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Abstract. The purpose of this paper is to present a tutorial and recent advances on
the Earth’s inner magnetosphere, which includes the plasmasphere, warm plasma,
ring current, and radiation belts. Recent analysis and modeling efforts have
revealed the detailed structure and dynamics of the inner magnetosphere. In
addition, it has been clearly recognized that elementary processes can affect and
be affected by each other. From this sense, the following two different approaches
can be used to understand the inner magnetosphere and magnetic storms. The first
is to investigate its elementary processes, which would include the transport of
single particles, interaction between particles and waves, and collisions. The other
approach is to integrate the elementary processes in terms of cross energy and
cross region couplings. Multi-satellite observations along with ground-network
observations and comprehensive simulations are one of the promising avenues to
incorporate the two approaches and treat the inner magnetosphere as a non-linear,
compound system.

1. Preface

The inner magnetosphere is a natural cavity in which various types of charged
particles are trapped by a planet’s inherent magnetic field. With regard to the
Earth, the kinetic energy of these trapped particles ranges from ~eV to ~10° eV.
These particles undergo different physical processes and are never stable, even in
geomagnetically quiet times, due to variations in the solar wind and self-excited
instabilities in the inner magnetosphere.

The following terms have traditionally been used to identify the Earth’s energy
regimes. In the order of low to high energies, they are the plasmasphere (~eV),
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ring current (~1-100 keV), and radiation belts (>~100 keV) (Figure 1). In a broad
sense, the plasmasphere is the region where the number density of particles is
high. The ring current is the torus-like region where the energy density (or the
plasma pressure) is high. Van Allen radiation belts consist of energetic particles of
electrons and ions of more than a few hundred keV (Van Allen and Frank, 1959).
The electron radiation belts consist of the inner and outer radiation belts. There
exists a slot region between them, in which electron flux is small. The proton/ion
radiation belt consists of a single belt.

These energy regimes are directly or indirectly coupled with one another. Mass
and energy are exchanged with the other regions such as the outer magnetosphere
and the ionosphere. Research efforts directed toward cross energy and cross region
couplings are therefore needed for a comprehensive understanding and modeling
of the inner magnetosphere. In this paper, we review the progress of research on
the inner magnetosphere and offer perspectives on future research directions in
terms of the elementary processes involved and their role in the coupled evolution
of the inner magnetospheric system.

2. Plasmasphere

2.1. Structure of Plasmasphere

The region where the number density of the plasma is higher than the ambient
number density is called the plasmasphere. The plasmasphere consists of cold and
dense plasmas that originate in the topside ionosphere. The number density of
these plasmas exceeds ~10° cm™ at L = 2 and gradually decreases with L (e.g.,
Carpenter and Anderson, 1992). The typical temperature of the ions is ~1-2 eV, a
value which increases with L (Farrugia et al. 1989). At a certain L, the density
shows a sharp drop by an order of magnitude; this region is called the
plasmapause (Carpenter, 1963). The L-value of the plasmapause depends on the
magnetic local time (MLT) (Carpenter, 1966) and magnetic activity (Chappell et
al. 1970, Carpenter and Anderson 1992, Carpenter and Lemaire 1997, Moldwin et
al. 2002). During magnetically quiet times, the plasmapause is located at L =~ 7.
During active times, it moves to L =~ 2. Baker et al. (2004) have indicated an
extremely shrunk plasmasphere with a plasmapause location of L = 1.5 that
occurred during the Halloween storm of October 2003.

On average, the plasmapause has a bulge on the duskside when mapped to the
equatorial plane (Figure 2a; see Carpenter 1966). Nishida (1966) and Brice (1967)
have pointed out that the shape of the plasmasphere is understood to be a
combination of the convection electric field and the corotation electric field
(Figure 2b). Grebowsky (1970) has suggested that the plasmasphere is elongated
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sunward on the duskside when the convection electric field becomes strong
(Figure 2c). In-situ satellite observations sometimes show a “detached” dense
plasma cloud outside the plasmapause (Chappell, 1974). Chen and Grebowsky
(1974) have suggested that this “detached” plasma cloud can be explained by the
elongated form of the plasmasphere, which has what is called a plasma tail (Figure
2d). This “detached” feature can also be formed by a strong poleward electric field
in the subauroral region (Ober et al. 1997), or by an interchange instability
(Lemaire, 2001).

Schematic density profile patterns of the plasmasphere are summarized by
Singh and Horwitz (1992) and displayed in Figure 3, indicating that identification
of the plasmapause is not always easy. Moldwin et al. (2002) investigated the
thermal plasma density acquired by the CRRES satellite near the equatorial plane.
They found that the plasmapause could be identified in ~73% of all the inbound
and outbound trajectories investigated, but only ~16% of them displayed a
“classical” plasmapause. The difficulty in identifying the plasmapause arises from
its small density gradient, and the relatively smooth and highly structured
variations in density. Irregular variations in density are often observed near the
plasmapause (Chappell 1972, Oya and Ono 1987, Koons 1989, Horwitz et al.
1990b, Singh and Horwitz 1992, Carpenter et al. 2000, Darrouzet et al. 2004,
Green and Fung 2005). Due to the complex nature of the plasmapause, Carpenter
and Lemaire (2004) encourage the use of the term Plasmasphere Boundary Layer
(PBL) instead of the conventional term plasmapause.

In the late 1990’s, semiglobal imaging of the plasmasphere was achieved for
the first time by the Japanese NOZOMI (PLANET-B) satellite (Nakamura et al.
2000). After the launch of NASA’s IMAGE satellite in 2000 (Burch et al. 2001),
the Extreme Ultraviolet Image (EUV) instrument on board the satellite provided
completely global images of the emission of He'" with a time resolution of 10 min
and a spatial resolution of 0.1 Re (Sandel et al. 2003). The brightness of the He"
emission is proportional to the line-of-sight density of He". The images from
IMAGE/EUYV reveal more complicated and dynamic features of the plasmasphere
(Figure 2e), such as a shoulder (Burch et al. 2001), notch/bite-out (Green and
Reinisch 2002), channel (Sandel et al. 2001), and plume (Sandel et al. 2001). For
the determination of the equatorial plasmapause from the IMAGE/EUV
observations, at least two algorithms have been used: the Edge Algorithm (Roelof
and Skinner 2000) and the Minimum L Algorithm (Wang et al. 2007). In the late
2000’s, the Japanese KAGUYA (SELENE) satellite, from its lunar orbit,
succeeded in capturing images of emissions from the plasmasphere (Yoshikawa et
al. 2010; Murakami et al. 2010). Yoshikawa et al. (2010) found a large depression
of the plasmaspheric plasma near the equatorial plane.

In general, identifying the plasmapause at a low altitude (in the ionosphere) is
more difficult than identifying it at a high altitude (in the magnetosphere). A close
coincidence between the ionospheric trough and the plasmapause has been
suggested by Grebowsky et al. (1976, 2009) and Yizengaw et al. (2005). When an
electron density trough cannot be identified, the H" density can be used to identify
a mid-latitude trough (Taylor 1972, Morgan et al. 1976, Grebowsky et al. 2009
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and references therein). Anderson et al. (2008) developed a 7-step method to
identify the plasmapause location from the low-altitude satellite DMSP in the
topside ionosphere. Their results agree well with those derived from IMAGE/EUV
observations. Foster et al. (2004b) reconstructed a two-dimensional distribution of
the total electron contents (TEC) using a network of GPS TEC receivers. When
mapped on the equatorial plane, the TEC distribution is similar to the global
distribution of the He" plasmasphere derived from the IMAGE/EUV images.
Because GPS TEC includes contributions from the plasmasphere and the
ionosphere, an ambiguity arises because line-of-sight measurements were made at
a GPS altitude (20,220 km) and were also made on the ground. This ambiguity
was clarified by Yizengaw et al. (2008), who compared the GPS signals received
by the low Earth-orbiting satellite JASON 1 (1,335 km altitude) with those
received by ground-based stations. They concluded that the plasmasphere
contributes significantly to ground-based GPS TEC, especially at night, when its
contribution reaches 60% at low latitudes.

The plasmasphere consists of H', He", 0", 0", D', N, N'", and other minor
ionic species. Their composition ratios are highly variable (Chappell et al. 1972,
1982, Horwitz et al. 1986, 1990b, Farrugia et al. 1989). The most frequent values
given for the He'/H" ratio in the plasmasphere are ~2—6% (Farrugia et al. 1989)
and ~20% (Horwitz et al. 1990b), but it has also been indicated that the ratio
ranges from ~1% to, on occasion, over 100% (Farrugia et al. 1989). The He'/H"
ratio decreases with L (Farrugia et al. 1989). O is in general minor, but the O'/H"
ratio occasionally increases to ~100% in the outer plasmasphere during a storm
recovery phase (Horwitz et al. 1984, 1986). The N'/O" ratio is ~5-10%, and the
N"/N' ratio is ~1-5% (Chappell et al. 1982). As understood using a
magnetoseismology technique, O becomes important in the plasmatrough
(Takahashi et al. 2008), or during a large magnetic storm (Takasaki et al. 2006,
Kale et al. 2009).

The temperature of the thermal plasma increases with L (Farrugia et al. 1989).
The difference in the thermal structure of the inner and outer regions of the
plasmasphere has been pointed out by Kotova et al. (2008). On the basis of data
from Interball 2 and Magion 5, they showed that on the nightside, the
plasmaspheric temperatures are quite close to the ionospheric temperature at 1.4 <
L <2.8. At L > 3, the plasmaspheric temperature is higher than the ionospheric
temperature. They suggested that there is a heating source at high L, particularly in
the noon-to-dusk sector.

The field-aligned density distribution of plasmaspheric electrons has also been
studied (Reinisch et al. 2009 and references therein). Theoretical studies have
predicted that the field-aligned density will obey the hydrostatic assumption if the
plasmasphere is in a steady condition. If the temperatures of the plasmaspheric
plasma are constant and isotropic along a field line, the density distribution is in
an exponential form, which is consistent with the result obtained by time-
dependent simulation within +40° MLAT (Rasmussen et al. 1993). Statistical
studies have suggested that the field-aligned density can be well fitted to a power
law form on the basis of data from Polar (Goldstein et al. 2001, Denton et al.
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2002). Radio sounding of the plasmasphere was performed by a radio plasma
imager (RPI) on the IMAGE satellite. Huang et al. (2004) and Tu et al. (2006)
suggested a mathematical form in order to explain the field-aligned density profile
that was observed remotely by IMAGE/RPI. By measuring Alfvén wave harmonic
frequencies, Denton et al. (2009) inferred a field-aligned mass density profile, and
fitted to a polynomial function. The physical meaning of these empirically
obtained field-aligned distributions of thermal plasma is not well understood.

2.2. Formation of Plasmasphere

It has been suggested that the plasmasphere is formed by three principal processes:
(1) the supply of thermal plasma from the ionosphere along a field line (e.g.,
Singh and Horwitz 1992), (2) pitch angle scattering of the supplied plasma (e.g.,
Schulz and Koons 1972; Lemaire 1989), and (3) large-scale electric fields that act
on the drift motion of thermal plasma (e.g., Nishida, 1966).

The main source of H' in the plasmasphere is the reaction O' + H — O + H"
that takes place in the topside ionosphere. The reverse reaction, O + H* — O" + H,
also takes place with almost the same speed, which is the main sink for H". When
the plasmasphere is completely empty, the former process will proceed, and H
will be supplied into the magnetosphere with a maximum flux. The limiting flux
of H' is a weak function of a neutral temperature, but is directly proportional to
the neutral hydrogen density and to the O" scale height and O" density at a lower
boundary altitude of the production region (Richards and Torr 1985). The lower
boundary altitude increases from 500 km for a solar minimum to 1000 km for a
solar maximum because of an increase in the neutral density scale height and O"
density. When the lower boundary altitude increases, the density of the neutral
hydrogen decreases, so that the limiting flux is decreased. Thus, the refilling time
is longer at a solar maximum than at a solar minimum. The opposite tendency is
expected for He', according to the simulation performed by Krall et al. (2008).
The refilling of He™ is more rapid at a solar maximum than at a solar minimum
because the He™ density generally increases with solar activity due to photo
ionization. The idea that He" density is largely controlled by photo ionization is
supported by the diurnal variation in the He™ density observed by IMAGE/EUV
(Galvan et al. 2008).

Based on whistler wave observations in Antarctica, the time required to reach
an equilibrium was obtained to be ~1 day at L = 2.5 and ~8 days at L = 4 (Park
1970, 1974). Using cold ion data from the GEOS-2 satellite at geosynchronous
orbit, Song et al. (1988) found that the refilling time constants range from ~3 days
to ~7 days with refilling rates depending on the Dst index. The first global
imaging of refilling dynamics was accomplished by Sandel and Denton (2007)
using data from IMAGE/EUV. In the early stage of the refilling process, the
interior of the He" plasmasphere is structured in azimuth and the plasmapause is
diffuse, suggesting that the refilling may take place nonuniformly in azimuth. The
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refilling rates were inferred to be ~1 He" ecm™ h™' at L = 3.3, and ~7 x 10 He"
em > h™' at L = 6, rates which are consistent with those reported in previous
studies.

Electric fields play a major role in the formation of the plasmasphere (Nishida
1966, Brice 1967, Kavanagh et al. 1968, Grebowsky 1970, Chen and Grebowsky
1974). The corotation electric field captures the thermal plasma originating from
the ionosphere. The convection electric field peels away the outer layer of the
thermal plasma. When the electric fields are stationary, the transition between
them is precisely determined by the combination of the corotation and convection
electric fields. In other words, the plasmasphere corresponds to a last-closed
equipotential. The situation, however, is not as simple as this suggests because the
electric fields are never stationary. Major changes in the convection electric field
result in the formation of a plasma tail (drainage plume) (Grebowsky, 1970, Chen
and Grebowsky, 1974). Even though the large-scale convection electric field is
relatively stable, small fluctuations in the convection electric fields result in a
leakage of plasma (Matsui et al. 1999, 2000). Additional electric fields driven by
magnetosphere-ionosphere coupling also result in deformation of the plasmapause
(Goldstein et al. 2003b, 2003c).

The plasmasphere can be used as a diagnostic tool to investigate the
magnetosphere’s electric fields because its structure is highly sensitive to the
electric fields. The strength of the large-scale convection electric field was
modeled using the location of the plasmapause (Maynard and Chen, 1975). The
degree of shielding was investigated using the shape of the plasmapause (Ejiri
1981; Ebihara and Ejiri 2003). The corotation lag (~10%) was evaluated using a
distinguishable structure of the plasmapause (Burch et al. 2004). The response
time between the solar wind electric field and the electric field in the inner
magnetosphere has been evaluated (Goldstein et al. 2003a). Using two-
dimensional images of the plasmasphere, snapshots of its electric fields were
obtained for the entire plasmasphere (Gallagher and Adrian, 2007), and also along
the plasmapause (Goldstein et al. 2004b).

2.3. Fate of Plasmaspheric Plasma

Erosion is the most drastic large-scale phenomenon in the plasmasphere. The
onset of erosion is delayed by ~30 min from the enhancement of the solar wind
electric field (Goldstein et al. 2003a). The enhanced convection electric field peels
away the outer layer of the plasmaspheric plasma. A plasma tail (Grebowsky,
1970, or Figure 2c) or a drainage plume (Sandel et al. 2001, or Figure 2e) is
thought to be a manifestation of the path of the peeled plasma. In the noon-dusk
sector, sunward drifting cold ions have already been observed at geosynchronous
orbit (Freeman 1969, Borovsky and Denton 2008). Borovsky and Denton (2008)
confirmed that the drainage plume plasma moves sunward with flow speeds that
decrease as storms progress. The integrated mass fluxes in the plumes are ~2x10%
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ions/s in the early stage of magnetic storms. It is estimated that ultimately, a total
of ~2x10*" ions (34 tons of protons) is drained from the main body of the
plasmasphere during a magnetic storm. Plumes exhibit large velocity fluctuations,
suggesting a turbulent condition, as was previously suggested by Matsui et al.
(1999).

The fate of the drained plasma is not well known. During magnetic storms, cold
ions have been observed on, or just outside the magnetopause (e.g., Freeman
1969, Elphic et al. 1996, Borovsky et al. 1997). Foster et al. (2004a) observed a
cold plume plasma with its leading edge making contact with a cusp region at the
ionospheric altitude. The transport rates of the plasmaspheric material were
estimated to be ~10% ions/s (Elphic et al. 1997) and >10 ions/s (Foster et al.
2004a). Recently, McFadden et al. (2008) have shown clear evidence that the cold
plume plasma exists in open flux tubes, suggesting that the cold plume plasma
participates in the magnetic reconnection at the dayside magnetopause. This
observed fact supports the idea that the cold plume plasma changes from a closed
field line to an open field line at the dayside magnetopause and moves
antisunward through the lobe region (Borovsky et al. 1997, Elphic et al. 1997).

Moore et al. (2008) used the term “plasmaspheric wind” to describe the cold
plasma population that originates from the plasmasphere. They investigated the
fate of the plasmaspheric wind by test particle simulation under 3-D
magnetospheric fields provided by a global MHD simulation. The plasmaspheric
wind escapes from the magnetosphere downstream, rather than being recycled
through the inner magnetosphere. They found that the contribution from the
plasmaspheric wind is negligible in comparison with the solar wind protons for the
southward IMF condition but becomes significant for the subsequent northward
IMF condition.

The plasmasphere is of importance in the dispersion relations of waves, which
lead to scattering of the energetic particles trapped in the inner magnetosphere
(e.g., Lam et al. 2007, Shprits et al. 2008b, Varotsou et al. 2008, Gamayunov and
Khazanov 2008, Gamayunov et al. 2009, Breneman et al. 2009). Chen et al.
(2009) evaluated the path-integrated gain of electromagnetic ion cyclotron
(EMIC) waves and found that the minimum cyclotron-resonant electron energy
occurs in the plasmaspheric plume. The minimum resonant electron energies are
several MeV in plumes and near the plasmapause, and >8 MeV in the low-density
trough. See Sects. 6.3.2 and 6.4.2 for a more detailed description in this regard.

3. Warm Plasma

In-situ measurements have shown the presence of a variety of ions whose
temperatures ranging between a few eV and hundreds of eV (e.g., DeForest and
Mcllwain 1971, Comfort and Horwitz 1981, Kaye et al. 1981, Fennell et al. 1981,
Olsen 1981, Quinn and Johnson 1982, Sojka et al. 1983, Nagai et al. 1983,
Sagawa et al. 1987, Olsen et al. 1987, Collin et al. 1993, Yamauchi et al. 1996).
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Chappell et al. (2008) have clarified that the warm plasma represents an
intermediate energy population (a few eV to hundreds of eV) that is too high in
energy to be a direct upward flow of the ionosphere (0.1 to a few eV) and too low
in energy to be accepted as part of the dominant plasma sheet (1-10 keV) or ring
current (10—100 keV) populations. The warm plasma population tends to appear in
the morning to early afternoon sector, which is called the “warm plasma cloak”
(Chappell et al. 2008). The pitch angle distribution of the warm ions is isotropic,
bidirectional field-aligned, unidirectional field-aligned, or pancake-like, and their
occurrence rates depend on the local time, magnetic activity, and ionic species
(Comfort and Horwitz 1981, Nagai et al. 1983, Collin et al. 1993).

The direct source mechanism and development of the warm ions is still a
subject of debate. The uncertainty arises from the fact that these ions can be
accelerated, heated, and transported by different means. The acceleration
mechanisms include quasi-static parallel electric fields in the ionosphere (Mizera
and Fennell 1977, Frahm et al. 1986), substorm-associated induction electric fields
in the magnetosphere (Quinn and Mcllwain 1979), and ion cyclotron waves
(Klumpar 1979). The heating mechanism includes cyclotron turbulence near the
equatorial plane (Olsen et al. 1987). The transport mechanisms include convection
from the nightside (Fennell et al. 1981, Chappell et al. 2008) and substorms
(Moore et al. 1981). In addition, it has been suggested that the ring current
population becomes warm ions due to its interaction with thermal plasmas, that is,
due to Coulomb drag (Jordanova et al. 1996).

It has been pointed out that a field-aligned pitch angle distribution of ions does
not always indicate a direct supply from the ionosphere (Nagai et al. 1983). The
presence of ions in the loss cone is the best indication of such a direct supply.

Warm ions are sometimes accompanied by a wedge-like energy dispersion in
energy vs. time spectrograms. These wedge-like structures have been observed by
Viking (Yamauchi et al. 1996, Ebihara et al. 2001), Equator-S (Ebihara et al.
2008b), and Cluster (Yamauchi et al. 2009) when the satellites traverse the inner
magnetosphere in the radial direction. The shape of this dispersion is well
understood to represent a convective transport from the nightside plasmasphere
(Ebihara et al. 2001), and the source population of the warm H" is estimated to be
~10 eV in the near-Earth plasma sheet (Ebihara et al. 2008b), which is obviously
distinct from the typical plasma sheet population (~keV).

Warm (suprathermal) electrons are also supplied from not only the ionosphere
(Petersen et al. 1977; Khazanov et al. 1996) but also the plasma sheet (Khazanov
et al. 1996). Bortnik et al. (2007) have shown that fluxes of the warm electrons at
all energies increase with increasing magnetic activity. It has been suggested that
the warm electrons tend to be more likely associated with ECH emissions and
upper-band whistler-mode chorus waves (e.g., Horne et al. 2003; Ni et al. 2008).



4. Ring Current

4.1. Carrier of Ring Current

A complete or incomplete ring-like region where the plasma pressure (energy
density) is high is hereinafter termed a ring current. The general expression of the
ring current is given by Parker (1957) as follows:

J, =Jy +Js+J,

B
:EX
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BZ

VP, +(R—P,)

where Ju, Jg, Jc, P, P, B are the magnetization current (due to gyration), grad-B
drift current, curvature drift current, perpendicular pressure, parallel pressure, and
magnetic field, respectively. The inertial current is usually negligible in the inner
magnetosphere. The pressure terms are given by

P, = %Ef F (v,a)mV’ cos” advd )

P= Zf F (v,a)mv’ sin® advd ©)

where F, i, m, v, and o are the distribution function of particles, particle species,
mass, speed, and pitch angle, respectively. Positively (negatively) charged
particles drift westward (eastward) due to the grad-B and curvature drifts. Thus,
the drift currents Jg and Jc flow westward in the Earth’s magnetosphere. For
isotropic pressure (P = P, = P)), the contributions from Jg and Jc are canceled by
a part of Jy, and the resultant electric current is simply expressed as
J = BXVP/ B2 . Thus, the contribution from Jy is significant, while the drift

currents (Jg and Jc) are less so. In this particular case, the pressure peak (dP / dL =
0) is located along the shear of the electric currents, that is, a westward current in
the outer region and an eastward current in the inner region. The idea that “the
ring current flows westward because ions drift westward and electrons drift
eastward” is incorrect.

In-situ observations have shown that the plasma pressure is primarily sustained
by ions with an energy that ranges from ~1 keV to ~a few hundred keV (Frank,
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1967, Smith and Hoffman, 1973, Williams, 1981, Daglis et al. 1993). The H" ions
usually make the greatest contribution to the plasma pressure, though the energy
density of O ions occasionally dominates that of H™ ions during particular
magnetic storms (Lundin et al. 1980, Lennartsson et al. 1981, Krimigis et al. 1985,
Hamilton et al. 1988, Daglis et al. 1999). Other ionic species such as He", He™™,
O"" (Krimigis et al. 1985), N* (Liu et al. 2005b), and O>"* (Ebihara et al. 2009a),
have also been identified in the ring current region. The N'/O" ratio is ~0.314
during quiet times, and it decreases with F,, (Liu et al. 2005b). O>"* and O™ are
almost simultaneously enhanced in the heart of the ring current during magnetic
storms (Ebihara et al. 2009a).

He' and O' ions are thought to originate in the Earth, while He'" and O ions
are thought to originate in the Sun. To better understand the ring current, the
essential problem lies in understanding the transport, acceleration, and loss
processes of these particles that have different origins.

The contribution of electrons to the ring current is not well understood. During
quiet times, ~1-50 keV electrons have been found to contribute to 1% (Liu et al.
2005a) of the ring current. During active times, these electrons have been found to
contribute to ~25% (Frank, 1967), and 8-19% (Liu et al. 2005a) of the ring
current. A simulation has also predicted that the electrons contribute to and ~2%
during quiet times and ~10% during active times (Jordanova and Miyoshi 2005).
The reason for their small contribution to the ring current is unknown. The
smallness may come from the relatively low temperature of the electrons in the
nightside plasma sheet (Baumjohann et al. 1989) or from rapid losses of electrons.

Dessler and Parker (1959) and Sckopke (1966) developed a formula that relates
the total energy of trapped particles to the magnetic field perturbation at the center
of the Earth. Greenspan and Hamilton (2000) confirmed that this formula holds
true on average when using the Dst index as a proxy for the magnetic field
perturbation at the center of the Earth. On the other hand, Turner et al. (2001) have
shown that the ring current ions contribute, on average, half of the Dst index.

4.2. Structure of Ring Current

Chapman and Ferraro (1933) predicted the existence of a circular ring of current
surrounding the Earth. In our time, a detailed picture of the ring current has been
obtained by the following different observational means.

1. Ground-based measurements of the magnetic deflection induced by the ring
current (e.g., Akasofu and Chapman 1964, Kamide and Fukushima 1971,
Kamide 1974, Clauer and McPherron 1980). The averaged magnetic field
deflection observed at a geomagnetically low latitude is used to derive the Dst
index (Sugiura, 1964). The local time asymmetry of the ground magnetic
deflection can be used to measure the asymmetry of the ring current (Akasofu
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and Chapman 1964, Cahil 1966), though one must be careful to take into
account the contribution from the field-aligned current (Ohtani et al. 2007a).

2. In-situ measurements of energetic particles. The plasma pressure (energy
density of plasma) distribution has been observed (e.g., Frank 1967, Smith and
Hoffman, 1973, Lui 1987, Spence et al. 1989, De Michelis et al. 1997, Millilo
et al. 2000, 2003, Korth et al. 2000, Ebihara et al. 2002, Lui 2003). The
observed pressure is always underestimated because of the finite energy
window of the instrument used.

3. In-situ measurements of the magnetic fields induced by the ring current (Cahill
1966, Sugiura et al. 1971, Hoffman 1973, Terada et al. 1998, Lui 2003, Le et
al. 2004, Vallat et al. 2005, Ohtani et al. 2007a).

4. Remote sensing of energetic neutral atoms (ENAs) emitted from the ring
current (Jorgensen et al. 1997, Pollock et al. 2001, Brandt et al. 2004, Ohtani et
al. 2006, Scime et al. 2000).

On average, the plasma pressure (or the energy density) is fairly symmetric
during geomagnetically quiet times (De Michelis et al. 1999, Ebihara et al. 2002,
Lui 2003). The plasma pressure (or the energy density) becomes asymmetric
during high AE (De Michelis et al. 1999), low Dst (Ebihara et al. 2002), and high
Kp (Lui 2003) periods. The H' pressure is the highest in the dusk-midnight sector
(Lui 2003). Ebihara et al. (2002) found that the degree of the pressure asymmetry
depends on the storm phase. During the storm main phase, the energy density of
H" shows an increase on the nightside and a decrease on the dayside (Ebihara et
al. 2002, 2004). During the storm recovery phase, the energy density evolves in
the opposite direction and becomes asymmetric. The same tendency has been
observed by in-situ particle measurements (Stiidemann et al. 1987, Korth et al.
2000) and by ENA measurements (Brandt et al. 2002a).

On average, the anisotropy of the plasma pressure (A = P,/P; — 1) is large on
the dayside (or inner region), and small on the nightside (or outer region) (Lui et
al. 1994, De Michelis et al. 1999). At midnight, the anisotropy index A is ~2, ~1,
and ~0.5 at L = 3, 4, and 6, respectively (Lui et al. 1994). Thus, the second term in
Eq. (1) is important when one evaluates the intensity and force balance of the ring
current (Lui et al. 1987, 1994, De Michelis et al. 1999). The pitch angle
distribution depends on L and energy (Lyons 1977, Collin et al. 1993, Ganushkina
et al. 2005, De Benedetti et al. 2005, Ebihara et al. 2008a).

Tinsley (1981) predicted the existence of a secondary ring current belt that
results from ENAs that travel from the core of the ring current. Years later, Seraas
et al. (2003) and Serbe et al. (2006) observed an inner belt of ring current during
magnetic storms by using data from the low-altitude satellite NOAA. They termed
this inner belt the Storm-Time Equatorial Belt (STEB). The STEB appears at an
extremely low L-value near the magnetic equator. Convective transport cannot
account for the formation of the STEB. It is plausible that the STEB results from
ENAs traveling earthward from the core of the ring current without any influence
by the magnetic field. The ENAs can become ions through charge exchange with
dense neutral hydrogen and oxygen.
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It should be noted that the ring current does not perfectly encircle the Earth as
might inferred from the name. The plasma pressure distribution is not
axisymmetric with respect to Earth’s dipole moment. The asymmetry of the
pressure distribution results in uneven current density of the ring current. The rest
of the current is thought to flow into/away from the ionosphere along a field line,
called field-aligned currents. Electric currents that might be associated with ring
current are drawn in Figure 4.

4.3. Transport and Acceleration of Ring Current Particles

4.3.1. Convection

A long-lasting main phase of magnetic storms is associated with a prolonged
southward IMF (Kokubun 1972), which results in the enhancement of the large-
scale convection (Dungey 1961, Baumjohann and Haerendel 1985, Weimer 2001,
2005, Matsui et al. 2008). A large-scale, dawn-to-dusk convection electric field
conveys charged particles from the near-Earth plasma sheet to the dayside
magnetopause (Kavanagh et al. 1968). As the particles drift earthward, they gain
kinetic energy in order to conserve the first two adiabatic invariants. The first p
and second J adiabatic invariants are respectively expressed as (Roederer 1970)

P,

= . 4
by )
I=¢pd, )

where My is the rest mass, p is the momentum, and dl is a line element along a
field line. If the magnetic field is the dipole, the kinetic energy will be
proportional to L for an equatorial pitch angle of 90° and to L * for an equatorial
pitch angle of 0° (Ejiri 1978). The ions tend to drift westward due to grad-B and
curvature drifts as they gain kinetic energy. As a consequence, the plasma pressure
(or the energy density) of ions is increased in the dusk-midnight sector. The
convection electric field also conveys the preexisting particles on the dayside to
the dayside magnetopause (Ebihara et al. 2002), further developing an asymmetric
distribution of the plasma pressure, namely “asymmetric ring current.”

It has been confirmed that enhancements of the convection electric field can
reasonably account for observations regarding the morphology of the ring current,
ion flux enhancements, and observed variations in the Dst (Ejiri et al. 1980,
Roeder et al. 1999, Korth et al. 2000, Brandt et al. 2002b, Ebihara et al. 2004,
Miyoshi and Kataoka 2005, Burke et al. 2007), and numerical simulations (Wolf
et al. 1982, Fok et al. 1996, Kozyra et al. 1998a, Ebihara and Ejiri 1998, 2000,
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Jordanova et al. 1999, Liemohn et al. 1999, 2001, Brandt et al. 2002b, Garner et
al. 2004, Ebihara and Fok, 2004, Liemohn et al. 2005). During the super storm of
November 2003, the intensified convection electric field could account for the ion
injection deep into L = 1.5 (Ebihara et al. 2005a).

When the convection electric field becomes weak during a storm’s recovery
phase, these particles tend to drift azimuthally, resulting in symmetric distribution
of the plasma pressure, namely “symmetric ring current” (Korth et al. 2000,
Ebihara et al. 2002).

The rate of increase of kinetic energy due to the electrostatic field is given by
gV°E, where q is charge, V is the drift velocity, and E is the electric field. The
upper limit of the particle energy to be accelerated is determined by the total
electric potential imposed on the magnetosphere. The cross polar cap potential,
which is a measure of the net potential, shows saturation for a large solar wind
electric field (Reiff et al. 1981, Wygant et al. 1983, Siscoe et al. 2002, Ober et al.
2003, Hairston et al. 2005). DMSP satellite measurements indicate that the
saturation limit of the cross polar cap potential was about 260 kV for the severe
storms of October—November 2003 (Hairston et al. 2005). This saturation is
thought to have resulted from the Region 1 field-aligned current (Siscoe et al.
2002), ionospheric conductance (Merkin et al. 2005), the impedance mismatch
between the solar wind and ionosphere (Kivelson and Ridley 2008), and a current-
limited voltage generator (Borovsky et al. 2009). Lopez et al. (2009) have
proposed a mechanism that explains the nonsaturated behavior of the ring current
intensification under a saturated condition.

The details of structure and generation mechanism of the electric field in the
inner magnetosphere remain controversial. The electric field measured near the
plasmapause is highly variable and its amplitude increases with magnetic activity
(Maynard et al. 1983). When averaged, the electric fields are qualitatively in
agreement with ionospheric observations (Maynard et al. 1983, Baumjohann and
Haerendel, 1985, Rowland and Wygant 1998, Matsui et al. 2008). The cause of
fluctuations in the electric fields in the inner magnetosphere has not yet been
determined. Hori et al. (2005) have pointed out that no systematic increase was
found in plasma sheet electric fields (>9 Re) during a storm’s main phase. Their
result may introduce ambiguity to the idea that enhanced convection conveys the
plasma sheet particles into the inner magnetosphere during the main phase of a
storm. A large spike in the amplitude of the poleward electric field has frequently
been observed in the magnetosphere at subauroral latitudes (Maynard et al. 1980)
and is described in detail in Sect. 4.6.1.

The response time of the inner magnetospheric convection electric field to the
solar wind electric field is also uncertain. On the basis of their observation of
plasmaspheric erosion, Goldstein et al. (2003a) obtained a response time of ~30
min. They suggested that the propagation time from the magnetopause to the
ionosphere takes ~3-15 min, followed by ~10-25 min for complete
reconfiguration of the ionospheric convection. Kikuchi et al. (1996, 2008) have
shown that the dawn-to-dusk convection electric field is “immediately”
transmitted from the polar region to the inner magnetosphere and to the equatorial
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ionosphere as well. This suggests that reconfiguration of the ionospheric
convection can be effected quickly, at the speed of light, by the TM, mode waves
in an Earth-ionosphere waveguide (Kikuchi et al. 1978).

4.3.2. Substorm

Impulsive enhancements of particle fluxes have frequently been observed near
geosynchronous orbit (Konradi et al. 1967, DeForest and Mcllwain, 1971,
Mcllwain, 1974) and inside the geosynchronous orbit (Reeves et al. 1996, Ohtani
et al. 2007b). These enhancements are associated with substorms that are
identified by ground magnetic fields (Konradi et al. 1967, DeForest and Mcllwain
1971, Kamide and Mcllwain 1974). Because of the sudden appearance of
particles, this phenomenon is called a “substorm injection.”

A “substorm injection” that is not accompanied by energy dispersion is called a
“dispersionless” injection. Such an injection has been observed at least at 4 <L <
8 (Friedel et al. 1996). After injection, a cloud of the injected particles begins to
display energy dispersion due to drift velocities, depending on its energy
(DeForest and Mcllwain 1971). Mauk and Mcllwain (1974) specified a zero-
energy boundary of the injected cloud at the geosynchronous orbit, and found that
the location of the boundary depends on MLT and Kp. They suggested a spiral-
shaped boundary of injection, called an injection boundary. Konradi et al. (1975)
extended the injection boundary to the morning quadrant by reflecting the spiral-
shaped evening boundary about the midnight meridian. As a consequence of the
reflection, the injection boundary has a dented form, shaped somewhat like the
numeral “3”. Following the study of Konradi et al., this 3-shaped boundary is
commonly referred to as an injection boundary (e.g., Mauk and Meng 1983, Lopez
et al. 1990, Reeves et al. 1996). However, the existence of the 3-shaped boundary
is still a controversial subject. Zhang et al. (2009) simulated a plasma bubble
ejected by a substorm and demonstrated that the inner edge of the plasma sheet
has a 3-shaped boundary.

A “substorm injection” is thought to be caused by the relaxation of the
magnetic field associated with a substorm (Walker et al. 1976). In the course of
such relaxation (dipolarization), a strong dawn-dusk induction electric field was
observed (Aggson et al. 1983). A 2-min envelope of the dawn-dusk electric field
having an amplitude of 30 mV/m correlates with that of the inductive fields of the
collapsing magnetic field. Low-frequency (10 s) and high-frequency (t < 1 s) wave
variations were also present throughout the event.

At geosynchronous altitude, the ion temperature increases significantly, while
the ion density remains almost constant during the course of a substorm (Birn et
al. 1997a). This quite likely suggests that the particles are significantly
accelerated. A test particle simulation performed in the three-dimensional MHD
field showed that ions with an energy >20 keV are accelerated by the cross-tail
electric field under nonadiabatic motion during dipolarization (Birn et al. 1997b).
Particles can also be accelerated by a parallel component of the induction electric



15

field (Quinn and Mcllwain 1982), and by magnetic field fluctuations having
frequencies that are close to the gyrofrequencies of the ions (Ono et al. 2009). The
test particle simulation performed by Birn et al. (1997b) showed that ions with an
energy <20 keV are not effectively accelerated by this process because the ExB
drift dominates the cross-tail drifts. A substorm-associated dipolarization event
probably results in both a local acceleration (as was observed by Lopez et al.
1990) and the inward transport of particles (as was observed by DeForest and
Mcllwain 1971, Mauk and Mcllwain 1974). Sergeev et al. (1998) have
emphasized that one can observe an increase, a decrease, or no variation of flux
after a substorm, and that particle flux variation depends on the energy and radial
flux gradient.

The net result of a “substorm injection” on the ring current is still being
debated. Mitchell et al. (2003) observed intensifications of H and O' immediately
following substorms. H" and O" were not simultaneously enhanced, suggesting
that a mass-dependent acceleration process probably takes place. Simulations have
shown that a substorm results in net intensification of the ring current (Fok et al.
1999, Zhang et al. 2009). Further observations and simulations are awaited that
will quantitatively evaluate the overall influence of a substorm on the
development of the ring current.

4.3.3. Compression of Magnetosphere

Sometimes the magnetosphere is compressed by an abrupt enhancement of the
solar wind dynamic pressure prior to the main phase of a storm. This is called
storm sudden commencement (SSC), which is followed by a storm’s initial phase.
Due to magnetospheric compression, ions having an energy between keV and
hundreds-of-keV are increased by ~25-40% due to adiabatic energization (Lee et
al. 2007). Due to an azimuthal induction electric field (Shinbori et al. 2004),
preexisting particles are expected to drift in the radial direction. The
magnetospheric state established in the initial phase may also play an important
role in the subsequent development of the ring current during the main phase of a
storm.

4.3.4. Wave-Particle Interaction

EMIC waves can be excited by cyclotron resonant instability with anisotropic
ring current H', leading to heavy ion heating perpendicular to the ambient
magnetic field (e.g., Gendrin and Roux 1980, Anderson and Fuselier 1994, Thorne
and Horne 1994, Horne and Thorne 1997). This process may be efficient when the
concentration of O is significantly enhanced, and contribute to the observed
acceleration of O" up to the ring current energy. Recently, Pickett et al. (2010)
found the triggered emission of EMIC waves in the inner magnetosphere. Omura
et al. (2010) developed a nonlinear wave growth theory of this triggered
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emissions, which may cause efficient acceleration of ions in the inner
magnetosphere.

4.4. Source of Ring Current Particles

The importance of the number density in the plasma sheet has been suggested
based on observations (Thomsen et al. 1998, Smith et al. 1999, Liemohn et al.
2008), and simulations (Chen et al. 1994, Kozyra et al. 1998b, Ebihara and Ejiri
1998, 2000, Kozyra and Liemohn 2003, Ebihara et al. 2005a). In stronger storms,
the plasma sheet density at geosynchronous altitude becomes high (Liemohn et al.
2008). In super storms, on average, density peaks appear 9 hours before the storm
peak, and around the storm peak. For the super storm of November 20, 2003, the
enhancement of the plasma sheet density around the storm peak is necessary in
order to account for the large development of the ring current (Ebihara et al.
2005a).

On average, the plasma sheet density is fairly well correlated with the solar
wind density (Terasawa et al. 1997, Borovsky et al. 1998, Ebihara and Ejiri,
2000). Terasawa et al. (1997) found that the plasma sheet becomes dense and cold
when the IMF is northward. The best correlations between the plasma sheet
parameters and the IMF is obtained when the solar wind density is averaged over
5-12 h prior to the plasma sheet observations. For given plasma pressure in the
plasma sheet, cold-dense plasma sheet results in deeper penetration of the plasma
sheet ions (Garner 2003, Lavraud and Jordanova, 2007). At geosynchronous
altitude, the density is usually 0.4-2 cm, though it sometimes exceeds 2 cm
(Borovsky et al. 1997, Thomsen et al. 2003, Lavraud et al. 2005). This is called a
super dense plasma sheet. A hot and super dense plasma sheet is detected at
geosynchronous orbit for ~20 h following the convection onset that is led by high-
speed coronal hole streams (CHS) (Denton and Borovsky, 2008).

Some entry processes from the solar wind into the magnetosphere have been
suggested: magnetic reconnection near the subsolar point under a southward IMF
(Dungey 1961), double lobe reconnection under a northward IMF (Song and
Russell 1992, Song et al. 1999), diffusive entry (Terasawa et al. 1997, Fujimoto et
al. 1998), Kelvin-Helmholz instability (Hasegawa et al. 2004), and cusp entry
(Fritz et al. 2003). Once it has entered, the plasma is transported to the inner
magnetosphere by the convection electric field through the plasma sheet (Spence
and Kivelson 1993), eddy diffusion (Borovsky et al. 1998), and convection
throughout the lobe (Ebihara et al. 2009a).

The Earth’s ionosphere is also a significant source of ring current particles, as
evidenced by in-situ observations of O in the heart of the ring current (Lundin et
al. 1980, Lennartsson et al. 1981, Krimigis et al. 1985, Hamilton et al. 1988,
Daglis et al. 1999, Pulkkinen et al. 2001). At least three distinct time scales for the
supply of O" have been determined: ~10s of minutes (Daglis and Axford 1996,
Daglis et al. 2000, Mitchell et al. 2003), ~days (Hamilton et al. 1988, Daglis et al.
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1999), and ~years (Young et al. 1982, Pulkkinen et al. 2001, Greenspan and
Hamilton, 2002).

On a short time scale (~10s of minutes), the variation of O ions is associated
with a substorm expansion. This variation may be attributed to a rapid supply of
ions from the ionosphere to the equatorial plane (Daglis and Axford 1996), or to a
localized energization of preexisting ions (Mitchell et al. 2003). Mitchell et al.
(2003) stressed that the rapid enhancement of O" just after substorms cannot be
explained by a rapid supply from the ionosphere. Trajectory tracing of O" predicts
that it usually takes ~1-2 h to reach the equatorial plane from the ionosphere
(Cladis and Francis 1992). Nosé et al. (2009a) have presented observational
evidence that during magnetic storms, the O" outflow commences in the topside
ionosphere within several minutes immediately following a substorm, and that
subsequently, O is increased in the near-Earth plasma sheet on a time scale of 1 h.

The medium time-scale (~days) variation is associated with a magnetic storm.
During magnetic storms, O' ions are enhanced in the ring current (Krimigis et al.
1985, Hamilton et al. 1988, Daglis et al. 1999, Pulkkinen et al. 2001). The O"
concentration is also increased in the plasma sheet (Lennartsson and Sharp 1982),
which can be attributed to an enhancement of the auroral and polar outflow of O
(Yau et al. 1985a, Abe et al. 1996). In-situ observations have suggested that O"
can be directly introduced from the ionosphere into the inner magnetosphere
during magnetic storms (Kaye et al. 1981, Sheldon et al. 1998, Yao et al. 2008).

The long time scale (~years) variation is associated with variations in the solar
cycle. Outflowing O" from the topside ionosphere is increased with Fyo; (Yau et
al. 1985b). O" concentration is also increased with increasing F, in the plasma
sheet in the energy 0.1-16 keV/e (Lennartsson et al. 1989) and 9.4-212.1 keV/e
(Nosé et al. 2009b).

Ebihara et al. (2006) emphasized the importance of the thinness of the current
sheet in transporting O" from the ionosphere to the inner magnetosphere. When
outflowing O" first encounters the current sheet, it moves in a meandering path
and undergoes nonadiabatic acceleration in the current sheet where the gyroradius
is close to the curvature radius of a field line (Sergeev et al. 1983, 1993). When
the current sheet is thick, the O" gains more energy and undergoes grad-B and
curvature drifts. When energized too much, O" is difficult to drift earthward by the
ExB drift (Ebihara and Ejiri 2000, Garner 2003, Lavraud and Jordanova 2007). In
order to effectively supply O" from the current sheet to the inner magnetosphere, a
thin current sheet and strong convection are needed (Ebihara et al. 2006). During
magnetic storms, the magnetic field is stretched further (Ohtani et al. 2007a) and
the current sheet becomes thin (Sitnov et al. 2008). The storm-time current sheet
structure would help the O" efficiently propagate into the inner magnetosphere.
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4.5. Loss of Ring Current lons

4.,5.1. Charge Exchange

A fast ion captures an electron from a neutral atom to become a fast neutral atom.
In the neutral state, a fast atom becomes free of any control by a magnetic field, as
has been observed by the IMAGE satellite (e.g., Mitchell et al. 2003). The charge
exchange occurs frequently in the region where there is a high concentration of
neutral atoms. In the topside ionosphere, oxygen is the dominant neutral species.
With increasing altitude, hydrogen becomes dominant (Rairden et al. 1986). The
number density of neutral hydrogen is ~500—-1000 cm™ at 3 Re, and ~50—100 cm°
at 6 Re (Rairden et al. 1986, @stgaard et al. 2003). The cross sections for the
charge exchange have been suggested by Janev et al. (1993) for the H-H
reaction, by Barnett (1990) for the He'—H reaction, and by Phanef et al. (1987) for
the O™—H reaction. Because the geocoronal hydrogen is dense at a low altitude,
ions with small equatorial pitch angles readily undergo charge exchange. Smith
and Bewtra (1976) suggest that the bounce-averaged lifetime is as follows:

3.5+£0.2
<r> _ cos A, ’ ©

n,vo,,

where <t>, Ny, V, o, and A, are the bounce-averaged lifetime, neutral hydrogen
density in the equatorial plane, velocity of the ion, charge exchange cross section,
and mirror latitude, respectively. The lifetime of H' is shorter than that of O" for
energy less than 45 keV, while it is longer than that of O" for energy greater than
45 keV (Fok et al. 1991).

Ebihara and Ejiri (2003) calculated the ring current evolution during weak
magnetic storms, and showed that the Dst variation is well explained by the ring
current simulation with the charge exchange loss. When the charge exchange loss
is excluded, the Dst variation is obviously different from that observed.

Hamilton et al. (1988) demonstrated a rapid recovery of Dst (e-folding time
scale of ~9.3 h) and a rapid decay of O" ions (30-310 keV/e) during the intense
storm of February 1986. They suggested that the rapid decay of O could be
attributed to the short charge exchange lifetime of O". The two-step recovery of
Dst can be attributed to the rapid decay of O" followed by the slow decay of H'.
Fok et al. (1995) simulated the ring current during the February 1986 storm and
encountered a problem in the interpretation of the rapid recovery of Dst. Kozyra et
al. (1998a) pursued the rapid recovery, and suggested that, in addition to charge
exchange, precipitation loss plays an important role in the ion loss.
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4.5.2. Coulomb Drag

Ions are decelerated by Coulomb collisions with thermal plasma. This is called
Coulomb drag. The decay rate has been formulated by Fok et al. (1991) and
Jordanova et al. (1996). The Coulomb drag results in redistribution of the ions in
the velocity space, and it enhances the low-energy ion precipitating fluxes inside
the plasmasphere (Jordanova et al. 1996). The kinetic energy of the ions is
transferred to the thermal electrons (Kozyra et al. 1987) and to the ionosphere,
contributing emissions at 630 nm. The resultant glow of these emissions manifests
in what are termed stable auroral red (SAR) arcs (Cole 1965, Kozyra et al. 1997).
Coulomb drag is insignificant in ring current decay because the loss rate is much
smaller than that of the charge exchange at energy >10 keV (Fok et al. 1991) and
because the plasmasphere shrinks during magnetic storms.

4.5.3. Coulomb Scattering

Ions are scattered by Coulomb collisions with thermal plasma and are precipitated
into the ionosphere in what is called Coulomb scattering. Jordanova et al. (1996)
found that, in general, the decay rates are small. The decay rates due to Coulomb
scattering are much smaller than those due to Coulomb drag by two orders of
magnitude.

4.5.4. Wave-Particle Interaction

Ions are scattered by the EMIC waves (e.g., Cornwall 1970, Summers 2005,
Summers et al. 2007) that are frequently observed in the inner magnetosphere
(e.g., Anderson et al. 1992, Mursula et al. 2001; Engebretson et al. 2007). EMIC
waves are primarily caused by the temperature anisotropy of ions with an energy
of 10-50 keV (Cornwall 1977). Such temperature anisotropy can be easily
established by the charge exchange as represented by Eq.(6), as well as by
convective transport. Jordanova et al. (1997) calculated the growth of EMIC
waves and the evolution of the ring current with pitch angle diffusion due to wave-
particle interaction. They found that EMIC waves are readily developed near the
plasmapause on the duskside, resulting in scattering of the ions. The localized
precipitation of ions results in the proton auroral emission associated with plumes,
and is remotely monitored by an auroral imager onboard the IMAGE satellite
(Fuselier et al. 2004, Spasojevic et al. 2005, Jordanova et al. 2007).

Thorne and Horne (1997) showed that the EMIC waves are absorbed efficiently
at high magnetic latitudes via cyclotron resonant interactions with energetic O".
When the fractional composition of ring current O exceeds 60%, cyclotron
absorption by resonant O' can become so severe to totally suppress wave
excitation. The storm-time development of the ring current may be modulated by
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the relative composition of energetic O" through resonant interaction with EMIC
waves.

4.5.5. Adiabatic Loss Cone Loss

When ions drift earthward, their equatorial pitch angle shifts toward 90° due to the
conservation of the first two adiabatic invariants. The loss cone angle is also
rapidly widended as the ions drift earthward, so that ions with a small pitch angle
encounter the loss cone at a certain L-value without any pitch angle scattering
(c.f., Figure 9 of Ebihara and Ejiri 2003). This is called adiabatic loss cone loss.
Jordanova et al. (1996) have suggested that adiabatic loss cone loss is sufficient to
explain the ion precipitation observed by satellites. Ebihara and Ejiri (2003)
precisely calculated the precipitating ion flux and found that the energy flux of the
precipitating flux is much smaller than that observed by the DMSP satellite. The
calculated loss rate of the ring current due to the adiabatic loss cone loss is ~1-2%
for a weak storm. The importance of the adiabatic loss cone loss is yet to be
conclusively determined.

4.5.6. Violation of First Adiabatic Invariant

The first adiabatic invariant of ions is no longer conserved when the ions are
situated in a stretched magnetic field line. The pitch angle is scattered and the ions
are precipitated into the ionosphere. The characteristics of such scattering due to
field line curvature (FLC) have been theoretically studied (Sergeev et al. 1983,
Biichner and Zelenyi 1989, Delcourt et al. 1996). The FLC scattering is thought to
be responsible for the global precipitation of ions with a pitch angle distribution
that is almost isotropic at the topside ionosphere (Sergeev et al. 1993). The
equatorward edge of the isotropic precipitation is called the isotropic boundary
(IB), whose latitude, they suggest, is a manifestation of the stretching of the
magnetic field on the nightside.

4.5.7. Magnetopause Loss

When ions encounter the magnetopause, they are thought to escape from it
(Mobius et al. 1986, Zong and Wilken 1999, Christon et al. 2000, Keika et al.
2004). Herein, we refer to two types of magnetopause loss of ring current
particles. In Type 1, the plasma sheet density suddenly decreases on the nightside.
In Type 2, the dayside magnetopause shrinks.

Type 1. Liemohn et al. (2001) calculated the evolution of the ring current by
changing the convection electric field and suggested that most of the main phase
ring current is due to the fact that the ions have open drift paths. This implies that
under a strong convection electric field, the ions are injected from the plasma
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sheet on the nightside and ejected to the dayside magnetopause. The compensation
between the inflow and the outflow determines the budget of the total energy of
particles within the inner magnetosphere, that is, the ring current. When the
plasma sheet density abruptly decreases, this change is transmitted sunward so that
the total energy of the particles decreases (Ebihara and Ejiri 1998, 2003, Liemohn
et al. 2001, Jordanova et al. 2003). The transit time involved depends entirely on
the strength of the convection electric field. When the plasma sheet density and
the convection electric field simultaneously decrease, the transit time will be very
long and the change in the plasma sheet density is not effectively transmitted into
the inner magnetosphere because the last-closed equipotential is expanded (Ejiri
1978). In the case of Type 1, the degree of loss depends on the plasma sheet
density on the nightside and the strength of the convection electric field.

Type 2. Keika et al. (2004) have shown that the energetic ions originating from
the magnetosphere are frequently observed outside the magnetopause during
magnetic storms. The energy flux of outflowing ions is well correlated with the
square root of the solar wind dynamic pressure, rather than the solar wind electric
field (Keika et al. 2005). The energy flux of outflowing ions during the recovery
phase is comparable to that during the main phase. Keika et al. (2005) have
suggested that the magnetospheric ions are lost due to magnetic drift, rather than
the ExB drift. In the case of Type 2, the degree of the loss depends on the standoff
distance of the dayside magnetopause.

4.6. Influence on Other Regions and Energy Regimes

4.6.1. Ring Current-lonosphere Coupling

The electric current (ring current) cannot be completely closed in the inner
magnetosphere. Vasyliunas (1970) and Wolf (1970) have suggested the following
conceptual framework regarding the closure of the electric current. The
convection electric field conveys hot plasma into the inner magnetosphere, and
enhances the plasma pressure. A remnant of the current must flow into/away from
the ionosphere along a field line to complete the closure. To conduct away the
space charge deposited by the field-aligned current, an additional electric field
must be developed in the ionosphere. This electric field is fed back into the
magnetosphere, affecting the ExB drift velocity of the trapped particles. Thus, the
electric field induced by the ring current potentially influences the dynamics of the
inner magnetosphere.

The ring current tends to generate a downward (magnetosphere to ionosphere)
field-aligned current on the duskside, and an upward (ionosphere to
magnetosphere) current on the dawnside. This current system resembles the
Region 2 field-aligned current (Iijima and Potemra 1976). The direction of the
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resultant electric field is eastward on the nightside, which is opposite to that of the
convection electric field. Thus, the resultant electric field is called a shielding
electric field, whose existence has been supported by ground-based observations
(Fejer et al. 1979, Kelley et al. 1979, Spiro et al. 1988, Kikuchi et al. 2008, 2010,
Ebihara et al. 2008¢). An overshielding condition can be established immediately
following an abrupt decay of the Region 1 current (Spiro et al. 1988, Peymirat et
al. 2000, Ebihara et al. 2008c¢), an abrupt decay of the aurora oval (Ebihara et al.
2004), or an abrupt contraction of the auroral oval (Kikuchi et al. 2008), because
the ring current-associated field-aligned current cannot decay as quickly as the
Region 1 current.

The shielding electric field may elongate the pattern of the duskside convection
cell toward the equatorward of the dawnside convection cell. The resultant
convection cell resembles the Harang discontinuity (Erickson et al. 1991, Ebihara
et al. 2005a, Gkioulidou et al. 2009). During a storm, the ring current intensifies
and the elongation is further developed. Finally, a flow reversal on the dawnside
develops (Ebihara et al. 2005a), which was observed by a satellite (Ebihara et al.
2005a) and by HF radar (Kataoka et al. 2007) at subauroral latitudes. It appears
that a strong westward electric field is established near the eastern edge of the
flow reversal, resulting in the intensification of the tens-of-keV proton fluxes in
the inner magnetosphere (Fok et al. 2001, Ebihara and Fok 2004). Such unusual
dawnside enhancements of tens-of-keV proton fluxes were first confirmed by
IMAGE satellite observations (Brandt et al. 2002b). It has also been suggested that
the shielding electric field impedes the development of the ring current (Ebihara et
al. 2005b). The intensity of the ring current was previously thought to be simply
proportional to the plasma sheet density (N,s) (Chen et al. 1994, Ebihara et al.
1998, 2000, Liemohn et al. 2001), but the shielding may result in the intensity
being proportional to the square root of N, (Ebihara et al. 2004). The degree of
the impediment may depend upon the conductivity (Spiro and Wolf 1984, Ebihara
et al. 2004).

In the premidnight sector, the downward Region 2 current tends to flow into
the ionosphere equatorward of the auroral oval. The upward Region 1 current
tends to flow away from the auroral oval. A poleward electric field is then
established on the duskside to complete the closure of the Region 1 and Region 2
currents. The conductivity is high in the auroral oval due to the precipitation of
energetic particles, while the conductivity is low in the subauroral region. The
poleward electric field is strengthened in the subauroral region because of low
conductivity, resulting in a rapid, westward plasma flow in the subauroral region
(Anderson et al. 1993). This phenomenon has been described by various terms:
Polarization Jet (PJ) (Galperin et al. 1973), SubAuroral Ion Drift (SAID) (Spiro et
al. 1979), Drift Spike (DS) (Unwin and Cummack, 1980), SubAuroral Electric
Field (SAEF) (Maynard et al. 1980, Karlsson et al. 1998), and SubAuroral
Polarization Stream (SAPS) (Foster and Vo, 2002). PJ, SAID, and DS probably
refer to a subregion of SAPS.

Data from the DMSP satellites shows that the latitude of the SAPS channel
decreases with a decrease in the Dst index, suggesting that the SAPS is related to
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the ring current (Huang and Foster 2007). Seasonal variations in the SAPS have
also been noted. There is a strong correlation between the subauroral integrated
conductivity and the latitude of the SAPS channel, and there is a strong
anticorrelation between the conductivity and the SAPS velocity (Wang et al.
2008). This suggests that the SAPS is a part of the current system caused by a
current generator. The SAPS is intensified after a substorm following a delay of
>30 min (Anderson et al. 2001), ~10 min (Mishin and Puhl-Quinn 2007), and ~30
s (Nishimura et al. 2008). If a substorm results in a localized enhancement of the
plasma pressure, a blob of the plasma pressure will travel inward under the
influence of the convection electric field, enhancing the SAPS speed. When this is
the case, the delay time can be explained by the traveling time between the source
and the observation point. Quasi-periodic variations in the speed of the SAPS have
been observed during a time of disturbance (Foster et al. 2004b, Ebihara et al.
2009b), and these may be interpreted in terms of structured, multiple ring currents
moving earthward (Ebihara et al. 2009b). Different types of subauroral flows have
recently been reported. One study reported is that a westward flow is sandwiched
in between eastward flows, a configuration which was termed a mirror eastward
flow channel (Makarevich et al. 2009). A rapid, eastward plasma flow was also
found, which was termed an abnormal SAID (Voiculescu and Roth 2008).

4.6.2. Ring Current-Thermosphere Coupling

In the course of the precipitation of energetic protons deep into the atmosphere,
the protons undergo electron capture, neutral excitation, and electron loss
processes. The hydrogen atoms can be left in an excited state so that Lyman,
Balmer, or other H series may be radiated (Vallance Jones 1974). The proton
aurora is thus considered to be a direct manifestation of proton precipitation from
the magnetosphere. A patch of proton aurora in the subauroral region was first
observed by Ono et al. (1987). A similar patch was also observed together with
intensification of geomagnetic ULF waves that manifest in bursts, the so-called Pc
1 pulsations (Sakaguchi et al. 2007, 2008, Yahnin et al. 2007, Yahnina et al.
2008). The close relationship between the proton auroral spot and the bursts of Pc
1 pulsations implies that the source of the proton precipitation is probably the
EMIC waves excited in the ring current. This excitation of the EMIC waves is
stimulated by compression of the dayside magnetosphere (Zhang et al. 2008,
Yahnina et al. 2008, Usanova et al. 2008) and convective transport (Jordanova et
al. 1997), which causes temperature anisotropy or some other instabilities.
Jordanova et al. (2006, 2007) simulated the growth rate of the EMIC waves with
the evolving ring current H', O', and He" ion distributions. The global distribution
of the simulated proton precipitation is similar to that of the proton aurora taken
by IMAGE/FUV.

Hardy et al. (1989) have documented the global distribution of precipitating
ions. The hemispheric energy input from the ions is 11-17% of that from the
electrons. The precipitating ions, however, are the major source of ionization and
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conductance in the evening sector (Senior et al. 1987, Senior 1991, Galand and
Richmond, 2001), along with Joule heating, an increase in the E and F region
temperature, and strong neutral winds in the lower thermosphere (Galand et al.
2001).

The ENAs emitted from the ring current are suggested to strike the
thermosphere and cause the ionization at low latitudes. Rowe (1974) presented the
observation that the electron density in the nightside E region at Arecibo was
significantly enhanced during magnetic storms. Precipitating ENAs are sufficient
to account for the electron density enhancement (Lyons and Richmond 1978).
Spectrographic photometers onboard TIMED detected anomalous auroral
emissions from the nightside thermosphere at low latitudes during intense
magnetic storms (Zhang et al. 2006). The brightness of these anomalous emissions
is correlated with |Dst|. Zhang et al. (2006) suggest that the source of the
anomalous emissions is ENAs.

4.6.3. Ring Current-Plasmasphere Coupling

The ring current interacts with the plasmasphere both directly and indirectly.
Theoretically, the inner edge of the ion plasma sheet and the plasmasphere can
coexist in the “nose” energy dispersion structure (Ejiri et al. 1980, Kozyra et al.
1993). The energy of the ring current ions is degraded by the Coulomb drag and
transferred to the thermal plasma. The heat flux is then propagated to the topside
ionosphere along a field line, resulting in a glow of emissions that are called SAR
arcs (Cole 1965, Kozyra et al. 1987) (see Sect. 4.5.2). SAR arcs can last for ~28 h
(Craven et al. 1982) and can be a very bright (~13 kilo Rayleighs) (Baumgardner
et al. 2007).

The ring current induces additional electric fields in the ionosphere, known as
SAPS and overshielding (Sect. 4.6.1). The deformation of the ionospheric electric
field is transmitted to the magnetosphere, and is also thought to result in
deformation of the plasmasphere (Goldstein et al. 2003c, 2004a).

4.6.4. Ring Current-Ring Current Coupling

The electric field deformed by the ring current can also deform the ring current
itself. Post-midnight enhancements of tens-of-keV ions (Brandt et al. 2002b) can
be explained by the electric potential deformed by the ring current (Fok et al.
2003, Ebihara and Fok 2004). The convection electric field is weakened by the
ring current, and the strength of the ring current is no longer proportional to the
plasma sheet density (Spiro et al. 1984, Ebihara et al. 2004). For a detailed
explanation, see Sect. 4.6.1.

Lyons and Williams (1976) have shown that during the main phase of a storm,
the flux of the equatorially mirroring ions at >200 keV decreases. Lyons (1977)
found that the pitch angle distribution of the ions shows a butterfly pattern having
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a minimum flux at a 90° pitch angle in association with a reduction in the
equatorial magnetic field. They have attributed the decrease in the 90° ions to
adiabatic deceleration (betatron deceleration). Ebihara et al. (2008a) have
demonstrated that during the main phase of a storm, the H' flux at >80 keV at
pitch angles near 90° decreases, while the H" flux at near 0° and 180° increases.
Ebihara et al. (2008a) have suggested that these variations can be explained by a
combination of the betatron deceleration (due to a depression of the equatorial
magnetic fields), and Fermi acceleration (due to a shortening of the distance
between mirror points). Zaharia et al. (2006) have predicted that the pressure
anisotropy (A =P, / P, — 1) is reduced mainly due to the Fermi acceleration under
the magnetic field that is depressed by the ring current.

4.6.5. Ring Current-Radiation Belt Coupling

Relativistic trapped particles sometimes show an abrupt decrease during magnetic
storms (Mcllwain 1966, Williams et al. 1968), in what is called a Dst effect, or a
ring current effect. The Dst effect may be understood, in part, as energy
deceleration due to the betatron deceleration and radial displacement due to the
conservation of the third invariant (Dessler and Karplus 1961). This process may
be valid when the field deformation proceeds slowly enough (Northrop and Teller
1960). For a detailed explanation, see Sect. 6.4.1.

EMIC waves generated from the ring current ions cause pitch angle scattering
of the radiation belt electrons (see Sect. 6.4.2), which is another example of ring
current-radiation belt coupling. ULF waves driven by ring current ions also have
an impact on the radial transport and energization of radiation belt electrons
(Ozeke and Mann 2008).

5. Proton Radiation Belt

5.1 Time Variation of Proton Radiation Belt

The inner part of the proton belt, L < 2.0, is very stable. Secular changes in the
Earth’s magnetic field may gradually increase the proton intensity by a factor of
10 due to contacting drift shells (Selesnick et al. 2007). Therefore, the reduction of
the Earth’s intrinsic magnetic field exerts an impact upon the proton belt. During
solar cycles, solar activity causes expansion of the scale height of upper
atmosphere, and the collision rate increases at a low altitude. The proton flux
shows solar cycle variations that are anti-correlated with solar activities (Miyoshi
et al. 2000).
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In the outer part of the proton belt (L > 2), dramatic variations have been
observed, especially during strong interplanetary shocks. For example, during the
recorded SSC event on March 24, 1991, a new proton belt was formed within just
3 min (Blake et al. 1992). A similar shock-associated enhancement of the proton
belt was observed in 2003 (Looper et al. 2005).

5.2 Source and Loss of Relativistic Protons

It has been though that Cosmic Ray Albedo Neutron Decay (CRAND) is mainly
responsible for energies >100 MeV protons. In CRAND, the cosmic ray flux on
the atmosphere is backscattered as neutrons which decay into protons and
electrons trapped in the inner magnetosphere. Solar protons during proton events
are a source of protons of the radiation belt (Hudson et al. 1995, 2004, Kress et al.
2005). The inward transport of protons by radial diffusion is important for their
acceleration (Albert et al. 1998, Jordanova and Miyoshi 2005). The dominant
causes of loss of protons are Coulomb collisions with plasmaspheric thermal
plasma and atmospheric absorption, which have been modeled in a three-
dimensional Fokker-Planck simulation for the proton radiation belt (Beutierer et
al. 1995). The precipitation into the ionosphere due to the pitch angle scattering is
also important.

In the outer part of the proton belt, shock-related compression of the
magnetosphere can accelerate solar protons to energies of more than tens of MeV
on timescales of tens of seconds (Hudson et al. 1995).

6. Electron Radiation Belt

6.1. Time Variation of Electron Radiation Belt

In the inner belt, the electron flux is usually stable, while the electron flux
sometimes increases in association with large magnetic storms. During the strong
SSC event on March 24, 1991, injections and drift echoes of tens of MeV
electrons were observed at L = 2 (Blake et al. 1992, Li et al. 1993, Gannon et al.
2005).

In the slot region and the outer belt, the electron flux shows dynamical time
variations on various scales. Electron flux variations in the radiation belts are the
result of achieving a balance between source (transport/acceleration) and loss
processes (Reeves et al. 2003). Different processes for acceleration/transportation
and loss occur simultaneously during storms (see Figure 2 of Reeves 2007; and
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reviews Friedel et al. 2002, Millan and Thorne 2007, Shprits et al. 2008a b,
Hudson et al. 2008 and references therein).

6.1.1. Storm-Time Variations

Typically, the outer belt flux decreases/disappears during the main phase of a
storm then returns to its prestorm level during the early recovery and recovery
phases (e.g., Baker et al. 1986, Nagai 1988, Reeves et al. 2003, Miyoshi and
Kataoka 2005, Li et al. 2005). The flux sometimes increases to a degree that is
higher than its prestorm level. The typical time scale for the flux enhancement of
the outer belt is a few days (Nagai 1988, Reeves et al. 1998), depending on the L-
shell (e.g., Li et al. 1997, Vassiliadis et al. 2003, 2005), while it has been observed
that rapid flux enhancement in the inner portion of the outer belt and in the slot
region takes place within a few hours (Baker et al. 1998b, Nagai et al. 2006). As
will be discussed later, the decrease and increase in the electrons of the outer
radiation belt frequently occur not only in storms but also associated with solar
wind disturbances.

Magnetic storms are caused by large scale interplanetary structures. Coronal
Mass Ejections (CMEs) and Corotating Interaction Regions (CIRs) have intense
electric fields that can drive magnetic storms, though there are several differences
between CME- and CIR-driven storms (Borovsky and Denton 2006). CMEs have
a strong magnetic field in the sheath as well as the ejecta and exert an
interplanetary shock that causes the sudden commencement of the storm. CIRs
have a strong magnetic field that is the interface between slow and fast streams,
and they are followed in time by CHS. All intense storms (Dst < —150 nT) are
driven by CMEs during solar cycle 23. Therefore, it is expected that the outer belt
will respond differently to CME- vs. CIR-driven storms. Note that the outer belt
flux variation is independent of the storm size as measured by the Dst index
(Reeves et al. 2003). CIR-driven storms are more effective than CME-driven
storms for the large flux enhancement of MeV electrons in the outer portion as
well as at geosynchronous orbit (Miyoshi and Kataoka 2005). Large flux
enhancements of MeV electrons occur at geosynchronous orbit in 80% of intense
CIR-driven storms (Dst <—100 nT), and in ~50% of CME-driven storms (Kataoka
and Miyoshi 2006). On the other hand, large flux enhancement in the inner portion
and the slot region occur during CME-driven great-storms of Dst < —150 nT
(Miyoshi and Kataoka 2005). These findings are consistent with the peak L-shell
dependence on the storm amplitude (e.g., Tverskaya et al. 2002, O’Brien et al.
2003).

It is noteworthy that a large number of multiple storms occur during the solar
maximum. The size of these multiple storms tends to be large and sometimes
exceeds —400 nT (Kataoka and Miyoshi 2006). For example, the largest flux
enhancement observed was in the inner portion and the slot region in the famous
Halloween event, which occurred in October 2003 (Baker et al. 2004, Horne et al.
2005b, Loto’aniu et al. 2006). The largest flux enhancement during solar cycle 23
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at geosynchronous orbit was observed in July 2004 during the recovery phase of
intense multiple storms driven by a series of CMEs (Kataoka and Miyoshi 2008a
b). These multiple storms might not have any notable effect on the solar cycle
variations of the outer belt since subsequent solar wind structures produce new
variations in the outer belt. In the inner belt, however, long-lasting flux
enhancements which persist for more than a few years have been observed
following intense multiple storms triggered by events such as those of March 1991
and October/November 2003 (Li and Temerin 2001, Looper et al. 2005).

6.1.2. Semiannual Variations

Besides variations ranging from a few days to a week, there are other timescales
for flux variation of the radiation belts. During the solar declining phase, recurrent
flux variations of 27 days and 13.5 days are significantly associated with the
arrival of recurrent high-speed CHS. There are also semiannual variations in
which the flux increases in the spring and autumn (Baker et al. 1999, Li et al.
2001, Miyoshi et al. 2004). The origin of this semiannual variation in the radiation
belts is geomagnetic activities that are driven by the Russell-McPherron effect
(Russell and McPherron 1973, Baker et al. 1999, Miyoshi et al. 2004).

6.1.3. Solar Cycle Variations

The outer belt and slot region vary with the solar cycle (Miyoshi et al. 2004, Li et
al. 2006, Fung et al. 2006, Maget et al. 2007, Baker and Kanekal 2008). During
the solar declining phase, the flux in the outer portion of the outer belt tends to
increase in association with small storms (and also with no storms), while the flux
in the inner portion of the outer belt and the slot region tends to decrease. During
the solar active period, the flux tends not to increase in the outer portion, and vice
versa in the inner portion. These long-term variations in each position correspond
to long-term structural shifts of the outer belt; the outer belt moves outward during
the solar declining phase and moves inward during the solar active period
(Miyoshi et al. 2004). These long-term structural variations are the result of
occurrence variations of CME-driven great storms and high-speed coronal hole
streams. That is, CME-driven great storms tend to increase electrons in the inner
portions, while CHS causes a large flux enhancement in the outer portion
(Miyoshi and Kataoka 2005, Baker and Kanekal 2008).

In the inner belt (L < 2), energetic electrons increase during the solar active
period at L > 1.4 (Abel et al. 1994, Miyoshi et al. 2004), while they decrease at L
< 1.3 (Abel et al. 1994).
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6.2. Response to Solar Wind and IMF

6.2.1. Solar Wind Speed

Solar wind speed is a primary driver of the large flux enhancement of the outer
belt (e.g., Paulikas and Blake 1979). Since ULF pulsations in the Pc 5 range have
been well correlated with solar wind speed (e.g., Mathie and Mann 2001) through
Kelvin-Helmhorz instability (Claudepierre et al. 2008) and/or fluctuations in the
solar wind dynamic pressure (Takahashi and Ukhorskiy 2007), correlations
between the solar wind speed and MeV electron flux enhancement may indicate
that radial diffusion is a dominant process in flux enhancement (see Sect. 6.3.1).

6.2.2. IMF

Because the outer belt electrons do not always increase greatly when high-speed
streams arrive at the Earth (e.g., Kim et al. 2006), there must be parameters other
than solar wind speed that control flux enhancement.

Flux enhancement tends to occur during the predominantly southward IMF
(Blake et al. 1998, Iles et al. 2002, Miyoshi et al. 2007). Statistical studies focused
upon CHS have shown that the large flux enhancement of MeV electrons depends
on the Russell-McPherron effect; that is, the flux tends to increase largely in the
southward Bz dominant CHS (Miyoshi and Kataoka 2008a b, McPherron et al.
2009). It should be noted that the average amplitude of the minimum Dst in the
coronal hole stream is small, greater than —50 nT, which means that intense flux
enhancements at GEO occur regardless of whether or not a magnetic storm takes
place (Kim et al. 2006, Miyoshi and Kataoka 2008a). A statistical survey revealed
that 90% (50%) of the fast CHSs (average solar wind speed faster than 500 km/s)
display a large flux enhancement at geosynchronous orbit when the southward
(northward) Bz is dominant (Miyoshi and Kataoka 2008b).

6.2.3. Solar Wind Density and Dynamic Pressure

The enhancement of solar wind dynamic pressure causes the adiabatic acceleration
of the energetic particles due to the compression of the background magnetic field.
On the other hand, flux decreases at the outer portion of the outer belt (e.g.,
geosynchronous orbit) tend to occur in large dynamic pressure (Onsager et al.
2007, Ohtani et al. 2009). Same tendency about flux decrease has been found in
the solar wind density (Lyatsky and Khazanov, 2008).
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6.3. Transport and Acceleration of Relativistic Electrons

6.3.1. Radial Diffusion

Since the typical energy of radiation belt particles exceeds the upper limit of the
particle energy to be accelerated by the convection electric field (Sect. 4.3.1),
radiation belt particles are usually not affected by the convection electric field.

Radial diffusion is regarded as one of the plausible mechanisms that could
cause flux enhancement of the radiation belts. The elemental process of radial
diffusion is a “drift resonance” that occurs between electrons drifting around the
Earth and fluctuations in the electric/magnetic field. Considering the typical
electron drift period, the ULF pulsation in the Pc 5 frequency range (~a few
minutes) is the most plausible driver for electron diffusion (e.g., Elkington et al.
1999, 2003, 2006, Perry et al. 2005, Sarris et al. 2006). The origin of Pc-5 ULF
waves has been variously attributed to Kelvin-Helmhorz instability (e.g., Chen
and Hasegawa 1974), fluctuations in the solar wind dynamic pressure (e.g.,
Takahashi and Ukhorskiy 2007), and the drift-bounce resonance of ring current
ions (e.g., Southwood et al. 1969). In radial diffusion, the first two adiabatic
invariants (Egs. (4) and (5)), u and J, are always conserved, so the electron energy
and pitch angle must change when the electrons move in a radial direction. The
particle energy increases and the pitch angle of a particle shifts to 90° when a
particle moves earthward and vice versa when a particle moves outward.

Since a random resonance with fluctuations has been assumed, the following
Fokker-Planck equation has been used to describe radial diffusion (e.g., Schulz
and Lanzerotti 1974, Schulz 1991, Shprits et al. 2008a and references therein):

a_ L i(&ﬂj + Source — Loss, (7)
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where f is the phase space density of electrons, D is the radial diffusion
coefficient, t is time, and L indicates the L-shell. As shown in this equation, the
direction of particle flow is determined entirely by the particle distribution,
following Fick’s law, and is independent of the mechanism given by the radial
diffusion coefficient. If there is no source inside the radiation belts, the phase
space density for any p and J in the plasma sheet will be larger than that in the
radiation belts, thus producing flux enhancements. Therefore, the positive gradient
of the phase space density will be observed. In contrast to the diffusive model,
coherent resonance with narrow-band waves has also been studied (Degeling et al.
2008).

Drift-resonance acceleration has been confirmed by observation (Tan et al.
2004). Many studies have shown a correlation between flux enhancement and the
ULF Pc 5 power (e.g., Rostoker et al. 1998, Baker et al. 1998a b, O’Brien et al.
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2001, Mathie and Mann 2001, Green and Kivelson 2001, Kim et al. 2006, Sarris et
al. 2007).

6.3.2 In-Situ Accelerations by Wave-Particle Interactions

There are other mechanisms that produce relativistic electrons in the radiation
belts: Some plasma waves; whistler, magnetosonic, free-space mode waves such
as auroral kirometric radiation; and fast MHD waves can resonate with electrons
by violation of adiabatic invariants, causing an acceleration (Horne and Thorne,
1998, Summers et al. 1998, 2000, 2001, Horne et al. 2007, Xiao et al. 2007, 2010).
A recirculation process (Nishida 1976) driven by both radial transport and pitch
angle scattering, which causes a violation of all adiabatic invariants, has been
applied for the energization of electrons (Fujimoto and Nishida 1990, Liu et al.
1999). Here, we focus on whistler-mode wave particle interactions, which are
thought to be the mechanism responsible for producing MeV electrons.

Whistler-mode chorus waves generated outside the plasmapause can accelerate
the electrons of the outer radiation belt by Doppler-shifted cyclotron resonance
(e.g., Horne and Thorne 1998, Summers et al. 1998, Horne 2002, Shprits et al.
2008b and references therein). The resonance condition of relativistic electrons
can be given by

o—kv=n2, ®)
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where o is the wave-frequency, Kk is the wave number vector, v is the particle
velocity, n is the harmonic number, Q is the electron gyro-frequency, and v is the
relativistic factor. Since a faster phase speed is required to effectively accelerate
electrons, the low plasma density outside the plasmapause provides an
environment that is conducive to this acceleration.

In this process, plasma/particles with different energy ranges are coupled to
generate chorus waves and subsequent electron accelerations. Whistler-mode
chorus waves are generated by the temperature anisotropy of injected plasma sheet
electrons of a few tens of keV, and are then amplified largely due to the
subsequent nonlinear process (Santolik et al. 2003, Katoh and Omura 2007a,
Omura et al. 2008). A global simulation has successfully reproduced chorus
enhancement during the storm (Jordanova et al. 2010). Generated whistler-mode
chorus waves can resonate with subrelativistic electrons that might be coming
from the plasma sheet and accelerate these electrons to the level of relativistic
energies. Therefore, the chorus wave acts as a mediating agent by absorbing a
small fraction of the power of the low-energy electrons, which results in wave
growth, and then, its transfer to the acceleration of high-energy electrons. Since
the wave-dispersion relations as well as the resonance condition are strongly
affected by the ambient plasma density and magnetic field, the variations in
thermal plasma density greatly changes the electron acceleration. That is, the
cross-energy coupling of particles whose energies differ by more than 6 orders is
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essential to produce relativistic electrons of the outer belt in regard to the internal

acceleration (Miyoshi et al. 2003, 2007, Bortnik and Thorne 2007, Horne 2007).
The acceleration process of wave-particle interactions as well as pitch angle

scattering has been often described by the Fokker-Planck equations in the velocity

space.
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where a is the pitch angle. The diffusion coefficients Dy, D,,, D4, and D, are
given by the quasi-lineartheory, considering the resonance condition of a given
wave spectrum (e.g., Lyons 1974, Albert 1999). Based upon a detailed estimation
of the diffusion coefficients (e.g., Horne et al. 2005a, Li et al. 2007) in the realistic
plasma environment during storms, electron acceleration caused by wave-particle
interaction is considered to be possible.

Over the last few years, several research efforts have supported the concept of

accelerations being caused by wave-particle interactions. Chorus wave power is
most intense outside the plasmapause at midnight and is distributed to the dawn
sector and early afternoon sector. In this region, the cold plasma density is low,
which fulfills the condition required for efficient electron diffusion (e.g., Meredith
et al. 2003b, Li et al. 2008, 2009). The large flux enhancement of the outer belt
occurs concurrently with chorus wave enhancement (e.g., Meredith et al. 2001,
2003a, Miyoshi et al. 2003, 2007, Kasahara et al. 2009), and recent comprehensive
numerical simulations and the modeling of diffusion coefficients using the
observed plasma parameters have accounted for electron acceleration on the order
of 1-2 days, which is comparable to the observed times scale for acceleration
(e.g., Miyoshi et al. 2003, Varotsou et al. 2005, 2008, Fok et al. 2008, Albert et al.
2009, Shprits et al. 2009, Xiao et al. 2010, Subbotin et al. 2010). The flat-top pitch
angle distributions that are predicted by the wave-particle interaction process have
been observed during storms (Horne et al. 2003). Some of the solar wind
parameter dependence of the outer belt electrons (Sect. 6.2) can be explained by
acceleration via wave-particle interactions.
Although most studies of local acceleration processes have focused on the
whistler-mode chorus waves using quasi-linear diffusion theory, strong nonlinear
interactions with individual chorus elements (Katoh and Omura 2007b, Omura et
al. 2007, Katoh et al. 2008, Bortnik et al. 2008) are also important for the
acceleration.

)

6.3.3 Which Mechanism Is Important?

From the standpoint of radial diffusion, the close correlation between solar wind
speed and the MeV electron flux enhancement as described in Sect. 6.2 supports
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the idea that radial diffusion is a primary mechanism for the flux enhancement of
the outer belt (e.g., Rostoker et al. 1998, Baker et al. 1998a b, O’Brien et al. 2001,
Mathie and Mann 2001, Green and Kivelson 2001, Mann et al. 2004, Kim et al.
2006, Sarris et al. 2006), because the solar wind speed is the main driver for the Pc
5 ULF activities in the magnetosphere. During a CHS, the plasma sheet
temperature is high (Borovsky et al. 1997, Denton et al. 2006), so that seed
populations with a large magnetic moment may be stored in the plasma sheet.
These electrons may be diffused inward by continuous enhanced radial diffusion
to produce large flux enhancements during a CHS.

From the standpoint of the internal acceleration by VLF waves, the dependence
on solar wind speed and IMF described in Sect. 6.2 can be understood as follows.
The acceleration by VLF waves is especially effective when a continuous source
of hot electrons can be maintained to produce a chorus for the several-day period
required to accelerate electrons to relativistic energies. This suggests that a
prolonged period of enhanced convection/substorms is required for acceleration
(Meredith et al. 2002, Miyoshi et al. 2003, Bortonik and Thorne 2007, Horne
2007). The southward IMF and high-speed solar wind causes continuous
substorm/convection activities (the so-called HILDCAAs: High Intensity Long
Duration Continuous AE Activities, e.g., Tsurutani et al. 2006) in which
continuous hot electron injections from the plasma sheet into the inner
magnetosphere can be seen (Obara et al. 2000, Denton et al. 2006).

The close relationship between CHS and accelerations by VLF waves was
conducted in two CIR storms in November 1993 by polar-orbit satellites.
Observations showed that the outer belt electron flux increased largely during the
recovery phase of the first storm when the Russell-McPherron effect was at work
and did not increase during the recovery phase of the second storm when it was
not at work. The differences in hot electrons, subrelativistic electrons, VLF waves,
and substorm/convection activities are consistent with the scenario according to
which the internal acceleration by VLF waves is important to flux enhancement
(Miyoshi et al. 2007). Some observations (Lyons et al. 2005, 2009) have shown
the correlations between VLF waves measured on the ground and MeV electron
flux enhancement during CHS, which can be explained by this scenario.

Observations of the phase space density profile are critical for discriminating
between radial diffusion and internal accelerations. Equation (7) shows that the
phase space density gradient should be possible if the inward radial diffusion
contributes to flux enhancement, because the direction of particle movement is
determined by the slope of the phase space density. On the other hand, the
appearance of local peaks and the subsequent local evolution of the phase space
density indicate that the internal acceleration process contributes to flux
enhancement (see Figure 2 of Green and Kivelson 2004). Equation (7) is
described in variables of the first and second adiabatic invariants and L-value, so
that it is essential to obtain the accurate phase space density at a certain w and J.

There are several observational reports of local peaks of the phase space
density inside the outer belt, which suggests an internal acceleration (e.g.,
Brautingam and Albert 2000, Selesnick and Blake 2000, Miyoshi et al. 2003,



34

Green and Kivelson 2004, Iles et al. 2006, Chen et al. 2006, 2007, Fennell and
Roeder, 2008). Some studies have reported the positive gradient of the phase
space density, suggesting that radial diffusion is the primary mechanism of flux
enhancement during a storm (e.g., Hilmer et al. 2000, Onsager et al. 2004). Due to
certain problems that are addressed below, the subject of phase space density
profiles during a storm is still being debated. However, it may be natural to
consider that both radial diffusion and in-situ acceleration contribute to flux
enhancement, though during a storm, one process might play a more dominant
role than the other.

It should be noted here that some problems attend the derivation of accurate
phase space density values (see also Green and Kivelson 2004). The magnetic
field model is necessary in order to derive the second adiabatic invariant and L*
(Roederer, 1970). The results of the phase space density profile depend largely on
the magnetic field model that is used for the calculation (Selesnick and Blake,
2000, Ni et al. 2009a). Since the interesting period about the large flux variation is
often magnetic storms, a strong distortion of the magnetic field is to be expected,
which in turn makes it more difficult to derive an accurate phase space density
profile. Another problem in the calculation of phase space density is the coverage
of the equatorial pitch angle. It has been reported that flux variations depend on
the pitch angle (Seki et al. 2005) and that the phase space density profile depends
on the second adiabatic invariant even when the first adiabatic invariant is the
same (Fennell and Roeder 2008). Therefore, a reliable empirical and physical
magnetic field model that can be applied in intense magnetic storms is one of the
keys to an accurate phase space density profile. Moreover, observations around
the magnetic equator that can cover a wide range of equatorial pitch angles, that is,
a wide range of the second invariant, are important and necessary for future
missions.

Note that the data assimilation technique for the radiation belt studies has
recently developed, which couples the radial diffusion model (Eq. 7) with the
satellite data, to derive more accurate phase space density profile and specify the
physical processes that cause the flux enhancement (e.g., Koller et al. 2007,
Kondrashov et al. 2007, Shprits et al. 2007, Ni et al. 2009 a b). The data
assimilation would become useful and important tool for better understanding of
radiation belt physics.

6.4. Loss of Relativistic Electrons

6.4.1. Adiabatic Effect

Electron fluxes decrease in a certain L-shell in a fixed energy window during
magnetic storms (Mcllwain 1966, Kim and Chan 1997). This is the so-called the



35

Dst effect or ring current effect (Sect. 4.6.5), which causes no change in the phase
space density in the adiabatic coordinate space. This process causes flux reduction
during the main phase and subsequent flux recovery to the prestorm level if only
adiabatic processes take place. Due to the ring current effect, the pitch angle
distribution of electrons conserving the first and second adiabatic invariants
exhibits butterfly distribution due to betatron acceleration (Lyons et al. 1977) and
a combination of betatron acceleration and Fermi acceleration (Ebihara et al.
2008a).

In about a quarter of magnetic storms, however, the flux of the outer belt
electrons does not recover to the prestorm level (Reeves et al. 2003), in which case
other nonadiabatic loss processes must occur (see Millan and Thorne 2007 and
references therein).

6.4.2. Precipitation into Atmosphere

Pitch angle scattering with plasma waves causes the precipitation of particles into
the atmospheric loss cone, which is one of the important processes in outer belt
electron loss. This precipitation of MeV electrons depletes ozone through the
enhancement of NOx (Thorne 1977), which may affect the climate (e.g., Rozanov
et al. 2005).

Pitch angle scattering has been described by the first term of Eq.(9). Whistler-
mode waves such as plasmaspheric hiss and chorus resonate with radiation belt
electrons (Kennel and Petschek 1966, Lyons et al. 1972). Whistler-mode hiss
waves are responsible for the formation of the slot region. The equilibrium
structure of the radiation belts—the inner belt, outer belt, and slot region—has
been successfully reproduced considering the wave-particle interactions with
plasmaspheric hiss (Lyons et al. 1972, Lyons and Thorne 1973, Albert 1994,
1999, Abel and Thorne 1998a b). The measured decay rates following storms
show good agreement with the estimated life times (Albert 2000, Meredith et al.
2006) and a one-dimensional radial diffusion simulation (e.g., Lam et al. 2007).
The top-hat shape of the pitch angle distribution is another piece of evidence that
attests to the pitch angle scattering by hiss waves (e.g., West et al. 1973, Lyons et
al. 1975a b, Morioka et al. 2001). The close correlation between the plasmapause
and the outer belt position also supports the idea that whistler-mode hiss is an
important loss process (O’Brien et al. 2003, Miyoshi et al. 2004, Goldstein et al.
2005, Li et al. 2006). Lightning whistler becomes more important, as do the VLF
transmitters at lower L (Abel and Thorne 1998 a b) and the outer belt (Bortnik et
al. 2006a b).

Another kind of wave for the pitch angle scattering of relativistic electrons is
EMIC waves in the region where the plasmasphere overlaps with the ring current
(e.g., Cornwall et al. 1970, Jordanova et al. 1997). The rapid pitch angle scattering
by EMIC waves when electron energies become relativistic has been predicted
theoretically, (Thorne and Kennel 1971, Lyons et al. 1972, Summers and Thorne
2003, Albert 2003). There have also been several observations that suggest EMIC-
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relativistic electron interactions (e.g., Foat et al. 1995, Lorentzen et al. 2000,
Millan et al. 2002, Meredith et al. 2003c, Sandanger et al. 2007). In addition,
recent satellite-ground conjunction observations as well as theoretical checks have
identified that EMIC waves actually cause the coincident precipitation of tens of
keV ions and MeV electrons into the ionosphere near the plasmapause (Miyoshi et
al. 2008). A self-consistent simulation that included convection, radial diffusion,
and pitch angle scattering by whistlers and EMIC waves showed that EMIC waves
cause the pitch angle scattering of both ring current ions and MeV electrons, but
the dominant process in the global loss of the outer belt during the main phase is
the outward diffusion, as shown in Sect 6.4.3 (Jordanova et al. 2008).

Outside the plasmapause, whistler-mode chorus causes the pitch angle
scattering of electrons as well as acceleration (Thorne et al. 2005). It has been
suggested that the microbursts of MeV electrons that occur on the dawn-side
between L = 4-6 (e.g., Nakamura et al. 1995, 2000, Lorentzen et al. 2001) are the
result of scattering by whistler-mode chorus waves. Microbursts occur frequently
during the storm recovery phase, but losses are much stronger during the main
phase, and are capable of emptying the outer belt in one day or less (O’Brien et al.
2004).

6.4.3 Magnetopause Loss

It has been suggested that electron loss from the magnetopause is the mechanism
responsible for electron flux dropouts. Three-dimensional test particle simulations
(Kim et al. 2008, Saito et al. 2010) showed that magnetopause shadowing (MPS)
causes the abrupt loss of the outer portion of the outer belt and changes in the
trapping boundary. Two-dimensional test particle simulations showed that the
storm-time partial ring current produces a nightside depression of the magnetic
field, causing an outward expansion of the outer belt and the loss of electrons in
the outer portion (Ukhorskiy et al. 2006). If the phase space density of the outer
portion decreases due to MPS, then electrons move outward due to the outward
diffusion (Eq.(7)). Some simulation studies (Brautingam and Albert, 2000,
Miyoshi et al. 2003, 2006, Jordanova and Miyoshi 2005, Shprits et al. 2006) found
that the outward diffusion triggered by the flux decrease in the outer portion leads
to changes in the lower L-shells, which in turn contributes to the flux decrease
during the main phase. Recently, Ohtani et al. (2009) have shown observational
evidence that some flux loss observed at geosynchronous orbit can be explained
by MPS (see Sect. 6.2.3). It is worthwhile to note that such outward diffusion also
occurs through the negative phase space density gradient when the internal
acceleration causes the peak phase space density inside the outer radiation belt
(Shprits et al. 2009).
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6.4.4 Which Mechanism Is Important?

During the time of a storm, it is understood that the various loss processes take
place simultaneously, but it has not been quantitatively understood which process
predominates in the net loss of the outer belt. Different processes work at different
L-shell and local times. Green et al. (2004) suggest that precipitation may account
for a part of the precipitation, rather than MPS, but they do not identify the exact
mechanism by which this takes place. Bortnik et al. (2006c) indicated that both
MPS (for high L) and precipitation by EMIC waves (for low L) may have been
active in the November 2003 storm. The effective solar wind parameters that
would cause a loss have been debated. Onsager et al. (2007) found that the onset
of southward IMF is an important cause of flux dropouts, while Ohtani et al.
(2009) showed that dynamic pressure enhancement is also essential, due to MPS.
Borovsky and Denton (2009) showed that the onset of the flux dropouts associated
with CIRs tends to occur after the crossing of the IMF sector boundary, and they
investigated how the pitch angle scattering by EMIC waves inside the drainage
plumes could be an important factor. Quantitative physics-based models that take
into consideration both of these mechanisms would be necessary in order to
quantitatively identify this mechanism.

6.5. Cross-Energy Couplings for Acceleration of Relativistic Electrons

Figure 5 summarizes these transport/acceleration mechanisms in the L-energy
diagram of the inner magnetosphere. In radial diffusion (indicated by blue lines),
the electrons move earthward with increasing energy due to the conservation of
the first two adiabatic invariants. In this process, the ULF waves that are driven by
solar wind and ring current instability are essential for driving the particle
transport. The ambient plasma density has an effect on the condition of the drift-
bounce resonance (Ozeke and Mann, 2008). On the other hand, in the in-situ
acceleration by waves (indicated by red lines), subrelativistic electrons are
accelerated to MeV energies by whistler-mode waves that are generated by the
plasma instability of the ring current electrons. In this process, the thermal plasma
density plays an essential role as the ambient medium. Because the transport of
ring current electrons and thermal plasma are predominantly controlled by
convective electric fields (see. Sects. 2, 3, and 4), the process of convection may
affect the relativistic electron dynamics in this process. In the loss process,
different energy electrons and ions affect the dynamics of the relativistic electrons
through wave-particle interactions. Therefore, the formation of the radiation belt
including both flux enhancement and decrease is one of the manifestations of
cross-energy/cross-regional couplings in the inner magnetosphere.
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7. Concluding Remarks

The physical processes involved in the structure and dynamics of the inner
magnetosphere are schematically summarized in Figure 6. While the diagram is
admittedly incomplete, it provides an essential context for understanding the inner
magnetosphere and magnetic storms. Each element is directly or indirectly
coupled with one another, so that the inner magnetosphere should be treated as a
nonlinear, compound system. Once studied a particular element in detail, one
should take into account its physical connection with the others as a system
network.

During magnetic storms, each element is activated and the network of the inner
magnetospheric system is dynamically stimulated. The following processes are
expected to occur simultaneously:

1. The convection electric field is enhanced by southward IMF and fast solar
wind.

2. Plasma sheet particles are transported into the inner magnetosphere by the

convection electric field.

. The ring current is developed on the nightside, and the plasmasphere shrinks.

4. The inner magnetospheric magnetic field is inflated by the ring current,
resulting in deformation of the ring current and the radiation belt.

5. The inner magnetospheric electric field is deformed by the ring current,
resulting in further deformation of the ring current and the plasmasphere.

6. Waves are excited, resulting in the acceleration and scattering of particles.

7. Magnetic and electric fields fluctuate greatly, enhancing the radial diffusion of
energetic particles.

8. The ionospheric conductivity is enhanced by the precipitation of protons,
electrons and ENAs.

9. The ionosphere is heated by the ring current, resulting in the glow of a SAR
arc.

10.Various types of auroras are excited by the precipitating protons, electrons and
ENAs.

W

The inner magnetosphere is so dynamic and complicated that only a system-based
approach can promise to offer an overall understanding of the inner
magnetosphere and the Sun-Earth connection. To achieve a comprehensive
understanding of the dynamics of the inner magnetosphere, several interesting
missions are now in progress and are being planned. An international fleet of inner
magnetosphere exploration satellites will consist of THEMIS (US), RBSP (US),
ORBITALS (Canada), RESONANCE (Russia), and ERG (Japan) around the next
solar maximum. Well-networked ground-based observations by instruments such
as the magnetometer and SuperDARN HF-radar are powerful remote-sensing
tools for exploring the inner magnetosphere. Simulations that can comprehend
cross region and cross energy couplings, such as the Radiation Belt Environment
(RBE) model (Fok et al. 2008) and the ring current-atmosphere interactions
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model (RAM) (Jordanova et al. 2010), are also valid to investigate the tightness of
the coupling and the manner in which basic laws of physics lead to a certain
observed effect.
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Figure 1: Energy structure of charged particles trapped in the inner magnetosphere.
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pressure distribution (Roelof 1989), and (b) ring current plasma pressure deduced
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