase only
occurs at lower energies. Such behavior is consistent with the self-limiting KP
theory and also shows that while the low energy 90° pitch angle particles reach
the KP limit within hours from the start of the recovery phase, off-equatorial
pitch angles at the same energies take anywhere between half a day to two
days to fully saturate at the KP limit. Higher energies, however, are associated

with longer isotropisation timescales.

4.4 Determining the Energy and Spatial Do-
mains of Kennel-Petschek Influence

In Figure 4.4c we graphically illustrate the overall impact of the KP limit
on storm-time energy-dependent belt dynamics by calculating the Pearson

correlation coefficient between the difference between the theoretical KP limit
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Figure 4.3: (left column) Superposed epoch electron flux at L*=4.25 and 90°
pitch angle with the corresponding KP limit in the same format as Figure 4.2a-
b. (middle column) Superposed epoch anisotropy parameter S for the data
shown in the left column, black dots represent median values and the error bars
represent the interquartile range; the horizontal red line corresponds to the
theoretical S=0.3 value assumed for the KP limit calculation. (right column)
Superposed epoch pitch angle distributions normalized to the 90° flux, again
at L*=4.25 for the same events as in the left and middle columns. All four
rows show data for four different fixed energy channels.
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and the median flux level (shown in Figure 4.4a) and the variability of the
measured fluxes calculated as the distance between the upper and lower quartiles
of the distribution (shown in Figure 4.4b). This provides a metric to graphically
distinguish between the electrons which are strongly affected by the KP limit,
associated with low variability, and those which are not. A strong negative
correlation symbolizes that the variability decreases as the flux level gets closer
to the theoretical maximum level at the KP limit. Figure 4.4c¢ shows that
the energies below ~850 keV show a very strong negative correlation, with
a correlation coefficient of < —0.8, indicating regions where the KP limit
drastically affects radiation belt dynamics. The higher energies are instead
characterized by a weaker or positive correlation, which represents increases in
the median flux values with increases in the flux variability from event to event,
thus creating a distinctly different radiation belt response to that observed
for the lower energy electrons. This higher energy behavior may be expected
due to the high variability of this population from storm to storm, relating
to a differential and sometimes delicate balance between acceleration and loss
(Reeves et al., 2003; Turner et al., 2019).

Interestingly, Figure 4.4a (see also left column of Figure 4.3) also shows
clearly the energy dependence of the time evolution of the median electron
fluxes through the course of a storm. Around epoch day 1, the lower energy
fluxes at ~100 keV are already decreasing from their saturation at the KP
limit, while higher energies for example around 1 MeV continue to increase. As
discussed by Bortnik and Thorne (2007) (see also Summers et al., 2002; Horne
et al., 2005) this can create an “anchor point” at energies around 500 keV
above which electron fluxes are increasing and below which the fluxes are
decreasing. According to these authors, this “anchor point” in energy can be
interpreted in terms of the separation between the point below which chorus
wave-particle interactions dominantly scatter particles into the atmosphere,
and above which they accelerate electrons. The results we report here, and as
shown in Figure 4.4a, are consistent with these prior observations. However, our
analysis reveals more details about energy-dependent radiation belt dynamics

within which the Kennel-Petschek limit is crucial. At lower energies, the
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electrons are very rapidly capped at the KP limit, preventing further increases,
whilst at higher energies the acceleration takes much longer. At the highest
energies, however, the fluxes do not have time to reach the KP limit during a
storm with a typical duration as seen clearly in Figure 4.2c-e. A significant
aspect of this behavior is that particles across a range of energies are inferred
to be involved in the generation of chorus waves, involving an energy cascade
where electrons with lower energies hit the KP limit first.

It is important to note that the separation between these two different
morphological responses of the radiation belt at energies of around 850 keV, as
reported here, applies to a typical terrestrial magnetic storm. However, during
the most intense and long-lasting storms the KP limit can be reached, but still
not exceeded, at somewhat higher energies. This is true both for the results
presented by Mauk and Fox (2010) during the CRRES era, as well as for the
Van Allen Probes era (see Chapter 5 for details). In particular, Mauk and Fox
(2010) showed that during a “superstorm” event on October 9, 1990, the KP
limit was reached by electrons with energies upto around 1 MeV. These results
are consistent with those reported by Zhang et al. (2021) where they show that
the historic maximum flux reached by a 1 MeV electron population during the
Van Allen Probes era is consistent with earlier estimations of the KP limit by
Summers and Shi (2014).

Figure 4.5 extends the Pearson correlation coefficient analysis to different
L* values, and shows that electrons with energies below ~850 keV and L*
values between ~3.5 and ~5.5 show a strong negative correlation (below —0.8),
thus revealing a strong influence from the KP self-limiting processes. Such
a separation of the radiation belt electron response in terms of energy was
hypothesized by Schulz and Davidson (1988), and is consistent with the earlier
analysis of a single event by Davidson et al. (1988); Mauk and Fox (2010).
Notably, the L* domain associated with the influence of the KP limit (L*
between ~3.5 and ~5.5) is also commonly quoted as the statistical range of
observed chorus wave activity and inferred local acceleration (e.g., Shprits
et al., 2008a; Allison and Shprits, 2020, respectively). For the benefit of the

reader, we also present additional plots in the same format as those shown in

68



Flux normalized to Kennel-Petschek limit Electron flux quartile ratio
1073 3 10 30

1 100 Pearson correlation
L coefficient
®
L]
L]
L]
i L3
1 | ‘IJ I LX)

> ] ] (]
M I ‘hl | ¢ Afffected
é 1 : by KP limit
@ .
=
w ' °

L]

L]

L]

L]

L]

| | L]
-2 -1 0 1 2 -2 -1 0 1 2 NI o .0
Superposed Epoch, days Superposed Epoch, days I o S > x>

Figure 4.4: Superposed epoch a median electron energy spectrum at L*=4.25
normalized to the respective Kennel-Petschek (KP) limit. The larger the value
of this ratio, the closer the median flux to the KP limit. b, ratio of the upper to
lower quartile flux, small values representing low electron flux variability from
event to event. c, temporal Pearson correlation coefficient between the data
in panels a and b. Large magnitude negative correlations indicate a strong
influence from the KP limit. See text for details.

this chapter but for the full range of the energies, L* locations, and superposed
epoch times at the supplementary material web site
http://www.spacephysics.ca/olifer_etal 2021 _grl/. This allows the reader
to investigate the impact of the KP limit on the electron dynamics through an
intuitive user interface by selecting from thousands of additional graphs that

further validate the overall results presented here.

4.5 Conclusions

In summary, this research reveals how the relativistic electrons show drastically
different dynamics in the outer Van Allen radiation belt depending on their
energies and location. In particular, and for typical storms, we show how the
theoretical Kennel and Petschek (1966) limit rapidly controls the dynamics of
the electron populations with energies below ~850 keV between L* values of
~3.5 and ~5.5. Remarkably, this generates a natural limit to the maximum
flux level, and quickly caps it at that level, preventing any further increases in
flux in almost every storm. Meanwhile, the electrons with higher energy do
not show such behavior and in general remain unaffected by the KP limit. For

the most intense and long-lasting storms, the maximum energy at which the
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Figure 4.5: Pearson correlation coefficient between the variability of the mea-
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fluxes are capped by the Kennel and Petschek (1966) process can also increase.
Nonetheless, the belt response remains divided into two populations separated
by energy, lower energies having a flux capped at the KP limit.

It is interesting to consider whether there is a causal relationship between
the region of influence of the KP limit shown in Figure 4.5 and the action of
local acceleration through wave-particle interactions with lower band chorus
waves (e.g., Reeves et al., 2013). However, the fact that chorus waves are
excited once the flux reaches the Kennel-Petschek limit does not necessarily
imply that chorus waves droves the fluxes up to the KP limit in the first place.
In our view, the action of the KP process in limiting and capping the relativistic
electron flux is likely agnostic to the process or processes which accelerated
the relativistic electron population to that limit in any particular storm in
the first place. Nonetheless, once the fluxes reach the KP limit in any energy
channel the action of self-organized excitation of chorus waves appears to act
to prevent any further increase of fluxes beyond this theoretical maximum in
that channel.

Overall, the results of this letter show that it is crucial to assess the
influence of the flux-limiting KP process when studying storm-time radiation
belt dynamics. For example, by ensuring that the effects of KP limiting
processes are included in simulation models and/or acknowledging the possible
impacts of related chorus wave generation in analyses of in-situ plasma waves
during magnetic storms. Indeed, in terms of the severity of energetic electron
flux, it really could either be the best of times, or the worst of times, depending

on the electron energy and the influence of the Kennel-Petschek limit.
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Chapter 5

A Natural Limit to the Spectral
Hardness of Worst-Case

Electron Radiation in the
Terrestrial Van Allen Belt

Based on Olifer et al. (2022a) A natural limit to the spec-
tral hardness of worst-case electron radiation in the terrestrial
Van Allen belt, Journal of Geophysical Research: Space Physics,
d0i:10.1029/2022JA030506. The paper was reformated to fit thesis
formatting guidelines without any changes to its content.

The flux of relativistic electrons in the terrestrial Van Allen radiation belt
can vary by orders of magnitude during a geomagnetic storm. The response
is typically assumed to be controlled by an often delicate balance between
acceleration and loss processes. Here we analyze all 133 magnetic storms
from the NASA Van Allen Probes era. We show how the belts demonstrate a
repeatable response which limits not only the worst case flux, but also controls
and delivers a limit to the severity of the spectral hardness, consistent with the
theory of Kennel and Petschek first developed over 50 years ago. When this
theory is extended to relativistic energies, the observed electron flux is seen to
reach a naturally limited worst case with a clear energy dependence. Here we
show how the Kennel-Petschek theory can explain the evolution and hardening
of the electron spectrum during geomagnetic storms. It also introduces an

energy-dependent maximum flux limit. This limit is never reached during the
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Van Allen Probes era at energies above 2.6 MeV, meanwhile, it is reached within
hours at lower energies (~100 keV) in almost every storm. No current radiation
belt models include this effect; without it, they cannot accurately predict the
consequent radiation dynamics. Overall, our results demonstrate how this
creates a remarkable absolute natural limit to both the spectral hardness and

the severity of extreme electron space radiation.

5.1 Introduction

Ever since the discovery of the Van Allen radiation belts around the Earth
(Van Allen and Frank, 1959), understanding the acceleration and loss processes
which are responsible for their complex dynamics, and examining the related
radiation hazards, has remained an active and high priority area of research
(e.g., Baker et al., 1987, 1994; Baker, 2001). From the point of view of radiation
impacts on satellite electronics, assessing the worst case fluxes, spectra, and
fluence remains of significant interest (e.g., O’Brien et al., 2007; Horne et al.,
2018, and references therein). In terms of developing a physical understanding
of the processes which shape the electron radiation belts, assessing not only
which processes are dominant under specific solar wind driving, but also how
they are coupled under extreme conditions, is crucial. Typical radiation belt
modeling assumes that the resulting electron fluxes are determined by an often
delicate balance between acceleration and loss processes (Reeves et al., 2003).
However, over 50 years ago, Kennel and Petschek (1966) proposed a theory
that suggested that the maximum energetic electron flux might be limited by
a self-organized process triggered inside the belts.

The fundamental concept advanced by Kennel and Petschek (1966) was
that the number of trapped energetic electrons could be capped as a result of
the balance which occurs due to the relationship between the growth rate of
chorus waves, driven by the pitch angle anisotropy of the energetic electron
populations, and the resulting pitch angle scattering which such waves also
introduce. Since the wave growth rates increase with increases in electron flux,

whilst at the same time increasing the rates of pitch angle diffusion towards
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the loss cone, eventually there is a natural limit. At a limiting flux level, which
is also commonly referred to as the Kennel-Petschek limit, these processes
balance such that any further increases in flux result in additional atmospheric
losses. This balance naturally generates not only a capped equatorial flux
but also produces an equilibrium with a characteristic asymptotic pitch angle
distribution where the rate of transport into the loss cone matches the rate at
which new flux is added. We refer the reader to the original paper by Kennel
and Petschek (1966) for more details.

Overall, therefore, according to the Kennel-Petschek (KP) theory the pre-
cipitation loss rates are explicitly connected to levels of the electron flux. Such
that, when equatorial flux reaches a maximum level, strong electron cyclotron
plasma wave growth would trigger fast scattering in pitch angle. Current
studies suggest that fast pitch angle diffusion can occur on timescales as short
as the order of 1-hour (e.g., Thorne et al., 2010; Claudepierre et al., 2020). This
self-organized process would act to limit any further increases in equatorial
flux since these would be counter-balanced by the atmospheric losses arising
from pitch angle scattering into the loss cone. The Kennel and Petschek (1966)
theory was reformulated in terms of differential flux by Schulz and Davidson
(1988) and extended up to relativistic by energies by Summers et al. (2009).
Importantly, the original formulation of the KP theory in terms of the integral
flux postulated the limiting of the electron population predominantly for elec-
trons with energies ~10s keV. However, later studies by Schulz and Davidson
(1988), Davidson et al. (1988), and Mauk and Fox (2010)examining differential
electron flux presented evidence from case studies that higher energy electrons
up to ~1 MeV may also be limited by the KP processes. However, this only
occurs when the fluxes at those higher energies are large enough to activate the
self-limiting KP process. In part due to the lack of appropriate observational
data, relatively little attention has been given to assessing broader applicability
and impact of this theory and it has remained largely untested. As a result, no
current radiation belt models include such self-limiting effects. In this chapter,
we clearly show how the KP process dynamically controls the hardening of the

electron flux spectrum up to relativistic energies. In case studies presented
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here, we show that this extends up to populations with energies of 2.6 MeV
during the Van Allen Probes era.

A recent superposed epoch study by Olifer et al. (2021b) has shown that
electrons with energies below ~850 keV are strongly affected by the presence of
the Kennel-Petschek limit during geomagnetic storms. The results from Olifer
et al. (2021b) showed that lower energy electron populations quickly reach
the Kennel-Petschek limit during the main phase of the storm, with higher
energy electrons successively hitting the KP limit at later times. However,
these authors also emphasized that the effects of the Kennel-Petschek limit
could also be observed at higher energies during the storms exhibiting the most
intense electron acceleration. A more detailed investigation of the impacts
of the Kennel-Petschek limit on the dynamics of electrons at relativistic and
strongly relativistic energies is the main focus of this chapter.

In this study, we use data from magnetic storms from the entire NASA Van
Allen Probes mission (Mauk et al., 2012; Spence et al., 2013) to demonstrate
clearly and conclusively that the Kennel-Petschek limit not only creates a
natural limit to electron radiation flux in the Van Allen belts, but largely
controls the energy and time dependence of the worst case fluxes as well.
We reveal how this controls the dynamical evolution of the energy-dependent
electron flux and, in particular, controls the evolution of the knee in the electron
energy spectrum. We further show that lower energy fluxes (~10s-100s keV)
rapidly reach the Kennel-Petschek limit early during a storm, with slower
acceleration at higher energies producing an increasingly hard spectrum. For
the most extreme space storms, this can extend in energy up to relativistic
energies, whose maximum flux and energy spectral gradient are capped, in
remarkable agreement with the Kennel-Petschek theory. For example, and as
we show here, the worst case flux for relativistic electrons with energies below

2.6 MeV is capped to a maximum at the Kennel-Petschek limit.
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5.2 Data and Methodology

In this study, we analyzed the differential flux from all of the magnetic storms
observed during the Van Allen Probes era since their launch in 2012 until the end
of their operations in 2019, encapsulating a large portion of the solar cycle 24. In
particular, we use the Van Allen Probes differential directional electron flux data
provided by the Energetic Particle, Composition, and Thermal Plasma (RBSP-
ECT) investigation team (Spence et al., 2013), from the Magnetic Electron-Ion
Spectrometer (MagEIS) (Blake et al., 2013) and Relativistic Electron-Proton
Telescope (REPT) (Baker et al., 2012) instruments. We focus on examining the
maximum electron fluxes observed during storms. We begin by illustrating the
impacts of the relativistic Kennel-Petschek limit by presenting an analysis of
electron flux from six of the largest events from this epoch. The first five storms
chosen are those with the largest enhancements in 2.6 MeV energy electron
flux as measured by the Van Allen Probes from September 2012 until January
2019. The sixth storm we present is the widely studied October 2012 storm
whose dynamics were presented in detail for example by Reeves et al. (2013). In
addition to these five strongest 2.6 MeV electron flux events, the October 2012
storm nicely further illustrates the impacts of the Kennel-Petschek limit during
an event with a comparatively rapid and intense ultra-relativistic (>2 MeV)
electron flux enhancement.

A crucial element of this analysis is an estimate of the limiting electron
flux which is predicted by the self-limiting processes described by Kennel
and Petschek (1966). As outlined above, the principle of the KP limit relies
on the self-limiting balance between chorus wave growth and resulting pitch
angle transport into the loss cone. Enhancements in electron flux and pitch
angle anisotropy drive chorus waves which themselves affect the pitch angle
distribution. At the KP limit these processes become balanced, such that wave
growth is so strong that the resulting wave-particle interactions result in the
fast transport of electrons into the atmosphere and which prevent any further
increases in flux. At the KP limit, the result is that flux is capped and the

pitch angle distributions are partially isotropised to also reach an asymptotic
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state.
In this chapter, we use a technique developed by Mauk and Fox (2010) for
estimating the KP limit which incorporates the relativistic corrections from
Summers et al. (2009) and the reformulation of the of the original KP theory
in terms of the differential flux from Schulz and Davidson (1988). Unlike
the original Kennel-Petscheck theory formulation in terms of the intergral
flux by Kennel and Petschek (1966), Mauk and Foz (2010) approach enables
investigation of differential characteristics of the limit as a function of minimum
resonant energy and consistent with modern satellite measurements. In line
with the original KP paper, Mauk and Fox (2010) state that the Kennel-
Petschek limit for electrons is defined as the electron flux level at which the
overall chorus wave amplitude is sustained as the result of ongoing wave growth,
including amplitude losses due to wave propagation along the field line. Partial
reflection from the ionosphere and additional growth of the reflected wave in
the equatorial region are used in the KP theory to establish this asymptotic
limit. Mathematically, this can be described using a condition G - R = 1, where
(G is a net gain of whistler wave amplitudes as the waves pass through the
magnetic equator and R is the ionospheric reflection coefficient. Typically, R
is assumed to be ~ 5%, the value of which we also use in our study. Here we
follow the derivation presented by Mauk and For (2010), such that the above
condition can be rewritten as equation (5.1), where v is the temporal growth
rate and V} is the chorus wave group speed.
Vo(w)  3Vs(w)

E :1 J ~ .

In equation (5.1) the wave growth rate, which depends on the differential

(5.1)

electron flux J(E, «), is related to the group speed which itself depends on the
wave frequency w. The KP limit is obtained when equation (5.1) is satisfied
for the flux at energy, F, and for the group speed where waves with frequency
w are resonant with electrons at energy F.

In this chapter, we determine the chorus growth rate using the expressions as

provided in Mauk and Fox (2010) and which were first introduced by Summers
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et al. (2009) in a modified form of the expressions derived by Xiao et al. (1998).
It also is important to note that although there are uncertainties in the exact
value of R, the resulting limiting flux is only weakly dependent on R, since it
depends on the logarithm of 1/R. The calculation of temporal growth rate
and the group speed V; in this chapter, the equatorial magnetic field strength
is taken from the Tsyganenko and Sitnov (2005) storm-time magnetic field
model, and the electron number density is taken from the Sheeley et al. (2001)
empirical model.

Notably, the wave growth rate v depends on the anisotropy of the pitch
angle distribution. In their paper, Mauk and Fozr (2010) used observations of
the electron pitch angle distributions during strong geomagnetic storms to pick
the value of the anisotropy parameter S (related to the pitch angle distribution
shape sin® o). While their analysis showed that the values of S may range
from 0.25 during super storms to 0.4 during storms, Mauk and Fox (2010)
rounded up from S = 0.25 to take a value of S = 0.3 as an estimated anisotropy
parameter of the pitch angle distribution when the electron fluxes reach the
KP limit. In this chapter, we also use the value of S = 0.3 for calculating the
limiting flux values to be consistent with the Mauk and Foxr (2010) approach,
an assumption which we assess in section 5.3.2 of this chapter.

As described by Summers et al. (2009) a self-consistent model that involves
the generation of the chorus waves in the magnetosphere and their interaction
with electrons of different energies is required in order to properly assess the
energy spectrum and pitch angle distribution at the KP limit. It is possible
that this approach would yield a more accurate energy-dependent anisotropy
parameter, one that better describes the shape of the pitch angle distribution at
the KP limit. As noted by Summers et al. (2009), it may also be appropriate to
incorporate oblique wave propagation and and non-linear effects. Nonetheless,
progress can be made with approximations. Here we use the Mauk and Fox
(2010) approach to calculating the KP limit and which involves fitting the
observed electron energy spectrum with a kappa distribution, as shown in
equation (5.2), and integrating it in momentum coordinates to obtain an

estimate of the liming differential flux.

78
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1+ (E/Ey)™ ’

where the numerator represents an assumed empirical kappa distribution (a

J=C (5.2)

Maxwellian core with a power law tail) for a collisionless plasma and the
denominator adds the additional power law tail that is present in the observed
spectra for ultra-relativistic populations. E is the electron kinetic energy and
C, kT, v1, 7, and Ey are fitting parameters which characterise the differential
flux, J. In this approach, kT is a characteristic electron temperature of the
Maxwellian core in electron-volts. The fitting is performed using numerical
techniques present in the scipy package for python. The full Mathematica
code that performs this calculation, which was used in our study, is publicly
available at Mauk (2021). We refer the reader to the original Mauk and Fox
(2010) paper (their chapter 6) and Chapter 2 of this thesis for a more detailed
description of the approach used to derive the KP-limited differential flux.
To verify the broad applicability of the Kennel-Petscheck theory to storms
throughout the Van Allen Probes era, we also present a statistical analysis
of the maximum electron fluxes reached in all of the 133 geomagnetic storms
with Dst<-30 nT to further demonstrate the importance and impact of the
Kennel-Petschek limit on electron radiation trapped in the terrestrial Van Allen

belts.

5.3 Results

5.3.1 Energy-dependant flux limit during intense storms

Figure 5.1 shows the 2.6 MeV energy differential electron flux at local 90° pitch
angle for the three storms with the largest flux in this channel during the Van
Allen Probes era. The color plot on the background of each panel shows the
radiation belt differential flux response as a function of time and L*. Here,
L* is the generalized (Roederer, 1970) L-shell parameter and approximates an
equivalent radial distance of a symmetric electron drift path in Earth radii. For
the purposes of this study, we use the T'syganenko and Sitnov (2005) magnetic

field model for calculating the L* at local 90° pitch angle to account for the
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storm-time dynamics of the magnetosphere. The behaviour of the electron
flux is seen to be very similar for each of these storms. The quiet pre-storm
period is followed by loss during the main phase and a subsequent intense
enhancement of the differential flux above pre-storm levels. A line plot of the
magnitude of electron differential flux in the 2.6 MeV energy channel in the
heart of the outer radiation belt at L*=4.25, and whose magnitude is shown on
the right axis of Figure 5.1, provides a quantification of these flux dynamics for
the benefit of the reader. Four characteristic times during the course of each
storm are selected for flux comparisons against the relativistic Kennel-Petschek
limit. In particular, “Pre-storm” marks conditions before the storm where no
enhancement or loss has yet occurred. “Start” marks the beginning of the
relativistic electron enhancement, as determined by the first time the differential
flux at L*=4.25 in the 2.6 MeV channel is increased. “End” designates the
time when the maximum flux during the event in this channel is reached.
“Middle” designates the time when the flux level is half-way-through “Start”
and “End” levels on the logarithmic scale. The times of these comparisons are
marked with vertical lines in each panel. At each of these times we show the
measured energy spectra and corresponding relativistic Kennel-Petschek limit
in Figure 5.2.

Figure 5.2 shows the evolution of the electron energy spectra for the three
geomagnetic storms with the largest 2.6 MeV electron flux during the Van Allen
Probes mission. During the pre-storm interval (Figure 5.2a-c; top row) the
measured flux across all energy channels stays well-below the Kennel-Petschek
limit as expected. However, as soon as the acceleration and flux recovery
starts after the period of storm main phase losses (Figure 5.2d-f; second row)
the flux at the lower energies immediately and quickly rises to reach but not
exceed the Kennel-Petschek limit, within the factor of 3 uncertainty. At higher
energies, the fluxes increase such that the highest energies reach the Kennel-
Petschek limit later in the storm. This produces a dynamical evolution of
the differential energy spectra such that there is a characteristic knee in the
spectra at the highest energy which has reached the Kennel-Petschek limit at

that time (Figure 5.2g-i; third row). The flux at energies below the knee all
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Figure 5.1: 2.6 MeV differential electron flux for local 90° pitch angle during the
three geomagnetic storm events with the largest flux reached during the Van
Allen Probes era: a, the October 24-31, 2016 geomagnetic storm, b, the March
16-23, 2015 storm, ¢, April 19-26, 2017 storm. Each panel shows the color plot
of the measured differential flux as a function of time and L*, meanwhile, a
white scatter plot shows electron flux in units of cm=2s tsr~lkeV ! at L*=4.25

(right axis).

follow and are capped at the Kennel-Petschek limit, whilst the flux at energies

above the knee has a steeper spectral slope and lies below the Kennel-Petschek

limit. Depending on the intensity and duration of the storm, and the speed
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Figure 5.2: Electron flux energy spectra and Kennel-Petschek limits during three
geomagnetic storms with intense enhancement of 2.6 MeV electron population.
Each column shows one of the storms from Figure 5.1, at the characteristic
time (Pre-Storm, Start, Middle, and End) shown in each row. The black scatter
plot shows the electron flux measurements, the blue line shows a fit of the
relativistic kappa distribution to the spectra. The red line shows the calculated
Kennel-Petschek limit and the blue shaded region shows the factor of 3 of

uncertainty of the Kennel-Petchek limit (Kennel and Petschek, 1966).
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of acceleration, the energy where the knee occurs can be higher or lower at
any given time during the storm — but during the active acceleration phase
the knee moves along the Kennel-Petschek limit towards higher and higher
energies with time. Previous results by Foz et al. (2006) and Mauk and Fox
(2010) associated a spectral knee with the Kennel-Petschek limit but did not
assess any related dynamics. However, as we show here for the first time, the
Kennel-Petschek limit also strongly controls the dynamical evolution of the
storm time relativistic electron spectra in an elegant and repeatable manner.
Indeed, the spectral shape and the spectral slope evolve in a very characteristic
way through the course of the storm.

This result clearly demonstrates, using the examples from the three most
severe electron radiation storms in the Van Allen Probes era, that even during
the most intense enhancements of the electron population the relativistic
particles stay either exactly at the Kennel-Petschek limit or remain below it.
The limit is not exceeded. It starts with lower energies reaching the limit first,
with higher energies following later. This gradual pressing of the differential
flux towards the Kennel-Petschek limit explains the spectral knee, and indeed
its temporal evolution towards higher energies during a storm.

Interestingly, and although we have used the shape of the individual storm
electron energy spectra to calculate the relativistic Kennel-Petschek limit at
every epoch in each storm independently, the limit is not a strong function
of the spectral shape. Indeed, the theoretical Kennel-Petschek limit does not
appear to change from storm to storm by more than a factor of approximately
2 across all energy channels. This result is consistent with that of Olifer et al.
(2021b) where the superposed epoch analysis of the limiting flux shows that
the Kennel-Petschek limit does not vary by more than a factor of 2 between
the upper and lower quartiles within the ensemble of the 70 storms studied.
This limit is controlled by the nature of the magnetized plasma and therefore,
accordingly to our results, cannot be surpassed by enhancement processes that
are acting on timescales longer than the typical timescales of the atmospheric
loss, which are usually around 1-hour (Thorne et al., 2010; Gu et al., 2012;

Spasojevic et al., 2015; Ozeke et al., 2019). Overall, our results show that there
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is an upper limit for the differential electron flux at relativistic and strongly

relativistic energies in the Van Allen belts of the Earth.

5.3.2 Impact of the Kennel-Petschek on pitch angle dis-
tributions

It is also crucial to investigate the dynamics of electron flux pitch angle
distributions (PAD) during these storms, since if the Kennel-Petschek theory is
valid it implies that there should be a characteristic signature in the evolution
of the PAD as well. In particular, approaching the Kennel-Petschek limit, pitch
angle diffusion should evolve PAD towards a more isotropic state.

Figure 5.3 shows the measured PAD of the differential flux for three energy
channels during the acceleration periods of the three previously analyzed storms
(Figure 5.2) at energies of 597 keV, 1575 keV, and 2100 keV, in comparison with
the Kennel-Petschek limit. For easier comparison across different phases of the
storms, we show measured PAD normalized to the limiting Kennel-Petschek
flux level at 90° pitch angle. The electron PADs are also fitted to sin®* a
dependence, where « is the pitch angle and S is an anisotropy parameter
(Mauk and Fox, 2010). Both measurements and PAD fits are shown in lines
with green, blue, and black colors for the beginning, middle, and end of the
acceleration phase, respectively. At the Kennel-Petschek limit the anisotropy
parameter appears to approach S = 0.3 in good agreement with the assumption
made by Mauk and Fox (2010). The pitch angle dependence of the Kennel-
Petschek limit, corresponding to S = 0.3, is shown in red in each panel. As
previously, the blue shading shows an assumed uncertainty of plus or minus
a factor of three in the Kennel-Petschek limit. For PAD which peak at 90
degrees, the color-coded value of S arising from a fit to the observed PAD is

provided numerically at the bottom of each panel in the figure.
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Figure 5.3: Normalized electron flux pitch angle distributions at L*=4.25 and
corresponding Kennel-Petschek limits during the three geomagnetic storms
with the most intense electron enhancements at 2.6 MeV energy during the Van
Allen Probes era. FEach panel shows the evolution of measured electron flux
pitch angle distribution (PAD) for different energies during the three storms
from Figure 5.2. The flux measurements were normalized to the evaluated
Kennel-Petschek limit at 90° pitch angle. a-c, normalized 597 keV electron
PAD measured by the MagEIS instrument for three geomagnetic storms with
the strongest enhancement of 2.6 MeV population in the Van Allen Probes era.
d-f, normalized 1575 keV electron PAD measured by the MagEIS instrument.
g-i, normalized 2100 keV electron PAD measured by the REPT instrument.
The measured PAD are shown in scatter plot on each panel with orange
color representing the time at the start of the acceleration process, the blue
representing the middle, and the black representing the end of the 2.6 MeV
acceleration phase. PAD’s are fitted to a sin® o function, where «a is the
pitch angle, shown in the same color. The fitted anisotropy parameter, S, is
presented on the bottom of each panel in the respective color. The distributions
at the beginning of the acceleration in the March 2015 storm have a butterfly
distribution, thus fits and S values are not shown for those times.

Figure 5.3 shows that for the 597 keV energy channel the electron fluxes
across all pitch angles approach the Kennel-Petschek limit, and that the PAD

becomes more isotropic to reach a value close to S = 0.3 by the end of the
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storm. The electron flux PAD of the 1575 keV energy channel at 90° pitch angle
is also within a factor of 3 from the estimated limiting flux value. However, the
anisotropy parameter at the end of the enhancement remains slightly higher
than 0.3. This is perhaps not unexpected since this energy channel is closer to
the region separating lower energies at the Kennel-Petschek limit from those
high energies that do not reach the limit. At even higher energies in the
2100 keV energy channel, the S-value which is reached by the end of the storm
is even higher. The increased anisotropy parameters for the relativistic electron
population above 1 MeV might also suggest a possible role for additional
precipitation loss processes, for example as a result of scattering of electrons
into the atmosphere by electromagnetic ion cyclotron (EMIC) waves which
can act on the > 1 MeV electron populations in the magnetosphere (Meredith,
2003) and which preferentially scatter lower pitch angle particles into the loss
cone (Shprits et al., 2016). However, a study of the impact of chorus and EMIC
waves on the electron population in the presence of the Kennel-Petschek limit

is beyond the scope of this paper.

5.3.3 Investigating the impact of the Kennel-Petschek
limit during additional storms: case-studies and
statistics

It is interesting to further investigate how the Kennel-Petschek limit influences
the characteristic evolution of the energy spectra in the electron radiation belts
during additional storms, to further validate the conclusions drawn from the
observations in the three geomagnetic storms presented above. For that purpose,
we show a comparison between the observed electron energy spectra and the
corresponding Kennel-Petschek limiting fluxes for three additional events in
the Supplementary Figures E.5-E.7. The events used here are the October
6-10, 2015, September 26-30, 2016, and October 8-10, 2012 geomagnetic storms
— representing the two next most intense radiation belt storms as characterized
using 2.6 MeV electron flux enhancement, as well as the October 2012 storm
studied by Reeves et al. (2013). For these additional storms, very similar strong

enhancements of the relativistic flux are again observed, and the flux and
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energy spectra are again seen to evolve in the same way and are enhanced only
up to the Kennel-Petschek limit.

However, at lower energies, <100 keV, for the October 2012 storm, there
is clear evidence of a short time period early in the storm where the Kennel-
Petschek limit appears to be exceeded from October 8 2012, 23:40 until October
9, 9:00. Such a feature is not observed at higher energies. Similar behaviour
for low energy electrons is occasionally present for short period of time in
the other storms analyzed in this paper. However, the times when those
populations exceed the limiting flux along are much shorter than observed
during October 2012, and are typically only observed along a single orbit of
one of the two Van Allen Probes. In our opinion, albeit confined only to
these lower energies, this short period corresponds to an interval associated
with a rapid and strong direct electron injection from the magnetotail. If the
injection occurs on sufficiently short timescales, this can allow the electron
population with energies <100 keV to temporarily exceed the Kennel-Petschek
limit. This assumption, however, has to be confirmed by additional studies,
ideally incorporating multi-point measurements from different satellites that
directly observe the evolution of such lower energy electron injection events.
Interestingly, however, the interval when the Kennel-Petschek limit is exceeded
is short and the differential flux in these channels quickly returns to, and
appears to be limited by, the Kennel-Petschek limit.

Notably, and possibly also relevant to our conclusions about the importance
of the Kennel-Petschek limit for controlling worst case storm electron fluxes, the
October 2012 storm has been reported as one showing signs of local acceleration
of the ultra-relativistic population (Reeves et al., 2013). According to Reeves
et al. (2013), this particular storm was associated with very rapid relativistic
electron acceleration associated with strong chorus waves on the electron
cyclotron branch. Nonetheless, the differential energy spectra in the heart of
the belts appears to be constrained by the Kennel-Petschek limits in exactly
the same way as for the other five large radiation storms presented here.

The general validity of the importance of the Kennel-Petschek theory for

controlling the worst case electron fluxes in the terrestrial Van Allen belts
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is confirmed by performing a statistical analysis of electron fluxes in all 133
geomagnetic storms with a minimum storm time disturbance index (Dst) below
-30 nT from the entire Van Allen Probes era from September 2012 until October
2019. Figure 5.4 shows occurrence distributions for the largest electron fluxes
reached in five selected energy channels during these geomagnetic storm events
and how they are all confined to levels below the calculated Kennel-Petschek
limit. The top row of Figure 5.4 shows the occurrence distributions of electron
fluxes for different energies with the median and 1st and 99th percentiles
of the calculated Kennel-Petschek limit during the times when these fluxes
were measured. The lower energy distributions are pressed to the calculated
limiting fluxes in the majority of the storms but never exceed them. Such
behavior creates strongly asymmetric distributions that fail the normality test
due to the large skewness parameter (|gz| > 2). This result shows that the
Kennel-Petschek limit is usually reached at some point during the acceleration
phase of the storm for electrons with energies below ~1000 keV. As shown
earlier, the lower energy electrons reach this limit much earlier in the storm,
within a matter of hours. Higher energies are still influenced by the presence
of the limit but are less skewed, with the highest energy channel of 3400 keV
being essentially symmetric. These plots also show that the Kennel-Petschek
limit derived using the parameters in each storm does not change significantly
from event to event. On average it varies from the median by a factor of 2
at most, which is well within a factor of three of model uncertainty identified
by Kennel and Petschek in their original paper (Kennel and Petschek, 1966).
Very significantly, and as a direct consequence, this demonstrates that the
Kennel-Petschek limit can be used to assess the worst case relativistic electron
radiation levels in the Van Allen belts.

The middle row of Figure 5.4 shows the occurrence distribution of the
largest fluxes normalized to the corresponding Kennel-Petschek limit in in each
storm. Since in general the KP limit does not vary significantly from storm
to storm, the occurrence distribution of the normalized fluxes in the middle
row is very similar to that of the absolute fluxes in the top row of Figure 5.4.

Both occurrence distributions demonstrate very clearly the role of the Kennel-
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Figure 5.4: Occurrence distributions of the maximum electron flux at L*=4.25
reached during all 133 geomagnetic storms with Dst<-30 nT during the Van
Allen Probes era in comparison to Kennel-Petschek (KP) theory. Top row, oc-
currence distribution of the maximum electron flux in units of cm=2s st~ lkeV~!
reached at L*=4.25 in five selected energy channels during all 133 geomag-
netic storms with Dst<-30 nT. The median Kennel-Petschek limit, evaluated
independently at the time of maximum flux for each storm, is shown with a
red line and the grey area depicts the effective total variation in the KP limit
by showing the 1st and 99th percentile in the distribution of these KP limits.
Each panel also shows the skewness parameter, fi3, which defines the symme-
try of the distribution. Distributions with skewness values above or below
+2 are considered asymmetric. Middle row, occurrence distribution of fluxes
normalised to the Kennel-Petschek limit in that event. The red line represents
the normalised Kennel-Petschek limit with a value of unity, and the grey area
represents the factor of 3 uncertainty in the model. Bottom row, cumulative
occurrence distributions of the absolute and normalized maximum fluxes, left
and right panels respectively, with different energies shown in different colors.
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Petschek theory in controlling the maximum electron flux in the radiation belt
within a small uncertainty; not only in the most extreme events presented
earlier, but also over the entire distribution of the 133 (Dst<30 nT') storms from
the entire seven years of the Van Allen Probes era. Similarly to the distribution
of absolute flux values, the skewness parameter of these distributions decreases
in absolute value with the increases in energy, reaching an essentially symmetric
distribution for the largest energy and where the maximum flux at L*=4.25 for
every single one of these 133 storms remained below the Kennel-Petschek limit.
The bottom row of Figure 5.4 shows two cumulative occurrence distributions
using the flux and normalized flux distributions from the first two rows in the
left and right panels, respectively. It is evident that the electron populations
that are drastically affected by the Kennel-Petschek limit show clear signs of a
skewed distribution (large absolute values of fi3) and where the distributions
of maximum flux are capped by the limiting KP flux. At 196 keV, over
89 percent of these 133 storms reach a flux within a factor of 10 of the KP limit.
Conversely, by energies of 3400 keV none of these 133 events has a flux which
gets within a factor of even 30 of the KP limiting flux, such that the occurrence
distributions appear symmetric and unaffected by the KP limit at these higher
energies. Overall, this demonstrates unequivocally that the Kennel-Petschek
theory explains the worst case fluxes in the Van Allen belts — at least for the

storms observed during the seven years of Van Allen Probes era.

5.4 Discussion and Conclusions

It is interesting to speculate whether there is a causal relationship between
the period of the flux reaching the Kennel-Petschek limit and the generation
of the chorus waves which Reeves et al. implicate in the later relativistic
particle acceleration during the October 2012 storm. Indeed, many papers
have presented results connecting chorus waves with radiation belt acceleration.
However, the fact that chorus wave excitation appears to occur in association
with the flux reaching the Kennel-Petschek limit does not necessarily imply that

such waves are always the cause of the acceleration which drives the fluxes up
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to the Kennel-Petschek limit in the first place. For example, and in contrast to
the Reeves et al. conclusion that local acceleration by chorus waves explained
the flux enhancement for the October 2012 storm, the data for the March 2015
storm presented in Figure 5.2 are also limited by the Kennel-Petschek process.
However, the March 2015 storm is one where the dominant acceleration has
been associated with inwards radial diffusion instead. Indeed, Ozeke et al.
(2019) show that for the March 2015 event inward radial diffusion driven by
observed ultra-low frequency (ULF) wave power can accurately reproduce the
observed increases in flux (Ozeke et al., 2019).

In our view, the action of the Kennel-Petschek process to limit maximum
relativistic electron flux is likely agnostic to the process or processes which
accelerated the relativistic electron population to that limit in any particular
storm in the first place, whether those processes involve chorus acceleration,
ULF wave radial diffusion, or other mechanisms. Of course, once the fluxes
reach the Kennel-Petschek limit in any energy channel the action of self-
organized excitation of chorus waves appears to act to prevent any further
increase of fluxes beyond this theoretical maximum in that channel. The
above conclusions are summarized in Figure 5.5 which shows schematically the
temporal progression of storm time electron flux, and where flux enhancement
is capped once the relativistic electron flux reaches the Kennel-Petschek limit.

The potential impacts of the electron cyclotron waves excited by the Kennel-
Petschek process at lower energies on electrons at higher energies also remain
to be determined. Certainly, the results presented here suggest that strong
radiation belt acceleration events should be associated with the generation of
electron cyclotron waves in the inner magnetosphere, for example when the
low energy particles hit the Kennel-Petschek limit. Associations between the
occurrence of chorus waves and strong radiation belt enhancements have been
noted previously. For example, Li et al. (2015) noted such an observational
relationship, suggesting that the chorus waves were the causal agent explaining
the relativistic electron acceleration. However, as noted in subsequent work by
Dimitrakoudis and Mann (2019), those same intense radiation belt enhancement

events can be equally distinguished based on the observed ULF wave power,
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Figure 5.5: Schematic of the time series of electron space radiation reaching
its natural limits as defined by the Kennel-Petschek (KP) theory. The figure
shows three distinct states of the relativistic electron population inside the
Van Allen radiation belts of the Earth during the period of relativistic electron
flux enhancement in a geomagnetic storm. The pre-storm phase, with a
characteristic S-shaped spectrum, is interrupted by the storm onset that is
associated with an initial loss of relativistic electrons which is followed later by
an enhancement. The low energy electron population is accelerated to reach
the Kennel-Petschek limit first. The higher energies follow later generating
an energy spectra with a spectral knee which moves to higher energies over
time. Notably, the limiting of the flux levels by the Kennel-Petschek theory
is likely independent of the processes which accelerated the electrons to that
limit. Nonetheless, as soon as the characteristic Kennel-Petschek levels are
reached, the self-organized generation of chorus waves prevents any further
increase of fluxes beyond this theoretical maximum. Image credit: Andy Kale
akale@ualberta.ca
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with electron acceleration events also occurring in association with intense ULF
waves. Overall, our results imply a potential further complication when trying
to identify causality in acceleration pathways.

It is also worthwhile to compare the calculated Kennel-Petschek limits with
other historical maxima in relativistic electron flux. During the whole Van Allen
Probes era, the maximum flux at L*=4.25 for the 1.8 MeV energy electron
population is 1.9-10* em™2s7'sr'keV~! on October 27, 2016. Remarkably,
the corresponding Kennel-Petschek limit is also 1.9-10* cm™2s 7 'sr—tkeV L.
Meanwhile, for the 2.6 MeV energy electron population the flux maximum
is 3.2-10° ecm2s~'sr'keV ™!, which also occurs on the same day, with the
Kennel-Petschek limit being 2.2-10* em=2s7'sr~'keV~!. In other words, at
2.6 MeV the electron flux never reached the Kennel-Petschek limit during
the Van Allen Probes era. This result confirms that the limiting flux derived
from the Kennel-Petschek theory characterizes the upper limit of the flux of
relativistic radiation belt electrons during the Van Allen Probes era, with the
electron flux never reaching the Kennel-Petschek limit at energies above 1.8
MeV throughout the entire mission.

Even when comparing to the data from earlier epochs, such as during the
Combined Release and Radiation Effects Satellite (CRRES) era from 1990-91
during a much more active solar cycle(Li et al., 2017a), the Kennel-Petschek
limit for the relativistic 1472 keV population is above the maximum flux ever
measured by CRRES in this channel. For example, 2.4-10% cm =25 !sr—tkeV !
was the maximum flux measured by CRRES at Lx=4.25 on March 29, 1991,
which can be compared against the theoretical maximum limiting flux of
1.8:10* em 257 'sr'keV L. At lower energies, the fluxes seen by CRRES are
constrained to maxima at the Kennel-Petschek limit, as was previously shown
for a single CRRES pass by Foz et al. (2006) and Mauk and Fox (2010). For
example, Mauk and Foz (2010) (their Figure 5) show the electron flux energy
spectra from CRRES at L-shells 4, 5, and 6 which appear to be consistent
with a maximum at the Kennel-Petschek limit for energies below 1 MeV at
that instant. Similarly, Summers et al. (2009) (their Figure 8) show a similar

comparison of the electron flux data from a single pass of CRRES on October
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9, 1990, with the data at that instant also apparently showing a maximum
at the calculated relativistic Kennel-Petschek limit below 1 MeV. At higher
energies above the 1472 keV channel the fluxes remain at least two orders
of magnitude below the Kennel-Petschek limit even during the most intense
CRRES era storm during this more active solar cycle. Statistical analysis of
the radiation environment monitor (IREM) aboard the INTEGRAL spacecraft
by Meredith et al. (2017) showed evidence for the existence of a limit to the
worst case flux at both L*=4.5 and L*=6.0, but do not compare their results
with the Kennel-Petschek theory. However, as we show here, the energy and
L*-dependence of the maximum flux, and the evolution of the energy spectrum,
can both be explained by the Kennel-Petschek theory.

In conclusion, our results use data from the entire Van Allen Probes era to
demonstrate the existence of a natural upper limit to the flux of the trapped
electron radiation in the Van Allen belts. This limit is created as a result of
the natural self-limiting of the flux, arising from a strong scattering of electrons
into the atmosphere due to the interaction with chorus plasma waves which
are themselves excited from the electron distributions as predicted by Kennel
and Petschek (1966) over 50 years ago. The relativistic Kennel-Petschek limit,
developed by Summers et al. (2009), is energy, pitch angle, and L* dependent.
However, for typical electron distributions and parameters appropriate to the
geospace environment the variations do not exceed approximately one order of
magnitude across the whole of the trapped population of electron radiation.
On average, the limiting electron differential flux for relativistic electrons with
energies above 500 keV at 90° pitch angles is ~10* cm™2?s tsr~'keV~!. In the
modern satellite era, the relativistic populations with energies <~2.6 MeV
only reached the Kennel-Petschek limit during the most intense geomagnetic
storms. Meanwhile, higher energy fluxes have always stayed below the limit
in the Van Allen Probes’ era. Verification as to whether the Kennel-Petschek
limit applies at even higher energies would require observations during even
more intense radiation storms.

Overall, our results have important applications for limiting the potential

damage that relativistic and strongly relativistic electron populations can cause
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to satellite electronics through deep-dielectric charging during space storms
(Baker et al., 1994; Lai, 2003; Catani and Payan, 2004). Our results imply
that the relativistic Kennel-Petschek limit represents a true worst case electron
radiation environment that can be used for example in radiation-tolerant
satellite design. Even during extreme storms, for example of the size of the
Carrington 1859 superstorm event ( Tsurutani, 2003), our results suggest that
the electron radiation fluxes would at worst still be limited to the Kennel-
Petschek limit. Space storms of the intensity of the Carrington event have
however yet to occur in the modern satellite era. Nonetheless, even if the flux is
capped at the Kennel-Petschek limit, the length of the storm would still impact
the integrated deep charging effects. However, if the duration of even the most
extreme storms is limited to that of typical events, then nature will also limit
the worst case fluence as well through the self-organizing process described
by Kennel and Petschek (1966). As a result, there is a limit to the severity
of the electron radiation which can be driven in geospace, nature preventing
the development of conditions which are more severe than that. As discussed
by Mauk and Fox (2010), similar flux limitations likely apply in the radiation

belts of the other magnetized planets as well.
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Chapter 6

On the Formation of Phantom
Electron Phase Space Density
Peaks in Single Spacecraft
Radiation Belt Data

Based on Olifer et al. (2021c) On the formation of phantom elec-
tron phase space density peaks in single spacecraft radiation belt
data, Geophysical Research Letters, 48 (11), doi:10.1029/2020g1092351.
The paper was reformated to fit thesis formatting guidelines with-

out any changes to its content.

This chapter examines the rapid losses and acceleration of trapped relativistic
and ultrarelativistic electron populations in the Van Allen radiation belt during
the September 7-9, 2017, geomagnetic storm. By analyzing the dynamics of
the last closed drift shell (LCDS) and the electron flux and phase space density
(PSD), we show that the electron dropouts are consistent with magnetopause
shadowing and outward radial diffusion to the compressed LCDS. During the
recovery phase an in-bound pass of Van Allen Probe A shows an apparent local
peak in PSD, but which does not exist. A careful analysis of the multipoint
measurements by the Van Allen Probes reveals instead how the apparent PSD
peak arises from aliasing monotonic PSD profiles which are rapidly increasing
due to acceleration from very fast inwards radial diffusion. In the absence of
such multi-satellite conjunctions during fast acceleration events, such peaks

might otherwise be associated with local acceleration processes.
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6.1 Introduction

Since the discovery of the terrestrially trapped electron radiation in the Van
Allen radiation belts (Van Allen and Frank, 1959), understanding the processes
which govern belt dynamics has remained an active area of research (see
e.g., the review by Millan and Thorne, 2007, and references therein). A
lot of attention has been dedicated to examining the underlying physics of
the plasma wave-particle interactions inside the Earth’s magnetosphere in
pursuit of developing accurate simulation models and potentially predicting
Van Allen belt behavior (e.g., Shprits et al., 2008b,a). The processes that
cause particle loss and acceleration are those which attract the most attention
since in combination they can cause the radiation belt to change drastically
on drastically different timescales, ranging from minutes to days and years
(e.g., Mauk et al., 2012; Jaynes et al., 2018). The NASA Van Allen Probes
mission has collected radiation belt data with unrivaled quality and resolution
over its seven years of continuous operation. This mission allowed for the most
detailed and complete assessment of radiation belt dynamics to date, and has
resulted in multiple ground-breaking discoveries (to list a few Reeves et al.,
2013; Mann et al., 2013; Baker et al., 2014; Mann et al., 2016; Lt and Hudson,
2019). However, assessing radiation belt dynamics on timescales shorter than
the orbital period of the Van Allen Probes is challenging due to the lack of
high spatio-temporal coverage of a rapidly evolving belt even with the twin
Van Allen belt spacecraft.

In this chapter, we analyze a geomagnetic storm that occurred on September
7-9, 2017, and was characterized by an extremely fast radiation belt dropout,
followed by a very fast and intense recovery ultimately associated with en-
ergization up to ~10 MeV energies. In addition to explaining the radiation
belt dynamics during this event, we show how utilizing the data from a single
satellite mission, illustrated here using data from a single Van Allen Probe,
can cause misinterpretation of the data during events with fast belt changes on
sub-orbital timescales. We show how an apparent local peak in electron phase

space density (PSD) observed along the orbit of a single satellite can be caused
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by the evolution of a monotonic PSD profile generated by fast inwards radial
diffusion. We characterize such a PSD morphology as a “phantom peak” as
it exists in appearance only. We are able to disentangle this spatial-temporal
ambiguity using multi-point measurements from the two Van Allen Probe

spacecraft during this period of very fast acceleration.

6.2 Overview of the September 2017 storm

The overview of the September 2017 storm shown in Figure 6.1 demonstrates
that it was a relatively intense geomagnetic storm. It was associated with
two periods of decreasing Dst, reaching -142 nT and then -124 n'T separated
by around 12 hours (cf. Figure 6.1(d)). Figure 6.1(a-c) show solar wind
speed, interplanetary magnetic field (IMF), and solar wind dynamic pressure
throughout the storm. These plots reveal that the geomagnetic storm started
on September 7, 2017, at around 00 UT with an intense increase in the solar
wind speed and dynamic pressure and with the southward component of the
IMF reaching a minimum of around -10 nT over the next several hours. At
around 22 UT on September 7, the IMF turned very strongly southward,
reaching the value of -31 nT by 24 UT. This period of strongly southward IMF
is also associated with a secondary increase in solar wind speed and dynamic
pressure. Finally, at around 12 UT on September 8, there is a secondary
decrease in IMF' B, but no substantial changes in other solar wind parameters.
Figure 6.1(d) shows the resulting Dst and Kp geomagnetic indices, that are
consistent with the characteristics of the driving solar wind, marking the
beginning of the storm with an increase in Dst on September 7, and with
two subsequent geomagnetically active periods on September 8. Figure 6.1(e)
shows the location of the last closed drift shell (LCDS), representative of the
interaction of the LCDS with the magnetopause (cf., Olifer et al., 2018). The
LCDS dynamics are relatively complex during this event, however, the most
significant compressions of the LCDS occurred during the two IMF B, < 0
periods on September 8, reaching L* values as low as 3.9 and 4.3, respectively.

Figure 6.1(f, g) shows the Van Allen radiation belt response during the
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Figure 6.1: An overview of the September 7-9, 2017 geomagnetic storm. (a)
solar wind speed, (b) B, component of the interplanetary magnetic field, (c)
solar wind dynamic pressure (5-min data in black, and 1-hr resolution data in
green). High-resolution solar wind data is absent for the majority of September
9. (d) Dst index as a line plot and Kp index as a histogram (secondary y-axis).
(e) Location of the last closed drift shell (LCDS) in L* calculated for three
different second adiabatic invariants, K, shown in different colours defined
in the legend using Tsyganenko and Sitnov (2005) geomagnetic model and
the LANLGeoMag library (Henderson et al., 2017). (f) 3 MeV electron flux
measured by the constellation of Global Positioning System (GPS) satellites
(Morley et al., 2017) as a function of time and L*, overplotted with the LCDS
in black. (g) 90° pitch angle 2.6 MeV electron flux measured by the Van Allen
Probes (Baker et al., 2012) overplotted with the LCDS.
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September 2017 event. In this study, we analyze radiation belt electron flux
measurements from the Combined X-ray Dosimeter (Morley et al., 2017, and
references therein) on-board 21 Global Positioning System (GPS) satellites
(Figure 6.1(f)), as well as from the Relativistic Electron Proton Telescope
(REPT) instrument (Baker et al., 2012) on board of the two Van Allen Probes
(Figure 6.1(g)). Both datasets show similar storm-time behavior of the trapped
radiation, data from the constellation of GPS satellites revealing the electron
dynamics with much higher spatio-temporal resolution than the Van Allen
Probes (e.g., Olifer et al., 2018, and references therein).

Figure 6.1(f) shows that the beginning of the storm at 3 UT on September 7
is followed by moderate loss at high L*, and confinement of the radiation belt
to L*<5.5. Figure 6.1(g) shows evidence that 2.6 MeV electrons at lower L* in
the heart of the radiation belt are depleted by almost an order of magnitude
at this time as well. The strong compression of the LCDS below L*=4 at
around 0 UT on September 8 is associated with rapid and intense losses at
L* above the LCDS as revealed in the GPS data, and which are obvious in
two subsequent passes of the Van Allen Probes data around that time. The
recovery and the replenishment of the belt starts immediately after the loss at
~3 UT on the same day. However, it is interrupted by a second geomagnetically
active period at around 12 UT on September 8 that causes some of the newly
recovered electron population at L* around 4-5 to be lost. This period is also
associated with the second drop in Dst to -125 nT and the second period of
strongly southward IMF B, reaching -18 nT, increased Kp, and compression
of the LCDS (c.f., Figure 1). After the second loss period, the recovery process
continues uninterrupted until the radiation belt fluxes reach the pre-storm levels
and even exceed them by an order of magnitude or even more at ultrarelativistic

energies >~2 MeV.

100



6.3 Detailed analysis of radiation belt loss and
recovery

To reveal the non-adiabatic effects of wave-particle interactions on the radiation
belt electrons we analyze electron phase space density (PSD) over the course
of the storm. The electron PSD is calculated using the algorithm (e.g., Morley
et al., 2013) for conversion between electron flux measurements and an estimate
of electron PSD. The calculations were performed using the Tsyganenko and
Sitnov (2005) magnetic field model, utilizing electron flux data from the
combination of Magnetic Electron Ion Spectrometer (MagEILS) (Blake et al.,
2013) and Relativistic Electron Proton Telescope (REPT) (Baker et al., 2012)
particle detectors. Such an approach provides access to a wide energy range
of electron flux measurements from ~100 keV to ~10 MeV and enables the
analysis of a wide range of first and second adiabatic invariants even at high
L-shells. We update the Tsyganenko and Sitnov (2005) magnetic field model
every 30 seconds in order to calculate PSD and only consider periods where
the model and measured magnetic field magnitudes agree within 10% (see
Supplementary Figures E.8 and E.9). In addition, we used the magnetic field
measurements from the Electric and Magnetic Field Instrument Suite and
Integrated Science (EMFISIS) suite (Kletzing et al., 2013) to validate the
Tsyganenko and Sitnov (2005) model used in the calculation of PSD and to
calculate the first adiabatic invariant. To obtain the electron PSD as a function
of the first adiabatic invariant, u, we perform fitting of the measured electron
energy spectrum by a kappa-distribution (Mauk and Fox, 2010), meanwhile,
the dependence on the second adiabatic invariant, K, is obtained by linearly
interpolating the observed pitch angle distributions to obtain the resolution
required. Figure 6.2 shows the resulting electron PSD during the loss phase
in panels (a, b) and the recovery phase in panels (¢, d) for both Van Allen
Probes A and B. Here, for the purposes of the detailed analysis which follows,
we separate between the periods of dominant loss and recovery at 2:30 UT
on September 8, 2017. This is the time when the GPS electron flux data is

starting to show signs of recovery in the ultrarelativistic (>2 MeV) energy
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channels around L* of 3.5.

6.3.1 Loss period

Figure 6.2 (panels a, b) show the PSD profiles as a function of L* observed
during the in- and out-bound passes of the Van Allen Probes during the loss
phase of the September 2017 geomagnetic storm. As shown earlier in terms
of flux, there are two clear periods of strong and fast loss. The first period
starts at ~6 UT on September 7, 2017, during an initial compression of the
LCDS. The electron PSD on both probes shows signs of loss. In particular,
Van Allen Probes observe decreases of PSD at high L* commonly associated
with the magnetopause shadowing and resulting outward ULF wave transport
(orange to green pass in Figure 3a and blue to orange pass in Figure 3b).
Significantly, there are signs of a negative radial PSD gradient developing at
that time (e.g., Li et al., 2017b; Zhao et al., 2019). The loss is more pronounced
on high L, at L*>5, where the PSD drops by more than an order of magnitude
from the pre-storm levels. Meanwhile, in the heart of the radiation belt at
L*~4.5 the radiation belt appears to be only depleted by a factor of around 2.
This loss period is followed by a relatively stable period where the radiation
belt morphology remains approximately constant, with little overall depletion
or recovery, until 0 UT on September 8, 2017. At that time, the LCDS is
rapidly compressed into the heart of the radiation belt, reaching L*=3.9. This
immediately depletes the electrons at higher L-shells and results in a further
very rapid loss, which reaches L* of around 3.5, and which further depletes the
PSD at L* of around 4.5 by 2-3 orders of magnitude. Notably, the outbound
pass of the Van Allen Probe B at 21:52-02:23 UT on September 7-8 (brown
color in Figure 6.2b) shows that a steep negative radial gradient has developed
along the depleted flux tubes above L*=3.8. The subsequent pass of Van
Allen Probe A at 00:55-05:23 UT on September 8 (pink color in Figure 3a)
shows how this gradient is flattened by depletion of the PSD between L* of 3.5
and 4.0. Such behavior of the radiation belt is consistent with losses caused
by magnetopause shadowing and enhanced by outward radial diffusion. The

timing of the losses, and the PSD profiles observed by Van Allen Probes A and
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Figure 6.2: Electron phase space density (PSD) as a function of L*, for
fixed y=1466 MeV /G and K=0.10 RzG'/?. During the pre-storm period, on
September 6, this corresponds to energy ~2.5 MeV at ~70 degrees equatorial
pitch angle at L*= 4.0. PSD during the loss phase for Van Allen Probe A
(panel a) and B (panel b). Different colors represent different inbound and
outbound passes of the probes. PSD during the recovery phase for the Van
Allen Probe A (panel ¢) and B (panel d). See text for details.
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B, occur at the time of the inwards motion of the LCDS, with the developnment
of negative radial PSD gradients further supportive of outwards radial diffusion
inside the LCDS (e.g., Shprits et al., 2008b; Mann et al., 2016; Zhao et al.,
2019; Ozeke et al., 2020).

The loss on September 8, 2017, is so intense that it depletes the radiation
belt over the course of a single Van Allen Probe orbit. By contrast, however,
the accompanying spatio-temporal dynamics are resolved in the combined data
from the GPS satellite constellation (cf. Figure 6.1f). Overall, the large scale
morphology of the radiation belts follows the dynamics of the LCDS. In this
way, the results presented here are very similar to those reported by Olifer
et al. (2018). Olifer et al. assessed the belt dynamics during 4 geomagnetic
storms and demonstrated that the very fast and intense losses were associated
very closely with the dynamics of the LCDS. Consistent with the conclusions of
Olifer et al. (2018), the dynamics of the fast loss processes reported here also
appear to be controlled by the dynamics of the envelope of the L* of the LCDS
and related magnetopause shadowing. Due to the speed of the loss processes
which are operating, the results presented here again demonstrate the value
and utility of using data from the constellation of GPS satellites to monitor

and diagnose the resulting impacts on the belts.

6.3.2 Recovery and Acceleration Period

We now turn to examine the belt dynamics during the period of belt recovery
and dominant acceleration starting around 02:30 UT on September 9, 2017.
Unlike the dynamics resolved during the loss interval, the PSD data from
the two Van Allen Probes (Figure 6.2, panels ¢ and d) shows rather different
behavior along the in- and out-bound satellite passes during this period of
dominant acceleration. As we describe in detail below, the different profiles
observed by Van Allen Probes A and B demonstrate that the belt morphology
is changing very rapidly on the timescale of the satellite traversal through
the outer belt. Moreover, a fortuitous conjunction in L* and time provides
the opportunity to resolve the spatio-temporal ambiguity thereby revealing

important information about the active acceleration processes. The local peak
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in PSD seen by Probe B (11:26-15:58 UT, shown in green in Figure 6.2d)
is confined to the L* range between 3 and 4.25 and such features and belt
morphology are usually considered to be suggestive of the signature of local
acceleration processes, for example, connected to acceleration by VLF chorus
waves (see e.g., Horne et al., 2007; Shprits et al., 2008a; Reeves et al., 2013).
However, the observation of a narrow peak in L* by one probe at the same
time as the other probe reveals the increase of PSD at the outer boundary
(09:52-14:20 UT, shown in orange in Figure 3c) raises a question about the
dominant acceleration processes which are active at this time. In particular, in
the analysis presented below, we show how this apparent local peak in PSD
can be explained by inward radial transport acting on timescales shorter than
the orbital period of Van Allen Probes. This phantom peak is created by a
spatio-temporal ambiguity in the PSD data as a function of L* and time as a
result of the orbital motion of the spacecraft during a period of fast acceleration.

Indeed, when combined, the PSD data from Van Allen Probes A and
B during the most intense period of the enhancement phase (10-16 UT on
September 8, orange and green passes in Figure 3 ¢ and d) reveal that the overall
belt evolution is characterized by rapidly evolving positive radial gradients,
apparently driven by an external source. Figure 6.3 shows combined PSD
data from both probes during the interval of close conjunction in L*, at fixed
first and second adiabatic invariants, g and K. In each panel, data from
the out-bound Probe A and the in-bound Probe B are shown in orange and
pink, respectively. Data from passes immediately before and after the fast
acceleration are shown as gray dots. The near-simultaneous electron population
measurements allows a calculation of the direction of the PSD gradients during
the enhancement phase, almost contemporaneously, provided that both probes
are located inside the radiation belt with different values of L*. These gradients
are shown with three straight lines connecting data from the two Van Allen
Probes at the same time, revealing the local direction of the instantaneous
inferred PSD gradient at those times. Note that the profiles are only shown
for the period from 13:00 UT until 13:20 UT, as at other times one of the

probes is close to the magnetopause and the Tsyganenko and Sitnov (2005)
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magnetic field model fails to recreate the observed magnetic field at the satellite
location, therefore preventing accurate analysis of the PSD as a function of L*
at fixed K. Refer to the Appendix C and Supplementary Figure E.10 for the
comparison of the magnetic field measurements from the Van Allen Probes and
estimating the location of the magnetopause using the THEMIS (Angelopoulos,
2008) satellites. Nonetheless, the analysis of the PSD dynamics is clear — there
is an abrupt and very fast acceleration of the electrons associated with steep
instantaneous PSD gradients, both inside and outside the probe conjunction
region at L*~3.75, indicative of acceleration which occurred as a result of fast
inwards transport. In the next section, we use a ULF wave radial diffusion
model to demonstrate clearly that inward ULF wave radial diffussion caused

the rapid acceleration observed in the belt.

6.4 Recreating a phantom local peak in elec-
tron PSD by inward radial diffusion

On account of the observed instantaneous positive radial PSD gradients, it is
interesting to evaluate the ability of the radial diffusion to recreate the local peak
in electron PSD observed in the Van Allen Probe B data. We perform a radial
diffusion simulation using initial conditions from the observed pre-acceleration
Van Allen probe flux (e.g., lower grey PSD profile in Figure 6.3), using radial
diffusion coefficients from the Ozeke et al. (2014) Kp parametrization. The
boundary conditions are shown in Supplementary Figure E.11 and represent
a short loss period, observed by Van Allen Probe B from 11:30 UT until
12:00 UT, which coincides with the inward motion of the LCDS, followed
by a sharp assumed enhancement of the outer boundary electron population
which acts as a source population for the subsequent inwards radial diffusion.
Figure 6.4 shows the instantaneous PSD profiles as a function of L*, obtained
from the radial diffusion simulation, as well as a PSD profile observed by a
virtual spacecraft within the simulation domain and which is representative
of Van Allen Probe B accounting for its orbital dynamics during the inbound

pass. Note that similar behavior is observed for electrons with different o (cf.
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Figure 6.3: (a) Electron PSD along complete in-bound (pink; Probe B) and
out-bound (orange; Probe A) passes for y=6000 MeV /G and K=0.04 RpG°®.
At the time of the conjunction, at L*=4.0, this corresponds to electron energy of
2.5 MeV and 75° pitch angle. PSD profiles immediately before and immediately
after the acceleration are shown in gray scatter plots. Instantaneous local PSD
gradients are shown with straight lines connecting data from close to the orbital
crossing point in L* using 20 minutes of data from 13:00 to 13:20 UT. (b-d) PSD
profiles as a function of L* for three other u values and fixed K=0.04 RpG°3,
in the same format as panel (a).
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Figure 6.4: Electron phase space density (PSD) profiles as a function of L*
obtained from the radial diffusion simulation of the acceleration phase during
September 8, 2017, with measurements from the inbound pass of a virtual
Probe B through the simulation shown in solid circles. Colors indicate the

time sequence of the simulation PSD profiles, the virtual satellite seeing an
apparent local peak in PSD. See text for details.

Figure 6.3), thus the simulation results in Figure 6.4 are representative of the
relativistic electron population overall.

Figure 6.4 shows the overall temporal evolution of the electron PSD L*
profile inside the Van Allen radiation belt over the course of the event. PSD
profiles during the short loss phase (11:30-12:00 UT) at the beginning of the
Van Allen Probe B pass are shown in green-to-blue colors. This time coincides
with the time of increased geomagnetic activity and a short compression of
the LCDS (c.f., Figure 6.1). Figure 6.3 reveals the loss and a decreasing PSD
as Probe B moves inbound from apogee. The same rapid drop in PSD is
recreated in Figure 6.4, showing that the negative radial PSD gradient at
L*>4.25, revealed by Van Allen Probe B, is consistent with outward radial
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diffusion and magnetopause shadowing. This short loss phase is followed by an
intense and rapid acceleration on ~20 min timescale, which is much shorter
than the orbital period of the spacecraft (post 12:00 UT). Figure 6.4 shows the
radial PSD profiles during this time in yellow-to-orange-to-purple colors. While
the PSD gradients for instantaneous L* profiles remain directed inward, the
orbital movement of Probe B causes it to observe an apparent local L* peak
while the satellite continues its inbound pass and observes levels of PSD which
are still increasing. The key point here is that when the belts are evolving
under the action of fast acceleration processes, the observation of a single, and
not growing, local L* peak in PSD should not necessarily be automatically
associated with a local acceleration process. Indeed, in the example presented
here a fortuitous temporal and L* conjunction between Van Allen Probes A
and B reveals that the local L* peak in PSD is instead generated by the inward
motion of the satellite through rising but monotonic PSD L* profiles as a
result of fast inward radial diffusion. Notably and as discussed by Mann and
Ozeke (2016) (see also Mann et al., 2016), ULF wave radial diffusion can be
responsible for the inward radial transport of Van Allen belt elections from a
source population at the outer edge into the heart of the belt on timescales much
faster than is often thought. As we show here, this can occur on sufficiently
short timescales that it complicates the analysis of PSD profiles observed along

the trajectory of single satellites in geosynchronous transfer orbits.

6.5 Conclusions

Overall, our findings when analyzing the loss and acceleration of Van Allen
radiation belt electrons during the intense geomagnetic storm on September

7-9, 2017 can be summarized by the following points:

1. Analysis of multi-spacecraft electron phase space density (PSD) and high
temporal resolution dynamics of the last closed drift shell (LCDS) demon-
strates that the observed fast losses can be explained by magnetopause

shadowing losses enhanced by outward radial diffusion.
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2. An apparent local L* peak in PSD is observed during the subsequent
in-bound pass of Van Allen Probe B during the storm acceleration phase.
However, an outbound pass of Van Allen Probe A, at the same time and
in conjunction with Probe B, observed a totally different PSD profile
as a function of L* being characterized by a positive radial gradient.
A combination of the Van Allen Probes A and B PSD data reveals
instantaneous PSD profiles with positive gradients, suggestive of the

action of fast inward radial diffusion.

3. A radial diffusion simulation of the acceleration phase during the Septem-
ber 2017 storm shows that the local peak in PSD, observed in the Van
Allen Probe B data, is an artifact of the spatio-temporal evolution of
the radiation belt, combined with a relatively long orbital period of the

satellite.

4. In general, our study shows that the observation of a single local peak
in PSD cannot be used to definitively identify the acceleration process
that was the cause of the observed radiation belt enhancement, especially
during periods of very fast dynamics. While growing local peaks in
electron PSD are indicative of the local acceleration, attributing this
process as the dominant cause of acceleration in presence of only one,
however distinct, peak should be handled with care. Although a peak in
electron PSD might be observed in single satellite data during periods of
very fast local acceleration acting on sub-orbital timescales, as we show
here such a peak can also be produced by fast inward radial diffusion.
Careful analysis of ideally multi-point data, together with appropriate
modeling, are in our view required when seeking to definitively identify
the causative physical processes operating during fast radiation belt

enhancements.
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Chapter 7

Rapid Acceleration Bursts in
the Van Allen Radiation Belt

Based on Olifer et al. (2022b) Rapid acceleration bursts in the
Van Allen radiation belt

This paper has been sent for review in Nature Communications but despite pos-
itive technical reviews was rejected by the editor due to its likely generation of
only “specialist interest”. To be submitted to an alternative discipline-specific

journal.

The Van Allen radiation belts contain relativistic and ultrarelativistic
electrons trapped in Earth’s magnetic field, which are extremely hazardous for
satellites and astronauts. Since their discovery over 60 years ago, the electron
dynamics during geomagnetic storms have not yet been fully explained, in part
due to limitations of standard satellite missions in both orbit and number of
spacecraft. Here we overcome these limitations using a recently-released set of
measurements from the Global Positioning System constellation and examine
an acceleration event on 26 August 2018. We show that the acceleration
of relativistic electrons occurs in two distinct bursts, each dominated by a
different acceleration mechanism. Our analysis shows that the first burst
intensifies the radiation belt by almost two orders of magnitude in two hours,
and is consistent with enhanced radial diffusion. The second burst is likely
caused by local wave-particle interactions and delivers an order of magnitude

increase in approximately 20 minutes. This work demonstrates how distributed,
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operational measurements can be used to resolve phenomena not observable
with previous capabilities, and that rapid energization of the radiation belt can

occur much faster than previously reported.

7.1 Introduction

Electrons can be trapped and accelerated inside Earth’s magnetosphere, creating
the dynamic radiation belts ( Van Allen and Frank, 1959; Friedel et al., 2002),
where strong acceleration is often associated with geomagnetic storms (Murphy
et al., 2020). The dynamics of the trapped relativistic electron population,
with energies from hundreds to thousands of kilo-electronvolts (keV), are
of practical interest because of their potentially harmful impact on space-
based technology and astronauts (Baker et al., 1994; Baker, 2001). The
radiation belt also provides a natural laboratory for studying the transport and
acceleration of charged particles in magnetic fields (Li et al., 2020). However,
the processes dominating these dynamics are still hotly debated (Shprits et al.,
2018; Mann et al., 2018): Radiation belt electrons can be accelerated by inward
radial transport of a new source population due to interaction with ultra-low
frequency (ULF) waves; Electrons can be locally accelerated by interaction with
chorus waves, energising lower energy electrons (10-100 keV) and enhancing
the relativistic population. From 2012 to 2019, radiation belt dynamics were
continuously measured by NASA’s flagship, twin-satellite, Van Allen Probes
(formerly RBSP) mission (Mauk et al., 2012). However, substantial radiation
belt acceleration can occur on time scales much shorter than the half-orbit of
Van Allen Probes (<4 hours) (Olifer et al., 2021c), limiting the capability of
Van Allen Probes to capture the dynamics of the fastest events. For example,
analysis of a fortuitously-timed conjunction between the two Van Allen Probes
spacecraft showed that inward radial diffusion can increase radiation belt
electron flux by more than two orders of magnitude over a ~30-minute period
(Olifer et al., 2021c). That analysis relied on serendipitous phasing of the
acceleration and Van Allen Probes’ orbits, showing that there is a need for

continuous radiation belt monitoring on much shorter timescales to properly
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characterise radiation belt dynamics. This letter focuses on demonstrating such
a capability using the recently-released, publicly-available energetic particle
data from the Global Positioning System (GPS) constellation (Morley et al.,
2017).

Determining the dominant physical processes that drive the radiation belt
acceleration generally requires analysing the radiation belt content in terms of
phase space density (PSD) as a function of three adiabatic invariants (Schulz
and Lanzerotti, 1974): u, the magnetic moment; K, associated with particle
bounce motion; and L* (Roederer’s generalised L (Roederer, 1970)), associated
with the drift motion. When expressed in terms of PSD as a function of these
adiabatic invariants, changes in the radiation belt population are produced by
non-adiabatic processes, with analysis of the radial profile of PSD constraining
the mechanism (Chen et al., 2007a). Obtaining PSD requires observations
of differential directional electron flux, and while Van Allen Probes has this
capability, the mission cannot provide continuous monitoring of a fixed region
in L*. To mitigate this limitation, we determine the PSD using omnidirectional
electron flux from the Combined X-Ray Dosimeter (CXD) data onboard 20
GPS satellites and a Zhao et al. (2018) model of pitch angle distribution to
acquire the directional flux (further details are presented in the Appendix D,
with validation of the method presented in Supplementary Figure E.12). This
enables continuous investigation of radiation belt dynamics over a wide range of
adiabatic invariant coordinates with an unprecedented ~10-minute resolution.
Here we show that this approach can resolve very fast radiation belt acceleration,
revealing short timescale dynamics not observable using Van Allen Probes

alone.

7.2 Revealing Very Fast Radiation Belt Accel-
eration with the GPS Constellation

Figure 7.1 shows geomagnetic conditions and the radiation belt response during
the August 25-27, 2018 geomagnetic storm. This storm is characterized by

prolonged geomagnetic activity, and the Dst index (a measure of storm strength)
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reaches a minimum of —174 nT (Figure 7.1a). As seen in Figure 7.1b-c, the
storm contains a radiation belt loss period, depleting the relativistic electron
flux by almost two orders of magnitude, from around 18 UT on August 25 to
6 UT on August 26. This is followed by rapid, intense acceleration of the belt
leading to electron fluxes exceeding pre-storm levels within ~6 hours. Due
to the phasing of their orbits, Van Allen Probes (Figure 7.1b) only observes
the pre-acceleration radiation belt at around 6 UT on August 26 and the
post-acceleration belt at around 12 UT, completely missing the main portion
of the acceleration. On the other hand, the electron flux data from the GPS
satellites (Figure 7.1c) clearly show the progression of the acceleration during
that time. It is important to note that this substantial undersampling of the
acceleration phase by Van Allen Probes is partly caused by undefined L* due
to the proximity to the last closed drift shell (LCDS).

We now cast this in terms of PSD as a function of p, K and L*. Figure 7.1d-
e show the PSD obtained from the Van Allen Probes and GPS satellites at fixed
first and second adiabatic invariants (u = 1466 MeV/G, K = 0.10 RpG®9) as
a function of time and L*. This population corresponds to 1 MeV electrons
at L* = 3.6 during the beginning of the acceleration phase. Similar to the
flux, the Van Allen Probes PSD data (Figure 7.1d) reveal that the main
portion of the acceleration occurs between 6 and 12 UT on August 26, but
the temporal evolution is not resolved. On the other hand, the GPS PSD
(Figure 7.1e) enables continuous examination of the dynamics within the heart
of the radiation belt (3.5 < L* < 4.0) during the acceleration period. Notably, a
significant amount of GPS data at high L* cannot be converted to PSD(, K, L*)
because the selected K are not measured by the GPS satellites at those locations.
Nonetheless, Figure 7.1e reveals the acceleration progression in greater detail.
The GPS data show that substantial acceleration occurs around 6-8 UT on
August 26. After this initial acceleration the PSD stays relatively constant for
almost 4 hours, until the secondary acceleration at 12 UT. This is shown more
clearly in Figure 7.2 where the evolution in PSD profiles is marked for select
intervals. Because the acceleration is rapid, intense, and transient, we refer to

these periods of acceleration as “acceleration bursts”.
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Figure 7.1: Geomagnetic conditions and radiation belt response during the
August 2018 geomagnetic storm. a, disturbance storm time index, Dst, (line
plot, left y-axis) and Planetary K-index, Kp, (histogram plot, right y-axis). b
and c show 1.8 MeV electron flux measurements by the Van Allen Probes and
GPS spacecraft respectively, d and e electron PSD for fixed first and second
adiabatic invariants (u =1466 MeV /G, K = 0.1 RgG%®) obtained from the Van
Allen Probes and GPS constellation respectively. Panels b-e show flux or PSD
as a function of time and Roederer L* parameter (Roederer, 1970) calculated
for the Tsyganenko and Sitnov (2005) magnetic field model. The black lines
overlaid on panels b-e show the last closed drift shell (c.f, Albert et al., 2018),
calculated using the LANLGeoMag (Henderson et al., 2017) library.
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Radial profiles of GPS PSD data, shown in Figure 7.2, clearly reveal that
the acceleration during the August 2018 storm occurs in two distinct bursts.
By contrast, Van Allen Probes only capture the combined effect of the two
acceleration bursts. The initial burst starts at around 6:00 UT as revealed by
the GPS satellites and lasts for ~2.5 hours until 8:40 UT. During this time
the radiation belt population is gradually increased by almost two orders of
magnitude, as revealed by the GPS PSD profiles at 7:40 and 8:00 UT. At this
time, both Van Allen Probes are outside the last closed drift shell and do not
measure the trapped population. After this initial acceleration burst the radial
PSD profiles remain largely unchanged until 11:50 UT, illustrated by non-rising
PSD profiles from GPS as well as an inward pass by the RBSP-B at the time
of its conjunction with GPS (11:30 UT). Following three hours of stability,
a very rapid increase in PSD is observed as the radiation belt electrons are
accelerated by almost an order of magnitude over the next 20 minutes. This is
highlighted by a sharp increase in GPS PSD profiles from 11:50 to 12:10 UT in
Figure 7.2 and confirmed by the subsequent pass by RBSP-B, showing that
PSD increases across a wide range of L*.

We also evaluated the radiation belt dynamics at different energies across
this interval. Supplementary Figure E.13 and E.14 show the PSD(L*) profiles
for =501 MeV/G and p = 2508 MeV /G, for fixed K = 0.1 Rg/G"5 (in the
same format as Figure 7.2). These electron populations correspond to 0.5 MeV
and 2 MeV at L* = 3.6 respectively. Supplementary Figure E.14 shows that
the acceleration of the 2508 MeV /G electrons progressed in a similar manner
to that of 1466 MeV /G, revealing two distinct acceleration bursts around 6 UT
and 12 UT on August 26 (cf., Figure 7.2). Supplementary Figure E.13 shows
only one acceleration burst for the lower energy population at around 6 UT,
consistent with the timing of the first acceleration burst for the two higher
energies. After the initial acceleration burst, the lower energy electrons remain

approximately constant.
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Figure 7.2: Electron phase space density (PSD) profiles during the acceleration
phase of the August 2018 geomagnetic storm. The electron PSD profiles
obtained from the Van Allen Probes data are shown with a scatter plot in both
panels (RBSP-A on the left and RBSP-B on the right). Due to the orbital
movement of the spacecraft, the Van Allen Probe PSD are color-coded by
UT on August 26, 2018. The PSD profiles evaluated from the GPS satellites
are shown with line plots, duplicated in both panels, during the first (06:00-
08:40 UT) and second (11:50-12:10 UT) acceleration bursts. The star markers
represent the times of conjunction between RBSP-B and GPS at 06:00 UT and
11:30 UT. The median uncertainty indicates size of the median error across all
GPS instruments and measurement times (see Methods section for details).
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7.3 Probing the Origin of the Acceleration Bursts

To evaluate whether ULF wave radial diffusion is the dominant cause of the
radiation belt acceleration during this event, we infer the radial diffusion
coefficients, Dy, from the GPS PSD profiles following (Schulz and Lanzerotti,
1974) and compare them to the Dy obtained from both ULF wave ground-
based observations (Ozeke et al., 2009) and from empirical models (Ozeke
et al., 2014; Lejosne, 2020). Figure 7.3 shows the obtained Dy during the
two acceleration bursts. During the first acceleration burst, the Dy obtained
from the GPS PSD are consistent with ground-based observations to within
reported levels of variability during storm times (Olifer et al., 2019; Sandhu
et al., 2021). The GPS-driven Dy also show a clear structuring in p, with
lower p (and thus lower energy) having larger Dyy. This is consistent with
the radial diffusion coefficients obtained from the ground-based ULF wave
observations for this event, as well as prior simulation studies (Li et al., 2016,
2017a). Conversely, during the second acceleration burst, the GPS-driven
Dy, at higher p (1466 MeV /G and 2508 MeV/G) are more than two orders
of magnitude larger than those expected from ground-based observations or
empirical models.

The analysis of Dy obtained directly from the GPS PSD (Figure 7.3)
clearly shows that only the first acceleration burst is likely to be driven by
inward radial diffusion; the second acceleration burst appears inconsistent with
radial diffusion as a dominant mechanism. Local acceleration by wave-particle
interactions (Reeves et al., 2013) is a likely candidate for the dominant process
at that time. Figure 7.4 shows elevated chorus wave activity around the time
of the second burst measured by the Onboard Frequency Analyzer (OFA)
instrument onboard the Arase spacecraft (Kasahara et al., 2018; Miyoshi et al.,
2018; Matsuoka et al., 2018), which itself follows a substorm onset measured
at geosynchronous orbit (Supplementary Figure E.15). During the second
acceleration burst (c.f., Supplementary Figure E.14), energies above ~1 MeV
are energised significantly, while the lower energy electrons (~0.5 MeV) are

not. Acceleration of predominantly higher energies is consistent with “anchor
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Figure 7.3: Radial diffusion coefficients during the acceleration phase of the
August 2018 geomagnetic storm. Radial diffusion coefficients (D) derived
from the GPS PSD radial profiles are shown with horizontal lines for the
first and second acceleration bursts. Dy was calculated separately for three
values of the first adiabatic invariant, u. Dp; was estimated by integrating
PSD profiles in Figure 7.2 and Supplementary Figure E.13 and E.14 using the
approach introduced by Schulz and Lanzerotti (1974). For comparison, we also
show the electric field component of event-specific radial diffusion coefficients
DE, | estimated from the network of ground magnetometers and mapping of
the horizontal magnetic field component using Ozeke et al. (2009) approach.
These are shown for the same set of i by the solid colored lines covering the full
span of the plot. The black lines show Dy calculated using the Kp-dependent
empirical models of Ozeke et al. (2014) (solid line) and Lejosne (2020) (dashed
line).
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Figure 7.4: Magnetic field power spectral density measured by Arase satellite
during the second acceleration burst. Power spectral data is obtained from the
Onboard Frequency Analyzer (OFA) instrument and is shown as a function of
time and frequency. White lines outline the frequency bands of upper (0.8 f..-
0.5fe) and lower (0.5f..-0.1f.) chorus, where f. is the electron cyclotron
frequency. The secondary x-axis shows the L* of Arase satellite for the local
90° pitch angle at the corresponding times. Note that prior to 12 UT the L*
parameter is undefined.

point” theory (Summers et al., 2002; Horne et al., 2005), which states that
the lower energy electrons (<~0.8 MeV) provide the source population for the
acceleration while also generating chorus waves, resulting in the acceleration of

electrons up to ultra-relativistic energies.

7.4 Conclusions

This study reveals how observations of the Van Allen radiation belt by the GPS
constellation can simultaneously provide continuous monitoring, reveal very
fast radiation belt dynamics, and enable identification of the dominant physical
mechanisms driving them. Although the energetic particle sensors on GPS are
operational environment monitors, the large number (> 20) on orbit brings
unique scientific capabilities. This is clearly exemplified here using the August

2018 geomagnetic storm. The GPS satellite data reveal a clear separation of the
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acceleration into two distinctly different bursts, the first lasting ~2 hours and
the second ~20 minutes, while Van Allen Probes only measure their combined
effect. Without constellation measurements the acceleration would not have
been resolved into the two bursts, potentially leading to incorrect physical
interpretation.

By calculating radial diffusion coefficients directly from the GPS PSD
data, we have shown that inward radial diffusion was a dominant driver of the
first acceleration burst that last for two hours, increasing the whole radiation
belt population by almost two orders of magnitude. Meanwhile, the second
acceleration burst was likely caused by local wave-particle interaction increasing
relativistic (>1 MeV) electron PSD by an order of magnitude over 20 minutes.
Resolving fast PSD dynamics across an extended interval has previously not
been possible, leading to incomplete understanding of rapid radiation belt
acceleration. Even as new science missions aim to probe the radiation belts
with highly-capable instruments (Miyoshi et al., 2018; Blum et al., 2020), we

foresee a critical role for GPS in the future of radiation belt science.
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Chapter 8

Thesis Summary and Future

Work

The analysis presented in this thesis focuses on investigating the dynamics of
the Earth’s radiation belt electrons during geomagnetic storms. By performing
statistical and event-specific analyses, we have shown in Chapters 3 that the
storm-time behavior of various radiation belt populations may be much more
repeatable and similar from one storm to the next than previously thought. In
particular, during the geomagnetic storms with low values of the last closed drift
shell (LCDS) which are expected to be dominated by magnetopause shadowing
losses, the relativistic electron population with energies below 600 keV appears
to be depleted by the same factor (with respect to the pre-storm conditions) in
every studied geomagnetic storm. The fractional amount of the loss depends
on energy and location, but it appears repeatable and consistent with the
outward loss of particles into the solar wind. This advance promises further
improvements to radiation belt loss models, perhaps to be incorporated using
empirical methods.

On the other hand, the flux of the lower energy electrons is predominantly
enhanced during the beginning of the storm. Importantly and as shown in
Chapter 4, it is enhanced to the same level in every storm geomagnetic storm
that we investigated in our superposed epoch analysis. This level is energy and
location-dependent and is consistent with the theoretical model by Kennel and
Petschek (1966) that describes a natural maximum flux level in a magnetosphere

where any increases in the electron flux are balanced out by the precipitation
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loss induced by the chorus wave growth, which in turn depends on the amount
of electron flux in the magnetosphere. By additionally analyzing six events
with the largest flux of the 2.6 MeV electron population in Chapter 5, we
have also shown that the Kennel and Petschek (1966) theory may apply to
relativistic or strongly relativistic electrons as well. Indeed, the Kennel-Petschek
theory elegantly explains the evolution and hardening of the electron spectrum
during those geomagnetic storms and defines a natural maximum flux for the
terrestrially trapped electron space radiation.

The final part of this thesis in Chapters 6 and 7 also focuses on investigating
very fast acceleration processes that may occur in the radiation belts of the
Earth. By analyzing the September 2017 geomagnetic storm, in Chapter
6, we showed that an apparent local peak in electron phase space density
(PSD), which is classically associated with the local acceleration and which
was observed in the PSD data from one of the two Van Allen Probes along
its outbound trajectory, does not actually exist. A careful analysis of the
multipoint measurements by the Van Allen Probes reveals instead how the
apparent PSD peak arises from aliasing monotonic PSD profiles which are
rapidly increasing due to acceleration from very fast inwards radial diffusion.
If analyses of multi-satellite measurements are not employed in geomagnetic
storms with similarly fast acceleration, such measurement artifacts might
otherwise be misinterpreted as being representative of, and responsible for,
such acceleration.

To resolve such possible misinterpretations in Chapter 7 we have developed
for the first time an algorithm for estimating the electron PSD from electron
flux data measured by the constellation of Global Positioning System (GPS)
satellites. By examining a very fast acceleration event on 26 August 2018,
we have shown that the acceleration of relativistic electrons occurred in two
distinct bursts, each dominated by a different physical acceleration mechanism.
ULF wave radial diffusion seemingly dominated during the first acceleration
burst, meanwhile, the second one is likely caused by local acceleration by
chorus waves. The analysis that we presented here reveals radiation belt

dynamics at an unprecedented 10-minute temporal resolution, which allows
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for such very fast dynamics to be resolved for the first time. Our work clearly
demonstrates how distributed, measurements can be used to resolve phenomena
not readily observable with previous capabilities, and that rapid energization of
the radiation belt can occur on timescales much faster than previously reported.

All of the results presented here could be used for the further development
of advanced physics-based forecasting models of the near-Earth radiation
environment through their incorporation into data drivel models or for the
development of improved radiation specification models for designing radiation-
hard space infrastructure.

The results presented in this Ph.D. thesis provide a number of avenues
for future research. For example, the impact of self-limiting processes on
the nature of the dynamics and resulting morphology of the radiation belts,
and which appears to be active in almost every geomagnetic storm, demands
further investigation. In particular, analyzing data not only from the satellites
in the inner magnetosphere but also from low Earth orbit during times of
magnetic conjunction between them can provide insight into the role of the
Kennel-Petschek limit for driving particle precipitation into the atmosphere.
The underlying effects of the resulting enhanced precipitation on the Earth’s
atmosphere and climate can also be assessed over the course of such a study.
Importantly, this topic is also in line with the scientific questions which are to be
answered by a number of future international space missions. For example, The
Radiation Impacts on Climate and Atmospheric Loss Satellite (RADICALS)
mission led by the University of Alberta (launches in 2026-2027) and the
NASA Geospace Dynamics Constellation (GDC) mission (launches in 2027)
are designed to explicitly address the impacts of radiation and coupling to the
Earth’s atmosphere arising from the processes in geospace by measuring the
electron precipitation and the electron dynamics in the coupled magnetosphere-

ionosphere-atmosphere system at previously unseen resolutions.
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Appendix A

Lists of Events Selected for the
Superposed Epoch Analysis
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Table A.1: List of zero epochs, used in the statistical superposed epoch study,
with the respective minimal last closed drift shell (LCDS) location in each
storm over the course of six days.

Minimal Minimal

Date uTC LCDS Date uTC LCDS
2012-10-01 | 2:25:00 | 5.023 2015-10-07 | 16:10:00 | 5.171
2012-10-13 | 9:00:00 | 5.309 2015-10-18 | 9:15:00 | 5.764
2012-11-01 | 11:55:00 | 5.309 2015-11-03 | 8:50:00 | 5.603
2013-01-17 | 18:20:00 | 5.319 2015-11-07 | 7:20:00 | 5.367
2013-03-01 | 10:05:00 | 5.430 2015-12-14 | 18:00:00 | 5.213
2013-03-17 | 10:00:00 | 4.906 2015-12-20 | 8:10:00 | 4.715
2013-05-01 | 7:15:00 | 5.797 2016-02-16 | 17:05:00 | 5.703
2013-05-18 | 2:45:00 | 5.775 2016-03-06 | 19:20:00 | 5.022
2013-06-01 | 6:30:00 | 5.002 2016-04-07 | 21:15:00 | 5.673
2013-06-07 | 2:40:00 | 5.639 2016-04-13 | 0:35:00 | 5.619
2013-06-29 | 11:25:00 | 5.285 2016-06-05 | 14:20:00 | 5.557
2013-07-06 | 6:30:00 | 5.544 2016-07-20 | 4:45:00 | 5.301
2013-07-10 | 11:55:00 | 5.578 2016-08-03 | 10:35:00 | 5.490
2013-07-14 | 15:10:00 | 5.561 2016-08-23 | 20:30:00 | 5.652
2013-08-04 | 21:35:00 | 5.637 2016-10-13 | 12:15:00 | 4.858
2013-10-02 | 5:00:00 | 4.696 2016-10-25 | 12:50:00 | 5.695
2013-10-08 | 22:40:00 | 5.385 2016-11-10 | 17:00:00 | 5.784
2013-12-08 | 3:30:00 | 5.106 2017-03-01 | 12:20:00 | 5.748
2013-12-25 | 13:35:00 | 5.685 2017-03-27 | 10:00:00 | 5.577
2014-02-27 | 21:25:00 | 5.109 2017-04-04 | 7:10:00 | 5.733
2014-04-12 | 6:00:00 | 5.697 2017-04-20 | 4:15:00 | 5.775
2014-04-30 | 12:15:00 | 5.661 2017-05-20 | 9:20:00 | 5.707
2014-05-08 | 8:35:00 | 5.604 2017-07-16 | 11:25:00 | 5.254
2014-06-08 | 5:50:00 | 5.205 2017-08-04 | 10:30:00 | 5.756
2014-09-12 | 22:20:00 | 5.316 2017-08-31 | 11:55:00 | 5.575
2014-12-22 | 4:30:00 | 5.348 2017-09-28 | 7:45:00 | 5.729
2015-01-26 | 10:00:00 | 5.564 2017-12-04 | 18:45:00 | 5.668
2015-02-02 | 2:30:00 | 5.391 2018-03-10 | 4:20:00 | 5.763
2015-02-17 | 22:05:00 | 5.566 2018-04-20 | 9:10:00 | 4.923
2015-03-17 | 15:05:00 | 4.320 2018-05-05 | 16:55:00 | 5.762
2015-05-06 | 16:10:00 | 5.505 2018-08-26 | 8:25:00 | 4.767
2015-06-08 | 6:55:00 | 5.211 2018-09-10 | 22:15:00 | 5.757
2015-07-04 | 21:20:00 | 5.348 2019-01-31 | 21:05:00 | 5.450
2015-07-11 | 4:05:00 | 5.502 2019-06-08 | 17:40:00 | 5.484
2015-07-23 | 7:40:00 | 5.759
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Table A.2: List of zero epochs, used in the statistical superposed epoch study,
with the respective minimal Dst index in each storm over the course of six

days.
Minimal Minimal

Date UuTC Dst, nT Date UTC Dst, nT
2012-10-01 | 4:25:00 | -122 2015-07-05 | 5:00:00 | -67
2012-11-01 | 20:25:00 | -65 2015-07-13 | 15:25:00 | -61
2012-11-14 | 7:25:00 | -108 2015-07-23 | 7:30:00 | -63
2013-01-17 | 22:00:00 | -53 2015-08-27 | 20:20:00 | -92
2013-01-26 | 22:30:00 | -51 2015-09-20 | 15:25:00 | -75
2013-03-01 | 10:30:00 | -55 2015-10-07 | 22:25:00 | -124
2013-03-17 | 20:30:00 | -132 2015-12-20 | 22:30:00 | -155
2013-03-29 | 17:00:00 | -61 2016-01-01 | 0:00:00 | -110
2013-04-24 | 18:25:00 | -50 2016-01-20 | 16:25:00 | -93
2013-05-01 | 18:25:00 | -67 2016-03-06 | 21:30:00 | -98
2013-05-18 | 4:30:00 | -57 2016-04-02 | 23:00:00 | -56
2013-05-25 | 6:00:00 | -54 2016-04-07 | 21:30:00 | -60
2013-06-01 | 8:20:00 | -119 2016-05-08 | 8:00:00 | -83
2013-06-07 | 5:20:00 | -73 2016-08-03 | 10:30:00 | -51
2013-06-29 | 1:25:00 | -98 2016-08-23 | 21:30:00 | -74
2013-07-06 | 18:25:00 | -79 2016-09-29 | 9:30:00 | -66
2013-07-14 | 23:00:00 | -73 2016-10-13 | 17:25:00 | -104
2013-08-27 | 21:20:00 | -54 2016-11-10 | 17:20:00 | -57
2013-10-02 | 7:20:00 | -67 2017-03-01 | 21:30:00 | -61
2013-10-09 | 1:00:00 | -62 2017-03-27 | 14:30:00 | -74
2013-12-08 | 8:30:00 | -66 2017-04-22 | 16:00:00 | -50
2014-04-12 | 9:00:00 | -81 2017-05-28 | 7:30:00 | -125
2014-04-30 | 9:25:00 | -64 2017-07-16 | 15:30:00 | -72
2014-08-27 | 18:25:00 | -80 2017-08-31 | 11:30:00 | -50
2014-09-12 | 23:30:00 | -75 2017-09-08 | 1:30:00 | -142
2014-11-10 | 17:30:00 | -57 2017-09-28 | 6:30:00 | -76
2014-11-16 | 7:00:00 | -50 2017-10-14 | 5:30:00 | -57
2014-12-22 | 5:30:00 | -51 2018-03-18 | 21:25:00 | -50
2015-02-18 | 0:15:00 | -64 2018-04-20 | 9:30:00 | -66
2015-02-24 | 7:15:00 | -56 2018-05-06 | 1:25:00 | -56
2015-03-02 | 8:30:00 | -54 2018-08-26 | 6:30:00 | -174
2015-03-17 | 22:30:00 | -223 2018-09-11 | 10:20:00 | -60
2015-04-16 | 23:25:00 | -79 2018-10-07 | 21:00:00 | -53
2015-06-08 | 8:30:00 | -73 2018-11-05 | 5:30:00 | -53
2015-06-23 | 4:30:00 | -204 2019-08-05 | 20:00:00 | -53
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Appendix B

Two-Dimensional Superposed
Epoch Analysis: Approaches
and Methodology

B.1 Superposed Epoch Analysis of the Van
Allen Probe Data

Performing a superposed epoch analysis of the flux data from the Van Allen
Probes is more complicated than just averaging over events at different times.
The Van Allen Probe orbits constrain the observations of the trapped radiation
as a function of position and time, such that the position (L*) of the satellite
is, of course, dependent on time itself. Thus, we performed the superposed
analysis by mapping the observations of the flux onto a grid. Passes of both
Van Allen Probes A and B were discretized over a fixed L*-epoch grid, with
epoch time defined relative to the time of minimum LCDS in each storm. Note
that for a single event, some of the cells remain empty because the satellites do
not pass through them, due to their orbital coverage. In this case, these cells
are ignored when calculating superposed epoch values across the selected events.
In particular, for this study, we used a grid with 120 cells in the superposed
epoch ranging from -3 to 3 days, and with 50 cells in L* ranging from 1 to 7.5.
This creates a relatively even observational coverage with each cell containing
~32 storms (Supplementary Figure E.3). Also, note that during epoch time
zero, because of the decrease in L* along the Van Allen Probe orbits due to
the storm-time variations in magnetic fields, there is a decrease to < 15 storms
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for L* ranges above 5.5 which was further filtered to neglect measurements

outside the LCDS.

B.2 Fitting of Flux Cross-Sections

The function used for fitting the normalized flux for constant L* and energy

(cf. Figure 3.3, 3.4 in the main text) is shown in equation (B.1),

(A—b)expd — Ly it < o,

2
log,, f(t) = 201 B.1
10 £ (A —by)exp —(t;%)z + by, otherwise, (B.1)
2

where A, by, by, tg, 01, and o9 are fit parameters, ¢ is the superposed epoch
time, and f is the electron flux, normalized to the pre-storm level. The fitting
was performed using the numerical curve_fit routine, available in the scipy
python package. Additionally, this routine provides the fitting uncertainties
for all of the parameters: 0 A, dby, dbs, dpu, 001, and dos.

The value 1074, obtained from fitting the logarithm of normalized flux,
defines by how much the initial pre-storm flux is greater than the minimum flux
reached by the end of the loss phase. It is the value plotted in Figure 4 as a
function of L* and fixed energy. The parameter ty defines the epoch time when
the loss ends. At that time the flux reached its minima and starts recovering.
In addition, epoch times of the beginning and end of the loss are estimated
using quantities ty — 301 and t, respectively. Both of those values are plotted

in Figure 5.

B.3 Median Flux Phase Space Density Calcu-
lation

The general approach for calculating phase space density (PSD) from the
directional differential electron flux measurements has been described in a
number of prior studies (Mann et al., 2018; Ozeke et al., 2019). In this study,
we used a number of assumptions to try to ensure that the PSD, in particular
when obtained from the superposed epoch analysis flux shown in Figure 6,

remained statistically well-behaved. In particular, we performed interpolation
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between MagEIS and REPT energy channels to obtain PSD at constant first
adiabatic invariants, and investigated only low second invariants. As was
discussed in the main text, the pre-storm phase is mostly characterized by
constant flux. Meanwhile, during the loss phase, the dynamics are most well-
characterized by the fractional flux loss. Thus, first, we perform a calculation
of the well-behaved pre-storm PSD from the median pre-storm flux (top row of
Supplementary Figure E.4). Second, we calculate the relative PSD change from
the median fractional flux during the loss phase (middle row of Supplementary
Figure E.4). And finally, we modify the pre-storm PSD by the calculated
relative PSD to obtain phase space density L* trace during the active storm
times (bottom row of Supplementary Figure E.4). This approach allows us to
work with a well-behaved PSD derived from the self-similar lux dynamics as

represented by the statistical median flux.
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Appendix C

Magnetic Field Model
Validation During the
September 2017 Geomagnetic
Sotrm

This supplementary information provides an overview of the magnetic field
measurement data from NASA Van Allen Probes mission in comparison with
the Tsyganenko and Sitnov (2005) magnetic field model. This comparison is
crucial for evaluating the validity of the conversion from the measured electron
flux (as a function of the location, energy, and pitch angle) to electron phase
space density (PSD) as a function of the three adiabatic invariants u, K, and
L*. We also use data from the THEMIS-D satellite (Angelopoulos, 2008) to
determine the location of the magnetopause from particle detector data and
hence further validate the importance of magnetopause shadowing for radiation
belt loss and the significance of the location of the last closed drift shell (LCDS)
for the storm-time radiation belt dynamics during storm recovery phase.
Figure 4 of the main paper shows the two measured PSD profiles as a
function of L* for fixed p and K observed by Van Allen Probes A and B. It
also shows the instantaneous PSD gradients inferred from the satellite data at
different L* at the same time. These gradients are shown for the period from
13:00 UT until 13:20 UT on September 8, 2017. During this time, the measured
magnetic field is in good (<10% difference in magnitude) agreement with the

Tsyganenko and Sitnov (2005) magnetic field model and the Van Allen Probes
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are sufficiently apart to infer the PSD gradients. However, outside of the
aforementioned time slot, the Van Allen Probes are close to the magnetopause
and boundary layer currents, which causes a disagreement with the magnetic
field model. Figures E.8 and E.9 provide an overview of the magnetic fields
observed by the satellites around that time. Hence, only the instantaneous
gradients are only shown for the valid time period from 13:00 UT until 13:20 UT.

Figure E.8 shows three components of the magnetic field in the GSM
coordinate system measured by the Van Allen Probe A during its outbound
pass. Figure E.8 also shows the absolute value of the measured magnetic field
vector as well as that from the Tsyganenko and Sitnov (2005) magnetic field
model. Note that the measured magnetic field is in good agreement with the
one from the model until 13:40 UT on September 8. However, the PSD data for
Probe A at the value of second adiabatic invariant X =0.04 RpG®° assessed
in this study exists only until 13:20 U'T, because at later times the particles
with K =0.04 RpG°® mirror below the satellite.

Similarly, Figure E.9 shows the measured and modeled magnetic field for
Van Allen Probe B during its inbound pass. As the satellite moves inwards,
it leaves the boundary Chapman-Ferraro layer at 12:45 UT, which is evident
by the decrease in the absolute value of the magnetic field. At 12:45 UT the
L* values of both Van Allen Probes are the same (difference in L* is <0.1),
therefore it is hard to infer the directionality of the PSD gradients until the
time past their crossing in L* crossing, i.e., only after 13:00 UT.

To verify that the Van Allen Probes are indeed close to the magnetopause at
the assessed times, we show a summary of THEMIS-D satellite measurements
in Figure E.10. THEMIS-D crosses the magnetopause around 13:00 UT on
September 8, 2017, which is evident in the magnetic field and the particle
flux data from the satellite. Interestingly, this is the time of rapid last closed
drift shell (LCDS) compression (cf. Figure 1 of the main paper). At the
time of the magnetopause crossing by the THEMIS-D satellite at around
13:00 UT, which is also the time of the Van Allen Probe conjunction, its L*
location is 4.3 (according to Tsyganenko and Sitnov, 2005, magnetic field

model for K =0.04 RpG°®). This suggests that the magnetic field model
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underestimates the extent of the rapid magnetopause compression and is not
capable to invalidate the PSD data at that time. Such observations further
strengthen the selected timeslot of 13:00-13:20 used in the analysis of the PSD

gradients in the main paper.
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Appendix D

Estimating Electron Phase
Space Density from the GPS
Electron Flux Data

D.1 Global Positioning System phase space den-
sity data

The Combined X-Ray Dosimeter (CXD) is a wide-angle (approximately hemi-
spheric) energetic charged particle detector that measures the radiation environ-
ment in medium-Earth orbit (Morley et al., 2016). The central look direction
of the detector is towards the Earth. As the GPS satellites carry no magne-
tometer and CXD does not provide a directionally-resolved measurement, the
publicly released data product provides omnidirectional electron flux data and
not directional flux (Morley et al., 2017). The omnidirectional flux provided
by CXD, Jgps(E), can be expressed as an integral of the flux of all particles,

averaged over all solid angles:

1 w/2
Jors(B) = 1 [ [ 405 (B.) = [ j(E.a)sinada
0

where j (E, a,,) if the directional differential electron flux, assumed symmetric
around magnetic equator and d is a solid angle element. We can rewrite this

equation for Jgpg in terms of the equatorial pitch angle a.g:

sin aeq COS (gq
do

eq
\/1 - = sm Qg

B Q90
J(;ps(E) = B / E Ozeq
eq
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where B and B, are the magnetic field strengths at the satellite and the
magnetic equator respectively and agg = arcsin (@) is the equatorial pitch
angle that corresponds to the local 90° pitch angle.

The CXD omnidirectional flux has previously been cross-calibrated against
data from the Van Allen probes, showing that the data from both missions are
consistent for energies up to ~4 MeV (Morley et al., 2016). Higher energies
could not be adequately cross-calibrated due to the absence of significant flux at
higher energies during the set of physical conjunctions used for calibration. In
this work we use electron flux data from 20 GPS satellites: vehicles ns53-nsh9
and ns61-ns73 (see Carver et al., 2020, for satellite information). To ensure
the high quality of the differential flux data used for the PSD calculations, we
first discard bad data using the “dropped_data” flag from the GPS data set.
We further exclude data where the spectral forward model does not adequately
reproduce the count rates in the first five energy channels using the criterion
given in Smirnov et al. (2020). This quality flag is biased to exclude lower
fluxes in addition to inadequate fits and is therefore overly conservative.

To evaluate the electron phase space density (PSD), the directional differ-
ential electron flux is needed. Here, we use the pitch angle distribution (PAD)
model of Zhao et al. (2018) to simulate the shape of the PAD, j (E, ay,), at
the GPS satellites. This model is corrected by normalizing it by the GPS
measurements, thus, ensuring that both model and observations are consistent
with each other. The absolute value of the directional differential flux j can be
represented as j (E, aq,) = N(E)j (E, a,), where N(E) is a normalization co-
efficient that can depend on energy. By substituting this relation into equation
above, we can determine the normalization coefficient N(E) for a modeled 7,
and therefore estimate j (E, a.,) using the following formula:

Japs(E)

ago Sin (req COS Qleq
E.,«a —— <1
fO J ( ) 611) 17BB sin2 req €q

'E(Eyaeq) .

](E7 aeq) - B
Beg

eq
This provides an estimation of directional differential electron flux, enabling

calculation of PSD. In case of the Zhao et al. (2018) (Zhao et al., 2018) model

used in this study, the integral can be solved analytically.
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Once j(E, a.,) has been derived, we calculate the PSD in adiabatic invariant
coordinates, fops(u, K), following the method outlined by Morley et al. (2013),
as applied to Van Allen Probes data by Olifer et al. (2021c). In brief, Liou-
ville’s theorem states that phase space density is conserved along dynamical
trajectories, and is given by:

J(E, )
2

f(E,a) =

where p is the relativistic momentum of the particle. For instruments that have
directionally-resolved measurements the conversion from f(F,«) to f(u, K)
typically relies on fitting or interpolation from the measurements to the desired
adiabatic invariants. However, for the GPS data we pre-selected the values
of K and because we obtain j(F, «) through application of a PAD model we
simply evaluate the PAD model at the a corresponding to the desired K at each
time step. The adiabatic invariant calculations are dependent on a magnetic

field model, and for this work we use the T'syganenko and Sitnov (2005) model.

D.2 Van Allen Probes phase space density data
and comparison to GPS

We use Van Allen Probes directional electron flux data from the magnetic
electron ion spectrometer (MagEIS) Blake et al. (2013) and relativistic electron-
proton telescope (REPT) (Baker et al., 2012) charged particle instruments to
calculate phase space density, frpsp(u, K, L*). Therefore we can omit the pitch
angle distribution modeling step described for the GPS data processing. The
procedure largely follows Morley et al. (2013) and has been used to calculate
PSD from the Van Allen Probes for previous work Olifer et al. (2021c). The
second and third adiabatic invariants — K and L* are calculated using the
Tsyganenko and Sitnov (2005) model. We used the magnetic field measurements
from the Electric and Magnetic Field Instrument Suite and Integrated Science
(EMFISIS) suite (Kletzing et al., 2013) to calculate the first adiabatic invariant.

To ensure that the calculation of PSD using the omnidirectional electron flux

from CXD is sufficiently accurate, we performed phase space density matching
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(Chen et al., 2007b; Morley et al., 2013). That is, where we have valid PSD,
f(p, K, L*), from both satellites we expect that fgps should equal frpgp.
Supplementary Fig. 1 shows that the evaluated GPS PSD is in good agreement
with that of the Van Allen Probes across the three adiabatic invariants used
in this study. Nonetheless, a relatively small systematic bias — of a factor of
two at most — exists for the particle populations with energies above 1 MeV.
When compared, the GPS PSD tend to be smaller than those from the Van
Allen Probes at higher energies. For an accurate comparison between the two
datasets, we correct for this energy-dependent bias in the GPS PSD dataset
such that it minimizes the magnitude of the symmetric signed percentage bias

(Morley et al., 2018).

D.3 Estimating Uncertainties in PSD calcula-
tion

In general, the uncertainty in the estimated PSD values is a combination of the
measured flux uncertainty and the uncertainties related to the magnetic field
model. However, for the purposes of this study, we assume the uncertainty in
the flux measurement is small compared to the uncertainty arising from the
use of a magnetic field model in estimating the adiabatic invariants (cf., Reeves
et al., 2013). Error propagation allows us to estimate the absolute uncertainty,
Af(u, K, L*), using partial derivatives of log, f and individual uncertainties in

u, K, and L* as per the following formula:

Af dlog, f 2 dlog, f 2 dlog, [ . . 2
o ) () o)

Note that this equation assumes individual uncertainties in p, K, and L* to be

Gaussian. Uncertainty related to K has not yet been evaluated in the literature,
and therefore we neglect this term in our present error analysis.

The error in p is related to the uncertainty of the estimated magnetic field
strength at the location of the satellite (Morley et al., 2013). Brito and Morley
(2017) estimated this error to be around 4% by comparing the modeled and

measured magnetic fields from a variety of spacecraft missions. As the GPS
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satellites do not make in situ magnetic field measurements we use this result
and set the error in p to be 4%. While not exact, this assumption allows us
to evaluate the order of magnitude of the related uncertainty in f that would
vary depending on the mg—g;f gradient.

The error in L* can be estimated using the method of Chen et al. (2007Db).
The relative uncertainty in f can be estimated by comparing PSD from different
GPS satellites or with those from RBSP and utilizing equation

I T

where R = exp |log, fi —log, f;| and f; and f; are the PSD from two different
satellites for the same adiabatic coordinates and time. This approach for
calculating uncertainties provides an estimation of error in PSD for every
satellite and time. Fig. 2 shows the median error across all 20 GPS spacecraft

used in this study and times shown in the legend on the right.

D.4 Estimating Radial Diffusion Coefficients
Dy from GPS PSD Data

Using the GPS satellites we are able to accurately resolve radiation belt
dynamics (i.e., f(u, K, L*)), on timescales of minutes, over a limited range of
L*. Availability of such measurements allows us to evaluate the radial diffusion
coefficients, Dy, directly from the particle measurements. Notably, calculation
of the Dy coefficients on such short timescales has, to our knowledge, not
previously been reported. Here it is made possible by the constellation of GPS
satellites providing good coverage of adiabatic coordinate space at each time,
essentially giving near-continuous monitoring of a limited range of drift shells.

The radial diffusion coefficient can be estimated using a quadrature equation

first described by Schulz and Lanzerotti (1974):

_ 0 to — 1y 21 /n—2\ 9F O*F IF\ >
o= e rr s {17+ G ()

where F' = log, f; D, is the normalization of the radial diffusion coefficient that

-1
dt} |

does not depend on L; n is the order of L dependence of the Dy, coefficient
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(typically ranging from 6 to 8); ¢; and ¢, are the fixed moments in time between
which the calculation of the Dy coefficient is performed; and 7 is the lifetime
of the particle which can typically describe additional loss, or acceleration,
processes in a reduced diffusion equation. In this study we use an empirical
characterization of the electron lifetime 7 = 5/Kp (Shprits et al., 2006). By
numerically calculating gradients of I’ and integrating them over a range of
times, we can estimate Dy coefficients during the storm. For this work L in
the equation for calculating Dy coefficients can be considered equivalent to

L* (see also the discussion in Cunningham et al., 2018).
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Appendix E

Supplementary Figures
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Figure E.1: Superposed epoch analysis of the median LCDS location at differ-

ent second adiabatic invariants K, obtained from the full calculation by the
LANLGeoMag library (Henderson et al., 2017) for every storm.
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Pre-storm PSD to minimal PSD ratio ‘* i i *

Figure E.2: The intensity of the fractional phase space density (PSD) loss
for different 1 as a function of L* in the Van Allen radiation belt. Different
first adiabatic invariants, y, are shown in different colors, the second adiabatic
invariant K is fixed at 0.1 RpG%®. The error bars were obtained from the least-
squares numerical fitting of the fractional PSD with a double-sided Gaussian

(see main text for details).
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Figure E.3: Number of storms that contributed to each cell in the 2D superposed
epoch analysis. The number of events per cell which was used when determining
the median flux in the superposed epoch analysis is shown as a function of L*
and epoch day by the color bar. Note that the average cell coverage for the L*
range from 3 to 5 is 32 storms per cell with a standard deviation of 3. The grid
used in this study contains 120 cells in the superposed epoch ranging from -3
to 3 days and with 50 cells in L* ranging from 1 to 7.5.
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Figure E.4: Example of the application of the technique used for statistical
phase space density (PSD) calculation from observed median flux. The PSD
profile as a function of L* at any given time (bottom panel; in this case 0.2
days before the superposed epoch (SE) of minimum LCDS) is obtained by
multiplying the pre-storm PSD (top panel) and the fractional PSD change
(middle panel). The left and right columns represent the data for two examples
of different first adiabatic invariants. The red line with dots represents the
data and the blue lines represent the fits used in the calculation of PSD radial
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gradients shown in Figure 6 of the main paper.
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Figure E.5: Measured 2.6 MeV energy differential flux for 90° pitch angle
electrons in the same format as Figure 5.1 of the main paper. a, electron flux
data for the October 6-10, 2015 geomagnetic storm. b, electron flux during the
September 26-30, 2016 storm c, the October 8-10, 2012 geomagnetic storm. All
panels designate 4 times where the comparison to the Kennel-Petschek limit is
conducted.
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Figure E.6: Electron flux energy spectra and Kennel-Petschek limits during,
a, the October 6-10, 2015 geomagnetic storm, b, the September 26-30, 2016
geomagnetic storm, ¢, the October 8-10, 2012 geomagnetic storm. This figure
has the same format as that of Figure 5.2 of the main paper.
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Figure E.7: Normalized electron flux pitch angle distributions at L*=4.25
and corresponding Kennel-Petschek limits during, left column, the October
6-10, 2015 geomagnetic storm, middle column, the September 26-30, 2016
geomagnetic storm, right column, the October 8-10, 2012 geomagnetic storm.
This figure has the same format as that of Figure 5.3 of the main paper.
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Figure E.8: Van Allen Probe A model and measured magnetic field data during
the acceleration phase from 12 UT until 14 UT on September 8, 2017. Measured
components of the magnetic field in the GSM coordinate system are shown in
blue, orange, and green colors. The red color corresponds to the absolute value
of the measured magnetic field vector and is used in the calculation of the first
adiabatic invariant p. The absolute value of the modeled magnetic field vector
(Tsyganenko and Sitnov, 2005) is shown in purple. A comparison between the
measured and modeled data provides a reliable assessment of the model data
quality and is used to distinguish where the quantitative analysis of PSD is
valid.
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Figure E.9: Van Allen Probe B model and measured magnetic field data in the
same format as Figure E.8.
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Figure E.10: A summary plot of THEMIS-D magnetic field and particle
measurements. From top to bottom, the panels show magnetic field components
in the GSE coordinate system, ion plasma flow velocity in the GSE coordinate
system, and ion energy flux from the electrostatic analyzer (ESA), solid-state
telescope (SST) electron energy flux, ESA electron energy flux. THEMIS-D
briefly crosses the magnetopause at 12:57 UT, which corresponds to a sharp
decrease in B, component of the magnetic field, an increase in the ion drift
velocity measurement of the warm sheath plasma populations, and a rapid
drop in the electron measurements above 10 keV. THEMIS-D then enters the
boundary layer, before crossing into the clean magnetosheath around 13:40
UT.
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Figure E.11: Outer boundary conditions used in the radial diffusion simulation.
The figure represents a short loss period, observed by Van Allen Probe B
from 11:30 UT until 12:00 UT, which coincides with the inward motion of
the last closed drift shell (LCDS), followed by a sharp assumed enhancement
of the outer boundary electron population which acts as a source for the
subsequent inwards radial diffusion. Note that these data were inferred from
the observed electron phase space density data at fixed p=3000 MeV /G and
K=0.04 RgG%5. However, such dynamics are representative of the relativistic
electron population at other p and K values as explained in the main text of

the paper.
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Figure E.12: Comparison between estimated electron phase space density from
GPS satellite constellation and that of the Van Allen Probes during the August
2018 geomagnetic storm. Van Allen Probes PSD is shown on the x-axis and the
estimated GPS PSD is shown on the y-axis. Only PSD measurements during
the temporal and L* conjunction are shown. Two columns show the GPS PSD
data before and after correcting the bias of the GPS dataset to match the
PSD levels from the Van Allen Probes. Different rows correspond to three
different first adiabatic invariants p, used in this study. Each panel also shows
the Pearson correlation coefficient (R) and coefficient of determination (R?)
between the two data sets in log-space, mean square error (MSE), symmetric
signed percentage bias (SSPB), and the 95% confidence interval for linear fit
slope obtained using the Theil-Sen robust linear regression. The red line shows
the resulting Theil-Sen fit with the yellow region showing the 95% confidence
interval of the fit.
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Figure E.13: Electron PSD profiles for p=501 MeV /G population during the
acceleration phase of the August 2018 geomagnetic storm. The electron PSD
profiles obtained from the Van Allen Probes data are shown with a scatter plot
in both panels (Probe A on the left and Probe B on the right). Due to the
orbital movement of the spacecraft, the Van Allen Probes PSD is color-coded
by UT time on August 26, 2018. The PSD profiles evaluated from the GPS
satellites are shown with line plots, duplicated in both panels, during the first
(06:00-08:40 UT) and second (11:50-12:10 UT) acceleration bursts. The star
markers represent the times of conjunction between Van Allen Probe B and
GPS at 06:00 UT and 11:30 UT. This plot is in the same format as Figure 7.2.
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Figure E.14: Electron PSD profiles for u=2508 MeV /G population during the
acceleration phase of the August 2018 geomagnetic storm. Same format as
Figure 7.2 and Supplementary Figure E.13.
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Figure E.15: Magnetic indices and geosynchronous measurements of energetic
charged particles during the acceleration intervals. Panels (a) and (b) show
spectrograms of flux perturbation, constructed by merging data from the MPA,
SOPA, and ESP instruments on the LANL-01A geosynchronous satellite. The
flux perturbation, AJ, is calculated as deviations of the differential flux from a
robust average of logio(.J) in that energy channel. This presentation is used to
enhance energy-time dispersion signatures and the units associated with the
color scale should be treated with caution. These panels are further shown
in the Mcllwain format, in which the proton energy axis is inverted. Panel
(c) shows measured, spin-averaged ion fluxes between 92keV and 897keV.
Dispersed charged particle injections, likely related to substorm activity with
onset at ~07:27UTC, are seen in the second half of the first acceleration
interval. Another substorm onset is observed at 11:18 UTC, Panel (d) displays
the tilt-angle of the geomagnetic field derived from: (line) the Tsyganenko and
Sitnov 2005 magnetic field model used in the body of this work, and; (dots) the
3D velocity distribution measured by the MPA instrument. The observational
derivation relies on sufficient anisotropy being present to identify the symmetry
axis and the derived vector is noisy and unreliable without sufficient anisotropy.
We note here the clear dipolarization in conjunction with the substorm onset
at 11:18 UTC. The magnetic local time of the satellite is plotted in panel (e),
and the SuperMAG SMU and SML indices are shown in panel (f). The two
acceleration intervals are highlighted 1ir617each panel by the grey boxes.



