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PREFACE

These are exciting times for radiation belt research. After
11 years of planning and preparation, NASA’s Radiation
Belt Storm Probes (RBSP) blasted off from Cape Canaveral
Air Force Station, Florida, at 4:05 A.M. EDT on 30 August
2012. The identical twin spacecraft (A and B) were
launched aboard a United Launch Alliance Atlas V rocket
from Space Launch Complex 41 following a smooth count-
down. The probes, identically equipped with state-of-the-art
instrumentation and heavily shielded against the effects of
space radiation, were released from the Centaur upper stage
of the rocket one at a time into different orbits, thus
beginning a 2 year prime mission to study Earth’s radiation
belts. During the RBSP mission the twin spacecraft will
traverse both the inner and outer Van Allen radiation belts
that encircle the Earth twice per 9 hour orbit. Slightly
different apogees and orbital periods will cause one space-
craft to lap the other 4 to 5 times per year. The wealth of
data expected to be collected by RBSP on particles, plasma
waves, and electric and magnetic fields should provide
unprecedented insight into how the radiation belts evolve
in time and space. The overall goal of RBSP is to under-
stand, ideally to the level of predictability, how Earth’s
radiation belts vary in response to dynamical inputs origi-
nating from the Sun. This will require detailed understand-
ing of particle acceleration mechanisms, particle loss
processes, and particle transport in the inner magneto-
sphere. It will also require understanding how radiation belt
behavior links to or couples with the other important plasma
components in the inner magnetosphere, namely, the ring
current, plasmasphere, and ionosphere.
An important facet of the RBSP mission is to explore

the extremes of space weather, namely, the extreme con-
ditions in the space environment surrounding Earth that
can disrupt human technologies and possibly endanger
astronauts. For instance, magnetic storms induced by solar
events such as coronal mass ejections or high-speed solar
wind streams can generate highly energetic (“killer”) elec-
trons that can damage or even shut down Earth-orbiting
satellites. Magnetic storms can also give rise to geomag-

netically induced electric currents in the Earth that can
interfere with technologies on the ground such as electric
power grids. Energetic protons produced by solar storms
can pose a serious hazard to both satellite electronics and
astronauts. RBSP will produce a 24 hour space weather
broadcast using selected data from its suite of instruments
that will provide researchers a check on current conditions
near Earth. RBSP data will be used by engineers to design
radiation-hardened spacecraft and will enable forecasters to
predict space weather events in order to alert astronauts
and operators of spaceborne and ground-based technolo-
gies to potential hazards. The development of space
weather science has intensified over the last 10–15 years,
fueled by our increasing reliance on space technologies. In
parallel with the coming of age of space weather science,
there has been a resurgence in radiation belt research in
the last decade that indeed has served as a prelude to the
launch of RBSP.
In anticipation of the RBSP mission the AGU Chapman

Conference Dynamics of the Earth’s Radiation Belts and
Inner Magnetosphere was held during 17–22 July 2011 in
St. John’s, Newfoundland and Labrador, Canada. This vol-
ume is based largely on the material presented at this Chap-
man Conference. The conference was held with the aim of
drawing together radiation belt knowledge and refining sci-
ence questions for RBSP and other upcoming missions;
summaries of the conference are given by D. Summers,
I. R. Mann, and D. N. Baker (Eos, 92(49), 6 December
2011) and D. N. Baker, D. Summers, and I. R. Mann (Space
Weather, 9, S10008, doi:10.1029/2011SW000725, 2011).
Prevailing themes of the conference and this volume include
radiation belt particle acceleration and loss processes, parti-
cle transport in the inner magnetosphere, radiation belt re-
sponses to different solar wind drivers, and the control of
radiation belt dynamics by wave-particle interactions. A key
conclusion of the conference is that, despite more than
50 years of radiation belt investigations, our knowledge of
the radiation belts, both from observational and theoretical
points of view, is far from complete. The RBSP era promises
to significantly improve our understanding of the dramatic
and puzzling aspects of radiation belt behavior. We hope that
the present volume will serve as a useful benchmark at this
exciting and pivotal period in radiation belt research in
advance of the new discoveries that the RBSP mission will
surely bring.
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Introduction
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Earth’s radiation belts have attracted much experimental and theoretical investi-
gation since their discovery by James Van Allen in 1958. In this introductory
article, we briefly scan developments in radiation belt science since 1958, both
with respect to satellite observations and theory and modeling. We then provide an
overview of the articles in this book, which mainly derive from the 2011 Chapman
Conference on Dynamics of the Earth’s Radiation Belts and Inner Magnetosphere.
In the past decade, there has been a resurgence in radiation belt studies in parallel
with the rapid development of space weather science. NASA’s Radiation Belt
Storm Probes (RBSP) mission, which has just been launched at the time of writing,
promises to provide unprecedented measurements of the particles, electric and
magnetic fields, and plasma waves in the Earth’s radiation belts. This volume
provides a timely state-of-the-art account of radiation belt science prior to the start
of the RBSP era.

The discovery by James Van Allen in 1958 of the Earth’s
radiation belts (now “Van Allen belts”), using Explorer 1
data [Van Allen et al., 1958], was a momentous event in
space physics. The intense radiation environment around the
Earth has since attracted much scientific interest. Here we
recount some important developments in radiation belt re-
search, a selection of which we include in Table 1. The late
1950s and 1960s heralded the birth of the space age. Sputnik

1, launched on 4 October 1957 by the Soviet Union, was the
first successful Earth-orbiting satellite. The first commercial
telecommunications satellite Telstar-1, launched on 10 July
1962, carried a set of solid-state detectors to characterize the
radiation environment that the vehicle would encounter. A
day before the launch of Telstar, the Starfish high-altitude
nuclear explosion greatly enhanced the trapped electron
fluxes, thereby creating an artificial radiation belt in the
vicinity of Telstar’s orbit. The radiation environment was
further enhanced by a Soviet nuclear test in October 1962.
The resulting intense radiation caused the premature demise
of Telstar-1 in February 1963. The detectors onboard Telstar
were able to monitor the artificial radiation belt and record its
degradation via particle precipitation losses attributed to
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natural wave-particle interactions. Much theoretical work
has since been carried out to evaluate wave-particle interac-
tion processes in the Earth’s (natural) radiation belts. It is
interesting to note that prior to the discovery of the natural
radiation belts by Van Allen, the U.S. Air Force was prepar-
ing to carry out an experiment, code-named Argus, to study
the trapping of energetic particles by the Earth’s magnetic
field. It was actually suggested during the planning sessions
for Argus that a natural radiation belt might exist around the
Earth. Then, immediately following Van Allen’s discovery of
the Earth’s radiation belts, the U.S. Air Force exploded the
Argus high-altitude nuclear bombs in order to create artificial
radiation belts. These artificial belts were studied by the
satellite Explorer 4, built for this purpose by Van Allen and
his group.
The Soviet spacecraft Sputniks 2 and 3 also contributed to

the early measurements of the Earth’s radiation belts. An
experiment by S. N. Vernov et al. on board Sputnik 2,

launched on 3 November 1957 before Explorer 1, might
have discovered the radiation belts, but the orbit was in far
northern latitudes. It was thus beneath most of the outer
radiation belt when it was monitored in the USSR. Moreover,
published data from Sputnik 2, which showed increased
detector count rates above the USSR, were not reported as
unusual, nor interpreted as geomagnetically trapped particles
[Vernov et al., 1959]. Subsequently, Sputnik 3 confirmed the
existence of the Earth’s inner and outer radiation belts, which
had already been found and documented by Van Allen.
With the launches of Syncom 3 in 1964 and Intelsat 1 in

1966, geosynchronous orbit (GEO) soon became the pre-
ferred orbit for commercial communications and television
broadcasts. NASA launched the Applications Technology
Satellite (ATS-1) in December 1966. In addition to its com-
munications experiments, ATS-1 carried three separate
charged particle instrument suites designed to characterize
the GEO radiation environment. These instruments provided

Table 1. Developments in Radiation Belt Science

Satellites and Observations Theory and Modeling

Timeline Event Timeline Description

1958 Discovery of the Earth’s radiation belts by
James Van Allen using Explorer 1

1907, 1933,
1955

Stormer: motion of a charged particle in a dipole
magnetic field

1958 Creation of artificial radiation belts by Argus
high-altitude nuclear bombs

1960s Development of fundamental radiation belt theory
(particle sources, losses, transport, diffusion)

1958 Sputnik 3 confirms the existence of the Earth’s
radiation belts

1960s Development of AE, AP models of radiation belt
electron, proton environment

1960s Polar Operational Environmental Satellites
(POES) program of polar orbiting
satellites begins

1961 McIlwain L shell parameter

1962 Starfish high-altitude nuclear explosion:
artificial radiation belt produced

1963 Northrop: adiabatic invariants

1962–1963 Telstar-1 1964 Andronov and Trakhtengerts: kinetic instability of
the outer radiation belt

1966 Launch of (geosynchronous) Applications
Technology Satellite-1

1965 Falthammar: radial diffusion produced by
time-varying electric field

1970s–1980s–
1990s

Radiation belts observed at Jupiter, Saturn,
Uranus, Neptune (Pioneer 11, Voyagers 1, 2)

1966 Kennel-Petschek theory

1975 Launch of GOES geostationary satellites begin 1970 Roederer L* parameter
1976 Los Alamos National Laboratory geosynchronous

satellite energetic particle measurements begin
1974 Schulz and Lanzerotti monograph on radiation belt

particle diffusion
1990–1991 CRRES 1981 Gendrin: wave-particle interactions
1992 Launch of Solar, Anomalous, and Magnetospheric

Particle Explorer (SAMPEX)
1991 Vette AE-8 model of trapped electron

environment
1994 Term “killer electrons” coined 1996 AGU Geophysical Monograph-Radiation Belts:

Models and Standards
1996–2008 Polar 2000s Resurgence of radiation belt studies
2000s Coming of age of space weather science 2011 AGU Chapman Conference: Dynamics of the

Earth’s Radiation Belts and Inner
Magnetosphere, St. John’s, Canada

2012 Launch of Radiation Belt Storm Probes (RBSP)

2 INTRODUCTION



new and fundamental information on the dynamics of the
radiation belts that would impact commercial and govern-
ment space systems at GEO, including the discovery of the
dramatic changes that can occur during geomagnetic storms
(both the intense particle enhancements and depletions) and
the rapid access of solar energetic particles to GEO.
Early in the space program, the charged particle data

being gathered by numerous satellites circling the Earth
(such as Interplanetary Monitoring Platforms (IMPs), Ex-
plorers (especially Explorer 26), Orbiting Geophysical Ob-
servatories (OGOs), International Sun-Earth Explorer
(ISEE) 1, 2) were incorporated into the so-called AE, AP
models of the radiation belt electron and proton environ-
ment. The NOAA Polar Operational Environmental Satel-
lites (POES) program began in the 1960s, while the
Geostationary Operational Environmental Satellites (GOES)
program began in 1975. Los Alamos National Laboratory
(LANL) geosynchronous satellite energetic particle mea-
surements began in 1976. The POES, GOES, and LANL
satellites continue to monitor the radiation environment
today.
A particularly valuable source of radiation belt data is the

Combined Release and Radiation Effects Satellite (CRRES),
which was launched on 25 July 1990 and functioned until
12 October 1991 [Johnson and Kierein, 1992]. The space-
craft had a geosynchronous transfer orbit, namely, an ellipti-
cal orbit with a perigee of 1.05 RE and apogee of 6.26 RE,
with respect to the Earth’s center, with an inclination of
18.15°. The outermost L shell reached by CRRES was about
L = 8. The orbital period was about 9 h 55 min, and the
apogee precessed from 10:00 magnetic local time (MLT) to
14:00 MLT through midnight before the mission ended. The
satellite was, thus, able to provide excellent coverage of
the radiation belts for nearly 15 months since it traversed the
inner magnetosphere on average about 5 times per day. The
CRRES particle, field, and wave data remain a valuable (and
still not fully mined) radiation belt resource today.
In 1992, NASA launched the Solar, Anomalous, and Mag-

netospheric Particle Explorer (SAMPEX) satellite with a
nearly circular, low-Earth (600 km), high-inclination (82°)
orbit with a period of about 100 min [Baker et al., 1993].
While the primary mission of SAMPEX was to measure
cosmic rays and solar energetic particle enhancements, the
spacecraft also carried highly sensitive electron detectors.
The latter instruments served to reveal new insights into
radiation belt dynamics and to provide monitoring of the
radiation belts on a continuous basis. SAMPEX has, in fact,
proved to be one of the best NASA radiation belt missions.
The SAMPEX spacecraft is scheduled to end its mission and
reenter the Earth’s atmosphere by December 2012. The con-
tribution of SAMPEX to our knowledge of the radiation belts

over its 20 year mission is the subject of an article by Baker
and Blake [this volume].
The NASA spacecraft Polar, carrying charged particle,

field and electromagnetic wave instruments, was launched
in 1996 and primarily designed to study the polar magneto-
sphere and aurora [Acuña et al., 1995]. Polar was placed in a
highly elliptical orbit with perigee 1.8 RE and apogee 9.0 RE,
with an inclination of 86°, and a period of about 17.5 h.
Notwithstanding its primary mission, as its orbit precessed
over time, Polar made valuable observations of the Earth’s
radiation belts and equatorial inner magnetosphere. The Po-
lar mission was terminated in April 2008.
The NASA twin-spacecraft Radiation Belt Storm Probes

(RBSP) mission, successfully launched in August 2012,
should provide the most complete measurements hitherto
made of the charged particles, fields, and waves in the Earth’s
radiation belts. The overall objective of RBSP is to provide
understanding, ideally to the point of predictability, of the
dynamics of radiation belt particles in response to variable
energy inputs from the Sun. Equivalently, this will require a
complete understanding of the energization, transport, and
loss processes of radiation belt particles in time and space.
The RBSP spacecraft will have 600 km perigee, 5.8 RE

geocentric apogee, and will traverse both inner and outer
radiation belts twice per 9 h orbit. The low-inclination
(10°) orbit will permit RBSP to access essentially all mag-
netically trapped particles. The sunward oriented spin axis
will permit full particle pitch angle distribution sampling
twice per 12 s spin and ensure accurate measurements of the
dominant dawn-to-dusk electric field component. The iden-
tically instrumented spacecraft will carry five suites of in-
struments: Energetic Particle Composition and Thermal
Plasma Suite (ECT), Electric and Magnetic Field Instrument
Suite and Integrated Science (EMFISIS), Electric Field and
Waves (EFW) Instrument, Radiation Belt Storm Probes Ion
Composition Experiment (RBSPICE), and Proton Spectrom-
eter Belt Research (PSBR). Collaborations are planned for
RBSP with the Time History of Events and Macroscale
Interactions during Substorms (THEMIS) and Balloon Array
for Radiation belt Relativistic Electron Losses (BARREL)
missions. Details of the mission design, instruments, and
science questions related to RBSP are given in an article by
Kessel [this volume].
In the right-hand side of Table 1, selected developments in

radiation belt theory and modeling are listed. We comment
here, briefly, on some of these developments.
C. Stormer was the first to calculate the different types of

trajectory of a charged particle moving in a dipole magnetic
field [Stormer, 1907, 1933, 1955]. His landmark work,
which was carried out before the discovery of the Earth’s
radiation belts, is still relevant today. Stormer determined
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“allowed regions” and “forbidden regions” in the vicinity of
the Earth that can or cannot be reached by a charged particle
traveling toward the Earth. Calculation of such regions is
relevant to determining the regions near the Earth that can be
accessed by solar energetic particles (SEP) and galactic
cosmic rays (GCR) and can be applied to the problem of
creating a “magnetic shield” around a spacecraft to protect it
from highly energetic particles. It is clearly of interest to
determine the extent to which Stormer’s theory is applicable
to a time-dependent geomagnetic field. For instance, Kress et
al. [2005] show that a generalization of Stormer’s theory, to a
time dependently perturbed dipole magnetic field, is relevant
to SEP geomagnetic trapping
The fundamental physics of the radiation belts was devel-

oped in the 1960s in parallel with the early radiation belt
particle observations. The main topics addressed then were
precisely those with which we are concerned today, namely,
radiation belt particle sources and losses, transport, and
diffusion. Andronov and Trakhtengerts [1964] and Kennel
and Petschek [1966] showed that radiation belt particle
distributions can be unstable to the generation of plasma
waves. Thus, there was early recognition of the importance
of wave-particle interactions and, in particular, of particle
precipitation resulting from resonant pitch angle scattering
by electromagnetic waves. Seminal approaches to radiation
belt modeling were established by Northrop [1963], who
showed that radiation belt particle dynamics could be de-
scribed in terms of three adiabatic invariants, and Fälthammar
[1965], who developed a radial diffusion equation. Subse-
quently, Schulz and Lanzerotti [1974] published a comprehen-
sive account of what might be called the classical theory of
particle diffusion in the radiation belts. The framework of
radiation belt dynamics was simplified by the introduction
of the magnetic shell parameter L by McIlwain [1961] and,
later, the (adiabatically invariant) generalized L shell parame-
ter L* by Roederer [1970]. A synthesis of the early literature
on radiation belt studies, both theoretical and experimental, is
provided by Hess [1968]. Gendrin [1981] devised a method
for treating wave-particle interactions by evaluating wave
growth and particle diffusion in terms of the relative config-
uration of specified curves in the particle velocity space. Van
Allen [1983] provides a retrospective view of the discovery of
Earth’s radiation belts and the early developments in magne-
tospheric physics.
The 1970s to the 1980s was largely a period of stagnation

in studies of the Earth’s radiation belts. The prevailing senti-
ments were that the radiation belts were static, the necessary
theory had been developed, and that the radiation belts were
well understood. A dramatic change in thinking in the radi-
ation belt science community occurred in the 1990s as a
result of observations by the CRRES and SAMPEX satel-

lites. The new radiation belt of highly relativistic electrons
created in minutes by the March 1991 shock injection, ob-
served by CRRES, was without precedent. The complexity
of radiation belt dynamics revealed by the CRRES particle
and wave instruments was unexpected. Moreover, SAMPEX
provided a totally new insight into how the radiation belts
evolve in time with respect to solar events, geomagnetic
storms, and over the solar cycle. The 1990s, and especially
the 2000s, saw an intensification of radiation belt studies,
with attempts to create realistic models of the dynamical
radiation belts that were now known to change over many
time scales. The AGU volume edited by Lemaire et al.
[1996] provides a useful account of radiation belt modeling
at that time.
The resurgence in radiation belt studies, continuing today,

is partly the result of the emergence of space weather science.
Increasing human reliance on spacecraft technology has
caused an increased need to protect spacecraft against such
space weather hazards as “killer electrons,” the highly ener-
getic (~MeV) electrons that can be generated in the outer
radiation belt during geomagnetic storms (the evocative term
“killer electrons” was coined in an article by Graham
[1994]). Understanding exactly how, and under what circum-
stances, killer electrons are generated remains a great chal-
lenge in radiation belt physics. As well, notwithstanding
considerable efforts over the last decade, radiation belt mod-
eling attempts face significant difficulties, e.g., multidimen-
sional, time-dependent models are required but lack global
spatiotemporal information on the various plasma wave
modes that control radiation belt particle dynamics, reliable
magnetic field models that are valid under disturbed condi-
tions are unavailable, classical radial diffusion theory may
not be as widely applicable as previously thought, and quasi-
linear theory of wave-particle interactions may need to be
augmented or replaced by nonlinear theories. Further, radia-
tion belt dynamics couples with the ring current, plasma-
sphere, and ionosphere, so realistic radiation belt models
should incorporate such coupling. The papers in this volume
speak to these challenges in radiation belt modeling, as well
as providing a current state-of-the-art account of radiation
belt science.
The contents of this monograph are as follows.
As a historical prelude, Lanzerotti [this volume] describes

in a narrative style the development of technologies on the
Earth and in space and how the space environment around
the Earth has affected their design and operation. Lanzerotti’s
article is written partly with reference to Newfoundland,
Canada, the location of the Chapman Conference from which
this book derives. Newfoundland played key roles in world
communication “firsts,” including the landing of the first
trans-Atlantic telegraph and telecommunications cables, and
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the first reception of trans-Atlantic wireless signals at Signal
Hill in St. John’s.
The second section addresses our current state of knowl-

edge of the Earth’s radiation belts. At the approach to sun-
spot minimum, recurrent solar wind streams typically cause
geomagnetic storms and enhanced relativistic electrons in
the outer radiation belt. On the other hand, strong magnetic
storms associated with aperiodic coronal mass ejections
occur most frequently around sunspot maximum. Such dis-
turbances can also cause significant radiation belt enhance-
ments. Baker and Blake [this volume] illustrate these
phenomena by using SAMPEX particle data to characterize
the differences in radiation belt behavior over the course of
the 11 year solar activity cycle. The remaining papers in the
second section relate to particular types of plasma wave in
the inner magnetosphere that are considered to be instrumen-
tal in controlling radiation belt particle dynamics. Cattell et al.
[this volume] review measurements from the STEREO and
Wind Waves waveform capture instruments of large-ampli-
tude whistler mode waves. These waves, which are different
from whistler mode chorus, are shown by simulations to
result in rapid electron energization by many MeVas a result
of nonlinear processes including phase trapping. A key
implication of the work of Cattell et al. is that quasilinear
treatments of electron energization and scattering may not be
adequate for understanding radiation belt dynamics. Fraser
et al. [this volume] use GOES data to classify various types
of electromagnetic ion cyclotron (EMIC) waves at geosyn-
chronous orbit (L = 6.6). EMIC wave scattering is thought to
contribute significantly to radiation belt MeV electron losses
and localized ring current ion decay. Mann et al. [this
volume] present an overview of the role of ULF waves in
radiation belt dynamics. These authors characterize ULF
waves around electron drift orbits on a mesoscale and global
scale by using the ground-based magnetometer arrays CAR-
ISMA and THEMIS GMAG. ULF waves are highlighted for
their role in influencing a wide range of radiation belt accel-
eration, transport, and loss processes, including cross-energy
coupling of the radiation belts with the ring current and
plasmasphere.
The third section addresses satellite missions that will

probe the Earth’s radiation belts and inner magnetosphere,
specifically NASA’s RBSP mission, the Japanese Energiza-
tion and Radiation in Geospace (ERG) project, and the
Russian RESONANCE mission. We have already provided
information on the RBSP mission in the Preface and earlier
in the Introduction. Kessel tracks the progress of RBSP from
formulation and development of the science objectives
through instrument selection to mission design, integration,
and testing, with an emphasis on how the chosen measure-
ments address the science objectives. Following the success-

ful launch of RBSP on 30 August 2012 (see Figure 1),
commissioning of the instruments will take place during
September and October in 2012, with the start of normal
operations scheduled for 1 November 2012. While the initial
period of operation of RBSP will be 2 years, both RBSP
spacecraft carry sufficient propellant for up to 5.5 years of
normal operations. Miyoshi et al. [this volume] describe the
ERG mission, which is a science satellite program of the
Institute of Space and Astronautical Science (ISAS)/Japan
Aerospace Exploration Agency (JAXA). The ERG satellite
will explore how relativistic electrons in the radiation belts
are generated during space storms. ERG will measure the
plasma distribution function, electric and magnetic fields,
and plasma waves. A new and innovative technique will be
used for wave-particle interactions that directly measures the
energy exchange process between particles and waves. ERG
has been approved for implementation with a nominal launch
date of December 2015. Mogilevsky et al. [this volume]
provide an overview of the current state of the Russian
RESONANCE project. RESONANCE is a four-satellite mis-
sion designed to investigate wave processes in the inner
magnetosphere related to resonant wave-particle interactions.
A characteristic feature of this mission is that the four satel-
lites will make long-term simultaneous measurements of
electromagnetic fields and particle fluxes at different loca-
tions in the same magnetic flux tube. The RESONANCE
spacecraft will be launched in two steps. The first pair of
satellites is due to be launched at the end of 2014; the launch
of the second pair is planned for March–April 2015.
In the fourth section, the modeling of radiation belt elec-

tron dynamics using global MHD simulations is addressed.
Elkington et al. [this volume] analyze the azimuthal mode
structure of ULF waves during the 24–26 September 1998
geomagnetic storm and find that the bulk power in the
fluctuating electric and magnetic field components can be
described by low (m < 3) mode numbers during the storm
recovery phase, but that there was significant power in the
higher mode numbers (m > 3) during the main phase. These
results have implications for the commonly made assump-
tion m = 1 used in studies of the interaction of radiation belt
particles with global ULF waves. Ozeke et al. [this volume]
employ ULF wave-driven radial diffusion simulations of
outer radiation belt electrons and demonstrate that the radial
diffusion coefficients hitherto typically used in such models
may not actually be correct. Ozeke et al. rederive the radial
diffusion coefficient as the sum of a term due to electric field
fluctuations and a term due to magnetic field fluctuations.
They then show that corresponding electron flux enhance-
ments at lower L shells can be several orders lower than the
flux enhancements obtained using the commonly employed
diffusion coefficients. In the final paper of the fourth section,
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Kress et al. [this volume] call into question the modeling of
the radial transport of radiation belt electrons by the very
process of electron diffusion. Kress et al. compare radial
diffusion with transport modeled by computing electron-
guiding center trajectories in MHD magnetospheric model
fields and claim that the radial transport of MeV outer radi-
ation belt electrons due to moderate solar wind fluctuations is
not well modeled by a diffusion equation.
The fifth section mainly addresses the topics of localized

radiation belt particle injection and radiation belt flux “drop-
outs.” Aside from the artificial injection of energetic elec-
trons into the radiation belts by such means as high-altitude

nuclear explosions and relativistic electron beam injections
from a satellite, there are two main forms of radiation belt
particle injection. These are particle injection from the mag-
netotail and rapid particle energization by a shock front
passing through the inner magnetosphere. Liemohn et al.
[this volume] analyze time scales for localized particle injec-
tions to spread into a thin shell and find, for instance, that at
L = 2.8 (in the slot region) during quiet driving conditions, it
takes 4–6 h for a narrow MLT initial distribution of 3 MeV
electrons to transform into a uniformly distributed ring. This
result implies that the common assumption of instant sym-
metrization with respect to MLT of a localized injection of

Figure 1. Launch of the United Launch Alliance Atlas V 401 rocket carrying the NASA Radiation Belt Storm Probes at
Cape Canaveral Air Force Station on 30 August 2012. Photo credit: Pat Corkery, United Launch Alliance.
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~MeVelectrons is incorrect and clearly has ramifications for
radiation belt modeling. Using particle observations from the
spacecraft Akebono, Nagai [this volume] reports a rapid
storm time rebuilding of the central part of the outer radiation
belt over a timescale of a few hours. Since this rebuilding
coincides with a large-scale dipolarization of the magnetic
field caused by storm time substorms, it is likely that elec-
trons are transported from the magnetotail by an intense
substorm-associated electric field. Blake [this volume] pre-
sents hitherto unreported CRRES data on the well-known
shock injection of 24 March 1991, that produced a new
radiation belt in the slot region. It is hoped that analysis of
these unpublished CRRES observational details of the first
minutes of the rapid injection may prove useful in the anal-
ysis of data from the RBSP mission. Turner et al. [this
volume] provide a current understanding of the sudden de-
pletion of the outer radiation belt electron fluxes known as a
flux dropout. Dropouts are characterized by the depletion of
electron fluxes by up to several orders of magnitude over a
broad range of L shells, energies, and equatorial pitch angles
in just a few hours.Hendry et al. [this volume] emphasize the
importance of energetic electron precipitation in flux drop-
outs occurring during high-speed solar wind stream-driven
storms. In the final paper of this section, Thomson [this
volume] analyzes the background variability of the equato-
rial magnetosphere as inferred from a long time series of
GOES data and suggests that the dominant component of the
variability in the solar wind, the driver of the magnetosphere,
comes from the discrete normal modes of the Sun.
Whistler mode chorus waves are known to play an impor-

tant role in controlling radiation belt dynamics. In the sixth
section, on wave-particle interactions, Omura et al. [this
volume] discuss the generation processes of chorus emis-
sions and summarize the current status of nonlinear wave
growth theory. The generation mechanisms of chorus in-
volve the nonlinear dynamics of resonant electrons and the
formation of electromagnetic “holes” or “hills” that result in
resonant currents generating rising-tone emissions or falling-
tone emissions, respectively. Summers et al. [this volume]
analyze the generation of a whistler mode rising-tone chorus
element and are able to construct complete time-profiles for
the wave amplitude that smoothly match at the interface of
the linear and nonlinear growth phases. Albert et al. [this
volume] analyze nonlinear, test-particle behavior under the
action of a coherent quasimonochromatic wave using a
Hamiltonian approach, with a view toward practical long-
term modeling of nonlinear wave-particle interactions in the
radiation belts. Ripoll and Mourenas [this volume] adopt
quasilinear diffusion theory and, by using effective analytical
approximations, determine precipitation lifetimes for radia-
tion belt electrons due to resonant scattering by whistler

mode hiss waves. Ni and Thorne [this volume] discuss how
wave-particle interactions, specifically resonant electron in-
teractions with whistler mode chorus and electrostatic elec-
tron cyclotron harmonic waves, play a dominant role in the
scattering of injected plasma sheet electrons leading to dif-
fuse auroral precipitation.
The seventh section relates to how cross-energy coupling

of the particle populations of the radiation belts, ring current,
plasmasphere, and ionosphere influences the dynamics of the
inner magnetosphere. Using numerical modeling, Jordanova
[this volume] finds that storm time development of the ring
current affects radiation belt dynamics in three ways: it
depresses the background magnetic field on the nightside,
provides a low-energy seed population for the radiation belts,
and generates electromagnetic wave modes that scatter radi-
ation belt particles. Siscoe and Fok [this volume] analyze the
recently formulated Love-Gannon relation connecting the
storm time ring current to the dawn-dusk asymmetry in
the geomagnetic field observations on the ground at low
latitudes. The (possibly controversial) relation, which states
that the dawn-dusk asymmetry is proportional to theDst index,
may cause a revision of some classical ideas of magnetospheric
dynamics and magnetosphere-ionosphere coupling.
Moldwin and Zou [this volume] argue that the plasma-

pause, which acts as a separator between different wave and
particle environments in the inner magnetosphere, should be
considered the plasmasphere boundary layer (PBL). The
PBL concept captures the complexity and local dynamics of
the plasmapause with respect to both L shell and azimuth.
The PBL modulates ULF and plasma waves, which in turn
modulate the higher-energy particle populations in the inner
magnetosphere.
It is accepted that ion outflow from the polar ionosphere is

a significant supplier of plasma to the terrestrial plasma sheet
and ring current. Yau et al. [this volume] model the transit of
polar wind oxygen O+ ions to the storm time inner magne-
tosphere and find that such outflow could explain the prompt
presence of energetic O+ ions in the plasma sheet and ring
current at the storm onset. Haaland et al. [this volume] use
measurements from the Cluster mission to quantify the
amount of cold plasma supplied to the magnetosphere from
the polar ionosphere for various geomagnetic disturbance
levels and solar wind conditions.
Reversal of the geomagnetic field polarity has dramatic

effects on the radiation belts and ring current, as well as on
the access to the magnetosphere of GCR and SEP. Lemaire
and Singer [this volume] use an adaptation of Stormer’s
theory to determine the depletion, rebuilding, and character-
istic properties of the radiation belts over the course of a
geomagnetic field reversal. These results may provide insight,
for instance, on the role of the northward/southward turning of
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the interplanetary magnetic field on the dynamics of today’s
inner magnetosphere as well as in paleomagnetospheres.
In the penultimate section, three papers discuss particular

issues related to space weather and the radiation belts.
O’Brien et al. [this volume] provide details of the various
types of space weather hazards from energetic electron and
ion populations that affect spacecraft and describe the type of
information that the satellite design community needs from
the radiation belt science community. In general, the satellite
design community needs worst case and mean radiation
environment specifications. O’Brien et al. make recommen-
dations on how the science community can improve the
quality and quantity of knowledge transfer to the satellite
designers. Fennel et al. [this volume] examine energetic
electron responses to storms that occurred during 1998–
2008 in the inner magnetosphere, 2 ≤ L ≤ 4, using HEO3
data. They conclude that a definitive explanation of the
electron flux response to storms, namely, “flux increase,”
“no response,” or “flux decrease” requires a better combina-
tion (than is currently available) of electron observations and
supporting information on plasma waves, plasmapause posi-
tion, magnetopause position, and ring current penetration. Li
et al. [this volume] describe the space weather mission
CSSWE, which was launched on 13 September 2012. The
science objectives of CSSWE are twofold: to determine the
precipitation loss and evolution of the energy spectrum of
radiation belt electrons, and to investigate the relationship of
solar flare properties to the timing, duration, and energy
spectrum of SEPs reaching the Earth. This NSF-funded
Cubesat mission will not only provide valuable space weather
data but also provide training for the next generation of
engineers and scientists.
Finally, in the last section, we examine radiation belts

beyond the Earth. All the strongly magnetized planets of the
solar system have robust radiation belts extending to relativ-
istic energies. It is natural to ask what we have learned about
the Earth’s radiation belts that can immediately carry over to
the other planetary radiation belts, and what lessons can be
learned about the Earth’s radiation belts from a comparative
study of solar system radiation belts. Mauk [this volume]
uses the Kennel-Petschek differential flux limit to compare
the radiation belts at Earth, Jupiter, Saturn, Uranus, and
Neptune and further provides a cautionary tale about at-
tempts to apply radiation belt physics to hyperenergetic
radiation regions outside the solar system.
Plasma wave emissions have been detected at all of the

planets that have been visited by spacecraft equipped with
plasma wave instruments. Wave-particle interactions involv-
ing whistler mode chorus, hiss, equatorial noise, and electron
cyclotron harmonic waves are implicated in the acceleration
and loss of radiation belt particles and are expected to play a

major role in radiation belt dynamics throughout the solar
system. Hospodarsky et al. [this volume] summarize the
properties of these wave modes and discuss the similarities
and differences of the plasma waves detected at the Earth,
Jupiter, and Saturn.
To conclude, we thank all the authors for their stimulating

contributions and hope that this volume will prove to be a
valuable resource for experienced researchers and beginning
graduate students alike.
Note added in proof: NASA has recently renamed the

Radiation Belt Storm Probes (RBSP) mission. At a special
ceremony held at the Johns Hopkins University Applied
Physics Laboratory, Laurel, Maryland, on 9 November
2012, NASA renamed the mission as the Van Allen Probes
in honor of James Van Allen, the discoverer of Earth's
radiation belts. The ceremony also highlighted the successful
commissioning of the spacecraft.
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Space Weather: Affecting Technologies on Earth and in Space

Louis J. Lanzerotti

Center for Solar Terrestrial Research, New Jersey Institute of Technology, Newark, New Jersey, USA

Beginning with the era of development of electrical telegraph systems in the early
nineteenth century, the space environment around Earth has influenced the design
and operations of ever-increasing and sophisticated technical systems, both on the
ground and now in space. Newfoundland had key roles in important first events in
communications, including the landing of the first working telegraph cable in
Heart’s Content (1866), the first reception of trans-Atlantic wireless signals at
Signal Hill in St. John’s (1901), and the North American location of the first
trans-Atlantic telecommunications cable in Clarenville (1956). All of the systems
represented by these “firsts” suffered from effects of space weather. This paper
reviews some of the historical effects of space weather on technologies from the
telegraph to the present, describing several events that impacted communications
and electrical power systems in Canada. History shows that as electrical technol-
ogies changed in nature and complexity over the decades, including their inter-
connectedness and interoperability, many important ones continue to be susceptible
to space weather effects. The effects of space weather on contemporary technical
systems are described.

1. INTRODUCTION

The aurora has been observed and marveled at for as long
as humans have existed. The aurora has been viewed with
awe not only in polar regions but also has been visible at
various times at low geomagnetic latitudes such as Hawaii,
Cuba, Rome, and Bombay. An understanding of the origins
of the aurora only began to become scientifically rigorous in
the late nineteenth century. Slowly, the aurora became to be
understood as somehow related to the Sun, and therefore,
solar activity might influence the Earth. That is, the Sun
could influence the space environment around the Earth
[Chapman and Bartels, 1940; Soon and Yaskell, 2003]. The
Sun, in fact, does influence the “weather” in the space envi-
ronment around the Earth, although the terminology of

“space weather” did not become commonly employed until
near the end of the twentieth century.
Any noticeable effects of the Sun and the Earth’s space

environment on human technologies had to wait until the
first large-scale electrical technologies began to be deployed
and used. This first large-scale technology was the electrical
telegraph, first put into use some 160 or so years ago, several
generations ago, and yet short in the course of human exis-
tence. W. H. Barlow, the company engineer for the Midland
Railroad in England reported “spontaneous deflections” of
the needles of the telegraph lines running aside the railroad
tracks [Barlow, 1849]. Barlow’s data for the Derby to Bir-
mingham line is shown in Figure 1 for about 2 weeks of
measurements in May 1847. The hourly variations in the
“deflections” are clearly evident, as is an approximately daily
variation throughout the interval. Barlow [1849, p. 66] fur-
ther noted that “. . . in every case that [came under his]
observation, the telegraph needles [were] deflected whenever
aurora [were] visible.”
Less than two decades after Barlow’s observations, the

white light solar flare observed by Carrington [1863] on
1 September 1959, ejected what we now know to be a coronal
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mass ejection (CME) into the interplanetary medium. Less
than 20 h later, the Earth’s space environment was struck.
Huge changes in the geomagnetic field were observed wher-
ever measurements were being made: “During the great auro-
ral display . . . disturbances of the magnetic needle [at]
Toronto, in Canada, the declination of the needle changed
nearly four degrees in half an hour” [Loomis, 1869, p. 12].
Auroras were observed on Earth from the north to as low
latitude as Hawaii.
In the years since Barlow, the telegraph made large strides

in its development and deployment across many locales on
Earth, greatly enabling faster communications across large
distances. Carrington’s solar event produced greater distur-
bances in telegraph systems than Barlow had experienced.
As reported by Prescott [1875, p. 322], on the telegraph line
from Boston to Portland (Maine) on Friday, 2 September
1859, “. . . the line was worked [without batteries] more than
two hours when, the aurora having subsided, the batteries
were resumed.” Between South Braintree and Fall River
(Massachusetts; a distance of about 40 miles) “such was the
state of the line . . . when for more than an hour [the opera-
tors] held communication over the wire with the aid of the
celestial batteries alone.”
Prescott [1875], in his treatise on the electric telegraph,

records the observations and experiences of many eastern
U.S. telegraph operators during the Carrington event (as well
as observations of effects on telegraphs from other auroral
events in Europe and the United States). Prescott subtitles
one section of his chapter on “Terrestrial Magnetism” as

“Working Telegraph Lines with Auroral Magnetism.” Shea
and Smart [2006] published a compendium of eight contem-
porary, published U.S. articles attributed to, or written by,
Elias Loomis (Professor at Yale) related to the aurora and
magnetic observations during the Carrington event.
The decades following the Carrington event found much

work by electrical and telegraph engineers in attempts to
understand the origins of the “spontaneous” electrical cur-
rents in their systems and to mitigate against them. In paral-
lel, scientists worked to attempt to understand how an event
on the Sun, such as the one Carrington reported, could affect
the Earth so far away.
Newfoundland in the late nineteenth and early twentieth

century was the site of many firsts in electrical communica-
tions technologies. The first trans-Atlantic telegraph cable
from Valencia, Ireland, to Bull Arm (Trinity Bay) failed after
1 month. Cyrus Field, using the huge Great Eastern ship,
was successful in establishing the first operating cable from
Valencia, landing it in Heart’s Content (Trinity Bay) in 1868
(Figure 2). This cable was operational for a century, until
1965. Each year, a celebration is held in the small village of
Heart’s Content on the anniversary day of the landing,
27 July. The 145th anniversary party occurred the week
following the 2011 Chapman Conference on Dynamics of the
Earth’s Radiation Belts and Inner Magnetosphere in St. John’s
(Figure 3). As recounted by Rowe [2009, p. 45], “. . . the
beginning of cable service was far from reliable . . . Earth’s
magnetic currents, lightning, the aurora borealis . . . sent the
[galvanometer] into wild and rapid gyrations.” The “Earth’s

Figure 1. Galvanometer deflections on the telegraph cable along the Midland Railroad line from Derby to Birmingham for
a 2 week interval in May 1847.
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magnetic currents” and the aurora borealis were evidence of
“space weather,” although not known to be such at the time.
The year 1956 saw the inaugural call on the first trans-

Atlantic voice telephone cable (TAT-1) across the Atlantic.
The cable, from Oban, Scotland, was landed in Clarenville,
Newfoundland (Trinity Bay), and saw service until 1978.
TAT-2, from Penmarch, France, to Clarenville, was placed
in service in 1959 and was retired in 1982. The large mag-
netic storm of February 1958 produced havoc on TAT-1. As
John Brooks wrote in the New Yorker magazine “At almost
the exact moment when the magnetograph traces leaped and
the aurora flared up, huge currents in the earth . . . manifested
themselves not only in power lines in Canada but in cables
under the north Atlantic” [Brooks, 1959, p. 56].
Axe [1968] reported that an induced voltage swing larger

than ~1.5 kV was measured at Oban, Scotland, during the
most intense portion of the geomagnetic storm that affected
TAT-1. Voltage excursions larger than 1 kV were measured

on the telephone cable from Clarenville to Sydney Mines,
Nova Scotia, at the peak of the storm [Winckler et al., 1959].

2. ADVANCES IN ELECTRICAL TECHNOLOGIES

Over the following century and a half, to today, as humans
continued to develop electrical technologies for communica-
tions, electric power, and other uses, the effects of the Sun
and the Earth’s space environment continued to be felt and
had to be dealt with. Engineers and scientists did not under-
stand solar-terrestrial phenomena, or believe, until the early
twentieth century, that the Sun could actually disturb the
Earth in the ways that were implied by the coincidences
observed between solar activity and geomagnetic storms,
aurora, and disturbances on electrical systems.
In 1885, Guglielmo Marconi began experimental studies

of wireless transmissions on his father’s estate near Bologna,
Italy. This work evolved into extensive experiments on land,
shore-to-sea, and between-ship transmissions, much carried
out in England. In 1901, Marconi established transmitting
stations at Poldhu and The Lizard in Cornwall, and receiving
stations at Wellfleet on Cape Cod, Massachusetts, and on
Signal Hill, St. John’s in Newfoundland (there are many
books and articles relating to Marconi’s life and work, e.g.,
the work of Bussey [2001]). He encountered many hurdles,
including wind damage and destruction of transmission and
receiving towers, in his attempts to cross the Atlantic with a
radio wave.
On 12 December 1901, Marconi had success, receiving the

Morris Code letter “S” at Signal Hill (Figure 4) as transmit-
ted from Poldhu. For this, he was awarded, with Karl Braun
of Germany, the Nobel Prize in Physics for 1909. The begin-
nings of communications through the “air” had begun. Such
communications had the potential to provide more band-
width, did not require the laying of long cables across a deep
ocean, and could evade the pesky “spontaneous” currents in
the telegraph cables.
The Marconi Company established a wireless station at

Cape Race, Newfoundland, in 1904 (Figure 5). It was at this
station that the distress signals from the Titanic were received
on 14 April 1912.
While the anomalous (and often large) electrical currents

experienced in the telegraph wires were avoided by Marco-
ni’s wireless innovation, the solar-terrestrial environment
had surprises for the new electrical technology. As Marconi
[1928] himself wrote

“ . . . times of bad fading [of the wireless signals] always coincide with
the appearance of large sun-spots and intense aurora-boreali usually
accompanied by magnetic storms. . ..” These are “. . . the same periods
when cables and land lines experience difficulties or are thrown out of
action.”

Figure 2. Still existent trans-Atlantic telegraph cables landing from
Trinity Bay, Newfoundland, with Heart’s Content cable station
(original station in red) in the background. The station is now a
Canadian Provincial Historical Site.
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Figure 3. Celebration cake for the 145th year of landing of the first successful trans-Atlantic telegraph cable, 27 July 2011.

Figure 4. Cabot Tower, Signal Hill, St. John’s, Newfoundland, August 2011, a Canadian National Historic Site.

14 SPACE WEATHER: AFFECTING TECHNOLOGIES ON EARTH AND IN SPACE



In the early days of wireless, and as the understanding
of the relationship of solar activity to successful operations
of the technology increased, the need for better under-
standing of the causes of wireless “fading” and other
anomalies became more important. In fact, the data shown
in Figure 6 (reproduced from the work of Lanzerotti

[2004]) of the relationship between daylight trans-Atlantic
signal strength (15–23 kHz) and sunspot numbers shortly
after the AT&T company began trans-Atlantic transmis-
sions represent one of the earlier efforts at what might
today be called “space weather predictions.” It is clear that
the field strength of the signal appears to be “correlated”
with sunspot number, with higher strength when there was
more solar activity during these two solar cycles (numbers
15 and 16).
The experience of “unexpected” effects of the Earth’s

space environment on new electrical technologies (such as
cable and then wireless) is a theme that persists to the
current day. As new technologies are introduced, their suc-
cessful operations can often be impeded by surprises from
the solar-terrestrial environment. The characteristics of the
environment must often be used in the making of design
decisions. Since some of the most intense space environ-
mental changes occur infrequently, past events of opera-
tional failure can be forgotten; design and operation
decisions might then be made on the basis of more benign
assumptions as to possible space environmental impacts.
The fact that the most intense space environmental effects
occur so infrequently also means that design decisions have
to be made on imperfect knowledge of the solar-terrestrial
environment [e.g., Riley, 2012]. All of these types of con-
siderations have been operative throughout the twentieth

Figure 5. Cape Race, Newfoundland, on the Avalon Peninsula, the site of the Marconi Company wireless station
established in 1904.

Figure 6. Trans-Atlantic daylight wireless transmission signal le-
vels (15–23 kHz) measured by the AT&T Company during sunspot
cycles 15 and 16.
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century as one after the other of electrical technologies have
been introduced and employed, for civilian and for national
defense purposes.
While not recognized until their discovery by James Van

Allen in 1958, the trapped radiation belt particles are cen-
trally involved in producing many of the foregoing histori-
cal impacts on electrical technologies. In particular, the
depletion of the trapped radiation under geomagnetic storm
conditions greatly increases the conductivity of the iono-
sphere at the foot points of the magnetic field flux tubes that
contained the formerly trapped particles. These changes in
ionosphere conductivity, and the spatial differences in the
conductivity that are produced because of different intensi-
ties of trapped particle loss, are responsible for large
changes in magnetic fields at the Earth’s surface. These
Earth surface magnetic field changes are those that give rise
to the telluric currents that flow in and disrupt long conduc-
tor systems. The enhanced ionosphere conductivities also
produce the anomalous propagation conditions for wireless
signal transmissions.

3. CONTEMPORARY SPACE WEATHER EFFECTS

Table 1 (adapted from the work of Lanzerotti [2004])
lists a majority of the solar terrestrial processes that are

understood today that can affect contemporary technical
systems. These processes, and some of the impacted tech-
nologies, are illustrated in Figure 7. Many of these physical
processes are coupled. For example, the magnetic field var-
iations as measured on the Earth’s surface that can affect
systems consisting of long conductors (such as the first
telegraph cables and contemporary electric power grids and
transocean cables) are produced by variations in the electri-
cal currents flowing in the ionosphere. This, in fact, is the
physical basis behind the observation made by Marconi in
the quote above from one of his publications. Different types
of ionosphere disturbances (such as the “plasma bubbles” in
Figure 7), and confined principally to some regions on the
Earth such as near the equator and in the auroral zones, are
the source of disturbances (signal fading and signal scintilla-
tions) on other “wireless” signals such as modern-day navi-
gation and satellite-to-ground signals.

3.1. Magnetic Field Variations

The magnetic field variations in Table 1 that produce
electrical currents in the Earth that can affect electricity grids,
long communications cables, and pipelines primarily result
from geomagnetic storms. The largest of these storms, those
most likely to produce the largest currents in the Earth,

Table 1. Solar-Terrestrial Processes and Their Consequencesa

Solar-Terrestrial Process Impact Technologies Affected

Magnetic field variations induction of electrical currents in the Earth power distribution systems
long communications cables
pipelines

directional variations spacecraft attitude control
compasses

Ionosphere variations reflection, propagation attenuation wireless communication systems
interference, scintillation communication satellites

geophysical prospecting
Solar radio bursts excess radio noise wireless systems

radar systems
GPS transmissions

Particle radiation solar cell damage spacecraft power
semiconductor damage/failure spacecraft control
faulty operation of semiconductor devices spacecraft attitude control
charging of surface and interior materials spacecraft electronics
human radiation exposure astronauts

Airline passengers
Micrometeoroids and artificial
space debris

physical damage Solar cells
Orbiting mirrors, surfaces, materials
Entire vehicles

Atmosphere increased drag Low altitude satellites
attenuation/scatter of wireless signals Wireless communication systems

aAdapted from Lanzerotti [2004].
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usually result from CME events striking the Earth’s magne-
tosphere. These geomagnetic storms produce large changes
in the electrical currents in the ionosphere. These fluctuating
ionosphere currents produce fluctuating magnetic fields at
the Earth’s surface, which in turn cause electric currents to
flow in the Earth’s crust. These “telluric currents” seek the
highest conductivity paths in which to flow, and long
grounded conductors such as power grids, communications
cables, and pipelines provide such paths [e.g., Lanzerotti and
Gregori, 1986].
The magnitude and locations of the flowing telluric cur-

rents depend very much on the locations of the currents in
the ionosphere and the conductivity of the underlying
Earth. The ionosphere currents vary in location from geo-
magnetic storm to geomagnetic storm; current models of
geomagnetic activity cannot predict these locations very
precisely. The conductivity profile of the Earth is not
known well in many locales. A given ionosphere current
variation (if there was a “standard” variation) could pro-

duce very different telluric currents in regions that had
different Earth conductivities.
The telluric currents that flow in the long conductors can

produce damage, and even failure, of power system transfor-
mers, overwhelm constant current powering systems on long
communication cables, and render inoperative pipeline cor-
rosion protection circuits. Mitigation procedures depend up-
on the particular technical system and are implemented in
some systems. There are costs for mitigation, and business
decisions are made as to the cost/benefit results that might be
achieved by implementations.
Some spacecraft use the Earth’s magnetic field for orien-

tation and guidance. A very intense solar wind shock wave,
as from a strong CME event, can push the Earth’s magneto-
pause inside geosynchronous orbit. The magnetic field just
outside the magnetopause is of opposite polarity to that
inside; a magnetically oriented spacecraft that crosses the
magnetopause will thus suddenly be misoriented, and opera-
tors will likely have to intervene.

Figure 7. Illustration of many space weather effects and some of the modern-day electrical technologies and systems that
can be adversely affected by them.
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3.2. Ionosphere Fluctuations

The fluctuating ionosphere currents can cause havoc in the
propagation of radio signals over a wide bandwidth. At HF
and VHF frequencies, frequencies used, for example, by
civil emergency agencies and by commercial airlines flying
over the north polar region, signals transmitted from a loca-
tion on the Earth can be absorbed or reflected anomalously
from the ionosphere and, thus, not reach their destinations.
At higher frequencies, such as those used for satellite-to-
ground (and ground-to-satellite) transmissions and for GPS
navigation signals, the radio waves can be severely distorted
in phase and amplitude, affecting severely communications
and navigation.

3.3. Solar Radio Noise

A scientific area that has become of more importance in
recent years is that of the effects of solar radio noise on
navigation technologies in the form of GPS. Solar radio
bursts produced by solar flares were discovered in 1942
when British radars were rendered inoperable by jamming
signals. These radars were being used to warn of enemy
aircraft launched from continental Europe. The initial think-
ing was that the enemy was purposefully jamming the radars.
J. S. Hay, a British scientist, identified the source as actually
coming from the Sun, and not from across the English
Channel [e.g., Hey, 1975].
While radars are still susceptible to solar radio noise, the

vast proliferation of technologies that operate in the near-
GHz and GHz frequency ranges, such as GPS and cell
phones, means that this aspect of solar phenomena becomes
of more significance in terms of its influence on technical
systems [e.g., Cerruti et al., 2006, 2008]. Solar radio noise,
as well as bursts of solar X-rays, arrives at the Earth at the
speed of light. Thus, there is no warning of their occurrence
as there is for a possible encounter of a CME with the Earth
to produce a magnetic storm. Accurate predictions of solar
flares are still rather rudimentary, and predictions of how
intense a radio burst or (an X-ray burst) might be are non-
existent. Radio noise and bursts, and X-rays are produced by
electrons trapped and propagating in the Sun’s magnetic
fields. Until the intensities of the trapped electrons and of
the magnetic fields can be readily measured and/or predicted,
the forecast of the occurrence and intensity of solar radio and
X-ray events remains a major unsolved problem.

3.4. Particle Radiation

When Sir Arthur Clark and John Pierce proposed Earth-
orbiting communications satellites (at geosynchronous and

low Earth-orbiting altitudes, respectively), they did not an-
ticipate that the space environment around the Earth was not
benign. However, the charged particle environment in space
determines the design of space systems in many important
ways. These charged particles are those trapped in the Earth’s
magnetosphere (the radiation belts), solar energetic particles
outside the magnetosphere and those that penetrate into the
magnetosphere, and galactic cosmic rays.
Even though the spatial extent and intensities of the

trapped radiation were not delineated for a number of years
following Van Allen’s discovery in 1958, it was, neverthe-
less, recognized that the radiation presented a formidable
environmental constraint to system designs and to human
occupation of space. The design and build of the first active
telecommunications satellite Telstar 1, conceived and pro-
moted by John Pierce of Bell Laboratories, could not provide
substantial shielding for many reasons, including the launch
vehicle available (a Delta), and the size and weight of the
small spacecraft (about 77 kg; 87.6 cm in diameter).
Telstar 1 was built at Bell Laboratories of largely discrete

components including transistors (no integrated circuits or
microprocessors available in those days), paid for by AT&T,
including the launch costs reimbursed to NASA. The space-
craft carried several transistor solid-state detectors with dif-
ferent front aperture thicknesses to measure the radiation
environment encountered by the satellite. Telstar was
launched on 10 July 1962 into a low Earth orbit (perigee
952 km; apogee 5933 km). On the prior day, the United
States had conducted the Starfish Prime high-latitude nuclear
test over the Pacific. In addition to large disturbances in the
electric grids in Hawaii and New Zealand, the test injected
into the low-altitude magnetosphere fluxes of electrons more
than 100 times the natural background radiation. Less than
8 months after launch, Telstar succumbed to the radiation
environment. The electron data obtained from the radiation
detectors on Telstar are still referenced today for the infor-
mation obtained on electron lifetimes at those altitudes.
The radiation environment at geosynchronous altitude was

unknown at the time of launch (July 1963) of the first
operational satellite at that location, Syncom 2. The NASA
Applications Technology Satellite ATS-1, launched to geo-
synchronous orbit in December 1966, carried particle detec-
tor instruments from three U.S. institutions: Aerospace
Corporation, University of Minnesota, and Bell Laborato-
ries. Discovery data from these instruments showed that the
radiation environment at this altitude, where almost all com-
munications satellites reside today, is highly variable in time
and location along the orbit. These data also provided the
first evidence that in some solar-produced events, the mag-
netopause can be pushed inside geosynchronous, exposing
space assets to the interplanetary environment.
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Table 1 lists many of the ways that charged particles can
affect space systems. The lowest-energy particles, in the
hundreds of eV to KeV energy range, are the sources of
charging on spacecraft surfaces and solar arrays. If spacecraft
surfaces are not adequately grounded to one another, dis-
charges (similar to lightning) can occur between these areas,
discoloring surface materials and producing electromagnetic
noise interference in electronic systems. Very low energy
neutral atoms of oxygen and nitrogen, as encountered in low
Earth orbits, can sputter and discolor spacecraft surfaces.
At hundreds of keVand MeVand higher energies, charged

particles, dominantly the trapped population, can damage
solar cells in the arrays (thus, decreasing over time the
electrical output of the arrays), damage and cause upsets in
semiconductor components, and produce charging in dielec-
tric materials deep within a spacecraft. Dielectrics that expe-
rience sufficient charging will also discharge, with the
resultant damage to materials and the emission of electro-
magnetic noise interference.
Charged particles will also produce noise and, at times,

complete obscuration of optical instruments such as star
trackers and scientific telescopes. The loss of lock from a
temporarily unavailable star tracker signal will affect space-
craft control.
As is clear from the first days of the space age, radiation

trapped in the Earth’s magnetosphere is of central importance
to the design and operations of space systems, from commu-
nication satellites at geosynchronous orbit, to elliptical and
low circular orbits of national security systems, to low orbit
communication and navigation systems. Deeper understand-
ing of the dynamics of these trapped populations is required
as space systems become more complex and as component
parts decrease in size and increase in density. Better and
more comprehensive measurements will result in deeper
understanding that will then result in better models for mak-
ing wise design decisions and for potential forecasting of the
occurrence of deleterious space weather conditions.
In addition to the trapped populations, low-energy magneto-

sphere particles, from ambient plasma conditions to the ring
current population, are also critical for describing and mod-
eling the radiation environment that space systems encoun-
ter. Much better understanding of the temporal and spatial
distributions of these populations are necessary in their own
right for design and modeling purposes and, importantly, as
seed populations for the trapped particles. The acceleration
mechanism(s) of these seed populations to the high energies
that can penetrate deeply into space systems is(are) yet to be
understood. These acceleration mechanisms are, thus, impor-
tant from both the aspect of fundamental cosmical plasma
physics and for their importance in applications to practical
engineering problems.

3.5. Micrometeoroids and Artificial Space Debris

Solid materials in the space environment, natural or artifi-
cial, will produce physical damage to space vehicles and will
cause disturbances to spacecraft orientation. The micromete-
oroid environment at geosynchronous orbit, where commu-
nications satellites operate, is poorly known, and better
understanding could aid in the operations of such spacecraft.

3.6. Atmosphere

The neutral atmosphere in low Earth orbit varies apprecia-
bly over a solar cycle. The atmosphere density increases with
increasing altitude during solar maximum conditions when
the enhanced solar EUV and UV emissions heat the atmo-
sphere, causing it to rise. Therefore, the drag from the atmo-
sphere on low Earth-orbiting satellites will increase during
solar maximum years, with the resultant that orbits for the
International Space Station and for any other satellites that
have active orbit control will need to be raised more fre-
quently than they have to be at other times in the solar cycle.
Other, not actively controlled, spacecraft in low Earth orbit
will see their orbit altitude decrease with time.
The increased atmosphere density also causes increased

drag on artificial space debris, causing pieces to descend and
burn up in the ionosphere. This “cleansing” effect helps to
lower the danger from some debris objects (but not those at
altitudes too high to be affected by the atmosphere).
It is well understood that water vapor and rainfall can

seriously affect the propagation and transmission of micro-
waves through the atmosphere. It is now acknowledged that
there is coupling between clouds and the ionosphere under at
least some (not well understood) meteorological and iono-
sphere conditions. While it is only speculation at the moment
as to whether space weather conditions that change the
ionosphere might somehow be related to cloud nucleation
and electrification processes, and thus to atmospheric weather
that can affect microwave signals, the idea warrants continued
examination.

4. CONCLUSION

Over the last 160 years, there have been striking advances
in electrical technologies. Many of these advances are related
in one way or the other to communications, since the time of
the recording of space weather disturbances on the first
telegraph lines, initially on short distances, and then on the
first trans-Atlantic cable that landed in Hearts Content, New-
foundland. The historical record demonstrates that space
weather processes often provide surprises in the implemen-
tation and operation of new electrical technologies, such as
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the wireless receiver that Marconi employed at Signal Hill, to
early radar receivers in Great Britain, to spacecraft. The
historical record also demonstrates that as the complexity of
systems increase, including their interconnectedness and in-
teroperability, they can become more susceptible to space
weather effects. This is especially true for electrical grids in
developed nations, upon which depends the energy for most
aspects of modern society.
Central to understanding many physical processes in the

solar-terrestrial environment that can affect technical systems
are the trapped and lower-energy plasma populations of the
Earth’s magnetosphere. Deeper understanding, at fundamen-
tal physical levels, are required of these populations if more
reliable models are to be achieved and if more accurate
forecasting of potentially damaging conditions are liable to
occur following a solar event.
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SAMPEX: A Long-Serving Radiation Belt Sentinel
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The near-Earth region of the magnetosphere responds powerfully to changes of
driving forces from the Sun and the solar wind. The Earth’s radiation belts and inner
magnetosphere show substantial differences in their characteristics as the Sun’s
magnetic field and solar wind plasma properties change over the approximately
11 year solar activity cycle. Solar coronal holes produce regular, recurrent fast solar
wind streams in geospace, often enhancing highly relativistic electrons and causing
recurrent geomagnetic storms. These phenomena are characteristic of the approach
to sunspot minimum. On the other hand, major geomagnetic disturbances associ-
ated with aperiodic coronal mass ejections occur most frequently around sunspot
maximum. Such disturbances also can often produce significant radiation belt
enhancements. We describe the observational results that characterize the differ-
ences throughout the inner part of geospace during the course of the solar activity
cycle. We place particular emphasis on long-term, homogeneous data sets from the
Solar, Anomalous, and Magnetospheric Particle Explorer (SAMPEX) mission. The
NASA SAMPEX spacecraft launched in 1992 is expected to end its mission by
December 2012. This space platform has revolutionized our views of the dynamic
radiation belt environment. We conclude that SAMPEX has been a most successful
and impactful mission for radiation belt studies.

1. INTRODUCTION

In the summer of 1992, a small spacecraft called the Solar,
Anomalous, and Magnetospheric Particle Explorer (SAMPEX)
was ready to be launched from NASA’s Western Test Range
into a low-Earth, high-inclination orbit on board a Scout
launch vehicle. SAMPEX was the first mission in a new line
of Small Explorer (SMEX) projects that were initiated by
NASA in the late 1980s [Baker et al., 1991]. The primary

expressed goals of the SAMPEX program were to study
(anomalous) galactic cosmic rays and solar energetic particle
(SEP) enhancements [Baker et al., 1993]. The SAMPEX
payload was tailored for high and medium energy ion mea-
surements. Little was it imagined that the tertiary objectives
of measuring magnetospheric electron populations with the
SAMPEX instrument complement would establish the space-
craft in a position of key prominence as one of the finest
NASA radiation belt missions.
Despite the modest role initially envisioned for SAMPEX

in the magnetospheric particle detection part of the program,
it quickly became apparent after launch on 3 July 1992 that
SAMPEX had remarkable potential to study radiation belt
processes. The 600 km, nearly circular 82° inclination orbit
was ideal for sampling essentially all magnetic field lines
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threading the inner and outer Van Allen belts [Baker et al.,
1993]. The instrument payload included sensors that mea-
sured high-energy (E > 1 MeV) electrons with two separate
systems, namely, the Proton-Electron Telescope (PET)
[Cook et al., 1993] and Heavy-Ion Large Telescope (HILT)
[Klecker et al., 1993]. There was also an important ability to
measure medium-energy electron populations with a portion
of the HILT investigation, as well as with the low-energy ion
composition analyzer (LICA) [Mason et al., 1993].
From the outset of the SAMPEX mission, the large-area,

highly sensitive electron (and proton) detectors on board the
spacecraft gave new insights into the dynamics of the Earth’s
radiation belts [e.g., Baker et al., 1994a]. Issues of acceleration,
transport, and loss of relativistic electrons could be assessed
with high time-resolution ability [e.g., Blake et al., 1996], and
the continuous monitoring of the radiation belts gave a valu-
able new space weather analysis tool [e.g., Baker et al., 1994b].
For the purposes of this paper (and in the context of this

radiation belt monograph), we have chosen to review some
of the considerable contributions that SAMPEX has made to
magnetospheric particle physics. The SAMPEX spacecraft,
which was launched in 1992, is now close to termination and
is expected to reenter the Earth’s atmosphere in December
2012 at the latest. Available space does not allow an exhaus-
tive assessment or documentation of all that the mission has
done to advance the discipline of radiation belt science.
When the range and depth of magnetospheric studies are
further considered in the context of all SAMPEX has con-
tributed in solar and galactic cosmic ray studies, it becomes
clear that this small and relatively unprepossessing space-
craft has been one of the most successful programs (espe-
cially when considered dollar for dollar and pound for
pound) that NASA has ever flown.

2. RADIATION BELT STRUCTURE AND DYNAMICS

Figure 1 shows a schematic diagram of the Earth, its strong
dipolar magnetic field region, and the regions of trapped
energetic particles known as the inner (blue) and outer (pur-
ple) Van Allen radiation zones. Also shown in Figure 1 is a
schematic diagram of the SAMPEX orbit. As is evident from
Figure 1, the SAMPEX spacecraft samples essentially all of
the relevant radiation belt regions from the vantage point of
low-Earth orbit by cutting through various magnetic field
lines. In a single ~100 min orbit, SAMPEX would be ex-
pected to cut twice through all field lines threading the
northern and southern extensions of the inner and outer
radiation belts.
Figure 2 shows an approximately 12 year record of elec-

tron (E = 2–6 MeV) measurements made by the SAMPEX/
PET sensors [adapted from Baker et al., 2005a]. The format
of the data display, commonly used in radiation belt studies,
shows intensity of electron fluxes color coded according to
the logarithmic scale to the right. The vertical axis of Figure 2
is L value (i.e., the geocentric distance scaled in Earth radii,
RE, at which magnetic field lines would cross the magnetic
equatorial plane). An L value of 1.0 would be near the
Earth’s surface, while an L value near 6.6 would be the
region of space where geostationary Earth orbit spacecraft
operate. The horizontal axis in Figure 1 is time measured in
years: SAMPEX launched in July 1992 and the data are
shown through early 2004.
Figure 2 clearly illustrates the double-belt structure of the

Earth’s electron radiation zones. The inner belt (1 < L < 2) is
relatively weak in electron flux strength and varies (gener-
ally) over long time scales (an exception is the period in late
2003 known as the Halloween Storm period; see below). The

Figure 1. A schematic cross-sectional diagram of the Earth’s inner and outer Van Allen radiation belts superimposed on
dipolar magnetic field lines shown as white curves emanating from the Earth. Also shown is the SAMPEX low-altitude
orbit and (in yellow) the trapped belt of anomalous cosmic rays.
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electron “slot region” (2 < L <3) is usually devoid of relativ-
istic electrons [see, e.g., Lyons and Thorne, 1973; Schulz and
Lanzerotti, 1974]. The outer electron belt (L ~3 to L > 6) is
highly variable and often shows electron intensities (E > 2
MeV) that are 5 orders of magnitude higher than the inner
zone population.
Figure 2 also demonstrates clearly that outer zone elec-

trons are much higher in certain intervals of time that are
about a decade apart (~1994 and ~2004 in the data shown).
This will be discussed further below.

3. INNER ZONE PROPERTIES

Figure 2 makes clear that the inner zone electron fluxes
were relatively elevated in 1993 through 1995 and then were
at quite weak levels for much of the period from 1996 into
the year 2000. An obvious enhancement of inner zone elec-
trons occurred again in late 2003 in association with the
Halloween Storm period [see Baker et al., 2004a]. It was the
established position of the SAMPEX team [Blake et al.,
2001b; Baker et al., 2004a, 2005a, 2005b] that the higher
1992–1995 fluxes around L ~ 1.5 were residual effects of the
famous March 1991 geomagnetic storm that was observed
by the CRRES [Blake et al., 1992].
A key fact to recall is that the weak electron inner zone

population is spatially commingled with a high-intensity
proton (ion) population to form the inner Van Allen belt.
SAMPEX was designed innovatively to use the Earth’s mag-
netic field as a charge-state analyzer to study high-energy

heavy ions and to confirm the source of the so-called anom-
alous cosmic ray (ACR) component [e.g., Fisk et al., 1974;
Blake and Freisen, 1977]. As shown in Figure 3, SAMPEX
was able to measure with high precision both the interplan-
etary flux of ACR ions (such as oxygen nuclei and nitrogen
nuclei) on open field lines over the Earth’s polar caps as well
as the trapped ACR ions confined on closed magnetic field
lines in the Earth’s inner Van Allen zone (see Figure 1). The
work completed by the SAMPEX team [e.g., Klecker et al.,
1998; Mewaldt et al., 1996] confirmed the interplanetary
acceleration mechanism for the ACRs [Fisk et al., 1974] as
well as the magnetospheric trapping and flux concentration
mechanism proposed by Blake and Freisen [1977].

4. OUTER ZONE ELECTRON DEPENDENCE
ON SOLAR WIND FORCING

Figure 4 shows the record of slot and outer zone electron
(E = 2–6 MeV) behavior from the time of SAMPEX launch
(July 1992) through the middle of 2009 (when the PET
sensor on SAMPEX ceased returning data). Figure 4 [from
Li et al., 2011] is a record of continuous, homogeneous data
for nearly two solar sunspot cycles. As was hinted in Fig-
ure 2 above, and as discussed in detail by Li et al. [2011],
the intensity and spatial extent of outer zone electrons is
controlled in clear ways by solar and solar wind forcing.
Figure 4 (top) shows smoothed sunspot number (black curve)
and plots solar wind speed (red spiky curve with axis to the

Figure 2. Color-coded flux levels of E = 2–6 MeV electrons mea-
sured by SAMPEX spacecraft instruments from July 1992 through
March 2004.The color bar is shown to the right and is logarithmic in
electron intensity. The vertical axis in the figure is magnetic L shell
parameter (as described in the text), and the horizontal axis is time
(in years). Adapted from Baker et al. [2005a].

Figure 3. Directional differential fluxes of 17 MeV (nucleon oxy-
gen cosmic rays)�1 measured from 1992 to 2000. The lower trace is
from the Climax neutron monitor, while the middle set of data
points is the interplanetary flux levels (as shown by the colors
indicated) of the anomalous cosmic ray (ACR) component. The
highest trace is the trapped ACR flux measured by SAMPEX. From
Selesnick et al. [2000].
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right) for this extended period. Obviously, times of higher
solar wind speed (e.g., 1994–1995 and 2003–2004) tended
to be times of elevated electron flux throughout the outer
zone [Paulikas and Blake, 1979; Baker et al., 1994a,
1994b, 1997a]. But the interplanetary magnetic field also
plays a key, indispensable role [Blake et al., 1997], and this
point has been clarified in recent papers [e.g., Li et al.,
2011].
Note in Figure 4 the excellent correlation of the inward

extent of the outer zone electrons and the concurrent location
of the plasmapause boundary shown by the superimposed
black trace (scale to the right of bottom plot). As described
by Li et al. [2006, 2011] and as seen in extreme events such
as the Halloween Storm period of 2003 [Baker et al., 2004a],
the coldest plasmas in the Earth’s magnetosphere and plas-
masphere really do exert a significant influence on the radi-
ation belts.

5. TRANSIENT SOLAR DISTURBANCES
AND OUTER BELT RESPONSES

Figure 5 shows results from an early event analysis in
which SAMPEX data played a key role [Baker et al.,
1998a]. Figure 5a is the familiar L-versus-time color spec-
trogram plot for SAMPEX 2–6 MeV electrons during the

first 200 days of 1997. On day of year (DOY) 135 (15 May
1997), a powerful coronal mass ejection (CME) struck the
Earth and produced a quite abrupt acceleration of the Earth’s
entire outer zone electron population. Baker et al. [1998a]
were able to study this event in detail and place it into the
context of solar, interplanetary, and other magnetospheric
measurements. In particular, as shown by Figures 5b and 5c,
the orbit-by-orbit data of SAMPEX and the corresponding
detailed data from the Polar spacecraft High-Sensitivity
Telescope [Blake et al., 1995] were able to show the coher-
ent and nearly simultaneous global acceleration of electrons
throughout much of the outer radiation belt on time scales of
minutes to hours.
This kind of work using correlated SAMPEX and Polar

measurements was subsequently pursued in other related
studies [Baker et al., 1998b, 2000, 2001; Blake et al.,
2001b]. The idea of remarkable “global coherence” in radi-
ation belt acceleration was especially well established by the
studies of Kanekal et al. [2001]. Figure 6 (top) [from Kane-
kal et al., 2001] shows data from SAMPEX and closely
analogous data from Polar (Figure 6, bottom) for all of
1998. Virtually every feature seen by Polar at high altitudes
(relatively close to the magnetic equator) was also seen, quite
comparably, by SAMPEX at low altitudes near the foot of
corresponding magnetic field lines.

Figure 4. (bottom) A 17 year record of high-energy electrons measured by SAMPEX similar in format to Figure 2. (top) A
trace of smoothed sunspot number (black line) and solar wind speed (red line) for the same period from July 1992 through
July 2009. The black trace in the bottom plot shows the estimated plasmapause location at any given time. From Li et al.
[2011].
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6. ACCELERATION MECHANISMS

SAMPEX data have proven to be important to study the
systematics of electron acceleration throughout the outer
radiation belt. Figure 7 is an example of such data. Figure 7
(top) is the usual format of electron data for 1 year from mid-
2000 through to mid-2001. As can be seen, many specific
enhancements of outer-zone electrons can be identified
throughout late 2000 and again in the spring season of
2001. Figure 7 (bottom) shows a higher PET energy channel
of SAMPEX (E = 3.5–16 MeV). It is seen from this channel
that only a few of the events that were so clear in the E ~ 2
MeV channel of the top plot were really prominent in the
multi-MeVenergy range of the bottom plot. This means that

some magnetospheric electron acceleration events produce
very “hard” energy spectra, but most do not.
Elkington et al. [2004, 2005] have used sophisticated

methods to study high-energy electron transport and accel-
eration in the Earth’s magnetosphere. This work starts with a
global simulation of the solar wind-magnetosphere system
using the Lyon-Fedder-Mobarry (LFM) numerical simula-
tion code. Elkington et al. then “push” energetic electrons in
the self-consistent electric and magnetic fields of the LFM
code. The result is an ability to simulate specific solar-driven
geomagnetic storms and to see by direct simulations how the
magnetosphere methodically transports and accelerates rela-
tivistic electrons within the inner magnetosphere.
An example of these results is shown in Figure 8 [see

Elkington et al., 2005 and Baker et al., 2005b]. The powerful
geomagnetic storm of 31March 2001 [see Baker et al., 2002]
was simulated by the LFM model. (This storm and the
resulting relativistic electron enhancement are, it might be
noted, seen to be quite prominent in Figure 7, top). Figure 8
shows “snapshots” of the inward transport (Figure 8a), the
radial diffusive acceleration (Figure 8b), and ultimately
the strong trapping (Figure 8c) of E > 1MeVelectrons during
the course of the March 2001 storm [see Baker et al., 2005b].
The test-particle MHD simulation codes of Elkington et al.

[2004, 2005] and other authors produce electron acceleration
by means of earthward radial transport, which essentially
equates to the betatron mechanism. Energy diffusion due to
gyroresonant interaction with VLF chorus waves can also be
effective in generating relativistic (>1 MeV) radiation belt
electrons [Summers et al., 1998, 2002, 2007; Roth et al.,
1999; Varotsou et al., 2005; Horne et al., 2005]. While radial
diffusion and transport is particularly effective for energizing
electrons outside geosynchonous orbit, there is considerable
evidence that an additional local acceleration mechanism
(e.g., VLF chorus diffusion) is required to explain observed
relativistic electron flux increases inside geosynchronous
orbit [e.g., Miyoshi et al., 2004; Iles et al., 2006; Shprits
et al., 2006]. Since geomagnetic storms can result in both net
acceleration and net loss of energetic radiation belt electrons
[Reeves et al., 2003], it is important to incorporate electron
loss mechanisms in radiation belt electron dynamical mod-
els. An important radiation belt loss process is due to pitch
angle scattering into the atmospheric loss cone due to elec-
tron cyclotron resonance with VLF chorus, ELF hiss, and
electromagnetic ion cyclotron waves [Summers et al., 1998;
Summers and Thorne, 2003; Summers et al., 2007]. Con-
struction of realistic 3-D time-dependent radiation belt mod-
els requires comprehensive observational data on the
spatiotemporal properties of these waves. While such data
sets are currently limited, it is expected that the imminent
Radiation Belt Storm Probes mission [Kessel, this volume]

Figure 5. (a) L sorted electron fluxes measured at low altitudes by
SAMPEX instruments for 2 < E_< 6 MeV. Data are coded accord-
ing to the color bar to the right. L values from 1 to 8 are shown for
the first 200 days of 1997, and several electron enhancement events
are seen, notably one commencing on Day 135 (May 15). (b) Similar
to Figure 5a but showing orbit-by-orbit data from SAMPEX for Day
133 (May 13) through Day 137 (May 17) of 1997. Data are for
Southern Hemisphere, duskside portions of the SAMPEX orbit.
(c) Similar to Figures 5a and 5b but for E > 2 MeV electrons
measured by the Polar spacecraft. From Baker et al. [1998a].
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will provide valuable new data on these and other plasma
waves that control radiation belt electron behavior.

7. HIGH-SPEED SOLAR WIND
STREAM ACCELERATION

Immediately prior sections of this review have emphasized
the key and obvious role of aperiodic, transient solar distur-
bances in accelerating high-energy magnetospheric elec-
trons. This role of CME-driven events is undeniable in
many cases. However, the strongest and most methodical
acceleration of relativistic electrons in the Earth’s outer radi-
ation belts really is associated with recurrent high-speed
solar wind streams [e.g., Paulikas and Blake, 1979; Baker
et al., 1990]. SAMPEX observations [Baker et al., 1997a,
1997b] have proven to play a very key role in understanding
this aspect (see Figures 2 and 4 above).
Figure 9 shows SAMPEX data for the entire year of 1994

in the L versus time spectrogram format. The data show
regular, episodic enhancements of 2–6 MeV electrons for
essentially the entire year. The white vertical arrows in Fig-
ure 9 delineate 27 day recurrent periods. As is evident, there
is a strong tendency for the electron flux enhancements to
occur with an obvious 27 day period.
Baker et al. [1997a, 1997b] showed evidence that prototyp-

ical relativistic electron acceleration in the Earth’s radiation
belts often occurs with several repeatable steps: (1) High-

speed solar wind streams drive strong magnetospheric sub-
storm activity. (2) Substorms produce a large population of
“seed” electrons extending up to several hundreds of keV in
energy. (3) The enhanced radial diffusion of the seed electrons
associated with high solar wind speeds, ULF waves drivers,
and VLF wave heating produced by such streams inside the
magnetosphere leads regularly to high-intensity electron radi-
ation belt populations.
Many details of this complex process are not fully under-

stood, however, and construction of realistic 3-D models of
radiation belt electron dynamics remains a challenge, as we
have implied above.

8. RADIATION BELT CONTENT
AND STATISTICAL STUDIES

The continuous, homogeneous radiation belt information
provided by SAMPEX has proven to be essential for
long-term and statistical studies. This data set has given
substantial insight into how the connected solar wind-
magnetosphere-atmosphere system works.
A realization [Baker et al., 1999] was that one could use

the SAMPEXmeasurements such as those shown in Figure 2
or Figure 4 and integrate across all outer zone L values (say
2.5 < L < 6.5) to estimate the entire average flux of electrons
within the outer zone. One can do this on a daily, monthly,
seasonal, or annual basis. Figure 10, for example, shows

Figure 6. (top) Data similar in format to Figure 2 from SAMPEX for the year 1998. (bottom) Similar data from the Polar/
High-Sensitivity Telescope instrument showing remarkable global coherence of electron throughout the outer radiation
belt. From Kanekal et al. [2001].
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results from SAMPEX for a study of seasonal flux variations
[Baker et al., 1999]. These results, sorted according to equi-
nox and solstice periods, show well that outer radiation belt
fluxes around the Spring and Fall equinox periods (roughly
March and September) are clearly three or more times higher
than are those around the solstice periods (roughly June and
December). Close inspection of Figure 2 or Figure 4 above
will confirm this result. More recent studies [e.g.,McPherron
et al., 2009] have confirmed these earlier results and
have discussed the phenomenon in terms of the semiannual
Russell-McPherron effect.
Baker et al. [2004b] extended the 1999 seasonal-dependence

study and introduced the radiation belt content index (often
shortened to radiation belt content (RBC)). Figure 11a and
11b show examples of the RBC as described by Baker et al.
[2004b]. Figure 11a shows the total estimated number of
electrons in the outer radiation belt (2.5 < L < 6.5) as a
function of time from 1992 through 2002. The computation
of RBC takes into account the entire flux tube content and
also integrates the particle spectrum in energy above E = 2
MeV. It is seen in Figure 11a that the peak RBC content was
~5� 1023 electrons (mid-1994), and the minimum content of

the outer belt (occurring in 1996 and again in 1999) was
~3 � 1020 electrons.
Another use of the RBC, shown by Figure 11b, is to assess

probabilities of encountering certain flux levels or certain
total content levels [see Baker et al., 2004b]. It is seen in
Figure 11b that the content index follows a log-normal
Gaussian probability distribution function (over several or-
ders of magnitude). The 50% probability value of the RBC

Figure 8. Snapshots of numerical simulation results [Elkington
et al., 2004, 2005] shown for a geomagnetic storm that occurred
on 31 March 2001. Energetic electrons are “pushed” in the self-
consistent electric and magnetic fields of the Lyon-Fedder-Mobarry
(LFM) MHD simulation code (as described in the text). Three
different times on 31 March are shown: (a) 04:00 UT; (b) 07:00 UT;
and (c) 08:55 UT. From Baker et al. [2005b].

Figure 7. (top) Data similar in format to Figure 2 showing SAMPEX
electron fluxes from July 2000 through June 2001. (bottom)
SAMPEX data for the same time period as top plot but showing
electron fluxes in the energy range 3.5–16 MeV.
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for 1992–2002 was about 1022 electrons contained within the
outer belt.
Finally, the statistical studies using the RBC index formal-

ism led to some other insights about the radiation belt elec-
tron behavior. For example, Figure 12 from Baker et al.
[2004b] shows the scatter of daily RBI values versus con-
current solar wind speed values (VSW).
Rather than following a linear or log-linear relationship as

might have been expected from earlier work [e.g., Paulikas
and Blake, 1979; Baker et al., 1979], the scatter of points in
Figure 12 is quite “triangular.” Baker et al. [2004b] argued that
enhanced solar wind speeds clearly increase the probability of
higher radiation belt fluxes, but fluxes can remain quite ele-
vated even after the solar wind “forcing” speed has diminished
again. Thus, in many cases, the RBC index remained high for
days or even weeks after the solar wind speed had decreased.
The substance of this kind of correlation work has been
revisited recently using geostationary orbit data [see Li et al.,
2011, and references therein; Kellerman and Shprits, 2012]

9. RADIATION BELT ENHANCEMENT
AND DECAY RATES

As has been noted in several ways above, the sudden
appearance of high-energy radiation belt electrons is an

Figure 9.Data similar in format to Figure 2 but showing electron measurements from the SAMPEX spacecraft for the year
1994. The white vertical arrows are placed at recurrent 27 day intervals. The data show that electron flux enhancements
recur with a clear 27 day period.

Figure 10. Seasonally averaged and normalized fluxes of electron
fluxes measured by SAMPEX over the period 1992–1999. The data
have been integrated over the entire outer radiation belt (2.5 < L <
6.5) and show a much higher average flux level for the spring and
fall equinox periods compared to the summer and winter solstice
periods. From Baker et al. [1999].
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important and intriguing scientific problem. It is also quite
clear that such electron enhancements can cause significant
spacecraft operational problems [Baker, 1987, 2002] through
the mechanism of deep dielectric charging. Obviously, the
flux of electrons at a given point in the magnetosphere is a
delicate balance of source strength and local loss rates. Many

important “space weather” incidents related to radiation belt
enhancements have been studied using the SAMPEX data
sets [e.g., Baker et al., 1994b, 1998c].
One of the largest and most studied radiation belt en-

hancement events occurred in late October and early No-
vember 2003. This Halloween Storm event (or set of
events) was touched on several times previously in this
paper. Figure 13 shows an expanded record of SAMPEX
data (and solar wind speed data in the top plot) from a paper
by Baker et al. [2007]. The period of time covered is 2003
to the end of 2005. Figure 13 (bottom) shows quite obvi-
ously the sudden appearance (or at least, powerful reemer-
gence) of a “new” belt of electrons associated with the
Halloween Storm [Baker et al., 2004a]. Over at least the
next 2 years, the inner zone belt decayed away. But super-
imposed on the gradual decay were punctuated episodes of
further enhancement of the inner zone associated with the
outer zone events (such as around DOY 600 and again
around DOY 700).
The original powerful acceleration event in late October

2003 was analyzed in detail by Baker et al. [2004a]. As
shown in the interpretive sketches of Figure 14 (from that
paper), the Earth’s outer Van Allen zone was virtually anni-
hilated by the Halloween Storm. The complete disappear-
ance of multi-MeV electrons at L ~ 4 was quickly followed
by the new generation of MeV electrons in the heart of the
slot region (which usually is devoid of such electrons). Baker
et al. [2004a] showed that the plasmasphere was scoured
away in this event, and this allowed a complete (if tempo-
rary) reconfiguration of the radiation belts.

Figure 11. (a) Daily values for the radiation belt content (RBC) index for the period 1992 through 2002. Adapted from
Baker et al. [2004b]. (b) Cumulative probability curve for the radiation belt content index as discussed in the text. Modified
from Baker et al. [2004b].

Figure 12. A scatter diagram of the RBC index versus solar wind
speed (VSW) based on daily average values. From Baker et al.
[2004b].
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Following the formation of the new inner zone belt of
electrons, we were able to study episodic losses of electrons
from low L shells for the next several years. Figure 15 is from
Baker et al. [2007]. It shows “cuts” through the data portrayed
in Figure 13 at several fixed L values (indicated by the different
colors). The result is traces of electron flux levels versus time.
Baker et al. [2007] were able to use the exponential decay rates
of each flux spike in Figure 15 to deduce the inner zone electron
lifetimes from L ~ 1.5 to L ~ 2.2. Such estimates of lifetime
were made possible by the continuous SAMPEX monitoring.

10. ELECTRON LOSSES: ATMOSPHERIC COUPLING

Figure 16 is another form of display of electron flux
measurements from SAMPEX. These global polar maps

were developed largely by Callis et al. [1996a, 1996b,
1998] to show the regions of the Earth’s atmosphere that
would be affected by electrons being precipitated and lost
during radiation belt events. What is fascinating about
Figure 16 is how dramatically the precipitating electron flux
can alter from just 1 day to the next. As shown by Callis
et al., the energy into the Earth’s middle atmosphere could
easily change by 5 or more orders of magnitude in a day.
SAMPEX has been an adept tool for studying long-term
loss of radiation belt particles and assessing the effects of
these particles in the atmosphere [Callis et al., 1996a,
1996b, 1998].
Figure 17 shows the altitude profiles where different pre-

cipitating particles would be effective. At altitudes from ~80
to >150 km, the low-energy electrons measured by the LICA

Figure 13.Daily averaged data for the years 2003–2005 inclusive. (a) Solar wind speeds measured by instruments onboard
the ACE spacecraft upstream of the Earth’s magnetosphere. (b) Relativistic (2–6MeV) electron fluxes for the range 1 < L <
8 in a logarithmic color-coded format as shown by the color bar to the right. Data in Figure 13b were obtained from
instruments onboard the SAMPEX spacecraft (E = 2–6 MeV electrons). From Baker et al. [2007].

Figure 14. Schematic diagrams of radiation belt changes occurring during the Halloween 2003 solar storms. From Baker
et al. [2004a].
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sensors [Mason et al., 1993] have been compared to nitric
oxide measurements from the Student Nitric Oxide Explorer
(SNOE) [Barth et al., 2001, 2002, 2004; Baker et al., 2001].
Higher-energy electrons measured by PET and HILT (see
Figure 17) can have dramatic ionization effects in the range
of altitudes from ~50 to ~100 km. Of considerable interest
from an atmospheric chemistry standpoint, SEPs (also mea-
sured by SAMPEX) can greatly affect middle and lower
atmospheric ionization and chemistry [e.g., Callis et al.,
1996a].
Given the importance of minor atmospheric constituents

such as NO, we have used SAMPEX capabilities to study
energetic particle precipitation and coupling. In Figure 18,
for example, we show a comparison between SAMPEX
precipitating electrons (E > 25 keV) and zonally resolved
altitude profiles of NO from the SNOE spacecraft [Baker
et al., 2001]. We found strong evidence that precipitating
auroral electrons were exercising quite powerful control on
nitric oxide production at auroral latitudes.

11. MICROBURSTS AND OTHER TRANSIENT
ELECTRON PRECIPITATION

At launch, SAMPEX had five integral electron channels
that were sampled 10 times per second from the HILT in-
strument [Klecker et al., 1993]. The lowest energy channel,
E > 150 keV, used the rear proportional counter in the HILT
instrument. The gas counter in HILT was of the flow type,
and SAMPEX carried a tank of gas sufficient for 3 years of
operation. Subsequently, this channel was no longer opera-

tional. The rest of the channels were from a pixelated array in
the HILT sensor and measured E > 1 MeV. Sixteen detectors
were grouped into rows of four. The field-of-view of each
row had a different pitch angle view and was used to tell
when the local fluxes were isotropic.
The combination of a very large geometric factor and high

sampling rate gave SAMPEX an unprecedented view of
bursty, energetic electron precipitation. A small burst was
seen at E > 150 keV just before 02:06 in Figure 19. The E >
1 MeV channel saw only galactic cosmic ray background. At
that time, SAMPEXwas at L ~ 1.8. In the slot region, the E >
150 keV channel count rate quickly rose until the counter
was saturated, whereas the E > 1 MeV channel saw few
electrons until SAMPEX reached L ~ 3, where the count rate
greatly increased. Note that the lower-energy electrons de-
creased, while the higher energy electrons continued to in-
crease. The different count rates in the four E > 1 MeV
channels indicated a trapped pitch angle distribution. The
count rate peaked at L ~ 4 and began to decrease until at
L = 5; there was an abrupt increase to the highest count rates
seen during this pass (Figure 20). Within this precipitation
band, the four E > 1 MeV channels showed the same count
rate, indicating that the electron fluxes were isotropic within
the band. This isotropy has been found to be characteristic of
precipitation bands.
Clear microburst precipitation, temporal structure, short

compared to a second, also was seen from the beginning of
the SAMPEX mission [Nakamura et al., 1995; Blake et al.,
1996] (Figure 21). Both types of precipitation were seen
around the same time.

Figure 15. SAMPEX 2–6MeVelectron fluxes. Cuts are taken for several different fixed L values (delineated at the top) for
the period 2003–2005 inclusive. The vertical axis is directional particle intensity, and the horizontal axis is time reckoned
in days (day of year) from the beginning of 2003. Several flux enhancement events are evident as discussed in the text.
From Baker et al. [2007].
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Note also the overall behavior of the count rates as
SAMPEX moves to lower L and into the slot region. The
MeV electrons go away, the half MeV electrons drop by an
order of magnitude but show a small, smooth bump around
L = 3, yet the rates in the proportional counter soar to the
highest level seen. All seem to go away about the time that
SAMPEX enters the inner zone.
SAMPEX observations of microbursts continued over

many years including correlation with VLF chorus and quan-
tifying losses during geomagnetic storms [Blanchard et al.,
1998; Nakamura et al., 2000; Lorentzen et al., 2001;O’Brien
et al., 2004]. Surveys were carried out to determine the
microburst dependence upon geomagnetic activity, local
time, and electron energy. Results of an early such survey
[Lyons, 1997] revealed that microburst precipitation peaked
in occurrence from midnight to past dawn and had a strong
dependence upon geomagnetic activity.

SAMPEX frequently observed bursty precipitation associ-
ated with lightning; a dramatic example is shown in Figure 22.
SAMPEX passed several hundred kilometers east of an area of
substantial thunderstorm activity over the central Pacific. The
lightning discharges caused electron precipitation into the drift

Figure 16.Global electron plots of SAMPEXNorthern Hemisphere
electron fluxes (2–6 MeV) comparing 9 January 1997 with the
following day, 10 January 1997. Dramatic changes of precipitating
electron fluxes are demonstrated by such data.

Figure 17. Ionization rates due to different types of precipitating
energetic particles as a function of atmospheric altitude. The colored
bands show where various particle types are most effective in
stopping and ionizing atmospheric constituents. The similarly col-
ored vertical bars to the right show which SAMPEX detectors best
measure the relevant particle types.

Figure 18. A comparison of Student Nitric Oxide Explorer (SNOE)
nitric oxide measurements and the Solar, Anomalous, and Magne-
tospheric Particle Explorer (SAMPEX) electron (E >25 keV) mea-
surements for days 122 and 125 of 1998 (2–5 May). SNOE data are
plotted on a logarithmic scale according to the color scales at the
bottom of the figure. The SAMPEX electron counting rates range
over several orders of magnitude, as also shown by the color bar.
Further details are provided in the text. From Baker et al. [2001].
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loss cone over a broad region but localized in L as can be seen
by the detailed congruence of the electron intensity peaks in
the Northern and Southern Hemispheres. Drifting electrons
populated narrow L shells, creating several curtains of elec-
trons traversed by SAMPEX.
It is well known that MeV radiation belt electrons are

seldom found inside L ~ 3 and then only during or immedi-
ately after large geomagnetic storms. This situation is under-
stood as being a result of strong loss processes in the slot
region for relativistic electrons. Therefore, the following ob-

servations of electrons E > 1 MeVat 50 samples s�1 came as a
surprise. Remarkably, the three MeV microbursts occurred
just outside L = 2, at the lower edge of the slot region
(Figure 23a). The first two bursts occurred when SAMPEX
was in the bounce loss cone; these two bursts rose out of the
galactic cosmic ray background. The third and final microburst
occurred when the mirror altitude was less than 120 km. The
three microbursts show differences in their temporal structure.
The first microburst consisted of a single peak, broader

than the subsequent two, the second showed one return

Figure 19. SAMPEX poleward pass from the inner zone until SAMPEX exited the trapping boundary and moved over the
polar cap. The right-hand plot is an expanded view of the time period when a large precipitation band was just below the
trapping boundary. Throughout this time period, SAMPEX was in the drift loss cone. From Blake et al. [1996].

Figure 20. Complex burst structure is seen at higher L followed by much smoother variability at lower L. A loss cone pitch
angle distribution also is indicated at lower L by differing count rates in the four silicon solid-state detectors (SSDs). The
right-hand plot shows the high L portion of the plot above on an expanded scale to show how the variability differs with
electron energy. There are correlations to be sure but sometimes negative as well as positive.
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“bounce,” and the third microburst showed multiple returns
(Figure 23b). This can be understood as due to the rising
mirror altitude for the particles. For the first peak, the upper
atmospheric density heavily smeared the burst, the second
peak was smeared somewhat, and for the third peak, multiple
returns were possible. The bouncing microburst packet was
seen with excellent statistics (Figure 23c), and the bounce
frequency derived from the observation is in excellent agree-
ment with that calculated using the formulae given in the work
of Schulz and Lanzerotti [1974]. In summary, SAMPEX
observed three isolated, MeV-energy microbursts over a time
period of about 1 min inside and at the edge of the bounce
loss cone and just above L = 2.
The SAMPEX payload also included a sensor that mea-

sured electrons with energy E > 500 keV. The data sample
rate with this sensor (LICA) was 10 s�1 rather than 50 s�1 for
the HILT sensor. At the time of the first microburst, the local
E > 500 keVelectron flux (Figure 23d) had already begun to
rise unlike the situation for electrons E > 1 MeV. Since
SAMPEX was in the bounce loss cone at the time, this
observation would suggest that precipitation was ongoing
just to the west of SAMPEX, and residual electrons that had
bounced a few times were being observed before loss into the
atmosphere was complete.

Figure 22. The time history of the E > 150 keV electrons as
measured along the SAMPEX orbital track as the spacecraft moved
from the Southern Hemisphere to the Northern Hemisphere [Blake
et al., 2001a].

Figure 23. (opposite) (a) A trio of microbursts, E > 1 MeV, at L = 2
as SAMPEX exited the bounce loss cone moving to higher latitude.
(b) The microburst trio on an expanded time scale. (c) The
bouncing packet of electrons over a 1 s time period. (d) The trio of
microbursts as seen in the E > 500 keV channel.
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The lower sample rate of the E > 500 keV channel makes a
frequency analysis as was done in the higher-energy channel
uncertain. Nonetheless, the width of these bursts is consistent
with that of the bursts seen at higher energy. In addition to the
three primary microbursts, other precipitation enhancements
can be seen whose widths and separation do not fit the
bouncing packet model. The first two microbursts were
followed by enhancements, whereas the third microburst had
a precursor as well as being followed by enhancements.
This trio of microbursts is highly unusual in the SAMPEX

database of almost 175,000 h of observations [see Blake
et al., 1996; Nakamura et al., 1995; O’Brien et al., 2004].
Although several search techniques for bursty precipitation
have been employed, it is hard to be sure how complete the
searches have been. Nonetheless, some infrequent strong
scattering and, perhaps, even acceleration process took place
at this time.

12. THE PROFOUND 2007–2010 SOLAR MINIMUM

During the period from roughly 2007 well into the year
2010, the Sun went through its deepest minimum of activity in
nearly two centuries [e.g., Turner, 2011]. As a consequence,
there were essentially no significant CME events during that
interval and the solar wind forcing of the Earth’s radiation
belts diminished by an extraordinary degree. Especially in the
late 2008 and 2009, the solar wind speed remained at histor-
ically low average levels as well (see Figure 4). Thus, radia-
tion belt driving was virtually nonexistent.
Figure 24 shows a detail of radiation belt fluxes (bottom

plot) measured by SAMPEX and solar wind speed (top

plot) for 2007, 2008, and part of 2009. As can be seen, by
the end of 2008, the slot region has broadened to a dramatic
extent. In fact, the slot was seen by SAMPEX to extend
from L ~ 2 to L > 4. For all intents and purposes, the outer
radiation belt disappeared entirely from November 2008
and all through 2009. This resulted because (top plot) the
solar wind speed almost never became greater than VSW ~
400 km s�1.

13. THE LAST CHAPTER OF THE SAMPEX SAGA

The resurgence of sunspot activity on the Sun in 2011 (and
up to the present time) after the extraordinary 4 year sunspot
minimum just described means that the uppermost layers of
the Earth’s atmosphere are again being strongly heated and
are expanding outward [see Baker et al., 2012]. This is
causing increased atmospheric drag on low-Earth orbit satel-
lites. The SAMPEX spacecraft is now soon expected to
succumb to this important space weather phenomenon. After
the two decades of achievements documented in this review,
SAMPEX is falling victim to the very solar activity and
enhanced space weather disturbances that it has helped for
so long to assess and understand. The prediction of drag
experts is that SAMPEX will reenter the atmosphere most
probably in September 2012. The earliest likely entry is
August 2012, and the latest likely atmospheric entry is De-
cember 2012. Figure 25 [from Baker et al., 2012] shows the
expected orbit time profile.
When SAMPEX was launched in July 1992, the Sun was

just coming over the peak of its ~11 year sunspot activity
cycle (see Figure 25) and was moving toward much more
quiet solar minimum conditions. Early after its launch, it was
regarded as likely that SAMPEX would reenter due to atmo-
spheric drag forces by 1998 or so and would very probably
not make it through the solar activity maximum around the
year 2000.

Figure 24. Similar to Figure 13 but for the profound solar activity
minimum period of 2007 through 2009.

Figure 25. Daily averaged SAMPEX altitude (red trace) in the
context of the past 22 years of solar activity shown by the monthly
averaged sunspot number (black trace). From Baker et al. [2012].
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However, contrary to the direst predictions, the spacecraft
made it through the 2000–2001 solar maximum. SAMPEX
was, therefore, able to go on to become one of the longest-
serving and most productive platforms in NASA’s inventory.
The long, continuous record of monitoring the highest-energy
particles in the Earth’s neighborhood revealed more than we
might ever have hoped or expected about how particles are
accelerated, transported, and ultimately lost from the Earth’s
magnetosphere.
The situation for SAMPEX shows both the inevitability of

the effects of the space environment on operating systems as
well as the inherent uncertainties that relate to our proximity
to a highly variable star. Early in its lifetime, SAMPEX
suffered operational anomalies and upsets due to the ener-
getic particles that it was put into space to study. In particular,
there were single-event effects in the newly flown optical
fiber data bus and electrostatic discharges from surface
charging that affected one of the science instruments [Baker
et al., 2012]. Fortunately, none of these effects had serious
impacts on the mission. However, the Sun’s relentless heat-
ing of the Earth’s atmosphere and the small, but irresistible,
drag of that atmosphere will end SAMPEX’s run. But, as
noted, until now, no one could be sure exactly when the
inevitable end would be reached.

14. SUMMARY

The official SAMPEX NASA science mission ended in
June 2004. As part of an engineering and education program,
NASA continued to track the satellite and operate it through
the Bowie State University Operations and Control Center.
One result of the extended unofficial operation of the mission
was the continued collection of science data and continued
processing at The Aerospace Corporation for archiving and
future use by the space science community. A soon-to-be
completed update of the SAMPEX data center with the
postscience mission data means that new science and under-
standing from SAMPEX will continue long after its entry.
Our understanding of the magnetosphere, of space weather,

and our technical capabilities to monitor the environment have
come a long way in the two decades since SAMPEX first went
on duty in space.We have developed highly capable new tools
for observing the Sun and its turbulent corona. We have
achieved ever-improving understanding of solar flares and
CMEs. New space weather forecasting tools now in place are
giving operational warnings of impending solar energetic par-
ticle events and geomagnetic storms. The unparalleled data
from SAMPEX have given us profound new insights about
how the radiation environment around the Earth waxes and
wanes. The science community will greatly miss the monitor-
ing prowess of SAMPEX as a sentinel warning of magneto-

spheric and solar events. But the impact of this modest mission
will long be felt even after space weather and atmospheric
drag claims another low-altitude space asset.
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Large-Amplitude Whistler Waves and Electron Acceleration in the Earth’s
Radiation Belts: A Review of STEREO and Wind Observations

C. A. Cattell ,1 A. Breneman,1 K. Goetz,1 P. J. Kellogg,1 K. Kersten,1 J. R. Wygant,1

L. B. Wilson III ,2 M. D. Looper,3 J. B. Blake,3 and I. Roth4

One of the critical problems for understanding the dynamics of Earth’s radiation
belts is determining the physical processes that energize and scatter relativistic
electrons. We review measurements from the Wind/Waves and STEREO S/Waves
waveform capture instruments of large-amplitude whistler mode waves. These
observations have provided strong evidence that large amplitude (100s of mVm�1)
whistler mode waves are common during magnetically active periods. The large-
amplitude whistler mode waves are usually nondispersive and obliquely propagat-
ing, with a large longitudinal electric field and significant parallel electric field.
These characteristics are different than those of typical chorus, though it remains to
be seen whether the large-amplitude whistler mode waves are a subpopulation of
chorus or something else entirely. We will also review comparisons of STEREO
and Wind wave observations with SAMPEX observations of electron microbursts.
Simulations show that the waves can result in electron energization by many MeV
and/or scattering by large pitch angles during a single wave packet encounter due to
coherent, nonlinear processes including trapping. The experimental observations
combined with simulations suggest that quasilinear theoretical models of electron
energization and scattering via small-amplitude waves, with timescales of hours to
days, may be inadequate for understanding radiation belt dynamics.

1. INTRODUCTION

The importance of whistler mode waves for understanding
the Earth’s radiation belts has been a subject of continuing
interest since the initial work by Kennel and Petscheck
[1966] that examined limits on stably trapped fluxes due to

the interaction of resonant electrons with whistler waves.
Most of the early work focused on whistler mode waves as
a loss mechanism, due to scattering of electrons into the loss
cone, and dealt primarily with waves propagating parallel to
the geomagnetic field. Later work recognized the potentially
important role for whistler mode waves in energization of
electrons [Summers et al., 1998; Roth et al., 1999; Meredith
et al., 2001, and references therein] and the effect of oblique
propagation on the resonance conditions [Kennel, 1966; Roth
et al., 1999]. Because observational studies of whistler waves
using spectral data, often averaged over long periods, sug-
gested that wave amplitudes were small (the order of
~0.1 mV m�1 and ~0.01 nT), quasilinear approaches are most
often used. There were several studies [Omura and Matsumo-
to, 1982; Bell, 1984; Roth et al., 1999; Albert, 2002] that
examined coherent acceleration via small amplitude whistler
mode waves and/or the effect of waves with wave vectors
oblique to the geomagnetic field. Motivated by observations
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of an association between storm-time enhancement of radia-
tion belt relativistic electron flux and chorus wave activity
[e.g., Meredith et al., 2001], there has been renewed interest
in the radiation belts resulting in numerous theoretical studies
of scattering and energization of radiation belt particles via
whistler waves, primarily focusing on quasilinear approaches
(see reviews by Friedel et al. [2002], Millan and Thorne
[2007], Bortnik and Thorne [2007], and Thorne [2010]).
A study by Santolík et al. [2003] utilizing Cluster wave-

form data provided the first indication that wave amplitudes
could at times be much larger (30 mV m�1) than usually
assumed. The four-satellite Cluster mission also provided
unique opportunities to investigate propagation effects,
source locations, and frequency structure of wave packets
[Parrot et al., 2003; Chum et al., 2007; Santolík, 2008;
Breneman et al., 2009, and references therein]. New studies
motivated by the Cluster 30 mV m�1 observation found
nonlinear acceleration/trapping for parallel propagating
waves [e.g., Omura et al., 2007]. With the addition of
large-amplitude wave observations from STEREO [Cattell
et al., 2008] and Time History of Events and Macroscale
Interactions during Substorms (THEMIS) [Cully et al.,
2008], recent years have seen an explosion of studies focus-
ing on nonlinear processes that address many aspects of
whistler mode waves in the radiation belts, including wave-
generation mechanisms, propagation, electron energization,
and wave packet structure [Bortnik et al., 2008; Yoon, 2011;
Omura and Nunn, 2011; Tao et al., 2012].
In this paper, we review observations of large-amplitude

whistler mode waves made by waveform capture instruments
on the Wind and STEREO spacecraft in the Earth’s radiation
belts. Comparisons with simultaneous measurements of rela-
tivistic electrons from the SAMPEX HILT instrument are
presented to address the origin of microbursts. Particle trac-
ing simulations of the large-amplitude waves provide evi-
dence that both energization and large-angle scattering can
occur in a single-wave encounter. Other results on wave
properties are briefly summarized. We show that large-
amplitude whistler waves are common [Wilson et al., 2011;
Kellogg et al., 2011; L. B. Wilson et al., A statistical study of
the properties of large amplitude whistler waves and their
association with few eV to 30 keV electron distributions
observed in the magnetosphere by Wind, 2011, http://arxiv.
org/abs/1101.3303, hereinafter referred to as Wilson et al.,
online report, 2011] and are correlated with microbursts
[Cattell et al., 2008; Kersten et al., 2011]. The electric field
waveforms show evidence of electron trapping in the electric
potential [Kellogg et al., 2010]. Note that large-amplitude
whistler mode waves have also been observed in the inner
belt in association with lightning and high-powered VLF
transmitters [Breneman et al., 2011, 2012].

2. STEREO AND WIND EVENTS

Although neither Wind nor STEREO was designed to
study the Earth’s radiation belts, these spacecraft did have
passages through the belts; we have examined 13 passes
from Wind and 4 on each of the two STEREO satellites.
Both Wind/Waves [Bougeret et al., 1995] and S/Waves
[Bougeret et al., 2008] had waveform capture instruments
(called “TDS” or time-domain sampler) designed to store
and transmit the largest amplitude waves observed in a given
time period, within data rate constraints. S/Waves also stores
the largest amplitude electric field observed in each minute
(TDSMax) to provide additional diagnostics on wave ampli-
tudes. The data sets obtained by the two missions are com-
plementary; Wind had both search coil and electric field data,
while STEREO had longer and more frequent TDS samples
and the TDSMax measurement.

Figure 1. Awhistler-mode waveform obtained by Wind in the near-
equatorial outer radiation belt. (top to bottom) One component of
the magnetic field and three components of the electric field in
spacecraft coordinates. Adapted from Wilson et al. [2011].
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3. LARGE-AMPLITUDE WHISTLER MODE WAVES
ARE COMMON

An example of a near-equatorial (magnetic latitude ~3°)
large-amplitude whistler mode waveform obtained by Wind
at L ~4 and MLT ~2:30 is presented in Figure 1, which plots
the one measured component of the magnetic field and the
three components of the electric field in spacecraft coordi-
nates. The waveform was bursty with a maximum magnetic
field amplitude of >8 nT peak-to-peak (to our knowledge,
the largest ever reported in the radiation belt) and electric
field amplitude of >200 mV m�1. The frequency was
~0.15 fce, the electron cyclotron frequency. These amplitudes
are 2 to 3 orders of magnitude larger than those that have
typically been reported in the radiation belt, based on fre-
quency domain (filter bank) data. The estimated Poynting
flux for this event was >300 μW m�2 [Wilson et al., 2011],
roughly 4 orders of magnitude above estimates from previous

satellite measurements [Santolík et al., 2010]. Note that be-
cause Wind obtained only one component of the search coil
measurement in this mode, and because both the search coil
and electric field data were saturated, this is a lower bound on
both the magnetic perturbation and the energy flux.
That such large-amplitude waves are common is demon-

strated by the fact that every satellite sampling, the radiation
belts with an appropriate “waveform capture” instrument
observes large-amplitude whistler mode waves during inter-
vals with substorms or other active periods. It is often the
case that TDS events are found in bursts, filling the instru-
ment memory buffer, rather than in isolation. Illustrative
examples are shown in Figures 2 and 3. Figure 2 [Wilson et
al., 2011] presents an overview of a Wind traversal of the
magnetosphere on 13 November 1998; the top panel plots the
magnitude and the three GSM components of the magnetic
field [Lepping et al., 1995], and the bottom two panels plot
the energetic electron (labeled “SST Foil”) and ion (labeled

Figure 2. An overview of the Wind pass through the magnetosphere on 13 November 1998 (top to bottom) plotting the
three components of the magnetic field in GSM and the magnitude of the field, the energetic electrons and energetic ions.
The black vertical lines indicate the times of whistler mode waveforms in the time-domain sampler (TDS). Adapted from
Wilson et al. [2011].
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“SST Open”) fluxes [Lin et al., 1995]. During 6 min from
18:15:08 to 18:21:17 UT in the postmidnight outer radiation
belt, Wind obtained 14 waveform captures containing whis-
tler mode waves (11 with only electric field components and
3 with either one or three wave magnetic field components),
indicated by the vertical black lines. All 14 had wave electric
fields >100 mV m�1, and all 3 with wave magnetic field
components had amplitudes >4 nT. Note that there were also
four large-amplitude whistler waveforms seen on the evening
side outer belt between ~16:24:42 and 16:44:40 UT).
A similar interval of large-amplitude whistler mode waves

can be seen in Figure 3. The left-hand panels plot 6 h of data
as STEREO encountered the radiation belts; the top left
panel shows the energetic electron fluxes at five energies

from ~700 keV to 4 MeVobserved on STEREO-B (note that
the modulations on the morningside are due to spacecraft
rolls). The middle left panel shows the power in the electric
field from 2.5 kHz to 60 kHz (the black line indicates the
value of fce) on STEREO-B, and the bottom panel shows the
peak electric field in one dipole channel seen in each minute
by the TDS peak detector (sampled at 125 kHz) on
STEREO-A (green) and STEREO-B (red). Note that the
STEREO-A data have been time-lagged by the 1.4 h differ-
ence between the two satellite orbits. It can be seen that the
large-amplitude waves observed on STEREO-B occurred
just after a substorm injection (lower panel, right-hand side).
In contrast, no large-amplitude waves were observed for the
STEREO-A passage through the same L-shells ~1.4 h earlier,

Figure 3. An overview of the STEREO passage through the radiation belts on 12 December 2006. (left top) Plot of fluxes
of electrons seen on STEREO-B in three energy bands from the IMPACT High-Energy Telescope [Luhmann et al., 2008],
(left middle) plots of the field spectrum from 2.5 to 60 kHz on STEREO-B, with fce overplotted in black, and (left bottom)
plots of the peak electric field in one dipole channel seen in each minute by the TDS peak detector (sampled at 125 kHz)
from STEREO-B in red and STEREO-A (time-lagged) in green. (right top) Plot of one electric field component from two
different whistler mode waveforms seen on STEREO-B, (right bottom) plot of the fluxes of 50–225 keV electrons from
two Los Alamos Geosynchronous satellites. Adapted from Cattell et al. [2008].
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before the substorm onset and electron injection. This is
consistent with the usual picture that the waves are excited
by newly injected electrons that drift around to the morning-
side. During the traversal of the morningside outer belt on
STEREO-B, large-amplitude waves at ~0.2 fcewere observed
for ~20 min, covering L ~3.5 to 4.8, as indicated by the
electric field spectrum and the peak detector. Note that the
peak detector saturated during several minutes in the region
of interest on STEREO-B. During ~4 min (11:20:21–
11:24:26 UT), there were 24 half-second duration waveform
captures; 87% had electric field amplitudes >100 mV m�1

with maximum amplitudes >240 mV m�1 [Cattell et al.,
2008]. Two examples are shown in the upper right-hand
panels.
Consistent with previous research on the association of

chorus with magnetic activity [Tsurutani and Smith, 1974],
the Wind and STEREO studies [Cattell et al., 2008; Wilson
et al., 2011; Kellogg et al., 2011; Wilson et al., online report,
2011] indicate that the large-amplitude waves occur during
intervals of enhanced geomagnetic activity. Wilson et al.
[2011] found that almost all the whistler events were associ-
ated with geosynchronous injections. They also showed that
~70% of the observed large-amplitude whistler mode waves
occurred when the auroral electrojet index AE > 200 nT and
that the amplitudes were weakly correlated with AE. An
analysis of THEMIS chorus events also shows that the wave
amplitude increases with AE [Li et al., 2009].
Wilson et al. [online report, 2011] examined the electron

distributions from the Wind 3DP EESA detectors [Lin et al.,
1995] observed in association with large-amplitude whistler
wave events. Note that the particle distributions were ob-
tained in ~3 s, whereas the waveform captures typically had
durations of ~0.25 s with wave packet durations on the order
of ~0.1 s. Because the Wind particle detectors were not
designed for radiation belt conditions, the higher-energy SST
detectors often saturated and had significant penetrating ra-
diation, at least at some energies (see bottom two panels of
Figure 2). Essentially, all the whistler wave packets that
occurred within the radiation belts were associated with
anisotropic electron distributions (T?/T|| > 1 for energies
from ~400 eV to ≥30 keV). Using the distributions observed
during several events that occurred close to the magnetic
equator as input to the warm plasma dispersion solver
OSCARS, Kellogg et al. [2011] found that the plasma was
unstable to oblique whistler mode waves. However, calcu-
lated wave characteristics from the electron distributions did
not match all of those observed. Possible explanations are
that the waves were generated elsewhere, the characteristics
of the distributions changed over the measurement interval,
or that wave characteristics are significantly modified by
nonlinear effects.

4. CHARACTERISTICS OF WAVES DIFFERENT FROM
TYPICAL CHORUS

Whistler mode waves observed in the radiation belts have
usually been identified as chorus, lightning-associated whis-
tler mode waves, VLF transmitters, and hiss. Chorus occurs
in two bands, above and below 0.5 fce. Lower-band chorus is
generally observed to have a dispersive signature, usually
with frequency increasing with time. Studies have shown
that a majority of this frequency separation is a property of
the source region, while a smaller amount occurs due to
propagation from the source to the spacecraft [Burtis and
Helliwell, 1976; Breneman et al., 2009]. In addition, propa-
gation angles are most often close to parallel to the geomag-
netic field (≲20°), but larger propagation angles, up to the
resonance cone, are also observed [Goldstein and Tsurutani,
1984; Hayakawa et al., 1984; Santolík et al., 2009; Li et al.,
2011a, 2011b].
In contrast to the typical chorus burst, most of the large-

amplitude whistler mode waves observed by STEREO and
Wind propagate obliquely and are usually not dispersive over
the timescale of the waveform capture. This suggests that
either the observed large-amplitude waves may be a different
phenomenon than chorus or that they are emitted by chorus
sources that do not emit a changing frequency with time. The
large wave normal angles may be from effects due to trapped
electrons as suggested by Kellogg et al. [2010]. The detailed
data set that will be obtained from the Radiation Belt Storm
Probes mission may solve this question.
Statistical studies of large-amplitude whistler mode waves

observed by Wind inside 15 Re have been described by
Wilson et al. [2011, online report, 2011] and Kellogg et al.
[2011] found that ~90% of the large-amplitude whistler mode
waves occurred in the radiation belts and ~70% during active
times. Almost all are in the lower band, i.e., have frequencies
at peak power below 0.5 fce. Only a few (~20%) of the
observed wave packets show the frequency changes with
time that are typical of chorus [Wilson et al., 2011]. Kellogg
et al. [2011] shows one example of a waveform that does
have a rise in frequency with time (their Figure 2). No
dispersion was seen in any of the 24 12 December 2006
STEREO-B waveforms. An example is shown in Figure 4;
the waveforms are on the left-hand side, and corresponding
wavelet transforms are on the right. It can be seen that the
frequency is constant throughout the packet. The second
harmonic is a signature of electron trapping as described by
Kellogg et al. [2010].
Figure 5 shows a Wind waveform in minimum variance

coordinates for one event when vector wave magnetic field
data were transmitted; the panels on the left plot the time
series of the three components, and the panels on the right
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present the corresponding hodograms. The expected right-
hand polarization is clear in the upper hodogram, and the
wave vector,

→
k , was 44° to the geomagnetic field. Of the 46

events for which three components of the wave magnetic
field were obtained, 35% had a propagation angle greater
than 20°. Note that most of the waveform samples on both
Wind and STEREO were close to the equator and thatWilson

et al. [2011] found no correlation between the propagation
angle and magnetic latitude. It is, therefore, unlikely that the
oblique propagation is due only to propagation effects.
Kellogg et al. [2010] described an alternative approach to

determining the direction of wave vector for waveforms that
show distortion that is consistent with electron trapping in the
electrostatic potential (discussed in more detail in section 6).
The wave normal angle is found by noting that the electric
field of the trapped layer of electrons must be parallel to

→
k . For

the 24 STEREO-B TDS in the outer belt on 12 December
2006, the average angle between

→
k and

→
B varied from ~46° to

51°, consistent with angles determined from the electric field
polarization and the cold plasma dispersion relation, as well as
from the those determined from wave magnetic field measure-
ments and a minimum variance analysis. This provides further
confirmation of the very oblique propagation.

5. WAVES ARE ASSOCIATED WITH MICROBURSTS

For more than 20 years, observations of “microbursts,” short
bursts of relativistic electrons, have been seen by balloon
detectors or low-altitude satellites imaging the loss cone [Blake
et al., 1996; Millan and Thorne, 2007; Millan, 2011, for re-
view]. Studies by Lorentzen et al. [2001],O’Brien et al. [2003],
and others provided evidence that suggested that oblique whis-
tler mode waves could provide the needed scattering.
There was a fortuitous conjunction between SAMPEX and

STEREO during the intervals when both STEREO-A and
STEREO-B encountered the radiation belts on 12 December
2006 [Cattell et al., 2008]. Figure 6 [Kersten et al., 2011]
summarizes the wave and microburst observations; the top

Figure 4. Three components of (left) the wave electric field for one whistler mode waveform from STEREO-B and (right)
the wavelet power spectra. No dispersion in frequency occurred.

Figure 5. (left) Plots of the three components of the wave magnetic
field for a waveform obtained by Wind; (right) plots of the hodo-
grams for the interval between the magenta lines. The wave is right-
hand polarized. Minimum variance parameters and wave vector
direction are given.
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plot in both Figures 6a and 6b shows the counts in the
SAMPEX HILT detector [Blake et al., 1996] with the L-
shells of both satellites overplotted and the bottom plot
(TDSMax) shows the value of the maximum wave electric
field in each minute, Figure 6c shows an expanded interval
of the relativistic electron counts in HILT, and Figure 6d
shows one of the STEREO-B waveform captures. As de-
scribed above, no large-amplitude waves occurred during

the STEREO-A passage, which occurred when the magnetic
activity was low. Figure 6a shows that there was no micro-
burst activity observed by SAMPEX during the STEREO-A
traversal of the radiation belt. During the STEREO-B
encounter, intense microbursts occurred (top plot in Figure
6b) in conjunction with large amplitude waves. The time
variations in the microbursts (Figure 6c) during the indicated
0.5 s timespan are similar to those seen in the waves (Figure 6d).

Figure 6. Comparison of SAMPEX energetic electrons and STEREO whistler mode wave seen on 12 December 2006
[Kersten et al., 2011]. (a) Plots of the SAMPEX HILTcounts at the time of (top) the STEREO-A conjunction and (bottom)
the STEREO-A TDS-Max, showing that no microbursts are seen when there are no strong waves. (b) Plots of the HILT
counts at the time of the (top) STEREO-B conjunction and the STEREO-B TDS-Max (the times of the TDS waveforms are
indicated by x’s). (c) A high time resolution snapshot of the HILT data is shown and (d) a whistler-waveform. Strong
microbursts were seen in association with the intense waves.
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Near conjunctions between SAMPEX and Wind have
been studied [Kersten et al., 2011] to further explore the
relationship between relativistic electron loss and waves.
Figure 7 presents an example that occurred on 13 November
1998. Intense microbursts are visible in the 4 min of relativ-
istic electron count rates plotted in the upper panel. During
this time period, Wind Waves observed large-amplitude
whistler mode waves; one example waveform is plotted in
the bottom panel.

The observed correlation between large-amplitude whis-
tler mode waves and microbursts is consistent with results of
a particle-tracing code that traces electrons in a straightened
dipole geometry interacting with a whistler wavefield con-
sistent with the observed characteristics. Results show that
resonant electrons can be scattered by very large angles
(~40°) into the loss cone in a single wave encounter [Cattell
et al., 2008; Kersten et al., 2011].

6. DISCUSSION AND CONCLUSIONS

We have briefly reviewed a set of studies using Wind and
STEREO data to characterize the occurrence and properties
of whistler mode waves in the outer radiation belt and the
association with relativistic electron microbursts as seen on
SAMPEX. The results of particle tracing codes modeling the
interaction of electrons with waves similar to those observed
show that these large-amplitude, oblique waves can energize
resonant electrons by the order of MeV during a single wave
packet encounter and/or scatter electrons by large angles
(40°). Energization and scattering are not due to slow quasi-
linear, stochastic processes. The process is nonlinear, asso-
ciated with either or both cyclotron or electrostatic trapping,
resulting in rapid changes in pitch angle and energy. This
suggests that usual theoretical models of electron energization
and scattering via small-amplitude waves, with timescales of
hours to days, cannot provide a complete understanding of
radiation belt dynamics. Instead, further development of non-
linear models such as those developed by Albert [2002] and
Omura et al. [2008, 2009] is needed.
Both STEREO and Wind have measured whistler mode

waves in the Earth’s radiation belt with amplitudes of greater
than 240 mVm�1 in the electric field and 8 nT in the magnetic
field, 2 to 3 orders of magnitude larger than previously re-
ported. Many wave properties are distinctly different from
usual lower band chorus, including large amplitudes, oblique
propagation, lack of frequency dispersion, large longitudinal
electric fields, and significant electric field components paral-
lel to the geomagnetic field. It remains to be seen whether
these large-amplitude waves are a subpopulation of chorus
that grows to large amplitude (with a source that emits a
constant frequency with time) or are an entirely new wave
phenomenon altogether. Similar large-amplitude whistler
mode waves have been reported using THEMIS data [Cully
et al., 2008; Li et al., 2011a, 2011b]. The Wind and STEREO
data indicate that these coherent large-amplitude oblique
whistler mode waves are common in the outer radiation belt
during magnetically active periods. During a STEREO B
encounter with the outer belt after a substorm, large-amplitude
waves occurred for ~20 min, the time taken for the passage
through the belt.

Figure 7. A close conjunction between SAMPEX and Wind. (top)
HILT counts are plotted, (middle) the L-shell and MLT of Wind and
SAMPEX are plotted, and (bottom) the Wind whistler waveform is
plotted.
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STEREO observations provide evidence that the large-
amplitude whistler mode waves are associated with rapid
enhancement (timescale of ~10 minutes) in fluxes of relativ-
istic electrons in the outer radiation belt [Cattell et al., 2008].
These observations were made after a small substorm injec-
tion, but were not associated with a magnetic storm. The
waves may be larger during major storms or after stronger
injections. Waves can scatter electrons by large angles, con-
sistent with the fact that microbursts were seen by SAMPEX
when large-amplitude wave events occurred in close con-
junction [Kersten et al., 2011].
The interaction of the waves with electrons can be highly

nonlinear; both electrostatic [Kumagai et al., 1980] and cy-
clotron trapping of electrons can occur. Kellog et al. [2010,
2011] described the modifications in the whistler electric field
associated with trapping of electrons in the electric potential
of an oblique whistler (see Figure 8, for example). This
mechanism can only occur in obliquely propagating waves,
consistent with the fact that waveform distortion is not seen in
large-amplitude parallel or near-parallel propagating waves.
The density of trapped electrons can be large enough to
significantly modify the whistler wave electric field and large
enough to transport kilovolts of potential to new regions in
the magnetosphere. Note that this trapping is distinctly dif-
ferent from cyclotron resonance trapping, which can also
occur and is associated with the rapid energization and scat-
tering seen in both the observations and particle tracing
results.
The STEREO and Wind waveform capture data, in con-

junction with SAMPEX particle data and simulations, have
provided unique measurements that indicate the potentially
critical role of large-amplitude whistler mode waves in radi-
ation belt physics. A complete description of radiation belt
dynamics will involve the use of nonlinear mechanisms.
Because neither mission was designed for radiation belt
studies, their coverage of the region is limited. A detailed

and more complete picture of the waves and their roles in
radiation belt dynamics will be provided by the Radiation
Storm Belt Probes [Ukhorskiy et al., 2011] and the BARREL
mission [Millan, 2011].
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Classification of Pc1-2 Electromagnetic Ion Cyclotron Waves
at Geosynchronous Orbit

B. J. Fraser,1 S. K. Morley,2 R. S. Grew,1 and H. J. Singer3

Electromagnetic ion cyclotron (EMIC) waves are known to play an important
role in contributing to localized ion ring current decay and radiation belt MeV
electron losses during geomagnetic storms. It is therefore important to understand
the distribution of EMIC Pc1-2 wave types and occurrence in the plasmasphere and
magnetosphere. Results from a statistical study of EMIC waves seen by GOES 10,
11, and 12 at geosynchronous orbit (L = 6.6) over 2007 in the 0.1–1 Hz frequency
band are considered. Over this interval, GOES 10 was located at 60°W (geographic
longitude), GOES 11 at 135°W, and GOES 12 at 75°W. The various types of waves
seen are classified based on their dynamic spectral structure into six groups ranging
from periodic emissions, hydromagnetic (Hm) chorus, narrowband Pc1-2 emis-
sions, substorm-associated emissions (intervals of pulsations with diminishing
period), less organized Hm emission bursts, and irregular emissions. Each category
of wave has a unique local time occurrence distribution and frequency range at
geosynchronous orbit. Statistical results also consider the similarities and differ-
ences in the waves seen by GOES 11 and 12 located at different geomagnetic
latitudes.

1. INTRODUCTION

Electromagnetic ion cyclotron waves, propagating in the
Earth’s magnetosphere at frequencies below the proton cy-
clotron frequency are considered to be excited in the equa-
torial region by the cyclotron instability involving ~10–100
keV anisotropic (T? > T‖) protons [Cornwall, 1965; Kozyra
et al., 1984; Jordanova et al., 2001]. These waves have been
observed on the ground at all latitudes [e.g., Saito, 1969;
Campbell and Stiltner, 1965] and directly in the magneto-

sphere and plasmasphere by satellites [Anderson et al.,
1992a, 1992b; Fraser and Nguyen, 2001; Pickett et al.,
2010]. Recent studies have shown that EMIC waves play an
important role in rapid ion heating, pitch angle scattering,
and precipitation leading to ring current decay [Jordanova et
al., 2001; Fok et al., 2005]. They are also considered to
contribute to the precipitation of MeV electrons from the
radiation belts during geomagnetic storms [Summers and
Thorne, 2003; Loto’aniu et al., 2009]. Satellite observations
show these waves propagate predominantly in the left-hand
polarized mode [Mauk and McPherron, 1980]. The disper-
sion relation for EMIC waves propagating parallel to the
geomagnetic field shows that the parallel energy of the
interacting protons has a minimum at the geomagnetic equa-
tor, suggesting the equatorial region is favored for EMIC
wave generation [Mauk, 1982; Hu and Fraser, 1994]. This is
also where wave amplification maximizes, and the Alfven
velocity is lowest along the field-aligned path [Fraser et al.,
1992].
Observations of Pc1-2 (0.1–5 Hz) ULF waves, the ground

signature of EMIC waves at middle and low latitudes, show a
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regular fine structure embedded in dynamic frequency-time
spectra of the waves, indicating wave packet propagation
[Tepley, 1964; Obayashi, 1965]. In contrast, at high latitude,
with exception of the intervals of pulsations with diminish-
ing period (IPDP), the waves are generally unstructured and
do not show an ordered fine structure [Fukunishi et al., 1981;
Menk et al., 1992, 1993]. In the magnetosphere, much the
same is seen with a recognizable fine structure seen in emis-
sions in the plasmasphere or plasmapause, particularly in
Cluster satellite observations [Pickett et al., 2010; Usanova
et al., 2010; Y. H. Liu et al., EMIC waves observed by
Cluster near the plasmapause, manuscript in preparation,
2012, hereinafter referred to as Liu et al., manuscript in
preparation, 2012]. At high latitudes in the plasma trough
and at geosynchronous orbit, EMIC wave emissions are
mostly unstructured [Fraser and Nguyen, 2001; Fraser et
al., 2006; Clausen et al., 2011]. The most comprehensive
study of EMIC wave properties in the magnetosphere was
undertaken by Anderson et al. [1992a, 1992b] using
AMPTE-CCE observations, and recently, Min et al. [2012],
using Time History of Events and Macroscale Interactions
during Substorms (THEMIS) data, over L = 3.5–9 and all
local times. Anderson et al. showed EMIC waves were found
with a 10%–70% probability over 11–18 magnetic local time
(MLT), while occurrence at L = 5, near the nominal location
of the plasmapause is far less frequent at ≤1% and spread
relatively evenly over the day. Similar events were found at
THEMIS, while at CRRES, most waves were seen in the
14–18 MLT sector [Fraser and Nguyen, 2001].
Ion cyclotron instability growth rates integrated along

field-aligned propagation paths may maximize over a wide
range of L values both inside and outside the plasmapause
[Horne and Thorne, 1993; Hu and Fraser, 1994; Chen et al.,
2009]. It is suggested that more amplified waves are seen in
the plasma trough region than the plasmasphere, particularly
in the He+ and H+ bands. With this in mind, it is important to
characterize the EMIC wave population seen outside the
plasmapause, and geosynchronous orbit data provide this
opportunity.
In addition to single satellite studies of EMIC waves, there

have been satellite missions where multiple satellites have
observed EMIC waves in the magnetosphere. These include
the ISEE pair of elliptically orbiting satellites [Fraser et al.,
1989], the Cluster mission with four satellites flying in tet-
rahedron formation [Pickett et al., 2010; Liu, 2011], the
THEMIS multiple satellite mission [Usanova et al., 2008],
and two or three GOES satellites at geosynchronous orbit
[Fraser et al., 2005, 2006; Clausen et al., 2011]. However,
so far, researchers have not made significant intersatellite
comparisons of EMIC wave properties within these mis-
sions. There are significant differences between EMIC wave

events seen by different satellites within a constellation. For
example, an event seen by the Cluster mission was similar at
three reasonably close-spaced satellites, but the following
satellite showed a much longer emission event when travel-
ing through the same region of the outer plasmasphere (Liu
et al., manuscript in preparation, 2012).
Studies of EMIC waves at geosynchronous orbit using

the GOES satellite constellation data have been reported by
Fraser et al. [2005, 2006, 2010] in relationship to plasma-
spheric plumes and geomagnetic storm occurrence. More
recently, Clausen et al. [2011] looked at GOES 10, 11, and
12 geosynchronous EMIC wave data and found through
studying the simultaneous occurrence at pairs of satellites
that wave occurrence was essentially temporal with waves
occurring at a particular time rather than a satellite moving
through an active region. In contrast to this, Fraser et al.
[2005] found that two satellites, following each other 5 h
apart, saw EMIC wave events associated with a station-
ary radially extended plasma plume, suggesting a spatial
relationship.
It is important to understand the properties of EMIC waves

that interact with convected ring current and plasma sheet
ions associated with subauroral proton arcs [Jordanova et al.,
2007; Spasojevic et al., 2011] and similarly the precipitation
of MeV electrons from the radiation belt [Summers and
Thorne, 2003], which may have implications for the atmo-
sphere, affecting electron density and ozone concentrations
[Verronen et al., 2005]. Elliptically orbiting satellites [e.g.,
Anderson et al., 1992a, 1992b; Fraser and Nguyen, 2001]
only provide a single point observation of the waves in
space. These and other similar studies have shown a large
peak in EMIC wave activity in the local afternoon sector,
which is attributed to the coexistence of increased cold/cool
plasma from an inflated plasmasphere or plasmaspheric
plumes enhancing the cold/cool plasma density, thereby
lowering the threshold of EMIC wave instability. However,
EMIC waves do occur at other times of the day in space, and
it is important to identify all Pc1-2 band wave activity in
space in order to improve our understanding of the physical
processes involved. GOES geosynchronous observations of-
fer a partial solution to the continuous monitoring problem in
that they provide an opportunity to use multiple satellites to
document EMIC wave emissions at all local times albeit at
one radial location.
In this study, we use GOES 10, 11, and 12 high-resolution

fluxgate magnetometer data over January–December 2007 to
define the various categories of EMIC waves seen at geo-
synchronous orbit and study the solar wind and magneto-
spheric conditions under which the waves occur and note the
differences between the satellites due to their location. Sec-
tion 2 outlines the observations made by the three GOES
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satellites over 2007 and associated analysis procedures. In
section 3, the various Pc1-2 wave types seen at geosynchro-
nous orbit and their spectral and occurrence characteristics
are described. Upstream solar wind and interplanetary mag-
netic field (IMF) conditions under which the waves were
seen over the quiet year 2007 by GOES 11 and 12 are
considered statistically in section 4. This is followed by a
discussion of the importance of the wave types identified and
a conclusion.

2. GOES OBSERVATIONS

The GOES 10, 11, and 12 geosynchronous satellite mag-
netometers [Singer et al., 1996] provide a rich source of data
to study ULF waves. The satellites are three-axis stabilized,
and fluxgate magnetometer data are typically analyzed in the
spacecraft coordinate frame. In this coordinate system (Hp,
He, Hn), Hp is parallel to the Earth’s spin axis for zero
inclination orbit or approximately parallel to the field. The
He component is perpendicular to Hp and directed earth-
ward. The Hn component completes the orthogonal system
and is directed eastward. The resultant total wavefield is Ht.
For this study in 2007, GOES 12 was located at 75°W
geographic longitude, GOES 10 at 90°W, and GOES 11 at
135°W. At these locations, GOES 10, GOES 12, and GOES
11 are 4, 5, and 9 h in local time (LT), respectively, behind
UT. The high-resolution data, sampled at 0.512 s are able to
provide information on the low end of the Pc1-2 EMIC wave
spectrum from 0.1 Hz up to the 1 Hz Nyquist frequency.
However, as noted earlier by Fraser et al. [2005], the upper
end of this response is reduced by a five-pole Butterworth
low-pass antialiasing filter. Although the filter 3 dB point is
at 0.5 Hz, the slow dropoff in filter response allows EMIC
waves with amplitudes ≥1 nT to be seen up to 0.8 Hz. Below
0.5 Hz, the noise level is ~0.1 nT. This frequency response
allows the observation of the lower end of the EMIC wave
spectrum, which is generally below ~1 Hz in the local after-
noon and evening sector [Fraser, 1968; Anderson et al.,
1992a; Fraser and Nguyen, 2001]. Although the greatest
power in EMIC waves in space is seen in the azimuthal
magnetic component [Fraser, 1985], this study uses the total
wave power in the event observations and statistical studies.
EMIC wave events described in section 3 were identified

from dynamical spectral analysis of GOES 0.512 s Ht data
undertaken over approximately hourly steps of 7000 data
points or 58.33 min. A fast Fourier transform (FFT) was
performed on a window of 200 points (1.6 min) with an
overlap of 50 points (0.4 min), providing 140 FFTs over the
hour. The FFT frequency resolution was 10 mHz. Input
parameters for the statistical study described in section 4
were obtained from 4 h spectral plots using 120 point FFTs

with a 120 point step and no overlap, resulting in a frequency
resolution of 16.6 mHz. For all analyses, the initial main field
was high pass filtered at 0.01 Hz using a 200 point smoothing
function. The FFT intervals were linearly detrended, tapered
with a Hanning window in the time domain, compensated for
the Hanning window in the frequency domain and then
normalized by dividing the spectrum by the frequency
resolution.
Although the three satellites are located at geosynchronous

orbit on the equator, they are at different geographic lon-
gitudes and local times and will be at different geomagnetic
latitudes due to dipole tilt. Figure 1, adapted from Onsager et
al. [2004], illustrates the geometry of the situation. Here we
see that GOES 12 is located at geomagnetic latitude 11°,
GOES 11 at 4° and GOES 10 at 5°, all north of the geo-
graphic equator. Because the satellites are located at different
geomagnetic latitudes, they will be observing different geo-
magnetic fields and EMIC waves on different L shells, par-
ticularly GOES 11 compared to GOES 10 and 12. This may
explain, for example, why we see different wave powers at
the same time at different satellites.

3. WAVE SPECTRAL PROPERTIES

Although it is commonly agreed that Pc1-2 waves in the
0.2–5 Hz band can be broadly divided into two groups,
structured and unstructured on the basis of identification in
frequency-time spectra, there are a number of subcategories
observed in ground data, which show differing spectral
structure [Fukunishi et al., 1981; Kangas et al., 1998], but
are considered to be associated with the ion cyclotron insta-
bility in the magnetosphere. Since it is not known what role,
if any, some of these play in ring current decay, radiation belt
loss mechanisms or other dynamic processes, it is important
to note their characteristics and occurrence through in situ
satellite observations. In this section, we outline the various
spectral structures seen at geosynchronous orbit by GOES
10, 11, and 12 over 2007. Some of the spectral structures
identified are similar to those presented by Fukunishi et al.
[1981] and Menk et al. [1992, 1993], while others are based
on descriptions originally defined for VLF emissions in the
magnetosphere [Helliwell, 1965].

3.1. Hydromagnetic Whistlers and Periodic Emissions

Here we consider the dispersive hydromagnetic whistlers
defined by Obayashi [1965], which consist of a train of
dispersed fine structure elements, similar to VLF whistlers
but which exhibit a decreasing positive slope with time.
Although they relate to classical dispersion along a geomag-
netic field line in the left-hand polarized mode, they are
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rarely seen in Pc1-2 emission events as it is considered that
the wave generation instability also contributes to the slope
of the frequency-time structure [Gendrin et al., 1971]. Dis-
persion, a propagation effect is most likely to be observed
toward the end of a wave train when the generation mecha-
nism process has ceased and only dispersion takes place.
Because of this, we have combined hydromagnetic whistlers
with the most frequently seen group of waves defined as
periodic emissions and first studied by Tepley [1964]. These
emissions may show regular or irregular fine structure.
Periodic emissions can comprise a single wave train last-

ing for a few to many minutes or a series of wave trains,
which may last for hours and overlap in frequency and time
at frequencies up to about 4 Hz in space [Anderson et al.,
1992a; Fraser and Nguyen, 2001]. They exhibit fine struc-
ture elements, which mostly do not show dispersion and
exhibit a constant positive slope or broken bands of orga-
nized dots [Gendrin et al., 1971]. An example is illustrated in
Figure 2a where a periodic emission on 13 September 2007
seen over 06:15–09:00 UT at GOES 12 in the frequency
band 0.4–0.6 Hz. The emission is seen in the H+ band above
the local helium cyclotron frequency ( fHe+). This is typical of
a long duration emission, which is not too often seen at
geosynchronous orbit [Clausen et al., 2011].
The 10 min diurnal occurrence rates for these events seen

over 2007 by the three GOES satellites are shown in Figure
2b. The periodic emissions show a broad peak over 12–16
LT, and there is also a secondary peak in the early morning

hours 06–07 LT and suggestion of a prenoon minimum
around 09–10 LT, with low occurrence after 18 LT.

3.2. Hydromagnetic Emission Bursts

These are broader band and more impulsive than periodic
emissions and are generally seen at frequencies above fHe+.
An example is illustrated in Figure 3a seen by GOES 11 on
29 January over 12:00–14:00 UT, at 0.2–0.8 Hz mainly in
the H+ band. There may be trains of pulses lasting up to 2 h,
or on some occasions, only one to three band-limited pulses.
They show relatively wide band fine structure elements,
which may or may not show dispersion and exhibit variable
fine structure element spacing, which is not typical of a
bouncing wave packet or regular wave train propagation, but
more typical of an impulsive process. The diurnal distribu-
tion of occurrence in Figure 3b shows both a morning peak at
06–07 LT and an afternoon peak at 14–16 LT.

3.3. Hydromagnetic Chorus

This is, by far, the most common emission seen at geosyn-
chronous orbit, and an example is shown in Figure 4a.
This emission was named because of its similarity to VLF
chorus emissions and comprises a mix of band-limited un-
structured emissions and discrete elements appearing at irreg-
ular intervals. There are often sequences of periodic emissions
embedded within chorus, and on the ground, these are a

Figure 1. GOES 10, GOES 11, and GOES 12, located at 5°, 4°, and 11° geomagnetic latitudes, respectively, are shown
(a) on a coplanar display of their field lines and (b) at their locations in the geographic equatorial plane. Adapted from
Onsager et al. [2004].
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common feature in the plasmatrough region between the plas-
mapause and the cusp [Menk et al., 1993]. The diurnal occur-
rence rate of hydromagnetic chorus plotted in Figure 4b shows
a broad peak in the afternoon over 14–18 LT indicating that it
is primarily an afternoon early evening phenomenon.

3.4. Pc1-2 Band

These waves generally are seen below 0.3 Hz [Fukunishi
et al., 1981] and include the narrowband 0.1–0.2 Hz Pc2
emissions identified by Menk et al. [1992] and probably the

4 s band identified by Heacock [1966]. An example on
26 June 2007, over 16–18 UT is illustrated in Figure 5a. The
diurnal distribution of occurrence is shown in Figure 5b
where a broad peak is seen around the middle of the day
12–15 LT. These are the longest duration events observed
both on the ground and at geosynchronous orbit and are the
narrowest band emissions seen, always in the He+ band. From
DMSP LEO satellite and ground-based observations, Menk
et al. [1992] located their source under and a few degrees of
latitude equatorward of the plasma sheet boundary layer.

3.5. Intervals of Pulsations With Diminishing Period

These are the classical irregular-structured storm and sub-
storm-associated emissions seen in the Pc1-2 band. They
typically comprise a superposition of band-limited noise and
irregularly spaced rising tone elements similar to hydromag-
netic chorus or dispersive irregular hydromagnetic emissions
[Fraser and Wawrzyniak, 1978; Arnoldy et al., 1979].
Figure 6a shows a typical IPDP emission seen at GOES 10
on 18 April 2007 over 20:40–21:20 UT in the H+ band. A
second emission is seen commencing at 21:30 UT in the He+

Figure 2. (a) Typical example of a periodic emission with both
dispersive and nondispersive fine structure seen by GOES 12 about
11° off the geomagnetic equator. (b) Combined diurnal distribution
of 10 min occurrences in local time over January–December 2007,
seen by GOES 10, 11, and 12.

Figure 3. (a) Example of an hydromagnetic (Hm) emission burst
observed by GOES 11. (b) The double-peaked diurnal distribution
of 10 min Hm emission bursts seen by GOES 10, 11, and 12 over
January–December 2007.
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band. The diurnal occurrence is plotted in Figure 6b and
shows an evening peak occurrence at 18 LT, which is typical
of more geomagnetically active times [Kangas et al., 1998].
In addition, IPDP events are also seen in the early morning
hours on the ground. Morning IPDP comprises a series of
isolated rising elements and occurs during intervals of weak
or moderately disturbed geomagnetic activity corresponding
to a decrease in the nightside auroral zone H component
[Fukunishi and Toya, 1981]. The diurnal distributions of
morning IPDP are included in Figure 6b. Although it is
unusual to see a greater occurrence of IPDP in the morning
than in the afternoon [Fukunishi et al., 1981], this may be

associated with the quiet year of geomagnetic activity in
2007 or the limited location of the GOES satellites at L = 6.6.

3.6. Irregular Hydromagnetic Emissions

There is a group of discrete band-limited emission events,
which occur at irregular intervals. They may show an irregular
frequency-time structure with dispersive or nondispersive ele-
ments or appear as a bunch of dots. Dynamic spectral exam-
ples are shown in Figure 7a. Similar to the periodic emissions
in section 3.1, these emissions show a double peaked diurnal
distribution with an early morning peak over 03–05 LT and a
maximum in the afternoon at 14–15 LT as seen in Figure 7b.
The results of the wave occurrence study described above

are summarized in Table 1. Hm chorus contributes the great-
est occurrence probability at 37% with a total event duration
time of 28.4% compared to the lower-frequency Pc1-2 emis-
sion band, which shows a longer total event duration time of
39.5%, due to the very long individual event duration cen-
tered near noon. In contrast, over this year of the unusually
quiet Sun, there were very few occurrences of evening IPDP
events, typically associated with substorm activity.

Figure 4. (a) Example of an Hm chorus emission observed by
GOES 12 on 26 June 2007. (b) The afternoon peak in the diurnal
distribution of 10 min chorus emissions seen by GOES 10, 11, and
12 over January–December 2007.

Figure 5. (a) Example of narrowband Pc1-2 emissions observed by
GOES 12 on 26 June. (b) The postnoon peak in the diurnal distri-
bution of 10 min Pc1-2 band emissions seen by GOES 10, 11, and
12 over January–December 2007.
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On looking at the different emission types defined above,
the categorization of a specific emission may seem confus-
ing. However, the broad groups identified above become
self-evident with experience in analyzing dynamic spectro-
grams with appropriate resolution. The bandwidth limitation
of 0–0.8 Hz in the GOES data means some emissions at
higher frequencies in the H+ band may be missed. However,
Fraser [1968] and McPherron and Ward [1965], using
ground and geosynchronous data, respectively, showed wave
occurrences peak at 10–18 LT for frequencies below 1 Hz. It
will be shown later that any missed data most likely occurs
over 00–08 LT.

4. STATISTICAL RESULTS

For the purposes of undertaking a statistical analysis, we
will consider data from GOES 11 and GOES 12, separated by
5 h LTas shown in Figure 1. GOES 10 located 1 h in local time
away from GOES 11 will be the subject of later three-satellite
research. In addition to the GOES data, it is important to relate
the wave activity observed to coincident upstream solar wind

and interplanetary field properties. Although this has been the
subject of a recent paper byClausen et al. [2011], it is important
to identify the different EMIC wave response observed by
satellites at different latitudes. Also, we use ACE plasma and
IMF observations over 2007 to represent upstream conditions
(Coordinated Data Analysis Workshops; http://www.srl.caltech.
edu/ACE/ASC/level2/lvl2DATA_SWEPAM.html).
The relationship between EMIC wave power seen at

GOES 11 and 12 and solar wind conditions are shown in
Figure 8. Time has been adjusted for the propagation from
ACE using the average of the solar wind velocity following
the work of Fraser et al. [2010]. For solar wind velocities
<500 km s�1, there is a gradual increase in wave power with
velocity at both GOES 11 and 12. Above this velocity, the
continued increase is somewhat variable due to the small
number of high velocities observed, but the increase is seen
to continue, on average, at GOES 12 where wave power
reaches 80 nT2 Hz�1. The wave power increases similarly
with solar wind pressure up to 3–4 nPa. GOES 11 at higher
pressures shows some wave power above 100 nT2 Hz�1,
while GOES 12, further off the equator at 11° geomagnetic

Figure 6. (a) Example of an afternoon interval of pulsations with
diminishing period (IPDP) observed by GOES 10 on 18 April 2007.
(b) The double-peaked IPDP diurnal distribution of 10 min Hm
emission bursts seen by GOES 10, 11, and 12 showing separated
morning and afternoon emission groupings.

Figure 7. (a) Example of irregular Hm emissions including disper-
sive and dotted irregular emissions observed by GOES 12 on
22 April 2007. (b) The double-peaked diurnal distribution of 10 min
irregular Hm emissions seen by GOES 10, 11, and 12 over January–
December 2007.
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latitude shows lower power and does not see any waves at
pressures above 8 nPa. With respect to solar wind pressure
effects, McCollough et al. [2010] reported an increase in
temperature anisotropy during magnetospheric compression
events due to drift shell splitting and/or Shabansky orbits of
ions. Since temperature anisotropy drives EMIC wave
growth, this effect may explain the increase in EMIC wave
amplitude seen with increasing solar wind pressure.
In investigating the IMF relationship, we confined the

study to Bz component variations. Figure 9a shows that the
variation in EMIC wave power is similar at both satellites
being rather flat over 50–100 nT2 Hz�1 corresponding to
±6 nT in Bz with a falling trend with increasing Bz at GOES
11. The higher power seen when Bz goes more south below
<�6 nT relates to less reliable data. Figure 9b indicates the
distribution of wave power with the Dst index, which shows
a falling trend with increasing Dst. Again, data outside
±30 nT is considered unreliable. In this year of the quiet
Sun, there were no EMIC waves seen with storms with Dst <
�40 nT. Like Bz, there was a large occurrence at Dst > 0,
indicating EMIC waves observed under quiet, storm onset
and recovery phase conditions.
Of great interest is the diurnal variation in the wave power,

which supplements the occurrence results for the various wave
categories defined in section 3. Figure 10a shows the annual
distribution of wave power with local time with an afternoon
peak at 16 and 17 LT, respectively, for GOES 11 and 12.
Higher power, at 120 nT2 Hz�1, is observed at GOES 12
located 11° off the geomagnetic equator compared with GOES
11 at 100 nT2 Hz�1. In this quiet year, the afternoon power
peaks well above the nighttime-morning power at 20–40 nT2

Hz�1 may be an indication of an expanded high-density
plasmasphere with the plasmapause beyond geosynchronous
orbit or radially extending plasmaspheric plumes [Fraser et
al., 2005]. It may also relate to the development of ring current
ion anisotropy during westward convection, primarily due to
pitch angle charge exchange losses [Chen et al., 2010].

A more detailed breakdown of the diurnal statistics can be
seen in the scatterplots in Figure 10b, where the local time
variation in event peak wave power is plotted. Here the most
intense wave power is seen over 12–20 LT, up to a peak
power of 103 nT2 Hz�1, while power above 100 nT2 Hz�1

was seen at all LT. These results are similar to CRRES
observations over a radial range L = 3.5–8, which show a
peak occurrence over 12–20 MLT centered on geosynchro-
nous orbit [Halford et al., 2010].
It is well known that the presence of heavy ions (He+, O+)

in the cold/cool ambient magnetospheric plasma will result
in additional plasma characteristic frequencies including
cutoff frequencies, resonances, and crossover frequencies
[Young et al., 1981; Fraser, 1985]. The characteristic fre-
quencies have profound effects on the propagation of EMIC
waves along geomagnetic field lines. For example, in a two-
ion (He+, H+) plasma, there is a nonpropagation stop band
between the He+ cyclotron frequency ( fHe+), and the He+

cutoff frequency ( fco). By observing this stop band in ex-
perimental wave spectra, it is then possible to invert the
problem and obtain an indication of the He+ plasma density
[Gurnett and Shawhan, 1966; Fraser et al., 2006]. In order
to identify the stop band, the wave frequency must be
normalized to the H+ cyclotron frequency in order to provide
an organized spectral slot. The spectral slot created by the
nonpropagation stop band at GOES 11 and 12 combined
over 6 h segments of LT and plotted against peak wave
power is shown in the four panels in Figure 11. In Figure
11, the slot is best defined in the 12–18 LT interval over a
bandwidth f/fHe+ = 0.21–0.28, but is also seen over the
06–12 and 18–24 LT sectors. There is only a suggestion of
a slot in the nightside 00–06 LT sector indicating that for the
few EMIC waves seen here, the He+ ions did not create a slot
to the same extent as seen in the other sectors. Also, most
waves here are seen above fHe+. The less obvious slot might
indicate a low He+ concentration or a warmer He+ temper-
ature [Chen et al., 2011]. Measurements from the spectral

Table 1. Occurrence Probabilities of the Various Types of EMIC Pc1-2 Wave Emission Events Seen by GOES 10, 11, and 12 Over 2007

Emission Type
Number of
Events

Event Occurrence
Probability (%)

Total Duration
Time (min)

Event Duration Occurrence
Probability (%)

Periodic hydromagnetic (Hm) emission/whistlers 182 18.6 9570 13.0
Hm emission bursts 81 8.3 2930 4.0
Hm chorus 362 37.0 20,920 28.4
Pc1-2 band 153 15.6 29,140 39.5
Intervals of pulsations with diminishing period,
morning/evening

60 6.1 2210 3.0

Irregular Hm emissions 142 14.5 8920 12.1
Total 980 100 73,690 100
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slot in the 12–18 LT sector shows the cutoff frequency at fco/
fH+ = 0.28 and fHe+/fH+ = 0.21. Using the relationship fco =
(1 + 3β)fHe+ where β is the fractional He+ concentration
[Young et al., 1981] provides β = 0.11 or 11%. Here we have
used local conditions where f /fHe+ = 0.21 rather than the
expected 0.25. This relates to the deduction that the waves
are generated at the equator where the characteristic frequen-
cies are established, and propagate in a field aligned direction
away from the generation region to off equator regions of
higher magnetic fields [Mauk and McPherron, 1980]. This
result agrees with those obtained at geosynchronous orbit by
Mauk et al. [1981] and Fraser [1985] for a two-ion plasma
and suggests an average He+ concentration in the plasma-
pause bulge region over a quiet Sun year.

The diurnal variation in local normalized wave frequency
at GOES 11 and 12 plotted in Figure 12 shows that waves are
seen, on average, in the H+ band in the midnight-dawn
sector, while over the remainder of the day, they are observed
in the He+ band. Also, the lower normalized frequencies are
seen at GOES 12 further off the equator as expected. Here the
1 Hz Nyquist frequency limits f /fH+ to <0.6 and indicates
the upper frequencies seen in the morning may be limited by
the spectral bandwidth of the data.
Finally, Figure 13 illustrates the variation of wave power

with Dst where data from both satellites are combined and
divided into two groups, Dst < �5 nT and >�5 nT. Waves in
the He+ band dominate at powers >50 nT2 Hz�1, particularly
under more active geomagnetic conditions. Under quieter

Figure 8. (a) Relationship between electromagnetic ion cyclotron (EMIC) wave power spectral density and associated
upstream solar wind parameters observed by ACE. (a) Variation in wave power seen by GOES 11 and GOES 12 with solar
wind speed. (b) Variation in wave power seen by GOES 11 and GOES 12 with solar wind dynamic pressure. The numbers
at the top indicate the number of data points used in the averages.
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conditions, the He+ band wave power is more evenly distrib-
uted, and more power is seen in the lower end of the H+ band.

5. DISCUSSION

5.1. Spectral Properties

The identification of the various spectral forms of EMIC
wave emissions seen on the ground in the Pc1-2 (0.1–5 Hz)
band commenced in the 1960s and has been well-described
by Fukunishi et al. [1981]. With satellite observations, it is
not easy to undertake a comprehensive latitude, local time
survey on a continuous basis, and results have been obtained
by single-point measurements or close-spaced constellations
of satellites (ATS-6, GEOS, AMPTE, ISEE, Polar, CRRES,

Cluster, GOES, THEMIS). An exception to this is a very
recent comprehensive global study of EMIC wave properties
using THEMIS data [Min et al., 2012]. Within the spectral
data from satellites, there have been very few observations of
the classical fine structured “pearl” type dispersive emis-
sions, which are seen frequently on the ground. For example,
Perraut [1982] reported seeing only one over the GEOS
mission. Instead, most emissions seen in space are the peri-
odic emissions, Hm chorus, and Pc1-2 band emissions de-
fined earlier. Only a few of the easily identified evening IPDP
emission events recognized from their geomagnetic sub-
storm association were seen.
With the discovery of the association of EMIC waves in

the middle magnetosphere with enhanced density plasma-
spheric plasma drainage plumes in the afternoon sector and

Figure 9. Relationship between EMIC wave activity and geomagnetic activity seen by GOES 11 and GOES 12.
(a) Variation in mean wave power spectral density and the interplanetary magnetic field Bz component at ACE.
(b) Variation in mean wave power spectral density with the Dst index. The numbers at the top indicate the number of
data points used in the averages.
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sometimes subauroral proton arcs [Fraser et al., 2005; Im-
mel et al., 2005; Spasojevic et al., 2005, 2011], it is
of interest to identify the types of EMIC wave emissions
involved in these interactions. In comparing the plume-
associated emissions from the literature, it appears that
plumes are typically associated with afternoon Hm emission
bursts and patches of Hm chorus. In contrast, the narrow-
band long duration Pc1-2 emissions have been shown in
ground data to be associated with the noon passage of the
cusp and seen a few degrees of latitude equatorward of the
cusp [Menk et al., 1992, 1993] or the plasma sheet boundary
layer [Engebretson et al., 2002]. However, it is not under-
stood how the GOES satellites (at L = 6.6 (~67°) geomag-
netic latitude) may see cusp/PSBL-associated waves,
especially under the generally quiet geomagnetic conditions
experienced in 2007.

5.2. GOES Location

Although the GOES fleet of satellites orbit around the
geographic equator, they are located at different geomagnetic
latitudes depending on longitude, due to the geomagnetic
dipole tilt offset. This maximizes near the GOES 12 longi-
tude, which is 11° geomagnetic north. Likewise, GOES 10
and GOES 11 are at 5° and 4° geomagnetic, respectively.
Satellite latitude has a noticeable effect on EMIC wave
observations. For example, with the EMIC wave generation
source centered on the geomagnetic equator and extending to
about ±11° in latitude [Fraser et al., 1996; Loto’aniu et al.,
2005], GOES 10 and 11 will be well within the source
region, while GOES 12 will be just inside or outside the
source region. The effect of this is seen in Figure 12 where
the local normalized wave frequency ( f /fHe+) is lower at

Figure 10. Diurnal variation in EMIC wave power seen by GOES 11 and GOES 12. (a) Mean wave power illustrating an
afternoon maximum. The numbers at the top indicate the number of data points used in the averages. (b) Scatterplots of
peak wave power illustrating the upper power limits observed during the day.
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GOES 12 than 11 due to its location in a higher geomagnetic
field assuming a near-equator source. Also, the higher peak
mean wave power at 120 nT�2 Hz�1 at GOES 12 in Figure
10 compared to GOES 11 (100 nT�2 Hz), supports the
integrated amplification of EMIC waves when propagating
away from the source region [Horne and Thorne, 1993; Hu
and Fraser, 1994].

6. SUMMARY

The GOES geosynchronous satellite high-resolution data
set with a Nyquist frequency of 1 Hz, and a useable band-
width for ULF waves up to ~0.8 Hz provides a unique

opportunity to study the properties of EMIC waves in the
outer ring current and radiation belt. With continuous cover-
age at specific local times with multiple satellites, it is possi-
ble to study both spatial and temporal properties of the waves.
In this study, we have used data from GOES 10 located at 90°
west geographic longitude and ~5° north of the geomagnetic
equator, GOES 11 at 135° west and ~4° north of the geomag-
netic equator, and GOES 12 at 75° west and ~11° off the
equator, to identify the different spectral characteristics of
EMIC wave emission types seen at geosynchronous orbit.
Statistical studies on the similarities and differences in the
waves seen by GOES 11 and 12 over 2007 were also under-
taken. Major results may be summarized as follows.

Figure 11. Scatterplots of EMIC peak wave power against the wave frequency normalized to the proton cyclotron
frequency over four 6 h local time intervals during the day for combined GOES 11 and GOES 12 wave power. The He+

nonpropagation stop band between the local He+ cyclotron frequency and the He+ cutoff frequency is well defined in all 6 h
plots with the exception of 00–06 LT. (left bottom) The local He+ cutoff frequency ( fco) and cyclotron frequency ( fHe+) are
represented by the black lines.
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1. Six different categories of EMIC wave spectral structures
were identified over 0.1–0.8 Hz. Some show the characteristic
fine structure often associated with interhemisphere bouncing
wave packets, while the other shows a messy disorganized or
irregular fine structure or no structure at all. However, they are
all band-limited discrete emissions presumed to be generated
by ion cyclotron instability within the magnetosphere. The
wave types include, in order of highest to lowest occurrence
probability over the quiet year 2007: Pc1-2 band emissions,
Hm chorus, irregular Hm emissions, Hm whistlers, and peri-
odic emissions IPDP and Hm emission bursts.

2. With respect to upstream solar wind and IMF condi-
tions, a gradual increase is seen in EMIC wave power with
both increasing solar wind velocity up to about 500 km s�1,
and dynamic pressure up to 4 nPa. Beyond these limits, wave
power continues to increase, but the data are less reliable.
3. With regard to internal magnetospheric conditions,

maximum wave power decreases with Dst over �20 nT <
Dst < 20 nT. Increased wave power is also seen under more
active and quieter conditions, but the data are less reliable.
4. Both maximum wave occurrence and power are seen

over 12–20 LT, corresponding to the times of enhanced cold/

Figure 12. Diurnal variation in local normalized wave frequency over 2007 for GOES 11 and GOES 12. The horizontal
lines represent the He+ cyclotron frequency ( fHe+). (bottom) The numbers indicate the number of data points used in the
averages.

Figure 13. Scatterplots of EMIC peak wave power against the wave frequency normalized to the proton cyclotron
frequency for GOES 11 and GOES 12 combined data under differing geomagnetic conditions represented by Dst. In this
solar minimum year, quiet conditions are defined by Dst > �5 nT and more active conditions by Dst < �5 nT.
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cool plasma density at geosynchronous orbit associated with
plasmaspheric plumes or an inflated plasmasphere and the
injection of plasma sheet keV ions.
5. Most H+ band waves are seen over 00–06 LT, and the

He+ nonpropagation stop band is not well defined here,
suggesting the absence of cold He+ ions. He+ band waves
dominated over 06–24 LT.
6. Observations of the He+ spectral slot suggests the average

He+ cold plasma abundance over 06–24 LT in 2007 was ~11%.
7. GOES 12 located some 11° off the geomagnetic equator

at the edge of the wave-generation region sees waves with
higher power and lower normalized wave frequencies than
GOES 11 located nearer the equator and source region.
This study has provided a window on the spectral char-

acteristics of the various types of EMIC waves seen in the
Pc1-2 band at geosynchronous orbit. It also noted some of
the differences in wave characteristics attributed to the dif-
ferent geomagnetic locations of the GOES satellites.
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This paper reviews the role of long-period ultralow frequency (ULF) waves in
contributing to the acceleration, transport, and loss of electrons in the outer zone Van
Allen radiation belt. We place particular emphasis on the mesoscale and global-scale
characterization of ULF waves around electron drift orbits available from ground-
based magnetometer arrays, which complement conjugate single-point in situ sat-
ellite measurements. We examine the time domain relationship between 1–10 mHz
ULF wave power and driving solar wind speed, demonstrating a close connection,
which could contribute to explaining the Paulikas and Blake (1979) correlation
between radiation belt electron flux and solar wind speed. We review both coherent
and stochastic transport processes, such as radial diffusion, which can arise from
resonant ULF wave-particle interactions. We examine the potential role of plasma-
spheric cold plasma density on radiation belt morphology as effected through the
intermediary of ULF waves. Significantly, we show that there is a close connection
between Dst and the storm time penetration of enhanced ULF wave power to low L
and thereby also to the position of the plasmapause. Finally, we introduce the
concept of enhanced ULF wave magnetopause shadowing, whereby ULF wave
advection can bring the magnetopause into contact with closed drift shells at lower
altitudes than estimated from equilibrium magnetopause models. Overall, we high-
light the important role for ULF waves in influencing a large range of radiation belt
acceleration, transport, and loss processes, including the cross-energy coupling of
the populations in the plasmasphere, ring current, and radiation belts.

1. INTRODUCTION

Despite the fact that it is more than 50 years since the
accidental discovery by James Van Allen of the radiation
belts which surround the Earth and which now bear his name
[e.g., Van Allen et al., 1958; Van Allen and Frank, 1959], the

processes controlling radiation belt dynamics and morphol-
ogy remain relatively poorly understood. In this paper, we
examine the roles which ULF waves can play in influencing
the dynamic behavior of the outer zone electron radiation
belt. The outer zone electron fluxes can change by many
orders of magnitudes on time scales from minutes, to hours,
days, months and years. As discussed by, for example,
Reeves et al. [2003] (see also the review by Friedel et al.
[2002]), the overall response of radiation belt electron flux
is determined from a “delicate and complicated balance”
between competing processes, which act to produce overall
acceleration or loss. Apparently similar geomagnetic storms,
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defined, for example, in terms of the ring current response in
the form of Dst, can display a markedly different overall
radiation belt flux response [cf. Reeves et al., 2003].
This is further complicated by the fact that multiple wave-

particle interaction processes can affect radiation belt dynam-
ics at the same time, the overall response arising as the result
of the cumulative effects of all of these processes, which can
act to affect the electrons anywhere around their drift orbit.
Even with data from the eagerly awaited new inner magneto-
sphere missions, such as the NASA Radiation Belt Storm
Probes (RBSP) [see, e.g., Kessel, this volume], additional
complementary coverage elsewhere around the electron drift
orbits will be important. Data from ground-based networks
can make a key contribution in helping to disentangle the
effects and impacts of the multiple different, and likely co-
existing, wave-particle interactions. In this paper, we make
extensive use of the data available from ground-based mag-
netometer networks and highlight the significant contribu-
tion that such arrays can make to studies of radiation belt
dynamics, especially in regard to the effects of ULF waves.
There are numerous wave-particle interactions, which can

produce either acceleration or loss, including interactions
with whistler mode chorus, plasmaspheric hiss, electromag-
netic ion cyclotron (EMIC) waves, magnetosonic modes, as
well as the interactions with ULF waves upon which we
focus here [cf., for example, Friedel et al., 2002; Summers
et al., 1998, 2007; Mann et al., 2006; Millan and Thorne,
2007]. These processes typically operate in different local
time sectors and have different geoeffectiveness under dif-
ferent solar wind driving and during various magnetospheric
conditions such as during storm versus nonstorm times. Also
of significance is the observation that the cold plasma popu-
lations in the plasmasphere (~eVenergy), and medium energy
ion and electron ring current populations (~1–400 keV
energy), influence Alfven and other plasma wave propaga-
tion characteristics as well as particle-driven plasma wave
mode growth rates. Since these modes themselves influence
the radiation belt (~0.5–10+ MeV energy) particles, it is
apparent that there is a cross-energy coupling, which spans
many (>6) orders of magnitude in energy, which is at the core
of determining and controlling the dynamical morphology of
the outer electron radiation belt (see, e.g., the discussion of
Mann et al. [2006]). We suggest that such cross-energy
coupling between the plasmasphere, ring current, and radia-
tion belts, manifest through the intermediary of numerous
wave-particle interactions with plasma waves, should be
adopted as a new paradigm for understanding inner magneto-
sphere dynamics. Only with a comprehensive suite of parti-
cle instruments, which span this range of eV to MeV
energies, combined with wave instruments that monitor
all of the relevant modes, can good progress be made in

understanding the response of the radiation belts to solar
wind forcing.
The upcoming launch of the two-satellite NASA RBSP

mission [e.g., Kessel, this volume], scheduled for 2012, will
enable the geoeffectiveness of many of these wave-particle
processes to be reexamined in unprecedented detail. Many
important discoveries about radiation belt wave-particle inter-
action processes were revealed by the Combined Release and
Radiation Effects Satellite (CRRES) [e.g., Johnson and Kier-
ein, 1992] using the 15 months of data from the equatorial inner
magnetosphere in 1990–1991, but many challenges remain.
Perhaps most significant is that in terms of establishing the
geoeffectiveness of specific solar wind drivers, needed for
future radiation belt models to be advanced to the point of
predictability, the RBSP mission will not suffer from the chal-
lenges of the limited solar wind coverage which spanned the
CRRES era. The increased temporal cadence available from the
inbound and outbound passes of the two RBSP spacecraft,
available at varying along-track interspacecraft separations, will
also provide a new window on the significance of the role of
ULF and other wave-particle interaction processes in shaping
the morphology of the outer-zone Van Allen radiation belts. In
this paper, we examine the role of ULF waves in changing the
morphology of the radiation belts through a variety of resonant
and nonresonant acceleration, transport, and loss processes.

2. ULF WAVE EXCITATION MECHANISMS

2.1. External Solar Wind Drivers

Since the early observations of Paulikas and Blake [1979],
it has been clear that the enhancement of outer zone electron
flux is correlated with intervals of enhanced solar wind
speed. A similar feature of enhanced ULF wave power is
also seen in the magnetosphere during fast solar wind
streams [e.g., Mathie and Mann, 2000; Engebretson et al.,
1998], and a number of authors have suggested a causal link
between enhanced populations of ULF waves and MeV
electron acceleration [e.g., Rostoker et al., 1998; Baker
et al., 1998; Mathie and Mann, 2000]. It is an observational
fact that the outer zone electron radiation belt is at its most
intense during the declining phase of the solar cycle, associ-
ated with corotating interaction regions (CIRs) generated in
interplanetary space by repetitive fast solar wind streams
emanating from transequatorial solar coronal holes. Con-
versely, although enhanced compared to quiet times, the
belts are less intense during solar maximum than during
the declining phase; solar maximum being characterized by
the aperiodic impact of interplanetary coronal mass ejections
(ICMEs) [e.g., Kataoka and Myoshi, 2006]. Storms associ-
ated with both ICMEs and CIRs are associated with the
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generation of enhanced levels of ULF wave power, with the
ULF wave power generated by CIRs typically being longer
lived than that arising from ICMEs [e.g., Borovsky and
Denton, 2006]. During the declining phase of the solar cycle,
the CIRs generated at fast-slow solar wind stream interfaces
often repetitively impact the Earth at the approximately
27 day rotation period of the Sun in the Earth’s frame [e.g.,
Baker et al., 1979]. Since such fast solar wind speed streams
are thought to be efficient drivers of ULF waves [e.g., En-
gebretson et al., 1998; Mathie and Mann, 2000, 2001], it
remains important to establish whether ULF waves excited in
the magnetosphere represent the intermediary required to
explain the Paulikas and Blake [1979] correlation between
outer zone electron flux and fast solar wind speeds.
A series of papers have highlighted the relationship be-

tween fast solar wind speeds, and the generation of intense
ULF wave power [e.g., Mathie and Mann, 2000; Kessel
et al., 2004] and an energetic electron response [e.g., Rosto-
ker et al., 1998; Mathie and Mann, 2000; Mann et al., 2004;
O’Brien et al., 2003]. In particular,Mathie and Mann [2000]
showed that during the declining phase of the solar cycle
ULF wave power is strongly correlated with recurrent fast
solar wind streams and that, in each case, a period of high
ULF wave power was also followed by a MeV energy
electron response at geosynchronous orbit. Similarly, Li
et al. [2001] have shown that the flux of electrons at geosyn-
chronous orbit can be predicted using models that drive the
flux using solar wind inputs, the response being dominantly
controlled by solar wind speed. Note there is also a connec-
tion to southward interplanetary magnetic field (IMF) [Li
et al., 2006, 2011], as well as the impact of the Russell-
McPherron effect [Russell and McPherron, 1973] (see, e.g.,
the analysis in the work of Miyoshi and Kataoka [2008]).
Since ULF waves are expected to play a role in the transport
of electrons into the outer zone, for example, through ULF
wave radial diffusion [e.g., Fälthammar, 1965; Schultz and
Lanzerotti, 1974; Elkington et al., 2003; Fei et al., 2006],
ULF waves hence provide the basis for a physical mecha-
nism through which the observed strong dependence of outer-
zone radiation belt electron flux on solar wind speed might be
explained.
Since magnetospheric ULF waves can also be indirectly

monitored using networks of ground-based magnetometers,
predominantly due to the currents that they drive in the
ionosphere, such networks provide an excellent basis for
compiling the characteristics of ULF waves over epochs
much longer than typical scientific satellite missions and
with much denser multipoint latitudinal and longitudinal
coverage. The virtual combination of data from multiple
arrays into a global supernetwork, e.g., through initiatives
such as SuperMAG [Gjerloev, 2009] or the Ultra Large

International Terrestrial Magnetometer Array (ULTIMA)
initiatives (see, e.g., http://www.serc.kyushu-u.ac.jp/ultima/
ultima.html) can provide truly global coverage. This can span
all local times around a radiation belt electron drift orbit and
across many L-shells and which can supplement the in situ
single-point coverage provided by individual satellite obser-
vations. Figure 1 shows a map of the stations in the Canadian
Array for Real-time Investigations of Magnetic Activity
(CARISMA) array [Mann et al., 2008] (triangles) as well as
selected stations from the Time History of Events and
Macroscale Interactions during Substorms Ground-based
Observatory (GBO) array [Russell et al., 2008]. Overplotted
are illustrative orbit tracks for the two RBSP satellites magnet-
ically traced to 100 km altitude using the Tsyganenko [1989,
T89] magnetic field model with Kp = 3; tick marks along the
orbits are 10 minutes apart. As can be clearly seen, the ground
arrays provide excellent coverage magnetically to conjugate
to the RBSP satellites. In the case of CARISMA [Mann et al.,
2008], this now corresponds to a network of 28 fluxgate
magnetometers with a standard 1 sample per second data
product (raw sampling at 8 samples per second, which is also
stored) as well as eight stations comprising additional pairs of
induction coils deployed in the horizontal plane (100 samples
per second raw sampling). Note that due to the RBSP orbital
period, the ground trace of the apogee will drift in local time
with respect to the ground stations from orbit to orbit.
Figure 2 shows the variations of the H and D component

summed 1–10 mHz ULF wave power derived from the local
noon (6 h from 09–15 MLT) sector from the GILL station
(see also Table 1) from the CARISMA array and their rela-
tion to solar F10.7 radio flux and solar wind speed during
solar minimum. In this paper, the ascending, maximum,
descending, and minimum phases of the solar cycle have
been defined based on the quartiles of observed F10.7 solar
radio flux in the manner described byMurphy et al. [2011]. In
the case of Figure 2, the early part of this solar minimum
period contains a series of 27 day recurrent fast solar wind
streams, which characterize the period when both sunspot
number and F10.7 flux are still decreasing in 1994 and 1995.
Figures 2a–2f show the solar wind speed, solar F10.7 radio
flux in solar flux units, the summed noon sector H component
1–10 mHz ULF wave power (log scale), an overplot of the 3
day average of both the H component ULF power (black,
from Figure 2c) and solar wind speed (red; both log scale),
the summed 1–10 mHz D component ULF wave power (log
scale), and finally an overplot of the 3 day average of both the
D component ULF power (black, from Figure 2e) and solar
wind speed (red; both log scale). In the plots of the Figure 2,
the blue dots show the daily data and the continuous lines
show a running 3 day average. The solar wind data used are
hourly data, propagated to the magnetosphere, from the
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OMNI-2 database [King and Papitashvili, 2005]. The same
data is used to characterize the solar wind speed throughout
the rest of this paper. Very significantly, Figure 2 shows
extremely clearly that the solar wind speed and the noon
sector ULF wave power in both the H and D components are
very strongly correlated and that their logarithms follow each
other in the time domain for year after year. This is an
extension of the result shown, for example, by Mathie and
Mann [2000] and Mann et al. [2004].
Figures 3 and 4 show a summary of the relationship be-

tween the 3 day averaged solar wind speed and H and D
component noon sector 1–10 mHz ULF wave power, respec-
tively, from the GILL station for four phases of the solar cycle
(for each plot, the solar cycle phase boundaries were defined in
terms of the quartiles of the F10.7 flux, as in the work of
Murphy et al. [2011]). In each plot of Figures 3 and 4, i.e., for
each solar cycle phase, the traces are shown independently

normalized to span the maximum and minimum range of log
solar wind and log ULF wave power. These figures clearly
show that the very close relationship between both H and D
component ULF wave power at GILL is maintained through-
out the whole solar cycle. Table 2 shows the rank-order
correlation coefficients (ROCCs) between the 3 day averages
of the log of the H and D component 1–10 mHz noon ULF
power fromGILL and log solar wind speed for these four solar
cycle phases and averaged across four different ranges of
dayside local times. As is clearly shown, the ROCC are
slightly larger in the H than the D component in all local time
ranges in Table 2, reaching 0.8 in the H component for some
solar cycle phases. The ROCCs are generally the largest at
noon and in the morning sector and are lowest at dusk, but
even there remain relatively high around 0.6.
Table 3 shows the L dependence of the ROCC between log

ULF wave power and log solar wind speed for selected

Figure 1. Stations from the Canadian Array for Real-time Investigations of Magnetic Activity (CARISMA) (triangles;
www.carisma.ca) and the Time History of Events and Macroscale Interactions during Substorms GBO (squares) arrays.
Overplotted are example trajectories for the NASA Radiation Belt Storm Probes satellites mapped to the ground using the
Tsyganenko [1989] (T89) magnetic field model.
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Figure 2. The solar minimum: (a) solar wind speed, (b) solar F10.7 radio flux in solar flux units, (c) summed noon sector
GILL H component 1–10 mHz ULF wave power (log scale), (d) an overplot of the 3 day average GILL H component ULF
power (black, from Figure 2c) and solar wind speed (red; both log scale), (e) 1–10 mHz summed GILL D component ULF
wave power (log scale), and (f ) an overplot of the 3 day average of both the GILL D component ULF power (black, from
Figure 2e) and solar wind speed (red; both log scale). In all plots, the blue dots show the daily data and the continuous lines
show a running 3 day average.
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stations (Table 1) from the CARISMA (FCHU, GILL, ISLL
and PINA) [Mann et al., 2008] and the UK Sub-Auroral
Magnetometer Network (SAMNET) (GML and YOR)
[e.g., Yeoman et al., 1990]. The ROCC are calculated for the
noon (09–15 MLT) sector ULF power and show that these
correlations are the highest in both H and D components at
the higher L, but remain high even down to L = 2.5 where the
ROCC can still reach 0.7 during the descending and mini-
mum phases of the solar cycle (e.g., D component at GML
and YOR). Interestingly, at the lowest L-shells during the
descending and minimum solar cycle phases, the correlations
with the D component become larger than those with the H
component. These results are significant since they show that
the relationship between ULF wave power and solar wind
speed is not only maintained throughout the solar cycle, but
also exists deep into the radiation belts at least as far as the
nominal inner edge of the outer zone around L ~ 2.5. Of
course, the fact that these parameters are well correlated on
day [cf. Mann et al., 2004] and 3 day averaged time scales
(as shown here) demonstrates a very close connection and
correlation between both the H and D component ULF
waves and solar wind speed and therefore also in solar
wind–correlated ULF wave energy input to the magneto-
sphere. Calculating the ROCC for averages of ULF wave
power and solar wind speed determined from longer periods
of data (e.g., 27 days (not shown)) retains the high levels of
correlation. This can be compared, for example, to the com-
parisons between the radiation belt response and the plasma-
pause location on such time scales presented by Li et al.
[2006, 2009], and the potential implications of this are dis-
cussed further in section 4 below.
We note in passing here that the correlation between solar

wind speed and geosynchronous relativistic electron flux
originally reported by Paulikas and Blake [1979] was recently
revisited in work by Reeves et al. [2011]. Reeves et al.
suggest, based on a long and recent epoch of data from

1989 to 2010, that the correlation with solar wind speed is
not as clear as Paulikas and Blake originally suggested. Spe-
cifically, Reeves et al. [2011, p. 1] report that scatterplots of
the Vsw-flux relationships tend to show evidence for a trian-
gular distribution, such that the “fluxes have a distinct velocity-
dependent lower limit but a velocity-independent upper limit”
and that the “highest electron fluxes can occur for any value of
Vsw with no indication of a Vsw threshold”. On other hand,
recent analysis of the geosynchronous flux variations by Kel-
lerman and Shprits [2012] using 20 years of data have shown
that when the distributions are normalized by solar wind speed
occurrence into probability distribution functions, with the
well-known and appropriate 2 day flux lag included, then a
clear correlation between relativistic electron flux enhance-
ments and solar wind speed is again reproduced. The Keller-
man and Shprits [2012] analysis hence verifies that the
Paulikas and Blake [1979] conclusion remains robust.
A similar analysis by Li et al. [2011] of the relationship

between MeV electrons and solar wind parameters also
found a close connection between MeVelectron acceleration
events and fast solar wind speeds, especially during the
declining phase of the solar cycle. However, these authors
also highlighted a strong connection to southward IMF. In
the Li et al. [2001] model for MeV electron flux at geosyn-
chronous orbit, “removing the southward component [of the
IMF] from the model and relying only on the solar wind
speed (with a readjustment of the parameters) only slightly
degrades the performance of the model”. However, in dis-
cussing these results Li et al. [2011, p. 9] suggest that the
observed correlation between MeV electron enhancements
and solar wind speed might be explained by a correlation
between times of (fluctuating and hence) southward IMF and
fast solar wind speed. Of course a full explanation for these
correlations may only be possible once the dominant accel-
eration processes, and their detailed relationships to solar
wind drivers, are understood.

Table 1. Magnetometer Stationsa,b

Stations Geographic Corrected Geomagnetic

L-shell and
Ranges

Data Interval Used
and Central YearStation Code

Latitude
(deg)

Longitude
(deg) Latitude (deg) Longitude (deg)

Fort Churchill FCHU 58.76 265.91 69.04 (69.36–68.63) 331.81 (330.76–332.81) 7.94 (8.18–7.65) 1997 (1990–2004)
Gillam GILL 56.38 265.36 66.73 (67.04–66.33) 331.41 (330.41–332.36) 6.51 (6.68–6.30) 1997 (1990–2004)
Island Lake ISLL 53.86 265.34 64.31 (64.60–63.92) 331.83 (330.89–332.73) 5.40 (5.52–5.26) 1997 (1990–2004)
Pinawa PINA 50.20 263.96 60.60 (60.86–60.24) 330.27 (329.39–331.11) 4.21 (4.28–4.12) 1997 (1990–2004)
Glenmore Lodge GML 57.16 3.68 54.31 (54.37–54.26) 84.13 (84.41–83.56) 2.98 (2.99–2.98) 1994 (1987–2002)
York YOR 53.95 1.05 50.83 (50.93–50.73) 80.73 (80.98–80.20) 2.55 (2.56–2.54) 1994 (1987–2002)

aThe six stations used in this study, together with their station code, geographic and corrected geomagnetic latitudes and longitudes.
bValues are shown corresponding to the middle year of the study, and the range of values is shown in parentheses [see also Rae et al.,

2012].
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2.2. Internal Energetic Particle Drivers

ULF waves can also be excited by energetic ring current
ions via free energy available in distribution function-positive
energy gradients [cf.Hughes et al., 1978], or spatial gradients
[e.g., Southwood et al., 1969], through the processes of drift or
drift-bounce resonance [e.g., Southwood et al., 1969; South-
wood, 1976; Southwood and Kivelson, 1982]. Under certain

conditions, these energization processes can also be coupled
to free energy sources from plasma pressure spatial gradients
through ballooning and drift-ballooning modes [e.g., Cheng
and Qian, 1994]. Such processes are thought to excite storm
time high azimuthal wave number (m) modes, which are
predominantly poloidally polarized, and which have maxi-
mum occurrence in the afternoon local time sector along ring
current ion injection paths especially during magnetic storms

Descending

Minimum

Ascending

Maximum

Figure 3. Three day averaged solar wind speed (red, right axis) and H component noon sector 1–10 mHz ULF wave power
(black, left axis) from GILL for four phases of the solar cycle (for each plot, the solar cycle phase boundaries were defined
in terms of the quartiles of the F10.7 flux, as given by Murphy et al. [2011]). The traces are independently normalized to
span the maximum and minimum range of log solar wind and log ULF wave power in each plot.
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(e.g., the “storm time Pc5 waves” described in analysis of
AMPTE/CCE satellite data by Anderson et al. [1990]). Such
poloidal wave modes, especially if they are excited with only
moderate m values, can potentially be efficient energizers of
radiation belt electrons since their electric fields are polarized
with a significant component parallel to the direction of radi-
ation belt electron drift velocity (see, e.g., the polarization
discussion in the work of Mann et al. [1997]). This is in
contrast to toroidal mode ULF waves, which have lower m

values and which are polarized such that their electric fields
are largely polarized perpendicular to the electron drift veloc-
ity [e.g., Southwood, 1974].
Poloidally polarized modes can interact with MeV elec-

trons through the dominant symmetric drift resonance; in
contrast, toroidal modes can only interact through the asym-
metric (m ± 1) resonances, which occur once compression of
the background magnetic field in the magnetosphere by the
incident solar wind is taken into account [Elkington et al.,

Descending

Minimum

Ascending

Maximum

Figure 4. Three day averaged solar wind speed (red, right axis) and D component noon sector 1–10 mHz ULF wave power
(black, left axis) from GILL for four phases of the solar cycle (same format as Figure 3).
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2003]. Consequently, the electric fields from poloidal modes
will likely be more efficient in effecting radiation belt elec-
tron energy change than toroidal modes, especially under
conditions of comparable wave amplitude.
As shown in Figures 2, 3, and 4, there is a close connection

between solar wind speed and ULF wave power generated in
both the H and D components. Under the action of a 90°

perpendicular polarization rotation, which occurs upon trans-
mission of an Alfven wave through a uniform ionosphere
[e.g., Hughes and Southwood, 1976a, 1976b], the H compo-
nent would correspond to a predominantly toroidal mode,
while the D component might correspond to a predominantly
poloidal mode in space (note that satellite data typically
shows that even coherent waves typically have a somewhat

Table 2. ULF Wave Power–Solar Wind Speed Correlations at GILLa,b

1 Jan 1990 to
1 Jan 2006

Descending Minimum Ascending Maximum

3 Mar 1992 to
18 Mar 1994

19 Mar 1994 to
21 Sep 1997

22 Sep 1997 to
27 Apr 2000

28 Apr 2000 to
13 Oct 2002

Morning H 0.69 0.69 0.71 0.65 0.56
3–9 MLT D 0.60 0.58 0.64 0.58 0.47
Noon H 0.78 0.80 0.80 0.74 0.72
9–15 MLT D 0.75 0.76 0.78 0.70 0.68
Dusk H 0.65 0.58 0.69 0.60 0.56
15–21 MLT D 0.59 0.55 0.62 0.56 0.49
Dayside H 0.76 0.79 0.79 0.73 0.68
6–18 MLT D 0.70 0.71 0.76 0.67 0.58

aRank order correlation coefficients between log 1–10 mHz H and D component ULF wave power from GILL and log solar wind speed,
for the period 1 January 1990 to 1 January 2006, as well as four phases of the solar cycle, in four different magnetic local time (MLT)
sectors.

bSee Figures 3 and 4. For each local time sector, the mean of the ULF power from each local time range was computed.

Table 3. ULF Wave Power–Solar Wind Speed Correlations With Solar Cycle Phasea,b

1 Jan 1990 to
1 Jan 2006

Descending Minimum Ascending Maximum

3 Mar 1992 to
18 Mar 1994

19 Mar 1994 to
21 Sep 1997

22 Sep 1997 to
27 Apr 2000

28 Apr 2000 to
13 Oct 2002

FCHU H 0.77 0.82 0.79 0.75 0.70
L = 7.94 D 0.74 0.78 0.77 0.71 0.66

GILL H 0.78 0.80 0.80 0.74 0.72
L = 6.51 D 0.75 0.76 0.78 0.70 0.68

ISLL H 0.74 0.75 0.77 0.71 0.67
L = 5.4 D 0.71 0.73 0.73 0.68 0.63

PINA H 0.72 0.74 0.71 0.67 0.68
L = 4.21 D 0.69 0.74 0.70 0.66 0.61

GML H 0.66 0.64 0.66 0.68 0.62
L = 2.98 D 0.66 0.70 0.71 0.70 0.54

YOR H 0.66 0.62 0.65 0.69 0.64
L = 2.55 D 0.63 0.71 0.72 0.68 0.55

aRank order correlation coefficients between log 1 and 10 mHz H and D component ULF wave power and log solar wind speed, for the
period 1 January 1990 to 1 January 2006, as well as for four phases of the solar cycle for selected stations from the CARISMA and
SAMNET arrays for the noon (09-15 MLT) sector.

bSee Figures 3 and 4.
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mixed perpendicular in situ polarization in the magneto-
sphere) [e.g., Clemmons et al., 2000; Rae et al., 2005].
Hence, the observations in Figures 2, 3, and 4 suggest that
solar wind correlated power in both polarizations likely exist
in the magnetosphere.
Note that the mapping of ground magnetometer ULF wave

power in the equatorial magnetosphere must be done care-
fully [see, e.g., Ozeke et al., 2005, 2009, and references
therein]. This mapping from the ground, through the iono-
sphere, to the equatorial magnetosphere can also be sensitive
to the structure of ionospheric conductivity, especially gra-
dients [e.g., Glassmeier, 1984], and this will affect this
transmission and mapping process. Nonetheless, ULF wave
excitation processes, which are correlated with solar wind
speed, which might include both external (direct solar wind
driving) and internal (resonance with energetic ion) excita-
tion mechanisms, provide a plausible physical mechanism
for explaining at least some of the observed correlation
between solar wind speed and MeV electron response in the
outer radiation belt.

3. ULF WAVE-DRIVEN RADIAL TRANSPORT AND
RADIAL DIFFUSION

As described above, ULF waves can provide the fluctua-
tion fields which can drive the radial transport of MeVenergy
electrons in the outer zone radiation belt. The standard picture
of radial diffusion postulates changes in the energy of the
particles as a result of their interaction with wavefields. The
energy exchange between the particles and the wave can be
considered to arise from the work done by the fields.
Equation (1) below, from Northrop [1963], shows the en-
ergy change experienced by a charged particle of (relativ-
istic) first adiabatic invariant M, charge q, and relativistic
correction factor γ in the presence of electric and magnetic
fields

dW

dt
¼ q

→
E � →vd þM

γ

∂B
∂t

ð1Þ

[see also, e.g., Ozeke and Mann, 2008]. The first term
represents the work done by the electric field, and the
second term the effects of inductive magnetic field changes.
As the particles interact with the wave, their first adiabatic
invariant will be conserved if the time scale of the interac-
tion (for example, the wave period) is long compared to the
particles’ gyroperiod. In general, acceleration (or decelera-
tion) due to the action of the wavefields doing positive (or
negative) work on the particle leads to their inward (or
outward) radial transport toward regions of higher (lower)
magnetic field. As a result of the interaction with a wave
packet of narrow frequency and narrow azimuthal wave-

number spectrum, individual particles can be accelerated or
decelerated depending upon the phase of the wave which
they interact with. A nice illustration of this, and the result-
ing inward and outward radial transport, accompanied by
azimuthal drift phase bunching, is presented by Elkington et
al. [2003]. Note that azimuthal localization of ULF wave
power in a specific local time sector can also be considered
to represent an effective broadening of the m value spec-
trum through the form of the envelope, even if the phase
advance of the wavefield with azimuth is well-described by
a single m value [e.g., Degeling et al., 2007].
In order for an electron to exhibit a significant and contin-

uous change in its energy, it is required to be in resonance
with the wave. For 90° pitch angle particles, this requires the
particles to be in drift resonance such that

ω ¼ mωd;

where ω is the wave frequency, ωd is the particle drift
frequency, and m is the (dimensionless) azimuthal wave
number. If the particle exhibits bounce motion, with an
equatorial pitch angle less than 90°, the drift-bounce reso-
nance condition

ω − mω̄d ¼ Nωb

must be satisfied, where ωb is the bounce frequency, and ω̄d is
the bounce-averaged drift frequency [e.g., Southwood et al.,
1969; see also Southwood and Kivelson, 1982; Mann and
Chisham, 2000]. Such resonances represent the most effi-
cient basis for the interaction between ULF waves and ener-
getic radiation belt particles, interactions allowing energy
changes with single wave packets, which increase propor-
tional to time.
Note that finite length ULF wave trains can produce

interesting and nonmonotonic radial profiles of phase space
density (PSD), since particles can be transported along
Liouville trajectories in L (or alternatively energy) and
(mϕ � ωt) space for a finite time. For example, such
coherent interactions can generate local peaks in PSD as
preexisting radial gradients in PSD are transported and
mixed around the resonance islands, the individual particle
trajectories from single-particle simulations tracing paths
of constant PSD according to Liouville’s theorem [e.g.,
Degeling et al., 2008]. In such a case, the particles will
circulate around resonance islands, but the phase mixing,
which develops during these periodic trajectories around
the resonance island, is terminated after perhaps only a few
periods due to the finite length of the perturbing ULF wave
train. Such single wave resonance interactions can also
be understood and examined using Poincaré maps [e.g.,
Elkington et al., 2003].
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In the magnetosphere, the signatures of flux modulation
due to these relatively coherent interactions with a coherent
single ULF wave packet may be observable with satellites
(cf. I. R. Mann et al., Coherent ULF wave acceleration in the
Earth’s radiation belts, manuscript in preparation, 2012,
hereinafter referred to as Mann et al., manuscript in prepara-
tion, 2012). As discussed by E. A. Lee et al. (Energetic
electron and Pc5 ULF wave interactions during great geo-
magnetic storms, manuscript in preparation, 2012, hereinaf-
ter referred to as Lee et al., manuscript in preparation, 2012),
similar modulations of energetic particle flux can also be
generated in the frame of the satellite due to the advection
of (typically) radial spatial gradients of particle flux across
the satellite. This could also be periodic, for example, in the
case of the advection of flux tubes across the satellite due to a
large-amplitude long-period coherent ULF wave. The active
resonant acceleration of the electrons by an individual ULF
wave packet can be distinguished from a simple ULF wave
advection by the observation that, in general, the advection
process should produce flux modulations which are in phase
across different energy channels since particles of all ener-
gies are all largely being advected by the motion of the flux
tube in the same way. Conversely, in the case of an active
drift resonance, there will be a 180° phase shift in particle
flux across the resonant particle energy (e.g., Mann et al.,
manuscript in preparation, 2012; Lee et al., manuscript in
preparation, 2012).
Of course, as a particle is accelerated or decelerated, it

will gradually drift out of resonance such that, in general, a
spectrum of waves is needed. Although note that two
sufficiently close resonance islands can overlap for waves
of sufficiently large amplitude leading to a transition
to a more chaotic scattering of particle trajectories [e.g.,
Elkington et al., 2003; Degeling et al., 2007]. Such behav-
ior can be considered to be a step toward a more stochastic
transport process such as radial diffusion. Since the fastest
energy transfer occurs through resonant wave-particle in-
teractions, in our opinion, it remains instructive to think
about such stochastic processes in terms of a superposition
of a series of multiple, but phase decorrelated, resonant
interactions, which act on the particle distributions. How
does this process relate to radial diffusion? The answer is,
of course, that the individual wave packet interactions with
an azimuthally distributed ensemble of particles will result
in both inward and outward transport (and acceleration and
deceleration, respectively) due to the action and work done
by the wavefields on the particles. In a flat initial radial
distribution, there would be no net ensemble energization
since equal numbers of particles move inward and outward.
However, in a preexisting radial gradient, with higher
PSD at higher L, the net result is that more particles are

accelerated than decelerated, resulting in an ensemble en-
ergization of the distribution. This is in essence the basis of
radial diffusion.
As described by Fälthammar [1965] and Schulz and

Lanzerotti [1974], radiation belt particles interacting with
long-period electric and magnetic perturbations in the a
dipole magnetosphere can be described through a 1-D
radial diffusion equation, which can be expressed in terms
of L-shell by the equation

∂f
∂t

¼ L2
∂
∂L

DLL

L2
∂f
∂L

� �
−
f

τ
:

Here f represents the PSD of the electrons, and it is assumed
that the first and second adiabatic invariants, M and J, are
conserved [see Schulz and Lanzerotti, 1974], DLL is the
diffusion coefficient, and τ is a loss time scale. Typically,
the radial diffusive transport is specified through the form of
the diffusion coefficients, which are typically separated into
an electrostatic and an electromagnetic term (the latter of
which includes the effects of inductive electric fields). For
example, Brautigam and Albert [2000] specified these as a
function of Kp based on an assimilation of various space-
and ground-based fluctuation power spectra and assumptions
about the inherent L dependence of the radial diffusion
coefficients in background dipole field following the ap-
proach of Schulz and Lanzerotti [1974]. Similarly, Brautigam
et al. [2005] used in situ CRRES electric field observations
to specify the form of electric field diffusion as a function
of Kp.
More recently,Brizard and Chan [2001] [see also Fei et al.,

2006] derived a different approach to the specification of
magnetic and electric diffusion coefficients, DLL

E and DLL
B ,

which captures the functional form of these coefficients
multiplied by either electric field or compressional magnetic
field ULF wave power spectral densities, respectively. In
recent work, Rae et al. [2012] used more than a solar cycle
of ground-based magnetometer data to specify the spectral
shape, and the dependence on either solar wind speed or Kp,
of the magnetic ULF wave power as seen on the ground.
Mapping this ground-based magnetic ULF wave power to
the equatorial plane using an Alfven eigensolution [Ozeke
et al., 2009] allows an estimate of the equatorial electric field,
which compares very favorably to the in situ measurements
from CRRES from Brautigam et al. [2005]. Ozeke et al.
[2012] then took these results, together with a statistical
analysis of in situ compressional magnetic field power input
to theBrizard and Chan formalism, to specify newULFwave
power–based formulae for DLL

E and DLL
B as a function of solar

wind speed or Kp. Note that implicit in this formalism is the
assumption that the electric field and compressional magnetic
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field ULF wave powers are not correlated, which would be
appropriate for decoupled Alfven and fast magnetoacoustic
modes, respectively. In general, however, this is unlikely to
be true since the electric and magnetic fields may be coupled
through Faraday’s law.
It is appealing to consider the assumption that the ULF

fluctuations, which perturb the trajectories of the radiation
belts electron, have the form of fundamental mode field-
aligned harmonics. Under such an assumption decoupled
Alfvenic modes have an equatorial node in magnetic field
and an antinode in electric field, justifying the use of mapped
ground-based magnetic fields to specify purely electric field
perturbations in the equatorial magnetosphere as an input to
parameterized DLL

E [cf. Ozeke et al., 2009]. Similarly, de-
coupled fast mode compressional perturbations would have
an antinode in magnetic field in the equatorial plane enabling
their power to be incorporated into DLL

B . If these two modes
are uncorrelated, then the overall diffusive response can be
calculated using a diffusion coefficient, which is the sum of
bothDLL

E andDLL
B [seeOzeke et al., this volume]. In reality, in

terms of observed electric and magnetic field power in the
magnetosphere, it is probable that the modes are not only
coupled but also that a fraction of the electric field wave
power is inductive. Future work is required to establish the
size of this effect and its impact in the possible overestima-
tion of the combined diffusion coefficients. In a companion
paper, Ozeke et al. [this volume] examine these further and
present examples of the diffusion coefficients based on the
Ozeke et al. [2012] approach. Significantly, Ozeke et al.
[2012] conclude that the electric diffusion DLL

E term likely
dominates over the magnetic diffusion term. This can be
contrasted to the conclusion reached by Brautigam and
Albert [2000] in their formalism that the electromagnetic
diffusion term dominated over the electrostatic one; the
electric field diffusion, which dominates the Ozeke et al.
[2012] diffusion model, is also around an order of magnitude
slower than the (faster electromagnetic) diffusion estimated
by Brautigam and Albert [2000]. See the work ofOzeke et al.
[this volume] for further discussion.
Overall, the high correlation between solar wind speed and

ULF wave power presented in section 2 above validates the
link between these two parameters. More importantly, it
further highlights the potential value of using either a statis-
tical representation of ULF wave power, especially as a
function of solar wind speed, or a time series of measured
ULF powers during a magnetic storm interval, as an input to
the specification of model radial diffusion coefficients.
Moreover, since the Ozeke et al. [2012] [see also Ozeke et
al., this volume] approach suggests that DLL

E is dominant,
then radial diffusion simulations could perhaps be driven
using only estimates of equatorial electric field power. Such

wave power estimates can be derived across L-shells using
the continuous coverage of ULF waves, which is available
from multiple stations in ground-based magnetometer arrays,
but which is not, in general, available from in situ satellite
data. Note that since the fast mode dispersion relation is, in
general, controlled by the wave numbers in all three direc-
tions, rather than only in the field aligned direction as in the
case of Alfven waves, it is much more difficult to derive an
appropriate method for estimating the equatorial compres-
sional magnetic ULF wave power using only ground-based
magnetometer data inputs.
It is also interesting to compare to the results presented by

Mann et al. [2004] who examined the relationship between
1–10 mHz ULF wave power, not only to solar wind speed
but also to ~MeV energy electron flux both at geosynchro-
nous orbit and at L = 5.5 and L = 4.5 from the HEO satellites.
Figure 5, reproduced from Mann et al. [2004], shows the
details of this relationship from 1991 to mid-2000. Figure 5a
shows the yearly running average daily geosynchronous 1.8–
3.5 MeV differential flux from the Los Alamos satellites, as
well as the integrated >1.5 MeV flux from the HEO satellites
from L = 4.5 and L = 5.5. Figure 5b shows the yearly running
average of the solar wind speed (bold line) and the dawn
sector 1–10 mHz ULF wave power from ground magnetom-
eter stations at Sorøyø (SOR, L = 6.66, from the IMAGE
array [Viljanen and Hakkinen, 1997]; X component, top
line), Faroes (FAR, L = 4.27, SAMNET array; H component
multiplied by 4, middle line), and GML (GML, L = 3.08,
SAMNET array; H component multiplied by 8, bottom line).
Note ULF power in the 1–10 mHz ULF range is computed
from a 2 h FFT tapered with a Hanning window. Figure 5c
shows the monthly and yearly average sunspot number dem-
onstrating that the data presented cover essentially an entire
solar cycle. Figure 5d shows the yearly running ROCC of the
daily GEO differential (with 2 day lag) and HEO integral
(L = 4.5 and L = 5.5, both with a 3 day lag) fluxes from
Figure 5a with solar wind speed. Finally, Figure 5e shows the
yearly running ROCC of the daily dawnside 1–10 mHz ULF
wave power from the SOR station (L = 6.66) with the fluxes
at GEO, and the fluxes at L = 4.5 and L = 5.5 (seeMann et al.
[2004] for more details about the data sources and analysis),
as well as with solar wind speed. Note that the correlations
with daily GEO flux peak with a 2 day lag, while those using
the HEO integral flux data from lower L-shells at L = 4.5 and
L = 5.5 both peak with a 3 day lag. This indicates that ULF
wave (and solar wind speed)-correlated flux enhancements
are associated with an inward transport of information, and
most likely also an inward transport of energy, which would
be expected under the action of ULF wave-driven inward
radial diffusion. Figure 5 also shows that there is a good
correlation between the ULF wave power and the lagged
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radiation belt fluxes, the latter being most intense during the
declining phase of the solar cycle. These observations are
consistent with a potentially causal role for inward transport
and acceleration of radiation belt electrons through ULF
wave-particle interactions.

4. ROLE OF THE PLASMAPAUSE

Recent work by Li et al. [2006] using data from the
Solar, Anomalous, and Magnetospheric Particle Explorer
(SAMPEX) satellite extended the initial ideas of Tverskaya
[1986] [see also Tversyka et al., 2003; Tverskaya, 1996] to
show clearly that the inner edge of the radiation belts follows
the storm time disturbance index Dst [Sugiura, 1964] (see
also the discussion in the work of O’Brien et al. [2003]). If
the location of the plasmapause is also correlated with Dst,
then the plasmapause and inner edge of the outer radiation
belts might track each other. For example, Li et al. [2006]

show that the 10 day average minimum L of the plasmapause
(Lpp, based on an empirical model of O’Brien and Moldwin
[2003]) follows the inner edge of the (monthly window
averaged) 2–6 MeV electron radiation belt as observed by
SAMPEX. This suggests that the plasmasphere is exerting a
strong influence on the electron radiation belt: specifically its
penetration to low L. This is rather remarkable since the
radiation belt electrons have energies 6 orders of magnitude
larger than the particles in the plasmasphere! This could be
explained by enhanced losses, which are expected inside the
plasmasphere, for example, as a result of scattering loss
through interactions with plasmaspheric hiss [e.g., Lyons
et al., 1972; Lyons and Thorne, 1973]. Interestingly, how-
ever, the dynamical erosion and refilling of the plasmasphere
and the consequent motion of the plasmapause and/or the
presence of a heavy ion torus outside the plasmapause [e.g.,
Fraser et al., 2005] will also change the radial profiles of the
Alfven speed in the magnetosphere. Such radial profiles of

Figure 5. (a) Yearly running average daily geosynchronous 1.8–3.5 MeV differential flux from the Los Alamos satellites,
as well as the integrated >1.5 MeV flux from the HEO satellites from L = 4.5 and L = 5.5. (b) Yearly running average of the
solar wind speed (bold line) and the H component dawn sector 1–10 mHz ULF wave power from ground magnetometer
stations at SOR (L = 6.66; X component, top line), FAR (L = 4.27; H component multiplied by 4, middle line), and GML
(L = 3.28; H component multiplied by 8, bottom line). (c) The monthly and yearly average sunspot number. (d) The yearly
running rank-order correlation coefficient of the daily GEO (with 2 day lag) and HEO (L = 4.5 and L = 5.5, both with 3 day
lag) differential and integral fluxes with solar wind speed. (e) The yearly running rank-order correlation coefficient of the
daily dawnside 1–10 mHz ULF wave power from SOR (L = 6.66) with the fluxes at GEO and L = 4.5 and L = 5.5, and the
yearly daily average solar wind speed Vsw. Reproduced from Mann et al. [2004] with kind permission from Elsevier.
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Alfven speed will also influence the extent to which ULF
waves, which might perturb the radiation belts, can penetrate
to such low L-shells [cf. Loto’aniu et al., 2006; see also Kale
et al., 2009] offering a potential causal role for ULF waves in
contributing to the correlation between the plasmapause po-
sition and the inner edge of the outer zone electron belt. Of
course, it could also be possible that both the plasmapause
location and the inner edge of the outer zone radiation belts
are themselves each correlated withDst, but that the processes
responsible for each are distinct such that they are not directly
causally linked to each other.
Specifically, in relation to the role of ULF waves in the

transport of MeV electrons to low L-shells, Loto’aniu et al.
[2006] studied the penetration of MeVelectrons into the slot
during the beginning of the 2003 Halloween storm period
on 29 October 2003. Loto’aniu et al. [2006] showed en-
hanced penetration of ULF wave power deep into the mag-
netosphere down to L < 2, with sufficient power to be able
to explain the initial electron transport into the slot on the
29–30 October 2003 [see also Baker et al., 2004]. Modeling
of the event by Li et al. [2009] further suggests, using a
radial diffusion model, that ULF waves could have been
responsible for the slot filling during the Halloween storms.
Significantly, during this period, the L-shell profile of the
Alfven eigenfrequency was significantly reduced compared
to quiet times [Loto’aniu et al., 2006; Kale et al., 2009] over
a time period of only several hours following storm onset.
Given the low L extent of the Alfven frequency reduction,
the obvious explanation offered by Loto’aniu et al. was that
heavy O+ ions had been injected into the equatorial mag-
netosphere from the ionosphere. Overall, these works sug-
gest that low-energy (eV) and very high energy (MeV)
particle populations can be connected via the intermediary
of ULF waves.
An interesting question is whether the ULF wave power

penetration to low L also follows the location of Lpp, i.e., is
it strongly related to Dst, in a manner similar to the Li et al.
[2006] connection between Lpp and the inner edge of the
outer zone electron radiation belt. If it does, it suggests that
ULF waves may perhaps have an ongoing and active role to
play in controlling the low L penetration of the radiation
belts. Figure 6 shows the relationship between the noon
sector (9–15 MLT) 1–10 mHz H and D component ULF
wave power (in the form of a daily value of a 3 day
average) from six selected ground-based magnetometer sta-
tions, spanning L-shells from L = 2.5 to L = 7.9. The top
plot shows the logarithm of this daily noon sector H com-
ponent ULF wave power from the six stations from Table 1.
The second plot shows an interpolated color contour of the
logarithm of the H component ULF wave power from the
top plot, derived from these six stations, as a function of L

and time. Overplotted in the second plot are daily lowest
Dst (black) and daily lowest Lpp (purple) (both dots) and
their 3 day average (solid lines). The third and fourth plots
show the results for the D component, in the same form as
the top and second plots, respectively.
Immediately obvious is both the enhancement and low L

penetration of ULF wave power during the storms, especially
during the periods characterized by reductions in Dst (which
typically represent the main phases of the storm events). In
Figure 6, when Dst gets below �30 nT, this seems to be a
good approximate boundary delineating periods of enhanced
ULF wave power and low L ULF wave power penetration.
Overall, throughout the calendar year of 1999, it is clear that
the ULF power in both the H and D components penetrates to
lower L during the periods of low (and especially decreasing,
i.e., storm main phase) Dst. This is true both for individual
storms, as well as through the year on longer monthly time
scales; for example, the power is at higher L-shells during the
middle of the year compared to both the beginning and end
of 1999. Note that there is one obvious exception, on 30 July
1999 (marked with a red triangle in Figure 6). At this time,
the power in the Canadian stations (PINA to FCHU; L = 4.2
to L = 7.9) is enhanced, but a similar enhancement is not seen
at the lower-L European stations (GML and YOR). Since the
data from the Canadian stations is taken from a different
MLT sector, their noon sector power does not come from the
same UT. During this activation, there appears to be signif-
icant power at L > 4 in the Canadian sector, but similar power
enhancements are not seen in the lower-L European stations
from around 7 h earlier when they were at local noon. This
suggests that this day was characterized by some relatively
short-lived ULF wave power activation, which had a time
scale significantly less than 1 day in duration, such that it was
seen in the Canadian noon sector but not the European noon
sector on this day. Nonetheless, the relationship between the
ULF wave power penetration and decreases in Dst, and
hence lower Lpp, seems to be very clear and robust from
storm to storm in this data set. Significantly, this suggests that
ULF wave power penetration to low L may have a role to
play in explaining the link between the inner edge of the
radiation belt and the plasmapause. Further work examining
this relationship is required.
Interestingly, Ozeke and Mann [2008] recently examined

the possibility that energy from ring current ions could be
transferred to radiation belt electrons via the intermediary of
ULF waves and found an important role for the plasmasphere
in this potential energy exchange as well. They examined the
interesting possibility that free energy from ring current ions
could internally excite eastward propagating Pc4-5 ULF
waves, which themselves could then be resonant with radia-
tion belt electrons. The overall response, in effect, represents
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an energization of radiation belt electrons from the much
larger reservoir of ring current ion energy during magnetic
storms. Ozeke and Mann [2008] concluded that this was
possible for intermediate m value waves and that the pre-
ferred conditions for this to operate in the heart of the outer
zone radiation belt were a depleted plasmasphere and a low
plasmatrough density outside the plasmapause. The energetic
ring current ion drift-bounce resonances, which could gener-
ate the ULF waves required to be additionally drift resonant

with ~1–10 MeV radiation belt electrons, were ~keV H+ or
several hundreds of keV O+ ions. The latter of these two ion
populations is known to be prevalent in the form of an
energetic oxygen torus, which exists outside a depleted plas-
masphere during magnetic storms [e.g., Krimigis et al., 1985;
Fraser et al., 2005]. Consequently, it is interesting to note
that there is the further possibility to tap ring current ion
energy to feed radiation belt flux enhancements via the
intermediary of high-m ULF waves. Significantly, these

Figure 6. Daily noon sector (9–15 magnetic local time) 1–10 mHz H (top two plots) and D component (bottom two plots)
ULF wave power from six selected ground-based magnetometer stations spanning L-shells from L = 2.5 to L = 7.9 for
calendar year 1999. The first and third plots show the daily H and D component power, respectively. The second and fourth
plots show interpolated color contours of the logarithm of the H and D component ULF wave power, respectively, as a
function of L and time, overplotted with daily minimum Dst (black) and daily lowest L of the plasmapause (purple) (both
dots) and their 3 day average (solid lines).
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interactions appear to be more favorable during conditions
characterized by a depleted plasmasphere in the presence of
several hundreds of keV O+ ions in a torus outside the
depleted plasmasphere, exactly the conditions that are known
to occur during magnetic storms.

5. ENHANCED ULF WAVE
MAGNETOPAUSE SHADOWING

Radiation belt loss is also of critical importance for con-
trolling radiation belt dynamics and morphology since its
effects compete with those of acceleration processes [see,
e.g., Millan and Thorne, 2007]. Numerous radiation belt
radiation loss processes have been proposed, including scat-
tering into the loss cone by a variety of plasma wave modes
such as electromagnetic ion cyclotron (EMIC) waves [e.g.,
Summers and Thorne, 2003], chorus waves [e.g., Horne and
Thorne, 2003], and plasmaspheric hiss [e.g., Lyons et al.,
1972], which may also be related to penetration of chorus
elements into the plasmasphere [Bortnik et al., 2008]. Com-
pression of the magnetopause to low-L values can also cause
losses where drift paths intersect with the magnetopause
[e.g., Li et al., 1997], and this loss can be enhanced through
fully adiabatic outward transport due to the Dst effect [e.g.,
Kim and Chan, 1997]. These magnetopause shadowing
losses can also be enhanced on radial diffusion time scales
by the action of outward ULF wave-driven radial diffusion
[e.g., Loto’aniu et al., 2010], which can be especially fast on
the sharp PSD gradients and which may be created by recent
and proximal magnetopause shadowing [e.g., Turner et al.,
2012].
One aspect of the influence of ULF waves upon loss,

which has, up to now, been essentially ignored, is the possi-
bility for coherent, and nondiffusive, loss of radiation belt
electrons due to ULF waves. Flux tubes oscillating under the
action of poloidal ULF waves will advect in and out with the
radial wave displacement amplitude local to the wave; since
MeV energy electrons will make a complete drift orbit on a
similar time scale under the action of gradient-curvature
drift, and are not advected by the wave, they can encounter
the magnetopause and, hence, be lost from magnetopause
shadowing at a radius significantly inside the equilibrium
magnetopause position. This also means that at the time
when large-amplitude ULF waves are present, magnetopause
location models based on equilibrium magnetosphere con-
figurations [e.g., Kim et al., 2008] will not represent good
field models in which to trace and estimate the full extent of
shadowing losses to the magnetopause.
Fundamental field-aligned ULF wave harmonics have an

antinode in displacement in the equatorial plane. This sug-
gests that during dynamic times, especially, for example,

following sudden increases (or decreases) in dynamic pres-
sure and in the regions where the radiation belt electron
drift paths are closest to the magnetopause, this ULF wave
advection can act to enhance magnetopause shadowing
losses. These periodic encounters with the magnetopause
will erode parts of the closed electron drift paths even for
drift paths that do not intersect with the predicted equilib-
rium magnetopause location. In addition to these enhanced
ULF wave magnetopause shadowing losses, which occur
on wave period time scales, further losses on the L-shells
even deeper inside the equilibrium magnetopause can also
occur on longer time scales through the action of outward
radial diffusion.
Figure 7 shows plots of the (left) median power spectral

density of the azimuthal electric field in the equatorial plane
of the magnetosphere as a function of Kp, derived from the D
component of around 15 years of ground-based magnetometer
data from the GILL and FCHU stations in the CARISMA
array [Rae et al., 2012] (see Table 1). The D component is
used as it is assumed to be rotated by 90° through the
ionosphere into a poloidal mode in the magnetosphere and
is mapped to the equatorial plane using the Alfvenic approx-
imation of Ozeke et al. [2009]. The middle plot shows the
median electric field amplitude inferred from the median
magnetic power in the left plot under the same standing
Alfven eigenmode approximation. Finally, the right plot
shows the equatorial radial displacement spectrum derived
from the electric field in the middle plot under the assump-
tion that the amplitude at each frequency corresponds to a
fundamental mode standing Alfven wave oscillating with
that discrete frequency. Each plot also includes a fit to a
simple functional form of the Kp dependence of the power
spectral density in the left plot as presented by Ozeke et al.
[2012]. As can be clearly seen, the median displacement for
Kp = 9 from this analysis is expected to produce displace-
ments ~±1 RE and ~±0.5–0.6 RE at frequencies around 1 mHz
on field lines that map to the ground magnetometer stations
at FCHU and GILL, respectively (note, of course, that the
mapping of the field lines from these stations to the magne-
tosphere will vary with geomagnetic activity and solar wind
parameters, dynamic pressure, perhaps, being especially im-
portant in this context). Such frequencies around 1 mHz are
expected to be close to the natural eigenfrequencies of field
lines close to the magnetopause [e.g., Mathie et al., 1999],
although Figure 7 shows that higher-frequency modes
around a few mHz would be expected to, in general, have
lower statistical displacements.
The upper and lower quartiles have power spectral den-

sities which are increased/decreased from the median by a
factor ~3.5 (not shown). Consequently, the expected radial
displacements would be increased by a factor <~2 by
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using the upper quartile rather that the median powers
which are shown in Figure 7. Time domain case studies
of events with large-amplitude ULF waves, perhaps fol-
lowing sudden impulses or stream interfaces [cf. Morley et
al., 2010], would be needed in order to validate the hy-
pothesis that ULF wave advection can produce enhanced
magnetopause shadowing losses inside the equilibrium
magnetopause location, and that will be the subject of
future work. Nonetheless, it appears that ULF wave flux
tube advection on high L-shells close to the magnetopause
could be as large as ~±1–2 RE based on the statistical
characteristics of ULF wave power in terms of Kp. During
large dynamic pressure changes and sudden impulses, the
effects of enhanced ULF wave magnetopause shadowing
would be expected to be especially strong. Interestingly,
the study by Kellerman and Shprits [2012] found that
dynamic pressure was, in general, correlated with radiation
belt electron flux decreases.
The “enhanced ULF wave magnetopause shadowing”

processes discussed here would operate on the time scale
of ULF wave periods, i.e., also on MeV energy electron
drift time scales. Future studies should examine the poten-
tial impact of this essentially coherent ULF wave process
on radiation belt loss, specifically the role it may play in
depleting the radiation belts at locations (perhaps at times
significantly) inside the nominal equilibrium magnetopause
location.

6. SUMMARY AND CONCLUSIONS

In this paper, we have presented an overview of some of
the mechanisms by which ULF waves can significantly in-
fluence the acceleration, transport, and loss of relativistic
electrons in the outer zone radiation belt. Since these elec-
trons are influenced by wave-particle interactions all around
their drift orbits, it is important to be able to characterize the
global nature of these interactions. In terms of long-period
ULF waves, wave monitoring from multiple global magne-
tometer arrays provides an important complement to the
single-point measurements available from satellites such as
the upcoming two-spacecraft NASA RBSP mission. Many
of these magnetometer arrays, such as the CARISMA array,
have the capabilities for real-time monitoring of waves from
Pc1 to Pc5 frequencies across many hours of longitude
spanning from the polar cap to deep inside the plasmasphere.
In recent years, there has been a definite tendency to

suggest that processes that violate the first adiabatic invariant
might be dominant in terms of driving radiation belt accel-
eration, a strong candidate process being resonance with
lower-band whistler mode chorus [e.g., Meredith et al.,
2002]. Such inferences have been supported by observations
of PSD peaks in the heart of the radiation belt around L ~ 5
[cf. Green and Kivelson, 2004; Chen et al., 2007]. In data
from repeated satellite passes through the inner magneto-
sphere, these PSD peaks appear to rise monotonically from

Figure 7. (left) Median power spectral density of the azimuthal electric field in the equatorial plane of the magnetosphere
as a function of Kp, derived from the D component of around 15 years of ground-based magnetometer data from the GILL
and FCHU stations in the CARISMA array [Rae et al., 2012] (see Table 1). (middle) Median electric field amplitude
inferred from the median magnetic power in the left plot. (right) Equatorial radial displacement spectrum derived from the
electric field in the middle plot under the assumption that the amplitude at each frequency corresponds to a fundamental
mode standing Alfven wave oscillating with that discrete frequency.
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the background. This can be contrasted with the response
expected from an inward transport process such as radial
diffusion where a PSD increase propagates inward and is
followed by rapid high L decay, which could also create a
localized PSD peak at a specific instant of time. Consequently,
the behavior reported byGreen and Kivelson [2004] andChen
et al. [2007] cannot be easily explained by inward transport
processes such as radial diffusion [e.g., Shprits et al., 2007].
Nonetheless, it will be interesting to reexamine the flux pro-
files arising from radial diffusion with new formulations of
diffusion coefficients such as those developed by Ozeke et al.
[2012] [see alsoOzeke et al., this volume]. Overall, we believe
that ULF waves have an important role to play in controlling
radiation belt dynamics and morphology, and this paper fo-
cuses on elements of such dynamics. For example, even in the
scenario whereby local acceleration, such as through reso-
nance with lower-band chorus, provides a source of relativis-
tic electrons in the heart of the outer radiation belt, ULF wave
radial diffusion would certainly play an important role in
redistributing this flux through both inward and outward
radial diffusion.
In this paper, we have shown that there is a very close

correspondence between 1–10 mHz ULF wave power and
solar wind speed across the entire radiation belt. This
suggests that ULF waves may offer an explanation or at
least contribution to the long-standing observation that
radiation belt fluxes are correlated with solar wind speed
[Paulikas and Blake, 1979]. Interestingly, at the low-L-
shells in the heart and lower-altitude regions of the outer
radiation belts during the declining and minimum phases of
the solar cycle, the D component is slightly better corre-
lated with solar wind speed than the H component. Under
an assumption of a 90° Alfvenic polarization rotation
through the ionosphere, the D component would corre-
spond to an azimuthal electric field in the magnetosphere,
which can strongly interact with the radiation belt electrons
via drift resonance.
Also of interest is the observation presented here that

ULF wave power enhancements, and their penetration to
low-L-shells, seem to be strongly influenced by Dst espe-
cially during times when Dst is decreasing during storm
main phase. This relation suggests that ULF wave power
penetration into the inner magnetosphere can be important
and, indeed, that perhaps this penetration has a role to play
in explaining the observation that the inner edge of the
radiation belts follows the plasmasphere. There is no doubt
that the background radial density profiles can affect the
penetration of ULF wavefields to low L [cf. Loto’aniu et
al., 2006; Kale et al., 2009], and there is evidence that this
can explain even some extreme dynamics such as the slot
filling [Baker et al., 2004] during the Halloween 2003

storms [Loto’aniu et al., 2006; Li et al., 2009]. Changes
in background plasma density can also affect the drift-
resonance condition itself, and this may also be important
[e.g., Ozeke and Mann, 2008]. An interesting question is
also whether there are solar wind conditions when radial
diffusion provides the dominant acceleration and more
generally to determine the extent to which ULF wave
transport provides the energy source for the outer zone
electron radiation belt through the work done by the ULF
wavefields.
Despite the observations of Green and Kivelson [2004]

and Chen et al. [2007], it is also important to consider the
latitude of electron phase space density observations. It is
possible that a radial diffusion process, which acts preferen-
tially on large pitch angle particles at the equator, could
appear to an off-equatorial observer to be a local rise in phase
space density if a secondary equatorial pitch angle scattering
process is responsible for decreasing the pitch angles, hence
enabling the enhancement to be seen by the off-equatorial
platform. For example, Fennel and Roeder [2008] used
SCATHA data to analyze the phase space density structure
as a function of the first and second adiabatic invariants for
the 2 May 1986 storm (Dst = �95 nT). Fennel and Roeder
[2008, p. 1] obtained

“results (which) imply that radial diffusion is a reasonable explanation
of the near-equatorial post-storm PSD enhancements for L* > 5.2 for
this storm but that either significant electron pitch angle transport,
losses, and/or acceleration of off-equatorial mirroring electrons by
waves play an important role in the evolution off-equator PSD profiles
during the storm recovery.”

Observations by the RBSP spacecraft will help to further
determine the relative importance of local acceleration and
ULF wave radial diffusion in shaping the morphology of the
outer zone radiation belt.
Finally, we have examined the possible role of ULF waves

in enhancing magnetopause shadowing losses in the magne-
tosphere through the ULF wave advection of the magneto-
pause from its equilibrium position to lower L values. We
estimated the possible amplitude of this motion, finding on
the basis of statistical ULF wave power measured by ground-
based magnetometers that it might reach ~±1–2 RE. Such
“enhanced ULF wave magnetopause shadowing losses” may
be important in enhancing the losses seen during storm main
phase, especially under conditions such as at solar wind stream
interfaces where dynamics pressure increases or sudden im-
pulses can be expected to excite large-amplitude ULF waves.
Certainly, the results from the superposed epoch analysis of
solar wind stream interface radiation belt losses observed by
the GPS satellites presented by Morley et al. [2010] appear to
show a close correspondence between model magnetopause
location and the L-shell locus of the observed GPS energetic

86 ULTRALOW FREQUENCY WAVES IN RADIATION BELT DYNAMICS



particle flux loss. Despite their close correspondence in shape,
Morley et al. argued that magnetopause shadowing was not
likely important since the model magnetopause location and
the GPS loss profiles were separated by several Earth radii. In
our opinion, ULF wave advection of the magnetopause may
provide a basis on which to bridge this gap. The enhanced
ULF wave magnetopause shadowing losses would occur co-
herently on ULF wave (and hence also electron drift) time
scales; of course, outward radial diffusion may further enhance
such magnetopause losses on the longer radial diffusion time
scales especially if ULF wave power remains high following
the stream interface.
Very recently, Kellerman and Sphrits [2012] revisited the

relationship between solar wind parameters and geosyn-
chronous radiation belt electron flux first studied by Pauli-
kas and Blake [1979]. Kellerman and Shprits, using a
probability distribution function approach, showed that the
2 day lagged electron flux was well correlated with solar
wind speed, just as had Paulikas and Blake many years
before. Our results show that there is a very close time
domain correspondence between long-period ULF wave
power and solar wind speed, suggesting that ULF waves
may represent an important intermediary, which could ex-
plain some of the Paulikas and Blake correlation through
ULF wave-particle interactions. Certainly, the ULF wave
power increases by several orders of magnitude during fast
solar wind speed intervals (Figures 2, 3, and 4) [see also,
e.g., Mathie and Mann, 2000, 2001]. Such increases might
be explained by the increased trapping of ULF waves inside
the magnetopause [e.g., Mann and Wright, 1999] or by the
action of the Kelvin-Helmholtz instability at the magneto-
pause or through overreflection of ULF waves there [e.g.,
Mann et al., 1999], which may be prevalent for solar wind
speeds >~500 km s�1. Perhaps equally interesting is the
observation by Kellerman and Shprits [2012, p. 1] that
geosynchronous fluxes decrease with increases in solar wind
dynamic pressure and that “ULF waves driven by dynamic
pressure variations may act as a significant cause of loss for
electrons in the 100’s of keV to MeV range”. Of course,
such losses may be explained by magnetopause shadowing,
but in our opinion, this is perhaps at times significantly
enhanced by the action of ULF wave advection in the form
of ULF wave-enhanced magnetopause shadowing as de-
scribed above.
Overall, in this paper, we have highlighted an important

role for ULF waves in influencing a large range of radiation
belt acceleration, transport, and loss processes. We believe
that a full understanding of inner magnetosphere dynamics
can only be achieved through a full appreciation of the
paradigm of cross-energy coupling. Such cross-energy cou-
pling, spanning 6 orders of magnitude or more in energy via

the populations in the plasmasphere, ring current, and radi-
ation belts, occurs via the intermediary of plasma waves such
as the long-period ULF waves studied here.
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NASA’s Radiation Belt Storm Probes Mission: From Concept to Reality

R. L. Kessel

NASA Headquarters, Washington, District of Columbia, USA

NASA’s Radiation Belt Storm Probes (RBSP) mission is a two-satellite mission
designed to measure charged particle populations, fields, and waves in the Van
Allen radiation belts in order to provide understanding of how these change in
response to variable inputs of energy from the Sun. This paper tracks the progress
of the mission from formulation and the development of science objectives through
instrument selection to mission design, integration, and testing, with an emphasis
on how the chosen measurements address the science objectives. At the start of
normal operations (~60 days after launch), the spacecraft will be positioned to
address a number of science questions such as the nature of whistler mode inter-
actions and their roles in electron energization and loss, the large-scale dynamics
and structure of the magnetosphere during geomagnetic storms, and the source,
structure, and dynamics of the inner (L < 2) ion and electron belts. Collaborations
with other missions such as Time History of Events and Macroscale Interactions
during Substorms and Balloon Array for Radiation-belt Relativistic Electron
Losses will enable studies of dawn-dusk differences in magnetospheric particle
populations and will quantify particle losses through the magnetopause for com-
parison with losses by precipitation into the ionosphere. A real-time space weather
broadcast will enable nowcasting of radiation belt conditions. The RBSP Key
Messages summarize the high-level impacts expected from the mission.

1. INTRODUCTION

The Living With a Star program was established in 2000 by
the United States Congress with the goal “to better study solar
variability and understand its effect on humanity.” One objec-
tive of the program was an extension of the existing Sun-Earth
connections theme: to understand basic natural processes. The
other objective stressed “investigations into how solar vari-
ability affects humans and technology.” A Geospace Mission
Definition Team (GMDT) was formed and charged with de-
veloping Geospace unique science objectives, prioritizing
these and then developing an implementation plan. One em-
phasis was on energetic particle populations trapped in the

Van Allen radiation belts because of their impact on our
technology-based society. The GMDT issued a report [Kintner
et al., 2002] that identified three questions, the answers to
which define the broad science objectives of the Radiation
Belt Storm Probes (RBSP) mission:
1. Which physical processes produce radiation belt en-

hancement events?
2. What are the dominant mechanisms for relativistic elec-

tron loss?
3. How do ring current and geomagnetic processes affect

radiation belt behavior?
The NASA RBSP Payload Announcement of Opportunity

was issued in 2005. A Mission Concept Review for RBSP
was successfully completed in January 2007, followed by a
Mission Design Review in October 2007, a Preliminary
Design review a year later, and a Confirmation review in
January 2009. The Johns Hopkins University Applied Phys-
ics Laboratory (APL) has been responsible for the overall
implementation and instrument management for the mission.
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RBSP has passed all of its milestones including the Mission
Readiness Review in July 2012 and was launched success-
fully on 30 August 2012.
The overall, guiding RBSP Mission Objective as defined

in the level-one (L1) mission requirements is to provide
understanding, ideally to the point of predictability, of how
populations of relativistic electrons and penetrating ions in
space form or change in response to variable inputs of energy
from the Sun. The impacts of the RBSP mission are broad;
the fundamental processes that energize, transport, and
cause the loss of the time-varying charged-particle popula-
tions in the Earth’s inner magnetosphere also operate
throughout the plasma universe at locations as diverse as
magnetized and unmagnetized planets, the solar wind, our
Sun, and other stars. In addition, the charged particle popula-
tions pose hazards to human and robotic explorers, as well as
to spacecraft operating in or passing through the region.
Details of the mission design and the selected instruments,

including the measurements needed to address the objectives,
are discussed in sections 2 and 3. Section 4 traces the prog-
ress of the two spacecraft through integration and testing.
Section 5 discusses some science endeavors that will take
advantage of the early mission configurations and satellite
locations, including collaborative studies. Section 6 briefly
discusses the Space Weather Broadcast.

2. MISSION DESIGN

In order to address the three primary science objectives,
the two-satellite RBSP mission was designed to measure the
appropriate particle populations, fields and waves, in the
inner magnetospheric regions of interest. The orbit was de-
signed to cover all local times and interaction regions with
varying separations between the two satellites. Specific mea-
surements needed to address each of the three science objec-
tives are discussed below, followed by orbital parameters
and impacts. Detailed information about the RBSP science,
mission, and spacecraft design are described in the RBSP
Mission Book, a special issue of Space Science Reviews
[Mauk et al., 2012; J. Stratton et al., RBSP mission design
and operations, submitted to Space Science Reviews, 2012;
K. H. Kirby et al., RBSP spacecraft and environments,
submitted to Space Science Reviews, 2012].

2.1. Measurements for Objective 1

To determine which physical processes produce radiation
belt enhancement events, measurements of both the particle
source region and the accelerated particles are needed with
good energy and pitch angle coverage. In addition, electric
and magnetic background and fluctuations over a broad range

of frequencies are needed. Among the many measurements
that RBSP must obtain to address this objective, it is partic-
ularly important that RBSP (1) simultaneously measure the
radiation belt particle fluxes at a variety of radial separations
over the course of the mission, (2) measure near-equatorial
pitch angle distributions and magnetic fields to determine
two-point phase space densities and radial phase space den-
sity profiles, (3) measure the local convection electric field as
well as electrostatic and electromagnetic waves, which pro-
duce particle acceleration and transport, and (4) simulta-
neously measure the magnetic field and its variation at two
points in the magnetosphere.

2.2. Measurements for Objective 2

The dynamics of the radiation belts are governed by both
gains and losses in energetic particle populations, triggered
by storm processes and/or internal wave particle interactions.
In order to quantify the losses, RBSP must, at a minimum, be
able to (1) measure the energetic electron pitch angle dis-
tributions and variability during solar storms and (2) measure
the power spectral intensity of plasma waves responsible for
pitch angle scattering of energetic electrons. RBSP will
measure losses in the radiation belts; once particles leave the
radiation belts, other missions can trace them by observing
losses through the dayside magnetopause or through ener-
getic electron precipitation (see section 5).

2.3. Measurements for Objective 3

The ring current exists in approximately the same spatial
region as the radiation belts, though the ring current parti-
cles are at lower energies. Measurements of the ring current
populations will aid in understanding the radiation belts. In
order to address this objective, it is particularly important
that RBSP be able to (1) measure the in situ composition of
the ring current ions, both to understand their sources and
to determine their energy density and pressure gradients,
and (2) determine the global distribution of ring current ion
composition, energy density, and pressure gradients.

2.4. Orbit Parameters and Impacts

Orbital precession will carry the RBSP spacecraft through
all local times and interaction regions during the course of
the planned 2 year prime mission. The 600 km perigee and
5.8 RE geocentric apogee enables the spacecraft to traverse
both inner and outer radiation belts twice per 9 h orbit. The
low-inclination (10°) orbit permits the spacecraft to access
almost all magnetically trapped particles. The sunward ori-
ented spin axis permits full particle pitch angle distribution
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sampling twice per 12 s spin and ensures accurate measure-
ments of the dominant dawn-dusk electric field component.
Two identically instrumented spacecraft are needed to re-
solve space/time separation: for example, one spacecraft can
measure the source region, and one spacecraft can measure
the region to which accelerated particles are transported.
Variable separations of the satellites throughout the mission
permit the spacecraft to observe phenomena covering a wide
range of spatial scales. Slightly different orbits cause one
spacecraft to lap the other 4–5 times per year. Figure 1 shows
the separation between the two satellites for one lapping
period in 2012. Because each satellite moves more quickly
at perigee, most orbits exhibit variable spacing between the
two satellites. The top three panels show 9 h (orbit plots) on
three different days during this period with satellite A in blue
and satellite B in red and a line drawn between them showing
separation distance (RE). In Figure 1a, day 321, the satellites
are near closet approach to each other. In Figure 1b, day 337,
the satellites have variable spacing between them. Figure 1c
on day 360 shows that the satellite separation is nearly fixed

for the orbit. In Figure 1d, separation distances between
spacecraft A and B are shown in RE. Vertical dotted lines
indicate times corresponding to the orbit plots shown in
Figures 1a, 1b, and 1c.

3. RBSP INSTRUMENTS

The instruments shown in Table 1 were selected to provide
comprehensive measurements of the phenomena relevant
to the Earth’s ring current and radiation belts. Figure 2 illus-
trates the instrument placement on each RBSP spacecraft.
Articles in the RBSP Mission Book describe each instrument
in detail [Mazur et al., 2012; H. Funsten et al., ECT-HOPE
instrument, submitted to Space Science Reviews, 2012, herein-
after referred to as Funsten et al., submitted manuscript, 2012;
J. B. Blake et al., ECT-MagEIS instrument, submitted to Space
Science Reviews, 2012, hereinafter referred to as Blake et al.,
submitted manuscript, 2012; D. N. Baker et al. ECT-REPT
instrument, submitted to Space Science Reviews, 2012, herein-
after referred to as Baker et al., submitted manuscript, 2012;

Figure 1. Separations between the two satellites for one representative lapping period in 2012 are displayed (predicted
orbits). (top) The 9 h (orbit plots) on three different days during this period are shown: (a) the satellites are near closet
approach to each other, (b) satellites have variable spacing between them, and (c) satellite separation is nearly fixed for the
orbit. (d) The entire lapping period in 2012. Each satellite moves more quickly at perigee resulting in variable spacing
between the two satellites (RE) for most orbits. Vertical dotted lines indicate times corresponding to the orbit plots shown in
Figures 1a–1c.
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D. G. Mitchell et al., Radiation Belt Storm Probes Ion Com-
position Experiment (RBSPICE), submitted to Space Sci-
ence Reviews, 2012, hereinafter referred to as Mitchell et al.,
submitted manuscript, 2012; C. Kletzing et al., EMFISIS in-
vestigation and instruments, submitted to Space Science Re-
views, 2012, hereinafter referred to as Kletzing et al., submitted
manuscript, 2012; J. Wygant et al., RBSP mission design and
operations, submitted to Space Science Reviews, 2012, herein-
after referred to as Wygant et al., submitted manuscript, 2012].
Figure 3 shows the combined energy ranges for all the

particle instruments to illustrate the comprehensive coverage
of electrons, protons, and ion composition. The capability of
the instruments exceeds the requirements established in the
Mission Requirements Document as well as the L1 require-
ments. The Helium Oxygen Proton Electron (HOPE) instru-
ment measures low-energy electrons and ions (required
~20 eV–45 keV q�1) (Funsten et al., submitted manuscript,
2012). These measurements are needed to fully characterize
the source population for radiation belt electrons and ring
current ions. The Radiation Belt Storm Probes Ion Composi-
tion Experiment (RBSPICE) measures the ions that carry the
bulk of the ring current and produce the largest perturbations to

the magnetic field during solar storms (required 20–1000 keV
for H, 30–1000 keV for He, 50–1000 keV for O) (Mitchell
et al., submitted manuscript, 2012). RBSPICE will also help
understand how and why the ring current and associated
phenomena vary during storms. The Magnetic Electron Ion
Spectrometer (MagEIS) will measure the heart of the radiation
belt population (required 30 keV to 4 MeV for electrons and
20 keV to 1 MeV for ions) (Blake et al., submitted manu-
script, 2012). In order to distinguish between different types
of acceleration processes, MagEIS is designed to measure
(1) locally mirroring, 90°, particles under all conditions, (2) the
shape of the pitch angle distribution and how it varies under
the influence of acceleration and loss, and (3) measurement
of near-field-aligned portion of the distribution to quantify
losses. The Relativistic Electron Proton Telescope (REPT)
will capture the most intense events and the high-energy tail
(required 4–10 MeV for electrons and 20–75 MeV for pro-
tons) (Baker et al., submitted manuscript, 2012). The Rela-
tivistic Proton Spectrometer (RPS) will measure ions at the
very highest energies (>50 MeV) in the inner radiation belt
and show how the inner belt varies in response to solar
storms [Mazur et al., 2012].
Figure 4 shows the combined frequency ranges for the

magnetic and electric field instruments, again with ranges
corresponding to capability of the instruments, Mission Re-
quirements, and L1 requirements. The Electric and Magnetic
Field Instrument Suite and Integrated Science Instrument
(EMFISIS) will provide vector magnetic field measurements
(DC magnetic) needed to provide the background magnetic

Table 1. RBSP Instruments and Principal Investigators (PI)

Investigation Instruments PI

Energetic Particle
Composition and
Thermal Plasma
Suite (ECT)

HOPE, MagEIS,
and REPT

H. Spence
University of
New Hampshire

Electric and
Magnetic Field
Instrument Suite
and Integrated
Science (EMFISIS)

MAG and Waves C. Kletzing
University of
Iowa

Electric Field and
Waves Instrument
(EFW)

EFW J. Wygant
University of
Minnesota

Radiation Belt
Storm Probes
Ion Composition
Experiment
(RBSPICE)

RBSPICE L. Lanzerotti
New Jersey
Institute of
Technology

Proton Spectrometer
Belt Research (PSBR)

RPS D. Byers
National
Reconnaissance
Office

Figure 2. Model drawing of Radiation Belt Storm Probes (RBSP)
spacecraft and instruments.
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field, determine ULF waves, and calculate particle pitch
angles and phase space densities (Kletzing et al., submitted
manuscript, 2012). EMFISIS also provides AC magnetic and
electric fields that cover the range of waves observed in the
inner magnetosphere. The EMFISIS investigation will focus
on the important role played by magnetic fields and plasma
waves in the processes of radiation belt particle acceleration
and loss. The Electric Field and Waves Suite (EFW) will
measure electric fields associated with a variety of mechan-
isms causing particle energization, scattering, and transport in
the inner magnetosphere, both DC and AC electric fields

(Wygant et al., submitted manuscript, 2012). EFW will study
the electric fields in near-Earth space that energize radiation
particles and modify the structure of the inner magnetosphere.

4. INTEGRATION AND TESTING

Figure 5a–d shows snapshots of the integration and testing of
instruments and subsystems on the two RBSP satellites at
different stages. Both spacecraft A and B boxes were delivered
to APL in November 2010; spacecraft A is shown as delivered
in Figure 5a. Immediately thereafter, integration began on both

Figure 3. The combined energy ranges for all of the RBSP particle instruments showing the comprehensive coverage of
electrons, protons, and ion composition, from a few eV to more than 50 MeV. Capability of each instrument exceeds the
requirements of the Mission Requirements Document (MRD) as well as of the level-one (L1) Requirements.

Figure 4. The combined frequency ranges for the RBSP magnetic and electric field instruments from DC up to tens of kHz
and nearly a MHz for single-component AC electric. Capability of each instrument exceeds the requirements of the MRD
as well as of the L1 requirements.
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spacecraft, starting with the harness, avionics, and power dis-
tribution unit (PDU). Extensive testing of all subsystems, mis-
sion simulations, and reviews were held throughout the
integration and testing phase. Figure 5b shows spacecraft B
months later in April 2011 with the RPS instrument installed,
along with Sun sensors, propulsion system, the integrated
electronics module (IEM), and the PDU. Later in April,
RBSPICE was installed and integrated on both spacecraft and
in May 2011, EMFISIS was installed on both. REPT and EFW
were integrated in June 2011. MagEIS has four separate units;
the low and two medium sensors were integrated on spacecraft
A in early August 2011. Later that month, the HOPE instru-
ment was integrated on both spacecraft. Figure 5c shows
spacecraft A in September 2011 undergoing spin balance test-
ing. By January 2012, all four MagEIS sensors were integrated
on both spacecraft. Figure 5d shows spacecraft A in prepara-
tion for thermal vacuum testing in February 2012, the last
major hurdle before shipment to the launch site in May 2012.
The RBSP mission launched on 30 August 2012 and, after
2 months of commissioning, will begin science operations.

5. EARLY SCIENCE ENDEAVORS

By the start of normal operations (nominally 60 days after
launch), the orbit of the RBSP spacecraft will have an
apogee in the dawn sector at about 6 LT, and the satellites
will have a variable separation similar to Figure 1b. At a
Science Working Group meeting in March 2012, the instru-
ment teams addressed the following science questions that
are likely to yield results early in the mission. Each of these
questions relate directly to the broad science objectives listed
in section 1.
1. What issues can be resolved about whistler mode inter-

actions and their roles in electron energization and loss in the
first 3 months? (objectives 1, 2)
2. What issues can be resolved about the large-scale dy-

namics and structure with just the first few major geomag-
netic storms? (objective 3)
3. What issues can be resolved about the source, structure,

and dynamics of the inner (L < 2) ion and electron belts in the
first 3 months? (objectives 1, 2, 3)

Figure 5. (a) RBSP spacecraft A on 17 November 2010 at the beginning of integration. (b) Spacecraft B in April 2011
with the Relativistic Proton Spectrometer instrument installed, along with Sun sensors, propulsion system, integrated
electronics module, and power distribution unit. (c) Spacecraft A in September 2011 undergoing spin balance testing.
(d) Spacecraft A in preparation for thermal vacuum testing in February 2012.
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5.1. Science Question 1

Figure 6 shows the locations where various waves are
typically found in the magnetosphere. The dawn sector is
dominated by chorus and hiss, while EMIC waves are found
primarily on the duskside. ULF waves occur throughout the
magnetosphere. Electron energization and loss is largely
driven by interactions with these waves (review by Thorne
[2010]). The early emphasis of the RBSP mission will be on
chorus and hiss, possible relationships between the two, and
the resulting electron energization and loss.
Plasmaspheric hiss is broadband noise between 100 Hz

and a few kHz. Hiss is confined primarily to high-density
regions: the plasmasphere and dayside drainage plumes. The
generation mechanism is not yet understood. At the high-
frequency end (>1 kHz) and at low L, the source could be
lightning. At more typical frequencies (100–300 Hz), the
source probably lies in the magnetosphere. We care about
plasmaspheric hiss because hiss can deplete electron popula-
tions in the slot region between the inner and outer radiation
belts through pitch angle scattering [Millan and Thorne,
2007, and references therein].
Whistler mode chorus waves have frequencies between

100 Hz and 5 kHz, a similar range to hiss. Chorus is typically
found outside the plasmasphere and primarily on the dawn-
side near the equator. Chorus is generated by the electron
cyclotron instability near the equator operating on particle
anisotropies associated with injected plasma sheet electrons.
The intensity of chorus waves increases during substorms

and the recovery phase. Scattering by chorus is likely re-
sponsible for relativistic electron microburst precipitation
[Lorentzen et al., 2001]. We care about chorus waves be-
cause they are a major potential mechanism for electron
acceleration. Losses associated with microburst precipitation
are capable of emptying the outer radiation belt in a day or
less [O’Brien et al., 2004].
Early questions to be addressed by the EMFISIS team

include: What wave modes happen at both spacecraft as a
function of separation and location? What is the spatial
coherence of chorus for small separation? Is chorus the
parent wave for hiss? Early questions to be addressed by the
ECT and EMFISIS teams, working together, include: What
waves are dominant when there is evidence of particle en-
hancement or loss? Do plasma density changes modulate the
intensity of chorus wave activity?

5.2. Science Question 2

Following the occurrence of a few geomagnetic storms
during the first few months of RBSP operation, the EFW
team will be able to explore the connection between large-
amplitude whistler mode chorus waves and microburst pre-
cipitation during the storms. Santolík et al. [2003] identified
large-amplitude chorus waves in Cluster observations; lower
band chorus (<0.5 fce) wave electric fields approached
30 mV m�1. The chorus wave activity may cause electrons
to precipitate into the ionosphere, perhaps in the form of
microbursts, brief (<1 s) increases in the flux of precipitating
MeV electrons that were first noted by Imhof et al. [1992] in
S 81-1 spacecraft observations. Figure 7 shows observations
of microbursts from the Heavy Ion Large Telescope on the
SAMPEX satellite. Microbursts are usually observed from
L = 4 to 6 and near dawn, though they may extend from near
midnight past dawn. Statistically, the connection between
large-amplitude whistler mode chorus and microburst pre-
cipitation is strong. Questions remain about the physical

Figure 6. A schematic of Earth’s inner magnetosphere showing the
locations where various waves are typically found in the magneto-
sphere. The dawn sector is dominated by chorus and hiss, while
EMIC waves are found primarily on the duskside. ULF waves occur
throughout the magnetosphere. From Shprits et al. [2006].

Figure 7. Microbursts observed on the SAMPEX Heavy Ion
Large Telescope instrument in 1997. The microbursts indicated
by black arrows are observed at L = 4.9 on the dawnside of the
magnetosphere.
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mechanism connecting chorus and microbursts and their
variability during geomagnetic storms when the occurrence
of both are at their highest value.
After a few geomagnetic storms during the first few

months of RBSP operation, the RBSPICE team will explore
the composition of the ring current during storms. Hamilton
et al. [1988] showed that the energy density of oxygen ions
dominated that of protons during an intense geomagnetic
storm near solar minimum, using data from the Charge
Composition Explorer instrument on the AMPTE satellite.
The RBSPICE team will able to address the following ques-
tion: How do the contributions to current density from pro-
tons, helium ions, and oxygen ions differ during weak and
strong geomagnetic storms?

5.3. Science Question 3

Because few spacecraft have spent significant time near
the magnetic equator and at the peak intensities of the inner
belt, the RPS experiment on RBSP is positioned to discover
the energy spectrum of the inner belt protons. The dominant
source for protons above 50 MeV in the inner belt is the
decay of albedo neutrons from galactic cosmic ray protons
that collide with nuclei in the atmosphere and ionosphere
(cosmic ray albedo neutron decay). The ion energy spectrum
is known to extend beyond 1 GeV, but the spectral details are
not well established: the shape, maximum energy, and time
dependence are poorly quantified. Figure 8 shows two dif-
ferent models (AP8 MIN [Sawyer and Vette, 1976] and
AD2005 [Selesnick et al., 2007] that show a wide variation).
RPS will supply the upper-energy range of the spectrum;
MagEIS and REPT will fill in the lower-energy range.

5.4. Collaborations With Other Missions

5.4.1. Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS). During early operations
of RBSP, with the two RBSP spacecraft on the dawnside, the
three THEMIS spacecraft will be on the duskside. An early
science campaign will explore dawn-dusk differences and
could address the following questions: What are the cause(s)
of dawn-dusk differences in ion fluxes during geomagnetic
storms? What are the relative roles of EMIC waves in the
dusk magnetosphere, chorus waves in the dawn magneto-
sphere, and hiss deep within the magnetosphere?

5.4.2. Balloon Array for Radiation-belt Relativistic Electron
Losses (BARREL). In January 2013, balloons from the
BARREL mission will be positioned in the southern hemi-
sphere on magnetic field lines where electron precipitation is
expected. The apogees of the three THEMIS spacecraft will be

on the dayside near the magnetopause and can measure losses.
The two RBSP spacecraft, with apogee on the nightside, will
be passing through all interior L shells on the dayside during
the orbit, measuring changes in the in situ trapped electron
intensity. This configuration can quantify the losses due to
precipitation versus the losses through the magnetopause. This
study is motivated by the recent results of Turner et al. [2012]
showing that a sudden electron depletion was primarily a result
of outward transport through the magnetopause, rather than
precipitation loss to the atmosphere as in the earlier results
from, e.g., Selesnick [2006] and O’Brien et al. [2004].

6. SPACE WEATHER BROADCAST

Space weather data on RBSP will be broadcast nearly 24/7;
whenever one of the RBSP spacecraft is not downlinking
science data or engaged in maneuvers, it will be broadcasting
space weather data in real time that will be received by a
number of ground stations spread around the world. Extensive
ground station coverage is planned, although there are inter-
vals along the orbit when spacecraft antennas are not in view,
which will result in seasonally dependent data coverage. In
addition, the real time coverage will be reduced by an average
of 2.5 h for each spacecraft per day due to the primary science
downlink. The 2.5 h of missing data will be backfilled later
from the science data. The space weather data will be available

Figure 8. Example of the wide variation in modeled inner belt
spectra. AP8 MIN [Sawyer and Vette, 1976]; AD2005 [Selesnick et
al., 2007].
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within minutes of reception from the ground stations. More
details on the space weather broadcast can be found in the
work of R. L. Kessel (RBSP and space weather, submitted to
Space Science Reviews, 2012).
The space weather data products were chosen to provide a

quick look at the state of the radiation belts. Energies within
the space weather data set covered by the particle detectors
span the ranges expected for the two belts, 25 eV to >400MeV
for protons, 25 eV to 10 MeV for electrons. HOPE provides
the lower range of both the inner-belt ions and outer-belt
electrons, and the ion composition for the lower-energy ions.
MagEIS provides the mid and upper range of outer belt elec-
trons. REPT provides the upper range of inner belt protons and
high range of outer belt electrons, while RPS covers the
extreme upper range of inner belt protons. RBSPICE provides
the mid energy protons intensities and composition.
The EFW instrument will provide the large-scale electric

field, and the magnetometer on EMFISIS will provide the
large-scale magnetic field. The Waves instrument portion of
EMFISIS will provide three values of the high-frequency
electric and magnetic field observations every 12 s for the
RBSP space weather data set: (1) fce to 0.5 fce (lower-band
chorus), (2) 0.5 fce to 0.7 fce (upper-band chorus), and
(3) 10 Hz to fce/√(1836) (magnetosonic waves). Here fce is
the so-called electron cyclotron frequency, and 1836 is the
proton to electron mass ratio.

7. SUMMARY: KEY MESSAGES

The RBSP key messages summarize the high-level im-
pacts expected from the mission:
1. RBSP will advance our understanding of dramatic and

puzzling aspects of Earth’s radiation belts. The RBSP mis-
sion will provide unprecedented insight into how Earth’s
radiation belts change in both space and time.
2. RBSP will enable the prediction of extreme and dy-

namic space conditions. RBSP will enable the development
of accurate models that can predict how the belts will react to
constantly varying solar and solar wind drivers.
3. RBSP will provide understanding needed to design sat-

ellites to survive in space. RBSP will explore space weather
that can disable satellites, cause power grid failures, and
disrupt GPS communications, with instruments that are “hard-
ened” to continue working even in the harshest conditions.
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The Energization and Radiation in Geospace (ERG) project for solar cycle 24
will explore how relativistic electrons in the radiation belts are generated during
space storms. This geospace exploration project consists of three research teams:
the ERG satellite observation team, the ground-based network observation team,
and the integrated data analysis/simulation team. Satellite observation will provide
in situ measurements of features such as the plasma distribution function, electric
and magnetic fields, and plasma waves, whereas remote sensing by ground-based
observations using, for example, HF radars, magnetometers, optical instruments,
and radio wave receivers will provide the global state of the geospace. Various
kinds of data will be integrated and compared with numerical simulations for
quantitative understanding. Such a synergetic approach is essential for comprehen-
sive understanding of relativistic electron generation/loss processes through cross-
energy and cross-regional coupling in which different plasma populations and
regions are dynamically coupled with each other. In addition, the ERG satellite
will utilize a new and innovative measurement technique for wave-particle inter-
actions that can directly measure the energy exchange process between particles
and plasma waves. In this paper, we briefly review some of the profound problems
regarding relativistic electron accelerations and losses that will be solved by the
ERG project, and we provide an overview of the project.
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1. INTRODUCTION

High-energy particles (ions and electrons) are trapped in
the Earth’s magnetic field and form the radiation belts. MeV
electrons in the radiation belts are the highest energy parti-
cles in geospace. Recent satellite (CRRES, Akebono, Time
History of Events and Macroscale Interactions during Sub-
storms (THEMIS), etc.), ground-based observations, and
modeling studies have revealed the detailed structure and
variations of the inner magnetosphere. As shown later, the
cross-energy coupling and cross-regional coupling between
plasmasphere, plasma sheet, ring current, and radiation belts,
and magnetosphere-ionosphere coupling become important
concept for understanding on the radiation belts and inner
magnetosphere [Ebihara and Miyoshi, 2011].
In space storms, the outer belt electrons decrease signifi-

cantly during the main phase, then recover to, and often
increase over, prestorm levels during the recovery phase
[e.g., Baker et al., 1986; Nagai, 1988; Reeves et al., 1998,
2003; Miyoshi and Kataoka, 2005]. During huge magnetic
storms, the radiation belts are largely deformed, and large
flux enhancement are observed in the slot region and the
inner belt [Baker et al., 2004]. Two possible mechanisms
have been proposed for the acceleration of relativistic elec-
trons (see reviews, e.g., of Friedel et al. [2002], Shprits et al.
[2008a, 2008b], Hudson et al. [2008], and Ebihara and
Miyoshi [2011]). One is the external source process via
quasi-adiabatic acceleration [Schulz and Lanzerotti, 1974].
In this process, the energy of electrons increases due to the
conservation of their first and second adiabatic invariants,
when electrons are transported from the plasma sheet to the
inner magnetosphere. This process has been modeled as the
stochastic radial diffusion process, which is a fundamental
transportation mode of energetic electrons. The ULF Pc5
pulsations with periods of a few minutes have been consid-
ered a main driver for the radial transportation via drift-
resonance with electrons [e.g., Rostoker et al., 1998; Hudson
et al., 2001; Elkington et al., 1999; Elkington, 2006; Mathie
and Mann, 2000].
Another candidate is termed the internal acceleration pro-

cess. It has been suggested that resonant interactions by
whistler mode waves cause relativistic electron acceleration
inside the radiation belts [e.g., Summers et al., 1998;Miyoshi
et al., 2003; Horne et al., 2005]. The free energy for gener-
ating whistler mode waves is the temperature anisotropy of
electrons of tens of keV [e.g., Kennel and Petscheck, 1966;
Jordanova et al., 2010], and subsequent wave-particle inter-
actions including nonlinear process will generate chorus
waves [e.g., Katoh and Omura, 2007; Omura et al., 2008]
that accelerate relativistic electrons of the outer belt [e.g.,
Summers and Ma, 2000; Summers et al., 2007].

Wave generation and resonant conditions are affected by
the cold plasma distribution in the inner magnetosphere.
Satellite observations have shown that MeV electron flux
enhancement of the outer belt occurs outside the plasma-
pause where the intense whistler mode chorus waves are
generated (Figure 1), suggesting the importance of whistler
mode waves for electron accelerations [e.g., Meredith et al.,
2003; Miyoshi et al., 2003, 2007; Horne et al., 2005;
Y. Kasahara et al., 2009]. Thus, the whistler mode waves
work as a mediating agent that can convert the energy from a
low-energy electron population to a higher-energy one, and
dynamical cooperation of plasma/particles of wide energy
range from eV to MeV via wave-particle interactions is
important. Magnetosonic mode waves are also plausible
candidates for internal accelerations [Horne et al., 2007,
Meredith et al., 2008].
The electron-flux enhancement process is the result of a

delicate balance between acceleration and loss of relativistic
electrons [Reeves et al., 2003], so that loss processes are as
important as acceleration processes. Several possibilities
have been proposed as loss processes (see reviews of Millan
and Thorne [2007] and Turner et al. [this volume]). Al-
though adiabatic deceleration always operates during ring
current evolutions [Kim and Chan, 1997], nonadiabatic loss
processes also work during space storms. Magnetopause
shadowing and subsequent outward radial diffusion may
cause rapid loss of outer belt electrons [e.g., Brautigam and
Albert, 2000; Miyoshi et al., 2003; Shprits et al., 2006;
Matsumura et al., 2011; Turner et al., 2012]. Pitch angle
scatterings by electromagnetic ion cyclotron waves (EMIC)
and whistler mode waves are important in that they cause
precipitation of relativistic electrons in the atmosphere [e.g.,
Thorne and Kennel, 1971; Lyons et al., 1972; Abel and
Thorne, 1998; Li et al., 2007; Miyoshi et al., 2008; Jorda-
nova et al., 2008]. The loss processes associated with pitch
angle scattering are expected to be localized, and therefore,
multipoint observations by satellites and ground-based net-
work stations should be important.
Figure 2 summarizes the transport/acceleration mechan-

isms in the L energy diagram of the inner magnetosphere. In
radial diffusion (blue arrows), the electrons move earthward
with increasing energy due to the conservation of the first
two adiabatic invariants. ULF Pc5 waves will be the main
driver for the radial diffusion. On the other hand, in the in
situ acceleration by waves (red arrows), subrelativistic elec-
trons are accelerated to MeV energies by whistler mode/
magnetosonic waves that are generated by the plasma insta-
bility of the ring current electrons and ions. Plasma waves
such as whistler waves and magnetosonic waves transport
energies from the population of ring current electrons/ions to
the population of subrelativistic electrons via wave-particle
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interactions, and relativistic electron flux increases inside the
outer belt. In this process, thermal plasma density also plays
an important role as the ambient medium. Because the trans-
port of ring current electrons and thermal plasma is predom-
inantly controlled by convective electric fields, the process of
convection may affect the relativistic electron dynamics in
the internal acceleration process. The cross-regional cou-
pling between magnetosphere and ionosphere drives the
dynamical evolution of convective electric fields in the
inner magnetosphere [e.g., Ebihara et al., 2004]. Moreover,
the cross-energy coupling among widely differing energy
plasma/particle populations more than 6 orders (eV–MeV)
in the inner magnetosphere plays to generate MeV electrons
of the outer belt via wave-particle interactions. Therefore,
the formation of the radiation belt is one of the manifesta-
tions of cross-energy/cross-regional couplings in geospace
[Mann et al., 2006; Mann, 2008, Ebihara and Miyoshi,
2011], and these couplings are the key concept of the
Energization and Radiation in Geospace (ERG) project in
understanding how relativistic electrons are generated in
geospace during space storms.
A study of relativistic electrons in the radiation belts is

also important for understanding space weather [Baker,
2002]. Space infrastructure such as GPS, meteorological
satellites, and telecommunications satellites that operate in
the radiation belts is indispensable in our modern society.
The high-energy particles can cause operational anomalies
with satellites. In fact, a close relationship has been suggested
between satellite anomalies and the large flux enhancement
of relativistic electrons of the outer belt [Pilipenko et al.,

2006]. Deep dielectric charging in the satellite by the en-
hancement of relativistic electrons is one of the major causes
of satellite anomalies. Further, the International Space Sta-
tion (ISS) also operates at the bottom of the inner and outer
radiation belt. An astronaut during extravehicular activity
(EVA) at ISS is exposed to radiation not only by high-energy
protons but also by relativistic electrons because MeV elec-
trons can penetrate into a spacesuit [National Research
Council, 2000]. To control the exposed dose of an astronaut
during EVA at ISS, information about current and future
condition of relativistic electron environment is important.
To examine what mechanisms mainly contribute to the

evolution of the outer belt electrons, direct measurements of
plasma, fields, and waves are important around the magnetic
equator. CRRES and Akebono satellites suggested the
importance of observations at the equatorial plane [Seki
et al., 2005]. Moreover, the phase space density profile is
a key to discriminate between the external supply process
and the internal acceleration process [Green and Kivelson,
2004; Chen et al., 2007]. Comprehensive observations,
however, have never been realized in the inner magneto-
sphere because the strong radiation environment causes
serious contamination of particle measurements. Thus, a
clear understanding of the acceleration mechanism has not
yet been obtained.

2. ERG PROJECT

As noted in the previous section, the acceleration mechan-
isms that cause the large flux enhancement of the outer belt

Figure 2. Diagram of cross-energy coupling of the inner magnetosphere.

106 ERG PROJECT



as well as the loss mechanisms have not been proven. The
comprehensive observations on plasma/particles for wide-
energy range and electric/magnetic fields for wide-frequency
range are essential for the understanding of cross-energy
coupling. The complement observations among satellites and
ground networks are necessary for the understanding of
cross-regional coupling. To understand particle acceleration/
loss mechanisms and dynamical evolution of space storms in
the context of cross-energy and cross-regional coupling, the
ERG project has been designed.
The following teams are involved in the ERG project: the

satellite observation team, the ground-based network obser-
vations team, and the integrated data analysis/simulation
team. The project science team and the project science center
also work with project management. The preliminary con-
cept study for the ERG project has been reported [Shiokawa
et al., 2006].

3. THE ERG SATELLITE

3.1. Overview of the ERG Satellite

The ERG satellite is being developed as a science satellite
by the Institute of Space and Astronautical Science (ISAS)/
Japan Aerospace Exploration Agency (JAXA). Figure 3
shows the appearance of the ERG satellite, which will be
launched around the declining phase of solar cycle 24

(~2015–2016). The nominal mission life is planned to be
longer than 1 year. The satellite is designed to be Sun-oriented
and spin-stabilized with a rotation rate of 7.5 rpm (8 s). The
designed apogee altitude is 4.5 RE (L ~5.5 at equatorial plane),
located at the average peak flux L shell of the outer belt during
the declining phase [Miyoshi and Kataoka, 2011], and the
perigee altitude is ~300 km. The planned orbital inclination
is 31°, while the satellite does not always observe at the
magnetic equator. However, the satellite will have many
chances for the observations near the equator and will measure
the phase space density, generation of plasma waves, and
accelerations of relativistic electrons, etc., near the equator.
Moreover, the off-equator observations are important to dis-
cuss the propagation of plasmawaves from the equator, so that
comparative studies with the observations by other satellites
near the equator are also important.
Comprehensive observations of plasma/particles, fields,

and waves are important for understanding the cross-energy
coupling for relativistic electron accelerations and dynamics
of space storms. As described below, instruments for plasma
and particle experiment (PPE) and for electric fields and
plasma wave experiment (PWE)/magnetic field experiment
(MGF) are installed in the satellite. A cutting-edge detection
technique for wave-particle interactions (software-wave par-
ticle interaction analyzer (S-WPIA)) will be realized for the
first time by the ERG satellite, which will be able to directly
measure the energy exchange processes between particles
and plasma waves.

3.2. Plasma and Particle Experiment

The PPE consists of four electron sensors (LEP-e, MEP-e,
HEP-e, and XEP-e) and two ion sensors (LEP-i and MEP-i).
The electron sensors can measure electrons from 12 eV to 20
MeV, while the ion sensors can measure ions from 10 eV q�1

to 180 keV q�1 with mass discrimination. Figure 4a shows the
energy range of each plasma/particle instrument together with
plasma/particle populations in the inner magnetosphere. The
energy ranges of detectors are designed to overlap each other
to provide a seamless energy spectrum for a wide energy
range. Table 1 shows the specifications of PPE sensors.
Regarding electron observations, both HEP-e and XEP-e

instruments mainly observe relativistic electrons of the radi-
ation belts, and these instruments are used to derive the radial
profile of the phase space density. Since the anisotropy of the
distribution function of hot electrons is a free energy of
plasma waves, observations of the distribution function by
LEP-e/MEP-e are important to clarify how plasma waves are
generated in the inner magnetosphere. Measurements of
particles with energies lower than tens of keV have been
difficult inside the radiation belts because of serious

Figure 3. Appearance of the Energization and Radiation in Geo-
space (ERG) satellite.
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contamination of the energetic particles [Liu et al., 2005].
Newly developed technologies to reduce the background
contamination can be applied in ERG/PPE to allow for
detailed observations of tens of keV electrons [S. Kasahara
et al., 2009a].
The LEP-i and MEP-i instruments are ion energy-mass

spectrometers. Several ion species can be discriminated with
a time-of-flight (TOF) method which also provides effective
reduction of the contamination noise due to high-energy
particles. Especially at tens of keV energies, a new technol-
ogy enables full solid angle observations of ions up to 180
keV q�1 [Kasahara et al., 2006]. These ion observation data
will be used to study the evolution of ring current ions.
Recent computer simulations showed that the ion hole con-
tributes the nonlinear evolution of EMIC waves [Shoji and
Omura, 2011], and the ring distribution of ions causes mag-
netosonic mode waves [Chen et al., 2010]. The measurement
by the ERG satellite will reveal what plasma instabilities
generate these waves. Moreover, ion observations with mass

discrimination are necessary for studying the composition of
ring current particles needed to understand how plasma
pressure distributions change the field configuration of the
inner magnetosphere during space storms.

3.3. Electric Fields and Plasma Wave Experiment

The PWE observes electric fields at the frequency range
from DC to 10 MHz and magnetic fields at the frequency
range from a few Hz to 100 kHz. It is based on the design
slightly modified from the plasma wave investigations
aboard the BepiColombo Mercury Magnetospheric Orbiter
(MMO) [Kasaba et al., 2010]. The electric field component
is measured by two pairs of wire dipole antennas with ~32 m
tip-to-tip length. The magnetic field component is measured
by the three-axial search coils. They are served two receivers,
EWO (electric field detector (EFD), waveform capture
(WFC), and onboard frequency analyzer (OFA)) and high-
frequency analyzer (HFA). The EWO always produces the

Figure 4. Science instruments onboard the ERG satellite. (a) Energy range of the plasma and particle experiment
instruments. (b) Frequency range of the plasma wave experiment and magnetic field experiment instruments.
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electric and magnetic field data as low-frequency waveforms
(512 Hz sampling), wave spectrum (10 Hz to 20 kHz), and
their spectral matrices, which can be used to determine wave
normal angles and Poynting fluxes. The spacecraft potential
(256 Hz sampling) will also be observed for the detection of
fast electron density variations. The EWO also stores raw
waveforms of electric field and magnetic fields (60 kHz
sampling), which are partially downloaded to the ground
within the telemetry limit after the selection by researchers
checking low-resolution data. The HFA produces wave spec-
trum of electric field (10 kHz to 10 MHz) and magnetic field
(10–100 kHz). By the onboard data identification, the elec-
tron density is identified from the upper-hybrid resonance
frequency. Electric and magnetic waveforms from EWO and
electron density from HFA will be provided to the S-WPIA

for the identification of wave modes and the characteristics of
wave particle interactions (see section 3.5).
Figure 4b shows the frequency range of the PWE and the

MGF (see section 3.4) with expected key plasma waves ob-
served on the ERG orbit. Whistler mode chorus waves [e.g.,
Santolík et al., 2003;Miyoshi et al., 2007;Omura et al., 2008;
Li et al., 2011] and magnetosonic mode waves [e.g., Kokubun
et al., 1991; Kasahara et al., 1994; Meredith et al., 2008]
will be important for the study of nonadiabatic acceleration
of generate relativistic electrons. EMIC waves [e.g., Sawada
et al., 1991; Kasahara et al., 1992; Jordanova et al., 2008]
generated from ring current ions will cause the rapid pitch
angle scattering of these relativistic electrons [e.g., Summers
and Thorne, 2003; Albert, 2003;Miyoshi et al., 2008]. Inside
the plasmapause, whistler mode hiss waves work for the pitch

Table 1. Specification of Plasma and Particle Experiment Sensors Onboard ERG Satellite

Sensor Energy Range ΔE/E

Angular Resolution
(Sensor Elevation
(deg) � Sensor
Azimuth (deg))

Field of View
(Sensor Elevation
(deg) � Sensor
Azimuth (deg)) Measurement Techniquesa

Electron XEP-e 200 keV to
20 MeV

0.1–0.2 (200 keV
to 2 MeV)

20 � 20 20 � 20
(full width
of cone)

Si solid-state detector (SSD) +
gadolinium silicon oxide
scintillator telescope

0.25 (2 MeV to
20 MeV)

Anticoincidence detection for noise
rejection

HEP-e 70 keV to
2 MeV

50 keV (<200 keV) 10 � 10 10 � 180 Multistacked Si SSD telescope
0.1 (>200 keV) Coincidence detection for noise

rejection (Refer to HEP on
Mercury Magnetospheric Orbiter
(1) for the SSD type and read out)

MEP-e 10–80 keV 0.1 5 � 5 5 � 360 Cusp-type electrostatic energy
analyzer (2) with Si avalanche
photo diode (3)

Energy coincidence detection for
noise rejection (4)

LEP-e 12 eV to 20 keV 0.08 2.9 � 21.7 2.9 � 270 Tophat-type electrostatic energy
analyzer

Radiation shields for noise
suppression

Ions MEP-i 10–180 keV q�1 0.1 5 � 22.5 5 � 360 Cusp-type electrostatic energy
(2) +Time-of-flight (TOF)
type mass analyzer + Si SSD (5)

TOF coincidence detection for
noise rejection

LEP-i 10 eV q�1 to
25 keV�1

0.13 5 � 22.5 5 � 290 Tophat-type electrostatic energy
analyzer + TOF type mass
analyzer

TOF coincidence detection for
noise rejection

aReferences are as follows: 1, Y. Saito et al. [2010]; 2, Kasahara et al. [2006]; 3, Kasahara et al. [2012]; 4, S. Kasahara et al. [2009a]; 5,
S. Kasahara et al. [2009b].
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angle scattering of high-energy electrons [e.g., Lyons et al.,
1972; Meredith et al., 2009].
The PWE observations will also reveal how the electric

fields in the inner magnetosphere evolve during space
storms. Convective electric field causes global-scale trans-
portation of plasma sheet and ring current components. It
should contain large electric fields observed in the inner
magnetosphere by CRRES and Akebono [e.g., Rowland and
Wygant, 1998; Nishimura et al., 2007], the localized electric
fields of subauroral polarization streams affecting the evolu-
tion of the plasmasphere [e.g., Goldstein et al., 2003], and
the evolution of the electric fields in the inner magnetosphere
largely controlled by the magnetosphere-ionosphere cou-
pling via the region 2 current system [e.g., Ebihara et al.,
2004]. With the MGF, the PWE will also detect the ULF Pc5
pulsation with ~5 min periods, which is a driver for quasi-
adiabatic acceleration by radial diffusion.

3.4. Magnetic Field Experiment

A fluxgate magnetometer for the MGF is used to observe
the ambient magnetic field, ULF Pc5 pulsations, and Pc1/
EMIC waves in the inner magnetosphere. Since the ring
current produces the distortion of the ambient magnetic
field, and the distortion affects the particle distribution and
trajectories in the inner magnetosphere, accurate measure-
ment of the magnetic field deviation from the intrinsic mag-
netic field is important to evaluate the effect and evolution of
the ring current. The MGF instrument is designed and will
be calibrated to measure the field deviation with the accura-
cy of better than 3° during space storms. MGF has two
dynamic ranges, ±60000 and ±8000 nT. The measurement
resolution is 18 digits, and therefore, the accuracy is 460 and
61 pT for two dynamic ranges, respectively. The observation
frequency range of MGF is from DC to several tens Hz (the
sampling frequency is 256 Hz and the cut-off frequency will
be tuned to be 120 Hz), including the local ion cyclotron
frequency, which is key to understand the interaction be-
tween the MHD waves and the ambient plasma. The waves
at frequencies of EMIC waves may be observed by MGF as
well as the PWE instrument. The design of the MGF instru-
ment for ERG is based on that of MGF-I for BepiColombo
MMO [Baumjohann et al., 2010; Matsuoka et al., 2012].
The sensor of MGF is mounted at the tip of the 5 m boom
deployed from the spacecraft to reduce the noise in the
measurement data.

3.5. Software-Wave Particle Interaction Analyzer

To understand the energy exchange process between plasma/
particles and waves through wave-particle interactions, the

newly developed S-WPIA system is installed in the ERG
satellite. The time evolution of the kinetic energy of electrons
via wave-particle interactions is determined as follows:

dðm0c2ðγ − 1ÞÞ
dt

¼ qEðtÞ⋅vðtÞ ¼ qjEjjvjcos θ

where m0 is the electron rest mass, c is the speed of light, γ is
the relativistic factor, t is time, q is the charge of electrons,
E is the instantaneous electric field vector of plasma waves, v
is the electron velocity, and θ is the relative phase between
E and v. Positive qE(t)·v(t) indicates the acceleration of
particles by waves, whereas negative qE(t)·v(t) means the
growth of waves. The relative phase θ determines the direc-
tion of energy flow.
Recently, an innovative method for direct measurement of

E·v has been proposed [Fukuhara et al., 2009]. Based on this
idea, S-WPIA directly calculates the relative phase θ at each
event of particle detections by the onboard particle instru-
ments. S-WPIA has the capability to identify the fraction in
the v � θ phase space. The fraction corresponds to the so-
called electron hole that is theoretically expected [Omura et
al., 2008]. Thus, S-WPIA will discriminate quantitatively
which electrons contribute to chorus generation and which
electrons are actually accelerated by chorus waves. This will
be the first observation to unambiguously identify how en-
ergy conversion takes place via wave-particle interactions in
space.
Figure 5 schematically shows the data processing of the S-

WPIA onboard the ERG. All velocity vectors (v) for every
particle caught by the particle detector as well as the wave-
forms (E) observed by the plasma wave receiver are stored to
the onboard memory in the real-time basis. The onboard CPU
reads out the stored data from the onboard memory and calcu-
lates the phase between a velocity vector and corresponding
instantaneous amplitude. Once we sort the data according to θ,
the distribution of the number of counts can be obtained as
shown in (a). On the other hand, the time variation of ∑E·v
provides important information of the energy exchange due to
wave-particle interactions. We can compare the energy ex-
change depending on different pitch angles.

4. THE ERG GROUND NETWORK OBSERVATIONS
AND INTEGRATED STUDIES/SIMULATION

Multipoint ground-based network observations will act as
complement of the in situ satellite observations. Networks of
SuperDARNHF-radars, fluxgate and inductionmagnetometers,
airglow/aurora imagers, riometers, VLF/ELF receivers, and
standard LF wave receivers will be part of the ERG ground-
network observations. These ground-network observations can

110 ERG PROJECT



provide the global state of the potential electric field, magnetic
field, and current system, particle precipitation, and ULF/ELF/
VLFwave activities during space storms. Figure 6 illustrates the
conjugate observations by the ERG satellite and the Super-
DARN Hokkaido Radar that can measure ionospheric flow in

subauroral latitudes. Since single spacecraft observations cannot
determine the spatial distributions of the electric fields, the HF
radar observations help to resolve the global evolutions of the
electric fields of both the convection and MHD waves.
Integrated analysis using many types of data from both

satellite and ground-based observations is inevitable for a
quantitative understanding of the physical processes affect-
ing particle accelerations and complex dynamics of space
storms. Macroprocess and microprocess simulations, which
can be compared with the observations, are also important
for quantitative understanding of the causal relationship. As
shown in Figure 7, several physical models of the inner
magnetosphere have been newly developed in Japan and will
be compared with the observation data from the ERG proj-
ect. Figure 7a is the Geospace Environment Modeling Sys-
tem for Integrated Studies (GEMSIS)-ring current model
[Amano et al., 2011] that solves 5-D distribution function of
ions with the Maxwell equations. The excitation of Pc5
waves due to the drift-bounce resonance of ring current ions
and the ULF-relativistic electron interactions are subject for
this simulation. Figure 7b shows the GEMSIS-radiation belt
model [S. Saito et al., 2010] that can solve the trajectory of
relativistic electrons with any magnetic field. The model will
be used to estimate radial transportation of the energetic
electrons and the magnetopause shadowing in the realistic
magnetic field. Figure 7c shows dynamic spectra of chorus
waves from the self-consistent PIC simulation [Hikishima et
al., 2009]. The simulation reveals chorus-generation process
as well as the accelerations of relativistic electrons via

Figure 6. Schematic picture for conjunction observations between the ERG satellite and the SuperDARNHokkaido Radar.

Figure 5. Schematic diagram of the measurement of software-wave
particle interaction analyzer system onboard the ERG.
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nonlinear wave-particle interactions, and the results will be
compared with S-WPIA measurement.

5. PROJECT SCIENCE COORDINATION TEAM
AND PROJECT SCIENCE CENTER

The ERG project science coordination team and project
science center has been established. The project science cen-
ter is developing the integrated data analysis tool for analyz-
ing all kinds of project data in cooperation with the THEMIS
project [Angelopoulos, 2008] and Inter-university Upper At-
mosphere Global Observation NETwork (IUGONET) proj-
ect in Japan. Several types of software to analyze the ERG
ground-based network observation data have already been
implemented in the THEMIS Data Analysis Suite (TDAS)
as a plug-in package. All of the ERG project observation
data will be archived in the Common Data Format (CDF),
which can be read easily by TDAS and other modern
software.

6. INTERNATIONAL COLLABORATIONS

Solar cycle 24 offers a valuable opportunity to compre-
hensively study radiation belts and geospace, and satellite
missions have been planned in several countries. For exam-
ple, the Radiation Belt Storm Probes (United States) [Reeves,
2007; Ukhorskiy et al., 2011] and Resonance (Russia) pro-
jects are planned for geospace exploration around the solar
maximum. The THEMIS mission will continuously observe
the plasma sheet, which is a source population region of the
inner magnetosphere plasma. The monitoring satellites
POES, GOES, LANL, and GPS will also provide continuous
information on the global particle environment of geospace.
Simultaneous observations at different radial distances and
different local times are possible by the international fleet of
satellites, which provides quantitative understanding of the
radiation belts and geospace.

Besides satellite observations, international ground-based
network observations are very powerful tools to understand
the state of the geospace system. As mentioned above, the
SuperDARN HF-radar network, ground-magnetometer net-
works, and optical imager network observations will be
important to resolve the global plasma environment of the
geospace. The balloon-based X-ray observations by the Bal-
loon Array for RBSP Relativistic Electron Losses (BARREL)
[Millan and the BARREL Team, 2011], and the worldwide
consortium of the standard VLF/LF radio wave observations
to monitor ionization at the D layer [Clilverd et al., 2009], will
identify when and where precipitations of relativistic electrons
occur. The synergetic observations among satellites and sev-
eral ground network observations will be important for reveal-
ing the complex dynamics of the inner magnetosphere as a
nonlinear, compound system.
The data analysis environment is a key to effectively obtain

scientific outputs during this excellent opportunity. Different
kinds of data sets including those of satellite and ground-
based observations and simulations should be analyzed
seamlessly. The ERG project will use TDAS as the project
data analysis software. TDAS has already been widely used
in the space physics community. Moreover, a quick-look tool
to find conjunctions among satellites and ground-based ob-
servations [e.g., Miyashita et al., 2011] is quite useful to
establish cooperation for various projects. International col-
laborations, which include sharing information on data for-
mat and data analysis tools, as well as development of
common data analysis tools, will provide significant advan-
tages for understanding the whole picture of the geospace
dynamics.

7. FUTURE PERSPECTIVES

The Earth’s radiation belts are a unique natural laboratory
for developing our understanding of the generation processes
of relativistic particles, which operate across the universe.

Figure 7. Examples of simulations: (a) GEMSIS-ring current [after Amano et al., 2011], (b) GEMSIS-radiation belt model
[after S. Saito et al., 2010], and (c) PIC simulation for chorus waves [after Hikishima et al., 2009].
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All magnetized planets in our solar system except for Mer-
cury have radiation belts [Mauk and Fox, 2010]. The latest
knowledge on the Earth’s radiation belts will contribute to
the understanding on the planetary radiation belts. For ex-
ample, in Jovian radiation belts where ultrarelativistic elec-
trons are generated [Bolton et al., 2002; Ezoe et al., 2010],
radial diffusion would be important for understanding the
electron acceleration process in the Jovian magnetosphere
[e.g., Goertz et al., 1979], while the nonadiabatic accelera-
tion process via wave-particle interactions has been proposed
based on the recent studies in the Earth’s radiation belts
[Horne et al., 2008]. Detailed understanding of the relativis-
tic electron acceleration process in the Earth’s radiation belts
will shed light on how high-energy electrons are generated in
planetary magnetospheres and the universe by the ERG
project.
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RESONANCE Project for Studies of Wave-Particle Interactions
in the Inner Magnetosphere

M. M. Mogilevsky,1 L. M. Zelenyi ,1 A. G. Demekhov,2 A. A. Petrukovich,1

D. R. Shklyar,1 and RESONANCE Team

We present an overview of the current state of the RESONANCE project. It is
planned as a space mission consisting of two pairs of satellites each staying in the
same magnetic flux tube over a substantial part of orbit, referred to as magneto-
synchronous orbit. Such an orbit and four-satellite constellation permit long simul-
taneous measurements of electromagnetic fields and particle fluxes at different
locations in the same flux tube to study self-consistent wave-particle dynamics in
the inner magnetosphere. This dynamics, in which resonance wave-particle inter-
actions play a key role, includes wave generation and propagation, particle energi-
zation, pitch angle scattering, and precipitation. In particular, the RESONANCE
mission should provide new insights into such critical issues of magnetospheric
plasma physics as chorus generation, particle acceleration in auroral region and
wave modes in action, mechanism(s) of relativistic electron precipitation bursts, the
nature and detailed propagation properties of auroral kilometric radiation, the role
of ion cyclotron waves in precipitation of ring current (RC) ions and radiation belt
electrons, the connection between RC and the radiation belts, and others.

1. INTRODUCTION

Dynamics of energetic electrons in the Earth’s radiation
belts remains a hot topic of magnetospheric plasma physics
since the discovery of the radiation belts in 1958 [Vernov et
al., 1958; Van Allen et al., 1958]. A profound scientific talk
on the physics of the radiation belts, including an exciting
story of their discovery, was presented by Michael Schulz in
his invited talk “Foundations of Radiation-Belt Physics” at
AGU Chapman Conference on Dynamics of the Earth’s
Radiation Belts and Inner Magnetosphere (St. John’s, New-
foundland and Labrador, Canada, 17–22 July 2011). This

dynamics is closely connected with geomagnetic activity and
solar wind flux, involving processes of various spatial and
time scales [Tverskoy, 1969; Tverskaya et al., 2005; Sum-
mers et al., 2007a, 2007b]. These include, although are not
limited to, generation of various plasma modes [Andronov
and Trakhtengerts, 1964; Cornwall et al., 1970; Horne and
Thorne, 1998; Santolík et al., 2002; Trakhtengerts and Ry-
croft, 2008, and references therein], particle energization due
to resonant wave-particle interactions [e.g., Albert, 2000,
2002; Trakhtengerts et al., 2003; Bortnik et al., 2008;
Shklyar, 2011a], energy transfer between different popula-
tions of energetic particles possibly mediated by rising un-
stable waves [Horne et al., 2005; Shklyar, 2011b], particle
energy and pitch angle diffusion caused by interaction with a
wide wave spectrum [Andronov and Trakhtengerts, 1964;
Kennel and Petschek, 1966; Albert and Shprits, 2009], par-
ticle precipitation due to resonant interaction with quasi-
monochromatic waves [Karpman and Shklyar, 1977;
Shklyar, 1986; Lauben et al., 2001], and others. (The number
of works that should have been cited to these points is indeed
very large. Those mentioned above, however, contain further
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references to important studies in this field.) These processes,
which are usually intensified during geomagnetically active
periods, lead both to enhanced energization and losses of
radiation belt particles, so that the energetic particle fluxes
may either increase (more often) or decrease after geomag-
netic storm [Reeves et al., 2003]. As was mentioned above,
the characteristic times of energetic particle flux variations
may be very different: from milliseconds (microbursts of
relativistic electron precipitations [Blake et al., 1996]), to
minutes (formation of a new radiation belt [Li et al.,
1993]), hours (decrease of electron flux during the main
phase of geomagnetic storm [Desorgher et al., 2000]), and
days (increase of electron flux during the recovery phase of
geomagnetic storm [Bakhareva et al., 2011]).
It has been understood long ago that the processes of wave

generation and variations of energetic particle distribution
(including particle losses) constitute strongly interdependent
sides of self-consistent dynamics of the radiation belts [Be-
spalov and Trakhtengerts, 1986]. This comprehension has
lead to the concept of magnetospheric cyclotron maser,
which is formed in magnetic flux tubes filled by cold plasma,
with energetic charged particles as an active substance
[Trakhtengerts, 1963; Bespalov, 1981]. This concept, which
has proven to be fruitful in studying the wave-particle inter-
actions for different wave modes and for both noise-like and
discrete emissions [Trakhtengerts and Rycroft, 2008, and
references therein] has been the basis of a space project
RESONANCE whose main goals and current state are briefly
described in this paper.

2. SCIENTIFIC GOALS OF RESONANCE

V. Yu. Trakhtengerts was a scientific leader of RESO-
NANCE at the conceptional phase of the project, when its
main features, including specific orbits, and scientific objec-
tives had been suggested [Demekhov et al., 2003]. In most
general terms, RESONANCE is destined to investigate wave
processes in the inner magnetosphere related to resonant
wave-particle interactions. We will formulate scientific prob-
lems of RESONANCE in terms of unresolved problems of
wave processes in the inner magnetosphere.
1. Generation of whistler mode chorus [e.g., Burtis and

Helliwell, 1976; Tsurutani and Smith, 1977; Santolík et al.,
2003] remains the matter in question. Numerical simulations
[Nunn et al., 1997; Katoh and Omura, 2007, 2011] are now
capable of reproducing chorus elements, but they require
unrealistically high energetic electron fluxes and anisotro-
pies, which also follows from estimates based on the linear
theory. The model of chorus generation suggested by Trakh-
tengerts [1995, 1999] allowed to explain the large growth
rate of chorus by suggesting that a sharp gradient can be

formed in the election velocity space due to the interactions
with noise-like emissions. In this case, the cyclotron genera-
tion occurs in the regime of backward wave oscillator
(BWO), and such a regime allows to explain not only the
growth rate but also small spatial scale (on the order of a few
hundred kilometers) of chorus source near the geomagnetic
equator revealed by Polar and Cluster measurements [Le-
Docq et al., 1998; Santolík et al., 2003]. Estimates for the
nonlinear stage of the BWO regime are also in agreement
with data [Titova et al., 2003; Trakhtengerts et al., 2004], and
chorus elements were successfully reproduced in numerical
simulations based on this model [Demekhov and Trakhten-
gerts, 2008]. However, experimental detection of a sharp
velocity space gradient, which is necessary for the BWO
regime, remains a very difficult task, so the model needs
further experimental check. Moreover, mechanisms of for-
mation of rising and falling tones in chorus, as well as the
origin of two chorus bands separated by a gap at a half
gyrofrequency remain undetermined in both theory and ex-
periment, although the above-mentioned papers, as well as
the works by Omura et al. [2009], Omura and Nunn [2011],
Bell et al. [2009], Demekhov [2011], and Cully et al. [2011]
constitute essential contributions into investigation of these
problems. Note also the important and still unresolved prob-
lems of the reasons dictating chorus generation in quasi-
parallel or oblique propagation modes and relative roles of
parallel and oblique chorus emissions in self-consistent
wave-particle dynamics.
2. Investigation of the mechanisms for particle energiza-

tion remains a topical problem in physics of the Earth’s
radiation belts [e.g., Summers et al., 2007a, 2007b; Trakh-
tengerts and Rycroft, 2008, and references therein]. A good
deal of suggested mechanisms is related to resonant wave-
particle interactions. Analytical and numerical studies of
these interactions are usually performed in two limiting cases
of a wide or quasimonochromatic wave spectrum. The in-
vestigations of the first case that can be traced back to
classical works by Andronov and Trakhtengerts [1964] and
Kennel and Petschek [1966] commonly proceed from the
quasilinear theory as applied to magnetospheric conditions.
In the second case, the consideration is usually based on the
analysis of particle motion in the field of a single wave. The
number of works in both directions is immense. We will cite
the reviews by Millan and Thorne [2007], Shprits et al.
[2008], and Shklyar and Matsumoto [2009] where further
references to earlier and more recent papers may be found. In
general, the considerations of both cases assume energy
conservation in the interacting system consisting of wave(s)
and resonant particles. However, calculations of diffusion
coefficients in the quasilinear case, or particle energization
in the monochromatic case, are often performed assuming a
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given wave spectrum, or a given wavefield, respectively.
Then, the resulting energy increase of a certain group of
particles may be larger than the wave energy. This apparent
contradiction does not necessarily mean that the calculations
are wrong. It can well be that, in those cases, the dominant
process is not the energy exchange between wave(s) and
resonant particles, but the energy transfer between different
groups of particles mediated by the wave(s). Such a possi-
bility was pointed out byHorne et al. [2005] and recently has
been investigated in detail by two examples of resonant
wave-electron interactions in the case of monochromatic
whistler mode waves [Shklyar, 2011a, 2011b]. Those con-
siderations are readily generalized to proton interaction with
ion-cyclotron waves.
An important question related to electron resonant energi-

zation in the radiation belts is that of the most efficient wave
mode(s) involved. Basically, all plasma modes with suffi-
ciently large index of refraction, namely, magnetosonic, ion-
cyclotron, whistler, and Z mode waves have been considered
as possible candidates [see, e.g., Ni and Summers, 2010].
Particularly, quasi-electrostatic domains of these branches
may be responsible for energization and losses of particles
with relatively low energies [Shklyar, 1986; Shklyar and
Kliem, 2006].
3. Generation mechanism, fine structure, and propagation

features of auroral kilometric radiation (AKR) will also be
investigated in the frame of RESONANCE mission. AKR
was first observed as ~1 MHz extraterrestrial emission from
the Earth’s auroral zone by Benedictov et al. [1965]. D.A.
Gurnett and colleagues contributed essentially to the study of
this fascinating phenomenon [Gurnett, 1974]. According to
present-day notion, AKR is generated by the cyclotron maser
instability, driven by energetic electron beams in the Earth’s
auroral regions [e.g., Treumann, 2006; Burinskaya and
Rauch, 2007, and references therein]. The free energy source
for the instability is the electron distribution, called horse-
shoe distribution, which is formed while the electron beam
moving to the Earth is accelerated by the parallel electric
field and, at the same time, electron parallel kinetic energy is
adiabatically transformed to transversal kinetic energy in the
increasing geomagnetic field [Strangeway et al., 2001]. AKR
generation takes place in auroral cavities where the electron
plasma frequency is much less than the cyclotron frequency
[Calvert, 1981; Delory et al., 1998]. As was argued by many
authors, energetic electrons (and even relativistic effects)
play an important role not only in defining the emission
growth rates, but also its dispersion characteristics [Strange-
way et al., 2001]. In spite of much progress in understanding
the nature of AKR, there remain some open questions.
They concern the exit of AKR from plasma cavity and
conversion to free space mode. Fine structure of the emission

in frequency-time domain with frequency scales ≲1 kHz and
time scales ~100–150 ms [Ergun et al., 1998] also remains
an open issue. These questions will be addressed by RESO-
NANCE mission as the spacecraft orbit (see below) crosses
the region of AKR generation.
4. Ring current (RC) ion dynamics is known to be largely

influenced by ULF waves. In particular, electromagnetic ion
cyclotron (EMIC) waves are generated by RC ions via the
cyclotron instability and cause the ion losses due to pitch
angle diffusion [Cornwall et al., 1970]. The efficiency of
cyclotron resonant interactions of RC ions with EMIC waves
depends strongly on the plasma density, since the Doppler-
shifted cyclotron resonance condition has to be satisfied.
Therefore, such interactions are localized in the regions with
sufficiently dense cold plasma where the wave refractive
index is large enough, i.e., in the plasmasphere or detached
cold-plasma regions [Cornwall et al., 1970]. Furthermore,
conditions of guiding the EMIC waves along the geomag-
netic field facilitate their generation at the plasma-density
gradients such as the plasmapause [Mazur and Potapov,
1983]. This conception has recently been confirmed by com-
paring energetic-ion data from low-orbiting NOAA space-
craft with Pc1 wave data at ground-based observatories,
IMAGE data on proton aurora, and on He+ EUV emission
from the plasmasphere, and LANL geosynchronous space-
craft data on energetic-ion injections and on cold-plasma
density [e.g., Spasojevic et al., 2005; Yahnin and Yahnina,
2007; Yahnin et al., 2009; Usanova et al., 2010, and refer-
ences therein]. The localized precipitation of RC ions can
have a strong effect on the global current system in the
magnetosphere and ionosphere since a significant part of the
RC (about 1 MA) is driven into the ionosphere by this
process. In particular, the current system related to such
precipitation can generate ionospheric electric fields of up to
40 mV m�1 [Trakhtengerts and Demekhov, 2005], which is
consistent with enhanced westward drift of ionospheric ions
known as subauroral polarization streams [Foster and Vo,
2002]. These findings do not solve the problems of RC
formation and losses [e.g., Ukhorskiy et al., 2006] and its
role in the magnetospheric electric and magnetic field dis-
turbances. RESONANCE project shall contribute to the
study of these problems.
We should mention that widely known and extensively

discussed space mission RBSP (http://www.rbsp.jhuapl.
edu/) will begin before RESONANCE. These two missions
have most scientific objectives in common and target basi-
cally the same processes. While RBSP will give the equato-
rial section of the processes, RESONANCE should give the
meridional one, and in this sense, the missions will comple-
ment each other. At the moment, a coordinated program of
measurements is being worked out.
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3. SPACECRAFT ORBITS

One of the main features of RESONANCE project is the
choice of specific (magnetosynchronous) orbits that ensure
the presence of four satellites in different places of the same
magnetic flux tube during a long period of time.
The original design with two spacecraft on slightly sepa-

rated orbits [Demekhov et al., 2003] has been modified, and
the new planned orbital set will consist of two pairs of
spacecraft, R1(A,B) and R2(A,B), each pair on its own orbit.
The parameters of these orbits are as follows: orbital period
is 8 h 15 min, apogee ~27,341 km, perigee ~500 km, incli-
nation is 63.4°, and the corotation time in a magnetic flux
tube at L ~ 4–5 is up to 3 h if the transverse scale of the flux
tube is about 100 km at the ionosphere. The spacecraft within
a pair will be separated by several hundred kilometers on
average. As mentioned above, according to theory and ex-
periment, a few hundred kilometers is the characteristic scale
on which chorus generation is developed. This is the reason
why the time during which two satellites remain within this
distance is important. On the other hand, larger scales and
effects of wave propagation far from the generation region
are also of interest. That is why another pair of spacecraft

located sufficiently far from the first one should be useful
for the investigation of multiple scale phenomena in wave-
particle interactions.
The apogees and perigees of these two orbits are located in

different hemispheres. Two satellites in each pair move along
the same orbit, although the distance between satellites varies
and is controlled by telemetric system. It is worth mentioning
that a part of each orbit lies in the subauroral region of the
magnetosphere where important processes that control geo-
magnetic storms take place. Moreover, relative position of
two spacecraft pairs is such that one is in the auroral zone
when the other is in the equatorial region. A view of magne-
tosynchronous orbit from an inertial reference frame is
shown in Figure 1. As a satellite moves along its orbit, the
magnetic flux tube rotates together with the Earth. With an
appropriate choice of the orbit parameters, the satellite re-
mains in the same flux tube for an extended period of time.
The satellite position at the moment when it enters the flux
tube is marked by t0, while t1 through t5 mark the positions at
the corresponding moments of time. Bold red lines show the
distance covered during that time. Spacecraft trajectories in a
meridian plane rotating with the Earth are shown in Figure 2.

4. SCIENTIFIC INSTRUMENTATION

RESONANCE project is carried out under the aegis of Space
Agency of the Russian Federation in the frame of federal space
program. Satellite preparation and testing is performed by S. A.
Lavochkin Scientific Production Association. The lead institu-
tion responsible for the set of scientific equipment is Space
Research Institute of Russian Academy of Sciences. Apart from

Figure 1. Formation of magnetosynchronous orbit: view from an
inertial reference frame. The satellite stays in the same flux tube
during a substantial time. The point on the field line where the
satellite was at the moment t = t0 is marked by I0.

Figure 2. Orbits of four satellites in the Earth’s reference frame.
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researches from Russia, scientists and specialists from a few
countries also participate in the project. Those countries are
Austria, Bulgaria, Czech Republic, Finland, France, Germany,
Greece, Poland, Slovakia, Ukraine, and the United States.
RESONANCE spacecraft will be launched in two steps.

The first pair of satellites is due to be launched at the end of
2014; the launch of the second pair is planned for March–
April 2015. Each pair of satellites will be equipped identi-
cally, although devices installed on satellites A and B in each
pair will be somewhat different. Specific instruments, their
placement on satellites, and measured parameters are given
in Table 1. The drawing of the spacecraft with its instruments
is shown in Figure 3.
The fluxgate magnetometer (fluxgate magnetometer for

RESONANCE (FM-7R)) is designed according to the clas-
sical scheme, repeatedly used in many projects. It is intended
to measure three components of quasiconstant magnetic
field, field-aligned currents in the auroral region, and also for
orientation of the satellite. Unlike the previous experiments,
this device has an extended frequency range for measure-
ments of geomagnetic pulsations, from DC up to 10 Hz. This
instrument has been developed at IZMIRAN (acronym for
Russian: Institut ZemnogoMagnetizma, Ionosfery i Raspros-
traneniya Radiovoln Akademii Nauk, i.e., Institute of Terres-
trial Magnetism, Ionosphere, and RadioWave Propagation of
the Academy of Sciences), Moscow region, Russia.
Three instruments, Wide Band Analyzer of Multicompo-

nent Electric Field (AMEF-WB), ElectroMagnetic Waves An-
alyzer (ELMAVAN), and High-Frequency Analyzer (HFA)

are intended for 3-D measurements of electromagnetic fields
in the frequency range from fractions of Hz to 1MHz. AMEF-
WB is a three-component ELF electric field receiver. Its an-
tennas represent spherical sensors placed at the booms, which
are 15 m long in the rotation plane of the satellite and 4 m long
in the direction of the rotation axis. Electronic compensation
of capacity is implemented, which allows to perform measure-
ments in the wide range of frequencies and to use the same
sensors for all three receivers. The developer of the device is
the Institute of Space Research in Sofia, Bulgaria.
ELMAVAN is a multicomponent low-frequency receiver

in the frequency range from 20 Hz to 20 kHz. The main
objective of this experiment is the investigation of chorus
emissions in the equatorial region and of various signals in
the auroral zone. This receiver contains an analyzer, which
permits onboard calculations of wave characteristics. The
electronics of this device has been developed at the Institute
of Atmospheric Physics in Prague, Czech Republic. For
measurements of three electric components, the AMEF-WB
sensors are used, and magnetic components are measured by
their own three-component search-coil sensor developed in
the Lvov branch of the Institute of Space Research, Ukraine.
HFA is a high-frequency analyzer (10 kHz to 1 MHz)

whose main objective is studying of the AKR. Besides, the
device includes the receiver-analyzer for calculation of the
phase characteristics of radiation from RIK (acronym for
Russian: Radio Izmerenie Koncentracii, i.e., radio measure-
ments of concentration, see below). The electronic unit
is developed at the Center of Space Research in Warsaw,

Table 1. RESONANCE Scientific Instrumentation

Instrument Measured Parameter or Device Function Location on Spacecraft

Fluxgate Magnetometer for RESONANCE
(magnetometer)

Quasi-DC magnetic field in the frequency band 0–10 Hz A + B

Wide Band Analyzer of Multicomponent
Electric Field (ULF receiver)

Quasi-DC electric field in the frequency band 0–10 Hz A + B

ElectroMagnetic Waves Analyzer
(VLF receiver)

Electric and magnetic field components in the frequency
band 10 Hz to 20 kHz

A + B

High-Frequency Analyzer (HF receiver) Electric and magnetic field components in the frequency
band 10 kHz to 1 MHz

A + B

RESONANCE Plasma Instrument Cold plasma density A + B
CAMERA-E Density and distribution of plasma electrons with energy

up to 20 keV
A + B

CAMERA-I Density, distribution, and composition of plasma ions with
energy up to 20 keV

A + B

BELA Fast electron analyzer in the energy range 5–50 keV A + B
DOC-M Spectrometer of energetic electrons (30–400 keV) and ions

(30–1000 keV)
A

Relativistic Electrons in the Magnetosphere Spectrometer of relativistic electrons (0.3–5 MeV) A
RIC Radio interferometer B
SUSPI System for instrument control, data collection, and transmission A + B
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Poland. Measurements of electric field components use
AMEF-WB sensors, while magnetic field components are
registered by its own induction sensors (which are being
developed at the Research Institute for Radio Physics,
Nizhny Novgorod, Russia), and for receiving the RIK radi-
ation, special antennas are used.
The RESONANCE Plasma Instrument (REPIN) device is

intended for measurement of parameters of cold plasma. The
technique is based on measurement of the collector current of
charged-particle traps (Faraday’s cylinders). A prototype
of the sensor of REPIN experiment is the Faraday’s cylinder
of plasma experiment ROMAP of the European ROSETTA-
LANDER project. For a full coverage of 4π sphere angle, six
identical sensors are installed, integrated into two groups,
oriented in solar and antisolar directions. The instrument is
manufactured in the Institute of Atmospheric Physics in
Prague, Czech Republic.
CAMERA-E instrument aims to study the fine structure of

electron distribution. The design of the device allows to
obtain 2-D distribution function with high-time resolution,
up to 0.1 s, in the energy range from 50 eV to 20 keV.
Analysis of ionic composition and fine structure of ion

distribution is carried out by CAMERA-I. The technique of
measurement is similar to that used in CAMERA-E and
allows measurements of ionic composition and 2-D ion
distribution function during the time of the order of 1 s, in
the energy range from 50 eV to 20 keV. The development of
CAMERA-E and CAMERA-I is lead by IKI (acronym for
Russian: Institut Kosmicheskih Issledovanii, i.e., Space Re-
search Institute), Moscow, Russia.

Energetic electrons (30–500 keV) and ions (30–1000 keV)
will be measured by the DOK-M (acronym for Russian:
Detektor Okhlazhdaemyi Kremnievyi, i.e., Silicon-Cooled
Detector) instrument provided by the Institute of Experimen-
tal Physics, Košice, Slovakia. This is an improvement of the
successful experiment DOK-2 first implemented in the Inter-
ball project. It is designed for measurements of protons and
electrons of the RC and substorm injections. The device
represents a set of semiconductor detectors and has an energy
resolution below 10% (except the lowest energy range).
Relativistic Electrons in the Magnetosphere (REM) is a

spectrometer of relativistic electrons (300–5000 keV) based
on a coincidence scheme of two semiconductor detectors and
a scintillator. It is provided by IKI.
The BELA (acronym for Russian: Bystryi Electronnyi

Analizator, i.e., Fast Analyzer of Electrons) spectrometer,
also developed at IKI, which has high energy and time
resolution, is meant for the analysis of electron distribution
function in near-equatorial region where wave-particle inter-
actions leading to chorus generation take place. This sets
special requirements to the instrument, namely, fast (during
~1 s) measurements of electrons in the range from 5 to
50 keV with a high-energy resolution. Such characteristics
of the device are achieved due to the design of the sensor and
special logic of value sampling of the detector elements.
More specifically, BELA sensor provides electron measure-
ments with 3° � 10° angular resolution. Electrons with
energies within the indicated range are detected by BELA
sensor, which covers the full energy range by 24 sampling
steps. Each sampling step lasts for 1 ms. Maximum time

Figure 3. Composition of RESONANCE satellites. One axis of the satellite is directed to the Sun. Three electric sensors
(not shown here) are mounted at the tips of 15 m long booms, which are placed in the rotation plane. The fourth 4 m long
boom is used for magnetic antennas, cold plasma detectors, and for one electric sensor mounting. Particle and plasma
instruments are installed at the core of the satellite. Complete angular spectrum of high-energy particles will be measured
during one rotation period of about 2 min.
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resolution of one energy sweep is 24 ms, while energy
resolution is ~1%–2%.
We should mention that, in the context of particle measure-

ments, 2-D means a single slice of the sky covered by a slit
camera, with the second dimension acquired using collima-
tion and spacecraft spin in such a way that the 2π or full 4π
angular distribution of particles would be measured during
each spacecraft turn. On three-axis stabilized spacecraft, a
scanning platform can be used to provide rotation of the slit
camera. The second dimension can also be acquired by
means of a deflection system, whose purpose is to deflect
particles coming from angles lying between β1 and β2 (where
β1,β2 are different polar angles) with respect to the symmetry
axis, into the sensor.
The RIK device represents two-frequency transmitter

radiating coherent signals at frequencies of 5 and 10 MHz.
The device operates together with the HFA receiver and is
intended for the measurement of plasma density (total elec-
tron content) between satellites of one pair by means of phase
comparison for two frequencies of 5 and 10MHz. The device
is developed at the Institute of Applied Physics in Nizhny
Novgorod, Russia.

5. RESONANCE-HAARP JOINT EXPERIMENTS

A long-duration stay of the RESONANCE spacecraft in a
certain geomagnetic flux tube corotating with the Earth al-
lows us to plan coordinated space-ground observations and
active experiments. In particular, the High Frequency Active
Auroral Research Program facility for HF heating of the
ionosphere (HAARP, http://www.haarp.alaska.edu/) can be
a suitable tool for such coordinated experiments. Apart from
the above-given website, some information about HAARP
may be found in the references given below. HAARP loca-
tion conjugate with the RC and outer radiation belt (L = 4.9)
is particularly suitable for joint experiments with RESO-
NANCE. Owing to this feature and the high effective radi-
ated power of the HAARP heater (ERPmax ~ 1 GW), the
produced ionospheric disturbances can influence significantly
the magnetospheric processes. In particular, if the ionosphere
heating is modulated at a frequency matching one of the
plasma eigen modes, then the heated region can serve as an
antenna radiating this plasma mode into space [see, e.g.,
Getmantsev et al., 1977; Papadopoulos and Chang, 1985;
Inan et al., 2004]. Experiments on such wave injection are
performed in a wide range of frequencies from ULF to VLF
frequencies. The heated ionospheric plasma moves to higher
altitudes and thus forms density ducts above the heated region
[e.g., Milikh et al., 2008, 2010]. Such ducts can affect propa-
gation of both natural and artificial signals. Another mecha-
nism of the ionosphere-magnetosphere coupling, which can be

modified by the ionosphere heating, is the reflection of mag-
netospheric waves from the ionosphere. Modulated HF heating
has also been considered as a tool for activating substorm-like
phenomena [e.g., Trakhtengerts et al., 2000; Streltsov et al.,
2010]. The goals of RESONANCE-HAARP joint experiments
may be summarized as follows: (1) artificial excitation and/or
stimulation of various electromagnetic wave modes, in partic-
ular, ELF/VLF and ULF waves excited by the modulated
heating, (2) modification of precipitation particle fluxes caused
by nonlinear interactions between excited waves and energetic
charged particles, and (3) variation of magnetospheric maser
Q-parameter (quality factor) by modification of the reflection
coefficient from the ionosphere in selected magnetic flux tube
and, possibly, formation of artificial ducts.
The advantage of RESONANCE mission in attaining

these objects is that the spacecraft will spend a long time in
the flux tube conjugate with HAARP heater. This affords an
opportunity to perform an active experiment with a long
observation time of the above-mentioned phenomena in the
magnetosphere induced by ionospheric heating.

6. CONCLUSIONS

In conclusion, we point out that the main scientific objec-
tives of the RESONANCE project remain topical, and the
planned spacecraft constellation should help in obtaining
valuable experimental data on the natural and artificial pro-
cesses in the inner magnetosphere. RESONANCE should be
one of several forthcoming projects devoted to inner magne-
tospheric studies, and a close cooperation between these
projects, both spaceborne and ground-based, is anticipated.
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The geomagnetic storm event occurring during the 24–26 September 1998
interval was characterized by significant ULF wave activity in the inner magneto-
sphere. Here we undertake an analysis of the ULF wave activity occurring in global
MHD simulations of the event, paying particular attention to the azimuthal mode
structure characterizing the waves. We find that most of the power in the fluctuation
components of the electric and magnetic fields can be described by low (m < 3)
mode numbers during the recovery phase of the storm but that there is appreciable
activity at finer azimuthal spatial scales in the electric fields during the main phase
of the storm. The results of this work have particular implications for the common
m = 1 assumption frequently used in studies of the interactions of radiation belt
particles with global ULF waves.

1. INTRODUCTION

Radial diffusion, a result of drift-resonant interactions
between energetic particles and large-scale pulsations in the
global geomagnetic field, provides an effective mechanism
for transporting and energizing relativistic electrons in the
outer zone radiation belts [Fälthammar, 1968; Schulz and
Lanzerotti, 1974; Elkington et al., 2003; Ukhorskiy et al.,
2005]. A review of the physical mechanisms by which elec-
trons may be affected by global waves is given in the work of
Elkington [2006]. It is generally understood that large-scale

magnetohydrodynamic variations in the electric andmagnetic
fields surrounding the Earth, occurring at frequencies com-
mensurate with the drift frequency of the trapped energetic
electrons, break the drift invariant while maintaining the
gyro and bounce invariants associated with trapped par-
ticle motion [Roederer, 1970]. The result is a radial drift
across field lines into regions of either stronger or weaker
magnetic field, with those particles drifting radially inward to
stronger field regions gaining energy through conservation of
the gyro invariant. Radial diffusion describes the stochastic
motion of an ensemble of particles undergoing this drift
resonant interaction. Depending on the global particle distri-
bution with respect to the radial coordinate, radial diffusion
may act to either increase flux levels in the inner magneto-
sphere as particles diffuse inward from regions of higher
phase space density near the trapping boundary; or, if there
is a paucity of electrons at the trapping boundary, act as a loss
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process as the aggregate particles drift outward and are lost to
the magnetopause [Green et al., 2004; Shprits et al., 2006].
As the drift timescales of interest in radiation belt physics

are typically in the range of a few to tens of minutes, the
pulsations that most effectively drive radial diffusion occur at
mHz frequencies, in the so-called Pc-5 category of magne-
tospheric ULF waves [Jacobs et al., 1964]. Alfvénic field
line resonances represent a particular class of Pc-5 ULF
variations, characterized by quasisinusoidal signals that exist
for several wave periods. The broader class of ULF varia-
tions may be either broadband or quasisinusoidal in nature
and may originate in a variety of internal (magnetospheric) or
external (solar wind-driven) processes. Internally generated
ULF waves may result from mirror [Hasegawa, 1969] or
drift-bounce [Southwood et al., 1969; Chen and Hasegawa,
1991] instabilities, or as a result of anisotropies in the per-
pendicular ring current [Takahashi et al., 1985]. Externally
driven ULF waves may result from shear flow instabilities
along the flanks of the magnetopause [Kivelson and Pu,
1984; Cahill and Winckler, 1992; Mann et al., 1999; Clau-
depierre et al., 2008], as a result of variations in solar wind
pressure [Kivelson and Southwood, 1988; Kepko and
Spence, 2003; Claudepierre et al., 2009], or as a result of
variations in the large-scale convective motion of the mag-
netosphere driven by changes in the global magnetospheric
reconnection rate and the flow of solar wind around the
magnetopause [Ridley et al., 1998; Ruohoniemi and Green-
wald, 1998]. The origin and character of these waves has
particular implications for the nature and effectiveness of the
drift resonant interaction leading to radial diffusion [Elking-
ton, 2006].
The rate of energy change, dW/dt, of a particle acted on by

an electric field E and a time-varying magnetic field B is
given by

dW

dt
¼ qE⋅vd þM

∂B
∂t

ð1Þ

[Northrop, 1963]. Here q is the particle charge, vd is the
guiding center drift velocity, and M is the particle gyro
invariant. If the ULF variations driving radial diffusion
come strictly from changes in the global convection electric
field, only the first term in equation (1) is important
[Fälthammar, 1966]; in the electromagnetic Alfvénic varia-
tions characterizing field line resonances, both terms in
equation (1) must be considered in the calculation of the rate
of change of the energy of a particle [Perry et al., 2005].
There is a clear association between the bulk speed of the

plasma in the solar wind and the occurrence of ULF varia-
tions in the magnetosphere [Mann et al., 1999; Mathie and
Mann, 2000]. Extreme variations in the flux levels in the
outer radiation belts are well correlated with geomagnetic

activity [Reeves and Thorne, 2002]. The geomagnetic storm
of 24–26 September 1998 was characterized by high solar
wind speeds and an order-of-magnitude increase in outer
zone electron fluxes occurring over a period of less than
18 h. Fei et al. [2006] examined this event from the point of
view of the energetic particle response to ULF-driven radial
diffusion. In this effort, they conducted test particle simula-
tions of the trapped radiation belt electron population con-
sisting of particles with a first adiabatic invariant of 1870
MeV G�1, corresponding approximately to a 1 MeV geo-
synchronous electron in a dipole magnetic field. Radial dif-
fusion calculations were concurrently carried out, with radial
diffusion coefficients based on the ULF wave power ob-
served in the MHD results that were used to drive the test
particle simulations. They considered the basic drift-resonant
interaction,

ω ¼ mωd; ð2Þ
where ωd is the bounce-averaged drift frequency of the
electrons, ω is the frequency of the magnetic and electric
variations driving the drift, and m denotes the azimuthal
mode number of the global ULF wave. They also considered
asymmetric drift-resonant interactions,

ω ¼ ðm� 1Þωd; ð3Þ
which are the additional resonances present in a compressed
dipole magnetic field and are the result of the m = 1 asym-
metry in the global magnetic field induced by the dynamic
pressure of the solar wind [Hudson et al., 1999; Elkington
et al., 1999].
Spacecraft observations can provide considerable insight

into the nature and distribution of ULF wave power in the
radiation belt region [e.g., Brautigam and Albert, 2000;
Brautigam et al., 2005; Liu et al., 2009, 2010; Huang et al.,
2010a; Hartinger et al., 2010; Ozeke et al., 2012; Rae et al.,
2012]. For example, Brautigam et al. [2005] used electric
field measurements from CRRES to calculate radial diffusion
coefficients based on a functional fit of the electric field
power spectral density as a function of radial position, L,
and the magnetospheric activity parameter Kp. They found
that the diffusion coefficient, DLL, could vary by 1–2 orders
of magnitude between low activity (Kp = 1) and high activity
(Kp = 6), depending on L and the first (gyro) invariant.
However, the nature of the single-point electric field mea-
surements forced them to consider only the diffusive effects
of the curl-free part of the electric field variations and to
assume only the m = 1 azimuthal resonance.
In contrast to the single-point measurements provided by

spacecraft such as CRRES, MHD simulations of the magne-
tosphere provide a global picture of the changing electric and
magnetic fields driving the radial diffusion [Elkington et al.,

128 MAGNETOSPHERIC ULF STRUCTURE 24–26 SEPTEMBER 1998



2002, 2004]. For example, Huang et al. [2010a, 2010b] used
global MHD simulations to examine simulated wave activity
and radiation belt dynamics as a function of solar wind and
geomagnetic activity, and found that simulated ULF wave
activity produced in the Lyon-Fedder-Mobarry global MHD
code [Lyon et al., 2004] agreed well with statistical observa-
tions compiled at geosynchronous orbit via the GOES space-
craft. Because global MHD simulations are resolved in
azimuth to a high degree compared to the limited data points
available from in situ measurements, they provide a valuable
means of inferring the azimuthal mode structure of the ULF
waves induced by the actions of the solar wind without the
m = 1 assumption that was necessary in the work of Brauti-
gam et al. [2005]. Fei et al. [2006] found that the best
agreement between the MHD-particle simulations and the
radial diffusion simulations resulted when they considered not
only the effect of the combined symmetric and asymmetric
resonances but also the higher-order mode structure of the
ULF waves available from the global MHD simulations.
This paper describes in detail the ULF wave environment

seen in the MHD simulations of the 24 September 1998
geomagnetic storm used in the particle and diffusion simula-
tions by Fei et al. [2006]. In the sections that follow, we
discuss the sequence and effect of the September 1998 event,
give an overview of the MHD simulations of this storm, and
describe the power spectrum of the waves observed in the
simulations. We pay particular attention to the global mode
structure of the waves and to the implications for the com-
monly used m = 1 assumption necessitated by single-point in
situ measurements.

2. THE 24–26 SEPTEMBER 1998
GEOMAGNETIC EVENT

Solar wind conditions observed during this storm appear
characteristic of a class of coronal mass ejections associated
with arbitrary closed magnetic field topologies and high solar
wind speeds [McComas et al., 1989; Gosling et al., 1991;
Tsurutani et al., 1992]. In these events, a coronal mass
ejection traveling at speeds exceeding those of the ambient
solar wind induces the formation of a shock in the interplan-
etary medium ahead of the coronal mass ejection (CME).
Behind the shock, compression and draping of interplanetary
magnetic field (IMF) lines around the body of the CME leads
to strong magnetic fields at the leading edge, where solar
wind velocities likewise jump to relatively high values be-
fore gradually tapering off.
Solar wind conditions observed by the spacecraft WIND

for the period of 24–26 September, 1998 are indicated in
Figure 1. At approximately 23:20 UTon 24 September 1998,
the spacecraft observed a strong interplanetary shock ~185RE

upstream of the Earth. Associated with this shock was a large
increase in the total strength of the IMF, which turned sharply
northward for approximately 30 min before entering a period
of north-south fluctuation. At about 1 UT, the IMF turned
steadily southward, reaching negative values as low as
�20 nT, and maintaining a southward orientation for ~14 h
before relaxing northward. Solar wind velocities behind the
shock jumped from 400 to 700 km s�1 at the shock, gradually
increasing to a maximum value of over 870 km s�1 at 7 UT
on 25 September, after which they steadily declined. A large
increase in the kinetic pressure of the solar wind, from 2 to
15 nPa, and solar wind densities of 20–30 cm–3, were ob-
served at the leading edge of the shock. There were two
further pressure increases of significance, one occurring
around 1:30 UT on 25 September, and a larger pressure
increase, associated with a jump in solar wind densities from
~5 cm–3 to over 20 cm–3, occurring at around 6 UT on the
25th. Transit time of the initial shock from WIND to the
dayside magnetopause was a little over 20 min, the resulting
compression inducing a storm sudden commencement at
approximately 23:45 UT [Russell et al., 1999].

Figure 1. (a)–(e) Solar wind conditions observed at the spacecraft
WIND in the period between 12 UT, 24 September 1998, and 12
UT, 26 September 1998. ( f ) The geomagnetic response as charac-
terized by the hourly Dst index is plotted.
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The solar wind coupling parameter, e = vswBIMF
2L2 sin4

(θ/2), is plotted in Figure 1e and reached peak values well
over 1014 W, with time-integrated values over 1017 J through
the course of the storm. e is determined by the solar wind
velocity vsw, magnetic field BIMF and its clock angle relative
to the Earth’s dipole, θ, and the scale length L (typically L =
7 RE). This indication of the energy input is more than
sufficient to cause strong geomagnetic disturbance [Per-
reault and Akasofu, 1978]. In keeping with this, theDst index
reached maximum negative values of �207 nT, making this
a significant geomagnetic event.

3. MHD SIMULATIONS

MHD simulations of the period between ~22 UT on 24
September 1998, and ~16 UT on 26 September 1998 were
undertaken and the results used to drive particle simulations
as described in the work of Fei et al. [2006]. The MHD

simulation code used in this event, the Lyon-Fedder-Mobarry
global MHD code, is described in detail in the work of Lyon
et al. [2004]. The degree to which the MHD simulations
were able to reproduce the geomagnetic effects of this storm
are indicated in Figure 2, where we have plotted magnetic
fields measured by GOES-8, a geosynchronous spacecraft
orbiting in the geographic equatorial plane, against the sim-
ulated fields seen by a spacecraft at the same azimuthal
location and radial position as GOES-8 but in the geomag-
netic equatorial plane. There was generally good agreement
between measured and simulated fields seen at this space-
craft over the ~36 h period of the simulations. The initial
shock, just prior to 00 UTon the 25th, is captured by both the
real and virtual spacecraft, as well as a second large increase
in magnetic field strength at 1:30–2:00 UT. This second
discontinuity in the magnetic field corresponds in time to a
local maximum in pressure occurring at a time when solar
wind velocities exceeded 750 km s�1 and, likewise, at a time
of maximum geomagnetic coupling with the solar wind as
indicated by the parameter e.
A third pressure impulse in the solar wind, occurring at

~6 UT, does not show up as clearly in magnetic field seen at
GOES-8, in spite of its more prominent nature when com-
pared to the 1:30 UT impulse. Contour plots of the magnetic
field strength at this time, shown in Figure 3, indicate the
magnetosphere to be in a somewhat less compressed state
than during the previous impulse. This, coupled with the
position of the satellite near local midnight, may diminish the
magnetic signature of this pressure pulse at the spacecraft.
Large-scale magnetic fluctuations seen in Figure 2 in the

period between 6 and 12 UT, where the spacecraft enters the
morning sector, suggests significant wave power in a range
of frequencies at geosynchronous during this period. These
fluctuations subside significantly with the northward turning
of the IMF at ~15 UT. The predominant “humps” in the
magnetic field subsequent to the northward turning may be

Figure 2. Simulated and observed magnetic fields at the location of
GOES-8 during the 24–26 September 1998 geomagnetic storm.

Figure 3. Global equatorial magnetic fields during two periods of high solar wind pressure, based on MHD simulations of
the September 1998 event. The positions of several geosynchronous spacecraft are indicated.
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largely attributed to diurnal variations in the magnetic field,
the spacecraft seeing larger fields when it is in the com-
pressed local noon sector of the magnetosphere.

4. ULF ANALYSIS

ULF waves in the magnetosphere might be expected to
result from variations in the relevant solar wind parameters.
Several important magnetospheric coupling parameters that
might be considered include vBz, e, and ρVsw

2 [Gonzales et
al., 1994; Baker et al., 1999; Newell et al., 2007]. Figure 4
shows the power spectral density of two of these parameters,
e and ρVsw

2 , for a 48 h period centered around the time of
storm sudden commencement, ~23:45 on 24 September.
These parameters were selected based on the speculation that
ULF wave power may be effectively transmitted into the
magnetosphere either through variations in the Poynting flux
through the magnetopause (e) or via the buffeting effect of

compressional pulses due to variations in the kinetic pressure
in the solar wind.
In Figure 4a (top), the power spectrum of e is plotted at

frequencies of up to 8 mHz and shows significant power in
frequency ranges corresponding to Pc-5 oscillations, com-
pared to that seen in the recovery phase or prior to storm
onset. Because the e parameter is functionally dependent on
the solar wind velocity and the southward component of the
IMF, we use e to infer the relative strength time-varying
convection electric field in the inner magnetosphere. Below
this is the integrated power between 1 and 8 mHz, indicating
that most of the power in the Pc-5 frequency range came
during the initial phases of the storm, before the IMF settled
into a steady southward state. Figure 4b shows the power
spectral density and integrated power for the solar wind
kinetic pressure, in the same format as (a). There is signifi-
cant power in the Pc-5 range of frequencies throughout the
main phase of the storm.

Figure 4. Power spectral density and frequency-integrated power as a function of time for (a) e, the solar wind coupling
parameter, and (b) solar wind kinetic pressure observed at the spacecraft WIND. The spectral density plots were created
using a sliding window 64 min in width, for frequency resolution df = 0.26 mHz.
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Spectral analyses of the time-varying electric and magnetic
fields for the MHD simulations were undertaken in the inner
magnetosphere. Figure 5 shows the power in the azimuthal
electric field for two periods of time during the simulation,
one during the peak main phase of the geomagnetic storm
and a second period during the recovery phase. In each case,
the power spectral density was calculated on a grid of indi-
vidual points within the magnetosphere for a 2 h period
around the time indicated. Clearly, there is significantly more
wave power during the main phase of the storm. In both
cases, the power spectral density in the electric field is seen to
peak around local noon, increasing with increasing radial
distance from the center of the Earth.

5. ULF MODE SPECTRUM

Rates of inward or outward radial diffusion of energetic
particles drifting with drift frequency ωd are directly depen-
dent on the power of the waves acting at frequency ω, as
suggested by equations (2) and (3). If we can determine the
amplitude and the mode structure, m, of the waves at a
particular frequency, we can identify the particle populations
that will be most effectively transported by those ULF
waves. Conversely, if we identify a particle population of
interest, say, geosynchronous electrons of a particular energy
[Fei et al., 2006], we can inquire about the frequency and
structure of the waves acting on those particles and, thus,
predict their rates of energization. Here we use the simula-
tions of the September 1998 event to characterize the power
as a function of mode number during the geomagnetic storm,

to determine the extent to which one is justified in making
low-mode number assumptions such as required in the ef-
forts of Brautigam et al. [2005].
We assume that the global ULF activity in the MHD

simulations can be described in the fashion used by

Figure 5. Equatorial power spectral density in the electric field during the (a) main phase and (b) recovery phase of the
geomagnetic storm.

Figure 6. Interpretation of the nodal structure of the cosine (PA)
and sine (PB) powers for the first two azimuthal mode numbers.
(a) PA(m = 1), (b) PB(m = 1), (c) PA(m = 2) (d) PB(m = 2).
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Fälthammar [1965] in his derivation of a functional form for
DLL, namely,

EφðL;φ; tÞ ¼ ∑
∞

m¼1
EmðL; tÞcosðmφþ ξmÞ: ð4Þ

Since we are unlikely to have phase ξm = 0 for all m
throughout the simulation, we determine the mode structure
of the ULF waves in the MHD simulations using the methods

outlined in the work of Holzworth and Mozer [1979] and
rewrite equation (4) as the equivalent series expansion

EφðL;φ; tÞ ¼ ∑
∞

m¼1
EA
φm
ðL; tÞcos mφ

þ ∑
∞

m¼1
EB
φm
ðL; tÞsin mφ; ð5Þ

where φ = 0 corresponds to noon magnetic local time.
Because the time-dependent parameters of the transformation

Figure 7. Time variations in the power spectral density by global azimuthal mode number in the equatorial electric field
during the September 1998 geomagnetic storm for the azimuthal electric field Eø, corresponding to power in the (a) cosine
and (b) sine azimuthal mode components. Fields in this calculation were taken at a constant radial distance of 6.6 RE.
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are independent of each other, we can calculate the relevant
power as the sum Pm = Pm

A + Pm
B, where Pm

A and Pm
B re the

power spectral densities of the fluctuating electric fields EA
φ
m

and EB
φm
. Physically, one might expect more power in the

dayside-symmetric PA terms as a result of (for example)
direct driving by solar wind velocity and magnetic perturba-
tions, or shear interactions at the flanks, in contrast to the
asymmetric PB terms, as illustrated in Figure 6.
The estimation of the power spectral densities Pm

B and Pm
B

requires two transforms. At each time step in the simulation,
we determine the fluctuation electric fields EA

φm
and EB

φm
in

equation (5) for successive radial distances based on real and
imaginary parts of the transform, respectively. The coeffi-
cients of this transform indicate the amplitude of each azi-
muthal mode at the given snapshot in time. Subsequently, a
transform in the time domain at each individual mode num-
ber is taken. The end result is the global wave power spectral
density as a function of mode number and frequency. The
MHD simulations used in this analysis were interpolated to a
polar grid of 48 uniform azimuthal locations at 0.2 RE radial
distances from 2.5 to 8 RE, a resolution commensurate with
the underlying (nonuniform) LFM computational grid.

Figure 8. Time variations in the power spectral density by mode for the September 1998 geomagnetic storm for the (a)
azimuthal electric field and (b) compressional magnetic field.
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Interpolating to this uniform polar grid allows calculation of
the power spectral density throughout the inner magneto-
sphere up to an azimuthal Nyquist mode number of m = 24.
Figure 7 indicates the geosynchronous power spectral

density calculated as a function of mode number and time
for the azimuthal electric field in the equatorial plane, inte-
grated over all frequencies to the Nyquist frequency
corresponding to the 60 s MHD dump interval, 8.3 mHz. As
expected from Figure 6, there is generally more power in the
cosine than sine terms. In Figure 8, we look at the summed

azimuthal power PA + PB at geosynchronous orbit, for both
electric and magnetic field fluctuations. The power in both
components is generally larger at all mode numbers during
the main phase of the storm.
In Figure 9, we plot the fraction of the total power spectral

density in each mode, for the equatorial azimuthal electric
field and magnetic field. The integrated power represents the
power spectral density summed over all mode numbers rep-
resentable on the azimuthal MHD grid, ∑24

m¼0Pm, integrated
in frequency up to the temporal Nyquist frequency. The

Figure 9. Fraction of the power in the lowest three mode numbers for the (a) electric and (b) magnetic ULF wave fields.
(top) The total power spectral density over all azimuthal modes as a function of time is indicated. (bottom) The symbols
indicate the fraction of the power in the sum of the first three modes.
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fractional power in each mode for the m = 1, 2, and 3 modes
are indicated in the lower of each pair of plots by the solid,
dotted, and dashed lines, respectively, and the fractional
power of the sum of these three modes plotted using
symbols.
We see in Figure 9 that the m = 1 mode is generally

dominant in both the electric and magnetic fields during the
recovery phase, with much smaller contributions from
the m = 2 and 3 modes. However, during the main phase,
the electric field power exhibits relatively large contributions
from them = 2 and 3 modes; for a period of time the power in
these modes is actually larger than the power in the m = 1
mode. In this event, we see much more structure in the
electric field than the magnetic field during the main phase,
with the power in the first three mode numbers accounting
for only ~60% of the total power, in contrast to closer to
~80% in the case of the magnetic power. During the recovery
phase, the power is concentrated in the lower mode numbers
for both the electric and magnetic fields, with the lowest
three mode structures accounting for ~80% of the power in
both cases. These results are consistent in the simulations
both at geosynchronous altitudes and at equatorial radial
distances of 4.2 RE, corresponding to altitudes of the GPS
constellation of spacecraft.

6. ANALYSIS AND CONCLUSIONS

In this paper, we used the geomagnetic storm of 24–
26 September 1998 as a case study in examining the char-
acteristics of ULF waves throughout a geomagnetic event.
Owing to the importance of the drift-resonant nature of the
interaction of an electron with ULF waves indicated in
equations (2) and (3), we undertook this study paying par-
ticular attention to the power as a function of the global
azimuthal mode number of the waves, m.
Good agreement was seen between the observed and sim-

ulated fields, as evidenced by Figure 2 and consistent with
the comparisons described in Huang et al. [2010a], suggest-
ing that the MHD simulations were capable of resolving the
global magnetospheric configuration to a good degree of
accuracy. Spectral analysis of the event showed significant
power at Pc-5 frequency ranges. This was seen both in
observations of the solar wind, where power in relevant
coupling parameters such as e and ρVsw

2 might be expected
to directly couple into wave power in the magnetosphere
[Huang et al., 2010a, 2010b] and in the spectral analysis of
the MHD fields during the event.
The power spectral density analysis of the global mode

structure indicates that the bulk of the ULF power during the
recovery phase of this storm could be described by examin-
ing the lowest-order mode numbers. However, there was

significant power in the mode numbers m > 3 during the
main phase, particularly in the equatorial electric fields. This
may be related to the fine structure present in the convection
electric field during the main phase of a geomagnetic storm
[e.g., Lopez et al., 1999; Farr et al., 2008]. This has partic-
ular implications in analyses of satellite field observations as
they may be related to particle dynamics in the inner mag-
netosphere. For example, the analysis of CRRES electric
field data by Brautigam et al. [2005] explicitly assumed that
all observed power could be ascribed to an m = 1 mode. The
MHD simulations used in this study, however, indicate that
some of this power was likely in a finer azimuthal mode
structure.
The implications of the distribution of power in azimuthal

mode number for particle dynamics are not explicitly ad-
dressed by this paper. We note that large azimuthal mode
numbers may resonantly interact with low-energy particles;
conversely, power in higher azimuthal mode numbers require
higher wave frequencies to effectively resonate with a given
population of particles. However, since ULF wave power
generally decreases with increasing frequency [e.g., Bloom
and Singer, 1995; Perry et al., 2005; Rae et al., 2012; Ozeke
et al., 2012], we expect the importance of power at higher
mode numbers to be mitigated somewhat in the case of
electric field variations. By contrast, formulations explicitly
considering the mode structure in the derivation of the mag-
netic diffusion coefficient indicate an m2 dependence in the
rate of radial transport [Fei et al., 2006]. While this study
indicates rather less power at mode numbers m > 1 for the
magnetic field, the explicit dependence on m could make
these higher-order azimuthal modes relatively more impor-
tant. The detailed effects of wave mode structure versus
frequency on particle dynamics will be the subject of ongo-
ing work.
Finally, we wish to note the importance of global models

in interpreting the effect of ULF wave activity on energetic
particles. Observations from a single satellite cannot deter-
mine the mode structure of a given disturbance; observations
from N ideally spaced satellites can unambiguously deter-
mine the mode structure only up to m = N/2. We, therefore,
expect analyses like these, using state-of-the-art global mag-
netospheric simulation models, to play an important role in
understanding the effect of ULF waves on energetic particles
in the foreseeable future.
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Louis G. Ozeke, Ian R. Mann, Kyle R. Murphy, and I. Jonathan Rae

Department of Physics, University of Alberta, Edmonton, Alberta, Canada

Anthony A. Chan

Department of Physics and Astronomy, Rice University, Houston, Texas, USA

MeVenergy electrons are thought to be transported inward from the plasma sheet
into the radiation belts under the action of radial diffusion driven by waves in the
ULF band. Current radiation belt models use radial diffusion coefficients, which are
separated into a term due to electromagnetic fluctuations and a term due to
electrostatic fluctuations, such as those presented by Brautigam and Albert
(2000). In contrast, here we model the dynamics of the outer radiation belt electrons
during the CRRES era using radial diffusion coefficient derived from 15 years of
ground-based magnetometer and ~10 years of in situ spacecraft measurements,
which are separated into a term due to electric field fluctuations and a term due to
magnetic field fluctuations. These simulations are compared with electron flux
simulations over the same time interval with the diffusion coefficients presented
by Brautigam and Albert (2000). Interestingly, our results indicate that on low L
shells, the electron flux enhancements resulting from the electric and magnetic field
diffusion coefficients are several orders of magnitude weaker than the electron flux
enhancements produced using the electrostatic and electromagnetic diffusion coef-
ficients presented by Brautigam and Albert (2000).

1. INTRODUCTION

After over 50 years of in situ measurements, there is still
no universally accepted mechanism responsible for the ener-
gization and dynamics of relativistic electrons trapped in the
Earth’s geomagnetic field. However, inward radial diffusion
driven by fluctuations of the geomagnetic field is one of the
earliest processes identified as playing a critical role in the
dynamics and energization of outer radiation belt electrons
[Fälthammar, 1968; Schulz and Lanzerotti, 1974; Fei et al.,
2006]. In this model, electrons gain energy as they are
radially transported inward from the plasma sheet to the

radiation belts under the action of fluctuating electric and
magnetic fields conserving their first adiabatic invariant
[Fälthammar, 1968; Schulz and Lanzerotti, 1974; Fei et al.,
2006].
Early treatments of radial diffusion separated the diffusion

coefficient into an electromagnetic term DLL
EM and an electro-

static term DLL
static. Here DLL

EM is expressed in terms of the
power spectral density (PSD) of the azimuthally symmetric
component of the compressional magnetic fluctuations pro-
duced by a sudden magnetic impulse [Schulz and Lanzerotti,
1974], while DLL

static is expressed in terms of the PSD of the
azimuthal electric field produced by fluctuations in the con-
vection electric field [Schulz and Lanzerotti, 1974]. For both
the electromagnetic and electrostatic terms, the PSD of the
ULF wave fluctuations must be known in space in the mag-
netic equatorial plane. Several different approaches have
been used to estimate these ULF wave electric and magnetic
field PSDs in space.
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Holzworth andMozer [1979] characterized the electrostatic
diffusion term by using balloon measurements of ULF wave
electric field PSDs at L = 6 in the ionosphere. By assuming
that the field lines were electric equipotentials, these authors
mapped the ionospheric electric fields to the magnetic equa-
torial plane to obtain an equatorial electric field PSD in
space. Using these electric field PSD estimates, the electro-
static diffusion coefficient was derived at L = 6 [Holzworth
and Mozer, 1979]. Cornwall [1968] derived an analytic
expression for the electric field diffusion coefficient model-
ing the electric field spectrum as a substorm convection
electric field characterized by a rapid rise time and an expo-
nential decay. A similar approach was used by Brautigam
and Albert [2000] to estimate the electrostatic diffusion
coefficients.
Lanzerotti and Morgan [1973] used 18 days of ground

measurements taken at two conjugate magnetometer stations
close to L = 4 to determine the electromagnetic diffusion
term. Here the magnetic PSD on the ground was determined
as a function of the 3 h averaged magnetic index KFR from
the Fredricksburg magnetometer (L ~ 2.7). These ground
PSD values were mapped to the compressional PSD in the
equatorial plane in space using a mapping model based on
symmetric oscillations of a dipole magnetic field with no
wave propagation or ionospheric effects included [Lanzerotti
and Morgan, 1973]. The electromagnetic diffusion term was
then expressed as a function of L shell by assuming an L10

variation in DLL
EM. Lanzerotti et al. [1978] determined the

electromagnetic diffusion term using 1 month of in situ
ATS-6 geosynchronous compressional PSD measurements
expressed as a function of the 12 h summed Kp. To obtain the
required azimuthally symmetric component of the compres-
sional magnetic PSD, the PSD values measured over the
nightside were multiplied by a factor of 5.71, and the dayside
PSD values were multiplied by a factor of 0.314 [Lanzerotti
et al., 1978]. Again, the electromagnetic diffusion term was
then expressed as a function of L shell by assuming an L10

variation in DLL
EM.

More recently, Brautigam and Albert [2000] derived an
analytic expression for the electromagnetic diffusion coeffi-
cient as a function of L shell by fitting the diffusion coeffi-
cient at L = 6.6 taken from the work of Lanzerotti et al.
[1978] and at L = 4 taken from the work of Lanzerotti and
Morgan [1973] to a line proportional to L10 for each value of
Kp from 1 to 6.
There are two difficulties with obtaining the electrostatic

diffusion coefficient, DLL
static and the electromagnetic diffu-

sion coefficient DLL
EM from measurements of the electric and

magnetic field PSD. In order to determine DLL
static, the com-

ponent of the measured azimuthal electric field PSD resulting
from only electrostatic fluctuations needs to be obtained,

with all electromagnetic electric field fluctuations being ig-
nored. Similarly, in order to determine DLL

EM, the component
of the measured compressional magnetic field PSD resulting
from only azimuthally symmetric fluctuations also needs to
be known. These two required components of the electric
and magnetic field PSDs may be difficult or even impossible
to separate out from the in situ measured electric and mag-
netic field PSDs. An alternative expression for the diffusion
coefficient has been derived by Brizard and Chan [2001] and
Fei et al. [2006]. These authors express the diffusion coeffi-
cients explicitly in terms of the azimuthal electric field and
the compressional magnetic field PSD, without having to
separate the PSD into electromagnetic and electrostatic
terms. In the work of Ozeke et al. [2012], the expressions
from Brizard and Chan [2001] and Fei et al. [2006] are used
to determine the diffusion coefficients due to the azimuthal
electric field DLL

E and the compressional magnetic field DLL
E .

Here the compressional magnetic field diffusion term was
determined as a function of Kp and solar wind speed using
GOES East and West data from 1996 to 2005 as well as
Active Magnetospheric Particle Tracer Explorers (AMPTE)
data [Ozeke et al. 2012]. The DLL

E term was derived from
15 years of Canadian Array for Realtime Investigations of
Magnetic Activity (CARISMA) and Sub-Auroral Magne-
tometer Network (SAMNET) ground magnetometer data
mapped to the magnetic equatorial plane using a guided
Alfven wave solution [Ozeke et al., 2012; Rae et al., 2012].
Several models have been developed to understand the

physical processes responsible for the energization and dy-
namics of relativistic electrons trapped in the Earth’s geo-
magnetic field, such as VERB [Subbotin and Shprits, 2009],
SALAMBO [Beutier and Boscher, 1995], and DREAM [Kol-
ler et al., 2007]. All of these models currently use the elec-
tromagnetic and electrostatic diffusion coefficients derived by
Brautigam and Albert [2000], which is based on only 18 days
of ground-based magnetometer data and 1 month of in situ
ATS6 data for DLL

EM and the empirical convection model for
DLL
static. In this paper, we determine what impact using the

diffusion coefficients determined in the work of Ozeke et al.
[2012] (determined using more than a solar cycle of data both
from ground-based magnetometers and in situ from satellites)
has on the outer radiation belt electron flux variation com-
pared with the electromagnetic and electrostatic diffusion
coefficients presented by Brautigam and Albert [2000],
which are typically used in radiation belt models.

2. MODELING APPROACH

Our approach for modeling the influence of ULF wave
radial diffusion on the dynamics and energization of outer
radiation belt electrons involves solving the radial diffusion
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equation [Fälthammar, 1968] in a dipole field with the
addition of a loss term, which gives equation (1)

∂f
∂t

¼ L2
∂
∂L

DLL

L2
∂f
∂L

� �
−

f

τ
: ð1Þ

In equation (1), f represents the phase space density of the
electrons, and it is assumed that the first and second adiabatic
invariants, M and J, are conserved [see Schulz and Lanzer-
otti, 1974].
The lifetime of the electrons arising as a result of loss

processes is given by the parameter τ [Shprits et al., 2005].
In our approach, following Fei et al. [2006], the diffusion
coefficient DLL is the sum of the diffusion coefficients due to
the azimuthal electric and compressional magnetic field per-
turbations DLL

E and DLL
B . This approach assumes random

phases between the electric and magnetic perturbations [see
Fei et al., 2006].
In a dipole magnetic field, the diffusion coefficients due to

the electric and magnetic field perturbations DLL
E and DLL

B can
be expressed as

DE
LL ¼ 1

8B2
ER

2
E

L6∑
m

PE
mðmωdÞ; ð2Þ

DB
LL ¼ M2

8q2γ2B2
ER

4
E

L4∑
m

m2PB
mðmωdÞ; ð3Þ

M ¼ p2⊥L
3

2meBE
ð4Þ

[see Brizard and Chan, 2001; Fei et al., 2006]. Here the
constants BE, RE, and q represent the equatorial magnetic
field strength at the surface of the Earth, the Earth’s radius,
and the electron charge, respectively. The relativistic correc-
tion factor, γ, given by

γ ¼ ð1 − v2=c2Þ−1=2; ð5Þ
where v is the total speed of the electron, and c is the speed of
light, does not remain constant but increases or decreases as
the electrons diffuse radially inward or outward, respectively.
M represents the first adiabatic invariant, which depends on
the electron mass, me, and the perpendicular momentum p?
(see equation (4)).
In equations (2) and (3), the terms Pm

E(mωd) and Pm
B(mωd)

represent the PSD of the electric and magnetic field perturba-
tions with azimuthal wave number m at wave frequencies ω,
which satisfy the drift resonance condition given by

ω − mωd ¼ 0: ð6Þ

Here ωd represents the bounce-averaged angular drift fre-
quency of the electron [see Southwood and Kivelson, 1982;
Brizard and Chan, 2001]. Since ωd is a function of the
electron’s energy and L shell, this introduces both an energy
and L shell dependence into the PSD terms Pm

E(mωd) and
Pm
B(mωd) in equations (2) and (3). The values of the PSD

terms Pm
E(mωd) and Pm

B(mωd) will, hence, vary with time as
the ULF wave power increases and decreases.
In order for space weather models to forecast or nowcast

the influence of ULF wave-driven radial diffusion on the
dynamics and energization of the outer radiation belts, the
models require the time variation of the diffusion coefficients
to be known. Our approach to quantifying this time variation
involves calculating hourly compressional magnetic PSD
values from in situ equatorial spacecraft measurements over
a range of L shells and local time sectors spanning the outer
radiation belt region. Similarly, the hourly azimuthal electric
field PSD should also be calculated either from in situ mea-
surements or from mapped ground magnetometer measure-
ments, again spanning the outer radiation belt region. Ideally,
these measurements should be made over a long time scale,
ideally a solar cycle or longer. For each hour, the PSD values
should be binned with a geomagnetic or solar index, I. This
could be Kp, solar wind speed, the dynamic solar wind
pressure, Pdyn, or its temporal variation on some time scale
ΔPdyn. The resulting statistical database of electric and mag-
netic PSD values binned with the index, I, can then be used
with equations (2) and (3) to determine an average value of
DLL

E andDLL
B for any given value of I. These average (median)

values of DLL
E and DLL

B for each index I can then be used to
estimate the temporal variation of the diffusion coefficient
and, hence, the outer radiation belt electron flux using the
known time variation of the index, I. This general approach
to forecasting or nowcasting the impact of the ULF wave-
driven radial diffusion on the outer radiation belt electron
flux is illustrated in Figure 1.
In this paper, we use the Pm

E and Pm
B values as a function of

Kp as determined by the fits presented in the supplementary
material of Ozeke et al. [2012]. In general, the values of Pm

E

and Pm
B will depend on the m value of the ULF wave. To

obtain the ULF waves, PSD at each m value from ground
magnetometer observations requires coherent measurements
of the same wave by multiple longitudinally spaced instru-
ments at the same time and latitude on the ground [see, e.g.,
Chisham and Mann, 1999]. Obtaining the waves’ m value
spectrum from in situ measurements is even more difficult
requiring multiple longitudinal spaced spacecraft observa-
tions at the same radius and latitude. An alternative approach
to estimate the likely m value spectrum of ULF waves in the
radiation belt region is to analyze the spectrum of waves
produced by global MHD simulations of the Earth’s
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magnetosphere. These global MHD simulations indicate
that, generally, most of the ULF wave PSD is contained in
waves with |m| = 1, although during intervals with high AE
indices, the contributions from the |m| > 1 waves become
more significant [see Tu et al., 2012].
Here we assume for simplicity that all of the ULF wave

power is contained in the Pm=1
E and Pm=1

B terms. This ap-
proach is also used in the works of Brautigam et al. [2005]
and Ozeke et al. [2012] to determine the diffusion coeffi-
cients, which simplifies equations (2) and (3) to

DE
LL ¼ 1

8B2
ER

2
E

L6PE
m¼1ðωdÞ ð7Þ

DB
LL ¼ M2

8q2γ2B2
ER

4
E

L4PB
m¼1ðωdÞ: ð8Þ

3. DIFFUSION COEFFICIENT COMPARISON

In the work of Ozeke et al. [2012], the Pm
E(mωd) is deter-

mined from CARISMA and SAMNET ground magnetome-
ter measurements over 15 years mapped to the azimuthal
electric field in space assuming an Aflvenic wave solution
along the field line [Ozeke et al., 2012; Rae et al., 2012].
However, the value of Pm

E(mωd) as a function of Kp has also
been determined from 9 months of in situ CRRES measure-
ments [Brautigam et al., 2005]. Figure 2 illustrates a com-
parison between the azimuthal electric field PSD derived
from CRRES in situ measurements and that derived from
the ground magnetometer measurements at L = 4.2 and
L = 6.5, respectively. The CRRES and ground magnetometer
inferred electric field PSD values show a similar behavior
with frequency, each having a peak in the PSD at approxi-
mately 4 mHz [see Figure 2]. However, the amplitudes of the

Figure 1. Modeling approach to determining the impact of ULF wave-driven radial diffusion on the dynamics and
energization of outer radiation belt electrons.
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mapped PSD values from the work of Ozeke et al. [2012] are
slightly higher at L = 6.5 for high Kp values than those
derived from the in situ CRRES PSD measurements. One
likely cause for this difference is that the ground-based
magnetometer measurements taken at these high L shells
(Gillam (GILL) and Fort Churchill (FCHU)) show enhanced
power in the prenoon local time sector (0600–1200 magnetic
local time (MLT)) particularly during disturbed times [see
Pahud et al., 2009; Rae et al., 2012], while in the work of
Brautigam et al. [2005], no electric field data was used as the
apogee of CRRES passed through the prenoon local time,
reducing the median PSD derived from the CRRES statistical
database compared to that derived from the ground magne-
tometer statistical database with full local time coverage.
In this paper, the azimuthal electric field PSD fits presented

by Ozeke et al. [2012] are used to determine the electric
diffusion coefficients. The compressional magnetic field
PSD derived from the in situ AMPTE and GOES PSD
measurements taken between 1996 and 2005 are used by
Ozeke et al. [2012] to determine the magnetic diffusion
coefficients as a function of Kp or solar wind speed. We

adopt the same approach in this paper, again choosing to
examine the radial diffusion as a function of Kp.
Figure 3 illustrates a comparison between the electric field

diffusion coefficient derived from the mapped ground PSDs
(dashed line) and from the in situ CRRES-measured electric
field PSD presented by Brautigam et al. [2005] (dotted line).
Also shown in Figure 3 is the magnetic diffusion coefficient
derived from the compressional magnetic field PSD fits also
presented by Ozeke et al. [2012] (solid line). The electric
field diffusion coefficients derived from the mapped ground
PSDs and the in situ CRRES measurements are in good
agreement with a similar L shell dependence for radiation
belt electrons with M values of 500 and 2000 MeV G�1 [see
Figure 3]. However, as discussed by Ozeke et al. [2012], the
magnetic field diffusion coefficient is typically more than an
order of magnitude lower than the electric field diffusion
coefficient.
If the phase between the electric and magnetic fluctuations

are random, then the diffusion coefficients shown in equa-
tions (2) and (3) can be added together to form the total
diffusion coefficient DLL

Total where

DTotal
LL ¼ DE

LL þ DB
LL: ð9Þ

Consequently, the diffusion coefficients DLL
E and DLL

B can-
not be added together in this way if the azimuthal electric and
the compressional magnetic field fluctuations used in equa-
tions (2) and (3) belong to the same wave. However, in
reality, some portions of the in situ measured azimuthal
electric field used in equation (2) will be related to the
compressional magnetic field used in equation (3) by Fara-
days law [see, e.g., Ozeke et al., 2012]. Consequently, when
DLL
E already contains a contribution from the compressional

wave, adding DLL
B to determine DLL

Total may not be correct. For
example, by calculating the trajectories of electrons in an
analytic model of the ULF wavefields, Perry et al. [2005]
present results indicating that the total diffusion coefficient
derived by the combined electric and magnetic fields of a
compressional wave is lower than the diffusion coefficient
derived from just the electric field of the compressional wave.
One pragmatic approach to avoid this problem of the phase

relationship between the compressional magnetic field fluc-
tuations used to determine DLL

B and the azimuthal electric
field component resulting from the compressional magnetic
field, which contributes to DLL

E , is to simply neglect the DLL
B

term. This approach may be valid since the magnetic diffu-
sion coefficient is typically over an order of magnitude less
than DLL

E (as illustrated in Figure 3). In section 4, we inves-
tigate what impact neglecting DLL

B has on the flux of the
electrons in a series of radiation belt simulations.

Figure 2. Comparison of the mapped equatorial azimuthal electric
field power spectral density (PSD) with the electric field PSD
derived from the CRRES analytic fits presented by Brautigam
et al. [2005].
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It should be noted that in the work of Brautigam and
Albert [2000] approach, the electrostatic diffusion coefficient
(expressed as a function of the electric field PSD) is much
smaller than the electromagnetic diffusion coefficient (ex-
pressed as a function of the compressional magnetic field
PSD), as illustrated in Figure 4. Consequently, radial diffu-
sion simulations such as that presented by Shprits et al.
[2005] only include the electromagnetic term.
In Figure 5, the electric and magnetic diffusion coefficients

presented in Figure 3 are compared with the electromagnetic
and electrostatic diffusion coefficients presented in Figure 4.
Figure 5 illustrates that the electromagnetic diffusion coeffi-
cient from Brautigam and Albert [2000] dominates over both
the electric and magnetic diffusion coefficients from Ozeke
et al. [2012]. The electrostatic diffusion coefficient also dom-
inates over magnetic diffusion coefficient from Ozeke et al.
[2012]. The results in Figure 5 indicate that the Brautigam

and Albert [2000] coefficients may overestimate the impact
of radial diffusion on the dynamics and energization of radi-
ation belt electrons [see also Ozeke et al., 2012].

4. THE IMPACT OF DLL
B AND DLL

E

ON THE ELECTRON FLUX

In the work of Shprits et al. [2005], the electron flux during
1990 was analyzed using the radial diffusion coefficients
presented by Brautigam and Albert [2000]. To determine
what impact the electric and magnetic diffusion coefficients
presented by Ozeke et al. [2012] have on the radiation belt
electrons, we have also simulated the same time interval
using the Ozeke et al. [2012] diffusion coefficients. To model
the electron flux variation, we solve equation (1) adopting
the same inner and outer boundary conditions used in the
work of Shprits et al. [2005] and an electron lifetime of τ =
10 days.
The inner boundary has f (L = 1) = 0, and at the outer

boundary, the phase space density f (L = 7) is derived from a
model of the differential electron flux, J, where J =

Figure 3. Diffusion coefficients as a function of L shell for Kp = 6
and Kp = 1 conditions derived from CRRES PSD electric field fits
from Brautigam et al. [2005] (dotted line), from the mapped azi-
muthal electric field PSD presented by Ozeke et al. [2012] (dashed
line), and from the GOES and Active Magnetospheric Particle
Tracer Explorers compressional magnetic field PSD measurements
presented by Ozeke et al. [2012] (solid line). Diffusion coefficients
for electrons with first adiabatic invariants of (a) 500 MeV G�1 and
(b) 2000 MeV G�1.

Figure 4. Electrostatic DLL
static and electromagnetic DLL

EM diffusion
coefficients from Brautigam and Albert [2000] as a function of L
shell for electrons with first adiabatic invariants of (a) 500 MeVG�1

and (b) 2000 MeV G�1.
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8222.6exp(�7.068) cm�2 sr�1 keV�1 s�1, and K is the
kinetic energy in MeV [see Shprits et al., 2005]. The rela-
tionship between the phase space density, f, and the differ-
ential electron flux, J, is given by

f ¼ J ðL;EÞ
p2

; ð10Þ

where E and p are the electrons’ kinetic energy and momen-
tum, respectively. Equation (10) is solved for a range of
f values each with a different first adiabatic invariant, M,
and equation (10) is then used to determine the differential
electron flux at a constant energy. Figure 6 illustrates the
change in the differential electron flux at 0.95 MeV during
1990 driven by the time series of Kp, which is shown in (a).
Panels (b) and (c) show the radial diffusion response, which
arises when both the electric and magnetic diffusion coeffi-
cients are included, and with only the electric diffusion
coefficient is included, respectively. Panel (d) illustrates the
ratio of the differential electron flux shown in (b) in units of
cm�2 MeV�1 s�1 over the differential electron flux shown in
(c) again in units of cm�2 MeV�1 s�1.
The results in Figures 6b and 6c indicate that the electron

flux response arising from diffusion, including both DLL
E and

DLL
B , shows very similar characteristic electron enhance-

ments to the response, which occurs when using only DLL
E .

However, (d) shows that despite the similarity of the tempo-
ral dynamics of the flux enhancements in both simulations,
the inclusion of DLL

B in addition to DLL
E enhances the electron

flux by up to a factor of 1.2 on L shells between L = 5 and
L = 3. This additional enhancement caused by theDLL

B term is
still relatively small compared with the total change in the
electron flux, which can vary by a factor of ~100 along a
fixed L shell over a timescale of a few days. Compared to the
overall dynamic range, the effect of adding DLL

B is relatively
small, even in the heart of the outer zone radiation belt
around L ~ 3–5.
Figure 7 illustrates what difference the electrostatic and

electromagnetic diffusion coefficients, from Brautigam and
Albert [2000], have on the electron flux compared to the
electric and magnetic diffusion coefficients from Ozeke et
al. [2012]. Figure 7b shows electron flux simulations during
1990 using the electrostatic and electromagnetic diffusion
coefficients presented by Brautigam and Albert [2000] with
the same boundary conditions and electron lifetime τ used in
Figure 6.
Figure 7c illustrates the electron flux simulation run with

electric and magnetic diffusion coefficients also presented in
Figure 6b. Figure 7d illustrates the ratio of the differential
electron flux shown in Figure 7b in units of cm�2 MeV�1 s�1

over the differential electron flux shown in (c) again in units
of cm�2 MeV�1 s�1. These results indicate that the electron
flux simulated using the diffusion coefficient presented by
Brautigam and Albert [2000] is enhanced on low L shells
(L < 3.5) by a factor of 10,000 more than the electron flux
simulated using theOzeke et al. [2012] diffusion coefficients.
For L > 3.5, this difference in the enhanced electron flux is
less than a factor of 100, as illustrated in Figure 7d.

5. DISCUSSION AND CONCLUSIONS

Accurate determination of the ULF wave radial diffusion
is critically important for simulations of the radiation belts.
Currently, most radiation belt models use the radial diffusion
coefficients presented by Brautigam and Albert [2000].
Brautigam and Albert [2000] separate the diffusion coeffi-
cients into a term resulting from diffusion due to electromag-
netic wave fluctuations, DLL

EM, and a term due to electrostatic
fluctuations, DLL

static. These diffusion coefficients DLL
EM and

DLL
static are expressed in terms of the power spectral densities

of the azimuthal symmetric compressional magnetic field
and the azimuthal electric field. In order to estimate how
DLL

EM varies with time, Brautigam and Albert [2000] used a
statistical database of compressional magnetic PSD values
binned with Kp using 1 month of ATS-6 geosynchronous
measurements and 18 days of ground magnetometer

Figure 5. Comparison between the electrostatic and electromagnetic
diffusion coefficients shown in Figure 3 and the electric and mag-
netic field diffusion coefficients shown in Figure 4 for electrons
with first adiabatic invariants of (a) 500 MeV G�1 and (b) 2000
MeV G�1.
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measurements made at L ~ 4. The DLL
static diffusion coefficient

in the work of Brautigam and Albert [2000] is derived using
an analytic model for the azimuthal electric field PSD as a
function of Kp resulting from substorm-driven convection
electric field fluctuations. Alternative expressions for the
diffusion coefficients were also derived by Brizard and Chan
[2001] and Fei et al. [2006] in terms of the azimuthal electric
field PSD and the compressional magnetic field PSD. In this
paper, we compare the electromagnetic and electrostatic
diffusion coefficients derived by Brautigam and Albert
[2000] with the electric and magnetic diffusion coefficient
derived by Ozeke et al. [2012] using the expressions pre-
sented by Fei et al. [2006]. Ozeke et al. [2012] determine the
diffusion coefficients as a function of Kp using a database
of over a solar cycle of in situ spacecraft and ground mag-
netometer measurements. The electromagnetic diffusion
coefficients derived by Brautigam and Albert [2000] are

much larger than either the electric or magnetic diffusion
coefficients presented by Ozeke et al. [2012] (see Figure 5).
Huang et al. [2010] derive diffusion coefficients by follow-
ing electron trajectories in the fields produced by the Lyon-
Fedder-Mobbary MHD model. This approach also produces
diffusion coefficients much lower than those derived by
Brautigam and Albert [2000].
To investigate what impact the diffusion coefficients pre-

sented by Ozeke et al. [2012] have on the electron flux, we
run a simulation of the year 1990 (see Figure 6). The results
presented in Figure 6 indicate that the electron flux simula-
tions driven by the electric and magnetic diffusion coeffi-
cients can be enhanced by a factor of ~100 in a few days.
The electric field diffusion coefficient has the greatest im-
pact on the electron flux; neglecting the magnetic diffusion
term reduces the amplitude of the flux enhancements by
only a factor ~1.2. The impact of a phase relationship

Figure 6. Impact of the mapped azimuthal electric field and in situ compressional magnetic field diffusion coefficients on
the flux of 0.95 MeV electrons derived with a constant loss time of 10 days. (a) Time variation of Kp. (b) Electron flux
variation derived with both the electric and magnetic diffusion coefficients summed together from Ozeke et al. [2012].
(c) Electron flux variation with only the electric field diffusion coefficient from Ozeke et al. [2012]. (d) Flux derived in
Figure 6b over the flux derived in Figure 6c.
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between the electric and magnetic PSDs may prevent the
diffusion coefficients DLL

B and DLL
E from simply being

added together to form a total diffusion coefficient (see
discussion in section 4). However, the results illustrated in
Figure 6 show that radiation belt simulations could be run
using only the electric diffusion coefficient without affect-
ing the magnitude of the electron flux by more than a factor
of 1.2.
In Figure 7, we compared the electron flux simulated using

the diffusion coefficients presented by Brautigam and Albert
[2000] with the electron flux simulated using the diffusion
coefficient presented by Ozeke et al. [2012]. These results
indicate that the electron flux simulated using the diffusion
coefficient presented by Ozeke et al. [2012] can be signifi-
cantly lower (up to a factor of 10,000 lower) than the electron
flux determined using the diffusion coefficients presented by
Brautigam and Albert [2000], particularly on low L shells
(L < 3.5).

Overall, we have demonstrated that in order to understand
the relative importance of radial diffusion, it is critical to
accurately specify the form of the diffusion coefficients.
Close to the outer boundary of the simulation, the simulated
fluxes remain largely controlled by the boundary condition
imposed there; on lower L shells, a much larger difference in
flux can develop due to the differences in the magnitude of
the diffusion coefficients. As discussed, for example, by
Reeves et al. [2003], the response of the radiation belts arises
from a delicate balance between acceleration and loss. The
new formalism for specifying the form of the radial diffusion
coefficients presented by Ozeke et al. [2012], based on ob-
served ULF wave power over a solar cycle, presents a new
approach to this problem. Simulations run with the Ozeke
et al. [2012] coefficients suggest a slower buildup of flux on
lower L shells than that of Brautigam and Albert [2000];
however, any comparisons to data must also use realistic loss
rates. When comparing to observed fluxes, slower diffusion

Figure 7. Impact of the mapped azimuthal electric field and in situ compressional magnetic field diffusion coefficients on
the flux of 0.95 MeV electrons derived with a constant loss time of 10 days. (a) Time variation of Kp. (b) Electron flux
variation derived with both the electrostatic and electromagnetic diffusion coefficients summed together from Brautigam
and Albert [2000]. (c) Electron flux variation with the electric and magnetic field diffusion coefficient from Ozeke et al.
[2012]. (d) Flux derived in Figure 7b over the flux derived in Figure 7c.
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rates can, of course, be somewhat compensated by the impo-
sition of slower loss rates (and vice versa). Nonetheless, using
data-driven diffusion coefficients, such as those presented by
Ozeke et al. [2012], represents an important alternative basis
for imposing the strength of radiation belt diffusion. This may
be important for assessing the relative importance of radial
diffusion compared to alternative acceleration processes, such
as resonance with lower band chorus waves [cf. O’Brien et
al., 2003], for controlling the morphology and dynamics of
the Earth’s outer zone electron radiation belt.
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Nonlinear Radial Transport in the Earth’s Radiation Belts
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Radial transport in the Earth’s radiation belts is frequently modeled with a
diffusion equation. In some cases, however, solar wind dynamic pressure fluctua-
tions can cause significant changes in the phase space density radial profile that are
not diffusive, e.g., shock-associated injections observed during storm sudden
commencements. Three forms of radial transport driven by solar wind dynamic
pressure fluctuations are briefly reviewed: (1) radial diffusion, (2) large changes in
the phase space density radial profile due to a single or few ULF drift-resonant
interactions, and (3) shock-associated injections of radiation belt electrons occur-
ring in less than a single drift period. This is followed by a presentation of
numerical results comparing radial diffusion with transport modeled by computing
electron-guiding center trajectories in MHD magnetospheric model fields. Initial
results suggest that radial transport of MeVelectrons in the outer radiation belt due
to moderate solar wind fluctuations is not well modeled by a diffusion equation.

1. INTRODUCTION

For over 40 years, the standard approach to understanding
and modeling the dynamics of the Earth’s radiation belts has
been based on the solution of a diffusion equation solved in
a space of one or several of the three adiabatic invariants
associated with the motions of a charged particle in a dipole
magnetic field. The creation of the Earth’s outer electron
belts is attributed to earthward transport and adiabatic ac-
celeration of electrons through drift-resonant interactions

with electromagnetic fluctuations in the magnetosphere
[e.g., Roederer, 1970, pp. 112, 130; Schulz and Lanzerotti,
1974, pp. 47, 81]. Under conditions where the first and
second adiabatic invariants are conserved, and individual
drift-resonant interactions produce small random changes in
the distribution function, the transport can be modeled with
an L shell diffusion equation

∂F
∂t

¼ L2
∂
∂L

DLL
1

L2
∂F
∂L

� �
: ð1Þ

F(L) is the number of particles per unit phase space volume,
and DLL is a diffusion coefficient that depends on the electro-
magnetic fluctuations that are driving the diffusion. Models
based on equation (1) have been used extensively to study
radiation belt dynamics [e.g., Nakada and Mead, 1965; Schulz
and Lanzerotti, 1974; Spjeldvik et al., 1998; Brautigam and

Dynamics of the Earth’s Radiation Belts and Inner Magnetosphere
Geophysical Monograph Series 199
© 2012. American Geophysical Union. All Rights Reserved.
10.1029/2012GM001333

151



Albert, 2000; Li et al., 2001]. Usually, a loss term is also
included in equation (1) to model the effects of losses to the
Earth’s atmosphere by pitch angle scattering due to cyclotron-
resonant particle interactions with VLF waves. A more com-
prehensive description of the radiation belts is provided by
including the effects of pitch angle and energy scattering with
a multidimensional diffusion equation, e.g., by simultaneously
modeling diffusion in L, energy, and equatorial pitch angle.
Recent development of comprehensive radiation belt models
is mainly based on solving a multidimensional diffusion equa-
tion [e.g., Bourdarie et al., 1996; Brizard and Chan, 2001;
Albert and Young, 2005; Shprits et al., 2008].
Equation (1) is usually obtained from a restricted form of

the Fokker-Planck equation, and diffusion is assumed a
priori [Fälthammar, 1968; Walt, 1994]. A quasilinear diffu-
sion equation that describes the slow timescale evolution of a
background distribution due to fast timescale perturbations
can also be derived directly from first principles, beginning
with the Vlasov equation. This approach appears in the work
of Kaufman [1971, 1972] and is put into a formalism appro-
priate for 3-D radiation belt modeling by Brizard and Chan
[2001]. By expanding the distribution function and Hamil-
tonian in terms of a small dimensionless parameter e associ-
ated with the perturbing wave field, Brizard and Chan [2001]
derived a 3-D radiation belt diffusion equation. The main
requirement for the validity of the quasilinear treatment is
that the perturbation to the distribution function eδF, due to a
single drift-resonant interaction, is small with respect to the
zeroth-order distribution function F0. A fully nonlinear treat-
ment is needed in cases where wavefields produce a pertur-
bation of order F0.
Recent observations and theoretical results suggest that fully

nonlinear transport plays a significant role in radiation belt
dynamics. Albert [2002] identifies three types of cyclotron-
resonant interactions between electrons and VLF waves that
lead to pitch angle and energy scattering: diffusion, phase
bunching, and phase trapping. The latter two involve fully
nonlinear interaction between the radiation belt particle
distribution and VLF waves. Recently discovered, very
efficient forms of electron acceleration known as relativistic
turning acceleration [Omura et al., 2007] and ultrarelativis-
tic acceleration [Summers and Omura, 2007] are based on
special forms of nonlinear phase trapping by VLF waves.
Bortnik et al. [2008] describe the regimes where diffusion
versus fully nonlinear interaction is in effect. Bortnik et al.
[2008] also suggest that large-amplitude whistlers recently
reported by Cattell et al. [2008] and Cully et al. [2008] may
produce radiation belt transport not modeled with a diffu-
sion equation.
Nonlinear wave-particle interaction also plays a role in

radial transport in the radiation belts. A dramatic example

of this are shock-drift injections, where outer zone electrons
are transported radially inward and accelerated by an electric
field pulse launched when an interplanetary shock impacts
the magnetosphere during a storm sudden commencement
(SSC) [Li et al., 1993; Hudson et al., 1997; Kress et al.,
2007]. The leading portion of the bipolar pulse can exceed
~100 mV m�1 [Wygant et al., 1994] and is predominantly
westward. Energetic electrons in drift resonance with the
azimuthally propagating SSC electric field pulse may E �
B drift inward several L shells undergoing significant ener-
gization in a fraction of a drift period. Li et al. [1993]
modeled the formation of a new electron belt at L ~ 2.5
during the 24 March 1991 storm by following electron-
guiding centers restricted to the equatorial plane in a pure
dipole magnetic field traversed by an analytically modeled
bipolar electric field pulse. The model was found to repro-
duce the observed electron drift echoes well.
A different form of radial transport was demonstrated by

Ukhorskiy et al. [2006]. In that work, 104 electron-guiding
center trajectories restricted to the equatorial plane were
computed in fields from the Tsyganenko and Sitnov [2005]
(TS05) empirical geomagnetic field model. The TS05 model
was driven with time-dependent parameters derived from
solar wind data, and the resulting ΔB/Δt was used in a
Biot-Savart-type integral to obtain an inductive electric field.
The resulting transport is dominated by a few drift-resonant
interactions, each producing large coherent displacements of
the distribution function in L. An initial distribution with
guiding centers located on a single L shell produces a spiky
irregular distribution function spanning a significant portion
of the outer belt region. The conclusion is that, over the
range of L spanned by the outer belt, the transport resulting
from global magnetospheric compressions is inconsistent
with radial diffusion. In a subsequent study, Ukhorskiy and
Sitnov [2008] use a simplified model to show that if the
magnetosphere is treated as boundless (i.e., extending to
infinity with no magnetopause), the diffusion limit is ob-
tained after ~100 h.
One characteristic of a solution of equation (1), with no

source or loss terms and fixed boundary conditions, is that a
peak in F(L) will not form. The formation of phase space
density peaks in L is sometimes interpreted as evidence of
local heating, as opposed to radial transport, as a mechanism
for radiation belt enhancements [Green and Kivelson, 2004].
However, Degeling et al. [2008] showed that a burst of
narrow band ULF waves can produce strong localized peaks
in the particle distribution with respect to L. Degeling et al.
[2008] modeled an outer electron belt distribution in the L =
4–9 range by computing equatorial guiding center trajecto-
ries in an MHD wave field model. The drift-resonant inter-
action between a single m = 3 ULF wave mode and particles
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initially at L = 6.6 transported a significant portion of the
particles over several L shells. After 5–10 wave periods, one
or more localized peaks in electron phase space density were
formed. The shock injections modeled by Li et al. [1993],
Hudson et al. [1997], and Kress et al. [2007] differ from the
radial transport demonstrated by Ukhorskiy et al. [2006] and
Degeling et al. [2008] partly due to the different structure of
the ULF fluctuations and also since, in the former case, the
transport occurs in less than one drift period, while in the
simulations by Ukhorskiy et al. [2006] and Degeling et al.
[2008], the distribution undergoes large coherent displace-
ments due to one or several drift-resonant interactions sus-
tained for many drift periods.
For the numerical results presented in this paper, radial

transport in the Earth’s outer electron belts was modeled by
computing guiding center trajectories in electric and magnetic
fields from the Lyon-Feder-Mobarry (LFM) global MHD
magnetospheric simulation code [Lyon et al., 2004]. Trajec-
tory computations and analysis were performed using radia-
tion belt codes developed by the Center for Integrated Space
Weather Modeling at Dartmouth College. Two initial case
studies were performed to investigate radial transport under
quiet and moderate solar wind driving conditions. Results
from the run with moderate solar wind driving are mainly
presented here. This study is focused on particles with 90°
pitch angles; however, since the minimum B surface in the
MHD model fields does not lie in a plane and is, in general,
time-dependent, full 3-D test-particle dynamics are simulated.
Guiding centers are initiated on a single drift shell with
uniform, constant values of the first and second adiabatic
invariants. The resulting radial transport is similar to that
found in the works of Ukhorskiy et al. [2006] and Ukhorskiy
and Sitnov [2008] supporting the conclusions of those
studies.

2. GUIDING CENTER INTEGRATION IN MHD FIELDS

Tomodel radial transport driven by ULF fluctuations in the
Earth’s magnetosphere, test-particle guiding center trajecto-
ries were computed in time-dependent MHDmagnetospheric
model fields using the noncovariant relativistic guiding cen-
ter equations of Cary and Brizard [2009] (Equations 6.26
and 6.25 from Cary and Brizard [2009]). Since they are
derived from a variational principle, these equations exactly
conserve phase-space volume and energy in the static mag-
netic field case. The Cary and Brizard [2009] guiding center
equations also exhibit better conservation of bounce and drift
invariants in a general geomagnetic field model than do the
Northrop [1963] guiding center equations, e.g., see the
works of Wan et al. [2010] where the Brizard and Chan
[1999] guiding center equations are used. Note that the

Brizard and Chan [1999] guiding center equations apply
only to cases with a static magnetic field and no electric
field, whereas the Cary and Brizard [2009] guiding center
equations include phase space-preserving terms for guiding
center dynamics in time-dependent magnetic and electric
fields.
Test particle trajectories are integrated using a fourth-order

Runge-Kutta integrator. An adaptive guiding center time step
analogous to the one used by Kress et al. [2007, 2008] is
used. An adiabaticity or “epsilon” parameter that charac-
terizes the length scale of the magnetic field variations with
respect to particle gyroradius is used to determine the validity
of the guiding center approximation. Particles that are found
not to conserve their first adiabatic invariant are removed
from the simulation. Fast integration is achieved by linearly
interpolating electric and perturbation magnetic fields from a
4-D space-time grid to the guiding center position at each
time step. The grid spacing used for this study is 0.1 RE, and
the fields are linearly interpolated between ~1 min interval
field snapshots from the MHD simulation. The domain for
the test-particle trajectory computations is a 16� 16� 16 RE

box centered on the Earth. All computations are performed in
the solar-magnetic (SM) coordinate system. The inner
boundary of the MHD magnetospheric model is at ~2 RE,
which does not affect the results, since this study mainly
focuses on equatorially mirroring outer radiation belt
particles.
Electric and magnetic fields were obtained from the LFM

global MHDmagnetospheric simulation code, which is driven
at its sunward boundary by solar wind data. The two 10 h
simulation periods used for this work are described in the next
section. The MHD equations are solved on a distorted spheri-
cal grid. The grid is adapted to place higher resolution where
needed, in the inner magnetosphere, magnetosheath, and mag-
netotail regions. The MHD simulation region spans 30 RE

upstream to 300 RE downstream in the x direction and �100
to +100 RE in the y and z directions. The LFM code uses a total
variation diminishing advection scheme, which minimizes
spurious oscillations without introducing excessive diffusion.
The LFM has been shown to produce wave power at geosyn-
chronous similar to observations, at all local times in all three
magnetic field components [Huang, 2010a].
The MHD magnetospheric model fields can, in general, be

quite complicated, and care has been taken to minimize
particle scattering due to discontinuities introduced by inter-
polations in space and time. To characterize the properties of
the transport in L, we wish to simulate a particle distribution
with uniform, constant values of the first and second invar-
iants and initially located on the same drift shell. In general,
the minimum B surface in the MHD field model is time-
dependent and does not coincide with the solar-magnetic
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equatorial plane; thus, the full 3-D guiding center dynamics
have been simulated for this work.
The magnetic fields from the LFM simulation with mod-

erate solar wind driving used for this study have double
minima along dayside field lines at L* >~ 6. When particles
gradient drift into this region, they typically undergo drift
orbit bifurcation (DOB) leading to breaking of the second
adiabatic invariant [Öztürk and Wolf, 2007; Wan et al.,
2010; Ukhorskiy et al., 2011]. To illustrate, two example
trajectories computed in static LFM field snapshots are
shown in Figure 1. The trajectory shown in the top panel
is initiated with α = 90° at the minimum B location along
the field line passing through x = �5 RE, y = 0, z = 0. After
one drift period, the changes in L* and pitch angle at the
minimum B surface (henceforth αo, analogous to equatorial
pitch angle) are both less than 1%. The trajectory shown in
the bottom panel is also initiated with αo = 90°, the mini-
mum B surface, but in this case along the field line passing
through x = �6 RE, y = 0, z = 0. The orbit shown in the
bottom panel is pitch angle scattered as it approaches the

dayside, when it encounters the transition to field lines with
double minima. After one drift period, the trajectory shown
in the bottom panel has αo = 87°. Since we are interested in
following a population with uniform and constant values of
the first and second invariants, only particles with α within
1% of 90° are included in the f(L*) distributions presented
later in this paper. Also, this study is restricted to the region
below L = 6.
The International Radiation Belt Environment Modeling

Library (IRBEM-LIB) L* calculator (formally Office Na-
tional d’Etudes et de Recherche Aérospatiales-Département
Environnement Spatial (ONERA-DESP)) (a modified ver-
sion of calcul_Lstar_o.f (version 215) is used, from IRBEM-
LIB at http://irbem.svn.sourceforge.net/; originally devel-
oped by D. Boscher et al., ONERA-DESP library, version
Version 4.2, May 2008, at http://craterre.onecert.fr/support/
user_guide.html) is used to bin the particles in L shell. The
IRBEM-LIB L* calculator returns an L* value regardless of
the presence of double minima along dayside field lines, by
conserving the second invariant computed between mirror

Figure 1. Two examples of guiding center trajectories computed in gridded Lyon-Feder-Mobarry (LFM) MHD model
fields, initiated in the minimum B surface with αo = 90°. (top) Trajectory was initiated on the nightside near x = �5.
(bottom) Trajectory was initiated on the nightside near x = �6 and undergoes pitch angle scattering as it enters the drift
orbit bifurcation region on the dayside.
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points that straddle the northern minimum and tracing guid-
ing field lines to the northern polar cap where it performs the
B · ds calculation. In the results that follow, f (L*) plots have
abscissas that extend into the DOB region, but with the
caveat that particle orbits in this region cannot necessarily
be associated with an L* value or drift shell. Since only
particles with α ≈ 90° are included in the distributions, and
particles in the DOB region are rapidly scattered, f (L*)
remains near zero above L* ~ 6.
To numerically launch a distribution of guiding centers on

a single drift shell, a single guiding center drift orbit is first
computed in the t = 0 magnetic field snapshot, with the
electric field set to zero. The guiding center location and
pitch angle are saved to an array each time it passes through
the minimum B surface. The distribution is then initialized by
randomly choosing azimuthal coordinate values between 0
and 2π, and obtaining the minimum B surface location and
pitch angle corresponding to that azimuthal coordinate by
interpolating between the minimum B surface crossings ob-
tained from the single guiding center drift orbit.
As a test of conservation of the second and third adiabatic

invariants, 2000 guiding center trajectories with α = 90° were
computed in a static magnetic field snapshot from the MHD
simulations with the electric field set to zero. The guiding

centers were initiated on a single L shell at approximately
L* = 5.3 with a uniform distribution in longitude and com-
puted for 10 h of simulated time. The similarity between the
initial and final distributions shown in Figure 2 is sufficient
to substantiate the results presented in the following sections,
where particles are transported across multiple L shells by
time-dependent magnetic and electric fields.

3. SOLAR WIND INPUT FOR MHD
MAGNETOSPHERIC MODEL SIMULATIONS

Observations show that magnetic field and velocity fluc-
tuations in the solar wind are non-Gaussian and, thus, cannot
be represented with a single spectral parameter [Feynman
and Ruzmaikin, 1994; Burlaga, 1991, 1993; Marsch et al.,
1992; Marsch and Lui, 1993; Viall et al., 2009]; e.g., Viall et
al. [2009] analyzed 11 years of solar wind density data and
found that certain discrete frequencies occur more often than
others. Although statistically self similar periods of solar
wind driving lasting many hours seldom occur, it is possible
to select periods of driving that can be characterized qualita-
tively. Three examples of Pdyn time series from the Wind
spacecraft that may be used as input to the LFM model are
shown in Figure 3, obtained during quiet (top), moderate
(middle), and strong (bottom) solar wind conditions. The
mean value of Pdyn ranges from 1.4 nPa (top) to 13.9 nPa
(bottom). In each case, a 10 h period is shown.
Data from the quiet and moderate periods of solar wind

driving shown in the top two panels of Figure 3 were used as
input to the MHDmagnetospheric model for this study. ACE
Solar wind density, velocity, temperature, and magnetic field
data with a 1 min time resolution were used. The quiet period
interval has solar wind speeds, densities, and interplanetary
magnetic field (IMF) BZ of approximately 450 km s�1,
4–5 # cm�3, and ±4 nT. The moderate driving period has
solar wind speeds, densities, and IMF BZ ~550 km s�1,
6–14 # cm�3 and ±10 nT.

4. TEST PARTICLE RESULTS

The 10k guiding center trajectories with αo = 90° were
computed for 10 h of simulated time in time-dependent elec-
tric and magnetic fields from the 3 January 2003 LFM simu-
lation. The guiding centers were initiated at random,
uniformly chosen azimuthal locations in the minimum B
surface on a single drift shell at Lo* = 5.3. The drift shell is
first located by computing a single guiding center drift trajec-
tory as described in section 2. The initial values of the first and
second adiabatic invariants are μ = 1560 MeV G�1 and J = 0,
respectively, corresponding to an energy of 1.6 MeV at
L* = 5.3. The drift period is ~1000 s. Particle data was saved

Figure 2. Initial and final distributions of 2000 guiding center
trajectories computed in a single LFM static magnetic field snapshot
with zero electric field. After 10 h, the mean and standard deviation
are nearly identical with the initial conditions. The test demonstrates
adequate conservation of the second and third adiabatic invariants
for this study.

KRESS ET AL. 155



Figure 3. Three examples of Pdyn time series that may be used to drive the MHDmagnetospheric model during (top) quiet,
(middle) moderate, and (bottom) disturbed solar wind conditions. The mean values of Pdyn are (top) <Pdyn> = 1.4 nPa,
(middle) <Pdyn> = 5.0 nPa, and (bottom) <Pdyn> = 13.9 nPa. The variances are (top) σ2 = 0.03 nPa2, (middle) σ2 =
0.72 nPa2, and (bottom) σ2 = 65 nPa2 (data sets provided by K. Ogilvie, NASA GSFC via CDAWeb).

Figure 4.Normalized distribution functions f (L*) at (a–d) four times during the test-particle simulations t = 0, 1, 5 and 10 h
and (f–h) corresponding positions in the SM equatorial plane. The time evolution of the variance of f (L*) is shown in
Figure 4e. A linear fit to the variance is also included in Figure 4e (dashed line), and for comparison with the MHD test-
particle results, a numerical solution of equation (1) is overlaid in the f (L*) plots using dashed lines.
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to a file at regular time intervals throughout the simulation.
The simulation took ~24 h to compute on a single 2.5 GHz
CPU.
Time snapshots of the particle distribution at times t = 0, 1,

5, and 10 h are shown in Figure 4, which includes the
normalized distribution function f (L*) in the top panels (a–d)
and projections of the particle positions in the SM equatorial
plane in the bottom three rightmost panels (f–h). Note that
f (L*) is the normalized density per unit L*, to be distin-
guished from the phase space density f (L*) appearing in
equation (1). The t = 0 particle positions in the SM equatorial
plane, corresponding to the initial delta function appearing in
(a), is simply a ring and is not shown. The time evolution of
the distribution shows highly structured and irregular trans-
port in L* dominated by one or a few drift-resonant interac-
tions that coherently displace particles in L*. The macroscale
distortion and folding of the initial ring of particles seen in
(f–h) is typical of test-particle behavior in the LFM fields.
The time evolution of the variance is shown in the lower left
of Figure 4. The variance is computed,

σ2 ¼ 1

Np
∑
Np

i¼1
ðL*i −L*o Þ2: ð2Þ

A linear fit to the variance, yielding Δσ/Δt = 0.020 h�1,
provides an estimate of its growth rate. If the process govern-
ing the transport is diffusion, then σ2 = 2DLLt. For compar-
ison with the results one would expect from diffusion, an
FTCS finite difference method [e.g., Press et al., 1992] is
used to solve equation (1), using DLL obtained from the
linear fit to the variance growth rate and initial conditions f
(L*, t = 0) = δ(L*o � L*). The solution is shown by the
overlaid dashed line appearing in each of the f (L*) plots in
Figure 4. The MHD test particle results clearly differ signif-
icantly from the diffusion model results.
Initial conditions identical with those described above were

used for the test-particle simulation in MHD fields obtained
with quiet solar wind driving conditions. The final time snap-
shot of the distribution at t = 10 h is shown in Figure 5. The
evolution of f(L*) is irregular and shows similar structure to
the case with moderate solar wind driving. The average rate of
increase of the variance is Δσ/Δt = 0.0013 h�1, which is
approximately an order of magnitude smaller than Δσ/Δt
obtained with moderate solar wind driving.

5. DISCUSSION AND CONCLUSIONS

There is nothing unusual about the 3 January 2003 period
chosen for the case study of radial transport under moderate
solar wind driving. The solar wind speed and density during
the interval are ~550 km s�1 and ~10 # cm�3. The (GSM

coordinates) IMF BZ fluctuates between ±10 nT. The irregu-
lar and structured radial transport illustrated in Figure 4 is
typical of test-particle simulations in time-dependent LFM
fields and is easily reproduced. The simulations with quiet
solar wind driving also produce transport in L* that is irreg-
ular and structured (shown in Figure 5). If the solar wind Pdyn

fluctuations are further reduced, approaching steady solar
wind driving, it becomes difficult to distinguish between
physical transport and transport driven by numerical effects
associated with computing test-particle trajectories in
gridded MHD fields, e.g., scattering due to field interpola-
tions and discrete integration time steps. The dominant driver
of radial transport of MeV outer belt electrons in the MHD
test-particle model is drift-resonant interaction with ULF
fluctuations driven by low mode number magnetospheric
undulations that coherently displace large portions of the
particle population over a significant fraction of the L* range
spanned by the outer belt region.
The results shown in Figure 4 are strikingly similar to

those presented by Ukhorskiy et al. [2006], supporting the
conclusion that radial transport in the outer electron belts
driven by typical solar wind dynamic pressure fluctuations is
not well modeled by an L shell diffusion equation. The
equatorial plots in Figure 4 show drift phase bunching and
folding similar to that shown in Figure 2 of Ukhorskiy et al.
[2006], as particles displaced inward in L overtake those

Figure 5. Final f (L*) distribution from test-particle run in MHD
magnetospheric model fields driven by quiet solar wind conditions.
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displaced outward. Given the similarity between the results
presented here and those in the work of Ukhorskiy et al.
[2006], one may conclude that the primary driver of radial
transport in both cases is ULF fluctuations directly driven by
the solar wind (breathing modes), since the time-dependently
driven TS05 model used by Ukhorskiy et al. [2006] does not
contain cavity mode and field line resonances or nightside
Pc5 pulsations related to substorm activity.
The diffusion coefficients inferred from the average rate of

increase of the f (L*) variances are similar to the outer elec-
tron belt radial diffusion coefficients found in earlier studies.
For example, DLL = 0.031 day�1 and DLL = 0.48 day�1,
obtained from the quiet and moderately driven simulations,
respectively, both fall within the range of theoretical and
numerical DLL values between 10�4 and 101 at L = 5 shown
in the Figure 6 of Huang et al. [2010b]. The diffusion
coefficients numerically determined by Huang et al.
[2010b], also in LFM fields, are considerably smaller than
the diffusion coefficients found in this work. This discrep-
ancy may, in part, be due to the fluctuating IMF BZ

contained in the MHD input used in this study, whereas in
that work, idealized solar wind data with IMF BZ = +2 nT

was used. In the diffusion limit, Ukhorskiy et al. [2006]
obtain DLL = 0.028 h�1 for 1 MeV equatorial guiding centers
at L = 5.8, using solar wind input similar to the moderate
solar wind driving conditions used in this work. The diffu-
sion coefficient obtained by Ukhorskiy et al. [2006] is sur-
prisingly close to DLL = 0.020 h�1 obtained in this study,
given the different magnetospheric field models used.
The dayside RMS electric field amplitude near L = 5 in the

MHD field model is ~1 mV m�1. This amplitude is sufficient
to produce a single resonant island that transports particles
over a significant portion of the outer electron belt. To
illustrate this, Figure 6a shows a phase space portrait of the
dynamics of equatorial guiding centers in a pure dipole
magnetic field plus the simple ULF wave electric field model
Eφ = A sin(φ � ωt), with amplitude A = 0.2 mV m�1 and
wave period τ = 540 s. The abscissa value (ψ = φ � ωt) in
Figure 6a is the angle between the azimuthally propagating
wave crest and the azimuthal coordinate of the guiding center
position. The width of the island is approximately one L*,
and the period corresponding to the phase space trajectories
near the center of the island is ~2 h. Figure 6b shows the
evolution of a particle distribution trapped in the resonant

Figure 6. (a) Phase space trajectories computed in a simple ULF field model consisting of a pure dipole plus a wave
electric field Eφ = A sin(φ � ωt) with amplitude A = 0.2 mV m�1 and wave period τ = 540 s. (b) Three time snapshots of
f (L*) illustrating the evolution of the distribution in the simple field model, which is similar to the dynamics appearing in
the MHD test-particle simulations.
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island, computed with 2000 1 MeV guiding center trajecto-
ries initially at L = 5 drift resonant with the wave.
An animation of the particle distribution computed in the

MHD field model reveals similar behavior to the dynamics of
the distribution in the simple wave model illustrated in
Figure 6. In the MHD test-particle simulations, an initial
f (L*) peak splits into symmetric peaks that subsequently
return to the initial L*. The dynamics of the f (L*) distribution
in the MHD field model is initially dominated by a single
drift-resonant interaction, followed by subsequent transport
due to adjacent resonances associated with new radial loca-
tions. The single resonant island is large enough to coher-
ently transport many particles over a significant portion of
the outer belt. Although the dynamics shown in Figure 4 are
initially dominated by a resonance near L* = 5, the time
dependence of the spectral properties of the wavefields allow
the distribution to spread and come under the influence of
adjacent resonances, resulting in the irregular transport that is
seen in the MHD test particle simulations.
An important question that remains unanswered is, what is

the spectral andmode structure of the ULF fluctuations driving
the transport illustrated in Figure 4? Claudepierre et al. [2008]
find that at 0.5–3 mHz power is mainly in the low mode
numbers. Additional work is needed to find the dominant
source of radial transport in the simulations presented here.
A second question is, under what circumstance is outer radi-
ation belt transport well approximated by a diffusion equation?
It may be speculated that a broad spectrum of ULF driving and
a continuous radial distribution of particles will result in
transport that is well modeled by diffusion. Alternatively,
narrow frequency band ULF oscillations in the magnetosphere
may produce a resonant island that dominates the transport
and produces localized peaks in the phase space density radial
profile (e.g., as shown in the work of Degeling et al. [2008]).
These questions will be addressed by future studies.
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Time scales for localized radiation belt injections to spread into a thin shell are
presented. Near the slot region, where the numerical experiments are conducted,
this transition from a localized injection into a thin shell is driven by scattering with
plasmaspheric hiss, shifting the energy and pitch angle of the particles, which
changes the drift speed of the particles. This mixing is energy dependent, taking
much longer at the lower energies. It is shown that, at L = 3.1 (slot region) during
quiet driving conditions, it takes 30–60 min for a narrow magnetic local time initial
distribution of MeVenergy electrons to transform into a uniformly distributed ring,
but takes more than 6 h for ≤300 keV electrons to achieve a thin shell state. In
addition, several numerical tests are conducted to demonstrate that the radiation
belt environment model (RBE), the main computational tool for this study, is very
appropriate for addressing the LT distribution of relativistic electrons in near-Earth
space.

1. INTRODUCTION

When considering radiation belt enhancements, two pro-
cesses are often discussed: radial diffusion and local accel-
eration [e.g., Green and Kivelson, 2001, 2004; Li and
Temerin, 2001; Friedel et al., 2002; Summers et al., 2007].
Radial diffusion by drift resonance with ULF waves is pos-
sible when the magnetosphere is quiet enough to have
trapped orbits of energetic electrons in the 6–10 RE range
but active enough to have sufficient wave power to push the

particles. Several studies have considered this source and
found it to be sufficient to create the outer radiation belt after
some magnetic storms [e.g., Schulz and Lanzerotti, 1974;
Elkington et al., 1999; Iles et al., 2006]. The competing
mechanism requires a seed population of hundreds of keV
electrons already present in the 3–7 RE inner magnetosphere,
along with ample plasma wave activity (especially chorus
waves on the nightside) to foster significant energy diffusion
of these particles up to MeV energies [e.g., Horne, 2002;
Chen et al., 2006; Shprits et al., 2006].
Another mechanism exists, however, that can lead to the

enhancement of the outer zone radiation belt: localized
injections. There is clear evidence for rapid increases in the
outer radiation belt in a number of data sets, such as quick
changes in the radio absorption as measured by ground-
based riometers [e.g., Keppler et al., 1962], jumps in the
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precipitating flux as seen by the SAMPEX satellite [e.g.,
Baker et al., 1994, 2004], strong rises in flux from one orbit
to the next in CRRES data [e.g., Hudson et al., 1996],
sudden increases in geosynchronous satellite energetic par-
ticle data [e.g., Birn et al., 1997a, 1997b], and step-like
changes between the inbound and outbound passes of the
Polar satellite [e.g., Baker et al., 1998]. Recently, Glocer et
al. [2011] used a number of different data sets to quantify a
rapid rebuilding of the radiation belts during the magnetic
storms on 4 September 2008 and 22 July 2009. These rises
in phase space density (or flux) happen too quickly to be
attributed to the two “standard” source processes mentioned
above.
This process can be divided into two distinct classes of

driving physical process. The first is a shock front passing
through the inner magnetosphere, allowing certain particles to
ride the inward wave and quickly become energized by an
order of magnitude or more [e.g., Li et al., 1993;Hudson et al.,
1996, 1997]. These are rare and easily identifiable because
they are associated with an instigating solar wind pressure
pulse. The second process is an injection from the magnetotail.
While there is ample observational and numerical evidence
that such injections can occur [e.g., Birn et al., 1998; Li et al.,
1998; Kim et al., 2000; Fok et al., 2001; Khazanov et al.,
2004; Elkington et al., 2004; Glocer et al., 2009, 2011], this
process is unfortunately often omitted from the discussion of
radiation belt sources [e.g., Green and Kivelson, 2001].
Another source of localized injection of relativistic elec-

trons into the radiation belts is a high-altitude nuclear explo-
sion (HANE). The 1962 Starfish detonation resulted in a hard
spectrum of energetic (E > 200 keV) electron fluxes of more
than 109 cm�2 s�1 near the equator inside of L = 2 [e.g.,
Durney et al., 1962; Brown et al., 1963; Van Allen et al.,
1963; Hess, 1963]. Over time, the energy-dependent and
spatially dependent decay lifetimes resulted in a softening of
the inner zone spectra inside of L = 2 [Beall et al., 1967], but
a hardening of the outer zone spectra beyond L = 3 [Welch
et al., 1963]. The exact spatiotemporal variation of the flux
intensities is highly dependent on the source location, solar-
geomagnetic conditions, and the loss mechanisms acting on
these particles [e.g., Walt, 1964; Walt and Newkirk, 1966;
Beall et al., 1967; Stassinopoulos and Verzariu, 1971]. A
related source of “artificially injected” (as opposed to injec-
tions caused by “natural” geospace dynamics) is relativistic
electron beam injection from a satellite. Space-based linear
accelerators capable of producing MeV energy electrons
have been used in a few test flights [Banks et al., 1987,
1990], and numerical simulations of such injections have
been conducted [e.g., Neubert et al., 1996; Habash-Krause,
1998; Khazanov et al., 1999a, 1999b, 2000; Neubert and
Gilchrist, 2002].

The problem of understanding near-Earth relativistic elec-
tron enhancements is complicated because competing pro-
cesses are driven by the same external factors. Some
geospace storms enhance the radiation belts, while others do
not [Reeves, 1998]. Relativistic electrons drift around the
Earth in a matter of minutes, and regionally confined pro-
cesses can directly influence the global radiation belt distri-
bution [Summers et al., 1998, 2007]. Depending on their
energy and orbit, energetic electrons can experience severe
losses or substantial energization.
An unresolved issue that is critical to the understanding of

localized injections is the spread of these particles from a
confined LT width into a symmetric (but perhaps thin) shell
of particles around the Earth. Khazanov et al. [1999b] inves-
tigated this topic with a bounce-averaged, relativistic kinetic
equation model, injecting an initial point source into a dipo-
lar, quiet time magnetosphere. The point source spread into a
thin shell of relatively uniform flux between 6 and 8 h after
injection. However, this was for a static dipole magnetic
field, not a nondipolar field or a time-varying one. Lichten-
berg and Lieberman [2006] discuss the theoretical limits for
using a diffusion model for describing a stochastic process,
and Degeling et al. [2008, 2011] examined the magnetic
local time (MLT)-symmetrization process of the outer radia-
tion belt caused by steadily oscillating ULF waves. The
present study reconsiders this issue with a similar numerical
model to the Khazanov et al. [1999b] study, again for quiet
activity levels but now with an empirically defined magnetic
field configuration. The result has relevance to all four pos-
sible localized injection mechanisms mentioned above: trav-
eling shock-front energization, magnetotail dipolarization, a
HANE source population, and electron beam injection from
a satellite-borne accelerator.

2. METHODOLOGY

To investigate the time for a localized injection to spread
into a thin shell around the Earth, simulations will be con-
ducted with the radiation belt environment (RBE) model
[Fok et al., 2001, 2008]. First, a test of the numerical con-
servation of RBE is conducted, followed by the presentation
of a set of full-physics simulations with different initial and
boundary conditions.

2.1. The Radiation Belt Environment Model

The RBE code is a relativistic version of the Fok ring
current model [Fok et al., 1996; Fok and Moore, 1997]. It
solves the gyration and bounce averaged kinetic equation for
electrons in the range from a few keV to a few MeV. It
includes drift motion due to convective forces (corotative,
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potential, and inductive electric fields) as well as magnetic
drift process (magnetic field gradient and curvature-induced
particle motion), energy and pitch angle scattering due to
various plasma wave processes (specifically for these runs,
plasmaspheric hiss and VLF chorus waves), and loss to the
atmosphere (a bounce-related attenuation factor applied to
those equatorial pitch angles that map to thermospheric
altitudes). Zheng et al. [2003] implemented a real-time ver-
sion of the RBE model for radiation belt forecasting applica-
tions, and Glocer et al. [2009] coupled the RBE model into
the Space Weather Modeling Framework (SWMF) [Tóth et
al., 2005, 2012] to allow for the use of MHD-derived mag-
netic and electric fields rather than the empirical models
originally implemented in the code (specifically, a Tsyganenko
magnetic field model [Tsyganenko, 1989, 1995] and a Weimer
electric potential model [Weimer, 1996, 2001]). The model
also requires a thermal plasma distribution throughout the
simulation domain, given by the dynamic global core plasma
model [Ober et al., 1997].
Because the RBE code solves the kinetic equation with

two spatial dimensions (radial distance and MLT), it is capa-
ble of resolving the injection and spreading of a localized
source of relativistic electrons. In fact, this was the initial use
by Fok et al. [2001], who examined the possibility of direct
capture of MeV electrons from the magnetotail during sub-
storm dipolarizations.Glocer et al. [2011] conclusively dem-
onstrated that the rapid rise of relativistic electrons during the
two events they studied were due to the capture of localized
injections of MeV electrons from magnetotail dipolariza-
tions. This model is ideally suited for investigations of this
process.
This study will use the typical numerical setup for RBE.

The grid configuration uses 48 evenly spaced cells in MLT
and 51 cells in invariant latitude, plus 29 grid steps in the M
and K invariant velocity space variables. Note that it is not a
particle-tracking code, but rather employs fluid dynamic
numerical techniques to obtain the phase space density at
each of these 4-D grid cells. The time step is set to a
maximum of 3 s, but the step is reduced according to 30%
of the limiting advection stability criterion (the Courant-
Friedrichs-Levy (CFL) condition) across all of phase space
at each time during the simulation. The RBE model employs
a second-order Lax-Wendroff numerical scheme with a
Superbee flux limiter. By invoking the operator splitting
numerical technique, advection and/or diffusion in each
phase space variable is implemented separately, solving the
operator processes first in one order and then in reverse order
to maintain second-order accuracy of the solution. Because
the spatial grid for the RBE model is in the ionosphere,
inductive motion of the field lines by a time-varying mag-
netic field are implicitly included when the field line volume

integrals are calculated and when results are mapped to the
equatorial plane. Therefore, only potential electric fields
need to be included in the drift terms.

2.2. Numerical Tests of RBE

Before conducting numerical experiments with this model,
it is useful to pause and explore the validity of applying
this code to localized injection simulations. This will be
done with a particle and energy conservation test. The test
will be developed to determine how much a localized
initial condition spreads in one variable as the distribution
is advected in that direction. To do this, the RBE code is
simplified to only azimuthal drift, turning off all other
operators on the phase space density (i.e., no radial or
velocity space drift, no wave-particle scattering terms, and
no loss to the upper atmosphere). In addition, the azimuthal
drift is set to a constant value, the same for all phase space
grid cells. If the numerical scheme is a perfect representa-
tion of the physics, then the distribution should maintain its
initial configuration.
These tests will be conducted at L = 2.8, a typical slot

region radial distance examined with this code by Zheng et
al. [2006]. Quiet time solar and geophysical settings will be
used so that the magnetic field is nearly dipolar. Several
different initial conditions were used, namely, a point source
injection with a nonzero phase space density initially in only
MLT bin, and a Gaussian distribution in MLTwith the phase
space density proportional to exp(�w2/(2δw2)) where w is
the MLT in hours. Three different values of δw were used for
these tests: δw = 1.5, 3, and 4.5 h. A fast azimuthal drift
speed is applied, resulting in a drift period of just under 160 s
in order to reduce the simulation run time yet still yield a test
with numerous circumdrifts around the Earth (very close to
23 periods are completed). Even though the time step is
initialized to 3 s, the RBE code actually takes time steps of
just under 1 s for this numerical test setup because it enforces
a maximum step of 30% of the limiting CFL condition.
Figure 1 shows the MLT distribution of number flux for

the point source initial condition. The top row shows the first
few seconds of the simulation, while the second row shows
the flux after one drift period around the Earth (Figure 1e, at
t = 180 s), two drift periods (Figure 1f ), 20 min into the
simulation (Figure 1g), and 1h (Figure 1h). The y axis scale is
linear, indicating that the pulse height drops to roughly 10%
of its initial, single-bin value. It is seen that after an initial
spread of the point source across several MLT bins, it then
reaches a fairly stable configuration and maintains this shape
for the rest of the simulation. No velocity space coordinate is
given for these results because all of M–K space was given
the same, artificially fast, azimuthal velocity. An alternative
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independent variable to time, then, is drift periods (Tdrift =
156.5 s).
Figure 2 is the same type of plot as Figure 1 except for the

Gaussian initial condition with δw = 3 h. Again, the y axis
scale is linear, revealing a drop in peak flux value of less than
5% over the course of the hour-long test simulation. In
addition, it is seen that this initial condition maintains its
shape very well throughout the 23 laps around the Earth,
with only a bit of flattening of the top of the Gaussian
distribution but very little spread in MLT.
To better see the spread of the initial condition with time,

Figure 3 shows a superposition of the results for each of the four
test simulations, aligning the peak of the flux distribution at

MLT = 12 on the plot. Each line is at a different time throughout
each simulation, plotted on a 6 s cadence with arbitrary color-
ing. In each of the four simulations, the distribution flattens
across a small MLT range, and the automated routine of select-
ing the peak, therefore, sometimes shifts the distribution to the
left or right, depending on each grid cell of the peak. While
there is some time evolution in the point source simulation
(Figure 3a) and the δw = 1.5 h Gaussian initial condition run
(Figure 3b), the other two Gaussian initial conditions do not
show much temporal variation at all. Much of the apparent
spread in this plot is actually just a shift of the peak relative to
x = 0 because the top of the distributions are so flat that the exact
location of the peak value slightly changes as a function of time.

Figure 1. Point source conservation test simulation results.

Figure 2. Conservation test results with a Gaussian initial condition with δwMLT = 3 h.

164 TIME SCALES FOR LOCALIZED RADIATION BELT INJECTIONS



Figure 3. Superposition of the distribution via centering the peak flux value at MLT = 12, for initial conditions of (a) a
point source, (b) a Gaussian source with δw = 1.5 h in LT, (c) a Gaussian with δw = 3 h, and (d) a Gaussian with δw = 4.5 h.



Because of the slight left-to-right wobble in the line plots of
Figure 3, a better method of quantifying the temporal spread
of the distribution is to examine the full width at half maxi-
mum (FWHM) value for each MLT distribution. Time series
plots of this quantity for each initial condition are shown in
Figure 4. For the Gaussian initial distributions, the FWHM
value at t = 0 is close to double the δw value for that run. As
in Figure 3, the point source and δw = 1.5 h simulations
show a growth in the width of the distribution as a function
of time. However, the δw = 3 and 4.5 h initial conditions show
no growth at all in the FWHM value; in fact, there is a bit of a
decrease in this spread measure as the peak flattens into a
plateau during the first few seconds of the simulation.
This growth in the width of the distribution can be further

quantified by considering the rate of change of the FWHM
value with respect to time, shown in Figure 5. For the point
source and δw = 1.5 Gaussian source, the rate of spread is
initially large but drops below 0.04 MLT s�1 by the end of
the first drift period (which equates to roughly 0.6 h of MLT
per drift period) and is nearly zero (but still slightly positive)
by 30 min into the simulation (i.e., after 11.5 drift periods).
For the other two larger Gaussian initial conditions, the rate
is initially negative for some part of the first drift period and
then hovers around zero for the rest of the simulation.
To understand the periodic oscillation of the spreading

rates in Figure 5, an integral of the total flux around the MLT
ring is shown in Figure 6 for the point source (Figure 6a) and
the δw = 3 h Gaussian. The two horizontal dashed lines in
these two figures give the maximum and minimum values
during the entire simulation. Also note that the y axis scale is
truncated, not starting at zero but rather focusing in on the
~1% variation in the MLT-integrated flux. While a systematic
oscillation is seen in this quantity, the overall value is excep-
tionally constant throughout the many drift periods during
the simulation. The variation can be explained by consider-
ing the equatorial magnetic field strength around this invari-
ant latitude, plotted in Figure 6c. The RBE model is set up to
use a Tsyganenko or MHD magnetic field, and these test
simulations used a very quiet T96 field configuration. How-
ever, the field at L = 2.8 is not quite symmetrically dipolar,
but instead has a slight increase in field strength on the
dayside relative to the local midnight. This variation intro-
duces a systematic oscillation in the flux intensity, which
causes a repeated pattern in the FWHM rate of change and
a slight increase-decrease periodicity to the MLT-integrated
flux. If one removes this systematic oscillation from consid-
eration in Figures 6a and 6b, then the change in total flux
versus time is extremely small; for the point source initial
condition, the total variation in integrated flux is 10�4 over
these 23 drift periods, and it is much smaller still for the
Gaussian initial condition.

The rest of the simulation results were also examined in
detail. There was no spread of the phase space density to
other L values, and there was no systematic drift in M and K
space either (not shown). This is expected because these drift
and diffusion coefficients were set to zero. The fact that they
did not influence the test simulation results is a sign that there
is not a random or systematic leak of phase space density in
these other variables. Additional simulations were conducted
with full drift terms included, in both a dipole and a stretched
magnetic field configuration. The stretched field test run had
a slight increase in total energy of 0.05% during the first drift
orbit and was fairly constant after that, and the dipole field
yielded a total energy variation of less than 0.01% through-
out the entire test simulation.
The conclusion to be drawn from these test simulations is

that the RBE code can handle a localized injection and
maintain the initial distribution with little or no numerical
diffusion. For a localized source with a FWHM of 6 h or
more in MLT, the spread is essentially zero. For a localized
source with a smaller MLT extent, numerical diffusion
causes a slight spread of the distribution across a few hours
of MLT (over a time span of two dozen drift periods). Even a
point source spread to a FWHM of only 5 h within a few drift
periods and then exhibited very little spread over many more
drift periods. Furthermore, the MLT-integrated flux was con-
stant with time, implying excellent number and energy con-
servation. Therefore, the RBE code can be used with
confidence for exploring the spatiotemporal evolution of
localized radiation belt injections.

3. RESULTS

This study is focused on the time required for a localized
injection to symmetrize in MLT and transform from an
asymmetric distribution into a uniform thin shell. The initial
results presented here are for quiet time solar and geophys-
ical conditions. Specifically, the model is run with static solar
wind, interplanetary magnetic field (IMF), and ground-based
magnetometer indices needed to drive the T96 and Weimer-
2000 models used by RBE. The solar wind density is set to
3.3 cm�3, the solar wind speed to 450 km s�1, the IMF
vector is set to (+5, �1, +2.5) nT in GSM coordinates, the
SYM-H index is set to �1 nT, and the Kp index is set to 1.
These are the conditions at 00 UT on 23 October 2002, the
beginning of a quiet interval with nearly constant solar wind
parameters, a toward-sector Parker spiral IMF with Bz values
hovering near zero.
The simulations shown here use an initial condition with a

Gaussian distribution in MLTwith δw = 3 h. The distribution
in L value is a delta function at L* = 3.1 (an arbitrarily chosen
radial distance near the slot region), and the distribution in
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Figure 4. The FWHM value as a function of time for initial conditions of (a) a point source, (b) a Gaussian source with
δw = 1.5 h in LT, (c) a Gaussian with δw = 3 h, and (d) a Gaussian with δw = 4.5 h.



M and K space is a constant phase space density setting
(arbitrarily chosen magnitude). This is slightly different than
the test calculations presented above because, at present, the
RBE model does not include wave interactions below L* = 3.
Another change between the results presented here and pre-
vious RBE simulations is the radial/latitudinal grid structure.

Typically, 51 grids are used between L* = 1.1 and L ≥ 10 (the
outermost L shell changes with the magnetic field topology).
For this run, the grid is set to a compact L* grid from 2.0 to
4.0, keeping the same number of grid steps. Therefore, the
radial grid spacing near an L* of 3 is ΔL = 0.04, which is
roughly five times better than standard RBE simulations at
this location. The initial condition will be placed at local
midnight. A critical difference between these simulations and
those in the numerical tests above is that now the full set of
real, spatially and temporally varying drift velocities will be
used, along with velocity space diffusion (from plasma wave
scattering) and loss to the upper atmosphere.
In particular, these simulations include wave-particle inter-

actions. Both plasmaspheric hiss and VLF chorus are included
in the simulation. Figure 7 shows the bounce-averaged equa-
torial pitch angle diffusion coefficients, in arbitrary units, for
four MLT locations around L* = 3.1 for three different
energies. Note that the y axis is on a logarithmic scale, with
the diffusion coefficients near the loss cone (high K values)
being significantly smaller than the values at higher pitch
angles (low K values). At present, the RBE model includes
wave-particle interactions up to a 5 MeV upper energy limit.
While the true wave interactions continue above this energy,
this cutoff is fortuitous because it allows us to examine the
numerical diffusion in the code at the MeV energy range.
This issue will be discussed in detail below.
Also, note that the calculation is conducted in M-K invari-

ant velocity space, and the values are mapped to energy-pitch
angle (E-α0) velocity space with a high-order interpolation
scheme for the wave-particle scattering. The M and K co-
ordinates are given in grid cell index numbers used in the
simulation and the color scale gives the corresponding energy
(in keV) for that coordinate location. Note that K maps
directly to equatorial pitch angle. The conversion between
these two sets of variables is shown in Figure 8. The red and
black lines indicate the lower and upper limits of the simu-
lation domain computed in the model. The annotated text
around the plot helps guide the conversion fromM-K to E-α0
space. Plasmaspheric hiss dominates this diffusion coeffi-
cient at this L value, and VLF chorus is hardly a factor. In
addition, this coefficient is larger than the energy-scattering
diffusion coefficient.
Figure 9 shows phase space density versusM and MLT for

K = 16. These results were extracted at the L value of
injection. The first row in Figure 9 shows the M-MLT dis-
tributions every minute very early in the simulation, while
the second row shows every 10 min at the beginning of the
simulation. The y axis scale is logarithmic and spans 4 orders
of magnitude.
There are several interesting features to note in Figure 9.

The drift motion periodicity of these electrons can be seen in

Figure 5. The time rate of change in the FWHM value throughout
the simulation for initial conditions of (a) a point source, (b) a
Gaussian source with δw = 1.5 h in LT, (c) a Gaussian with δw =
3 h, and (d) a Gaussian with δw = 4.5 h.
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Figure 6. The total flux (integrated over all magnetic local time (MLT) bins) as a function of time for initial conditions of
(a) a point source and (b) a Gaussian source with δw = 3 h, and (c) the equatorial magnetic field strength as a function of
MLT around the invariant latitude of the conservation test simulations.
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these plots, with the high-energy electrons (high M values)
circling the Earth in just a few minutes, while the lower-
energy electrons (low M values) shifting about an hour in
MLT during the 30 min of simulation time presented here. In
addition, the high-energy distribution starts to fill in away
from the peak sooner than the other two distributions. This
is from velocity-space advection and scattering, and (inferred
from the tests above) not from numerical diffusion. There is a
clear break at the 5 MeV energy level in the amount of LT
symmetrization occurring, with much more filling occurring

below this cutoff and far less above it. This is the energy
extent of the wave interactions and gives an indication of the
remaining amount of numerical diffusion (scattering above
this M value) and physically based symmetrization.
To quantify the transition from a localized peak in MLT

into a shell of electrons uniformly distributed around the
Earth, it is convenient to consider the time progression of a
ratio of phase space density values. In particular, Figure 10
shows the ratio of the MLT-averaged phase space density to
the maximum phase space density value in this ring of
numbers. The x and y axes are the M and K index numbers
across velocity space, and the color scale is linear from zero
to one. The ratio at t = 0 (Figure 10a) is uniformly blue at
0.22 because every M and K coordinate is given the same
Gaussian distribution with δw = 3 h in LT. The regions of the
plot with dotted stripes through it are M-K coordinates not
used in the simulation, corresponding to energies beyond
those of interest. In Figure 10b (at t = 10 min), the top of the
K index values (K = 23 and higher) are shown in black
because these are all in the loss cone where the electrons are
depleted with a time scale of half a bounce period. Therefore,
this ratio quantity is rather meaningless for these K indices,
and the color scale results have been removed. At lower K
indices, however, the ratio approaches unity for the 1–5 MeV
energies first (M indices in the range of 17–21), even within
the first 20 min. The situation is different for the ultrarelati-
vistic electrons at the top of the scale, where the wave-
particle interactions were not included in the simulation. At
the highest M values, which are dominated by numerical
diffusion, the ratios remain low during the first few hours.
The physically based, wave-dominated scattering and MLT

Figure 7. Pitch angle diffusion coefficients used in the radiation belt
environment model for a few magnetic local times (the four panels)
and energies (the lines within each panel). All of the panels are on
the same logarithmic y axis scale.

Figure 8. Conversion chart betweenM-K space and energy-equatorial pitch angle space for L = 3, averaged in LT. The red
line indicates the lowest M value used in the simulation (near 1 keV), and the black line indicates the highest M value
computed in the simulation (near 30 MeV).
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symmetrization is faster than the numerical diffusion. The
lower-M boundary of the red color systematically marches
leftward as time progresses through the simulation. There is a
fairly narrow range of M indices with ratios between 0.2
(blue) and 0.9 (red), with lower M values still near the initial

condition ratio and higher M values with a ratio close to
unity.
A final analysis of these results is shown in Figure 11.

Presented here is the time needed for a particular M and K
velocity space coordinate to reach a mean-to-max phase

Figure 9. Phase space density versusM and MLTat the L value of injection for K = 16. Six times are shown during the first
30 min of the simulation.

Figure 10. The ratio of the MLT-averaged mean phase space density value to the MLT maximum value at six times during
the simulation. The color scale is linear from 0 to 1.
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space density ratio of 0.9. This corresponds to the transition
to the red contour in Figure 10. The color scale for Figure 11
is linear with a range from 0 to ≥6 h. The three panels of
Figure 11 show the results for different inclusions of the
wave-particle interaction scattering terms: Figure 11a shows
results from a simulation with no wave scattering included,
Figure 11b has only pitch angle diffusion included in the
calculation, and Figure 11c includes both pitch angle and
energy scattering by the plasma waves.
The three panels of Figure 11 have some characteristic

similarities and notable differences. First, the lower-M part
of the figures is entirely red, indicating that it takes at least
6 h to reach symmetrization at these energies. For Figure 11a
(no waves), this red section of the plot extends to around
15 MeV. Above this energy, some of the velocity space grid
cells are green or even red. This shows the influence of
numerical diffusion on the symmetrization process. For this
compacted radial grid configuration in the RBE model (but
standard MLT, M, and K grid spacings), the numerical diffu-
sion is significantly less than the physical diffusion from the
plasma waves (in particular, plasmaspheric hiss).
With the inclusion of waves (Figures 11b and 11c), the time

to reach symmetrization looks similar between the two panels.
That is, pitch angle scattering is the dominant diffusion term,
and the addition of energy scattering changes the results only
slightly. The energy range that takes longer than 6 h (i.e., the
red part of each figure) extends over toM = 16 andM = 15 (at
K = 0) in Figures 11b and 11c, respectively. These M indices
correspond to roughly 500 and 300 keV. In the MeV-energy
range, it takes an hour or less to reach MLT symmetrization,
but at slightly lower energies, there is a sharp transition to
taking longer than 6 h to reach the status of thin shell.

4. DISCUSSION AND CONCLUSION

This result, that it takes perhaps an hour for a localized
injection of MeV electrons into the slot region to become a

thin shell that is fairly uniform in its MLT distribution, but
takes many hours for hundreds of keV electrons to reach
thin shell status, has several implications for radiation belt
modeling. It implies that an assumption of instant MLT
symmetrization of localized injections is incorrect. It takes
time for these particles to spread out in MLT, during which
the dynamics of the geospace system and the processes
acting on the relativistic electrons can dramatically change.
The time scale for plasmaspheric plume formation is on the
order of an hour, as is the time scale for ring current particle
injection. The longer time for the sub-MeV electrons to
symmetrize is similar to the main phase of storms and
longer than an entire isolated substorm growth-expansion-
recovery phase sequence. The timing of the injection relative
to variations in the geospace system will cause significant
changes in the evolution of the localized phase space density
pulse.
In addition, it has implications for numerical modeling. In

particular, it means that results from drift-averaged radiation
belt simulations should only be used to consider electron
dynamics longer than this MLT-symmetrization time scale.
Within such models, the coefficients for localized scattering
and loss processes are often prorated according to their MLT
extent. While this is reasonable for long time scale simula-
tions spanning several days or more, it might not be appro-
priate for investigating the influences of short-lived processes
that last a few hours or less.
Note that this study only focused on the MLT spread of a

localized injection into the slot region during quiet times.
This is because the MLT drift is, by far, the fastest of the
advection operators and a quiet time outer boundary condi-
tion will yield the longest time scales for symmetrization.
The spread in L value will be slower than the time to trans-
form the distribution into a thin shell, while the use of
disturbed-time driving conditions or an outer zone L value
will yield a shorter time scale. These issues will be investi-
gated in a future study.

Figure 11. Time for the MLT distribution to reach a mean-to-maximum ratio of 0.9 at the L value of injection as a function
ofM and K for three different 6 h interval simulations: (a) without wave-particle interactions, (b) with pitch angle scattering
only, and (c) with pitch angle and energy scattering included. The color scale is linear from 0 to ≥6 h.
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A caveat to the work is that it used empirical models for
the electric and magnetic fields and only included VLF
chorus and plasmaspheric hiss. ULF wave influences are
included via the spatiotemporal variation of the E and B
fields, and the use of the T96 and Weimer-2000 models
probably underestimates the amplitude of these waves. How-
ever, a quiet time choice at L = 3.1 should be within the
plasmasphere, and therefore, ULF oscillations and other
plasma wave influences are most likely small. The use of a
global MHD model for the field configurations and varia-
tions is a logical next step to this study to improve the realism
of the ULF wave distribution. Furthermore, the inclusion of
additional plasma waves, in particular those that are ampli-
fied during storm times, is also a useful extension of this
study to active driving conditions. Should numerical diffu-
sion prove to be a problem, a refined grid spacing in MLT,M,
and/or K space would help to reduce this unwanted, artificial
scattering process.
Finally, it should be noted that the RBE model performed

exceptionally well on the numerical tests conducted to verify
its usage for localized injection studies. While very narrow
localized injections are numerically spread by a few hours in
MLT, the spread asymptotically slows, and an injection of 6 h
in MLTwidth does not spread at all. Furthermore, the number
and energy conservation of the code are nearly perfect.
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Rebuilding Process of the Outer Electron Radiation Belt:
The Spacecraft Akebono Observations

T. Nagai

Department of Earth and Planetary Sciences, Tokyo Institute of Technology, Tokyo, Japan

The spacecraft Akebono has made observations of relativistic electrons in the
Earth’s radiation belts with the radiation monitor. The highly elliptical, polar orbit
with a period of 2.5 h can provide repeated observations of the outer belt. The
unique observations by Akebono have revealed rapid rebuilding of the core part
(around L = 4) of the electron outer belt with a time scale of less than a few hours
during the Dst minimum period for several storms. The time scale of this process
seems to be shorter than the time interval needed for radial diffusion or wave-
particle interaction. This process has a significant contrast with the rebuilding
process in the outer part (beyond L = 5.5) of the outer belt, where the electron flux
increases with a time scale of 1 day or longer. The time scale in the outer part of the
outer belt is consistent with the scenario that radial diffusion and/or wave particle
interaction may play a central role in electron acceleration processes. The rapid
rebuilding of the core part of the outer belt is associated with a storm time substorm,
so that there is a possibility that the intense electric field caused by a substorm-
associated large-scale dipolarization in the magnetic field results in transport and
energization of the electrons in the outer radiation belt. The simulation studies
supporting this mechanism are presented.

1. INTRODUCTION

It has been recognized that the flux of relativistic (>MeV)
electrons in the Earth’s outer radiation belt shows high var-
iability in response to geomagnetic activity and solar wind
conditions[e.g., Williams et al., 1968; Paulikas and Blake,
1979]. Figure 1 shows a superposed epoch analysis of
>2 MeV electron flux at geosynchronous orbit (6.6 RE) dur-
ing storms [Nagai, 1988]. The data were obtained by Space
Environment Monitor on the Geostationary Meteorological
Satellite-1 (GMS-1) at 135°E in 1978–1981, and 30 geomag-
netic storms were used for this analysis. The electron flux
decreases rapidly in association with an enhancement of

geomagnetic activity, and then, it recovers rather gradually
after a peak of geomagnetic activity. The flux level exceeds
the preactivity level. The increase of the electron flux implies
that some acceleration processes work in the outer belt.
Mechanisms of electron acceleration to energies of >MeV
by interaction with various magnetospheric waves have been
proposed (see the work of Thorne [2010] as a recent review).
At geosynchronous orbit, the electron flux reaches its peak

with a time scale of a day or longer than a day. This charac-
teristic provides a possibility of “space weather forecast”.
Indeed, empirical prediction schemes for the relativistic elec-
tron flux at geosynchronous orbit have been proposed [e.g.,
Nagai, 1988; Baker et al., 1990; Koons and Gorney, 1991].
As an example, Figure 2 shows a linear prediction filter of
the electron flux at geosynchronous orbit as an input of Kp
[Nagai, 1988]. This linear prediction filter was constructed
using the data from >2 MeV electron flux from GMS-3 in
1984–1985 (433 days). An input is the daily sum of Kp, and
an output is the daily average of the electron flux (log value).
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An immediate response of enhanced activity is a flux de-
crease. A subsequent continuous activity produces an in-
crease in the electron flux. This prediction filter and others
can make a good skill for predicting a daily averaged flux
level at geosynchronous orbit. This is mainly caused by the
fact that the electron flux in the outer part of the outer belt
increases with a time scale of a day or longer than a day.
The spacecraft Akebono was launched into a highly ellip-

tical, polar orbit on 22 February 1989 [Tsuruda and Oya,
1991]. The initial apogee altitude of its orbit was 10,500 km.
The radiation monitor (RDM) on Akebono has been observ-
ing electron fluxes in three energy ranges (0.3–0.95, 0.95–
2.5, >2.5 MeV) [Takagi et al., 1993]. The data since 1989 are
presented at http://www.darts.isas.jaxa.jp/stp/akebono. RDM
is not designed to be a scientific instrument so that its
capability is very limited. The sensor view is perpendicular
to the Sun-pointing spin axis, and the spin period is 8 s. The
sensor has a wide view angle. Although basic time resolution
for particle measurements is 0.5 s, 16 s averaged data have
enough counts to be statistically meaningful. Isotropic flux
distributions should be assumed, and no pitch angle infor-
mation is available. Only real-time data are received at two
ground stations in Japan and Sweden now, and data coverage
is approximately 20%. On 1 March 2010, the orbit has its
apogee at an altitude of 5140 km and its perigee at an altitude
of 270 km. A great advantage of the Akebono/RDM obser-
vations is the capability of repeated observations crossing the

outer belt. The orbital period is approximately 2.5 h. Electron
observations at low altitudes have significant flux variations
caused by the Earth’s nonuniform magnetic field, and this
geographic effect provides a significant difficulty for inter-
preting temporal flux variations. When observations are
made at altitudes of >3000 km, observed fluxes are free from
the geographic effect.
The unique Akebono observations have revealed that the

core part of the outer radiation belt forms within a few hours
for several storms. Nagai et al. [2006] have examined
>2.5 MeV electron flux variations during the 11 September
2005 and 24 August 2005 storms. The electron flux around
L = 3 increases significantly with a time scale of a few hours
near the peak of the Dst development. The typical time scale
for local acceleration due to chorus waves to increase the
1 MeVelectron flux by an order of magnitude at L = 4.5 is on
the order of a day [e.g., Horne et al., 2005]. This flux
increase forms the core part of the outer belt. The simulta-
neous magnetic field observation at geosynchronous orbit
shows a large-scale dipolarization caused by a storm time
substorm near the timing of the electron flux increases inside
L = 4. Nagai et al. [2006] have suggested that a large-scale
dipolarization in the magnetic field can transport electrons
earthward from the magnetotail and rebuilt the core part of
the outer belt in a time scale of a few hours.
Currently, relevant observations for the inner part of the

outer belt are limited. Further investigation is needed to
clarify the rebuilding processes of the outer radiation belt
and to improve space weather forecast. In this paper, we
examine rebuilding processes of the outer belt with >2.5MeV
electron observations during the period from March to Sep-
tember in 2010 by Akebono. We compare MeVelectron flux
behavior in the core part of the outer belt (around L = 4)

Figure 1. Superposed >2 MeV electron flux from GMS-1 at geo-
synchronous orbit, Kp, and Dst during 30 storms in 1978–1981.
Hourly values are used. The zero epoch for each storm is taken to be
the time of Dst minimum. From Nagai [1988].

Figure 2. A linear prediction filter for >2 MeV electron flux at
geosynchronous orbit constructed from the data from GMS-3 in
1984–1985. An input is daily sum of Kp, and an output is daily
average of the electron flux (log value). From Nagai [1988].
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to that in the outer part of the outer belt (beyond L = 5.5).
Any magnetic field measurements by Akebono are not avail-
able now. We use McIlwain L values calculated from the
spacecraft orbit information, and we discuss characteristics
of flux variations, which do not depend significantly on the
adopted L calculation method. Glocer et al. [2011] have
made simulations to test the possibility that a large-scale
dipolarization in the magnetic field can transfer electrons to
form the core part of the outer belt. The simulation results are
briefly reviewed. The present study shows that the core part
of the outer belt forms much faster than the outer part of the
outer belt. There is a possibility that the transport of electrons
by a storm time substorm has a major contribution to the
rebuilding of the core part of the outer belt.

2. OBSERVATIONS

Figure 3 shows the intensity of >2.5 MeV electron flux
projected in the radial distance, geomagnetic latitude plane
using all data taken by Akebono in March–August 2010. The
data are averaged for 1 pixel (0.01 � 0.01 RE) of the figure.

During this period, Akebono has its apogee in the Northern
Hemisphere and cuts the outer belt at high altitudes. Since
particle counts are low at low altitudes in the outer belt (L =
4–6), we use the data taken only at altitudes of >3000 km in
this study.
Figure 4a shows >2.5 MeV electron observations in the

region of L = 2–8 in the period from March to August 2010.
Electron flux values at L = 4 and L = 6 from each orbit are also
plotted (Figures 4b and 4c). The flux of >2 MeV electrons
from GOES 11 at 6.6 RE is presented (Figure 4d). GOES 11 is
located at 135°W, and its geomagnetic latitude is 5°, so that the
flux from GOES 11 exhibits the equatorial flux at the outer
edge of the outer belt. For the GOES 11 data, 1 h average
values are used so that there is a diurnal variation (a noon peak
is near 21 UT for each day). Gross features in flux variations in
the region of L > 5.5 from Akebono (at low altitudes) can be
found influx variations from GOES 11 near the equator. Kp
and Dst values are presented to show geomagnetic activity
(Figures 4e and 4f). The hourly averaged solar wind velocity
data are also presented (Figure 4g). There are usually four or
five data points for each L shell per 1 day in Akebono ob-
servations. The higher flux is observed at higher altitude (see
Figure 3), so that this altitude effect produces a small diurnal
variation in the observed flux. This altitude effect is small in
comparison with flux variations examined here.
There are four major flux increases in the outer belt (L =

4–6) in association with four magnetic storms starting on 5
April, 2 May, 28 May, and 3 August 2010. An immediate
response to these storms is a decrease in the electron flux in
the almost whole outer belt. The flux near L = 4 shows an
increase near the Dst minimum, and it tends to keep its level
during the recovery phase. The flux beyond L = 5 tends to
increase rather gradually, and the flux reaches its peak a few
days after the Dst minimum. These characteristics will be
examined for the individual storms in detail.
At geosynchronous orbit, the flux shows significant in-

creases even for other periods starting on 11 March, 2 April,
25 June, 27 July, and 24 August 2010. The flux level after 27
July 2010 becomes higher than that after the 3 August 2010
storm at 6.6 RE. Akebono observes similar flux variations at
L = 6. However, the flux at L= 4 is almost unchanged after 27
July 2010, and it shows a decrease and stays in the lower
level after 24 August 2010. For these periods, solar wind
velocity is high, and high Kp values continue without any
significant Dst development.

2.1. The 3–5 August 2010 Storm

Figure 5 shows fluxes of >2.5 MeV electrons from Ake-
bono at L = 4 and L = 5.5 for the period of 3–6 August 2010.
Representative flux profiles are presented in Figure 6. Before

Figure 3. The >2.5 MeV electron flux (color-coded) observed by
Akebono/RDM for the period of March–August 2010 in the geo-
magnetic latitude-radial distance format. The dipole magnetic field
lines are drawn. Electron fluxes in this study are presented in units of
cm�2 s�1 sr�1. The unit length 1 corresponds to 1 RE (6371.2 km).
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this storm, the outer belt forms with its center near L = 5 after
27 July 2010 (Figure 4). The ACE data are examined for
monitoring solar wind conditions in this study. An interplan-
etary shock in the solar wind produces SSC at 17:40 UT
(a spike in SYM-H, 1 min Dst), and Dst develops after 20:00
UT on 3 August 2010. The timing of SSC is determined with
the 1 min ground magnetic field data, and the 1 s data from
Kakioka, hereafter, in addition with the solar wind data from
ACE, Wind, and Geotail. At 19:34 UT (Figure 6a) on 3
August 2010 (the time for the Akebono observation at
L = 4), the flux beyond L = 5 decreases slightly, while the
flux inside L = 5 is unchanged. At 21:56 UT (Figure 6b), the
flux beyond L = 3.5 becomes low, indicating that the outer
belt almost disappears. At 00:15 UT (Figure 6c) on 4 August
2010, an increase in the flux by an order of magnitude is
observed only near L = 4. At 02:33 UT (Figure 6d), the flux

profile indicates formation of a new outer belt. The flux level
at L = 4 is almost the same as that at 12:14 UT (Figure 6e).
The flux beyond L = 5 stays in the low level, and it increases
after 12 UTon 5 August 2010 (Figure 5b).Trapped >300 keV
electrons (proton contamination is corrected) observed by
the NOAA-POES satellites (NOAA 15, 16, 17, 18, 19, and
METOP 02) also show an increase in the flux near 00:00 UT
on 4 August 2010 (not shown here), like the events discussed
by Nagai et al. [2006] and Glocer et al. [2011]. Hence, the
>2.5 MeVelectron flux increases with an order of magnitude
in the core part of the outer belt (near L = 4) near the Dst
minimum (see Figure 6f) with a time scale of less than 4 h,
while the outer part of the outer belt (beyond L = 5) forms in
the recovery phase of the storm.
Figure 6g shows the H component (northward) of the

magnetic field at GOES 12 (60°W, its local midnight is

Figure 4. (a) Daily average intensity (color-coded) of >2.5 MeVelectron flux observed by Akebono/RDM in the region of
L = 2–8 at altitudes of >3000 km in the period from March to August 2010. (b) The >2.5 MeVelectron flux values at L = 4
from Akebono. (c) The >2.5 MeV electron flux values at L = 6 from Akebono. (d) The >2 MeV electron flux at
geosynchronous orbit from GOES 11. (e) Kp and (f ) Dst geomagnetic indices. (g) Hourly solar wind velocity from ACE.
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04 UT). A sharp increase in H at 17:40 UTon 3 August 2010
is an effect of SSC. There are several increases in H for
substorm onsets on the nightside. A large-scale dipolariza-
tion in the magnetic field takes place near 00:00 UT on 4
August 2010, which is coincident with the increase in the
electron flux in the core part of the outer belt (L = 4). An
increase of the H magnetic field component is usually a
recovery to the quiet-day level for nonstorm time substorms
[e.g., Nagai, 1982a, 1982b]. For this event, the maximum H
value (100 nT) exceeds the quiet-day level (80 nT). This
substorm takes place near the Dst minimum (Figure 6f).
Although the IMF Bz is continuously southward, Dst stays
almost in the same level, suggesting that this substorm pro-
duces a partial collapse of the tail current. Hence, this dipo-
larization in the magnetic field is caused by a representative
one for a storm time substorm.
There are sharp SSC-like spikes in the magnetic field on

the ground (seen in SYM-H in Figure 6f) and at geosynchro-
nous orbit (Figure 6g) near 10:20 UT on 4 August 2010. The
electron flux does not show any significant change in the
outer belt (L = 3–8). The dynamic pressure of the solar wind
shows an increase after 18:00 UT on 3 August 2010 (1 h
shifted). Although there are two spikes in the dynamic pres-
sure at 04:30 and 08:00 UT on 4 August 2010, there are no
changes in the dynamic pressure near 00:00 UT on 4 August
2010. Hence, any change in the solar wind dynamic pressure
does not produce any significant increase in the electron flux
in the outer belt during this storm.

2.2. The 28–31 May 2010 and 2–4 May 2010 Storms

Figure 7 shows fluxes of >2.5MeVelectrons from Akebono
at L = 4.2 and L = 5.5 for the period of 28–31 May 2010. The
flux stays in the prestorm level until 19:45 UTon 28May 2010
and appears to decrease with the Dst development. This flux

Figure 5. (a) The >2.5 MeV electron flux values at L = 4 observed
by Akebono/RDM for the period of 3–6 August 2010. (b) The >2.5
MeVelectron flux values at L = 5.5. (c) Geomagnetic index SYM-H
(1 min Dst). (d) AL index (1 min values).

Figure 6. (a)–(e) Selected L profiles of >2.5 MeV electron flux
observed by Akebono/RDM on 3–4 August 2010. The observation
time at L = 4 is presented in each plot. Profiles presented by points are
those obtained in the previous paths. (f) Geomagnetic index SYM-H
for the 24 h period starting at 12:00 UT on 3 August 2010. The
Akebono observation times for Figures 6a–6e are indicated by verti-
cal lines. (g) TheH (northward) component of the magnetic field from
GOES 12 (its local midnight is 04 UT) at geosynchronous orbit.
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decrease is more evident at L = 4.2 than at L = 4.0 (Figure 4).
An increase (more than one order of magnitude) in the flux
at L = 4.2 takes place between 14:44 and 17:09 UT on 29
May 2010. The flux of trapped >300 keV electrons at L = 4
from the NOAA satellites shows the similar behavior (not
shown here). A large substorm starts near 15:30 UT in the
course of the Dst recovery. There is no relevant magnetic
field observation at geosynchronous orbit for this event. The
flux near L = 4 is almost constant after 29 May 2010. A flux
increase in the outer part of the outer belt (beyond L = 5.5)
is delayed, and it reaches a peak value after 1 June 2010 (see
Figure 4).
Figure 8 shows fluxes of >2.5 MeV electrons from Ake-

bono at L = 4 and L = 5.5 for the period of 1–4 May 2010.
The outer belt with its center at L = 3.8 almost disappears
with the Dst development (Figure 4). The flux is already in
the low level at 14:03 UT on 2 May 2010, when the Dst is
developing. The flux at L = 4 increases after 16:28 UT and
reaches its peak value near 21:19 UT on 2 May 2010, when
Dst stays in its minimum level. The flux of trapped >300 keV
electrons at L = 4 from the NOAA satellites shows the similar
behavior (not shown here). AL index indicates a large sub-
storm staring at 18:00 UT. There is no relevant magnetic field
observation at geosynchronous orbit for this event. An in-
crease in the flux in the outer part of the outer belt (beyond
L = 5.5) is delayed approximately 1 day, and the flux in this
region reaches its peak on 4 May 2010.

2.3. The 5–6 April 2010 Storm

Figure 9 shows fluxes of >2.5 MeV electrons from Ake-
bono at L = 4 and L = 5.5 for the period of 4–7 April 2010.
Representative flux profiles are presented in Figure 10. Be-
fore this storm, the outer belt forms after 2 April 2010 with
its peak around L = 5.2 (Figure 4). The flux at L = 4 is in the
background level after 26 March 2010. Figure 10a shows the
outer belt profile (at 01:04 UT) before this storm. At 12:55
UT on 5 April 2010, a new outer belt exists in the region of
L = 2.8–4.5. Although the outer belt is slightly depressed at
15:18 UT, the outer belt becomes firm after 17:41 UT. The
flux in the outer part of the outer belt is in the background
level until the end of 6 April 2010.
Figure 10g presents the flux of trapped >300 keVelectrons

observed by the NOAA-POES satellites for the 24 h period
on 5 April 2010. The interplanetary shock produces a large
SSC (see SYM-H in Figure 9c) at 08:25 UT, and a large
substorm starts at 08:56 UT (see AL in Figure 9d). The
difference between these two timings can be identified def-
initely in the ground magnetic field data. There is a sudden
increase in the flux of >300 keV electrons near 09:00 UT (a
30 min delay relative to the SSC event is evident), and the
flux level continues to be high. The flux of >30 keVelectrons
also shows an increase at 09:00 UT (not shown here). Figure
10h shows the H component of the magnetic field at GOES
11 (135°W, its local midnight is 09 UT). TheH component of

Figure 7. (a) The >2.5 MeVelectron flux values at L = 4.2 observed
by Akebono/RDM for the period of 28–31 May 2010. (b) The
>2.5 MeV electron flux values at L = 5.5. (c) Geomagnetic index
SYM-H (1 min Dst). (d) AL index (1 min values).

Figure 8. (a) The >2.5 MeV electron flux values at L = 4 observed
by Akebono/RDM for the period of 1–4 May 2010. (b) The
>2.5 MeV electron flux values at L = 5.5. (c) Geomagnetic index
SYM-H (1 min Dst). (d) AL index (1 min values).
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the magnetic field shows a large (unusual) overshooting of a
dipolarization in the magnetic field for the 08:56 UT sub-
storm. Hence, it is likely that the new outer belt observed by
Akebono forms near 09:00 UT in association with the
>300 keVelectron flux increase at NOAA altitudes, although
there is a data gap in the Akebono observations. The inter-
planetary shock produces another SSC at 17:45 UT. There is
no evident change in the electron flux in the outer belt for this
(the observations are made at 17:41 and 20:06 UT by Ake-
bono, as seen in Figure 9).

2.4. Summary of Observations

We have examined the four storms in 2010 here. In the
three storms in May and August, >2.5 MeV electron flux
increases with an order of magnitude in the core part of the
outer belt near L = 4 during the Dst minimum, and the time
scale of the flux increase is less than a few hours. A large
storm time substorm can be found in association with the flux
increase. For the 5–6 April 2010 storm, the outer belt is
probably reformed near L = 4 in association with the unusu-
ally large dipolarization caused by the large substorm. In
these events, the outer part (L > 5.5) of the outer belt forms
rather gradually in the recovery phase of storms. Hence,
although the whole outer belt forms with a time scale of a
day or more, the core part of the outer belt forms near L = 4
rapidly. Any significant changes in interplanetary conditions

Figure 10. (a)–(e) Selected L profiles of >2.5 MeV electron flux
observed by Akebono/RDM on 5 April 2010. The observation time
at L = 4 is presented in each plot. Profiles presented by points are
those obtained in the previous paths. (f ) Geomagnetic index SYM-H
on 5 April 2010. The Akebono observation times for Figures 10a–
10e are indicated by vertical lines. (g) The flux of trapped >300 keV
electrons observed by the NOAA-POES (NOAA 15, 16, 17, 18, 19,
and METOP 02) satellites on 5 April 2010. (h) The H (northward)
component of the magnetic field from GOES 11 (its local midnight
is 09 UT) at geosynchronous orbit on 5 April 2010.

Figure 9. (a) The >2.5 MeV electron flux values at L = 4 observed
by Akebono/RDM for the period of 4–7 April 2010. (b) The
>2.5 MeV electron flux values at L = 5.5. (c) Geomagnetic index
SYM-H (1 min Dst). (d) AL index (1 min values).
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are not observed during the rapid rebuilding of the core part
of the outer belt.

3. SIMULATION OF THE 3–4 SEPTEMBER
2008 STORM

Glocer et al. [2011] have made simulations of the rapid
rebuilding process in the outer belt with the Radiation
Belt Environment (RBE) model coupled with the Block-
Adaptive-Tree Solar wind Roe-type Upwind Scheme
(BATS-R-US) model [see also Fok et al., 2011]. The main
target of the simulations is to test whether or not MeV
electrons can be transported and energized into the core part
of the outer belt in the appropriate conditions. Details of this
model are given in the work of Glocer et al. [2009, 2011].
The electron dynamics in the radiation belt is derived from
the RBE model [Fok et al., 2011], in which the bounce-
averaged Boltzmann equation is solved under the given
electric and magnetic field models with and without wave-
particle interaction. The NASA AE8MAX model is used as
the initial electron distribution. Although two events (on 4
September 2008 and 22 July 2009) are studied in the work of
Glocer et al. [2011], the model results for the 4 September
2008 event are presented here.
Figure 11 shows variations of the outer belt in the 48 h

period starting at 12:00 UT on 3 September 2008. The outer
belt with its center at L = 4.8 exits at 15:10 UT on 3
September 2008, prior to SSC of this storm at 15:42 UT
(Figures 11f and 11h). The outer belt is basically unchanged
at least until 17:31 UT. Dst develops after 00:00 UT on 4
September 2008 (Figure 11f), and the outer belt almost
disappears at 0321 UT near the Dst minimum. A new outer
belt with higher fluxes appears at 05:46 UT (see Figures 11d
and 11g). The peak flux at L = 4.5 is almost unchanged until
the end of 7 September 2008. The flux of trapped >30 keV
electrons at L = 4.5 from the NOAA satellites gradually
increases after 00:00 UT on 4 September 2008 (not shown)
with the development of Dst, and the flux of trapped
>300 keV electrons at L = 4.5 from the NOAA satellites
shows a sudden increase near 04:00 UT [Figure 8 of Glocer
et al., 2011]. Furthermore, GOES 10 (60°W, the local mid-
night is 04 UT) shows a large dipolarization at 04:00 UT
(Figure 11h). For the period of 03:20–05:50 UT on 4 Sep-
tember 2008, any significant change is not observed in the
solar wind dynamic pressure, and no SSC-like variation is
detected on the ground magnetic field data. Hence, a rapid
rebuilding of the outer belt with a time scale of less than 2.5 h
is attributable to the storm time substorm at 04:00 UT in
this event.
Glocer et al. [2011] have run the RBE model under dif-

ferent electric field and magnetic field conditions, with and

Figure 11. (a)–(e) Selected L profiles of >2.5 MeV electron flux
observed by Akebono/RDM on 3–4 September 2008. The observation
time at L = 4 is presented in each plot. Profiles presented by points are
those obtained in the previous paths. (f) Geomagnetic index SYM-H for
the 24 h period starting at 1200 UT on 3 September 2008. The
Akebono observation times for Figures 11a–11e are indicated by
vertical lines. (g) The >2.5MeVelectron flux values at L= 4.5 observed
by Akebono/RDM for the 24 h period starting at 12:00 UT on 3
September 2008. (h) The H (northward) component of the magnetic
field from GOES 10 (its local midnight is 04 UT) at geosynchronous
orbit for the 24 h period starting at 12:00 UT on 3 September 2008.
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without wave-particle interaction model. Figure 12 is adopted
from Figure 6 of Glocer et al. [2011]. In case A, the radiation
belt model is driven by the magnetic field and electric field
model from the global MHD simulation. The global MHD
simulation is run by observed solar wind conditions after 3
September 2008. A large-scale dipolarization in the magnetic
field is reproduced in the simulation, although its magnitude
is smaller than the observed one. No wave-particle interac-
tion model is included in order to test the effect of the
magnetic field changes. Case A can simulate a rapid flux
enhancement with an appropriate time scale near L = 4. In
case B, the Akebono/RDM observations are presented in the
format similar to the model output for comparison. In cases C
and D, the magnetic field model is the time-variable T04
model [Tsyganenko and Sitnov, 2005] according to the solar
wind conditions, so that any significant dipolarization in the
magnetic field is not reproduced. Case C does not include any
wave effect, while case D has chorus-wave particle interac-
tions. Radial diffusion is implicitly included due to magnetic
field changes according to the solar wind conditions. Any

significant flux enhancement within an appropriate time scale
does not take place in the course of these simulations. The
simulation results suggest that the dipolarization in the mag-
netic field is important for the rapid flux increase around L = 4
in the outer belt.

4. DISCUSSION

It can be found in other observations that the outer belt does
not grow uniformly in the region of L = 3–6. Baker et al.
[1994] made a superposed epoch analysis of >400 keV elec-
tron increases for several L values using the SAMPEX data.
Relative to the peak flux at L = 3, the flux at L = 4 reaches its
peak 1 day later, and the flux at L = 5 reaches its peak 3 days
later. The >1 MeV electron flux variations observed by
CRRES during the October 1990 storm were presented [e.g.,
Meredith et al., 2002; Thorne et al., 2007]. It appears that the
core part of the >MeVelectron outer belt formed near the Dst
minimum and that the >MeVelectron flux in the outer part of
the outer belt grew mostly in the recovery phase of the storm.

Figure 12. Color-coded energetic electron fluxes in the L time formats in the simulations by Glocer et al. [2011]. (a) The
result from the radiation belt model driven by the global MHD model without chorus waves. (b) Akebono >2.5 MeV
electron flux observations. The results from the radiation belt model driven by the T04 model (c) without chorus waves and
(d) with chorus waves. From Glocer et al. [2011].
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Since outbound CRRES trajectories did not cross the same L
shell at the same magnetic field value, it is difficult to compare
radial flux profiles quantitatively. Vassiliadis et al. [2002]
examined 2–6 MeV electron flux variations by SAMPEX in
the region of L = 1.1–10 using a linear filtering technique. In
their statistical study, the outer belt at L = 4–8 responses to
solar wind speed rather coherently. They insist that the flux at
L = 3 shows a response to the solar wind density (dynamic
pressure). These analyses are based on the daily averaged data.
The time scale discussed by Vassiliadis et al. [2002] is differ-
ent from that examined in this paper.
The present study shows that the core part (usually near

L = 4) of the outer belt forms within a few hours during theDst
minimum period for several storms. The formation of this part
of the outer belt appears to coincide with an onset of storm
time substorms. In the past, observations of a rapid rebuilding
of the outer belt were rarely reported. Probably, this is be-
cause repeated observations of the outer belt in the same L-B
conditions with a short time scale cannot be made by a single
satellite. Li et al. [1998] reported a rapid enhancement of
>0.2 MeV electrons across L = 4.2–6 observed by three GPS
satellites on 10 January 1997. They attributed the flux in-
creases after 10:30 UT to the solar wind density pulse near
10:55 UT. Fortunately, Akebono made successive observa-
tions of the outer belt (L = 3–7) until 12:00 UT on 10 January
1997. The observed flux profiles were unchanged until
07:43 UT. The >2.5 MeV electron flux at L = 4 at 10:44 UT
became more than 1 order of magnitude higher than that at
07:43 UT on 10 January 1997, and it is evident that the flux
increase near L = 4 started before the solar wind density pulse
at 10:55 UT. GOES 9 near midnight detected a large-scale
dipolarization in the magnetic field after 10:40 UT (see Figure
5 of Li et al. [1998]). Hence, the Akebono observations do not
show that an increase in the MeVelectron flux is caused by the
solar wind density pulse. In the events examined in the present
study, any changes in the solar wind dynamic pressure do not
produce any significant effects in the electron flux. It is likely
that only exceptionally large interplanetary shocks (e.g., the 24
March 1991 event) can produce injection of energetic elec-
trons [e.g., Blake et al., 1992].
In the present study, we have examined the flux variations in

the >2.5 MeVelectrons in the outer belt by the Akebono/RDM
observations for the four storms in 2010 with other relevant
observations. The simulation studies by Glocer et al. [2011]
have been examined. The present study suggests a scenario
that the rebuilding of the outer belt has two steps for these
storms. The outer belt can disappear in the early phase of
storms. The core part of the outer belt (around L = 4) forms
near theDstminimum. It is likely associated with a large-scale
dipolarization in the magnetic field caused by a storm time
substorm. Electrons are transported with an intense electric

field. It can be assumed that only low-energy (>30 keV)
electrons are injected in the course of Dst development, and
then, these electrons are accelerated to MeV electrons. In the
5–6 April 2010 storm, >30 and >300 keV electrons increase
simultaneously at L = 4, suggesting that both >30 keV elec-
trons and >300 keV electrons are transported in the same
process. This rebuilding can be attributable only to radial
transport of electrons by the intense electric field. No wave-
particle interaction is needed for this process. However,
Omura et al. [2007] have proposed a possibility of very rapid
electron acceleration with wave-particle interaction. It is not
known that the process proposed by Omura et al. [2007] can
work in the highly variable conditions like the 5–6 April 2010
storm. During the recovery phase of storms, the outer part of
the outer belt (mostly beyond L = 5) forms rather gradually in
the course of continuous substorm activity. The wave-particle
interaction may play a central role in this process, as proposed
by many past studies [see Thorne, 2010]. There are some
modeling studies on the substorm effect of the outer belt
electron flux [e.g., Kim et al., 2000; Fok et al., 2001]. They
show that electrons, which can produce a part of the outer belt,
are transported by the substorm-associated electric field even
for nonstorm time substorms.

5. CONCLUSIONS

The Akebono observations have shown that >2.5 MeV
electron flux increases in the core part (around L = 4) of the
electron radiation belt with a time scale of less than a few
hours during theDstminimum period for several storms. The
time scale for the rebuilding of the core part of the outer belt
seems to be much shorter than that required by electron
acceleration mechanisms with wave-particle interactions. It
is likely that an intense electric field caused by storm time
substorms transports electrons into the outer belt. The outer
part of the outer belt grows rather gradually in the recovery
phase of storms, indicating that other mechanisms are work-
ing there. There are a number of limitations in the Akebono
observations. Akebono does not provide any continuous
observational data. We have examined flux variations with
adequate timings near the Dst minimum period only for the
limited number of events. The observations are made at low
latitudes, off the equatorial plane, and information on elec-
trons with various energies and their pitch angles are not
obtained. The magnetic field and electric field measurements
in the inner magnetosphere are not fully available. Hence,
various verifications are needed for completing the theory of
the rebuilding of the electron outer belt.

Acknowledgments. This work is supported by the JSPS Grant-
in-Aid for Scientific Research (C) (225404588). The NOAA-POES

186 REBUILDING PROCESS OF OUTER ELECTRON RADIATION BELT



data were obtained from NGDC/NOAA (http://www.ngdc.noaa
.gov). The method for correction of proton contamination was
guided by J. C. Green. The ACE and GOES data were obtained
from the CDAWeb (http://cdaweb.gsfc.nasa.gov). The ground
magnetic field data and geomagnetic indices were provided by the
World Data Center for Geomagnetism, Kyoto. T. N. thanks M.-C.
Fok and Y. Ebihara for the useful comments.

REFERENCES

Baker, D. N., R. L. McPherron, T. E. Cayton, and R. W. Klebesadel
(1990), Linear prediction filter analysis of relativistic electron
properties at 6.6 RE, J. Geophys. Res., 95(A9), 15,133–15,140.

Baker, D. N., J. B. Blake, L. B. Callis, J. R. Cummings, D. Hoves-
tadt, S. Kanekal, B. Klecker, R. A. Mewaldt, and R. D. Zwickl
(1994), Relativistic electron acceleration and decay time scales in
the inner and outer radiation belts: SAMPEX, Geophys. Res.
Lett., 21(6), 409–412.

Blake, J. B., W. A. Kolasinski, R. W. Fillius, and E. G. Mullen
(1992), Injection of electrons and protons with energies of tens of
MeV into L < 3 on 24 March 1991, Geophys. Res. Lett., 19(8),
821–824.

Fok, M.-C., T. E. Moore, and W. N. Spjeldvik (2001), Rapid
enhancement of radiation belt electron fluxes due to substorm
dipolarization of the geomagnetic field, J. Geophys. Res.,
106(A3), 3873–3881.

Fok, M.-C., A. Glocer, Q. Zheng, R. B. Horne, N. P. Meredith, J. M.
Albert, and T. Nagai (2011), Recent developments in the radia-
tion belt environment model, J. Atmos. Sol. Terr. Phys., 73,
1435–1443, doi:10.1016/j.jastp.2010.09.033.

Glocer, A., G. Tóth, M.-C.Fok, T. Gombosi, and M. Liemohn
(2009), Integration of the radiation belt environment model into
the space weather modeling framework, J. Atmos. Sol. Terr.
Phys., 71, 1653–1663, doi:10.1016/j.jastp.2009.01.003.

Glocer, A., M.-C. Fok, T. Nagai, G. Tóth, T. Guild, and J. Blake
(2011), Rapid rebuilding of the outer radiation belt, J. Geophys.
Res., 116, A09213, doi:10.1029/2011JA016516.

Horne, R. B., R. M. Thorne, S. A. Glauert, J. M. Albert, N. P.
Meredith, and R. R. Anderson (2005), Timescale for radiation
belt electron acceleration by whistler mode chorus waves,
J. Geophys. Res., 110, A03225, doi:10.1029/2004JA010811.

Kim, H.-J., A. A. Chan, R. A. Wolf, and J. Birn (2000), Can
substorms produce relativistic outer belt electrons?, J. Geophys.
Res., 105(A4), 7721–7735.

Koons, H. C., and D. J. Gorney (1991), A neural network model of
the relativistic electron flux at geosynchronous orbit, J. Geophys.
Res., 96(A4), 5549–5556.

Li, X., D. N. Baker, M. Temerin, T. Cayton, G. D. Reeves, T. Araki,
H. Singer, D. Larson, R. P. Lin, and S. G. Kanekal (1998),
Energetic electron injections into the inner magnetosphere during
the Jan. 10–11, 1997 magnetic storm, Geophys. Res. Lett.,
25(14), 2561–2564.

Meredith, N. P., R. B. Horne, R. H. A. Iles, R. M. Thorne, D.
Heynderickx, and R. R. Anderson (2002), Outer zone relativistic
electron acceleration associated with substorm-enhanced whistler
mode chorus, J. Geophys. Res., 107(A7), 1144, doi:10.1029/
2001JA900146.

Nagai, T. (1982a), Local time dependence of electron flux changes
during substorms derived from multi-satellite observation at syn-
chronous orbit, J. Geophys. Res., 87(A5), 3456–3468.

Nagai, T. (1982b), Observed magnetic substorm signatures at syn-
chronous altitude, J. Geophys. Res., 87(A6), 4405–4417.

Nagai, T. (1988), “Space weather forecast”: Prediction of relativistic
electron intensity at synchronous orbit, Geophys. Res. Lett.,
15(5), 425–428.

Nagai, T., A. S. Yukimatu, A. Matsuoka, K. T. Asai, J. C. Green,
T. G. Onsager, and H. J. Singer (2006), Timescales of relativistic
electron enhancements in the slot region, J. Geophys. Res., 111,
A11205, doi:10.1029/2006JA011837.

Omura, Y., N. Furuya, and D. Summers (2007), Relativistic turning
acceleration of resonant electrons by coherent whistler mode
waves in a dipole magnetic field, J. Geophys. Res., 112,
A06236, doi:10.1029/2006JA012243.

Paulikas, G. A., and J. B. Blake (1979), Effects of the solar wind on
magnetospheric dynamics: Energetic electrons at the synchronous
orbit, in Quantitative Modeling of Magnetospheric Processes,
Geophys. Monogr. Ser., vol. 21, edited by W. P. Olson, pp. 180–
202, AGU, Washington, D. C., doi:10.1029/GM021p0180.

Takagi, S., T. Nakamura, T. Kohno, N. Shiono, and F. Makino
(1993), Observations of space radiation environment with
EXOS-D, IEEE Trans. Nucl. Sci., 40, 1491–1497.

Thorne, R. M. (2010), Radiation belt dynamics: The importance of
wave-particle interactions, Geophys. Res. Lett., 37, L22107,
doi:10.1029/2010GL044990.

Thorne, R. M., Y. Y. Shprits, N. P. Meredith, R. B. Horne, W. Li, and
L. R. Lyons (2007), Refilling of the slot region between the inner
and outer electron radiation belts during geomagnetic storms,
J. Geophys. Res., 112, A06203, doi:10.1029/2006JA012176.

Tsuruda, K., and H. Oya (1991), Introduction to the EXOS-D
(Akebono) Project, Geophys. Res. Lett., 18(2), 293–295.

Tsyganenko, N. A., and M. I. Sitnov (2005), Modeling the dynamics
of the inner magnetosphere during strong geomagnetic storms,
J. Geophys. Res., 110, A03208, doi:10.1029/2004JA010798.

Vassiliadis, D., A. J. Klimas, S. G. Kanekal, D. N. Baker, and R. S.
Weigel (2002), Long-term-average, solar cycle, and seasonal re-
sponse of magnetospheric energetic electrons to the solar wind speed,
J. Geophys. Res., 107(A11), 1383, doi:10.1029/2001JA000506.

Williams, D. J., J. F. Arens, and L. J. Lanzerotti (1968), Observa-
tions of trapped electrons at low and high altitudes, J. Geophys.
Res., 73(17), 5673–5696.

T. Nagai, Department of Earth and Planetary Sciences, Tokyo
Institute of Technology, Tokyo152-8551, Japan. (nagai@geo.
titech.ac.jp)

NAGAI 187



The Shock Injection of 24 March 1991: Another Look

J. B. Blake

Space Science Department, The Aerospace Corporation, Los Angeles, California, USA

A strong shock that arrived at Earth on 24 March 1991 created a new radiation
belt in the slot region consisting of energetic protons and relativistic electrons. The
data from the CRRES satellite allowed for a prompt theoretical explanation of the
injection event. Some CRRES observational details of the first minutes of the prompt
injection were not published. This chapter presents some of these details in the hope
that they might prove useful in the analysis of data from the Radiation Belt Storm
Probes mission.

1. INTRODUCTION

The realization that the shock that arrived at Earth early on
24 March 1991 had created a new radiation belt in the slot
region consisting of protons and electrons with energies of
tens of MeV came as a big surprise. It engendered a renewed
interest in radiation belt science that has persisted to the
present day. One might argue that this injection event had a
significant role in leading to the upcoming NASA Radiation
Belt Storm Probe (RBSP) mission.
In space science, as in many aspects of life, reference often

is made to Murphy’s law: if something can go wrong, it will.
However, in the case of the CRRES observations of the
shock injection event, extraordinary good luck placed
CRRES in just the right spot at just the right time. CRRES
had entered the slot inbound, in the postmidnight sector
when the shock struck. The probability of being so well
placed was extremely small.
Furthermore, CRRES carried a Cherenkov counter, an

instrument rarely used in radiation belt studies and one very
well suited to measuring relativistic electrons. CRRES was
able to observe multiple passages of longitudinally bunched
drifting electrons and protons as the spacecraft proceeded
through the slot. The Earth’s magnetic field acted as a giant
magnetic spectrometer, enabling the instruments to provide

information that would not have otherwise been revealed.
This information enabled Li et al. [1993] to quickly model
the physics and explain how the injection process worked.
A short description of the CRRES observations was pub-

lished [Blake, 1992; Blake et al., 1992] that was used by Li et
al. [1993] in their model. Perhaps because of their success in
modeling the injection event, some of the details of the
CRRES observations were not published. However, in look-
ing forward to the RBSP mission, it is interesting to examine
the CRRES observations in light of what might be observed
with the capable complement of instruments aboard RBSP if
a similar injection event should occur during the mission.
The discussion in this chapter is confined mainly to the

inbound pass of CRRES from just prior to the first detection
of newly injected particles until CRRES passed below the
stable trapping region. During this time interval, the injected
particles were periodic visitors to the position of CRRES
without other widespread disturbances.

2. OBSERVATIONS

Some of the salient features of the Cherenkov counter
aboard CRRES are important in the interpretation of the
observations. The CRRES Cherenkov counter was fabricated
using spare parts from the University of California at San
Diego (UCSD) investigation aboard Pioneer 10 and Pioneer
11 missions to Jupiter and beyond [Fillius and McIlwain,
1974]. The counter itself was a glass cylinder containing
water and methanol (index of refraction of 1.33), which was
viewed end on. The three discriminator thresholds provided
three integral electron channels of E > 6 MeV, E > 9 MeV,
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and E > 13 MeV (protons require more than 485 MeV to be
detected). The angular response of the sensor was 120°, 90°,
and 65° full width for the three channels.
The injection event, as seen in three channels of the Che-

renkov counter, is shown in Figure 1 as CRRES traversed the
slot, then the inner zone with its CRAND protons, and finally
went below the trapping region. The relativistic electrons
first appeared when CRRES was at ~L = 2.54, and by L =
2, no further response due to newly injected particles could
be seen. CRRES was near the geomagnetic equator at this
time; the dipole latitude was around �10°.
The multiple peaks at a fixed spacing immediately sug-

gested drift echoes, but the shape of the peaks and the very
similar shape for all channels seemed strange. All three-
channel count rates ramp up together and then turn over at
the same time, falling more rapidly. The crucial realization
was that the simultaneous turnover meant that all of the
electrons in the echoes had energies above 13 MeV! Other-
wise, the count rate of the >13 MeV channel would turn over
first, while the two lower-energy channels would continue to
rise as slower-drifting, lower-energy electrons reached
CRRES. The simultaneous rollover in all three channels
means there were no electrons drifting more slowly than
13 MeVelectrons and, thus, no electrons with energies below
13 MeV. One can think of the magnetosphere as acting here
as a giant drift-frequency spectrometer.
This conclusion, although straightforward, seemed hard to

believe based upon previous radiation belt measurements of

energetic electrons. It seemed prudent to examine the data
further. Fillius and McIlwain [1974] give geometric factors for
the three Cherenkov counter channels, which were used with
the count rates displayed in Figure 1 to create a similar time
history using electron flux rather than count rate. The results
are shown in Figure 2. It is satisfying to see that the time
histories of the three channels lie on top of one another. The
>13 MeV channel observed the same electron flux as the
>6 MeV channel because there were no injected electrons
between 6 and 13 MeV. The substantially larger pitch angle
modulation seen in the >13 MeV channel simply is due to its
substantially more narrow angular response. The spin modula-
tion indicates that the newly injected electrons are highly
peaked at a local pitch angle of 90°. The steep pitch angle
distributions will be discussed further using measurements of
newly injected protons. (The spin period of CRRES was
approximately 2 rpm.)
A third approach to energy determination is shown in

Figure 3, from which the drift frequency is estimated by
timing the return of the first echo at the maximum energy
where the Cherenkov counter has a detectable response, and
the time of the count rate rollover, which will be the mini-
mum energy. These frequencies correspond to 31 and
15 MeV, respectively. This estimate of the minimum energy
in the injection of 15MeV is (just) above the minimum energy
estimated by the rollover in the count rates, as expected. The
energy spectrum can be seen to be nicely exponential; the

Figure 1. Time history of the count rate in the three Cherenkov
counter channels plotted from prior to the first arrival of injected
electrons until CRRES moved below the radiation belts. The L value
of the s/c is plotted at the top of the plot. The count rate profiles of the
three channels in each echo are alike, with the rollover at the peak
intensity in a given echo occurring at the same time.

Figure 2. Count rates from the three Cherenkov channels converted
to electron flux using the geometric factors given by Fillius and
McIlwain [1974] and plotted on an expanded scale. All channels
give the same value for the integral flux, revealing that there are no
electrons greater than 6 MeV but less than 13 MeV. Large pitch
angle modulation is seen in the >13 MeV channel only because the
other two channels have a broad angular response.
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rising count rate is a straight line on the semilog plot (Fig-
ure 3) of intensity versus time. Conversion of this time
history to the energy dependence of the drift frequency gives
an e-fold energy of 2.2 MeV.
Up to this point, the discussion has been confined to the

highly relativistic electrons. However, protons were also
injected into a new radiation belt. The PROTEL instruments
aboard CRRES measured protons from 1 to 100 MeV [Violet
et al., 1993]. Figure 4 shows proton drift echoes as seen by
PROTEL at 26.3 MeValong with the >13MeV channel from
the Cherenkov counter. The proton sensors had a relatively
narrow field of view so it is necessary to select an energy
channel such that PROTEL was viewing normal to the mag-
netic field at the return of each echo. The proton timing is
clearer because, instead of being integral channels, they are
quite narrow differential channels.
The proton injection also was modeled, by Hudson et al.

[1995], based upon the same model of Li et al. [1993] but
using a different source population for the protons.
The angular distribution of the newly injected particles can

be seen much more clearly after the particles have spread out
around the Earth over many drifts. Figure 5 shows the local
pitch angle distribution of three differential proton channels
over two CRRES spins. These data were taken approximately
1.4 h after the shock injection. CRRES had passed perigee
and was outbound through the new radiation belt region. The
newly injected protons are extremely sharply peaked in local
pitch angle.

The injection disturbance was seen by GEO spacecraft and
ground-based measurements. These non-CRRES data have
been discussed in detail by Araki et al. [1997]. Figure 6
shows just two of these other timing markers: one from the
Japanese METSAT GMS-4, and one of the 210 Meridian

Figure 3. The drift frequency of the newly injected electrons can be
estimated by timing returning echoes. Because the Cherenkov
counter makes integral measurements, the timing is done by mea-
suring the interval between onset-to-onset (the highest electron
energy) and the interval between rollover-to-rollover (the lowest
electron energy).

Figure 4. Time history of newly injected protons of 26.3 MeV plotted
with that of the >13 MeV electrons. The differential energy channels
and narrow angular response of the proton detector result in very sharp
echoes. The 26.3 MeV channel was selected because, at that energy,
the echo returned when the instrument was again viewing normal to the
magnetic field. The shift in time between the flux maxima in the two
channels is due to the fact that the instruments were not coaligned on
the CRRES satellite. The time that the shock was observed near noon,
at GEO (GMS-4), and on the ground (210 Mag Chain) is shown also.

Figure 5. Pitch-angle distribution of energetic protons plotted at
1.4 hours after the shock injection, showing the strong peaking
around 90° local pitch angle.
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magnetometer stations. GMS-4 was just postnoon, and the
magnetometer station was at noon.
Li et al. [1993] and Blake et al. [1992] suggested that the

magnetic pulse started propagating from the magnetopause
midafternoon based upon the electron timing. Therefore,
both electrons drifting eastward and protons drifting west-
ward had to travel approximately 180° to reach CRRES.
Figure 4 shows that the 26.3 MeV proton pulse arrived first,
as expected for the injection position and relevant drift
frequencies.
This analysis says that all of the injected electrons have

energies above 13 MeV and that there are no electrons
between 6 and 13MeV. But what was the electron population
at much lower energies? We know that the slot usually
contains large electron fluxes at energies below 1 MeV.
CRRES also carried the UCSD Scatter Counter from their
Pioneer 10 and Pioneer 11 complement. This sensor had
three integral electron channels: >160, >255, and >460 keV.
Figure 6 shows data from the scatter counter. The slot region
is seen to contain the expected large electron fluxes with a
steep energy spectrum. The newly injected relativistic elec-
trons create background events in the scatter counter, a large
number in the >460 keV channel, but a relatively modest
number in the two lower-energy channels because the elec-
tron fluxes in those channels was so high. The lower-energy

channels show smooth pitch angle modulation and a rising
intensity as CRRES moved to lower L. Clearly, the typical
slot electron population in the postmidnight sector has not
yet been modified by the shock.

3. DISCUSSION

The chance location of CRRES at the time of the shock
arrival, indeed, provided unique information, while other
assets also gave valuable information [Araki et al., 1997].
Sadly, there was no solar wind monitor to provide an obser-
vational understanding of the conditions in the solar wind,
which must have been highly unusual.
Looking to the RBSP and what dramatic events might be

observed during the mission, one wonders how unusual the
event of 24 March 1991 might be. Was this event the space
version of a 100 year storm? Has anything even roughly
similar ever been seen? McIlwain [1963] published a paper
giving results from Explorer 15. In this paper, he presents plots
of constant intensity in magnetic-dipole coordinates for pro-
tons from 40 to 110 MeV. In addition to an intensity peak at L
= 1.5, there is a second one at L = 2.2. This second peak does
not fit current models of the Earth’s radiation belts, but based
upon the CRRES event, one could imagine that sometime in
the year or so before the Explorer 15 observations, a similar
shock event created a new electron and proton radiation belt.
The relativistic electron situation was confused by the Starfish
high-altitude nuclear test that injected fission electrons into the
magnetosphere that proved to have long lifetimes.

Acknowledgments. The author is indebted to many colleagues
for countless discussions over the last two decades about this
marvelous geophysical event. Hopefully, we will share a similar
situation in the near future using RBSP. This work was supported
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Outer Radiation Belt Flux Dropouts: Current Understanding
and Unresolved Questions

D. L. Turner,1 S. K. Morley,2 Y. Miyoshi,3 B. Ni,4 and C.-L. Huang5

One of the most drastic events that occur in the Earth’s outer radiation belt is the
sudden depletion of relativistic electron flux, known as a flux dropout. Dropouts are
characterized by electron fluxes dropping by up to several orders of magnitude over
a broad range of energies, L shells, and equatorial pitch angles in only a few hours.
Here we provide a review of the historical understanding of these events and the
most recent research that has shed light on their true nature. Originally thought to be
the result of entirely reversible, adiabatic effects, it is now understood from multi-
spacecraft analysis that, in addition to adiabatic variations, dropouts also include a
significant amount of true loss of electrons from the system. We provide brief
discussions of the current theories explaining true loss during dropouts including
loss to the atmosphere due to wave-particle interactions or current sheet scattering,
loss by magnetopause shadowing and/or enhanced outward radial transport, and
sudden local deceleration due to nonlinear wave-particle interactions. With a
detailed review of the most recent studies, we discuss evidence in favor of each
of these theories and detail some of the outstanding questions concerning flux
dropouts. We finish with a brief discussion of the importance of multispacecraft
observations, providing pitch angle–resolved differential energy flux and magnetic
field observations from both the equatorial region and low-Earth orbit, for addres-
sing those outstanding questions.

1. INTRODUCTION

Van Allen and Frank [1959] and Vernov and Chudakov
[1960] independently reported the first in situ observations of
relativistic electrons trapped in near-Earth space by the geo-
magnetic field. Since those preliminary observations, much
attention has been devoted to understanding the electron
radiation belts, which consist of an inner zone between
~1.5 and ~2 Earth radii (RE) and an outer zone between ~3
and ~7 RE around the Earth in the equatorial plane and
extending in latitude along magnetic field lines to the Earth’s
atmosphere (~100 km altitude). Relative to the outer electron
radiation belt, the inner belt is stable, with boundaries and
intensities changing drastically only over periods of several
years or during intense geomagnetic activity [e.g., Williams
and Smith, 1965; Pfitzer and Winkler, 1968]. The outer
electron belt, however, is highly dynamic, with flux intensi-
ties changing by orders of magnitude and boundaries shifting
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by thousands of kilometers (in the equatorial plane) over a
variety of timescales, from minutes to years (see reviews by
Friedel et al. [2002] and Shprits et al. [2008a, 2008b]).
Understanding what drives these drastic variations is of
increasing societal importance since the relativistic electrons
that make up the outer belt pose a threat to both astronauts
and spacecraft [e.g., Baker et al., 2002].
One of the most drastic and sudden variations in the outer

radiation belt electron population is the rapid depletion of
flux by one or more orders of magnitude over a broad range
of energy (i.e., tens of keV up to several MeV) and L shells
(often L > ~4) in only a few hours. These events are known as
flux dropouts. Dropouts are often associated with the main
phase of geomagnetic storms, though they can occur inde-
pendent of storm activity as well [e.g.,Morley et al., 2010b].
Different criteria have been used to identify flux dropouts in
various data sets, many of which are specific to certain orbits
or storm time conditions. Here we propose a more general
definition of outer belt flux dropout: an event in which the
flux of trapped electrons decreases by at least a factor of 50
(or by less than 50� if the flux level drops from some
significant level to the instrumental background/noise level)
as measured at approximately the same L shell, equatorial
pitch angle, and magnetic local time (MLT) by the same
spacecraft in a period less than or equal to 24 h. This defini-
tion is independent of observational location, since it
just as easily applies to a spacecraft in a low-altitude, high-
inclination low-Earth orbit (LEO) as it does to one in a very
high altitude, near-equatorial geosynchronous Earth orbit
(GEO). For spacecraft that only provide omnidirectional flux
observations, where the equatorial pitch angle is not resolved,
an equivalent pitch angle can be assumed (based on some
knowledge of the instrument functionality), or the observed
fluxes can be coupled to a model pitch angle distribution.
This definition is also independent of the mechanism respon-
sible for the dropout, i.e., adiabatic flux modulation or non-
adiabatic electron loss from the system (see below). The
timescale of 24 h is longer than most dropout observations,
which normally occur in only a few hours [e.g.,Morley et al.,
2010b]; however, 24 h provides sufficient time for a space-
craft to make two observations from approximately the same
L shell, equatorial pitch angle, and MLT. The factor of 50
(i.e., 98% reduction of the original flux) is arbitrary, though it
is in the range for dropouts observed in previous studies [e.g.,
Kim and Chan, 1997; Ohtani et al., 2009; Morley et al.,
2010b]. Also, being general, it is straightforward to apply to
a systematic, data-mining search in a variety of electron flux
data sets and can be further refined based on the requirements
of a specific study. We note, however, that this definition will
not capture all rapid loss events, but is instead a simple
mechanistic way to identify clear dropout events.

Here we focus entirely on flux dropout events with a
review of recent progress in understanding this important
outer radiation belt phenomenon. For a more general review
of outer belt loss processes, see the work of Millan and
Thorne [2007]. This paper is laid out as follows. First, we
provide a brief background and discussion of the historical
understanding of dropout events. Next, we review the works
that have drawn conclusions on one or more of the mechan-
isms thought to result in true loss during dropouts: loss to the
atmosphere, loss due to magnetopause shadowing and/or
enhanced outward radial transport, and sudden local decel-
eration. We finish with a summary of the current understand-
ing, outstanding questions, the critical importance of
multipoint observations, and some suggestions for future
research.

2. HISTORICAL UNDERSTANDING

To understand the dynamics of the Earth’s radiation belt
particles, and in particular the previous and current work on
outer belt dropouts, it is first important to describe the three
characteristic, periodic motions that result in trapping and the
corresponding adiabatic invariants associated with each (for
more detailed explanations, see the works of Northrop and
Teller [1960], Roederer [1970], and Schulz and Lanzerotti
[1974]). A charged particle moving through the Earth’s qua-
sidipolar, inner magnetosphere undergoes three periodic mo-
tions resulting from the field geometry: gyromotion, i.e.,
spiraling around field lines, bounce motion along field lines
between mirror points, and drift motion perpendicular to
field lines around the Earth. Associated with the gyromotion,
the first adiabatic invariant, M, is the relativistic magnetic
moment of the particle:

M ¼ ðpsin ðαÞÞ2
2m0B

¼ EkðEk þ 2m0c2Þsin 2ðαÞ
2m0c2B

; ð1Þ

where p is the relativistic momentum, α is the local pitch
angle, m0 is particle rest mass, and B is the local magnetic
field strength. The rightmost side of the equation uses the
relativistic momentum-energy relation to show M as a func-
tion of a particle’s kinetic energy, Ek, which is a quantity
measured by energetic particle detectors. M is the first adia-
batic invariant, since it remains constant so long as no
changes to the system, particularly in the form of varying
electric and/or magnetic fields, occur on timescales similar to
or shorter than the particle’s gyroperiod or length scales
similar to or smaller than the gyroradius [e.g., Sergeev and
Tsyganenko, 1982]. The second invariant, associated with
the bounce motion, can be expressed as the path integral of
parallel momentum between mirror points, and it remains
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conserved so long as the system does not change faster than
the bounce period. To decouple the first and second invar-
iants, it is most useful to work with the following form of the
second invariant, K:

K ¼ ∮pjjds
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2m0M

p ¼ ∫
S′m

Sm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bm − BðsÞ

p
ds ¼ I

ffiffiffiffiffiffi
Bm

p
; ð2Þ

where Bm is the field strength at the mirror points (Sm and
Sm′), and B(s) is the field strength as a function of distance
along a field line, and I is another commonly used form of the
second invariant. Finally, the third invariant, Φ, is defined as
the magnetic flux enclosed by a drift shell, though a more
useful quantity is L*, a dimensionless quantity that is in-
versely proportional to the third invariant (and thus, also an
invariant quantity for a given planetary dipole moment). L*
approximately defines the equatorial crossing point of the
drift shell in RE from the center of the Earth if the field were
to relax to a dipolar configuration [Roederer, 1970]:

L� ¼ 2πμE

ΦRE
; ð3Þ

where μE is the dipole moment of the Earth’s magnetic field.
If the system changes slower than the drift period, then any
variations that occur are considered fully adiabatic and are
reversible.
Flux dropouts were first thought to occur due to purely

adiabatic, reversible effects, as theorized by Dessler and
Karplus [1961]. McIlwain [1966] presented the first obser-
vational evidence in support of this adiabatic response theory
to explain the drastic flux dropouts observed in the outer
radiation belt. The concept is that during the main phase of a
geomagnetic storm, the ring current becomes enhanced, re-
sulting in a decrease in the total magnetic field strength
within it, since the induced field is opposite to that of the
Earth. In response to this weaker field, the drift shells of
radiation belt particles expand to conserve the third adiabatic
invariant. As their drift shells expand away from the Earth
into regions of weaker field strength, particles lose energy to
conserve their first adiabatic invariant, and since there are
exponentially fewer particles at higher energies, the flux of
particles observed by a spacecraft over some fixed energy
range should drop precipitously during such an event. After-
ward, during the recovery phase of a storm when the ring
current relaxes to prestorm levels, the drift shells compress
inward again, reversing the process and returning observed
fluxes to their prestorm level.
Adiabatic effects can also explain some dropout observa-

tions at LEO. Tu and Li [2011] showed how adiabatic effects
at low altitude are not analogous to those closer to the

magnetic equator for the range of L shells spanning the
radiation belts. At low altitudes, mirror points move up
(i.e., away from the Earth) along field lines in response to
the drift shell expansion that occurs during storm main
phase. This occurs to conserve the second adiabatic invari-
ant; basically, since the field lines become longer for a drift
shell of larger circumference, mirror points move closer
together to conserve the path integral of parallel momentum
between the mirror points. For a satellite at LEO, this motion
of the mirror points brings the spacecraft closer to or fully
into the drift and/or bounce loss cones, resulting in a signif-
icant reduction of particle flux.
To accurately determine the cause of observed dynamics, it

is important to study the electron phase space density (PSD)
as a function of the three adiabatic invariants, invoking
Liouville’s theorem that states that PSD should remain con-
stant along any trajectory in phase space in the absence of
external sources or losses. If a dropout was entirely due to
adiabatic effects, then the PSD for fixed invariants should
remain constant during the entire event. Kim and Chan
[1997] used PSD for fixed invariants derived from CRRES
[e.g., Vampola et al., 1992] satellite data and studied a storm
(minimum Dst of �100 nT) on 2–5 November 1993. They
found that while adiabatic effects could account for a signif-
icant percentage of the observed flux variation, nonadiabatic
effects also played an important role. Li et al. [1997] coined
the term “Dst effect” for describing the adiabatic response of
electrons during storm time main phase. In their study, they
used data from Solar, Anomalous, and Magnetospheric Par-
ticle Explorer (SAMPEX) [Baker et al., 1993] in LEO, GPS
[Distel et al., 1999], and Los Alamos geosynchronous
(LANL-GEO) [Reeves et al., 1997] spacecraft during the
same November 1993 event. They found that the flux varia-
tions at lower L shells (L < ~4) result from combined adia-
batic effects and loss to the atmosphere, while the variation at
L ≥ 4 is dominated by true loss, either via precipitation to the
atmosphere or drift loss into the magnetopause (i.e., “mag-
netopause shadowing”). Onsager et al. [2002] examined a
series of dropouts in which the flux of >2 MeV electrons at
GEO did not recover for up to 1 week following the dropout,
while the magnetic field recovered as normal within a couple
of days, indicating that nonadiabatic loss must have occurred
for these events.
To illustrate this, Figure 1 shows a flux dropout observed

by GOES 13 (for details on NOAA-Geostationary Opera-
tional Environment Satellites and instrumentation, see
<http://www.swpc.noaa.gov/Data/goes.html>) at geosyn-
chronous orbit (GEO) on 6 January 2011. Provided that there
are only observations of electron flux and magnetic field
strength with no additional analysis, this flux dropout could
be interpreted as a result of fully adiabatic effects. Storm
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onset occurs around 18:00 UTon 6 January, visible in Figure
1c from the positive enhancement in the Dst index used to
identify geomagnetic storms. Storm main phase begins
around 21:00 UT, when the Dst falls rapidly to <�40 nT in
only a few hours (Figure 1c). During the main phase, note
how the magnetic field strength observed by GOES 13 also
drops by a factor of ~3 (Figure 1b). Also at this time, the
fluxes of energetic electrons observed by GOES 13 drop over
a broad range of energy (tens to hundreds of keV) and pitch
angle (curves for local α ≈ 45° and α ≈ 90° are shown). The
tens to low hundreds of keV electrons are replenished soon
after the main phase due to substorm injections and enhanced
convection from a source in the magnetotail, but the relativ-
istic, 350–600 keV electrons seem to return to prestorm
levels only as the magnetic field strength recovers, just as

Dessler and Karplus [1961] predicted. So based on these
observations alone, one could explain these storm time dy-
namics as having resulted from purely adiabatic dynamics.
However, this assumes that there is an absence of both
sources and losses of relativistic electrons, which is not the
case during storm activity [e.g., Reeves et al., 2003].
When the fluxes from the 6 January 2011 storm are con-

verted to PSD as a function of the three adiabatic invariants,
they reveal a different picture. Turner et al. [2012] studied
this event and used PSD derived from both GOES and Time
History of Events and Macroscale Interactions during Sub-
storms (THEMIS) [Angelopoulos, 2008] spacecraft to show
that the dropout was nonadiabatic: the PSD for fixed invar-
iants, M, K, and L*, decreased by an order of magnitude or
more during the main phase when compared to the prestorm

Figure 1. An example flux dropout event. (a) GOES-13 Magnetosphere Electron Detector (MAGED) electron flux
observations for 50–60 keV (black: αloc = 90°; gray: αloc = 45°), 100–200 keV (blue: αloc = 90°; cyan: αloc = 45°), and
350–600 keV (red: αloc = 90°; magenta: αloc = 45°). (b) GOES-13 magnetic field strength. (c) Hourly Dst index. The
dashed, vertical lines indicate different phases of the storm, as labeled at the top of the plots.
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levels. As shown by this and many other studies reviewed in
this paper, outer radiation belt dropout events most often
include true loss of electrons. Thus, the question remains,
what is the dominant loss process responsible for nonadia-
batic loss during flux dropouts?

3. ATMOSPHERIC LOSS

When radiation belt electrons are able to mirror at altitudes
where collisions with atmospheric particles become likely
(normally below ~100 km altitude) [Kennel, 1969], they are
considered to be in the bounce loss cone since collisions
should result in loss to the atmosphere within one bounce
period. Owing to the offset in the Earth’s magnetic dipole,
particles have easiest access to the bounce loss cone near the
South Atlantic Anomaly (SAA). Quasitrapped particles in a
specific range of pitch angle, such that over the course of one
drift period they are lost to the atmosphere near the SAA, are
said to be in the drift loss cone (see discussion of the bounce
and drift loss cones in the work of Tu et al. [2010]). Selesnick
[2006] used a numerical model to evolve the electron distri-
bution as a function of equatorial pitch angle, longitude, and
time fit to observations of two storm time dropouts at LEO
and found that atmospheric losses due to pitch angle diffu-
sion might be able to deplete the prestorm electron popula-
tion in only ~1 h. Several mechanisms can result in loss of
radiation belt electrons into the Earth’s atmosphere via trans-
port of previously trapped electrons into the drift or bounce
loss cones, including pitch angle diffusion [e.g., Selesnick,
2006; Shprits et al., 2006a; Albert and Shprits, 2009], rapid
(i.e., in a nondiffusive manner on a timescale much less than
the bounce period) scattering by wave-particle interactions
[e.g., Bortnik et al., 2008a, 2008b; Tao et al., 2012], and
current sheet scattering in the near-Earth magnetotail [e.g.,
Sergeev and Tsyganenko, 1982].
Various plasma wave modes have been identified as im-

portant for scattering radiation belt electrons into the atmo-
spheric loss cones. Whistler mode chorus can preferentially
accelerate hundreds of keV to MeVelectrons [e.g., Summers
et al., 1998, 2007a, 2007b; Horne and Thorne, 1998; Sub-
botin et al., 2010; Xiao et al., 2010], and pitch angle scatter,
tens to low hundreds of keVelectrons into the loss cone [e.g.,
Horne et al., 2005]. Horne and Thorne [2003], showed that
at higher latitudes, chorus might also be responsible for
scattering MeV electrons into the loss cone, which they
speculated might result in the MeV microbursts of precipita-
tion observed by SAMPEX. Individual interactions occur in
only milliseconds, though it takes hours to a couple of days
for the effects to systematically modulate the entire electron
population. Electromagnetic ion cyclotron (EMIC) waves
[e.g., Kangas et al., 1986; Anderson et al., 1992; Anderson

and Hamilton, 1993; Summers and Thorne, 2003; Usanova
et al., 2008;McCollough et al., 2010; Ukhorskiy et al., 2010]
have also been identified as a potentially important wave for
rapidly scattering relativistic electrons during main phase
dropouts. EMIC wave growth is strongest in regions with
large density gradients, such as the plasmapause and plasma-
spheric plumes [Kozyra et al., 1984], and they can rapidly
scatter electrons with energy >~500 keV into the loss cones
[Summers and Thorne, 2003; Albert, 2003; Meredith et al.,
2003]. Plasmaspheric hiss [e.g., Bortnik et al., 2008a, 2008b]
is also important for scattering radiation belt electrons and is
thought to be responsible for the slot region between the
inner and outer belts [Lyons and Thorne, 1973]. However,
hiss is not thought to result in dropouts since it only occurs
inside the plasmasphere, which becomes highly compressed
during storm main phase, and scattering times are too slow
[e.g., Meredith et al., 2006; Summers et al., 2007b].
Like the example shown in Figure 2, the SAMPEX space-

craft often observed short-duration (subsecond), high-intensity
“microbursts” of precipitating, relativistic electron flux during
geomagnetic storms [e.g., Lorentzen et al., 2001a, 2001b;
O’Brien et al., 2004]. Lorentzen et al. [2001a, 2001b]
found that these microbursts generally increased in intensity
and moved to lower L shells during the recovery phases of
three storms and that the amount of electrons lost during
the events represented a significant fraction of the total
radiation belt population. O’Brien et al. [2004] expanded
upon the Lorentzen et al. study and found that the microburst
precipitation might be sufficient to empty the prestorm outer

Figure 2. SAMPEX observations of microbursts. The >1 MeV
electron fluxes are shown from a single SAMPEX pass through the
outer belt on 19 October 1998. The 20 ms fluxes indicated in red
were identified as microbursts using an automated algorithm. From
O’Brien et al. [2004, Figure 1].
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radiation belt in approximately 1 day based on globally
extrapolating the SAMPEX observations. They also found
that the flux intensity of microbursts was 10–100 times
stronger during the main phase than during the recovery
phase. The occurrence rates of microbursts are much higher
during storm main and recovery phases (�100 nT < Dst <
�50 nT) in the prenoon MLT sector [O’Brien et al., 2003]
and outside the plasmapause [Johnston and Anderson,
2010], which is consistent with resonant interactions of par-
ticles with whistler mode chorus waves (see statistics of
Meredith et al. [2001], Li et al. [2009]). Lam et al. [2010]
studied NOAA-Polar Orbiting Environmental Satellites
(POES) [Evans and Greer, 2004] precipitating fluxes at LEO
and found that the >30 keV electron precipitation was most
enhanced during periods of substorm activity in the recovery
phase of storms, primarily outside of the plasmapause in the
dawn MLT sector, which is further evidence that these elec-
trons are scattered by chorus waves. Interestingly, chorus
waves are also thought to be a dominant acceleration mech-
anism of relativistic electrons in the outer radiation belt [e.g.,
Chen et al., 2007], and thus, it is necessary to quantify both
the loss due to microbursts and slower pitch angle diffusion
and source due to local acceleration simultaneously to dis-
ambiguate the offsetting effects of each.
Occurrence rates of EMIC waves are higher during geo-

magnetic storms than during quiet times and peak during the
main phase [Erlandson and Ukhorskiy, 2001; Halford et al.,
2010]. Using coincident observations from a NOAA-POES
spacecraft and a ground-based observatory at Athabasca,
Canada, Miyoshi et al. [2008] presented evidence of dual
precipitation loss of tens of keV ions and relativistic electrons
by EMIC waves that resulted in an isolated proton aurora.
Using Antarctic balloon observations of MeV X-rays,Millan
et al. [2002] showed that the MeVevents occurred entirely in
the premidnight and dusk MLT sectors, consistent with rel-
ativistic electrons being lost to the atmosphere due to inter-
actions with EMIC waves. They concluded that scattering by
EMIC waves can serve as a dominant loss mechanism since
~5 � 1025 electrons were calculated to be lost from the outer
belt to the atmosphere over a period of 8 days compared to
~2 � 1025 stably trapped electrons being present over the
same range, as estimated from GPS dosimeters. Meredith et
al. [2003] conducted a statistical study of wave-particle
interactions between EMIC waves and outer belt electrons
using observations from the CRRES spacecraft. They found
that for about 90% of cases, the minimum resonant electron
energy was >2 MeV, and the spatial range for lower energies
to be resonant was limited to between 13:00 and 18:00 MLT
in regions of high plasma density and/or low magnetic field
strength. They calculated drift-averaged scattering lifetimes
for these electrons to be several hours to a day. Ukhorskiy et

al. [2010] showed an event in which the minimum resonant
energy dropped to as low as 400 keV due to significant
EMIC wave power near the helium ion gyrofrequency. They
calculated that these waves could scatter electrons over a
wide range of equatorial pitch angles on timescales of only
seconds, and they discussed statistical results that suggested
the results were not anomalous. Meredith et al. [2003] and
Ukhorskiy et al. [2010] both concluded that rapid loss by
EMIC waves might be a dominant loss mechanism during
the main phases of geomagnetic storms.
Another mechanism that can cause rapid loss of trapped

particles to the atmosphere is current sheet scattering [Ser-
geev and Tsyganenko, 1982]. When the radius of curvature of
the field lines in the stretched magnetotail become compara-
ble to the gyroradius of a trapped particle, μ is no longer
conserved, and the particle’s pitch angle can change such that
it is lost to the atmosphere. Sergeev et al. [1983] reported
observations of isotropic ion precipitation bands on the
nightside, which were consistent with the expected results
of this mechanism. Concerning radiation belt electrons,Millan
et al. [2007] compared indirect observations of precipi-
tating electrons from balloon X-ray instrument to trapped
fluxes observed in situ with GOES and GPS spacecraft during
a flux dropout. They found that the precipitation for electrons
with energy of at least 400 keVoccurred during a magnetotail
field-stretching event and was observed between 19:20 and
22:40 MLT, consistent with electrons drifting into the
stretched field region. They found that even though the loss
cone population represented ~1% of the equatorial flux, the 2–
3 h range in MLTwas sufficient to account for the rate of flux
decrease observed during the dropout. However, Green et al.
[2004] argued that this mechanism should be most effective at
high L shells and cannot explain dropouts observed down to
L* ≈ 4.
Two statistical studies of dropout events have also concluded

that precipitation to the atmosphere is the dominant loss
mechanism. Green et al. [2004] examined 52 events identi-
fied from GOES observations. They performed a superposed
epoch analysis and found that the flux decreases were ob-
served first in the dusk local time sector associated with tail-
stretching periods resulting from a partial ring current. By
examining the innermost location of the magnetopause, they
concluded that this alone could not be responsible for the
dropouts at lower L shells, though additional transport me-
chanisms were not considered (as discussed below). Based
on concurrent observations of enhanced electron flux in the
loss cones from SAMPEX, they concluded that precipitation
to the atmosphere due to wave-particle interactions was
likely the cause of the observed nonadiabatic electron losses,
though they were unable to identify which type of wave was
most likely responsible. Borovsky and Denton [2009] studied
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124 high-speed stream-driven storms over two solar cycles
using 1.1–1.5 MeV flux observations from the LANL-GEO
spacecraft. They found that the onset of relativistic electron
dropouts coincides with the formation of dense plasma-
spheric plumes in the afternoon local time sector. Though
they did not include any observations of precipitation into the
atmosphere, they concluded that the correlation between the
presence of the plumes, which stretch across the outer belt
from the plasmapause to the magnetopause in the afternoon
sector, and the lack of relativistic electrons at GEO suggests
that electron scattering by EMIC waves is the dominant loss
mechanism during dropouts.
Interestingly, when statistics of particle precipitation into the

atmosphere from NOAA-POES spacecraft are examined for
geomagnetic storms, the results do not agree with the conclu-
sions stating that atmospheric loss is the dominant loss mech-
anism during main phase dropouts. This is an interesting
inconsistency, since several of the conflicting results using
SAMPEX data were also statistical studies [e.g., Lorentzen et
al., 2001a, 2001b; O’Brien et al., 2003]; see more on this in
the conclusion. Horne et al. [2009] conducted a study of
NOAA-POES observations of precipitating and trapped elec-
tron populations at LEO during nonhigh-speed stream-driven
storms. They found that the precipitation of >300 keV elec-
trons is strongest during the main phase of storms at all MLT
in both the Northern and Southern Hemispheres, but the
precipitation of >1MeV is strongest during the recovery phase
primarily near the SAA (see Figure 3). They suggested that
wave-particle interactions were able to scatter >300 keV elec-
trons directly into the bounce loss cone, but >1 MeVelectrons
only into the drift loss cone, and the >1 MeVelectron precip-
itation is most enhanced during the recovery phase because it
takes 1–2 days for the MeV electron population to replenish
themselves and be precipitated by EMIC waves. Meredith et
al. [2011] conducted a complementary study using the same
data set for high-speed stream-driven storms, and they also
found that relativistic precipitation was strongest during the
recovery phases of the storms. They stressed that there was no
evidence of enhanced precipitation of relativistic electrons
during the flux dropouts in the main phases of the storms.
Consistent with the work of Horne et al. [2009], the precipita-
tion of relativistic electrons actually decreased during the main
phase compared to that prior to the storm. Recent analysis by
Hendry et al. [this volume] using POES and AARDDVARK
observations also showed that high-speed stream-driven drop-
outs are not a result of energetic electron precipitation; rather,
increased precipitation appears to accompany the recovery of
trapped electron fluxes. These results suggest that though
atmospheric loss is surely important to outer belt flux variabil-
ity, some other process may be the dominant loss mechanism
effective during main phase flux dropouts.

4. LOSS DUE TO OUTWARD RADIAL TRANSPORT

Both the inner and outer boundaries of the radiation belts are
sinks that result in loss of particles from the system. Atmospheric
losses are the sink at the inner boundary, but the magnetopause
ultimately serves as the sink at the outer boundary. If electrons
drifting eastward into the dayside magnetosphere are on an
open drift shell, i.e., L* is undefined, they will encounter the
magnetopause and be lost into the magnetosheath. When this
loss occurs due to the sudden, inward motion of the magneto-
pause in response to increased dynamic pressure in the solar
wind, it is known as magnetopause shadowing. Several studies
have proposed theories explaining flux dropouts of outer belt
electrons via loss through the magnetopause.

Figure 3. NOAA-Polar-Orbiting Environmental Satellites (POES)
(left) trapped and (right) precipitating >1 MeV electron fluxes
during different phases of geomagnetic storms. Color maps show
Southern Hemisphere averaged fluxes binned by magnetic local
time (MLT) and magnetic latitude during (a and e) prestorm, (b and
f) main, and (c and g) recovery phases. (d and h) The same fluxes
averaged over MLT as a function of magnetic latitude for the three
different phases of storms. From Horne et al. [2009, Figure 1].
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Using test-particle simulations in realistic, time-dependent
magnetic fields, Ukhorskiy et al. [2006] showed that diamag-
netic effects from a partial ring current during the main phase
of a storm resulted in nonadiabatic loss of electrons. The
diamagnetic effects from the partial ring current caused elec-
tron drift shells to expand in such a way that electrons
throughout much of the belt (L > 5) encountered the magne-
topause and were lost from the system. They showed that this
process occurred in only a couple of hours after the storm
onset. This timescale, range in L, and independence on
energy are consistent with observed flux dropout character-
istics. Nishimura et al. [2007] also used test-particle simula-
tions including electric field and potential distributions
determined using Akebono observations. They found that
the dawn-dusk electric field was enhanced (up to 6 mV m�1

amplitude) during the main phase of a storm, particularly in
the range 2 < L < 5. From the simulation results, they showed
how this enhanced electric field could result in rapid outward
radial transport and loss of outer belt relativistic electrons
through the magnetopause.
Diffusion theory can also explain how rapid outward radial

transport can result in a flux dropout throughout the outer
radiation belt following magnetopause-shadowing events.

Using a 1-D, radial diffusion model with a Kp-driven diffu-
sion coefficient and a time-dependent outer boundary condi-
tion at L* = 6, Brautigam and Albert [2000] were able to
reproduce a main phase dropout of relativistic electron PSD
throughout the outer belt. Subsequent studies by Miyoshi et
al. [2003, 2006] were also able to successfully reproduce
main phase dropouts of two different storms using a radial
diffusion model with a variable outer boundary condition.
Shprits et al. [2006b] conducted a detailed study of the radial
diffusion model’s success at reproducing dropouts. They
described how a sudden decrease in the PSD at the outer
boundary, which simulates enhanced loss at higher L shells
due to magnetopause shadowing, produces a sharp gradient
in the radial PSD distribution. Since the time rate of change
of PSD due to radial diffusion is dependent on both the
diffusion coefficient and the magnitude of the PSD gradient,
Shprits et al. [2006b] showed how magnetopause shadowing
could drive subsequent outward radial diffusion that effec-
tively reduces the PSD throughout most of the outer radiation
belt (L* > 4) in only a few hours. Figure 4 shows the results
of a simple 1-D radial diffusion simulation with no explicit
source or loss terms. The top two plots show the results when
the distribution is allowed to diffuse for 5 h using the

Figure 4. Phase space density (PSD) distributions generated by solving a simple 1-D radial diffusion equation. The
diffusion coefficients used are those of (a and c) Selesnick and Blake [2000]: DLL = 1e�8 � L*10 (1 day�1) and (b and d)
Brautigam and Albert [2000]: DLL = 10(0.506*Kp�9.325) � L*10 (1 day�1) with Kp = 5.0. To simulate loss due to
magnetopause shadowing, the normalized PSD at 7.5 ≤ L* ≤ 9 is dropped to 0.01 shortly after the model starts running
(10th time step). This shows that enhanced diffusion can indeed occur in response to a magnetopause-shadowing event and
results in a dropout of electrons throughout much of the outer belt in only a few hours.
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Selesnick and Blake [2000] and Brautigam and Albert [2000]
diffusion coefficients, and the bottom two plots show the
results when the PSD at L* ≥ 7.5 is reduced to 1% of the peak
value early in the simulation. This simulates magnetopause
shadowing at higher L shells, and the results show how the
PSD is reduced throughout much of the outer belt (down to L
~4 or 5) in only a few hours using either form of the diffusion
coefficient. It is important to note that, although not all
electrons are lost to the outer boundary due to this mecha-
nism, by diffusing out, away from the Earth into weaker
field, the particles are decelerated due to conservation
of the first and second invariants. Jordanova et al. [2008]
came to a similar conclusion when modeling the 21 October
2001 storm using the kinetic RAM model [Jordanova
and Miyoshi, 2005]; they found that although EMIC wave-
particle interactions were included in their simulation, the
main phase dropout of relativistic electrons at L > 5 was best
explained due to enhanced outward radial diffusion driven
by the PSD decrease observed at higher L.
With these theories introduced, their expected results can

be compared to in situ observations. Morley et al. [2010a]
reported a case in which the GPS constellation observed a
dropout of radiation belt electrons over the range 4 < L* < 6
in only 2 h. The dropout followed after the passage of a
stream interface region, in which high dynamic pressure in
the solar wind moved the subsolar magnetopause to L = 8. In
a follow-up study, Morley et al. [2010b] compiled statistical
results from 67 stream interfaces using GPS observations of
relativistic electron counts at L* > 4. By their nature, stream
interface regions are accompanied by high solar wind pres-
sures that result in magnetopause compression events. At all
L*, Morley et al. [2010b] found that dropouts of 0.4–1.8
orders of magnitude occurred with a median timescale of
~7 h. Of the 67 events examined, only 3 were not associated
with a radiation belt dropout. Based on riometer data, they
concluded that microburst loss to the atmosphere due to
interactions with chorus may play a role, but only several
hours after the dropouts had already occurred. Using inter-
calibrated THEMIS and LANL-GEO flux data, Ni et al.
[2011] analyzed the response of radiation belt electrons to a
sudden solar wind pressure enhancement event and reported
a clear correlation between observed PSD dropouts and the
solar wind pressure pulse, which they attributed to the com-
bination of magnetopause shadowing and outward radial
diffusion. Shprits et al. [2012] examined radiation belt elec-
tron PSD reanalysis results during 200 days in 1990–1991
compiled from CRRES, Akebono, GPS, and LANL-GEO
flux observations. They found that 73% of the 25 flux drop-
outs that occurred during the period were associated with
sudden increases in solar wind dynamic pressure. The re-
maining 27% was split between 15% that were associated

with small or gradual increases in dynamic pressure and 12%
(3 of the 25 dropouts) that occurred during relatively steady
periods. By reconstructing the radial profiles of the outer belt
electron PSD for the entire year for 2002 (solar maximum)
based on a combination of a 1-D radial diffusion model and
data assimilation of six-satellite, sparse observations, Ni et
al. [2012] found 59 electron PSD dropout events. Of these,
81% were associated with solar wind dynamic pressure en-
hancements or pulses. They also identified 41 pressure
pulses, of which 68% were associated with PSD dropouts,
and 49 pressure enhancements, of which 41% were associ-
ated with PSD dropouts. These results indicate that the
suddenness of solar wind dynamic pressure increases is an
important variable in producing dropouts. However, it
should be noted that previous studies [e.g., Kangas et al.,
1986; Anderson and Hamilton, 1993; Usanova et al., 2008;
McCollough et al., 2010] showed that EMIC waves could
also be generated during magnetospheric compressions re-
sulting from high solar wind dynamic pressure, so the rela-
tionship between pressure pulses and dropouts does not only
implicate loss to the magnetopause but may also result in loss
to the atmosphere, especially for high-energy (>500 keV)
electrons.
Using magnetospheric configurations predicted by the

Tsyganenko and Sitnov [2005] model (TS05), C.-L. Huang
et al. (Magnetopause shadowing signature during electron
dropout events, manuscript in preparation, 2012, hereinafter
referred to as Huang et al., manuscript in preparation, 2012)
found that ~80% of geosynchronous flux dropouts are on
open drift paths, a signature of magnetopause shadowing.
The dropout events with magnetopause shadowing signa-
tures displayed faster flux decreases (<6 h to flux minimum)
compared to events without evidence of magnetopause sha-
dowing. They concluded that magnetopause shadowing
could be a major loss mechanism for outer belt electrons,
even for small and moderate storms. Huang et al. (manu-
script in preparation, 201) also explained the local time
dependence of the dropout onsets observed by Onsager et
al. [2002]. Dropouts at GEO were first observed at duskside
MLTs because of the partial ring current effect and particle
drift paths being connected to the magnetopause. Subse-
quently, GEO satellites on the nightside measured dropouts
when the nightside field lines stretched and became open
contours. Finally, measurements at dayside GEO showed
flux depletion after particles experience outward radial trans-
port while still well inside the magnetopause.
Ohtani et al. [2009] also examined flux dropout events at

GEO statistically. They found that the day-night asymmetry
of the geosynchronous H component of the magnetic field
was pronounced during electron loss events, suggesting that
MeV electrons on the nightside are very often on open drift
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paths during dropouts. They concluded that magnetopause
shadowing is a plausible loss process of MeV electrons at
GEO. Matsumura et al. [2011] examined the relationship
between the outer edge of the outer radiation belt, as ob-
served by THEMIS and the magnetopause standoff distance
during electron loss events observed at GEO. They found
that the outer edge of the outer belt moves earthward during
the electron loss events at GEO, and the L* of the outer edge
is correlated to the magnetopause standoff distance. Using
3-D test-particle simulations (GEMSIS-RB) [Saito et al.,
2010], Matsumura et al. [2011] studied this relationship
between the outer edge of the outer belt and the magneto-
pause and concluded that it results from magnetopause
shadowing.
Two recent event studies have also concluded that magneto-

pause shadowing and subsequent rapid outward radial trans-
port is the dominant mechanism for dropouts based on
multisatellite observations. Loto’aniu et al. [2010] used
THEMIS and GOES spacecraft observations and magnetic
field measurements from the CARISMA ground network
during a dropout event associated with magnetopause sha-
dowing. They showed that the dropout was nonadiabatic and
that the ULF wave activity was sufficient to result in diffu-
sion timescales throughout the belt of only a few hours.
Turner et al. [2012] also used GOES and THEMIS spacecraft

observations and a network of ground magnetometers,
though they also included observations of trapped and pre-
cipitating electron fluxes from 6 NOAA-POES spacecraft in
LEO (shown in Figure 5). For the 6 January 2011 flux
dropout, they found that (1) the dropout was nonadiabatic
based on both the GOES and THEMIS observations, (2) the
dropout started immediately after sudden inward motion of
the magnetopause (see Figure 5) and occurred for both ions
and electrons within only a few hours over all pitch angles
and a broad range in L (L > 4), (3) the recovery time was
energy dependent, with electrons at tens to low hundreds of
keV being replenished quickly after the dropout by injections
from the tail and the relativistic population taking around a
day or more to recover, and (4) there was insufficient precip-
itation of relativistic electrons into the atmosphere to explain
the loss. Using NOAA-POES data for other dropouts, they
were able to show that this lack of precipitation, particularly
at higher L shells, is typical. At >800 km POES altitudes,
adiabatic effects from a changing mirror point [Tu and Li,
2011] are negligible and cannot explain the several orders of
magnitude drop in fluxes. Furthermore, using the THEMIS
satellite and ground magnetometer network, they directly
observed the magnetopause motion into around 7.5 RE and
showed that the ULF activity during the subsequent dropout
was globally enhanced over a broad range in L (L > 4) over a

Figure 5. NOAA-POES trapped (left) and precipitating (right) electron flux maps during the 6 January 2011 storm. The
logarithm of integral electron fluxes for (top) >30 keV, (middle) >100 keV, and (bottom) >300 keV are binned by L and
time and shown in color. The white traces indicate the THEMIS-A orbit track, while the green and gray traces are for model
plasmapause L shell and radial distance of the magnetopause, respectively. From Turner et al. [2012, Figure 2].
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range in frequency that would break the relativistic electrons’
third adiabatic invariants and allow for radial diffusion [e.g.,
Mathie and Mann, 2000; Elkington, 2006].

5. ALTERNATIVE EXPLANATIONS
FOR FLUX DROPOUTS

Other than loss either to the atmosphere or the magneto-
pause with outward transport, outer radiation belt electron
loss may also occur via local, nonadiabatic deceleration due
to nonlinear wave-particle interactions with large-amplitude
whistler waves. Albert [2002] derived analytical expressions
for different types of cyclotron-resonant interactions between
outer belt electrons and VLF waves; results showed that
nonlinear phase bunching could lead to localized electron
deceleration. Bortnik et al. [2008a, 2008b] conducted rela-
tivistic test-particle simulations of electrons interacting with
individual chorus elements of fixed amplitudes. They found
that low-amplitude waves at low latitudes symmetrically
scatter electrons in pitch angle and energy, which agrees with
quasilinear diffusion theory. However, when large-amplitude
waves were used in simulations, electrons at low latitudes
consistently experienced decreases in their equatorial pitch
angles and energies, and at high latitudes, a small portion of
the electrons became phase-trapped in the wave and experi-
enced nonlinear acceleration in only ~80 ms, which is on the
same timescale as a typical interaction with a chorus element.
These results are summarized in Figure 6. Large-amplitude
whistler waves have been observed in situ [e.g., Cattell et al.,
2008; Cully et al., 2008] and display fine structure to their
waveforms [e.g., Santolík et al., 2004; Tao et al., 2012]. Tao
et al. [2012] extended the Bortnik et al. [2008a, 2008b] study

to include variable-amplitude waveforms in the test-particle
simulations. They found that the chorus subpackets (i.e.,
waveform) play an important role in the wave-particle inter-
actions, but the effect of the interactions can also result in the
majority of electrons being rapidly decelerated. Hikishima et
al. [2010] showed with self-consistent PIC simulations that
the microbursts of tens of keV of electrons are caused by
chorus waves.
Being a complex system, it is quite possible that for many

flux dropouts, losses occur due to some combination of the
above-mentioned processes, as speculated by Li et al. [1997].
Bortnik et al. [2006] studied a dropout during a large storm
on 20 November 2003 using multiple spacecraft including
SAMPEX, HEO, ACE, POES, and FAST. They concluded
that during the dropout, loss at L > 5 occurred primarily to
the magnetopause and outward radial transport, while at
lower L shells, the loss was primarily to the atmosphere.
Millan et al. [2010] examined observations of precipitating
flux from a NOAA-POES spacecraft and found evidence for
strong precipitation only inside of GEO. They concluded that
loss to the magnetopause could then explain the flux dropout
observed by the GOES spacecraft. Turner et al. [2012]
also presented NOAA-POES precipitation maps during sev-
eral dropout events (see supplementary material), and the
select cases that exhibited any significant precipitation of
>300 keV electrons also revealed that the precipitation was
limited to L < ~5.

6. SUMMARY AND FUTURE WORK

Flux dropouts of outer radiation belt electrons are sudden
(occurring in only a few hours), and drastic depletions of the

Figure 6. Example results from test-particle simulations of electrons interacting with large-amplitude whistler waves. Case
A demonstrates the diffusive nature of interactions with small-amplitude (A) whistlers at low geomagnetic latitude (λ).
Cases B and C show the advective nature of results for interactions with large-amplitude waves at low and high latitudes,
respectively. From Bortnik et al. [2008a, Figure 2].
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population of trapped electrons throughout the outer radia-
tion belt over a broad range of energy (from tens of keV to
several MeV), pitch angle (from equatorially mirroring to
near the bounce loss cone), and L shells (throughout most of
the outer belt at L > ~4). Here we have presented a general
definition for dropout events and have reviewed the recent
literature on potential mechanisms that can result in nonadi-
abatic loss during flux dropouts. Previous work has focused
primarily on the effects of adiabatic variability and nonadi-
abatic loss processes such as precipitation to the atmosphere
and/or loss to the magnetopause and outward radial trans-
port. The relative importance of sudden electron deceleration
by nonlinear wave-particle interactions is still not well quan-
tified or understood.
Both losses to the atmosphere and loss to the outer bound-

ary are seemingly important at different times and locations.
Based on many of the studies reviewed here, precipitation
loss to the atmosphere can consist of a significant percentage
of the trapped population. However, simultaneous, intercali-
brated, pitch angle–resolved observations at the same L shell
from both high altitudes in the equatorial plane and over a
broad range of MLT at LEO are necessary to more accurately
quantify the percentage of the trapped population lost to the
atmosphere during precipitation events. Recent statistical
results [e.g., Horne et al., 2009; Morley et al., 2010b; Mat-
sumura et al., 2011; Meredith et al., 2011; Ni et al., 2012;
Shprits et al., 2012; Huang et al., manuscript in preparation,
2012] indicate that the majority (~70%–80%) of dropouts are
most likely the result of magnetopause shadowing at higher L
shells (beyond GEO for most cases) and subsequent rapid
outward radial transport, as depicted in the cartoon in Fig-
ure 7. Interestingly, sudden loss at higher L shells due to
current sheet scattering and/or ballistic transport due to Sha-
bansky drift orbits on the dayside [e.g., Ukhorskiy et al.,
2011] may also perpetuate rapid outward radial transport
during active conditions. This mechanism of sudden loss at
high L and subsequent rapid outward radial transport can
explain both the spatial extent (L > 4) and timescale (a few
hours) of dropouts [e.g., Shprits et al., 2006b; Turner et al.,
2012]. However, around 20%–30% of dropouts occur inde-
pendent of magnetopause shadowing events [e.g., Morley et
al., 2010b;Matsumura et al., 2011; Ni et al., 2012; Shprits et
al., 2012;Huang et al., manuscript in preparation, 2012], and
it is still unclear what the dominant loss mechanism is for
these events.
Many outstanding questions remain concerning flux

dropouts in the outer radiation belt. First, for flux dropouts
associated with loss due to outward radial transport, what
are the comparative contributions of diamagnetic effects
from a partial ring current, enhanced dawn-dusk electric
fields, and outward radial diffusion in driving rapid outward

radial transport? Another question concerning outward ra-
dial transport is what the PSD distribution across the last
closed drift shell boundary looks like under normal, steady
conditions? Since this boundary on the dayside is ulti-
mately a sink for the system, there must be sufficient source
to balance the transport across it under stable conditions.
For dropouts that are not associated with sudden losses at
higher L shells, what causes the sudden loss of electrons
over a broad range of energies and pitch angles throughout
the outer belt in only a few hours? This is a particularly
interesting and challenging question considering that most
electron interactions with the various waves present in the
inner magnetosphere are both energy and pitch angle de-
pendent. Also, a major question remains concerning the
inconsistency between SAMPEX observations of enhanced
relativistic electron flux loss in microbursts during storm
main phases [e.g., Lorentzen et al., 2001a, 2001b; O’Brien
et al., 2004; Green et al., 2004] and the insufficient rela-
tivistic electron loss to the atmosphere observed in global
flux maps compiled from NOAA-POES spacecraft [e.g.,
Horne et al., 2009; Meredith et al., 2011; Turner et al.,
2012; Hendry et al., this volume]. The energetic particle
instruments on NOAA-POES do not have the temporal
resolution to directly observe microbursts, but if micro-
bursts occur during the instrument integration time, those
additional particles in the loss cone should be counted and
contribute to an individual data bin. To address this puz-
zling inconsistency, a study of events directly comparing
SAMPEX and NOAA-POES data can and should be con-
ducted. Concerning the importance of sudden, local decel-
eration to flux dropouts, many important questions remain
including: what is the occurrence rate of large-amplitude
whistlers? What are the spatial range and temporal extent of
large-amplitude whistler activity? How does each of these
depend on solar wind and geomagnetic conditions? Can
these explain the ranges in L (L > ~4) and pitch angle and
timescale (a few hours) of flux dropouts? Finally, dropouts
may involve loss due to a combination of these processes,
and if so, it is critical to quantify the percent loss due to
each for different events as a function of electron energy,
pitch angle, and L shell and to identify how these may
change during dropouts under different solar wind and
geomagnetic conditions.
Of critical importance for addressing all of these ques-

tions and the many more that are not listed here is the use
of simultaneous, multipoint observations. Pitch angle re-
solved flux observations from both the equatorial region
and LEO are required to quantify the trapped and precipi-
tating populations. For example, to disambiguate offsetting
source and loss effects of chorus (loss due to scattering at
higher latitudes versus acceleration due to interactions at
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lower latitudes) in the dawn/prenoon MLT sector, equato-
rial PADs and simultaneous observations of the loss cone
population at LEO are necessary. Near-equatorial observa-
tions are currently provided by THEMIS, LANL-GEO,
GOES, and GPS, and they will be supplemented in the
near future by the upcoming NASA Radiation Belt Storm
Probes (RBSP) and Japanese Energization and Radiation in
Geospace [Miyoshi et al., this volume] missions. At LEO,
the NOAA-POES spacecraft provide continual coverage of
trapped and precipitating fluxes throughout the outer belt
over a broad range in MLT, and SAMPEX provided more
than two decades of flux observations capable of resolving
microbursts (see release of postmission data described in
the work of Baker et al. [2012]). Future CubeSat missions
[e.g., Li et al., this volume; Spence et al., 2012] and the
NASA Balloon Array for Radiation-belt Relativistic Elec-
tron Losses [Millan et al., 2011] campaign will provide
additional measurements of precipitating electrons during
the RBSP era, though none of these LEO observations are
able to provide pitch angle resolution within the bounce
loss cone, which would be a major development for im-
proved understanding in future missions. Overall, future
work on flux dropouts should incorporate data from as
many vantage points as are available to develop a more
complete picture of the system and better understanding,
ideally to the point of predictability, of which loss mechan-
isms are active during specific solar wind, geomagnetic,
and inner-magnetospheric plasma conditions. With a better
understanding of flux dropouts, we will be able to better
identify and understand the subsequent source and trans-
port processes responsible for rebuilding, and often enhanc-
ing, the relativistic electrons in the Earth’s outer radiation
belt.
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Rapid Radiation Belt Losses Occurring During High-Speed Solar Wind
Stream–Driven Storms: Importance of Energetic Electron Precipitation

Aaron T. Hendry,1 Craig J. Rodger,1 Mark A. Clilverd,2 Neil R. Thomson,1 Steven K. Morley,3 and Tero Raita4

Recent studies have shown how trapped energetic radiation belt electron fluxes
rapidly “drop out” during small geomagnetic disturbances triggered by the arrival
of a solar wind stream interface (SWSI). In the current study, we use satellite and
ground-based observations to describe the significance of energetic electron pre-
cipitation (EEP) and direct magnetopause shadowing loss mechanisms, both of
which have been suggested as possible causes of the dropouts. Superposed epoch
analysis of low-Earth-orbiting Polar-Orbiting Environmental Satellites (POES)
spacecraft observations indicate that neither “classic” magnetopause shadowing
nor EEP appear able to explain the dropouts. However, SWSI-triggered dropouts in
trapped flux are followed ~3 h later by large increases of EEP, which start as the
trapped electron fluxes begin to recover and may be signatures of the acceleration
process, which rebuilds the trapped fluxes. Ground-based observations indicate
typical >30 keV EEP flux magnitudes of ~8 � 105 electrons cm�2 sr�1 s�1. While
these are ~10 times larger than the equivalent precipitating fluxes measured by
POES, this is consistent with the small viewing window of the POES telescopes.

1. INTRODUCTION

The basic structure of the Van Allen radiation belts was
recognized from shortly after their discovery following the
International Geophysical Year [Van Allen and Frank, 1959;
Hess, 1968]. Despite being discovered at the dawn of the space
age, there are still fundamental questions concerning the accel-
eration and loss of highly energetic radiation belt electrons
[Thorne, 2010]; energetic electron fluxes can increase or de-
crease by several orders of magnitude on timescales of less

than a day. The coupling of the Van Allen radiation belts to the
Earth’s atmosphere through precipitating particles is an area of
intense scientific interest, principally due to two differing re-
search activities. One of these concerns the physics of the
radiation belts and primarily the evolution of energetic electron
fluxes during and after geomagnetic storms [e.g., Reeves et al.,
2003]. The other focuses on the response of the atmosphere to
precipitating particles, with a possible linkage to climate vari-
ability [e.g., Turunen et al., 2009; Seppalä et al., 2009]. Both
scientific areas require increased understanding of the nature of
the precipitation, particularly as to the precipitation drivers, as
well as the variation of the fluxes and energy spectrum for
electrons lost from the outer radiation belts. One area of interest
has been the link between the weak geomagnetic storms trig-
gered by the arrival of a high-speed solar wind stream interface
(SWSI) and associated “dropouts” in energetic electron fluxes
[e.g.,O’Brien et al., 2001;Miyoshi and Kataoka, 2008;Morley
et al., 2010a]. These events highlight the dynamic nature of the
outer radiation belt electron fluxes and are the subject of a
review in the current monograph [Turner et al., this volume].
The combination of observations from a large number of

spacecraft provides a much higher time resolution than
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possible from a single spacecraft, and this has recently pro-
vided new understanding into the SWSI-linked dropout
events. A statistical study utilizing nine GPS-borne particle
detectors and superposed epoch analysis (SEA) around the
arrival of 67 SWSIs showed a strong repeatable “signal” of a
rapid electron flux dropout [Morley et al., 2010b]. Dropouts
occurred in a median time scale of ~7 h, with median electron
counts falling by 0.4–1.8 orders of magnitude for all L*
(where L* is a magnetic drift invariant) [Roederer, 1970].
The SWSI triggered geomagnetic storms with small Dst
excursions (�40 nT) and small Kp increases (Kp ≈ 4).
Indeed, while these events show a storm-like evolution in
Dst and Kp, the majority have maximum Dst excursions less
than �30 nT and thus are not storms by the “traditional”
definitions [e.g., Loewe and Prölss, 1997], although we will
refer to them as such for want of a better label. The storms
started ~6 h before the epoch defined by the expected arrival
of the SWSI at the Earth’s bow shock nose. While the
radiation belt dropouts and recoveries depended on both L*
and energy, only 3 of 67 SWSIs did not have an associated
dropout in the electron data.
In the current study, we reconsider satellite and ground-

based observations to describe the significance of energetic
electron precipitation (EEP) during SWSI-driven geomagnetic
storms. We make use of the Morley et al. [2010b] epochs to
allow “like with like” comparisons with the earlier GPS study.
Here we show that the EEP occurs well after the dropout has
started and confirm the EEP energy dependence reported
earlier. From the existing literature, it appears possible that the
dropout is caused by magnetopause shadowing. However, this
study shows that the SWSI also triggers a geomagnetic storm
some hours after the dropout, which enhances wave-particle
interactions leading to EEP, as well as the recovery and en-
hancement of the trapped electron fluxes. We go on to use
ground-based EEP observations to determine the likely pre-
cipitation flux into the atmosphere. SWSI-driven events are
highly repeatable in form and lead to order of magnitude
enhancements in EEP up to very high L shells. As such, the
EEP will couple efficiently into the polar vortex and may
influence the chemistry and dynamics of the polar neutral
atmosphere. Recent work has demonstrated that geomagnetic
storms produce levels of EEP that are significant in the lower
ionosphere [e.g., Rodger et al., 2007] and can significantly
alter mesospheric neutral chemistry [Newnham et al., 2011].

2. POES OBSERVATIONS

2.1. SWSI Event Epochs

As noted above, we make use of the epochs given by
Morley et al. [2010b, Table A.1]. The experimental data we

use in this study, Polar-Orbiting Environmental Satellites
(POES) electron counts and subionospheric VLF propaga-
tion, are both strongly affected by high-energy protons,
which are likely to dominate over any electron response. We,
therefore, removed two of the Morley epochs (7 May 2005
and 28 July 2005) from our list as these occurred in the
declining phase of solar proton events. We, therefore, have
65 epochs in total from Table 2 of Morley et al. [2010b].
In our investigation of the POES spacecraft data described

below, we follow the approach of earlier authors and under-
take SEA. We explicitly follow the approach ofMorley et al.
[2010b].

2.2. POES SEM-2 Observations

Wemake use of measurements from the Space Environment
Monitor (SEM-2) instrument package onboard the POES,
which are in Sun-synchronous orbits at ~800–850 km altitudes.
SEM-2 includes the Medium Energy Proton and Electron
Detector (MEPED). For a detailed description of the SEM-2
instruments, see the works of Evans and Greer [2004]. We use
SEM-2 observations from the NOAA-15 through 19 satellites
plus the METOP-2 satellite, which also carries an SEM-2. All
POES data is available from http://poes.ngdc.noaa.gov/data/
with the full-resolution data having 2 s time resolution.
NOAA has developed new techniques to remove the signif-
icant low-energy proton contamination from the POES
SEM-2 electron observations [e.g., Rodger et al., 2010a],
which has been described in Appendix A of Lam et al.
[2010]. This algorithm is available for download through the
Virtual Radiation Belt Observatory (http://virbo.org).
The SEM-2 detectors include integral electron telescopes

with energies of >30 keV (e1), >100 keV (e2), and >300 keV
(e3), pointed in two directions. Modeling work has estab-
lished that the 0° telescopes monitor particles in the atmo-
spheric bounce loss cone that will enter the Earth’s
atmosphere below the satellite when the spacecraft is pole-
ward of L < 1.5–1.6 [Rodger et al., 2010b, Appendix A].
Note however, that the 0° telescopes only observe a fraction
of the bounce loss cone even when they are directed such that
they only measure bounce loss cone fluxes; building on the
Rodger et al. [2010b] modeling, we find that, in practice, at
best 10% of the total bounce loss cone area is sampled, a
value that can drop to less than ~2.5% depending on the
location. In contrast, the 90° directed MEPED telescope
tends to detect electrons with higher pitch angles, i.e., the
drift loss cone and trapped electron populations. In practice,
once even a small fraction of trapped electron fluxes are
visible to the instrument, these will strongly dominate over
any fluxes inside a loss cone. This occurs from roughly L =
4–5 and above, depending on the location.
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In addition to the electron telescopes, the MEPED instru-
ment also includes a number of proton telescopes. The SEM-
2 proton detectors also suffer from contamination, falsely
responding to electrons with relativistic energies, which can
be useful for radiation belt studies [e.g., Sandanger et al.,
2007; Yando et al., 2011] outside of solar proton events when
significant energetic proton fluxes are present. In particular,
the P6 telescope detectors, which are designed to measure
>6.9 MeV protons, also respond to either trapped or bounce
loss electrons (depending on L shell) with energies in the
relativistic range [Yando et al., 2011]. As shown in Figure
8 of Yando et al. [2011], the P6 channel plays a complemen-
tary role to the e1–e3 channels for detection of relativistic
electrons and is sensitive to electrons of energy larger than
roughly 1000 keV.

2.3. Superposed Epoch Analysis of MEPED Electrons

Before undertaking SEA, we first combine the POES-
reported particle fluxes varying with L and time, using
0.25 L and 1 h time resolution. Observations from inside and
around the South Atlantic Magnetic Anomaly are excluded
before the measurements are combined. From this dataset,
SEA is undertaken using the 65 epochs from Morley et al.
[2010b]; in addition, another SEA is undertaken with a set of
65 epochs, which are randomly selected from the period
January 2004 to December 2008, after having been filtered
for solar proton events. This allows an additional check of
the significance of any changes observed in the Morley
epoch SEA.

2.3.1. POES observations of trapped flux changes. Fig-
ure 1 shows the results of this analysis on the 90° directed
telescopes, i.e., those primarily showing the effect of SWSI
on trapped fluxes. The left-hand panels show the results of
analysis using the Morley epochs, while the right-hand side
are for the random epochs. The upper panels are the integral
flux observations from the >100 keV 90° telescope, the
middle panels show the relativistic electron flux variation
from the P6 90° telescope, and the lower panels the differ-
ential proton flux at 346 keV from the P3 90° telescope.
As a guide, all of the left-hand panels include the result of

the SEA applied to GOES >600 keV trapped flux observa-
tions for the Morley epochs (green line). The SEA of the
>600 keV trapped electrons from geostationary orbits at L ≈
6.6 shows a very similar timing to the dropouts in trapped
electron fluxes from the GPS spacecraft, which were also
made near the geomagnetic equator (i.e., around geostation-
ary orbit). The GOES SEA has been scaled and shifted to fit
on this plot, but involves a flux drop of ~1.5 orders of
magnitude, with a recovery to a flux level that is ~50% larger

than the initial levels. The rapid dropout starts at �0.7 day
(relative to the epoch time), reaching the deepest point at
+0.2 day, with the fluxes having returned to the same level by
about +1 day.
The POES data shown in Figure 1 indicates that the

observations of the trapped electrons and protons near the
bottom of the geomagnetic field lines are very different from
that near the geomagnetic equator and different from one
another. While there is some evidence for a dropout in the
>100 keVelectrons, this is only true for L greater than about
6 and starts just around the zero epoch. The >300 keV 90°
electron fluxes also include some evidence of a dropout
(from L greater than about 5.5; not shown, although similar
plots have been produced by Miyoshi and Kataoka [2008,
Figure 3]), while the >30 keV 90° do not show a clear
dropout (not shown). The relativistic electron observations
provided by the P6 90° telescope do show a dropout, but this
seems to start well after the dropout occurring near the
geomagnetic equator. In contrast to all of the electron ob-
servations, the trapped differential 346 keV proton fluxes
from P3 increase around the time the dropout begins in the
electron fluxes near the geomagnetic equator. The same
behavior is seen in the 90° directed P1, P2, and P4 detectors
(not shown). The significance of the variation shown in the
left-hand panels is particularly clear when contrasted for the
random epoch SEA results presented in the right-hand
panels.
In order to clarify the differences between the electron

responses, Figure 2 presents line plots of the changing 90°
electron observations from the >100 keV and P6 telescopes
at L = 5.4. Following the format ofMorley et al. [2010b], we
show the superposed epoch median of the quantity by a black
line. The 95% confidence interval for the median is given by
the dark gray band. The inner bands mark the interquartile
range (medium gray) and the 95% confidence interval about
it (light gray). Figure 2 demonstrates the strong differences
between the responses of the >100 keV electrons and the
relativistic electrons from the P6 channel. During the quiet
period before the start of the SWSI-triggered geomagnetic
storm, the >100 keV trapped electron fluxes steadily drop.
This is reversed at the zero epoch, very close to the time
when the electron flux dropouts observed near the geomag-
netic equator by GOES and GPS reach their “deepest” ex-
tent. In contrast to the >100 keV trapped fluxes, the
relativistic electrons exhibit a well-defined dropout, which
starts around the same time as seen in the GOES SEA,
recovers after 1–1.5 days, and climbs to a slightly higher
flux level.

2.3.2. POES observations of precipitating flux changes.
Figure 3 shows SEA applied to two of the 0° directed
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Figure 1. Superposed epoch analysis (SEA) undertaken using the Polar-Orbiting Environmental Satellites (POES)
Medium Energy Proton and Electron Detector (MEPED) data. (left) Analysis applied to 65 of the Morley et al. [2010b]
epochs. (right) A set of random epochs. (top) The integral flux observations from the >100 keV 90° telescope. (middle)
Counts from the P6 90° telescope (which responds to relativistic electrons). (bottom) Differential proton flux at 346 keV
from the P3 90° telescope. As a guide to the eye, all of the left-hand panels have the result of the Morley SEA applied to
GOES >600 keV trapped flux observations (green line).



telescopes, i.e., those telescopes that detect a portion of the
electrons that precipitate into the atmosphere. The format of
Figure 3 is otherwise the same as Figure 1. The top panels of
this figure show the variation of the >100 keV 0° telescope.
By comparison with the random epoch analysis shown on the
right-hand side, it is apparent that 4–5 days before the SWSI
arrives, the magnitude of >100 keV precipitation is “normal”
and then steadily decreases by ~0.5 order. This is likely to be
linked to the “calm before the storm,” intervals of unusually
calm geomagnetic activity, which have been previously re-
ported [e.g., Clilverd et al., 1993]. Very shortly before the
zero epoch, the >100 keV flux begins to increase by nearly 2
orders of magnitude (but only slightly more than 1 order of
magnitude larger than normal conditions). This peak of pre-
cipitation is ~+0.3 days after the zero epoch, around the time
the GPS- and GOES-observed electron dropouts are at their
deepest. The most significant EEP stretches from L = 5 to L =
8.5, although there is a clear increase to at least L = 14. The
EEP decays slowly over the 5 days after the epoch to roughly
normal levels. Similar patterns occur with the >30 and
>300 keV EEP (not shown) [Meredith et al., 2011, Figure1].
In contrast, however, the relativistic electron flux from the 0°
P6 telescope does not display a decrease before the SWSI
arrives (i.e., no “calm” in relativistic EEP) and exhibits a
small decrease in precipitation magnitude during the peak
timing of the >100 keV EEP, lasting perhaps 1–2 days.

3. CONSISTENCY WITH LOSS MECHANISMS

As noted in the introduction, the existing literature has iden-
tified three possible causal mechanisms to explain the GPS-

observed dropout in trapped electron fluxes: (1) magnetopause
shadowing, (2) EEP into the atmosphere due to wave-particle
interactions, and (3) outward diffusion through the magneto-
pause. The POES SEA described in the previous section allows
us to make conclusions as to the validity of the first two of these
loss mechanisms. Note that the monograph in which this paper
appears also contains a review covering the major loss mechan-
isms associated with dropouts [Turner at al., this volume].

3.1. Mechanism 1: Magnetopause Shadowing

As previously noted by Morley et al. [2010a], our existing
understanding is that the loss timescales possible from the EEP
or outward diffusion are not fast enough to explain the drop-
outs as observed. As such, magnetopause shadowing, some-
times termed “magnetopause encounters” may appear the
more likely candidate. This mechanism involves radiation belt
particles drifting around the Earth, encountering the magneto-
pause boundary and being swept away by the solar wind and
permanently lost. Characteristics of particle losses by magne-
topause shadowing are (1) pitch angle independence of losses
of particles on a given drift shell, such that losses would be
expected for both high pitch angle particles, which spend most
of their time near the geomagnetic equator, and low pitch
angle particles, which mirror near the top of the atmosphere
and (2) independence of particle charge, mass, or energy, such
that electrons or protons that are drifting around the Earth on
the same L shell (but in opposite directions) will encounter the
magnetopause and, hence, be lost.
On this basis, one would expect the dropouts of electrons

observed in the trapped electron fluxes near the geomagnetic

Figure 2. SEA of the POES 90° telescope >100 keV and P6-measured relativistic trapped electron fluxes at L = 5.4. The
superposed epoch median of the quantity is given by a black line. The 95% confidence interval for the median is given by the
dark gray band. The medium gray bands mark the interquartile range and the 95% confidence interval about it (light gray).
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equator by the GPS spacecraft to also be seen in both the trapped
electron and proton fluxes measured by the POES low-Earth-
orbiting spacecraft. As reported in section 2.3.1, neither of these
conditions hold, as the >30 and >100 keV trapped electron
fluxes do not show the dropouts reported by satellites near the
geomagnetic equator. In addition, the trapped proton fluxes
increase rather than decrease during the dropouts. This suggests
that direct magnetopause encounters cannot be used to explain
the electron flux dropouts. Note that a similar argument was
previously employed by Green et al. [2004] who contrasted the
observed losses of protons and electrons to exclude magneto-
pause encounters as the dominant loss mechanism.

3.2. Mechanism 2: EEP Into the Atmosphere

As shown in Figure 3 and discussed in section 2 above, the
>30, >100, and >300 keV 0° electron telescopes (which

measure part of the bounce loss cone) do show significant
increases in EEP, but starting at the point that the dropout is
at its deepest point and beginning to recover. In contrast, the
relativistic electron fluxes measured by the P6 0° telescope
show a small decrease in EEP at the same time. Clearly, these
observations are not consistent with EEP as the primary
mechanism to explain the dropouts. Indeed, it is possible
that the opposite is true, that the EEP is the signature of
wave-particle-driven acceleration processes, which serve to
reverse the electron flux dropouts [e.g., Thorne, 2010, and
references within].

4. AARDDVARK OBSERVATIONS

Subionospheric VLF propagation detects precipitation due
to changes in the ionization number density at altitudes
around the lower D region boundary. As the VLF waves

Figure 3. SEA of 0° directed MEPED telescopes in the same format as Figure 1. (top) Integral flux observations from the
>100 keV 0° telescope. (bottom) Counts from the P6 0° telescope (which responds to relativistic electrons).
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propagate beneath the ionosphere in the Earth-ionosphere
waveguide, the EEP-induced ionization produces changes in
the received amplitude and phase. Owing to the low attenu-
ation of VLF subionospheric propagation, the EEP-modified
ionospheric region may be far from the transmitter or the
receiver. As the received subionospheric amplitude is the
sum of multiple propagation modes, the response to changes
in the waveguide is often complex, and both increases and
decreases in amplitude are possible when increased ioniza-
tion occurs in the waveguide (see, for example, Figure 4 of
Rodger et al. [2012]). The response also depends on the solar
zenith angle along the path. As a result of these factors,
subionospheric VLF is not particularly suitable for analysis
through superposed epoch. We have, therefore, checked in-
dividual paths for a set of specific events to confirm the
occurrence of significant EEP.
In this study, we make use of narrow-band subiono-

spheric VLF data received at Churchill (CHUR, 58.75°N,
265.1°E, L = 7.6) and Sodankylä, Finland (SGO, 67.4°N,
26.4°E, L = 5.3). Both these receivers are part of the
Antarctic-Arctic Radiation-belt Dynamic Deposition VLF
Atmospheric Research Konsortia (AARDDVARK) [Clil-
verd et al., 2009]. While the AARDDVARK observations
have subsecond time resolution, we will restrict ourselves to
1 min median values to describe the overall transmitter
operations. Figure 4 shows the transmitter-receiver great
circle paths (GCP), which have been monitored by the
Churchill and Sodankylä receivers for at least some part of
the time period considered.

The AARDDVARK data was manually examined for evi-
dence of EEP around the time of the Morley epochs. The
process was as follows: for each Morley epoch, AARDD-
VARK data plots were made for all the transmitters moni-
tored by the Churchill and Sodankylä receivers. Data for 4
days both before and after the epoch day were plotted. The
days before the epoch were included primarily to construct a
quiet-day curve (QDC) to provide comparisons with the
epoch day. POES observations show that EEP levels are low
immediately before the SWSI epoch, which should allow a
good AARDDVARK QDC to contrast with the epoch day.
Figure 5 shows examples of the data examined in this way.
The upper panel of this figure presents the received ampli-
tude of the GVT 22.1 kHz transmitter received at Sodankylä
(2.5 < L < 5.3) around the Morley epoch at 06:30 UT on 28
May 2008. Observations on the days before the epoch day
are plotted in gray, the epoch day in black. At this time of
year, most of the GVT-SGO GCP is sunlit throughout the
day, although the transmitter end of the path will have a
nighttime ionosphere from ~20 to 04 UT. In general, sub-
ionospheric VLF propagation is more sensitive to EEP for
nighttime rather than daytime ionospheric conditions [Rod-
ger et al., 2012], due to the extremely large D region energy
input from the Sun during the day. On this day, there is a very
clear precipitation-induced decrease in the received ampli-
tude starting about 1 h after the epoch (the epoch being
marked by the vertical line) continuing through to ~11 UT
where the amplitude clearly returns to the QDC defined by
the previous days. In this time, the amplitude initially

Figure 4. Map showing the AARDDVARK receivers at Churchill and Sodankylä (diamonds) and the VLF transmitters
monitored by these receivers (circles). This map also indicates the great circle propagation paths between the transmitter
and receiver, as well as a number of fixed L shell contours evaluated at 100 km altitude.
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decreases by ~1.3 dB, after which it returns to near-QDC
levels. In the hours following, there are several subsequent
examples of likely precipitation periods (i.e., ~13.5 and
15.5 UT), both of which have quite small amplitude changes
in comparison with the first precipitation period.
The lower panel of Figure 5 presents the received ampli-

tude of the NDK 25.2 kHz transmitter received at Churchill
(2.8 < L < 7.4) around the Morley epoch at 14:00 UT on
22 July 2008. Once again, there is a long period when the
entire path is sunlit, from ~12 to 02 UT. Unfortunately, the
transmitter was not operating for a few hours around the time

of the epoch. However, the amplitude on the event day is
well behaved from ~2 h after the epoch, showing a steady
rise from 15.5 to 20.75 UT, followed by three broad bursts of
precipitation at 21.5, 23, and 0.25 UT on the following day.
Of the 65 Morley epochs that we studied, there were 7

epochs for which there were no Sodankylä AARDDVARK
observations either on the epoch day or on one of the days
immediately before the epoch, leaving 58 epochs to examine.
The Churchill AARDDVARK receiver was not installed
until May 2007, halfway through the period containing the
Morley epochs and was also not operating from December
2007 through May 2008. As a result, only 14 epochs were
able to be examined in the Churchill data, although most of
these epochs are also represented in Sodankylä observations.
We classified data as showing evidence of EEP if an obvious
deviation from the QDC could be seen concurrently on at
least two different transmitter-receiver paths; this was to
ensure the deviations we were seeing were, indeed, due to
EEP, and not through random fluctuations in the AARDD-
VARK data.
We performed the above analysis on both the aforemen-

tioned Morley epochs. For the 67 Morley epochs, 2 epochs
were removed due to solar proton activity, 4 were removed as
neither receiver was operating, and 15 epochs were removed
as there was no transmitter-receiver path with a good QDC.
Of the remaining 46 epochs, 34 of these showed clear signs
of EEP across multiple paths (i.e., 74%). This confirms the
riometer- and satellite-based observations of significant EEP
occurring during the SWSI dropouts and also provides us
with an additional data set in order to determine the magni-
tude of the EEP entering the atmosphere.

5. AARDDVARK MODELING

For the next step, we returned to the Morley epochs,
focusing on the paths that had a well-behaved QDC, again
concentrating on times when the path is sunlit. We then
focused on only three subionospheric transmitter-receiver
paths; NAA 24.0 kHz to Churchill and GVT to Sodankylä,
both of which are relatively short paths, which span a limited
magnetic local time range, and the rather long path from
NAA to Sodankylä. There is a significant amount of vari-
ability in the observed amplitude changes; this is hardly
surprising given the large variability in the magnitude of the
EEP from event to event evidenced from the interquartile
range (not shown). However, we are still in a position to
establish “typical” amplitude changes for the subionospheric
VLF-observed SWSI-associated precipitation. These are
shown in Table 1.
In order to determine the typical magnitude of the EEP

triggered by the SWSI, we follow the modeling approach

Figure 5. Examples of AARDDVARK observations made around
the time of the Morley epochs (the epoch time is marked by the
vertical lines in the center of the plots. Observations on the days
before the epoch day are plotted in gray; the epoch day is in black.
(top) GVT-Sodankylä amplitudes for the epoch at 6:30 UT on
28 May 2008. (bottom) NDK-Churchill amplitudes for the epoch
at 14:00 UT on 22 July 2008.
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outlined in the work of Rodger et al. [2012]. Here our goal is
determine the fluxes, which will lead to the changes in VLF
amplitude shown in Table 1. In addition, Morley et al.
[2010b] reported that the SWSI-associated radiation belt
dropouts were linked to increases in riometer-measured ab-
sorption of “cosmic noise,” which is expected due to in-
creases in the ionization number density in the ionospheric
D and E regions caused by EEP. A SEA of riometer data
found that the change in cosmic noise absorption (ΔCNA) in
Canadian and European instruments peaked at ~1.25 dB in
the period 3–6 h following the epoch [Morley et al., 2010b].
Thus, our modeling goal is to reproduce both the subiono-
spheric VLF changes as well as those from the riometer SEA.
For each VLF transmitter-receiver path, we take a model-

ing point midway along the path and use a combination of
International Reference Ionosphere (IRI-2007) [online from
http://omniweb.gsfc.nasa.gov/vitmo/iri_vitmo.html] and
typical D region electron-density profiles determined for
high latitudes at noon [Thomson et al., 2011]. We model the
SWSI-associated EEP signature in ground-based data using
10 keV to 2.0 MeV precipitating electrons with an energy
spectra determined by the POES SEA observations. During
the peak precipitation period, the >30, >100, and >300 keV
precipitating fluxes are best fitted terms of a power law
where the slope (scaling exponent, k) is �3.5. Otherwise,
our modeling techniques follow that described by Rodger
et al. [2012].
As shown in Table 1, a relatively small range of EEP flux

magnitudes will reproduce the ground-based instrument re-
sponses observed during the SWSI-triggered geomagnetic
storms. The top half of the table examines the EEP values
necessary to best reproduce the subionospheric VLF ampli-
tude change observations (ΔVLF obs.), and shows the pre-
dicted change in riometers absorption (ΔCNA calc.)
predicted for that EEP flux striking the atmosphere at the
midpoint of that path. Although the lower bound of the EEP

was assumed to be 10 keV (to more accurately capture the
riometer responses), we report the >30 keV EEP flux mag-
nitude to allow direct comparison with the POES 0° tele-
scope observations, given below. Table 1 shows there is very
good agreement between the modeled and predicted VLF
responses (ΔVLF calc.) for the paths NAA-CHUR and
NAA-SGO with >30 keV EEP flux magnitudes of 9–10 �
105 electrons cm�2 sr�1 s�1 and slightly lower quality
matching for the GVT-SGO path, where �1.1 dB is the
largest negative amplitude change we can produce (compare,
a typical change of �1.5 dB observed) for a >30 keV EEP
flux magnitude of 4 � 105 electrons cm�2 sr�1 s�1. These
EEP are calculated to produce riometer absorption changes,
which are similar to those reported (1–1.4 dB). The lower
half of Table 1 examines the EEP values necessary to best
reproduce the Morley et al. [2010b] reported peak riometer
observations (ΔCNA obs. of 1.25 dB), and contrasts the
ΔVLF calc. predicted for these fluxes. In all cases, despite
the different undisturbed ionospheric electron density-height
profiles and neutral atmospheric parameters, the typical ob-
served ΔCNA is reproduced by an EEP flux magnitude of
~8 � 105 electrons cm�2 sr�1 s�1, with relatively small
differences in the ΔVLF calc. relative to those observed.

6. DISCUSSION

The >30 keV EEP flux magnitude determined from Table 1
should be contrasted with that found in the SEA of the POES
precipitating electrons. The peak in the median >30 keV
POES 0° telescope fluxes is ~7 � 104 electrons cm�2 sr�1

s�1, with the 95% confidence interval for the median spanning
~4 � 104 to 1 � 105 electrons cm�2 sr�1 s�1. Clearly, this is
approximately one order of magnitude smaller than the EEP
determined in section 5 from the ground-based measurements.
The difference is significant; if the EEP flux was 7 � 104

electrons cm�2 sr�1 s�1, the riometer absorption change

Table 1. Summary of Ground-Based Instrument Responses During the SWSI-Triggered Geomagnetic Stormsa

ΔVLF obs. (dB) ΔVLF calc. (dB) ΔCNA calc. (dB) EEP Flux

NAA-CHUR +2.0 +2.0 1.41 1 � 106

GVT-SGO �1.5 �1.1 1.05 4 � 105

NAA-SGO +2.5 +2.5 1.35 9 � 105

ΔCNA obs. (dB) ΔVLF calc. (dB) ΔCNA calc. (dB) EEP Flux

NAA-CHUR 1.25 +1.7 1.25 8 � 105

GVT-SGO 1.25 �0.9 1.25 8 � 105

NAA-SGO 1.25 +2.4 1.25 8 � 105

aThe top half of the table examines the energetic electron precipitation (EEP) values necessary to best reproduce the subionospheric VLF
observations from this study (ΔVLF obs.), while the lower half examines the EEP values necessary to best reproduce the Morley et al.
[2010b]-reported riometer observations (ΔCNA obs.). In each case, the calculated change of the other ground-based instrument response is
shown. The EEP values listed are >30 keV electron fluxes with units of electrons cm�2 sr�1 s�1.

HENDRY ET AL. 221



would be only 0.27 dB. It is not unexpected that the POES-
reported 0° telescope flux is a fraction of that in the bounce
loss cone and striking the atmosphere. As noted in section 2.2,
the POES SEM-2 0° telescope only samples a fraction of the
loss cone, with 10% being a common “best case.”
Note that the typical SWSI-triggered >30 keV electron

precipitation flux of 8 � 105 electrons cm�2 sr�1 s�1 deter-
mined from the ground-based instruments should be consid-
ered a large electron precipitation event, although with a
softer energy spectra than the k = �2 spectra reported as
typical by Clilverd et al. [2010]. A >30 keV precipitation flux
of 2.2� 106 electrons cm�2 sr�1 s�1 would occur if the entire
electron flux stored in a L = 6.5 flux tube was precipitated out
in a 10 min period, with the population calculated using the
European Space Agency Space Environmental Effects-1 ra-
diation belt model [Vampola, 1996]. In practice, the POES
observations indicate that SWSI-triggered geomagnetic storm
have roughly constant precipitation fluxes with values similar
to those of the peak level for ~1.5 days. We speculate that this
is evidence that the acceleration process, which “rebuilds” the
energetic electron fluxes after the dropout, also produces
electron precipitation, with a significant fraction of the accel-
erated electrons being lost into the atmosphere.

7. SUMMARY AND CONCLUSIONS

In this study, we have examined satellite- and ground-
based observations to describe the significance of EEP
during SWSI-driven geomagnetic storms, focusing on the
Morley et al. [2010b] epochs to allow “like with like”
comparisons with the earlier study focused primarily upon
GPS observations. The SEA of the low-Earth-orbiting
POES satellite observations confirm that SWSI-driven geo-
magnetic storms are strongly associated with large EEP
events. However, the EEP only becomes significant at the
time that the dropout is at its deepest point and is starting to
recover, such that EEP cannot be used to explain the ob-
served dropouts in trapped energetic radiation belt electrons
for any energy range. Our observations are more suggestive
of the opposite phenomena, where the EEP is the signature
of wave-particle-driven acceleration processes, which serve
to reverse the electron flux dropouts.
Previous studies have suggested that magnetopause sha-

dowing may be the primary reason for the rapid dropouts.
Our SEA is, however, not consistent with a simple model of
direct magnetopause shadowing causing the losses. In par-
ticular, we found that the trapped proton fluxes increased
rather than decreased during the dropouts, while the classic
direct magnetopause shadowing explanation that would pre-
dict this mechanism would be independent of particle charge,
mass, or energy, such that electrons or protons, which are

drifting around the Earth on the same L shell (but in opposite
directions), will encounter the magnetopause and, hence, be
lost.
Ground-based observation of subionospheric VLF propa-

gation from the AARDDVARK network has been used to
confirm the POES observations of large EEP events gener-
ated by the SWSI-triggered storms. For the epochs for which
there were data available and well-defined QDCs, 74% of the
Morley epochs showed evidence of EEP occurring, produc-
ing amplitude changes of several decibels. The EEP was
observed typically ~3 h after the Morley epochs. The
AARDDVARK observations were combined with riometer
measurements made for the Morley et al. [2010b] epochs in
order to model the magnitude of the EEP occurring in these
events. The very high levels of agreement in the modeling,
which involved multiple instruments, and multiple transmitter-
receiver paths, indicates a strong probability that the >30
keV EEP flux magnitude has a value close to 8 � 105

electrons cm�2 sr�1 s�1. This is ~11 times larger than the
>30 keV EEP flux reported by the 0° directed >30 keV
electron telescope measurements made onboard POES,
which is expected as the POES telescopes only view ~10%
of the bounce loss cone.
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Background Magnetospheric Variability as Inferred
From Long Time Series of GOES Data

David J. Thomson

Department of Mathematics and Statistics, Queen’s University, Kingston, Ontario, Canada

Examination of the background state of the equatorial magnetosphere in multi-
year time series of magnetic fields, relativistic electrons, protons, and solar X-rays
from the GOES 10 satellite shows that fluctuations in these series are dominated by
the normal modes of the Sun. The magnetic fields at the ACE spacecraft and GOES
are coherent. The power spectrum contains many narrow line components super-
imposed on a smooth background. Many of the lines are split by the Earth’s rotation
and orbit. At pmode, or Pc5, frequencies, these can explain wave packets. Between
100 and 500 µHz, the lower ULF band, the line components usually contain more
than one half the power and are strong enough that all 11 singlets of the l = 5,
n = �1 g mode are detected above the 99.9% significance level in GOES > 2 MeV
electrons. The uncorrected center frequency is estimated to be 383.812 µHz with an
average synodic splitting of 908 ± 18 nHz, implying that the Sun has a rapidly
rotating core.

1. INTRODUCTION

In this paper, I analyze data from the GOES 10 geostation-
ary satellite with emphasis on the long-term, low-frequency
background processes, that is, on what is present in the
magnetosphere most of the time. The analysis concentrates
on extremely low frequencies, ≤500 μHz or periods of 2000 s
and longer. This is the lower part of the magnetospheric ULF
band, approximately “Pc6.” This frequency band includes
about 98% of the power in the magnetic fields. Flares,
coronal mass ejections (CMEs), substorms, and similar dis-
ruptive transient events are of minor interest except as a
motivating factor. A large part of this background consists
of high-Q discrete modes that appear to be forced by the
normal modes of the Sun, specifically solar pressure or p
modes, and gravity (buoyancy) or g modes.

Most of my previous work has been on data collected
either below the magnetosphere or above it. Coherence,
between these disparate kinds of data [Thomson et al.,
2007, hereinafter referred to as P1; Thomson, 2007], imply
that the common parts of these widely separated data sources
must pass through the magnetosphere and, consequently,
should be seen there as well. My expertise is in spectrum
estimation, and what I see in the power spectra of magneto-
spheric data raises serious doubts about much of what I see in
papers on the magnetosphere. Thus, I hope that this work
will give a different way to look at the dynamics of the
magnetosphere that may help explain some of its many
puzzling features.
Canton’s observations in the 1750s and subsequent work

has confirmed that geomagnetic data are nonstationary.
When analyzing nonstationary time series, there is always a
conflict between time and frequency resolution. One desires
good time resolution to isolate discrete events that can have
serious implications for technology and the general field of
space weather. However, when the source of the data is the
Sun, with its 10 million normal modes [Harvey, 1995], one
also needs exceptional frequency resolution. Here in choos-
ing frequency resolution as a primary objective, I am looking
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at something closer to “space climate” as opposed to “space
weather.” The two are obviously not independent.
A similar conflict lies at the heart of our understanding.

One commonly describes the underlying physics as partial
differential equations, a form where everything is primarily a
function of time and position, but then one invokes bound-
aries and symmetries to describe the solution of these PDEs
as normal mode expansions, which are often a form of
frequency decomposition. Normal mode seismology has
given most of our detailed knowledge about the interiors of
both the Earth and the Sun. Terrestrial normal mode seismol-
ogy developed during the 1950s, and following the great
Chilean earthquake in May 1960, many normal modes
were identified. The differences between the predicted and
observed mode frequencies were resolved by Backus and
Gilbert’s invention of inverse theory (see chapter 1 ofDahlen
and Tromp [1998]). Helioseismology began with Leighton’s
[1960] discovery of solar p modes, but there was little de-
velopment before about 1975 (see chapter 5.5 of Stix [2004]).
A similarly slow process, compounded by even greater ob-
servational difficulties, appears to be taking place in magne-
tospheric physics. Chapman and Bartels’ [1940] book, the
magnum opus of geomagnetism before Dungey’s work, does
not appear to include “mode” in its extensive index, whereas
the analysis of “modes” occupies much of chapter 5 of
Dungey [1958]. Use of modal expansions has continued, and
the predecessor to the present volume, Magnetospheric ULF
Waves (the work of Takahashi et al. [2006] contains two
chapters whose titles include “eigenmodes”) [Wright and
Mann, 2006; Lee and Takahashi, 2006]. The review [Menk,
2011] continues this spirit, but notes some recent work where
previously accepted explanations are now deemed inade-
quate. Even more recently, section 5 of Hartinger et al.
[2012] excludes several mechanisms because they are incon-
sistent with Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS) observations. A major
purpose of this paper is to emphasize that analysis, identifi-
cation, and refinement of magnetospheric modes cannot be
done without consideration of helioseismology.
Our previous work showed that numerous frequencies

obtained by spectrum analysis of time series of interplanetary
magnetic fields and particle densities agree closely with
those predicted for solar gravity, g, and pressure, p mode
oscillations (see the work of Thomson et al. [1995], herein-
after referred to as TML). These observations were made at
1 AU by various spacecraft and satellites and beyond 1 AU
by Ulysses and Voyager II. Roberts et al. [1996] immediately
objected that the line spectral features of these modes, which
we call discrete modes, would be destroyed by turbulence
both in the corona and also by the additional dynamical
processing expected in the solar wind during its transit from

the source regions to the point of observation. We responded
to these and other objections given by Thomson et al. [1996,
2001]. Further, in the work of P1, we showed (1) an example,
Figure 28, where the magnitude-squared-coherence (MSC)
between magnetic fields at ACE and GOES 10 exceeded
0.95 in the solar p mode band (the probability of observing
such a high MSC at a given frequency by chance is less than
~4� 10�10, and there are three peaks of this size in the MSC,
plus many more with MSC >~ 0.9) and (2) high canonical
coherences between the vector magnetic fields at ACE and
Ulysses in Figure 18, and between ACE and the South Pole
magnetometer in Figure 30. Further information on the ACE-
Ulysses coherences is given by Thomson et al. [2000]. Thus,
as mentioned earlier, one sees coherent solar signals both
above and below the magnetosphere implying that they
should be seen in the magnetosphere as well.
Furthermore, simulations of propagation through the co-

rona [Dmitruk et al., 2004] and interplanetary space [Ghosh
et al., 2009] show that discrete modes and turbulence can
coexist. Simulations by Fujita et al. [2011] show that peri-
odic ULF disturbances in the solar wind couple into the
magnetosphere. The Ghosh et al. simulation was done using
three space dimensions in contrast to that of Roberts et al.
[1996], where only a single space dimension was used. The
conditions for turbulence to exist [Kim and Powers, 1978]
are that waves exist at three frequencies related by f1 + f2 = f3,
with the corresponding wavenumbers simultaneously satis-
fying k1 + k2 = k3. With a single space dimension, these are
always true, and such simulations must result in turbulence.
Following this introduction, there is a brief description of

the data used plus an example showing why filtering must be
done carefully to prevent aliasing, which is followed by
section 3 on the background. This section sets out two
hypotheses on the nature of the solar wind and its interaction
with the magnetosphere: the conventional one, where the
solar wind is assumed to be turbulent, and an alternative one,
where the solar wind is assumed to be commonly dominated
by the normal modes of the Sun, and the turbulent back-
ground is a fossil relic of the solar convection zone. This
does not change the presence of the various cavity and field
line resonances in the magnetosphere itself [see, e.g., Kivel-
son, 2006], but does make their identification more difficult.
Section 4 gives a concise summary of multitaper spectrum
estimates with emphasis on their statistical properties. Sec-
tion 5 describes coherence estimates and applies them be-
tween the magnetic fields on ACE and GOES. Section 6
gives evidence for mode splitting by ±1 cycle d�1 and ±1
cycle yr�1 in GOES data. Section 7 addresses mode identi-
fication. It is shown that the same frequencies detected by the
GOLF helioseismology instrument on SOHO are found in
GOES data. The signal-to-noise ratio is better in much of the
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GOES data than it is in GOLF data, and this permits identi-
fication of solar gravity modes. As an example, the l = 5, n =
�1 solar g mode at 383.812 µHz is shown where all 11
singlets are detected above the 99.9% level. The synodic
splitting of this mode is 904 ± 18 nHz, implying that the Sun
has a rapidly rotating core. Finally, discussion and conclu-
sions are given in section 8.

2. DATA AND EXPLORATORY DATA ANALYSIS

Most of the data analyzed here are from GOES 10, span-
ning the time interval 1999 to 2004 and concentrating on a
few series: the three components of the magnetic fields, the
>2 MeV electrons; the 15 to 40 MeV protons (P4); and, to a
minor extent, the 1 to 8 Å solar X-rays (XL). Magnetic field
data from the ACE spacecraft are also used. The first prob-
lem is to determine a suitable sampling rate.
As an exploratory study, the sum of the spectra of the three

magnetic field components from GOES 10 for the years
1999, 2000, and 2001 using 1 min resolution was computed.
This was done on 100 20 day blocks and 2136 1 day blocks.
Both sets used a nominal 50% overlap, omitting some blocks
having extensive missing data. Multitaper spectrum esti-
mates, described in section 4, with time-bandwidths of four
and six tapers were used with the results summarized in
Figure 1. The average spectra (the black and green curves)
agree well. The long dashed magenta line has an arbitrary
amplitude and a slope of �5/3. It is approximately followed
by the average over ~10 μHz ≤ f ≤ ~5000 μHz, approximately
the acoustic cutoff frequency of the Sun [Jiminéz, 2006]. The
prominent peak centered at 11.57 µHz is the 1 cycle d�1

component and dominates the spectrum except for occasional
very low frequency effects. It is not strictly periodic and, as
will be seen later in section 6, modulates the statistical
structure of the data. Its apparent width, ±2.32 µHz, is the
product of the time-bandwidth product of the estimate and
the Rayleigh resolution for 20 day blocks, 0.579 µHz. The
dotted red curve at the bottom of Figure 1 shows that, on
average, ~98% of the power is restricted to frequencies
below 500 µHz. Even on the maximum of the 1 day spectra,
one finds about 90% of the power in this band. Consequently,
the emphasis in this paper is on these very low frequencies.
The ULF electron data has been found to be surprisingly
predictable [Li et al., 2011], relative to a purely nondeter-
ministic process with a similar spectrum, suggesting that
systematic components are present.
The maxima of the 100 spectra computed on 20 day blocks

are plotted in Figure 2, and it can be seen that what appears as a
blur in Figure 1 resolves into sharp peaks mostly concentrated
around the frequencies of low-degree solar p modes. These
cannot be resolved with a 20 day block; however, the Q of the

~3647 µHz line (possibly the p6,23 mode despite being marked
“1,25”) is at least 1200. In contrast, the measured Qs of
magnetospheric cavities are low, and the observations reported
by Crowley et al. [1987] imply Q ~ 6 near 1.6 mHz. In the 1
day spectra, these cannot be even approximately resolved, but
peaks in the maxima of the 1 day spectra tend to occur where
the mode density is high. This suggests that large peaks occur
when several modes are aligned “in phase,” as in section 7.1.
Given the evidence in TML and related works for the

influence of solar g modes on the solar wind together with the
density of g modes at low frequencies, it is desirable to use
very long blocks to get good frequency resolution. This is
most easily done by low-pass filtering and decimating the
1 min raw data to a 16 min sampling rate except the proton
data that was available as 5 min samples have been filtered and
decimated to 15 min. These result in Nyquist frequencies of

Figure 1. Several statistics of the total power spectrum of GOES 10
magnetic fields, She( f ) + Shn( f ) + Shp( f ). Two sets of estimates are
summarized: first, the curves that begin at ~1.5 μHz were estimated
on 100 20-day blocks offset by 50%; second, the two curves
beginning at ~80 μHz were computed from 2136 one-day blocks.
Both sets used data sampled at one minute resolution covering 1999
to 2001. The dashed red curve at the bottom represents the percent-
age of power at frequencies above f, showing that frequencies below
500 μHz include approximately 98% of the total power. The re-
mainder of the curves are in units of (nT)2/Hz. The top red and
magenta curves show the maxima of both sets of spectra. Note that
the apparent “roughness” of this red curve is an artifact of the
plotting scale and resolves into discrete p–mode peaks in Figure 2.
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520 and 555 µHz, respectively, and most of my results are for
frequencies ≤500 μHz. These zero-phase filters reject out-of-
band signals by >80 dB and are flat within the passband to
better than 1 part in 105. The 80 dB cutoff effectively keeps p
modes from aliasing into the low-frequency band. The Qs of
low-frequency solar p modes are expected to be very high,
perhaps >104, so lifetimes may exceed a year, and it is neces-
sary to reduce the amplitudes of possible aliases to very small
amplitudes to avoid confusion with the elusive g modes.

3. BACKGROUND AND OBSERVATIONS

Despite early observations such as those of Belcher
et al. [1969, p. 2302] who, in an analysis of Mariner 5
data, commented “They definitely establish the existence
of aperiodic Alfvén waves, propagating outward from the
Sun . . . ”, it appears that many space scientists believed that

the solar wind is primarily turbulent with the view summa-
rized by Ghosh et al. [2009, p. 1]: “Solar wind fluctuations
are usually regarded as a more or less featureless random
superposition of fluctuations. These may have an origin as
coronal waves and turbulence, or as in situ generated turbu-
lence or as some mixture of these Tu and Marsch [1995].
Regardless of the origin, the prevalent view is that the base-
line description is a spectrum that is of the broad band rather
than of the point spectral type.” There were good reasons
why this conventional view was adopted:

3.1. The Conventional View

C1 The partial differential equations describing waves in
plasma are nonlinear, and analytic solutions are nonexistent or,
at best, intractable. Consequently, much of the insight was
based on simulations. Because these are computationally de-
manding, almost all of these were done, until recently, for time
and one or two space dimensions as in, e.g., the work ofRoberts
et al. [1996]. These simulations implied only turbulence.
C2 Power spectra of interplanetary data estimated using

procedures known at the beginning of the space age gener-
ally gave a spectrum with a ~f�5/3 shape, the “signature” of
Kolmogorov turbulence. Thus, both theory and observation
supported the idea that the interplanetary medium was tur-
bulent with two subsequent implications:
C3 If it were possible to inject periodic components into

the solar wind at the Sun, they would be largely destroyed
before reaching the Earth. Long-period components such as
solar rotation where the propagation time from Sun to Earth
is more than about one half the period is excepted.
C4 Power spectra of interplanetary data should be gener-

ally smooth with their slope and evolution with distance from
the Sun the main quantities of interest.
C5 These imply that most of the oscillations seen in the

near-Earth environment have to be locally generated, possi-
bly by solar wind turbulence, and the detritus of flares or
CMEs exciting various resonances and nonlinearities in the
magnetosphere and related structures.

3.2. An Alternative View

The premise of this paper is that C1–C5 are largely incor-
rect because they are contradicted by observations. This
failure has been compounded by poor data analysis methods.
This does not imply that the cavity and field line resonances
attributed to the magnetosphere do not exist, but it does mean
that much greater care must be exercised in identifying and
characterizing them than has been common. Specifically, the
characteristics of the solar source must be considered when
analyzing magnetospheric data.

Figure 2. An expanded view of the 3 to 4 mHz part of the maximum
20-day spectrum shown in Figure 1. The frequencies of many of the
larger peaks correspond to those of low order solar p modes, and a
selection of such modes are marked with dashed red lines and the l, n
mode identification. The largest (double) peak is marked “3,24 1,25”
that indicates the P3,24 and P1,25 modes at frequencies of 3626.078
and 3640.475 µHz, respectively, Broomhall et al. [2009]. Pmodes of
degree l have 2l + 1 singlets spaced ~450 nHz, approximately the
Sun’s rotational frequency, so that a small frequency range around
these two peaks can be expected to contain ten singlets and possibly
more from higher lmodes. These are not resolved with 20-day blocks
and can interfere so the apparent amplitude of such modes varies as
the unresolved singlets drift in and out of phase.
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At low frequencies, turbulence in the solar wind is a minor
component, and the spectra are dominated by discrete lines.
These are amplified by the bow shock and related structures
so that magnetospheric data are primarily discrete lines.
These lines originate in the normal modes of the Sun. To
elaborate on these points in the same order as before, an
alternative to C1–C5 is:
A1 Simulations of the solar wind done in time and all three

space dimensions [Ghosh et al., 2009] show that discrete
modes and turbulence can coexist and that high-Q modes
propagate better than low-Q modes. The Qs of low-frequency
solar modes are predicted to range from 104 to 1011, so
individual modes persist from weeks to millenia.
A2 The spectrum analysis procedures known at the begin-

ning of the space age were unreliable (see section 4.1). There
were occasional peaks in these spectra, but given the volume
of data being processed combined with the terrible statistical
properties of the spectrum estimates, these peaks were usu-
ally within the range expected. Moreover, the frequencies
and amplitudes of most of these peaks varied erratically
between data sets and times, reinforcing the opinion that they
were just random fluctuations.
The multitaper method of spectrum estimation, outlined in

section 4, allows consistent, efficient, and approximately
maximum likelihood estimates. They have well-defined sta-
tistical properties. Multitaper estimates of spectra of inter-
planetary data exclude a purely turbulent spectrum.
A3 Discrete solar modes are easily observed in Ulysses

data at 5 AU. It was shown in TML that even the 5 min solar
p modes were detectable in Ulysses electron data, and with a
small Doppler correction, their frequencies matched those of
direct optical helioseismology. Figure 2 shows p modes in
the spectrum of GOES magnetic field data. Persistent fre-
quencies in the solar wind and the dayside magnetosphere
have been reported by Viall et al. [2009]. Although details of
the process may not be understood, solar modes are obvi-
ously being implanted into the solar wind.
A4 The power spectrum of interplanetary quantities con-

sists of a smooth f �5/3 background with discrete mode sig-
natures superimposed. I hypothesize that this turbulent
background is largely a fossil signature of turbulence in the
solar convection zone. The fact that it is measured in space
does not imply that it originates in space, any more than the
fact that the high-Qmodes that are measured in space implies
that they originate there. Most studies of the spectral index
and its evolution with distance from the Sun are unreliable
because of selection bias. The simplest explanation is that a
fossil turbulence spectrum is imprinted onto the solar wind
by the same mechanism that imprints the modes. Figure 1
shows that the average spectrum of the GOES 10 magnetic
fields has a f�5/3 dependence out to ~5000 µHz and also that

the maximum spectrum is much further above the average
than one would usually expect.
A5 As is shown in section 5, fluctuations in GOES data are

coherent with data at the ACE spacecraft at L1, and discrete
modes dominate the continuous part of the spectrum.
Ideas in space physics, such as the radial flow of the solar

wind [Nolte and Roelof, 1973] imply mode splittings that are
observed in this analysis. Also, the idea of propagation paths
leading to “footprints” on the Sun implies phenomena simi-
lar to multipath in communications systems and may help
explain some of the observed amplitude and phase varia-
tions. This may also explain why low l modes appear most
commonly. The exact propagation mechanism between the
Sun and the Earth is unclear, but the recent observations of
“pulsed” Alfvénic waves in the solar wind [Gosling et al.,
2011], may help explain many puzzles.
The hypothesis that solar modes drive many of the mag-

netospheric fluctuations implies that solar physics must be
considered when planning analysis of magnetospheric data.
In particular, there are many solar modes: at least 2000 g
modes and possibly millions of p modes. Solar g modes are
approximately equally spaced in period, becoming dense at
low frequencies, while p modes are approximately equally
spaced in frequency and become dense at frequencies above
~1000 µHz.Gmodes all occur below ~400 µHz and pmodes
above ~250 µHz, so there is some overlap. The frequency
range ~100 to 500 µHz has a low-enough mode density that
identification of individual modes may be possible. Thus, I
concentrate on this frequency range. However, even with
fewer modes to contend with, one has the problem that the
consensus in the work of Appourchaux et al. [2010] is that g
modes have not been identified. There are even relatively few
detections of p modes below 1 mHz [García et al., 2001].
One must also remember that the Sun is not a laboratory
signal source, and in the p mode band [see Stix, 2004,
p. 183], “one-third oscillates.” At ULF, much less is known.

4. SPECTRUM ESTIMATION

Almost all the inferences made about the magnetosphere
come from analyzing time series, that is, measurements made
sequentially in time. The most reliable way to make infer-
ences about time series is by estimating their power spectrum
by multitaper methods. These were introduced by Thomson
[1982], and the theory has been further developed in numer-
ous papers and books in the intervening 30 years, with recent
developments and references in the work of Haykin et al.
[2009] and, of particular relevance here that of P1. Multitaper
analysis begins by assuming that one has a representative
sample of a stationary process, x(t), of duration N samples at
t = 0, 1, . . ., N � 1. Such processes have a spectral
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representation, that is, they may be written as a Fourier
transform

xðtÞ ¼ ∫
1
2

−12
ei2πξ t −N−1

2ð Þ dX ðξÞ; ð1Þ

where the spectrum is defined by the expected value S( f )df =E
{|dX( f )|2} [Doob, 1953; Loève, 1963]. However, space phys-
ics data are rarely, if ever, Gaussian so Kolmogorov’s [1960]
cautions should be heeded. Given the comments of He and
Thomson [2009a, 2009b], we use the restricted representation

xðtÞ ¼ ∫
1
2

−12
ei2πξ t −N−1

2ð ÞX ðξÞdξ ð2Þ

with the origin, t = 0, taken at the center of the observation
interval. This representation is assumed to be valid for all
reasonable times, t, whether included in the sample or not.
Taking the Fourier transform of the sample, one obtains a
convolution of X(ξ) with a Dirichlet kernel.

yð f Þ ¼∑
N−1

t¼0

xðtÞe −i2π t −N−1
2ð Þ

¼ ∫
1
2

−12

sin Nπðf − ξÞ
sin πðf − ξÞ X ðξÞdξ; ð3Þ

If, instead of thinking of equation (3) as a convolution, one
calls it an integral equation, the implication is that one should
try to solve it. This is what the multitaper method does. In
spectrum estimation work, the most important parameter is the
Rayleigh resolution bandwidth R = 1/N at δt = 1 or more
generally, R = 1/T where T = Nδt is the total time duration of
the analyzed sample. In multitaper analysis, one chooses a
bandwidth, W, typically a few Rayleigh resolutions, W = CR/
N =CRRwide, then constructs a local least-squares solution of
equation (3) in a band (f � W, f + W). The key to doing this is
the set of discrete prolate spheroidal wave functions. These
functions define the uncertainty principle for the Fourier trans-
forms of finite sequences [Slepian, 1978]. The first K≲⌊2NW⌋
of these define the dimensionality of the time-frequency space
[0, N � 1] � ( f � W, f + W ) and are now known as Slepian
functions, and the corresponding sequences, denoted vt

(k), are
called Slepian sequences. The corresponding eigenvalues, λk,
give the fraction of energy in the interval (�W, W) of their
Fourier transforms. The first K of the λk are close to one, then
drop rapidly to zero for k > 2NW. Details of the derivation are
given by Thomson [1982] and depend on the eigencoefficients

xkðf Þ ¼∑
N−1

t¼0

xðtÞvðkÞt e−i2πft; ð4Þ

for k = 0, 1,. . ., K � 1. This calculation is usually done with a
fast Fourier transform (FFT) zero-padded to M points, with

M ≥ N. The frequency increment, or bin, is 1/M in standard
units or 1/(Mδt) in physical units. A simple multitaper spectrum
estimate is then

Ŝðf Þ ¼ 1

2NW
∑
K

k¼0

λk jxkðf Þj2: ð5Þ

Each term in this equation is a conventional direct spectrum
estimate and, because the Slepian sequences are orthonormal,
they are approximately uncorrelated. Each term thus contri-
butes two degrees-of-freedom (d.f.), so the overall estimate has
≈2K d.f. This improvement from 2 to 2K d.f. is obtained
without increasing the bandwidth.
Adaptive weights for more complicated spectra are given

in the references and are generally used in practice. Numer-
ous studies, listed in section V-c of the work of P1, have
shown that multitaper estimates generally make more effi-
cient use of data than conventional spectrum estimates. For
Gaussian data, the multitaper spectrum estimate is approxi-
mately maximum likelihood [Stoica and Sundin, 1999]. The
estimate has an approximately v2 distribution with 2K d.f.,
v2
2
K, and a locally smooth spectrum. This is rigorously true

for data with a Gaussian distribution. Heuristically [Black-
man and Tukey, 1959; Brillinger, 1975, 1984], for the large
sample sizes used to compute the spectra in this study, the
central limit theorem suggests that the windowed transforms,
the xk( f ), equation (4), should be Gaussian. (This is proven in
Mallows [1967] for time-series data under reasonable as-
sumptions.) Deterministic signals (such as modes) can cause
the distribution of Ŝ( f ) in equation (5) to be noncentral v2.
Let me emphasize that this method does not use sample

autocovariances: such methods are obsolete and should not
be used. Indeed, McWhorter and Scharf [1998] have shown
that the definition of autocovariances implies that multiple
taper methods should be used.

4.1. Statistics of Spectrum Estimates

Many of the problems with spectra of space physics data
have begun, as mentioned in C2 and A2, through the use of
the periodogram, that is P( f ) = |y( f )|2/N, where y( f ) is just
the discrete Fourier transform (usually computed with a FFT)
of the data, equation (3). The periodogram was named by
Schuster in 1898 and shown in 1903 by Lord Rayleigh to be
inconsistent, that is, its variance does not decrease with
sample size [Rayleigh, 1903]. Its bias is even worse. For
example, Figure 7 of P1 shows a spectrum of barometric
pressure data where the periodogram is biased by a factor of
~108, and the physically significant features of the spectrum
are buried under this mountain of bias. In this example, the
estimated spectral index is �2.0 with a periodogram, instead
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of �5.5 with a multitaper. Consequently, physics inferred
from periodograms cannot be trusted.
A further problem shared by periodograms and single-

window direct estimates is their poor sampling properties. If
one has a set of J such spectrum estimates, their minimum is
a factor of J too low, and their maximum a factor of
~ln 1.78 J too large. For example, if one has a sample of
size N = 100,000 and computes a single-taper spectrum
estimate, its range may easily exceed the range of the true
spectrum by a factor of a million. This is in addition to the
bias. This has left the impression that spectrum estimates are
unreliable. It should be an embarrassment that papers still
appear using an estimate that Lord Rayleigh proved to be
unreliable over a century ago.
The situation with multitapers is quite different, and if one

uses K = 10 tapers to get an estimate with 20 d.f. with again
N = 100,000, the lower extreme is about 0.17 and, the upper
extreme, 2.95 times the true spectrum. False peaks in such a
spectrum that are a factor of five larger than the mean should
only occur once in ~1012 cases.
More formally, a multitaper estimate with K tapers will

have a distribution proportional to a vν
2 and ν ≤ 2K. If ξj is a

set of ν independent, real-valued, Gaussian random variables
with means µj and unit variances, then their sum of squares

S ¼∑
v

j¼1

ξ2j ; λ ¼∑
v

j¼1

μ2j ð6Þ

has, by definition [Lancaster, 1969], a noncentral v2 distribu-
tion with ν d.f. and a noncentrality parameter, λ, equal to the
sum of the squares of the means. If the µj are all zero, as one
expects for the Fourier transforms of random noise, λ = 0, and
the distribution is central v2. With the unit variance, or power,
of the ξj in the definition (6), the expected value E{S} = ν + λ
means that ν also represents the noise power and, λ, the signal
power. The signal-to-noise power ratio is ρ = λ/ν.
The standard form of the central vν

2 distribution has ex-
pected value ν and to be used has to be scaled to match the
process. I have found the scaling

zðf Þ ¼ Ŝðf Þ
EfŜcð f Þg

ð7Þ

to be particularly convenient for spectrum estimation work.
Here the subscript c is used to emphasize that one is dealing
with the central, or noise, part of the spectrum, not the peaks.
Clearly, z( f ) has an expected value of one in noise. Defining the
d.f. parameter ν = 2α, so α ≈ K, but keeping α distinct from K to
allow for weighting, z has the scaled v2 or gamma distribution

pðz;αÞ ¼ αα

ΓðαÞ z
α−1e−αz ð8Þ

that has a unit mean and variance 1/α. The CDF, the probability
that an estimate is less than z, is

Pðz; αÞ ¼ ∫
z

0
pðt; αÞdt; ð9Þ

and the probability that the estimate exceeds z is 1 � P(z; α). It
is convenient to define an inverse, or quantile, function Q(γ;α)
where γ is a probability so 0 ≤ γ ≤ 1. The quantileQ is defined
implicitly by γ = P(Q(γ;α);α) and here is used for two distinct
purposes: first, to set approximate confidence levels and, sec-
ond, in estimation of the “baseline,” or noise level, of spectrum
estimates.

4.2. Estimation of the Baseline

Most of the spectrum estimates, made from interplanetary
and GOES data, do not have a central v2 distribution, but a
mixture of central and noncentral v2 distributions. Specifi-
cally, the distribution is noncentral at modal frequencies and
central when one is between modes in a noise-like part of the
spectrum. It is possible, but tedious, to fit a mixture of the
two distributions [see Thomson et al., 2001, Section 7]. It is
simpler to use a robust procedure to estimate the noise
spectrum. The procedure is as follows: (1) Postwhiten the
raw spectrum estimate by multiplying by f +5/3 so that it is
reasonably flat. (2) Take a band many times wider than the
bandwidth parameterW, around frequencies of interest, say J
frequencies (or FFT bins), sort the estimates in the band into
increasing order, and find the lower 100γ percent point,
usually 5% or 10%, denoted

–
S(γ)( f ). (3) Scale this estimate

by a gain, G(γ;α) = 1/Q(γ;α), to obtain an unbiased estimate
of the noise spectrum,

ŜN ;γðf Þ ¼ Gðγ; αÞS̄ðγÞðf Þ: ð10Þ
Within reason, this estimate should not depend critically on the
choice of γ. Taking the spectrum of the GOES 10 electrons
over 200 to 500 µHz as an example, the average baseline shifts
by 0.0, 0.026, 0.059, and 0.156 as γ ranges through 5%, 10%,
20%, and 50%, respectively. The 5% to 20% estimates are
close, and for those whose only experience with spectra is with
single taper or periodograms, such changes will appear insig-
nificant. With multitaper estimates, however, the fact that the
median is biased high by more than one standard deviation
relative to the 20% estimate is a strong indication that the
spectrum is not noise-like. The explanation is that in some
bands, more than half the frequencies are modal. The lesson is
that one must examine the distribution of spectrum estimates,
not just blindly take their average. The average shown in
Figure 1 would lead one to believe in turbulence, but the fact
that the maxima were not as expected leads to new insight.
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The variance of this estimate can be found using standard
methods [see Kendall and Stuart, 1963, p. 237, (10.29)], and
is given by

VarfŜN ;γðf Þg ¼ G2ðγ; αÞγð1 − γÞ
Jp2ðQðγ; αÞ; αÞ : ð11Þ

Figure 3 shows the gain G(γ;α) and scaled variance, J · Var
{SN;γ( f )}, for a sample of J = 100 independent v20

2 random
variates as a function of γj = (2j � 1)/2J for j = 1,. . ., J. If, for
example, one takes the 10th smallest sample of a set of 100 as a
robust estimate, it will be biased below the average. Multiply-
ing by G = 1.6247 will correct this bias. Similarly, the variance
of such an estimate will be 0.004126. For an uncontaminated
sample, the simple average would have a relative variance of 1/
(αJ) or, in these units, 0.1, so the lower 10% point only has an
efficiency of 0.1/0.41 ≈ 24%. Note that equation (11) applies to
independent random variates; multitaper spectrum estimates
have an approximately triangular correlation function that is
almost zero for frequency separations >±2W. Thus, one must
reduce the value of J used in equation (11) by a factor δf/(2W)
where δf is the frequency step used in the spectrum estimate. If,
as before, one zero pads a sample of sizeN and uses anM point
FFT, the effective sample size is

Jeff ≈ J ⋅
N

M
⋅
1

K
: ð12Þ

For most of the spectra used here the baseline was esti-
mated from the γ = 5% level in 1.6 µHz bands offset by 50%. (Multiply the raw spectrum by f 5/3, then do the baseline

estimation. See Appendices C and D of Thomson et al.
[2001] for details.) Figure 4 shows the ratio of the maximum
to baseline estimates. A ratio of peak to “average” of six in
single-window estimates is common, but the estimates
shown here have 16 d.f., so such an event only happens with
a probability of ~1.9 � 10�13 (Table 1). One such event
would be remarkable, but this happens in 19 of the 567 bands,
and even allowing for overlap, there are 13 independent
events. Even less probable, there are 34 independent frequen-
cies where the ratio exceeds five. The probability of this,
~10�330, is so low that the hypothesis that these peaks arise
from sampling variations in a basically featureless spectrum
from simple Kolmogorov turbulence must be absolutely re-
jected. Thus, there are discrete line components. Whether
these are locally generated or externally forced is discussed in
the next section.
To conclude this section, I must emphasize the necessity of

taking long-enough data sections to resolve the possible line
components. The GONG helioseismology network routinely
works with 60 day “months,” and most of the series analyzed
for low-frequency modes [see, e.g., Salabert et al., 2009] are
longer than 2000 days. The danger of working with short
data sections is that when two or more modes fall within the

Figure 3. The red dashed curve shows the gain, (G(γ;α) for α = 10
(20 d.f.) and J = 100 as a function of quantile required to produce
unbiased spectrum estimates from their order statistics. The solid
black curve shows the variance (11) of the unbiased estimate scaled
by J.

Figure 4. The ratio of the maximum to the baseline spectrum. The
raw spectrum was multiplied by f +5/3, effectively flattening it. Next,
the lower 5% point in blocks of width ~1.6 μHz (±200 FFT bins)
was found and scaled to give an unbiased estimate. The ratio of the
maximum in each block to the baseline is plotted.
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analysis bandwidth, (f � W, f + W), spectrum estimates are
erratic. Consider the case of just two modes with good
signal-to-noise ratios and similar amplitude within the analy-
sis band. When they happen to be “in phase,” one will see a
peak in the spectrum near the “average” frequency. Con-
versely, if the two modes are out of phase, one will not. The
result is that spectra will appear unnecessarily variable.
Moreover, because there are many modes, the odds are good
that in a given data block, there will be some frequencies
where modes are in phase and others where they are not, with
the result that peak frequencies will vary erratically when
comparing results from different data sections. However,
because the frequencies of solar p modes are known to vary
with the solar cycle [Woodard and Noyes, 1985; Jain et al.,
2009], and it appears probable that g mode frequencies do as
well, one must be cautious with exceptionally long blocks
because the bandwidth decreases with the length, T, of the
series, B = CR/T. When the bandwidth becomes narrower
than the frequency shift of the mode, detections become
sporadic.

5. COUPLING

There are many papers devoted to solar-terrestrial coupling
and, here I consider the MSC computed between the mag-
netic fields on ACE and GOES, noting the following com-
plicating factors:
1. There are three components on ACE and three on GOES

giving nine coherence estimates.
2. Daily variation in geomagnetism has been known since

it was discovered by Graham in 1724, and the inclination of
the Earth’s dipole axis [see section IVof P1] implies that, in
addition to direct coupling, modes coming from the Sun will
be split by multiples of a cycle per day. That is, in the
magnetosphere, data is cyclostationary or periodically cor-
related. In magnetospheric work, cyclostationarity is usually
described in terms of local solar time (“dayside,” “dawn

sector,” and similar terms) and because the dependence can
be strong, data segments of a few hours or less are commonly
used in a quasistationary approximation. An alternative is
given in section 6.
3. It has been known since Canton’s work in 1759 that

geomagnetic activity is greater in summer than in winter. So,
again, one has a periodically correlated process, this time
with a period of 1 year. The whole sequence of geometrically
induced correlations is obviously driven by the nonstationary
solar cycle.
4. Magnetospheric processes are nonlinear, and conse-

quently, one also sees their sum and difference frequencies
[He and Thomson, 2009b], in addition to the “direct” solar
modes.
5. As we show in section 7, frequencies measured in

GOES electrons and protons are different; this may be a
simple Doppler shift or, because the electron energies exceed
2 MeV (four times the rest mass of an electron), possibly a
relativistic effect, or both.
The fundamental tool for analyzing such effects is coher-

ence or correlation in the frequency domain. If {xk(f1)} and
{yk(f2)} represent two sets of eigencoefficients, equation (4),
for compatible series x(t) and y(t), respectively, the general
complex coherency is

Ĉx;yðf1; f2Þ ¼ ∑K−1
k¼0x

∗
k ðf1Þykðf2Þ

½∑K−1
k¼0jxkðf1Þj2∑K−1

k¼0jykðf2Þj2�
1
2

: ð13Þ

For the most part, one uses the stationary form with f1 = f2
expressed as MSC,

MSCx;yðf Þ ¼ jĈx;yðf ; f Þj2 ð14Þ
An important feature of coherence estimates is that their
statistical properties are extremely well understood [Carter,
1993; Thomson and Chave, 1991] and are particularly simple
under the null hypothesis that the two series are independent.
In principle, one should use canonical coherences (CCs) be-
tween ACE and GOES as described in section XII of P1 as this
typically gives two or three functions to be examined instead
of nine. The drawback is that the statistical distributions of
CCs are far more difficult, and demonstrations of significant
coupling between the interplanetary magnetic field and mag-
netospheric processes might possibly be taken less seriously
than with the simpler, but well-calibrated MSC.

5.1. ACE to GOES Coherences

To allow for the nonstationarity and the Doppler shifts
noted in section 7, the MSC was computed between the
magnetic fields on ACE and GOES on 10 day blocks offset

Table 1. Number of Peaks Above Level z for the 2 MeV Electron
Spectrum Shown in Figure 4a

z Q = 1 � P Bands Peaks

3 4.75 � 10�5 409 143
4 1.09 � 10�7 174 87
5 1.66 � 10�10 56 34
6 1.94 � 10�13 19 13
7 1.87 � 10�16 2 2

aHere Q is the probability of a central v16
2 scaled to have an

expected value of 1.0 exceeding z. The penultimate column gives
the number of bands (of 567) where z is exceeded, and the last gives
the number of local maxima (in the 567 bands) above z.
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by 5 days for 1999. Figure 5 shows MSC between the GSE
Bz component on ACE and the HE component of the mag-
netic fields on GOES 10 between days 206 and 216 of 1999
using 1 min resolution data. A time-bandwidth NW = 5 with
K = 8 tapers were used. Such figures are graphically demand-
ing even though this one only includes the lower half of the
Nyquist band. Note that there are more than 20 peaks above
the 99.99% significance level, although on average, only
0.72 such peaks are expected. To avoid a proliferation of
such plots, Table 2 gives the average and maximum percent-
age of estimates above the nominal 90% significance line. (In
Figure 5, this line is at an MSC of 0.2803, and 56.8% of the
estimates exceed it.) It may be seen that, on average, none of
the nine coherences between the magnetic fields on ACE and
GOES can be considered independent.
This calculation was repeated with 60 day data blocks, and

on plotting the fraction of the coherence estimates above
given levels with time, one finds the maximum coherence in
summer. Although the coherence fluctuates, there are many
frequencies where the minimum coherence never drops to
negligible values. In section 7, we turn to the identification of
these frequencies.

5.2. Local Resonance Versus Forcing

The problem of identifying local resonances as opposed to
external forcing may be partly resolved by considerations of
the Q of the resonator. The Q of a system is the ratio of 2π
times the energy stored in the resonator to that dissipated per
cycle. If the dissipation is balanced by incoming power, the
ratio of the spectra in the resonance to that outside should
reflect this. For a simple resonance, Q is also the ratio of the
center frequency to the full width of the peak at the half-
power point. In the magnetosphere, Q are not expected to be
high, possibly between 1 and 20, but the width can decrease
with time [Mann et al., 1995]. The Q of low frequency solar
p modes are expected to be >~10

4 and possibly ~1011 for g
modes. The line width of the p modes shown in Figure 2
implied Q >~ 1000 even though with 20 day blocks, the
singlets of the modes are not resolved. For such modes, the
Q implies that the modes are externally forced. The envelope
of the peaks in Figure 2 may have a peak centered at
~3600 µHz. This is slightly above the 3.2–3.4 mHz predicted
in the work of Samson et al. [1992], but the frequency of this
resonance may vary with time.

6. CYCLOSTATIONARITY

One of the indicators of external forcing, as opposed to
local generation of modes, is the fact that GOES data are
cyclostationary, a phenomenon also referred to as periodically
correlated. It is a useful intermediate case between stationar-
ity and fully nonstationary processes that arises in climate
and communications problems and, as we show here, in
magnetospheric data. There are, of course, the simple daily
and annual additive terms, but cyclostationary implies cor-
relation between different frequencies. The daily and annual
periodic terms are best considered to be part of the average,
but in periodically correlated data, the variance and autocor-
relations also vary periodically. To put this into a magneto-
spheric context, parameters such as conductivity vary on
both annual and diurnal rates [Hurtaud et al., 2007]. Now
imagine that the local solar time dependence of the coupling

Figure 5. Magnitude-squared-coherence (MSC) between the GSE-
Z magnetic field at ACE and the HE component on GOES 10 for
July 25 to Aug. 3, 1999. Only the lower half of the frequency range
is shown. Significance levels are indicated by the dashed red lines.
Note that only 2.3% of the estimates are below the 10% level, while
56.8% of the estimates are above the 90% level.

Table 2. Average (Left) and Maximum (Right) Percentage of MSC
Estimates Above the Nominal 90% Level Between Individual GSE
Components at ACE and GOES 10 during 1999a

ACE

Average Maximum

He Hn Hp He Hn Hp

X 22.34 22.16 20.33 66.7 72.6 74.8
Y 24.22 23.70 21.39 66.3 72.9 82.4
Z 26.43 24.35 21.39 68.2 63.9 64.1

aMSC computed on 70 10-day blocks with a 50% overlap.
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between the incoming solar signals and the response seen at
GOES is written as a Fourier series with a period of 1 day.
Thus, the output of the system, the GOES measurements,
will be a convolution of the solar wind input and the periodi-
cally varying impulse response. In the frequency domain,
this gives replicas of the input signal translated in frequency
by multiples of a cycle d�1. At polar latitudes, these copies
are often obvious in a spectrum.
Stationarity is an assumption that can be checked by test-

ing for nonstationarity using the fact that in nonstationary
processes, signal elements at different frequencies are corre-
lated. This fact underlies Loève’s [1963] fundamental theory
of nonstationary processes. This correlation can be measured
by computing coherence between signal elements at frequency
f and f + 1 cycle/day (c/d) or f and f + 1 cycle/year (c/y), ( f� 1
is similar) by an offset MSC (OMSC) adapting equation (13),

OMSCxðf Þ ¼ jCx;xðf ; f þ 1Þj2 ð15Þ
where the “1” denotes either 1 cycle per day or per year.
Mathematical details and examples are given in section XV
of P1 and sections V to VIII of Haykin et al. [2009].
Table 3 compares offset MSC between ACE solar wind

protons and GOES electrons. Both sets have N ≈ 200,000
samples at δt = 16 min, and the calculations use the same
time-bandwidth parameter. In random Gaussian data, one
expects 10% of the estimates and about 20,000 peaks above
the 90% significance level and approximately 20 peaks
above the 99.99% level. However, there are many modes in
both data sets, and if f is at a modal frequency and f + 1 is not,
the false detection rate increases. Thus, in the ACE data,
15.8% of the estimates are above the 90% level instead of the

10% that one would expect. In the GOES data, in contrast,
45% of the 1 c/d OMSC’s exceed the 90% level. Turning to
the peaks, in a random set of N = 200,000, one expects an
average of ~20 peaks above the 1 � P = 10�4 (or 99.99%)
significance level, that is, OMSC ≥ 0.627. In the ACE data,
there are 108 peaks (0.1% of the bandwidth), while in the
GOES data, there are over 2400.
One finds 84 peaks at ACE above the 99.99% level at an

offset of 1 c/y, and 192 at a 2 c/y offset. This is reasonable as
one expects some splitting by 1 c/y from the eccentricity of
the orbit and the fact that the 7.5° inclination of the ecliptic
on the solar equator splits odd-parity modes by ±1 c/y. In the
GOES data, one sees 2649 peaks with a 1 c/y splitting. Many
of these are triplets with f � 1, f, and f + 1 c/y peaks, so there
is some overcounting; however, one is faced with an average
of 3 or 4 peaks per µHz.
Finally, one may also compute coherences between fre-

quency f at ACE and f ± 1 at GOES. This confirms the
splitting. These coherences are typically as large, or larger,
than the direct coherences. These observations have several
implications. First, if the solar wind were truly turbulent, one
would be surprised if the ±7.5° annual change in Earth’s
heliographic latitude would obviously split modes. Second,
the change in the fraction of OMSCs above the 90% level
from 15.8% at ACE to 45% at GOES implies systematic
strong coupling. Third, this is confirmed by the direct mea-
surement of offset coherences between ACE and GOES.
Thus, the daily splitting occurs between ACE and GOES.

7. MODE IDENTIFICATIONS

Notwithstanding the consensus mentioned above in the
work of Appourchaux et al. [2010] that g modes have not
been detected, Turck-Chièze et al. [2004a, 2004b] and
Mathur et al. [2007] have identified some “candidate” sing-
lets from long series of observations made with the GOLF
instrument on the SOHO spacecraft. SOHO is also at L1, and
much of the SOHO data overlap that from ACE and GOES-
10, so comparisons are useful. Several of these “candidates”
can be seen in GOES data. In the 1 to 8 Å XL, one finds three
lines, 220.576, 220.136, and 220.728 µHz, whose average
difference from the corresponding “case 1” lines is 3.3 ±
12.7 nHz. The GOLF frequencies are given to the nearest
10 nHz, while my estimates of frequencies from GOES data
are accurate to ~±4 nHz. The GOES X-ray data should not
depend on magnetospheric processes, so this comparison
shows that these lines are real and not an artifact of either
spacecraft.
In contrast to the GOES X-rays, the electrons and protons

are influenced by magnetospheric processes, and the fre-
quencies differ systematically from the GOLF frequencies.

Table 3. Summary Statistics for the Cyclostationary Coherence of
the >2 MeV Electronsa

Theory ACE, 1c/d GOES, 1c/d GOES, 1c/y

1 � P Level Over Peaks Over Peaks Over Peaks

10�1 0.280 15.8 15375 45.3 34754 43.8 32894
10�2 0.482 2.5 3105 18.2 16103 18.5 15607
10�3 0.627 0.4 565 6.7 6669 7.2 6739
10�4 0.732 0.1 108 2.2 2411 2.5 2649
10�5 0.807 0 12 0.7 821 0.8 924
10�6 0.861 0 1 0.2 260 0.3 305

aThe first column gives the significance, 1 � P, the second the
level. The third and fourth columns are the percent of frequencies
above the nominal level (marked “Over”) and the number of peaks
for one cycle per day offsets in ACE protons. The fifth and sixth
columns are GOES at one cycle per day offset, and the last two are
GOES at one cycle per year. There are 197,150 data samples in the
GOES data, and 200,000 in the ACE.
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Being cautioned that there are only six “case 1” frequencies
to match, the electron lines appear to be shifted down by
28.7 ± 16 nHz, while the P4 proton (15–40 MeV) lines are
shifted up by 56.9 ± 6.2 nHz relative to the published “case 1”
frequencies. These may be Doppler shifts with different signs
because electrons drift eastward and protons drift westward.
It must be emphasized, however, that while these “candi-

dates” are believed to be g mode singlets, they appear to
come from several modes. Recall that a g mode of spherical
harmonic degree l is split by solar rotation into 2l + 1
singlets. We have also noted [Thomson et al., 2001] that
magnetic fields on the surface of the Sun are frozen in and
so will respond more to horizontal motions than to vertical.
At a given frequency, the horizontal power of a gmode at the
Sun’s surface is a factor of l(l + 1) larger than the vertical
[Christensen-Dalsgaard, 2002, eqn. (3)], a possible expla-
nation of the high peaks seen in ACE and GOES data.
Figure 6 shows a candidate for the l = 5, n = �1 solar

gravity mode. In Figure 6, all 11 singlets appear at levels

above the 99.9% significance level. The center frequency,
that of the m = 0 singlet, is 383.812 µHz. If one corrects by
the same relative factor, 130 ppm, found by comparing with
the GOLF “case 1” frequencies, this becomes 383.862 µHz.
Two predicted frequencies for this mode are 386.39 µHz
[Provost et al., 2000] and 385.55 µHz [Couvidat et al.,
2003], both slightly above that seen here. It is also possible
that this is a partial detection of some mode with l ≥ 7, but a
search for singlets with |m| ≥ 6 failed. The splitting between
individual singlets ranges between 884 and 930 nHz with an
average 904 ± 18 nHz or 12.80 days (12.365 sidereal). For
reference, the 11 singlet synodic frequencies, beginning with
m = +5, are: 379.296, 380.184, 381.076, 382.004, 382.888,
383.812, 384.696, 385.626, 386.540, 387.428, and
388.336 μHz, where positive m represents motion in the
prograde direction. The differences between these spacings
may be systematic. Moreover, these are all solid detections
with�log10(1� P) values being 3.37, 5.79, 4.38, 4.10, 5.48,
3.47, 3.74, 4.17, 5.50, 3.81, and 7.58, respectively, where P
is the peak probability. These were computed from the lower
5% point of the distribution using equation (10) and are
stable because the baseline was estimated from a bandwidth
in excess of 1800 Rayleigh resolutions.
In addition to the 11 main singlets, there are many other

peaks in this spectrum. Some of these are expected as the
l = 2, n = 1 p mode may fall within this band. Predictions of
this mode’s frequency vary considerably: Guenther et al.
[1992] gives 379.326 and 382.616 µHz for the “standard”
and “combined” solar models, respectively, and Provost
et al. [2000] gives 384.54 µHz. There are several other g
modes identifiable in GOES data that space limitations dic-
tate must be presented elsewhere.

7.1. Observational Implications

Detections of discrete mode singlets imply that one should
see “wave packets” in time. Suppose one has P = 2l + 1
singlets spaced γ Hz apart around some center frequency f0
and that these singlets are phase aligned at some time, say t =
0. Each singlet has the form µ cos 2π (f + mγ)t and sum to the

wave packet, μcos 2πf0t
sin πPγt
sin πγt

, where µ is the amplitude

of the individual singlets. The numerator implies that the
envelope will have its first zeroes at tz = ±1/(Pγ). The de-
nominator implies that packets should recur with a period of
1/γ. There are two cases of interest: For the l = 5 g mode just
discussed, γ ~ 930 nHz and P = 11, the first zeros of the
envelope occur at ±1(Pγ) ~ ±1.1 days, so one expects low-
frequency packets that last a few days to maybe 2 weeks for an
l = 1 g mode. P mode frequencies are approximately νl,m ~ ν0
(n + l/2 +: : :) where ν0 ≈ 136 µHz, so if P p-modes are aligned
in l, one will see roughly symmetric packets of roughly

Figure 6. A candidate for the l = 5, n = �1 solar gravity mode
measured in GOES 10 2 MeV electrons. Here there are 11 singlets
marked by the dashed vertical lines with all 11 significant above the
99.9% level. The average splitting between singlets is 904 ± 18 nHz
with a range 884 to 930 nHz. The center m = 0 peak is marked with
a red dot and has a frequency of 383.812 µHz. The peaks on the
other 10 singlets are marked with open circles. The other peaks may
be from higher lg modes or the l = 2, n = 1 p mode, predicted at
384.54 µHz [Provost et al., 2000].
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quantized duration ~±2/P h and twice that if the alignment is in
n. These idealized packet shapes will obviously be modified by
magnetospheric coupling effects that depend on local time, the
exact singlet frequencies, differences in singlet amplitudes and
phases, missing singlets, and similar effects. Both Villante et al.
[2007] and Piersanti et al. [2012] show such packet shapes.

7.2. Peak Density as a Function of Frequency

Plotting even the spectra available from GOES data at
sufficient resolution to be useful requires in excess of 1000
pages, clearly impractical. As an alternative, Figure 7 shows
the number of peaks in 10 μHz bands for the electrons and P4
protons above 99.99% and 99.9% significance levels, respec-
tively. These, in common with any number of other statistics
from GOES data, show that the probability of these peak
counts arising from random data is essentially zero. If the
data were random, one would expect one peak above
the 99.99% in these spectra about every 44 μHz; however,
in the electrons, one observes 360 times the expected rate.

Speculations on the cause of this are: Are the peaks in this
plot from Samson resonances [see, e.g., Kivelson, 2006,
section 4.2], and if so, why are the electron and proton peaks
at different frequencies? Since these peaks are close to the
Sun’s Brunt-Väisälä frequency, ≲450 μHz [Provost et al.,
2000], could they be from an accumulation of high-l gmodes
or from some other condition on the Sun? Or could they be
solar effects magnified by the Samson resonance? In general,
it is easier to excite a resonant structure than a nonresonant
one, and for example,Wright and Mann [2006] have charac-
terized the magnetosphere’s response to a pressure pulse.
Walker [2005] has analyzed periodic forcing and the cou-
pling between the solar wind and the magnetosphere. The
coupling is complicated and, given the variability of particle
density in the magnetosphere over times much longer than
the periods of the modes, clearly requires more study.
Figure 7 also indicates a potential inferential trap. If the

processes at the altitudes of low Earth orbit (LEO) satellites
are similar to those observed at geostationary orbit, there is a
danger of aliasing. A 90 min orbit corresponds to a sampling
frequency of 185 μHz for a given location, and this aliases to
370 μHz, close enough to the maximum peak density to be of
concern. That is, if one sees an apparently static or slowly
varying phenomenon in LEO data at a given ground location
(Studies where ground and satellite data are combined are
common.), there is no guarantee that the LEO observations
represent what they appear to be, rather than actually being an
alias of the peaks around 370 μHz. These modes can be quite
energetic as occasionally one can have several of them “in
phase,” which causes people to comment on the large oscilla-
tions visible in plots of raw data. As discussed in section 7.1,
the total width of many of these peaks such as that of g5,1
shown above in Figure 6, is ~10 μHz implying that when the
singlets become phase aligned, the condition will persist for a
day or more depending on the mode or modes. Are solar g
modes the origin of Pc6 pulsations? One also cannot help but
note that the Pc5 band corresponds almost exactly with the
main solar p mode band. Parkinson [1983, p. 300] gives the
Pc5 band as 150 to 600 s or 1.7 to 6.7 mHz. Optical detection
of p modes is almost impossible below 1 mHz, and there is an
acoustic cutoff at 5100 μHz [Jiminéz, 2006]. However, as
shown in Figure 32 of P1, p modes may also be seen at higher
frequencies in magnetic fields. The peaks shown in this figure,
from induced voltages on an ocean cable, can be easily de-
tected in 1 s magnetic field data fromACE, and in geomagnetic
data; so to get from ACE to the bottom of the Pacific Ocean, it
clearly must pass through the magnetosphere. The peaks near
20 mHz have the 136 μHz spacing that is characteristic of p
modes and match the Pc3 band. Thus, many of the differences
between geomagnetic and solar phenomena may be simply
that they have been given different names.

Figure 7. The number of peaks in the spectra of GOES-10 electrons
(solid black line) and P4 protons (dotted red line). These were
computed in 10 μHz bands offset 5 μHz with a threshold at the
99.99% significance level for the electrons and the 99.9% level for
the proton spectrum. For the electrons, the expected peak count is
0.228 and the observed maximum was 82. The P4 protons had a
lower threshold of 99.9% giving an expected background rate of
1.97, reached in 1 of 80 bands with a maximum of 73. The high
concentration of peaks near 370 μHz is a potential source of aliases.
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8. DISCUSSION AND CONCLUSIONS

This paper has sketched an idiosyncratic view of magne-
tospheric data concentrating on the long-term background
processes. Some differences between the conventional pic-
ture of a fully turbulent solar wind exciting internal reso-
nances of the magnetosphere and the hypothesis here,
namely, that the solar wind consists of a mixture of imprinted
normal modes of the Sun superimposed on fossil turbulence
from the solar convection zone was sketched in section 3. I
chose GOES data for this study because their geostationary
orbit is simple. Satellites with orbital periods other than 1 day
should produce additional splittings of spectral lines in an
already complicated spectrum and may be aliased.
Section 4 briefly reviewed multitaper spectrum estimates.

It was emphasized that the periodogram (or squared FFT) is
still commonly used despite the fact that Lord Rayleigh
proved that it was inconsistent. The relation between multi-
taper estimates and periodograms is similar to that between
modern spacecraft instrumentation and a brass and mahogany
ballistic galvanometer. The number and size of spurious
peaks in multitaper spectrum estimates of “random” data can
be predicted, and departures from these usually imply the
presence of nonrandom components.
It was demonstrated that much of the power in the spec-

trum of solar wind components at ACE, usually more than
one-half of the total, originates in the normal modes of the
Sun. In section 5, it was shown that the magnetic field
components at GOES are coherent with those at ACE. This
coherence has a bimodal distribution, high at modes and low
between them. The incoming modes are modulated by the
structures associated with the bow shock and magnetopause.
The geometry of the Earth’s rotation and orbit forces the bow
shock and magnetopause to vary periodically at daily and
annual rates, splitting the incoming modes. It was shown in
section 6 that the data at GOES are periodically correlated
with many modes appearing at their original solar frequency,
f, plus sidebands at f ± 1 cycle d�1 and f ± 1 cycle yr�1.
Interplanetary and magnetospheric data are not simple and

contain thousands of approximately periodic components
driven by the normal modes of the Sun. This implies that
plans for data analysis must include both solar physics and
aspects of the Earth’s orbit with the consequence that one
needs at least 5 years of data to resolve fine splitting.
Many solar modes are detectable in magnetospheric data.

In section 7, it was shown that some of the “case 1 candi-
dates” singlets of solar gravity modes [Turck-Chièze et al.,
2004a, 2004b], were detectable in GOES data. The frequen-
cies were identical in X-ray data, those from electrons shifted
down, and protons shifted up. The solar X-rays should not be
affected by magnetospheric processes so the agreement with

the optical data is expected. Magnetospheric electrons drift
eastward, while protons drift westward; however, as waves
in the solar wind propagate down the windward side of the
magnetopause, the coupling [see Hasegawa et al., 2004,
Figure 1] should produce opposite signs in the Doppler shifts
of the frequencies. The signal-to-noise ratio of solar modes is
reasonably high in GOES electrons, making detection easier
and allowing several solar gravity modes to be detected. All
11 singlets of what is probably the l = 5, n = �1 solar gravity
mode are detected above the 99.9% significance level. This
gives an estimated center frequency of 383.812 μHz and a
synodic splitting of 904 nHz, or ≈12.80 days. This implies
that the Sun’s core rotates considerably faster than the sur-
face rate. It is possible that these 11 singlets are part of a
mode with l ≥ 7 or, improbably, an l = 10 mode with most of
the odd-parity singlets missing. These modes remain coher-
ent for the duration of the data, over 5 years.
Finally, why does this matter? Foremost is the simple idea

that one should get the physics right. Unlike laboratory
physics, one cannot put the magnetosphere in a shielded box,
but must consider the driver of its dynamics, the Sun. If one
assumes that the driving signal has a featureless spectrum, as
opposed to a line spectrum, it is my belief that the probability
of arriving at the correct physics is exceedingly low, maybe
zero. Thus, for example, one is forced to invent various
mechanisms to account for the various observed pulsations
and similar phenomena.
Similarly, there have been many papers devoted to cou-

pling between the solar wind, particularly the interplanetary
magnetic field, and the terrestrial environment. These have
had some, but not remarkable, success. Although not dis-
cussed here, the modes all have distinct polarization proper-
ties and orientations, and given the usual assumptions when
working with transfer functions, the coupling calculations
should be done on a mode-by-mode basis.
Currently, there is much interest in space weather and

related phenomena. These are immensely important practical
problems. It appears that, once a flare or CME occurs and is
observed, its trajectory can be computed with moderate
accuracy. The larger problem of what causes the flare in the
first instance does not seem to have received as much atten-
tion. Sometime after the “Bastille Day” flare, I computed a
harmonic expansion for a year of data from Ulysses and was
surprised to see that the sequence of flares was reproduced
with reasonable accuracy, although background details were
not. This harmonic expansion only included the frequencies
that appeared to be periodic in a multitaper F test, so were
mostly modal frequencies. The implication, however, is that
flares may be triggered when several modes become aligned
with the proper phase, suggesting that the flare process may
be somewhat predictable.
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To summarize, the premise of this paper is that the domi-
nant component of the variability of the solar wind, the
driver of the magnetosphere, comes from the discrete normal
modes of the Sun. This is superimposed on a background that
is a fossil of Kolmogorov turbulence in the Sun’s convection
zone. The signatures of both this fossil turbulence and the
normal modes are imprinted onto the solar wind. When this
mixture encounters the Earth’s bow shock and related struc-
tures, the modal parts are coherent over the whole structure
and are enhanced when viewed inside the magnetosphere.
Thus, solar gravity modes are detectable in GOES data. If
one is attempting to measure a transfer function in the labo-
ratory, common practice is to use a sinusoidal signal for
linear cases and a pair of sinusoids for nonlinearities. Studies
of the magnetosphere are essentially attempts to assess a
large-scale nonlinear transfer function, and nature has built
in the sinusoidal test signals. The next job is to exploit them.
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There has been significant progress in understanding the generation mechanism
of whistler mode chorus emissions in recent years. This is partly due to the
successful reproduction of chorus emissions by computer simulations and partly
because of precise observations of chorus emissions by spacecraft. We give a brief
review of the nonlinear processes related to the generation mechanism of chorus
emissions that have been revealed by the simulations or observations. We describe
the nonlinear dynamics of resonant electrons and the formation of electromagnetic
electron holes or hills that result in resonant currents generating rising-tone emis-
sions or falling-tone emissions, respectively. We also describe the mechanism of
nonlinear wave damping due to quasi-oblique propagation, which results in the
formation of a gap at half the electron cyclotron frequency.

1. INTRODUCTION

Coherent electromagnetic waves called chorus emissions
have been frequently observed in the inner magnetosphere
[e.g., Tsurutani and Smith, 1974; Meredith et al., 2003; San-
tolík et al., 2003; Santolík, 2008; Sigsbee et al., 2010; Kasa-
shara et al., 2009]. Whistler mode chorus emissions typically
consist of a series of rising tones. They are generated near the

magnetic equator through interaction with energetic electrons
from several keV to tens of keV injected into the inner mag-
netosphere at the time of a geomagnetic disturbance. In recent
years, chorus emissions have been studied extensively
because of their role as a viable mechanism for accelerating
radiation belt electrons [Summers et al., 1998, 2002; Albert,
2002;Omura et al., 2007; Katoh and Omura, 2007a; Summers
and Omura, 2007; Katoh et al., 2008].
Numerical modeling of chorus emissions have been per-

formed using a Vlasov-hybrid simulation (VHS) based on
simplified field equations derived from Maxwell’s equations
under the assumption of a coherent whistler mode wave
[Nunn et al., 1997, 2009]. The initial wave amplitude and
the wave phase are specified in such simulations. The VHS

Dynamics of the Earth’s Radiation Belts and Inner Magnetosphere
Geophysical Monograph Series 199
© 2012. American Geophysical Union. All Rights Reserved.
10.1029/2012GM001347

243



code has a finite bandwidth ~100 Hz and so is unable to
simulate the physics whereby one chorus element is triggered
by the previous one, which requires a full broadband code.
The VHS also requires a trigger signal within the simulation
bandwidth. On the other hand, chorus emissions with rising
tones were reproduced successfully in an electron-hybrid
electromagnetic code starting from broadband thermal noise.
Here Maxwell’s equations are solved directly together with
the electron fluid equation for the cold dense electrons and
with the equations of motion for the hot resonant electrons
[Katoh and Omura, 2007a, 2007b]. The mechanism of rising
chorus emissions has been analyzed theoretically in terms of
nonlinear wave growth due to the formation of an electro-
magnetic electron hole in velocity phase space [Omura et al.,
2008]. The relation between the wave amplitude and the
frequency sweep rate in the generation region of chorus
emissions has been derived [Omura et al., 2008, Equation
(50)], which matches the rates from observations [Cully et
al., 2011]. The validity of this relation has been demonstrated
in a full-particle electromagnetic simulation [Hikishima et
al., 2009] as well as in an electron-hybrid simulation [Katoh
and Omura, 2007a]. These simulations show that seeds of
chorus emissions with rising tones are formed in a localized
region near the magnetic equator. The seed emissions grow
as a result of the formation of a resonant current arising from
nonlinear trajectories of resonant untrapped electrons.

2. DYNAMICS OF RESONANT ELECTRONS

We assume a coherent electromagnetic wave propagating
parallel to a static magnetic field B0 directed along the h axis,
and h is the distance along the magnetic field line from the
magnetic equator. The wavefields are in the transverse plane
containing x and y axes. We express the electric and magnetic
field vectors of the wave in the transverse plane by the
complex forms

→
Ew ¼ EwexpðiψEÞ and

→
Bw ¼ BwexpðiψBÞ,

respectively. We assume an electron with a parallel velocity
v‖, a perpendicular velocity v?, and a phase φ of v? in a
transverse plane to the static magnetic field B0. We define the
relative phase angle ζ between the perpendicular velocity and
the wave magnetic field

→
Bw defined by

ζ ¼ φ − ψB: ð1Þ
We also define the difference between the parallel velocity v‖
and the resonance velocity VR as

θ ¼ kðv∥−VRÞ; ð2Þ
where k is the wavenumber given by k = �∂ψB/∂h, and VR is
the resonance velocity given by VR = (ω � Ωe/γ)/k. The
parameters Ωe and γ are the electron cyclotron frequency

and the Lorenz factor given by γ = [1 � (v/c)2]�1/2, respec-
tively, where c is the speed of light. The frequency ω is
considered to be variable and given by ω = ∂ψB/∂t. Using
the relativistic equations of motion for a relativistic electron
interacting with the whistler mode wave, we derive simpli-
fied equations of motion with the average perpendicular
velocity V?0 [Omura et al., 2008].

dζ

dt
¼ θ; ð3Þ

and

dθ

dt
¼ ω2

trðsin ζþ SÞ; ð4Þ
where we find the relativistic trapping frequency ωtr =
ωtvγ

�1/2, and we have assumed that v‖ ~ VR, i.e., θ ~ 0. Here
ωt is the nonrelativistic trapping frequency given by ωt ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kV⊥0Ωw

p
[Omura et al., 1991], and Ωw is the normalized

wave amplitude defined by Ωw = eBw/m0, where �e and m0

are the charge and rest mass of an electron, respectively. The
condition for nonlinear trapping of a resonant electron is
given by dθ/dt = d2ζ/dt2 = 0, which is called the second-
order resonance condition. The shape of the electron hole is
determined by the inhomogeneity factor S given by

S ¼ −
1

s0ωΩw
s1
∂ω
∂t

þ cs2
∂Ωe

∂h

� �
; ð5Þ

where

s0 ¼ χ

ξ

V⊥0

c
; ð6Þ

s1 ¼ γ 1−
VR

Vg

� �2

; ð7Þ

and

s2 ¼ 1

2ξχ

γω

Ωe

V⊥0

c

� �2

− 2þ Λ
χ2ðΩe − γωÞ

Ωe − ω

� �
VRVp

c2

( )
; ð8Þ

where ξ2 = ω(Ωe � ω)/ωpe
2 and v2 = 1 � (ω/ck)2 [Omura

et al., 2008]. The parameter ωpe is the electron plasma
frequency. When we evaluate γ in the equations above, we
substitute v‖ = VR and v? = V?0. We have incorporated the
variation of the cold electron density Ne(h) along the mag-
netic field line as Ne(h) = Ne0Ωe(h)/Ωe0, where Ne0 and Ωe0

are, respectively, the cold electron density and the electron
cyclotron frequency at the equator. We haveΛ = ω/Ωe for this
inhomogeneous electron density model, while Λ = 1 for the
constant electron density model [Omura et al., 2009]. We
have plotted the trajectories of resonant electrons in the ζ� θ
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phase space with S = �0.4 and S = 0.4 in Figures 1a and 1b,
respectively.
For the case of constant-frequency field-aligned waves, the

inhomogeneity factor S given by equation (5) is identically
equal to the parameter R used by Albert [2000] in a Hamil-
tonian formulation of the resonant interaction of a charged
particle with a monochromatic electromagnetic wave.

3. RESONANT CURRENTS

A coherent whistler mode wave is excited by a linear
instability driven by temperature anisotropy near the equator.

It can also be artificially excited by an antenna of a space-
craft, a virtual antenna of an ionospheric current modulated
by high-frequency waves from the ground, or an antenna of
VLF transmitters on the ground. A coherent wave with a
finite amplitude forms a wave potential around the resonance
velocity that can trap some of the energetic resonant elec-
trons or distort the adiabatic trajectories of untrapped reso-
nant electrons. As a result of the inhomogeneous magnetic
field, trajectories of trapped and untrapped electrons become
significantly different, and there arises a hole or a hill in the
velocity phase space, as shown in Figure 1. The deformation
of the velocity distribution function of energetic electrons
around the resonance velocity results in currents formed by
resonant electrons that modify the coherent wave.
From Maxwell’s equations, we obtain the following equa-

tion for the amplitude Bw of the wave magnetic field in the
form [Nunn, 1974; Omura et al., 2008],

∂Bw

∂t
þ Vg

∂Bw

∂h
¼ −

μ0Vg

2
JE; ð9Þ

where μ0 and JE are the vacuum permeability and the com-
ponent of the resonant current parallel to the wave electric
field, respectively. Under the assumption that the growth rate
ωi is much smaller than the wave frequency ω, i.e., ωi << ω,
the resonant current parallel to the wave magnetic field JB is
neglected. This ensures that the frequency ω is constant in
the frame of reference moving with the group velocity Vg as
expressed by the equation,

∂ω
∂t

þ Vg
∂ω
∂h

¼ 0: ð10Þ
The frequency ω and wave number k satisfy the cold plasma
dispersion relation for the whistler mode wave, which we
write as

χ2 ¼ 1

1þ ξ2
: ð11Þ

Using the parameters ξ and v, we express the phase veloc-
ity and group velocity of the whistler mode wave as [Omura
et al., 2008]

Vp ¼ ω

k
¼ cχξ ð12Þ

and

Vg ¼ cξ

χ
ξ2 þ Ωe

2ðΩe − ωÞ
� �−1

: ð13Þ

The electron resonance velocity for an electron with a speed
v is then

VR ¼ cχξ 1 −
Ωe

γω

� �
: ð14Þ

Figure 1. Illustration of the wave-trapping potential in the velocity
phase space (θ � ζ). The contours correspond to trajectories of
resonant electrons. Because of the difference in the numbers of
trapped electrons and untrapped resonant electrons, there arises
either (a) an electron hole with S = �0.4 or (b) an electron hill with
S = 0.4. In both cases, the phase-bunched resonant electrons in the
phase range π < ζ < 2π result in a negative JE causing wave growth.
The electron hole results in a negative JB inducing a rising-tone
emission, while the electron hill causes a positive JB inducing a
falling-tone emission.
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Solving equations (3) and (4), we find that the first-order
resonance condition dζ /dt = 0 and the second-order reso-
nance condition d2ζ /dt2 = dθ/dt = 0 are satisfied at two
different phases ζ0 and ζ1 that satisfy sin ζ + S = 0. At
θ = 0, the phase ζ0 represents a stable equilibrium point
around which trapped resonant electrons rotate in time. The
phase ζ1 represents an unstable saddle equilibrium point. The
separatrix of the trapping region that originates from this
saddle point (θ = 0 and ζ = ζ1) is given by

θsðζÞ ¼ �ωtr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½cosζ1−cosζþ Sðζ − ζ1Þ�;

p
ð15Þ

for ζ1 < ζ < ζ2, where ζ2 is the phase of the separatrix crossing
θ = 0. The separatrix boundary of the trapping region plays an
important role in the formation of the resonant current JE, as
reported by Omura and Summers [2006]. Under the action of
a slowly varying whistler mode wave packet, there develops
an electromagnetic electron hole in the phase space (v‖, ζ) as
shown in Figure 1a for S = �0.4. (trajectories of resonant
electrons with different values of S are found in the work of
Omura and Matsumoto [1982]) This is because the initially
trapped resonant electrons inside the trapping region are guid-
ed along the resonance velocity, while the untrapped electrons
outside the trapping region cannot cross the separatrix so long
as the structure of the trapping region remains constant.
The currents JE and JB are components of the resonant

current, parallel to the wave electric field
→
Ew and wave

magnetic field
→
Bw, respectively. The resonant current is

formed by the interaction of resonant electrons with the
wave. Expressions for JE and JB are

JE ¼ ∫
∞

0 ∫
2π

0 ∫
∞

−∞
½ev⊥sin ζ� f ðv∥; ζ; v⊥Þv⊥dv∥dζdv⊥ ð16Þ

and

JB ¼ ∫
∞

0 ∫
2π

0 ∫
∞

−∞
½−ev⊥cos ζ� f ðv∥; ζ; v⊥Þv⊥dv∥dζdv⊥; ð17Þ

where f (v‖, ζ, v?) is the distribution function of energetic
electrons. It should be noted that the cold electrons support-
ing the whistler mode waves are not included in the distri-
bution function. It will be seen in the following section that
the component current JB occurs in the nonlinear correction
term to the wave dispersion relation.
From the analysis of trajectories of resonant electrons as

described by equations (3) and (4), it is found that the
maximum value of JE is realized when S = �0.4 [Omura et
al., 2008]. The magnitude of JE is calculated by assuming a
distribution function in the velocity phase space in the pres-
ence of a coherent whistler mode wave as

gðv∥; ζÞ ¼ g0ðv∥Þ − Qgtðv∥; ζÞ; ð18Þ

and we have

JE ¼ −eQV 2
⊥0∫

2π

0 ∫
∞

−∞
gtðv∥; ζÞsin ζdv∥dζ; ð19Þ

where we have assumed a Dirac delta function δ(v? � V?0)
for the perpendicular velocity v?. The functions g0(v‖) and
gt(v‖,ζ) are the unperturbed velocity distribution function and
the part of g0 that corresponds to trapping by the wave.
The resonant currents JE and JB are expressed, respec-

tively, as

JE ¼ −J0∫
ζ2

ζ1
½cos ζ1− cos ζþ Sðζ − ζ1Þ�1=2sin ζdζ; ð20Þ

and

JB ¼ J0∫
ζ2

ζ1
½cos ζ1− cos ζþ Sðζ − ζ1Þ�1=2cos ζdζ; ð21Þ

where J0 = (2e)3/2(m0kγ)
�1/2V?0

5/2vQGBw
1/2, and e and m0 are

the charge and rest mass of an electron. The factor Q repre-
sents the depth of the electron hole [Omura et al., 2009]. The
phase angles ζ1 and ζ2 define the boundary of the trapping
wave potential as described by Omura et al. [2009]. The
parameter G is the value of the velocity distribution function
g(v‖,ζ) in the trapping region around the resonance velocity.

4. GENERATION PROCESS OF CHORUS EMISSIONS

From Maxwell’s equations, we obtain the wave equation
(9) describing the evolution of the wave amplitude, and the
dispersion relation with a nonlinear correction term,

c2k2 − ω2 −
ωω2

pe

Ωe − ω
¼ μ0c

2k
JB
Bw

; ð22Þ

where μ0 is the magnetic permittivity in vacuum. Details of
the derivation of equations (9) and (22) are provided in
Appendix A of Omura et al. [2008]. The currents JE and JB
are components of the resonant current, parallel to the wave
electric field

→
Ew and wave magnetic field

→
Bw, respectively.

While the resonant current JE modifies the wave amplitude
Bw, the quantity JB/Bw changes the frequency ω of the
triggered wave. It is noted that the wave number k or the
wavelength does not change in space and time because it is
imposed by the triggering wave with the constant frequency
ω0 in the present situation. Denoting the frequency deviation
from ω0 as ω1 (where ω = ω0 + ω1) and assuming ω1 << ω0,
we expand equation (22) around ω0 to obtain

ω1 ¼ −
μ0Vg

2

JB
Bw

; ð23Þ

where Vg is given by equation (13).
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We assume that the velocity distribution function f of hot
energetic electrons is given in terms of the relativistic mo-
mentum per unit mass u = γv; u has components u‖ = γv‖ and
u? = γv?, respectively, parallel and perpendicular to the
ambient magnetic field. We specify f as

f ðu∥; u⊥Þ ¼ Nh

ð2πÞ3=2Ut∥U⊥0
exp −

u2∥
2U2

t∥

 !
δðu⊥ − U⊥0Þ; ð24Þ

where U?0 = γV?0, Ut‖ is the thermal momentum in the
parallel direction, and δ is the Dirac delta function, and we
have normalized f to the density of hot electrons Nh. Inte-
grating over u? and taking an average over ζ, we obtain the
magnitude G of the unperturbed distribution function g(v‖, ζ)
at the resonance velocity VR as

G ¼ Nh

ð2πÞ3=2Ut∥U⊥0
exp −

γ2V 2
R

2U2
t∥

 !
: ð25Þ

Omura et al. [2008] found that the maximum value of �JE
takes place when S = �0.413. Solving equation (21) for S =
�0.413, we obtain JB = �1.3J0, which we rewrite as

JB ¼ −1:3ð2eÞ3=2 Bw

m0kγ

� �1=2

V 5=2
⊥0 χQG: ð26Þ

The nonlinear transition time TN for formation of the
nonlinear resonant current is roughly estimated by the non-
linear trapping period Ttr given by

Ttr ¼ 2π

ωtr
¼ 2π

χ

m0γ

kV⊥0eBw

� �1=2

: ð27Þ

We define a ratio τ = TN/Ttr, which is to be determined by
numerical simulations and observations.
During a time interval equal to the nonlinear transition

time TN, an electron hole is gradually formed. Along with
the formation of JB, the frequency of the triggered wave
gradually deviates from ω0 to ω0 + ω1. From equations
(23), (25), (26), and (27), we obtain the frequency sweep
rate over the nonlinear trapping period as

ω1

TN
¼ 1:3

4
π−5=2

Q

τ

χωphV⊥0

γc

� �2 Vg

Ut∥
exp −

γ2V 2
R

2U2
t∥

 !
; ð28Þ

where ωph is the plasma frequency of the hot energetic
electrons defined by ωph

2 = μ0c
2Nhe

2/m0.
At the equator, the inhomogeneity of the magnetic field is

zero, and the second term on the right-hand side of equation
(5) vanishes. Since the maximum nonlinear wave growth

takes place when S = �0.4 [Omura et al., 2008], we can
derive from equation (5) the relation between the frequency
sweep rate and the normalized wave amplitude at the equator
Ωw0 = eBw0/m0 in the form,

∂ω
∂t

¼ 0:4s0ω0

s1
Ωw0: ð29Þ

Equating the left-hand sides of equations (28) and (29), we
obtain an optimum wave amplitude Ωopt that can trigger the
rising-tone chorus element as

Ω̃opt ¼ 0:81π−5=2
Q

τ

s1Ṽg

s0ω̃Ũ t∥

χ̃ωphṼ⊥0

γ

 !2

exp −
γ2Ṽ

2

R

2Ũ
2

t∥

0
@

1
A;

ð30Þ
where Ω̃opt ¼ Ωopt=Ωe0, ω̃ph ¼ ωph=Ωe0, and Ũ t∥ ¼ Ut∥=c.
In Figure 2a, we have plotted the optimum wave amplitude
given by equation (30) in solid lines. The numbers attached
to the lines are the time scale factors τ. We also plotted the
threshold for the nonlinear wave growth, which is the subject
of the next section. We can calculate the nonlinear transition
time TN using the wave amplitude obtained above. Using
equation (12), we rewrite equation (27) as

TNΩe0 ¼ 2πτ
γξ

χω̃Ṽ⊥0 Ω̃w0

 !1=2

; ð31Þ

which is plotted in Figure 2b for different values of τ. The
nonlinear transition time is roughly the time between the
onset of the triggering wave and the start of the nonlinear
wave growth. The value can be obtained from simulations
and observations, and it can be used in determining the time
scale factor τ used in the theory.

5. NONLINEAR WAVE GROWTH

We consider the wave evolution in time in a frame of
reference moving with the group velocity Vg as described by
equation (9). The variation of the wave amplitude is due to
the resonant current �JE, which is a function of S and
maximizes at S = �0.4. The maximum value is given by
�JE/J0 = 0.975 ~ 1. We, thus, have

JE ¼ −ð2eÞ3=2ðm0kγÞ−1=2V 5=2
⊥0 χQGB1=2

w : ð32Þ
Writing the right-hand side of equation (9) as dBw/dt, we
obtain

dBw

dt
¼ ΓNBw; ð33Þ
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where we define

ΓN ¼ Qω2
ph

2

ξ

ωΩw

� �1=2 Vg

Ut∥

χV⊥0

cπγ

� �3=2

exp −
γ2V 2

R

2U2
t∥

 !
ð34Þ

as the nonlinear growth rate. The parameter ωph is the plasma
frequency of hot electrons given by ωph

2 = Nhe
2/(e0m0), where

e0 is the vacuum permittivity. Figure 3a shows the variation
of ΓN as a function of the wave frequency for different
plasma frequencies indicated by the attached numbers. Sum-

mers et al. [2012a] generalize the expression (34) for ΓN to
an arbitrary particle distribution function.
As described by equation (10), the wave frequency is

constant in the frame of reference moving with the group
velocity. For a frequency variation ∂ω/∂t ≠ 0, the wave
should grow in time at a fixed position. Expressing the
derivative dBw/dt in equation (33) in terms of temporal and
spatial derivatives, and normalizing the wave amplitude, we
obtain

∂Ωw

∂t
þ Vg

∂Ωw

∂h
¼ ΓNΩw: ð35Þ

For chorus emissions to grow at the equator, the temporal
growth rate should be positive, namely, ∂Ωω/∂t > 0. From
equation (35), we therefore obtain

∂Ωw

∂h
<

ΓN

Vg
Ωw; ð36Þ

where we have assumed that the chorus waves propagate in
the positive direction, i.e., Vg > 0.
Near the magnetic equator, we assume a parabolic varia-

tion along the magnetic field line, which is specified by the L
value and the Earth’s radius RE, as expressed byΩe =Ωe0(1 +
ah2) with a = 4.5/(LRE)

2. Noting that ∂Ωe/∂h = 2αΩe0h, we
consider the distance hc at which the first and second terms of
the right-hand side of equation (5) become equal. Equating
the two terms and using equation (29), we obtain the critical
distance hc as

hc ¼ s0ωΩw0

5cas2Ωe0
: ð37Þ

The distance hc is used in identifying the dominant terms
of the inhomogeneity factor S as we discuss in the
following.
As the chorus emission propagates further from the equator

to the distance h (>> hc), the second term of the inhomoge-
neity factor (equation (5)) becomes much greater than the first
term. For the chorus element to maintain maximum growth at
this distance, a negative resonant current JE must be formed
with S =�0.4. Neglecting the first term on the right-hand side
of equation (5) and setting S = �0.4, we obtain

Ωw ¼ cs2
0:4s0ω

∂Ωe

∂h
: ð38Þ

Taking the spatial derivative of equation (38), we obtain

∂Ωw

∂h
¼ cs2

0:4s0ω
∂2Ωe

∂h2
¼ 5cas2Ωe0

s0ω
: ð39Þ

Figure 2. (a) The optimum wave amplitudes (solid lines) for trig-
gering rising tone emissions with different values of the time scale
factor τ (attached numbers) and the threshold of the wave amplitude
for nonlinear wave growth (dashed line) with the parameters used in
the Vlasov-hybrid simulation run. (b) The corresponding nonlinear
transition time TN for formation of the nonlinear resonant current
�JB with different values of the time scale factor τ. From Omura
and Nunn [2011].
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Self-sustaining nonlinear wave growth during propagation
near the equator, where the dipole magnetic field is approxi-
mated by the parabolic function, requires that the spatial
gradient of the wave amplitude ∂Ωw/∂h is constant as shown
in equation (39). It should be noted that the spatial gradient of
the wave amplitude does not depend on the wave amplitude
itself. When the optimum self-sustaining wave growth is
realized in the initial generation process of a chorus element,

the gradient of the wave amplitude should be close to the
value given by equation (39).
Inserting equation (39) into equation (36), we obtain the

inequality,

Ω̃w0 > Ω̃th; ð40Þ
where

Ω̃th ¼ 100π3γ3ξ

ω̃ω̃4
phṼ

5

⊥0χ
5

ãs2Ũt∥

Q

 !2

exp
γ2 Ṽ

2

R

Ũ
2

t∥

0
@

1
A: ð41Þ

We have used the normalized parameters, Ṽ⊥0 ¼ V⊥0=c,
ω̃ ¼ ω=Ωe0, ã ¼ ac2=Ω2

e0, Ũt∥ ¼ Ut∥=c, ω̃ph ¼ ωph=Ωe0,
Ω̃w0 ¼ Ωw0=Ωe0, and Ω̃th ¼ Ωth=Ωe0.
It is clear from equation (38) that the self-sustaining

mechanism only works for h > 0 with the positive gradient
of the magnetic field. That is, nonlinear wave growth takes
place only when the wave propagates away from the equator
with an amplitude greater than the threshold amplitude Ωth

given by equation (41). In Figure 3b, we plot the threshold
amplitude for typical parameters at Earth (L = 4.4) and for
the normalized electron plasma frequencies ω̃pe ¼ 2; 3; 5; 8.
The threshold amplitude is higher for a lower wave frequency
ω̃ and for a smaller plasma frequency ω̃pe. Since the linear
wave growth rate usually maximizes in the lower frequency
range [e.g., Omura and Summers, 2004], the threshold am-
plitude becomes especially important for smaller plasma
frequencies.

6. TEMPORAL AND SPATIAL EVOLUTION
OF RISING-TONE EMISSIONS

Nonlinear wave growth is due to the formation of a
resonant current as described by the second-order resonance
condition, while linear wave growth is due to particle diffu-
sion at the resonance velocity determined by the first-order
resonance condition. In the linear growth phase starting from
incoherent thermal noise, there arises a coherency at a fre-
quency corresponding to the maximum linear growth rate.
Once the amplitude of a coherent wave exceeds the thresh-
old value for self-sustaining emissions, nonlinear wave
growth sets in, driven by the second-order phase variation
∂ω/∂t corresponding to the maximum value of the resonant
current JE.
We evaluate the temporal variation of the wave amplitude by

assuming that the spatial derivative of the wave amplitude in
equation (35) takes the threshold value for self-sustaining wave
growth given by equation (41). Assuming the minimum spatial
gradient of the growing wave amplitude in equation (39), and
inserting this into equation (35), we derive the equation,

Figure 3. (a) Nonlinear growth rate ΓN as a function of wave
frequency ω for the plasma frequencies ωpe/Ωeo = 2, 4, 8, and 16
(indicated by the attached numbers) and the parametersUt‖/c = 0.18,
V?0/c = 0.21, ωph/Ωe0 = 0.2, Q = 0.5, and Ωw/Ωe0 = 0.0001. (b) The
threshold amplitude Ωth for the generation of self-sustaining chorus
emissions for the plasma frequencies ω̃pe = 2, 3, 5, and 8 (indicated
by the attached numbers) and for the parameters Ũ t∥ ¼ 0:18,
Ṽ ⊥0 ¼ 0:21, ã ¼ 2� 10−7, ω̃ph ¼ 0:2, and Q = 0.5. From
Omura et al. [2009].
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∂Ω̃w0

∂ t̃
¼ Ṽ g

"
Q ω̃2

ph

2 Ũ t∥

χṼ⊥0
πγ

 !3=2 
ξ Ω̃w0

ω̃

!1=2

�exp

 
−
γ2 Ṽ

2

R

2Ũ
2

t∥

!
−
5s2 ã

s0ω̃

#
:

ð42Þ

We now rewrite equation (29) in the form,

∂ ω̃

∂ t̃
¼ 2s0

5s1
ω̃ Ω̃w0: ð43Þ

The temporal evolution of a chorus element at the equator is
determined by the pair of coupled differential equations (42)
and (43) referred to as “chorus equations.” Summers et al.
[2012a] generalized the chorus equations to an arbitrary
distribution, and obtained numerical solutions to these equa-
tions for three specified particle distributions, and various
sets of parameters. The chorus equations were used by
Summers et al. [2011] to determine the effects of nonlinear
growth of whistler mode waves on extreme radiation belt
fluxes.
The spatial evolution of the chorus element is obtained by

solving the wave equations (9) and (10) in space and time
along with appropriate evaluation of the resonant current JE.
In calculating JE(h) at a position h, we need to approximate
the distribution function of energetic electrons at h by the
same form as equation (24). Assuming the adiabatic motion
of energetic electrons, we can approximate the off-equatorial
distribution function by

f ðu∥; u⊥; hÞ

¼ W ðhÞNh

ð2πÞ3=2Ut∥U⊥0
exp −

u2∥
2U2

t∥

 !
δðu⊥ −W ðhÞU⊥0Þ; ð44Þ

whereUt‖ andU?0(= γV?0) and Nh are values at the magnetic
equator [Summers et al., 2012b]. The variation of the density
and the average perpendicular velocity are modified by a
function

W ðhÞ ¼ 1þ Aeqah2

1þ ah2

� �−1=2

; ð45Þ

where Aeq = (2/π)(U?0/Ut‖)
2 � 1. In evaluating JE(h), we

incorporate the spatial variations of the density and the
average perpendicular velocity in equation (44) as

JEðhÞ ¼ −ð2eÞ3=2ðm0kγÞ−1=2ðW ðhÞV⊥0Þ5=2χQGðhÞB1=2
w ;

ð46Þ

where

GðhÞ ¼ W ðhÞNh

ð2πÞ3=2Ut∥U⊥0
exp −

γ2V 2
R

2U2
t∥

 !
: ð47Þ

7. SATURATION MECHANISM OF RISING-TONE
EMISSIONS

The chorus equations describe the time evolution of the
wave amplitude and frequency at the equator. However, the
evolution of the wave amplitude does not follow the predic-
tion of the chorus equation, and the wave amplitude saturates
at a certain level. The wave amplitude exhibits intermittent
growth on a continual basis. This suggests that nonlinear
wave growth only takes place over a short period of time as
the process of the triggering with an optimum wave ampli-
tude discussed in the previous section. The triggering is
repeated several times in forming a rising-tone emission.
Therefore, there arise subpacket structures in the chorus
element.
The saturation takes place because of the decrease of the Q

value corresponding to the depth of the electron hole. More
exactly, there arises a substantial number of electrons trapped
in the wave potential as the wave packet propagates toward
higher latitudes. The trapped electrons appear at different
locations in the velocity phase space as demonstrated by
Hikishima et al. [2010], shown in Figure 4.
The waves propagate away from the equator undergoing

convective nonlinear growth as expressed by equation (33).
The nonlinear growth rate (equation (34) decreases rapidly as
the absolute value of the resonance velocity VR increases.
Both adiabatic variation of the distribution function and the
increasing resonance velocity result in the saturation of the
nonlinear wave growth [Summers et al., 2012b].

8. NONLINEAR DAMPING AT HALF
THE GYROFREQUENCY

Chorus emissions with a rising tone are generated near the
magnetic equator. As they propagate away from the equator,
they are amplified by the nonlinear growth mechanism. The
wave packet propagates with the group velocity Vg given by
equation (13), while its phase varies with the phase velocity
given by equation (12). By inserting ω = 0.5Ωe into equation
(13), we find Vg = Vp. In the frame of reference moving with
the group velocity Vg, the phase of the wave becomes sta-
tionary. In this frame of reference, the frequency ω is con-
stant as expressed by equation (10). The amplitude of the
wave is a slowly varying function modified by the resonant

250 MECHANISM OF CHORUS EMISSIONS



current given by equation (9). Taking into account the spatial
inhomogeneity of the magnetic field and the plasma density
of the inner magnetosphere, we assume the wave normal
angle deviates gradually from the parallel direction.
We assume quasiparallel propagation in which the wave

normal angle Ψ satisfies sin2Ψ << 1, while at the same time,
we retain the term involving sin Ψ. Under the assumption of
quasiparallel propagation, the polarization of the transverse
electromagnetic field remains circular (see Appendix C of
Omura et al. [2009]). Therefore, we can assume a constant
wave amplitude Bw in the plane perpendicular to the static
magnetic field. In addition, there appears a longitudinal wave
electric field Ew|| parallel to the static magnetic field B0 which
we express as

Ew∥ ¼ ωsin Ψ

χ2Ωe − ω
Ew: ð48Þ

The equation of motion of energetic electrons interacting
with the quasiparallel whistler mode wave is given by

dðγv∥Þ
dt

¼ −
eEw∥

m0
sin φþ ev⊥Bw

m0
sin ζ −

γv2⊥
2Ωe

∂Ωe

∂h
; ð49Þ

where φ ¼ ∫ðω − kv∥Þdt and ζ ¼ ∫ðΩ − ωþ kv∥Þdt.
We consider energetic particles with velocities near the

wave phase velocity, i.e., v‖ ~ ω/k. Denoting v̄∥ ¼ v∥ − ω=k,

we find that φ ¼ −∫kv̄∥dt. Since the phase of the second term
on the right-hand side of equation (49) changes very quickly
with frequencies close to Ωe, we can neglect the contribution
of this term to the variation of v‖. Solving for the time
derivative of v̄∥ in equation (49), we obtain a pair of coupled
differential equations of v̄∥ and φ

dv̄∥
dt

¼ −
eEw∥

γm0
1 −

v2∥
c2

 !
sin φ −

v2⊥
2Ωe

∂Ωe

∂h
ð50Þ

and

dφ
dt

¼ −kv̄∥: ð51Þ

Assuming that v̄∥ ∼ 0, and calculating the second-order de-
rivative of φ, we obtain from equations (50) and (51)

d2φ
dt2

¼ ω2
t∥ðsin φþ S∥Þ; ð52Þ

where

ω2
t∥ ¼ ekEw∥χ2

γm0
ð53Þ

and

S∥ ¼ kv2⊥
2ω2

t∥Ωe

∂Ωe

∂h
: ð54Þ

If the condition |S‖| < 1 is satisfied, the parallel electric field of
the whistler mode wave packet can trap some of the energetic
electrons that satisfy v‖ ~ Vp. Trapped electrons move with the
phase velocity, which increases at higher latitude. Since the
density of the untrapped energetic electrons decreases at
higher latitude because of reflection at the mirror points, the
electrons trapped by the parallel electric field become isolated
in the phase space, thus forming the resonant current J‖. The
center of the trapping potential (Vp, φc) is given by the

Figure 4. Electron velocity distribution function f (v‖, v?) at t =
5980Ωe0

�1 for a simulation of triggered emissions: (a) f (v‖, v?)
plotted by color contours on a logarithmic scale and (b) perspective
view of the distribution from a high pitch angle. Enhancement of
electrons (a hill) is formed at higher pitch angles due to entrapping
of resonant electrons, while depletion of electrons (a hole) is found
at lower pitch angles [from Hikishima et al., 2010]. The hill cancels
the resonant current formed by the electron hole, resulting in the
saturation of the nonlinear wave growth.
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second-order resonance condition d2φ/dt2 = 0. From equation
(52), we obtain the condition sin φc + S‖ = 0. Since we
assume that the chorus element propagates in the positive
h region, i.e., moves away from the equator, we find that S‖ >
0 and sin φc < 0. Taking the average over the wave phase
from φ = 0 to φ = 2π, we obtain

Ew∥J∥ ¼ −
e

2π ∫
2π

0
Ew∥∫

∞

−∞
v∥gtðv∥;φÞsin φdv∥dφ > 0; ð55Þ

where gt(v‖, φ) is the distribution function of resonant elec-
trons trapped by the wave potential. Thus, trapped electrons
moving with the phase velocity of the wave are accelerated,
while they are trapped by the longitudinal wave potential. In
the dipole magnetic field, both the phase velocity and group
velocity increase as the distance from the equator increases.
The increase of the phase velocity corresponds to an increase
in kinetic energy of the trapped electrons. This is a further
interpretation of the process, whereby the trapped electrons
are accelerated.
Since we assume the quasiparallel wave propagation, we

have Ew ~ VpBw and the parallel wave electric field is given
by

Ew∥ ¼ ω

χ2Ωe − ω
VpBwsin Ψ: ð56Þ

Substituting equations (53), (54), and (56) into the trapping
condition S‖ < 1, we thereby express the necessary condition
for effective nonlinear damping as h < hN where

hN ¼ ξχ3cΩwω

γaV 2
⊥0ðχ2Ωe − ωÞ sin Ψ ∼

VpΩw

γaV 2
⊥0
sin Ψ: ð57Þ

Here we have assumed that ωpe ≫Ωe, i.e., v
2 ~ 1, and that ω ~

0.5 Ωe.
In the course of the generation of a rising-tone chorus ele-

ment, waves with frequencies near half the electron cyclotron
frequency can also be generated near the magnetic equator
during the process of nonlinear wave growth. Before leaving
the equatorial region (h < hN), however, the waves lose a
substantial amount of energy to the Landau resonant elec-
trons due to the deviation of the wave number vector from
the parallel direction of the geomagnetic field. Since the
magnitude of the resonant current depends on the width of
the trapping potential (which is itself proportional to the
trapping velocity), the rate of the nonlinear damping is pro-
portional to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bwsin Ψ

p
. As waves grow with a rising frequen-

cy at the equator, wave amplitudes can be larger at higher
frequencies near half the gyrofrequency. However, the
larger-amplitude waves, with frequencies close to half the

gyrofrequency, are subject to stronger nonlinear damping as
they propagate along the magnetic field line.

9. FALLING-TONE EMISSIONS

Nunn and Omura [2012] successfully reproduced the
falling-tone emissions by confining the simulation system to
be the region upstream from the magnetic equator. Effective
entrapping of resonant electrons at the equator induces an
enhanced distribution function or “hill” in the resonant par-
ticle trap, whereas risers have a “hole.” To maintain the
nonlinear wave growth near the equator where ∂Ωe/∂h ~ 0,
the following relation must be satisfied.

S ¼ −
s1

s0ωΩw

∂ω
∂t

: ð58Þ

To generate a falling tone ∂ω/∂t < 0, we need S > 0. Since the
second-order resonance condition for the stably trapped elec-
trons gives sin ζ + S = 0, we have sin ζ < 0 for S > 0.
In the theory of rising-tone emissions, we assumed an

electron hole expressed by equation (18) and the resonant
current JE given by equation (19). Since the trapped electrons
forming gt(v‖, ζ) take the phase range sin ζ < 0 for S > 0, Q
should be negative to yield negative JE, which causes wave
growth. The negative Q corresponds to an electron hill
formed by trapped electrons as shown in Figure 1b. Assum-
ing that gt(v‖, ζ) = G inside the trapping region and gt(v‖, ζ) =
0 outside it, we obtain

JE ¼ −J0∫
ζ1

ζ2
½cos ζ1 − cos ζþ Sðζ − ζ1Þ�1=2sin ζdζ ð59Þ

and

JB ¼ J0∫
ζ1

ζ2
½cos ζ1 − cos ζþ Sðζ − ζ1Þ�1=2cos ζdζ: ð60Þ

The phase angles ζ1 and ζ2 define the boundary of the
trapping wave potential as described by Omura et al.
[2008]. The resonant current JB takes a positive value, in-
ducing a negative frequency offset given by equation (23).
The maximum value of the resonant current JE for the

nonlinear wave growth is attained with S = 0.4 [Omura
et al., 2008], namely,

JE;max ¼ ð2eÞ3=2ðm0kγÞ−1=2ðWV⊥0Þ5=2χQGB1=2
w ; ð61Þ

where we have incorporated the adiabatic variation of the
equatorial distribution function (24) [Summers et al., 2012b].
We then obtain the nonlinear growth rate at a generation
point h as
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ΓN ¼ −
Qω2

ph

2

ξ

ωΩw

� �1=2 Vg

Ut∥

χWV⊥0

cπγ

� �3=2

exp −
γ2V 2

R

2U2
t∥

 !
:

ð62Þ
The parameters other than Ut‖ and V?0 are to be evaluated at
the generation point h. It is noted that �1 < Q < 0, which
corresponds to an electron hill formed by resonant electrons
trapped by the wave potential. When a whistler mode wave
packet propagates toward the equator, effective entrapping of
resonant particles occurs at the wavefront in the upstream
region from the magnetic equator. It is necessary to have an
absolute instability to generate a falling tone. The value of
ΓN has to be large enough to cancel the effect of the convec-
tive term in equation (35).

10. DISCUSSION

We have reviewed recent progress of the theoretical anal-
yses of the generation mechanism of chorus emissions. Elec-
tron dynamics related to the formation of an electromagnetic
electron hole in the velocity phase space has been confirmed
in particle code simulations [Hikishima and Omura, 2012].
The generation mechanism of rising tone emissions is due to
the formation of an electromagnetic electron hole in the
velocity phase space. The relation between frequency sweep
rates of rising tones and their wave amplitudes expressed
by equation (29) are confirmed by simulations [Hikishima et
al., 2009; Katoh and Omura, 2011] and observations by
THEMIS spacecraft [Cully et al., 2011]. The optimum am-
plitude given by equation (30) and the threshold for rising-
tone emissions given by equation (41) are also confirmed by
recent simulations.
The generation mechanism of falling-tone emissions is

due to the formation of an electron hill in the velocity
phase space. We express the electron hill by a negative
value of Q in equation (18). The electron hill is mostly
likely to be formed in the region upstream from the mag-
netic equator, where the hill produces a negative JE value
due to the gradient of the magnetic field as well as the
negative frequency offset induced by the positive JB ex-
pressed by equation (23). This mechanism has been con-
firmed by a Vlasov-Hybrid simulation [Nunn and Omura,
2012], but is yet to be confirmed by particle simulations and
observations.
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Aspects of Nonlinear Wave-Particle Interactions
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Gyro-averaged equations, valid near an arbitrary resonance, are developed both
directly from the Lorentz equations and from a Hamiltonian approach. The Hamil-
tonian development, with several significant approximations, gives a reduction to a
much lower dimensional system, which can be approximated analytically. Previous
treatments of diffusion, phase bunching, and phase trapping are reviewed and
extended in various ways. These results, and future work along these lines, may
allow practical, long-term modeling of nonlinear wave-particle interactions in the
radiation belts.

1. INTRODUCTION

Wave-particle interactions are widely recognized as a cru-
cial ingredient in radiation belt electron behavior. Quasi-linear
theory, with waves specified empirically rather than self-con-
sistently, has been widely used to model these processes
[Lyons, 1974], often with considerable qualitative success
[e.g., Albert et al., 2009]. While this seems appropriate for
broadband waves, such as plasmaspheric hiss, it seems dubi-
ous for the coherent, quasi-monochromatic waves that seem to
be a dominant component of chorus and which can occur with
unexpectedly large amplitudes. In recent years, such waves
have come to the fore, both observationally [Cattell et al.,
2008; Cully et al., 2008] and in large-scale simulations
[Omura et al., 2009]. The full, self-consistent story is undoubt-
edly complex, but a simplified, non-self-consistent description
of coherent interactions may prove fruitful for radiation belt
modeling, as it has in the broadband context. In this paper, we
review some of the ideas and tools that are available for
understanding test particle behavior, deliberately ignoring
many complications. In particular, frequency sweeping and

amplitude modulation are not treated, although they have been
considered by others [e.g., Chang et al., 1983; Demekhov
et al., 2006; Tao et al., 2012a, 2012b].
In section 2, gyro-averaged equations, valid near an arbi-

trary resonance, are developed directly from the Lorentz equa-
tions of motion. Relativistic particles and oblique waves are
both included, generalizing previous results. Next, the Hamil-
tonian treatment is presented in section 3, starting with the
straightforward equations of motion and progressing, through
variable transformations, resonance averaging, and identifica-
tion of constants of motion, to a reduced “1½-dimensional”
system. At this stage, the difference between “linear” and
“nonlinear” behavior becomes apparent, and delineated by a
so-called inhomogeneity parameter. It also becomes possible
to develop analytical treatments of the resonant changes in
adiabatic invariants, energy, and equatorial pitch angle in the
different regimes of diffusion, phase bunching, and phase
trapping, and this is reviewed in section 4. For diffusion, a
previous result is generalized for the case of resonance right at
the equator. For phase bunching, the spread often seen in
numerical results is discussed in terms of the range of reso-
nance phase. For phase trapping, a closed-form solution is
given for the particle energy as a function of position, which
could also serve as a simple model for relativistic turning
acceleration (RTA) [Omura et al., 2007] and ultrarelativistic
acceleration (URA) [Summers and Omura, 2007].
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2. LORENTZ EQUATIONS OF MOTION

From the Lorentz force law for a charged particle in a back-
ground magnetic field in the presence of a field-aligned wave,

dp

dt
¼ q½Ew þ v� ðB0 þ BwÞ�; dx

dt
¼ v; ð1Þ

it is straightforward to derive the gyro-averaged equations of
motion as given by Chang and Inan [1983] for an electron with
q = �e:

dp∥
dt

¼ −
p2⊥

2mγΩ
∂Ω
∂z

þ eBw
p⊥
mγ

sin ξ;

dp⊥
dt

¼ p⊥p∥
2mγΩ

∂Ω
∂z

− eBw
p∥
mγ

þ ω
k

� �
sin ξ;

dξ

dt
¼ Ω

γ
− ω − k

p∥
mγ

−
eBw

p⊥

p∥
mγ

þ ω

k

� �
cos ξ;

dz

dt
¼ p∥

mγ
: ð2Þ

Here ω is the wave frequency, Ω is the electron gyrofrequency
eB0/m, p = mvγ, γ = [1 + (p?/mc)

2 + (p‖/mc)
2]1/2, and ξ is the

angle between p? and �Bw. Note that for field-aligned waves,
and in the SI units used above, the combination eBw (p‖/mγ +
ω/k) is just e(Ew + v‖Bw). Heavy use has been made of the
approximations that the wave amplitude is small compared to
the background magnetic field and that the dependence of wave
quantities on position is slow compared to the timescales set by
ω and Ω.
For an oblique wave, the calculations are a bit more involved.

Tao and Bortnik [2010] generalized the work of Bell [1984] to
account for relativistic particles and arbitrary resonance number
ℓ, but did not gyro-average the results. Also, neither paper
retained terms proportional to the wavefields in the phase equa-
tion. Incorporating both extensions yields the set of equations

dp∥
dt

¼ −
p2⊥

2mγΩ
∂Ω
∂z

þjqj k∥v⊥
ω

�
E1 þ E2

2
Jℓþ1 þ E1 − E2

2
Jℓ−1

� �

− s
v∥
v⊥

E3Jℓ

�
cos ξ;

dp⊥
dt

¼ p∥p⊥
2mγΩ

∂Ω
∂z

þ jqj sℓΩ
ωγ

�
E1 þ E2

2
Jℓþ1 þ E1 − E2

2
Jℓ−1

� �

− s
v∥
v⊥

E3Jℓ

�
cos ξ;

dξ

dt
¼ k∥v∥ þ sℓΩ

γ
− ω −

q

p⊥

�
sΩ

ωγ

E1 þ E2

2
Jℓþ1þ E1 − E2

2
Jℓ−1

� �

þ s
k⊥v⊥
ω

E1 þ E2

2
J ′ℓþ1 þ

E1 − E2

2
J ′ℓ−1

� �

−
k⊥v∥
ω

E3J ′ℓ

�
sin ξ;

dz

dt
¼ p∥

mγ
; ð3Þ

where ξ = k?x0 + k‖z� ωt + sℓφ, tanφ =�py /spx, s = q/|q| = ±1,
and x0 refers to the guiding center. Here and from now on, cgs
units are used. The Bessel functions J have argument k?ρ, and
the combinations of wavefield components in the equations for
p‖ and p? are familiar from quasi-linear theory [Lyons, 1974]. A
detailed derivation will be given in a forthcoming publication.
The notation of Ginet and Heinemann [1990] has been used, so
Ω = |q|B0/mc, ρ = mv?γ/|q|B0,

Ew ¼ E1 cosΦêx − E2 sinΦêy − E3 cosΦêz;

Bw¼ B1 sinΦêx þ B2 cosΦêy − B3 sinΦêz;

ð4Þ

and Φ = k · x � ωt. Faraday’s law gives (B1, B2, B3) = (c/ω)
(k‖E2, k‖E1 + k?E3, k?E2). Both p‖ and k‖ are positive when p and
k, respectively, point in the + z direction. Thus, for electrons, with
p‖ < 0 but k‖ > 0, the primary resonance has ℓ =�1. Furthermore,
if the wave is field aligned (i.e., k? = 0), this is the only resonance
for which the wave terms in equation (3) do not vanish.
These equations may be used to derive the so-called inho-

mogeneity parameter and frequency associated with nonlinear
particle behavior, namely, phase bunching and phase trapping.
This is illustrated most clearly in the work of Inan et al.
[1978]. Using the nonrelativistic version of equation (2), and
neglecting the wave term in the equation for dξ /dt, gives

d2ξ

dt2
¼ −k

dv∥
dt

þ v∥
∂
∂z

ðΩ − kv∥Þ: ð5Þ

Using the full (nonrelativistic) form of dv‖/dt from equation (2)
yields

d2ξ
dt2

þ kv⊥
eBw

m
sin ξ ¼ v∥ þ kv2⊥

2Ω

� �
∂Ω
∂z

− v2∥
∂k
∂z

; ð6Þ

where ∂k/∂z is evaluated using the dispersion relation for the
wave. Relativistically, one has to consider the equation for
dp?/dt as well as dp‖/dt because of the γ factors, but the
procedure is the same. Omura et al. [2008] write equation
(6) (relativistically) in a form similar to

d2ξ

dt2
þ ω2

t ðsin ξþ SÞ ¼ 0; ð7Þ

which defines the trapping (or nonlinear, or oscillation) fre-
quency ωt and the inhomogeneity parameter S. Bell [1984,
1986] gives a much more detailed, but less transparent, treat-
ment of S for an oblique wave.
According to equation (3), and using the relation γ2 = 1 +

(p/mc)2, the rate of change of energy is given by

γ
dγ

dt
¼ jqj

mc

(
p⊥
mc

E1 þ E2

2
Jℓþ1 þ E1 − E2

2
Jℓ−1

� �

− s
p∥
mc

EzJℓ

)
cos ξ: ð8Þ
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The overall sign of dγ/dt depends on the detailed behavior of
the phase angle, as discussed in section 4.

3. HAMILTONIAN EQUATIONS OF MOTION

3.1. Three-Dimensional Formulation

The Hamiltonian formulation of the equations of motion,
exactly equivalent to equation (1), is

dx

dt
¼ ∂H

∂P
;

dP

dt
¼ −

∂H
∂x

; ð9Þ

where

H ¼ mc2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ P − qA=c

mc

� �2
:

s
ð10Þ

Here P is the canonical momentum, related to the usual
mechanical momentum p by P = p + qA/c, and A = A0 +
Aw is the vector potential of the electromagnetic fields. Thus,
B0 = ∇ � A0 is the background magnetic field, and the
wavefields are Bw = ∇ � Aw and Ew = (�1/c)∂Aw/∂t. Con-
sistent with, and in the same spirit as, the slow-variation
assumptions mentioned in connection with equation (2), it
is permissible to write

Aw ¼ A1 sinΦêx þ A2 cosΦêy − A3 sinΦêz; ð11Þ

and only consider the variation of Φ when differentiating Aw

to obtain the wavefields. This leads to (A1, A2, A3) = (c/ω)(E1,
E2, E3) [Ginet and Heinemann, 1990].
Within the framework of Hamiltonian mechanics,

changes of variable can be made using so-called canonical
transformations [e.g., Goldstein et al., 2001; Lichtenberg
and Lieberman, 1992]. A fruitful approach, when possible,
is to obtain sets of action-angle variables, with the lowest-
order Hamiltonian a function of only the action variables
J , and dependence on the angle variables θ only occurring
in higher-order terms. In this case, the angle variables will
be periodic, and the action variables will be adiabatic
invariants, robust to all but resonant periodic perturbations.
Since any dependence on angular variables can be expanded
in a Fourier series, the Hamiltonian will have the generic
form

HðJ ; θÞ ¼ H0ðJ Þ þ ∑
∞

n¼−∞
H1;nðJ Þsin nθ: ð12Þ

The H1,n coefficients are proportional to the wave amplitude
and are considered small and slowly varying, while the
purely adiabatic (no-wave) motion is completely described

by H0. Then dJ=dt ¼ −∑nH1;n cos nθ will rapidly oscillate
about zero unless dθ/dt ≈ ∂H0/∂J ≈ 0, which is the resonance
condition in this description.
Essentially, the advantage of this approach is that by

working with action-angle variables, and making various
approximations on the single function H, physically impor-
tant properties like adiabatic invariance are well maintained.
The corresponding relationships between “direct” variables
like x and p can be delicate and easily lost if approximations
are made separately and inconsistently to each of the six
components of equations like equation (1).
Assuming a constant background magnetic field, Ginet

and Heinemann [1990] followed these standard procedures
[Lichtenberg and Lieberman, 1992] to transform to modified
guiding center variables, which can be written as

I ¼ ðpx þ qAw
x =cÞ2 þ ðpy þ qAw

y =cÞ2
2mΩ

;

tanφ ¼ −ðpy þ qAw
y =cÞ

sðpx þ qAw
x =cÞ

:

ð13Þ

In this notation, I is approximately the standard first adiabatic
invariant J1 [Schulz, 1991], and φ is essentially the gyro-
phase, but both are modified by the wave. Albert [1993],
following Shklyar [1986], generalized this to account for
spatial variation of the background magnetic field. In terms
of the new variables, H near an isolated resonance n = ℓ takes
the form

H ¼ H0ðI ;PZ ; ZÞ þ H1ðI ;PZ ; ZÞ sin ξ; ð14Þ
where ξ means the combination kxX + kzZ � ωt + sℓφ. H0

and H1 have the forms

H0 ¼ mc2U; H1 ¼ mc2
aℓ
2ϒ

; ð15Þ
where

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ΩI

mc2
þ PZ

mc

� �2s
;

aℓ ¼ −2
jqj
mcω

( ffiffiffiffiffiffiffiffi
2ΩI

mc2

r
E1 − E2

2
Jℓ−1 þ E1 þ E2

2
Jℓþ1

� �

− s
PZ

mc
EzJℓ

)
ð16Þ

[Albert, 1993, 2000]. As before, the Bessel functions J have
argument k?ρ. In the absence of the wave, U is just the usual
relativistic factor γ, and 2ΩI/mc2 becomes (p?/mc)

2.
Using dPZ/dt = �∂H/∂Z ≈ �kzH1 cos ξ and dI/dt = �∂H/

∂φ ≈�sℓH1 cos ξ, it can be seen that both dU/dt and dI/dt have
a dependence on the wave components that is consistent with
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equation (8). In fact, it can be shown that the equations for I,
Pz, Z, and ξ are consistent with equation (3) to first order in the
wave amplitude. Furthermore, the Hamiltonian-derived sys-
tem can be reduced to a single pair of action-angle variables,
whose behavior can be visualized and analyzed in two dimen-
sions. This leads to very useful simplifications and analytical
estimates, as will be discussed in the next section.
Because ξ will assume a primary role below, its rate of

change is calculated as

dξ

dt
¼ kz

∂H
∂PZ

þ sℓ
∂H
∂I

− ω

¼ kzPZ

mU
þ sℓΩ

U
− ω

� �
þ kz

∂H1

∂PZ
þ sℓ

∂H1

∂I

� �
sin ξ: ð17Þ

From the lowest-order, wave-independent terms, the usual
resonance condition corresponds to dξ/dt = 0.

3.2. Reduction to One Dimension

This development closely follows the work of Shklyar
[1986]. From the equations

dPX

dt
¼ −

∂H
∂X

¼ −kxH1 cos ξ;

dI

dt
¼ −

∂H
∂φ

¼ −sℓH1 cos ξ;

dH

dt
¼ ∂H

∂t
¼ −ωH1 cos ξ;

ð18Þ

and assuming constant ω, it is seen that both sℓPX � kxI ≡ c1
and ωI� sℓH ≡ c2 are constant in time. The second relation is
especially useful because for ℓ ≠ 0, it allows both U and Pz to
be expressed as functions of only I and Z:

U ≈
H

mc2
¼ ωI − c2

sℓmc2
;

PZ

mc

� �2

≈
ωI − c2
sℓmc2

� �2

− 1 −
2ΩI
mc2

:

ð19Þ

Thus, the equations

dI

dt
¼ −sℓH1cos ξ;

dξ

dt
¼ kzPZ

mU
þ sℓΩ

U
− ω

� �
þ kz

∂H1

PZ
þ sℓ

∂H1

∂I

� �
sin ξ;

dZ

dt
¼ PZ

mU
;

ð20Þ

constitute a closed set. The system can be condensed even
further by dividing the first two equations by the third,
resulting in

dI

dZ
¼ −sℓðmcÞ2 aℓ

2PZ
cos ξ;

dξ

dZ
¼ kzPZ=mþ sℓΩ − ωU

PZ=m

� �
þ ð…Þsin ξ:

ð21Þ

Thus, from here on, Z will be considered the independent
variable. Finally, we try to fit these equations into the form of
a 1-D Hamiltonian system with

KðI ; ξ; ZÞ ¼ K0ðI ; ZÞ þ K1ðI ; ZÞsin ξ ð22Þ
so that

dI

dZ
¼ −K1cos ξ;

dξ

dZ
¼ ∂K0

∂I
þ ∂K1

∂I
sin ξ:

ð23Þ

This readily gives

K1 ¼ sℓðmcÞ2 aℓ
2PZ

; ð24Þ
and it can be checked that

K0 ¼ kzI − sℓPZðI ; ZÞ ð25Þ
gives back the lowest-order, resonance condition terms of dξ/
dZ. Reproduction of the wave part of dξ/dZ in equation (21)
has been sacrificed in order to obtain a 1-D Hamiltonian
system. Actually, since K0 and K1 explicitly depend on Z,
this is a “1½-dimensional” system.
For the case ℓ = 0, I is constant. Albert [2000] used

equation (15) and the resonance condition to write the third
line of equation (18) as

dðU2Þ
dZ

¼ −kza0cos ξ ≡ −
∂K
∂ξ

: ð26Þ

Choosing Γ = U2 to be the action conjugate to ξ in a 1-D
system gives dΓ/dz = �K1cos ξ, so

K1ðΓ; ZÞ ¼ kza0; ð27Þ
while the lowest-order part of the angle equation is

dξ

dZ
¼ kz −

ω

PZ=mU
≡
∂K0

∂Γ
: ð28Þ

Expressing PZ/mU in terms of Γ and integrating with respect
to Γ, as in Appendix A of Albert [2000], gives

K0ðΓ; ZÞ¼ kzΓ −
ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓðΓ − Γ0Þ

p
− Γ0log

ffiffiffi
Γ

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Γ − Γ0

ph i)
;

(

ð29Þ
where Γ0 is 1 + 2ΩI/mc2.
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4. ONE-DIMENSIONAL HAMILTONIAN ANALYSIS

Appendix C of Albert [2000] shows how the previously
discussed constants of motion may be used to determine
changes in energy E corresponding to changes in I or Γ:

E ¼ ωΔI=sℓ; ℓ ≠ 0;
ΔΓ=2γ; ℓ ¼ 0:

�
ð30Þ

For any ℓ, the corresponding change in equatorial pitch angle
α0 is

Δα0 ¼ −sin 2α0 þ sℓΩeq=ω

sin α0 cos α0

Δp

p
; ð31Þ

where Δp = (mγ/p)ΔE.

4.1. Inhomogeneity Parameter

Expanding the reduced Hamiltonian near a resonance,
where ∂K0/∂I ≈ 0, gives

K − Kres ¼ ∂2K0

∂I2
ðI − IresÞ2

2
þ K1sin ξ; ð32Þ

where Ires is approximately determined by the resonance
condition ∂K0/∂I = 0. At each value of the time-like variable
Z, this has the same form as that of a plane pendulum, with an
associated phase portrait in the (I, ξ) plane as shown in
Figure 1. The width of the island, W, and the oscillation

frequency, ω0, of a trajectory on a curve near the center of
the island, are given by

W ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi					
K1

∂2K0=∂I2

					
vuut ; ω0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi					K1
∂2K0

∂I2

					
vuut : ð33Þ

In a strictly 1-D system, trajectories would stay on one of the
constant-K contours shown, but because of the explicit Z
dependence, dK/dZ = ∂K/∂Z ≠ 0. One can visualize the
particles “trying” to follow a contour while the contours
themselves are changing in “time” Z.
The island center moves at a rate that can be estimated

from the resonance condition:

∂2K0

∂I2
dI þ ∂2K0

∂Z∂I
dZ ¼ 0

⇒
dIres
dZ

¼ −
∂2K0=∂Z∂I
∂2K0=∂I2

:

ð34Þ

The timescale (in Z) for this is estimated by W/(dIres/dZ),
which can be compared to ω0:

R−1 ≈ ω0
W

dIres=dZ
; R ≡

∂2K0=∂Z∂I
K1ð∂2K0=∂I2Þ : ð35Þ

For small values of |R|, particles move along the contours
quickly, while the contours themselves change slowly, but for
large values of |R|, the island and contours shift in less than an
oscillation period. R is proportional to the background inho-
mogeneity, indicated by ∂/∂Z, and inversely proportional to

Figure 1. Contours of the Hamiltonian K(I, ξ) and fixed “time” Z.
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the wave amplitude, through K1. In fact, as noted by Albert
and Bortnik [2009], this definition of R, for parallel-propagat-
ing, constant-frequency waves, coincides exactly with the
inhomogeneity parameter S of Omura et al. [2008].

4.2. Diffusion

As discussed in Albert [1993], when |R| >> 1, the behavior
of ξ near resonance is dominated by its Z dependence. Thus,

dξ

dZ
≈

∂
∂Z

dξ

dZ

� �
ðZ − ZresÞ ≡ aðZ − ZresÞ;

ξ ≈ ξres þ
a

2
ðZ − ZresÞ2:

ð36Þ

Using equation (21), a is given by

a ≈
∂2K0

∂Z∂I
¼ ∂

∂Z
kzPZ

mγ
þ sℓΩ

γ
− ω

� �
: ð37Þ

The change in I across the resonance is calculated by inte-
grating dI/dZ =�K1 cos ξ using the stationary phase method:

ΔI ¼ −K1∫
∞

−∞
dZ cos ξres þ

a

2
ðZ−ZresÞ2

h i

¼ −K1

ffiffiffiffiffiffi
2π

jaj
r

cos ξres þ σa
π

4


 �
;

ð38Þ

where σa is the sign of a. Averaging over a uniform distri-
bution of ξres gives a zero mean, but squaring before averag-
ing gives a diffusion coefficient in I, which can be converted
to diffusion in E and α0 using equations (30) and (31). Albert
[2010] showed that these results are identical to the single-
wave limit of bounce-averaged quasi-linear theory, or con-
versely, averaging these results over a distribution of waves
reproduces broadband quasi-linear theory.
This treatment breaks down for resonance right at the

equator or anywhere that the Z derivative leads to a = 0. The
simple fix is to Taylor expand dξ/dZ to one order higher in
Z � Zres:

dξ

dZ
≈

∂2

∂Z2

dξ

dZ

� � ðZ − ZresÞ2
2

≡
b

2
ðZ − ZresÞ2;

ξ ≈ ξres þ
b

6
ðZ − ZresÞ3;

ð39Þ

where b can be written as

b ¼ ∂3K0

∂2Z∂I
¼ ∂2

∂Z2

kzPZ

mγ
þ sℓΩ

γ
− ω

� �
: ð40Þ

Then, the stationary phase method gives

ΔI ¼ −K1∫
∞

−∞
dZ cos ξres þ

b

6
ðZ − ZresÞ3

� �

¼ −K1
Γð1=3Þffiffiffi

3
p 6

jbj
� �1=3

( )
cos ξres:

ð41Þ

Squaring and averaging over ξres again gives diffusion
coefficients.
The “interaction length” associated with near-stationary

phase in equation (36) is approximately given by (a/2)(δZ)2

~ π, or δZ = (2π/|a|)1/2, while equation (39) gives (b/6)(δZ)3 ~
π, or δZ = (6π/|b|)1/3. In either case, the diffusion coefficient
constructed from (ΔI)2 is proportional to δZ. Whichever value
of δZ is smaller should give a better estimate of the true
interaction length. Similar concepts and calculations have a
long history [e.g., Helliwell, 1967; Howard, 1981] and were
also incorporated into self-consistent analyses by Bespalov
and Trakhtengerts [1986] and Trakhtengerts et al. [1999].

4.3. Phase Bunching

Albert [1993, 2000] also considered the limit |R| << 1.
In this limit, particles approximately follow the K contours
outside the island in Figure 1 while gradually approaching
it. When they reach it, they typically move along the
separatrix until reaching the x point (where they “bunch”),
cross to the other side of the island, and gradually leave it,
as shown in Figure 2 of Albert [1993] and Figure 8 of
Albert [2000]. Adiabatic invariant considerations lead to
the estimate

ΔI ¼ −σZ
8

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi					
K1

∂2K0=∂I2

					
vuut ; ð42Þ

where σZ is the sign of PZ at the resonance. Direct numeri-
cal simulations [Albert, 1993, 2000; Albert and Bortnik,
2009; Tao et al., 2012a, 2012b] show that most particles in
a distribution will experience resonant changes in I with
the same sign and that equation (42) correctly predicts the
sign and maximum value. However, there is a spread in the
value of ΔI, which increases as |R| increases toward 1; this
behavior is not captured by equation (42).
To understand this, a more detailed treatment of ξ near

resonance is needed. Albert [2000] derived the following
equation for ξ and dξ/dZ:

1

2

dξ

dZ

� �2

þ ω2
0ðsin ξþ RξÞ ¼ N ; ð43Þ
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where N is constant. Contours are shown in Figure 2, where
trajectories on dotted curves cross resonance (dξ/dZ = 0)
within a range of ξ values. The range of ξres is small when
|R| is small, but increases as |R| becomes comparable to 1.
The range of ξres can be found analytically and must be
accounted for in an improved formulation of ΔI. (Such work
will be reported in an upcoming publication.)

4.4. Phase Trapping

Under favorable conditions, a particle may end up on a
trajectory deep inside the island, shown as dashed curves in
Figures 1 and 2. In this case, the particle does not pass
quickly through resonance, with an abrupt but isolated
change in I, but experiences sustained resonance and contin-
ual change. A good estimate of the rate of change is given by
movement of the island itself, described by equation (34). In
fact, simply combining the resonance condition,

kzPZ

m
þ sℓΩ − ωU ¼ 0; ð44Þ

with the definition

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ΩI

mc2
þ PZ

mc

� �2
s

ð45Þ

and the constant of motion

γ ≈ U ≈
ωI − c2
sℓmc2

ð46Þ

gives, to lowest order, a quadratic equation for γ(z):

k2z c
2

ω2
− 1

� �
γ2 − 2

k2z c
2

ω2
− 1

� �
sℓΩ

ω
γ

−

"
k2z c

2

ω2
1þ 2

Ω
ω

c2
mc2

� �
þ sℓΩ

ω

� �2
#
¼ 0: ð47Þ

The reliability of this estimate has been verified by direct
numerical simulation [Tao et al., 2012b]. A constant-
frequency wave has been assumed, but it is possible to
generalize this approach to varying frequencies [Demekhov
et al., 2006].
It has been found that for certain particle and wave para-

meters, solutions γ(Z) only exist for Z above a certain value.
Thus, particles trapped in resonance and with Z decreasing
are eventually required to have Z increase. This is nothing
other than an instance of RTA [Omura et al., 2007]. Mathe-
matically, equation (47) admits two roots γ at each value of Z,
but only one is continuously linked to the initial value at
resonance (and trapping); at turning, the roots coalesce, and
thereafter, the larger (increasing) value applies. Figure 3
shows solutions evaluated for an electron at L = 4, with γ =
1.8 and α0 = 60°, interacting with a field-aligned whistler
wave with Bw = 120 pT. These parameters, as well as the
values ωpe/Ω0 = 2 and ω/Ω0 = 0.4, where Ω0 is the equatorial
value of Ω, follow the work of Omura et al. [2007]. The
reversal of direction of the electron, and continual energy
gain, are similar to their Figure 1. Also shown in Figure 3 are
the local pitch angle and the inhomogeneity parameter R.

Figure 2. Contours of the constant of motion N(ξ, dξ/dZ).

ALBERT ET AL. 261



Figure 3. Analytical estimate of the behavior of a phase-trapped electron, with wave and particle parameters given in the
text. The open symbol indicates initial trapping, and the asterisk shows the final values. The particle exhibits relativistic
turning acceleration. Shown are (top) kinetic energy, which increases, (middle) the local pitch angle, which goes through
90°, and (bottom) the inhomogeneity parameter R, which is less than 1 in absolute value while the particle is trapped.

Figure 4. Analytical estimate of the behavior of a phase-trapped electron undergoing ultrarelativistic acceleration, with
wave and particle parameters given in the text. The solid curve is from equation (47), while the symbols are from Summers
and Omura [2007].



Figure 4 applies equation (47) to a phase-trapped electron
with γ > Ω/ω, a situation which Summers and Omura [2007]
refer to as URA. Here an electron at L = 4 with γ = 4 is used,
with α0 calculated for resonance at the equator. The energy
gain as analytically estimated by Summers and Omura
[2007] (their Equation 17) is also shown; the agreement is
quite good.

5. SUMMARY

Gyro-averaged equations, valid near an arbitrary reso-
nance, have been developed both directly from the Lorentz
equations and from a Hamiltonian approach. The Hamilto-
nian development made several significant approximations,
whose fidelity ultimately has to be checked against the origi-
nal equations. The benefit is a reduction to a much smaller
dimensional system, which can be approximately treated
analytically. This is advantageous both conceptually and for
large-scale modeling. Regimes of behavior include diffusion,
phase bunching, and phase trapping, for each of which the
previous treatment was extended. It is expected that further
improvements and generalizations, including accounting for
time-varying wave frequencies and amplitudes, will soon be
developed and incorporated into realistic models of particle
behavior in the presence of resonant waves.
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According to recently developed nonlinear cyclotron resonance theory, the gen-
eration of a whistler mode rising-tone chorus element is determined by a pair of
coupled nonlinear ordinary differential equations referred to as “chorus equations.”
We generalize the chorus equations to an arbitrary energetic electron distribution
and calculate the associated threshold wave amplitude for sustained nonlinear
growth. For three distinct particle distributions and various sets of parameters,
from the chorus equations, we obtain solutions for the wave magnetic field ampli-
tude, wave frequency, total nonlinear growth rate, and temporal nonlinear growth
rate. Further, we obtain complete time profiles for the wave amplitude that smoothly
match at the interface of the linear and nonlinear growth phases. The matching
process and, consequently, nonlinear wave growth can only take place over restricted
regions of parameter space.

1. INTRODUCTION

Whistler mode chorus is a coherent electromagnetic wave
with time-changing frequency, naturally produced in the
Earth’s magnetosphere close to the equatorial plane in two
bands: 0.1–0.5|Ωe| and 0.5–0.7|Ωe|, where |Ωe| is the local
electron gyrofrequency. Recent observations of chorus have
been made, for instance, by Santolík et al. [2010], Sigsbee et

al. [2010], Spasojevic and Inan [2010], Tsurutani et al.
[2011], and Li et al. [2011]. Chorus waves play an important
role in controlling electron radiation belt dynamics. Stochas-
tic acceleration due to electron gyroresonance with whistler
mode chorus can generate relativistic (>1 MeV) electrons in
the Earth’s outer radiation belt [Summers et al., 1998, 2002,
2007a, 2007b;Horne et al., 2005; Varotsou et al., 2008; Xiao
et al., 2010]. Gyroresonant interaction with whistler mode
chorus can also cause electron losses from the inner magne-
tosphere via pitch angle scattering loss to the atmosphere
[Thorne et al., 2005; Summers et al., 2007a, 2007b; Ni et al.,
2008; Hikishima et al., 2010]. Whistler mode instability
driven by injected seed electrons can serve to suppress the
radiation belt electron flux below theKennel-Petschek [1966]
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limit [Summers et al., 2009, 2011; Mauk and Fox, 2010;
Tang and Summers, 2012].
The generation process of whistler mode chorus com-

prises a linear growth phase followed by a nonlinear
growth phase (see Figure 1). It is well accepted that linear
wave growth is described by the cyclotron resonance the-
ory of Kennel and Petschek [1966], whereby waves are
excited by injected anisotropic electrons of energies ~tens
of keV. Omura et al. [2008, 2009] have recently developed
a nonlinear cyclotron resonance theory to describe the
nonlinear growth phase of whistler mode waves. Nonlinear
phase trapping, the generation of an electromagnetic hole
in phase space, and the associated nonlinear resonant cur-
rent are found to be instrumental in the nonlinear wave
growth process. Omura et al. [2012] provide a compact
review of the nonlinear processes related to the generation
mechanism of chorus emissions. Special forms of nonlinear
phase trapping by coherent whistler mode waves provide
the basis for efficient electron energization mechanisms
known as relativistic turning acceleration [Omura et al.,
2007] and ultrarelativistic acceleration [Summers and
Omura, 2007; see also Katoh et al., 2008].
In this paper, we further examine the theory of linear and

nonlinear growth of whistler mode chorus waves. In section 2,
we calculate the relativistic linear whistler mode wave
growth rates for the bi-Maxwellian, bi-Lorentzian (kappa),
and Dory-Guest-Harris [Dory et al., 1965] loss cone particle
distributions. In sections 3 and 4, we extend the nonlinear
wave growth theory of Omura et al. [2008, 2009]. Specifi-

cally, we generalize to an arbitrary energetic electron distri-
bution the “chorus equations” [Omura et al., 2009], which
are nonlinear ordinary differential equations that describe the
generation of a whistler mode chorus element at the equator,
and we calculate the associated threshold wave amplitude for
sustained nonlinear growth. We solve the chorus equations
for the wave magnetic field amplitude and frequency and,
hence, obtain solutions for the total nonlinear growth rate and
the temporal nonlinear growth rate. In section 5, we present
numerical solutions to the chorus equations for the bi-Max-
wellian, bi-Lorentzian, and Dory-Guest-Harris loss cone dis-
tributions, for a range of parameters. As well, for each of
these distributions, we construct complete time profiles for
the wave magnetic field amplitude that smoothly match at the
interface of the linear and nonlinear growth phases. Finally,
in section 6, we summarize our results.

2. LINEAR GROWTH RATE

We consider the linear growth rate for R-mode electromag-
netic waves propagating parallel to a uniformmagnetic field in
a spatially homogeneous plasma, for a hot anisotropic relativ-
istic electron population with a distribution function f ( p‖, p?)
in the presence of a dominant cold electron population; p‖ =
γmev‖ and p? = γmev? are the components of the relativistic
momentum p = γmev, where me is the electron rest mass, v is
the electron velocity with components v‖ and v?, respectively,
parallel and perpendicular to the ambient magnetic field, γ =
(1� v2/c2)�1/2 = (1 + p2/(mec)

2)1/2, with v2 = v||
2 + v?

2 and p2 =
p||
2 + p?

2, and c is the speed of light. We require that the
distribution satisfies ∫ f (p||, p?)d

3p = Nh where Nh is the hot
electron number density, with d3p = 2πp?dp?dp‖. We assume
that ωpe = (4πN0e

2/me)
1/2 is the plasma frequency, and |Ωe| =

eB0/(mec) is the electron gyrofrequency, where �e is the
electron charge, N0 is the cold electron number density, and
B0 is the magnitude of the zeroth-order magnetic field. Then,
following Xiao et al. [1998] and considering the Fourier
components of the wavefield (ei(kx�ωt)) with real wave number
k (>0) and complex wave frequency ω = ωr + iωi, we write the
relativistic linear growth/damping rate in the form,

ωi ¼
πω2

peη̃relfÃrel − Acg
½2ωr þ ω2

pejΩej=ðωr − jΩejÞ2�
; ð1Þ

where

η̃rel ¼
πme

N0

ðωr − jΩejÞ
k ∫

∞

0

dp⊥
ΔR

p2⊥
∂f
∂p⊥

� �
p∥¼pR

ð2Þ

Figure 1. Schematic representation of the time profile of the mag-
netic field amplitude Bw of a whistler mode chorus wave; ωi is the
temporal linear growth rate and γN is the temporal nonlinear growth
rate.
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is the fraction of the relativistic particle distribution near
resonance,

Ãrel ¼
k

ðωr−jΩejÞ
1
me ∫

∞

0

dp⊥
ΔR

p2⊥
γR

p⊥
∂f
∂p∥

− p∥
∂f
∂p⊥

� �
p∥¼pR

∫
∞

0

dp⊥
ΔR

p2⊥
∂f
∂p⊥

� �
p∥¼pR

ð3Þ

is the relativistic pitch angle anisotropy of the resonant particles,

γR ¼
−1þ ck

ωr

� �
ck
ωr

� �2
− 1

� �
1þ p2⊥

ðmecÞ2
� �

ωr
jΩej
� �2

þ1

� �1=2

ck
ωr

� �2
− 1

� �
ωr
jΩej
� �

ð4Þ
is the resonant value of the Lorentz factor,

pR ¼ me

k
ðγRωr − jΩejÞ ð5Þ

is the resonant value of the electron parallel momentum,

ΔR ¼ 1 −
ωrpR

mec2kγR
ð6Þ

is the resonant denominator in expression (2),

Ac ¼ ωr

ðjΩej − ωrÞ ð7Þ

is theminimum anisotropy required for wave instability (ωi > 0),
and

c2k2

ω2
r

¼ 1þ ω2
pe

ωrðjΩej − ωrÞ ð8Þ

is the cold plasma R-mode dispersion relation. The nonrelativis-
tic version of equation (1) is recovered by setting γ = 1, γR = 1,
and ΔR = 1.
We define the thermal anisotropy AT as

AT ¼ 〈p2⊥〉
2〈p2∥〉

− 1; ð9Þ

where

〈p2⊥〉 ¼ ∫p2⊥ f ðp∥; p⊥Þd3p; 〈p2∥〉 ¼ ∫ p2∥ f ðp∥; p⊥Þd3p: ð10Þ
In the nonrelativistic limit, relations (10) are equivalent to
T? = hp?2i/(2me), T|| = hp||2i/me, and equation (9) then becomes
AT = T?/T‖ � 1, where T? and T‖ are the perpendicular and
parallel electron temperatures, respectively. In Table 1,
for three specific distributions, namely, the bi-Maxwellian,
bi-Lorentzian (kappa), and Dory-Guest-Harris [Dory et al.,
1965] loss cone distribution, we provide expressions for T‖,
T?, and AT.
Throughout this paper, for the cold plasma, we set ωpe /

|Ωe| = 4. Also, for the bi-Lorentzian distribution, we fix κ = 2,
and for the Dory-Guest-Harris distribution, we fix σ = 4. In
general, Nh, θ‖, θ?, κ, and σ are fitting parameters for the
chosen distributions.
In Figure 2, we plot the relativistic and nonrelativistic

linear growth rates for the bi-Maxwellian, bi-Lorentzian
(kappa), and Dory-Guest-Harris [Dory et al., 1965] loss cone
distributions, in each case for thermal anisotropy values AT =
0.32, 1.25, and 3.99, and for the various indicated values of
the hot electron number density Nh. For each distribution, we
set T‖/(mc

2) = 0.123; θ‖ is then obtained using the appropriate
expressions in Table 1. For each chosen value of AT, the
corresponding value of θ? (and, hence, T?) can then be
found, likewise using Table 1. Table 2 contains the complete

Table 1. Electron Temperatures T‖ and T? and Thermal Anisotropy AT for the Given Hot Distributions f

f (p‖, p?) T‖ T? AT

1. Bi-Maxwellian
Nh

π3=2θ∥θ
2
⊥
exp −

p2∥
θ2∥

−
p2⊥
θ2⊥

 !
θ‖
2/(2m) θ?

2/(2m) θ?
2/θ‖

2 � 1

2. Bi-Lorentzian (kappa)
Nh

π3=2θ∥θ
2
⊥

Γðκþ 1Þ
κ3=2Γ κ − 1

2

� 	 1þ p2∥

κθ2∥
þ p2⊥

κθ2⊥

 !−ðκþ1Þ
[κ/(2κ � 3)]θ‖

2/m [κ/(2κ � 3)]θ?
2/m θ?

2/θ‖
2 � 1

3. Dory-Guest-Harris (1965) loss cone

Nh

π3=2θ∥θ
2
⊥

1

Γðσþ 1Þ
p⊥

θ⊥


 �2σ
exp −

p2∥

θ2∥
−
p2⊥

θ2⊥

 !
θ‖
2/(2m) (σ + 1)θ?

2/(2m) (σ + 1)θ?
2/θ‖

2 � 1
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set of values of AT, θ‖, θ? used in Figure 2. In Figure 2, we
see that for each distribution, the maximum growth rate
increases as the anisotropy AT increases and as the hot num-
ber density Nh increases, as is obviously expected. As AT
increases, the bandwidth for wave growth (ωi > 0) and the
frequency at which the maximum growth rate occurs both
increase for each distribution. Relativistic growth rates are

less than the corresponding nonrelativistic growth rates for
each distribution. Both relativistic and nonrelativistic growth
rates for the bi-Lorentzian are less than those of the bi-
Maxwellian, but the frequencies at which the growth rates
of the bi-Lorentzian maximize are larger than those of the bi-
Maxwellian. The relativistic growth rates of the Dory-Guest-
Harris [Dory et al., 1965] loss cone distribution exceed those

Figure 2. Linear relativistic and nonrelativistic whistler mode wave growth rates ωi for the bi-Maxwellian, bi-Lorentzian
(kappa), and Dory-Guest-Harris [Dory et al., 1965] loss cone distributions, for the specified values of the hot (energetic)
electron number density Nh and thermal anisotropy AT.
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of the bi-Maxwellian, while the nonrelativistic growth rates
of these two distributions are identical.

3. NONLINEAR GROWTH RATE

The generation process of magnetospheric whistler
mode chorus emissions has recently been analyzed by
Omura et al. [2008, 2009] by both theory and simulation.
Here we adopt the nonlinear wave growth theory of Omura
et al. [2009] to apply to an arbitrary distribution of hot
electrons. We express the nonlinear growth rate ΓN for
field-aligned whistler mode (R-mode) waves of frequency
ω(t) and wave magnetic field amplitude Bw(t) by the
relation,

dBw

dt
¼ ΓNBw; ð11Þ

with

ΓN

jΩej ¼
ffiffiffi
2

p
Qχ3=2

ξ

γ̃R


 �1=2 B0

Bw


 �1=2 jΩej
ω


 �1=2 Vg

c


 �

� V⊥0

c


 �5=2ðm2
ec

2G̃Þ
aN0

;
ð12Þ

and

a ¼ jΩej2=ω2
pe ð13Þ

is the cold plasma parameter,

ξ2 ¼ ωðjΩej − ωÞ
ω2
pe

; χ2 ¼ 1

1þ ξ2
; ð14Þ

Vg

c
¼ ξ

χ
ξ2 þ Ωe

2ðjΩej − ωÞ
� �−1

; ð15Þ

γ̃R ¼ 1 −
Ṽ R

c


 �2
−

V⊥0

c


 �2" #−1=2
;

Ṽ R

c
¼ χξ 1 −

jΩej
γ̃Rω


 �
; ð16Þ

where Vg(t) is the wave group speed, γ̃RðtÞ is the resonant
Lorentz factor, Ṽ RðtÞ is the resonant parallel particle velocity,
V?0 (= constant) is the average perpendicular particle veloc-
ity, andQ is the dimensionless factor that represents the depth
of the electromagnetic electron hole within which nonlinear
particle trapping takes place. The quantity G̃ in equation (12)
is a measure of the average value of the assumed hot electron
distribution Ft trapped by the wave. The trapped distribution
Ft is expressed as the electron ring distribution,

Ftðp∥; p⊥Þ ¼ Φðp∥Þδðp⊥ − p⊥0Þ ð17Þ
with

p⊥0 ¼ γ0meV⊥0; γ0 ¼ 1 −
V 2
⊥0
c2


 �−1=2
ð18Þ

where δ is the Dirac delta function, and Φ is a function of
parallel particle momentum p‖ only; G̃ is given by

G̃ ¼ ∫Ftdp⊥

� �
p∥¼ p̃R

¼ Φð p̃RÞ ð19Þ

where p̃R ¼ γ̃RmeṼ R:
Generalizing the “chorus equations” (equations (40) and

(41) given byOmura et al. [2009]), we find that, corresponding
to the nonlinear growth rate ΓN given here by equation (12) for
the arbitrary distribution (17), the normalized wave amplitude
B̃w ¼ BwðtÞ=B0 and normalized frequency ω̃ ¼ ωðtÞ=jΩej sat-
isfy the equations,

∂B̃w

∂ t̃
¼ ΓN

jΩej B̃w − 5
s2
s0

Vg

c

ã

ω̃
; ð20Þ

∂ω̃
∂ t̃

¼ 2s0
5s1

ω̃B̃w; ð21Þ

with t̃ ¼ jΩejt, and

s0 ¼ χ

ξ

V⊥0

c
; ð22Þ

s1 ¼ γ̃R 1 −
ṼR

Vg

 !2
; ð23Þ

Table 2. Parameter Values Used in Figures 2, 4–9

AT θ‖/(mec) θ?/(mec) V?0/c

Bi-Maxwellian 0.32 0.495 0.569 0.450
1.25 0.495 0.743 0.550
3.99 0.495 1.106 0.700

Bi-Lorentzian 0.32 0.248 0.284 0.373
1.25 0.248 0.372 0.465
3.99 0.248 0.553 0.616

DGH loss cone 0.32 0.495 0.254 0.485
1.25 0.495 0.332 0.587
3.99 0.495 0.495 0.733
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s2 ¼ 1

2ξχ
γ̃Rω̃

V⊥0

c


 �2

− 2þ χ2
ð1 − γ̃Rω̃Þ
ð1 − ω̃Þ

� �
Ṽ RVP

c2

( )
;

ð24Þ

ã ¼ 4:5

ðLREÞ2
c

Ωe


 �2
;

VP

c
¼ χξ ð25Þ

where VP(t) is the wave phase speed. Corresponding to the
wave frequency ω as given by equations (20) and (21), the
wave number k is a function of time and is given by the cold
plasma dispersion relation.
The wave equations (20) and (21) hold at the magnetic

equator of an assumed dipole field and, in general, for
wave frequencies in the range 0:1 ≤ ω̃ ≤ 0:5. Further, in
order for self-sustaining emissions to exist and for waves
to be amplified during propagation from the equator to
higher latitudes, a threshold condition must be satisfied.
Adapting section 4 of Omura et al. [2009] to a general
distribution, we find that wave amplitudes must satisfy
B̃w > B̃th, where B̃th ¼ Bth=B0 is the normalized threshold
amplitude given by

B̃th ¼ 25

2

ξ γ̃R
χ5ω̃

ãs2
Q


 �2 c

V⊥0


 �7 a2N2
0

ðm2
ec

2G̃Þ2 : ð26Þ

To determine the nonlinear wave growth rate, we pro-
ceed as follows. We choose an initial wave frequency ω̃0

and calculate the corresponding wave amplitude threshold

B̃th at ω̃ ¼ ω̃0 using equation (26). We then solve equa-
tions (20) and (21) for B̃wð t̃Þ, ω̃ð t̃Þ subject to the condition
ω̃ð0Þ ¼ ω̃0, and we choose B̃wð0Þ ¼ Bwð0Þ=B0 to be slightly
greater than the threshold value. The solutions for B̃wð t̃Þ
and ω̃ð t̃Þ can then be substituted into equation (12) to
provide the nonlinear growth rate ΓN as a function of time
t̃ or frequency ω̃.
The nonlinear growth rate ΓN as expressed by equation

(11) can be regarded as a “total” growth rate, since d/dt ≡
∂/∂t + Vg ∂/∂h, where h is the distance measured along the
magnetic field line from the magnetic equator [Omura et
al., 2009]. We may also define a “temporal” nonlinear
growth rate γN given by

∂Bw

∂t
¼ γNBw: ð27Þ

Hence, from equation (20), we see that

γN ¼ ΓN − 5
jΩej
B̃w

s2
s0

Vg

c

ã

ω̃
: ð28Þ

Result (27) is analogous to the corresponding relation
describing temporal linear wave growth, namely,

∂Bw

∂t
¼ ωiBw ð29Þ

where ωi is the linear growth rate introduced in section 2.
Figure 1 schematically illustrates the linear and nonlinear
growth phases.

Table 3. Trapped Distribution Ft ( p‖, p?) and Value of m2
ec

2G̃ Corresponding to Each Hot Electron Distribution Specified in Table 1

Ft(p‖,p?) p?0 = γ0meV?0 m2
ec

2G̃

1. Bi-Maxwellian
Nh

π2θ∥θ⊥
δðp⊥ − p⊥0Þexp −

p2∥

θ2∥

 ! ffiffiffi
π

p
2

θ⊥
Nh

π2
mec

θ∥


 �
mec

θ⊥


 �
exp −

p̃2R

θ2∥

 !

2. Bi-Lorentzian
Nh

π2θ∥θ⊥

Γðκþ 1ÞΓ κ − 1
2

� 	
κΓ κþ 1

2

� 	
Γðκ − 1Þ δðp⊥ − p⊥0Þ

� 1þ p2∥

κθ2∥

 !−ðκþ1Þ

ffiffiffi
π

p
2

κ1=2Γðκ − 1Þ
Γ κ − 1

2

� 	 θ⊥
Nh

π2
mec

θ∥


 �
mec

θ⊥


 �
Γðκþ 1ÞΓ κ − 1

2

� 	
κΓ κþ 1

2

� 	
Γðκ − 1Þ

� 1þ p̃2R

κθ2∥

 !−ðκþ1Þ

3. DGH loss cone
Nh

2π3=2θ∥θ⊥

Γðσþ 1Þ
Γ σþ 3

2

� 	 δðp⊥ − p⊥0Þ

�exp −
p2∥

θ2∥

 !
Γ σþ 3

2

� 	
Γðσþ 1Þ θ⊥

Nh

2π3=2
mec

θ∥
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mec
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�exp −
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Figure 3. Normalized threshold wave amplitude, given by equation (26) as a function of frequency for the bi-Maxwellian,
bi-Lorentzian, and Dory-Guest-Harris [Dory et al., 1965] loss cone distributions, for the specified values of the hot electron
number density Nh, the parallel thermal speed θ‖, and the perpendicular electron velocity V?0.
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4. DETERMINATION OF THE TRAPPED
DISTRIBUTION Ft

In order to determine the trapped distribution Ft(p‖, p?)
given by equation (17), corresponding to a given anisotropic
hot electron distribution f (p‖, p?), we apply the conditions

∫ f ðp∥; p⊥Þd3p ¼ ∫Ftðp∥; p⊥Þd3p ð30Þ
and

∫ f ðp∥; p⊥Þp⊥d3p ¼ ∫Ftðp∥; p⊥Þp⊥d3p; ð31Þ
where, in equations (30) and (31), we adopt a suitable trial
form for Ft. From equation (17), this involves choosing a
trial form for Φ(p‖). For instance, corresponding to the bi-
Maxwellian distribution,

f ðp∥; p⊥Þ ¼
Nh

π3=2θ∥θ
2
⊥
exp −

p2∥
θ2∥

−
p2⊥
θ2⊥

 !
; ð32Þ

we set Φ(p‖) = A exp(�p‖
2/θ‖

2), with A = constant, so that the
trial form for Ft is

Ftðp∥; p⊥Þ ¼ A exp −
p2∥
θ2∥

 !
δðp⊥ − p⊥0Þ; ð33Þ

where A and p?0 are to be determined. Substitution of dis-
tributions (32) and (33) into equations (30)–(31) gives

Nh ¼ 2π3=2Aθ∥p⊥0; ð34Þ
ffiffiffi
π

p
2

θ⊥Nh ¼ 2π3=2Aθ∥p
2
⊥0: ð35Þ

From equations (34) and (35), we obtain

A ¼ Nh

π2θ∥θ⊥
; p⊥0 ¼

ffiffiffi
π

p
2

θ⊥; ð36Þ

and hence, from equation (19), we find

G̃ ¼ Nh

π2θ∥θ⊥
exp −

p̃2R
θ2∥

 !
: ð37Þ

In line 1 of Table 3, corresponding to the bi-Maxwellian
distribution, we give the trapped distribution Ft and the
corresponding values of p?0 and m2

ec
2G̃. We carried out a

similar procedure for finding the trapped distribution associ-
ated with the bi-Lorentzian (kappa) distribution and the
Dory-Guest-Harris [Dory et al., 1965] loss cone distribution.
The results for these distributions are given, respectively, in
lines 2 and 3 of Table 3. Values of the quantity m2

ec
2G̃, which

occurs in expression (12) for the nonlinear growth rate ΓN
and also in result (26) for B̃th, are thus provided for the three
distributions.

5. NUMERICAL RESULTS

As noted above, we set ωpe/|Ωe| = 4. Hence, from equation
(13), it follows that a = 0.0625, which in the Earth’s dipole
magnetic field corresponds to N0 = 44 cm�3 at L = 3.9, for
which ã ¼ 9:8� 10 −7. A plot of the parameter a as a func-
tion of L for a dipole field is given in Figure 2 of Summers et
al. [2007a]. For the parameter Q, which relates to the depth
of the electron hole, we fix Q = 0.5. Before obtaining nu-
merical solutions to the chorus equations (20) and (21), we
find it useful to examine the behavior of the threshold wave
amplitude B̃th ¼ Bth=B0, as given by formula (26). Noting
that V?0 and θ? are connected by relations given in Table 3,
then for fixed values of a, ã, and Q, we can regard B̃th as a
function of ω̃, Nh, θ‖, and V?0. In Figure 3, we plot B̃th as a
function of frequency ω̃ for the bi-Maxwellian, bi-Lorentzian,
and Dory-Guest-Harris loss cone distributions, each for the
specified ranges of values of Nh, θ‖, and V?0. The values of
the remaining parameters used to construct Figure 3 are
given in Table 4. The profiles in Figure 3 for each distribu-
tion in all panels possess a minimum value of B̃th at a

Table 4. Parameter Values Used in Figure 3

Left Panel Middle Panel Right Panel

Bi-Maxwellian θ‖/(mec) = 0.495 Nh/N0 = 9.6 � 10�4 Nh/N0 = 9.6 � 10�4

V?0/c = 0.605 V?0/c = 0.605 θ‖/(mec) = 0.495
θ?/(mec) = 0.857 θ?/(mec) = 0.857 θ?/(mec) = 0.57, 0.65, 0.74, 0.86, 0.97, 1.11

Bi-Lorentzian θ‖/(mec) = 0.247 Nh/N0 = 9.6 � 10�4 Nh/N0 = 9.6 � 10�4

V?0/c = 0.605 V?0/c = 0.605 θ‖/(mec) = 0.248
θ?/(mec) = 0.537 θ?/(mec) = 0.537 θ?/(mec) = 0.36, 0.41, 0.47, 0.54, 0.60, 0.69

DGH loss cone θ‖/(mec) = 0.495 Nh/N0 = 9.6 � 10�4 Nh/N0 = 9.6 � 10�4

V?0/c = 0.605 V?0/c = 0.605 θ‖/(mec) = 0.495
θ?/(mec) = 0.348 θ?/(mec) = 0.348 θ?/(mec) = 0.23, 0.26, 0.30, 0.35, 0.39, 0.45
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“midrange” value of frequency, approximately. Since the
frequency at which B̃th is typically evaluated lies in the range
0 < ω̃ < 0:3, then, in practice, B̃th is a decreasing function
of frequency for each distribution. In addition, over this
frequency range, the magnitude of B̃th decreases as Nh in-
creases, for each distribution (left panels). It is also useful to

observe that in the frequency range 0 < ω̃ < 0:25, B̃th de-
creases as V?0 (or θ?) increases, for each distribution (right
panels).
In Figure 4, for the bi-Maxwellian distribution, we plot

time profiles, obtained by solving the chorus equations (20)–
(21), for the wave amplitude Bw, wave frequency ω, total

Figure 4. For the bi-Maxwellian distribution, solutions of the chorus equations (20) and (21) for the wave amplitude Bw,
the frequency ω, the total nonlinear growth rate ΓN, and the temporal nonlinear growth rate γN, for the specified values of
the hot electron number density Nh and thermal anisotropy AT.
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nonlinear growth rate ΓN, and temporal nonlinear growth rate
γN. As in Figure 2, in Figure 4, we set T‖/(mc

2) = 0.123, and
we find θ‖ and θ? (for each of the specified values of AT =
0.32, 1.25, 3.99) using Table 1. Parameter values used in
Figure 4 are given in Table 2. To solve the chorus equations,
here we adopt the initial conditions Bw(0) = Bw0, ω(0) = ωm,
where ωm is the frequency at which the linear growth rate

maximizes (for a given value of AT), and Bw0 slightly exceeds
the threshold amplitude Bth corresponding to ω = ωm. From
equations (26) and (37), we observe that Bth also depends on
Nh, so Bth must be calculated separately for each of the eight
solutions (corresponding to the eight selected Nh values) for
each value of AT adopted in Figure 4. In general, as we have
seen in Figure 2, as AT increases, ωm increases. Further, Bth

Figure 5. As in Figure 4, except here for the bi-Lorentzian distribution.
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decreases as AT increases. The latter follows since, as θ?
increases, Bth decreases (from our discussion of Figure 3)
and AT increases (from the formulae for AT in Table 1). Thus,
as expected, we see from the top three panels of Figure 4 that
for each chosen value of Nh, the values of Bw(0) decrease
with increasing values of AT. Figure 4 captures the typical
properties of whistler mode chorus, namely, a rising tone
(increasing frequency) with increasing wave amplitude. At
lower anisotropies, ΓN increases to a maximum value before

decreasing, while for larger anisotropies, ΓN monotonically
decreases with time. For all anisotropies, γN rises to a maxi-
mum value before falling. Figure 4 also provides evidence
(see the solutions for Bw in the top row of panels) that for
sustained nonlinear wave growth, sufficiently large values of
AT and Nh are required.
In Figures 5 and 6, we show solutions for Bw, ω, ΓN, γN

corresponding to the bi-Lorentzian and Dory-Guest-Harris
loss cone distributions, respectively. The solutions in

Figure 6. As in Figure 4, except here for the Dory-Guest-Harris [Dory et al., 1965] loss cone distribution.
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Figures 5 and 6 were obtained by similar techniques to those
in Figure 4 and, generally, are similar to the latter solutions.
As an exception, for the bi-Lorentzian distribution, the pro-
files for ΓN and γN can possess two local maxima (Figure 5,
third row center panel, and fourth row right panel). Further

evidence that sustained nonlinear growth requires sufficient-
ly large values of AT, Nh is provided in the solutions for Bw in
the top row of Figure 5.
Hitherto, we have solved the chorus equations to obtain

typical solutions for the wave amplitude Bw during the

Figure 7. (left) For the bi-Maxwellian distribution, time variation of the whistler mode wave magnetic field consisting of
smoothly matching linear and nonlinear profiles, for the given values of the electron number density Nh.
(right) Corresponding to the left panel in the nonlinear phase, profiles of the wave frequency ω, the total nonlinear growth
rate ΓN, and the temporal nonlinear growth rate γN.

Figure 8. As in Figure 7, except here for the bi-Lorentzian distribution.
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nonlinear growth phase. We now refine our study by con-
structing time profiles of Bw that are valid throughout the wave
growth process comprising both the linear and nonlinear
phases. Equations (29) and (27) describe wave growth during
the linear and nonlinear phases, respectively. In order to con-
struct linear and nonlinear solutions that smoothly match at
some “matching” amplitude BM (at which linear growth ends
and nonlinear growth begins), we chose BM so that γN =
(ωi)max, where γN is given by equation (28), and (ωi)max is the
maximum value of the linear growth rate, which occurs
at frequency ω = ωm. Having determined BM, we then
solve the chorus equations (20)–(21) subject to the condition
Bw = BM at ω = ωm to obtain the solution for Bw(t) during the
nonlinear phase. The matching solution for Bw(t) during the
linear phase is simply obtained from equation (29), with ωi =
(ωi)max, and we assume the time period over which linear
growth takes place is of the order of the time period for
nonlinear growth (the latter being specified as the time required
for the frequency to increase from ω = ωm to ω = 0.5|Ωe|). The
results of this matching process are shown for the bi-Maxwellian
distribution in Figure 7, for AT = 1.25, and the specified
values of Nh. The left panel shows the smoothly matched
profiles for Bw, and the right panels show the corresponding
profiles for ω, ΓN, and γN during the nonlinear phase. It should
be noted that the matching process described can only be
carried out over limited regions of parameter space, for in-
stance, for sufficiently large values of AT, Nh. Detailed analysis
of such regions, which can be expected to shed further light on
the process of nonlinear wave growth, is left as a future project.

In Figures 8 and 9, we show further examples of matched
profiles for Bw for the bi-Lorentzian and Dory-Guest-Harris
loss cone distributions, respectively, for the indicated values
of AT, Nh.

6. SUMMARY

We have examined the linear and nonlinear growth phases
of coherent whistler mode waves generated at the magnetic
equator. We first calculated relativistic linear growth rates
corresponding to the bi-Maxwellian, bi-Lorentzian (kappa),
and Dory-Guest-Harris [Dory et al., 1965] loss cone distri-
butions for a range of values of the thermal anisotropy
AT and the hot electron number density Nh. We then gener-
alized the nonlinear wave growth theory of Omura et al.
[2008, 2009] to arbitrary energetic electron distributions.
Specifically, we expressed in terms of an arbitrary electron
distribution (1) the total nonlinear growth rate ΓN, (2) the
temporal nonlinear growth rate γN, (3) the chorus equations,
which describe the nonlinear evolution of the wave magnetic
field Bw and frequency ω, and (4) the threshold wave ampli-
tude Bth required for sustained nonlinear growth.
For the bi-Maxwellian, bi-Lorentzian, and Dory-Guest-

Harris loss cone distributions, we solved the chorus equations
to obtain profiles for Bw(t), ω(t), ΓN(t), and γN(t) in the nonlin-
ear growth phase, for various sets of parameters. For each of
these distributions for selected AT values and a range of Nh

values, we constructed complete profiles for Bw(t) by smoothly
matching solutions in the linear and nonlinear regimes. Further

Figure 9. As in Figure 7, except here for the Dory-Guest-Harris [Dory et al., 1965] loss cone distribution.
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work is required to determine the parameter space over which
sustained nonlinear wave growth is possible.
This paper has been concerned with the temporal growth

of whistler mode waves at the equator. A recent study by
Summers et al. [2012] addresses the spatiotemporal evolu-
tion of whistler mode waves as they evolve along a field line
from their equatorial source.
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High-Energy Electron Diffusion by Resonant Interactions
With Whistler Mode Hiss

J.-F. Ripoll and D. Mourenas

CEA, DAM, DIF, Arpajon, France

The dynamics of trapped electrons in the Earth’s radiation belts can be described
by quasilinear diffusion theory. Computer simulation of the evolution of radiation
belt electrons is, however, time-consuming, so it is useful to seek approximate
models. In this chapter, the simple parallel propagation approximation model and
the mean value approximation model are compared with the Lyons (1972) exact
formulation. The models have been further simplified by using the low-frequency
wave limit and the dense plasma limit, which apply to high-energy electrons
interacting with hiss waves in the plasmasphere. Precipitation lifetimes are deduced
directly from quasilinear diffusion coefficients. Recent analytical developments are
used throughout to complement the analysis.

1. INTRODUCTION

Orbiting satellites are subject to the impact of relativistic
electrons, which are trapped in the radiation belts or transit
through the slot region. Geomagnetic activity and solar
storms contribute to inject or accelerate these electrons in
the magnetosphere. The knowledge of the electron dynamics
and their lifetime is therefore crucial for the protection of
onboard electronics [Baker, 2002; Hughes and Benedetto,
2003] as well as for predicting electron precipitations into the
Earth atmosphere.
Most of the loss of trapped electrons occurs by pitch

angle diffusion from resonant interactions with whistler
waves [Dungey, 1963; Andronov and Trakhtengerts, 1964;
Kennel and Petschek, 1966]. Plasmaspheric wave energy
causes the electron pitch angle to decrease until precipita-
tion into the atmosphere can eventually occur, while high
pitch angle electrons bounce between the mirror points.
Pitch angle diffusion coefficients have been derived by

quasilinear theory [Roberts, 1969; Lyons et al., 1971,
1972; Lyons, 1974], among which the latter remains the
most detailed reference model. Electron precipitation life-
times can then be either computed from the electron distri-
bution, solution of a Fokker-Planck diffusion transport
equation [Lyons et al., 1972], or be approximated directly
from the diffusion coefficients [Albert and Shprits, 2009].
However, full simulations require a very large number of
operations because six dimensions are involved, namely, the
electron momentum p, the McIlwain parameter L, the lati-
tude λ, the pitch angle α, and the wave normal angle θ for
each harmonic n. Two approximations, the parallel propa-
gation approximation (PPA) [Summers, 2005] and the mean
value approximation (MVA) [Albert, 2007], have recently
been derived for fast computations. They are based on the
selection of a single wave normal angle, being null for the
PPA and representative of the actual average over the whole
distribution in the case of the MVA. Both have been com-
pared by Albert [2008] to the full model [Lyons, 1974],
showing a good accuracy of MVA and of PPA at small to
moderate pitch angles.
In both the inner belt and the slot region, on which this

article focuses, hiss, VLF, and lightning-generated waves
are responsible for the main pitch angle diffusion [Abel and
Thorne, 1998; Summers et al., 2007a, 2007b; Pokhotelov
et al., 2008; Meredith et al., 2007, 2009]. Because of wave
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and plasma properties, the low-frequency (LF) wave limit
and the dense plasma (LF) limit can be used [Lyons et al.,
1972; Albert, 1999]. They allow simplifying significantly
all models, in particular, MVA and the determination of the
mean angle, since the resonance frequencies become more
tractable.
After simplifying all three models in both the LF wave

and dense plasma limits and showing the validation of our
quasilinear code (CEVA) [Réveillé et al., 2001], the mod-
els’ accuracy is assessed for high-energy electrons, which
computation often requires a very high number of harmo-
nics. The model will also be challenged with the use of
complex and realistic wave conditions in the plasma-
sphere, based on CRRES measurements [Meredith et al.,
2007]. Approximated precipitation lifetimes are also de-
duced and discussed. Recent analytical developments
[Mourenas and Ripoll, 2012] are used throughout and
contribute to better explaining and understanding the nu-
merical results.

2. DIFFUSION COEFFICIENTS FOR LOW-
FREQUENCY WAVES AND DENSE PLASMAS

2.1. General Formulation

The local pitch angle quasilinear diffusion coefficient
Dαα(α) of Lyons [1974] (with dimensions of p2/t) has been
conveniently rewritten by Albert [2005, 2007] as

Dαα ¼ Dαα

p2
¼ Ωc

γ2
B2
wave

B2
0

∑
þ∞

n ¼ −∞

∑
ω

Dn
αα;D

n
αα ¼ ∫

θmax

θmin

Dn;θ
αα dθ

¼ ∫
θmax

θmin

sinðθÞΔnG1G2; dθ; ð1Þ

with

Δn ¼ π

2cosθ j cV∥ j3 ðsin2ðαÞ þ nΩc=γωÞ2
j1 − ð∂ω=∂k∥Þθ=V∥j Φ2

n; ð2Þ

G1 ¼ ΩcB2ðωÞ
〈B2〉

; G2ðω; θÞ ¼ gðθÞ
Nðω; θÞ ; ð3Þ

Nðω; θÞ ¼ ∫
θmax

θmin
dθ′sinðθ′ÞΓgðθ′Þ;

Γðθ′;ωðθÞÞ ¼ μ2jμþ ω∂μ=∂ωj; ð4Þ

with μ(ω, θ) = kc/ω is the wave refractive index, B0 is the
amplitude of the local dipolar magnetic field. Φn

2 contains
Bessel functions Jn±1 with the argument x = (�ωγ/Ωc + n) tan
α tan θ. Ωc is the local electron gyrofrequency, and γ is the
relativistic factor. B2(ω) = exp[�(ω � ωm)

2/Δω2] is the wave

power frequency distribution and 〈B2〉 ¼ ∫
ωUC

ωLC

B2ðω′Þdω′.
The distribution with wave normal angle θ is described by
g(θ) = exp[�(tan θ � tan θm)

2/tan2 Δθ], which is nonnull for
θ between θmax and θmin. Dαα has to be bounce averaged as
described in the work of Lyons et al. [1972].

2.2. Low-Frequency Resonance Approximations

Both G2(ω, θ) and D
n(ω, θ) in equation (1) are evaluated at

the resonant frequencies ω corresponding to a particular θ, n,
and α and which is determined from the cyclotron (or Lan-
dau, n = 0) resonance condition

ωþ nΩc=γ ¼ k cosθ Vcosα; ð5Þ
in which V denotes the electron velocity and k the wave
vector. In both the LF wave and dense plasma limits, i.e.,
Ωci << ω << Ωc and Ωpe

2 >> ωΩc with Ωci, Ωc, and Ωpe, the
ion gyrofrequency, the electron gyrofrequency, and the
plasma frequency [Carpenter and Anderson, 1992], the dis-
persion relation can be reduced to [Lyons et al., 1972]

μ2 ¼ Ω2
pe=ðΩcωcosθÞ; ð6Þ

in which the term ωm/Ωc/cos θ has been neglected, which
corresponds to considering θ values not too large. This
expression has been shown to be a very good approximation
for plasmaspheric hiss and lightning-generated whistlers for
L < 4.5 [Albert, 1999]. Combining equation (5) for small ωm/
Ωc and equation (6), one gets the following cyclotron and
Landau (n = 0) resonant frequencies

ωres ¼ n2Ω3
c=ðcos2αðγ2 − 1ÞΩ2

pecosθÞ; ∀n ≠ 0;
ωres ¼ Ωcðγ2 − 1ÞΩ2

pecos
2αcosθ=ðγ2Ω2

cÞ; n ¼ 0:
ð7Þ

If one assumes ωres ~ ωm in equation (7), it gives cos α ~ n/
( pem) with em = (Ωpe

2 ωm/Ωc
3)1/2 and p = (γ2 � 1)1/2. This

relationship will be used below as a model for determining
analytically the value of the resonant pitch angle.
Moreover, the Bessel function term Φn

2 can be simplified in
our limits [Stix, 1962; Lyons et al., 1972] and reads

Φ2
n ¼ ðð1þ cosθÞJnþ1 þ ð1 − cosθÞJn−1Þ2=8cos2θ; ∀n ≠ 0

Φ2
n ¼

�
cosθJ1 −

ω
Ωccotgα sinθ J 0=

�2=2cos2θ; n ¼ 0:

ð8Þ
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2.3. MVA and PPA Models for Fast Computations

Using equations (1)–(4) and (8), the diffusion coefficients
can be rewritten as

Dn;θ
αα ¼ π

4

Ω2
c

γ2
B2
wave

B2
0

j c3V 3
∥
j 1

cos3θ

Φ′2n
j1 − Vg

�
V∥j

gðθÞ
NðωÞ

�
�
sinðαÞ2 þ nΩc=γω

�2 B2ðωÞ
〈B2〉

; ð9Þ
with Φ′ 2n ¼ 2cos2θΦ2

n for all n and the group velocity defined
by

Vg ¼ ∂ω
∂k∥

¼ 2V∥
ω

ωþ n
Ωe

γ

� � ¼ 2c
jnj
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωcωres=cosθ

p
ωpe

: ð10Þ

Albert [2007] has showed that ω(θ) is nearly constant for
θ ≤ π/3, allowing taking N(ω) outside the first θ integral of
equation (1). It leads to a new diffusion coefficient defined
from a weighted average between θLC and θUC

Dn ≈ ∫
θUC

θLC

sinðθÞgðθÞΓdθ ΔnG1=Γ

,
∫
θUC

θLC

sinðθÞgðθÞΓdθ

≡ 〈ΔnG1=Γ〉θ: ð11Þ

This weighted average is expected to be rather insensitive to
the exact form of the weighting function. When the averaged
function is taken at a single “carefully chosen point,” by
using what is called the MVA [Albert, 2007, 2008], it be-
comes Dn ~ (ΔnG1/C)|θMVA

. Moreover, taking our limits, the
term C can be simplified to

Γ ¼ μ2jμþ ω
∂μ
∂ω j→ 1

2
jμ3j ¼ 1

2

ωþ nΩc

γ

� �3

ω3cos3θ
c3

V 3
∥
: ð12Þ

Using the previous expressions, the MVA diffusion coeffi-
cients are given by

Dn;MVA
αα

�
p2 ¼ π

4

Ω2
c

γ2
B2
wave

B2
0

Φ′2n

jV∥
�
Vg − 1j

ω2
res

ωres þ nΩc=γ

� �2

� sin2αþ nΩc=γωres

� 	2 B2ðωÞ
〈B2〉 j

θMVA

: ð13Þ

The particular θMVA angle is determined by combining the
resonant condition, the dispersion relation, the frequency
cutoffs, and the wave normal angle cutoffs:

cosθUCLC ¼ Ω2
cðγωUC

LC þ nΩcÞ2
ω2
pe cos

2αðγ2 − 1ÞΩcωUC
LC

and

θmin < θMVA < θmax; ∀n ð14Þ

with the MVA angle given by tanθMVA ¼ 1

2
ðtanθLC þ tanθUCÞ.

A drawback of the model comes from the wave normal angle
width Δθ, which is not used anymore, except in the definition
θUC = max(Δθ, θmax) used below.
The PPA, introduced by Summers [2005], can simply be

deduced for LF waves from equation (13) by evaluating the
diffusion coefficient at θ = 0. In this case, the Bessel function
terms simplify to Φ′2n ¼ J 2nþ1. Since the argument is x = 0,
only the n =�1 harmonic remains. Using Φ′

−1
2ð0Þ ¼ J20 ð0Þ ¼

1 leads to

DPPA
αα

�
p2 ¼ π

4

Ω2
c

γ2
B2
wave

B2
0

1

jV∥
�
Vg − 1j

ω2
res

ωres− Ωc=γ

� �2

� −sinðαÞ2 þ Ωc=γωres

� �2 B2ðωÞ
〈B2〉

;

ð15Þ

with Vg =�2c(Ωcωres/ωpe
2 )1/2. In this paper, the LF resonance

equation (7) is always used in equations (13) and (15) defin-
ing the LF PPA and LF MVA, sometimes abusively noted
below MVA or PPA.

2.4. Fast Precipitation Lifetime Computations

Assuming that the bounce averaged hDαα(α)i has one or
two deep minima, a simple expression of the electron life-
time τ is derived by Albert and Shprits [2009]

τ e σ ∫
π=2

αL

dα0
2〈Dαα〉Btanα0

: ð16Þ

The lifetime is therefore determined by the minimum
values of hDααi tanα [Lyons and Thorne, 1973; Albert and
Shprits, 2009]. The parameter σ is originally one as given by
Albert and Shprits [2009], but could be lower (up to 0.5), as
discussed by Mourenas and Ripoll [2012], when the lifetime
is dominated by variations at small pitch angles.

2.5. Analytical Developments and Trapped Electron
Lifetime Estimates

Analytical developments of diffusion coefficients and life-
times are performed for LF waves in the work of Mourenas
and Ripoll [2012]. It is necessary to assume the resonance
maximum always occurs at ω ~ ωm with a wave model
composed of a single Gaussian function of half-width

RIPOLL AND MOURENAS 283



Δω ≤ ωm/2, with lower and upper cutoffs at ωLC ~ ωm/2 and
ωUC ~ 2ωm. Furthermore, θm ~ θmin ~ 0 and Δθ ≤ θmax ≤
π/4 are imposed as in most studies of hiss waves. At θ ~
θmax, assuming the resonance occurs at the Bessel function
maximum, the arguments x = (�ωγ/Ωc + n)tan(α)tan(θ) ~
ntan(αmin)tan(θmax) ~ n + 1 gives 1 ~ tan αmin tan θmax.
From both the latter and the simplified resonance relation,
the maximum number of harmonics Nr = pem cosαR,min can
be expressed as Nr = cos[tan�1(1/(tanθmax)]pem, leading to

Nr ¼ pεm sinθmax ¼ p ωmω
2
pe

.
Ω3

c

� �1=2
sinθmax; ð17Þ

which is valid for pem > 1. Note that the last resonant pitch
angle is then given by αR,min = π/2 � θmax. Greater are
θmax (leading to αR,min closer to the loss cone) and Nr

(through pem), greater will be the diffusion coefficient at
small pitch angles implying therefore a smaller lifetime. An
analytical estimate of the electron lifetime τ has also been
derived in the work of Mourenas and Ripoll [2012] after
many simplifications of both Dαα and its bounce averaging
(not recalled here). When diffusion coefficient minima
occur at small pitch angles, the lifetime can be approxi-
mated by

τ e B2
0γ

B2
waveG1

pω1=2
m Ωpe

Ω0
c
3=2

0
@

1
A
13=9

� Tðα*Þðcos2αþ − cos2αLC þ 2lnðsinαþÞ − 2lnðsinαLCÞÞ
10ð1þ 3sin2λRÞ7=12ΔλRωm

;

ð18Þ

in which Ωc
0 denotes the gyrofrequency taken at the equator,

αLC is the loss cone pitch angle value, G1 = Ωc
0/(π1/2erf(1)Δω),

T(α) = 1.38 � 0.64sin3/4α and α* = (α+ � αLC)/2. Moreover,
the domain D = [αLC, α+] with α+ = max(7αR,min/10, 2.2αLC)
represents the high 1/(Dαα tanα) values at low pitch angle,
with a definition improved compared to the original one
[Mourenas and Ripoll, 2012]. The value of α+ cannot
exceed (70% of) αR,min, the value at which the large pitch
angle Dαα become predominant. The domain D has then
been restricted to not too large pitch angle values, which
are imposed by the validity domain of equation (18). Such
a model for α+ is crucial and can change τ by a factor of
1.5 up to 2 if wrongly chosen. Finally, the estimation of
both resonant latitude λR and width ΔλR, defined as the
latitude location and domain at and over which resonance
occurs, are given by λR = 2(1 � 1/(pem)1/9)1/2/31/2 and
ΔλR = (Δω/ωm)/(3

5/2(pem)1/9(1 � 1/(pem)1/9)1/2).

3. NUMERICAL RESULTS

3.1. On the Large Number of Harmonics for MeV Electrons

Hiss waves (Bwave = 35 pT with a mean frequency fm =
600 Hz and frequency width Δf = 300 Hz) acting with a
broad wave normal angle distribution (Δθ = 78.7°, θmax =
45°) in a dense plasma are considered using the LF formu-
lation, as given by Lyons et al. [1972] and by Albert [1994].
The plasma density model is given by Ne (cm

�3) = 1000(4/L)4.
A validation of the diffusion coefficient Dαα/p

2 is shown in
Figure 1 for 0.2 MeV electrons at L = 4. The theoretical
maximal harmonic number given by equation (17) is Nr = 4
and Nr = 6 if equation (39) of Albert [1999] is used instead
(with ωUC = ωm + 2Δωm), while three are numerically found
to be enough. Equation (17) is validated numerically in
Figure 2 for similar wave conditions, but in the slot region
at L = 3. The lowest harmonic number that contributes to less
than 1% of Dαα agrees to about one or two harmonics with
equation (17) for all energies. If Eq. (34) of Albert [1999]
was used instead for the calculation of Nr, its value would be
about 35% higher. The difference is still minor for this
particular case because of the use of cosαR,min ~ 1 in the
derivation of equation (39), which is correct here because of
the broad wave normal angle width assumed in the wave
model (αR,min ~ π/2 � max(θmax = 45°, Δθ = 79°) ~ 0). But
this expression would overestimate Nr much more if a more
recent wave model was used because θmax or Δθ are now
considered as being smaller [Meredith et al., 2007, 2009].
Both our and Albert’s [1999] expressions show anyhow

Figure 1. Diffusion coefficients Dαα/p
2 (s�1) at L = 4 for 0.2 MeV

electrons. Reference (stars) and CEVA (dashed line) solutions agree
well. The three positive and negative contributing harmonics are
also plotted (plain line).
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many harmonics are needed for computing diffusion coeffi-
cients of highly energetic electrons [cf. Albert, 1994, 1999].

3.2. The 3 MeV Electrons at L = 4.5 Under Storm
Conditions

The interaction of strong hiss waves (Bw = 100 pT, fm =
573 Hz, Δf = 286 Hz, Δθ = 30°, and θmax = 45°) occurring
during the main phase of a storm with 3.18 MeVelectrons at
L = 4.5 (Ωpe = 15Ωc) is treated similarly to those of Li et al.

[2007] and Albert [2008]. However, the latitude cutoff at λ =
40° has not been accounted for in our CEVA/Lyons simula-
tions, leading to a quite constant diffusion at small pitch
angles. In contrast, it decreases quickly below 15° in our
MVA and PPA computations (Figures 4, 5, and 6), for which
the latitude cutoff has been implemented, similarly to Albert
[2008] simulations. According to Figures 3 and 4, between

Figure 3. Dαα/p
2 (d�1) in the hiss case of Li et al. [2007] for 3.18

MeV electrons as a function of pitch angle, computed with the low-
frequency (LF) Lyons 72 model. All harmonics are shown as well as
the sum over ±5 (red) and over ±20 (blue) harmonics. Individual
harmonics are plotted with solid line for |n| < 6, dashed line for 6 ≤ |n|
< 11, dash-dotted line for 11 ≤ |n| < 16 and dotted line for 16 ≤ |n| < 21.

Figure 4. Dαα/p
2 (d�1) in the hiss case of Li et al. [2007] for

3.18 MeVelectrons as a function of pitch angle, computed with the
LF mean value approximation (MVA). All harmonics are shown as
well as the sum over ±5 (red) and over ±20 (blue) harmonics.
Individual harmonics are plotted with solid line for |n| < 6, dashed
line for 6 ≤ |n| < 11, dash-dotted line for 11 ≤ |n| < 16 and dotted line
for 16 ≤ |n| < 21.

Figure 2. Theoretical (equation (17), crosses) and numerical (stars)
harmonic number needed for the computation of Dαα at L = 3 with
hiss waves versus the electron energy.

Figure 5. Dαα/p
2 (d�1) due to hiss [Li et al., 2007] of 3.18 MeV

electrons, as a function of pitch angle, computed using LF Lyons,
MVA, and PPV models. Reference solutions for each of this model
but obtained using the full dispersion relation are reported from
Albert [2008] (denoted with crosses, circles, and squares,
respectively).
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15 and 17 harmonics are numerically needed. Equation (17)
gives a maximum of 18 harmonics, while only 5 are used in
the work of Albert [2008], which explains the double bump
profile of Figure 5 (dashed curve) and leads to a 1 order of
magnitude underestimation of Dαα at intermediate pitch an-
gles. Overall, our results agree well with the computations
shown by Albert [2008] (Figure 5), signifying the LF limit is
applicable for this case since it compares well with the full
dispersion used by Albert [2008]. In Figures 4 and 5, the
accuracy of the MVA is found to be acceptable because
deviations are very localized, being around 45° with 5 har-
monics (65° with 20) and not exceeding 60% (a factor of 2.5
with 20 harmonics). The sensitivity to the MVA mean angle,
itself, defined from the frequency and wave cutoffs, is shown
in Figure 6, and profiles can become wiggly. The plot of all
harmonics in Figure 3 allows enlightening that the maximum
of the last Bessel function, assimilated to the lowest resonant
pitch angle, is around αR,min ~ π/2 � θmax ~ 45°. Assuming
the resonant pitch angle is located at each coefficient maxi-
mum, the bounce averaged resonant wave normal angle can
be deduced from θR ~ π/2� αR, showing for instance when it
differs from zero. Moreover, the equatorial resonant pitch
angle can be estimated from the bounce averaged one (or
vice versa) by using sin3αR,eq ~ |n|/(pem,eq)(sin3αR/cosαR) and
similarly θR,eq ~ π/2 � αR,eq can be deduced [Mourenas and
Ripoll, 2012]. On the other hand, PPA is found to be accurate
at low/moderate pitch angle, which is usually critical for
lifetime computations. But the present case is rather not
favorable to advertising PPA since many harmonics are
needed between 30° and 80°. Finally, both PPA and MVA
are very efficient methods allowing quasi-instantaneous
computations, which is useful for testing parameters or mod-
els and evaluating their influence. As a matter of fact, they

are 120 times faster than the Lyons 72 model, with 15 s for a
single harmonic (compared to 30 min) for computations
made on our TERA 100 supercomputer, using a single pro-
cessor, 256 p, 256 μ, 200 latitudes (without optimizing).

3.3. The 2 MeV Electrons Trapped in the Inner Belt
and Slot Region

A recent realistic model of waves acting below L = 3 has
been built with two (to three) Gaussian functions fitted from
CRRES measurements by Meredith et al. [2007]. The 0.1 to
2 kHz waves are generated from plasma turbulence in space,
while lightning-generated waves found in the range 2–5 kHz
are not here accounted for. Pitch angle diffusion is solved at
L = 2, 2.5, 3 for quiet conditions (ωpe/Ωc = 5.6, 7.3, 9.3).
Pitch Angle Diffusion of Ions and Electrons (PADIE) solu-
tions [Meredith et al., 2009] computed by using the full
dispersion relation are reported in Figure 7 (left). Compared
to the results obtained with the Lyons 72 model, the dis-
agreement does not exceed 10%, on average, except at the
intersection of the Landau and the first harmonic where it
reaches 30%–35% at all L. It could be attributed to the use of
different plasma densities or to the LF approximation. Figure
7 (right) shows PPA is accurate at small pitch angles (below
20% for α < 65°), but the solution deviates from the reference
one, up to a factor of 2 at L = 3 for larger pitch angle.
However, the accuracy of MVA is found to be very good for
all pitch angles and L, for instance below 10% for all α < 60°
and below 20% at L = 3 for 60° < α < 78°. Only the maximum
of the Landau harmonic can be overestimated until a factor of
1.8 at L = 3. MVA has to be used with the wave normal angle
upper bound defined by max(θmax,Δθ) = 30° here. If Δθ = 20°
was used instead, MVA solutions would become comparable
or barely better than the PPA ones at large pitch angle.

3.4. Electron Precipitation Lifetimes

Lifetimes are computed by using equation (16) for all
diffusion coefficients shown in Figure 7 and compared in
Table 1 to the PADIE computations [Meredith et al., 2009]
(first line). At L = 2, the lifetime is controlled by Landau
resonance, which explains why PPA and equation (18) are
not used. But one way to always obtain lifetimes with PPA is
to complement it with the MVA Landau in order to build a
coefficient defined over all pitch angles. Using the Landau
resonance of both Gaussians, it would give 475 days at L = 2,
which is almost identical to the MVA result. The lifetime
expression equation (36) given by Mourenas and Ripoll
[2012] is also applicable when the intersection of the Landau
and the first resonance determines the lifetime, but not di-
rectly when more than one Gaussian function is used for the

Figure 6. The influence of the wave normal angle cutoff on the LF
MVA solution using 5 harmonics.
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Figure 7.Diffusion coefficients (s�1) at (a and b) L = 2, (c and d) L = 2.5, and (e and f ) L = 3 of 2 MeVelectrons interacting
with hiss waves. (left) CEVA solutions are compared with reference points reported from Meredith et al. [2009]. Also
shown with dotted lines are the contributions of each of the two Gaussian functions to the resonant diffusion coefficient
(denoted first and second Gaussian resonance). (right) PPA and MVA are compared to the Lyons 72 model. Each
coefficient is shown at L = 2.5, while the sum is directly plotted at L = 2 and L = 3.
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wave model. This explains the absence of an analytical value
at L = 2. At L = 2.5, the lifetime results from the competition
between the small pitch angle values and the Landau mini-
mum, explaining why both PPA and analytic lifetimes are
written within brackets. Overall, the few tens of percent of
difference found in the diffusion coefficients added to the
loss of accuracy due to the use of equation (16) have direct
repercussions to the lifetimes. The maximal relative error
found is 50% with LF MVA at L = 2, 80% with LF Lyons
at L = 2.5, and 25% at L = 3 with either LF PPA or the
analytical estimate, comparing with PADIE. However, MVA/
PPA agrees to about 10%/20% with the Lyons 72 exact
lifetime predictions. At L = 2.5, where waves act strongly,
removing particles, the discrepancy between the LF Lyons
and PADIE lifetimes is more than the 30% difference noticed
between each minima, which has to be explained by the use
of equation (16). The analytic lifetime is found to be more
accurate with the newly proposed definition of α+, but it
should be understood that a different choice of α+ could lead
to lower (or higher) lifetimes. In Table 2, lifetimes are pre-
sented for the 3.18 MeV case, showing a mean time around
15 days. Accounting for the wave influence at latitudes higher
than 30° shortens the electron lifetime by 25%. It would
increase to about 170 days during storm recovery phases,
reaching as much as 50 months under minimal geomagnetic
activity. An overestimation of only 10% is caused by the lack
of harmonics in Lyons and MVA computations, which use

only 5 harmonics. It can be explained by the fact that most
harmonics are confined to quite large pitch angles (only the
seven first harmonics do not vanish for α < 30°, Figure 3),
which does not affect Dαα minimal values close to the loss
cone and, therefore, the lifetime value. With a greater θmax,
there would be more harmonics reaching αLC (because αR,min

would be higher), and it would lower the accuracy of the
lifetime prediction. However, taking only the n = �1 har-
monic represents here a strong approximation leading to an
overestimation of the lifetime by a factor of two. Finally, the
analytic expression gives an estimation which is 1.7 times
too low compared to the exact one. Overall, we believe a
precision better than a factor of two cannot be expected with
this model.

4. CONCLUSIONS

Interactions of energetic electrons with hiss waves in both
the inner belt and the slot region can be described by quasi-
linear pitch angle diffusion coefficients, simplified by using
the LF wave limit and the dense plasma limit. The accuracy
of fast computational methods has been assessed for high-
energy electrons and realistic wave models. Differences be-
tween the exact and the approximate solutions do not exceed
a few tens of percent on average, reaching a factor of two on
localized domains, which we regard as satisfactory. The
advantage is a reduction of the computational time by a
factor 120 using MVA or PPA, which makes these models
very attractive. The electron lifetimes calculated with MVA/
PPA are also in good agreement with those computed using
the exact analysis of Lyons et al. [1972]. Analytical lifetimes
(equation (18)) are found to be quite accurate, within about a
factor of 2. An extension of these approximation techniques
to LF chorus waves has recently been carried out [Mourenas
et al., 2012].
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LF MVA (n < 21) 14.3
LF MVA (n < 6) 15
LF PPA 30
Analytic 8.75
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Recent Advances in Understanding the Diffuse Auroral Precipitation:
The Role of Resonant Wave-Particle Interactions

Binbin Ni and Richard M. Thorne

Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, California, USA

Diffuse auroral precipitation provides the major source of energy input into the
nightside upper atmosphere and strong magnetosphere-ionosphere coupling. Res-
onant wave-particle interactions play a dominant role in the scattering of injected
plasma sheet electrons leading to the diffuse auroral precipitation. Here we review
the recent advances in understanding the origin of the diffuse aurora and quantify-
ing the exact role of various magnetospheric waves in producing the global
distribution of diffuse auroral precipitation and its variability with geomagnetic
activity. A combination of upper and lower-band chorus (LBC) scattering has been
identified as the major contributor to the most intense inner magnetospheric diffuse
auroral precipitation on the nightside, while electrostatic electron cyclotron har-
monic waves are an important or even dominant cause for nightside diffuse auroral
precipitation beyond ~8 RE. Dayside chorus could be responsible for the weaker
dayside diffuse auroral precipitation. LBC can also modulate the intensity of
quasiperiodic pulsating auroral emissions. We conclude the review with a summary
of current understanding, outstanding questions, and some suggestions for future
research.

1. INTRODUCTION

As a broad belt of emissions extending around the entire
auroral oval, the diffuse aurora typically comprises 80% of
the total auroral energy input into the polar region at solar
maximum and 50% at solar minimum [Sandford, 1968].
Figure 1 shows the pattern for electron diffuse aurora, which
is believed to be the dominant contributor to the global
precipitation budget, based on POLAR PIXIE X-ray obser-
vations (top) [Petrinec et al., 1999] and DMSP particle
observations (bottom) [Newell et al., 2009]. The diffuse
aurora extends over a broad latitude range of 5° to 10° and
maps along field lines from the outer radiation belts to the
central plasma sheet (CPS). Owing to the predominant east-

ward transport of electrons as a result of a combination of
E � B and gradient drifting from the nightside plasma sheet,
the diffuse aurora is most intense in the magnetic local time
(MLT) sector from premidnight to dawn. Rapid precipitation
loss leads to greatly reduced energy deposition on the day-
side and relatively insignificant input from postnoon through
dusk. Compared to plasma sheet ions, electron precipitation
plays a dominant role in driving the diffuse auroral activity
[Hardy et al., 1985, 1989], which will be the major focus of
this review.
It is generally accepted that ~0.1–10 keV CPS electrons

are the dominant source population for the diffuse aurora
[e.g., Lui et al., 1977] and that the occurrence of the diffuse
aurora is a result of electron pitch angle scattering into the
loss cone by resonant wave-particle interactions [e.g., Swift,
1981]. It has been long proposed that electrostatic electron
cyclotron harmonic (ECH) waves and chorus can both reso-
nate with hundreds of eV to 10 keV electrons, but which of
them is more influential in the formation of the diffuse aurora
has remained a subject of controversy for over 40 years [see
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Thorne et al., 2010; Ni et al., 2011a, 2011b, and references
therein]. Electrostatic ECH emissions occur within bands
between the harmonics of electron gyrofrequency, fce, with
the dominant frequency often located around (n + 1/2) fce
[e.g., Kennel et al., 1970]. These waves propagate at very
large angles with respect to the ambient magnetic field.
Kennel et al. [1970] first suggested that ECH waves could
cause intense pitch angle diffusion of auroral zone electrons
based on OGO 5 observations of large-amplitude (1–10 mV
m�1 and up to 100 mV m�1) ECH emissions, which was
later quantified by Lyons [1974] but challenged by Belmont
et al. [1983]. The latter pointed out that the stronger ECH
events (>1 mV m�1) occur less than 2% of the time com-
pared to 88% occurrence of much weaker electric fields
(<0.1 mV m�1) based on the GEOS 2 data, similar to the
findings of a number of following studies using other satellite
databases [e.g., Roeder and Koons, 1989; Meredith et al.,
2009; Ni et al., 2011c]. Electromagnetic chorus waves occur
in the low-density plasmatrough region characteristically in a
lower band (0.1–0.5 fce) and an upper band (0.5–0.8 fce)
[Burtis and Helliwell, 1976]. Typically, chorus amplitudes
lie in the range 1–100 pT [e.g., Meredith et al., 2001; Li

et al., 2009]. Observations also show distinct differences in
the characteristics of nightside (22–06 MLT) and dayside
(06–13 MLT) chorus. Nightside chorus is predominantly
confined to magnetic latitudes below 15°, while dayside
chorus can propagate to much higher latitudes [e.g., Mer-
edith et al., 2001; Li et al., 2009]. In addition, while
nightside chorus occurs predominantly during disturbed
periods, confined to L < ~8 RE, dayside chorus can persist
even for relatively quiet conditions with the highest occur-
rence at L > 7 [Li et al., 2009]. The interactions between
chorus and energetic electrons (> ~100 keV) have been
well investigated, indicating that chorus can play an effi-
cient dual role in driving their stochastic acceleration and
scattering loss [e.g., Summers et al., 2007; Thorne, 2010].
Chorus waves are also able to resonate with the bulk of the
plasma sheet electron population and have a spatial (MLT,
L) distribution similar to that of the diffuse aurora [Mer-
edith et al., 2009].
In the present paper, we will review recent advances in

understanding the origin of diffuse auroral precipitation and
its global distribution in which resonant wave-particle inter-
actions play a fundamental role. The outline of this paper is

Figure 1. (top) Average statistical X-ray aurora (northern hemisphere) observed onboard POLAR/PIXIE. From Petrinec et
al. [1999, Figure 2]. (bottom) Electron diffuse aurora hemispheric energy fluxes for low and high solar wind driving,
obtained using the DMSP 11 year particle database. Adapted from Newell et al. [2009, Figure 5].
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as follows. Recent understanding of the origin of nightside
diffuse aurora in the inner magnetosphere is described in
section 2. We describe in section 3 the possibly dominant
mechanism for nightside diffuse auroral precipitation at
higher L shells (L > ~8) in the CPS. Some recent efforts to
understand the occurrence of the dayside diffuse aurora are
reviewed in section 4. We conclude in section 5 with a
summary of current understanding, outstanding questions,
and some suggestions for future research.

2. THE INNER MAGNETOSPHERIC NIGHTSIDE
DIFFUSE AURORAL PRECIPITATION

Here “nightside” means the coverage of ~23–6 MLT; the
inner magnetosphere refers to the region with the equatorial
crossings from ~4 RE to ~8 RE, corresponding to the mag-
netic latitudes (mapped to the Earth’s surface) ~60°–~67°.
The diffuse aurora is most intense within this spatial cover-
age (Figure 1). For simplicity, we use “N-I-DAP” to denote
the Nightside, Inner-magnetospheric Diffuse Auroral Precip-
itation. Interestingly, the N-I-DAP has a distribution and
geomagnetic activity dependence similar to that of both
chorus and ECH waves, as shown in Figure 2 (from the
work of Thorne et al. [2010]). Their results show that
ECH waves and chorus emissions (observed by CRRES)
both increase with geomagnetic activity, accompanying the
intensification of nightside average diffuse auroral 2–12 keV
X-ray emissions (observed by POLAR/PIXIE). Consequent-
ly, it is natural to connect the two wave modes with the
diffuse aurora on the nightside where both phenomena are
most intense. Both ECH and chorus waves can resonate with
plasma sheet electrons whenever the Doppler-shifted fre-
quency of the wave (viewed from the particle rest frame) is
a multiple of fce. While the early work by Lyons [1974]
regarding ECH wave scattering was disputed due to the
extremely large adopted ECH wave amplitude that is rarely
observed, a careful analysis of CRRES wave data by Mer-
edith et al. [2000] led to a resurgence in interest of ECH
scattering [e.g., Horne and Thorne, 2000], when they estab-
lished that wave amplitudes following substorm activity
were typically above 1 mV m�1 near the magnetic equator.
On the other hand, Inan et al. [1992] suggested that lower-
band chorus (LBC) could cause scattering loss of 10–50 keV
electrons often related to the pulsating aurora, while upper-
band chorus (UBC) could scatter the 1–10 keV electrons
responsible for the diffuse aurora. Ni et al. [2008] quantified
LBC and UBC scattering of plasma sheet electrons at L = 6
using statistical wave information, showing that UBC is the
dominant scattering cause for electrons below ~5 keV, while
LBC is more effective at higher energies, especially near the
loss cone.

However, which wave mode is more influential in driving
the most intense N-I-DAP required further investigation.
Thorne et al. [2010] performed comprehensive theoretical
and modeling studies using CRRES observations to com-
pute the bounce-averaged quasilinear diffusion coefficients
for scattering by ECH waves, UBC, and LBC and to simu-
late the temporal evolution of plasma sheet electron pitch
angle distribution (Figure 3) at L = 5 (a representative
location where the N-I-DAP and the waves are strongest).
Their analysis confirmed that, although ECH waves alone
can lead to scattering loss of electrons within 15° of the loss
cone, only the combination of UBC and LBC can drastically
modify the entire population of electrons injected into the
inner magnetosphere, leading to the formation of pancake
distributions at energies below a few keV. The dominant
features of Figure 3c are very similar to the CRRES obser-
vations of electron distributions a couple of hours after low-
energy electron injection from the plasma sheet, as well as
similar to electron distributions observed by Time History of
Events and Macroscale Interactions during Substorms
(THEMIS) satellites [Tao et al., 2011]. Significantly, the
study of Thorne et al. [2010] provided a resolution to two
major aspects of N-I-DAP: (1) nightside ECH waves and
chorus waves can drive efficient loss of plasma sheet elec-
trons into the atmosphere to cause the occurrence of N-I-
DAP, and chorus waves are the dominant contributor; and
(2) chorus waves and only chorus waves can explain the
remnant pancake electron distribution left behind in space
and the pronounced depletion of trapped electrons on the
dayside. Conclusively, Thorne et al. [2010] have revealed
that scattering by chorus is the dominant cause of the most
intense diffuse auroral precipitation on the nightside in the
inner magnetosphere (<~8 RE). A following study by Tao
et al. [2011] reported that the formation of observed electron
pitch angle distribution is mainly due to resonant interac-
tions with a combination of UBC and LBC. They also
pointed out that the pancake distributions at lower energies
<2 keV, the flattened pitch angle distributions at medium
energies of 2–3 keV, and the distributions with enhanced
pitch angle anisotropy at high energies >3 keV, can all be
explained using the banded chorus wave structure with a
power minimum at ½ fce. Evaluations of ECH and chorus
wave-induced resonant scattering rates of plasma sheet elec-
trons under different geomagnetic conditions were per-
formed by Ni et al. [2011a, 2011b] using CRRES wave
data. They found that chorus scattering varies from above
the strong diffusion limit (approximately less than hours)
during active times to weak scattering (~day) during quiet
times, accounting for the formation of observed electron
pancake distribution. In contrast, ECH wave scattering coef-
ficients are at least 1 order of magnitude smaller and are
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negligible under all geomagnetic conditions in the inner
magnetosphere.
As the more dynamic structure embedded in the diffuse

aurora, the pulsating aurora has also received intensive in-
vestigations in recent years. Using the in situ and ground
observations of THEMIS mission, Nishimura et al. [2010]
provided direct evidence that a modulation of LBC can drive
the pulsating aurora, which is known to be excited by mod-
ulated, downward streaming electrons. Figure 4 shows the
simultaneous observations of the pulsating aurora and chorus

waves on 15 February 2009. The auroral pulsations had an
almost one-to-one correspondence with each burst of chorus
(Figure 4d), supporting the idea that intensity-modulated
LBC can be the driver of the pulsating aurora, which was
further supported by a THEMIS multievent study of Nishi-
mura et al. [2011] and by a REIMEI time-of-flight analysis
of Miyoshi et al. [2010]. However, there are other explana-
tions on the driver(s) of the pulsating aurora, e.g., temporal
variations of the field-aligned acceleration [Sato et al., 2004],
ECH wave scattering [Liang et al., 2010], and Fermi-type

Figure 2. (a) Average diffuse auroral 2–12 keV X-ray emissions observed onboard POLAR/PIXIE. (b) Statistical
distribution of 1.88 keV plasma sheet electrons measured by CRRES. Statistical distribution of (c) electron cyclotron
harmonic (ECH) waves and (d) chorus observed on CRRES. From Thorne et al. [2010, Figure 2].
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acceleration associated with midtail earthward plasma flow
[Nakajima et al., 2012]. Obviously, further careful and de-
tailed studies are required to pursue a full understanding of
the driver(s) of the pulsating aurora and its dynamics.

3. THE OUTER MAGNETOSPHERIC NIGHTSIDE
DIFFUSE AURORAL PRECIPITATION

The mechanism(s) for nightside diffuse auroral precipita-
tion from the outer magnetosphere (N-O-DAP) remains un-
clear. Here the outer magnetosphere covers the spatial range
with equatorial crossings from ~8 RE up to the CPS outer
boundary. ATHEMIS survey by Li et al. [2009] showed that
chorus waves are statistically weak (less than a few pT)
above ~8 RE in the night-to-dawn MLT sector and, thus,
insufficient to cause efficient diffuse auroral scattering at
higher L shells. On the other hand, moderately strong ECH
waves (>0.1 mV m�1) can extend to L > ~12 [Roeder and
Koons, 1989; Ni et al., 2011c], suggesting that ECH waves
could be potentially important for understanding the origin
of the diffuse aurora and the evolution of plasma sheet
electron distribution at L > 8 (or λinv > ~67°). While strong
ECH waves ≥1 mV m�1 are most likely to occur within L =
5–10 [Ni et al., 2011c], moderate ECH waves of 0.1–1 mV
m�1 are still capable of scattering plasma sheet electrons at a
rate comparable to the higher L shell strong diffusion limit

that is lower due to the smaller loss cone and a longer bounce
period.
The scenario that ECH waves might play a leading role in

driving the N-O-DAP has been implied implicitly by some
recent studies. Following the study of Liang et al. [2011] that
performed a detailed event study using the simultaneous in
situ wave and particle observations by THEMIS probes and
ground-based NORSTAR optical auroral observations dur-
ing 08–09 UT on 5 February 2009, Ni et al. [2012] carried
out a more comprehensive theoretical and numerical analysis
for this event, through a systematic combination of quasi-
linear theory, realistic nondipolar magnetic field mapping,
and the concept of strong and weak diffusion. They found
that the observed ECH wave activity could cause intense
pitch angle scattering of plasma sheet electrons of 0.1–5 keV
at a rate of >10�4 s�1 for equatorial pitch angles αeq < 30°,
approaching the strong diffusion limit. Use of the auroral
electron transport model [Lummerzheim, 1987] produced an
intensity of ~2.3 kR for the green-line diffuse aurora, and
separately Maxwellian fitting to the electron precipitation
flux produced a green-line auroral intensity of ~2.6 kR, both
in good agreement with the observed ~2.4 kR green-line
auroral intensity (as shown in Figure 5b). Ni et al. [2012]
was the first attempt to quantify ECH wave scattering CPS
electrons and to simulate the ionospheric precipitation flux
and resultant auroral brightness to study the magnetospheric

Figure 3. (a) Fokker-Planck diffusion simulations of the evolution of the electron phase space density pitch angle
distribution after 1 h due to scattering by (d) ECH waves alone, (e) upper-band chorus alone, (f) lower-band chorus
(LBC) alone and a combination of all three types of waves at (b) 0.5 h and (c) 1 h, for the color-coded 18 electron energies
from 0.21 to 21.7 keV. From Thorne et al. [2010, Figure 4].
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cause of the diffuse aurora in the outer CPS. Their results
support that enhanced ECH waves can be an important or
even dominant driver of N-O-DAP. But a statistical investi-
gation of ECH waves and N-O-DAP under different geo-
magnetic conditions is required to put a closure to the cause
of N-O-DAP.

4. THE DAYSIDE DIFFUSE AURORAL
PRECIPITATION

Compared to the intensity of the nightside diffuse aurora,
the dayside diffuse auroral activity is generally much weaker,

which is easily understood due to the rapid loss of plasma
sheet electrons during the eastward drift after the injection
from the nightside plasma sheet. However, the dayside dif-
fuse aurora can become very intense occasionally, and its
effect on the dayside magnetosphere-ionosphere coupling is
also important. Hu et al. [2009, 2012], using the ground-
based all-sky imager (ASI) data at the Chinese Yellow River
Station (YRS) in Ny-Ålesund, Svalbard, surveyed the synop-
tic distribution of dayside aurora emissions and their poten-
tial correlation with interplanetary magnetic field (IMF),
indicating a prenoon (07:30–09:30 MLT) “warm spot” fea-
tured uniquely by an increase of 557.7 nm emissions and a

Figure 4. (a) Schematic diagram showing the geometry of chorus wave propagation (red arrows), electron precipitation
(blue arrows), and pulsating aurora. (b) Time History of Events and Macroscale Interactions during Substorms-A
observation of LBC bursts shown in electromagnetic field spectra. (c) Snapshots of imager data projected onto the
geographic coordinates at 110 km altitude. (d) Correlation of LBC-integrated magnetic field intensity over 0.05–0.5 fce
(red) and auroral intensity (blue) at the highest cross-correlation pixel. From Nishimura et al. [2010, Figure 1]. Reprinted
with permission from AAAS.
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midday (09:30–13:00 MLT) gap of relatively weak green-
line emissions, both for the discrete and diffuse aurora.
The mechanism(s) responsible for the dayside diffuse au-

rora remains poorly understood. Li et al. [2009] showed that
moderately strong (~10 pT) dayside chorus can be persis-
tently present up to L ~ 10, peaking around L ~ 8, therefore
possibly acting as an important cause to the dayside diffuse
aurora. Most recently, Shi et al. [2012] presented a represen-
tative event of intense dayside diffuse aurora observed by the
Chinese YRS ASI near local noon at L ~ 9.5. The observed
intensification of YRS ASI green-line diffuse aurora was
related to solar wind changes manifested by fluctuations in
the three components of the IMF and noticeable increases in
solar wind velocity and solar wind dynamic pressure. Such
change of the solar wind conditions can facilitate the excita-
tion and amplification of magnetospheric whistler mode

chorus waves [e.g., Li et al., 2010, 2011], which consequently
favors resonant wave-particle interactions. Using a statisti-
cal model of dayside chorus waves at high L shells based
upon the THEMIS survey [Li et al., 2009], Shi et al. [2012]
further computed dayside chorus-driven bounce-averaged
pitch angle diffusion coefficients for plasma sheet electrons
in realistic magnetic field models. The scattering rate results
(top, Figure 6) demonstrated that dayside chorus scattering
can produce intense precipitation losses of plasma sheet
electrons on timescales of hours (approaching the strong
diffusion limit) over a broad range of energy and pitch angle.
The resultant loss cone filling for >500 eV electrons by
dayside chorus pitch angle scattering (bottom, Figure 6) can
reasonably explain the YRS ASI-observed green-line diffuse
auroral intensification. However, the lack of simultaneous
conjugate wave measurements in space for this particular

Figure 5. (a) NORSTAR GILL MSP green-line (557.7 nm) auroral observations for 07:50–08:50 UTon 5 February 2009.
(b) The latitudinal variation of MSP green-line auroral intensity for the time stamp centered at 08:38:45 UT. The gray band
shows the THEMIS-D (THD) footprint in magnetic latitude, ±0.3°. The solid and dotted yellow horizontal lines represent,
respectively, the modeled green-line auroral intensities. (c) Electron energy flux at the loss cone (red) and estimated
electron precipitation flux inside the loss cone (blue). (d) Lummerzheim [1987] model results of the 557.7 nm auroral
brightness for three different profiles of the neutral atmosphere with the solar F10.7 flux of 150, 70, and 50. From Ni et al.
[2012, Figure 6].
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case study raises questions on the general applicability of the
dayside scattering model, which needs improvements in
future investigations.

5. SUMMARY AND FUTURE WORK

The major recent findings regarding the diffuse aurora are
summarized as follows:
1. Chorus waves provide the dominant scattering of

plasma sheet electrons in the inner magnetosphere, being
the major cause for the strongest nightside diffuse aurora
(<~67°).
2. Intense ECH waves can extend to >12 RE on the night-

side and, therefore, can be an important or even dominant

driver of nightside diffuse auroral precipitation in the outer
magnetosphere, which has been confirmed through a detailed
conjunction case study but requires further multievent inves-
tigation and statistical studies.
3. Moderate chorus (>10 pT) is persistently present on the

dayside even during quiet times, supporting the idea that
dayside chorus could play a major role in the production of
the dayside diffuse aurora, which needs future improvements
due to current lack of simultaneous, conjugate wave mea-
surements in space and ground auroral observations.
4. The intensity modulation of LBC is found to be well

correlated with quasiperiodic pulsating aurora near the space-
craft magnetic footprint. The pulsating aurora can be caused
by LBC modulation due to macroscopic density variations in

Figure 6. (top) hDααi for the adoption of different Tsyganenko magnetic field models. (bottom) Estimated loss cone filling
index for the color-coded Tsyganenko models. From Shi et al. [2012, Figures 5 and 6].
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the magnetosphere [Li et al., 2011]; however, controversy
remains regarding its periodicity and its dynamics.
5. Injected plasma sheet electrons are lost to the atmosphere

via wave-induced pitch angle scattering. The resultant electron
loss timescales can be faster than the electron transport to the
dayside, leading to a pronounced MLT dependence on both
the trapped and precipitation flux. Scattering by UBC causes
pancake distribution for ~1 keV electrons. A combination of
precipitation loss by LBC and stochastic acceleration by UBC
drives enhanced anisotropy for ~10 keV electrons, which can
provide a source for chorus excitation on the dayside. The
dual-band chorus wave structure with a power minimum at
½ fce can explain the flattened pitch angle distributions at
medium energies of 2–3 keV. The temporal development of
the plasma sheet source electron distribution can also lead to
the excitation and the global distribution of a number of
plasma waves. Figure 7 shows schematically our recent un-
derstanding of the origin of the diffuse aurora.
A number of outstanding questions remain concerning the

origin of the diffuse aurora and the contribution of resonant
wave-particle interactions. First, what is the exact role of ECH
waves in driving nightside diffuse aurora at L > 8 and modi-
fying the global morphology of plasma sheet electrons in a
realistic magnetosphere under different geomagnetic condi-
tions? Second, what is the role of dayside chorus in driving
dayside diffuse auroral precipitation? Third, can we model the
observed global distribution of the diffuse aurora and plasma
sheet electron distribution by considering the effect of resonant

wave-particle interactions as a function of L shell, MLT, and
geomagnetic activity level? Finally, what is the relationship
between the pulsating aurora and substorms? What is the total
energy involved in pulsating aurora events? What is the spatial
extent of the pulsating aurora? To answer these questions,
more data from space and ground, including wave and particle
observations and ASI measurements, are required. A better
understanding of the origin of the diffuse aurora and the role of
resonant wave-particle interactions will enable us to better
simulate the electron precipitation into the atmosphere and the
magnetosphere-ionosphere coupling process for integrated in-
corporation into the development of self-consistent global
models such as the Geospace General Circulation Models and
associated wave excitation processes.
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The Role of the Earth’s Ring Current in Radiation Belt Dynamics
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The dynamical coupling of the ring current and the radiation belt populations
is investigated during geomagnetic storms, employing recent ring current
modeling studies that include time-dependent transport in realistic nondipolar and
self-consistently calculated magnetic fields. We present results from a ring current-
atmosphere interactions model (RAM) that solves the kinetic equation for H+, O+,
and He+ ions and electrons and is two-way coupled with a 3-D equilibrium code
(SCB) that calculates self-consistently the magnetic field in force balance with the
anisotropic ring current plasma pressure. The RAM-SCB boundary conditions are
specified by a plasma sheet source population at geosynchronous orbit that varies
both in space and time. It is demonstrated that the storm time ring current devel-
opment affects radiation belt dynamics in three significant ways: (1) it depresses the
background magnetic field on the nightside, which affects the subsequent transport
of radiation belt electrons, (2) its electron component represents a highly variable,
asymmetric, low-energy seed population of the radiation belts, and (3) the unstable
ring current ion and electron populations generate electromagnetic ion cyclotron,
magnetosonic, and chorus waves (with different intensities and spatial distribu-
tions) that scatter radiation belt particles. Therefore, to understand radiation belt
dynamics, we need to consider the coupling in the inner magnetosphere across
broad spatial, temporal, and energy scales.

1. INTRODUCTION

The fast rise of radiation belt electron fluxes, over orders of
magnitude during geomagnetically active periods, represents
a serious threat to modern instrumentation placed in ground-
based and satellite-borne systems. Space weather warnings
of such relativistic electron enhancements will be even more
important as we enter the solar maximum in ~2014 following
an unusual solar minimum [Love et al., 2012]. The high
variability of the radiation belts, however, remains not ade-
quately explained due to their complex dynamics including
competing particle acceleration and loss processes. In this

paper, we discuss how changes in the lower-energy ring
current population affect the evolution of the radiation belts.
The majority of large geomagnetic storms are driven by

interplanetary (IP) coronal mass ejections associated with
huge eruptions from the Sun of plasma and magnetic flux
[e.g., Gosling et al., 1991; Richardson et al., 2001]. The
large-scale electric field across the magnetotail intensifies
when solar wind plasma carrying a strong, southward inter-
planetary magnetic field (IMF) passes Earth. This causes an
enhancement of the earthward flow of ions and electrons
inside the magnetosphere and a significant increase of the
ring current energy density, as demonstrated in earlier ring
current ion modeling studies [e.g., Chen et al., 1994; Fok et
al., 1996; Jordanova et al., 1998]. As a result, the magnetic
field measured on the Earth’s surface decreases rapidly, and a
geomagnetic storm occurs [e.g., Tsurutani and Gonzalez,
1997]. During the peak of large storms, the tail-like defor-
mation of the magnetic field penetrates close to Earth and the
quasidipolar approximation breaks down at distances as
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small as 3–4 RE [e.g., Tsyganenko et al., 2003]. The response
of radiation belt electron fluxes, however, is not well corre-
lated with geomagnetic storm strength, i.e., the Dst index.
For example, the radiation belt electrons move outward
during the storm main phase to conserve the third adiabatic
invariant; hence, their drift paths may intersect the magneto-
pause and cause radiation belt electron loss known as mag-
netopause shadowing [e.g., Kim and Chan, 1997; Ohtani et
al., 2009]. During the storm recovery phase, the electrons
move inward as the magnetic field recovers, but the electron
fluxes may not return to the prestorm values. To determine
the storm time transport of both ring current and radiation
belt particles, a detailed knowledge of the magnetic field in
the inner magnetosphere is thus required.
Radiation belt enhancements are known to be associated

with high-speed solar wind streams (HSS) [e.g., Paulikas
and Blake, 1979; Miyoshi and Kataoka, 2005, 2008]. Previ-
ous radiation belt studies suggested that the acceleration
processes at geosynchronous orbit are dominated by ULF
wave-enhanced radial diffusion [e.g., Li et al., 2001; Elk-
ington et al., 2003]. Closer to Earth, the efficiency of ULF
wave acceleration is likely to be reduced because of the
reduction of the ULF power, and local heating of ~100 keV
ring current electrons to MeV energies by VLF chorus was
proposed [Horne and Thorne, 1998; Summers et al., 1998].
This process is expected to be most efficient in the low-
density region just outside the plasmapause [e.g., Miyoshi et
al., 2003]. Besides the pitch angle scattering by ELF hiss
inside the plasmasphere causing the slot region [Lyons et al.,
1972; Albert, 1994], other processes removing radiation belt
electrons are magnetopause shadowing, the Dst effect, scat-
tering by VLF chorus waves outside the plasmasphere [e.g.,
Lorentzen et al., 2001; Thorne et al., 2005], and resonance
with electromagnetic ion cyclotron (EMIC) waves [e.g.,
Thorne and Kennel, 1971; Summers and Thorne, 2003;
Jordanova et al., 2008]. All of these plasma waves have
been observed in the magnetosphere with different intensi-
ties, spatial distributions, and occurrence rates. The free
energy for the excitation of these plasma waves is provided
by the anisotropic ring current ion and electron distributions.
Modeling of wave-particle interactions on a global scale
that includes the combined effect of these waves on trapped
particles as they drift around the Earth is needed to obtain the
global evolution of radiation belt electrons and determine the
penetration of electron fluxes to the altitudes of near-Earth
orbiting satellites. Moreover, the precipitating electrons will
affect the ionospheric conductance and, subsequently, the
self-consistently calculated electric field [e.g., Harel et al.,
1981] and the global inner magnetosphere dynamics. It is
evident that the full physical coupling between the plasma
and the fields has to be addressed.

Finally, the ring current electrons represent the low-energy
seed population that gets accelerated to form the radiation
belts. To accurately model radiation belt dynamics, particle
energies must span 5–6 orders of magnitude. Such a broad
cross-energy coupling, combined with the range of time-
scales between global transport and local acceleration and
loss processes, over the large spatial scale of the radiation
belts poses significant computational challenges. Recent ad-
vancements on these topics in preparation for the launch of
the Radiation Belt Storm Probes [Kessel, this volume], a
spacecraft mission dedicated to study the radiation belts, are
reviewed in this paper.

2. RING CURRENT ELECTRONS

The dynamics of ring current electrons have not received
much attention in the past as most of the ring current energy
density is carried by ions [Daglis et al., 1999]. Early obser-
vations from the OGO 3 satellite [Frank, 1967] of low-
energy (<50 keV) electron and proton fluxes showed that the
electron component may provide about 25% of the ring
current energy during storm times. A more recent study [Liu
et al., 2005] indicated that this may be an overestimation
because the high-energy (~50–200 keV) ring current parti-
cles were not included. Analyzing Explorer 45 data spanning
larger energy (1–200 keV) and spatial range (2–5 RE) during
the 17 December 1971 storm with minimum Dst = �171 nT,
Liu et al. found that ring current electrons may contribute
~7.5% of the ring current energy during quiet time; the
electron contribution may increase to 19% during storm
time. Jordanova and Miyoshi [2005] performed an initial
simulation of the large storm of 21 October 2001 using an
analytical Volland [1973]-Stern [1975] electric field and di-
polar magnetic field models and obtained that the electron
contribution was about 2% during quiet time and about 10%
near peak Dst = �187 nT. The simulated electron fluxes
increased on the dawnside during the rapid main phase in
agreement with NOAA observations [Miyoshi et al., 2006].
The dynamics of ring current electrons during the 19 October

1998 storm (min Dst = �112 nT) in nondipolar magnetic
field geometry were studied in more detail by Chen et al.
[2006]. A convective electric field model including quiescent
Volland-Stern convection and storm-associated enhance-
ments in the convection was used. Tracing equatorially mir-
roring protons and electrons and solving the force-balance
equation in the equatorial plane, Chen et al. found enhance-
ments in both the proton and electron pressure, which tended
to occur on the duskside for protons and on the dawnside for
electrons, consistent with the corresponding direction of
magnetic drift. On average, the equatorial perpendicular
pressure within the ring current region was smaller in the
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self-consistent simulations than in the nonself-consistent
simulations. There were localized regions, however, where
the equatorial perpendicular pressure was more intense. Sim-
ilar features were found in 3-D magnetically self-consistent

simulations of the ring current ion dynamics during the
21–23 April 2001 storm by Zaharia et al. [2006].
Ring current development during the high-speed solar

wind stream (HSS) storm of 23–25 October 2002 was studied

Figure 1. Ring current (a) ion and (b) electron pressure obtained with RAM-SCB at hours 24, 36, and 38 after 00 UT
23 October 2002. (c) Contribution to total ring current energy from various species using W01 potential and either dipolar
(dash-dotted line) or self-consistent (solid line) magnetic field simulations. (d) Computed Dst index using different model
formulations compared with measured Dst (starred line) and magnetopause current-corrected SYM-H (solid line).
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by Jordanova et al. [2012]. This time period was one of the
rare HSS passages at Earth that triggered significant geomag-
netic activity: a magnetic storm with a step-like Dst profile
and minimumDst ≈�100 nTat 21 UT 24 October (Figure 1).
The slow storm recovery lasted for several days due to the
continuing fluctuations of the IMF Bz component in the high-
speed flow behind the interaction region. In addition to ring
current ion dynamics simulated in previous studies [Jorda-
nova et al. 2006, 2010b; Zaharia et al., 2006, 2010; Welling
et al., 2011], the effects of realistic nondipolar magnetic field
configuration were investigated on both ring current ions and
electrons using a ring current-atmosphere interactions model
with self-consistent magnetic field (RAM-SCB). RAM
solves the bounce-averaged kinetic equation for H+, O+, and
He+ ions and electrons in the solar magnetic (SM) equatorial
plane and is two-way coupled with a 3-D equilibrium code
(SCB) that calculates the magnetic field in force balance with
the anisotropic ring current ion and electron distributions. To
this end, the perpendicular and parallel pressures in the
equatorial plane obtained from moments of the RAM distri-
bution function are mapped along the 3-D magnetic field
lines through energy and magnetic moment conservation.
The electric field model in this study represented the gradient
of the convection potential of W01 [Weimer, 2001] and a
corotation potential. The W01 ionospheric potential was
driven by IP data and the AL index and was mapped to the
SM equatorial plane along SCB field lines. The nightside

boundary conditions were determined as they varied in space
and time from plasma sheet flux measurements from the
MPA and SOPA instruments on the Los Alamos National
Laboratory geosynchronous spacecraft.
The total ring current ion and electron pressure calculated

with RAM-SCB in the SM equatorial plane at hours 24, 36,
and 38 from 00 UT 23 October 2002 is shown in Figures 1a
and 1b, respectively. The pressure intensifies with storm
development as the particles are injected from the plasma
sheet, accelerated, and trapped. A strong asymmetry is seen
during the main phase of the storm (hour 36) when the ion
pressure peaks in the premidnight magnetic local time
(MLT), while the electron pressure peaks near midnight.
Both ions and electrons penetrate close to Earth reaching
radial distances of ~2.5 RE. The ring current pressure be-
comes more symmetric and extends in MLT as the storm
develops (hour 38). The contribution to the total ring current
energy from various species during this HSS-driven storm is
shown in Figure 1c. The major contribution is from H+,
which is the dominant species, and it varies between 60% at
the beginning of the storm at hour ~24 and ~50% during the
HSS interface. The ring current O+ content is about ~30%,
while He+ content remains at ~5% throughout the interval.
The electron content is quite variable, being about 10%
during quiet time and about 20% during disturbed time. Note
that it is significantly larger in the self-consistent case (solid
line) than in the dipolar case (dash-dotted line), indicating

Figure 2. (a) Dst index during the April 2001 storm, time axis starts at 00 UT on 21 April. (b) Difference between the self-
consistent magnetic field intensity obtained with RAM-SCB and the Earth dipolar field in the equatorial plane at hours 24,
32, 39, 42, and 48 after 00 UT 21 April 2001 [after Zaharia et al., 2006].

Figure 3. (opposite) The Bx, By, and Bz components of the magnetic field computed with RAM-SCB model (dashed line) for the storm
event on 31 August 2005 compared with TS05 model (dashed-dotted line) and in situ observations (solid line) from (left) Cluster and
(right) Polar. (top) The satellite trajectories are shown for reference. (bottom) The normalized RMS errors for each field component and
magnitude indicate the agreement between the model and the observations [after Yu et al., 2012].
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that simulations not taking into account the feedback of the
ring current overestimate the actual proton and underestimate
the actual electron contribution. The total ring current con-
tribution to the Dst index is shown in Figure 1d. Results
computed with the Dessler-Parker-Sckopke (DPS) relation
[Dessler and Parker, 1959; Sckopke, 1966] are compared
with the magnetopause current-corrected SYM-H index. Jor-
danova et al. [2012] calculated as well the ring current
contribution to Dst using Biot-Savart integration of the cur-
rents in the whole domain and found that it differed little
from the DPS relation except during quiet time. Overall, the
simulated global evolution of the ring current reproduces
very well the temporal variations of SYM-H. In agreement
with previous studies, larger ring current injection and, cor-
respondingly, SYM-H depression, is obtained using a dipolar
(dashed-dotted line) rather than a self-consistently calculated
B field (dashed line). This is caused by the increased drift
velocities in the dusk to midnight MLT sector (where the
SCB field is mostly depressed), combined with drift-shell
splitting in realistic fields, which lead to enhanced magneto-
pause losses and significantly reduced nightside fluxes at
larger distances from Earth. The RAM-SCB simulations
underestimate |SYM-H| minimum by ~25% but reproduce
well the storm recovery phase. Better agreement is expected
once contributions from tail currents outside geosynchro-
nous orbit are included in the simulations [e.g., Ganushkina
et al., 2012].

3. MAGNETIC FIELD CONFIGURATION

The global specification of the magnetic field in the inner
magnetosphere affects strongly the radiation belt dynamics
and is one of the critically needed inputs for radiation belt
modeling efforts. A significant fraction of the observed de-
crease of relativistic electron fluxes at geosynchronous orbit
during the main phase of a storm can be accounted by the
fully adiabatic response (all three adiabatic invariants con-
served) of the radiation belts to the magnetic field changes
[Kim and Chan, 1997]. The contribution of prestorm electron
fluxes to the geosynchronous flux increase during the storm
recovery phase, however, is expected to be small because of
losses to the dawnside magnetopause. Green and Kivelson
[2004] demonstrated that calculations in a realistic magnetic
field can change significantly the inferred radial profiles of
the phase space density of radiation belt electrons. Huang et
al. [2008] evaluated the performance of recent empirical

magnetic field models during active geomagnetic conditions
and compared the model outputs with GOES observations. It
was found that for major magnetic storms, the Tsyganenko
[1996, 2002] models predicted anomalously strong negative
Bz at geostationary orbit on the nightside due to input values
exceeding the model limits. The more recent storm time
model TS05 [Tsyganenko and Sitnov, 2005] had better over-
all performance across the entire range of local times, storm
levels, and storm phases at geostationary orbit. Huang et al.
showed as well that even small deviations between field
models alter significantly the model-dependent invariants
used to interpret radiation belt dynamics; the L* parameter
thus varied by ~13% using the Tsyganenko [1996] or Tsyga-
nenko and Sitnov [2005] models at geosynchronous orbit.
The 3-D magnetic field during the 21–23 April 2001 storm

(minimum Dst ≈ �100 nT) was computed by Zaharia et al.
[2006] in force balance with prescribed anisotropic ring
current ion pressure using the RAM-SCB model. The simu-
lations were driven by the Weimer [2001] electric field and
geosynchronous plasma boundary conditions. Figure 2
shows the difference between the self-consistently calculated
magnetic field intensity with RAM-SCB and the Earth dipo-
lar field in the equatorial plane at selected hours during the
storm. Large depressions in the equatorial magnetic field
intensity were seen on the nightside during the storm main
phase at hours 39 and 42. Significant differences were found
in the self-consistent results compared to those obtained from
the kinetic RAM model with a dipolar background field
(using the same particle boundary conditions and electric
fields). The computed pressure maximum was smaller in the
self-consistent simulation, mostly due to enhanced drifts in
regions of reduced magnetic intensity leading to lower par-
ticle densities. In addition, narrow pressure (and density)
peaks appeared in certain locations, unlike the smooth pic-
ture obtained with a dipolar field. It was thus demonstrated
that for storm modeling, the plasma and the magnetic field
should represent a self-consistent configuration obeying the
plasma momentum equation.
Avalidation study of the magnetically self-consistent inner

magnetosphere model RAM-SCB was performed by Yu et al.
[2012]. The validation was conducted by simulating two
magnetic storm events and then comparing the model results
against a variety of satellite observations, including the mag-
netic field from Cluster and Polar spacecraft, ion differential
flux from the Cluster/CODIF analyzer, and the ground-based
SYM-H index. The self-consistent magnetic field computed

Figure 4. (opposite) (a) Plasmaspheric electron density as a function of radial distance in the equatorial plane and MLT at selected hours
during 23–25 October 2002 indicated with stars on the Dst plot. Linear growth rate of (b and c) chorus, (d and e) EMIC, and (f and g)
magnetosonic waves calculated with RAM using W01 electric field and either a dipolar (DIP) or a self-consistently calculated (SCB)
magnetic field.
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along Cluster and Polar trajectories for the 31 August 2005
storm event is compared with TS05 model and in situ ob-
servations in Figure 3. The magnetic field at a given satellite
location was obtained after interpolating the magnetic field
values from nearby grids. It is clear that the RAM-SCB
model performed equally well or better in reproducing the
magnetic field components than the empirical TS05 model.
The good agreement of RAM-SCB magnetic field prediction
with observations demonstrated the model capability of re-
presenting well the inner magnetospheric field configuration.
This provided confidence that RAM-SCB can be used for
field line and drift shell tracing needed in radiation belt
studies.

4. PLASMA WAVE DYNAMICS

The anisotropic ring current ion and electron populations
generate various types of plasma waves in the inner magne-
tosphere with different occurrence rates, spatial distributions,
and intensities. Whistler mode chorus emissions are usually
observed outside the plasmasphere over a broad MLT range
with peak storm time amplitudes in the range of 30–100 pT.
Statistical surveys indicate that these VLF emissions inten-
sify at distances larger than ~3 RE on the dawnside, extend-
ing from premidnight to noon MLT [Meredith et al., 2001;
Santolik and Gurnett, 2003]. The nightside chorus is con-
fined to ±15° of the equator, while the dayside chorus may
propagate to higher latitudes. It is considered that chorus
emissions are initially excited by cyclotron resonance with
a highly anisotropic distribution of energetic (~10 keV)
electrons [e.g., Li et al., 2009; Jordanova et al., 2010a],
followed by nonlinear evolution into discrete chorus ele-
ments [Nunn et al., 2003; Omura et al., 2008]. Anisotropic
distributions of energetic ring current ions excite EMIC
waves [e.g., Mauk and McPherron, 1980; Horne and
Thorne, 1993; Jordanova et al., 1997]. The most intense
EMIC waves occur during geomagnetic storms and are con-
fined to the dusk MLT region [Erlandson and Ukhorskiy,
2001; Meredith et al., 2003]. CRRES observations show a
source region within ±11° of the equator [Loto’aniu et al.,
2005] in support of theoretical studies suggesting that the
equatorial region is favored for EMIC wave generation.
Finally, fast magnetosonic waves, also called equatorial
noise [e.g., Russell et al., 1970], occur at frequencies be-
tween the proton gyrofrequency and the lower hybrid fre-
quency, and are primarily confined within several degrees of
the geomagnetic equator both inside and outside the plasma-
pause. These waves are associated with ring-type (in the
direction perpendicular to the magnetic field) proton velocity
distributions [e.g., Perraut et al., 1982;Horne et al., 2000] at
energies of the order of ~10 keV.

The linear growth rate of all dominant magnetospheric
plasma waves driven by the free energy in the ring current
distributions was simulated on a global scale by Jordanova et
al. [2012] during the 23–25 October 2002 storm. Figure 4
displays results at hours 24, 28, and 32 after 00 UT 23 Octo-
ber obtained in the SM equatorial plane with RAM using
W01 electric field and either dipolar or self-consistently
calculated magnetic field. It is evident that the wave growth
is significantly enhanced in the latter case (Figures 4c, 4e,
and 4g) when transport in a realistic nondipolar magnetic
field is considered. Whistler mode chorus emissions (Figure
4c) are excited in the dawnside MLT region outside the
plasmasphere (Figure 4a) by the anisotropic ring current
electron distributions that develop due to drift-shell splitting.
After being injected from the plasma sheet, ring current
electrons drift eastward from midnight to noon and populate
different shells as higher pitch angle particles move outward.
Electrons with near 90° pitch angle may intercept the mag-
netopause and will be depleted from the postnoon MLT
region. The drift-shell splitting thus leads to the development
of positive prenoon and negative postnoon anisotropy for
ring current electrons at larger radial distances from Earth
[Jordanova et al., 2012]. By analogy, the ring current ion
anisotropy increases in the postnoon region and decreases in
the prenoon region as these particles drift westward from
midnight to noon. Intense EMIC waves (Figure 4e) are thus
generated at large radial distances (>5 RE) in high-density
plasmaspheric drainage plumes in the afternoon MLT and
along the plasmapause. On the other hand, magnetosonic
waves are generated by ion ring-type distributions [e.g. Chen
et al., 2010] that result from energy-dependent drifts, losses,
and dispersed injections. The regions of magnetosonic insta-
bility cover broad MLT range both inside and outside the
plasmasphere. The charge exchange losses are stronger on
the dayside in a nondipolar magnetic field, leading to larger
gradients in the phase space density and subsequently to
larger magnetosonic wave growth (Figure 4g). As discussed
in the introduction, these plasma waves are important for the
acceleration and loss of radiation belt electrons.

5. SUMMARY AND CONCLUSIONS

Using recent magnetically self-consistent simulations, we
investigated how the storm time ring current evolution af-
fects radiation belt dynamics. We found the following:
1. As strong depressions in the self-consistent magnetic

field develop at large radial distances (>4 RE) on the night-
side during the main phase of a storm, the particle’s gradient-
curvature drift velocity increases, the particle fluxes are
reduced, and the ring current is confined close to Earth.
The ring current electron component, which represents the
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low-energy seed population of the radiation belts, is highly
asymmetric with peaks near midnight to dawn. Its contribu-
tion increases with geomagnetic activity and reaches ~20%
near minimum Dst.
2. Increased anisotropies develop in the ring current ion and

electron velocity distributions as a result of particle injection,
transport, and loss in a realistic nondipolar magnetic field.
There is thus sufficient free energy in the equatorial magneto-
sphere to excite strong EMIC waves in the afternoon to
midnight region, whistler mode chorus waves from postmid-
night to noon, and magnetosonic waves both inside and
outside the plasmasphere. These waves will scatter radiation
belt particles in energy and pitch angle as they drift through
the unstable regions, causing their further acceleration or loss.
3. Comparisons with satellite data during magnetic storm

periods show that the RAM-SCB model represents better the
magnetic field configuration in the inner magnetosphere than
empirical models and is thus reliable to use in radiation belt
studies. This indicates that global models should include
self-consistent coupling of the plasma and the fields in order
to accurately predict the dynamics of the radiation belts and
the harmful enhancements of electron fluxes during dis-
turbed times.
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The Love-Gannon (LG) relation connects the ring current to the dawn-dusk
asymmetry in the low-latitude geomagnetic disturbance field. Although such a con-
nection had been noticed earlier, Love and Gannon’s treatment makes the connec-
tion between the asymmetry and the ring current appear as direct as the connection
between Dst and the ring current. Indeed, this is precisely how Love and Gannon
expressed the relation: the asymmetry is proportional to Dst. This way of under-
standing the LG result, direct, unmediated coupling, does not fit well with classical
ideas of magnetospheric dynamics. For it to do so requires that magnetic storms be
steady state phenomena (which they are not) or that the shielding time in magne-
tosphere-ionosphere coupling theory be an order of magnitude longer than
observed, which is also inadmissible. In this paper, we explain why this is so, and
we suggest that what needs to be added to the standard way of treating magneto-
sphere-ionosphere coupling is ring current dissipation as a cause of field-aligned
current.

1. INTRODUCTION

This paper concerns the ring current’s relation to the dawn-
dusk asymmetry in the geomagnetic field observed on the
ground at low latitudes. The asymmetry we refer to is the
canonical one in which the H component is more depressed
on the duskside than on the dawnside. This subject is not
new, of course, since the mentioned asymmetry has long
been known, and for about equally as long, it has been
ascribed to the presence of a partial ring current. What we
offer that is new to the subject is a reconsideration of the
origin of the partial ring current that causes the mentioned
asymmetry ascribing it not to the dawn-dusk asymmetry

inherent in the creation of the ring current under magneto-
spheric advection, the usual idea, but rather to the ring
current decay mechanism that modifies the advectively cre-
ated ring current.

2. WHAT IS THE LOVE-GANNON RELATION?

The subject enjoys renewed interest because in 2009, Love
and Gannon drew attention to an underappreciated feature of
the relation between the subject dawn-dusk asymmetry
(henceforth δDD) and Dst, the nominal measure of the inten-
sity of the symmetric ring current: they are proportional.
Specifically, they found

δDDðnT=REÞ ¼ −0:2 DstðnTÞ: ð1Þ
The dimension of δDD is nT/RE, meaning the difference

between the dawn and dusk values ofH in nT divided by their
separation, 2 in units of RE. The Love-Gannon (LG) relation
holds statistically; it is based on 50 years of observations. At
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any time, departure from the LG relation can be large. Figure 1
illustrates both statements graphically. The left panel gives a
50 year average of the local time variation of the disturbance
of the H component of the geomagnetic field (call it ΔH)
normalized to the simultaneous determined Dst. Thus, the
circle marked 1.0 corresponds to the ΔH field equaling Dst
on a 50 year average. Note that this condition occurs very
close to noon and midnight local time. That is, on a long time
average, the ratio of ΔH to Dst at noon and midnight very
nearly equals 1. But at dusk, the average value of that ratio is
about 1.2 and, at dawn, about 0.8. Very nearly, the curve in
the left panel is a circle of unit radius offset toward dusk by
0.2 units. That the radius is unity is no surprise sinceDst is the
average of the local time values of ΔH. However, the offset,
its size and direction, and the circular shape of the contour are
the significant points that Love and Gannon exposed and that
need to be interpreted.
We note that Newell and Gjerloev [2012] find a similar but

not identical result. A superposed epoch analysis of the
storm-time profiles of 125 storms shows noon and midnight
profiles nearly coinciding and roughly bisecting the space
between the dawn and dusk profiles, which agrees with the
LG noon-midnight finding. But the ΔH to Dst ratio seems
bigger during the main phase than during the recovery phase.
See their Figure 7, bottom. Nonetheless, the care that LG
took to isolate the local time signal for all levels of Dst (see
below in connection with Weygand and McPherron [2006])
justifies an attempt to find a cause for their result.

The right panel of Figure 1 simply illustrates the statement
that at any given time, the actual local time variation of the
ratio of ΔH to Dst can be far from the statistical, offset circle
seen in the left panel. Thus, one can think about the local
time behavior of the ΔH to Dst ratio by imagining the offset
circle in Figure 1a to be an elastic band that is almost always
being stretched and shifted away from the average shape by
many processes, some of which are well known. For exam-
ple, shock wave compression of the magnetosphere tends to
shift the circle sunward (bigger ΔH on the dayside); both
substorms and region 1 currents tend to shift the circle tail-
ward (bigger ΔH on the nightside).
Overriding or underlying all these fluctuations, the transient

and counteracting nature of which reduces their long-term
average signals effectively to zero, is some unidirectional,
ever-present process that acts to shift the center with respect
to which the mentioned processes and others do their distort-
ing and shifting work 0.2 units, the LG factor, duskward.
Somehow, this process must be integrally connected with the
ring current, must be part of its dynamical nature, because the
offset is proportional to Dst. Just as Dst is a measure of ring
current energy, δDDmust be a measure of some related, but as
yet, unknown dynamical property of the ring current. Said
differently, some fundamental dynamical processes tied to
the structure of the ring current set the asymmetric geomet-
rical framework within which the various transient fluctua-
tions in ΔH make their impressions like winds swaying the
branches of a tree that is rooted 0.2 units duskward of the

Figure 1. (a) Fifty year average of local time, H disturbance normalized to simultaneous Dst. The smooth line is a
harmonic fit to the 24 separate, 1 h local time averages. From Love and Gannon [2009]. (b) A local time plot of the trace of
the low-latitude disturbance field at the time of the peak Dst disturbance (�422 nT) of the great storm of November 2003.
From Love and Gannon [2010].
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center. The question arises: What is it in the structure of the
ring current that organizes its contribution to the geomagnetic
disturbance field in the fixed shape of a duskward displaced
circle? Here we offer a suggestion for the mechanism that lies
behind the LG asymmetry.

3. WHAT IS NEW?

A question that by now has probably occurred to the reader
should be answered. Why are we treating the dawn-dusk
asymmetry in the disturbance field as something new when
it has been known since the 1960s and commented on fre-
quently since then (even as recently as at the time of writing
this paper by Newell and Gjerloev [2012])? What is new is
the recognition of its significance for “classical” magneto-
spheric physics.
A question about the significance of something similar to

the LG relation was brought up earlier by Weygand and
McPherron [2006] in a study that also found the asymmetry
to be proportional to Dst (albeit the asymmetry was defined
as the local time range of H rather than as the dawn-dusk
difference of H used by Love and Gannon). Weygand and
McPherron regarded their result to be unphysical because it
disagreed with what was expected from the classical model
of magnetic storms as developed in a study of 74 storms by
Sugiura and Chapman [1960]. According to it, the asym-
metry should not track Dst but should dominate the early
part of the storm and Dst the latter part. Weygand and
McPherron found that they could recover the expected
behavior of the relation between asymmetry and Dst by
offsetting the zeros of the indices by about 20 nT in opposite
directions. Then, the asymmetry-Dst tracking property, so
conspicuous in the “uncorrected” data, went away. However,
Love and Gannon meticulously cleansed their data with the
precise intent to eliminate offsets, and their deliberate “clean
room” care of the data leaves the underlying asymmetry-Dst
proportionality of Figure 1a robustly present. More precisely,
Weygand and McPherron used ratios that normalized out any
measure of storm size (such as Dst), thus amplifying the
effects of small nonzero residuals in Dst, which can affect
ratios for small levels of disturbance, whereas Love and
Gannon, rather than forming ratios, approach the analysis by
fitting proportionality factors. This minimizes the impact of
nonzero residuals and gives factors that are sensitive to the
full range of disturbance (not just small levels).
Moreover, Figure 2 adds to the evidence that the standard

expectation that asymmetry disappears during the recovery
phase has a problem. Here are nine storms for which 1 min
values of an asymmetry index are plotted against a symmetry
index. In this case, the indices are determined by the Kyoto
World Data Center. The symmetry index is basically Dst.

The asymmetry index is the same as Weygand and McPher-
ron’s, that is, the difference between the maximum and
minimum local time values of H. We divide the value by 2
to give it the same units as δDD (as if the max and min always
occurred on opposite sides of the earth, which is not true, of
course).
The straight line in each plot of Figure 2 is the LG relation,

equation (1). The data points in each plot arrange themselves
into a high-asymmetry group and a low-asymmetry group,
both of which span the full range of Dst. In each case, the
low-asymmetry group tends to lie along the LG line. Now,
the interesting thing is that low-asymmetry groups all corre-
spond to the recovery phase of the storms. The high-asymmetry
groups correspond to the main phase. Note that this is a third,
independently computed data set that shows a correlation
between asymmetry and Dst lasting throughout the storm.
In this case, the LG relation is evident in the recovery phase
points. The main phase points display the expected greater
degree of asymmetry, which, because the asymmetry index
here is defined as a local time range instead of dawn-dusk
difference, probably owe their higher-than-LG values to
strong noon-midnight contributions, not present during the
recovery phase.
We take the convergence of evidence of a phenomenon

that disagrees with expectations to be an opportunity to find
something new about magnetospheric dynamics. Thus, we
proceed under the assumption that, in fact, the LG relation
describes the phenomena as it is. Then, the problem is to find
a mechanism that ties the dawn-dusk asymmetry more-or-
less fixedly to Dst.

4. STANDARD IDEAS AND WHY THEY
DO NOT WORK

To begin the task, note first that the mere presence of more
ring current pressures on the duskside than on the dawnside
of the magnetosphere, the natural situation for the develop-
ing ring current, does not, by itself, guarantee an asymmetry
in the geomagnetic disturbance field. This is because an
asymmetry implies a force on the geomagnetic dipole that
must be balanced by a force on the mass through which the
current flows that produces the asymmetry, and the mass of
the ring current is too small to sustain the force associated
with the LG asymmetry [Siscoe et al., 2012]. The force
problem is solved by assuming that the ring current balances
excess current on the duskside by shunting it along magnetic
field lines where it closes through the ionosphere, which,
because of its collisional coupling to the thermosphere, has
sufficient effective mass to sustain the force. Cummings
[1966] showed that an electrical circuit having the geometry
just described, indeed, produces an asymmetry with the
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observed properties. Crooker and Siscoe [1981] showed
that most of the asymmetry comes from the field-aligned part
of the current. They give the following formula for the
asymmetry

δDD ¼ ðμo=4 REÞIBcos λ
¼ ðμo=4 REÞΣHΦcos λ ≈ 0:017ΣHΦðkVÞ; ð2Þ

where RH is the auroral zone Hall conductance, and λ is the
latitude at which the field-aligned currents (a.k.a. Birkeland
currents) of strength IB connected to the ring current enter
and leave the ionosphere (IB in each north-south hemi-
spheres). The last term in equation (2) assumes that λ is
70°. The transpolar potential Φ measures the speed at which
magnetic flux cycles around the magnetosphere and, hence,

also the flow of ring current particle through the magneto-
sphere. The asymmetry amplitude, δDD, is the dawn-dusk
component of the gradient in the magnetic field. The relation
between IB and Φ in equation (2) is obtained from the
magnetosphere-ionosphere (MI) coupling theory of Vasyliu-
nas [1970, 1972] in which there is perfect shielding between
auroral and subauroral ionospheres. In its operational version
as subsequently elaborated by Wolf and coworkers, it forms
the conceptual structure of the Rice Convection Model. But
even in the simplest, idealized form represented by equation
(1), it exposes a problem that the LG relation poses for the
standard MI coupling theory. In equation (2), δDD is propor-
tional to Φ, and in the LG relation, equation (1), it is propor-
tional to Dst, which implies that Dst should be proportional
to Φ. But the canonical dependence of Dst on Φ is, instead,

Figure 2. Nine magnetic storms as seen in plots of asymmetry (ordinate) versus Dst (abscissa). These are the ASY-H and
SYM-H indices produced by the Kyoto World Data Center. The ASY-H values are divided by 2 to make them compatible
with δDD. The main phase of each storm produces the high ASY-H group of points and the recovery phase, the low group.
The solid lines show the Love-Gannon relation, equation (1).
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the Burton-McPherron-Russell (BMR) relation [Burton
et al., 1975]

dDst=dt ¼ −aΦ−Dst=τsym; ð3Þ

where a and τsym are empirically determined positive con-
stants. (Actually, instead of Φ, the BMR relation has VBz,
where V is the solar wind speed, Bs is the southward compo-
nent of the IMF, zero if northward. But VBz can be replaced
by Φ through empirical formulas, e.g., 50 kV mV�1 m�1

[Reiff and Luhmann, 1986].) If we take the LG relation to be
the empirical fact to which the other relations must conform,
then either we must assume that under the circumstances
when the LG relation holds, Dst has always reached a steady
state value so that dDst/dt = 0, and equation (3) reduces to an
equation like equation (2), or we must find a BMR-like
relation between δDD and Φ to replace equation (2) with an
equation like equation (3). In the first alternative, we can
eliminate Φ between equations (2) and (3) to find

δDDðnT=REÞ ¼ 0:017ΣHDst=aτsym
¼ −0:02ΣHDstðnTÞ; ð4Þ

where we have used BMR values for a and τsym. Then, if we
take RH to be 10 S, a not unreasonable value for the auroral
zones, we recover equation (1), the LG relation, precisely.
So, does this not solve the problem? Unfortunately, no be-
cause during magnetic storms, when the LG relation is very
much in effect (e.g., Figure 2), the dDst/dt term in equation
(3) is not small compared to the terms on the right hand side.
For example, typically, Dst reaches its maximum storm-time
depression in about 10 h, which is comparable to the value of
the decay time, τ [e.g., Weygand and McPherron, 2006].
Thus, the assumption of steady state is invalid, and we must
turn to option 2: find a BMR-like relation between δDD andΦ
to replace equation (2) with an equation like equation (3).

5. A SUGGESTED SOLUTION

Let us cut the Gordian knot by simply writing down the
desired result

dδDD=dt ¼ 0:017ΣΦ=τasy−δDD=τasy: ð5Þ

This reduces to equation (2) in steady state but for the
asymmetry index, δDD, it gives a time-dependent analog of
the BMR relation for Dst. Here τasy is the timescale appro-
priate for asymmetry. Siscoe et al. [2012] derive equation (5)
from MI coupling theory [Vasyliunas, 1970, 1972; Siscoe,
1982]. In this case, τasy turns out to be the shielding time, that
is, the time ring current particles need to readjust to a change

in applied transpolar potential to reestablish the equipotential
condition that in steady state characterizes the equatorial
border of the region 2 current ring. The problem is that the
shielding time scale is an order of magnitude smaller than the
ring current time scale, τsym (1 h or less versus 10 h or more).
Hence, Siscoe et al. conclude that MI coupling theory, which
ties δDD to Dst through the applied potential, Φ, cannot
account for the LG relation. They further conclude that the
LG relation implies that τasy = τsym, which implies that δDD
results directly from the ring current with no intermediary,
such as Φ. That is, like Dst, δDD is a direct measure of some
property of the ring current. They suggest that the property
by which the ring current generates δDD is dissipative decay
(e.g., charge exchange and precipitation loss) that distorts
ring current pressure contours thereby disrupting normal
current flow paths in the magnetosphere causing the current
to close through the ionosphere, in at noon and out at mid-
night as needed to give a dawn-dusk asymmetry. This pro-
posed solution to the LG problem has the virtue of operating
during all phases of magnetic storms, especially during the
recovery phase when the LG asymmetry is still evident. It
also makes a prediction about the local time structure of the
dissipative decay process.
To make an initial test of the idea that the ring current

decay process is causing the LG asymmetry, we used the
Fok Ring Current Model at the Community Coordinated
Modeling Center (CCMC) [Fok et al., 1995; Fok and
Moore, 1997; Fok et al., 2001], which has the desired
feature of incorporating ring current dissipation processes,
charge exchange, and loss-cone losses. The model was used
to simulate the field-aligned currents for the storm of 10–11
April 1997. Figure 3 shows the computed region 2 currents
at the peak of the storm in Dst. The important aspect to

Figure 3. Region 2 field-aligned currents computed by the Fok ring
current model at CCMC for the peak of the storm on 11 April 1997.
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notice is the clockwise rotation of the current system rela-
tive to the noon-midnight axis. By contrast, region 1 cur-
rents are more symmetrical relative to the noon-midnight
axis [Iijima and Potemra, 1978]. It is this rotation of the
region 2 current system relative to the region 1 current
system that can give a net flow of current in at noon and
out at midnight (instead of all region 2 current crossing
latitudinally to feed the region 1 ring) and, thus, produce a
dawn-dusk asymmetry in H [Crooker and Siscoe, 1981].
Thus, to the extent that a model that incorporates ring
current dissipation produces a rotation of the current system
that connects the ring current to the ionosphere (i.e., the
region 2 system) of an amount and in the right sense to
generate an asymmetry of the LG type, it suggests that ring
current dissipation might be the ring current property re-
sponsible for δDD. Then, we would have Dst measuring ring
current energy and δDD measuring its rate of loss.
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The Importance of the Plasmasphere Boundary Layer
for Understanding Inner Magnetosphere Dynamics
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In the last decade, the role of the plasmapause in clearly separating different wave
and particle environments in the inner magnetosphere has been demonstrated. In
addition, a new conceptual framework has emerged that emphasizes that the
plasmapause is most often highly structured and dynamic and more appropriately
should be considered the plasmasphere boundary layer (PBL). The complex and
dynamic PBL corresponds to clear density gradients observed in the ionosphere
and overlaps the inner edge of the outer radiation belts. The local plasmapause acts
as a clear ULF and higher-frequency plasma wave dividing line as well. This short
review highlights recent observational studies describing the important role the
PBL plays in separating a wide range of wave and particle populations and focuses
on studies of the role of the PBL in modulating ULF waves as observed in space
and on the ground.

1. INTRODUCTION

With the launch of the IMAGE satellite in 2000 and the
capability of the EUV Imager Camera to take global images
of the plasmasphere [e.g., Sandel et al., 2001] (Figure 1),
there has been renewed interest in the role of the plasma-
pause in organizing inner magnetospheric wave and plasma
populations. For the most part, earlier studies used single
point observations that clearly captured the local plasma-
pause structure and were often well explained by the classic
MHD plasmapause picture [e.g., Nishida, 1966]. With the
advent of global and multiinstrument and multipoint obser-
vations, significant shortcomings to the classic plasmapause
model have been emphasized. The importance and complex-
ity of the processes that occur at the plasmapause, as well as
the observational disconnect from the classical zeroth-order
picture of the plasmapause being well explained by ideal
MHD, inspired the development of a new conceptual frame-

work called the “plasmasphere boundary layer (PBL)” [Car-
penter and Lemaire, 2004]. This conceptual picture
emphasizes the physics of shear flows, sharp pressure gradi-
ents, field-aligned currents, and transient and localized elec-
tric fields that arise at the plasmasphere boundary. The
classic MHD plasmapause model neglects the connection
between the inner magnetosphere and ionosphere and,
hence, has hindered our understanding and modeling efforts.
Throughout the review, we will most often use PBL instead
of the term plasmapause to emphasize the dynamics and
structure of the boundary.
We know that there is a very close correspondence be-

tween the location of the PBL and other sharp boundaries in
wave and particle locations including in the ionosphere [e.g.,
Yizengaw et al., 2005], the inner edge of the outer radiation
belt [e.g., Li et al., 2006], the ULF waves [e.g., Allan et al.,
1986], and the higher-frequency plasma waves [e.g., Sum-
mers et al., 2008; Masson et al., 2009].
The PBL plays a very important role with regard to plasma

waves, and considerable recent research has gone into under-
standing electromagnetic ion cyclotron, chorus, plasma-
spheric hiss, and other high-frequency waves [e.g., Golden
et al., 2010; Kalaee et al., 2010; Pickett et al., 2010;Usanova
et al., 2010; Agapitov et al., 2011; Bortnik et al., 2011;
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Grimald et al., 2011; K. Liu et al., 2011; Wang et al., 2011].
Observational and theoretical studies of the role of the PBL in
directly or indirectly modulating radiation belt particles has
also been of considerable recent interest [e.g., Chu et al.,
2010; Johnston and Anderson, 2010; Lam et al., 2010;
Miyoshi and Kataoka, 2011; Shprits et al., 2011, 2012].
In this short review, we synthesize the last 2 years (2010 to

the first part of 2012) of research that has demonstrated the
importance of the PBL in separating different plasma and
wave environments and highlights the need to think of the
plasmapause as a more complex boundary layer instead of a
simple sharp density gradient. In particular, we emphasize
recent studies of ionospheric signatures of the PBL and ULF
waves modulated by the PBL. Though the present review
does not focus on the detailed physics within the PBL itself,
we provide a discussion on how the PBL concept can and
should be used to understand density structure and ULF
wave signatures at the plasmapause that are not easily ex-
plained using the traditional MHD plasmapause picture. A
recent review by Singh et al. [2011] provides an excellent
overview of processes specific to the plasmasphere itself
such as refilling and plasma density structure and dynamics.

2. PBL AND IONOSPHERIC BOUNDARIES

Several recent studies have demonstrated the very close
correspondence of the ionospheric midlatitude trough and
the plasmapause. Though this relationship has been known
for decades [e.g.,Grebowsky et al., 1976], only recently have
global imaging, multisatellite, and multiinstrument studies

clearly showed this relationship and its behavior with local
time (LT) and geomagnetic activity [e.g., Obana et al.,
2010].
Pedatella and Larson [2010] used the COSMIC constel-

lation of Low-Earth Orbiting (LEO) satellites and the upward
looking dual-frequency receivers to routinely identify the
ionospheric midlatitude plasma trough. Following up the
work of Anderson et al. [2008], Pedatella and Larson
[2010] found that sharp gradients in total electron content
(TEC) defined the ionospheric midlatitude trough over a
wide variety of LTs and geomagnetic conditions. Figure 2
shows a vertical TEC profile from a single LEO satellite pass
that clearly shows the trough region. Since there are a num-
ber of LEO satellites with upward looking dual-frequency
GPS receivers, the study indicates that multipoint, relatively
high time resolution determination of the PBL is possible. It
also showed that the location of the trough follows general
trends with enhanced convection, but that there is significant
variability on the location of the trough as a function of LT
and geomagnetic activity. This variability is suggestive of an
azimuthally structured plasmapause boundary and is difficult
to explain with slowly varying convective electric fields and
a quasicircular last closed equipotential (MHD) picture.
Using both ground and space-based observations, Zou

et al. [2011] examined the dynamics of the midlatitude
trough region during substorms, suggesting that some of the
changing structure within the PBL is driven by substorm-
related phenomenon. Since structured substorm electric fields
often have narrow LT extents on the nightside, and also since
substorms occur on average many times per day, the results
suggest that substorms could be responsible for much of the
azimuthal and temporal structure observed in the PBL. Taken
together with considerable work by Goldstein et al. [2002,
2003a, 2003b], among others [e.g., Foster et al., 2002;

Figure 1. IMAGE EUVobservations of the plasmasphere showing
the complex and structured nature of the plasmapause including a
clear drainage plume. From Foster et al. [2004].

Figure 2. The vertical total electron content determined from a
single COSMIC satellite pass with the location of the trough indi-
cated by the vertical line. From Pedatella and Larson [2010].

322 ROLE OF PBL AND INNER MAGNETOSPHERE DYNAMICS



Spasojević et al., 2003], the picture of a dynamic and highly
structured plasmapause emerges emphasizing the need for
the conceptual framework switch to PBL.
The recent work shows the clear connection between the

topside ionosphere and PBL, and the role of both ionospheric
and inner magnetospheric drivers on imposing structure
within the PBL. This connection enables remote studies of
the inner magnetosphere by using ground-based ionospheric
observations such as radars [e.g., Ribeiro et al., 2012], GPS
TEC, and ground magnetometers to probe the PBL. The next
section highlights several recent studies that used combina-
tions of ground and space-based observations to understand-
ing the source, propagation, and mode conversion of ULF
waves across the PBL.

3. PBL AND ULF WAVES

Because of the often highly structured large-density gra-
dients observed in the PBL, there are sharp Alfvén wave

velocity gradients that greatly influence ULF wave propa-
gation through the region [e.g., Kelley et al., 2012]. As
understanding of the role that ULF waves (especially at the
low-frequency Pc5 band) have in the energization of radia-
tion belts [e.g., Elkington et al., 1999] increases, under-
standing the impact of the PBL on ULF waves (and on
ULF waves on the PBL) increases in importance.
Hartinger et al. [2010] clearly demonstrated that the PBL

plays a key role in damping ULF waves as they propagate
from the trough into the plasmasphere, and the damping
factor is LT dependent. Figure 3 shows the change in wave
amplitude as the CRRES spacecraft travels across the PBL.
This study showed that estimates of ULF Pc5 wave power
that do not take into account the location where the observa-
tion is made (either inside or outside the plasmasphere) will
greatly underestimate the power spectral density (PSD) of
the ULF waves in the trough region and thus affect the radial
diffusion coefficient calculation. Various empirical averages
of ULF PSD are used in radiation belt diffusion modeling

Figure 3. An example of CRRES data from 17 February 1991 showing (top to bottom) electron density with plasmasphere
and trough intervals indicated, modified geocentric solar ecliptic (MGSE) y detrended electric field followed by corresponding
dynamic power spectrum, MGSE x detrended magnetic field followed by corresponding dynamic power spectrum.
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[e.g., Huang et al., 2010], and therefore, it is essential to
incorporate the local observations into the plasmaspheric
context of the MHD model.
Kawano et al. [2011] used four Cluster satellites and

multiple-ground magnetometer data to examine the propagation
of a Pi2 wave in the inner magnetosphere. They found a clear
phase shift pattern across the PBL consistent with the wave
propagating from the outer magnetosphere at higher L shell,
across the PBL and into the plasmasphere. Conversely, Luo
et al. [2011] analyzed multiple Time History of Events and
Macroscale Interactions during Substorms (THEMIS) satel-
lites and ground magnetometer data to understand low-latitude
Pi2 and found that observations inside and outside the plasma-
sphere are consistent with the picture that trapped fast-mode
waves inside the plasmasphere are the source of low-latitude
Pi2. Hence, the PBL can act as a cavity trapping ULF fast-mode
waves inside as well as a damping or reflecting boundary for
waves propagating into the inner magnetosphere. Frissell et al.
[2011], using ground-based radars, magnetometers, and THE-
MIS satellite data, identified the source of Pi2 waves observed
at the PBL as due to bursty bulk flows braking against the
dipole field region in the inner magnetosphere.
Further evidence of instabilities due to shear flow within

the PBL driving ULF waves was provided by Henderson et
al. [2010]. They observed a giant auroral undulation event
that was consistent with shear flow due to high-speed sub-
auroral polarization stream flow at the plasmapause (see also
Kim et al. [2010] and Liléo et al. [2010]). The giant undula-
tion was associated with long period (Pc5) pulsations ob-
served on the ground.
W. Liu et al. [2011] examined Pc5 waves on the dayside and

found evidence of a plasmapause surface wave resonantly
coupling to an adjacent field-line. This ULF wave power is
confined to the PBL region and is argued to not be due to an
external wave source. Dynamics of the PBL, hence, can give
rise to localized ULF wave power. In addition, the study found
that externally driven ULF waves outside the plasmasphere are
damped by plasmaspheric dynamics consistent with observa-
tions of Hartinger et al. [2010] and Kawano et al. [2011].
Pc3–4 waves are predominantly observed on the dayside.

They are due to upstream waves produced in the Earth’s
foreshock propagating into the magnetosphere. Ponoma-
renko et al. [2010] presented evidence that nightside Pc3–4
waves are also driven by upstream waves that propagate to
the nightside in the closed field line region within the PBL.
They used a combination of radar data and magnetometer
data and observed similar frequency oscillations (Figure 4).
They suggest that a resonance near the PBL helps amplify
part of the upstream wave spectrum and that a cavity mode is
responsible for the uniform frequency. Similarly, Takahashi
et al. [2010] using THEMIS multipoint observations of

dayside Pc3–4 waves unambiguously presented observations
of trapped fast-mode waves within the plasmasphere consis-
tent with a cavity mode or virtual resonance [e.g., Teramoto
et al., 2011].
These studies have shown that ULF wave propagation is

clearly modulated by the PBL. Pc 5 and Pi 2 waves have
clear power spectral density changes and phase shifts across
the boundary. This creates a relatively sharp gradient of ULF
wave power from inside to outside the plasmasphere. In
addition, plasmapause surface waves can resonantly couple

Figure 4. Dynamic power spectra for line-of-sight velocity data
(top) for TIGER radar and trace spectra for ground magnetometer
data from (middle) Macquarie Island and (bottom) Davis. The white
circles represent theoretically predicted values of fUW based on the
work by Takahashi et al. [1984]. From Ponomarenko et al. [2010].
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to closely adjacent field lines creating enhanced ULF wave
power at the PBL. Fast mode waves can also be trapped
inside the plasmasphere cavity. The combination of damp-
ing, fast to Alfvén mode coupling via field line resonance,
and surface waves and cavity modes make complicated ULF
wave profiles as a function of L across the PBL and high-
lights the essential role that the PBL plays in organizing ULF
wavefields. The role of shear flow in generating Pi2 [Frissell
et al., 2011] and giant undulations in the aurora at the
plasmasphere boundary [Henderson et al., 2010] again em-
phasizes the PBL conceptual picture.

4. SUMMARY AND CONCLUSIONS

Recent work has clearly demonstrated that the simple
conceptual picture of the plasmapause being a nearly circular
sharp density gradient has hindered our understanding of its
important role in organizing and driving inner magneto-
spheric structure and dynamics. The plasmasphere boundary
layer (PBL) concept more accurately captures the complexity
of the plasmapause in both L shell and azimuth and high-
lights the important role that local dynamics of the PBL play.
The PBL modulates ULF and plasma waves, which in turn
modulate the higher-energy particle populations in the inner
magnetosphere. The coupling to the ionosphere enables re-
mote sensing of inner magnetospheric dynamics at the PBL
using imaging, radar, GPS TEC, and ground magnetometers.
In combination with multiple space-based observations, sev-
eral studies have been able to unambiguously identify ULF
wave sources and modes that now enable more realistic
modeling of the coupled inner magnetosphere.
The next steps for the community will be coupling of

global magnetospheric models, with inner magnetospheric
ring current and radiation belt models and realistic iono-
spheric/plasmaspheric models to capture the important feed-
back of ion outflow, ionospheric conductivity, field-aligned
currents, and the role of the PBL on organizing and modu-
lating wave activity. Being able to capture the boundary
layer physics is essential for understanding the highly
interconnected fields and flows of the inner magnetosphere.
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We investigate the role of quiet time ionospheric plasma in the storm time inner
magnetosphere using single-particle trajectory simulation, specifically the influ-
ence of the plasma properties of polar wind O+ ions on energetic plasma sheet O+

ions preceding and during magnetic storms. Polar wind O+ ions are frequently
observed at ~1 RE altitude in the polar cap, at temperatures of ~0.2–0.3 eV, flow
velocities of a few km s�1, and solar-maximum densities up to ~30 cm�3. Owing to
the centrifugal acceleration at altitudes above ~2–3 RE, a small fraction (~10%–
25%) of these ions are found to acquire sufficient energy to reach the plasma sheet
with a typical transit time of ~5 ± 2 h. Such “in-transit” ions between the polar
ionosphere and the inner magnetosphere can populate the plasma sheet to signif-
icant density levels over a period of several hours preceding a magnetic storm, and
they could explain the prompt presence of energetic O+ ions in the plasma sheet and
ring current at the storm onset.

1. INTRODUCTION

The energetic O+ ion population in the ring current is
believed to originate from the ionosphere and enter the ring
current primarily via the plasma sheet (see, for example, the
work of Hultqvist et al. [1999]) and to play an important role
in the particle and magnetic field pressure distributions dur-
ing a geomagnetic storm [Fok et al., 2001; Jordanova,
2003]. Thus, the nature of energization and transport of the

seed ionospheric O+ population is of interest to the ring
current dynamics.
The thermal plasma in the polar ionosphere is dominated

by the polar wind [Chappell et al., 1987; Yau and Andre,
1997]. Its density is found to exhibit a significant variation
with seasons and to transition from an exponential altitude
dependence at low altitude (below ~0.4 RE) to a power law
relationship at high altitude up to at least ~1.6 RE [Kitamura
et al., 2009]. Near solar maximum, the density (ne) ranges
from about 20 to 102 cm�3 near 1 RE at equinox.
At Akebono altitudes (<1.6 RE), the observed polar wind is

comprised mainly of H+, He+, and O+ ions, and electrons,
and the ions have an average temperature of ~0.2–0.3 eV
[Drakou et al., 1997]. At a given altitude, the ion velocity is,
on average, larger on the dayside than on the nightside and is
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largest for H+ and smallest for O+ [Abe et al., 1993]. The O+

ions often constitute a significant component of the polar
wind ion population and a potentially nonnegligible supply
of escaping low-energy O+ ions and may be characterized by
a cold, drifting plasma with a drift velocity of ~2–4 km s�1

and a density of a few to ~30 cm�3 near 1 RE. Observation-
ally, it is not always possible to unambiguously separate
these polar wind O+ ions from other low-energy ion popula-
tions, such as low-energy ions from the “cleft ion fountain”
that have convected into a polar wind flux tube, which are
viable sources of ion outflows and plasma sheet ions.
The effect of polar wind ion acceleration is apparent in the

Akebono and Polar data. The observed O+ ion temperature
was about 7.5 eV, and the drift velocity was 16.8 km s�1 at
Polar apogee (~8 RE) near solar minimum [Su et al., 1998].
The observed density of ~0.03–0.05 cm�3 corresponds to a
small fraction (20%–40%) of the observed density at Ake-
bono altitude, assuming the latter to be ~10 cm�3 near solar
minimum and scale with magnetic field density along a field
line. This is indicative of acceleration between the two alti-
tudes, which is required to lift a sufficient fraction of the ions
from Akebono altitudes to the Polar apogee. Using both
energetic (0.015–17 keV) and thermal (0–50 eV) ion com-
position data on Polar [Lennartsson et al., 2004; Su et al.,
1998], Peterson et al. [2008] estimated the thermal compo-
nent in the auroral region to be on the order of half of the
quiet-time escaping O+ ion flux near 1 RE altitude and almost
100% in the polar cap.
As illustrated by Yau et al. [2012], an upward moving

polar wind ion typically loses its kinetic energy initially, but
it can gradually gain energy at higher altitude due to “cen-
trifugal acceleration,” as it experiences magnetic curvature
drift through the convection electric field potential while
convecting across the polar cap into the magnetospheric
lobes; this is provided that it has sufficient initial kinetic
energy to reach the centrifugal acceleration altitude region.
Thereafter, as the ion traverses the highly curved magnetic
field in the neutral sheet, it is further and abruptly accelerated
to “plasma sheet” energies of hundreds of eV or beyond.
The classical Jeans escape velocity ve of an ion in the

polar ionosphere is independent of ion mass and inversely
proportional to the square root of its geocentric distance re.
At 1 RE altitude (ze = 1 RE; re = 2 RE), ve is ~7.9 km s�1.
However, when an acceleration mechanism, such as cen-
trifugal acceleration, is present starting at a higher altitude
zc, the minimum velocity vesc for an upward moving ion to
reach the magnetosphere corresponds to the velocity re-
quired to lift the ion to altitude zc. In general, vesc is smaller
than the classical escape velocity ve; the actual velocity
required may be larger than vesc and depends on the mag-
nitude of the acceleration.

In the case of a drifting Maxwellian distribution of tem-
perature T and drift velocity vd, the maximum fraction of ions
fesc capable of reaching altitude zc is given by

fesc ¼ 1

2
1− 1 − exp −

ðvesc−vdÞ2
v2t

 !" #1=28<
:

9=
; ; vesc > vd

ð1aÞ

fesc ¼ 1

2
1þ 1 − exp −

ðvesc−vdÞ2
v2t

 !" #1=28<
:

9=
; ; vesc < vd:

ð1bÞ
The derivation of equation (1) and vesc is given in the
Appendix, and fesc corresponds to the maximum fraction of
escaping ions. Figure 1 shows the calculated values of vesc
and fesc as a function of zc for polar wind O+ ions in the case
of ze = 0.5 and 1 RE (short dash and solid trace), respectively.
In Figure 1a, the value of vesc decreases with decreasing zc. In

Figure 1. (a) Minimum ion velocity to reach the starting altitude of
acceleration zc from altitude ze (vesc). (b) Maximum fraction of
escaping polar wind O+ ions ( fesc) as a function of zc: ze = 0.5, 1.0
RE (short dash, solid trace); ion temperature T = 0.15, 0.25, 0.35 eV
(thin, medium, thick trace); parallel ion velocity vd = 2, 3, 4, 5 km s�1

(black, green, blue, red traces).
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the case of ze = 1 RE, vesc is about 4 km s�1, which is about
half of ve, in the presence of ion acceleration starting at zc =
2 RE; vesc is about 6 km s�1 in the case of zc = 3 RE. In
comparison, in the case of ze = 0.5 RE and ion acceleration
starting at zc = 2 RE, vesc is about 6 km s�1, or ~50% larger.
Since (as will be discussed below) centrifugal acceleration
due to spatial and/or temporal magnetic field gradient typi-
cally occurs down to ~2–3 RE, particularly during active
times, the value of vesc is often comparable to the parallel
drift velocity of polar wind O+ ions at 1 RE, particularly on
the dayside [Abe et al., 1993, 2004].
In Figure 1b, fesc is shown for ion temperature T of 0.15,

0.25, and 0.35 eV (thin, medium, and thick traces) and for
ion drift velocity vd of 2, 3, 4, and 5 km s�1 (black, green,
blue, and red), respectively. As zc decreases, fesc increases
quasi-exponentially to a nonnegligible value exceeding 1%–

10% in the case of ze = 1.0 RE (solid traces) and zc = 2–3 RE

for typical polar wind ion temperature (~0.2–0.3 eV) and
velocity (~2–4 km s�1). In comparison, in the case of ze = 0.5
RE (short dash trace), fesc is at least a factor of 5 smaller.
Thus, centrifugal acceleration may well play a significant
role in transporting a nonnegligible fraction of polar wind
O+ ions to the magnetosphere, particularly during magneti-
cally active times when significant temporal magnetic field
gradients may be present down to ~2 RE.
A number of authors have used single-particle trajectory

tracing to investigate the transport of ionospheric ions of
various energies in the magnetosphere. Cladis [1986] used
a simple 2-D model to demonstrate the importance of cen-
trifugal ion acceleration in regions of curved or changing
magnetic field. Delcourt et al. [1989, 1993, 1994] used both
the guiding center and full equations of motion to study the
3-D dynamics of auroral, polar cap, cusp, and H+ polar wind
ions in different magnetospheric regions including the mag-
netotail. Cully et al. [2003] used the guiding center equations
to address the question of auroral substorm trigger and the
supply of various types of low-energy ions to the central
plasma sheet under both northward and southward interplan-
etary magnetic field (IMF) conditions, including both light
(H+) and heavy (O+) polar wind and “cleft ion fountain” ions.
In a follow-on study, Howarth and Yau [2008] examined

the influence of the IMF and convection electric field on the
trajectories and destinations of polar wind and other low-
energy ions observed on Akebono in the case of steady IMF
and ionospheric convection. Ions were found to preferentially
feed the dusk sector of the plasma sheet over the dawn sector
when the IMF is duskward (BY > 0) and to be more evenly
distributed between the two sectors when the IMF is dawn-
ward. In a similar study, Ebihara et al. [2006] [see also
Kitamura et al., 2010] simulated the magnetospheric desti-
nation of O+ ions above escape energy under an active-time

magnetic field and “midstrength” convection electric field, a
source altitude of 1 RE and using the full equation of motion
and an empirical model of ion flux that is based on KP and
the sunspot number. The majority of the O+ ions were found
to reach the ring current.
Huddleston et al. [2005] extended the simulation code of

Delcourt et al. [1993] to compute the full trajectories of H+

and He+ polar wind (0–3 eV) and cleft ion fountain (10–
20 eV) ions, as well as O+ cleft ion fountain and H+ and O+

auroral (500 eV) ions. The polar wind H+ ions originating
from or below auroral latitudes were found to be an impor-
tant source of plasma sheet H+ ions. In the case of the cleft
ion fountain and auroral ions, the heavy O+ ions were found
to reach farthest down tail and the light H+ ions least down
tail.
Yau et al. [2012] extended the simulation model in the

work of Howarth and Yau [2008] to the case of time-
dependent magnetic and convection electric field to investi-
gate the transport of polar wind O+ ions in periods of variable
IMF and ion convection, including periods of both quiet
times and magnetic storms. The aim of the present study is
to examine the dependence of this transport on the ambient
plasma properties, particularly the energy evolution and
transit time of each individual ion, and its destination in the
magnetosphere. Our focus is to delineate a “lower limit”
estimate of the possible role of quiet-time polar wind oxygen
ions in ion outflows in the presence of centrifugal ion accel-
eration only, by excluding from our model the other ion
populations and ion acceleration or heating mechanisms that
are generally absent at quiet times.

2. PARTICLE TRAJECTORY SIMULATION

The details of the present simulation model were presented
in Yau et al. [2012]. Briefly, the model consisted of a time-
dependent model of the electric and magnetic field, respec-
tively, over the region of XGSM = �70 to +10 RE, YGSM =
�25 to +25 RE, and ZGSM = �30 to +30 RE. A nonuniformly
spaced grid of 101 � 101 � 101 grid points was used in
which the grid spacing varied with the radial distance at a
grid point from a minimum of ~1/3 RE.
The magnetic field was a superposition of the Internal

Geomagnetic Reference Field [Finlay et al., 2010] and the
Tsyganenko 1996 (T96) external magnetic field model [Tsy-
ganenko, 1995; Tsyganenko and Stern, 1996]; the T96 model
was parameterized by the Dst index, the Earth’s dipole tilt
angle, and instantaneous values of solar wind dynamic pres-
sure and IMF BY and BZ derived from time-shifted solar wind
measurements on the ACE.
The electric field was derived from SuperDARN ion con-

vection velocity data [Howarth and Yau, 2008; Yau et al.,
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2012] and supplemented by the Applied Physics Lab statis-
tical model [Ruohoniemi and Greenwald, 1996; Shepherd
and Ruohoniemi, 2000] in the case of data gaps, assuming
the absence of parallel electric field (i.e., E‖ = 0) along the
field lines. Both the magnetic and electric fields were updated
every 10 min in response to the changing solar wind dynamic
pressure and IMF.
The first-order guiding center equations of motion [North-

rop, 1963] were used to solve for the trajectory of an ion
starting at its source location R0 (≡ R(t = t0)) and initial
velocity v0 (≡ v(t = t0)), to determine its evolving energy
along the trajectory, its destination in the magnetosphere, and
the transit time to reach its destination:

dv∥
dt

¼ G∥ þ q
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In equations (2) and (3), q is the ion charge, m is the ion
mass, G is the gravitational acceleration, and μ is the mag-
netic moment. E is the electric field and B is the magnetic
field: in the simulation, the E and B values at any position
and time were obtained from the corresponding values at the
nearest grid points in the nearest updates using linear inter-
polation in time and in space. The last term in equation (2) is
the centrifugal acceleration term first discussed by Cladis
[1986]. The convective derivatives depend on both time and
space, i.e.,

d

dt
A ¼ ∂

∂t
þ v∥∇∥þ ð→v→

E � →
B
⋅ ∇Þ

� �
A: ð4Þ

The guiding center equations of motion (equations (2) and
(3)) are valid only in the adiabatic regime, where the electric
and magnetic field do not vary significantly over a gyroper-
iod or gyroradius. In the nonadiabatic regime, the guiding
center approximation is not applicable. Therefore, we con-
fine our study to the adiabatic region beyond the plasma
sheet boundary layer (PSBL), where the solution of the
guiding center equations was found in Yau et al. [2012] to
match the solution of the full equation of motion.
Figure 1b shows that over the range of observed ion

temperature and velocity at Akebono altitudes, the maximum
fraction of escaping ions fesc varies strongly with ion tem-
perature and velocity as well as the starting acceleration
altitude in general. In the present study, one of three ion
temperature cases was selected for each simulation run: low,

medium, and high temperature (TL, TM , and TH),
corresponding to ion temperature of 0.15, 0.25, and 0.35 eV,
respectively, to examine the temperature dependence of the
overall polar wind O+ transport. In Yau et al. [2012] (com-
pare their Figure 1), a fixed ion temperature of 0.25 eV was
assumed, and a KP-dependent ion velocity selection scheme
was used: one of two ion velocity distributions in invariant
latitude and magnetic local time (MLT) “velocity maps”,
which correspond to KP ≤3 and ≥4, respectively, was dynam-
ically selected in the simulation depending on the instanta-
neous KP value. In this study, one of three velocity cases was
selected for each simulation run: KP-dependent velocity
(VK), following Yau et al. [2012] and low and high velocity
(VL and VH), which correspond to the low- and high-KP

velocity distributions given by Yau et al. [2012], respective-
ly, throughout a simulation run regardless of the actual var-
iations of magnetic activity level.
A total of 10,000 ions were “launched” from a fixed

altitude (7000 km) every 10 min, starting at 6 h before the
onset of a magnetic storm. A Monte Carlo scheme was used
to randomly select the initial velocity and location (invariant
latitude between 70° and 86° and MLT) for each ion, by
assuming uniform ion density at all locations, and a drifting
Maxwellian velocity distribution in which the perpendicular
ion velocity was derived from the SuperDARN data and the
ion temperature and parallel ion drift velocity were specified
as explained above.
The trajectory of each ion was followed until it reached

one of nine possible final destinations, and the initial and
final position and velocity and the transit time of each ion
were captured for analysis. An ion was identified as
“trapped” in the atmosphere if it was gravitationally trapped,
descended below 600 km, or was below 1 RE altitude after
2 h. An untrapped ion could convect to the dayside equatorial
plane, reach the magnetopause or its vicinity where the field
lines did not connect back to the ionosphere in the T96
model, flow to the distant tail beyond XGSM = –70 RE, cross
the PSBL tailward of XGSM = �15 RE into the dawn tail or
dusk tail, cross the PSBL earthward of�15 RE into the dawn
plasma sheet or dusk plasma sheet, or flow out of the simu-
lation region altogether. The PSBL was defined as a function
of the dipole tilt angle and serves as the cutoff where the ions
begin to experience nonadiabatic energization in the plasma
sheet. The value of �70 RE was chosen for the limit for the
distant tail in keeping with our previous studies.

3. DISTRIBUTION OF PARTICLE DESTINATIONS

Yau et al. [2012] determined that the percentage of un-
trapped ions reaching the different magnetospheric regions
was as a function of time of ion launch for the periods
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preceding and during five large magnetic storms near the
maximum and declining phase of solar cycle (SC) 23. The
percentage of untrapped ions was used as a quantitative
measure of the contribution of polar wind O+ ions to the
“in-transit” low-energy oxygen ion population between
the ionosphere and the plasma sheet and ring current during
the quiet-time period immediately preceding a magnetic
storm. In this study, a series of five simulation runs were
performed for the storm on 6 April 2000 (minimum Dst =
�320 nT), in order to elucidate the dependence of this in-
transit population on the polar wind plasma properties (ion
temperature and velocity), and to facilitate data comparison
with that of Yau et al. [2012].
Figure 2 shows the geomagnetic and solar wind conditions

preceding and during the 6 April 2000 storm, including (a)
the 3 h KP index (Figure 2a), 1 min symmetric disturbance
field in the horizontal component SYM-H, and the time-
shifted solar wind data from ACE (Figure 2b), including the
solar wind dynamic pressure Pdyn (Figure 2c), IMF BY (Fig-
ure 2d), and BZ (Figure 2e). The rapid decrease in SYM-H
starting near 16:45 UT coincided with the sudden, order-of-
magnitude increase in the solar wind dynamic pressure, and
the southward turning of the IMF, which resulted in the
decrease of BZ from about �2 to �20 nT. The rapid decrease

signaled the onset of the main phase at this time. In the period
preceding the onset, KP increased from 2 at 09:00 UT to 3 at
12:00 UTand to 6 at 15:00 UT. The IMF was initially weakly
southward (BZ ≈ a few nT negative) and then turned north-
ward around 14:30 UT, while BY was small and dawnward
(negative). During the main phase of the storm, KP reached a
maximum value of 8, and SYM-H reached a minimum value
of about �320 nT near 00:10 UT on 7 April 2000.
The first three of the five simulation runs correspond to the

case of low, high, and KP-dependent ion velocity, respectively,
and medium temperature (0.25 eV), to examine the ion veloc-
ity dependence of the untrapped ion percentages. In other
words, T1 = T2 = T3 = TM = 0.25 eV, and V1 = VL, V2 = VH,
and V3 = VK; where Ti and Vi denote the temperature and
velocity selection for the ith run (Ri), the third run (R3) being
identical to the corresponding simulation run in Yau et al.
[2012]. The two remaining runs correspond to the case of
KP-dependent ion velocity and of low and high ion temper-
ature, respectively. In other words, T4 = TL and T5 = TH, and
V4 = V5 = VK.
Figure 3 shows the distribution of percentage of ions at

each destination (region of the magnetosphere) in the case of
low and high ion velocity (VL and VH), respectively, as a
function of the launch time of the ions before and after the

Figure 2.Geomagnetic and solar wind conditions preceding and during the 6 April 2000 magnetic storm: (a) KP, (b) SYM-
H, (c) solar wind dynamic pressure, (d) interplanetary magnetic field (IMF) BY, and (e) IMF BZ.
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onset at 16:45 UT. As noted above, the case of low ion
velocity corresponds to the condition of KP ≤ 3, while the
high-velocity case corresponds to KP ≥ 4. The distributions
are shown for the untrapped ions in the dayside (brown),
magnetopause (green), distant tail (X < �66 RE; light blue),
dawn and dusk tail (red and gold), and dawn and dusk
plasma sheet (purple and blue), respectively, as well as the
total percentage of untrapped ions in all magnetospheric
regions (black).
Figure 3 shows that the total percentage of untrapped ions

in the atmosphere is about 5%–8% larger in the case of high
ion velocity (black lines), compared with the low-velocity
case (black crosses). The percentage of untrapped ions in the
tail is also larger, while the percentage in the plasma sheet is
at times smaller, resulting in a larger tail-to-plasma sheet
ratio in general. The larger total untrapped percentage is
attributed to the increase in fesc with ion drift velocity (com-
pare Figure 1b). As will be shown in Figure 5 below, the
larger tail-to-plasma sheet percentage ratio is consistent with
the fact that an ion with a larger initial parallel ion velocity
will be centrifugally accelerated to a higher energy and will
reach the PSBL at a greater geocentric distance. As noted
above, KP increased from 2 at 09:00 UT to 3 at 12:00 UT
and to 6 at 15:00 UT. Not surprisingly, the combination of
the low-velocity data before 15:00 UT from run R1 with the
high-velocity data thereafter from run R2 reproduces the

result in simulation run R3, in which KP-dependent ion
velocity was assumed, i.e., T3 = TM and V3 = VK.
The last three simulation runs (R3, R4, and R5) correspond

to the case of medium, low, and high ion temperature, re-
spectively, and KP-dependent ion velocity, to examine the
ion temperature dependence of the untrapped ion percentage.
In other words, V3 = V4 = V5 = VK and T3 = TM, T4 = TL and
T5 = TH. Figure 4 shows the distribution of percentage of ions
at each magnetospheric destination in the case of low and
high ion temperature (TL and TH), respectively, as a function
of the launch time of the ions before and after the storm
onset: the color coding for the different magnetospheric
regions in this figure is the same as in Figure 3. In order to
show the ion percentages with an expanded scale on the
ordinate axis, the total percentage of untrapped ions is not
shown in Figure 3.
In Figure 4, the low- and high-temperature distributions

(symbols and lines) virtually overlap each other. The overlap
is indicative of the negligible dependence of the untrapped
ion percentage on the polar wind ion temperature, which is
due to the relatively low starting acceleration altitude (<3 RE;
compare Figure 1b) and to the fact that the parallel ion drift
energy dominates over the thermal energy (½ mvd

2 >> ½
mvt

2 = kT) in the velocity phase space density and in the
resulting maximum escaping fraction fesc under typical polar
wind velocity and temperature conditions.

Figure 3. Distribution of percentage of ions at each destination (region of the magnetosphere) as a function of the launch
time of the ions before and after the onset of the 6 April 2000 magnetic storm (onset at 16:45 UT): low parallel ion drift
velocity (VL, symbols), high ion velocity (VH, lines); untrapped ions in the dayside (brown), magnetopause (green), distant
tail (X <�66 RE, light blue), dawn tail (red), dusk tail (gold), dawn plasma sheet (purple), dusk plasma sheet (blue), and all
regions of the magnetosphere (black); medium ion temperature (T = 0.25 eV).
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Together, Figures 3 and 4 show that ~35%–40% of the ions
launched before 15:00 UT was untrapped, when KP was 3,
and the percentage increased slightly to ~40%–45% for ions
launched between 15:00 and 18:00 UT, when KP increased to
6. About 7%–16% of the ions launched before the onset
reached the dusk plasma sheet (blue circles and lines), while
about 4%–9% of the ions reached the dawn plasma sheet
(purple squares and lines). The corresponding fractions of
ions reaching the dusk and dawn sectors of the tail (gold and
red) were comparable, and the fractions reaching the dayside
and the magnetopause (brown and green) were, in general,
smaller in comparison. In other words, about 11% to 25% of
the polar wind O+ ions launched in the 6 h quiet-time period
immediately preceding the start of this storm from 7000 km
altitude were found to reach the plasma sheet.
Figure 5 shows how the energy of an ion evolves along its

trajectory in the adiabatic region of the magnetosphere, for
ions at initial energies of 2, 3, 5, 10, and 20 eV, respectively,
launched at 13:00 UT. In this figure, the instantaneous ion
energy in each case is color coded in logarithmic scale as the
ion traversed from the starting location at 7000 km altitude,
75° invariant, and 12 MLT to the PSBL; in general, ions
originating from this location are found to experience the
largest ion acceleration [Yau et al., 2012]. In the case of
the 3 eV ion, the ion energy initially decreased to near 1 eV
as the trajectory trace changed in color gradually from blue to
black. However, the energy stopped decreasing and, instead,

started to increase as the ion reached higher altitude, to ~2.5
and >5 eV by the time the ion reached ~3 and 5 RE altitude
(ZGSM ~4 and 6 RE), respectively; correspondingly, the tra-
jectory trace changed gradually from black at 3 RE to blue at
5 RE altitude. The ion energy eventually reached 40 eV (and
the trace changed to gold) by the time the ion reached XGSM =
�20 RE. In comparison, the 2 eV ion reached the PSBL at a
closer distance (XGSM ~�15 RE) and at a much lower energy
(<5 eV). The difference between the two cases may be
attributed to the dependence of the magnitude of ion accel-
eration on the parallel ion velocity in equation (4). Trajecto-
ries are also shown for ions at initial energies of 5, 10, and
20 eV, respectively, to provide a comparison with the trajec-
tories of “cleft ion fountain” (CIF) ions, which typically have
energies in the 5 to 20 eV range. In comparison, the CIF ions
experience larger ion acceleration and reach the PSBL with
higher energy and further down tail. In other words, the polar
wind ions originating from the cleft region tend to arrive at
the PSBL at lower energies and closer to Earth.
It is clear from the different trajectories in Figure 5 that

ions launched at a given time and source altitude generally
arrive at their respective destinations at different times, since
the transit time of each ion from its source location to its
destination varies with its initial ion position and velocity as
well as the prevailing geomagnetic and solar wind condi-
tions, which affect the overall convection path and the energy
evolution of the ion.

Figure 4. Distribution of percentage of ions at each destination (region of the magnetosphere) as a function of the launch
time of the ions before and after the onset of the 6 April 2000 magnetic storm (onset at 16:45 UT): low ion temperature (TL;
T = 0.15 eV; symbols), high ion temperature (TH; T = 0.35 eV; lines); untrapped ions in the dayside (brown), magnetopause
(green), distant tail (X < �66 RE; light blue), dawn tail (red), dusk tail (gold), dawn plasma sheet (purple), dusk plasma
sheet (blue); KP-dependent ion velocity.
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Figure 6 shows the histogram of transit time of ions from
their starting locations at 7000 km altitude to their destination
in the magnetosphere in the case of KP-dependent ion veloc-
ity and medium (0.25 eV) ion temperature, from simulation
run R3. Only ions reaching the plasma sheet and distant tail

are included in the histogram. This figure shows that the
majority of the ions have a transit time of just under 5 ± 2 h
between the topside ionosphere and the plasma sheet (bound-
ary layer) or the tail, and a very small percentage of ions have
a longer transit time of 10 h or greater. In comparison, the
transit time of these ions through the plasma sheet is expected
to be small, where they are likely to be accelerated to signif-
icantly higher energy and velocity. This implies that in the
5 to 10 h period immediately preceding the onset of the main
phase of a magnetic storm, a small but substantial fraction of
the polar wind O+ ions can populate the plasma sheet as well
as the “pipeline” between the plasma sheet and the topside
ionosphere, and subsequently enter the ring current from the
plasma sheet in the main phase of a storm where they may
play a role in the inner magnetosphere dynamics.

4. DISCUSSION AND SUMMARY

Yau et al. [2012] used a time-dependent magnetic and
convection electric field model to study the transport of
thermal-energy polar wind O+ ions in time periods of vari-
able IMF preceding large magnetic storms. In this study, we
use the same simulation model to investigate the dependence
of this transport on the polar wind plasma properties
and focus on the energy evolution and transit time of the
individual ions and their destination in the magnetosphere.
The simulation solves for the single-particle trajectories of

Figure 6. Histogram of simulated transit time of polar wind O+ ions
from their starting locations at 7000 km altitude to their destination in
the magnetosphere (plasma sheet boundary layer or tail) in and pre-
ceding the magnetic storm of 6 April 2000, assuming KP-dependent
parallel ion velocity and medium (0.25 eV) ion temperature.

Figure 5. Ion energy of simulated O+ ions originating at 7000 km altitude, 75° invariant and 12 MLT, with initial energies
of (a) 2, (b) 3, (c) 5, (d) 10, and (e) 20 eV, respectively, along their respective trajectories in the adiabatic region.
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polar wind O+ ions preceding and during a magnetic storm,
to determine the fraction (percentage) of ions that is able to
overcome gravitation and reach the different regions of the
magnetosphere as a result of centrifugal ion acceleration at
higher altitudes. A series of simulation runs were performed
for a range of polar wind ion velocity and temperature for the
storm of 6 April 2000, for comparison with one of the five
storms studied by Yau et al. [2012].
Yau et al. [2012] found that under typical quiet-time geo-

magnetic and solar wind conditions, the higher-energy
(>~2 eV) polar wind ions are able to reach the magneto-
sphere beyond ~10 RE due to centrifugal acceleration as they
traverse regions of magnetic field curvature. As a result, a
variable and small percentage of the polar wind ions can
reach the plasma sheet and magnetotail during the quiet-time
period preceding a storm onset. A dawn-dusk asymmetry
was found in the dusk plasma sheet and magnetotail, in that
the dusk-to-dawn ratio of the percentage of untrapped ions is
in the range of 1.7 to 7.3 and 3.1 on average. In addition, the
percentage is strongly influenced by a number of factors,
including the IMF BY and BZ components, the rate of change
of the magnetic field, the solar wind dynamic pressure, and
the level of geomagnetic activity as characterized by the KP

index. In particular, an increase in both the convection
strength due to increase in BY and BZ and the rate of change
of magnetic field results in a larger centrifugal ion accelera-
tion and ultimately a larger percentage of untrapped ions as
well as a larger magnetotail to plasma sheet percentage ratio.
The present study shows that for a given condition of solar

wind and geomagnetic activity, the plasma properties of the
polar wind O+ ions affect the overall acceleration of the ions
and their transport to the respective magnetospheric destina-
tions, specifically as follows:
1. The parallel drift velocity of polar wind O+ ions is well

below the classical Jeans escape velocity in the 1 RE altitude
region (Figure 1a), but is often comparable to the minimum
velocity required to reach the region of centrifugal ion ac-
celeration, where it experiences the force of magnetic curva-
ture as it drifts through the convection electric field potential
across field lines in the polar cap.
2. In the case of typical polar wind ion velocity and

temperature, a nonnegligible percentage (up to 10% or greater)
of the O+ ions can reach the centrifugal acceleration region
where the magnetic field curvature (gradient) is sufficiently
large so that the resulting ion acceleration is sufficient to
overcome gravitation and thereby allows the ion to continue
its upward motion (Figure 1b).
3. A larger polar wind ion velocity results in a significantly

larger percentage of untrapped ions reaching the magneto-
sphere as well as proportionally more ions remaining at
higher L shells and ultimately a larger magnetotail-to-plasma

sheet ion percentage ratio. In the case studied, the percentage
of untrapped ions increased by as much as a third (Figure 3).
4. On the other hand, the percentage of untrapped ions is

virtually independent of the polar wind ion temperature, due
to the relatively low starting altitude of centrifugal ion accel-
eration (<3 RE; Figure 1b) and to the fact that the parallel ion
drift energy dominates over the thermal energy in the veloc-
ity phase space density and the resulting overall maximum
escaping fraction (Figure 4).
5. Themajority of the polar wind O+ ions have a transit time

of ~5 ± 2 h, and a very small percentage of ions have a much
longer transit time of 10 h or greater, resulting in a small but
substantial fraction of the O+ ions populating the plasma sheet
as well as the “pipeline” between the plasma sheet and the
topside ionosphere in the 5 to 10 h period immediately pre-
ceding the onset of the main phase of a magnetic storm.
On Cluster, Nilsson et al. [2008] attributed a large portion

of the observed O+ ion velocity to centrifugal ion acceleration.
Their analysis was confined to ion data above 40 eVand was
focused on higher-energy ions on auroral or cleft/cusp field
lines such as cleft ion fountain and upwelling ions that have
initial ion energy of about 40 eV and typical transit times of
2 h or less as well as more tailward transport paths. The much
longer transit time of the polar wind O+ ions in the present
study (~5 ± 2 h) may be attributed to their smaller initial
parallel velocity: It can be seen in equations (2) and (3) above
that the parallel (v‖-dependent) component of the ion acceler-
ation term depends on the initial ion velocity and that the
transit time of an ion through an acceleration region varies
inversely with its initial parallel velocity, while its overall
energy increase through the region increases with the velocity.
On ISEE-1 [Lennartsson and Shelley, 1986], the density of

O+ ions above 100 eV was found to exhibit a dawn-dusk
asymmetry in favor of the dusk sector, the quiet-time dusk-
to-dawn density ratio being about 2. On Cluster, most of the
observed O+ ions were above 100 eV [Kistler et al., 2005]. In
our simulation, a large fraction of the untrapped O+ ions
reaching the plasma sheet boundary layer typically had en-
ergies of 100 eVor greater due to centrifugal ion acceleration
[see, e.g., Yau et al. [2012, Figure 6] and the dusk-to-dawn
percentage ratio of ions in the plasma sheet is ~1.5 to 5.
These results are qualitatively consistent with those on Clus-
ter and ISEE-1, respectively, given that the ions are expected
to gain additional energies in the plasma sheet through pro-
cesses such as current sheet acceleration and betatron accel-
eration, which are not included in our model.
As discussed by Yau et al. [2012], the O+ mass content in

the plasma sheet is estimated to be ~260 and >780 kg near
solar minimum and maximum, respectively; the estimated
O+ mass content in the ring current is up to a factor of
5 smaller [Peterson et al., 2009]. In comparison, the density
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of O+ polar wind is seasonally dependent and is on the order
of a few to ~30 cm�3 near solar maximum. Assuming a
seasonally averaged density of 10 cm�3, a KP-averaged
parallel ion velocity of 3 km s�1, and an averaged untrapped
ion percentage of 25% reaching the plasma sheet, the flux of
untrapped O+ ions reaching the plasma sheet is ~7.5 � 105

cm�2 s�1. Assuming regular occurrence of the polar wind
poleward of 70° invariant and a rough estimate of ~3 � 1018

cm2 for the total area of polar wind flux tubes at 7000 km
altitude in both hemispheres, the total rate of untrapped ions
into the plasma sheet is on the order of ~2� 1024 O+ ions s�1

or ~200 kg h�1. For an estimated O+ plasma sheet mass
content of ~780 kg, this suggests a “steady state” filling time
of ~4 h, and a “refilling” time of ~9 ± 2 h when the averaged
ion transit time is taken into account.
In conclusion, centrifugal acceleration at higher altitudes

(above ~2.5–3 RE altitude) energizes a significant fraction of
thermal polar wind O+ ions to sufficient velocity to reach the
plasma sheet. The percentage of ions reaching the dusk
sector of the plasma sheet is a factor of ~3 larger compared
with the dawn sector, and the overall percentage in the two
sectors depends on the parallel drift velocity of the polar
wind ions for a given geomagnetic activity condition. Our
results are consistent with the picture that low-energy ion
flow constitutes a significant “in-transit” oxygen ion popula-
tion over a period of several (~5–10) hours preceding a
magnetic storm, which explains the presence of O+ ions in
the ring current shortly after the onset of the main phase of
the storm, when the heavy ions could potentially modify the
evolution of the ring current.

APPENDIX A

The minimum energy for an ion to reach a starting altitude
of acceleration zc (geocentric distance rc) from an originating
altitude of ze (geocentric distance re; zc > ze) is

Eescðre; rcÞ ¼ EeðreÞ−EeðrcÞ ¼ m g0ðR2
E=re−R

2
E=rcÞ: ðA1Þ

In equation (A1), Ee(r) is the classical Jeans escape energy at
r,m is the ion mass, g0 is the acceleration of gravity at Earth’s
surface, and RE is the Earth radius. The corresponding min-
imum velocity is

vescðre; rcÞ ¼
ffiffiffiffiffiffiffiffiffiffi
2Eesc

m

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðEeðreÞ−EeðrcÞÞ

m

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½veðreÞ2−veðrcÞ2�

q
: ðA2Þ

Note that in equation (A2), the case of no acceleration is
equivalent to the case of “infinite” starting acceleration alti-
tude (i.e., rc = ∞ in which case vesc reduces to ve).

Assuming a drifting Maxwellian of temperature T and drift
velocity vd (along vertical magnetic field line, for simplicity)
for a polar wind ion population, the velocity phase space
distribution may be written in Cartesian coordinates as:

f ðvx; vy; vzÞ ¼ N exp −
m

2kT
ðv2x þ v2y þ ðvz−vdÞ2Þ

h i

¼ N exp −
1

v2t
ðv2x þ v2y þ ðvz−vdÞ2Þ

� �
; ðA3Þ

where z is in the vertical direction, N = normalization con-
stant, and vt = thermal speed. Thus, the maximum fraction
fesc of velocity phase space above velocity vesc is given by
equations (1a) and (1b) in the case of vesc > vd and vesc < vd,
respectively. In the latter case, as vd increases for a constant
vt, the magnitude of the argument in the exponential term
also increases, as does the square bracket term overall. On
the other hand, as vt increases for a constant vd, the magni-
tude of the argument decreases, as does the square bracket
term overall for a constant vd, so that the escaping fraction
becomes smaller. Physically, the larger temperature means a
larger fraction of ions below the minimum escape velocity.
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Cold Ion Outflow as a Source of Plasma for the Magnetosphere

S. Haaland,1,2 K. Li,1,3 A. Eriksson,4 M. André,4 E. Engwall ,4 M. Förster,5 C. Johnsen,2

B. Lybekk,6 H. Nilsson,7 N. Østgaard,2 A. Pedersen,6 and K. Svenes8

The importance of ion outflow as a supplier of plasma to the terrestrial magne-
tosphere has been recognized for decades, and there are suggestions that the
ionosphere alone is a sufficient source to account for the observed magnetospheric
plasma population. However, due to spacecraft charging effects, it is difficult to
measure the low-energy part of the plasma population. Recent advances in instru-
mentation and methodology, combined with more comprehensive measurements
and auxiliary data, have provided far better opportunities to access the role of the
cold ions. In this study, we have used measurements from the Cluster mission to
quantify the amount of cold plasma supplied to the magnetosphere for various
geomagnetic disturbance levels and solar wind conditions. The results show that
the cold ion outflow flux does not respond substantially to changes in geomagnetic
activity or changes in the solar wind or interplanetary magnetic field (IMF) but can
vary by a factor of 3 as a result of enhanced solar irradiance and subsequent
ionospheric ionization. Convection, and thus the transport of the cold plasma to
the plasma sheet and inner magnetosphere, on the other hand, is largely controlled
by the IMF. Our results indicate that a northward directed IMF and stagnant
convection leads to a significant direct downtail loss of the cold plasma and,
essentially, no supply of ionospheric ions to the magnetosphere. Correspondingly,
a southward IMF results in enhanced convection, and the outflowing ions are
almost completely recirculated to the plasma sheet. Under such conditions, there
is a substantial loss of magnetospheric plasma through the ejection of plasmoids.
This loss is estimated to be comparable or larger than the direct loss due to direct
tailward escape along open lobe field lines during northward IMF. Overall, the
average outflow of cold plasma is of the order of 1026 ions s�1, and 90% of the
outflow is returned to the plasma sheet.
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1. INTRODUCTION

Ion outflow from the polar cap regions is believed to be a
significant source of plasma for the terrestrial magnetosphere
[Chappell et al., 1987, 2000]. Early observations of ion
outflow (see, e.g., the work of Andre and Yau [1997] for an
overview) suggested that the outflow rate is of the order of
1026 ions s�1. The outflowing ions are predominantly pro-
tons, but the outflow can have a significant oxygen compo-
nent [e.g., Yau and Andre, 1997]. Other ions such as He+

[e.g., Abe et al., 1993], He2, He3 [e.g., Axford, 1968], NO+

and O2
+ [e.g., Ogawa et al., 2011] have also been observed.

In addition, there is a significant outflow of neutrals [Engwall
et al., 2009a].
Although a large number of outflowing ions are directly

lost downtail along open lobe field lines into the solar
wind, the majority is recirculated within the magnetosphere
[Haaland et al., 2012a] and may eventually contribute to
the formation of the hot plasma sheet and ring current
population [e.g., Giang et al., 2009]. Ion outflow possibly
also plays a role for substorm triggering [e.g., Winglee and
Harnett, 2011], although the direct role of ion outflow and
its composition for substorm processes is still not fully
understood.
Obtaining reliable and accurate measurements of cold ion

outflow is challenging: Measurements have to be taken
above the polar caps or in the magnetically connected lobes,
regions characterized by a very tenuous plasma. In such
plasma environments, solar illumination will cause a signif-
icant spacecraft charging due to photoelectron emissions,
and the low-energy part of the ion population will be
shielded from the ion detectors. Correspondingly, electron
detectors will be contaminated by secondary electrons
caused by the photo emissions.
Some of these problems can be overcome by actively

controlling the spacecraft potential by emitting heavy ions
to counterbalance the photoemission of electrons. This tech-
nique has been applied in a number of missions, e.g., the
Geotail [Schmidt et al., 1995], Polar [Moore et al., 1995],
Interball spacecraft [Riedler et al., 1998], and more recently
by the Double-Star and Cluster missions [Torkar et al.,
2001]. Although it is not always possible to bring and keep
the spacecraft to zero potential, this technique can provide a
significant improvement of plasma measurements. One ex-
ample of successful utilization of this technique to measure
cold ion outflow was the study by Su et al. [1998]. They used
ion moments from the Thermal Ion Dynamics Experiment on
board the Polar spacecraft during a limited time period be-
tween April and May 1996 when the on board Plasma Source
Instrument [see Moore et al., 1995] was operating and stabi-
lized the spacecraft potential to around 2 V.

Nevertheless, due to limitations in the instrumentation and
measurement techniques, many of the earlier observations of
ion outflow at high altitudes only contained measurements of
ions with energies above a certain threshold. The contribu-
tion from the cold (energies up to a few tens of eV) part of the
ion population was not included in the calculations. In the
seminal paper by Chappell et al. [1987], claiming that
the ionosphere was a fully adequate source of plasma for the
plasma sheet, the cold ion population was actually termed
“invisible” for this reason.
Until recently, much of our knowledge about the role of

ion outflow for magnetospheric dynamics was therefore
based on models and simulations. Cully et al. [2003a] used
empirical models of the electric and magnetic field combined
with a simplified model of the ionospheric source population
(protons and oxygen ions with energies below 20 eV). By
tracing the trajectories of the ions for various geomagnetic
conditions and orientations of the interplanetary magnetic
field (IMF), they were able to model the supply to the central
plasma sheet. Their modeling showed that the transport of
thermal plasma to the central plasma sheet was largely con-
trolled by the convection electric field. Similar conclusions
were also drawn by Moore et al. [1999] based on Polar
observations, although their results were based on particle
measurements with energies up to 450 eV. Ebihara et al.
[2006] employed empirical models of the O+ distribution
combined with models of the electric and magnetic field to
investigate the fate of suprathermal oxygen. Their results
suggested greatly enhanced feed to the inner magnetosphere
during active geomagnetic conditions.
Recent advances in instrumentation and techniques have

allowed inclusion also of the measured contribution from
cold plasma in ion outflow studies. In particular, the Cluster
spacecraft quartet, with its comprehensive instrumentation
has provided more accurate measurements of density [Ly-
bekk et al., 2012], velocity and flux of cold outflowing ions
[Engwall et al., 2006, 2009a], and convection [Haaland
et al., 2007; Förster et al., 2007; Haaland et al., 2008].
Results from these advances have shown that low-energy
ions can dominate the density contribution in large regions
of the Earth’s magnetosphere. This has created a new aware-
ness of the importance of cold plasma for the dynamics of the
magnetosphere [Engwall et al., 2009a; Andre and Cully,
2012].
The objective of this paper is to utilize these advantages

and try to assess and quantify the importance of cold ions as a
supplier of plasma to the plasma sheet. The results are based
on measurements from the Cluster mission over a period of
several years and, thus, cover a much larger volume of the
magnetosphere than earlier studies. Better availability and
more accurate measurements of the time-shifted solar wind,
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IMF as well as solar EUV measurements have also enabled
us to better assess the role of these parameters for ion
outflow.

2. METHODOLOGY

In the present study, we apply the technique outlined in the
work of Haaland et al. [2012a]. They used recent results
from the Cluster mission to quantify the direct loss of cold
plasma into the solar wind along open field lines. With
knowledge of the total outflow of cold ions as well as the
downtail loss, the amount of recirculated plasma can be
determined. The present study is, thus, to some extent, the
complementary of these results, sharing the same data basis
and, to a great extent, the same methodology.
Basically, the technique combines the parallel and perpen-

dicular bulk velocities of cold ions with a magnetic field
model to calculate the trajectory of ions, to determine wheth-
er they end up in the Earth’s nightside plasma sheet or escape
directly downtail into the solar wind. By combining the
velocities with corresponding measurements of cold ion
densities, the number flux can be calculated. We can then
quantify or at least give a lower limit on how much cold ion
outflow can contribute to the formation of the near-Earth
magnetosphere, including the ring current and radiation belt
regions.
Except for an attempt to estimate the amount of plasma lost

through substorm-associated plasmoid ejection, we will not
try to address any other loss mechanisms, such as charge
exchange, loss due to drift across the magnetopause, or
precipitation, etc., nor will we discuss mechanisms respon-
sible for the acceleration and heating of the plasma taking
place in the plasma sheet; the present data are not suited to
address these issues.
For convenience, we briefly explain the methodology used

in the Haaland et al. [2012a] paper, but for a more compre-
hensive explanation, we refer to the original publication.

2.1. Determination of the Fate of Outflowing Cold Ions

Whether an ion escaping the Earth’s polar cap ionosphere
at a certain latitude is fed to the plasma sheet or directly lost
downtail into the solar wind is essentially a competition
between the outward field-aligned transport and the trans-
verse transport due to convection.
Consider an ion escaping the ionosphere along a field line,

which is open at time t1 as schematically illustrated in Fig-
ure 1. The ion has an initial field-aligned velocity V‖ and
possibly an acceleration along the field line. As time goes,
this field line will convect toward the central plasma sheet
and eventually reconnect at the distant neutral line after some

time, t3. The gyrocenter of this ion will, therefore, follow the
trajectory indicated as a dashed line in Figure 1.
If the ion is still earthward of the distant neutral line at time

t3, it will be fed to the plasma sheet where it can contribute to
the formation of the hot plasma sheet. Other ions starting
simultaneously, but at higher latitudes, or ions having larger
parallel velocities and/or acceleration will end up tailward of
the X line and escape from the magnetosphere directly into
the solar wind.
For ions with a given outflow velocity, V‖ and convection

velocity V?, we can then define a set of regions in the
magnetosphere, which will determine the fate of these ions,
as illustrated in Figure 1.
In our simplified model, the distant neutral line is assumed

to be located at X =�100 RE (see section 5.2 for a discussion
about the validity of this assumption). We use the T01
magnetospheric field model [Tsyganenko, 2002a, 2002b] to
find the foot point of the ions observed. From the data, we
then calculate the average outflow and convection velocities
and use the above method to determine the fate of the out-
flowing ions as a function of geomagnetic and solar wind
conditions. Combined with measurements of cold ion densi-
ties, we can then get the total flux and total amount of cold
ions supplied to the plasma sheet.

Figure 1. Definitions of open area (hatched), capture area (gray),
trapped area (white), and convection distance (marked CD) in our
model. Field lines on hatched background are open all the time it
takes an ion to travel beyond the X line. Ions within flux tubes
threading this area are thus lost downtail. Field lines on gray
background are initially open, but during the time it takes for an
ion to travel to the X line, the field line will convect a distance CD
toward the plasma sheet. Ions at these latitudes or lower will thus be
fed to the plasma sheet.
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In some sense, this procedure resemble particle tracing
done by, e.g., Cladis [1986], Cully et al. [2003a], and Ebi-
hara et al. [2006] using the gyrocenter equation of motion
[Northrop, 1963] with model fields. We do some simplifica-
tions though: First, gravity and mirror forces can be ne-
glected in the altitudes discussed here. Also, since the
objective is to determine whether the ions are directly lost
(i.e., able to travel beyond distant neutral line) or end up
somewhere in the plasma sheet, there is no need to do a
detailed tracing of individual particles.

2.2. Size and Shape of the Source Regions

In their estimate of the total outflow, Engwall et al.
[2009b] assumed that the source of the cold ions was at
1000 km altitude in the polar caps, defined as the area
poleward of 70° magnetic latitude. Neither spatial inhomo-
geneities nor any expansions or contractions of the polar cap
area in response to, e.g., IMF changes or geomagnetic activ-
ity were taken into account.
To get a more realistic estimate of the polar cap size, we

make use of the results from Sotirelis et al. [1998]. They used
characteristic particle signatures to identify the polar cap
boundary. The rationale behind this approach is that the flux
of energetic particles is much higher on closed field lines,
and a sharp drop in intensity can be interpreted as a traversal
from closed field lines (a trapped particle population) to open
field lines (polar cap). The results from Sotirelis et al. [1998]
demonstrate that both size and shape of the polar cap area can
change dramatically, primarily as a response to the solar
wind interaction with the dayside magnetopause.
Of relevance to us is Figure 8 of Sotirelis et al. [1998],

which shows the amount of open flux, Φ, as a function of
IMF Bz. For any given value of IMF Bz in our data sets and
assuming a field magnitude of 37,000 nT in 1000 km alti-
tude, we can consult this figure and derive the polar cap area
as A [m2] = 2 � 10e9 � Φ [Wb]/37,000 [nT] (the factor 2
indicates that we take both hemispheres into account).
In order to cross-check the validity of these calculations, Li

et al. [2012] tried to trace the cold ion measurements from
the Engwall et al. [2009b] data set back to the topside
ionosphere using the full guiding center equation of motion
[Northrop, 1963] and taking all relevant forces into account.
Their results demonstrated that the open polar cap was the
primary source region of the cold ions, though elevated
fluxes in regions near the expected locations of the cusp and
nightside auroral zone were also found. By sorting the data
according to geomagnetic activity and IMF direction, Li et
al. [2012] were able also to confirm the expansion and
contraction of the polar cap, consistent with the Sotirelis et
al. [1998] results. The source region during disturbed condi-

tions was found to be up to a factor 3 larger than during quiet
conditions.

3. DATA BASIS

The primary data basis for this study is ion outflow mea-
surements and convection measurements from the Electric
Field and Wave Experiment (EFW) [see Gustafsson et al.,
2001] and the electron drift instrument (EDI) [see Pasch-
mann et al., 2001], on board the Cluster spacecraft.
In addition to advances in techniques and instrumentation

since the seminal papers by Yau et al. [1985] and Chappell
et al., 1987], the spatial coverage of our data and much better
availability of accurate solar wind and IMF observations
allow for a more comprehensive study of the fate of the cold
outflowing ions.
The Cluster measurements used in this study span a period

of 5 years for the cold ion outflow measurements and 6 years
of convection measurements. Cluster’s 57 h, 4� 19 RE polar
orbit has provided extensive data coverage in the lobe and
polar cap regions.
Once again, we provide a brief description of technique,

data set characteristics, as well as an assessment of the
accuracy of the data.

3.1. Cold Plasma Density and Outflow Velocity

Measurements of ion outflow velocity and density are the
same as those used by Engwall et al. [2009b] and later in the
work of Haaland et al. [2012a]. This data set consists of
more than 1 million time-tagged records of electron density
and 3-D plasma drift velocity, obtained over the full 4–19 RE

altitude range of Cluster. Each record also contains auxiliary
parameters such as spacecraft position, solar wind, and IMF
information and geomagnetic disturbance indices.
Figure 2 shows the distribution of density and velocity of

the cold plasma outflow. The average (arithmetic mean)
density is 0.18 ± 0.22 cm�3, and the average outflow velocity
is 26 ± 17.2 km s�1 (the spread in these numbers indicate
standard deviations).
The electron density has been estimated from a known

functional relation between spacecraft potential, Vs, and the
ambient electron density, Ne:

Ne∼Ae−Vs=B; ð1Þ

where the coefficients A and B primarily depend on space-
craft properties such as surface area and surface conductivity
as well as solar irradiance. Assuming quasineutrality and
singly charged ions, the ion density is equal to the electron
density given by the above equation. We refer to publications
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by, e.g., Pedersen et al. [2001] or Lybekk et al. [2012] for a
more comprehensive explanation of this method.
The outflow velocity and direction is calculated from

simultaneous measurements of the convection electric field
and an observed spacecraft wake. In the cold tenuous plasma
of the polar cap and lobe regions, the spacecraft potential
energy, eVs, typically exceeds the bulk kinetic energy (Ek) of
the ions, which, on the other hand, is larger than the thermal
energy of the ions. The following inequality then exists:

kTi < Ek < eVs; ð2Þ
where k is the Boltzmann constant, Ti is the ion temperature,
and e is the elementary charge.
As a consequence of the above condition, a wake void of

ions forms behind the spacecraft [see, e.g., Eriksson et al.,
2006]. The far more mobile electrons, on the other hand, will
be able to fill the wake. Consequently, the EFW double probe
instrument detects an artificial electric field along the wake
direction. Combined with the magnetic field and the convec-
tion electric field, it is then possible to obtain the parallel
velocity of the ions. For approximately 180,000 records of
the full EFW data set, it was possible to calculate the outflow
velocity by using this method.
Since the velocity determination relies on identification of

this wake, the method is typically more sensitive to protons
than to heavier ions. This tendency is usually weak, and any
error in determined parallel flow velocity becomes significant
only if the ion species have different parallel flow velocities,
and the bulk kinetic energy of the heavy ions are close to or
above the energy required to overcome the spacecraft potential.
Measurement errors due to the methodology is of the order

±40% or less for the velocity calculations and less than ±20%
for the electron density calculations (details about error
bounds of the data and methodology can be found in Sec-
tions 2.3 and 6.1 in the work of Engwall et al. [2009b])

Acceleration along the field is apparent from the right
panel of Figure 2. We estimate an initial acceleration of the
order of 0.6–0.7 km s�1RE. Acceleration due to gravity,
magnetic mirror forces, or parallel electric fields do not play
any role in this altitude range, so the observed increase in
velocity is mainly attributed to centrifugal acceleration [e.g.,
Cladis, 1986; Cladis et al., 2000; Nilsson et al., 2010].
The calculation of outflow velocity rests on the simultaneous

availability of EDI and EFW data of good quality. So far, only
data from Cluster SC3 for the years 2001–2005 have been
processed. Still, the number of records is large enough to allow
us to extract subsets within certain geomagnetic activity levels,
IMF directions, etc., to check correlations and dependencies.

3.2. Convection Toward the Plasma Sheet

Convection toward the plasma sheet using EDI data was
studied in detail by Haaland et al. [2008, 2009], and we use
the same data set for the present study. This data set consists
of approximately 450,000 1 min averages (approximately
7600 h) mapped to an YZGSM plane at X = �10 RE. At this
distance and beyond, the convection is predominantly in the
±Z direction, i.e., toward the plasma sheet, as indicated in
Figure 1.
EDI measures the gyrocenter drift velocity of an artificially

emitted 1 keVelectron beam. For a given magnetic field, this
is equivalent to the convection electric field as long as there
are no significant magnetic field gradients. EDI is not affect-
ed by the wake effects discussed in the previous section and
works extremely well in regions of space with stable mag-
netic field and low ambient electron density such as the polar
cap and lobe regions. Since both the magnetic field and the
electron gyrotime can be determined with high accuracy,
measurement errors with this technique are negligible. Un-
certainties in statistical averages, therefore, come almost
solely from the spread of the measurements.

Figure 2.Data characteristics of the Engwall et al. [2009b] data set used for the present study. (left) Distribution of outflow
densities. (center) Distribution of outflow velocity, V‖. Horizontal axes show density and velocity, respectively, and vertical
axes indicate number of samples. (right) Outflow velocity as a function of altitude.
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For a southward-directed IMF, the variability in the con-
vection data is typically low, with a well-defined convection
direction and magnitude. For northward IMF conditions, the
convection is more stagnant, and the spread in the data is
comparable to the measurements itself. Since the convection
velocities are vector quantities, there is spread in both mag-
nitude and direction and, thus, no single parameter describ-
ing the variability. For a more detailed assessment of the
spread in magnitude and direction of the EDI data set, we
refer to Section 4.2 and Figure 4 in the work of Haaland et
al. [2008].

4. RESULTS

The numbers given in the work of Engwall et al. [2009b,
2009a] and also the recent results from Andre and Cully
[2012] suggest that ion outflow from the Earth’s ionosphere
is dominated by cold ions, predominantly protons. Outflow
rates were found to be of the order of 1026 ions s�1, consis-
tent with earlier studies [e.g., Yau and Andre, 1997; Cully et
al., 2003b, 2003a; Huddleston et al., 2005].
As demonstrated in the work ofHaaland et al. [2012a], the

direct downtail loss of cold ions can vary between essentially
zero for periods with strong convection up to 2.5 � 1025

ions s�1 for quiet magnetospheric conditions and stagnant
convection. Over a longer time span, approximately 10% of
the outflowing cold ions are directly lost along open field
lines into the solar wind, whereas 90% are recirculated.
In order to quantify the supply of cold ions to the plasma

sheet in more detail, and investigate the role of solar wind

parameters and geomagnetic activity, we created subsets of
the full data set, containing only records within given ranges
of selected driver parameters. Below, we discuss some of the
results from this subsetting in detail.

4.1. Solar Wind and IMF Control

In order to assess the role of the IMF orientation for the
outflow and loss balance, we created four subsets sorted ac-
cording to the prevailing upstream IMF direction. Each subset
contains data from a 90° clock angle sector centered around 0°,
90°, 180°, 270°, corresponding to northward, eastward, south-
ward, and westward orientations of the IMF, respectively.
Table 1, which is essentially a reciprocal of the Table 2

given by Haaland et al. [2012a], summarizes the average
key parameters for each of these IMF bins. Columns B to E
show the average geomagnetic activity level and solar wind
parameters for each subset. Columns F, G, and H show the
corresponding average densities, velocities, and fluxes. Col-
umns I to O show the average convection velocity and
calculated values, explained in the footnotes.
Possible loss processes taking place after the ions have

reached the plasma sheet, such as tailward retreat of a plas-
moid, loss across the magnetopause, charge exchange, or
precipitation are not taken into account in these calculations.
Table 1 reveals some interesting results. Whereas the con-

vection (column L) varies from a few km s�1 for northward
IMF to more than 12 km s�1 for southward IMF, neither
outflow velocity nor density (columns F and G, respectively)
changes dramatically with IMF direction.

Table 1. Averages From the Data Set for Four Different IMF Orientations

A B C D E F G H I J K L M N O

IMFa

Averages From Engwall et al. [2009b] Calculated Values and Average Convection Velocity

Dst
(nT)

Pdyn
(nPa)

By
(nT)

Bz

(nT)
Ne

(cm�2)
V‖

(kms�1)
Flux

(s�1 cm�2)
PCareab

(km2)
Outflowc

(s�1)
TX

d

(min)
V?

e

(km s�1)
CDf

(RE)
LossAreag

(km2)
PSFeedh

(s�1)

Bz + �21.9 2.43 0.7 3.7 0.196 24.6 1.35e8 0.8e7 1.1e25 212 1.7 3.4 7.29e6 0.38e25
Bz � �39.2 2.41 �0.4 �4.6 0.233 26.9 1.48e8 4.3e7 6.4e25 204 12.2 23.1 0i 6.4-e25j

By+ �29.8 1.92 4.6 0.0 0.172 25.8 1.22e8 2.4e7 2.6e25 208 8.0 15.7 1.99e6 2.55e25
By � �19.8 2.05 �5.4 �0.9 0.141 25.2 0.99e8 2.4e7 2.1e25 210 7.9 15.6 1.83e6 1.92e25

aThe 90° sectors around 0°, 90°, 180°, and 270° clock angles.
bPolar cap area, based on Figure 8 in the work of Sotirelis et al. [1998] and an IGRF field of 37,000 nT at 1000 km altitude.
cTotal outflow = polar cap area multiplied by flux.
dTravel time along field from XGSE = �10 RE to distant X line assumed to be located at 100 RE.
eAverage convection velocity based on the Haaland et al. [2008] data set.
fConvection distance: distance a field line convects during the travel time given in column K (see also Figure 1).
gLoss area: part of the polar cap where outflowing ions are lost downtail (see Figure 1).
hFeed to plasma sheet = total outflow � direct loss downtail.
iNo direct downtail loss: all outflowing cold ions are fed to the plasma sheet.
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A northward directed IMF is associated with almost stag-
nant convection (column L). During the 212 min (column K)
it takes for an ion to travel along a field line from X =�10 RE

to the distant X line 100 RE downtail, the flux tube only
convects around 3.4 RE toward the plasma sheet (column M).
As a result, nearly all cold ions emanating from the polar cap
are able to travel downtail and escape into the solar wind, and
the supply to the plasma sheet is minimal (column O). Even
X line locations tailward of X = �200 RE do not prevent ions
from escaping downtail into the solar wind for such slow
convection velocities. During northward IMF, there is thus
essentially no supply of cold plasma from the ionosphere to
the plasma sheet.
The opposite can be observed during periods with south-

ward directed IMF. The convection is now strong, presumably
as a result of enhanced dayside reconnection. Hence, essen-
tially, the entire population of cold ions from the ionosphere is
convected to the plasma sheet. Also, a high convection veloc-
ity will prevent ions from traveling far downtail before reach-
ing the plasma sheet. One can thus conclude that the supply of
plasma of ionospheric origin is larger in the near-Earth and
midtail regions than in the distant tail. Since both outflow
density and velocity as well as the total polar cap area is larger
during southward IMF, the total outflow and, thus, supply to
the plasma sheet, is also much larger during southward IMF
than for other IMF orientations. Some of the plasma supplied
may be lost through tailward ejection of a plasmoid though.
This will be further discussed in section 5.2.
A +/�By dominated IMF still has a fairly strong convec-

tion toward the plasma sheet, and the tailward loss is mini-
mal. The polar cap area is about half of that for southward
IMF, and the outflow density and outflow velocities are
lower than for a purely southward IMF. The total outflow
and, thus, supply to the plasma sheet is therefore smaller than
for southward IMF.
By performing a similar subsetting, we also checked corre-

lations between outflow and solar wind dynamical pressure
(i.e., essentially a function of solar wind bulk velocity and
solar wind ion density). These results are difficult to interpret,
however. At first sight, the calculations suggest enhanced ion
outflow during periods with high solar wind pressure, but this
is probably a consequence of compression of the whole mag-
netosphere rather than additional supply from the ionosphere.
The preliminary source estimates by Li et al. [2012] seem to
confirm this, and the compression effect was also noted in the
Svenes et al. [2008] and Haaland et al. [2012b] studies.

4.2. Geomagnetic Activity

To further facilitate comparison with earlier studies, we
also tried to sort the data according to different geomagnetic

activity levels. The Engwall et al. [2009b] and the Haaland
et al. [2008] data sets both contain the AE and Dst indices to
describe the prevailing geomagnetic conditions.
As a rule of thumb, theDst index reflects geomagnetic storm

processes with time scales of several hours to several days.Dst
is primarily a measure of ring current enhancement, though
there are some contributions from the solar wind pressure. The
AE index, on the other hand, primarily reflects the strength of
field-aligned currents connecting the magnetosphere with the
auroral zone. These field-aligned currents are thought to arise
from bursty bulk flow events and substorm activity in the near-
Earth plasma sheet. The time scale of such effects is of the
order of minutes. Note that there is often a high degree of
mutual correlation between the AE and Dst indices, and also
between these indices and the solar wind and IMF [e.g.,
Förster et al., 2007]. The effects reflected by both Dst and AE
are ultimately driven by the solar wind, in particular, the IMF.
Owing to the long transport times involved in cold ion

outflow, and the focus on the polar cap rather than the auroral
zone, the Dst index is therefore the best indicator of geomag-
netic activity for our purpose.
The results are summarized in Table 2, which is similar to

Table 1 but shows the calculated quantities for three different
geomagnetic activity levels.
During disturbed conditions (here defined as Dst values

less than �20 nT to get reliable statistics), both convection
velocity and outflow flux are larger than during quiet or
moderate conditions. In addition, the polar cap is more
expanded, hence larger source area and a larger total outflow.
Owing to the strong convection, almost all ions (4.03 � 1025

ions s�1 or ~96% of total outflow) are fed to the plasma
sheet. Since substorm activity is more likely to take place
during storm time conditions [e.g., Kamide et al., 1998],
downtail loss of plasma through escaping plasmoids is more
likely to occur, though.
Moderate geomagnetic activity levels (Dst in the range 0 to

�20 nT) are characterized by lower average convection
velocities, thus enabling a larger fraction of the outflowing
ions to escape downtail along open field lines. The polar cap
size and thus source area is also smaller than for disturbed
conditions. As a result, the total supply to the plasma sheet is
only about 1/3 of that for storm time conditions.
During quiet times (positive Dst values), the observed cold

ion density and thus flux seem to be somewhat higher than
during moderate conditions. As with the solar wind ram
pressure correlation mentioned above, we primarily interpret
this as a compression of the magnetosphere rather than
additional supply from the ionosphere. However, due to the
more stagnant convection, a significant part of the outflowing
ions is now directly lost downtail, and only about 1 � 1024

ions s�1 reach the plasma sheet.
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4.3. Response to Changes in Solar Irradiance

Solar irradiance is believed to be the most prominent
driver of ionization in the ionosphere [e.g., Laakso et al.,
2002; Kitamura et al., 2011]. This is also evident from
Cluster studies [Svenes et al., 2008; Lybekk et al., 2012],
which shows a clear positive correlation between cold ion
density and solar irradiance in the EUV range; high EUV
values were associated with higher densities of cold plasma.
Engwall et al. [2009b] used the F10.7 index (a daily proxy

for the total emission from the solar disc in the F10.7 cm
wavelength) to investigate the relation between solar irradi-
ance and cold ion outflux. Although the Engwall et al.
[2009b] data set only covers a limited F10.7 range, their
Figure 9 shows an increase by a factor of 3 between the
lowest (F10.7 = 100) and highest (F10.7 = 285) values. More
recent Cluster results by Lybekk et al. [2012], covering a
longer time period of solar cycle 23 and larger ranges of the
F10.7 index, suggests even larger variation in cold plasma
density between low and high solar irradiance.

5. DISCUSSION

5.1. Feeding to Different Plasma Sheet Regions

From the above results, we can conclude that the fate of the
outflowing ions is mainly controlled by the convection ve-
locity, which can vary from essentially zero up to several tens
of km s�1, depending on geomagnetic disturbance level.
Tables 1 and 2 show that the average outflow density and
parallel velocity do not vary dramatically with solar wind
conditions or geomagnetic activity level. An interesting con-
sequence of this is that the convection will also strongly

influence where (i.e., which radial distance) in the plasma
sheet the recirculated cold ions will end up. We plan to
follow up on this topic in a future study, but even our
simplified model and the above results allow us to discuss
this issue qualitatively.
Figure 3 schematically shows the typical transport paths

for different magnetospheric conditions. As illustrated in
Figure 3a, and also apparent from Table 1, stagnant convec-
tion will lead to substantial direct loss downtail. This also
holds if the X line is located much further tailward than our
assumptions.
The Cluster measurements of cold plasma outflow suggest

that the outflow never completely subsides. As long as there
is some convection toward the plasma sheet, this means that
there is always some supply of cold plasma to the plasma
sheet. Moderate convection velocities (a few km s�1) will
allow the ions to travel far downtail before reaching the
plasma sheet (Figure 3b). When the ions eventually interact
with the sharp reversal of the magnetic field in the tail mid-
plane, they will be scattered and energized. Simulations have
demonstrated that the closer this interaction takes place to the
X line, the larger the energization [e.g., Ashour-Abdalla et
al., 1993, and references therein]. Ions fed at large downtail
distances will spend more time in the plasma sheet where
they can be energized.
During periods of strong convection, on the other hand,

most of the outflowing cold plasma will be supplied closer to
the Earth (illustrated in Figure 3c). With average outflow
velocities around 25–30 km s�1 and convection velocities
exceeding 15 km s�1, essentially all ions are convected to the
plasma sheet inside 50 RE. These ions spend less time in the
plasma sheet and will thus be less energized than ions sup-
plied further downtail. Ions with very low parallel outflow

Table 2. Similar to Table 1 But With Averages From the Data Set for Three Different Geomagnetic Activity Levels

A B C D E F G H I J K L M N O

Activitya

Averages From Engwall et al. [2009b] Calculated Values and Average Convection Velocity

Dst
(nT)

Pdyn
(nPa)

By
(nT)

Bz

(nT)
Ne

(cm2)
V‖

(km s�1)
Flux

(s�1 cm�2)
PCareab

(km2)
Outflowc

(s�1)
TX

d

(min)
V?

e

(km s�1)
CDf

(RE)
LossAreag

(km2)
PSFeedh

(s�1)

Quiet 7.5 3.02 �1.2 0.5 0.184 23.1 1.21e8 2.16e7 2.61e25 218 4.5 9.2 2.07e7 1.00e24
Moderate �10.4 1.77 �0.5 �0.5 0.127 23.3 0.87e8 2.43e7 2.11e25 217 6.9 14.1 8.85e6 1.37e25
Disturbed �43.0 2.24 1.4 �1.4 0.209 28.1 1.48e8 2.84e7 4.20e25 200 10.1 19.0 1.13e6 4.03e25

aQuiet, Dst ≥ 0; moderate, Dst between �20 and 0; disturbed, Dst below �20 nT.
bPolar cap area: based on Figure 8 of Sotirelis et al. [1998] and an IGRF field of 37,000 nT at 1000 km altitude.
cTotal outflow = polar cap area multiplied by flux.
dTravel time along field from XGSE = �10 RE to distant X line.
eAverage convection velocity based on the Haaland et al. [2008] data set.
fConvection distance: distance a field line convects during the travel time given in column K (see also Figure 1).
gLoss area: part of the polar cap where outflowing ions are lost downtail (see Figure 1).
hFeed to plasma sheet = total outflow � direct loss downtail.
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velocities will even be convected almost directly to the
plasmasphere without undergoing any significant energiza-
tion in the tail at all.
In this sense, our results are largely in agreement with the

Polar results reported by Moore et al. [1999], although their
observations were based on particle measurements with en-
ergies up to 450 eV, with much higher average outflow
velocities.
Whereas transport of plasma through the magnetotail lobes

can reasonably be modeled as a steady convective motion,
there are strong theoretical arguments against such a trans-
port inside the plasma sheet [e.g., Erickson and Wolf, 1980;
Pritchett and Coroniti, 1990]. Furthermore, measurements
[e.g., Angelopoulos et al., 1994] suggest that earthward
transport of plasma in the plasma sheet primarily takes place
through short-lived bursty bulk flows. With the present data

set, we are not well suited to investigate transport inside the
plasma sheet or near the plasma sheet boundary layers,
however.

5.2. Role of Magnetotail X Lines

The methodology used in this paper assumes the presence
of a persistent X line, i.e., a reconnection region stretching
across the magnetotail at a distance around 100 RE downtail.
This reconnection process is thought to be the counterpart of
the dayside reconnection occurring as a result of interaction
between the IMF and the geomagnetic field, in line with the
large-scale plasma circulation envisaged by Dungey [1961].
Owing to the long transport times and the ability of the
magnetotail to store magnetic flux [e.g., Caan et al., 1975],
the two reconnection processes do not necessarily need to be
concurrent, though.
The position of the distant neutral line is based on studies

by Baker et al. [1984] and Birn et al. [1992], suggesting an X
line location around 100 RE downtail.
It is assumed that magnetospheric plasma tailward of an X

line is unable to be transported back to the near-Earth plasma
sheet: it can be regarded as lost to the solar wind. The exact
position of the distant X line does not play a big role for the
total supply of cold ionospheric plasma to the plasma sheet.
The largest supply occurs during strong convection. From
our observations, and also illustrated in Figure 3c, the out-
flowing cold ions are brought to the plasma sheet close to the
Earth, typically inside X = �50 RE in such cases. For slow or
near stagnant convection, typically associated with quiet
geomagnetic activity level, the outflowing ions are able to
travel much longer downtail. However, in such cases, the
total flux is also lower.
Reconnection and X line formation can also take place

closer to the Earth, typically during geomagnetic active
periods associated with bursty bulk flow activity and sub-
storms [e.g., Hones, 1979; Fuselier and Lewis, 2011]. In this
process, a fraction of the plasma sheet is thought to be
pinched of and ejected downtail in the form of a plasmoid.
Scale sizes, recurrence rate, and duration of near-Earth re-
connection can vary greatly [e.g., Newell and Gjerloev,
2011], so any attempts to calculate the loss due to plasmoid
ejections can only be crude estimates.
If we assume a substorm-associated 40 RE wide X line at

25 RE downtail [Nagai et al., 1997] and a plasma sheet
thickness of ~0.5 RE [Sergeev et al., 1990], we obtain a total
plasmoid volume of approximately 4� 1029 cm3. Combined
with an average plasma sheet density of 0.3 ions cm�3

[Baumjohann et al., 1989], the loss in a single plasmoid is
of the order of 1029 ions. Assuming up to five substorms per
day [Borovsky et al., 1993], we thus obtain a daily loss due to

Figure 3. Typical trajectories of cold ions for different disturbance
levels. Thickness of arrows indicates flux. (a) Stagnant convection,
typically northward IMF conditions and low geomagnetic activity.
The outflow flux and velocity is low, and outflowing ions will be
lost directly downtail to the solar wind. (b) Low to intermediate
convection. Outflowing ions will be transported far downtail before
reaching the plasma sheet. (c) Strong convection, typically associ-
ated with strong dayside reconnection and disturbed magnetospher-
ic conditions. Outflowing ions will be returned to the plasma sheet
closer to Earth.
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plasmoid ejection of the order 5–6 � 1029 ions. Using the
values from Tables 1 and 2 with supply rates of the order of a
few times 1025 ions s�1, we can then estimate that around
10%–50% of the ions supplied by the ionosphere eventually
get lost due to plasmoid ejection.
In addition to the losses above, there are also various loss

processes operating in the plasma sheet itself. Matsui et al.
[1999] estimated that 3.6 � 1025 ions s�1 are lost through
escape across the dayside magnetopause. There are also
various other loss mechanism, such as charge exchange and
precipitation.

5.3. Ion Outflow Composition

Our data set does not allow distinction between species,
but we end with a few remarks about composition in this
connection: Whereas outflow of H+ is a fairly persistent
feature of the polar cap ionosphere, heavier ions, e.g., O+

have higher escape energies and require additional heating in
order to escape. This heating is usually associated with
elevated disturbance levels or solar activity. The O+ to H+

ratio will therefore vary with disturbance level and solar
wind conditions [e.g., Nosé et al., 2009, and references
therein]. The composition of the plasma also plays an im-
portant role for fundamental plasma properties such as Alf-
vén speed, plasma pressure, plasma beta, and threshold
levels for magnetospheric instabilities. Ion outflow can,
therefore, play an important role for magnetospheric dynam-
ics [e.g., Glocer et al., 2009; Brambles et al., 2011, and
references therein].

6. SUMMARY

We have combined measurements of cold ion density and
velocity from the high-altitude polar cap and lobe regions to
investigate the role of cold ion outflow as a source of plasma
for the Earth’s plasma sheet. The data, obtained from Cluster
spacecraft at 6–19 RE altitudes, are probably the most com-
prehensive in terms of spatial coverage and accuracy ever
available for such a study. The availability of nearly contin-
uous observations of solar wind parameters as well as mea-
surements of geomagnetic activity have also allowed us to
address the role of external influences for cold ion outflow
and transport to the plasma sheet.
The key findings of this study are the following:
1. The supply of cold ions of ionospheric origin to the

plasma sheet varies greatly. During quiet magnetic activity
and low convection, our results indicate that the supply is of
the order of 1024 ion s�1. During disturbed conditions, typ-
ically associated with a southward oriented IMF and strong
convection, the supply can be up to 100 times higher.

2. Over long time scales (i.e., much longer than distur-
bances such as geomagnetic storms, which affect the
transport between the ionosphere and magnetosphere), ap-
proximately 90% of the outflowing cold ions are returned
to the nightside plasma sheet, and thus 10% of the out-
flowing cold ions escape directly into the solar wind.
3. The outflow rate of cold ions from the source region in

the ionosphere is predominantly modulated by solar irradi-
ance and the size of this source region. The data show that
the flux can change by a factor of 3 or more. Preliminary
results from Li et al. [2012] also indicate that the source area
in the polar cap vary by a factor 3.
4. Transport to the plasma sheet is almost exclusively

controlled by the convection. During periods with strong
convection, essentially all outflowing cold ions end up in the
plasma sheet. The polar cap area is also typically larger
during such conditions. Conversely, stagnant convection im-
plies that a significant fraction of the total flux escapes
downtail along open field lines and are directly lost to the
solar wind.
5. The strength of the convection will also influence where

(i.e., radial distances) the supply takes place. Strong convec-
tion leads to a significant supply close to the Earth, whereas
weak convection will allow the outflowing cold ions to travel
further downtail before reaching the plasma sheet.
6. Over a longer time period (much larger than typical

substorm recurrence times), the loss due to tailward ejec-
tion of plasmoids is probably comparable or larger than
the direct downtail loss of cold ions along open magnetic
lobe field lines. Of the outflowing cold ions, 10%–50%
escape to the solar wind after being heated in the plasma
sheet.
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During geomagnetic field reversals, the radiation belt high-energy proton popu-
lations become depleted. Their energy spectra become softer, with the trapped
particles of highest energies being lost first, and eventually recovering after a field
reversal. The radiation belts rebuild in a dynamical way, with the energy spectra
flattening on average during the course of many millennia, but without ever reach-
ing complete steady state equilibrium between successive geomagnetic storm
events determined by southward turnings of the interplanetary magnetic field (IMF)
orientation. Considering that the entry of galactic cosmic rays (GCR) and the solar
energetic particles (SEP) with energies above a given threshold are strongly
controlled by the intensity of the northward component of the IMF, we speculate
that at earlier epochs when the geomagnetic dipole was reversed, the entry of these
energetic particles into the geomagnetic field was facilitated when the IMF was
directed northward. Unlike in other complementary work where intensive numer-
ical simulations have been used, our demonstration is based on a simple analytical
extension of Störmer’s theory. The access of GCR and SEP beyond geomagnetic
cutoff latitudes is enhanced during epochs when the Earth’s magnetic dipole is
reduced, as already demonstrated earlier.

1. INTRODUCTION

Undoubtedly, geomagnetic field polarity reversals have
had drastic effects on the inner radiation belts, as well on the
access of galactic cosmic rays (GCR) and solar energetic
particles (SEP) into the magnetosphere. Already, Uffen
[1963, p. 143] speculated that “During those intervals the
trapped corpuscular radiation may have been spilled on the
Earth, . . . .” Solar proton events produce ozone depletions

[e.g., Jackman et al., 2005], and the access of GCR may
possibly control the cloud coverage, and thus influence the
Earth’s climate [Svensmark and Friis-Christensen, 1997;
Kirkby et al., 2011]. The historical development and per-
spectives of magnetic polarity transitions on these geophys-
ical phenomena, as well as on the biosphere have been
updated by Glassmeier and Vogt [2010] (see also the book
of Glassmeier et al. [2009]).
Directly related to the present study, Stadelmann et al.

[2010] presented results based on thousands of trajectory
calculations of GCR and SEP in a potential B field model of
paleomagnetospheres where the dipole and quadrupole mo-
ments have been given prescribed values. Like Smart et al.
[2000], they determined the geomagnetic cutoff latitudes and
“impact areas,” which quantify the percentage of the Earth’s
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surface that is accessible to charged particles of a given
energy, from all incident directions and from all locations on
a spheric shell in outer space. These detailed calculations as
well as those of Vogt and Glassmeier [2000], Vogt et al.
[2004, 2007], and Zieger et al. [2004, 2006] are interesting
and suitable for nonsymmetrical magnetic field configura-
tions. Emphasis in these earlier studies was mainly on the
impact of GCR and SEP on the atmosphere. The main
objectives of this study relate to the energy spectra of trapped
radiation belt particles. The key role of the changes of orien-
tation of the interplanetary magnetic field (IMF) during geo-
magnetic field reversals will be pointed out.
In the following, we use a less demanding analytical

approach based on Störmer’s theory, which was originally
developed for a dipole magnetic distribution [Störmer, 1907,
1913, 1955]. This theory has been extended by Lemaire
[2003] by adding a uniform IMF (F) to the magnetic
dipole (M). As a consequence of its zonal symmetry φ, the
azimuthal/longitudinal coordinate is a dummy variable in the
expression of the Hamiltonian of charged particles moving in
this B field configuration. Therefore, topologically allowed
and forbidden zones can be defined for incoming and trapped
particles of prescribed kinetic energy (KE) or magnetic ri-
gidity. This property enables us to determine rather easily,
analytically, without intensive numerical integration of par-
ticle trajectories, the geomagnetic cutoff surface, as well as
the guiding center field line of trapped radiation belt particles
(i.e., their “Thalweg”) for different orientations of the IMF
(F) and for different values of the Earth’s dipole moment
(M).
To set the stage, the Störmer theory will first be briefly

reviewed. It will then be shown how the Thalweg of a
trapped radiation belt particle of given energy breaks open
by interconnecting to the IMF when the latter turns south-
ward and becomes sufficiently negative. Conversely, inter-
planetary ions will then be able to enter in the inner part of
the magnetosphere and possibly even impact the atmosphere.
Our analytical approach shows also that the energy for

which trapped radiation belt particles can spill out of the
trapping zones is gradually reduced when M becomes smal-
ler during a geomagnetic field polarity transition.

2. BRIEF REVIEW OF STÖRMER’S THEORY

2.1. Coordinate Systems

Störmer [1907] found that trajectories of particles in a
dipole B field are confined within regions corresponding to
inner and outer allowed zones subsequently named after
him. The allowed zones are separated by a forbidden zone
whose shape is a function of the constants of motion of

charged particles: the energy, and the generalized or canon-
ical angular momentum. These zones are well described by
Störmer [1955], where he uses a coordinate system whose
unit length is proportional to Ze, the electric charge of the
particle, and inversely proportional to the modulus of gener-
alized momentum, p = mv.
Another, but less well known, mathematical formulation

of Störmer’s theory was proposed many years later by Dragt
[1965]. The latter is simpler and leads to more intuitive
graphical representations of Störmer’s allowed and forbidden
zones. Dragt introduced the dimensionless time, t, and polar
coordinates (ρ, z, φ), whose units are determined respec-
tively by

tu ¼ jmðZe MÞ2=p3oj ð1Þ

ru ¼ jZe M=poj; ð2Þ

where m is the mass of the particle, and po is the (constant)
azimuthal component of the generalized/canonical momen-
tum (pφ). The latter is a constant of motion due to the zonal/
axial symmetry of the dipole magnetic field distribution. For
trapped radiation belt particles, the value of ru is larger than
RE, the radius of the Earth (rE = RE/ru < 1). The relationship
between ru and tu was illustrated by Lemaire [2003] in his
Figure A4.

2.2. The Störmer Potential

Using Dragt’s coordinate system, the distribution of the
Störmer potential, V(ρ, z), is illustrated in Figure 1 by iso-
contours ranging from V0 = 0 to∞ in a meridional plane. This
2-D representation is independent of φ, the longitude of the
meridional plane. A corresponding 3-D landscape represen-
tation of the function V(ρ, z) was illustrated in Figure 5a by
Lemaire [2003].
In such 2- and 3-D plots for particles for which Ze and po

have the same algebraic signs, there is a saddle point at z = 0
and ρ = 2, where two isocontours cross each other. At this
saddle point, the equatorial potential distribution V(ρ, 0) has
a maximum value, V(2, 0) = 1/32. It can be seen from
Figure 1 that beyond this saddle point, Störmer’s potential
tends to zero when r = (ρ2 + z2)1/2 → ∞. In the opposite
direction, V(ρ, z) forms a deep “valley” whose steep earth-
ward wall corresponds to the “geomagnetic cutoff surface.”
The bottom of this “valley” indicated by the dotted line in

Figure 1 is where V = 0. It corresponds to the minimum of
Störmer’s potential, which is called the Thalweg (path in the
valley). Indeed, the function V(ρ, z) can be compared to
a geopotential surface whose “height” is proportional to
V(ρ, z). Any particle inside this valley is trapped within
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Störmer’s inner allowed zone when its dimensionless KE is
smaller than 1/32. The projection of the trajectory of trapped
particles in a meridional plane is then strictly confined between
two of the dashed lines shown in Figure 1, which constitute the
borders of the inner Störmer zone (e.g., V = 1/1000).

2.3. The Thalweg and the Guiding Center Field Line

The Thalweg at the very bottom of this “valley” coincides
with the dipole magnetic field line along which trapped
particles of small KE (KE < 1/32) spiral, bounce, and drift
indefinitely. In Dragt’s coordinate system, the Thalweg cor-
responds to the dipole magnetic field line traversing the
equatorial plane at ρ = rT = 1.
The Thalweg corresponds to the guiding center field line in

Alfvén’s adiabatic perturbation theory [Alfvén, 1940, 1950].
The equatorial crossing points of Thalwegs correspond to the
central points of the bounce motion of trapped particles and

are part of what Vogt and Glassmeier [2000] label the “trap-
ping center surface” in their paleomagnetosphere models.

2.4. Access of High-Energy Interplanetary Particles Into the
Inner Geomagnetic Field

Interplanetary particles from infinity will move around
the dipole either eastward or westward depending on the
sign of their electric charge and of the angular momentum.
When their dimensionless KE is smaller than 1/32 their
trajectories remain confined in the outer allowed zone,
beyond a distant isocontours of Figure 1 (e.g., the dashed
curve labeled V = 1/53).
Only interplanetary particles for which KE > 1/32 can

transit over the saddle point region, i.e., over what happens
to be a forbidden zone for particles of lower energies (KE <
1/32). Consequently, unless their KE exceeds the dimension-
less threshold of 1/32, GCR or SEP are unable to penetrate

Figure 1. Störmer’s dimensionless potential, V(ρ, z). The dashed lines are the isocontours of V(ρ, z). They determine the
frontiers between the Störmer’s allowed and forbidden zones for V ranging from V = 0 to 1/5. The dotted line is the Thalweg,
which coincides with the dipole magnetic field line around which trapped particle spiral and oscillate between conjugate
mirror points. The arrows indicate the slopes of V(ρ, z). The potential has maximum (V = 1/32) at z = 0 and ρmax = 2: a saddle
point where isocontours cross and where the inner and outer allowed zones interconnect when the kinetic energy of particles
is larger than 1/32, in Dragt’s dimensionless length unit. When the energy of an interplanetary particle is larger than 1/32, it
can override the magnetic potential barrier and penetrate deep into the geomagnetic field between cusp-like dashed lines.
These distributions are drawn for charged particle characterized by e = sign (�po/Z) = +1. From Dragt [1965].
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deep into the geomagnetic field and populate the inner al-
lowed Störmer zone.

2.5. Sources of Radiation Belts Particles

Van Allen and Singer [1950a, 1950b] made good use of
Störmer’s theory to deduce the energy spectrum of primary
cosmic rays by measuring their flux in rocket experiments at
different geomagnetic latitudes. After the discovery of the
radiation belts by Van Allen et al. [1958], Singer [1958a,
1958b, 1959a, 1959b] proposed cosmic ray albedo neutrons
as a source for the corpuscular radiation populating Stör-
mer’s inner allowed zone. Note that this same injection
mechanism was also proposed independently by Vernov et
al. [1959] as a source of the trapped energetic particles
detected both by the Sputnik and Explorer spacecraft. The
source and loss processes for radiation belt particles were
comprehensively reviewed byWalt [1996] and by Singer and
Lemaire [2009].

2.6. The Renaissance and Fall of Störmer’s Theory

Thus, Störmer’s theory became, again, popular in 1958,
after the discovery of the radiation belts. It looked to be a
very promising tool until 1961, when McIlwain’s invariant
geomagnetic coordinate system proved to be very useful to
map fluxes of energetic electrons and protons trapped in the
geomagnetic field [McIlwain, 1961, 1966]. This gave new
life to Alfvén’s “first-order guiding center theory” also pro-
moted by Northrop [1963]. Unfortunately, this contributed to
the fall/decline of Störmer’s theory from theoretical space
physics. Nevertheless, at least for a few years, Störmer’s
theory had been successfully used in studies of trajectories
of 0.1–10 MeV electrons and 0.5–300 MeV protons trapped
within the radiation belts. See also Akasofu [2003] for a
critical discussion.

3. AN EXTENSION OF STÖRMER’S THEORY

3.1. Magnetic Field Line Distribution

As has been recalled above, the cylindrical symmetry of
this B field distribution allows to reduce from three to two the
number of independent variables to describe the trajectory of
a charged particle. Indeed, once ρ(t) and z(t) are calculated in
a meridional plane as a function of time t, the azimuthal
velocity, vφ = ρdφ/dt is also determined. By integrating the
azimuthal component of the equation of motion, φ(t) can
then be directly calculated.
Less than a decade ago, it was found that the same

procedure can apply in the cases of more general B field

distributions or models: e.g., when a uniform IMF (F) is
superimposed on the dipole magnetic field (Bd), as for
instance in Dungey’s [1961] magnetic field model. Indeed,
when this IMF is either parallel or antiparallel to the dipole
moment, M, the cylindrical/zonal symmetry of the B field
and of the Hamiltonian is preserved. Under such circum-
stances, pφ, the azimuthal component of the generalized
momentum, is again a constant of motion pφ = po, and
Lemaire [2003] pointed out that an extended Störmer po-
tential, V(ρ, z), can again be defined (see http://arxiv.org/
abs/1207.5160).
Let b be a normalized value of F, the northward component

of the IMF, namely,

b ¼ F r3u=2M ; ð3Þ
where M/ru

3 is the magnetic field intensity in the equatorial
plane at r = ru. The relationship between b and F has been
illustrated in Figure A5 of Lemaire [2003] for different
values of ru when the Earth reference dipole magnetic mo-
ment is ME = 8.06 � 1015 T m3.
For a fixed value of b, the dimensionless equation of

magnetic field lines is given by

r ¼ kcos2ðλÞ½1 − br3�: ð4Þ

The whole family of magnetic field lines is generated by
varying k from 0 to ∞.
For b > 0 (northward IMF) all magnetic field lines that

are traversing the Earth surface are “closed.” They cross,
then, the equatorial plane at r = ρ < k. The equatorial
distance of the Thalweg ρT is a solution of the algebraic
equation: ρT + b ρT

3 � 1 = 0.
For southward IMF orientation b < 0, the total magnetic

field, Bd + F, vanishes along the equatorial circumference of
radius ρx = 1/(�2b)1/3. This circumference corresponds to the
X line (or neutral line) of Dungey’s magnetospheric model.

3.2. The Equatorial Cross Section of the Extended
Störmer Potential

When the IMF (F) is parallel or antiparallel to the dipole
magnetic moment (M), an axially symmetric magnetic po-
tential, V(ρ, z), can still be defined as in Störmer’s theory
[Lemaire, 2003].
Figure 2 shows the equatorial cross section of V(ρ, 0) for

b = 0, �0.03, �0.05, +0.05, and +0.03.
The solid curve in Figure 2 corresponds to Störmer’s

equatorial potential distribution for a dipole, i.e., when F =
b = 0. The four other curves correspond to nonzero values of
the IMF; the dashed lines are for southward IMFs (b < 0), the
dotted lines are for northward ones (b > 0).
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The maximum of V(ρ, 0) is at an equatorial distance ρmax,
which is the solution of the equation: ρmax � bρmax

3 � 2 = 0.
When b = 0, Störmer’s values are recovered: ρmax = 2, ρT = 1,
and ρX = ∞.
It can be seen that when b becomes more negative, the

maximum “height” of the potential decreases below the
value VP = 1/32. Conversely, when the IMF is northward
and assumes larger values, V(ρ, 0) increases. This implies
that larger kinetic energies are required for charged particles
to spill out the inner trapping zone as well as to enter into it.
Thus, Figure 2 illustrates how the IMF orientation and inten-
sity controls the energy threshold of charged particles that
can exit the radiation belts and enter the magnetosphere or a
paleomagnetosphere whose magnetic moment would be
reduced.

3.3. Critical Thalweg Field Lines

In Störmer’s theory, the Thalwegs are always “closed.” In
Lemaire’s extended theory, the Thalweg is not always
“closed”: it can become “open” when b < bT = �4/(3)3 =
�0.148148. The Thalweg is then formed of two separate
magnetic field line segments extending from the Earth’s
surface to infinity in both hemispheres.
The threshold value bT = �0.148148 corresponds to a

critical value for which ρT = ρX. The dashed line in Figure
A5 of Lemaire [2003] indicates that this critical value of bT
corresponds to F = �42.75 nT, �9.2 nT, and �3.4 nT,
respectively, for ru = 6 RE, 10 RE, and 14 RE. The same critical

value bT can as well be obtained by reducingM, the magnetic
moment of a paleomagnetosphere by factors of 42.75, 9.2, and
3.4, respectively, with respect to ME = 8.06 � 1015 T m3.
For b < bT, the isocontours of the extended Störmer poten-

tial are illustrated in Figure 3, using the same representation
as in Figure 1. The two “open” branches of the Thalweg are
then located in the middle of the dark-red cusp regions
(valleys); these semi-infinite field line segments extend in
both hemispheres from the Earth’s surface to infinity (z =
±∞). They are not drawn in Figure 3.
Therefore, when b < �0.148148, the Thalweg magnetic

field lines are interconnected to the interplanetary magnetic
lines. Whether these field line segments are interconnected or
reconnected is a matter of terminology or semantics beyond
our preoccupation in the present study.

3.4. Geomagnetic Cutoff

The geomagnetic cutoff surface is the locus of points
where the meridional component of the velocities becomes
equal to zero: i.e., where vρ

2 + vz
2 = 0 and v · B = 0. When a

GCR particle reaches the geomagnetic cutoff surface, its
velocity is normal to the meridian plane, and vφ = ρdφ/
dt = v. Note that in Alfvén’s “first-order guiding center theory
or approximation” the geomagnetic cutoff was not explicitly
defined. It can, however, be assimilated to the “mirror points”
where vφ = v and v ·B = 0.
In Figures 2 and 3, the geomagnetic cutoff is located along

the inner “slope” of the “valley.” Its radial distance (rG) is

Figure 2. Equatorial cross-section of the extended Störmer potential, V(ρ,0), as a function of the equatorial distance ρ.
When the value of the interplanetary magnetic field (IMF) is equal to zero, the maximum value of Störmer’s potential is
equal to V = 1/32 = 0.03125. For F ≠ 0, this maximum value and its position vary as described in the text. The two lower
curve lines correspond to southward IMF: b = �0.03 and �0.05. The two upper ones correspond to northward IMF: b =
+0.03 and +0.05. From Lemaire [2003].
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always smaller than ρT. The latitude (λG) where it penetrates the
Earth’s atmosphere can be approximated by λG ~= arc cos(rE)

1/2

for radiation belt particles for which rE
2/4γ1

2 << 1 and when
�brE

3 << 1: see equation (19) of Lemaire [2003; http://arxiv.
org/abs/1207.5160].
It can be verified that λG and rG are not very sensitive

functions of the IMF component F or b. However, these
quantities characterizing the geomagnetic cutoff positions
depend significantly on the value of M, as well as on the
magnetic rigidity, which is equal to po/Ze as verified by
Smart and Shea [1967].
These results are well supported by GCR observations

indicating that the geomagnetic cutoff latitude decreases as
a function of the magnetic rigidity, but that their fluxes are
almost not affected by the orientation of the IMF. These
results from Lemaire’s extended Störmer theory confirm also
that λG and rG decrease when M, the dipole moment of
paleomagnetospheres is reduced, as also shown from trajec-
tory calculations by Vogt et al. [2007].

4. WHAT HAPPENS WHEN THE EARTH’S
MAGNETIC MOMENT REVERSES?

It has been considered above that the geomagnetic field
distribution can be modeled (approximated) by a stationary

superposition of (1) a dipole whose magnetic moment M is
directed antiparallel to the oz-axis, and (2) a uniform IMF
whose intensity F is either parallel or antiparallel to this axis.
Of course, other cylindrically symmetric/zonal, magnetic
field distributions can be considered for which F is an ana-
lytical function of ρ and z, but not of φ. The Dst field
generated by a symmetrical ring current is just the next
simplest example. Special paleomagnetospheres where the
quadrupoles and multipole components have a zonal sym-
metry, as in studies of Vogt and Glassmeier [2000] and Vogt
et al. [2004, 2007], are other B field distributions for which a
generalized Störmer potential, V(ρ, z) could be defined, in
principle.
Such generalization of Störmer’s potential would clearly

improve the picture but would complicate the mathematics at
the expense of analytical simplicity. Thus, for the sake of
simplicity and illustration, we considered a uniform IMF as
an ideal B field model to outline what might happen whenM
experiences a secular variation and possibly reverses.
Let us now slowly decrease the value of M, but without

changing the value of F. According to equation (2), the unit
length, ru = |ZeM/po| decreases withM for a particle of given
charge (Ze) and a constant canonical angular momentum
(po).
When M decreases, the modulus of b = Fru

3/(2M) in-
creases, and the extended potential displayed in Figure 2 will
either grow or drop below the solid curve, depending on the
initial orientation of the IMF. Remind that, according to
equation (3), b is half the ratio between the IMF intensity
and that of the Earth dipole at ρ = 1 in the equatorial plane.
Now, when the IMF changes from a northward to a south-

ward orientation, V(ρ, z) switches rapidly from one of the
(upper) dotted curves for which b > 0, to a (lower) dashed
curve for which b < 0, . . . and vice versa when the IMF turns
back northward. Therefore, at each southward turning of the
IMF, a certain fraction of trapped radiation, belt particles can
escape from the geomagnetic field provided their KE exceeds
the maximum of V(ρ, z).
The smaller the value ofM, the lower is the energy thresh-

old of radiation belt particles, which can escape from the
paleomagnetosphere. Extremely negative values of b are
more frequently obtained when M is much smaller than its
present-day value.
For sufficient small value ofM, the value of b can become

more frequently smaller than the critical value bT =
�0.148148, when the IMF fluctuates as usual. The Thalwegs
of trapped radiation belt particles will then break open more
often into two separate branches interconnecting the inner
region of the geomagnetic field with the IMF. When such
extreme situations occur, trapped radiation belt particles of
lower energies and rigidities can escape along these open

Figure 3. Extended Störmer potential, V(ρ, z) for a large (negative)
southward IMF: b =�0.21, ( i.e.,F =�13.4 nTwhen ru = 10 RE). The
neutral or X line is then at the equatorial distance ρX = 1/(�2b)1/3=
1.33 in units ru. In this case, the Thalweg is formed of two semi-
infinite branches extending to infinity along two interconnected mag-
netic field lines. Along these open Thalweg segments (not drawn),
interplanetary particles of all energies can enter and penetrate deep
into the geomagnetic field. From Lemaire [2003].
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Thalweg segments. They are lost to interplanetary space
more frequently. Note that on such IMF polarity changes,
solar wind particles might also more easily rain into the inner
magnetosphere over the polar caps.
Not to say, of course, that our simplified scenario deliber-

ately ignores additional effects that solar wind-induced elec-
tric fields and time-dependent magnetic fields will impose in
the magnetopause and magnetosheath regions on escaping
magnetospheric particles of a few tens of keVor less.
Anyway, all this implies that the trapping lifetime and the

residual flux of energetic radiation belt particles must be
dramatically perturbed and reduced at epochs of geomagnetic
polarity transitions, . . . at least much more than nowadays.
Similar conclusions had already been obtained by Zieger et
al. [2004] and Vogt et al. [2007] from their detailed trajectory
calculations in paleomagnetospheric models. See also the
review by Glassmeier and Vogt [2010].
Note that after a geomagnetic field reversal, when M has

eventually recovered the same magnitude, but of opposite
sign, the unit length (ru), the geomagnetic cutoff latitude, and
Thalweg latitude (λG and λT) recover the same values as
before the geomagnetic field polarity transition. Note that in
the caption of Figure 2, the orientation of the IMF must be
changed, however. Interplanetary particles will then have
easier access to the inner magnetosphere for northward IMF
orientation, instead of the southward one as happens to be the
case today. Furthermore, storm time ring currents will then
build up when the IMF is turning northward instead of
southward as nowadays.

5. ENERGY SPECTRUM OF RADIATION BELT
PARTICLES DURING GEOMAGNETIC REVERSAL

Based on this scenario, we can now infer what happens
when the dipole field weakens and reverses as assumed
above. Trapped protons are characterized by their KE and
their rigidity, BrL, which is equal to po/Ze. For GCR or
radiation belt particle of given rigidity, the gyroradius, rL,
must increase whenM(t) and B(r, t) decrease. This causes the
proton to intersect the higher-density portions of the atmo-
sphere at lower altitudes and lower latitudes. As a matter of
consequence, this causes an enhanced loss of energy and
momentum of the trapped particles and constitutes, therefore,
an additional mechanism, which limits the lifetimes of radi-
ation belt particles, as first pointed out and modeled by
Griem and Singer [1955]. See also the review by Singer and
Lenchek [1962].
On the outer edge of the proton belt, rL increases until it

becomes of the order of the Earth’s radius, at which point
adiabatic invariance breaks down [Singer, 1959a, 1959b].
According to Lemaire [1962, 1963], the equatorial plane is,

indeed, the most efficient place to violate the conservation of
the first and second adiabatic invariants of particles of a
given electric charge, mass, and KE. This implies that
charged particles with equatorial pitch angles close to 90°
are more prone to become untrapped than those mirroring at
higher latitudes [Lemaire, 1962, 1963]. Note in Figures 1 and
3 that it is precisely close to the equatorial plane where the
inner and outer allowed zones of Störmer are interconnected,
that particles are able to spill out of the inner magnetosphere,
nowhere else.
Of course, Alfvén’s perturbation theory can also break

down as a consequence of rapid time variations of the B
field, for instance, due to the effect of hydromagnetic waves
as originally discussed by Dragt [1961]. Resonant wave-
particle interactions with magnetospheric ULF and whistler
waves have such nonadiabatic effects on the trapped radia-
tion belt particles as continuously proposed (see for instance
the work of Horne et al. [2005], and references therein).
Whether these nonadiabatic processes are able to fully

account for the rapid “nonadiabatic acceleration and losses”
observed with Explorer 15 and reported by McIlwain [1963,
1996] remains to be proven and will demand additional
independent investigations.
Anyway, from the discussion above, we conclude that

during the geomagnetic field reversal, the highest energy
protons will be lost first. The energy spectrum of trapped
proton gradually steepens, as pointed in a review by Glass-
meier and Vogt [2010].
As demonstrated by radiation belt measurements of

McIlwain [1963, 1996] and others, the radiation belt particle
population never reaches a stationary equilibrium spectrum.
This is due to the endless variations of the IMF and the
continuous pitch angle scattering of trapped particles by
their nonresonant wave-particle interactions with magneto-
spheric ULF and whistler waves. The smaller the paleomag-
netic dipole moment, (1) the larger will be the variations of
particle fluxes remaining trapped, (2) the lower will be their
maximum energy threshold, and (3) the softer will be their
average energy spectrum.
When the geomagnetic field eventually recovers but with a

reversed polarity, the reverse scenario takes place: average
energy spectrum gradually flattens and becomes harder,
maximum energy threshold for which radiation belt particles
remain trapped is gradually increasing.
We hope that the present reconsideration of Störmer’s the-

ory will be useful from a historical perspective and will inspire
younger researchers who may not have been exposed to
Störmer’s seminal theory. We expect that our extension of
this theory, by adding a simple uniform IMF to Störmer’s
dipole B field model, has given some insight into the not yet
fully exploited potentialities of this approach in investigations
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on the role of (1) southward/northward turning of the IMF,
and (2) of geomagnetic field reversals on the energy spec-
trum of radiation belt particles, and on the geomagnetic
cutoff of GCRs, or (3) on the formation of ring current,
and (4) on the generation of McIlwain’s [1974] substorm
injection boundaries in today’s magnetosphere as well as in
paleomagnetospheres.
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What the Satellite Design Community Needs
From the Radiation Belt Science Community

T. P. O’Brien, J. E. Mazur, and T. B. Guild

The Aerospace Corporation, El Segundo, California, USA

The satellite design community depends on the radiation belt science community
for knowledge of the radiation environment in which satellites will operate. We
provide an up-to-date discussion of the current needs of the satellite design
community and how those needs can be met by specific developments in radiation
belt science. Generally, the satellite design community needs worst-case and mean
radiation environment specifications. Providing those specifications touches on
many areas of radiation belt science research. We recommend several changes to
common practice in the science community that can increase the benefit that
science provides to the satellite designers. The recommended changes fall in the
areas of instrumentation, data presentation, global simulations, theoretical worst
cases, and geophysical coordinates. In most cases, the changes we recommend are
minor extensions to common practice.

1. INTRODUCTION

The links between the community of radiation belt re-
searchers and the organizations that acquire and design sat-
ellite systems may not be obvious to either endeavor. There
was a time when major satellite contractors had their own in-
house radiation belt research staff, to which they looked for
guidance in vehicle design and operations. This is no longer
the case, and in many aspects, both communities have
evolved away from each other. What we advocate is not a
return to prior ways of doing business but, instead, a greater
awareness in the scientific community of which aspects of
the fast-paced developments in radiation belt research can be
useful to satellite designers. With just a few, often minor,
modifications, advanced scientific research results and ap-
proaches can yield huge benefits to both communities.
Satellite designers typically design and test a spacecraft

and its subsystems to be “all weather.” That is, they design

the satellite to perform adequately in all likely space envi-
ronmental conditions. They do not typically design a system
with known space environment susceptibilities, so that it
depends operationally on space weather nowcasts and fore-
casts. Thus, at the highest level, the satellite design commu-
nity needs, from the radiation belt science community, a
specification of the mean and worst-case radiation environ-
ments, especially those that cause total dose, internal charg-
ing, and single-event effects, tailored to each individual
mission orbit. Because a satellite design inherently involves
trading various risks against each other and against budget,
mass, and schedule constraints, a satellite designer needs
indications of how likely the actual environment encountered
on orbit is to exceed a selected design environment. Thus,
radiation environment specifications must carry indications
of uncertainty and probability of occurrence.
The above high level needs flow into a set of lower-level

objectives that can sometimes be met by the scientific com-
munity with only slight changes to common practice. In
other cases, where the change in practice imposes significant
effort or cost, this document will provide some justification
for the additional investment. The changes to common prac-
tice fall in the areas of instrumentation, data presentation,
global simulations, theoretical worst cases, and geophysical
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coordinates. We will review recommendations in each of
these areas after a brief introduction to the space radiation
environment hazards a satellite designer must consider and
how that information feeds into the design and test of a
vehicle or subsystem.
First, we begin with an enumeration of the hazards. Table 1

provides a list of space radiation environment hazards that
must be considered in the design of a satellite or subsystem.
Not all of the hazards apply to all orbits, and not all of the
hazards are solely associated with the radiation belts. Still,
radiation belt science has much to contribute to the satellite
design specifications addressing these hazards. Figure 1
shows an example of how environmental specifications can
inform the development of a satellite mission from concept to
on-orbit success (for a thorough exposition, see the work of
Ladbury [2007]). Initially, dose depth curves and worst-case
linear energy transfer specifications can inform the concept
development to enhance mission duration and reduce single-
event effects risk through orbit selection, technology develop-
ment, prototyping, and preliminary testing. Once the mission
concept is firmly established, system environment specifica-
tions contribute to the overall design. The environment spec-
ification includes mission fluences and worst cases such as
those in Table 1. These specifications are typically “flowed
down” into derived subsystem requirements that influence
subsystem and part selection. Such requirements might spec-
ify minimum box shielding to limit radiation effects, resistiv-
ity requirements to reduce the risk of charging, and baseline
specifications for electrical, electronic, and electromechanical
parts. When those subsystem specifications cannot be directly
met, various mitigation strategies are employed, often using a
more detailed approach to the environment specification. For
example, spot shielding is often tailored using detailed ray
tracing calculations exploiting the actual shielding mass pro-
vided by other components in the box and other structures on
the vehicle. Once the design is fabricated and assembled,
environmental specifications can even be used to determine
what subsystem- and system-level testing is required (such as
electrostatic discharge testing).

There are three main mechanisms for radiation belt science
to feed into satellite designs: direct use of sensor data from
prior missions in the same orbit as future missions (e.g., for
geostationary orbit, see the work of Sicard-Piet et al. [2008],
or for navigation orbits, see the work of Bourdarie et al.
[2009b]), global or regional statistical climatology models
derived from single or multiple missions [Sawyer and Vette,
1976; Vette, 1991; Gussenhoven et al., 1993; Brautigam and
Bell, 1995], and long-term data assimilative model runs, also
known as reanalysis climatology [e.g., Bourdarie et al.,
2009a]. While it is a niche area to perform these knowledge
transition activities, the capability to do that economically
depends on cooperation from, and sometimes investment by,
the larger radiation belt science community.

2. INSTRUMENTATION AND DATA PRESENTATION

Many radiation belt particle sensors suffer from penetrat-
ing backgrounds [e.g., Gussenhoven et al., 1993]. This leads
to the unfortunate situation that even if a vehicle carrying
relevant particle sensors has already flown in a specific orbit
of interest, sensor backgrounds make the data unusable for
developing a whole-orbit radiation specification. Thus,
whenever practical, particle sensors should be designed to
be able to make robust measurements throughout the orbit of
the host vehicle [see, e.g., Vampola, 1998]. This will enable
straightforward use and interpretation of those data for future
satellites designed for that orbit. Further, it will alleviate a
problem that has long plagued efforts to develop new radia-
tion environment specifications: systematic spatial holes in
our knowledge of the particle environment. These holes have
persisted for over 50 years of space exploration, in spite of
continued collection of data in specific orbits.
Open data policies have led to wide release of many space

radiation data sets. However, the best practices for supporting
data (metadata) are still developing. It is well known that space
particle data sets often disagree with each other regarding both
the long-term statistical properties of the radiation environment
and sometimes even regarding the flux intensity or energy

Table 1. Environmental Hazards Affecting Spacecrafta

Environmental Hazard Particle Population Specification Type

Total ionizing dose (shielded) >100 keV H+, e� mission average
Single-event effects >10 MeV amu�1 H+, ions worst case
Displacement damage >10 MeV H+, Secondary neutrons mission average
Nuclear activation >50 MeV H+, Secondary neutrons both
Internal charging 100 keV to 10 MeV e� worst case
Surface charging 0.01–100 keV e� worst case
Surface dose (unshielded) 0.5–100 keV e�, H+, O+ mission average

aAfter O’Brien et al., [2007b]. Reprinted with permission of The Aerospace Corporation.
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spectrum at specific times and locations. These disagreements
must be managed as uncertainty or risk when the data flow
directly or indirectly into satellite design specifications. There-
fore, in order for a data set to be most useful for satellite
design, whether being used directly in the same orbit as a
future mission, being ingested into a larger climatological
model, or being incorporated in a data assimilative climatology
simulation, it must be accompanied by information about data
errors. Friedel et al. [2005] described a systematic approach to
estimating and, thereby, removing the systematic errors in
data sets. Following that approach, version 1.1 of the Com-
mittee on Space Research (COSPAR) Panel on Radiation Belt
Models (PRBEM) standard flux file format (http://irbem.svn.
sourceforge.net/viewvc/irbem/docs/) included a data field to
store daily cross-calibration factors for every particle flux
variable stored in the file and another data field to store quality
flags. An updated version of the standard (v1.2) also includes a
field in which to store an indicator of the random or residual
error resulting from cross calibration. Specifically, the
PRBEM standard recommends the RMS residual error in the
natural log of the fluxes. For small errors, this quantity is
approximately the random component of the relative error in
the fluxes (i.e., a value of 0.1 indicates a 10% random error).
Figure 2 shows an example of using solar proton events to

intercalibrate a proton sensor in a highly elliptical orbit (HEO

Figure 1. An example diagram of how environmental specifications inform the process from satellite mission concept to
final success.

Figure 2. Cross-calibration between a HEO3/P7, a >27 MeV chan-
nel, and GOES protons (multiple vehicles) during a set of solar
particle events reveals that the calculated geometric factor (G0) is
about a factor of 3 too large (compare to GXcal).
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or 12 h Molniya) orbit with a reference proton sensor flying
on NOAA’s GOES vehicles in geostationary orbit (Guild
et al. [2012] describe this process in more detail). During
solar proton events, a HEO vehicle at apogee measures
essentially the same energetic proton environment as a vehi-
cle at geostationary orbit. Over a series of solar particle
events, a scatter plot of the HEO sensor count rate versus
the GOES sensor flux reveals the systematic and random
errors. Using the GOES sensor as a reference, one can then
compute a new geometric factor (GXcal) for HEO3/P7, which
incorporates the systematic errors, as well as an RMS resid-
ual loge flux (in this case 0.25 or a 25% relative error). The
systematic error arises from simplifications and assumptions
about the silicon target inside the sensor. The spread of the
residuals in the log-log plot is not a strong function of
particle flux, making a single relative error statistic an ade-
quate description of the random error distribution. A more
sophisticated treatment is possible, but it requires more in-
formation about the sensor.
Particle sensor data is typically published as particle

fluxes as a function of energy and/or pitch angle. These
fluxes are typically obtained by means of simple flux con-
version factors (such as G above) or by means of inversion
methods (for examples of both, see the work of Selesnick
and Blake [2000]). For incorporation in data assimilative
simulations and statistical climatology models, it is often
necessary to use a more primitive version of the data,
namely, the observed counts accompanied by a description
of the sensor response as a function of energy, angle, and
even species. Thus, provision of low-level sensor data and
tabulated or parameterized response functions can enable
better and broader use of space particle measurements.
The COSPAR PRBEM has drafted standard formats for
count rate files and sensor response files (http://irbem.svn.
sourceforge.net/viewvc/irbem/docs/). These standards should
simplify the process of adding new data sources into data
assimilative global simulations.

3. GLOBAL SIMULATIONS

Global simulation models of the radiation belts offer two
benefits to the satellite design community. The first is in the
form of reanalysis climatology, by which we mean long-term
data assimilative simulations that provide the best estimate of
the time-dependent global or regional radiation belt state
over several years, ideally, more than a solar cycle. These
simulations provide satellite designers with a realistic long-
term radiation environment, with real geomagnetic storms
and other associated dynamic phenomena, with real intraan-
nual and interannual variations that are difficult to capture in
a purely statistical climatology.

For the outer zone, one such reanalysis [Bourdarie et al.,
2009a] has already been used to develop yearly averaged
global states for the electron contribution to total dose. Cli-
matologies at higher time resolution could similarly be used
to develop worst-case specifications for internal charging or
single-event effects. Further, reanalysis climatologies can
provide information about spatial and spatiotemporal corre-
lations of radiation belt fluxes that are needed to generate
surrogate time series of the global environmental evolution
[see, e.g., O’Brien, 2005].
Finally, global simulations, whether data assimilative or not,

offer a means of specifying the typical shapes of the radiation
belts, which can, in turn, be used to “fill in” holes in the flux
maps obtained by binning in situ sensor data. These flux maps
are at the heart of statistical models, and filling in the holes is a
tremendous challenge that could benefit significantly from the
physical insights provided by global simulations.

4. WORST CASES

Specification of extreme environments can sometimes be
provided via statistical analysis for certain data-rich problems
[Xapsos et al., 1998, 1999; Koons, 2001; O’Brien et al.,
2007a]. However, other problems require the physical insight
found in the radiation belt science community. A famous
example of an extreme environment specification developed
from physical insight is the Kennel-Petschek limit [Kennel
and Petschek, 1966]. This limit specifies the most intense
stably trapped fluxes one should expect to encounter in the
radiation belts. Unfortunately, it does not appear to apply to
the higher energies typically required for satellite design.
Another approach [e.g., Shprits et al., 2011] is to run an

established physics-based simulation under conditions of
extreme driving. This latter approach has merit, but the
results must be presented carefully: it is important to recog-
nize that a possible extreme environment may not be forbid-
den by the laws of physics, but that it may yet be excluded
from consideration during satellite design by the laws of
probability. Only extreme environments that are sufficiently
well known and sufficiently inevitable over the lifetime of a
satellite mission will be accounted for by prudent satellite
designers. An extreme environment that is theoretically pos-
sible, but with unknown likelihood, will often be rejected by
prudent mission designers if it leads to any significant cost or
performance impacts to the mission.
On the other hand, a physics- or statistics-based upper limit

that only slightly exceeds a worst observed case can be used by
a mission designer to make a relatively small design change to
dramatically decrease mission risk from the specified hazard.
For example, had the worst-case environments provided in the
work of O’Brien et al. [2007a] been factors of 10 higher than
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the worst observed case, they would have been of little use to
satellite designers; as it happened, the statistically derived
limits were only slightly higher than the highest observations,
leading some missions to adopt them as design specifications.
When physical and statistical analysis provide no indications
of usable finite limits or likely worst-case environments, sat-
ellite designers must fall back on a probabilistic approach to
acceptable risk, such as designing to a 95th percentile worst-
case environment for a given mission duration.

5. GEOPHYSICAL COORDINATES

In those cases, when radiation belt knowledge is to be
utilized in an arbitrary Earth orbit, some set of geophysical
coordinates is necessary to organize the observations and/or
simulation results. Typically, simulations and data are orga-
nized in an adiabatic coordinate system that relies on calculated
drift, bounce, and cyclotron invariants. Such systems reason-
ably form the basis for the “fly through” tools used to provide
average and worst-case environment specifications to satellite
designers by projecting the model environment from model
coordinates onto a spacecraft orbit trajectory and performing
any necessary integrals over energy, angle, or time. However,
several issues must be addressed carefully in order to have a
practical and accurate tool using these types of coordinates.
First, the computation speed must be fast. Determination

of the drift invariant is very computer intensive and cannot
be done practically in an interactive software tool. However,
it is possible to reduce the apparent processing time by
precomputing the results of drift shell tracing for the entire
radiation belt domain and, then, representing those results in
some kind of analytical or tabular form. The International
Radiation Belt Models library (irbem.sourceforge.net) in-
cludes a polynomial expansion for a quiet field model, and
Koller et al. [2009] and Koller and Zaharia [2011] have used
a neural network for an active field model. These fast L*
(drift invariant) calculations are approximately 1 million
times faster than drift shell tracing, making them suitable for
use in an interactive software tool.
The next problem is how to define the boundaries of the

model domain. The outer boundary of the radiation belts is
often assumed to be the magnetopause. However, it may, in
fact, be interior to the magnetopause in the region where
bifurcated drift orbits lead to a complex quasitrapped behavior
[see, e.g., Ukhorskiy et al., 2011]. In this boundary region,
adiabatic invariants are likely not appropriate coordinates, but
we know of no appropriate coordinate system that has been
developed. Conversely, at low altitude, near the loss cone, the
interaction with the atmosphere dominates the spatial gradi-
ents. For particles mirroring below about 600 km anywhere on
their drift orbit, an atmosphere-referenced quasi-invariant sys-

tem is often more appropriate than a truly adiabatic invariant
system [see, e.g., Heynderickx and Lemaire, 1996; Cabrera
and Lemaire, 2007]. Further, for electrons, there is significant
quasitrapped flux in the drift loss cone (i.e., on trajectories that
will eventually intersect the atmosphere in the South Atlantic
Anomaly). Thus, again the traditional three adiabatic invar-
iants are inadequate: a drift phase coordinate is needed.
Finally, the satellite designer is looking 5–20 years into the

future, but the geophysical models needed to produce geophys-
ical coordinates are typically focused on the present and past.
The widely used International Geophysical Reference Field
(IGRF) model [Finlay et al., 2010] specifies a secular variation
of the Earth’s internal magnetic field that can be extrapolated
only 5 years into the future. There is no specification on how to
extrapolate the IGRF coefficients farther into the future, and it is
unknown how different extrapolation approaches will affect the
relevance of the derived geophysical coordinates. For external
magnetic field models, the problem is even more significant:
external field models require geomagnetic indices (Kp,Dst) and
solar wind parameters [e.g., Tsyganenko and Sitnov, 2005].
Similarly, atmospheric models typically require F10.7 and/or
Ap index inputs [e.g., Picone et al., 2002]. For external field
models and atmosphere models, some kind of surrogate model
is needed for each of the required inputs. For example, Xapsos
et al. [2002] developed a confidence level approach to surrogate
time series of F10.7 for driving a low-altitude trapped proton
model. While these types of surrogate models may not, them-
selves, produce significant physical insight, they require phys-
ical insight as a starting point and are a mechanism for
transferring that insight to the satellite designers who can trans-
late it into improved satellite performance, cost, or longevity.

6. CONCLUSIONS

We have outlined a series of needs and recommendations
that will facilitate transfer of hard-won advances in our
understanding of the radiation belts to the satellite design
community that depends on radiation belt science for im-
provements in radiation environment specifications. While
the investments required to implement all of these recom-
mendations may not be possible at present, most of the
recommendations are simple changes to, or extensions of,
common practice in the science community. By engaging the
broader radiation belt science community to improve the
quality and quantity of knowledge transfer to the satellite
designers, we hope to ensure that society gets the greatest
possible return for its investment in radiation belt research.
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We examined the energetic electron responses to storms with Dst ≤ �75 nT that
occurred in the 1998–2008 period deep in the inner magnetosphere 2 ≤ L ≤ 4 using
HEO3 data. These observations cover the peak of solar cycle 23. We show that the
observed poststorm >1.5 MeVelectron flux decay rates for L ~ 3 had multiple time
scales. Early in the recovery phase, the distribution of e-folding decay time scales
had two peaks near 6 and 14 days, while late recovery decay rates had a peak near
20 days. Examination of the times from Dst minimum to the peak of enhanced
electron fluxes at L ~ 3 showed that seed population electrons (>230 keV) had a
mean e-folding rise time of ~0.9 days, while for relativistic electrons (>1.5 MeV), it
was ~3.3 days. Examination of the poststorm electron flux responses in the 2.5 < L
< 4 showed that (1) there were essentially no poststorm electron flux decreases
observed in the slot region and that occurrence of flux increases rose with decreas-
ing Dst, (2) poststorm electron fluxes at L = 3 showed decreases only for events
with minimum Dst > �175, and (3) at L = 4 statistics of events that caused flux
increases versus no change or flux decreases approached those of earlier results.

1. INTRODUCTION

Fennell et al. [2005] used HEO3 observations to examine the
storm responses of electron fluxes taken at low and high
altitudes over the same L range. They found that the ratio of
fluxes at high B values (small pitch angles) to those taken at low
B values (large pitch angles) by the same instruments remained

relatively constant on time scale of a day or so over a wide
range of L values. Later, Fennell and Roeder [2010] examined
the electron response to a set of storms that occurred in July
2004. They found that the two smallest storms did not cause
relativistic electron enhancements for L < 6.5 but did cause
enhancements in the electron “source” populations at >130 and
>230 keV down to L ~ 3, while the largest events caused
electron enhancements at all energies down to L ~ 2.5. They
observed that “seed population” electrons, which are expected
to be the source population that wave-particle interactions
accelerate to MeV energies, were injected deep into the inner
magnetosphere during all the storms but that their presence did
not always lead to subsequent MeVelectron enhancements for
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the smaller events (as measured by Dst). In addition, they did a
preliminary examination of the decays of poststorm-enhanced
electron fluxes at L = 3. Here we expand the earlier studies to
include all storms in the 1998–2008 periods that corresponds to
most of solar cycle 23. In addition, we examined whether the
storms caused flux enhancements, no flux change, or net flux
loss over the range 2.75 ≤ L ≤ 4 for >230 keV, >500 keV,
>1.5MeV, and >3MeVelectrons. In addition, we examined the
time to peak flux from Dst minimum for those events that
caused flux enhancements at L = 3. For this paper, we used the
Olson and Pfitzer [1974] quiet field model to calculate L values.
Using this static model means that the data is essentially
sampled in the same regions of geographic space on a daily
basis, given the HEO3 orbit described below.

2. INSTRUMENTATION AND DATA

This study uses data taken during the 1998–2008 period by
a high Earth orbiting, HEO3, satellite in a ~1.15 � 7.2 RE

orbit inclined at ~63° with a ~12 h period. HEO3 covered a
wide range of L values at both low to high altitudes. For this
study, we only used data taken at altitudes ≥1.75 RE geocen-
tric (see Figure 1). Since the HEO orbit has a 12 h period, the
geographic spatial positions sampled repeat on a daily basis
generating four traversals in B-L space as shown in Figure 1.
The electron data were obtained using integral energy

electron sensors that measured electrons with energies
>0.23, >0.45, >0.6, >1.5, and >3 MeV. The three highest
energy sensors make omnidirectional flux measurements.
The >0.23 MeV electron data are from a proton-electron
telescope with a ~15° conical field of view. The >0.45 MeV
data is taken by a short “telescope” with a 5 mil Al foil over

the detector to set its electron and proton thresholds [Blake et
al., 1997]. At times, we emphasize the results from the
>1.5 MeV electrons since most results in the literature,
concerning electron acceleration and transport in the inner
magnetosphere, have emphasized the response of MeV elec-
trons. However, we add in results from the lower energies,
such as the >230 keV “seed” population electrons, often dis-
cussed in the literature, and the >0.45 and >0.6 MeVelectrons,
which show differences in their storm time responses from
both the seed and MeV electrons.

3. OBSERVATIONS

3.1. Overview of Electron Responses During Solar Cycle 23

First, to set the stage, we show an overview of the 1998–
2011 period using the HEO3 >1.5 MeV electron fluxes in
Figure 2, displayed as an L versus time spectrogram. These
data were taken from the higher altitude (lower B value)
regions of the orbit shown in Figure 1. The top panel in
Figure 2 shows the electron flux history over the 1.75 ≤ L ≤
7 range. The gray bars indicate where no data was available.
The bottom panels in Figure 2 show 24 h running averages of
Dst (middle) and the estimated plasma pause position, Lpp
(bottom) [after O’Brien and Moldwin, 2003], respectively.
There were multiple events where electron enhancements
occurred in conjunction with storm time Dst depressions and
Lpp reductions. Many of these electron enhancements pen-
etrated deep into the slot region, and most were observed to
occur at L = 4 and below. As the solar cycle progressed to
solar minimum, the occurrence of electron enhancements at
L ≤ 3 was reduced, and the electron slot region widened and
extended to larger L. Finally, in late 2008 through early 2010,
the >1.5 MeVelectron fluxes were reduced to extremely low
levels throughout the whole outer zone.
The apparent >1.5 MeV fluxes, below the slot penetrations,

extending down to L = 1.75 were contamination of the elec-
tron channel by energetic trapped protons at the outer edge of
the inner zone and entrapped solar protons that penetrate into
the slot region and diffuse inward. The contributions to low L
trapped protons by Cosmic Ray Albedo Neutron Decay
(CRAND) sourced protons and entrapped solar particles have
been discussed in detail by Selesnick et al. [2007] where he
showed the expected variability in the L = 2 trapped proton
fluxes (his Figure 15) and relative contribution of solar and
CRAND sourced protons (his Figure 19) as a function of L.
These will not be discussed further here.
Figure 3 is a series of line plots (upper part of each panel)

that more clearly show the >1.5 MeV electron enhancement
magnitudes and decay profiles than can be inferred from
Figure 2 because of the limitations of the color scale. Each

Figure 1. HEO orbit in B-L space. All data for study were taken
where B < 0.04 gauss.
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panel is for a constant L value. The plots clearly show the
order(s) of magnitude flux enhancements that occurred start-
ing from the slot region (L = 2.75) out to L = 4. However,
even this display does not allow for a detailed view of the
flux decays because of the compressed time scale. (We select
one storm interval for detailed examination in Figure 6
below.) Intercomparison of the panels in Figure 3 shows that
there were differences in the electron enhancements among
the different L values. One thing that is clear is that there was
a reduction in the number of electron enhancements with
decreasing L values. Also, we note that the lowest L values

often did not show dramatic flux drops (short duration down-
ward “spikes” in the fluxes) prior to the poststorm enhance-
ments. This will be discussed further below.
Figure 4 shows a spectrogram of the >230 keV electron

fluxes in the top panel and the 24 h running average of Dst in
the bottom panel. The electrons in Figure 4 are discussed in
the literature as the seed population [e.g., Baker et al., 1997;
Meredith et al., 2002]. These >230 keV electrons responded
readily to magnetic disturbances and were often found to be
enhanced at low L and in the electron slot regions in response
to magnetic storms. Note that even during the solar minimum

Figure 2. (top) HEO3 >1.5 MeV electron spectrogram covering the period 1998 through early 2011, (middle) plus 24 h
running averages of Dst, and (bottom) the estimated plasmapause position Lpp.
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period, there were enhancements of these fluxes in the slot
region in response to moderate magnetic activity. This in-
dicates that significant fluxes of these seed electrons are
generally present over a wide range of L values, including
the slot region, whenever there is magnetic activity, and as
we show below, the enhancements of these fluxes to their
peak values generally lead the enhancements of the MeV
fluxes to their peak values by many hours to days. However,
the presence of the enhanced seed population does not guar-
antee that MeV fluxes will be enhanced also, especially in the
slot region.
Below, we limit the discussion to electron observations at

L ≤ 4 and to the time period 1998–2008 where most of the
electron enhancements occurred. That is, we limit the pre-
sentation to the regions that are generally inside the plasma-
sphere during quiet periods. This provides a look at the
regions where the storm time electron fluxes often peak

following moderate to large storms [Obrien et al., 2003;
Tverskaya et al., 2003] and a view of the slot region re-
sponses. Figure 5 provides an overview of the activity levels
experienced during the analysis period. It displays, in histo-
gram form, the distribution of minimum Dst (top panel), the
distribution of minimum estimated Lpp (middle), and the
distribution of maximum Kp that occurred during the storms
studied for reference. No storms with Dst ≥ �70 nT were
used in this study. Most of the storms had minimum Dst of
�75 to �150 nT. The majority of the storms had estimated
Lpp ≥ 2.9. The magnetic activity, as indicated by the Kp, had
maximum Kp ≥ 4+ with the majority having Kp > 6.

3.2. Electron Decays at L = 3

At the low L values, where storm main phase flux dropouts
are relatively rare, the postenhancement losses are thought to

Figure 4. (top) HEO3 > 230 keV electron spectrogram and (bottom) Dst for the 2008 through early 2011 interval.
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be controlled by coulomb losses (dE/dx losses) and pitch
angle scattering of the electrons by interactions with the
plasmaspheric hiss and lightning-generated waves [Lyons
et al., 1972; Lyons and Thorne, 1973; Meredith et al.,
2007]. As Figure 2 (bottom panel) shows, the estimated
plasmasphere boundary reached L ≤ 3 in response to large

storms (as defined by Dst) and then only during the main and
early recovery phases. Thus, we expect the loss rates at L ≤ 3
to be mostly consistent with the wave particle interactions
mentioned. With this in mind, we examined the electron
decay rates at L = 3 to see how they may relate to the near
constancy of the low-/high-altitude flux ratios noted by Fen-
nell et al. [2005] and to expectations of plasmaspheric wave-
particle–induced losses.
Figure 6 sets the stage for this part of the study. It shows

the electron flux rise and subsequent decay following the
May 1998 magnetic storm for three different energies. This
storm had a minimum Dst of �205 nT. Figure 6 also shows
where Solar Anomalous Magnetospheric Particle Explorer
(SAMPEX) observed precipitation microbursts [Lorentzen
et al., 2001a, 2001b] and the L range over which they were
observed during the ~80 day interval. The microbursts were
intense and occurred primarily just before and during the
poststorm flux increases at all energies [Fennell et al., 2005].
An exponential fit to the flux decay was done for the

energies shown in Figure 6. However, the Ee > 0.6 and
>1.5 MeV data could not be fit with a single e-folding value

Figure 6. Electron flux rise and poststorm decay history for the May
1998 storm. (top) The electron response at 0.6, 1.5, and 3 MeV,
respectively. (bottom) The L and time position of the electron
microbursts observed by SAMPEX.

Figure 5. Distribution of (top) minimum Dst and (middle) Lpp plus
(bottom) maximum Kp for the storms that occurred in the 1998–
2008 interval.
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over the full period shown so the period beyond day 40
(9 June 1998) was fit separately. The exponential fit to the
flux decay obtained early in the recovery phase of the storm
is indicated by the blue line, and the late decay fit is shown
by the red line. This change in the decay rate late in the decay
period is a common feature in the HEO3 data. Figure 6
represents the way L = 3 electron decay data was gathered
for the >1.5 MeV electron fluxes for events that occurred
between 1 January 1998 and 1 January 2008. The intervals
from a few days after the storm electron flux enhancements
peaked to the next event were piecewise fit to represent the
decay history like that shown in Figure 6.
Using the fits to the electron flux decays, described above

and in the work of Fennell et al. [2005], we organized the
decay times obtained into two groups, early time or initial
decays, taken during the early recovery phase of the storms,
and late decays, determined tens of days into the storm
recovery. This was done for all storm time flux enhance-
ment events observed by the HEO3 spacecraft in the 1998–
2008 interval. The e-folding decay times at L = 3 derived
from the analysis are plotted in histogram form in Figure 7.
The set of e-folding times taken early in the postenhance-
ment flux decay phase clustered around two distinct peri-
ods: ~5–6 and ~12 days, as shown in the top panel of
Figure 7. The late decay intervals had e-folding times
peaked near ~22 days, as shown in the bottom panel of
Figure 7. The enhanced electron fluxes caused by the large
storms in May, September, October, and November 1998
(refer to Figures 2 and 3) had early e-folding decay periods
of 9.5–10.5 days, which is very similar to the results ob-
tained with SAMPEX by Baker et al. [1994] and consistent
with past theoretical modeling [Lyons and Thorne, 1973].
All the secondary or late decay intervals had decay periods
longer than the early decays and were more variable. These
contributed to the broad peak near ~22 days in the bottom
panel of Figure 7.

3.3. Electron Enhancements at Different L Values

The data in Figure 3 are plotted as line plots instead of in L
versus time spectrogram form so that differences from one L
value to the next clearly stand out. Figure 3 shows that the
electron fluxes were most variable at the larger L values
shown with sharp sudden flux drops for short intervals of
time. This variability was even greater for L > 4 (not shown).
The sharp flux drops corresponded with periods of magnetic
activity, in many cases, storm related.
At the lowest L values, one observed sudden electron flux

enhancements followed by decay. At L = 2.75, the flux
enhancements often rose out of the instrument background.
At L = 4, there was a series of flux enhancements, most of

which were preceded by sharp flux drops as noted above.
Generally, there was a strong association of the flux dropouts
and subsequent rapid increases with the appearance of the
microbursts [Fennell et al., 2005].
Only the strongest storms caused flux enhancements in the

electron slot region (2 < L < 3). Storms that caused slot
region fillings were also associated with strong erosion of

Figure 7. Histograms of e-folding decay times, in days, for the
poststorm data from the 1998–2008 interval at L = 3: (a) early decay
times and (b) late decay times. See text for definitions.
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the plasmasphere, as shown at the bottom of Figure 2 and,
for example, in the work of Baker et al. [2004] for the
“Hallowe’en” 2003 storm. Each time Dst was <�150 nT,
and the plasmapause was estimated to be below L = 3, the
electron fluxes in the slot showed an increase. This indicates
that erosion of the plasmapause to low L is one process that
occurs simultaneous with electrons being transported to or
accelerated at equally low L. However, it is not clear from
the observations in Figures 2 through 4 whether the erosion
of the plasmapause is a necessary condition for all low L
electron flux enhancements. Shock acceleration of the type
that occurred during the famous March 1991 event [Li et al.,
1993; Blake et al., 1992] may occur without plasmapause
erosion. However, the strong relationship between plasma-
pause erosion and low L electron enhancements is compel-
ling and needs to be examined in detail [Li et al., 2006]. The
direct plasmapause position using the Polar satellite’s frame
potential [Laakso et al., 2002] and IMAGE FUV [Goldstein
et al., 2003, 2005] measurements combined with HEO and
SAMPEX data could be used to perform such a study in the
future but are outside the scope of this report.

3.4. Electron Flux Rise Times at L = 3

One of the things of interest was the rate of poststorm flux
rises following storms that caused a flux increase. As noted
above, the flux rises generally occurred following a sudden
flux dropout during the storm main phase, except in the slot
region. Generally, the flux rises are said to take 2 to 3 days
following the flux dropout. However, such rise times have
not been carefully measured. One cannot determine the rise
times by examining figures like Figures 2 through 4 because
of the compressed display in time.
As noted above, the HEO observations provide four com-

plete traversals through the L values of interest each day. We
used the same data sets for the decay times in Figure 7 to
estimate the rise times for the flux increases. We set the
starting time for each determination to be the time of Dst
minimum and the ending time to be the time at which the flux
reached its peak value, prior to the onset of the flux decay. We
performed an e-folding fit to the flux versus time at constant L
for each flux increase in the data set at four different energies.
The results for L = 3 are shown in Figure 8 where each panel
shows the results for the energy indicated. A clear trend of the
rise times was observed with the rise times being shortest for
the low-energy electrons compared to the high-energy elec-
trons. The lowest-energy electrons also provided a tighter
distribution of rise times. The statistics for the individual
energies are given in each panel of Figure 8.
The relatively rapid rise times for the low-energy popula-

tion fluxes are necessary if this seed population is the source

Figure 8. Histograms of the distribution of time to peak flux of
electron enhancements at L = 3 relative to storm minimum Dst for
(a) >0.23, (b) >0.63, (c) >1.5, and (d) >3 MeV.
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for the higher-energy electrons that may be accelerated by
wave-particle interactions. The unanswered question is how
do these seed electrons reach L = 3 on time scales less than a
day? Could the hundreds of keV electrons be transported by
convection to the low L values? We should note that the rise
time obtained for the >0.23 MeV electrons is at the limit of
what can be measured using the HEO data.
The >0.63MeV flux rise times were substantially longer than

those of the >0.23MeV fluxes. The >1.5MeVrise times ranged
from ~1.6 to >6 days with a median of ~2.7 days. The >3 MeV
rise times were scattered over a wide range of times with a
mean and median of >6 days but no clear preferred values. In
many events, the >3 MeV flux was still rising when a second
event occurred that caused a flux drop and initiated a new flux
rise. Those events were deleted from the rise-time study.

3.5. Storm Time Electron Response

The storm recovery phase electron responses were exam-
ined for all the events. The poststorm fluxes were compared

to the prestorm fluxes to determine whether the fluxes in-
creased, decreased, or remained the same. For this compar-
ison, the poststorm flux was measured at its peak value
following the start of storm recovery as determined from
Dst. This was then compared to the preonset flux. Only
events that had a stable preonset flux level were used. The
ratio of the recovery phase peak flux to the preonset flux was
required to be ≥3 to be called an increase and ≤1/3 to be
called a decrease. Ratios with values of 1/3< ratio <3 were
taken as a “no response” indication. Not all the energies
showed the same responses at fixed L. There were indeed
cases where some of the energies showed an increase, while
others showed no response or a decrease. In general, the
lowest energies were more likely to show an increase than
the highest energies. The results of this comparison for the L
values 2.75, 3, 3.5, and 4 are shown in Figures 9, 10, 11, and
12, respectively.
In Figures 9 through 12, we show the results of the storm

time electron responses at four different energies (>0.23,
>0.63, >1.5, and >3 MeV) at four different L values (2.75,

Figure 9. Percentage of storms that caused flux increases (black), no flux increase (red), or flux decrease (blue) at L = 2.75
for >0.23, >0.63, >1.5, and >3 MeV.
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3, 3.5, and 4). At L = 2.75 (Figure 9), the flux response trend
was the same at the four electron energies examined. As the
storm minimum Dst decreased, the occurrence of flux in-
creases rose, while the occurrence of “no response” de-
creased. At this low L value, there was only one “flux
decrease” observed. The responses at L = 3 (Figure 10) were
similar to those at L = 2.75 except for the larger number of
flux decreases for smaller |Dst| and the reduced occurrence of
flux increases for large |Dst| at the highest energies. At L =
3.5 (Figure 11), the trend continued with greater occurrence
of “no response” and “flux decrease” especially at the larger
|Dst|. Finally, Figure 12 for L = 4 shows that the occurrence
of “flux increase,” “flux decrease,” and “no response” was
comparable to the results of Reeves et al. [2003] with roughly
40%–80% showing “flux increase,” while a few to 30%
show “no response” or a “flux decrease.” The trend of greater
relative occurrence of “flux increase” with decreasing energy

was also observed at L = 4. The occurrence of “flux de-
crease” was greatest for the larger |Dst|.

4. DISCUSSION

The flux decay times indicate that the combined transport
and loss process along the field lines match expectations for
wave-particle interaction models of the type discussed by
Lyons and Thorne [1973], Abel and Thorne [1998], Summers
et al. [2007], and Meredith et al. [2007]. The processes are
primarily ones of pitch angle transport, coulomb drag (energy
transport), and atmospheric losses. These are in competition
with radial transport inside the plasmasphere and radial trans-
port plus local acceleration via wave particle interactions
outside the plasmasphere. Inside the plasmasphere, we ex-
pected the recovery phase decay rates to be relatively constant
as long as there is no significant new activity. Thus, the late

Figure 10. Same as Figure 9 except for L = 3.
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decay rates shown in Figure 7 (bottom), which occur >10 days
into the recovery, should be representative of plasmaspheric
decays since these can only be observed if there are no new
storms during the long decay period, and the plasmasphere
should have recovered to L > 3 after 6–10 days.
The shortest early decays in Figure 7 (top) could have

occurred prior to and during the plasmasphere refilling.
Without detailed observed plasmapause position history, we
cannot be sure. (As noted above, detailed comparisons of
plasmasphere motion with electron flux decays may be pos-
sible for part of the study period, but was out of scope for this
study.) The difference between the shorter initial decay rates
and the longer ones in Figure 7 (top) could be a combination
of pitch angle scattering by electromagnetic ion cyclotron
and chorus when that L is outside the plasmasphere versus
when L = 3 is inside the plasmasphere [O’Brien et al., 2008].
However, the plasmapause boundary recovers relatively rap-

idly to higher L values compared to the slow decay time scale
indicated by the ~12 day peak in the top panel of Figure 7.
The early and intermediate decay rates, represented in the top
panel of Figure 7, may be caused by evolution of wave mode
Eigen values and also different average magnetic activity and
hiss production for those events.
The late decay period has not been examined previously

and presents a new perspective on how electron decay pro-
ceeds. Previous studies have only considered the initial
decay or used only a single e-folding time constant to repre-
sent the whole decay interval. The long decay times shown in
the bottom panel of Figure 7 may also represent an evolution
of wave mode Eigen values. While fits can be done to extract
these late decay characteristic times, it is more likely that
there is a smooth progression from the early faster decay
times to the slower later ones. In fact, there is a hint of this
in the top two panels of Figure 6. A next step would be to try

Figure 11. Same as Figure 9 except for L = 3.5.
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to tease out this progression since it would be helpful for
defining how to model the wave-particle interactions respon-
sible for the resulting full decay time history.
The flux rise times at L = 3 show what we had generally

expected. That is, the lowest-energy fluxes rose the fastest,
while the highest energies rose significantly more slowly. We
should also point out that the lower-energy fluxes (i.e., seed
particles) would already be decaying, while the high-energy
fluxes were rising. The >1.5 and >3 MeV flux rises take days
and, in many cases, are still rising well into the late recovery
phase of many storms. The spread in rise times at these
energies may be related to whether the plasmasphere had
recovered to L > 3 for the slower rising fluxes, inhibiting the
ability of wave-particle interactions to raise the energy of the
lower-energy seed populations that had peaked earlier. Fu-
ture measurements of flux rise times for such energies over a

range of L values may provide significant constraint on storm
time electron enhancement models.
In general, from the perspective of electron flux response

to storms, it appears that at the lowest L values, there is either
“no response” or a resultant “flux increase” from storms. The
larger storms resulted in a higher probability of flux increases
to low L. The same storms that provided flux increases at the
lowest L values provided the greatest probability of flux
decreases at the highest L, L = 4, studied. It is not clear what
this means. Could the process that strongly dumps electrons
penetrate down to L = 3.5–4.0? Is radial diffusion/transport
of the electrons impeded in this region such that the scatter-
ing losses dominate? Or, do the losses from pitch angle
scattering in this region often dominate over the chorus-
generated acceleration? Either of these possibilities could
explain why the relative occurrence of flux increases, for

Figure 12. Same as Figure 9 except for L = 4.
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large |Dst|, is less in this region than at smaller L and why the
occurrence of flux decreases is greater here.
There is much still to be learned from data in the lower L

regions. A better combination of electron observations, like
those reported here, and supportive information such as
plasma density profiles (plasmasphere boundary position),
plasma wave characterization, magnetopause boundary posi-
tions, and ring current penetration are needed to understand
the processes in these regions. We expect that Radiation Belt
Storm Probes (RBSP), which should provide such detailed
observations, will provide a more complete picture.
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Colorado Student Space Weather Experiment: Differential Flux Measurements
of Energetic Particles in a Highly Inclined Low Earth Orbit

X. Li,1,2 S. Palo,2 R. Kohnert ,1 D. Gerhardt ,2 L. Blum,1,2 Q. Schiller,1,2

D. Turner,3 W. Tu,4 N. Sheiko,1 and C. Shearer Cooper1,2

The Colorado Student Space Weather Experiment (CSSWE) is a three-unit
(10 cm � 10 cm � 30 cm) CubeSat mission funded by the National Science
Foundation; it was launched into a low Earth, polar orbit on 13 September 2012
as a secondary payload under NASA’s Educational Launch of Nanosatellites
program. The science objectives of CSSWE are to investigate the relationship of
the location, magnitude, and frequency of solar flares to the timing, duration, and
energy spectrum of solar energetic particles reaching Earth and to determine the
precipitation loss and the evolution of the energy spectrum of radiation belt
electrons. CSSWE contains a single science payload, the Relativistic Electron and
Proton Telescope integrated little experiment (REPTile), which is a miniaturization
of the Relativistic Electron and Proton Telescope (REPT) built at the Laboratory for
Atmospheric and Space Physics. The REPT instrument will fly onboard the NASA
Radiation Belt Storm Probes mission, which consists of two identical spacecraft
launched on 30 August 2012 that will go through the heart of the radiation belts in a
low-inclination orbit. CSSWE’s REPTile is designed to measure the directional
differential flux of protons ranging from 10 to 40 MeV and electrons from 0.5 to
>3 MeV. Such differential flux measurements have significant science value, and a
number of engineering challenges were overcome to enable these clean measure-
ments to be made under the mass and power limits of a CubeSat. The CSSWE is an
ideal class project, providing training for the next generation of engineers and
scientists over the full life cycle of a satellite project.

1. INTRODUCTION

A full understanding of energetic particle dynamics in the
near-Earth space environment is of scientific significance as
well as of practical importance. Particularly at higher-latitude
regions, energetic particles from the interplanetary medium,
such as solar energetic particles (SEPs), have direct access to
the Earth. Additionally, existing energetic particles in the
magnetosphere, such as relativistic electrons in the outer
radiation belt, can reach low altitudes following the magnetic
field lines whose foot points map to high latitudes (>40°).
This high-latitude, low-altitude region is also populated with
many satellites as well as the international space station,
from which various extravehicle activities have been per-
formed. Energetic particles with energies of MeV can have
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harmful radiation effects on the bodies of astronauts and
various deleterious effects on satellite subsystems through
either single event upset or deep dielectric discharging [Baker,
2001, 2002]. Better measurement and understanding of the
energetic particles in a highly inclined low Earth orbit (LEO)
are the science objectives of the Colorado Student Space
Weather Experiment (CSSWE) mission. CSSWE has also
provided a unique opportunity for students to acquire hands-
on experience, under the tutelage of experienced scientists
and engineers, throughout the entire engineering process,
gaining experience in data analysis and modeling, and gain-
ing scientific insight on solar activity and its effects on the
near-Earth space environment.
We will first discuss the science background and motiva-

tion for this project, the science measurement requirement,
and expected science results and impact, before we provide
the system description of the mission, followed by planned
data analysis and interpretation, and modeling efforts and
then discussion and summary.

1.1. Science Background and Motivation

Humankind has long been fascinated with the Sun and its
relationship to our planet. Sabine [1852] was first to note that
geomagnetic activity tracks the 11 year solar activity cycle.
The first solar flare ever observed, in white light, was fol-
lowed about 18 h later by a very large geomagnetic storm
[Carrington, 1860]. The existence of the Earth’s radiation
belts was established in 1958 by James Van Allen and
coworkers using simple Geiger counters on board Explorer-1
and -3 spacecraft. Since then, more advanced space missions
have provided insight into the phenomenology and range of
processes active on the Sun and in the radiation belts.
We now understand that coronal mass ejections (CMEs),

which are episodic ejections of material from the solar atmo-
sphere into the solar wind, are the link between solar activity
and large, nonrecurrent geomagnetic storms, during which
the trapped radiation belt electrons have their largest varia-
tions. There is a strong correlation between CMEs and solar
flares, but the correlation does not appear to be a causal one.
Rather, solar flares and CMEs appear to be separate phenom-
ena, both resulting from relatively rapid changes in the
magnetic structure of the solar atmosphere [e.g., Gosling,
1993].

1.1.1. Solar flares and solar energetic particles. Solar
flares are very violent processes in the solar atmosphere that
are associated with large-energy releases ranging from 1022 J
for subflares, to more than 1032 J for the largest flares [Priest,
1981]. The strongest supported explanation for the onset of
the impulsive phase of a solar flare is that it is due to

magnetic reconnection of existing or recently emerged mag-
netic flux loops [Aschwanden, 2004, and references therein].
Magnetic reconnection accelerates particles, producing pro-
ton and electron beams that travel along flaring coronal
loops. Some of the high-energy particles escape from the
Sun and can reach the Earth’s low-altitude, high-latitude
regions.
Statistically, both the probability of observing energetic

solar protons near the Earth as well as the maximum flux
values observed are strongly dependent on the size of the
flare and its position on the Sun. It is also now clear that the
most intense and longest-lasting SEP events are produced by
strong shocks in the solar wind driven by the fast CMEs
[e.g., Reames, 1997]. It is currently believed that SEPs
observed near Earth are of two basic populations. Events in
one population, the so-called “impulsive” events, originate in
flaring regions and typically last for several hours and have
limited spatial extents (<30° in latitude and longitude) in the
solar wind. In contrast, events in the other population, the so-
called “gradual” events, tend to be more intense than the
impulsive events, typically last for days, often spread over
more than 180° in latitude and longitude and are strongly
associated with CME-driven shock disturbances. In practice,
since flares and CMEs often occur in conjunction with one
another, many SEP events appear as hybrids of these two
basic populations.
Crucial questions remain about exactly how and where

both of the above populations are produced. In the case of
flare events, a major uncertainty is how a given flare site
connects magnetically to the interplanetary medium, i.e., the
accessibility to, and extent of, open magnetic field lines in
the vicinity of a flare site [Cane and Lario, 2006].
The time-intensity profiles of the SEP events observed in

the ecliptic plane at 1 AU are organized in terms of the
longitude of the observer with respect to the traveling
CME-driven shock [Cane et al., 1988; Kanekal et al.,
2008]. SEP events generated from the western longitudes
have rapid rises followed by gradual decreasing intensities,
while SEP events generated from eastern longitudes show
slowly rising intensity enhancement structured around the
arrival of the CME-driven shocks. It is clear that the location
of the event is very important regarding how these SEPs
affect the Earth’s environment. This longitudinal dependence
of the time-intensity profiles, together with the rate at which
the particle intensities increase or decrease, have been used
to predict the arrival of CME-driven shocks at 1 AU [Smith et
al., 2004; Vandegriff et al., 2005].

1.1.2. Earth’s radiation belts. Earth’s radiation belts are
usually divided into the inner belt, centered near 1.5 Earth
radii (RE) from the center of the Earth when measured in the

386 COLORADO STUDENT SPACE WEATHER EXPERIMENT



equatorial plane, and the outer radiation belt that is most
intense between 4 and 5 RE. These belts form a torus around
the Earth, and many important satellite orbits go through
them, including GPS satellites, spacecraft at geosynchronous
orbit (GEO), and those in highly inclined LEO.
The Earth’s outer radiation belt consists of electrons in the

energy range from keV to MeV. Compared to the inner radi-
ation belt, which usually contains somewhat less energetic
electrons but an extremely intense population of protons ex-
tending in energy up to several hundreds of MeVor even GeV,
the outer belt consists of energetic electrons that show a great
deal of variability that is well correlated with geomagnetic
storms and high speed solar wind streams [Williams, 1966;
Paulikas and Blake, 1979; Baker et al., 1979]. Figure 1 shows
measurements of radiation belt electrons and protons by the
Solar, Anomalous, and Magnetospheric Particle Explorer
(SAMPEX), ~550 km altitude and 82° inclination, from
launch to the end of 2009 together with the sunspot number
and the Dst index, which indicates the onset, duration, and
magnitude of magnetic storms. The outer belt exhibits a strong
seasonal and solar cycle variation. It was most intense, on
average, during the descending phase of the sunspot cycle
(1993–1995; 2003–2005), weakest during sunspot minimum
(1996–1997; 2007–2009), and then became more intense

again during the ascending phase of the solar cycle (1997–
1999). Seasonally, the outer belt is most intense around the
equinoxes [Baker et al., 1999] and also penetrates the deepest
around the equinoxes [Li et al., 2001]. In Figure 1, the vertical
yellow bars along the horizontal axis mark equinoxes. Another
remarkable feature of Figure 1 is the correlation of the inward
extent of MeV electrons with the Dst index, which is also
referred to as the magnetic storm index.

1.2. Science Measurement Requirements

CSSWE is a three-unit (10 cm� 10 cm� 30 cm) CubeSat
mission. Resources are limited. Any design is subject to the
constraints of mass, power, data rate, and budget. To reach
the science objectives described earlier and take into consid-
eration various limitations of a CubeSat and what existing
measurements are already available, the following science
measurement requirements are established: (1) electron dif-
ferential flux measurements between 0.5 and 3 MeV, and
integral flux measurements for >3 MeV, (2) proton differen-
tial flux measurements between 10 and 40 MeV, (3) time
cadence: 6 s.
Even the above general requirements were not settled until

various design work and trade studies were performed. The

Figure 1. (top) Variations of yearly window-averaged sunspot numbers (black curve) and weekly window averaged solar
wind speed (km s�1, red curve). (bottom) Monthly window-averaged, color-coded in logarithm, and sorted in L (L bin: 0.1)
electron fluxes of 2–6 MeV (# cm�2 s�1 sr�1) by SAMPEX since its launch (3 July 1992) into a low-altitude (550 km �
600 km) and highly inclined (82°) orbit. The superimposed black curve represents monthly averaged Dst index. From Li
et al. [2011].
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time cadence is strictly limited by the downlink rate available
based on one ground station built for this mission. The
particle energy range is limited by the speed of electronic
resolution and the available shielding mass, which is associ-
ated with the S/N ratio. Detailed spacecraft and instrument
design will be described later.

1.3. Expected Science Results and Impact

1.3.1. Solar energetic particles. There are no existing
differential flux measurements for protons in the tens of MeV
range in LEO. NOAA/NPOES in LEO provide integral
measurement of protons between 100 keV to low MeV.
GOES at GEO have both integral and differential measure-
ments of protons between 1 and 100 MeV. Relativistic Elec-
tron and Proton Telescope integrated little experiment
(REPTile) on CSSWE will provide measurements of the
differential flux of protons at LEO, which are critical for
investigating the geomagnetic cutoff variations during SEP
events and their implication for the radiation environment at
the International Space Station [Leske et al., 2001]. However,
any significant science results have to be achieved with
coordination with other available measurements and model-
ing efforts. For example, to study how the flare location,
magnitude, and frequency relate to the timing, duration, and
energy spectrum of SEPs reaching Earth, the information
about the solar flare intensity and location, which are pro-
vided by other missions, namely, NASA Solar Dynamic
Observatory (SDO) and/or NOAA GOES are required.

1.3.2. Outer radiation belt electrons. Instruments onboard
SAMPEX, though a wonderful mission for its original ob-
jectives, were not designed to make accurate measurements
of the outer radiation belt electrons. For example, they lack
differential flux measurements for MeVelectrons. With REP-
Tile on CSSWE, we will have measurements necessary to
better determine the electron energy spectrum. These mea-
surements will help us to better understand the acceleration
mechanisms and loss processes of the outer radiation belt
electrons.
Measurements of outer belt electrons made by REPTile

will also be useful for comparisons with those made by
NASA’s Radiation Belt Storm Probes (RBSP) mission. The
RBSP satellites will travel through the heart of the outer belt,
where they will make important measurements of outer belt
fluxes and the various types of plasma waves that are impor-
tant in electron acceleration and loss. However, for electrons
and protons to precipitate into the atmosphere (a major loss
mechanism), their equivalent equatorial pitch angle (PA) has
to be very small, 2°–5° depending on their actual locations.
The instruments onboard RBSP, sophisticated as they are,

cannot resolve the loss cone distribution because they stay
close to the equator. Thus, it will be difficult to determine the
precipitation loss from their measurements. Though REPTile
measures a mixed population of precipitating as well as
trapped radiation belt electrons and protons from its low-
altitude high-inclination orbit, combining REPTile measure-
ments at LEO with modeling efforts (to be discussed in detail
later) will enable us to determine the precipitation loss. By
comparing flux measurements made by RBSP and REPTile,
better estimates can be made of the trapped electron popula-
tion and the precipitating population.

1.3.2.1. Acceleration mechanisms. How the outer radia-
tion belt is formed in the Earth’s magnetosphere remains one
of the most intriguing puzzles in space physics. For some
time, it was thought to be well understood at least in its
general outlines. However, recently, the paradigm for ex-
plaining the creation of the outer belt electrons has been
shifting from one using almost exclusively the theory of
radial diffusion to one emphasizing more the role of waves
[Li et al., 1999; Horne et al., 2005; Shprits et al., 2007; Chen
et al., 2007; Bortnik and Thorne, 2007; Li et al., 2007; Tu et
al., 2009; Turner et al., 2010], presumably chorus whistler
waves, in local heating of radiation belt electrons. A key
proof of this new paradigm is to see how the energy spectrum
of the radiation belt electrons evolves. A hardening spectrum
(higher-energy electrons increasing faster than lower-energy
electrons) at a given location would support the theory of in
situ heating of the electrons by waves. Because of its low-
altitude orbit, CSSWE will measure outer belt electrons four
times in one orbital period, ~1.5 h, or about 60 times in a day.
With its differential flux measurements, REPTile will be able
to provide the critical information of the evolution of the
electrons’ energy spectrum.

1.3.2.2. Loss mechanisms. Some waves, like electromag-
netic ion cyclotron waves, can cause PA diffusion of elec-
trons, sending some electrons into the loss cone. Other
waves, like whistler mode chorus waves, can cause energy
diffusion as well as PA diffusion. An important consequence
of the PA variation is precipitation loss. REPTile measure-
ments can help to determine how many of the outer radiation
belt electrons are lost to the atmosphere. Also, when RBSP
and CSSWE are at similar magnetic longitudes and L shells,
comparative studies can be conducted in which waves and
fluxes measured by RBSP near the equator and the heart of
the belt are compared to the REPTile measurements in LEO
to directly compare waves with electron loss.
In summary, the science impacts of CSSWE are to provide

needed measurements of energetic protons and electrons at
LEO, in combination with other available measurements, to
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better address the following science questions: (1) How do
solar flare location, magnitude, and frequency relate to the
timing, duration, and energy spectrum of SEPs reaching
Earth? (2) How do the loss rate and energy spectrum of the
Earth’s radiation belt electrons evolve?

2. SYSTEM DESCRIPTION OF THE CSSWE MISSION

2.1. Overview

CSSWE, like most satellites, is a collection of subsystems. In
order to organize the subsystems, the requirements’ flow down
was defined throughout the mission development, bolstered by
mass, power, data, and link budgets, as well as a risk analysis.
A 3 UCubeSat is defined as a small volume (10 cm� 10 cm�
30 cm), small mass (< 4 kg), and completely autonomous (i.e.,
power, communications) satellite. Despite these strict require-
ments, CSSWE was delivered with margin in all budgets. The
CSSWE architecture reflects the “keep it simple” method of
satellite development; the system design was always simplified
to meet requirements rather than designed to “push the enve-
lope.” Only two microcontrollers (MCUs) are present in the
system, and two subsystems (attitude control system and ther-
mal) are almost entirely passive. The command and data
handling (C&DH) board and communication (COMM) radio
were commercial off-the-shelf (COTS) purchases in an effort

to minimize risk. Figure 2 shows the system block diagram of
CSSWE. In the following sections, we will provide a general
description of individual subsystems, with some more detailed
description on the science payload, REPTile.

2.2. Structure and Thermal Design

The structural design of the CSSWE CubeSat began with
the commercially available Pumpkin, Inc. 3 U aluminum chas-
sis. The left image in Figure 3 shows a rendering of the
aluminum shell of the CubeSat with custom-designed solar
panels. The right side of Figure 3 shows the interior compo-
nents of the CubeSat with the REPTile scientific instrument
at the center and electronic boards (light blue) and battery
(yellow) on the top of REPTile. The interior view shows the
custom structural supports made to accommodate the rela-
tively heavy instrument as well as all electrical components.
The design of the interior structure was also driven by the
CubeSat requirement that the satellite center of mass be
within 2 cm of the geometric center, as well as the need for
simple assembly and disassembly during integration and
testing. All of the interior components assemble in a vertical
stack, allowing the exterior shell to slide over the entire
assembly during integration. Extensive finite element analy-
sis was performed on the structural components to ensure
that the CubeSat could survive a vibration environment three

Figure 2. System block diagram of Colorado Student Space Weather Experiment (CSSWE), where e� and p+ represent
energetic electrons and protons to be measured.
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sigma higher than expected during launch. Prelaunch quali-
fication and acceptance random vibration testing confirmed
that the structure met all strength requirements.
Figure 4 shows the completed flight model after final

integration. The cutouts (e.g., the silver area between the
solar cells in Figure 4) are radiative windows designed to
keep the satellite electronics stack cool. The small slits vis-
ible in the top thermal window are two of four electronic
ports used for preflight communication and battery charging.
Detailed thermal analysis was performed on the entire sys-
tem using Thermal Desktop, a software tool used to model
thermal environments. Individual electronic boards were
thermally modeled to provide a predicted on-orbit tempera-
ture profile for sensitive electronics. The radiative windows
mentioned above were subsequently added to help radiate
excess heat from the system, to maintain internal board
temperatures within range of manufacturer specifications for
all electronics components (between �30°C to +45°C).

2.3. Electric and Power System and Solar Arrays

CSSWE employs a direct energy transfer system that
was designed, fabricated, and tested by the University of

Colorado students. The CSSWE power system architecture
was modeled after the design used for the University of
Michigan’s RAX mission [Cutler et al., 2010].
Four independent solar array strings, one on each long-

axis side of the CubeSat, are each fed into 8.8 V regulators
with isolation diodes on the output. Solar arrays, designed
and fabricated by the University of Colorado students, em-
ploy 28% efficient, uncovered, triple junction solar cells. The
6–8.4 V bus is driven by the voltage of the 8.4 V lithium
polymer battery. The 3.3 and 5 V regulated buses are pow-
ered from the battery bus and supply power to most of the
subsystem electronics. The exceptions to this are the antenna
deployment module and the transmitter power amplifier,
which are powered directly from the 6–8.4 V power bus. An
external charge port allows the spacecraft to be powered by
an external power supply for ground test and mission simu-
lations in the laboratory. The battery can be disconnected
from the bus by either of two series switches, the Remove
Before Flight (RBF) switch or the deployment switch, as is
required in the CalPoly CubeSat Design Specification. The
RBF switch is used while testing in the laboratory and is
closed upon final integration into the P-POD launcher. The
deployment switch remains open, while the spacecraft is
integrated in the P-POD launcher. The deployment switch
closes upon spacecraft deployment, connecting the battery to
the bus and turning the spacecraft on once on orbit. Figure 5
shows the schematics of the electrical and power system,
with solar cell inputs (PVX and PVY) on the left; 3.3, 5, and
6–8.4 V outputs to various other subsystems are shown on
the right.

Figure 4. Final flight model and P-POD launcher.

Figure 3. Three-dimensional rendering of the CSSWE CubeSat,
(left) exterior view and (right) interior view.
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2.4. Command and Data Handling System

The C&DH system for the CSSWE CubeSat utilizes an
off-the-shelf processor module from Pumpkin, Inc. that uses
a 16 bit MCU, the MSP430 from Texas Instruments. The
MCU runs at 8 MHz and has 8 kb of random-access memory;
this allows CSSWE to meet mission requirements while
providing ultralow power consumption to reduce load on the
battery. The C&DH firmware was written in C, and run under
the Salvo real-time operating system. It was developed using
CrossStudio for MSP430 from Rowley Associates Ltd. The
processor module involves additional hardware including an
interface to a secure digital (SD) card that is used to store
science and housekeeping data, log files, and configuration
parameters.
C&DH communicates with nearly every other subsystem

in the satellite; most interfaces use the Inter-Integrated Cir-
cuit protocol, an interface often used for data acquisition.
The only exceptions are communication with the hardware
supporting the SD card, which uses Serial Peripheral Inter-
face, and communication with the radio, which uses asyn-
chronous serial. The interface to the radio and SD card was
dictated by the hardware manufacturers.
The C&DH firmware has five main tasks: (1) responding

to commands from the ground, (2) acquiring and storing
science data, (3) acquiring and storing housekeeping data,
(4) deploying the antenna, and (5) controlling the battery

heaters. This simplicity is, in part, due to the overall design
goal of minimal autonomy: to build the system in a way that
reduces the number of decisions that C&DH makes on its
own, while ensuring that enough information is available to
operators on the ground to make informed decisions. C&DH
is required to make a few autonomous choices; two of them
have been mentioned already: deploying the antenna and
controlling the battery heaters (to maintain the battery within
operational temperature bounds even when out of range of
the ground station). In addition, C&DH automatically drops
into safe mode (and stops science operations) if it determines
that the state of charge of the battery has fallen to a critically
low level. Both the temperature settings of the battery heaters
and the determination of whether the battery is “critically
low” are controlled by parameters uploaded from the ground,
allowing controllers to modify the spacecraft’s operation in
case of sensor malfunction on orbit. Additionally, CSSWE
uses two independent watchdogs to ensure that neither the
communications system (COMM) nor C&DH “locks up.” If
either subsystem does not respond to its associated watch-
dog, a soft reset is performed.
The storing of data onto the SD card takes place in two

distinct streams. First of all, science data from the REPTile
instrument and attitude data from the magnetometer are
acquired and stored every 6 s. Second, housekeeping data
(including voltages, currents, and temperatures from various
locations on the spacecraft) are acquired every minute, and

Figure 5. Electrical and power system electric diagram.
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then every 10 min the minimum, maximum, and average
values are stored to the SD card. Both streams of data are
stored in time-offset files that allow C&DH to easily respond
to ground requests for data from particular time ranges.
Commands exist to allow the ground to start and stop

science mode, request transmission of specific subsets of the
acquired data, update parameters controlling system opera-
tion, request transmission of housekeeping sensor values,
and perform diagnostic functions. Communication packets
are password protected to prevent unauthorized users from
commanding the spacecraft.

2.5. Communications System

The CSSWE team chose a half-duplex communications
architecture operating in the 70 cm band, primarily to reduce
the complexity of the system. Given the size of the data
product and the minimal amount of commanding required
for CSSWE, sharing the uplink and downlink does not have
a significant negative impact on our link budget.
The communications system onboard the spacecraft uti-

lizes the AstroDev Lithium (Li-1) radio, which operates over
a wide range of frequencies and temperatures, is 40% power
efficient, and can output 34 dBm of RF power. Additionally,
the Li-1 radio supports the AX.25 packet radio protocol at a
rate of 9.6 kbit s�1 across the RF link and up to 115.2 kbit s�1

between the radio and C&DH over the serial link. Assuming

21.75 min of communications time per day, calculated using
the Satellite Took Kit for our nominal orbit and a ground
station in Boulder, we have the capacity to downlink
1.195 MB d�1, providing almost 50% more link capacity
than is required for the mission.
A monopole was selected for the satellite antenna config-

uration after testing numerous options. The total length of the
deployed antenna is 48.3 cm. The matching and tuning of the
antenna provided excellent performance over our operating
frequency with a maximum antenna gain in excess of 2 dBi
for a reasonably omnidirectional antenna. Figure 6 shows the
measured gain pattern of the CSSWE COMM system before
and after antenna deployment. The deployed gain drops
below �5 dBi only in the regions along the axis of the
antenna, as well as at the small nulls near ±125° from the
exposed end of the antenna. The results of orbit simulations
indicate that CSSWE is rarely in an attitude and at a range
where the link cannot be closed through this null in the
pattern. Given our testing and analysis, we are confident that
the communications system will operate as designed and will
meet all the mission requirements for commanding and data
throughput.

2.6. Ground Network

To operate the CSSWE CubeSat, a ground station has been
built on the rooftop of the Laboratory for Atmospheric and

Figure 6. Antenna gain patterns before and after antenna deployment, as measured through anechoic chamber testing.
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Space Physics (LASP). The CSSWE ground station operates
in half-duplex mode, communicating at 437.345 MHz
(UHF) for the uplink and downlink, the frequency designated
to us by the International Amateur Radio Union. Commands
are packetized and sent through Instrument and Spacecraft
Interface Software (ISIS), commanding software that was
inherited by LASP from the NOAA GOES-R program and
has been customized for our uses. The Kantronics KAM XL
terminal node controller modulates/demodulates the signal,
and the Kenwood TS-2000 radio is used to communicate at
the UHF band. Two M2 436CP42 cross Yagi antennas will
be used, each with a gain of ~17 dBdc and a circular beam-
width of 21°. The antennas are pointed using a Yaesu G5500
azimuth-elevation rotator controlled by SatPC32, a software
package developed for use with amateur satellites. This
program also controls RF to account for Doppler shift
during passes. The antennas and rotator are mounted on an
8 foot tower installed on the LASP roof and connected to
the ground station control room with over ~200 feet of low-
loss cabling, adding a total of �5.4 dBm loss to the RF
signal. A block diagram of the ground station command
and control chains is illustrated in Figure 7. The ground
station has been fully tested and was used to command the

satellite in a simulated on-orbit scenario before satellite de-
livery. We successfully sent commands and received data
over the RF link with the CubeSat at an off-site location
running off of its battery and solar panels. The ground station
continues to be used and tested with an identical, spare
version of the satellite built specifically for testing and cali-
bration purposes.

2.7. Passive Magnetic Attitude Control System

CSSWE uses a passive magnetic attitude control system
(MACS) that aligns the CubeSat to the Earth’s local magnetic
field line at all points in the orbit. The system is composed of
two primary elements. The first is a bar magnet, which has a
magnetic moment of 0.81 Am2. Its dipole axis is parallel with
the long axis of the spacecraft, and it provides a restoring
torque toward the local magnetic field of the Earth. The
second is an array of soft-magnetic hysteresis rods mounted
perpendicular to the bar magnet, which are magnetized by
the local earth field. As the satellite rotates, the relative
orientation between the hysteresis rods and the local earth
magnetic field changes, which changes the polarity of the
rods. Energy is lost to heat as the magnetic domains within

Figure 7. Ground station block diagram. Commands are packetized by the ground station software ISIS, passed through
the terminal node controller and radio, where the signal is modulated about the assigned UHF frequency, 437.345 MHz,
amplified ~10� by the Mirage D-1010-N power amplifier and transmitted through two Yagi antennas on the LASP roof.
On the downlink, the signal is received and amplified ~24 dBm by the SSB SP-7000 low-noise amplifier and passed back
through the RF chain to the ground station software. The pointing of the Yagi antennas is determined via a second
computer running the tracking program SatPC32, which controls the azimuth-elevation rotator on the roof.
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the hysteresis rods change direction. This energy loss serves
to dampen the satellite rotation until the satellite bar magnet
axis is roughly aligned with the local earth field direction.
The CSSWE team has developed a passive magnetic atti-

tude control simulation to model the spacecraft attitude over
time. The exact magnitude of the torque due to the hysteresis
rods is of paramount importance to such a model. Thus, a
Helmholtz cage test setup was built to measure the rod
magnetic moment versus the axial earth field. This measure-
ment method seeks to provide accurate inputs to the simula-
tion. Figure 8 shows the simulated earth field to satellite bar
magnet axis angle over the first five orbits, assuming an
initial angular offset of 180° and an initial spin rate of
18° min�1 (the expected initial spin rate for our specific
launch). As shown from simulations, the satellite is expected
to settle to a constant offset from the local magnetic field
within two orbits and to oscillations of ±10° from this offset.
The expected settling time is short because the expected
initial spin rate is low. A calibrated magnetometer is located
on board to provide two-axis attitude knowledge during op-
erations. Two-axis attitude knowledge (relative to the earth’s
magnetic field) is expected within ±3°. Photodiodes on each
of the solar arrays have also been installed to provide three-
axis attitude knowledge when the spacecraft is insolated.

2.8. Relativistic Electron and Proton Telescope Integrated
Little Experiment

As mentioned previously, the instrument on board CSSWE
will consist of a particle telescope to make differential mea-

surements of energetic protons and electrons. Solid state
detectors are often used to measure energetic particles in
space, although challenges for such instrument designs still
remain. For example, relativistic electrons scatter erratically
upon interacting with matter; therefore, the amount of energy
they deposit into a specified volume of material, and thus the
initial energy of the electron, must be determined statistically.
Protons, on the other hand, deposit energy according to the
Bethe-Bloch formula as they travel. At high-energy (several
tens of MeV), they have the ability to penetrate through the
instrument shielding and impact the detectors from all direc-
tions. These characteristics of both species of particles must
be accounted for in order to design a reliable energetic
particle instrument.

2.8.1. Telescope design. The REPTile detector stack con-
sists of four solid state silicon detectors similar to those used
for the RBSP/Relativistic Electron and Proton Telescope
(REPT) instruments, which have been delivered for a launch
that occurred on 30 August 2012 (D. N. Baker et al., The
Relativistic Electron-Proton Telescope (REPT) instrument
on board the Radiation Belt Storm Probes (RBSP) space-
craft: Characterization of Earth’s radiation belt high-energy
particle populations, submitted to Space Science Review,
2012, hereinafter referred to as Baker et al., submitted man-
uscript, 2012). To minimize contamination from particles
outside the instrument field-of-view, these detectors are
housed in a tungsten (atomic number Z = 74) chamber, which
is encased in aluminum (Z = 13) shielding. The outer alumi-
num shield serves to absorb most electrons and lower-energy
protons while significantly reducing the energy of incident
higher-energy protons, which can produce showers of con-
taminating secondary particles in high-Z materials. The
dense, high-Z tungsten shield significantly increases the en-
ergy threshold at which protons can fully penetrate into the
detector stack, effectively reducing the background flux.
This layered shielding effectively blocks electrons with en-
ergy less than ~15 MeV and protons with energy less than
~75 MeV. Additional tungsten shielding at the rear of the
detector stack prevents protons with energy less than ~90
MeV from penetrating the end-cap shielding, where the
geometric factor is large (see Figure 9).
A shielded, baffled collimator defines the instrument’s 52°

field-of-view and its 0.526 sr cm2 geometric factor. Particles
that enter the detector stack through the collimator are fil-
tered by a thin beryllium (Z = 4) foil, which acts as a high-
energy pass filter, absorbing electrons with energy less than
~ 400 keVand protons with energy less than ~8 MeV. These
energies correspond approximately to the lowest detectable
energy of the instrument. Knife-edged collimator baffles
have been designed such that no particle can enter the

Figure 8. Expected CSSWE long-axis-pointing direction versus
local magnetic field as a function of time (orbit number) after
launch.
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detector stack without at least two reflections from an interior
surface of the tantalum collimator. Tantalum (Z = 73) was
chosen for the inner collimator lining and baffles as it pro-
vides a balance between stopping power and secondary
particle characteristics.

2.8.2. Electronics design. The REPTile electronics per-
form three primary functions: (1) to recognize particles that
hit the detectors, (2) to determine the particle species and
incident energy, and (3) to convert the analog pulses to a
digital signal to relay to C&DH. The system-level signal
chain block diagram for one detector can be seen in Figure
10. The charge deposited into the detector by an incident
particle (step 1) is swept from the silicon with a ~350 V
bias voltage to the charge-sensitive amplifier (CSA, step 2).

Since the CSA must be capable of amplifying small signals
from the detector, it is very sensitive to noise, and great
care is taken to filter the signal and remove offsets from
variations in temperature.
The second stage of amplification occurs at the pulse-

shaping amplifier (step 3) and is used to further distinguish
the voltage levels corresponding to electrons and protons.
The analog pulse is converted to digital at a three-level
discriminator chain (step 4), where the discriminator thresh-
olds are set to the equivalent of 0.25, 1.5, and 4.5 MeV
deposited in the detector. The discriminator chain is used to
distinguish the species of particle, where particles depositing
0.25 MeV < E ≤ 1.5 MeV are considered electrons, and
particles depositing E > 4.5 MeV are binned as protons. The
complex programmable logic device (step 5) simultaneously

Figure 9. (left) Cross-sectional view of the instrument geometry. (right) Flight instrument during integration. The
collimator is facing down in the image, and the back plate not yet attached, so the detector stack is visible.

Figure 10. REPTile electronics block diagram for a single detector signal chain. The gray box corresponds to components
on the REPTile electronics board.
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interprets the signals from all four detectors, and if the
comparator outputs satisfy the binning logic outlined in
Table 1, increments the appropriate counter. Every 6 s, the
totals of each counter are sent to the C&DH (step 6).

2.8.3. Instrument characterization. The performance of
the REPTile instrument is characterized using the Geant4
software package, which was designed by nuclear physicists
at the European Organization for Nuclear Research. Geant4
was created to simulate particle beam tests and describe the
passage of particles through matter, and it has been used to
determine the performance of the Large Hadron Collider and
the Tevatron collider at Fermilab.

Geant4 creates a virtual environment in which the instru-
ment is assembled and bombarded with particles. The simu-
lation quantifies the energy deposited into each detector for
each incident particle. Figure 11 is a visualization of raw
Geant4 data consisting of a wireframe instrument geometry
and particle tracks through the environment. The electron
tracks are red, protons are blue, and bremsstrahlung radiations
are green. The left panel depicts a 2 MeV electron beam fired
down the collimator from the left that, upon impacting the
beryllium foil, begins to diverge into a scatter cone. The
electrons then interact with the four silicon detectors, some-
times producing bremsstrahlung radiation. Some backscatter-
ing occurs: one electron reverses direction and embeds itself in
the collimator wall. The right panel portrays a 20 MeV proton
beam fired down the collimator. Proton scattering is minimal,
and after passing through the first detector, the protons embed
themselves in the second. The protons create low-energy
electron showers when interacting with matter, so the proton
tracks appear red when inside the silicon detectors.
Simulations are conducted for all incident angles and

particle energies. The efficiency response of each detector is
determined as a function of incident energy, as seen in
Figure 12. For each energy increment, 10,000 particles are
fired into the detector stack. The percent of particles that
impact a detector are plotted in black, and the percent of
particles that get logically binned in the corresponding energy
channel (based on the logic outlined in Table 1) are plotted in
red. The protons are relatively well behaved, and the channel
thresholds are clearly defined. The electron channels, how-
ever, are more difficult to specify due to the random interac-
tions inside the instrument. The energy channels are chosen

Table 1. Coincidence Logic for Particle Binninga

Species Energy (MeV)

Detector

1 2 3 4

Electron 0.5–1.5 100 000 000 000
Electron 1.5–2.2 X00 100 000 000
Electron 2.2–2.9 X00 100 100 000
Electron >2.9 X00 100 100 100
Proton 8.5–18.5 111 000 000 000
Proton 18.5–25 1XX 111 000 000
Proton 25–30.5 1XX 111 111 000
Proton 30.5–40 1XX 111 111 111

aEach trio of bits represents the output of the three discriminators
for that detector. A 1 signifies the threshold has been surpassed, and
a 0 signifies the threshold has not been achieved. An X signifies that
either a 1 or a 0 satisfies the logic. The bits correspond to, from left
to right, the 0.25, 1.5, and 4.5 MeV references.

Figure 11. (left) A 2 MeVelectron beam fired down the collimator of the REPTile instrument. Electrons (red) interact with
the detectors and shielding, producing high-energy photons (green). (right) A 20 MeV proton beam fired down the
collimator. Protons (blue) interact with the first detector and are embedded in the second detector.

396 COLORADO STUDENT SPACE WEATHER EXPERIMENT



to maximize the response of each detector corresponding to
the most efficient binning profile, which is shown in Figure
13. The energy deposited into each of the four detectors is
plotted as a function of incident energy for electrons. The
horizontal dashed lines correspond to discriminator thresh-
olds of 0.25 and 1.5 MeV, between which the particle is

classified as an electron. The vertical solid lines correspond
to the electron energy range of the corresponding detector.
The detectors discard 2.7%, 44.6%, 40.1%, and 30.4%,
respectively, of the electrons in their appropriate energy
range. The discriminator thresholds can be changed in-flight
through uplink commands. Thus, if the ambient electron flux

Figure 12. Response function of all four detectors for (left) protons and (right) electrons.
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is very high, the upper-energy threshold can be lowered.
With a lower threshold, fewer electrons are measured, but
the measurements are cleaner, making the conversion from
count rate to flux more reliable.
Additionally, the proficiency of the instrument’s shields is

determined by firing particle beams into the shielding. The
particles that interact with the shielding or collimator before
entering the detector stack are considered instrument noise.
The field-of-view flux is contaminated largely by particles
penetrating the rear shielding, motivating the additional
tungsten shielding there. The analysis is performed assuming
energy spectra during the most active times for each species:
the electron spectrum from the AE8 solar max model (http://
modelweb.gsfc.nasa.gov/models/trap.html) is modeled as
I(E) = 3.003 � 105E�2.3028, and the proton spectrum from
data presented in the work ofMewaldt et al. [2005], from one
of the largest SEP events in the last 50 years, is modeled as
I(0.1 MeV ≤ E ≤ 26 MeV) = 5.20 � 104E�1.1682 and I(E >
26 MeV) = 9.65 � 108E�4.2261. Despite the extreme spec-
trum assumptions, REPTile still meets the required S/N ratio
of ≥ 2 for all channels. The detailed S/N ratio for each
channel is outlined in Table 2.

The permanent magnet used for CSSWE’s attitude control
will alter incident particles’ trajectories. Test-particle simula-
tions were performed using the relativistic Lorentz force to
simulate the possible effects on the REPTile measurements. In
these simulations, a constant value for the Earth’s magnetic
field at LEO is used as a background field and a dipole
magnetic field, centered directly behind the instrument (sig-
nificantly closer than the actual magnet location), is included.
The magnet is far enough from REPTile to assume a dipolar
field, and the strength of the magnet’s dipole is calculated
using its magnetic moment. Test particles of both protons and
electrons are fired down the bore sight of REPTile from a
distance of 1 m. This initial position is small compared to the
particles’ gyroradii but large with respect to the ADCS mag-
netic field. The initial velocities for electrons corresponding to

Figure 13. Energy deposited into all four detectors as a function of incident energy from a simulation of 20,000 electrons
in Geant4. The horizontal dashed lines correspond to the 250 keVand 1.5 MeV discriminator thresholds, in between which
the particle is binned as an electron. The vertical solid lines correspond to the energy range of the corresponding detector.

Table 2. S/N Ratio for Electrons and Protons on All Four
Detectors, Calculated for Extreme Energetic Particle Conditions

Detector 1 Detector 2 Detector 3 Detector 4

Electron S/N 88.3 18.7 13.0 10.4
Proton S/N 13.6 7.0 5.3 2.0
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10 eV to 5 MeV and for protons 1 keV to 50 MeV are used.
Based on the results of this analysis, the Attitude Control
Systems (ADCS) magnet alters the trajectories of only lower-
energy electrons (E < ~10 keV) near REPTile. The effect of the
ADCS magnet on relativistic electrons and energetic protons
that enter through REPTile’s field-of-view is negligible; thus,
the instrument’s performance is unaffected by its presence.

2.8.4. Instrument testing. Without access to particle accel-
erators due to budgetary constraints, the fully assembled
spacecraft was tested with a strontium-90 radiation source
fastened to the outside of the REPTile collimator. Strontium-
90 has a half-life of 28 years and decays into yttrium-90,
emitting an electron with maximum energy of 0.546 MeV.
Yttrium-90 has a half-life of 2.7 days and decays into
zirconium-90, emitting an electron with maximum energy of
2.28 MeV. Both isotopes emit electrons in a continuous
kinetic energy spectrum from zero to the maximum. An
independent empirical measurement of the strontium-90
spectrum was made and fit to a power law. Using the fit,
the theoretical count rate for each of REPTile’s differential
energy channels was calculated. Data collected from the fully
integrated strontium-90 test agreed with the theoretical count
rate within expectation, confirming functionality of the in-
strument and despite the design challenges presented by an
energetic particle telescope for a CubeSat platform.

3. MISSION OPERATION, DATA ANALYSIS,
INTERPRETATION, AND MODELING

3.1. CSSWE Operational Scenario

The expected orbit is 480 km � 790 km, with an inclina-
tion of 65°. Once deployed from the launch vehicle, the

spacecraft will power on, start charging batteries and begin
to align itself with the Earth’s magnetic field using a passive
MACS, described earlier. Simulations have shown that,
based on the orbit average power, the spacecraft will be
power positive. The 8.4 W h batteries should charge to full
capacity within 24 h on orbit. The system starts up in safe
mode, transmitting a beacon every 18 s to aid in establishing
contact with the ground station. The mission design allows
1 month for spacecraft contact and commissioning before the
3 month science mission, as illustrated in Figure 14. Student
operators will establish contact and operate the spacecraft
under the guidance of the experienced LASP mission opera-
tors using the ground station located at LASP.
The spacecraft passes over the Boulder ground station an

average of 4.7 times each day with an average link time of
4.5 min available to download data on each pass. Accounting
for an assumed 20% dropped packets, CSSWE can downlink
40% of the science data, and all housekeeping data generated
in 1 day using only two (of the anticipated 4.7) 4.5 min
passes. Because only high-latitude data is of interest for the
mission, the science data may be selectively downlinked by
accounting for satellite position when the data was recorded.
However, because the entirety of the science mission can be
stored on board the satellite SD card, data for any time can be
requested during any pass. Thus, data from an interesting
solar event that would be measured by REPTile even at low
latitudes may be downlinked after the event has occurred.

3.2. Data Analysis and Interpretation

CSSWE will store science data on board until contact with
the LASP ground station is made. Upon requests for specific
time intervals, the satellite will return science data as time-
stamped attitude information, spacecraft mode, detector

Figure 14. The early mission operations of the satellite are shown.
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status, and binned electron and proton counts at 6 s cadence.
The raw science packets will be received and parsed at the
ground station at LASP using ISIS command and control
software and saved as level 0 text files of raw count rates, raw
magnetometer, and photodiode values (used later for attitude
determination), spacecraft mode, and detector status. Correc-
tions are then applied to these level 0 raw count rates to
create level 1 data.
The conversion of level 0 count rate data into level 1 count

rates will correct for background and dead time effects.
Corrections will account for the charge collection time in the
detector, which is 250~300 ns for 1.5 mm silicon. By assum-
ing a Poisson distribution with 6 s cadence, a statistical
correction can be made for the charge collection time. Addi-
tional corrections will be applied to account for electronic
pileup, where the pileup time scale is ~8 μs. Pileup is depen-
dent on the performance of specific electronic components.
The CSA, shown in Figure 10, has an inherent tempera-

ture-dependent exponential offset. The onboard electronics
remove the offset to first order, but for periods where the
first-order approximation breaks down, warning flags of
various levels will be included with the data. Additionally,
the accuracy of the CSA decreases during periods of high
fluxes. Onboard corrections allow for some science to be
recovered during these periods, but warning flags will also
be included to indicate increasingly unreliable data. Addi-
tional warnings will be issued for other inconsistencies,
such as improperly biased detectors or changes in discrim-
inator threshold voltages. A copy of the flight hardware has
been fabricated and will be used for additional calibration,
as this flight spare behaves identically to the delivered
CubeSat.
Level 2 data take the adjusted count rate (level 1) data and

converts them into fluxes at designated energy ranges. We
use bowtie analysis to derive an incident energy spectrum
f (E) for both electrons and protons based on a best fit to the
data using the following equation:

Ci ¼ ∫γf ðEÞαiðEÞdE; ð1Þ
where Ci is the count rate for channel i, γ is the instrument
geometric factor, f is the environmental particle flux, and αi is
the response function of detector i, as calculated from Geant4
simulations. The flux on each detector is then calculated
based on the derived best fit energy spectrum. The differen-
tial fluxes will be provided as level 2 data, as well as the
energy spectrum used, and a measure of the error in the
spectral fit to the data.
Finally, level 3 data are the differential flux measurements

converted into directional differential flux. This is done using
the onboard magnetometer data (and photosensors mounted

on four sides of the solar array if the satellite is insolated) to
determine the direction of the local background magnetic
field relative to the alignment of the spacecraft. We then
derive the look direction of the instrument to resolve the PA
range of the measured particles. Using a magnetic field
model, such as the Tsyganenko [2002] model, we map the
magnetic field lines to the equator and determine the L value
(equatorial radial distance in the Earth radii from the center
of the Earth) and the equatorial PA of the particles (Table 3).

3.3. Modeling

Owing to the nondipolar nature of the Earth’s magnetic
field and CSSWE’s orbit and orientation, the electrons mea-
sured by CSSWE can be categorized as a mixture of trapped,
quasitrapped (in the drift loss cone (DLC)), and precipitating
(in the bounce loss cone (BLC)) populations, depending on
where (i.e., longitude and latitude in the Northern and South-
ern Hemispheres) the measurements are made [Selesnick,
2006; Tu et al., 2010]. The BLC is defined as the range of
equatorial PAs where an electron’s mirror point reaches at or
below an altitude of 100 km in either hemisphere (with
electrons lost within one bounce period), and the DLC is
defined as the range of equatorial PAs between the highest
BLC angle at the South Atlantic Anomaly (SAA) region and
the local BLC angle (electrons lost within one drift period).
Figure 15a illustrates the identification of these three differ-
ent populations based on a comparison of the equatorial PA
for electrons mirroring at CSSWE’s altitude (~600 km) at
L = 4. The equatorial BLC angles across longitude (the upper
boundary of the red area) are in the range of 5.2° to 6.8° in
equatorial PA, with the highest near SAA (near 0° and 360°)
and the lowest near 105° geomagnetic longitude. The equa-
torial PA of a data point is estimated by assuming it is locally
mirroring at the satellite location, which is an approximation
considering the wide field-of-view of the detector. Under this
assumption, some of the so-called “trapped” electrons may
actually be quasitrapped (if the actual local PA < 90°), or
some “quasitrapped” electrons may actually be untrapped,
but the “untrapped” electrons will be truly untrapped. Thus,
using this approximation, we calculate the lower bound on

Table 3. Data Level Description

Data Level Description

Level 0 Raw 6 s electron and proton count rates
Level 1 Adjusted count rates, accuracy flags
Level 2 Differential flux per detector and species, estimated

energy spectra, and error
Level 3 Directional differential flux, pitch angle, and L shell
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precipitation loss, equal to or less than the actual flux of
precipitating electrons.
This can be seen from Figure 15b, where the calculated

local BLC angles, corresponding to the triangles in Figure
15a, are displayed, more of which are less than 90°. The
corresponding untrapped electrons (red triangles) are mea-
sured at the location with local BLC at 90° (meaning they
will be lost by reaching at or below 100 km in the other
hemisphere even if they mirror at the measurement location).
Since the observed electron flux variation is a complicated

balance between loss and energization for any quantitative
study, physical modeling is needed. REPTile provides a 6 s
integration measurement of the particle distributions, which
contain a mixture of the three different populations, in vary-
ing proportions depending on longitude and hemisphere. To
determine the precipitation loss from these data, modeling
efforts are required. We have analyzed and modeled 6 s
integration measurements of MeVelectrons from SAMPEX,
which was in a similar orbit and is expected to reenter the
atmosphere soon [Baker et al., 2012]. For example, Figure
16 shows energetic electron measurements by P1 and ELO
channels on SAMPEX, represented by the filled triangles as
a function of longitude when SAMPEX crossed L = 4.5
during a geomagnetic storm in 8–13 March 2008. The empty

triangles are simulation results, to be discussed later. Figure
16a shows a typical quiet time prior to a magnetic storm;
Figure 16b immediately follows Figure 16a in time and
includes the magnetic storm main phase, Figure 16c is
during the storm early recovery phase, and Figure 16d
commences the late recovery phase. The general pattern and
variation of the data are the stably trapped population near 0°
and 360° longitude in the south (green triangles pointing
downward) has the highest count rates before the storm,
decreases significantly during the storm main phase and
stays low in the early recovery phase, and then returns to
the prestorm level during the late recovery phase; the quasi-
trapped population in the DLC from ~45° to 315° longitude
(blue points) has intermediate data rates and increases east-
ward during the prestorm and late recovery phases because
of the azimuthal drift, during the storm main phase it is
relatively flatly distributed over the longitude; the untrapped
population in the BLC near 0° and 360° in the north (red
upward triangles) generally has the lowest count rates.
Based on only the measurements, little physical information
can be extracted. We have developed a drift-diffusion model
at LASP that includes azimuthal drift and PA diffusion to
simulate the low-altitude electron distribution observed at
LEO to quantify the electron precipitation loss into the

Figure 15. (a) Schematic illustration of three populations of energetic electrons that can be measured by CSSWE (600 km
altitude): trapped, quasitrapped, and untrapped, depending on their equatorial pitch angle (PA) ranges (shown here at L = 4)
and where the measurement was made (i.e., longitude and latitude in the Northern and Southern Hemisphere). When an
electron reaches below 100 km altitude, it is assumed to be lost. The upward triangles represent measurements taken in the
Northern Hemisphere and the downward ones in the Southern Hemisphere. The solid (dotted) curve represents the bounce
loss cone (BLC) angle at L = 4 in the Southern (Northern) Hemisphere, so the final BLC at each longitude is the maximum
of these two, with the range of equatorial PA inside the BLC filled by red color. (b) Local BLC angles at the measurement
locations (upward solid and downward empty triangles) in Figure 15a, with the untrapped electron measurements in red
(untrapped: these electrons, even mirroring at the measurement location, will be lost by reaching at 100 km at the other
hemisphere).
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atmosphere [Tu et al., 2010]. The model is governed by the
equation:

∂f
∂t

þ ωd
∂f
∂φ

¼ ωb

x

∂
∂x

x

ωb
Dxx

∂f
∂x

� �
þ S; ð2Þ

where f (x, φ, t) is the bounce-averaged electron distribution
function at a given L shell and kinetic energy E, as a function
of x = cos α0 (where α0 is the equatorial PA), drift phase φ,
and time t; ωd is the bounce-averaged drift frequency; ωb is
the bounce frequency; Dxx is the bounce-averaged PA diffu-
sion coefficient, in the form

Dxx ¼ Ddawn=dusk Ẽ
−α 1

10−4 þ x30
; ð3Þ

where Ẽ = E/(1 MeV); and S is the source rate, defined as

S ¼ S0 Ẽ
−ν
ḡ1ðxÞ=p2; ð4Þ

where ḡ1 is the lowest-order eigenfunction of the combined
drift-diffusion operator (the terms in equation (1) involving
∂/∂φ and ∂/∂x), and p is the electron momentum for a given
E. Free parameters include Ddawn, Ddusk, α, ν, and S0.
By adjusting model-free parameters, we can fit the longi-

tude dependence of the electron count rates in the model to

the data. The best fit simulation results, shown as empty
triangles in Figure 16, determine the PA diffusion coefficients
of electrons at different energies for different intervals. Then,
the electron lifetime at a specific energy can be estimated as:
τ ¼ 1=ð100D̄Þ, where D̄ is the longitude-averaged model
diffusion coefficient defined as D̄ ¼ ðDdawn þ DduskÞ Ẽ−μ

=2.

4. SUMMARY

Here we have provided a detailed description of the up-
coming Colorado Student Space Weather Experiment, an
NSF-funded CubeSat mission launched on 13 September
2012 (our ground station was able to find, track, and receive
beacon/housekeeping packets during the first pass around
04:00 LT next day, all appear nominal at this point). The
CSSWE system architecture has been designed to maintain
simplicity while meeting all of the well-defined and justified
system and subsystem requirements. A “keep-it-simple” ar-
chitecture mitigated risk and allowed the CSSWE team to
design, manufacture, and test a fully functional satellite,
which was successfully delivered on time to the launch
provider with additional margin on the various system re-
quirements defined for CubeSats. Housed within the 3 U
CubeSat structure, the combined CSSWE subsystems pro-
vide the necessary platform to achieve CSSWE’s primary

Figure 16. Electron count rate data (solid triangles) at L = 4.5 from two SAMPEX channels (P1 and ELO) versus
geomagnetic longitude during (a) a quiet prestorm interval, (b) storm main phase, (c) early recovery phase, and (d) late
recovery phase of the March 2008 storm. Data points are identified as trapped (green), quasitrapped (blue), and untrapped
(red). Upward triangles are measured in the Northern Hemisphere and downward ones in the Southern Hemisphere. The
simulation results are shown as empty triangles.
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science goals to make differential flux measurement for ener-
getic electrons and protons. Under the tutelage of Aerospace
Engineering professors and LASP scientists and engineers,
graduate students designed, built, and tested the internal struc-
tures, thermal, power, ground station, and attitude control
subsystems, while COTS C&DH and communications sub-
systems and an external frame were integrated as well. Also,
student designed and tested, CSSWE’s primary science pay-
load, REPTile, will observe solar energetic protons in the
energy range 10–40 MeVand outer radiation belt electrons in
the energy range 0.5 to >3 MeV. The necessary environmental
tests and thorough end-to-end testing of each of the subsys-
tems, and the fully integrated spacecraft with communication
to the ground station, have been successful, providing confi-
dence that CSSWE will perform as designed when on orbit.
Science data from REPTile will be processed and released

using multiple levels of refinement, from raw, unprocessed
count rates (level 0) to directional, differential energy fluxes
with specified PA ranges and L shells (level 3). We have also
discussed one application of how this data can be used to
understand precipitation loss of outer radiation belt electrons
based on the work of Tu et al. [2010]. This drift-diffusion
model will use REPTile electron fluxes to quantify electron
loss rates into the Earth’s atmosphere. When SEPs occur,
CSSWE will also be used to determine the energy spectra,
intensity, and latitudinal extent of these ultraenergetic parti-
cles precipitating into the Earth’s atmosphere. These are just
two examples of how CSSWE science data will be used, but
many more studies can be conducted, especially when the
data are used in conjunction with data from other missions,
such as SDO, RBSP, and/or Time History of Events and
Macroscale Interactions during Substorms (THEMIS).
CubeSat missions are gaining popularity in the scientific

community, and CSSWE is a prime example of their poten-
tial. Alongside the other NSF CubeSats (e.g., RAX [Cutler et
al., 2010] and CINEMA [Lee et al., 2011]), CSSWE is
proving how small, inexpensive, student-built and designed
space missions are not only feasible, but fully practical for
achieving valuable science objectives. CSSWE science ob-
servations will help to address unanswered questions
concerning the nature and impact of solar energetic proton
events at Earth. Additionally, by providing observations of
pitch angle resolved relativistic electrons at LEO, CSSWE
will complement NASA’s RBSP mission to understand
Earth’s highly variable outer radiation belt. This demon-
strates how, for an additional cost that is only a small fraction
of the total mission cost, large, expensive science missions
can benefit from one or more small spacecraft, like CubeSats,
to provide additional points and types of measurements,
particularly those that may be impossible for the larger
mission to provide on its own.
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Radiation Belts of the Solar System and Universe

B. H. Mauk

Applied Physics Laboratory, Johns Hopkins University, Laurel, Maryland, USA

Because of its likely tutorial value, I document here a personal journey regarding
the hypothesized premise that studies of radiation belt physics at Earth and other
solar system planets are informative for the study of extrasolar radiation regions.
First, recent findings are summarized on comparisons between the radiation belts of
all of the strongly magnetized planets of the solar system and what universal
properties might be extracted. Then, because the diagnosis of extrasolar radiation
regions occurs exclusively by means of synchrotron and other photon-emitting
processes, Jupiter’s powerful synchrotron emitting radiation belt is examined.
Finally, tools developed at Jupiter are used to examine an example of a hyperen-
ergetic radiation region outside of the solar system, that of the Crab Nebula. A
significant challenge to understanding extrasolar radiation regions in the context of
planetary radiation belt physics is that the processes that make such distant regions
visible to us here at Earth, synchrotron and other photon emission processes,
invariably play significant or dominant roles in the energetics of those regions. It
is thus difficult to “see” extrasolar radiation systems like those that we study nearby.

1. INTRODUCTION

It is common in general audience presentations on the
physics of planetary radiation belts to hear that we study, with
our in situ sampling spacecraft, particle acceleration processes
that are operating throughout the universe. Such statements
are often accompanied by beautiful images of distant astro-
physical objects such as the galactic center or the Crab Neb-
ula. These claims are undoubtedly correct, but these assertions
beg the question as to whether the processes that we study
near home have direct application to understanding the struc-
ture, dynamics, and energetics of distant regions. Because of
its likely tutorial value, I address that question here.
An important question for this task is: how do we compare

radiation belts observed within very different planetary sys-
tems? Should a planet that is 10 times bigger or have a
magnetic field that is 10 times stronger have a radiation belt

that is 10 times more intense or 10 times more energetic?
Recent findings that provide some answers to this question
are presented.
Jupiter is the jumping-off point for any attempts to extrap-

olate planetary findings to extrasolar regions because Jupi-
ter’s radiation belt is the only planet that can be remotely
imaged with radio wave synchrotron emissions. Thus, some
space is devoted here to reviewing Jupiter’s synchrotron
emitting belt.
The lessons and tools developed for Jupiter are then directed

to the radiation regions of the Crab Nebula (Figure 1) because
it is one of the most canonical and familiar objects in the sky
and because its characteristics are so well documented.

2. COMPARATIVE RADIATION BELTS

All the strongly magnetized planets of the solar system
have robust radiation belts extending to relativistic energies
[Mauk and Fox, 2010]. The question is: can we extrapolate
what we learn between systems? For example, how can a
system powered by internal planetary rotation (Jupiter) be
compared to a system powered externally by the solar wind
(Earth)?

Dynamics of the Earth’s Radiation Belts and Inner Magnetosphere
Geophysical Monograph Series 199
© 2012. American Geophysical Union. All Rights Reserved.
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2.1. The Kennel-Petschek Limit

One suggestion for a “standard” for comparing different
planetary radiation belts [Summers et al., 2009; Mauk and
Fox, 2010] is the so-called Kennel-Petschek limit [Kennel
and Petschek, 1966]. Considering only electrons, these
authors noted that (1) magnetic flux tubes within the Earth’s
inner magnetosphere are robustly populated by some accel-
eration processes during magnetically active conditions,
(2) accelerated particles trapped in magnetic bottle configura-
tions are intrinsically unstable to the generation (net gain: G)
of whistler waves near the magnetic equator, (3) a small
fraction of the generated waves propagating along the mag-
netic field lines are reflected (R) from the ionosphere back
toward the equatorial regions (R ~ 5% amplitude or 0.25%
power flux is commonly assumed), and (4) if GR > 1, there
occurs runaway growth of the waves, and electrons are lost at
the very fast strong diffusion limit, whereby the loss cone of
the magnetic configuration is filled by wave-particle scatter-
ing as fast as the loss cone particles are precipitated into the
atmosphere. So, for robust acceleration processes, it is pre-
dicted that the particle distributions adjust themselves so that
GR ≤ 1. Kennel and Petschek [1966] derived an upper limit
on the integral intensity of the particle distribution of the

form ∫
∞

E*IðEÞ ⋅ dE ≤ KPL, where I(E) is particle intensity,

E* is the energy above which the particles contribute to the
positive growth of the waves, and “KPL” is short for
“Kennel-Petschek limit,” dependent on the radial position “L.”
There have been refinements of the theory. Schulz and

Davidson [1988] generated a differential version and pre-
dicted that particle distributions take on an I(E) ~ E�1 spec-
tral shape. This work and that of Kennel and Petschek [1966]
assumed nonrelativistic particle energies. Summers et al.
[2009] then developed a relativistic version of the integral
KPL theory. Mauk and Fox [2010] then developed a relativ-
istic differential Kennel-Petschek procedure and demonstrat-
ed that the I(E) ~ E�1 spectral shape is roughly preserved
with the relativistic theory. We summarize theMauk and Fox
[2010] findings here.
We characterize the net whistler mode wave gain (G) with

the expression

G ≈ exp
γ

Vg
DRp

� �
; ð1Þ

where G is the ratio of final to initial wave amplitude as the
waves propagates through the equatorial regions, γ is wave
growth rate (s�1), Vg is the wave group velocity (cm s�1),
D is the distance in planetary radii along the magnetic field
direction, centered on the magnetic equator, where the
wave growth rate remains positive and large, and Rp is the
planetary radius (cm). Assuming that R ~ 0.05 such that
ln[1/R] ~ 3, one can manipulate GR ≤ 1 using equation (1)
to obtain

DRpγ½ωrðErÞ� ≤ 3Vg½ωrðErÞ�: ð2Þ
Here both γ and Vg are functions of ωr, the whistler mode
wave frequency that is in gyroresonance with a specified
set of electrons with minimum resonant electron energy Er.
The expressions that relate γ, Vg, ωr, and Er, are provided
in an appendix of Summers et al. [2009].
Equation (2) is evaluated using analytic fits to measured

radiation belt electrons:

I
1

cm2 s sr keV

� �

¼ CEkeV
½kTðγ1þ 1Þ þ EkeV�ðγ1þ1Þ

1þ EkeV
E2

� �γ2
� �

1þ EkeV
E3

� �γ3
� � sin 2SðαÞ; ð3Þ

which contains five to seven free fitting parameters: C, kT,
γ1, γ2, and E2, and sometimes γ3 and E3, while the anisot-
ropy parameter “S” is set to “0.3” based on high-intensity
observations at Earth. We define two different values
of C: Cm comes out of the spectral fitting process, and CK

is the value needed for the intensity to exactly match the
KPL. Using the fact that γ[ωr(Er)] is linearly proportional

Figure 1. Hubble Space Telescope images of the Crab Nebula in
three different wavelengths overlaid. The red (OIII, 5007 A) and
green (SII, 6717 A) components are thought to be from the expand-
ing thermal components, and the blue (OI, 6300 A) is thought to
represent the region of the electrons and positrons that emit syn-
chrotron radiation. After Hester [2008] (NASA image published in
Annual Review of Astronomy and Astrophysics).

406 RADIATION BELTS OF THE SOLAR SYSTEM AND UNIVERSE



to C, we can change equation (2) into an equality by repla-
cing γ[ωr(Er)] with (CK/Cm) γ[ωr(Er)] to yield

Cm

CK
¼ DRp

γ½ωrðErÞ�
3Vg½ωrðErÞ� : ð4Þ

When this ratio is greater than 1, equal to 1, or less than 1 for
a given resonant energy Er, the electron intensity for that
given resonant energy is greater than, equal to, or less than
the differential KPL. Our prediction is that Cm/CK ≤ 1 for
all Er.

2.2. Comparing Planetary Radiation Belts

Figure 2 shows that that prediction is borne out for the
most intense electron spectra at relativistic energies of all
strongly magnetized planets of the solar system: Earth,
Jupiter, Saturn, Uranus, and Neptune. The five spectra
from five planets were chosen as being among the most
intense for each planet at 1 MeV. The number next to each
letter designating the planet indicates the radial L value
where the measurement was made. This figure shows (a) at
each resonant energy the spectra are all near or below the
KPL (bottom), (b) the Cm/CK profiles for Earth, Jupiter,
and Uranus are flat and close to the value 1 from E ~ 0.1
to ~1 MeV (bottom), (c) the intensities in the top panel for
Earth, Jupiter, and Uranus are correspondingly almost
identical from 0.1 to 1 MeV and show the characteristic
I(E) ~ E�1 spectral shapes. The Jupiter spectrum extends
to much higher energies while still remaining below the
KPL.
Neptune and Saturn are different. The acceleration pro-

cesses at Neptune appear not sufficient to populate the KP
limiting profile at energies near 1 MeV. Mauk and Fox
[2010] concluded that the absence at Neptune of dynamic
injection phenomena may be key to the understanding of the
absence of robust acceleration. At Saturn, it appears that the
radiation belt intensities are dim because of absorption and
degradation caused by dense clouds of gas and dust observed
to be emanating from the Saturnian satellite Enceladus in the
form of geyser-like plumes.
A caveat to the results discussed here is that, in the

regions where intensities at relativistic energies (~1 MeV)
are not intense, and at radial distance greater than that used
for Figure 2, the particle intensities for Er ≤ 0.2 MeV can
sometimes substantially exceed the Kennel-Petschek limit
at Earth (see discussion in the work of Mauk and Fox
[2010]). Tang and Summers [2012] discovered that this
same condition prevails at Saturn for L ≥ 7 RS. Dynamic
injections appear sufficiently active there to overwhelm
losses.

2.3. Implications for Extrasolar Radiation Regions

So, while not all of the planets populate their limiting
spectra into the relativistic energies, the limiting spectrum,
and I(E) ~ E�1 spectral shapes, are good examples of what
might be considered universal characteristics of robust rela-
tivistic planetary radiation belts. The question is: does this
property or any other “universal” property for planetary
magnetospheres, tell us anything about extrasolar radiation
regions?
In order to be diagnosed, an extrasolar radiation region

must be observed. Diagnosing such regions is mostly about

Figure 2. (top) Electron spectra from the five strongly magnetized
planets (E, Earth; J, Jupiter; S, Saturn; U, Uranus; N, Neptune),
representing the most intense spectra at 1 MeV. The numbers
following the planet labels are the L value or radial distance where
each spectrum was sampled. The spectra were sampled by the
CRRES satellite for Earth, Voyager 2 for Uranus and Neptune,
Cassini for Saturn, and a combination of Voyager 1 and the Pioneers
for Jupiter. (bottom) Kennel-Petschek analysis of the five spectra in
Figure 2, top. See the main text for an explanation of this panel.
After Mauk and Fox [2010].

MAUK 407



the “synchrotron emission process” and related photon emis-
sion processes. We have a wonderful example of a synchro-
tron emitting region within planetary radiation belts: Jupiter.

3. JUPITER’S RADIATION BELT

The fact that Jupiter’s radiation belt can be made “visible”
by synchrotron radiation makes it very compelling (Figure 3).
Synchrotron radiation is the photon emission process arising
from relativistic electrons gyrating in a strong magnetic field.
One sees from Figure 4, the synchrotron emission kernel for
electrons with a single energy (see the appendix), that the
intensity is a strong function of the magnetic field strength
(~B2), and the position of the peak frequency of emission is a
strong function of both magnetic field (~B) and particle
energy (~γ2, where γ is the relativistic Lorentz factor with
kinetic energy E = (γ � 1) ·mec

2; me is electron rest mass).
The strong dependence on B is why the synchrotron radiation
emanates from regions only close to Jupiter itself (Figure 3).
Synchrotron images of Jupiter are available over a variety

of frequencies (related to electron energy), both from ground
radio telescopes (Figure 3, top) and from space assets like
Cassini (Figure 3, bottom). Also, there now exist ground
techniques that allow observations over broad ranges of frequency with associated energies extending to nearly 100

MeV (Figure 5, top) [de Pater and Dunn, 2003]. Detailed
modeling of electron transport, adiabatic energization, and
losses has resulted in a fairly good qualitative understanding
of how the images obtain their characteristics (Figure 6)
[Santos-Costa and Bolton, 2008]. Most interesting for later
discussions is the role that the synchrotron emission process,
itself, plays in the energetics of this inner radiation belt.
Specifically, the synchrotron emission has been identified as
a cause of the horn-like features in the synchrotron images
(Figure 6; “synchrotron friction” causes loss of perpendicular
energy, leaving only the parallel energy).
So, there is an important lesson that we have already begun

to learn at Jupiter. Specifically, if the radiation region can be
observed remotely, then the emission process, itself, plays a
key role in the energetics and character of the radiation
region.
The detailed modeling highlighted in Figure 6 goes far

beyond what would be possible for an extrasolar radiation
region. However, as an exercise, we can treat Jupiter as
strictly a remote object and ignore all of the detailed infor-
mation that we know about it. Such an exercise has been
performed to generate Figure 5, using the synchrotron spec-
tra in the top panel and the procedures described in the
appendix using equation (3). The “forward-model” inversion
of the synchrotron radio spectra yields electron spectra that
compare favorably with spectra sampled in situ, in this case
by Pioneer 11 (Figure 5, bottom). The continuous lines in the

Figure 3. Synchrotron radio emission images of the inner radiation
belt of Jupiter at radio frequencies (top) 1.4 GHz [from Garrett et
al., 2005], obtained from ground receivers, and (bottom) 13.8 GHz
[from Bolton et al., 2002] (NASA image published in Nature),
obtained from the Cassini spacecraft during its flyby of Jupiter.
These two frequencies correspond very roughly to emitting electron
energies near 5 and 50 MeV, respectively.

Figure 4. Shape of the synchrotron photon emission spectrum
coming from relativistic electrons (γ2 >> 1) with energy E ~ γmec

2

within a magnetic field of strength B and with a pitch angle α. The
constant k can be derived in Appendix A. Two curves are shown,
one representing the exact (true) theoretical expectation and another
that is an analytic approximation. Expressions are provided in the
appendix.
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top panel show how well our derived electron spectra repro-
duce the observed synchrotron radio spectra. To perform
these inversions, just the Jovian magnetic field strength near
the peak in the emission distributions has been used (L ~ 1.4,
B ~ 1.5G), and the volume of the emission regions has been
estimated from the visible images (V ~ VJup, where VJup is the
volume Jupiter). One may do a reasonably good job of
inferring the electron spectra by such inversions, provided
an independent estimate of the magnetic field strength is
available as, it turns out, we have for the Crab Nebula.

4. THE CRAB NEBULA

We turn now to a wonderful example of a distant astro-
physical radiation region, the Crab Nebula (Figure 1). The
Crab, generated by the famous supernova of 1054, has an
active interior pulsar that generates an outward relativistic
wind. The termination shock of that wind very close to the
pulsar is thought to energize electrons and positrons to hy-
perrelativistic distributions that continue to expand outward
(Figure 1; the blue emission region serves as a proxy) against
a container of thermal gas and dust (Figure 1, red and green
regions) that continues to expand. Crab characteristics are
reviewed by Hester [2008]; e.g., the nominal magnetic field
strength is 30–100 nT. The synchrotron spectrum has a
dynamic range in emission frequency that is astounding
(Figure 7). The crab is highly structured with filaments and
“wisps,” and is particularly structured in the innermost re-
gions where the most energetic emissions likely arise. How-
ever, the degree of structuring of the synchrotron components
in the majority of the visible volume (Figure 1, blue) is
uncertain, as this component serves as the driver of expan-
sion of the neutral components (red and green) further out.

4.1. Estimating the Crab’s Electron Spectra

One may use the same tools used at Jupiter to invert the
Crab’s synchrotron radiation (Figure 8). An additional com-
plexity comes from the fact that the emission volumes for
those spectral components that have been imaged (radio,
visible, X-ray) vary systematically with emission frequency
[Hester, 2008]. Using the images in the three different spec-
tral ranges, analogous to the analysis of Amato et al. [2000],
yields an estimate of how the emission volumes vary with
emission frequency, specifically

Vol½cm3� ¼ 1057
ν½Hz�
107

� �−0:22

: ð5Þ

Figure 8 shows two Crab spectra, one derived assuming that
the emission volume is constant and the other assuming that
the emission volume varies according to equation (5), which
extrapolates what we know about the emission volumes from
low to intermediate energies into the highest-energy regions.
These procedures may well not generate a single spectrum
that is accurate for any particular position within the Crab,
but our purpose is to provide a quasiquantitative perspective
on the electron distributions. The generation of quantitatively
accurate representations most likely comes from a component-
by-component analysis like that of Meyer et al. [2010].
Electrons-positrons participating with Crab synchrotron

emissions cover energies from tens of MeV up to 10 PeV
(1016 eV). At the lower energies (tens of MeV), one sees in

Figure 5. (top) Colored symbols and lines show the total image-
integrated synchrotron emission spectra from Jupiter taken by
ground receivers for different radio wave frequencies. Spectra from
multiple time periods are shown. The discrete symbols are from a
figure in the work of de Pater and Dunn [2003]. The colored lines
are the result of my spectral inversion process to extract the electron
spectra that are responsible for the synchrotron emissions. The
black line is the synchrotron emissions that would come from an
electron spectrum measured by Pioneer 11 at L = 3 RJ by Baker and
Van Allen [1976] if that spectrum was positioned at L = 1.4.
(bottom) The colored lines are the electron spectra extracted by
inverting the synchrotron spectra, using the processes described in
the appendix. The black line is a fit to the electron spectrum
measured at L = 3 by Pioneer 11 [Baker and Van Allen, 1976].
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Figure 8 that the electron intensities at Jupiter are >3 orders
of magnitude more intense than the Crab intensities, but the
total energy density of electrons within the Crab is clearly far
greater than that at Jupiter.

4.2. Kennel-Petschek Analysis of the Crab

It is of interest that the spectral index of the Crab spectrum at
the lower energies is close to our ubiquitous E�1 spectrum
anticipated from Kennel-Petschek theory. Even though the
geometry of the Crab radiation region is likely nothing like
that of a planetary magnetosphere (it is not clear that scattered
electrons would have anywhere to go), it is irresistible to
perform a Kennel-Petschek-like analysis of the Crab spectrum.
Figure 9 shows that the KP theory provides no useful metric
for understanding this electron radiation region. The Crab

spectrum is something like 4–5 orders of magnitude more
intense than what would be anticipated from the KP metric.
To align this analysis to a KP expectation, a wave growth
length along the magnetic field of 10�5 to 10�6DCrab would be
required rather than the 0.1 DCrab value used for the figure.
Since the gyroradii of a 108 keV electron in a 30 nT field is
already 1 to 10 times bigger than that value perpendicular to
the magnetic field, and since the major fraction of the syn-
chrotron emitting populations serve as the driver of the out-
ward expansion of the global thermal components (Figure 1),
such structuring is not viable within the major fraction of the
volume of the Crab. We conclude that the existence of the E�1

spectrum within the Crab is a coincidence and that the radia-
tion within the Crab is more intense than one would extrapo-
late from planetary radiation belt studies.

4.3. Dynamics Within the Crab

A very intriguing finding was recently published showing
that the Crab emission spectra are unexpectedly dynamic.
Abdo et al. [2011] and Tavani et al. [2011] reported what
they call “gamma ray flares” coming from the Crab (red and
blue dots in Figure 10 to be compared to the nominal crab
spectrum shown with a black line). The time variations over
about 24 h (combined with velocity of light causality argu-
ments) demand that these emissions come from a spatially
confined region not more than 0.1% of the size of the Crab.
(This size is still a factor of 100–1000 bigger than needed to
make the KP analysis viable.) The published speculations
about these flares center on diffusive shock acceleration and
more esoteric suggestions.
I thought immediately of the CRRES observations of the

creation of a brand new radiation belt [Blake et al., 1992].
Could a simple model derived from planetary radiation belt
studies provide the mechanism needed to explain the Crab
flares?

Figure 6. Schematic of electron transport, energization, and loss processes at Jupiter that contributes to the spatial and
spectral characteristics of the synchrotron emissions from Jupiter’s inner magnetosphere. Reprinted from Santos-Costa
and Bolton [2008], with permission from Elsevier.

Figure 7. Synchrotron (mostly) emission spectrum for the Crab
Nebula compiled from multiple sources by Atoyan and Aharonion
[1996] and replotted and reviewed by Hester [2008]. The feature
between 1012 and 1013 Hz is a contribution from thermal emission
from dust. Reprinted with permission from Annual Reviews, Inc.
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I naively modeled the gamma ray flares on the basis of
adiabatic compression, using the spectrum derived for Fig-
ure 8 and the synchrotron inversion tools developed here. In
Figure 10, the black curve is the nominal Crab emission
spectrum. The purple curve is the emission from a very small
spatial region, assumed to emit the same spectrum as does
the Crab as a whole but with a much smaller emission

volume. The parameter RVI labeling the purple curve is a
free parameter that is the ratio of the volume-times-electron
intensity within the small-scale region to be compressed
compared to the same parameter for the nominal surrounding
medium for the same electron energy. The parameter used is
reasonable if the precompressed electron intensity within the
small-scale region begins with an intensity that is a factor of
3 to 300 greater than the nominal broader Crab volume,
depending on a range of reasonable assumptions about the
nominal effective volume of emissions for the highest-energy
portion of the nominal Crab spectrum. The green curve is
what one gets when the small-scale emission region is adia-
batically compressed by a canonical factor of 4, based on
strong shock compression. Note that the effective compres-
sion ratio for the famous CRRES event was a much higher
factor of ~10 because the shock-like structure propagated
against a magnetic beach [Li et al., 1993]. For adiabatic
compression, we convert intensity to phase space density
and assume conservation of the relativistic adiabatic invari-
ant of gyration as B increases.

Figure 8. Result from the “forward modeling” inversion of the
nominal synchrotron spectrum coming from the Crab Nebula. In-
version procedures are described in the appendix. (top) The solid
points in the plot are sampled from the observed nominal spectrum
(Figure 7 and similar figures). The solid line is our optimized model
of the nominal emissions. (bottom) The optimized electron-positron
spectra associated with the optimized synchrotron model shown in
Figure 8, top. The blue-gray curve (the lowest) was obtained by
assuming (clearly inaccurately) that all emitted frequency compo-
nents come from the same emission volume (1057 cm3). The red
spectrum was obtained by assuming that the emission volume varies
as a function of emission frequency according equation (5). The
short black spectrum near the top is the electron spectrum measured
within Jupiter’s magnetosphere by the Pioneer 11 spacecraft near
radial distance L = 3 RJ.

Figure 9. Kennel-Petschek analysis of the Crab Nebula electron
spectrum shown in Figure 8. (top) A replotting of the “variable
volume” spectrum in Figure 8. (bottom) Kennel-Petschek analysis
of that spectrum assuming that the scale size (D) for whistler mode
growth (commonly identified as “L” in planetary magnetospheres)
is 0.1 times the diameter of the Crab Nebula.
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Figure 10, and similar plots using a range of possible
compression ratios and RVI parameters, demonstrates that
this radiation-belt-physics-motivated hypothesis could easily
explain the Crab gamma ray flares if the fundamental as-
sumptions used are valid. It is of substantial interest that the
response of the synchrotron spectrum is so dramatic, a sur-
prising ~3 orders of magnitude at the frequency of the gamma
ray bursts. This strong response occurs because of the strong
dependence of the emissions on magnetic field strength, and
the strong dependence of the characteristic photon energy on
both the magnetic field strength and electron energy. A mod-
est disturbance generates a huge response in the emission
properties, a feature that is valid irrespective of the validity of
the particular assumptions used here for the Crab.

In this particular case, as emphasized by the referee of an
ill-fated submitted paper, my radiation-belt-inspired intui-
tion failed me. The referee demolished the assumption of
adiabaticity. For synchrotron emission of gamma rays, the
synchrotron cooling time of the emitting electrons is much
faster than the cyclotron period. Also realized after the
review was that there is a problem with the cyclotron
period. The nonrelativistic cyclotron period within the 30 nT
nominal magnetic field is ~1 ms. The cyclotron period of a
5 PeV electron (given the γ factor) is astoundingly over
100 days, much longer than the ~1 day acceleration period
for gamma ray flares. For the synchrotron cooling, the
textbook expression [e.g., Tucker, 1975] for frequency-inte-
grated radiated power from a relativistic (γ2 >> 1) gyrating
electron is

W ½ergs=s� ¼ 2e4B2Sin2ðαÞ
3m2

ec
3

γ2; ð6Þ

where α is particle pitch angle. One may compare the
cyclotron period Tcyc = 2πγ/Ωcyc, where Ωcyc is the nonrel-
ativistic cyclotron frequency, with the timescale for syn-
chrotron cooling: Tsynch = E/W (for α = π/2), where E is
the particle energy (~ γ mec

2), and W is the radiated power
from equation (6). One obtains

Tcyc
Tsynch

¼ 4π

3c
γ2

e2

mec2
Ωcyc ¼ 2π2e2

1125 c3 hme
ε½MeV�

e10ε½MeV�; ð7Þ

where c is the speed of light, e is the electron charge, me is
the electron mass, “h” is Planck’s constant, and e is the
emitted photon energy in MeV. The expression is converted
from using the energy of the emitting electron (left side) to
using the energy of the emitted photon (right side), using
the peak value of the single-electron energy response
(~0.3νc in Figure 4; νc is defined in the appendix). For
emitted photon energies greater than, say, 0.1 MeV, the
electrons that emit them cannot be considered adiabatic
because the timescale for synchrotron cooling is much faster
than the gyroperiod. As emphasized by the referee cited in
an earlier paragraph, when equation (7) is put in the form
using emitted photon energy, the result does not depend on
the magnetic field strength. Clearly, the electrons that emit-
ted the gamma ray flares from the Crab (Figure 10; with
photon energies >100 MeV) were not operating in the
classical adiabatic regime. However, dynamics within radio
wave and X-ray synchrotron emissions, with emission en-
ergies much lower than 0.1 MeV, could well be the conse-
quence of adiabatic behavior.

Figure 10. Observations and modeling related to the so-called
gamma ray flares observed coming from the Crab Nebula by Tavani
et al. [2011] and Abdo et al. [2011]. The colored dots are the
observations from Tavani et al. [2011], which should be compared
to the nominal crab spectrum shown with a black line. The rest of
Figure 10 shows a naïve attempt to model the generation of the Crab
gamma ray flares based on adiabatic energization. The violet curve
is the presumed emission spectrum from a small-scale spatial struc-
ture that is subsequently compressed by shock wave dynamics. The
green curve is the result of compressing the magnetic field within
the small-scale structure by a factor of BR = 4, the canonical value
for a strong shock. The parameter RVI is the ratio of the emission
volume V of the small-scale structure times the initial electron-
positron intensities within the small-scale structure, all normalized
for the same parameters associated with the nominal Crab emissions
for photon energies >100 MeV.
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5. DISCUSSION

Discussed here was the finding that relativistic radiation belts
occur robustly at all of the strongly magnetized planets. An
updated differential Kennel-Petschek limit provides one “stan-
dard” for comparing the radiation belts of the solar system. The
radiation belts of Earth, Jupiter, and Uranus achieve this stan-
dard for MeV-class electrons; however, those of Neptune and
Saturn do not. At least during the time of the Voyager 2
encounter with Neptune, the acceleration of electrons to rela-
tivistic energies was not as robust at Neptune as compared to
Earth, Jupiter, and Uranus, possibly as the result of the absence
of dynamic injection phenomena. The relativistic electrons
within Saturn’s radiation belt are likely depleted as a result of
interactions with gas and dust from the plumes of the satellite
Enceladus. Nonetheless, the Kennel-Petschek limit succeeds
in representing one standard for comparing relativistic elec-
tron intensities between different planetary radiation belts.
Jupiter is used here as the jumping-off point for extrapolating

radiation belt physics to the cosmos. Studies of Jupiter’s syn-
chrotron radiation provide a hint that the very processes that
allow us to “see” distant radiation regions of the cosmos also
play significant roles in the energetics of those distant regions.
This strong coupling between our diagnostic capabilities and
the physics of the regions being diagnosed limits our ability to
extrapolate radiation belt physics to distant cosmic systems.
With our attempts to extrapolate radiation belt physics to

the radiation regions of the canonical and beautiful Crab
Nebula, it was found that the spectral intensities are much
higher than anticipated with radiation belt processes, based
on our KPL “standard.” Also, some of the standard tools that
we use for understanding dynamics within the radiation belts
may not be as readily applicable within the distant cosmic
radiation regions. Specifically, understanding dynamic vari-
ability within hyperenergetic electrons may not be as readily
aided by standard invariant analysis that is so critical to
understanding radiation belt physics.
Radiation belt physicists should be very careful in their

claims about the applicability of radiation belt physics in
solving problems faced by astrophysicists in understanding
those cosmic radiation regions that are visible to us via
photon emission processes.

APPENDIX A

Presented here are the expressions used to convert electron-
positron intensity spectra into synchrotron emission spectra
and vice versa. These expressions are derived using the
works of Tucker [1975] and Jackson [1962]. The synchro-
tron power (ergs cm�3 sr�1) emitted by a system is given by
the expression

dR

dΩ
ðν; βÞ ¼ ∭dγdΩdα Nðγ; αÞ dp

dΩ
ðν; γ; α;ΘÞ

� �
; ðA1Þ

where R is (power cm�3), Ω is solid angle, ν is emission
frequency, β is the viewing angle with respect to the mag-
netic field direction within the emitting volume, γ is the
Lorentz factor for the emitting electrons, α is the emitting
particle pitch angle (the angle between the particle momen-
tum vector and the magnetic field), N is density (cm3 γα)�1, p
is the emitting (power cm�3) for each particle, and Θ is the
angle between the plane of the gyrating particle and the
viewing direction, specifically Θ = α � β. By assuming,
because of the strong synchrotron beaming along the elec-
tron’s momentum vector, that particles that significantly con-
tribute have pitch angles (α) approximately equal to the
viewing direction (β), one may derive the canonical expression

dR

dΩ
ðν; βÞ ≈ ∫dγNðγ; βÞPðν; γ; βÞ: ðA2Þ

P is the usual total power s�1 emitted by a single particle with
Lorentz factor γ and pitch angle equal to the viewing direction
β, given by the usual expression

Pðν; γ; βÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3νbBsin ðβÞ

mec2

s
G

ν

νc

� �
; ðA3Þ

where

G
ν

νc

� �
¼ ν

νc ∫
∞

ν=νc

K5=3ðyÞdy ðA4Þ

and where K5/3 is the modified Bessel function of degree 5/3,
B is the magnetic field strength (Gauss), νb is the nonrelativ-
istic electron cyclotron frequency (eB/(2πmec)), and νc is the
“critical frequency”: 3νbγ

2sin(β)/2 (the definition given by
Tucker [1975] but not Jackson [1962]).
Using the total density “n” as n¼∬Nðγ;αÞdγdα¼∭fðpÞd3p,

where “f ” is phase space density (PSD), p is momentum, and f =
I/p2, one can relate N to I, with

Nðγ; βÞ ¼ I ½ðγ; α� mec

ð1−1=γ2Þ1=2
; ðA5Þ

where I is just our intensity expression converted to (erg�1) and
with the kinetic energy EkeV converted to ergs and then replaced
with E = (γ � 1)mec

2). One finds, then, for γ >> 1,

dR

dΩ
ðν; βÞ ¼ ∫ðdγÞmecIðγ; βÞPðν; γ; βÞ: ðA6Þ

The signal that is observed from the vicinity of Earth is

Fðν; βÞ ergs

cm2 s

h i
¼ VC

1

D2

dR

dΩ
ðν; βÞ; ðA7Þ
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where VC is the volume of the emitting regions,D is the distance
between Earth and the emitting object, and 1/D2 is the solid
angle that a single point residing within the emitting volume
sees when looking at a 1 cm2 area in the vicinity of Earth. While
F is the function that is plotted in Figure 5 (in units of Jansky
[Jy]; 1 Jy = 10�23 ergs [s cm2]�1), Figures 8 and 10 use νF,
which restricts the dynamic range of the vertical axis. Because
we are looking for only a rough idea of the shape of the Crab
electron spectrum, we have chosen here to simply set β = π/2 for
the Crab rather than performing weighted averages over an
assumed distribution of β values.
The intensity “I ” in equation (A6) has five or seven free

parameters, as defined in equation (3). We optimize these
parameters using a forward modeling optimization proce-
dures. For the Crab, we minimize:

ErrðC; kT ; γ1;E2; γ2;E3; γ3Þ
¼ ∑

m

i¼1
OðνiÞ−νi VC

D2 ∫ðdγÞmecI γ;
π

2

� �
P νi; γ;

π

2

� �� �2
;

ðA8Þ
whereO(νi) is the observed energy flux at each of the discrete
frequencies shown in Figure 8 (top). Because of the large
dynamic range for the observations over frequency, we ac-
tually minimize the square of the differences of the Loga-
rithms of the observations and of the evaluated functions.
An additional trick that we use is to utilize an analytic

approximation to the transcendental function G(X) shown in
equation (A4). Our analytic approximation, shown to be
accurate to within ~12% or less at all values of “X,” is:

GðX Þ ≈
ffiffiffi
π

2

r
X 1=2e−X 1þ 4πΓð1=3Þffiffiffi

23
p ffiffiffi

3
p 1

X

� �1=6

; ðA9Þ

where C(1/3) is the gamma function evaluated at 1/3
(~2.6789). This analytic form was derived here by analyti-
cally joining the asymptotic limits forG(X) for the conditions
X >> 1 and X << 1 from Tucker [1975]. A comparison
between the approximated and the “true” functional form of
G(X) is shown in Figure 4.
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Plasma Wave Observations at Earth, Jupiter, and Saturn
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Plasma wave emissions have been detected at all of the planets that have been
visited by spacecraft equipped with plasma wave instruments. (Mercury will be
explored by the plasma wave instrument on BepiColombo Mercury Magnetospheric
Orbiter in 2022.) Many of these emissions are believed to play a role in the
acceleration of energetic particles, especially those observed in association with the
radiation belts of Earth, Jupiter, and Saturn. Wave-particle interactions involving
whistler mode chorus, hiss, equatorial noise, and electron cyclotron harmonics
participate in both the acceleration and loss of these radiation belt particles and play
a major role in radiation belt dynamics throughout the solar system. The effects of
these wave modes, their occurrence probabilities, their amplitudes, and their
relationships to solar wind properties and geomagnetic storm conditions have been
investigated using a variety of spacecraft observations. This paper summarizes
these studies and discusses the similarities and differences of the plasma waves
detected at Earth, Jupiter, and Saturn.

1. INTRODUCTION

Plasma waves play an important role in radiation belt
particle dynamics at Earth [Horne and Thorne, 1998; Sum-
mers et al., 1998, 2007; Thorne, 2010], Jupiter [Horne et al.,
2008], and possibly Saturn [Hospodarsky et al., 2008; Mauk
et al., 2009]. Wave-particle interactions are involved in both
the acceleration and loss of radiation belt particles [Kennel
and Petschek, 1966; Omura and Summers, 2006; Mauk and
Fox, 2010; Tang and Summers, 2012]. In the next sections,
we will briefly discuss the status of the current research for
some of these emissions at Earth, Jupiter, and Saturn.

2. EARTH OBSERVATIONS

The first spacecraft observations of plasma waves in Earth’s
magnetosphere were obtained from Alouette I [Barrington
and Belrose, 1963] and Injun III [Gurnett and O’Brien,
1964] in 1962. Since these early space-based observations,
a number of spacecraft have provided ongoing observations
of the relationships between the many plasma waves de-
tected in Earth’s inner magnetosphere and the Van Allen
radiation belts. Figure 1 is a spectrogram showing plasma
waves observed on the CRRES spacecraft, including whis-
tler mode chorus, plasmaspheric hiss, electrostatic cyclotron
harmonic (ECH) emissions, and equatorial noise emission,
all of which are believed to play a role in radiation belt
dynamics. The importance of these wave modes and their
occurrence probabilities, intensities, and relationships to so-
lar wind properties and geomagnetic storm conditions have
been investigated using a variety of spacecraft observations

Dynamics of the Earth’s Radiation Belts and Inner Magnetosphere
Geophysical Monograph Series 199
© 2012. American Geophysical Union. All Rights Reserved.
10.1029/2012GM001342
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[Meredith et al., 2001, 2003, 2004, 2006, 2007, 2008, 2009a;
Santolík et al., 2003, 2004, 2005, 2010; Horne et al., 2007;
Breneman et al., 2009; Sigsbee et al., 2010; Li et al., 2011;
Bunch et al., 2011, 2012].

2.1. Whistler Mode Chorus Emissions

Chorus is an intense electromagnetic wave emission that
propagates in the right-hand polarized whistler mode and is
believed to be generated by nonlinear interactions of whistler
mode waves with energetic electrons [Storey, 1953; Allcock,
1957; Helliwell, 1969; Summers et al., 2007; Katoh and
Omura, 2007; Tao et al., 2012, and references therein].
Chorus observed in Earth’s magnetosphere ranges in fre-
quency from a few hundred Hz to a few kHz and typically
occurs in two distinct frequency bands separated by a gap at
one-half the electron cyclotron frequency, fce [Tsurutani and
Smith, 1974]. The lower band starts at about 0.1 fce, and the
upper band extends up to about 0.8 fce [Meredith et al.,
2001].
Chorus at Earth often contains a variety of structures,

including rising and falling tones, and short impulsive
bursts (individual whistler wave packets, commonly called
chorus elements) with timescales of much less than a second
[Gurnett and O’Brien, 1964; Burtis and Helliwell, 1969;
Sazhin and Hayakawa, 1992; LeDocq et al., 1998; Lauben
et al., 2002; Santolík et al., 2003, and references therein]. The
origin of these structures and their relationships to the source
region of chorus is an active area of research [Inan et al.,

2004; Chum et al., 2007; Breneman et al., 2007; Katoh and
Omura, 2011; Omura et al., 2008, 2009; Omura and Nunn,
2011, and references therein]. Chorus is often observed
during periods of disturbed magnetospheric conditions
[Tsurutani and Smith, 1974, 1977; Inan et al., 1992; Lauben
et al., 1998; Sigsbee et al., 2008], and the occurrence of
chorus is associated with energetic (10 to 100 keV), aniso-
tropic (T?/T‖ >1) electron distributions [Burton, 1976; An-
derson and Maeda, 1977; Tsurutani et al., 1979; Isenberg et
al., 1982]. This association between energetic particles and
chorus is consistent with a cyclotron resonance interaction
[Kennel and Petschek, 1966; Curtis, 1978; Sazhin and
Hayakawa, 1992].
A variety of studies have examined the propagation char-

acteristics of chorus emissions at Earth [Burtis and Helliwell,
1969; Burton and Holzer, 1974; Goldstein and Tsurutani,
1984; Hayakawa et al., 1984, 1990; Nagano et al., 1996;
LeDocq et al., 1998;Hospodarsky et al., 2001; Lauben et al.,
2002; Santolík et al., 2005, 2009, 2010] and have suggested
that chorus is generated very close to the magnetic equator.
More recent work utilizing the Polar and the Cluster space-
craft [Parrot et al., 2003; Santolík and Gurnett, 2003; San-
tolík et al., 2005] have shown that the chorus source region
for individual elements (measured along the magnetic field
lines) is a few thousand km in size, and about 100 km
transverse to the magnetic field.
The amplitudes of chorus emissions are important in un-

derstanding the possible wave-particle interactions. For ex-
ample, at Earth, typical chorus amplitudes measured by

Figure 1. A spectrogram showing plasma waves that are believed to be important for radiation belt dynamics at the Earth
observed on the CRRES spacecraft.
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Cluster were <1 mV m�1, but could reach ~30 mV m�1

during disturbed periods [Santolík et al., 2003]. Magnetic
wave amplitudes of chorus are typically a few pT to ~100 pT,
with the largest fields detected by Cluster being a few nT
(Bwave/Bo = ~0.01) (O. Santolík, personal communication,
2012). Using results from the STEREO spacecraft flybys of
Earth, Cattell et al. [2008] reported even larger-amplitude
electric field signals (240 mVm�1) associated with high time
resolution measurements of monochromatic whistler mode
emissions in the Van Allen radiation belts. Similar large-
amplitude emissions (~100 mV m�1) have been reported in
Time History of Events and Macroscale Interactions during
Substorms (THEMIS) observations [Cully et al., 2008; Li et
al., 2011] and WIND observations [Kellogg et al., 2010;
Wilson et al., 2011]. These observations suggest that strong
nonlinear wave-particle processes may be more important
than previously thought in accelerating electrons to populate
the radiation belts [Bortnik et al., 2008a; Yoon, 2011].

2.2. Plasmaspheric Hiss

Plasmaspheric hiss is a broadband, structureless whistler
mode emission found in Earth’s plasmasphere with typical
wave amplitudes of ~1 to 100 pT. Hiss is believed to be
responsible for generating the slot region between the inner
and outer radiation belts, by removing high-energy particles
from the radiation belts after geomagnetic storms [Lyons et
al., 1972; Lyons and Thorne, 1973; Spjeldvik and Thorne,
1975; Albert, 1994; Abel and Thorne, 1998]. The charac-
teristics of hiss detected by the CRRES spacecraft and the
relationship of hiss to electron loss timescales within the
plasmasphere have been examined in a series of studies
[Meredith et al., 2004, 2006, 2007, 2009b]. Intense hiss
observed in plasmaspheric plumes has also been shown to
be important in scattering outer zone electrons [Summers et
al., 2007, 2008].
The exact origin of the plasmaspheric hiss has been debated

for many years. Three basic theories have been proposed:
(1) growth from preexisting “weak” waves from free energy
of unstable electron populations [Thorne et al., 1973; Church
and Thorne, 1983], (2) accumulation of whistler waves from
lightning in Earth’s atmosphere [Draganov et al., 1992; Green
et al., 2005, 2006; Thorne et al., 2006; Meredith et al., 2006],
and (3) inward propagation of chorus into the plasmasphere
from a source near the magnetic equator and outside the
plasmasphere [Church and Thorne, 1983; Chum and Santolík,
2005; Santolík et al., 2006; Bortnik et al., 2008b, 2009a, 2009b].
Recent ray-tracing studies [Bortnik et al., 2008b, 2009a] and
simultaneous observations of chorus and hiss from two THE-
MIS spacecraft [Bortnik et al., 2009b] have made a strong case
for chorus producing the plasmaspheric hiss.

2.3. Equatorial Noise Emissions

Low-frequency electromagnetic emissions near Earth’s
geomagnetic equator were first reported by Russell et al.
[1970], using the OGO 3 search coil magnetometer, and have
been studied by more recent spacecraft [Gurnett, 1976;
Perraut et al., 1982; Olsen et al., 1987; Laakso et al., 1990;
Kasahara et al., 1992, 1994; Boardsen et al., 1992; Santolík
et al., 2004]. The emissions propagate in the fast magneto-
sonic mode perpendicular to the ambient magnetic field, Bo,
and are usually observed within a few degrees of the geo-
magnetic equator between the local proton gyrofrequency
( fcH) and the lower hybrid frequency ( fLHR).
Gurnett [1976] used IMP 6 and Hawkeye high-resolution

wideband electric and magnetic field wave data to show that
the equatorial noise emissions contain a great deal of small-
scale structures consisting of a complex superposition of bands
with frequency spacings from a few Hz to several tens of Hz.
A similar structure was reported in the data from the GEOS
spacecraft [Perraut et al., 1982]. These spacings were shown
to be similar to the proton and ion gyrofrequencies, suggesting
that the waves play a role in controlling the distribution of
energetic ions through ion gyrofrequency resonances with
energetic ring current protons, alpha particles, and heavy ions.
Several recent studies have examined the properties of fast

magnetosonic equatorial noise using modern instrumentation
and analysis methods, as well as multispacecraft data. San-
tolík et al. [2004] performed a systematic analysis of equa-
torial noise from 781 perigees during the first 2 years of
Cluster STAFF-SA data [Cornilleau-Wehrlin et al., 1997].
Equatorial noise was found to have the most intense (typi-
cally ~1 to ~100 pT) wave magnetic fields of all natural
emissions between fcH and fLHR and to occur about 60% of
the time at radial distances between 3.9 and 5 RE. Němec et
al. [2005] examined the Cluster data in more detail and
found that the most intense peaks in the power spectra
occurred within 2° of the dipole magnetic equator and that
the most likely emission frequency was between 4 and 5
times the local proton cyclotron frequency. Further analysis
using a geomagnetic latitude based upon the location of the
minimum-B equator [Santolík et al., 2002] found that the
most intense peaks occurred exactly at the magnetic equator
[Němec et al., 2006].
Meredith et al. [2008] presented a statistical survey of fast

magnetosonic waves in the frequency range 0.5 fLHR < f <
fLHR and the occurrence of proton ring distributions using
wave and particle data from the CRRES satellite. Fast mag-
netosonic waves were observed at most local times outside
the plasmapause, but waves inside the plasmapause were
restricted to the dusk sector. They found that the observed
locations of the low-energy (ER < 30 keV) proton ring
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distributions required for instability in the CRRES data
closely matched the observed locations of magnetosonic
waves on the duskside, both inside and outside the plasma-
pause. A statistical study of ion distributions thought to drive
magnetosonic waves using 15 years of geosynchronous par-
ticle data found the peak occurrence of unstable ion distribu-
tions from midmorning to dusk for low geomagnetic activity
periods. For high activity periods, the peak moved toward
noon [Thomsen et al., 2011].
The importance of these waves in radiation belt dynamics

has been investigated by a number of authors [Horne et al.,
2000, 2007; Chen et al., 2010; Bortnik and Thorne, 2010].
Using quasilinear theory,Horne et al. [2007] found that pitch
angle and energy diffusion rates for equatorial noise were
comparable to those for whistler mode chorus. Because of
their importance, magnetosonic waves have been newly in-
corporated into ring current simulations using the Rice Con-
vection Model and ring current-atmosphere interactions
model [Chen et al., 2010].

2.4. Electron Cyclotron Harmonics Emissions

ECH emissions are electrostatic emissions observed in
bands between harmonics of the electron gyrofrequency, fce,
and are sometimes known as (n + 1/2) fce emissions [Kennel
et al., 1970; Fredricks and Scarf, 1973; Shaw and Gurnett,
1975; Christiansen et al., 1978; Horne and Thorne, 2000;
Meredith et al., 2009a; Thorne et al., 2010]. Meredith et al.
[2009a] examined the ECH waves in CRRES data and
showed that their intensity and occurrence rates were similar
to chorus, and suggested that ECH emissions might be im-
portant in the production of the diffuse aurora. Thorne et al.
[2010] examined these results in more detail and determined
that the chorus emissions play a much larger role than the
ECH waves in the auroral precipitation at lower L shells.
However, at higher L shells, the ECH emissions may still
dominate [Liang et al., 2011; Ni et al., 2012].

2.5. Upcoming Earth Missions

The Radiation Belt Storm Probes (RBSP) mission, to be
launched late summer 2012, will consist of two identical
spacecraft with a comprehensive suite of field and particle
instruments. RBSP promises a rich new data set for studies of
wave-particle interactions in Earth’s radiation belts [Staedter,
2006; Reeves, 2007; Kessel, this volume]. In combination
with other spacecraft assets and observational campaigns of
the Balloon Array for RBSP Relativistic Electron Losses
[Millan et al., 2011], the RBSP mission will contribute to a
significant increase in our understanding of Earth’s Van
Allen radiation belts.

3. JUPITER OBSERVATIONS

The Jovian magnetosphere is the largest and probably the
most complex in the solar system. The Voyager flybys of
Jupiter provided the first opportunities to directly measure
the plasma waves in the Jovian magnetosphere [Scarf et al.,
1979a; Gurnett et al., 1979; Gurnett and Scarf, 1983]. Fig-
ure 2 [Kurth and Gurnett, 1991] is a spectrogram obtained
during the Voyager 1 flyby showing many of the plasma
waves detected at Jupiter, including chorus, hiss, and ECH
emissions. The orbiting Galileo mission provided additional
opportunities to study plasma waves in the Jovian system
[Gurnett et al., 1996; J. D. Menietti et al., Chorus, ECH, and
z-mode emissions observed at Jupiter and Saturn and a
possible electron acceleration, submitted to the Journal of
Geophysical Research, 2012, hereinafter referred to as Me-
nietti et al., submitted manuscript, 2012]. Although many of
the same plasma waves that are observed at Earth are also
detected at Jupiter, the majority of studies have concentrated
on the strong whistler mode chorus emission [Scarf et al.,
1979b; Thorne and Tsurutani, 1979; Inan et al., 1983;
Thorne et al., 1997; Bolton et al., 1997; Xiao et al., 2003;
Katoh et al., 2011]. Chorus is detected primarily near the
edge of the Io torus from L shells of about 6 to about 12 and
has many of the characteristics of chorus observed at Earth,
including two bands of chorus separated by a gap at 0.5 fce
and small-scale structures (primarily rising tones) with time-
scales less than 1 s [Coroniti et al., 1980, 1984]. Peak
amplitudes of chorus detected by Voyager were found to be
about 0.26 mV m�1 (10 pT assuming parallel propagation)
and that the chorus scattered electrons with energy of a few
keV [Coroniti et al., 1980, 1984].
Statistical surveys of the occurrence and strength of the

Jovian chorus detected by Galileo have been performed by
Horne et al. [2008] andMenietti et al. [2008a]. These studies
showed that chorus typically occurred between 400 and
8 kHz with peak amplitudes ~10�10 V2 m�2 Hz�1 (~0.1 mV
m�1 and ~3 pT). The maximum power and occurrence
frequency was observed a few degrees above the magnetic
equator with the amplitude and frequency decreasing rapidly
as the spacecraft went to higher latitudes. Horne et al. [2008]
demonstrated that interactions between electrons and whis-
tler mode waves in the Jovian magnetosphere cause signifi-
cant acceleration of MeV electrons. The volcanoes on the
moon Io provide a source of particles that are ionized and
form the Io plasma torus. Outward transport of cold dense
plasma and inward transport of 1 to 100 keV plasma occur
due to magnetic flux interchange instabilities. This transport
develops temperature anisotropies that produce whistler
mode chorus. Using wave power spectral density from the
Galileo measurements, Horne et al. [2008] calculated
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quasilinear pitch angle and energy diffusion coefficients and
solved a 2-D diffusion equation over the region of 5 to 20 RJ.
Fluxes of 1 to 6 MeV electrons were found to increase by
more than an order of magnitude within 30 days. These
electrons are then transported toward the planet via radial
diffusion and accelerated to even higher (~50 MeV) energies
by betatron and Fermi processes, resulting in the intense
radiation belts detected close to the planet.
Tao et al. [2011] expanded on the work of Horne et al.

[2008] using the intensity distribution of the chorus as deter-
mined by Menietti et al. [2008a] to examine the effect of
different density models for the injection events and the
effects of latitude-dependent wave normal angles for the
chorus. They found that if the density inside the injection
event is half that of the density outside, there is a negligible
effect on the timescale of electron energization, but if the
density inside the injection is one fourth of the density
outside, the timescales of energization are significantly
changed (1 and 3 MeV particle fluxes are decreased, 10 MeV
electron fluxes is increased). The latitude-dependent wave
normal angle distribution has no obvious effect on 10 MeV
electron fluxes, but it reduces the fluxes of 1 and 3 MeV
electrons by about a factor of 3. Thus, realistic density
models of the injection events and the change of wave
normal angle of chorus waves during propagation should be

taken into account in future studies to more accurately model
electron flux evolution of Jovian electrons.
The next mission to visit Jupiter with a plasma wave

instrument is the Juno mission, scheduled to arrive at Jupiter
in July 2016. Although it is primarily an auroral physics
mission (polar orbit), it will likely measure chorus and other
plasma waves during its trajectory at lower magnetic lati-
tudes, providing new insight on the plasma wave properties
of emissions found at the inner edge of the Jovian radiation
belts. Furthermore, the recently announced European Space
Agency Jupiter Icy moon Explorer (JUICE) mission will
carry sophisticated field and particle instruments that will
provide additional plasma wave measurements in the region
of interest at Jupiter.

4. SATURN OBSERVATIONS

A variety of plasma and radio waves detected by the
Voyager spacecraft during their flybys of Saturn [Gurnett et
al., 1981; Scarf et al., 1982, 1983] included whistler mode
chorus and hiss [Scarf et al., 1984], and ECH and upper
hybrid resonance (UHR) emissions [Kurth et al., 1983]. The
Cassini mission to Saturn, with its many orbits and the
opportunity to sample many different regions of the magne-
tosphere and a more capable Radio and Plasma Wave

Figure 2.A spectrogram obtained during the Voyager 1 flyby showing many of the plasma waves detected at Jupiter. From
Kurth and Gurnett [1991].
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Science (RPWS) instrument [Gurnett et al., 2004], has al-
lowed a much more detailed study of plasma waves to be
accomplished. Many of these emissions have similar char-
acteristics to emissions detected at Earth and Jupiter, but
important differences have also been reported.

4.1. Whistler Mode Chorus

The Voyager spacecraft detected only a few short periods
of chorus during their flybys of Saturn due primarily to the
geometry of the flybys. Also, the lack of a search coil
magnetometer and the Voyager plasma wave instrument
response to dust impacts on the spacecraft in the equatorial
region complicates the identification of chorus and other
whistler mode waves in the low-resolution, low-rate data.
Unfortunately, the amount of high-resolution wideband data
obtained during the flybys was greatly limited due to telem-
etry constraints (see the work of Scarf et al. [1983] for a
discussion of these issues). However, a wideband frame was
obtained when chorus was present during the Voyager 1
flyby [Scarf et al., 1983]. This high-resolution data showed
a band of chorus present below 0.5 fce (from about 0.2 to
0.4 fce). The chorus was primarily hiss-like (diffuse) with
some rising structures, but the temporal variations were
“unusually slow” [Scarf et al., 1983]. No chorus above 0.5 fce
was detected by Voyager at Saturn. Scarf et al. [1983, 1984]
examined the possibility of wave-particle interaction and
pitch angle scattering of the electrons in Saturn’s inner mag-
netosphere from the detected chorus, but the amplitudes were
too small to play a significant role. However, during the
period of the Voyager flybys, the Saturnian magnetosphere
was not very active, and it is possible that the chorus emis-
sion could play a more significant role during more active
periods [Kurth and Gurnett, 1991].
The Cassini spacecraft has detected a variety of wave

emissions at Saturn [Gurnett et al., 2005; Hospodarsky et al.,
2008;Menietti et al., 2008b, 2008c;Mauk et al., 2009; Kurth
et al., 2009; Menietti et al., submitted manuscript, 2012].
Figure 3 shows typical spectrograms of the electric and mag-
netic field intensities of the plasma wave emissions measured
by RPWS during a pass through Saturn’s inner magneto-
sphere. The intensities are plotted as decibels (dB) above
background, and the white line shows fce derived from the
magnetometer instrument [Dougherty et al., 2004]. During
this orbit, whistler mode emission is observed both during the
inbound and the outbound trajectory. Following the definition
of Hospodarsky et al. [2008], we will call this emission
chorus, although at times, the emission may appear hiss-like.
Electrostatic ECH and UHR waves are also present, and the
Saturn kilometric radio (SKR) emission is observed above
about 20 kHz throughout most of this period. The whistler

mode chorus emissions shown in Figure 3 are similar to the
chorus detected by the Voyager spacecraft with frequencies
only below 0.5 fce. The majority of the chorus detected at
Saturn has this characteristic and was called “magnetospheric”
chorus by Hospodarsky et al. [2008]. “Magnetospheric”
chorus is detected by the RPWS instrument during most
orbits of Saturn when Cassini is within about 30° of the
magnetic equator and between L shells of about 4 and 8.
Figure 4 shows two “magnetospheric” chorus spectrograms

using the higher-resolution wideband receiver (WBR) data. A
variety of small-scale structures, from hiss-like emission to
rising tones, is detected but with larger timescales than ob-
served at Earth or Jupiter (many seconds to many minutes).
The emissions that have rising tones with periods on the order
of 5 min (Figure 4, bottom) have been investigated in more
detail (J. S. Leisner et al., manuscript in preparation, 2012).
Although Hospodarsky et al. [2008] called the whistler mode
emissions with ~5 min period rising tones “chorus,” it is
likely that they have a different origin than chorus at Earth.
These whistler mode emissions with ~5 min periods, referred
to as “rising whistler mode emission” and sometimes as
“worms” (J. S. Leisner et al., manuscript in preparation) are
detected about 5% of the time when Cassini is within 5.5 RS,

Figure 3. (top) Magnetic and (bottom) electric field frequency-time
spectrograms from the Cassini Radio and Plasma Wave Science
instrument. The white lines are fce and 0.5 fce determined from the
magnetometer data.
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are observed near the magnetic equator and appear to be
related to electrons with energies of a few keV, though what
causes the 5 min periodicity is still not well understood.
Although quasiperiodic emissions with similar spectral struc-
ture to the “worms” have been detected at low L shells and
high latitudes at Earth [Sato and Fukunishi, 1981; Pasmanik
et al., 2004], it is unlikely they are generated by the same
source mechanism due to the difference in where they are
detected (high latitudes at Earth, near the equator at Saturn).
Chorus is also detected at Saturn in association with local

plasma injections (defined as “injection event” chorus by
Hospodarsky et al. [2008]). Injection events are planetward

injections of hot, tenuous plasma produced by the inter-
change instability as the colder, denser plasma from the inner
magnetosphere flows outward in magnetospheres of rapidly
rotating planets such as Saturn [Mitchell et al., 2009b; Mauk
et al., 2009, and references therein]. Figure 5 shows two
high-resolution examples of “injection event” chorus. For
many plasma injection events, chorus emissions are detected
both above and below 0.5 fce (white line), with a gap in the
emission at ~0.5 fce. This chorus is usually detected for only
the few minutes Cassini is in the injection event and is not
observed outside of the injection event. These “injection
event” chorus observations often contain structure (usually
a series of rising tones) at a much smaller timescale (less than

Figure 5. High-resolution wideband frequency-time spectrograms
of “injection event” chorus emissions measured by Cassini showing
selected small-scale structure of the emissions. The white line is
0.5 fce determined from the magnetometer data. After Hospodarsky
et al. [2008].

Figure 4. High-resolution wideband frequency-time spectrograms
of “magnetospheric” chorus emissions measured by Cassini show-
ing selected small-scale structure of the emissions. The white line is
0.5 fce determined from the magnetometer data. After Hospodarsky
et al. [2008].
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a second to a few seconds) than the “magnetospheric” chorus
and appear much more similar to chorus detected at Earth
and Jupiter [Hospodarsky et al., 2008].
Examination of the Cassini Plasma Spectrometer (CAPS)

electron data [Young et al., 2004] for the injection event
shown in Figure 5a indicates that inside the injection, the
low-energy (<100 eV) electron flux is reduced, while the
high-energy component (>1 keV) is enhanced [Rymer et al.,
2008]. The higher-energy component forms pancake-like
distributions while the lower-energy electrons are more field
aligned [Rymer et al., 2008, Figure 5].Menietti et al. [2008c]
examined this event and modeled the measured electron
plasma distributions to conduct linear dispersion analysis of
the plasma wave modes. They found that the higher-energy
pancake-like distribution with temperature anisotropy can
drive the observed whistler mode waves.
The relationships between the detection of whistler mode

emission and the various orbital parameters of the Cassini
spacecraft have also been examined for the first 115 orbits of

Cassini (1 July 2004 to 15 July 2009). This analysis is similar
to the technique Hospodarsky et al. [2008] used for the first
45 orbits of Cassini. Whistler mode emission is identified
only when the five-channel waveform receiver detects elec-
tromagnetic waves, and valid wave normal and Poynting
vector calculations can be performed (see the work of Hos-
podarsky et al. [2008] for more details on the criteria used).
As discussed above, we have not tried to distinguish between
hiss and chorus for these studies, so we have defined all
whistler mode emissions that we detect at low-latitude “cho-
rus.” Whistler mode auroral hiss is also often detected by
Cassini at higher latitudes (typically >30°) [Mitchell et al.,
2009a; Kurth et al., 2009; Kopf et al., 2010; Gurnett et al.,
2011]. We distinguish between the whistler mode chorus and
auroral hiss by the location at which it is detected (higher
latitude for auroral hiss, low latitude for chorus), the different
spectral characteristics (funnel shape for auroral hiss, band of
emission between about 0.1 and 0.5 fce for chorus), and the
direction of propagation (auroral hiss has only been seen by

Figure 6. The position of Cassini during the periods that the (left and center) “magnetospheric” and (right) “injection
event” chorus is detected. Figures 6a and 6c plot local time (LT) versus L shell and Figure 6b plots LT versus Saturn radius
(Rs). Figures 6d and 6f plot magnetic latitude versus L shell, and Figure 6d plots magnetic latitude versus Rs. The
propagation direction of the chorus emission detected at Saturn with respect to the magnetic field is shown by the color of
the dots in Figures 6d and 6e, with green, propagating antiparallel to B, red, propagating parallel, and blue, a mixture of
parallel and antiparallel.
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Cassini coming up from the planet propagating toward the
equator, chorus propagates away from the equatorial region).
Figure 6 shows the occurrence of the Saturn “magneto-

spheric” chorus (solid dots) with respect to L shell versus LT
(Figure 6a) and magnetic latitude (MLAT) (Figure 6d), and
Saturn radius, Rs, versus LT (Figure 6b) and MLAT (Figure
6e) for Cassini’s first 115 orbits (including Saturn orbit
insertion). Figures 6c and 6f show the occurrence of “injec-
tion event” chorus with respect to L shell versus LT and
MLAT, respectively. The dotted lines in the panels are the
trajectory of Cassini during the orbits examined for chorus to
show the orbital coverage for this period. As can be seen
from Figure 6, both the “magnetospheric” and “injection
event” chorus primarily occur between about 4 and 8 L shell
(and about 4 to 8 Rs). There is no obvious correlation be-
tween the occurrence of the “magnetospheric” or “injection
event” chorus and LT in this region. However, “magneto-
spheric” chorus that is detected at L shells above ~8 occurs
primarily near local noon and near the magnetic equator.
Figures 6d, 6e, and 6f show that “magnetospheric” chorus

can be detected at higher latitudes nearer the planet (inner
cutoff is approximately at the Enceladus’ L shell of ~4) and
that “injection event” chorus is detected only near the mag-
netic equator. From the wave normal and Poynting vector
analysis of these waves [Hospodarsky et al., 2001, 2008], the
propagation characteristics of the chorus at Saturn with re-
spect to the Saturn magnetic field are also shown in Figure 6.
Solid green dots on Figure 6 refer to wave propagation
antiparallel to the magnetic field (northward propagation
away from the magnetic equator), red refers to parallel propa-
gation (southward propagation), and blue shows mixed prop-
agation directions. As can be seen, the chorus at Saturn
propagates away from the magnetic equator.
An initial examination of the peak wave amplitudes by

Hospodarsky et al. [2008] of the chorus emissions at Saturn
found amplitudes (~1 mV m�1 and 0.04 nT) much smaller
than the peak amplitudes that have been reported at Earth
(~30 mV m�1 and 1 nT), but larger by at least an order of
magnitude than the amplitudes detected at Saturn by Voyager.
The detection of these larger amplitudes suggests that chorus
may be responsible for some pitch angle and energy diffu-
sion at Saturn, although this needs to be investigated in more
detail.

4.2. ECH Emissions

Electrostatic emissions at Saturn include the ECH waves
and the UHR emission (see Figure 3). The ECH emission
typically occurs at multiple harmonics of fce, specifically (n +
1/2) fce, where n is an integer. The UHR emissions can be
used to estimate the electron plasma density since the UHR

frequency, fUHF, is given by fpe
2 + fce

2 = fuhr
2 . By measuring the

UHR frequency and obtaining fce from the magnetic field
strength, the electron plasma density, ne, can be calculated
from fpe = 8980 ne

1/2. Persoon et al. [2005, 2006, 2009] have
developed a plasma density model for the inner magneto-
sphere using UHR frequency observed by the Cassini space-
craft at Saturn.
ECH emissions show very different characteristics inside

and outside of injection events at Saturn. Outside of injection
events, the ECH emissions are primarily found in the first
harmonic band centered near 1.5 fce, with weaker, more
sporadic bands at the higher harmonics [Menietti et al.,
2008b]. During injection events, the characteristics of the
ECH emissions change drastically with an increase in inten-
sity and harmonic structure [Menietti et al., 2008c; Tao et al.,
2010]. This change in the ECH emission inside of an injec-
tion event can easily be seen from about 17:35:20 to about
17:40:15 UT in Figure 7 (from Menietti et al. [2008c]). This
event is the same as shown in Figure 5a, and the change in
the ECH waves occurs during the local plasma injection
event observed in the CAPS data [Rymer et al., 2008].

4.3. Cassini Solstice Mission

The Cassini mission has been extended through September
2017, with the extended phase named for the Saturnian
summer solstice, which occurs in May 2017. Since Cassini
arrived at Saturn just after the northern winter solstice, the
extension will allow for the first study of a complete seasonal

Figure 7.High-resolution wideband frequency-time spectrogram of
the power spectra of the wave electric field during the injection
event shown in Figure 5a. The enhanced electrostatic cyclotron
harmonic wave spectra inside the injection event is easy to see
starting at about 07:35:20 UT. From Menietti et al. [2008c].
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period of Saturn by an orbiting spacecraft. Late in 2016/early
2017, Cassini will go into a series of high-inclination, “Juno-
like” orbits that cross the equatorial region between the inner
edge of the rings and the upper atmosphere (altitudes of few
thousand km). These orbits should provide a rich data set of
fields and particles in the region of Saturn’s newly discov-
ered inner radiation belt.

5. CONCLUSION

The last few years have seen major advances in our un-
derstanding of the role of plasma waves in the dynamics of
planetary radiation belts, especially of Earth’s Van Allen
belts. Observations at Jupiter and Saturn have added to our
understanding of the interaction of plasma waves and radia-
tion belt particles in environments that are both very similar
and very different from Earth. Table 1 summarizes some of
the parameters of these waves at each planet. It should be
noted that the majority of studies at Jupiter and Saturn do not
distinguish between whistler mode hiss and chorus. While
chorus, hiss, equatorial noise, and ECH emissions all appear
to play a role in radiation belt dynamics at Earth, only chorus
has been examined in detail at Jupiter and Saturn. Further
work is needed to determine the importance of each type of
plasma wave emissions at the outer planets. The RBSP
mission at Earth, the Juno and JUICE missions to Jupiter,
and the continued Cassini mission at Saturn, all with ad-
vanced plasma wave and particle instruments, will continue
to increase our understanding of the role of plasma waves on
the dynamics and evolution of the radiation belts.
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