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Abstract The first major scientific discovery of the Space Age was that the Earth is en-
shrouded in toroids, or belts, of very high-energy magnetically trapped charged particles.
Early observations of the radiation environment clearly indicated that the Van Allen belts
could be delineated into an inner zone dominated by high-energy protons and an outer zone
dominated by high-energy electrons. The energy distribution, spatial extent and particle
species makeup of the Van Allen belts has been subsequently explored by several space
missions. Recent observations by the NASA dual-spacecraft Van Allen Probes mission have
revealed many novel properties of the radiation belts, especially for electrons at highly rela-
tivistic and ultra-relativistic kinetic energies. In this review we summarize the space weather
impacts of the radiation belts. We demonstrate that many remarkable features of energetic
particle changes are driven by strong solar and solar wind forcings. Recent comprehensive
data show broadly and in many ways how high energy particles are accelerated, transported,
and lost in the magnetosphere due to interplanetary shock wave interactions, coronal mass
ejection impacts, and high-speed solar wind streams. We also discuss how radiation belt
particles are intimately tied to other parts of the geospace system through atmosphere, iono-
sphere, and plasmasphere coupling. The new data have in many ways rewritten the textbooks
about the radiation belts as a key space weather threat to human technological systems.
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1 Introduction

Many of the space systems on which modern human society depends operate in the region
from altitudes of a few hundred km to ∼40,000 km above Earth’s surface. This region of
space is filled with the populations of energetic particles that we collectively call the radi-
ation belts. The fact that the Earth is surrounded by toroids of very energetic protons and
electrons was the first great discovery of the Space Age in 1958 (see Van Allen et al. 1958,
1959). From the first realization that the terrestrial magnetic field could “trap” high-energy
particles, we have come today to a much more sophisticated understanding of what are ap-
propriately often dubbed the “Van Allen Radiation Zones” (see Summers et al. 2012).

More or less from the first discovery of the radiation belts, it was recognized that intense
populations of penetrating particles could be highly damaging to electronic systems in space
as well as to spacecraft structural material and spacefaring human beings (Van Allen 1966).
Thus, from the earliest days of the space era it was realized that the Earth’s radiation belts
were a challenge to be reckoned with when it came to flying satellites and human missions
in near-Earth orbits. Today we recognize that radiation belt particles are one of the most
pervasive and persistent threats that constitute what we comprehensively term space weather
(Baker and Lanzerotti 2016).

This chapter is intended to provide a brief overview of radiation belt space weather im-
pacts. A more thorough treatment of such impacts is provided in the companion chapter by
Luntama et al. (2017, this issue). The further intention of this paper is to describe from a
scientific perspective our present understanding of radiation belt structure, dynamics, and
coupling to other parts of the geospace system. In providing such a scientific survey, the
goal is to characterize as completely as possible the increasing importance of radiation belt
effects on technological systems.

2 Overview of Radiation Belt Space Weather Impacts

Figure 1 shows a schematic cutaway diagram of the Earth’s radiation belts. Closest to the
Earth’s surface is the inner Van Allen zone. This belt extends from just above the dense
atmosphere out to an equatorial altitude of about 10,000 km above the Earth’s surface.
The inner Van Allen belt is comprised dominantly of very energetic protons (ranging up
to multiple GeV energies). Recent work using the Relativistic Electron-Proton Telescope
(REPT) instruments on NASA’s Van Allen Probes Mission (see Baker et al. 2013b) has
shown fascinating temporal and spatial behavior for the inner zone proton population (see
Selesnick et al. 2014). These results demonstrate that protons with energies from ∼10 MeV
to ∼100 MeV are quite stable in time near the geocentric radial distance of r ∼ 1.5RE (Earth
radii = 6372 km) at which the inner zone proton fluxes peak. However, an outer “shoulder”
of the radial distribution from 1.7 ≤ r ≤ 2.5RE shows tremendous temporal variability for
protons with E � 60 MeV. These variable proton fluxes are probably due primarily to evo-
lution of trapped solar energetic protons (Selesnick et al. 2014).

The inner Van Allen zone also has copious fluxes of low-and medium-energy electrons
(Fennell et al. 2015; Li et al. 2015) as revealed by Van Allen Probes and other space-
craft data sets. However, the Van Allen Probes era (September 2012 → present) has pro-
vided many new discoveries about inner magnetospheric ultra-relativistic electrons with
energies E � 2.5 MeV. In particular, initial results after major storm intervals surpris-
ingly showed essentially no detectable prompt ultra-relativistic electron fluxes in the re-
gion L � 2.8 (Baker et al. 2014a), but over longer time scales these electrons did even-
tually move inward from locations beyond this radial distance to L � 2.5. The paucity of
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Fig. 1 Schematic diagram of Earth’s radiation belt also designating some of the space weather concerns in
each region

very energetic electrons in the inner magnetosphere immediately following major magnetic
storms is quite striking (Foster et al. 2016; Baker et al. 2016) and the consequences for
space weather effects will be discussed further in this chapter (see also Boyd et al. 2016;
Baker et al. 2016; and Kim et al. 2016).

As shown by the leftmost label in Fig. 1, the space weather concerns for the in-
ner radiation belt zone are several. The intense, high-energy trapped protons are ex-
tremely damaging to space systems (Vette 1966) and are quite hard to shield against.
There are also the variable, trapped solar energetic particles in the inner zone that can
cause dose and single-event effects (see Lorentzen et al. 2002; Baker 2002). The inner
zone also has trapped galactic cosmic rays (see Klecker et al. 1995; Cummings et al.
1993). Finally, the trapped energetic electrons with E � 1 MeV (Fennell et al. 2015;
Claudepierre et al. 2017) also represent a further significant source causing total dose effects.

The so-called “slot region” of the radiation belts extends from roughly L ∼ 2.0 to L ∼ 3.0
depending on energy and particle species. (L is the geocentric distance in Earth radii at which
a dipole magnetic field line crosses the magnetic equatorial plane). The slot is a region often
relatively devoid of energetic electrons. However, during strong geomagnetic storm periods,
the gap between the inner and outer zone can be filled to a large degree by moderate (and
even high) energy electrons (Fennell et al. 2005, 2012; Turner et al. 2016; see also Fig. 6).
For example, in the intense “Halloween” storm period of late-October and November 2003,
the slot region was filled with multi-MeV electrons for several weeks (Baker et al. 2004a).
Thus, as indicated in Fig. 1, the slot region can present several space weather concerns
including low- and medium-energy electron enhancements, multi-MeV electrons (on rare
occasions), and strong solar energetic particle events (again on relatively rare occasions).

Finally, the outer Van Allen radiation belt represents in many ways the most pervasive
space weather risks to operating spacecraft. As shown in Fig. 1, the outer zone is broad in
spatial extent (from r ∼ 3RE to r � 6.5RE). It is comprised of mildly to highly relativis-
tic electrons (∼100 keV to �10 MeV) and varies widely in particle intensity. Commercial,
military, and scientific satellites operating in medium-Earth orbit (MEO) and geostation-
ary Earth orbit (GEO) number in the multiple hundreds worldwide. All of these operating
spacecraft are subject to outer Van Allen belt space weather impacts.
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Fig. 2 A map of the Earth showing contours of constant surface magnetic field strength. The weakest field
region over South America is called the South Atlantic Anomaly (SAA). The red symbols show where sig-
nificant operational anomalies occurred for the TOPEX and TERRA spacecraft

The record of operating spacecraft over the Space Age is laden with examples of anoma-
lies and outright satellite failures due to space weather effects (Allen 2002). Many opera-
tional problems occur in the so-called South Atlantic Anomaly (SAA) region as shown here
in Fig. 2. As illustrated in the diagram, the Earth’s surface magnetic field is weakest over
Brazil and eastward into the South Atlantic Ocean region. This is due to the offset, tilted
dipole nature of Earth’s intrinsic magnetic field (Cain 1966). Trapped particles mirroring
along magnetic field lines, especially high-energy protons in the inner zone, can approach
closest to the Earth’s surface in the SAA weak field region. Thus, this is the place where low-
Earth orbit (LEO) spacecraft encounter the most intense particle fluxes. Figure 2 shows that
the TOPEX (U.S./French Ocean Surface Topography mission) and TERRA (flagship Earth
Observing System-1 satellite at 705 km altitude) spacecraft suffered a very large number
of electronic anomalies and upsets in the SAA (Allen 2002), probably due to single-event
effects from inner zone protons.

Figure 3 shows a schematic diagram (Baker 2002) of a spacecraft at some location within
the Earth’s magnetosphere. At relatively high altitudes, the spacecraft can be subject to a
variety of effects. Both solar energetic particles (SEPs) and trapped energetic protons can
cause significant energy deposition insensitive electronics on board a given spacecraft. Simi-
larly, galactic cosmic ray nuclei can pass through electrical components and induce radiation
degradation effects. As illustrated in Fig. 3, these ion interactions effects are termed “single
event effects” (SEE).

Another effect of the space environment is called “deep-dielectric charging” and is in-
dicated in Fig. 3b. Electrons with energies of hundred of keV (and up to multiple MeV
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Fig. 3 A schematic diagram
showing spacecraft anomaly
mechanisms: (a) single-event ion
effects; (b) Deep-dielectric
charging due to high-energy
electrons; and (c) Surface
charging due to low-to-medium
energy electrons (from Baker
2002)

energies) can penetrate shielding and bury themselves in dielectric materials inside space-
craft subsystems. As shown by Fig. 4, if the build up of buried charge is fast enough (and the
leakage of charge out of the dielectric material is slow enough, then a powerful discharge
can occur. This can damage materials and sensitive electronic components.

A third kind of space weather impact within the radiation belts is shown in Fig. 3c.
This is called “surface charging”. If the space system is subject to hot plasma in its vicinity
and photo-electrons are not able to carry charge away promptly from surface insulator and
dielectric material (as happens in solar eclipse conditions or on the dark side of a space
vehicle) there can be a powerful build-up of charge on parts of the spacecraft surface. When
the charge buildup is great enough, there can be a sudden discharge that can produce material
damage and/or can produce a significant electromagnetic disturbance around the spacecraft.
This can cause phantom signals or changes of state in memory systems, and even permanent
damage to electronics.

Obviously, from the above brief description it is clear that the radiation belts can cause a
wide variety of impacts on space systems. Thus, having a deeper understanding of radiation
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Fig. 4 Illustration of the deep-dielectric discharge mechanism that can cause severe spacecraft operational
anomalies. Sequence is upper left downward and then to the right in the diagram (see Hastings and Garrett
1996)

belt structure, dynamics, and temporal trends is crucial for our technological society. This
chapter describes our current knowledge of these radiation belt aspects.

3 Radiation Belt Morphology and Trends

This section discusses our present understanding of the temporal and spatial properties of
the radiation belts as they relate to space weather effects. We begin with a description of the
inner zone properties and impacts. This is followed by a description of the slot region and
then outer zone structure and dynamics.

3.1 Inner Zone Electrons

The inner radiation belt was the first region that was accessible to early satellite measure-
ments. Unfortunately, very early on, before comprehensive measurements of the natural
radiation there had been completed, there was a succession of high-altitude nuclear tests
that injected populations of electrons into these regions (Van Allen et al. 1959). Many of
the injected electrons were lost fairly rapidly but some were still present many years later
because they were injected into regions where the electron loss rates were quite low (Van
Allen 1966). The STARFISH event was one of those that generated enduring electrons be-
cause of the L-position where its electron belt formed. This made it difficult to specify
what the natural electron environment was and what the sources were during the early times
in space science (see Gombosi et al. 2017, this issue). This was compounded by the fact
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Fig. 5 Upper limit electron flux
estimates for L = 1.5 from the
Van Allen Probes mission
(MagEIS and REPT) compared
to CRRES observations and the
electron models AE8MAX and
AE9mean (after Fennell et al.
2015)

that the inner zone protons are of high energy and can penetrate electron sensors, contam-
inating many of the attempted electron measurements. The early electron radiation models
(Vette 1966; Teague and Vette 1972, 1974; Teague et al. 1976; Sawyer and Vette 1976;
Vette 1991) for the inner zone were built on a very limited set of observations and there
was concern that their electron fluxes did not represent the real flux levels (Daly et al. 1996;
Barth et al. 2003).

Recently, the NASA Van Allen probes mission made measurements in the inner zone
and, subsequently, upper limits on the electron fluxes there were developed (Li et al. 2015;
Fennell et al. 2015, 2016) as shown in Fig. 5. These new measurements corrected for much
of the proton backgrounds using capabilities built into the sensors (Claudepierre et al. 2015;
Fennell et al. 2016; Blake et al. 2013; Baker et al. 2013b). As a result, they showed that real
electron fluxes >0.5 MeV are indeed significantly lower than the commonly used radiation
model fluxes. They also showed that there were essentially no (or very few) E > 1 MeV
electrons present, at least in the early Van Allen Probes mission time frame. Selesnick (2015)
showed that the neutron albedo generated electron fluxes are too low to account for the
observed E < 1 MeV inner zone electrons, indicating that a different source was responsible
for the inner zone electron fluxes. However, his calculations also indicated that the process
could generate multi-MeV electrons at low flux levels, below the upper limits set by the Van
Allen Probe measurements.

As is noted below for Fig. 13, and is shown here in Fig. 6 from the pre-Van Allen Probe
era, there are episodic incursions of E ≥ 1 MeV electrons into the low-L regions and even
into the inner zone, but their presence is not the norm. Figure 6 shows HEO3 satellite (Fen-
nell et al. 2012) measurements for > 1.5 and >3 MeV electrons and >15 MeV protons in
the 1.75 < L < 7 region during the 1998 through 2011 period that includes solar sunspot
cycle 23. The figure shows multiple instances of the electrons penetrating to L < 3 and a
few to L ≤ 2. The Halloween storm of 2003 (Day 304) accelerated and transported >1.5
and >3 MeV electrons through the slot region (2 < L < 3) and into the inner zone (see
also Baker et al. 2004a; Baker et al. 2007) while other large storms during solar cycle 23
accelerated and transported electrons to L ∼ 2. See also Fig. 7 from Van Allen Probes mea-
surement.

Horne et al. (2005) and Shprits et al. (2006) have speculated that the erosion of the
plasmasphere to low L could create temporary conditions that are conducive to local ac-
celeration there. If MeV electrons can be accelerated, injected, or transported deep in the
inner zone where the electron lifetimes typically exceed hundreds of days (Van Allen 1964;
Roberts 1968) and they can persist for years at observable levels as happened with the elec-
trons injected into the belts by the STARFISH event. These lifetimes are generally controlled
by plasmaspheric hiss (Summers et al. 2007) however losses can be enhanced by chorus and
EMIC waves during periods where the plasmasphere is strongly eroded.
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Fig. 6 Electron and Proton spectrograms covering the interval 1998–2012 for >1.5 and >3 MeV electrons
and >15 MeV protons. The gray bar at L ∼ 1.75 indicates no data taken at L < 2 during that interval

June 2015 was the most recent period where MeV electrons were injected into the inner
zone (Claudepierre et al. 2017) as shown in Fig. 7. These electrons persisted for months at
L ∼ 1.75. As Fig. 8 shows, E < 800 keV electrons can be transported to low L-values and
into the inner radiation zone during storms (see Baker et al. 2007). The lower the energy, the
more common are such injections to the lowest L-values. Note, for example, that the 36 keV
to 460 keV electrons in Fig. 8 were injected to L < 2 multiple times during the ∼2 years
of data shown. In fact, many of these injections caused electron enhancements at <1.5 and,
during the March 2015 storm, enhanced fluxes were observed down to L ∼ 1.2 especially at
energies <460 keV. Such penetrations of electrons into the inner zone where their lifetimes
are long can be a hazard for satellites orbiting there from both the total dose perspective
and from the subsurface/internal charging perspective. So, while the occurrence of >1 MeV
electrons in the inner zone is relatively rare, they can become an enhanced hazard when they
occur and their populations can persist for months (Shprits, 2009).

Turner et al. (2016) investigated “sudden particle enhancements at low L” (SPELLS) as
slot filling events and as a source of inner zone electrons. The study found that the enhance-
ments occurred much more often for electrons E < 600 keV than for those E > 600 keV as
shown in Fig. 9, reproduced from that paper. Turner and colleagues argue that these electron
enhancements or injections are most likely the dominant source for most of the electrons in
the inner zone. These more common enhancements of the 100–800 keV electrons, as shown
in Fig. 8, can penetrate thermal control material and wiring insulation to become a significant
electrostatic discharge threat to space systems. For example, 300 keV electrons have suffi-
cient range to penetrate typical thermal blanket material and deposit their charge on under-
lying insulators where it can build up to high-voltage breakdown levels as shown in Fig. 4.

A clear result of these studies found that the quiet-time phase space density radial profiles
in the inner zone are characterized by positive slopes with increasing L (or L∗) for L <
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Fig. 7 MagEIS equatorially mirroring electron fluxes showing the injection/transport of 1.06 MeV electrons
into the inner zone during the June 2015 storm period (after Claudepierre et al. 2017)

2 and beyond for the electrons with the lowest magnetic moments as shown in Fig. 10
(Fennell et al. 2015). Figure 10 also indicates that a peak in the radial profiles develops
near L ∼ 2 at the larger magnetic moment values. Turner et al. (2016) showed the peak
in the phase space density radial profiles develops in this region as the electrons injected
into and through the slot region began to decay away. Radial flux profiles also remained
stable in the L < 1.8 inner radiation zone, as can be seen by comparing Figs. 10 and 11.
Figure 11 is excerpted from a longer movie (O’Brien et al. 2016) and shows the radial
profiles for equivalently constant magnetic moments, with clear dynamical variations in
phase space density radial profiles at low L. The Fig. 11 frame is a snapshot of the PSD
radial profiles observed following the 17 March 2013 storm time injection (see Baker et al.
2014b). This can be contrasted with the quiet time radial profiles in Fig. 10. The post-storm
20 March 2013 radial profiles do not show a peak near L = 2 and indicate there is a source
of electrons external to the slot region that were transported inward to low L. This indicates
that the electrons transported to low L are most likely the source of the inner zone electrons.

Features still in need of further examination are the PSD radial profiles at L < 2. First
impressions, from examining many intervals of the PSD radial profiles (Fennell et al. 2015;
Turner et al. 2016; O’Brien, private communication), are that for L < 2 the PSD profiles
are relatively constant in shape and levels over time. This means that the electron losses
there are being well matched by inward transport. Electron lifetime estimates indicate that
at L < 1.5 they are consistent with losses from atmospheric scattering (Walt 1966). So,
the processes of inward transport of electrons must balance the estimated loss rates. In any
case, the transport, buildup and penetration of electron fluxes through the slot region and
into the inner zone represent a time dependent threat from the subsurface/internal charging
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Fig. 8 Electron locally mirroring flux history for 1.2 < L < 5 during the July 2014–August 2016 period.
The electron energies range from 36 keV to 2.645 MeV as noted in the panel legends. The sudden flux
enhancements or injections to low L values is easily seen at the lower energies (<900 keV) whereas at
> MeV energies they do not penetrate deeply into the slot region
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Fig. 9 Number of low L

electron flux enhancements as a
function of energy that penetrated
to L < 2.7 and those which were
slot filling during the Sep. 2012
to Feb. 2016 period (after Turner
et al. 2016)

Fig. 10 Quiet time phase space
density radial profile of quiet
time inner zone electrons for a
range of constant first adiabatic
invariant (after Fennell et al.
2015)

perspective that cannot be ignored. Since inner zone is within the high-density plasmasphere,
surface charging is not a threat there even though there are significant and variable fluxes of
≤80 keV electrons there as shown in Fig. 8.



17 Page 12 of 60 D.N. Baker et al.

Fig. 11 Phase space density
(PSD) radial profiles at constant
ξ in the inner zone and slot
region for 20 March 2013.
ξ = M/γ 2 where M is the first
adiabatic invariant and γ is the
sine of the equatorial pitch angle
(after O’Brien et al. 2016)

3.2 Slot Region Electrons

The region 2 ≤ L ≤ 3 is known as the electron slot. It is a transition region between the
outer and the inner radiation zones. The slot region’s flux levels are highly time dependent
and the spatial structure is strongly energy dependent (Turner et al. 2015 and 2016; Reeves
et al. 2016; Zhao et al. 2016). During extended quiet periods the electron fluxes can decay
to low levels, especially at the higher energies, giving rise to PSD radial profiles that peak
in the 2 < L < 3 range for electrons with E ≤ MeV. Both of these features are clearly seen
in Fig. 8. The electron lifetimes are energy dependent with the dominant loss being from
pitch angle scattering by waves. Inside the plasmasphere hiss scattering of the electrons
is the dominant loss mechanism (Lyons and Thorne 1973; Lyons et al. 1972; Abel and
Thorne 1998a, 1998b; Meredith et al. 2009). The energetic electrons (0.2–1.5 MeV) that are
transported into the slot region decay fairly rapidly (Abel and Thorne 1998a, 1998b; Fennell
et al. 2012; Claudepierre et al. 2017).

What has been notable is that ultra-relativistic electrons, ≥2.5 MeV, seldom penetrate
deeply into the slot region at L values < 2.8 over prompt time scales following accelera-
tion/injection events (Baker et al. 2014a; Foster et al. 2016) as is evident from Figs. 6, 9,
and 12. (On longer ∼ weeks to months scales, however, gradual inward radial diffusion
does seem to move these electron energies inwards of this radial distance to L ∼ 2.5.) While
this penetration limit has been observed multiple times preceding and during the Van Allen
Probes mission, at this point the processes that are responsible for this condition are still un-
der discussion. Three that have been considered are: (1) A balance between diffusive radial
transport and scattering losses that limit the ability of highly relativistic electrons to pene-
trate to low L values during storms of the Van Allen Probes era (Lyons and Thorne (1973);
Baker et al. 2014a); (2) localized precipitation of MeV electrons through wave mode cou-
pling and wave–particle interactions induced by VLF transmitter signals at their maximum
outward extent near L = 2.8 (Foster et al. 2016); and (3) the effect of VLF transmitter-
induced waves on the coherency of the wave–particle interactions, creating an earthward
limit to the local acceleration of electrons to MeV energies. (Regarding this latter possibil-
ity, see as well the discussion on possible anthropogenic VLF transmission effects within
Gombosi et al., this issue.) Whatever the mechanism, the fact that high fluxes of multi-
MeV electrons are seldom present deep in the slot means that the threat of internal charging
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Fig. 12 Location of the peak in
>1.5 MeV electron flux from
HEO3 and >1 MeV electrons
from SAMPEX as a function of
minimum DST. Also plotted are
the function LMAX from
Tverskaya et al. (2002) and a
scaled plasma pause model Lpp
(after O’Brien et al. 2003)

and highly penetrating radiation dose is minimal throughout that region most of the time. In
fact, as Fig. 12 shows, it takes large storms to position the peak of the MeV electron fluxes at
L < 3. The figure also implies that there is a linkage between the plasmapause position and
the L of maximum MeV fluxes. Thus, high fluxes of MeV electrons will populate the outer
edge of the slot region for large storms, as measured by Dst or by the plasmapause erosion.
When this occurs, deep dielectric charging will become a hazard for satellites orbiting there.

The mechanisms that cause injections of the lower energy electrons into and through
the slot region (see Russell and Thorne 1970) have been investigated by Thorne et al.
(2005), Zhao and Li (2013), and Turner et al. (2015, 2016). Zhao and Li modeled
the transport into the slot region and inner zone as diffusive transport using a 1-D ra-
dial diffusion model. However, they used diffusion coefficients that were much larger
than the usual Kp-dependent electromagnetic diffusion values and concluded that the
usual Kp dependent coefficients cannot be simply extended to the slot region and in-
ner zone. Turner et al. (2015, 2016) and others (Sergeev et al. 1998; Runov et al. 2014;
Takahashi et al. 2003) considered how magnetosonic waves and compressional fast mode
waves might be responsible for the sudden enhancements in the electron fluxes at low L-
values in the plasmasphere. After examining the electric and magnetic field fluctuations
during an injection of electrons to low L, Turner et al. (2015) proposed that Pi2 cavity
mode waves could explain the electron flux enhancements inside the plasmasphere. They
also speculated that the upper energy limit to the enhancements could result from the radial
gradient of the PSD combined with the efficiency of the interaction with the waves. Thus,
sudden enhancements of energetic electrons associated with substorm activity and injections
at higher L shells can penetrate very deep into the inner magnetosphere and may ultimately
play an activity-dependent role in the formation of the inner zone population as discussed
above. In any case, as noted previously, the intense but variable hundreds of keV electron
fluxes can be a hazard from the vehicle charging perspective which can include surface
charging during those intervals when the plasmasphere is eroded to L < 3.

3.3 Inner Zone and Slot Region Protons

Only the more energetic ions/protons in space are of concern from a space weather haz-
ard perspective. Very high energy protons and ions can penetrate shielding, depositing their
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Fig. 13 Observed solar array
current reduction on GOES-7
following solar energetic particle
events in the fall 1989

energy in electronic devices. The hazardous proton populations of the inner zone and slot
regions have two fundamental sources. In the inner zone the primary source is the neu-
tron albedo process, which has been well defined (Selesnick et al. 2007 and references
therein). The outer edges of the inner zone and the lower part of the slot region also host
energetic protons and ions that consist of entrapped solar particles (Selesnick et al. 2007;
Lorentzen et al. 2002; Mazur et al. 2005). Protons with E > 3 MeV are a primary contribu-
tor to solar array degradation while >15 MeV protons contribute to single event effects (e.g.
Fig. 2) and non-ionizing radiation damage to electronic parts within satellites that orbit in
or traverse these regions. In addition to the trapped population, there are also episodic solar
particle events, with associated energetic solar ions. Those ions that eventually reach the
Earth can penetrate deeply into the inner magnetosphere where they can cause single event
upsets, as in Fig. 14, and enhance the radiation damage to satellite solar arrays and electronic
parts, similar to that shown in Fig. 13 (Marvin and Gorney 1991. Figure 6 shows multiple
incidences of >15 MeV solar protons penetrating to low L combined with the presence of
the protons from cosmic ray albedo neutron decay (CRAND) at very low L and inherent
variability of the proton fluxes in the 2.5 < L < 4 region in response to magnetic storms
(Lorentzen et al. 2002; Mazur et al. 2005).

Solar Energetic Particle (SEP) events are the mechanism by which very high-energy
protons appear in the outer zone region of the radiation belts. However, these events are
very short-lived (hours in duration), as the high-energy protons with such large gyro-radii
are not able to be stably trapped at these locations. As mentioned earlier, they can often
penetrate to the inner zone where stronger magnetic fields in a more rigid topology can
entrain these particles for very long times. In general, highly energetic protons (multi-MeV
energies) are not considered to be a regular feature in the outer zone.

3.4 Outer Zone Electrons

The characteristics and dynamics of ultra-relativistic and MeV electron fluxes in Earth’s
outer radiation belt are strongly influenced by geomagnetic storm time processes, leading
both to significant electron loss and local acceleration deep within the inner magnetosphere
(Ukhorskiy et al. 2014; Reeves et al. 2013). The outer Van Allen belt is highly variable
on essentially all temporal scales and shows tremendous variability as well as significant
variations in the outer belt spatial extent. This is well illustrated by Fig. 14 adapted from Li
et al. (2006). The main (lower) panel of the figure shows integral fluxes of 2 � E � 6 MeV
electrons measured by sensors on board the LEO spacecraft called the Solar, Anomalous,
and Magnetospheric Particle Explorer (SAMPEX) mission (see Baker et al. 1993). The data
are color-coded representations of electron flux from L = 2.0 to L = 7.0 (vertical axis)
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Fig. 14 Long-term (1992–2013) record of 2 � E � 6 MeV electrons measured primarily by the SAMPEX
spacecraft at low altitude. The upper panel shows smoothed sunspot number (black) and solar wind speed
(red) for the same period of time. (Courtesy of X. Li)

versus time (horizontal axis) from 1992 to 2013. The color bar to the left is the log of
electron flux (electrons/cm2-s-sr). The upper panel of Fig. 14 shows in black the smoothed
sunspot number over the period 1992–2013 while the red trace shows the solar wind speed
(km/sec) measured upstream of the Earth’s magnetosphere.

As is evident from the figure, the outer Van Allen belt (as monitored from the ∼500 km
altitude of SAMPEX) typically extends from L ∼ 3.0 to roughly L = 6.5. However, the
belt’s spatial extent was highly variable over the ∼ 20-year SAMPEX lifetime. Also, the
peak electron flux levels varied widely as a function of time. For example, in 1994, the
peak >2 MeV electron fluxes were over 104 electrons/cm2-s-sr, while in 2008–2009 the
electron flux was often barely above background levels (∼ 100 electrons/cm2-s-sr). As is
obvious from inspection of the figure, a main controller of the electron fluxes in the outer
belt is the solar wind speed impacting Earth’s magnetosphere (Baker et al. 1979, 1986),
Kellerman et al. (2013), Kellerman and Shprits (2012). Indeed, solar wind speeds with V �
500 km/sec generally are associated with high outer radiation belt electron “content” (Baker
2004). On the other hand, persistent solar wind speeds of V � 300 km/sec can lead to virtual
disappearance of the outer belt (for electron energies E � 1 MeV). This occurred quite
prominently in the profound solar minimum of 2008–09.

The inner “edge” of the outer zone — as is obvious in Fig. 14 — shows considerable
variability in spatial location. During particularly strong solar wind forcing conditions, the
inward extent of the outer zone population can appear to reach down to L ∼ 2.5. This is
typically a rare and brief circumstance. During truly extreme forcing events such as the
Halloween Storm events of late 2003 (see Baker et al. 2004a), the slot region can be filled
with multi-MeV electrons for weeks of time. An event of great strength was also seen in late
2004 (see Fig. 13).
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Fig. 15 Temporal
correspondence between star
tracker anomalies onboard a
geostationary orbit spacecraft
(vertical arrows) and
enhancements in E ∼ 3 MeV
electron fluxes measured by
sensors on the same spacecraft
(from Baker et al. 1987a)

It has long been clear that large increases in multi-MeV electrons can cause significant
spacecraft operational anomalies. For example, Fig. 15 (taken from Baker et al. 1987a)
shows that star-tracker anomalies were observed on an operational geostationary Earth or-
bit (GEO) spacecraft whenever the counting rate for E ∼ 3 MeV electrons reached or ex-
ceeded 7 counts/sec. The vertical arrows show the precise timing relationship between the
star tracker problems and the enhanced electron flux episodes during this 1980–82 period.

Another example drawn from SAMPEX for the 2003 Halloween storm experience is
shown here in Fig. 16. This figure from Baker et al. (2004b) shows that dozens of space-
craft operational anomalies occurred during the Halloween Storm (Oct.–Nov. 2003) pe-
riod. Some of these anomalies were onboard spacecraft in distant locales (e.g., Genesis and
Mars Odyssey), but most anomalies were seen on near-Earth spacecraft (GOES, RHESSI,
ADEOS, NOAA-17, POLAR) and were due to the highly elevated radiation belt electron
population (Baker et al. 2004b).

The extent and quality of observations of the radiation belts improved dramatically with
the successful launch of the Radiation Belt Storm Probes (RBSP, renamed the Van Allen
Probes mission in November 2012). The Van Allen Probes have a very comprehensive par-
ticle and fields detection payload (see Mauk et al. 2013). The higher energy electron mea-
surements from the REPT instruments (Baker et al. 2013a) give unprecedented information
throughout the inner and outer Van Allen belts. From the outer radiation belt standpoint,
the REPT measurements show beautifully the spatial and temporal properties of electrons
from E ∼ 1 MeV to E � 10 MeV. Figure 16, for example shows combined data from the
Van Allen Probes A and B spacecraft for E = 1.8 MeV (1.6–2.0 MeV channel). Each panel
shows color-coded flux levels for one-year periods. The vertical axis is L-value (2 ≤ L ≤ 6)
in each case and each horizontal axis shows one year of time starting with 1 September 2012
(upper left) to 1 September 2016 (lower right). There are fascinating acceleration, transport,
dropout, and recovery features seen in the data. Particularly strong storm events (such as
October 2012, March 2015, and June 2015) are evident. See Reeves et al. (2013) and Baker
et al. (2016) for details of these coronal mass ejection (CME)-driven events Thorne et al.
(2013b). Also, note the very weak outer belt structures during much of 2014 as seen in
panel (b) of the figure. The most recent year of data shown (1 September 2015 to 1 Septem-
ber 2016) is particularly notable for the frequency and intensity of the E ∼ 1.8 MeV electron
enhancements.

Examination of the inward extent of relativistic electrons in Fig. 17 and the earlier
Fig. 14 demonstrate visually the striking conclusions of Baker et al. (2014a) and Baker
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Fig. 16 Color-coded electron fluxes measured by the SAMPEX spacecraft (see Fig. 13) for Days 290 through
335 of 2003 in an L versus time format. Times of severe operational anomalies for various spacecraft are
indicated by the red arrows and boxes

et al. (2016). Those studies found that in recent times since the launch of Van Allen
Probes in August 2012, the Earthward extent of the outer belt of highly relativistic elec-
trons appears to encounter an almost impenetrable barrier at an equatorial radial dis-
tance (L) near 2.8 RE, such that almost no electrons with E ≥ 2.5 MeV are seen inside
this position in the hours and days following major disturbances and their associated in-
ward injections and/or in-situ acceleration events. Slow radial diffusion to locations in-
wards of L = 2.8 does occur at longer time scales, but in no instance over four years
of data do we see electrons with E � 1 MeV penetrate inside L ∼ 2.5. The greatest
“intrusions” observed were for the March and June 2015 storms (see Baker et al. 2016;
Foster et al. 2016). The nearly “impenetrable” barrier to inward injection or diffusive trans-
port of relativistic electrons over prompt time intervals is one of the most unexpected find-
ings of the Van Allen Probes era (see Baker et al. 2014a). The finding has important and
nuanced space weather implications when considering the temporal response of the outer
belt’s inner edge, with the general conclusion that locations in the L = 2.5 to 2.8 range can
be expected to have almost complete protection from prompt increases in ultra-relativistic
electrons. However, over longer time scales of weeks to months typically associated with
slower diffusion effects, these locations will gradually see the impacts of these extremely
energetic electrons in the absence of further storm time or injection associated events.

The features for E ∼ 1.8 MeV in Fig. 17 are amplified in the E = 4.2 MeV chan-
nels of REPT shown here as Fig. 18, and demonstrate once again that the “impenetrable”
barrier to inward prompt injection holds across multiple energy levels. In particular, the
4.2 MeV electron fluxes (in identical format to Fig. 16) show a virtual absence of elec-
trons for much of 2014 (see panel (b)). Numerous instances in 2013, 2015, and 2016,
however show the fascinating “3-belt” structure indicative of the relativistic electron “stor-
age ring” property reported by Baker et al. (2013a). Again – and even more strikingly at
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Fig. 17 Relativistic Electron–Proton Telescope (REPT) data (E ∼ 1.8 MeV) from the Van Allen Probes
mission from 1 September 2012 (upper left) to 1 September 2016 (lower right) as described in the text

Fig. 18 Similar to Fig. 16 but for E ∼ 4.2 MeV electrons from the REPT instruments

these higher energies — the outer zone electrons approach L ∼ 2.8 (Baker et al. 2014a;
Kellerman et al. 2014). However, in no cases do these highly energetic electrons pass
through the impenetrable barrier either by direct injection or by radial diffusion, although on
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occasion these electrons later slowly penetrate inwards to L = 2.5 — e.g. by mid June 2015
(difficult to see on this plot scale) following the March 17, 2015 great storm. Clearly, the dy-
namic behavior of these electrons is far richer than previously thought, and more studies are
under way to further explore these features and to quantify associated space weather effects
across the range of natural injection and diffusion processes and characteristic scales.

4 Radiation Belt Acceleration, Transport, and Loss

4.1 Particle Diffusion Across Invariant Parameters

Around the time of the early Van Allen-led space missions in the late 1950s (as mentioned
previously), theorists asserted that classical and relativistic physics laws have important and
inherent consequences for the behavior of charged particles in the presence of a background
magnetic field. In particular, for the approximate dipole field present in the terrestrial inner
magnetosphere, particles under non-disturbed conditions undergo three quasi-periodic mo-
tions, each associated with an adiabatic invariant and a corresponding spatial and temporal
characteristic scale. Further, particles that obey all three invariant motions define a stable
drift shell encircling Earth, allowing trajectory predictions. The three invariants, arranged
from strongest to weakest and from shortest time scale to longest time scale, are particle gy-
ration in a homogeneous magnetic field, bounce gyrocenter motion along the field lines, and
drift-bounce gyrocenter motion around Earth (Shulz and Lanzerotti 1974). As Ukhorskiy
and Sitnov (2013) point out, for relativistic ∼1 MeV electrons in the center of the outer
belt (L ∼ 4–5), these motion invariants are well decoupled as they are separated by approx-
imately six orders of magnitude: gyration frequency on ∼kHz scales, bounce frequency on
∼Hz scales, and gradient-curvature drift frequency on ∼mHz scales (Schulz and Lanzerotti
1974).

However, nature often provides non-adiabatic conditions e.g. during injection events,
strong plasma wave generation at appropriate frequencies, or during strong non-dipole mag-
netic dipolarizations. The Van Allen-led early missions and a large number of subsequent
observational experiments (e.g. CRRES, AMPTE, SAMPEX, Van Allen Probes) revealed
that these highly dynamic conditions can often provide strong and variable particle forcing
on time scales less than the characteristic invariant time scale, leading to direct violation
of one (or often more) of the invariant particle motion laws. Intervals with these types of
violations can therefore cause particle intensities across the radiation belts to vary signifi-
cantly with time (see early review by Roederer 1968), with direct associated space weather
impacts. In particular, large amplitude perturbations in electric and magnetic fields along
particle orbits can violate invariants. Plasma waves, often (but not always) separately excited
by differing energy pathways in the plasma, have associated electrostatic and electromag-
netic fields that can resonantly interact with quasi-periodic particle motions to amplify their
energy and alter their densities.

In the case where the radiation belt particle energy and density is small compared to other
plasma populations, one can consider the forces mentioned as external, and quasi-linear
theory then allows a modeling of the action of these forces as particle diffusion in the three
adiabatic invariants, with various formulations to describe the effective diffusion coefficients
caused by the external forcing. Historically, Ukhorskiy and Sitnov (2013) note that this
quasi-linear particle diffusion theory was well established within the first decade after initial
radiation belt discoveries, but non-linear modifications to this diffusion framework did not
occur until much later in the 1980s and 1990s.
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Excellent summaries of adiabatic invariant particle motion theory as well as violations
of that theory are given by a number of previous works including Dungey (1965), Trakht-
engerts (1966), Walt (1971), and the previously referenced Ukhorskiy and Sitnov (2013). As
this article is devoted to a description of radiation belt space weather effects, however, we
focus here on recent results with new insights into the general space weather consequences
of dynamic, non-adiabatic particle motions. We also note that recent results have implied
that multiple cycles of energy exchange between waves and particles may be involved in
relativistic particle acceleration, since unstable plasmas use the energy of other particles for
the ultimate acceleration energy source (Shklyar 2017). These situations make it complex to
assess the full life cycle of particle acceleration, with associated implications and impacts on
quasi-linear and non-linear particle invariant diffusion theories for radiation belt dynamics.
Such topics remain at the heart of current theoretical research (e.g. Albert et al. 2016).

4.2 Radial Diffusion

A long recognized scenario for transport of energetic electrons from acceleration or injec-
tion zones is radial diffusion, caused when the first two adiabatic invariants are preserved
in the outer zone whereas the third and slowest gradient curvature drift invariant is violated
by particle–wave processes through the presence of ultralow-frequency (ULF) waves in the
Pc-5 range between ∼1.67 and ∼6.67 mHz (Jacobs et al. 1964). Efficient interactions occur
when the driving ULF wave frequency is an integer multiple of the azimuthal drift frequency
(Schulz and Lanzerotti 1974). Extensions to the pure azimuthal drift based radial diffusion
framework have been pursued more recently by Elkington et al. (1999, 2003) through inclu-
sion of drift-resonant electron interactions with ULF toroidal and/or poloidal wave modes
in a manner that inherently accommodates an asymmetric geomagnetic field. The general
effect of third invariant violation is to cause a net change in the particle’s radial coordinate,
causing a net gain/loss in particle energy as the particle diffuses inwards/outwards. ULF
waves in this frequency range can be produced by internal processes including both mirror
(Hasegawa 1969) and drift (e.g. Chen and Hasegawa 1991) instabilities embedded in the
inner magnetospheric plasma. ULF wave power can also be generated by external forcing
events including magnetopause shear flow instabilities (e.g. Claudepierre et al. 2008), so-
lar wind pressure variations (Kivelson and Southwood 1988), and transient ion foreshocks
(Hartinger et al. 2013). It is important to note that ULF driven radial diffusion is inher-
ently stochastic in nature rather than coherent, as typical ULF driving wave fields are rarely
monochromatic and span a range of ∼mHz frequencies.

A number of observational studies have attempted to calculate the effective total radial
diffusion coefficient, itself a measure of the radial diffusion rate. This rate, DLL, includes
effects from perturbations in both the induced electric field and magnetic field, and vari-
ous theoretical formulations (Fälthammar 1965; Fei et al. 2006) have been established to
provide quantitative estimates. Many observational studies have been conducted using these
frameworks with a notable focus on establishing when electric and/or magnetic field effects
are dominant, and a recent comprehensive summary is provided by Ali et al. (2016). No-
tably, the work of Tu et al. (2012) using THEMIS and GOES data, along with the work
of Ozeke et al. (2012, 2014) using AMPTE and GOES data, determined that, contrary to
earlier expectations, electric field effects in radial diffusion dominate over magnetic field
effects when setting radial diffusion coefficient amplitudes. In fact, Ali et al. (2015, 2016),
using Van Allen Probes observations, finds that the radial diffusion electric component is on
average larger than the magnetic component by one to two orders of magnitude for almost
all L∗ and Kp values. Thus, it appears that electric field perturbations in the ULF range
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are substantially more effective in driving radial diffusion of charged particles in the inner
magnetosphere.

For space weather purposes, typical radial diffusion coefficients range from 10−2 to 10−4

days−1 for low Kp, setting a time scale of hundreds to thousands of days for these slow
processes to effect the distribution of energetic particles. Thus, as referred to earlier, the
slow movement of the inner edge of the outer belt in Fig. 17 seen in ultra-relativistic elec-
trons between March and June 2015 is an example of observations compatible with inward
radial diffusion of an accelerated population created earlier by stormtime injection or by
local acceleration processes (cf. later discussion in this section). However, radial diffusion
coefficients can be as high as 100 days−1 during times of heightened geomagnetic activity
(Ali et al. 2016), allowing for events during which radial diffusion is arguably the dominant
acceleration process in the heart of the outer radiation belt.

4.3 Role of Substorms

The role of geomagnetic storms versus substorms and high-energy radiation belt acceler-
ation has been studied for decades. While the exact definitions of the two types of geo-
magnetic disturbance can be debated, they each represent fundamentally different forms of
energy transfer into the Earth’s magnetosphere as a result of solar wind driving. Long-term
studies of correlations between radiation belt electron content and solar wind speed show a
repeatable ‘triangular distribution’ (Baker et al. 2004b; Reeves et al. 2011), indicating that
large enhancements of outer belt relativistic electron flux can occur at any solar wind speed
— from the lowest to the highest velocities (Fig. 19). These distributions can be clarified
by plotting in terms of occurrence rate contours (e.g. Fig. 1, Kellerman and Shprits 2012),
yet still the outcome shows that the relationship between relativistic electron flux and solar
wind drivers is not linear. Not only can enhancements occur over a wide range of solar wind
speeds, the contents of the radiation belts can also change unpredictably from one geomag-
netic storm to the next. Reeves et al. (2003) studied the response of high-energy electrons
to almost 300 storms over an 11-year period. The result was a varied distribution, with the
highest likely response being one of no change between pre- and post-storm flux levels.
An almost equal likelihood existed of the total population increasing or decreasing with
any given storm. These results were replicated even when very small storms or non-storm
events (Dst > −50 nT) were taken into account (Anderson et al. 2015). Thus, geomag-
netic storms and solar wind speed are not good predictors of energetic electron enhance-
ment events, and electron response does not necessarily scale with the strength of a storm.
Several recent studies during the Van Allen Probes era have in fact shown cases of strong
outer belt relativistic electron enhancements during non-storm times (Schiller et al. 2014;
Su et al. 2014). Both papers noted the increase in chorus wave power during the accelera-
tion periods, but did not explicitly make the connection to substorm activity.

If strong enhancement events cannot be predicted by strength of a geomagnetic storm
(measured by the Dst index) or solar wind speed alone, what then determines an efficient
acceleration event? Several studies have attempted to bring light to this subject by examining
both individual case studies and the statistics of many enhancements. Meredith et al. (2002)
looked at several example periods of outer belt electron acceleration during both strong and
weak storm conditions and determined that prolonged substorm activity is a requirement
for effective enhancement of relativistic electrons. Kataoka and Miyoshi (2010) found that
the main controller of outer belt electron fluxes was IMF orientation: weaker southward Bz
resulted in weaker enhancement events. The authors note that northward or weak southward
IMF orientation suppresses the amount of substorm activity generated. Comparing modeled
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Fig. 19 Outer belt radiation belt
content index vs. solar wind
speed (after Baker et al. 2004b)

electron fluxes at GEO with measurements, Li et al. (2011) concluded that high-speed so-
lar wind is not a necessary condition for MeV electron enhancements at geosynchronous
orbit — only a southward orientation of the IMF is absolutely required. More recently, a
superposed epoch analysis of both efficient and inefficient acceleration events from Van
Allen Probes data has provided a statistical look at the underlying causes (Li et al. 2015).
The comprehensive study found three main contributions to efficient acceleration events:
(1) prolonged southward Bz, (2) high solar wind speed, and (3) low solar wind dynamic
pressure. By examining global chorus wave distributions, the study also clearly shows that
intense chorus waves are present for far longer periods during the efficient enhancements.

The common thread throughout this previous work is one of substorm-driven energy be-
ing introduced into the ring current region, thus driving relativistic electron enhancements.
The acceleration can be achieved via resonant wave–particle interactions with VLF chorus
waves, as discussed in a following section. In a quasi-linear interaction scenario, the en-
hancement progresses in a step-wise pattern, with lower energies appearing first, and high
energies taking longer to be produced. This common picture has been noted as far back
as Baker et al. (1979) where lower energy electron enhancements at GEO were seen to be
closely related to solar wind speed variations, while >1 MeV electrons exhibited a similar
profile but with a significant delay in time. The same delay pattern can often be observed,
with the time lag increasing as energy does, in the Van Allen Probes data (e.g. Baker et al.
2016). In order for the process to be efficient at producing the very highest energy tail of
the radiation belt population, VLF chorus (and thus, their source of energy in the form of
plasmasheet particles) need to be continually energized over a long duration (many hours
to days), as during High Intensity Long Duration Continuous AE Activity events (Gonzalez
and Tsurutani 1987; Tsurutani et al. 1995). A recent case of where this mechanism was not
put into place properly showed a failure of relativistic and ultra-relativistic electrons to ap-
pear, despite the high solar wind speeds and space weather models predicting enhancements
of relativistic electron (Jaynes et al. 2015). The relativistic accelerator process, described in
a schematic reprinted here as Fig. 20, requires both source (10’s keV) and seed (100’s keV)
electrons to drive chorus waves and provide a base population for acceleration to much
higher energies.
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Fig. 20 Schematic of the relativistic accelerator mechanism in Earth’s inner magnetosphere (reprinted from
Jaynes et al. 2015)

The developments throughout the Van Allen Probes era have built on the foundational
studies of this topic published over the preceding decades. The emerging picture is one of
substorms (with or without geomagnetic storms) playing the dominant role in producing
Earth’s high-energy radiation belt population through the intermediary of chorus wave gen-
eration. This is a particularly important paradigm to consider as the need for more accurate
space weather forecasting models becomes pressing.

4.4 Wave–Particle Interactions (Linear, Nonlinear)

4.4.1 Acceleration by ULF Waves

It has long been known that there is a direct correlation between ULF wave power
in the inner magnetosphere and relativistic electron acceleration (Rostoker et al. 1998;
Mathie and Mann 2000). ULF waves can accelerate radiation belt particles through two dif-
ferent mechanisms: inward radial diffusion and drift-resonance interaction. The first mech-
anism was extensively discussed in Sect. 4.2. and can accelerate outer belt electrons on
timescales of hours or longer. The second mechanism has been continuously studied for the
past 20 years, yet, despite these efforts, it is still unclear what extent of the overall acceler-
ation is driven by drift-resonance. The resonance that can take place between a relativistic
electron and the appropriate frequency ULF wave is fundamentally dependent upon the wave
period matching the drift period (or multiples thereof) of the electron. This phase-coherent
interaction is possible both with toroidal mode ULF waves, detailed nicely in Elkington et al.
(1999), as well as poloidal mode (Claudepierre et al. 2013) as shown in Fig. 21. Section 4.2
already covered these processes thoroughly.

4.4.2 Local Acceleration by VLF Chorus

VLF waves in particular have a strong interaction potential with radiation belt electrons, and
can cause significant acceleration characterized by a fundamentally local nature. During
this local acceleration process, both a source of energy for wave growth and a population of
energetic seed electrons are required. New observations are shedding considerable light on
the interdependence and necessity of these requirements for local acceleration. In particular,
recent Van Allen Probes observations indicate that rapid (<1 hour) energization of seed
electrons to MeV energies is associated with (substorm) injections of 10s keV to 100s keV
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Fig. 21 Evidence of
drift-resonance interaction
between poloidal mode ULF
wave (b) and 57–80 keV
electrons (blue and green trace in
(a)). From Claudepierre et al.
(2013)

electrons into the inner magnetosphere and the subsequent enhancement of VLF chorus
band waves in the inner magnetosphere (e.g. Foster et al. 2014a).

The acceleration of electrons to MeV energies in the core of the outer zone of the ra-
diation belt involves the local acceleration (Horne and Thorne 1998; Reeves et al. 2013;
Thorne et al. 2013a; Summers et al. 1998) of a seed population of energetic electrons
(e.g. Jaynes et al. 2015) in interactions with (very low frequency) VLF chorus waves.
Thorne et al. (2013a) demonstrated that quasi-linear modeling of this local acceleration
process could reproduce the observed recovery of the inner radiation belt electrons. Li
et al. (2014) modeled the recovery of the radiation belt over the course of ∼24 hours
by quasi-linear interactions with VLF chorus. Foster et al. (2014a) described Van Allen
Probes observations of substorm electron injection and chorus amplification associated
with the rapid recovery of the MeV electron population following a storm time deple-
tion of radiation belt electrons. Lower energy injected electrons in the ∼10 to 80 keV
range provide a source of free energy for VLF waves growth and subsequently are
driven into the loss cone, precipitating into the atmosphere (e.g. Foster and Rosenberg
1976). At the same time, the high-energy tail of the electron distribution gains perpen-
dicular energy from the waves and is accelerated (Summers et al. 1998; Albert 2002;
Omura et al. 2007).

A detailed example is given by Van Allen Probes dual spacecraft particle and wave ob-
servations spanning a substorm during the large March 17, 2013 storm with onset near
15:50 UT, as shown in Figs. 22 and 23. Lower energy injected electrons (50 keV, Fig. 23
panel a) arrive promptly at the Van Allen Probe A position near L∗ = 4.7. The effects of their
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Fig. 22 Storm–time changes in the 2.6 MeV electron fluxes observed at L∗ = 4.0 with the REPT instruments
on both Van Allen Probes delineate the event time history of relativistic electron loss and recovery. Storm
onset was at 06:15 UT on 17 March 2013 and prompt stepwise radiation belt energization accompanied
substorm injections at 15:50 UT and 22:15 UT. Diamonds indicate the sequential observations by Probes A
and B at L∗ = 4.0 (after Foster et al. 2017)

involvement in chorus amplification are already seen at this time, as particle distribution is
driven toward loss cone pitch angles. Panel c of Fig. 23 shows the development of strong
chorus wave activity in step with the electron injections. The multi-MeV radiation belt elec-
tron population (panel d) that had been significantly depleted earlier in the storm increases
by 10x during the substorm interval (with respect to that measured before the substorm 1
hour earlier by Van Allen Probe B).

It should be noted here that ultra-relativistic electron acceleration in the outer belt can
also take place under the influence of fast magnetosonic waves which are thought to take
their energy from enhanced/unstable proton ring current distributions at 10 s of keV en-
ergies, as demonstrated by several studies using GOES and CRRES observations among
others (Perraut et al. 1982; Meredith et al. 2008; Chen et al. 2016; Balikhin et al. 2015).
For example, the production of electron butterfly distributions has recently been observed in
Van Allen Probes data during a 2015 storm and was linked to parallel acceleration caused by
Landau resonance with magnetosonic waves (Li et al. 2016). Details on this rich and non-
linear process are still a matter of current research and are a good example of the importance
of wave–particle interactions on the outer belt (e.g. Thorne 2010).

The rapid increase in MeV electron fluxes associated with substorm injections suggests
that nonlinear processes, with associated rapid interaction time scales, play a significant role
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Fig. 23 Local acceleration involves the enhancement of VLF chorus by lower energy injected electrons,
and the subsequent energization of a seed population of higher energy electrons by the amplified waves.
(a) RBSP-A MagEIS observations of injected >50 keV and (b) >150 keV electrons and (c) associated chorus
emissions observed by EMFISIS-A are shown for the 15:50 UT substorm interval on March 17, 2013. The
lower panel (d) shows the growing enhancement of 2.6 MeV electrons resulting from the local acceleration
of the near-relativistic seed population (after Foster et al. 2017)

in the local acceleration process (Foster et al. 2017). Wave-electron interactions during the
generation of VLF rising tones are strongly non-linear, leading the formation of a highly
coherent wave structure. As a result, a fraction of the relativistic electron seed population
at resonant energies can be trapped by waves, leading to significant non-adiabatic energy
exchange. Direct observations show that chorus elements consist of a sequence of wave
subpackets (e.g. Santolík et al. 2014) each spanning multiple wave cycles and delineating a
single cycle of continuous wave growth and damping (Fig. 24).

For phase trapped resonant electrons with near-relativistic initial energies, well-developed
subpackets at and around 1/4 fce result in strong (>100 keV) energy gain through nonlin-
ear relativistic turning acceleration (RTA) (Omura et al. 2007) for electrons with relativistic
initial energies (Foster et al. 2017). Electrons with initial energy 100s keV–3 MeV can be
accelerated by 50 keV–200 keV in resonant interactions with a single VLF rising tone on a
time scale of 10–100 msec (Foster et al. 2017).

To illustrate the effect of nonlinear RTA acceleration on the evolution of the relativistic
electron flux spectrum, we have iteratively applied the calculated nonlinear energy gain
profile (Fig. 25) to the observed initial electron flux profile for the 17 March 2015 event.
The evolution of the ratio of the modeled electron flux profile at L∗ = 4 over 30 cycles of
nonlinear RTA modeling indicates a 10x flux enhancement confined to low MeV energies
and centered near 2 MeV. For electrons with 0.5 sec bounce period, and assuming that strong
chorus waves are encountered only 1 percent of the time, the 30 cycles modeled would occur
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Fig. 24 For the strong VLF lower-band chorus rising tone seen at 16:56:30 in the lower panel, by RBSP-A
during the March 17, 2013 storm, subpacket analysis of the single 180-msec chorus element is shown in
the upper panel. The magnitude of the wave magnetic field in the plane perpendicular to B for individual
wave cycles is shown in black. Clear modulation of the wave amplitude identifies a sequence of subpackets
within the rising tone chorus element, each spanning multiple wave cycles. The instantaneous wave frequency
determined from individual wave cycles is shown in blue (adapted from Foster et al. 2017)

over 1500 sec. or ∼30 min the approximate characteristic time for the relativistic electron
acceleration observed in this event. The good agreement between theory and observations
indicates the efficiency of nonlinear interactions with chorus rising tones for accelerating a
seed population of energetic electrons to MeV energies.

In aggregate, these observationally based calculations reinforce the conclusion that non-
linear acceleration processes are likely a fundamentally important part of local acceleration
to relativistic levels, and that the very rapid time scales involved set a considerably faster
minimum time scale for in-situ space weather effects at these energies than previously con-
sidered.

Energy gain for a single RTA interaction with the chorus rising tone shown in Fig. 24 is
shown as a function of initial electron energy; B) the observed electron flux increase ratio at
L∗ = 4 is shown as the black curve. The nested blue curves indicate the iterative application
of the RTA nonlinear energy gain to the observed initial electron flux profile over 30 cycles
with 5% trapping ratio.

4.5 Shock Acceleration

Solar wind shocks are another process that produces significant space weather, through ex-
tremely fast acceleration of ultra-relativistic electrons deep within the radiation belts and
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Fig. 25 a) The ratio of the modeled electron flux increase at L∗ = 4 after 30 cycles of nonlinear RTA
acceleration to the initial profile indicates a 10x flux enhancement confined to los-MeV energies and centered
near 2 MeV. (b) The electron flux increase determined as the ratio of RBSP-A to RBSP-B observations shows
good qualitative agreement with the RTA theoretical predictions (Foster et al. 2017)

inside the plasmasphere. Explosive eruptions on the Sun launch a supersonic blast wave of
high-density particles that stream through the background solar wind. This solar wind shock
front sweeps up the interplanetary magnetic field along its path, carrying significant parti-
cle and magnetic energy to Earth orbit in about one day’s time. The high-speed solar wind
shock strikes a sledgehammer blow to the protective barrier of Earth’s magnetic field on
the dayside, launching a powerful magnetosonic pulse that tears through the magnetosphere
from front to back at speeds approaching 1000 km/sec. The strong electric field associated
with this shock-induced pulse efficiently accelerates radiation belt electrons (Fig. 26). As
the electrons circle the Earth, those with azimuthal velocity matching the magnetosonic
pulse propagation speed can stay in the shock induced electric field for ∼100 sec, and gain
significant energy (up to millions of electron volts) (e.g. Foster et al. 2015).

Thus, prompt acceleration by impulsive shock-induced electric fields and subsequent
ULF wave processes (Fig. 27) comprise a significant mechanism on space weather time
scales of ∼10s to ∼100s of seconds for enhancing relativistic electron populations inside the
plasmasphere and in the heart of the outer zone (e.g. Foster et al. 2015; Kanekal et al. 2016;
Li et al. 1993; Blake et al. 1992). Of significance for space weather effects, shock accelera-
tion can introduce nearly instantaneous, significant fluxes of ultra-relativistic electrons deep
within the slot region where other electron acceleration processes are not operative (Blake
et al. 1992).
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Fig. 26 Relativistic electron flux increases in the 3.6 MeV channel from the REPT instrument on the Van
Allen Probes A and B is shown. In the bottom panels, measurements electron flux in the 3.6 MeV REPT
channel are shown as functions of pitch angle and time from each of the two Probes. The shock-driven
electric field at each spacecraft is included in the upper panels for reference (after Foster et al. 2015)

4.6 Solar Wind Drivers

Many studies have focused on the response of energetic electrons in the outer radiation
belt to upstream solar wind conditions. It has been long recognized that energetic par-
ticles at geosynchronous Earth orbit (GEO) are modulated by solar wind forcing (e.g.,
Paulikas and Blake 1979; Baker et al. 1979, 1986, 1990; Blake et al. 1997; Reeves 1998;
Mathie and Mann 2001; O’Brien et al. 2001; Li, 2001, 2004; Li et al. 2005, 2011; Ly-
atsky and Khazanov 2008a, 2008b; Borovsky and Denton 2009; Reeves et al. 2011;
Boynton et al. 2013; Simms et al. 2016; Kellerman et al. 2015). Paulikas and Blake (1979),
for example, analyzed energetic electron data from ATS-1, ATS-5 and ATS-6 spacecraft
and found a pronounced positive correlation between the electron fluxes and solar wind
speed. Concurrently and independently, Baker et al. (1979) found strong solar wind speed
correlations with GEO electron fluxes as well. Baker et al. (1986), using data from the Spec-
trometer for Energetic Electrons (SEE) onboard two operational GEO satellites, showed a
very good correlation between highly relativistic electrons and solar wind stream structures.
Blake et al. (1997), based on measurements from a GEO satellite and the WIND spacecraft,
presented a study of the correlation between relativistic electrons at GEO and properties of
solar wind drivers during a solar minimum period. Their results indicated that relativistic
electron enhancements are associated with a solar wind speed increase, but also with solar
wind density increases and southward turnings of the IMF. Li (2001), using a model based
on the radial diffusion equation, quantitatively predicted the electron fluxes at GEO based
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Fig. 27 Sequential Van Allen Probes A and B orbits during a shock event are shown. Arrows indicate the
20:22 UT time of shock observation at each spacecraft. At shock time, Probe B was at L∗ ∼ 5 and Probe
A was further inward near L∗ ∼ 3.3. Rapid acceleration of 3.6 MeV electrons and subsequent periodic drift
echoes were seen at each location (after Foster et al. 2015)

on solar wind velocity and IMF properties. They found a linear correlation of 0.9 between
predicted and measured values for the period 1995–1996. The solar wind speed was found
to be the most important factor in their prediction model.

Figure 28 is taken from Baker et al. (1979). It shows the temporal relationships between
fluxes of moderate energy electrons (E ∼ 200 keV) and highly relativistic electrons (E ∼
1.5 MeV) as compared to concurrent upstream solar wind speed. As is evident, the low-to-
moderate energy electron fluxes at GEO track the solar wind speed quite closely in time
while the very energetic electron fluxes are delayed by ∼2 days in time.

As mentioned in Sect. 4.2, Reeves et al. (2011) examined the relationship between rel-
ativistic electron fluxes at GEO and solar wind speed using LANL-GEO data from 1989
to 2010. Their results showed a triangle-shaped distribution of electron fluxes versus solar
wind speed, indicating that the radiation belt electron fluxes can be high for essentially any
concurrent solar wind speed. Li et al. (2011) emphasized that geomagnetic activity driven
by a southward orientation of IMF is a necessary condition for MeV electron enhancements
at GEO. Boynton et al. (2013), using the nonlinear autoregressive moving average approach,
studied the relation between electron fluxes at GEO and various solar wind parameters. Their
results suggested that for lower energy electrons, the solar wind speed is the most strongly
controlling factor of electron fluxes at GEO. On the other hand, for MeV electrons, the so-
lar wind speed 2 days preceding was found to be the most important factor in electron flux
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Fig. 28 Top panel: Daily
average fluxes of E ∼ 200 keV
and E ∼ 1.4 MeV electrons at
GEO for October 1976. Bottom
panel: Solar wind speeds for the
same period of time. Data show
that ∼200 keV electrons track
solar wind driver very closely in
time while E 1 MeV electrons are
delayed by 2–3 days (from Baker
et al. 1979)

enhancements. This is consistent with the Baker et al. (1979) results shown in Fig. 28 here.
Also, Wing et al. (2016), (Blake et al. 1992; Li et al. 1993) using information theory, inves-
tigated the solar wind driver for 1.8–3.5 MeV electrons at GEO. They showed that various
solar wind parameters are causally related to 1.8–3.5 MeV electron fluxes at GEO while
among all parameters the solar wind speed has shown to have the highest peak information
transfer. These previous studies show the important role of solar wind on the dynamics of
relativistic electrons at GEO.

There also have been statistical studies focusing on the electrons in the whole outer radi-
ation belt and their relation to the solar wind parameters (e.g., Li et al. 1997a, 1997b; Baker
et al. 1999; Iles et al. 2002; Vassiliadis et al. 2002; Mann et al. 2004; Rigler et al. 2007;
Li et al. 2009). Iles et al. (2002), using >750 keV and >1 MeV electron data from two mi-
crosatellites, STRV-1a and 1b, which were in highly elliptical, near-equatorial orbits, studied
the correlation between total relativistic electron content in the outer belt and solar wind and
geomagnetic parameters during geomagnetic storms at the first six months of 1995. They
found that the main requirements for relativistic electron enhancements were fast solar wind
speed and fluctuating or southward IMF Bz. Baker et al. (2004b) constructed the radiation
belt electron content index (RBC), which is a robust estimate of total relativistic electrons in
the outer radiation belt, and showed that the RBC is well correlated with solar wind speed
and the Dst index. The RBC index has proven very useful in its correlation with times of
severe space weather anomalies as shown in Fig. 29.

The driving of magnetospheric processes by the solar wind has also been shown to
be critical in radiation belt electron dynamics (e.g., Baker et al. 1990; Reeves 1998;
Reeves et al. 2003; Li et al. 2009; Zhao and Li 2013; Jaynes et al. 2015). Geomagnetic
storms and substorms play essential roles in transport and acceleration of radiation belt elec-
trons. Reeves (1998) studied relativistic electron enhancement events at GEO from 1992 to
1995. He found correlation between maximum electron flux and minimum Dst, though ge-
omagnetic storms were found to not necessarily cause flux enhancements. Li et al. (2009)
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Fig. 29 The total Radiation Belt
Content (RBC) index (see Baker
et al. 1999, 2004b) for the period
1992–2000 (monthly smoothing).
The ANIK spacecraft operational
anomalies in January 1994
(Baker et al. 1994) occurred
when the RBC was at an historic
high level

analyzed total relativistic electron flux variations in the outer radiation belt during 18 storms
from 1990 to 1991 and studied the statistical roles of storms and substorms on the radiation
belt electron population. Substorm activity was well correlated with the net increases of total
electron fluxes in the outer belt. Jaynes et al. (2015), using data from Van Allen Probes, stud-
ied the importance of source and seed populations in radiation belt electron variations and
showed the crucial role of substorms in radiation belt electron acceleration. Most recently,
Forsyth et al. (2016) examined the total radiation belt electron content variations following
substorms and showed increases of total radiation belt electron content following substorms
with a time lag of 1–3 days (see Baker et al. 1979, 2004b).

As the above review shows, the roles of solar wind and magnetospheric processes on
the radiation belt electrons have been extensively studied. However, due to the limitations
of observations, most previous studies only focused on relativistic electrons at GEO or on
a very limited energy range. With the launch of Van Allen Probes, which provide clean
radiation belt electron measurements in a wide L range with very fine energy resolution,
researchers have been able to study the correlation between radiation belt electrons and solar
wind parameters/geomagnetic indices and its dependence on the energy of electrons and L

shell for the first time. Also, the majority of previous studies only examined the correlation
between various parameters and radiation belt electron fluxes. However, these studies cannot
rule out the influence of adiabatic effects in their statistical analyses, which can greatly affect
the measured electron fluxes during geomagnetic storms especially at higher L shells.

In a very recent paper, Zhao et al. (2017), using data from the Magnetic Electron Ion
Spectrometer (MagEIS) (Blake et al. 2013) and the Relativistic Electron–Proton Telescope
(REPT) (Baker et al. 2013b) instruments of the Energetic Particle, Composition, and Ther-
mal Plasma (ECT) suites (Spence et al. 2013) on the Van Allen Probes, have studied the
relation between radiation belt electron phase space density (PSD) and solar wind parame-
ters/geomagnetic indices while focusing on its dependence on the first adiabatic invariant μ

and L∗ for a wide μ and L∗ range. Using the electron PSD instead of fluxes, they excluded
the influence of the adiabatic effect and thus the actual effects of solar wind/magnetospheric
processes on radiation belt electrons are appropriately highlighted. Besides the radiation belt
electron PSD, Zhao et al. (2017) also show that the solar wind and magnetospheric processes
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Fig. 30 A scatterplot of dependences on (a) solar wind speed, (b) southward IMF Bz, (c) SYM-H index, and
(d) AL index for electrons with the μ = 1000 MeV/G. These are phase space density by (PSD) enhancements
at L∗ = 4.5 using REPT data from the Van Allen Probes (from Zhao et al. 2017)

play important roles in radiation belt electron acceleration by analyzing the relation between
electron PSD enhancements and solar wind/geomagnetic parameters. Examples of such cor-
relations are shown here in Fig. 30 from Zhao et al. (2017). Furthermore, the important role
of substorms on radiation belt electron PSD enhancements and their prolonged effects are
unveiled by this most recent work.

4.7 Loss Mechanisms

Despite decades of radiation belt research and monitoring, quantifying the total loss from
the belts during both quiet and active times is a daunting task. Yet a part of this loss, in
the form of precipitation to the atmosphere, contributes to the overall space weather effects
on satellites and other technology in low to medium Earth orbit. There are many processes,
usually acting in concert, which produce irreversible losses in the radiation belts. Several of
these, such as the complimentary ring current expansion and inward magnetopause motion
during active times, are discussed in the next section. Several different wave–particle inter-
actions drive pitch angle scattering of relativistic and ultra-relativistic electrons and protons,
which can result in loss from part or all of the full pitch angle distribution. We refer the
readers to comprehensive reviews written previously on the subject (Summers et al. 2007;
Thorne et al. 2010).
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In addition, the Van Allen Probes era has produced a multitude of new studies on particle
loss through wave–particle interactions. Notably, three main wave modes are likely respon-
sible for the vast majority of particle losses in the inner magnetosphere by way of pitch angle
scattering. VLF chorus can interact with lower energy electrons (up to ∼30 keV) to scat-
ter them into the loss cone, which results in the optical consequence called diffuse aurora
(Thorne et al. 2010). The more incoherent VLF hiss waves are resonant with a wide vari-
ety of electron energies, but pitch angle diffusion timescales vary drastically, and hiss are
only present inside the high density of the Earth’s plasmasphere or plasmaspheric plumes
(see next section). Recent work has been done to better parameterize the distribution and
intensity of hiss wave power with respect to the plasmapause location, over varying local
time and geomagnetic conditions (Malaspina et al. 2016). Finally, EMIC waves are known
to interact strongly with highly energetic electrons in the MeV range, particularly during
active storm times (Albert 2003; Summers and Thorne 2003). EMIC waves occur in fre-
quency bands and new studies indicate that the H+-band is most efficient at scattering up to
a few MeV, while the He+- and O+-bands are more significant for higher energies (Ni et al.
2015). Interestingly, Usanova et al. (2014) showed that EMIC waves primarily affect only
the lower pitch angles, essentially leaving the core distribution unchanged.

The task of implementing newly parameterized waves in existing radiation belt models
is a daunting one, but much progress has been made over the last several years (e.g. Orlova
et al. 2014, 2016; Agapitov et al. 2015; Spasojevic et al. 2015; Drozodov et al. 2017). Still,
these models cannot always predict the outcome in event-specific instances, since less is
known about which loss mechanism may play a larger role at a given time.

One of the difficulties in determining the dominant loss mechanisms during a particular
event is the lack of direct measurements of the precipitating particle population. The loss
can be observed as a decay or a dropout of near-equatorial magnetosphere particles, but
the low-altitude measurement is rarely available; thus, the loss could be an apparent loss to
other energies or equatorial locations, rather than a true loss from the system. Several plat-
forms are ideal for filling in this measurement gap. LEO CubeSats, for example, can make
substantial contributions to our understanding of precipitation. The Colorado Student Space
Weather Experiment (CSSWE) CubeSat (Li et al. 2012) measured radiation belt particles
in the loss cone at low altitudes simultaneously with the Van Allen Probes mission, and
characterized the precipitating portion of several radiation belt loss events (Li et al. 2013;
Blum et al. 2013; Schiller et al. 2014; Jaynes et al. 2014). The Balloon Array for RBSP Rela-
tivistic Electron Losses (BARREL) mission of opportunity (Millan et al. 2013) was designed
to fly at very low (sub-orbital) altitudes to quantify and constrain precipitation timescales,
amounts, and locations. To date, they have flown four separate campaigns in conjunction
with NASA’s Van Allen Probes. A major accomplishment of the mission was to find a dis-
tinct coherence between hiss wave modulation and variation in precipitation observed on the
balloons (Breneman et al. 2015), leading to an enhanced understanding of overall radiation
belt loss. The two generations of Focused Investigations of Relativistic Electron Burst In-
tensity, Range, and Dynamics (FIREBIRD) CubeSats (Spence et al. 2012) had the objective
to spatially and temporally constrain microbursts, a type of magnetospheric wave thought
to be responsible for sudden relativistic electron precipitation (Lorentzen et al. 2001). The
second flight (FIREBIRD II) did indeed measure microburst precipitation and has provided
the first in-situ confirmation of these spatial scales (Crew et al. 2016).

A sensor-fusion technique for studying loss from the radiation belts in detail incorporates
in-situ wave measurements with conjunction observations from the ground using incoherent
scatter radar instrumentation. Incoherent or Thomson scatter radars (Evans 1969) use radar
scatter at VHF to UHF frequencies from thermal electron density fluctuations to directly
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probe the plasma state vector for the cold, dense plasma (∼0.1–0.4 eV) at the foot of inner
magnetospheric field lines. Analysis of the very weak backscattered signal yields full iono-
spheric altitude profiles of ion and electron temperature, ion composition, electron density,
and line-of-sight velocity. In particular, the electron density profile deep in the ionosphere
at altitudes below 100 km is directly enhanced by precipitating medium energy particles
>10 s of keV beyond those levels provided by solar EUV illuminations. With appropriate
assumptions, inversion techniques can convert the radar observed ionospheric electron den-
sity profile to provide estimates of the incoming particle energy distribution (e.g. Semeter
and Kamalabadi 2005). These can then be correlated with in-situ wave activity on orbiting
platforms that are in magnetic conjunction with the ground based radar field of view to as-
sess radiation belt loss and impacts on the dynamic atmosphere-ionosphere system. These
impacts on such things as global circulation patterns and the production of molecules such
as NOx are of intense interest in the middle atmosphere modeling community (cf. Sect. 5.3).

Another long-established technique for examining radiation belt losses to the atmosphere
uses the relative ionospheric opacity meter (riometer), a broadband HF ground radio re-
ceiver system examining >25 keV electron precipitation levels through induced changes
in received transionospheric signals originating from the relatively constant cosmic noise
background (e.g. Hargreaves 1969). The mechanism behind the riometer principle involves
enhanced electron density produced in the D region ionosphere, causing increased electron
collision rates with sufficient frequency to attenuate HF radio waves transiting the atmo-
sphere. Riometers can be used in event and statistical studies (e.g., Baker et al. 1981; Span-
swick et al. 2007) and can also be used in infer temporal evolution of population fluxes from
the overlying magnetosphere (Kellerman et al. 2015). Riometer technology has evolved from
simpler wide beam systems to analog and now digital beam forming, wide frequency capture
imaging systems, with the latter providing much better measurement precision and/or much
higher spatial resolution for temporal and spatial precipitation loss studies (e.g., Honary
et al. 2011).

5 Radiation Belt Coupling

5.1 Ring Current and Plasmasphere Coupling

The ring current is a westward-directed electric current carried by a toroidal population of
ions surrounding Earth, often overlapping with both the outer radiation belt and the plasma-
sphere. The ring current varies in density and structure, but often exists between 2 and 9 RE.
Changes in composition can occur suddenly during times of geomagnetic storms and height-
ened geomagnetic activity; the source of ring current plasma can very during these times,
with ionospheric outflow becoming dominant over protons of solar wind origin during storm
times. For excellent reviews on the ring current, see Daglis et al. (1999) and Daglis and
Kozyra (2002) along with Keika et al. (2013) summarizing work on inner magnetospheric
O+ energization and associated ring current injection/pressure effects.

The Dst index is a measure of the ring current strength as measured from a network
of ground-based magnetometer stations, and is central in space weather investigations. The
so-called “Dst effect” (Li et al. 1997a, 1997b; Kim and Chan 1997) appears as adiabatic
changes in electron populations during times of dramatic magnetic field changes that man-
ifest as variations in the Dst index. The result can be a sudden loss or enhancement in
radiation belt fluxes that appears to be real, but is in fact an entirely adiabatic reaction that
eventually reverses as the Dst index recovers. The real loss and acceleration during the main
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phase of storms can therefore be very difficult to separate from this Dst effect, as all mech-
anisms are likely taking place concurrently.

Enhancements in the stormtime ring current can have direct impacts on radiation belt
losses in two ways: through wave–particle interactions or through increased magnetopause
shadowing due to diamagnetic effects. Electromagnetic ion-cyclotron (EMIC) waves are
driven by unstable ring current proton distributions (e.g. Anderson and Hamilton 1993) and
are able to produce losses of the very highest-energy radiation belt electrons and protons
(Meredith et al. 2003). The other mechanism involves a pumping of the partial ring cur-
rent by enhanced convection and repeated small-scale injections (Gkioulidou et al. 2014),
thereby diamagnetically expanding electron drift orbits to a point where magnetopause shad-
owing (West et al. 1972) can have a greater effect on the core population (Ukhorskiy et al.
2006) and lead to dramatic dropout features in the observations (Shprits et al. 2006). This
process irreversibly alters the content of the outer radiation belt region, and can lead to
almost total drainage of the preexisting populations (Turner et al. 2014).

Acceleration events of relativistic electrons can also be influenced by ring current dy-
namics. Sustained periods of electron injections can build up and maintain the source
and seed populations, which are required to produce relativistic and ultra-relativistic elec-
trons. Chorus wave growth, which plays a central role in relativistic electron enhance-
ments, is driven by temperature anisotropies in ring current energy electrons (Sudan 1964;
Kennel and Petschek 1966). See Sect. 4.4 for more details on this process.

The plasmasphere is a cold, dense toroidal plasma population that typically extends from
the ionosphere out to an extremely variable outer boundary known as the plasmapause (e.g.,
Carpenter and Lemaire 2004). The plasmapause varies in local time, and can be as low as
2 RE or as far out as >6 RE, depending on geomagnetic activity (Chappell 1972). There is
often much structure observed in the plasmapause/plasmasphere boundary layer, including
persistent features such as the duskside bulge and plume region (Darrouzet et al. 2009).
Plasmaspheric densities are often dramatically restructured during large geomagnetic storm
events due to e.g. coronal interaction region or coronal mass ejection impacts. Afterwards,
several processes act to refill the pre-storm population from the ionosphere through e.g.
field-aligned diffusion, charge exchange, and cross-field transport. During recovery phases,
the rate of field-aligned refilling is quite slow (∼days) and therefore variability in local
plasmaspheric densities can be accordingly quite high during dynamic conditions associated
with repeated storms. Even after more than five decades of study (see review by Singh and
Horwitz 1992), plasmasphere refilling dynamics and their impacts on overall plasmasphere
structuring are still a subject of intense study with many unsolved problems (Gallagher and
Comfort 2016).

The dynamic plasmasphere has long been recognized as a key agent in radiation belt con-
figurations due to multiple interaction pathways between the cold plasma and more energetic
particles. Early work showed a clear correlation between the plasmapause location and in-
nermost extent of the multi-MeV electron outer radiation belt (Li et al. 2006). However,
more recent detailed observations across a wide range of energies have revealed that the re-
lationship between the plasmapause and relativistic electrons is complex and highly energy-
and activity-dependent (Reeves et al. 2016). The plasmapause can provide both a protective
effect as well as causing greater loss rates, depending on the energy of the electrons and their
location within the magnetic field. The primary loss mechanism for radiation belt electrons
within the plasmasphere is by cyclotron resonance interactions with VLF hiss waves. This
wave mode is fairly efficient at pitch angle scattering relativistic electrons into the loss cone
(Thorne et al. 1973). At lower L-shells, the resonance is more favorable for higher energies
(Summers et al. 2007) and thus the outer radiation belt can be quickly carved out by the



Space Weather Effects in the Earth’s Radiation Belts Page 37 of 60 17

Fig. 31 A long-lived remnant belt of ultra-relativistic energies protected by a refilled plasmasphere.
Reprinted from Baker et al. (2013a)

location of the plasmasphere and the hiss contained within. Several models have attempted
to quantify this loss rate in a parameterized sense (e.g. Orlova et al. 2014), but event-specific
studies have also shown faster loss rates for relativistic electrons than previously predicted
(Jaynes et al. 2014), thus this is still an open question.

The lifetimes for relativistic electrons due to hiss scattering vary with magnetic field
strength, magnetic local time, electron energy, and geomagnetic activity. In addition to this
constant loss mechanism, radial diffusion is at work in this region, although it acts much
more slowly here than in the outer belt region. Therefore, the dynamics inside the plasma-
sphere are a complicated balance of inward diffusion and slow scattering losses, highly de-
pendent on the location and portion of the population being observed. There are times when
the plasmasphere can retreat quickly, allowing for acceleration at very high energies to take
place just outside the plasmapause boundary at low L-shells. After a time, the plasmasphere
can refill to higher radial distances, effectively enveloping the newly accelerated electrons in
a protective shell, as during the formation of the third belt in September 2012 (Baker et al.
2013a). Deep inside the plasmasphere, ultra-relativistic electrons can have lifetimes of 10’s
to 100’s of days. Coupled with very slow diffusion rates, this means that a so-called remnant
belt can persist for a long time untouched inside the plasmasphere (Fig. 31).

5.2 Ionosphere Coupling

5.2.1 Ionospheric Plasma in the Magnetosphere

In the inner magnetosphere at L shells < ∼4, high density solar-produced ionospheric
plasma is redistributed upward along closed magnetic field lines until a diffusive equilibrium
(Angerami and Thomas 1964) is reached between ion species partial pressures and gravity.
The underlying ionosphere is the source of the overlying plasmasphere and the plasmas-
phere can be considered as the high-altitude extension of the topside F region ionosphere.
Disturbance effects observed in the ionosphere and magnetosphere during geomagnetic dis-
turbances, and their space weather effects, have a direct relation to processes occurring in
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Fig. 32 (A) Schematic representation of cold plasma density structures in the magnetospheric equatorial
plane (the plasmapause and plasmaspheric plume) indicates their relationship to the regions where electron
interactions with different wave modes are important (after Summers et al. 1998). (B) The orbits of the Van
Allen Probes spacecraft intersect the plume and the plasmapause (shown with mapped GPS TEC observa-
tions) facilitating the investigation of these significant space weather wave particle interactions

the plasmasphere boundary layer (PBL) (Carpenter and Lemaire 2004), the boundary be-
tween the corotating field lines of the plasmasphere and the outer magnetosphere. This sec-
tion discusses space weather phenomena observed near this outer boundary of the coupled
plasmasphere–mid-latitude ionosphere with an emphasis on related effects in the radiation
belts. The dense low energy plasmas of the ionosphere and plasmasphere play a significant
role in modulating the wave–particle interactions (WPI) that are very important for both radi-
ation belt energization and loss. In general, an increase in density inhibits local acceleration,
and an increase in heavy ions generates EMIC waves that produce loss of relativistic elec-
trons. Interactions with waves of both natural (e.g. Thorne et al. 2013a) and anthropogenic
origin (e.g. Foster et al. 2016) are important. The redistribution of low energy plasma of
ionospheric origin into the high-latitude outer magnetosphere (cf. Foster 2016) creates den-
sity gradients and localized structure that influence radiation belt space weather effects.

5.2.2 Cold Plasma Redistribution

The theoretical study of Summers et al. (1998) pointed out the importance cold plasma
density in modulating the interactions of magnetospheric waves and electrons. Figure 32A,
based on that work, describes the relationship of cold plasma density structure in the magne-
tosphere to regions where RB interactions with VLF chorus, hiss, and EMIC waves would
be important. The plasmaspheric plume, the plasmapause, and the characteristics of the plas-
masphere boundary layer are important regions in this regard.

During disturbed conditions, magnetosphere–ionosphere coupling processes at the plas-
masphere boundary layer drive a large-scale redistribution of cold ionospheric/plasmaspheric
plasma through the geospace system. Foster (1993) investigated the disturbed mid-latitude
ionosphere using scanning observations with the Millstone Hill incoherent scatter radar that
provided a two-dimensional picture of the evolution of ionospheric F region structure. Spa-
tially extended sunward convecting density enhancements seen immediately equatorward of
the dusk-sector ionospheric trough were termed storm-enhanced density (SED). SED was
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Fig. 33 (A) Azimuth scan observations with the Millstone Hill radar provide a spatial “snapshot” of a con-
tinuous stream of plasma carried from low latitudes in the evening sector to the cusp and polar cap. The
observations of ionospheric electron density were made over a ∼30 minute interval near the noon merid-
ian and are plotted in latitude//longitude coordinates with north at the top. (B) Aggregation of 5 minutes of
northern hemisphere GPS TEC observations provided global imagery of a nearly-identical feature some 30+
years later during a March 2013 storm. Presented in polar local time geodetic coordinates with noon at the
top, the plume extending poleward from North America is seen to stretch anti-sunward across polar latitudes
and to merge into the auroral oval in the midnight sector. The orbital track of a DMSP satellite crossing polar
latitudes is shown as a black line. (C) Space based imagery of the outer extent of the plasmasphere depicts
the erosion and sunward extension of the cold plasma plume. An IMAGE EUV snapshot looking down on
the plasmasphere and plume from above north polar latitudes is shown. (D) GPS TEC observations, when
mapped along the magnetic field into the magnetospheric equatorial plane, reveal plasma boundaries closely
reproducing the evolution of the geospace plume at magnetospheric heights, indicating its full sunward ex-
tension to the magnetopause

observed as a continuous plume of ionospheric plasma spanning a large portion of the post-
noon to midnight sector (Fig. 33A). The study concluded that SED plasma was transported
sunward (westward) in the sub-auroral polarization stream (SAPS, Foster and Vo 2002) at
speeds of ∼1 km/s. SED flows at ionospheric altitudes provide significant heavy ion fluxes
into the high latitude F-region cusp ionosphere with magnitude ≥1.0 × 1014 m−2 s−1 (Fos-
ter et al. 2004, 2014b; Erickson et al. 2011; Makarevich et al. 2009, 2011). In this way a
continuous stream of ionospheric plasma is carried in the convective flow channel from low
latitudes in the evening sector to the cusp and into the polar cap at noon (Fig. 33B) creating a
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Fig. 34 The relationship of the SAPS, the ring current, and the geospace plume were observed by Van Allen
Probe A as its near-equatorial outbound orbit crossed the plasmasphere boundary layer at 18 MLT during the
17 March 2015 storm. (A) In situ plasma density observations identified the plume near its point of formation
near L ∼ 3. (B) Strong radially outward electric fields (red curve; azimuthal component is shown in blue)
were observed across the SAPS flow channel responsible for the sunward advection of outer plasmaspheric
ions in the geospace plume. (C) A ‘nose’ of hot ring current O+ ions extended across the region of SAPS
electric field. Ring current pressure gradients associated with the hot ions drive the SAPS convection. (D) The
Earthward extent of the recovering outer zone multi-MeV electrons falls within the region of SAPS, ring
current, plume PBL interactions

tongue of ionization (TOI, Foster et al. 2005) stretching across the polar cap to the midnight
sector. In general, an increase in density inhibits local acceleration, and an increase in heavy
ions generates EMIC waves that produce loss of relativistic electrons.

A geospace system perspective of SED has been provided with distributed ground-based
Global Positioning System (GPS) observations of TEC (Foster et al. 2002) and with space-
based imagery of the outer plasmasphere by the IMAGE EUV instrument (Goldstein and
Sandel 2005). Combining these ground and space-based plasma imaging techniques, Foster
et al. (2002) demonstrated that the ionospheric SED plume was magnetically connected to
the low altitude signature of a drainage plume (plasmaspheric tail) associated with the storm-
time erosion of the outer plasmasphere (Figs. 33C and 33D). Outflowing cold ionospheric
plasma can have large effects on the radiation belts due to mechanisms such as inhibition
of local relativistic acceleration processes through detuning of cyclotron resonances which
depend on cold plasma density (Abel and Thorne 1998a, 1998b). The O+ rich ion content
of these flows also is a source of EMIC waves that are known to be highly efficient loss
mechanisms for relativistic particles (e.g. Jordanova et al. 2008).
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Fig. 35 The TEC gradients
across the poleward edge of the
SED plume observed over the
central US at two times during
the 20 November 2003 storm are
shown. TEC in excess of 180
TECu is observed equatorward of
the PBL gradients. The steep
decreases in TEC with latitude
across the PBL extend over
∼2 deg of latitude with a
characteristic gradient of −85
TECu per deg of latitude. Such
gradients constitute a severe
space weather hazard for
positioning and navigation
systems

The combination of ground based (e.g. radar or GPS TEC) observations with in situ
Van Allen Probes or MMS observations of waves and electrons, as depicted in Fig. 33B,
has addressed the radiation belt associated space weather effects of SAPS (fundamental
magnetosphere–ionosphere electrodynamic coupling agent) and cold plasma plumes in the
L = 4 − 8+ region in the post-noon sector (e.g. Foster et al. 2014a; Erickson et al. 2016).
Substorms also influence SAPS occurrence (e.g., Makarevich et al. (2009, 2011) leading to
plume-related space weather effects.

The characteristic interrelationship of outer plasmaspheric M–I coupling phenomena to
the density structure at the PBL and their relationship to the inward extent of MeV RB
electrons are shown in Fig. 34 for disturbed storm-recovery conditions.

Very sharp cold plasma density gradients can develop in the mid-latitude ionosphere as
the result of strong M–I coupling effects during magnetic disturbances. Plasma transport
in combination with flow-dependent collisional ion-neutral recombination can produce a
deep low-density ionospheric trough associated with strong SAPS flows (Schunk and Walker
1969; Anderson et al. 1991). An example of the steep ionospheric density gradients observed
during a major storm is shown in Fig. 35 using GPS TEC observations.

The magnetosphere–ionosphere coupling effects producing the sharp ionospheric density
gradients do not only affect the ionosphere, but, owing to their electrodynamic nature, map
along magnetic field lines into the outer plasmasphere. At these locations, they are associ-
ated with steep electron density gradients seen along the outer edge of the erosion plume
in the dusk sector (e.g. Figure 34). The cold plasma density gradient at the plasmapause
fundamentally controls the stability of injected electrons for wave–particle interactions gen-
erating VLF chorus rising tones. Importantly, in those nonlinear interactions, the ∼50 keV
electrons give up perpendicular energy to the VLF waves and are rapidly precipitated into
the atmosphere. This process was illustrated in the study of Foster and Rosenberg (1976) as
shown in Fig. 36.

Simultaneously, plasma wave effects in the form of discrete chorus rising tones within
the inner magnetosphere undergo nonlinear interactions with the high-energy tail of the elec-
tron population, rapidly accelerating electrons to multi-MeV energies (Foster et al. 2017).
These effects constitute important space weather features. Figure 23 (above) illustrates the
rapid recovery of the MeV RB electron population observed simultaneously with the M–I
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Fig. 36 (A) Cyclotron interactions between 20–80 keV electrons and VLF waves on field lines near the cold
plasma density gradient at the PBL (B) lead to the generation of VLF chorus rising tones and scatter sub-
storm-injected electron (C) into the atmospheric loss cone. (D) The cyclotron resonant energy drops sharply
into the energy range of the injected electrons as the cold plasma density increases. (E) Bursts of precipitat-
ing electrons (seen with a balloon-borne X-ray detector) are correlated on a one-to-one basis with bursts of
chorus rising tones (Foster and Rosenberg 1976)

coupling and density structure shown in Fig. 34. Multi-MeV electron fluxes increased by
a factor of 10 over 1-hour interval in the low-density region immediately outside the PBL
in association with ∼100 keV electron injection and the generation of strong VLF chorus
rising tones.

The examples provided in this section have concentrated on the processes associated with
the interaction of lower energy and relativistic electrons with VLF chorus and the effect
of ambient cold density on those processes. A similar scenario could be presented for the
density dependence of the electron interactions with VLF hiss and EMIC waves at other
regions in the inner magnetosphere. More generally, results of these recent studies underline
the fundamental conclusion that the dynamic variations of the highest energy radiation belt
electrons are closely coupled to the characteristics of the lowest energy (ionospheric) particle
populations.

5.3 Middle Atmospheric Coupling

Part of the radiation belt electron population is continuously lost to the Earth’s atmosphere.
When wave–particle interactions scatter electrons into the bounce loss cone, they penetrate
to low-enough altitudes (∼100 km) and deposit their energy in collisions with atmospheric
gas molecules instead of mirroring back to higher altitudes. This process, termed “electron
precipitation”, takes place in the auroral and sub-auroral latitudes, is strongly driven by the
solar wind and geomagnetic storms (as radiation belt processes are in general), and leads to
ionization and dissociation of atmospheric molecules (see Baker et al. 1987b).
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Fig. 37 Rough schematic view
of RBE, mesospheric production
of HOx and NOx, loss of ozone
in the mesosphere and
stratosphere, and connection to
ground-level climate through
atmospheric dynamics

Energetic electron precipitation from the outer radiation belt (from now on denoted RBE)
is one of the several populations of energetic particles ionizing the atmosphere (e.g. Verro-
nen and Rodger 2015). In addition to RBE, CME-driven solar proton events (SPE) and
substorm-driven auroral electron (AE) precipitation are also important. At high-latitude
(L = 2–7) mesospheric altitudes, RBE ionization dominates over AE and protons (except
during strong SPEs which, however, are infrequent) while mesospheric ionization caused
by solar ultraviolet and X-ray radiation and galactic cosmic rays is typically marginal. The
energy of an electron determines its atmospheric penetration depth and the altitude region
of ionization. Thus, RBE with energy between about 30 keV and 1 MeVs is most important
for mesospheric altitudes (90–50 km) (see Fig. 37).

Energetic particle precipitation (EPP) can lead to important changes in the neutral com-
position of the atmosphere at high polar latitudes (Sinnhuber et al. 2012). Most stud-
ied have been the production of a) odd hydrogen HOx (H + OH + HO2) through
chemistry associated with ion pair production, water cluster ion formation, and subse-
quent recombination; and b) odd nitrogen NOx (N + NO + NO2) through dissocia-
tion of molecular nitrogen via charged particle impact and ion chemistry. Production of
HOx and NOx is important because these species participate in catalytic chemical reac-
tions that play a key role in the ozone balance of the mesosphere and stratosphere, re-
spectively. Both short-term (days) and longer-term (weeks) ozone depletion has been ob-
served after strong precipitation events, e.g. SPEs (Reid et al. 1991; Jackman et al. 2001;
Seppälä et al. 2004).

Most of the precipitating electrons deposit their energy in the mesosphere-lower ther-
mosphere (MLT) region. Unlike HOx, which can directly affect ozone at mesospheric al-
titudes, the produced NOx needs to be transported from MLT down to the upper strato-
sphere in order to have an impact on ozone. The NOx descent can only take place in the
winter pole, inside the polar vortex, which restricts mixing with low-NOx air in the lower
latitudes. In the absence of solar radiation, NOx has a long chemical lifetime and is thus
subject to transport. Many observational studies have shown NOx descent to take place dur-
ing individual winters (Callis and Lambeth 1998; Siskind et al. 2000; Randall et al. 2009;
Päivärinta et al. 2013), and a decadal analysis of satellite data has shown that NOx descent
is in fact occurring over every winter, in both hemispheres (Funke et al. 2014a, 2014b). The
amount of NOx, however, varies from year-to-year with respect to electron forcing and polar
vortex dynamics, the South typically having more NOx in the stratosphere than the North
(Fig. 38).

Direct, mesospheric impacts of RBE have been recently quantified using satellite-based
OH observations. At geomagnetic latitudes between 55 and 72 degrees, there is a clear and
robust connection between satellite-based measurements of RBE fluxes and mesospheric
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Fig. 38 EPP-produced, excess NOy (NOx +NOx converted to other nitrogen species, in ppmv mixing ratio)
descent observed between 2002 and 2012 by the MIPAS instrument. Upper panel: latitudes between 70 and
90 degrees South. Lower panel: the same but for North. Adopted from Funke et al. (2014b)

Fig. 39 Relation between OH concentration at 71–78 km and count rate of precipitating electrons in the outer
radiation belt as observed by the MLS/Aura and MEPED/POES instruments, respectively. Shown are daily
mean data in March 2005 and April 2006 (blue dots). Horizontal and vertical blue lines mark the standard
error of the mean. The red solid and dashed lines mark a line fit and its estimated standard deviation r is
the correlation coefficient. The counts/s measured by the MEPED instrument can be converted to “normal”
electron flux units (cm−2 s−1 sr−1) by multiplying the count rate by 100. Reproduced from Verronen et al.
(2011)

OH concentration (Verronen et al. 2011; Andersson et al. 2012), with strong RBE signifi-
cantly increasing night-time OH (Fig. 39). Impacts are observed down to about 50 km alti-
tude but not below, which indicates that even during the strongest RBE periods the fluxes of
MeV electrons are too low to enhance OH above its background concentration. The strongest
effects are seen during the declining phase of the solar cycle while practically no effect was
seen during the geomagnetically record-low year of 2009. The longitudinal distribution of
the OH response follows the geomagnetic latitudes in both hemispheres and indicates a more
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Fig. 40 Short-term RBE effects on mesospheric ozone at geomagnetic latitudes between 55 and 65 degrees,
North and South. Results are from a superposed epoch analysis of the 60 largest RBE events between 2002
and 2012. Relative ozone anomalies from the GOMOS instrument are shown in color scale, and count rates
of 100–300 keV electrons (ECR) from the MEPED/POES instrument with the black line. Day zero marks the
beginning of RBE events. Reproduced from Andersson et al. (2014a)

inhomogeneity in the Southern Hemisphere polar region (Andersson et al. 2014b), similar to
those seen in satellite-based RBE flux observations. While there is a stronger OH signature
in the sector poleward of the South Atlantic Anomaly (SAA) region when compared to other
longitudes, the SAA region itself shows no OH response. This indicates negligible fluxes of
>100 keV RBE in the SAA region.

Connected to the OH response discussed above, there are also studies analyzing the re-
sponse of mesospheric ozone from satellite-based measurements, considering both daily
variability during RBE events (individual as well statistical) and long-term variability over
(partial) solar cycle (Verronen et al. 2013; Andersson et al. 2014a). Unlike in the case of
HOx, the ozone response is not strictly limited to the magnetic latitudes of the radiation
belts but is observed over a more extended area in the polar cap region. This is because, in
addition to chemistry, ozone is also affected by atmospheric dynamics on daily time scales.
During strong RBE events, mesospheric ozone can decrease by tens of percent due to RBE
driven HOx enhancements (Fig. 40). The magnitude and duration of the ozone effect de-
pends on the RBE event but also on the atmospheric state, e.g., the effect is relatively larger
in the winter pole. The higher frequency of the events during solar active years leads to
ozone variability by up to tens of percent on solar cycle timescales as well.

It has been suggested for a long time that the RBE contributes to polar NOx production
in the MLT region (Callis et al. 1996, 1998). However, distinguishing the contribution of
RBE to the mesospheric NOx budget is not straightforward using observations only. This is
because the RBE-NOx produced in the mesosphere is mixing in with large amounts of NOx

produced by auroral electrons above the mesopause. Both descend from MLT to the upper
stratosphere during winter months. For specific years, there are studies reporting increases
in mesospheric NOx ranging from 100% to orders of magnitude due to in-situ production
by RBE (Clilverd et al. 2009; Newnham et al. 2011). Over decadal time scales, however,
the majority of mesospheric NOx enhancement in wintertime has been reported to be due to
descent of auroral NOx from the lower thermosphere (Sinnhuber et al. 2011), with consid-
erable in-situ production occurring above 70 km only (Sinnhuber et al. 2016). Nevertheless,
any NOx produced by RBE below the mesopause is more likely to descend to the upper
stratosphere and affect ozone, because at the mesopause the wintertime mean circulation
changes vertical direction to from downward below to upward above (Smith et al. 2011).

Understanding the response of upper stratospheric ozone on the descending NOx has
been challenging because of its relatively large overall variability due to atmospheric dy-
namics (e.g. Päivärinta et al. 2013). Nevertheless, satellite observations has been shown that
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polar upper stratospheric ozone can be depleted locally by 40–60% during winters of ex-
ceptionally strong NOx descent (Randall et al. 1998, 2005). A recent study using satellite
data between 1979 and 2014 has revealed a long-term response of Southern Hemispheric
stratospheric ozone to RBE activity over the solar cycle, with an average ozone depletion of
about 10–15% at 30–45 km altitude (Damiani et al. 2016). Another study, using observations
between 2005 and 2010, reported 5–10% negative EPP response of Southern Hemispheric
polar ozone at 25–50 km over the winter months (Fytterer et al. 2015). All these studies,
however, discuss the combined ozone effect due to EPP total without separating the RBE
contribution.

In atmospheric simulations, RBE impact can be separated. However, there have been se-
rious issues with the quality and characteristics of available satellite-based data. Most useful
long-term data sets of RBE fluxes have been provided by the instruments aboard the POES
satellites, but even these data have restrictions concerning their applicability to atmospheric
modeling (Rodger et al. 2010a). The measurement setup allows only part of the bounce
loss cone fluxes (i.e. fluxes of precipitating electrons) to be measured, with a limited energy
resolution. Based on ground-based ionospheric observations, it has been suggested that pre-
cipitating fluxes might be underestimated by as much as a factor of 10 (Hendry et al. 2012;
Clilverd et al. 2012). On the other hand, the underestimation seems to be restricted to low-to-
medium geomagnetic activity periods because a comparison of modeled and observed con-
centrations of mesospheric OH indicates a reasonable agreement during geomagnetic storms
(Verronen et al. 2013). Contamination by energetic protons is another issue that has to be
carefully considered (Rodger et al. 2010a). Despite these difficulties, precipitation models
have been created based on the POES (and other) data for 3-D, long-term atmospheric appli-
cations. For example, the AIMOS model uses statistical maps of precipitation, scaled with
observed electron fluxes to provide global RBE (and other EPP) forcing data from year 2002
onwards (Wissing and Kallenrode 2009). Recently, a RBE model driven by geomagnetic in-
dices has been created for multi-decadal climate simulations (Van de Kamp et al. 2016) as a
part of the solar forcing recommendation for Coupled Model Intercomparison Project Phase
6 (CMIP6) (Matthes 2016). An example of the model output, in Fig. 41, shows RBE forcing
patterns on a world map and demonstrates the variability from solar maximum to mini-
mum. To date, there are a few atmospheric modeling studies addressing the separate impact
of RBE on the upper stratospheric and mesospheric composition (Codrescu et al. 1997;
Semeniuk et al. 2011; Arsenovic et al. 2016). All these studies, ranging from monthly to
solar-cycle time scales, suggest a considerable RBE contribution to EPP-driven polar strato-
spheric NOx and ozone variability. In the mesosphere, it is already evident that RBE is the
main driver of HOx and ozone response. Although the work is still on-going, especially in
terms of simulating the climate effects over several solar-cycles, uncertainties in the RBE
forcing remain such that the assessment of its importance would benefit from improved
satellite-based flux observations and their representation in models.

Ozone is one of the most important minor species in the middle atmosphere. It is a strong
absorber of solar UV radiation and long-wave radiation from the surface, and thus impor-
tant to the temperature balance and dynamics. It has been suggested that the polar ozone
variability caused by energetic particle precipitation (including RBE), could connect to the
troposphere and cause regional variability of up to 5 K in ground-level wintertime aver-
age temperatures over the solar cycle, in regions of Europe and North America (Rozanov
et al. 2005; Seppälä et al. 2009; Baumgaertner et al. 2011; Maliniemi et al. 2013). The
most likely physical explanation is the so-called top-down mechanism (Gray et al. 2010;
Maycock and Misios 2015). It connects ozone and dynamical changes in the stratosphere
to modulation of the North Atlantic Oscillation, which is a large-scale mode (i.e., pattern)
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Fig. 41 Yearly average, zonal mean mesospheric ionization rates due to RBE, calculated using the model by
Van de Kamp et al. (2016). The model provides data at L shells 2 to 10, white areas indicate no data

of climate variability around the North Atlantic. Although the RBE-climate connection has
been reproduced in some climate simulations, so far the magnitude of the ground-level tem-
perature variations have been underestimated compared to observations, and the details of
the complex chemical-dynamical mechanism are not yet fully understood. A recent sum-
mary by Clilverd et al. (2016) gives a more detailed discussion on the proposed ground-level
climate effects of RBE.

In summary, there is now a wealth of evidence of RBE effects in polar, wintertime at-
mosphere. In the mesosphere, substantial amounts of HOx are produced, and this causes
ozone response in time scales ranging from days to the solar cycle. NOx production is prob-
ably an important addition to the indirect effect on upper stratospheric ozone through NOx

descent. The combination of ozone responses in both the mesosphere and stratosphere is
likely needed to understand the suggested coupling to the troposphere and regional climate
variability over the solar cycle.

6 Summary and Future Directions

As described in this chapter, the Earth’s radiation belts were the first great discovery of the
Space Age. With the realization that near-Earth space was filled with very energetic par-
ticles, there was recognition of the deleterious effects that could be produced in spacecraft
and biological systems flying in space. The space weather impacts of the radiation belts have
only increased over the past six decades as humans have used space more and more inten-
sively for communication, navigation, reconnaissance, weather forecasting, and countless
other applications. Deeper physical understanding of the radiation belts and their temporal
variations has become a pressing requirement in the modern age.
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In this chapter we have reviewed the structure and dynamics of the radiation belts from
a scientific perspective. We have described our present understanding of the acceleration,
transport, and loss of particles across the inner Van Allen zone, the slot region, and the
outer Van Allen belt. We have shown how recent comprehensive observations have revealed
new and unexpected aspects of the radiation belt properties. While many features of the
radiation belts depend on external forcing of the system by the ambient solar wind near
Earth, there still is a pressing requirement to make continual observations throughout the
belts. The complexity and diversity of responses of both inner and outer zone properties
are quite striking and, thus, we still do not have the knowledge to predict radiation belt
properties at key locations based solely upon solar and solar wind forcing parameters.

As described in this chapter, the radiation belts are an integral part of the overall magne-
tospheric environment of Earth. As such, the Van Allen belts are intimately coupled to the
ring current, plasmasphere, ionosphere, and magnetotail regions of our planet. The ebb and
flow of cold plasmas and the electromagnetic waves these plasmas support play an essential
role in the acceleration and loss of radiation belt particles. We also are finding new evidence
that human activities such as powerful ground-based radio transmitters can directly affect
the structure and dynamics of the radiation belts.

Quite importantly, there is ample evolving evidence that the loss of radiation belt particles
into the Earth’s atmosphere can have profound effects on the chemistry and electrodynamic
state of our planet. This means that the coupling from the radiation belts into the meso-
sphere and stratosphere must be actively considered as contributing to the richly varying
properties of the overall atmospheric system. This fact amplifies the importance of studying
and monitoring the state of Earth’s radiation belts now and into the future.
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