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B Abstract

The dynamics of geospace magnetic storms and changes in the Van Allen radiation belts are
intimately intertwined. At the simplest level, the build-up and decay of the storm-time ring current
and of the radiation belts are fundamentally similar: electrons and ions are injected into the inner
magnetosphere, where they are further accelerated to form the ring current and radiation belts.
Both populations decay gradually, after elevated magnetospheric activity has ceased. The ring
current decays primarily by charge exchange and the radiation belts decay primarily by atmospheric
precipitation. Digging even slightly deeper than this simplistic description, however, uncovers many
unanswered questions, which are addressed in this chapter.
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3.1 Introduction

The two major charged particle populations that are trapped by the geomagnetic field in
geospace are the Van Allen radiation belts and the ring current. They are distinguished
by their high energies (~10 to 500 keV for the ring current, ~100 keV to 20 MeV /
200 MeV for the radiation belt electrons/protons), when compared to much lower en-
ergies of the surrounding plasmas, and by their intricate relationship during the most
complex phenomenon of solar-terrestrial coupling—the geospace magnetic storms. The
lower energy end of these populations—the ring current—is the main cause of the de-
fining feature of magnetic storms: the worldwide reduction of the geomagnetic field
horizontal component, which is evident in the storm-time Dst index profile. The higher
energy end of these populations—the radiation belts—was the first component of mag-
netospheric plasma, and space plasma in general, to be discovered at the very beginning
of the space era.

The milestone discovery of the radiation belts was made through the measurements of
Geiger—Miieller tubes of the group of Professor James Van Allen on board the Explorer
1 and 3 satellites in 1958 [Van Allen et al., 1958]. Van Allen correctly interpreted those
measurements as a result of intense corpuscular radiation [Van Allen, 1959]. The first
source proposed for the origin of the radiation belts was decay of neutrons produced by
the interaction of cosmic rays with the Earth’s atmosphere [Singer, 1958; Kellogg, 1959;
Vernov et al., 1959]. Balloon and rocket measurements, however, showed that the loss
rates of radiation belt electrons through precipitation into the atmosphere [e.g., Winck-
ler et al., 1962] would have demanded improbably high rates of replenishment if cosmic
rays had been the source. The time dependence of outer belt electron fluxes was even
more problematic [see, e.g., Walt, 1996], but, until spectral measurements became avail-
able, variations in detector count rates could potentially be explained by more subtle
changes in spectral slope—an ambiguity that would resurface, for different reasons, in
the observations from the 1990s and 2000s. In contrast, the proposal by Kellogg [1959]
that neutron albedo might be responsible for protons in the radiation belts is now widely
accepted [e.g., Selesnick et al., 2007]. To this date, we generally think of the Earth’s ra-
diation belts as consisting of two belts of energetic particles—a very stable inner belt in
the region L. <~ 2 composed of both energetic electrons and ions and a very dynamic
outer belt in the region L. >~ 3 that is composed almost entirely of electrons. However,
recent results have shown that multiple belt structures exist [Baker et al., 2013] and that
the nature of the slot and the inner belt—even their existence—is highly energy-dependent
[Fennell et al., 2015; Reeves, 2015]. The region of relatively lower radiation levels in the
region L. & 2-3 is referred to as the slot region. In this chapter we focus primarily on the
dynamic outer belt electron population.

The other major energetic particle population in geospace is the ring current—the
electric current responsible for the global depression of the magnetic field’s horizontal
component on Earth’s surface. Although the ring current is carried by both elec-
trons and ions, most of its energy density is due to medium-energy (tens of keV)
ions [e.g., Williams, 1981; Daglis et al., 1993]. The existence of a giant diamagnetic
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ring current encircling Earth had been predicted long before its actual observation in
space [e.g., Chapman and Ferraro, 1930, 1931]. Early OGO-3 satellite measurements
in the 1960s analysed by Frank [1967] confirmed the existence of the ring current
and showed that the ring current is dominated by ions with energies around 50 keV.
The detailed composition and energy of the ring current were not clarified until the
Active Magnetospheric Particle Tracer Explorer (AMPTE) mission of the late 1980s
[e.g., Hamilton et al., 1988; Daglis et al., 1993]. A few years later, the Combined
Release and Radiation Effects Satellite (CRRES) confirmed and expanded the conclu-
sions of the AMPTE mission, especially with regard to intense magnetic storms [e.g.,
Daglis, 1997].

The dynamics of geospace magnetic storms and of the ring current and changes
in the Earth’s radiation belts are intimately intertwined. At the most simple level the
build-up and decay of both the ring current and radiation belts are fundamentally
similar: electrons and ions are injected into the inner magnetosphere where they are
further accelerated to form the ring current and radiation belts. Both gradually decay
after activity has stopped. The ring current decays primarily by charge exchange and
the radiation belts decay primarily by atmospheric precipitation. Digging even slightly
deeper than this simplistic description, however, uncovers many unanswered questions.
How do injected electrons and ions get trapped in the inner magnetosphere? What
processes accelerate these ‘seed’ populations? What controls the structure and the evol-
ution of the ring current and radiation belts? Where are they most intense and why
does that vary from event to event? How are the overall intensities of the ring current
and radiation belts related? How do ring current processes affect the radiation belts?
Those questions, and their implications for space weather, were among the primary
motivations for the NASA Van Allen Probes mission, launched in August 2012 [Mauk
etal., 2012].

In this chapter we will attempt to provide a few representative examples of the de-
velopments that have led to our current understanding as well as examples that point
to some of the holes in our understanding [following the treatment in Reeves, 2015].
Although the radiation belts may play some role in controlling ring current dynamics,
the dominant coupling is in the opposite direction. Therefore we will primarily focus on
aspects of ring current dynamics that have important effects on the radiation belts. The
most prominent effects are those of various ring current driven electromagnetic waves on
radiation belt electrons [e.g., Bortnik et al., 2006; Ozeke and Mann, 2008]. We also em-
phasize that this paper does not provide a review of recent results from the ongoing Van
Allen Probes mission but direct the interested reader to http://rbspgway.jhuapl.edu/biblio
for a current bibliography.

3.2 Electron motion in Earth’s radiation belts

Very quickly after the discovery of the radiation belts, Northrop and Teller [1960] had
worked out the equations of motion that govern adiabatic motion in the geomagnetic field
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and derived the invariants associated with electron gyromotion (jL), bounce between mir-
ror points (J or K), and drift azimuthally around the Earth (® or LL*). These invariants
are approximately conserved under slow changes to the magnetic field, fully describe
relativistic electron motion in an arbitrary geomagnetic field configuration, and are fun-
damental to understanding the dynamics of the radiation belts and their coupling to the
ring current.

The first invariant, L, is associated with the electron gyro-motion around the magnetic
field and is given by

2
p=-Lt
ZWloB
where mg is the rest mass, and p, is the relativistic momentum in the direction
perpendicular to the magnetic field, B.

The second invariant is associated with the bounce motion between the Northern and
Southern mirror points:
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When 1 is conserved, the second invariant can also be expressed in a convenient form
that is independent of energy
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where B,, is the magnetic field strength at the mirror point and s is the path length along
the field line. The third invariant is an integral around the drift path and between the
mirror points:

@:?ﬁfg.da

which conserves the total magnetic flux enclosed within a drift shell. In radiation belt
physics it is more common to use the LL* parameter [Roederer, 1970]

B 2 M
T dRp

*

where M is the Earth’s magnetic moment and Rg is the radius of the Earth (6,371 km).
In a dipole magnetic field L* = L. (sometimes called ‘Mcllwain 1.”). However, when
the field is not a pure dipole LL* is not equivalent to L. In a realistic field, electrons
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Figure 3.1 A visualization of radiation belt drift shells based
on numerical particle tracing in a realistic geomagnetic field
[Reeves et al., 2012]. Mirror points for different equatorial
pitch angles (in 10° steps) are shown spaced along the field. As
electrons drift around the Earth, conservation of ). and K
requires that the electrons follow different drift paths as
indicated by the colour-coded field lines. Drift shell splitting is
particularly apparent in the upper right of the figure. Electrons
measured at the satellite, with 30° pitch angles, move along the
copper-coloured surface which is the drift shell for those
electrons. On that drift shell, \., K, and L* are constant but
pitch angle, energy, and radial distance are not.

with different pitch angles follow different drift paths—an effect known as drift shell
splitting (Figure 3.1). Therefore, electrons with different pitch angles, measured at a
given point in space (such as a specific satellite location), have different third invari-
ants, ®, and therefore different LL*. That means that, while a given point in space can
have a single value of L for all electrons on the field line, it cannot be assigned a single
value of L*.

3.3 Effects of geospace magnetic storms on the radiation
belts

One of the primary drivers of change and spatial asymmetry in the Earth’s magnetic field
(particularly deep in the inner magnetosphere) is the storm-time ring current [Daglis
et al., 1999; Daglis, 2006]. The ring current dramatically modifies the geomagnetic
field and thus ‘causes’ geospace magnetic storms. Strong geomagnetic field variations
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influence, in turn, dramatically the properties of radiation belt electrons, because they
affect all three periodic motions of electrons.

Conservation of the first adiabatic invariant implies that changes in the local magnetic
field magnitude must also produce changes in the perpendicular momentum, which
changes the electrons’ energy and pitch angle and therefore their magnetic mirror points.

Magnetic storms typically involve intense stretching and subsequent dipolarization of
the night-side magnetic field. Since the second invariant is an integral along the field
between the mirror points, conservation of ] will also redistribute radiation belt electrons
in a strongly pitch-angle dependent way. Stretching of the night-side field increases drift
shell splitting, moving equatorially mirroring electrons closer to Earth on the night-side
and field-aligned electrons away from the Earth. Combined with the typical radial gradi-
ents, the stretching of the field produces a change in the local pitch angles toward a
‘butterfly’ distribution with a minimum at 90°. At the same time a satellite can find itself
on field lines that now map much further down the tail and toward the outer boundary
of the radiation belts.

The third invariant ® or LL* is an integral of the magnetic flux enclosed in a drift
path. An increase in the storm-time ring current decreases the magnetic field strength in
the inner magnetosphere and electrons must move outward in order for their drift orbits
to enclose the same flux — an effect known as the ‘Dst effect’ [Kim and Chan, 1997]
(Figure 3.2). This outward motion moves electrons to even lower local field magnitudes,
further reducing their energy. Measured at a fixed energy, this appears as a reduction
(or dropout) of fluxes.

Quiet-Time Field Storm-Time Field

Figure 3.2 A schematic visualization of the Dst effect [Reeves et al., 2012].
As the ring current intensifies and the magnetic field strength in the inner
magnetosphere decreases, radiation belt electrons move outward to conserve the
third adiabatic invariant. Fluxes (in colour) are arbitrary and L-shells are not
shown quantitatively.
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On storm time scales (hours to days), changes in the geomagnetic field change mo-
tion of radiation belt electrons adiabatically. In other words there is no net, permanent
effect on the electrons due to changes in the field alone and when the field returns to its
pre-storm state the radiation belt electrons will too. Therefore any other changes in the
radiation belts have to be understood in the context of those adiabatic changes. To un-
derstand radiation belt processes, one must disentangle both adiabatic and non-adiabatic
storm-time processes that, typically, occur simultaneously.

For example, as shown in Figure 3.2, some drift paths (constant I.*) moving adia-
batically outward encounter the magnetopause and electrons on those drift shells are
permanently lost from the radiation belts. When the field will relax to its pre-storm con-
figuration those drift shells will exhibit a net (non-adiabatic) loss of electrons, while
other drift shells will exhibit only a temporary (adiabatic) decrease in fluxes with no
net loss. Other non-adiabatic storm-time processes that affect the radiation belt include
intensification of ULF waves that enhance radial diffusion of radiation belt electrons, in-
jection of intensified population of substorm-accelerated electrons that can form a seed
population for further acceleration to relativistic energies, formation of unstable plasma
distributions producing VLLF waves that resonantly interact with radiation belt electrons,
and changes in ion composition that can also affect plasma instabilities and field-line
resonant frequencies.

All of the processes affecting radiation belt electrons (both adiabatically and non-
adiabatically) are typically enhanced during magnetic storms. Therefore it was natural
to assume that intense magnetic storms would produce big radiation belt enhancement
events. Reeves [1998] attempted to demonstrate this relationship, but found instead that,
while most radiation belt enhancements (at geosynchronous orbit) occur during storms,
the intensity of radiation belt enhancements is not correlated with the intensity of the
storm-time ring current (Figure 3.3).

Shortly thereafter Onsager et al. [2002] showed that magnetic storms do not just
enhance the radiation belts—they can also produce non-adiabatic, permanent loss (or
dropout) of electrons from the radiation belts. Additionally, they demonstrated that the
dropouts typically showed an admixture of adiabatic and non-adiabatic processes that
produced different responses at different times.

In a follow-on study Reeves et al. [2003] surveyed 276 moderate and intense storms
(min Dst < =50 nT) from 1989 through 2000, showing examples of storms that in-
tensified the radiation belts, storms that depleted the radiation belts, and storms that
produced no net change in the radiation belts (Figure 3.4). They also compared statist-
ically the maximum fluxes at geosynchronous orbit 1-3 days before the storm with the
maximum flux 1-5 days after the storm and found that 53% of storms increased, 19%
decreased, and 28% had no net effect on the intensity of the radiation belt fluxes.

Many studies have focused on the radiation belt response during storms but few stud-
ies have looked systematically at the ring current conditions during radiation belt events.
This is in part due to the fact that it is easy to categorize storms by minimum Dst
but there is no widely accepted way to quantitatively define a radiation belt event. On
the other hand, some recent studies showed that radiation belt enhancements could be
observed even in the absence of magnetic storms [Schiller et al., 2014; Su et al., 2014Db].
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Figure 3.3 Relativistic electron fluxes measured at geosynchronous orbit (blue) and 25-hour smoothed
Dst (red) in 1993—a vear dominated by recurrent coronal hole high-speed streams. During all phases
of the solar cycle, radiation belt electron enhancements typically occur in association with storm-time
decreases in Dst but the intensities are not correlated. Strong storms do not necessarily produce strong
radiation belt enhancements.

In contrast to the studies discussed earlier, T'verskaya et al. [2003] found a rather
consistent and repeatable radiation belt response to storms. They examined the location
of the peak of the radiation belts as a function of Dst. Using data from the Polar, HEO,
and SAMPEX satellites they confirmed and extended the results of an earlier study
[Tverskaya, 1986] showing that the location of peak ~2 MeV electron flux could be de-
scribed by the relationship |Dst|max = 2.75 x 10* / L | independently of the actual
flux of radiation belt electrons (Figure 3.5). The reason why this remarkable relation-
ship should exist has not yet been fully explained. Similarly the results of Tverskaya
et al. [2003] have not been reconciled with the results of Reeves et al. [2003], who
reported that the percentage of storms that increased (or decreased) the intensity of
the belts was independent of L.-shell (see also Figure 3.5).

Other evidence of the relationship between magnetic storms and the radiation belts
came from studies of the seasonal dependence of relativistic electron fluxes [Baker
et al., 1999]. Averages performed over three-month intervals, centred on the spring and
fall equinoxes and on the winter and summer solstices, showed that equinoctial fluxes of



Effects of geospace magnetic storms on the radiation belts

Jan. 1-Feb 25, 1997

59

F
©%
T =
<
=9
o
[
& =25
-50
=75 F .
01/01 01/09 01/17 01/25 02/02 02/10 02/18 02/25
(a) Dates
April 30-May 25, 1999
8
2%
T =
[~
S04
o]
&
2
25
0 5
2 =25
50 E
75 !
04/3005/03 05/06 05/0905/1205/1505/1805/21 05/25
() Dates
Feb. 14-23, 1998
2%
T =
27
=9
o
&
55 R H V\/.
0 i
o Figure 3.4 Examples of storms that (A)
-25 wncreased radiation belt fluxes, (B) decreased
-50 £ ' fluxes, and (C) left the belts relatively
-75 unchanged (less than a factor of 2 net change
02/14 02/16  02/18 02/20 02/22 m flux) [from Reeves et al., 2003].

© Dates ©Fohn Wiley and Sons 2003.



60  Geospace Magnetic Storms and the Van Allen Radiation Belts

7
6 |Dst|max:2~75'104/L;4nax
o Of
Y
% 4
=
—
31 — SAMPEX
O HEO
A POLAR
2 1
10 100 1000

|Dst|max, nT

Figure 3.5 Twerskaya et al. [2003] showed a remarkably
consistent and repeatable relationship between the location of the
peak flux of 2 MeV electrons in the radiation belts (Lyqx) with
maximum magnetic storm intensity (| Dst|max)-

Twerskaya et al. [2003]

electrons are nearly a factor of three larger than the solstitial fluxes based upon a super-
posed epoch analysis for 1992-1999. They concluded that both the radiation belts and
the ring current respond similarly to more efficient merging of the interplanetary and
the magnetospheric magnetic fields near the equinoxes [Russell and McPherron, 1973].

It has long been known that radiation belt electron fluxes tend to be higher when
solar wind velocities are higher [Paulikas and Blake, 1979]. Solar wind speeds tend to be
highest in the declining phase of the solar cycle when driving can be dominated by co-
rotating interaction regions (CIRs) produced by high-speed streams (HSS) from solar
coronal holes [Blake et al., 1997; Baker et al., 1998; Reeves, 1998]. This relationship led
researchers to consider whether specific structures in CIRs were particularly effective in
driving magnetospheric processes that accelerate radiation belt electrons, and therefore
whether increases and decreases in radiation belt fluxes during storms might be related to
the type of solar wind drivers [Miyoshi and Kataoka, 2005; Borovsky and Denton, 2006;
Clilverd et al., 2010; Borovsky and Denton, 2011; Denton and Borovsky, 2012; Xiao-
Fang et al., 2013; Hietala et al., 2014; Kilpua et al., 2015].

In general, CME-driven storms are more effective than CIR-driven storms in pro-
ducing a strong enhancement of the ring current—even when the integrated southward
IMF is approximately the same—but there can also be other differences. Miyoshi and
Kataoka [2005] selected storms with =130 nT < Dst < —100 nT and categorized them
as CME-driven or CIR-driven (Figure 3.6). They found that ‘CIRs are significantly
more effective for the evolution of the outer belt than CMEs’ and speculated that this
was due to ‘the existence of a series of particle injections driven by Alfvén waves within
the fast coronal hole stream following the CIR’. Miyoshi and Kataoka also selected a
third category—of CME-driven great storms with Dst < —130 nT, which produced
no stronger radiation belt response than CME-driven intense storms (—130 nT < Dst
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< =100 nT). On the other hand, it is important to note that only CME-driven great
storms (Dst < —130 nT) were effective in enhancing the flux of RB electrons in the
inner portion at . < 4 where the slot region exists before the storm onset. This is con-
sistent with previous conclusions that the peak position of the outer belt strongly depends
on the Dst index (i.e., the storm intensity) and on the plasmapause position [O’Brien
et al., 2003; Miyoshi et al., 2004].

The findings of Miyoshi and Kataoka indicated that storms of different interplanet-
ary causes influence radiation belts differently even when their intensity is comparable.
This implied that different storm drivers favour specific storm-associated processes that
have distinct impacts on belt dynamics. It became clear that a complete understand-
ing of the relationship between magnetic storms and radiation belt electrons would come
from a comprehensive understanding of the various storm-associated processes that have
synergetic or competing effects on relativistic electron acceleration and losses [Friedel
et al., 2002 and Millan and Thorne, 2007 respectively].

3.4 Local acceleration and radial diffusion

Radiation belt particles are typically measured as particle number flux—a function of
spatial position, particle energy, and pitch angle, j = j(R, E, alpha)—which is not an
adiabatically conserved quantity. As discussed previously, in a time-varying geomagnetic
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field the flux of radiation belt electrons at a fixed point in space can change dramatically,
as electrons adjust their motion to conserve their invariants in the changing magnetic
field. Unlike flux, phase space density, f = j/p?, is conserved in a changing magnetic
field. Therefore when j = j(R, E, alpha) is transformed to f(j, K, LL*) we can distinguish
non-adiabatic electron acceleration, transport, and loss from the ‘Dst effect’ and other
purely adiabatic effects.

Adiabatic motion, by definition, results in no net changes to the electron distribution
but Fialthammar [1965] and, later on, other researchers showed that acceleration of ra-
diation belt electrons could occur through radial diffusion when field fluctuations occur
on the time scale of electron drifts. He concluded: ‘when the first and second invariants
are conserved, any radial motion of the particles is associated with a corresponding en-
ergy change. Some particles move outward and others inward; but, if there is a source
in the outer magnetosphere and a sink farther in, there will be net inward transport and
associated net energy gain’. Dungey [1963], on the other hand, proposed that resonant
interaction between electromagnetic whistler-mode waves and radiation belt electrons
could form a sink for electrons by pitch angle scattering electrons into the atmospheric
loss cone. He concluded that ‘the effect is found to be important between the inner and
outer belts’—the region that is called the slot region near [.A~2. LLyons and Thorne [1973]
showed, quantitatively, that the quiet-time structure of the outer electron belt could be
‘explained on the basis of a balance between pitch angle scattering loss and inward radial
diffusion from an average outer zone source’. These studies and others, including the
comprehensive treatment by Schulz and Lanzerotti [1974], established the fundamental
paradigm for radiation belt dynamics: acceleration by inward radial diffusion and loss by
pitch angle scattering into the atmosphere.

However, electrons with energies >5 MeV are often enhanced after a storm—even
at geosynchronous orbit where the distance to the trapping boundary and, therefore,
the amount of energy that can be gained by inward transport from the plasma sheet
are small. Energetic electrons in the near-Earth plasma sheet quickly gradient-curvature
drift out of the magnetotail so there is never a ‘reservoir’ of multi-MeV electrons outside
the trapping boundary. How then, can we account for the geosynchronous observa-
tions? Baker et al. [1989] suggested that the ‘recirculation model’ developed to explain
electron observations at Jupiter [Nishida, 1976] might also apply in the Earth’s radi-
ation belts and this modification of the standard radial diffusion paradigm was widely
adopted by radiation belt scientists. In the recirculation model (Figure 3.7) electrons ra-
dially diffuse inward gaining energy while conserving the first two adiabatic invariants
(step 1). In the slot region the pitch angle scattering rates exceed the radial diffusion
rates and the particles are scattered toward the atmosphere (step 2). At low altitude the
electrons are scattered across field lines without substantial loss of energy (step 3). They
are then free to repeat the cycle. While the details were problematic (particularly step 3)
the recirculation model had several advantages. It naturally accounted for the 2-3 day
build-up of electron fluxes following the commencement of a storm and the very high
energies seen at geosynchronous orbit. Recirculation could also explain acceleration up
to arbitrarily high energies even at geosynchronous orbit.

Challenges to the recirculation model began to emerge as simultaneous multi-satellite
measurements started to become widely available. Energetic particle measurements from
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@ Figure 3.7 A schematic of the
‘recirculation’ model for radiation belt
@ acceleration [from Nishida, 1976].
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GOES and Los Alamos National Laboratory (LANL) instruments at geosynchronous
orbit provided near-global coverage, albeit in a narrow range of L-shells. Combining
geosynchronous measurements with data from other orbits (SAMPEX, GPS, HEO,
and others) started to fill in a three-dimensional picture of the radiation belts [Friedel
et al., 1999]. Perhaps even more importantly, multi-satellite studies could overcome the
inherent limitation of satellite orbital periods (typically 12 to >24 hours) and provide meas-
urements at multiple L-shells on time scales less than an hour. Multi-satellite analysis
made new, detailed studies of space weather events possible. One of the first such studies
was a radiation belt enhancement event in November 1993 [Li et al., 1997].

Another such event, in January 1997, was exceptionally well studied [Baker
et al., 1998; Goodrich et al.,, 1998; Jordanova et al., 1998; Kamide et al., 1998;
Reeves et al., 1998a; Reeves et al., 1998b; Jordanova et al., 1999; Hudson et al., 2000;
Lyons et al., 2000; Hudson et al., 2001]. Following a procedure similar to that used by
Li et al. [1997], Reeves et al. [1998a] binned data from 11 satellites in different orbits
according to L-shell. Near geosynchronous orbit, L~6.6, the 2 MeV radiation belt elec-
trons showed their ‘typical’ behaviour—a gradual build-up of fluxes over ~4 days (with
a less typical shock compression early in the event). The behaviour was startlingly differ-
ent in the heart of the outer radiation belt at [.~4.6—where the GPS satellites cross the
equatorial plane (Figure 3.8a). There, the 2 MeV electrons shot up by over two orders
of magnitude in less than 12 hours. Following the initial acceleration, fluxes remained
remarkably constant and showed no evidence of the gradual build-up seen at geosyn-
chronous orbit. In fact, the acceleration was so rapid that the radial profiles seen by GPS
satellites moving away from the equator (i.e., outward in L.) measured significantly dif-
ferent fluxes than on the inbound part of the orbit even though inbound and outbound
measurements at the same L-shell were separated by less than an hour (Figure 3.8Db,
top). The gradual build-up of fluxes seen near geosynchronous orbit appeared to be
the result of outward radial diffusion from the newly accelerated population near .~4.6
(figure 3.8b, top). It is interesting to contrast these high-time resolution measurements
with observations from a single satellite. The Polar satellite, with an ~18-hour orbit,
captured the state of the belts before and after the acceleration (Figure 3.8b, bottom)
but could not resolve the acceleration event itself.

Reeves et al. [1998a] drew two conclusions from the January 1997 event. Firstly, the
observations were not consistent with the recirculation model. One of the strengths of the
recirculation model was that it naturally explained the gradual build up to a delayed peak
that is characteristic of radiation belt observations at geosynchronous orbit. For January
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But, without phase space density observations, the results were not definitive.
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1997, the geosynchronous observations still showed that delay. In the recirculation model
that delay should be observed at all L-shells as electrons complete the energization loop
sketched in Figure 3.7. Instead at L~4.6 the energization was not only much faster
but also short-lived, with almost no change in flux after January 12. Secondly, if the
electrons were accelerated inside geosynchronous orbit and diffused outward then the
acceleration region would have to be confined to a remarkably narrow range of L.-shells,
well inside geosynchronous orbit, in the heart of the outer belt. If true then the source
of the MeV radiation belt electrons would not be the magnetotail, but rather the source
would be lower-energy electrons in that same spatial region—somewhere between the
plasmasphere and the geosynchronous orbit.

At the same time that new missions and multi-satellite studies were providing a
new window on radiation belt dynamics, new theories of relativistic electron acceler-
ation were being developed and included localized acceleration processes deep in the
radiation belts. The new studies built on the pioneering work of Dungey [1963] and
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Kennel and Petschek [1966], who showed that the VLF whistler-mode waves which
pitch-angle scattered electrons into the atmosphere could be produced by plasma dis-
tributions with temperature anisotropies unstable to the growth of whistler-mode waves.
The (suprathermal) electron temperature anisotropy excites whistler-mode waves, which
cause pitch-angle scattering of electrons toward the loss cone. In the late 1990s Summers
et al. [1998] proposed that cyclotron resonant interactions at much higher (relativistic)
energies have the opposite effect, diffusing electrons toward 90° while simultaneously
increasing their energy. At MeV energies, gradients in the energy dimension implied
that the flow of energy is from the waves to the particles providing a mechanism for
accelerating electrons in situ from the local population of lower-energy electrons.

This ‘local acceleration’ scenario suggested a more complex and interdependent
set of processes might be responsible for acceleration of radiation belt electrons to
MeV energies. First electrons must be transported from the magnetotail to the in-
ner magnetosphere by processes such as substorm injections and enhanced large-scale
convection—the same processes that produce the storm-time ring current. In the pro-
cess a fraction of the magnetotail electrons are energized to form a seed population of
electrons with energies from a few keV to a few 100s keV. Temperature anisotropies at
lower energies (<30 keV) provide a source of free energy for the generation of whistler-
mode waves while higher-energy electrons (=100-500 keV) provide a ‘seed’ population
that can be accelerated to MeV energies by those same waves.

These theories of local acceleration were to undergo further subsequent develop-
ment [e.g., Horne and Thorne, 1998; Horne et al., 2000; Summers and Ma, 2000;
Horne, 2002; Summers et al., 2002; Horne and Thorne, 2003; Summers et al., 2004;
Albert and Young, 2005; Horne et al., 2005a; Horne et al., 2005b; Shprits et al., 2006;
Omura et al., 2007; Summers et al., 2007; Omura et al., 2008; Albert et al., 2009;
Thorne, 2010]. One characteristic has remained invariant though; the resonance
between VLF waves and relativistic electrons takes place locally, on a given flux tube,
without transporting the electrons radially. This local acceleration is therefore funda-
mentally different from radial-diffusive acceleration in both the energization process and
the source population.

However, prior to the launch of the Van Allen Probes satellites, the measurements
needed to clearly distinguish between the two types of acceleration process. A radi-
ally localized peak in electron fluxes (at a given energy) can be produced by either
local or radial-diffusive acceleration. It was widely recognized in the radiation belt com-
munity that it would be necessary to convert measurements of electron flux, j, to phase
space density, f. The two quantities are related by the simple formula f = j/p?>. The
challenge comes in converting flux from its natural coordinate system (position, en-
ergy, and pitch angle) to phase space density as a function of the adiabatic invariants
(v, K, L*) that define the canonical coordinate system for relativistic electron motion
[Schulz, 1996; see also GEM Inner Magnetosphere and Storms Campaign Working
Group report, 1999 (http://www-ssc.igpp.ucla.edu/gem/work_groups/ims_wg2.html)].
In any realistic magnetic field the conversion from j (7, E, &) to f(u, K, L*) is both unique
and time dependent for any point along a satellite’s orbit. Fortunately, new global mag-
netic field models, combined with improvements in computational power, have made
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this conversion significantly more efficient and robust. Advanced magnetic field models,
in particular, are especially important, as accurate phase space density calculations are
highly dependent on the accuracy of the field models [e.g., Turner and Li, 2008; Turner
etal., 2012].

3.5 Phase space density gradients

Radial diffusion occurs whenever various processes produce field fluctuations on the
time scale of electron drifts. At some level, these fluctuations always exist so radial diffu-
sion is always operating in the Earth’s radiation belts—either at rapid rates or slower rates.
Since diffusion always moves a quantity from a region of higher density to lower, the
radial gradients of phase space density (i.e., f(L*) at fixed i and K) will be positive (in-
creasing with radial distance) if electrons are diffusing inward from a magnetotail source
population, whereas they will be negative (decreasing with radial distance) in the outer
part of the belt if the electrons are accelerated locally and the magnetotail/magnetopause
acts as a sink. Another advantage of analysing radial gradients of phase space density is
that the adiabatic changes are ‘automatically’ accounted for. When phase space density
is plotted as a function of LL* (and L* is calculated in a realistic field model), phase space
density on that drift shell does not change when the magnetic field changes. In the ab-
sence of acceleration or loss, LL* (for a given i, K) defines a surface of constant phase
space density, f(u, K, L*) = const. Therefore the only way to unambiguously identify
radial diffusion, acceleration, or loss is to look for changes in phase space density, e.g.,
f(u, K, L*, 1), which are the signatures of violation of one or more adiabatic invariants.

The next couple of figures illustrate, schematically, the changes in phase space dens-
ity profiles expected from radial diffusion (D;;, Figure 3.9) and local acceleration (Dgp,
Figure 3.10). Phase space density profiles are represented for three different times with
the lower, middle, and upper lines respectively. If the phase space density at the source
and sink do not vary with time, then increasing radial diffusion will move electrons in-
ward, flattening the gradient at high I.* where diffusion is strongest (Figure 3.9). In the
inner regions (LL* ~ 4-5) the phase space density increases locally but the increase is
due to the radial transport of electrons. Stated another way, the phase space density is
not conserved, f(u, K, L*,t) # const, because ‘new’ electrons are added from the source
region. Note, however, that regardless of how strong the radial diffusion is, the radial
gradient will always be positive and monotonic from the sink (slot region) to the source
(magnetotail).

VLF waves energize electrons locally through energy diffusion and produce a dis-
tinctively different change in phase space density profiles—a radially localized peak that
grows from the background distribution to produce negative radial gradients at high
L* (Figure 3.10). Here again the phase space density increases in the inner regions
(L* &~ 4-5) but the increase is due to the local acceleration of electrons. In this case,
flu, K, L*,t) # const because acceleration (energy diffusion) does not conserve L.

There are, however, complications to what otherwise would be a fairly straightforward
measurement as illustrated in Figures 3.11 and 3.12. Firstly, the fluxes of electrons and
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Figure 3.9 A schematic of radial diffusion from a source region
(the magnetotail) to a sink region (the slot). An increase in radial
diffusion will increase the transport rate and increase the phase
space densities in the heart of the outer radiation belt (L* ~ 4-5)
[from Reeves, 2015].
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Figure 3.10 A schematic of local acceleration. Wave-particle
interactions produce energy diffusion that accelerates electrons.
In this case the source of the relativistic electrons is the local
lower-energy electron population [from Reeves, 2015].
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Figure 3.11 A schematic showing how peaks in phase space
density can be formed by a combination of radial diffusion and
a variable source at high L* [from Reeves, 2015].
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Figure 3.12 A schematic of the different radial profiles of
phase space density that can be produced for different equatorial
pitch angles (K values) through a combination of radial
diffusion and localized pitch angle diffusion [from

Reeves, 2015].
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ions at the inner edge of the plasma sheet are not constant. Therefore the ‘source’ in
Figure 3.9 can be time-variable. As illustrated in Figure 3.11, if the source at time tl is
high then radial diffusion will transport electrons earthward. If at time t2 the source is
lower then diffusion will transport electrons outward. Since diffusion is faster at higher L.
than at lower L a phase space density peak can be produced without local acceleration.
Phase space density peaks can also be produced by a combination of radial diffusion
and pitch angle diffusion, without energy diffusion (Figure 3.12). This possibility leaves
ambiguities in studies using off-equatorial measurements.

3.6 Studies with the Van Allen Probes: insights
into the effects of wave-particle interactions
and the ring current influence

NASA’s Van Allen Probes mission (formerly Radiation Belt Storm Probes—RBSP) was
designed, in part, to overcome the observational limitations of previous missions and
differentiate clearly between radial-diffusive acceleration and local wave-particle accel-
eration [Kessel et al., 2012; Mauk et al., 2012]. The Van Allen Probes are a pair of
satellites with a comprehensive set of particle and fields instruments in an equatorial,
elliptical orbit with apogee at ~5.8 Rg. Their orbital period is &9 hours but is slightly
different for the two satellites. This allows for the phasing in the orbits to vary with
time. At times the satellites are perfectly out of phase with apogees separated by only
4.5 hours, passing through the heart of the belts every 2—3 hours. This unprecedented
temporal resolution, near-equatorial orbit, and paired satellite configuration is providing
views of radiation belt dynamics that were not previously possible.

In order to resolve whether or not local acceleration by VLF waves was a viable
mechanism for accelerating radiation belt electrons, Reeves et al. [2013] analysed phase
space density profiles for a storm that occurred on October 8-9, 2012, early in the
Van Allen Probes mission. The October 2012 storm produced a strong and rapid
enhancement of the fluxes in the outer electron belt and the first opportunity to test
whether or not local wave-particle interactions are a viable mechanism for relativistic
electron acceleration. The 2 MeV electron fluxes at L. & 4.2 increased by nearly three
orders of magnitude in approximately 12 hours. The unique configuration of the Van
Allen Probes was able to capture the rapid transformation of the belts in a way that
definitively ruled out the other possibilities for producing radial peaks in phase space
density during this particular storm.

Figure 3.13 shows profiles of phase space density as a function of LL* for fixed values
of w and K. Reeves et al. [2013] used the T'S04 [Tsyganenko and Sitnov, 2005] magnetic
field model to calculate the adiabatic invariants. In Figure 3.13 each radial pass is labelled
by the time at which the satellite crosses IL* = 4.2. Here phase space densities are for
= 3433 MeV/G and K = 0.11 G2 Rg (E ~ 2-6 MeV and 50° < a, < 90° depending
on the point on the orbit). Between 23:17 UT on October 8 and 03:12 UT on October 9,
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Figure 3.13 Radial profiles of phase space density measured
by the two NASA Van Allen Probes satellites on October 89,
2012. A rapid increase in phase space density in a region
centred near L*~ 4.2, a slower increase in the outer portion of
the belt (L*>4.7), and the resulting radial peaks in phase space
density are the signatures expected for local wave-particle
acceleration [from Reeves et al., 2013].

phase space densities increased by approximately two orders of magnitude at L* = 4.2
and continued increasing until about 13:02 UT when the IMF turned northward.

On October 8-9, 2012, the Van Allen Probes were nearly perfectly out of phase
in their orbits. This provided the fastest possible time resolution but also provided
simultaneous measurements at high and low L*. During this time, RBSP-B meas-
ured a positive radial gradient at 1L.*<4.2. At the same time, RBSP-A measured a
negative radial gradient at L*>4.2, showing that the radial peak in phase space dens-
ity was not an artefact of spatial-temporal aliasing. At 08:12 UT, by coincidence,
the orbital dynamics were such that both spacecraft reached LL* ~ 4.2 at the same
time. Although the satellites were at quite different local times, the satellites should
measure the same phase space density when they are on the same L* (a ‘drift shell
conjunction’). Any mismatches provide limits on uncertainties due to instrument cal-
ibration and also to uncertainties in the calculation of the invariant integrals [Morley
et al., 2013]. Reeves et al. used this (and other techniques) to determine that the av-
erage and worst-case uncertainties were a factor of 1.4 and 2.0 respectively. They
were also able to rule out time dependence of the plasma sheet source popula-
tion (Figure 3.11) using simultaneous, multi-satellite geosynchronous measurements.
These measurements pointed to local wave-particle acceleration as the only viable
process and strongly suggested that acceleration by VLF chorus was the proximate
cause.
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Thorne et al. [2013], studying the same event, used measured VLF chorus wave amp-
litudes and frequency distributions to calculate the energy (momentum) and pitch angle
diffusion coefficients in the heart of the acceleration region at I.*~4.2. They applied a
2D diffusion solver to the initial pitch angle and energy distribution measured by the
REPT instrument [Baker et al., 2012] and found that resonant interaction with chorus
waves could fully explain the evolution of the MeV electron distribution.

Tu et al. [2014] were able to investigate the October 2012 event in even more detail
using the DREAM-3D diffusion code and a remarkably complete set of observations
to constrain the boundary conditions and free parameters. They were able to quantitat-
ively illustrate the complex interplay of chorus acceleration, electron losses, and radial
diffusion. A particularly important component of the simulation turned out to be the
low-energy ‘seed population’—a topic further investigated by Boyd et al. [2014]. Studies
of relativistic electron acceleration by VLF chorus continue to produce a more-and-more
detailed picture of this mechanism [Foster et al., 2014; Li et al., 2014c¢; Su et al., 2014a;
Liu et al.,, 2015].

Within the plasmasphere, VLLF waves are primarily observed in the form of broad-
band, incoherent hiss. While chorus and hiss are both whistler-mode waves, hiss is
relatively inefficient at producing acceleration and primarily produces losses through
pitch angle scattering. Common understanding would suggest that ring current elec-
trons only penetrate the plasmasphere in the plume regions but Van Allen observations
have shown that ring current electrons can sometimes (but rarely) be directly in-
jected into the plasmasphere where they can provide a source of free energy for
the generation of hiss [Chen et al.,, 2014; Li et al., 2014a; Li et al., 2014b; Ni
et al.,, 2014]. Other studies have shown that plasmaspheric hiss can also result from
whistler-mode chorus waves that are generated at higher L-shells, outside the plasma-
sphere, and subsequently refracted at high latitudes into the plasmasphere [e.g., Bortnik
et al., 2007; 2009].

As the Van Allen Probes are equipped with a complete complement of fields and
waves instruments [Kletzing et al., 2013; Wygant et al., 2014], more comprehensive
investigations of ring current associated fields and waves that are important for radiation
belt dynamics have become possible. One example are storm-time mechanisms for the
acceleration of the initial seed population of 100s keV electrons. Mozer et al. [2014]
and Malaspina et al. [2014] found evidence of local acceleration from non-linear electric
field structures associated with substorm injections and the transport of electrons and
ions into the ring current.

Much attention has been focused on the production of whistler waves by unstable
plasma distributions in storm-time substorm injections and the electron component
of the ring current. Furthermore, there are other important radiation belt processes
associated with the ion component of the ring current. The Van Allen Probes meas-
urements have been able to confirm and add considerable detail to the importance of
magnetopause losses caused, not only by earthward motion of the magnetopause, but
also by the outward, adiabatic transport of radiation belt electrons [Shprits et al., 2013;
Hudson et al., 2014; Turner et al., 2014a; Turner et al., 2014b]. Unstable ring cur-
rent ion distributions also produce radiation belt-effective waves and are being studied
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in unprecedented detail. Electromagnetic ion cyclotron (EMIC) waves, excited by the
injection of ring current ions, can cause rapid precipitation loss of relativistic elec-
trons on timescales of a few hours [e.g., Bortnik et al., 2006], but may only act on
the most energetic part of the radiation belts (although the precise energy range is
hotly debated). New observations from the Van Allen Probes shed light not only on
the effect of EMIC waves but also on how they are generated and what their char-
acteristics are [Allen et al., 2013; Shprits et al., 2013; Usanova et al., 2014; Zhang
etal., 2014].

Magnetosonic waves [Ma et al., 2014; Zhao et al., 2014; Zhou et al., 2014] are an-
other candidate for radiation belt electron acceleration—although it is not clear whether
they can efficiently accelerate relativistic electrons. Last but not least, radial diffusion
operates to redistribute and accelerate (or decelerate) electrons [Baker et al., 20145 Li
et al., 2014d] producing the remarkable spatial coherence observed in the radiation
belts. The Van Allen Probes have also provided the most detailed observational evid-
ence to date for drift resonant interactions between radiation belt electrons and ULF
waves [Claudepierre et al., 2013; Dai et al., 2013; Mann et al., 2013], which may be
driven by low-frequency mirror and drift instabilities of ring current ion populations
[Ozeke and Mann, 2008; Ge et al., 2011].

3.7 Summary

We have presented an overview of the complex influence of geospace magnetic storms
on the dynamics of the Van Allen radiation belts—in particular the outer (electron) belt.
Although the basic build-up and decay of the storm-time ring current and of the ra-
diation belts are fundamentally similar, the acceleration of energetic ‘seed’ electrons to
relativistic energies and their loss through atmospheric precipitation are rather distinct.
The comprehensive suite of particles and fields instruments on-board the Van Allen
Probes, in combination with the advances in computational power and magnetic field
modelling, allow the efficient conversion of fluxes to phase space densities and the ex-
traction of wave characteristics. Thus, the impacts of storm-associated fields and waves
on the acceleration and loss of radiation belt electrons can be identified and assessed,
making now-casting and forecasting of radiation belt content and intensity a realistic
goal for the not-too-distant future.
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