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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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When the collision frequency in a plasma is su!ciently low, the charged
particles simply gyrate around the magnetic field and travel along it. Any
force that moves the charged particles also moves the magnetic field and vice
versa. In this situation the field and plasma are ‘‘frozen together’’. This

Figure 1. An example of a photographic recording of magnetic oscillations of a compass
needle in northern Sweden. Vertical lines denote half hour intervals. The vertical scale is
shown in units of both minutes of arc and nanoTesla (nT), previously termed c . The pulsation
packet at about 0900 UT (i.e. Universal Time, or Greenwich Mean Time) is called a giant
pulsation (Portion of figure 11 (p.351) from ‘‘Geomagnetism, Volume 1: Geomagnetic and
related phenomena’’ by permission of Oxford University Press).

Figure 2. ULF waves are classified into two types: pulsations continuous (Pc) and pulsations
irregular (Pi). Each type is subdivided into frequency bands roughly corresponding to distinct
phenomena (Jacobs et al., 1964).

MAGNETIC PULSATIONS: THEIR SOURCES 547

McPherron	  (2005)	  



up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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relative to that component of the particle drift motion,
and thus will experience a continual acceleration. Further
observational evidence for electron acceleration via
toroidally polarized field line resonances was reported
by Tan et al. (2004) for an event occurring in August 1991.

The largest component of a drifting electron’s motion is
in the azimuthal direction, so, by (4), for a given
amplitude of wave, one would expect that interaction
with waves with an associated azimuthal electric field is
likely to be of more importance to radiation belt dynamics
than the toroidal interaction relying on the radial motion
of the electrons as described above. For a finite mode
number, the Alfvénic disturbances will occur in mixed
modes with both toroidal and poloidal signatures and
radial and azimuthal electric fields (Ukhorskiy et al., 2005;
Loto’aniu et al., 2006). The resonant acceleration for an

electron drifting in a dipole magnetic field and interacting
with an azimuthal electric field is depicted in the center
frame of Fig. 3. The resonance condition for this
azimuthally symmetric interaction is given by

o ! mod. (6)

An asymmetric resonance analogous to the asymmetric
toroidal interaction also exists for the poloidal component
of a ULF disturbance, and it is depicted in the last panel of
Fig. 3. The resonance condition in this case is the same as
for the toroidal mode discussed above. A particle drifting
in an asymmetric magnetic field will be subject to the
combined effects of each of the resonances outlined in the
figure; the degree of interaction depends on the wave
power at frequencies corresponding to the asymmetric or
symmetric resonance conditions described in Eqs. (5) or
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Fig. 2. Power spectrum of the toroidal component of the simulated electric field during a period of enhanced relativistic electron acceleration on January
10, 1997. The correspondence of ULF wave activity with the drift frequency of accelerated particles suggests drift resonant interaction between the
ULF waves and energetic electrons (after Elkington et al., 1999; Copyright 1999 American Geophysical Union).

Fig. 3. Depictions of the resonant interaction of electrons with the toroidal component of a global field line resonance in a magnetic field compressed by
the solar wind (A) and for electrons interacting with the poloidal component of the ULF waves in a dipole (B) and compressed (C) magnetic field. Top
panels in each case show resonant fields at particular locations along representative electron orbits; bottom panels indicate the drift velocities, fields, and
instantaneous energy gain throughout a resonant trajectory (after Elkington et al., 2003; Copyright 2003 American Geophysical Union).

Y.Y. Shprits et al. / Journal of Atmospheric and Solar-Terrestrial Physics 70 (2008) 1679–16931682
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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high!speed solar wind streams. Concurrently, Baker et al.
[1979] showed that low!energy electrons (10 s of keV) at
GEO as well as relativistic electrons, respond to large VSW.
Based on this correlation, Baker et al. [1990] developed a
linear filter model to predict MeV electrons at GEO using
VSW. The linear filter was developed from limited intervals
of continuous solar wind and MeV electron flux measure-
ments. The method achieved a prediction efficiency (PE) of
0.52 in their 3 month sample period [Baker et al., 1990].
[9] The location of GEO is viewed as the outer edge of the

outer radiation belt and the gateway into the inner part of
magnetosphere. The peak intensity of outer radiation belt
electrons normally resides inside GEO. Figure 1 shows the
yearly window!averaged sunspot numbers and the weekly
window!averaged solar wind speed (km/s) (Figure 1, top)
and the monthly window averaged flux of 2–6 MeV elec-
trons (#/cm2!s!sr) from PET instrument on the Solar, Anom-
alous, and Magnetospheric Particle Explorer (SAMPEX)
[Cook et al., 1993] (Figure 1, bottom). The period is from
SAMPEX’s launch (3 July 1992, into a low!altitude, highly
inclined orbit) to the end of 2009. The superimposed black
curve represents every 10 day’s minimum plasmapause loca-
tion (Lpp) based on an empirical model using the Dst index
as input [O’Brien and Moldwin, 2003], the significance of
the correlation between the minimum Lpp and the inner edge
of the outer radiation belt was discussed in [Li et al., 2006]. It

is evident in Figure 1 that the intensity of outer belt electrons
is very well correlated with the solar wind speed. However,
the essential feature required for enhancements of the MeV
electron fluxes at GEO, as we are going to show later, is
geomagnetic activity that in turn requires a southward
component of the IMF.
[10] As part of the International Solar Terrestrial Program,

the solar wind has been almost continuously measured since
December 1994 by the Wind [Acuña et al., 1995] and by the
Advanced Composition Explorer (ACE, launched in 1998;
ACE home page: http://www.srl.caltech.edu/ACE/) space-
craft [Stone et al., 1998]. Using data from 1995–1996, Li et al.
[2001] developed an improved model to predict MeV elec-
trons at GEO based on solar wind velocity and velocity
fluctuations and the south component of the IMF. They
achieved a PE of 0.81 for this two!year sample period. They
found that though VSW is the most important parameter
governing relativistic electron fluxes at GEO, relativistic
electrons are enhanced even more when the IMF polarity is
predominately southward (BZ < 0).
[11] The physical mechanism for the correlation is under

debate. In one mechanism, solar wind variations perturb the
magnetosphere, generating ultra low frequency (ULF) waves
[Engebretson et al., 1998; Vennerstrøm, 1999], which drive
radial diffusion [Rostoker et al., 1998; Baker et al., 1998a;
Mathie and Mann, 2000, 2001; O’Brien et al., 2003; Barker

Figure 1. (top) Variations of yearly window!averaged sunspot numbers (black curve) and weekly win-
dow averaged solar wind speed (km/s, red curve). (bottom) Monthly window!averaged, color!coded in
logarithm, and sorted in L (L bin: 0.1) electron fluxes of 2–6 MeV (#/cm2!s!sr) by SAMPEX since its
launch (3 July 1992) into a low!altitude (550 ! 600 km) and highly inclined (820) orbit. The superimposed
black curve represents every 10 day’s minimum plasmapause location based on an empirical model
[O’Brien and Moldwin, 2003]. The yellow vertical bars on the horizontal axis mark the equinoxes. Cal-
ibrated daily averaged electron fluxes from SAMPEX are only available up to day 74 of 2004. We also
have daily count rate from the same instrument from day 1 of 2003 to the end of 2009. For the period where
the flux data and count rate data overlaps, we performed a linear least squares fit independently for each of
the 60 L!shell bins. This gave two coefficients for each L!shell bin, which best converted the count rate to
pseudo!flux (after day 74 of 2004). Then we applied this set of coefficients to the count rate data to
complete the figure.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local

ARTICLE IN PRESS

Lightning generated whistlers
Coulomb scattering

i e

Storm-time

Quiet-time

Hiss

ULF

Chorus

ULF

Plasmapause

Ring current
particles

EMIC

Hiss

Plasmapause

High energy 
electrons

High energy 
electrons

Lightning generated whistlers
Coulomb scattering

VLF transmitters

VLF transmitters

Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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consistent with previous ray tracing results [e.g., Thorne and
Kennel, 1967; Horne and Thorne, 2003; Li et al., 2008] and
observation [e.g., Breneman et al., 2009]. Interestingly, the
second peak around the wave normal angle of 70°–80°
(Figure 7c) may reflect very oblique falling tones preferen-
tially observed at higher latitudes (!MLAT! > 10°) on the
dayside [Li et al., 2011]. At !MLAT! ! 10° on the night-
side, very few lower-band chorus waves (1013 out of
28,993) are recorded, which suggests that lower-band chorus
may be extinguished efficiently as they propagate from
lower to higher latitudes on the nightside. This is probably
due to severe Landau damping, which becomes particularly
important for oblique waves on the nightside. Therefore,
most nightside chorus waves observed at relatively higher
latitudes (!MLAT! > 10°) have relatively small wave
normal angles (<30°), and those with larger wave normal
angle are probably attenuated due to Landau damping,
consistent with Haque et al. [2010]. Near the geomagnetic
equator (!MLAT! < 5°), the occurrence rate of lower-band
chorus peaks at wave normal angles of <20°, with a small
secondary peak at large wave normal angles of 60°–70°.
These large wave normal angles are observed very close
to the equator, suggesting that those chorus waves are gen-
erated with oblique angles, consistent with previous studies
[e.g., Goldstein and Tsurutani, 1984; Breneman et al., 2009].
Compared to lower-band chorus, the wave normal distribution

of upper-band chorus is generally more oblique and ranges
from field-aligned to very oblique wave normal angles. At
higher magnetic latitudes (!MLAT! > 10°), no upper-band
chorus is observed on the nightside and only 671 (out of
111,528) upper-band chorus events are observed on the day-
side, indicating even stronger confinement to the geomagnetic
equator than lower-band chorus. Themore oblique upper-band
chorus results in tighter confinement to the magnetic equator,
probably due to the stronger Landau damping experienced by
oblique waves.

4. Summary and Discussion

[20] We used high-resolution wave spectra data (fff ) and
waveform data from the THEMIS spacecraft to investigate
the global distribution of wave amplitudes and wave normal
angles and their dependence on MLAT, MLT, and L shells
for lower-band and upper-band chorus separately. The prin-
cipal findings of this study can be summarized as follows.
[21] 1. Wave amplitudes of both lower-band and upper-

band chorus are activity dependent, generally having larger
wave amplitudes during periods of stronger magnetic activ-
ity. Chorus wave amplitudes show a particularly close rela-
tion with AE* (maximum AE during the previous 3 h) on the
nightside, where chorus generation is directly related to
substorm injection or enhanced convection.

Figure 5. An example of chorus emissions from the waveform data observed by THEMIS E. Frequency-
time spectrogram of wave spectral density in (a) electric field and (b) magnetic field, where the white solid
line represents half of the equatorial electron cyclotron frequency. (c) Wave amplitudes of the lower-band
(blue) and the upper-band (red) chorus, calculated through integrating wave magnetic field spectral
density over the frequency range of 0.1–0.5 fce and 0.5–0.8 fce. (d–f) Wave normal angle, polarization
ratio, and ellipticity for the lower-band (blue) and the upper-band (red) chorus, respectively.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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Daae et al. [2011], using a similar PSD data set (Polar,
GPS, and three LANL-GEO for m = 2083[MeV/G] and K =
0.33[G1/2RE]), inspected the Kalman innovation vector for a
variety of different model conditions from June 6th to
December 31st, 2002 and repeatedly found evidence of
pseudo-Gaussian acceleration occurring between 5 ! L ! 6,
with widths between s " 0.6–0.9. However, both of these
studies assimilated multiple storms, so the results are a long-
term average of source processes. Koller et al. [2007] used a
similar PSD data set (Polar, GPS, and three LANL-GEO for
m = 2083[MeV/G] and K = 0.1[G1/2RE]) for the October
24th, 2002 storm (October 25th -November 2nd [DOY
298–306]) and summed the Kalman innovation vector to
find a Gaussian-shaped source region close L = 5.5 with
width s " 0.3.
[37] Reeves et al. [2012] demonstrated that the Dynamic

Radiation Environment Assimilation Model (DREAM) has
the capabilities to estimate the amplitude of a Gaussian
source region in a comparable method to that presented here.
They used a similar data set (Polar, GPS, and three LANL-
GEO), for m = 2083[MeV/G] and K = 0.03[G1/2RE], and an
ensemble Kalman filter [Evensen, 2003], to provide an
amplitude estimate for the same storm period as Koller et al.
[2007]: October 21st to November 4th, 2002. Reeves et al.
[2012] chose the source location and width to compensate
for the dual-peak nature of the reanalyzed PSD, which is
caused by observations at GEO and GPS with extensive data
gaps in the region L ! 4–6. Hence, they choose a source
location of L = 5 with width of s = 1, which eliminates the
PSD trough between GEO and GPS observations. The
intensity of local heating peaks in the pre-storm phase,
which is an artifact of the filter using the source term to
compensate for the dual-peaked initial condition. They find,
as presented in this study, that the source rate intensifies in
the recovery phase.

[38] Our findings agree with results from non-assimilative
studies that find peaks in electron PSD below GEO. Model-
ing done with the 3-D VERB diffusion code [Shprits et al.,
2008], including chorus wave interactions, found peaks in
PSD at L ! 4–6 for electrons with m = 700 MeV/G. Simi-
larly, modeling done with the 3-D Salammbo code [Beutier
and Boscher, 1995], including interactions with chorus
waves, found PSD peaks for 3100 MeV/G electrons near
L = 5.5 during the recovery phase [Varotsou et al., 2005].
These physics-based models are consistent with our findings.
[39] Investigations of electron PSD radial gradients using

LANL-GEO data conclude localized acceleration occurring
inside of GEO for electrons with m = 2000[MeV/G] [Turner
and Li, 2008a; Turner et al., 2010] and for electrons with
1.1–1.5 MeV [Shi et al., 2009]. More comprehensively,
Green and Kivelson [2004] (for electrons with m =
2000[MeV/G] and K > 500[G1/2RE]) and Chen et al. [2006]
(for electrons with m = 2083[MeV/G] and K = 0.1[G1/2RE])
were able to estimate local heating occurring near L = 5 and
L = 5–6, respectively. Additionally, O’Brien et al. [2003]
found associations between acceleration and VLF/ELF
chorus waves occurring near L ! 5 for electrons of 1.8–3.5
MeV and >1.5 MeV. These studies, which arrive at similar
conclusion for a variety of m and K pairs, but in different
ways, reinforce the theory of internal acceleration mechanisms
occurring near GEO.

5. Summary

[40] We use a Kalman filter, which blends energetic
electron measurements of a specific pair of first and second
adiabatic invariants with a one dimensional radial diffusion
model, to produce an estimate of the outer radiation belt
environment that is more accurate than either independently.
Although the in situ energetic electron measurements are

Figure 4. (a) One-dimensional radial diffusion model with no assimilation. The diffusion coefficient
and loss terms used are outlined in section 2.2. The full source term from the parametric study is included.
(b) The difference between satellite data (Figure 3a) and the radial diffusion model without assimilation.
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Daae et al. [2011], using a similar PSD data set (Polar,
GPS, and three LANL-GEO for m = 2083[MeV/G] and K =
0.33[G1/2RE]), inspected the Kalman innovation vector for a
variety of different model conditions from June 6th to
December 31st, 2002 and repeatedly found evidence of
pseudo-Gaussian acceleration occurring between 5 ! L ! 6,
with widths between s " 0.6–0.9. However, both of these
studies assimilated multiple storms, so the results are a long-
term average of source processes. Koller et al. [2007] used a
similar PSD data set (Polar, GPS, and three LANL-GEO for
m = 2083[MeV/G] and K = 0.1[G1/2RE]) for the October
24th, 2002 storm (October 25th -November 2nd [DOY
298–306]) and summed the Kalman innovation vector to
find a Gaussian-shaped source region close L = 5.5 with
width s " 0.3.
[37] Reeves et al. [2012] demonstrated that the Dynamic

Radiation Environment Assimilation Model (DREAM) has
the capabilities to estimate the amplitude of a Gaussian
source region in a comparable method to that presented here.
They used a similar data set (Polar, GPS, and three LANL-
GEO), for m = 2083[MeV/G] and K = 0.03[G1/2RE], and an
ensemble Kalman filter [Evensen, 2003], to provide an
amplitude estimate for the same storm period as Koller et al.
[2007]: October 21st to November 4th, 2002. Reeves et al.
[2012] chose the source location and width to compensate
for the dual-peak nature of the reanalyzed PSD, which is
caused by observations at GEO and GPS with extensive data
gaps in the region L ! 4–6. Hence, they choose a source
location of L = 5 with width of s = 1, which eliminates the
PSD trough between GEO and GPS observations. The
intensity of local heating peaks in the pre-storm phase,
which is an artifact of the filter using the source term to
compensate for the dual-peaked initial condition. They find,
as presented in this study, that the source rate intensifies in
the recovery phase.

[38] Our findings agree with results from non-assimilative
studies that find peaks in electron PSD below GEO. Model-
ing done with the 3-D VERB diffusion code [Shprits et al.,
2008], including chorus wave interactions, found peaks in
PSD at L ! 4–6 for electrons with m = 700 MeV/G. Simi-
larly, modeling done with the 3-D Salammbo code [Beutier
and Boscher, 1995], including interactions with chorus
waves, found PSD peaks for 3100 MeV/G electrons near
L = 5.5 during the recovery phase [Varotsou et al., 2005].
These physics-based models are consistent with our findings.
[39] Investigations of electron PSD radial gradients using

LANL-GEO data conclude localized acceleration occurring
inside of GEO for electrons with m = 2000[MeV/G] [Turner
and Li, 2008a; Turner et al., 2010] and for electrons with
1.1–1.5 MeV [Shi et al., 2009]. More comprehensively,
Green and Kivelson [2004] (for electrons with m =
2000[MeV/G] and K > 500[G1/2RE]) and Chen et al. [2006]
(for electrons with m = 2083[MeV/G] and K = 0.1[G1/2RE])
were able to estimate local heating occurring near L = 5 and
L = 5–6, respectively. Additionally, O’Brien et al. [2003]
found associations between acceleration and VLF/ELF
chorus waves occurring near L ! 5 for electrons of 1.8–3.5
MeV and >1.5 MeV. These studies, which arrive at similar
conclusion for a variety of m and K pairs, but in different
ways, reinforce the theory of internal acceleration mechanisms
occurring near GEO.

5. Summary

[40] We use a Kalman filter, which blends energetic
electron measurements of a specific pair of first and second
adiabatic invariants with a one dimensional radial diffusion
model, to produce an estimate of the outer radiation belt
environment that is more accurate than either independently.
Although the in situ energetic electron measurements are

Figure 4. (a) One-dimensional radial diffusion model with no assimilation. The diffusion coefficient
and loss terms used are outlined in section 2.2. The full source term from the parametric study is included.
(b) The difference between satellite data (Figure 3a) and the radial diffusion model without assimilation.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
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the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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Figure 1. Electrons >1 MeV microbursts on October 19, 1998 
(red). The satellite was in zenith-pointing mode at this time, so 
the instrument was looking approximately along the field lines at 
the microburst precipitation. The black dashed line shows our 
estimate of the locally trapped population and the blue dotted 
line shows the position in L shell. 

Distribution of Microbursts 

Figures 2c and 2f show histograms of the number of 
passes during which SAMPEX observed relativistic electron 
microbursts in the outer radiation belts each day in 1997 
and 1998. The relativistic electron microburst events were 

selected automatically by comparing the average count rate 
in a 100-ms period with a 500-ms running average. Ra- 
diation belt passes for which the difference exceeded ten 
times the standard deviation were identified as containing 

microbursts. Since the satellite passes through the radiation 
belt four times on each 96-rain orbit, the maximum number 
of microburst events is 60 per day. Figures 2a and 2d show 
Kp and Figures 2b and 2e show Dst for this period There 
is a clear association between microburst events and the ge- 
omagnetic indices. When the number of microburst events 
are cross-correlated with daily averages of these indices, the 
correlation coefficients are found to be 0.75 for Kp and -0.72 
for Dst in 1997. In 1998 the correlation coefficient for Kp is 
0.80 and for Dst is -0.76. Both the number of microbursts 
and the indices show that 1998 was more active than 1997. 
Some care must be taken in comparing microburst occur- 
rence between periods when the satellite was in spin mode 
and zenith-pointing mode, however. In spin mode the satel- 
lite spends less time sampling precipitating particles. 

Figure 3 shows Kp and Dst for each of the three GEM 
storms, along with the position in L where the bursts were 
observed. The bursts tended to start during the main phase 
of the storm and continue into the recovery phase. The 
bursts also moved to lower L shell during the storm. The 
location of the inner plasmapause boundary was also cal- 
culated from the formula Lpp i - 5.6- 0.46Kpmax, where 
Kpmax is the maximum Kp value in the preceding 24 hours 
[Carpenter and Anderson, 1992]. The inner edge of the 
bursts generally followed the plasmapause location. In both 
the May 1997 and October 1998 storms, the largest mi- 
croburst events began during the storm recovery phase, al- 
though some smaller events were seen during the storm main 
phase. This pattern is similar to the 1993 storms examined 
by Nakamura [2000]. However, the September 1998 storm 
looked different because the microbursts started well before 

the storm main phase, in association with an enhanced Kp. 
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Figure 2. Correlation of microburst events with Dst and Kp for 1997 and 1998 
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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A Statistical Examination of  Microburst Fluxes 
Alexander B. Crew, Harlan E. Spence 

Method 
Utilizing SAMPEX data from HILT of  1MeV 
electrons at 20ms time resolution 

Define Burst Parameter as 
(N100-a500)/sqrt(a500+1) where N100represents 

the counts in 100ms, and a500is the rolling 
500ms average of  N100. (O’Brien et. al., 2003) 
Times when the Burst Parameter is > 10 
represent microburst events  

Define the Baseline count rate as the median 
of  the last 10 seconds worth of  data (in order 
to minimize the impact of  spikes) 

Define the Magnitude of  the event as the ratio 

of  the peak counts (in a 20ms period) to the 
background count rate 

Event Frequency 
By itself  event frequency is an unsurprising 
result. The peak event frequency is located 
between 0900 and 1200 MLT with most 
events occurring on the dawnside between L 
values of  4 and 8 

Baseline Flux 
This represents the average baseline flux in 
different regions for the observed microburst 
events. Generally speaking the baseline fluxes 
appear to be relatively uniform.  

Event Intensity by 
Location 
For the most part event Intensity 
seems to track with event 

frequency. However, here the 
difference between morning and 
afternoon is even more 
pronounced. The few events that 
occur on the afternoon side are 

all very weak—suggesting that 
they may not truly be 
microbursts. Peak microburst 
intensity is around 0600 MLT. 

Event Intensity 
Spectrum 
The overall spectrum of  
Microburst intensity follows a 

power law distribution over 
almost 3 orders of  magnitude. 
Future work will try and assess 
how this power=law shape 
changes with changing local 

time, L, and geomagnetic 
activity. 

FIREBIRD 
What is FIREBIRD? 
FIREBIRD is a cubesat 
designed specifically to study 
electron microbursts. 
Operating in a low-earth orbit, 
FIREBIRD will use its twin 

electron detectors to measure 
microbursts from 200keV to 
1MeV with high (20ms) time 
resolution. 

Data Products 
•!Event Data (20ms) all energy 
channels 
•!Context Data (6s average) on 2 
energy channels 
•!Burst Parameter Data 

(100ms) on 2 energy channels 

Mission Operations 
FIREBIRD is telemetry limited. Accordingly, Burst 
Parameter data will be used to select interesting 
events to be studied with event data. However, in 
order to assess the global scale of  microburst 
events, FIREBIRD will only have Burst Parameter 

data available. Understanding how to extract more 
information from the Burst Parameter data will help 
to understand the global picture. 

References 
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equatorial coverage is largely provided by DE1, CRRES,
Cluster 1 and THEMIS. Further out, in the region 5 < L* < 6,
the data comes mostly from CRRES, THEMIS and Double
Star TC1, and beyond L* = 6 the equatorial coverage is
largely provided by THEMIS and Double Star TC1. In
particular, the gap in the coverage in the region 4 < L* < 6
for 0800–1200 MLT in global wave models derived from
CRRES data [e.g., Meredith et al., 2001, 2003] is filled in,
primarily with data from Double Star TC1 and THEMIS.
The largest intensities, of the order 2000 pT2, are seen dur-
ing active conditions on the dawn-side.
[37] Figure 3 shows a comparison of the average intensity

of lower band chorus observed within !9" of the magnetic
equator during active conditions measured by each of the

satellites as a function of MLT for a selection of L* values
for, from bottom to top, L* = 5.5 ! 0.3, 6.5 ! 0.3 and
7.5 ! 0.3 respectively. In each case the data have been
smoothed by performing a running mean over 3 hours of
MLT. At L* = 7.5 (Figure 3, top) there is generally good
agreement, largely to within a factor of 3 or so, between the
THEMIS and Double Star TC1 data despite the average
intensities varying by almost two orders of magnitude with
MLT. Moving in, at L* = 6.5 (Figure 3, middle) there is
again good agreement, largely to within a factor of 3 or so
between the THEMIS and Double Star TC1 data between
0200 and 0800 MLT. The two Cluster 1 measurements also
show good agreement with the THEMIS and Double Star
TC1 data at 0500 and 0600 MLT. From 1000 to 1300 MLT

Figure 2. Equatorial wave intensity of lower band chorus as a function of L*, MLT and geomagnetic
activity for each of the five satellites.
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Cluster 1 and THEMIS. Further out, in the region 5 < L* < 6,
the data comes mostly from CRRES, THEMIS and Double
Star TC1, and beyond L* = 6 the equatorial coverage is
largely provided by THEMIS and Double Star TC1. In
particular, the gap in the coverage in the region 4 < L* < 6
for 0800–1200 MLT in global wave models derived from
CRRES data [e.g., Meredith et al., 2001, 2003] is filled in,
primarily with data from Double Star TC1 and THEMIS.
The largest intensities, of the order 2000 pT2, are seen dur-
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7.5 ! 0.3 respectively. In each case the data have been
smoothed by performing a running mean over 3 hours of
MLT. At L* = 7.5 (Figure 3, top) there is generally good
agreement, largely to within a factor of 3 or so, between the
THEMIS and Double Star TC1 data despite the average
intensities varying by almost two orders of magnitude with
MLT. Moving in, at L* = 6.5 (Figure 3, middle) there is
again good agreement, largely to within a factor of 3 or so
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equatorial coverage is largely provided by DE1, CRRES,
Cluster 1 and THEMIS. Further out, in the region 5 < L* < 6,
the data comes mostly from CRRES, THEMIS and Double
Star TC1, and beyond L* = 6 the equatorial coverage is
largely provided by THEMIS and Double Star TC1. In
particular, the gap in the coverage in the region 4 < L* < 6
for 0800–1200 MLT in global wave models derived from
CRRES data [e.g., Meredith et al., 2001, 2003] is filled in,
primarily with data from Double Star TC1 and THEMIS.
The largest intensities, of the order 2000 pT2, are seen dur-
ing active conditions on the dawn-side.
[37] Figure 3 shows a comparison of the average intensity

of lower band chorus observed within !9" of the magnetic
equator during active conditions measured by each of the

satellites as a function of MLT for a selection of L* values
for, from bottom to top, L* = 5.5 ! 0.3, 6.5 ! 0.3 and
7.5 ! 0.3 respectively. In each case the data have been
smoothed by performing a running mean over 3 hours of
MLT. At L* = 7.5 (Figure 3, top) there is generally good
agreement, largely to within a factor of 3 or so, between the
THEMIS and Double Star TC1 data despite the average
intensities varying by almost two orders of magnitude with
MLT. Moving in, at L* = 6.5 (Figure 3, middle) there is
again good agreement, largely to within a factor of 3 or so
between the THEMIS and Double Star TC1 data between
0200 and 0800 MLT. The two Cluster 1 measurements also
show good agreement with the THEMIS and Double Star
TC1 data at 0500 and 0600 MLT. From 1000 to 1300 MLT
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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located on the nightside at GOES 8 (0200–0600 LT) and
GOES 10 (0200–0300 LT). These events occurred in asso-
ciation with a solar wind pressure increase and minor peak
over 0800–1200 UT on 11 January, seen in Figure 4.
[24] Following storm onset at !1500 UT, EMIC waves

were observed from 1635–2015 UT, around noon and into
the early afternoon, at GOES 8 in the He+ band (Figure 6).
These waves were more intense than those seen prior to
storm onset and showed a packet structure modulation
associated with the presence of very regular Pc5 long period
ULF waves [Loto’aniu et al., 2009]. After 1845 UT the
modulated EMIC waves showed signatures in the H+ band
accompanied by a slowly decreasing frequency trend. GOES
10 did not see EMIC waves until the main phase minimum
and early into the recovery phase at 2345–0050 UT on 11–
12 January. These storm time waves, shown in Figure 7a,
were in the He+ band and exhibited similar Pc5 modulation
to the GOES 8 waves in the afternoon sector. It is interesting
to note that GOES 10 was located in the early morning hours
0730–1130 LT and did not see main phase waves until
1445 LT (2345 UT) when it passed through the local time
zone where GOES 8 saw main phase waves earlier. Later in

the recovery phase GOES 10 observed patchy short duration
wave packets in both the He+ and H+ bands (Figure 7b).

4. Statistical Analysis

[25] The EMIC waves associated with the storms described
are just two examples from the 22 storm data set covering
1996–2003 and comprising storms which showed a quiet
interval prior to storm onset, an easily identifiable storm
onset and a single main phase minimum. This required a
significant excursion of Dst to "30 nT or less and an iden-
tifiable main phase followed by a gradual recovery phase. It
should be remembered that the storms in this study were
identified only for those times where high!resolution GOES
magnetometer data were available.
[26] A superposed epoch analysis, with respect to onset

times, for the 22 storms shown in Table 2 has been under-
taken using EMIC wave properties, magnetospheric indices
and upstream solar wind and IMF parameters. Figure 8 shows
a plot of the local time and wave frequency response over
3 days before and after the storm onset time as indicated by
the negative excursion of Dst at the commencement of the
main phase. Each data point represents an EMIC wave event
identified from dynamic spectra. Spectra were plotted over a
4 h interval. Distinct waves were identified using the PC
mouse cursor and wave activity was binned every hour with
long duration events occupying a number of sequential bins.
For each event the wave power, frequency, UT, LT and
Dst were logged. To determine wave power, a box was
constructed centered around the maximum power seen in
a 1 h dynamic spectral interval. The box spanned 15 min
with a frequency width of 0.1 Hz. Maximum wave power
was the maximum inside this box and average power the
average inside the box. From Figure 8 it is seen that more
EMIC wave events appear in the afternoon 1200–2000 LT
interval than during the night and morning hours. This is to
be expected from the diurnal variation in EMIC wave
occurrence [Anderson et al., 1992; Fraser and Nguyen,
2001] and is probably associated with the presence of an
extended plasmapause bulge region, or if convection is
present, possibly a radial plasma plume in the post noon and
evening magnetosphere plasma trough region, which
includes geosynchronous orbit [Fraser et al., 2005a, 2006;
Spasojevi! et al., 2005; Immel et al., 2005]. In contrast to the
afternoon!evening sector, waves in the H+ band dominate the
midnight to noon hours. The greatest concentration of waves
is seen during the main phase and at frequencies in the He+

band.
[27] Table 3 shows a summary of waves seen in the H+

and He+ bands with respect to prestorm, main phase and
early recovery (up to 3 days post onset). Of the 22 storms
listed in Table 2, 13 showed EMIC wave events in the main
phase. For the 448wave events identified, 243 (54%) occurred
within 3 days prior to onset and 205 (46%) in the 3 days
following. There were almost equal numbers of events in the
He+ and H+ bands with no significant preference in the 3 days
before or after onset. Considering after onset waves only,
more waves (78%) occurred in the He+ band during the
storm main phase while during the recovery phase the H+

band (61%) showed more wave events. The most significant
result from Table 3 is the preference for He+ over H+ band

Figure 3. Dynamic Ht spectra of EMIC waves seen by
(a) GOES 8 and (b) GOES 10 at the sudden commencement
and during the main phase of the storm on 22 October 1999.
The arrow on the time axis is the onset time when the time!
delayed Bz (IMF) turns negative.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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bounce-loss anisotropy at lower L-values, and a region of
high anisotropy along field lines with bifurcation of the Bmin
plane. Since we are interested specifically in this Shabansky
mechanism, we will look at particle trajectories in this very
distorted field to determine clues as to how this field con-
figuration produces anisotropies on the dayside, both off the
equator and near the equator.
[20] It should be noted that the anisotropies plotted in

Figures 2–4 do not include the effects EMIC waves will
have in reducing the anisotropy [Gary et al., 1994]. When
EMIC waves are amplified, they reduce the anisotropy until
marginal stability is obtained at a specific anisotropy value
[Anderson and Fuselier, 1994]. Therefore the anisotropies
plotted here should be considered peak values that would

diminish as EMIC waves are amplified. Observation-based
studies [Blum et al., 2009] use this criterion to infer EMIC
wave growth in a complementary approach to the one used
by McCollough et al. [2009].

3. Anisotropy Arising From Magnetic Field
Configuration

[21] McCollough et al. [2010] suggested a means for
temperature anisotropy to develop in response to a bifur-
cated Bmin plane that assumed qualitatively different particle
behaviors for particles of different initial equatorial pitch
angle. This is supported by the densities plotted in Figure 5:
the density on the left is for lower initial equatorial pitch

Figure 2. Hydrogen anisotropy in the SM X-Z plane for a b2 value of 1.0, with (left) a flux constant in L
and (right) the AP-8 flux after 50 min of simulation time. The anisotropy is only plotted in regions of
closed magnetic field lines, since we are only interested in the trapped particle dynamics. The local
field-aligned minima are denoted by blue crosses. In this case with a constant flux, the only anisotropy that
exists is that due to the bounce loss cone arising from a lack of isotropizing processes at lower values of L.
In contrast, using AP-8, a flux model that decreases with L, produces anisotropy that peaks at high values
of R, and at lower latitudes which is consistent with DSS-induced anisotropy.

Figure 3. Hydrogen anisotropy in the SM X-Z plane for a b2 value of 3.0, with (left) a flux constant in L
and (right) the AP-8 flux in the same manner as Figure 2. This field has a b2 value comparable to the MHD
field of McCollough et al. [2009]. There is bounce-loss anisotropy, as before, but there is now significant
anisotropy off the equator and in the vicinity of the bifurcated Bmin-plane, even with a flux constant in L.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
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observed with the IMAGE FUV instrument [Frey et al.,
2004]. These spots appear in the dawn magnetic local time
(MLT) sector (0300 to 1200 MLT) during the recovery
phase of geomagnetic storms and last for 1 to 4 hours. They
are related to plasmasphere refilling after geomagnetic
storms and are interpreted as a result of pitch angle
scattering of ions by either EMIC waves or electrostatic
ion Bernstein waves. Finally, nightside detached auroras
(NDA) during strong magnetic storms were studied by
Zhang et al. [2005]. The NDA were observed when Dst
was less than !130 nT at magnetic latitudes between 45!
and 55! and between 1930 and 0300 MLT. It was found that
the thin arc-shaped NDA were very likely due to soft
(<1 keV) ion precipitation, while thick patch-shaped NDA
were caused by energetic ("10 keV) ion precipitation.
[4] Several mechanisms were suggested for the formation

of the detached proton arcs in the afternoon/dusk sector. The
equatorial mapping of the detached arc to the plasmaspheric
drainage plume is suggestive of a mechanism involving the
interaction of hot ring current ions with cold plasmaspheric
material. This is an environment suitable for the amplifica-
tion of EMIC waves as first predicted by Cornwall et al.
[1970] and subsequently investigated by many others [e.g.,
Anderson et al., 1992; Gary et al., 1995]. Scattering by
EMIC waves will lead to the precipitation of ring current
protons and the excitation of subauroral arcs [Burch et al.,

2002; Spasojevic et al., 2004]. Another plausible mecha-
nism is bounce-resonance of ring current protons with
azimuthal Pc5 wave structures, as suggested by Immel
et al. [2005]. The present paper examines the first mecha-
nism using a kinetic ring current model that calculates self-
consistently the excitation of EMIC waves from the aniso-
tropic ring current ion populations. Two proton arc events
are selected for detailed numerical simulation and analysis:
the 23 January 2001 event and the 18 June 2001 event.
Descriptions of the observations and the model are given in
sections 2 and 3, respectively. The temporal and spatial
evolutions of the resulting global images of proton precip-
itation are compared for the first time with equatorial
projections of IMAGE observations in section 4. The main
conclusions are summarized in section 5.

2. Observations

[5] Global observations from the IMAGE FUV instru-
ment indicated signatures of subauroral precipitation in the
afternoon sector beginning around 2100 UT on 23 January
2001 [Immel et al., 2002; Burch et al., 2002]. The proton
aurora brightened significantly around 2300 UT and sepa-
rated from the main auroral arc, which receded by several
degrees toward the pole. The detached proton arc was
observed until "0025 UT on 24 January, after which the

Figure 1. (left) Proton aurora images from IMAGE FUV SI12 and (right) mapped to the Geocentric
Solar Magnetospheric (GSM) equatorial plane, (top) at "2330 UT on 23 January 2001 and (bottom) at
"1530 UT on 18 June 2001. The separation of subauroral arcs from the main oval is indicated with
arrows. The difference in the background between the top and bottom images is due to sunlight
contamination during the June event.
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observed with the IMAGE FUV instrument [Frey et al.,
2004]. These spots appear in the dawn magnetic local time
(MLT) sector (0300 to 1200 MLT) during the recovery
phase of geomagnetic storms and last for 1 to 4 hours. They
are related to plasmasphere refilling after geomagnetic
storms and are interpreted as a result of pitch angle
scattering of ions by either EMIC waves or electrostatic
ion Bernstein waves. Finally, nightside detached auroras
(NDA) during strong magnetic storms were studied by
Zhang et al. [2005]. The NDA were observed when Dst
was less than !130 nT at magnetic latitudes between 45!
and 55! and between 1930 and 0300 MLT. It was found that
the thin arc-shaped NDA were very likely due to soft
(<1 keV) ion precipitation, while thick patch-shaped NDA
were caused by energetic ("10 keV) ion precipitation.
[4] Several mechanisms were suggested for the formation

of the detached proton arcs in the afternoon/dusk sector. The
equatorial mapping of the detached arc to the plasmaspheric
drainage plume is suggestive of a mechanism involving the
interaction of hot ring current ions with cold plasmaspheric
material. This is an environment suitable for the amplifica-
tion of EMIC waves as first predicted by Cornwall et al.
[1970] and subsequently investigated by many others [e.g.,
Anderson et al., 1992; Gary et al., 1995]. Scattering by
EMIC waves will lead to the precipitation of ring current
protons and the excitation of subauroral arcs [Burch et al.,

2002; Spasojevic et al., 2004]. Another plausible mecha-
nism is bounce-resonance of ring current protons with
azimuthal Pc5 wave structures, as suggested by Immel
et al. [2005]. The present paper examines the first mecha-
nism using a kinetic ring current model that calculates self-
consistently the excitation of EMIC waves from the aniso-
tropic ring current ion populations. Two proton arc events
are selected for detailed numerical simulation and analysis:
the 23 January 2001 event and the 18 June 2001 event.
Descriptions of the observations and the model are given in
sections 2 and 3, respectively. The temporal and spatial
evolutions of the resulting global images of proton precip-
itation are compared for the first time with equatorial
projections of IMAGE observations in section 4. The main
conclusions are summarized in section 5.

2. Observations

[5] Global observations from the IMAGE FUV instru-
ment indicated signatures of subauroral precipitation in the
afternoon sector beginning around 2100 UT on 23 January
2001 [Immel et al., 2002; Burch et al., 2002]. The proton
aurora brightened significantly around 2300 UT and sepa-
rated from the main auroral arc, which receded by several
degrees toward the pole. The detached proton arc was
observed until "0025 UT on 24 January, after which the

Figure 1. (left) Proton aurora images from IMAGE FUV SI12 and (right) mapped to the Geocentric
Solar Magnetospheric (GSM) equatorial plane, (top) at "2330 UT on 23 January 2001 and (bottom) at
"1530 UT on 18 June 2001. The separation of subauroral arcs from the main oval is indicated with
arrows. The difference in the background between the top and bottom images is due to sunlight
contamination during the June event.
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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e!/s at 0.9 MeV. (Kiruna was 2 " 1017 e!/s at 1.7 MeV).
The January 19 event contributed four times as many
precipitated electrons as all the other MeVevents combined.
[12] Figure 5 shows the spatial distributions of soft

(triangles) and hard MeV (asterisks) events in MLT and
magnetic latitude; MeV events were only detected in the
afternoon or evening, while soft events were seen at all local
times, again demonstrating that the MeV events are distinct
from the softer precipitation.

3. Discussion

[13] Considerable attention has been recently focussed on
relativistic electrons in the radiation belts and on acceler-
ation processes in particular [Fujimoto and Nishida, 1990;
Summers et al., 1998; Hudson et al., 1999; Friedel et al,,
2002]. However, understanding and quantifying the losses
is equally important; the required source strength depends
on both the trapped flux and loss rate.
[14] The MAXIS GeD detected nine Kiruna-like MeV

precipitation events, with #40 minute average duration,
during the eight days it spent between 58!–68! magnetic
latitude (L = 3.8–6.7). From the X-ray fluxes, we infer the
total number of $0.5 MeV precipitating electrons to be #9
" 1021. Dividing by the instrument field of view and the
observing time of 8 days, we find an average precipitating
electron flux of #360 cm!2s!1. Assuming that the GeD

observed a representative sample of the precipitation, we
multiply this average flux by the total area between 58! and
68! magnetic latitude (2 " 1017cm2), and the observing
time to obtain a total of #5 " 1025 $ 0.5 MeVelectrons lost
during the eight day interval.
[15] To estimate the total number of trapped electrons,

dosimeter measurements on one of the GPS satellites in a
20,200 km altitude, 55! inclination circular orbit were used.
The outer radiation belt was assumed to be a torus
extending from L = 2 to L = 7 [Baker et al., 1998] giving
a total volume between L = 4 and L = 7 ( where measure-
ments were available) of 1.1 " 1029 cm3. Assuming an
isotropic pitch angle distribution, the median flux of 0.5–
3.6 MeV electrons measured between L = 4 and L = 7 by
GPS on January 19 between 2:30–6:10 UT, prior to any
observed MeV events, was 4.4 " 106 cm!2s!1. The total
number of trapped 0.5–3.6 MeV electrons is then estimated
to be #2 " 1025, so on average, the MeV precipitation
events would empty the outer radiation belts of relativistic
electrons in #3 days. Previous in-situ >450 keV electron
measurements found an e-folding decay time of #6 days
after a storm-related enhancement [Schulz and Lanzerotti,
1974]. Thus, these MeV precipitation events are likely to

Figure 3. (a) Count spectra for two MeV X-ray events and
a soft event together with the Kiruna event spectrum (solid
line). The GeD count rates for (b) the short MeV event on
Jan. 25 (crosses in a) that occurred during an interval of
slowly varying low energy precipitation (solid diamonds),
and (c) the longest and brightest MeV event observed (Jan.
19, open diamonds in a).

Figure 4. Histogram of spectral power law index between
100–180 keV for the 25 MAXIS events.

Figure 5. The distribution in magnetic latitude and
magnetic local time of MeV events (asterisks) and soft
precipitation (triangles). The solid line shows the balloon
trajectory.
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• 	  Lots	  of	  different	  types	  of	  waves	  
- 	  	  	  	  the	  main	  ones	  that	  might	  come	  up	  during	  the	  week	  in	  
breakout	  sessions	  highlighted	  here	  (with	  a	  weighVng	  
towards	  radiaVon	  belts!)	  

• 	  Relevance:	  	  waves	  can	  interact	  with	  parVcle	  populaVons	  in	  
the	  magnetosphere	  

- 	  	  	  	  acceleraVon	  and	  loss	  mechanisms	  for	  various	  parVcle	  
populaVons	  (e.g.	  radiaVon	  belts,	  ring	  current)	  
- 	  	  	  	  provide	  a	  way	  to	  transfer	  energy	  between	  different	  
parVcle	  populaVons	  
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Figure 10. Schematic representation of the regions in which 
chorus is generated. The figure shows the magnetic field in the 
noon-midnight meridian plane based on the magnetosphere 
field model of Mead and Fairfield [1975]. The regions in which 
chorus is thought to be produced are noted by dots. Near 
midnight, chorus is generated close to the magnetic equator by 
substorm-injected electrons from the plasma sheet. Chorus 
continues to be generated near the magnetic equator as the 
electrons drift around from dawn to noon. On the dayside at 
large L values, chorus is also generated over a much larger 
span of magnetic latitudes. Within 1-2 R•r of the magneto- 
pause, chorus may originate in minimum B pockets, which are 
local regions of minimum magnetic field strength that occur at 
high latitudes as a result of the solar wind compression of the 
dayside magnetosphere. From Tsurutani and Smith [1977, 
Figure 14]. 

below the ion cyclotron frequency (a value far below the 
electron cyclotron frequency), resonant electrons are 
typically relativistic (Ell > MeV) for this interaction to 
take place. Even so, it is speculated that such an insta- 
bility is occurring upstream of the Jovian magneto- 
sphere, perhaps as a result of leakage of Jovian radiation 
belt electrons [Smith et al., 1976; Goldstein et al., 1985]. 

The actual physical mechanism for particle pitch an- 
gle scattering due to electromagnetic waves is the 
Lorentz force. This is illustrated in Figure 12 for positive 
ions. At cyclotron resonance, the particle experiences 
the wave magnetic field B gyrating in phase with the 

ions ,.,., , • ,, ß • 

ion Right-hand wave 

Figure 11. Schematic illustrating anomalous cyclotron reso- 
nance between electromagnetic circularly polarized waves and 
positively charged particles. The left-hand ion overtakes the 
right-hand wave (V•i > Vph) and senses it left-hand polarized. 
The anomalous cyclotron resonance occurs when the condition 
to - kllV•l = -12 + is satisfied. Note that the relative motion 
between the particle and the wave Doppler shifts the wave 
down to the gyrofrequency. The interaction is "anomalous" 
because right-hand waves interact with left-hand ions. 

particle. For ease of visualization we separate particle 
Vñ and Vii components. Clearly the resonant interaction 
of particles with arbitrary pitch angles will include a 
combination of the two velocity components. In Figure 
12a, we show the case when the interaction is through 
Vñ. Since a constant B is imposed on the particle, the 
Lorentz force is in the B 0 direction. If the particle is 
propagating toward the right, the pitch angle will be 
decreased, and if the particle is traveling to the left, it 
will be increased. However, we have arbitrarily chosen 
the B to be in the upward direction in the figure. If the 
relative phase between the wave and particle were 
shifted by 180 ø such that B was pointing downward, all of 
the results stated previously would be reversed. 

Figure 12b shows the particle interaction due to the 
parallel component of particle velocity. Here the 
Lorentz force is in a direction opposite to that of the 
gyromotion of the left-hand ion. Therefore the interac- 
tion decreases Vñ (E ñ) and decreases the pitch angle of 
the particle. If the phase of the wave were different by 
180 ø, such that B was directed downward, F L would 
accelerate the particle in Eñ, and the pitch angle would 
be increased. 

Resonant wave-particle interactions occur on time- 
scales small in comparison with the cyclotron period, 
thus the first adiabatic invariant !* is not conserved (it is 
"broken"). In the inertial frame, the total energy of the 
particle is not conserved during the wave-particle inter- 
action. However, the energy of the particle in the rest 
frame of the wave is conserved as shown by the following 
physical argument. Let us assume that during wave par- 
ticle interaction a particle gains a quantum of energy, 
AE, from a wave. Then AE = hto/2,r, where to is the 
wave frequency and h is the Planck's constant. The gain 
in the parallel momentum of the particle will be 

hkll kll AE. mAVII = 2'rr - to 
If the energy gain is small compared to the total particle 
energy, then 

Wave-Particle (Cyclotron) Interaction 

a) a• _ b) 
v, 

\\ 

• B 0 

Ion 
example 

1,, B o 

Figure 12. Pitch angle scattering by resonant electromag- 
netic waves for (a) Vñ and (b) Vii components. The ¾ x B 
interaction with the wave B•o increases or decreases the paral- 
lel velocity of the particle, depending on the particle's direction 
of propagation. 
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ω − k||v|| = nΩe
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resonance	  when	  the	  Doppler	  
shioed	  wave	  frequency	  =	  
electron	  gyrofrequency:	  
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up of relativistic electrons a few days into the recovery
phase of storms has been found to be correlated with
geomagnetic indices, enhanced fluxes of seed electrons,
and enhanced chorus wave intensities (Meredith et al.,
2002, 2003a). Furthermore, the statistical study of O’Brien
et al. (2003) showed that electron flux enhancements
across the outer radiation belt are generally related to
both ULF and VLF/ELF activity.

During geomagnetic storms, electrons may also be
accelerated to relativistic energies by shock-induced
acceleration (Li et al., 1993, 1997; Hudson et al., 1997).
Substorm activity produces a source population that may
be abruptly moved by a pressure pulse into regions of
stronger magnetic field, which produces rapid enhance-
ment of the relativistic electrons in the outer zone
(Ingraham et al., 2001). However, such events are rather
rare and cannot explain most of the dynamic variability of
the radiation belts.

Losses outside the plasmasphere are driven by pitch-
angle scattering due to whistler-mode chorus waves
(Horne and Thorne, 2003; O’Brien et al., 2004; Thorne
et al., 2005a; Shprits et al., 2007b), and the combined
effect of losses to the magnetopause followed by outward
radial diffusion (Shprits et al., 2006c). Losses inside the
plasmasphere are dominated by plasmaspheric hiss
(Lyons et al., 1972; Lyons and Thorne, 1973; Abel and
Thorne, 1998; Meredith et al., 2006, 2007) and electro-
magnetic ion cyclotron (EMIC) waves (Millan et al., 2002;
Summers and Thorne, 2003; Meredith et al., 2003b;
Albert, 2003; Bortnik et al., 2006; Li et al., 2007).

2. Pitch-angle and energy diffusion

For an electron in a magnetic field, resonant interac-
tions occur when in the electron reference frame, multi-
ples of gyrofrequency are equal to the wave frequency, and
may be written in the lab frame as

o! kjjvjj " nOe=g; n " 0;#1;2;3; . . . , (1)

where o is the wave frequency, k|| and v|| are the
components of the wave vector and electron velocity
parallel to the ambient magnetic field, respectively, Oe is
the electron gyrofrequency, and g " (1!n2/c2)!1/2.

During resonant wave-particle interactions, ELF and
VLF waves can violate the first and second adiabatic
invariants and diffuse electrons in pitch-angle and energy.
Diffusion in pitch-angle transports electrons into the loss
cone, where they collide with atmospheric particles and
are lost from the system. Energy diffusion, which can be
significant during wave-particle interactions with several
types of waves, can harden the energy spectrum and
accelerate electrons to MeV energies. To quantify these
processes, a detailed knowledge of the amplitudes and
spectral properties of the waves is required. In this
section, we review the statistical properties of the
ELF/VLF and EMIC waves responsible for the violation of
the first and the second adiabatic invariants. Section 3
shows pitch-angle scattering simulations by various
plasma waves and estimates the loss timescales asso-
ciated with scattering by each type of wave, followed in
Section 4 by two-dimensional (2D) simulations of scatter-
ing in pitch-angle and energy. Section 5 presents three-
dimensional (3D) simulations of radial transport, local
acceleration, and pitch-angle scattering. Additional local
acceleration and loss mechanisms are briefly described in
Section 6. Section 7 summarizes this review and outlines a
roadmap for future research and model development.

2.1. Major types of waves capable of violating the first and
second adiabatic invariants

Fig. 2 shows examples of the ELF/VLF plasma waves
typically observed in the inner magnetosphere. Here, the
wave electric field spectral intensity is plotted against UT
for a single orbit beginning at perigee at 1742:18UT on
September 12, 1990, and ending at the next perigee at
0248:50UT on September 13, 1990. The magnetic local
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Fig. 1. Dominant acceleration and loss processes under quiet (left) and disturbed (right) geomagnetic conditions. Orange and blue circles close to the
Earth depict areas where Coulomb collision scattering and scattering by lightening-generated whistlers, respectively, play important roles. The hatched
area on the night-side represents scattering by VLF transmitters. The green arrow shows the circular trajectory of the relativistic electrons. Yellow
indicates the location of plasmaspheric hiss inside the plasmasphere and in the region of plumes. The light blue arrow shows the trajectory of the injected
ring current electrons that excite chorus waves (blue) on the dawn side, while the gray line corresponds to ring current ions exciting EMIC waves (red) on
the dusk-side of the plasmasphere and in the regions of plumes. The curved line indicates ULF waves driving inward and outward radial diffusion.
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Cluster’s location, we use a model that combines the internal
magnetic field model IGRF2000 and the external magnetic
field model TSK-05, depending on the solar wind pressure,
the Dst index, and the interplanetary magnetic field (IMF) Y
and Z components [Tsyganenko and Sitnov, 2005]. In addi-
tion, we projected Cluster trajectories along the magnetic
field onto the equatorial plane in order to derive the He+

gyrofrequency at the equatorial plane ( fHe+eq).
[9] An overview of Cluster C1 data including the electron

number density, the magnetic field, and power spectral

density of one of perpendicular components of the perturbed
magnetic field during the time interval from 14:00 to
15:36 UT is shown in Figure 2. Figure 2a shows a plume
crossed by Cluster C1 during the inbound plasmasphere
pass on 18 July 2005. Darrouzet et al. [2008] have identi-
fied the regions of the two density enhancements shown in
Figure 2(a) as substructures of a plasmaspheric plume.
When considering the double plume as being a single entity,
its boundaries can be defined as the first departure from the
background density (observed at 14:17 UT), referred to as
the outer boundary, and the final density step toward
background density (observed at 14:56 UT), referred to as
the inner boundary. Using the TSK-05 model, we locate the
outer and inner boundaries of the plume at L values of 9.4
and 7.4 and magnetic local time (MLT) values of 15:14 and
15:48, in agreement with the general location of plume
structures in the afternoon sector [Darrouzet et al., 2008]. In
the plasmaspheric plume, as shown in Figure 2b, the ring
current is revealed by the presence of strong fluxes of high-
energy (>10 keV) trapped ions [Vallat et al., 2004]. Besides
the HIA instrument of Cluster C1, the HIA and CODIF
instruments of Cluster C3 and C4 also observed energetic
ring current ions in the plasmaspheric plume (not shown
here). CODIF is equipped with a Retarding Potential
Analyzer (RPA), which allows more accurate measure-
ments in the !0.7–25 eV/q energy range for the ion species
(H+, He++, He+, and O+), with respect to the spacecraft
potential, covering the plasmaspheric energy domain [Rème
et al., 2001]. Therefore, the CODIF instrument in the RPA
mode is better for detecting plasmaspheric cold and thermal
ions, including H+, He+, and O+ [Darrouzet et al., 2006].
Unfortunately the RPA mode of the CODIF instrument was
not active during the time interval studied here.
[10] Figure 2c displays ion flux with energies of

25–35 keV measured by the HIA. The ion fluxes with pitch
angle of 80°–90° and 170°–180° are denoted by red and
blue lines, respectively. The trapped ion flux is usually
much greater than the precipitating ion flux. Therefore, to
obtain an accurate measurement of the precipitating ion
flux, it is important to select data from the HIA only when it
is measuring ions inside the loss cone. To do this the loss
cone angle at the satellite, corresponding to the edge of the
loss cone at Cluster C1, was determined by assuming con-
servation of the first adiabatic invariant [Lam et al., 2010]:

a " sin#1

!!!!!!!!!
Bsat

B120

r" #
; $1%

where Bsat is the ambient magnetic field at the spacecraft
and B120 is the ambient magnetic field at the “foot of the
field line,” i.e., the point where the magnetic field threading
the satellite intersects !120 km in altitude above Earth. The
magnetic field Bsat at the satellite can be obtained from
measurements of Cluster C1 FGM. The magnetic field B120
was calculated using the IGRF2000 model.
[11] Figure 2d shows the loss cone angle at Cluster C1.

Since the local loss cone angle is about 4°, observed ions
with pitch angle of 80°–90° should be trapped ions while
those with pitch angle of 170°–180° include trapped and
precipitating ions. Between 14:29 UT and 15:36 UT the
increase of ion flux with pitch angle of 80°–90° and energies
of 25–35 keV implies the enhancements of RC density. The

Figure 2. Overview of data from Cluster C1 between 14:00
and 15:36 UT on 18 July 2005. (a) Electron density derived
from the electron plasma frequency detected by the
WHISPER instrument. (b) HIA omnidirectional energy-
time spectrogram in particle flux units (no mass discrimi-
nation). (c) Ion flux with energies of 25–35 keV measured
by the HIA. Ion fluxes with pitch angles of 80°–90° and
170°–180° are denoted by red and blue lines, respectively.
(d) Local loss cone angle along Cluster C1 orbit. (e) Dis-
turbed magnetic field in the field-aligned coordinate system
measured by FGM with a time resolution of 0.1 s derived
by using a 25.6 s running window. The two perpendicular
components (DBt1 and DBt2) and the field-aligned compo-
nent (DBFA) of perturbed magnetic field in the field-aligned
coordinate system are denoted by red, blue, and green solid
lines, respectively. (f) Power spectral density (PSD) of the
DBt2 component of the disturbed magnetic field. Red verti-
cal solid lines denote two time intervals of enhanced PSDs
in the frequency range of Pc1-2 waves. Black vertical solid
lines denote boundaries of the plasmaspheric plume and
main plasmasphere.
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Cluster’s location, we use a model that combines the internal
magnetic field model IGRF2000 and the external magnetic
field model TSK-05, depending on the solar wind pressure,
the Dst index, and the interplanetary magnetic field (IMF) Y
and Z components [Tsyganenko and Sitnov, 2005]. In addi-
tion, we projected Cluster trajectories along the magnetic
field onto the equatorial plane in order to derive the He+

gyrofrequency at the equatorial plane ( fHe+eq).
[9] An overview of Cluster C1 data including the electron

number density, the magnetic field, and power spectral

density of one of perpendicular components of the perturbed
magnetic field during the time interval from 14:00 to
15:36 UT is shown in Figure 2. Figure 2a shows a plume
crossed by Cluster C1 during the inbound plasmasphere
pass on 18 July 2005. Darrouzet et al. [2008] have identi-
fied the regions of the two density enhancements shown in
Figure 2(a) as substructures of a plasmaspheric plume.
When considering the double plume as being a single entity,
its boundaries can be defined as the first departure from the
background density (observed at 14:17 UT), referred to as
the outer boundary, and the final density step toward
background density (observed at 14:56 UT), referred to as
the inner boundary. Using the TSK-05 model, we locate the
outer and inner boundaries of the plume at L values of 9.4
and 7.4 and magnetic local time (MLT) values of 15:14 and
15:48, in agreement with the general location of plume
structures in the afternoon sector [Darrouzet et al., 2008]. In
the plasmaspheric plume, as shown in Figure 2b, the ring
current is revealed by the presence of strong fluxes of high-
energy (>10 keV) trapped ions [Vallat et al., 2004]. Besides
the HIA instrument of Cluster C1, the HIA and CODIF
instruments of Cluster C3 and C4 also observed energetic
ring current ions in the plasmaspheric plume (not shown
here). CODIF is equipped with a Retarding Potential
Analyzer (RPA), which allows more accurate measure-
ments in the !0.7–25 eV/q energy range for the ion species
(H+, He++, He+, and O+), with respect to the spacecraft
potential, covering the plasmaspheric energy domain [Rème
et al., 2001]. Therefore, the CODIF instrument in the RPA
mode is better for detecting plasmaspheric cold and thermal
ions, including H+, He+, and O+ [Darrouzet et al., 2006].
Unfortunately the RPA mode of the CODIF instrument was
not active during the time interval studied here.
[10] Figure 2c displays ion flux with energies of

25–35 keV measured by the HIA. The ion fluxes with pitch
angle of 80°–90° and 170°–180° are denoted by red and
blue lines, respectively. The trapped ion flux is usually
much greater than the precipitating ion flux. Therefore, to
obtain an accurate measurement of the precipitating ion
flux, it is important to select data from the HIA only when it
is measuring ions inside the loss cone. To do this the loss
cone angle at the satellite, corresponding to the edge of the
loss cone at Cluster C1, was determined by assuming con-
servation of the first adiabatic invariant [Lam et al., 2010]:

a " sin#1
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Bsat

B120

r" #
; $1%

where Bsat is the ambient magnetic field at the spacecraft
and B120 is the ambient magnetic field at the “foot of the
field line,” i.e., the point where the magnetic field threading
the satellite intersects !120 km in altitude above Earth. The
magnetic field Bsat at the satellite can be obtained from
measurements of Cluster C1 FGM. The magnetic field B120
was calculated using the IGRF2000 model.
[11] Figure 2d shows the loss cone angle at Cluster C1.

Since the local loss cone angle is about 4°, observed ions
with pitch angle of 80°–90° should be trapped ions while
those with pitch angle of 170°–180° include trapped and
precipitating ions. Between 14:29 UT and 15:36 UT the
increase of ion flux with pitch angle of 80°–90° and energies
of 25–35 keV implies the enhancements of RC density. The

Figure 2. Overview of data from Cluster C1 between 14:00
and 15:36 UT on 18 July 2005. (a) Electron density derived
from the electron plasma frequency detected by the
WHISPER instrument. (b) HIA omnidirectional energy-
time spectrogram in particle flux units (no mass discrimi-
nation). (c) Ion flux with energies of 25–35 keV measured
by the HIA. Ion fluxes with pitch angles of 80°–90° and
170°–180° are denoted by red and blue lines, respectively.
(d) Local loss cone angle along Cluster C1 orbit. (e) Dis-
turbed magnetic field in the field-aligned coordinate system
measured by FGM with a time resolution of 0.1 s derived
by using a 25.6 s running window. The two perpendicular
components (DBt1 and DBt2) and the field-aligned compo-
nent (DBFA) of perturbed magnetic field in the field-aligned
coordinate system are denoted by red, blue, and green solid
lines, respectively. (f) Power spectral density (PSD) of the
DBt2 component of the disturbed magnetic field. Red verti-
cal solid lines denote two time intervals of enhanced PSDs
in the frequency range of Pc1-2 waves. Black vertical solid
lines denote boundaries of the plasmaspheric plume and
main plasmasphere.
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Cluster’s location, we use a model that combines the internal
magnetic field model IGRF2000 and the external magnetic
field model TSK-05, depending on the solar wind pressure,
the Dst index, and the interplanetary magnetic field (IMF) Y
and Z components [Tsyganenko and Sitnov, 2005]. In addi-
tion, we projected Cluster trajectories along the magnetic
field onto the equatorial plane in order to derive the He+

gyrofrequency at the equatorial plane ( fHe+eq).
[9] An overview of Cluster C1 data including the electron

number density, the magnetic field, and power spectral

density of one of perpendicular components of the perturbed
magnetic field during the time interval from 14:00 to
15:36 UT is shown in Figure 2. Figure 2a shows a plume
crossed by Cluster C1 during the inbound plasmasphere
pass on 18 July 2005. Darrouzet et al. [2008] have identi-
fied the regions of the two density enhancements shown in
Figure 2(a) as substructures of a plasmaspheric plume.
When considering the double plume as being a single entity,
its boundaries can be defined as the first departure from the
background density (observed at 14:17 UT), referred to as
the outer boundary, and the final density step toward
background density (observed at 14:56 UT), referred to as
the inner boundary. Using the TSK-05 model, we locate the
outer and inner boundaries of the plume at L values of 9.4
and 7.4 and magnetic local time (MLT) values of 15:14 and
15:48, in agreement with the general location of plume
structures in the afternoon sector [Darrouzet et al., 2008]. In
the plasmaspheric plume, as shown in Figure 2b, the ring
current is revealed by the presence of strong fluxes of high-
energy (>10 keV) trapped ions [Vallat et al., 2004]. Besides
the HIA instrument of Cluster C1, the HIA and CODIF
instruments of Cluster C3 and C4 also observed energetic
ring current ions in the plasmaspheric plume (not shown
here). CODIF is equipped with a Retarding Potential
Analyzer (RPA), which allows more accurate measure-
ments in the !0.7–25 eV/q energy range for the ion species
(H+, He++, He+, and O+), with respect to the spacecraft
potential, covering the plasmaspheric energy domain [Rème
et al., 2001]. Therefore, the CODIF instrument in the RPA
mode is better for detecting plasmaspheric cold and thermal
ions, including H+, He+, and O+ [Darrouzet et al., 2006].
Unfortunately the RPA mode of the CODIF instrument was
not active during the time interval studied here.
[10] Figure 2c displays ion flux with energies of

25–35 keV measured by the HIA. The ion fluxes with pitch
angle of 80°–90° and 170°–180° are denoted by red and
blue lines, respectively. The trapped ion flux is usually
much greater than the precipitating ion flux. Therefore, to
obtain an accurate measurement of the precipitating ion
flux, it is important to select data from the HIA only when it
is measuring ions inside the loss cone. To do this the loss
cone angle at the satellite, corresponding to the edge of the
loss cone at Cluster C1, was determined by assuming con-
servation of the first adiabatic invariant [Lam et al., 2010]:

a " sin#1

!!!!!!!!!
Bsat

B120

r" #
; $1%

where Bsat is the ambient magnetic field at the spacecraft
and B120 is the ambient magnetic field at the “foot of the
field line,” i.e., the point where the magnetic field threading
the satellite intersects !120 km in altitude above Earth. The
magnetic field Bsat at the satellite can be obtained from
measurements of Cluster C1 FGM. The magnetic field B120
was calculated using the IGRF2000 model.
[11] Figure 2d shows the loss cone angle at Cluster C1.

Since the local loss cone angle is about 4°, observed ions
with pitch angle of 80°–90° should be trapped ions while
those with pitch angle of 170°–180° include trapped and
precipitating ions. Between 14:29 UT and 15:36 UT the
increase of ion flux with pitch angle of 80°–90° and energies
of 25–35 keV implies the enhancements of RC density. The

Figure 2. Overview of data from Cluster C1 between 14:00
and 15:36 UT on 18 July 2005. (a) Electron density derived
from the electron plasma frequency detected by the
WHISPER instrument. (b) HIA omnidirectional energy-
time spectrogram in particle flux units (no mass discrimi-
nation). (c) Ion flux with energies of 25–35 keV measured
by the HIA. Ion fluxes with pitch angles of 80°–90° and
170°–180° are denoted by red and blue lines, respectively.
(d) Local loss cone angle along Cluster C1 orbit. (e) Dis-
turbed magnetic field in the field-aligned coordinate system
measured by FGM with a time resolution of 0.1 s derived
by using a 25.6 s running window. The two perpendicular
components (DBt1 and DBt2) and the field-aligned compo-
nent (DBFA) of perturbed magnetic field in the field-aligned
coordinate system are denoted by red, blue, and green solid
lines, respectively. (f) Power spectral density (PSD) of the
DBt2 component of the disturbed magnetic field. Red verti-
cal solid lines denote two time intervals of enhanced PSDs
in the frequency range of Pc1-2 waves. Black vertical solid
lines denote boundaries of the plasmaspheric plume and
main plasmasphere.
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