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Simulation of the acceleration of relativistic electrons in the inner
magnetosphere using RCM-VERB coupled codes
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[1] Radiation belt dynamics have been modeled by the modified Fokker-Planck diffusion
equation with sources from the low-energy plasma sheet population and losses to the
atmosphere and magnetopause. We perform a coupled simulation of the Rice Convection
Model (RCM) and Versatile Electron Radiation Belt (VERB) code. The RCM models
magnetospheric convection and provides a low-energy electron seed population for

the VERB diffusion code simulations of the Earth’s radiation belts. VERB simulations
are driven by the realistic time-dependent electron seed population and by the Kp index,
which is used to specify rates of diffusion by ultralow frequency (ULF) and very low
frequency wave activity and, therefore, diffusion processes. Radial diffusion is produced
by ULF waves, while pitch angle and energy diffusion are produced by chorus waves
outside the plasmasphere and by hiss waves inside the plasmasphere. The results of the
simulation indicate that storm time enhanced magnetospheric convection combined

with radial diffusion can bring electrons with tens of keV energy close to the Earth and
can affect electron fluxes at 3—4 Rjg. These electrons can be further accelerated locally
by chorus waves to MeV energies. Furthermore, outward radial diffusion smooths out
the peak of the high-energy fluxes and produces MeV electron enhancement around
geosynchronous orbit (6—7 Rg) despite the absence of local electron acceleration in that
region. Our coupled simulations indicate that local acceleration in the inner magnetosphere
may be a dominant source of relativistic electrons that reach geosynchronous orbit.
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1. Introduction

[2] Earth’s radiation belts, discovered by the Explorer 1
mission [Van Allen, 1959], consist of protons and electrons
that are trapped by the Earth’s magnetic field. The inner
electron belt is located at an approximate distance of 1 to 2
Earth radii and is relatively stable, while the outer belt is
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located between approximately 4 and 7 Earth radii [Van
Allen and Frank, 1959; Vernov and Chudakov, 1960] and
is highly dynamic [Rothwell and Mcllwain, 1960; Craven,
1966]. The electron radiation belts consist of highly ener-
getic particles (MeV and higher) and can be hazardous to
satellite electronics [Baker et al., 1996]. The energetic parti-
cles produce charge buildup on various spacecraft materials
and eventually cause discharges, damaging the electronics.
Since shielding spacecraft subsystems is expensive and not
always possible, the outer radiation belt can cause serious
problems for satellites operating at all orbits, including geo-
synchronous orbit, which has a large number of satellites [e.g.,
Lanzerotti, 2001]. Severe geomagnetic storms also increase
the risk of damage to satellites and can lead to satellite
failure, especially at geosynchronous orbit [e.g., Odenwald
et al., 20006].

[3] Earthward magnetospheric convection brings particles
from the tail region to the plasma sheet and can energize
electrons by hundreds of keV [e.g., Lyons, 1984], providing
a seed population for radiation belts [e.g., Baker and Stone,
1978; Elkington et al., 2004]. These hundred keV electrons,
convected into the region of the radiation belts, are further
affected by plasma waves with ultralow frequency (ULF;
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1.7 mHz to 6.7 mHz), extremely low frequency (ELF;
3 Hz to 3 kHz), and very low frequency (VLF; 3 kHz to
30 kHz) [Jacobs et al., 1964]. In some cases local acceleration
can begin at energies near a few keV due to interactions with
upper band chorus waves [Thorne et al., 2010; Ni et al.,
2011a, 2011b].

[4] Quasi-linear interactions with plasma waves can be
described by the Fokker-Planck diffusion equation in terms
of radial, energy (or momentum), and pitch angle diffusion
due to resonant wave-particle interactions [Kennel and
Engelmann, 1966; Lerche, 1968; Schulz and Lanzerotti,
1974]. Lyons et al. [1971] were first to quantify the diffu-
sion rates using a high plasma density approximation, which
later allowed the evaluation of losses due to whistler mode
plasmaspheric hiss waves [Lyons et al., 1972] and provided
an explanation for the two zone structure of Earth’s radia-
tion belts [Lyons and Thorne, 1973]. More recently, a
number of codes have been developed for the calculation of
quasi-linear diffusion rates without making a high density
approximation [e.g., Glauert and Horne, 2005; Albert and
Young, 2005; Albert, 2007; Ni et al., 2008; Shprits and
Ni, 2009].

[5] The potential importance of losses due to outward
radial diffusion was indicated by several simulation studies,
which used time-varying fluxes at the outer boundary for
the simulations [Brautigam and Albert, 2000; Miyoshi et al.,
2003, 20006]. Shprits et al. [2006a] eliminated adiabatic
changes at the boundary by performing radial diffusion
simulations with time-varying outer boundary conditions,
which were set up at fixed L* = 7. They also presented
observations of depletions of energetic fluxes at different
energies, which excludes the possibility for the depletion to
be produced by scattering by Electromagnetic Ion Cyclotron
(EMIC) waves. The simulations indicate the importance of
the magnetopause losses and convective source to radiation
belt dynamics. Li et al. [2007] showed that chorus waves
can produce a net acceleration in the recovery phase, while
EMIC waves assisted by hiss waves in plumes can produce
rapid losses of MeV electrons.

[6] The first solution of the 3-D Fokker-Planck equation
was obtained by the Salammboé code [Beutier and Boscher,
1995; Bourdarie et al., 1996, 1997; Boscher et al., 2000].
The simulation included radial diffusion driven by electro-
static and magnetic field fluctuations, cosmic ray albedo
decay, losses due to plasmaspheric hiss, and Coulomb colli-
sions. Varotsou et al. [2005] and Horne et al. [2005] added
diffusion due to chorus waves to the Salammbd code and
showed that chorus waves can efficiently scatter and accelerate
electrons during resonant wave-particle interactions with MeV
energy electrons in the radiation belts. Varotsou et al. [2008]
and Shprits et al. [2009] also showed that keV energy elec-
trons can be accelerated to MeV in the outer radiation belt
by a combination of radial diffusion and local acceleration.

[7] Albert et al. [2009], Subbotin et al. [2010], and Xiao
et al. [2010] solved the 3-D Fokker-Planck equation,
including radial diffusion due to ULF waves, and energy,
pitch angle, and mixed energy—pitch angle diffusion due to
chorus waves. The results indicate that mixed diffusion is of
importance for electrons with equatorial pitch angles of less
then 30°, while for electrons with higher equatorial pitch
angles the difference between simulations that include ver-
sus neglect mixed scattering is minor.
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[8] Jordanova and Miyoshi [2005], using a convective
model with radial diffusion due to the magnetic component
of ULF waves and parameterized losses, showed that mag-
netospheric convection is the dominant injection mechanism
for the low-energy electron seed population, while radial
diffusion can transport particles with higher energies to lower
L shells. Fok et al. [2008] presented a simulation with the
Radiation Belt Environment (RBE) model, which includes
magnetospheric convection, and electron losses and accel-
eration due to resonant wave-particle interactions with cho-
rus waves using the Tsyganenko 2004 [Tsyganenko and
Sitnov, 2005] magnetic field model and Weimer [Weimer,
2001] electric field model. The magnetic and electric fields
were updated every 5 min and 3 s, respectively. While the
RBE model did not include a radial diffusion term explicitly,
it accounted for variable convection that is ignored by other
radiation belt modeling codes.

[9] Accurate long-term radiation belt simulations require
knowledge of the low-energy electron seed population. The
electron seed population can be obtained from observations
near geosynchronous orbit. However, to obtain real-time
forecasting and to understand the underlying physical pro-
cesses, magnetospheric convective codes should be used to
model the low-energy seed population.

[10] In the current study, we describe our first attempt to
conduct a coupled simulation of the VERB code [Subbotin
and Shprits, 2009; Shprits et al., 2009] and the Rice Con-
vection Model (RCM) [Toffoletto et al., 2003, and refer-
ences therein]. In this study, we use one-way code coupling
with the electron fluxes from RCM being used by the VERB
code, which models resonant wave-particle interactions in
the radiation belts. We describe the VERB and RCM models
and the coupling between them in section 2. In section 3, we
present the results of the coupled simulation. Based on the
calculated results, in section 4 we show that relativistic
electrons at geosynchronous orbit may come from the
acceleration of energetic electrons at lower L shells by local
energy diffusion and subsequent outward radial diffusion.
We summarize our work in section 5.

2. Model Description

2.1. Radiation Belt Simulation With the VERB Code

[11] The dynamics of relativistic electrons in the radiation
belts can be described by the bounce and Magnetic Local
Time (MLT)-averaged Fokker-Planck equation [e.g., Schulz
and Lanzerotti, 1974; Subbotin and Shprits, 2009]:
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(1)

where f'is the electron Phase Space Density (PSD); p and J
are the first and second adiabatic invariants (defined below);
p is the relativistic momentum; «y is the equatorial pitch
angle of the particles; 7(ay) is a function related to the
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bounce frequency and can be approximated as [Lenchek
et al., 1961]

T(ao) = 1.3802 — 0.3198 (sin ao + sin'/? ao). @)

Dyspx, Dy, Dpao, Daop, and Dyao in equation (1) are the
bounce- and MLT-averaged scattering rates (or diffusion
coefficients) due to resonant wave-particle interactions.
S represents the convective sources of particles (see section 4
for more details) and £ represents losses inside the loss cone

J

c=1, ()
where 7 is a characteristic lifetime, assumed to be infinite
outside the loss cone and equal to a quarter bounce period
inside the loss cone. L is the radial distance from the center
of the Earth to the equatorial footprint of the magnetic field
line; L* is equal to the distance L if the magnetic field is
adiabatically relaxed to a dipole field. L* is inversely pro-
portional to the third adiabatic invariant ® as

L* = (27M)/(®R), (4)

where M is the magnetic moment of the Earth’s dipole field;
Ry is the Earth’s radius. The u, J, and ® adiabatic invariants
may be expressed as

2
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Relativistic momentum can be related to energy as E =
VP2 + m2c* — mc® and the momentum diffusion is often
referred to as energy diffusion.

[12] The first term on the right-hand side of equation (1)
describes the radial diffusion of PSD in L*, which does
not violate the first and second adiabatic invariants p and J
[Schulz and Lanzerotti, 1974]. The calculation over L*
space allows us to exclude PSD variation due to slow
changes of the magnetic field. The slow changes of the
magnetic field produce adiabatic motion of the particles and
do not change L*. For the VERB code results to be com-
pared with satellites observations, the L* (L, o) values need
to be computed along the satellite path. After that, observed
and calculated PSD at the same L* should be compared.

[13] The parameterization for the radial diffusion coeffi-
cient due to magnetic field fluctuations is adopted from
Brautigam and Albert [2000]:

DL*L* — 10()1)561(1)79‘3251/]0. (6)
Radial diffusion due to electric field fluctuations is much
less effective for the outer radiation belt [Brautigam and
Albert, 2000] and is thus assumed to be negligible in the
current study.

[14] The last four terms of equation (1) define local pro-
cesses: momentum diffusion with diffusion coefficient D

prp>
pitch angle diffusion with diffusion coefficient D09, and
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mixed diffusion with diffusion coefficients Do = Doy
Mixed radial-energy and radial-pitch angle scattering are
generally considered to be less effective for radial transport
as compared to radial diffusion [Falthamm and Walt, 1969;
Roederer and Schulz, 1969, 1971], and the diffusion coef-
ficient is likely to be lower than the local diffusion coeffi-
cients [Schulz, 1972]. Therefore, to simplify calculations in
this initial study, the mixed radial-energy and radial-pitch
angle diffusion terms are omitted.

[15] Mixed energy—pitch angle diffusion was recently
studied as a 2-D problem [Albert and Young, 2005; Tao
et al., 2008, 2009; Xiao et al., 2009] and as a 3-D prob-
lem [Albert et al., 2009; Subbotin et al., 2010; Xiao et al.,
2010]. The mixed diffusion was shown to be most impor-
tant for the lower equatorial pitch angles, while affecting the
equatorially mirroring particles to a lesser degree. In our
simulation, we focus on equatorially mirroring particles
and the effects of mixed diffusion are assumed to be small
compared to other potential sources of uncertainty, i.e.,
uncertainty in the wave latitudinal distribution and density
model [Shprits et al., 2006b], uncertainty in the spectral
property of waves, and inaccuracy due to the assumption
of an isotropic pitch angle distribution in the RCM code
(see Appendix A).

[16] The local diffusion coefficients D,,,, Dq,q, and D,q
in equation (1) should be computed and used in the real
magnetic field geometry. For this initial study we assume a
dipole field for the computation of local diffusion coeffi-
cients. By using a dipole field for the local scattering
computation, the Fokker-Planck equation can simply be
MLT averaged, which greatly simplifies the simulations.
A more accurate solution should be MLT dependent and use
scattering coefficients computed in the realistic magnetic
field [e.g., Orlova and Shprits, 2010].

[17] In this study, we assume local diffusion due to chorus
waves outside the plasmasphere and due to hiss waves
inside the plasmasphere. The assumed wave parameters are
similar to those of Shprits et al. [2009] that are listed in
Table 1.The corresponding diffusion rates are computed for
resonance orders up to 5 (n < |5|) using the Full Diffusion
Code (FDC) [Ni et al., 2008; Shprits and Ni, 2009]. Figure 1
shows the resulting diffusion rates in days ', computed for
L* =45, as a function of energy and equatorial pitch angle.
Figures la and 1b show the pitch angle and normalized
momentum diffusion rates due to resonant wave-particle
interactions with dayside chorus waves. Figures 1c and 1d
show the pitch angle and normalized momentum diffusion
rates due to nightside chorus waves, and Figures le and 1f
show diffusion rates due to plasmaspheric hiss. For dayside
chorus waves, pitch angle diffusion rates at the edge of the
loss cone are greater than energy diffusion rates, therefore
dayside chorus waves mostly produce losses [Shprits et al.,
2007a]. Similarly, energy diffusion rates due to nightside
chorus waves are greater than pitch angle diffusion rates for
1 MeV particles, so nightside chorus waves mainly energize
of ~MeV electrons [Li et al., 2007]. Plasmaspheric hiss is
responsible for losses inside the plasmasphere and can
produce only a negligible energization of electrons.

[18] We use two grids for the simulation: the grid for
radial diffusion is constructed to be orthogonal in u, J, L*
coordinates, and the grid for local diffusion is orthogonal in
(p, ap) for each L*. For more details about the creation of
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Table 1. Wave Parameters Used for the Diffusion Coefficient Computation

Percent Distribution in
Type of Wave B, (pT) Amax Density Model MLT Wave Spectral Properties Wave Normal
Chorus day 100751009X (5 x 1Q0T3001K0S)57 6 35 [Sheeley et al., 2001] 25 W /e =02, 6w/, = 0.1, 6, =0° 60 =30°,
for Kp <2 +; Wyl Qe = 0.3, Wi/ =0.1. 0, = 45°, 0,. = 0°.
100.75+ 0.04X1 (2 x 102.5+O.18Kp)0.5/57.6
for 2 + < Kp < 6;
Chorus night 50 (2 x 10073+091Kn0-5/57 6 15 [Sheeley et al., 20011 25  w,/Q. = 0.35, 6w/, =0.15, 6, =0° 80 =30°,
for Kp <2 +; wWy/Qe = 0.65, w; /N, =0.05. 6,.=45° 60;,.=0°.
50 (2 x 102,5+0,18Kp)0.5/57‘6
for 2 + < Kp < 6;
Plasma- spheric 30 x Kp/4 40 [Carpenter and 60 fm =550 Hz, 6f =300 Hz, 0,, = 0°, 60 = 20°,

hiss

Anderson, 1992]

Foe = 2000 Hz, f;. = 100 Hz. 0, = 30°, 6,, = 0°.

the numerical grid and the VERB code see Subbotin and
Shprits [2009].

[19] Following previous studies [Subbotin and Shprits,
2009; Shprits et al., 2009], the initial condition for the
simulation is obtained by solving a steady state radial dif-
fusion equation for each energy and pitch angle with
parameterized electron lifetimes. The radial diffusion coef-
ficient was calculated using equation (6) with the Kp index
from the beginning of 21 April. The radial diffusion steady
state solution provides a reasonable radial distribution of
electron fluxes [e.g., Shprits and Thorne, 2004].

[20] To solve equation (1) and perform the 3-D radiation
belt simulation, we need to specify the simulation domain
and six boundary conditions, two for each variable in the
equation. Inside the loss cone, we set PSD to zero (PSD = 0),
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Figure 1. (a) Pitch angle and (b) normalized energy diffu-
sion rates due to dayside chorus waves computed at L* =4.5
color coded as logyo (day ') as a function of energy and
equatorial pitch angle. (c and d) Diffusion rates due to night-
side chorus and (e and f) plasmaspheric hiss waves.

assuming weak diffusion [Kennel and Petschek, 1966]. For
equatorially mirroring particles, PSD is set to have a zero
gradient (OPSD/0ay = 0), which represents the observed flat
distribution of equatorially mirroring particles [Horne et al.,
2003]. On the lower boundary for radial diffusion at L* =1,
PSD is set to zero at all energies since particles close to the
Earth are lost to the atmosphere. A zero PSD condition is also
set at the high-energy boundary because of the absence of
high-energy (>10 MeV) electrons. PSD at the last two
boundaries, i.e., the low-energy boundary and the outer L*
boundary, is highly dynamic during storm times and should
be inferred from time-dependent satellite observations or
from another simulation. Simulations with time-dependent
boundary conditions set from radiation belt observations
might show a good agreement with observations [Shprits
et al., 2006a; Albert et al., 2009], however such simula-
tions do not allow forecasting or nowcasting. In the current
work, we use time-dependent results from the RCM code at
the outer L* and low-energy computational boundaries. The
RCM model is driven by solar wind parameters, so no
radiation belt observations are used to drive the simulations,
which makes the code useful for predictive simulations. For
coupling purposes, the outer radial diffusion boundary is
set at L* =7 and the energy range at L* = 7 is set to 0.01 to
10 MeV and varies with L* according to the conservation
of the first and second adiabatic invariants [Schulz and
Lanzerotti, 1974]. We describe how the outer L* and low-
energy boundaries were chosen in section 2.2. The boundary
conditions are summarized in Table 2. The description of
the coupling process between the RCM and VERB codes is
the main goal of this manuscript.

2.2. Magnetospheric Convection Computation
With the RCM Code and the Coupling Process

[21] The RCM simulates the convection of protons and
electrons in the inner and middle magnetosphere, including
the electrodynamic coupling to the ionosphere. The RCM
calculates the bounce-averaged magnetic and electric drift

Table 2. Boundary Conditions Used for the VERB Code Simulations

Boundary Condition Underlying Physical Processes
oy = 0° PSD =0 empty loss cone

ap = 90° 0 (PSD)/0ay =0 flat pitch angle distribution
L*=1 PSD =0 losses to the atmosphere
L*=7 PSD (time) coupling with RCM

E = Ein PSD (time) coupling with RCM

E = Enax PSD =0 absence of multi-MeV

energy electrons
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of a magnetic flux tube, filled with an isotropic distribution
of ions and electrons, using a self-consistently computed
electric field and specified magnetic field. In the current
study, the Tsyganenko 96 (T96) magnetic field model is
used [Tsyganenko, 1995]. For a detailed description of the
RCM code, see Toffoletto et al. [2003].

[22] In the current study, the RCM outer boundary con-
ditions are set at —20R at midnight, 10R at noon, and 15Rz
at dawn and dusk, while the inner boundary is specified at
the distance corresponding to 10° latitude in the ionosphere.
The proton and electron energy spectra at the RCM’s outer
boundary are established as a function of MLT and the
interplanetary conditions based on 11 years of Geotail data
[Wang et al., 2007; Gkioulidou et al., 2009]. Due to the fact
that the majority of the Geotail data is from nonstorm per-
iods, linear extrapolation is currently used to estimate the
particle boundary conditions corresponding to storm time
interplanetary conditions.

[23] The RCM code provides the near-Earth electron flux
distribution that results from magnetospheric convection.
The near-Earth low-energy electron fluxes form a seed
population for the radiation belts. These fluxes are used as
an input for radiation belt modeling by the VERB code.

[24] To illustrate the process of coupling between the
RCM and VERB codes, we use the solar wind conditions
from the 21 April 2001 magnetic storm (Figure 2). The
observed interplanetary conditions are used as inputs for the
RCM, that is, for the cross polar cap potential drop that
determines the convection strength, for the particle bound-
ary condition (see description above), and for the T96
magnetic field model. The main phase of the storm started
on 21 April with a sudden increase of solar wind density
(Figure 2a) and velocity (Figure 2b), followed by a decrease
of the Interplanetary Magnetic Field (IMF) B, (Figure 2c), a
decrease in the Dst index and an increase in Kp index
(Figures 2d and 2e). The main phase of the storm lasted for
about 0.5-1 day, during which Dst decreased to —100 nT.
The Dst index then increased back to quiet time values
during a 1.5 day recovery phase that started at the beginning
of the second day of the storm. The storm lasted approxi-
mately 2-2.5 days. The combined RCM-VERB simulation
of this storm demonstrates how these two codes can be
coupled together to provide results of a radiation belt sim-
ulation with a time-dependent convective source of low-
energy particles. A quantitative comparison of the results
with satellite observations may require more accurate mea-
surements of the magnetic field and will be a subject of
future work.

[25] A schematic representation of the coupling process is
presented in Figure 3. The equatorial plane of the Earth’s
magnetosphere is divided into two regions, one where the
dominant transport is convection (light shading, further from
the Earth) and another where the dominant transport is
diffusion (dense shading, closer to the Earth), with a tran-
sition region at L* = 7. In the convection region of the
equatorial plane, the motion of the electrons with keV
energies is guided by £ x B magnetospheric drift. When
moving toward the Earth and entering into a region of a
stronger magnetic field, particles gain energy according to
the conservation of the first adiabatic invariant p. The
energy- and charge-dependent gradient and curvature drifts
deflect electrons eastward into the region of the ring current

SUBBOTIN ET AL.: TECHNIQUE

A08211

(Figure 3, red convection arrows). On the dayside, low-
energy electrons are lost to the magnetopause, while high-
energy electrons make their way around the Earth and may
find themselves orbiting on closed trajectories. The circular
motion of the high-energy electrons (Figure 3, red circular
arrow) trapped by the Earth’s magnetic field is further
affected by the resonant wave-particle interactions, and is
modeled by the VERB code.

[26] To use RCM results as an input for the VERB code,
we need to calculate the adiabatic invariants (L*, u, J) on
the RCM grid. To find L*, we trace the particles’ azimuthal
drift around the Earth, and infer the total magnetic flux
and relate it to L* using equation (5). Since the VERB
model is driven by the Kp index, and for simplicity, we used
the Kp-dependent Tsyganenko 89c magnetic field model
[Tsyganenko, 1989] for these calculations using the Office
National d’Etudes et de Recherche Aerospatiales (ONERA)
library [Boscher et al., 2008]. The resulting L* calculated on
the RCM grid after 1 day of RCM simulation is shown as
an example in Figure 4.

[27] The invariant y is computed according to equation
(5). Since RCM assumes pitch angle anisotropy, it does
not provide a reasonable pitch angle distribution, and we
only use electrons with 90° pitch angles from the RCM
results. The invariant J is equal to zero for the equatorially
mirroring particles. To represent a realistic pitch angle dis-
tribution, we model the equatorial pitch angle distribution
assuming a sinusoidal dependence

PSD(a) = PSD(cvg = 90°) - sin(ay). (7)

[28] Figure 5 shows fluxes of equatorially mirroring
electrons at midnight as a function of L* and energy after
1 day of RCM simulation and is overplotted by the RCM
grid (dotted lines) and the VERB grid (bold solid lines).
Energy and pitch angle values are computed using a dipole
field model. These are the fluxes a satellite would see if the
geomagnetic field would slowly be reduced to a dipole.
The fluxes are color coded as Log;o(#/st/s/cm*/keV). The
solid green line at L* = 7 and the solid magenta line at
=11 MeV/G (energy ~ 100 keV, varies with L*) represent
the interface between the RCM and VERB models. Liu
et al. [2003] showed that electrons with energies > 100 keV
at L ~ 3-5 are affected more by diffusion than by convection.
They also showed that a storm time enhancement of 10 to
50 keV energy electrons at L ~ 3—-5 can be explained by
enhanced convection only. While electrons with energies
around 10 to 100 keV in the transition region 5 < L* < 7 are
almost equally affected by both convective and diffusive
processes, for the purpose of this initial computing effort, we
make a crude approximation by assuming that the electrons
above L* = 7 and the electrons below the low-energy
boundary (1 < 11 MeV/G) are transported by convection
only and that the high-energy electron fluxes below L* =7
are affected by diffusion process only. L* = 7 is chosen as a
boundary because it’s located far enough from the heart of the
outer belt, but still is usually a closed drift shell. The invariant
1 should be held constant along the radial diffusion grid lines,
since ULF waves do not violate x4 and J. Therefore, we need
to use a low enough p value to resolve 1 MeV energy at low
L*. The pt=11 MeV/G corresponds to an energy of 10 keV at
L*=17,50keV at L* =4, and 600 keV at L* =1.5. We use a
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Figure 2. Solar wind and magnetic field parameters for the
April 2001 storm. From top to bottom: solar wind proton
number density, velocity, z component of the magnetic field,
Dst index, and Kp index.

RCM-calculated PSD at L* = 7 for all energies as an outer
boundary for the radial diffusion calculation (Figure 5, green
line). RCM results are also used at all L* at =11 MeV/G
as a low-energy boundary for energy diffusion (Figure 5,
magenta line).

[29] Since there is currently no MLT dependence in the
VERB code, the RCM results are also MLT averaged.
Figure 6 compares MLT-averaged electron fluxes of equa-
torially mirroring particles at geosynchronous orbit during
the 3 days of the April 2001 storm computed by the RCM
code (color-coded time) with statistical results obtained
from previous studies [e.g., Shprits and Thorne, 2004;
Shprits et al., 2009] (black dashed line). The black dots show
electron fluxes of equatorially mirroring particles, observed
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Figure 4. L* computed on the RCM grid after 1 day of
RCM simulation (shown as an example). Only every second
grid point is plotted for clarity.

on the LANL97A satellite during the years 2000—2003. For
each LANL97A satellite location, L was calculated by trac-
ing magnetic field lines to the equatorial plane using the
Tsyganenko 1996 geomagnetic field model. The measure-
ments around L = 6.6 (£0.1) are used, which correspond to
crossings of the equatorial plane for a geosynchronous sat-
ellite (394 satellite locations were used in total). The spread
in observations represents a typical electron flux variation
during the 2000-2003 time period. Although fluxes over a
broad range of energies can vary by many orders of mag-
nitude from one time interval to another, in general, the RCM
fluxes (Figure 6, color-coded lines) are in an agreement with
the statistical data.

[30] However, the RCM fluxes are slightly overestimated
at low energies and significantly underestimated at high
energies, which may suggest that there are missing physical
processes. Low-energy electrons are affected by the very
rapid losses during strong diffusion on the nightside, leading
to the diffuse aurora. These losses are not currently accounted

Figure 3. Schematic representation of the RCM-VERB coupling process in the equatorial plane of
Earth’s magnetosphere: magnetospheric convection, calculated by the RCM code, brings low-energy
electrons closer to the Earth, providing a seed population for the radiation belt modeling by the VERB
code. A convection-dominated region in the tail (light shading) is separated from the diffusion-dominated
region close to the Earth (dense shading) by the transition region around L* ~ 7 (denoted by green).
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Figure 5. Fluxes at midnight as a function of L* and energy
after 24 h of RCM simulation (shown as an example) over-
plotted by (dotted lines) the RCM grid and (bold solid lines)
the VERB grid. Only every second grid point is plotted for
clarity. Fluxes are color coded as Log;o(#/st/s/cm*/keV).
Green and magenta lines indicate boundary conditions, pro-
vided by the RCM code, for the VERB simulations.

for by the RCM simulation. The smaller high-energy flux is
probably due to the neglect of local acceleration and radial
diffusion in the RCM simulation. The potentially missing
sources of high-energy particles are discussed in more detail
in section 4.

3. Coupled Simulation

[31] As discussed in section 2.1, three-dimensional radi-
ation belt simulations require six boundary conditions. Four
of them can be obtained from physical considerations, i.e.,
absence of field-aligned particles, absence of electrons at
low altitudes due to close proximity to the atmosphere,
absence of multi-MeV energy electrons, and the flat pitch
angle distributions at a 90° equatorial pitch angle. However,
knowledge of the time-dependent fluxes at the outer L* and
the low-energy boundaries is essential for a time-dependent
simulation. In this study, we use RCM modeled fluxes to
specify these time-dependent boundary conditions.

[32] In section 3.1, we only use the RCM-calculated PSD
for an outer L* boundary (green line on Figure 5) in the
VERB code computation and compare the result with a
noncoupled simulation that incorporates the statistically
averaged data at the outer L* boundary, as was done in
previous studies [e.g., Shprits et al., 2009].

[33] In section 3.2, we describe coupling at both low-
energy and outer L* boundaries and present a comparison of
the corresponding results.

3.1.

[34] Figure 7 shows the results of a 3 day noncoupled
simulation of the 21 April 2001 storm with electron flux
held constant in time at the outer L* (Figure 7, top) and low-
energy (Figure 7, middle) boundaries. The fluxes at the

Outer L* Boundary
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outer L* boundary are obtained from the time-averaged
statistical data, while the fluxes at the low-energy boundary
are based on the assumption of balance between convective
source and losses. In this simulation, the outer L* and low-
energy boundary conditions are taken from a previous study
by Shprits et al. [2009].

[35] Figure 7 (bottom) shows the calculated fluxes of
1 MeV equatorially mirroring electrons. The radiation belt
fluxes are relatively low on the first day of the simulation,
which represents prestorm conditions. Inward radial diffu-
sion due to increased ULF wave activity during the main
phase of the storm (the second day on Figure 7) brings
particles to a lower L* = 4. Such inward motion of the
energetic particles’ flux is a commonly observed process of
slot region refilling [e.g., Thorne et al., 2007]. During the
recovery phase (third day on Figure 7), local acceleration
due to chorus waves increases and PSD peaks develop at L*
~ 4, which is also consistent with the often observed evo-
lution of fluxes during storms. The simulation therefore
reproduces the major storm features, i.e., inward flux motion
during the main phase of the storm and buildup of fluxes
in the recovery phase; however, the simulated flux values
are low and the flux enhancement during the recovery phase
is moderate.

[36] To provide the VERB code with modeled time-
varying values at the outer L* boundary, we introduce
RCM-calculated fluxes at L* = 7. The storm time fluxes,
calculated using the outer L* boundary provided by RCM,
are shown in Figure 8. The flux variation at L* = 7 (Figure 8,
top) represents the dynamics of the seed population. An
increase in fluxes at the beginning of the storm (the end of
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Figure 6. Statistical model for the MLT-averaged equa-
torially mirroring electron fluxes at geosynchronous orbit
[e.g., Shprits and Thorne, 2004; Shprits et al., 2009] used for
previous VERB simulations (dashed line) and the RCM
simulation with color-coded time (color-coded lines). Black
dots show fluxes of equatorially mirroring electrons,
observed on the LANL97A satellite during the years 2000—
2003 around L = 6.6 (£0.1) (394 satellite locations were used
in total).
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Figure 7. Fluxes of equatorially mirroring electrons after 3
days of a stand-alone VERB simulation, starting on 21 April
2001, using statistical data at the outer L* boundary and a
steady state solution of the radial diffusion equation at the
low-energy boundary. (top) Statistical data at L* = 7 versus
time and energy taken from Shprits et al. [2009]. A dashed
line is plotted at 1 MeV energy. (middle) Radial diffusion
steady state fluxes at the low-energy boundary (u = 11
MeV/G) versus time and L*. (bottom) Fluxes of 1 MeV
equatorially mirroring electrons calculated by the VERB
code plotted versus time and L*. Fluxes are color coded as
Log,o(#/st/s/cm*/keV).

the first day of the simulation) is followed by a gradual
decrease of the fluxes during the next 2 days.

[37] In the simulation presented in Figure 8, we use the
same low-energy boundary as in the noncoupled simulation
(Figure 7); however, fluxes at the outer L* boundary vary in
time according to RCM simulations. The resulting fluxes of
the 1 MeV equatorially mirroring electrons are shown in
Figure 8 (bottom). Comparing these to the result of the
simulation that uses statistically averaged data at the outer
L* boundary (Figure 7, bottom), an injection of 1 MeV
electrons during the second half of the first day from L* =7
is noticeable. These electrons propagate down to L* ~ 4 due
to radial transport. The overall picture shows a rather typical
evolution of radiation belt fluxes. Inward radial motion
moves fluxes to the lower L* as well as brings injected
electrons from L* = 7 to L* = 4 during the main phase.
Local acceleration due to chorus waves increases the peak
around L* = 4 during the recovery phase of the storm.
However, the maximum value of MeV fluxes is larger in
the simulation with the RCM boundary as compared to the
simulation with a constant outer L* boundary as presented
in Figure 7. This is the result of the larger fluxes of low-
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energy particles at L* = 7. The peak also becomes more
pronounced due to both a larger population of low-energy
particles and a smaller population of high-energy particles
at L* = 7. The low-energy electrons are transported inward
by radial diffusion and accelerated by chorus waves in the
recovery phase of the storm.

3.2. Low-Energy Boundary

[38] In section 3.1, we assume the low-energy fluxes to be
constant in time. However, these fluxes experience dramatic
changes during storms and can vary by an order of magni-
tude [e.g., Jordanova and Miyoshi, 2005; Li et al., 2010].
To include the dynamics of the low-energy population in
radiation belt simulations, we incorporate magnetospheric
convection dynamics calculated by the RCM code at the
low-energy boundary. Figure 9 shows the result of the
simulation with RCM fluxes applied to the outer L*
boundary (green line on Figure 5) and the low-energy
VERB code boundary (magenta line on Figure 5). Figure 9
(top) shows the RCM-calculated fluxes at L* = 7, which are
the same as those shown in Figure 8 (top). Figure 9 (middle)
shows the RCM-calculated fluxes at = 11 MeV/G, which
are used as the low-energy VERB code boundary. As can be
seen in the plot, during the prestorm phase (first half of
the first day of the simulation) the magnetospheric convec-
tion does not bring particles to the region below L* = 5-6,
while in the main phase of the storm (second day of the

Fluxes of equatorially miryoring electrons,
Logw(#/sr s/cm’ /keV%

Upper L boundary

Energy, MeV
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Figure 8. Same as Figure 7 but with outer L* boundary
fluxes provided by RCM. (top) RCM-calculated fluxes at
L* =7. A dashed line is plotted at 1 MeV energy. (middle)
Radial diffusion steady state fluxes at the low-energy
boundary. (bottom) Fluxes of 1 MeV equatorially mirroring
electrons, calculated by the VERB code. Fluxes are color
coded as Log;o(#/st/s/cm*/keV).
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Figure 9. Same as Figure 8 but with RCM-calculated fluxes
used at the low-energy boundary. (top) RCM-calculated
fluxes at L* = 7. A dashed line is plotted at 1 MeV energy.
(middle) RCM-calculated fluxes at u = 11 MeV/G (low-
energy boundary). (bottom) One MeV electron fluxes of
equatorially mirroring particles, calculated by the VERB
code. Fluxes are color coded as Log;o(#/st/s/cm*/keV).

simulation) the low-energy fluxes can be transported earth-
ward to L* = 34.

[39] Despite the significant difference between the radial
diffusion steady state solution for the low-energy particle
population (Figure 8, middle) and the RCM simulation for
the same energy electron fluxes (Figure 9, middle), the
simulations using these two distributions for low-energy
boundary conditions show similar results (Figure 8, bottom,
and Figure 9, bottom). The fluxes of 1 MeV equatorially
mirroring particles, on Figure 9 (bottom), indicate the con-
vective injection of the particles at L* = 7 in the initial phase
of the storm, the inward radial motion of the fluxes during
the main phase, and the buildup of the peak at L* = 4 during
the recovery phase. In Figure 9 (bottom), the peak in fluxes
is slightly more pronounced, which suggests that the fluxes
are slightly underestimated in the simulation using the radial
diffusion steady state solution as a low-energy boundary
condition (Figure 8, bottom). The overall similarity of the
results might suggest that the steady state solution of the
radial diffusion equation can be an acceptable assumption
for the low-energy boundary at x4 = 11 MeV/G. Chorus
waves cannot efficiently accelerate such low-energy elec-
trons to MeV energies unless the electrons are also accel-
erated by the inward radial diffusion. This is consistent with
the study by Horne et al. [2005], who showed that electrons
with energies below 300 keV are affected by strong losses,
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while electrons above 300 keV can be further accelerated by
chorus waves throughout a storm.

4. “Open” Boundary

[40] Our initial RCM simulation result presented in Figure 6
indicates that magnetospheric convection by itself may be
insufficient to explain the observed relativistic electron
fluxes at geosynchronous orbit. To study the origin of
the relativistic electrons near the geosynchronous orbit,
we allow the radiation belt electrons to diffuse outward to
L* =7 and change the MeV particle population at the outer
L* boundary. To that end, we set up a zero gradient boundary
condition instead of the constant value boundary condition
as in the previous runs. This condition will be hereafter
referred as an “open” boundary condition, since we allow
diffusion to change values on the boundary. To account
for the convective source of low-energy electrons, we add
Secony at L* =7 in equation (1). This source is calculated as
a difference between RCM results at the current time step
and the previous time step

Ofrem
o | % (8)

L =7

Sconv =

where fzcay is the PSD calculated by RCM.

Fluxes of equatorially miryoring electrons,
Log § 0(#/sr s/cm /keV?
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T = 111725 WMeViG

22.5 23 23.5

21 21.5 22
Time, day of April 2001

22.5 23 23.5

Figure 10. Same as Figure 9 but with an “open” outer L*
boundary (see text for details). (top) Fluxes calculated by the
VERB code at L* = 7. A dashed line is plotted at 1 MeV
energy. (middle) Fluxes calculated by the RCM code at p =
11 MeV/G (low-energy boundary). (bottom) Electron fluxes
of 1 MeV equatorially mirroring electrons resulting from
VERB simulation. Fluxes are color coded as Log;o(#/st/s/
cm*/keV).
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[41] The results of this simulation are shown in Figure 10.
Electron fluxes at £ = 1 MeV (Figure 10, bottom) clearly
show an increased outward radial diffusion during the
recovery phase of the storm. As compared to Figure 9 (top),
the fluxes at L* =7 (Figure 10, top) are much more constant.
Figure 10 (top) also shows the increase of 1 MeV fluxes
at L* = 7, which are now more consistent with the statisti-
cally averaged data (Figure 7, top). In the simulation with
the “open” outer L* boundary condition, outward radial
diffusion transports electrons that were accelerated by
energy diffusion to MeV energy in the heart of the radiation
belts. The resulting fluxes have larger values as compared to
these in Figure 7 because of the absence of losses to the
magnetopause in the last simulation and the absence of
possibly important losses due to a resonance interaction with
EMIC waves.

5. Conclusions

[42] We performed a coupled simulation of the VERB
code with the RCM code. The RCM code is capable of
computing magnetospheric convection, while the VERB
code is used for the radial, pitch angle, and energy diffusion
due to resonant wave-particle interactions in the radiation
belts. Magnetospheric convection, calculated by the RCM
code, provided the seed population for the VERB code
simulations. Coupling of the convective and diffusive
magnetospheric processes allowed us to perform coupled
time-dependent simulations of the radiation belt dynamics,
and to make an initial assessment of the origin of relativistic
electrons at geosynchronous orbit.

[43] We performed a simulation of the VERB code with
RCM-calculated fluxes applied to the outer L* boundary
and compared the results with a simulation using the time-
independent boundary conditions obtained from the statis-
tically averaged data. Both simulations showed an increase
of fluxes around L* = 4 in the recovery phase, while the
coupled simulation showed a greater enhancement of the
radiation belt electron fluxes as compared to the stand alone
VERB simulation with time-independent boundary condi-
tions. The comparison of simulations indicates the impor-
tance of using a realistic time-varying electron population at
the outer L* boundary for radiation belt simulations.

[44] We also applied RCM calculated fluxes as the low-
energy boundary condition. The results agreed well with a
simulation that used an assumption of balance between
convective source and losses at the low-energy boundary,
indicating that MeV fluxes are relatively insensitive to the
assumed fluxes at low values of the first adiabatic invariant,
and are mostly determined by the seed population at the
outer L* boundary. The fluxes with energies lower than
MeV, however, can be more sensitive to the low-energy
boundary since these fluxes are located closer to the
boundary in phase space.

[45] To study the origin of the MeV electrons at geo-
synchronous orbit, we performed a coupled simulation with
an “open” outer L* boundary condition, which allowed
outward radial diffusion to change the particle population at
L* = 7. The results of such a simulation indicated that it is
possible for relativistic electrons to reach L* = 7 by outward
radial diffusion combined with the energization of the low-
energy particles due to resonant wave-particle interactions at
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lower L shells. The idea that the origin of multi-MeV
electrons at geosynchronous orbit is the result of outward
radial diffusion has previously been proposed by several
authors. Reeves et al. [1998] presented observations of
electron fluxes during a January 1997 geomagnetic storm.
Outward radial diffusion was proposed to be a potential
process by which electrons are brought to higher L shells,
after the electrons were accelerated within the radiation
belts. While it was previously believed that electrons with
energies of hundreds of keV form a seed population for
MeV electrons, Varotsou et al. [2008] and Shprits et al.
[2009], using 3-D modeling, further showed that electrons
with energies as low as tens of keV can be accelerated
by means of combined radial transport, conserving the first
adiabatic invariant and local acceleration. Low-energy (~ tens
of keV) electrons are brought inside geosynchronous orbit
with steady convection and radial diffusion. While diffusing
to lower L*, these electrons are also accelerated by chorus
wave driven energy diffusion, which forms peaks in PSD
around L* = 4-5. These peaks are smoothed out by inward
radial diffusion, which brings electrons to a lower L*, and by
outward radial diffusion, which brings the majority of the
MeV electrons to geosynchronous orbit.

[46] The presented work describes the initial results of the
coupled convection-diffusion radiation belt simulation. A
number of improvements would need to be made to the
coupled model before these qualitative results can become
quantitatively accurate enough to be verified with satellite
observations. Among these improvements are the compu-
tation of a self-consistent magnetic field by the RCM, and the
use of the RCM for the advective transport of energetic elec-
trons inside L* = 7. The second would require that the RCM
and VERB codes exchange information on the dynamics of
the electron fluxes at each time step, i.e., a two-way coupling.
Comparison of simulation results with observations will allow
us to quantify the possible differences between observations
and simulations, in order to identify important physical pro-
cesses that might be missing from the models.

[47] The coupled RCM-VERB model is driven only by
the solar wind parameters and Kp index and is independent
of satellite observation, which is critical for radiation belt
forecasting and space weather predictions.

Appendix A: List of Important Assumptions

[48] The coupled model describes a broad range of phys-
ical processes, which involves a list of assumptions. Here we
present a list of the important assumptions made in the
computation and coupling process. Although the relative
importance of any particular assumption is arguable, we
consider these assumptions to be those with the most
important physical consequences.

[49] The list of important assumptions is as follows.

[so] 1. The magnetospheric plasma wave parameters are
either not well known or are only known with a large
uncertainty. The latitudinal distribution of chorus waves
[Li et al., 2007] on the dayside has very high uncertainties,
since it was based on CRRES measurements that did not
provide complete MLT and latitudinal coverage. Geomag-
netic dependence was derived for high-latitude dayside
chorus waves [Shprits et al., 2007b] and was assumed to be
similar for low-latitude nightside chorus waves. This might
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be not a good assumption [Li et al., 2009]. Variations of
the wave parameters can lead to significant changes in the
diffusion coefficients and the simulation results [Shprits
et al., 2006b].

[51] 2. RCM simulations assume that the pitch angle
distribution of electrons is isotropic.

[52] 3. The RCM results were MLT averaged over par-
ticle’s drift path.

[53] 4. The magnetic field in the RCM simulation was
not computed self-consistently.

[54] 5. The energy spectrum used as a boundary condition
at L* = 7 was obtained from the equatorial fluxes measured
by the LANL and CRRES satellites and time averaged over
a long time period [Shprits et al., 2009].

[s5] 6. Cross energy—pitch angle and L—pitch angle terms
were neglected.

[56] 7. To convert from PSD to fluxes and compare the
fluxes with observations, a realistic magnetic field should be
used to account for adiabatic variations that may be domi-
nant in the outer region.

[57] 8. Other plasma waves (i.e., EMIC, magnetosonic
waves) might play an important role in radiation belts
dynamics.

[58] Acknowledgments. This research was supported by the NASA
grant NNX09AF51G, NSF GEM grant ATM-0603191, AFRL grant
FA9550-08-1-0140, and lab Research Fee grant 09-LR-04-200 116720-
SHPY. The work by Larry R. Lyons and M. Gkioulidou has been supported
by NASA grants NNX07AF66G and NNX09AQ41H and NSF grant ATM-
0819864. The authors would like to thank Chih-Ping Wang for providing infor-
mation of the boundary conditions used in the RCM simulation.

[59] Masaki Fujimoto thanks the reviewer for his or her assistance in
evaluating this paper.

References

Albert, J. M. (2007), Simple approximations of quasi-linear diffusion coef-
ficients, J. Geophys. Res., 112, A12202, doi:10.1029/2007JA012551.
Albert, J. M., and S. L. Young (2005), Multidimensional quasi-linear dif-
fusion of radiation belt electrons, Geophys. Res. Lett., 32, L14110,

doi:10.1029/2005GL023191.

Albert, J. M., N. P. Meredith, and R. B. Horne (2009), Three-dimensional
diffusion simulation of outer radiation belt electrons during the 9 October
1990 magnetic storm, J. Geophys. Res., 114, A09214, doi:10.1029/
2009JA014336.

Baker, D. N., and E. C. Stone (1978), The magnetopause energetic electron
layer: 1. Observations along the distant magnetotail, J. Geophys. Res.,
83(A9), 4327-4338, doi:10.1029/JA083iA09p04327.

Baker, D. N., J. H. Allen, and R. D. Belian (1996), An assessment of the
space environmental conditions during the recent Anik E1 spacecraft
operational failure, ISTP Newsl., 6(2), 8-29.

Beutier, T., and D. Boscher (1995), A 3-dimensional analysis of the elec-
tron-radiation belt by the Salammbo code, J. Geophys. Res., 100(A8),
14,853-14,861.

Boscher, D., S. Bourdarie, R. M. Thorne, and B. Abel (2000), Influence
of the wave characteristics on the electron radiation belt distribution,
J. Geophys. Res., 26(1), 163-166, doi:10.1029/2007JA012368.

Boscher, D., S. Bourdarie, P. O’Brien, and T. Guild (2008), ONERA-
DESP library V4.2, Off. Natl. d’Etudes et de Rech. Aerosp., Toulouse,
France.

Bourdarie, S., D. Boscher, T. Beutier, J. A. Sauvaud, and M. Blanc (1996),
Magnetic storm modeling in the Earth’s electron belt by the Salammbo
code, J. Geophys. Res., 101(A12), 27,171-27,176.

Bourdarie, S., D. Boscher, T. Beutier, J. A. Sauvaud, and M. Blanc (1997),
Electron and proton radiation belt dynamic simulations during storm per-
iods: A new asymmetric convection-diffusion model, J. Geophys. Res.,
102(A8), 17,541-17,552.

Brautigam, D. H., and J. M. Albert (2000), Radial diffusion analysis of
outer radiation belt electrons during the October 9, 1990, magnetic storm,
J. Geophys. Res., 105(A1), 291-309.

Carpenter, D., and R. Anderson (1992), An ISEE/whistler model of equa-
torial electron density in the magnetosphere, J. Geophys. Res., 97(A2),
1097-1108.

SUBBOTIN ET AL.: TECHNIQUE

A08211

Craven, J. (1966), Temporal variations of electron intensities at low alti-
tudes in the outer radiation zone as observed with satellite Injun 3,
J. Geophys. Res., 71(23), 5643-5663.

Elkington, S. R., M. Wiltberger, A. A. Chan, and D. N. Baker (2004),
Physical models of the geospace radiation environment, J. Atmos. Sol.
Terr. Phys., 66(15-16), 1371-1387, doi:10.1016/j.jastp.2004.03.023.

Falthamm, C., and M. Walt (1969), Radial motion resulting from pitch-
angle scattering of trapped electrons in distorted geomagnetic field,
J. Geophys. Res., 74(16), 4184-4186.

Fok, M.-C., R. B. Horne, N. P. Meredith, and S. A. Glauert (2008), Radi-
ation belt environment model: Application to space weather nowcasting,
J. Geophys. Res., 113, A03S08, doi:10.1029/2007JA012558.

Gkioulidou, M., C.-P. Wang, L. R. Lyons, and R. A. Wolf (2009), Forma-
tion of the Harang reversal and its dependence on plasma sheet condi-
tions: Rice Convection Model simulations, J. Geophys. Res., 114,
A07204, doi:10.1029/2008JA013955.

Glauert, S. A., and R. B. Horne (2005), Calculation of pitch angle and
energy diffusion coefficients with the PADIE code, J. Geophys. Res.,
110, A04206, doi:10.1029/2004JA010851.

Homne, R. B., N. P. Meredith, R. M. Thorne, D. Heynderickx, R. H. A. Iles,
and R. R. Anderson (2003), Evolution of energetic electron pitch angle
distributions during storm time electron acceleration to megaelectronvolt
energies, J. Geophys. Res., 108(Al), 1016, doi:10.1029/2001JA009165.

Horne, R. B., et al. (2005), Wave acceleration of electrons in the Van Allen
radiation belts, Nature, 437, 227-230, doi:10.1038/nature03939.

Jacobs, J. A., Y. Kato, S. Matsushita, and V. A. Troitskaya (1964), Classifi-
cation of geomagnetic micropulsations, J. Geophys. Res., 69(1), 180-181,
doi:10.1029/JZ069i001p00180.

Jordanova, V. K., and Y. Miyoshi (2005), Relativistic model of ring current
and radiation belt ions and electrons: Initial results, Geophys. Res. Lett.,
32, L14104, doi:10.1029/2005GL023020.

Kennel, C. F., and F. Engelmann (1966), Velocity space diffusion from
weak plasma turbulence in a magnetic field, Phys. Fluids, 9, 2377.

Kennel, C. F., and H. E. Petschek (1966), Limit on stably trapped particle
fluxes, J. Geophys. Res., 71(1), 1-28, doi:10.1029/J20711001p00001.

Lanzerotti, L. J. (2001), Space weather effects on technologies, Space
Weather, 125, 11-22.

Lenchek, A., S. Singer, and R. Wentworth (1961), Geomagnetically
trapped electrons from cosmic ray albedo neutrons, J. Geophys. Res.,
66(12), 4027-4046, doi:10.1029/JZ066i012p04027.

Lerche, 1. (1968), Quasilinear theory of resonant diffusion in a magneto-
active, relativistic plasma, Phys. Fluids, 11, 1720.

Li, W., Y. Y. Shprits, and R. M. Thorne (2007), Dynamic evolution of
energetic outer zone electrons due to wave-particle interactions during
storms, J. Geophys. Res., 112, A10220, doi:10.1029/2007JA012368.

Li, W., et al. (2009), Global distribution of whistler-mode chorus waves
observed on the THEMIS spacecraft, Geophys. Res. Lett., 36, L09104,
doi:10.1029/2009GL037595.

Li, W., R. M. Thorne, J. Bortnik, Y. Nishimura, V. Angelopoulos, L. Chen,
J. P. McFadden, and J. W. Bonnell (2010), Global distributions of
suprathermal electrons observed on THEMIS and potential mechanisms
for access into the plasmasphere, J. Geophys. Res., 115, A00J10,
doi:10.1029/2010JA015687.

Liu, S., M. Chen, L. Lyons, H. Korth, J. Albert, J. Roeder, P. Anderson,
and M. Thomsen (2003), Contribution of convective transport to storm-
time ring current electron injection, J. Geophys. Res., 108(A10), 1372,
doi:10.1029/2003JA010004.

Lyons, L. R. (1984), Electron energization in the geomagnetic tail current
sheet, J. Geophys. Res., 89(A7), 5479-5487, doi:10.1029/
JA089iA07p05479.

Lyons, L. R., and R. M. Thorne (1973), Equilibrium structure of radiation
belt electrons, J. Geophys. Res., 78(13), 2142-2149.

Lyons, L. R., R. M. Thorne, and C. F. Kennel (1971), Electron pitch-angle
diffusion driven by oblique whistler-mode turbulence, J. Plasma Phys.,
6, 589-606.

Lyons, L., R. Thorne, and C. Kennel (1972), Pitch-angle diffusion of radi-
ation belt electrons within the plasmasphere, J. Geophys. Res., 77(19),
3455-3474.

Miyoshi, Y., A. Morioka, T. Obara, H. Misawa, T. Nagai, and Y. Kasahara
(2003), Rebuilding process of the outer radiation belt during the
3 November 1993 magnetic storm: NOAA and Exos-D observations,
J. Geophys. Res., 108(A1), 1004, doi:10.1029/2001JA007542.

Miyoshi, Y. S., V. K. Jordanova, A. Morioka, M. F. Thomsen, G. D.
Reeves, D. S. Evans, and J. C. Green (2006), Observations and model-
ing of energetic electron dynamics during the October 2001 storm,
J. Geophys. Res., 111, A11S02, doi:10.1029/2005JA011351.

Ni, B., R. M. Thome, Y. Y. Shprits, and J. Bortnik (2008), Resonant scat-
tering of plasma sheet electrons by whistler-mode chorus: Contribution

11 of 12



A08211

to diffuse auroral precipitation, Geophys. Res. Lett., 35, 1.11106, doi:10.1029/
2008GL034032.

Ni, B., R. M. Thorne, R. B. Horne, N. P. Meredith, Y. Y. Shprits, L. Chen,
and W. Li (2011a), Resonant scattering of plasma sheet electrons leading
to diffuse auroral precipitation: 1. Evaluation for electrostatic electron
cyclotron harmonic waves, J. Geophys. Res., 116, A04218, doi:10.1029/
2010JA016232.

Ni, B., R. M. Thorne, N. P. Meredith, R. B. Horne, and Y. Y. Shprits
(2011b), Resonant scattering of plasma sheet electrons leading to diffuse
auroral precipitation: 2. Evaluation for whistler mode chorus waves,
J. Geophys. Res., 116, A04219, doi:10.1029/2010JA016233.

Odenwald, S., J. Greenb, and W. Taylor (2006), Forecasting the impact of
an 1859-calibre superstorm on satellite resources, Adv. Space Res., 38(2),
280-297, doi:10.1016/j.asr.2005.10.046.

Orlova, K. G., and Y. Y. Shprits (2010), Dependence of pitch-angle scat-
tering rates and loss timescales on the magnetic field model, Geophys.
Res. Lett., 37, L05105, doi:10.1029/2009GL041639.

Reeves, G. D., D. N. Baker, R. D. Belian, J. B. Blake, T. E. Cayton, J. F.
Fennell, R. H. W. Friedel, M. M. Meier, R. S. Selesnick, and H. E.
Spence (1998), The global response of relativistic radiation belt electrons
to the January 1997 magnetic cloud, Geophys. Res. Lett., 25(17), 3265-3268,
doi:10.1029/98GL02509.

Roederer, J., and M. Schulz (1969), Effect of shell splitting on radial diffu-
sion in the magnetosphere, J. Geophys. Res., 74(16), 4117-4122.

Roederer, J., and M. Schulz (1971), Splitting of drift shells by the magne-
tospheric electric field, J. Geophys. Res., 76(4), 1055-1059.

Rothwell, P., and C. E. Mcllwain (1960), Magnetic storms and the Van
Allen radiation belts—Observations from satellite 1958 (Explorer 1V),
J. Geophys. Res., 65(3), 799-806.

Schulz, M. (1972), Drift-shell splitting at arbitrary pitch angle, J. Geophys.
Res., 77(4), 624-634.

Schulz, M., and L. J. Lanzerotti (1974), Particle Diffusion in the Radiation
Belts, Springer, Berlin.

Sheeley, B., M. Moldwin, H. Rassoul, and R. Anderson (2001), An empir-
ical plasmasphere and trough density model: CRRES observations,
J. Geophys. Res., 106(A11), 25,631-25,641.

Shprits, Y. Y., and B. Ni (2009), Dependence of the quasi-linear scattering
rates on the wave normal distribution of chorus waves, J. Geophys. Res.,
114, A11205, doi:10.1029/2009JA014223.

Shprits, Y. Y., and R. M. Thorne (2004), Time dependent radial diffusion
modeling of relativistic electrons with realistic loss rates, Geophys. Res.
Lett., 31, L0880S, doi:10.1029/2004GL019591.

Shprits, Y. Y., R. M. Thorne, R. Friedel, G. D. Reeves, J. Fennell, D. N.
Baker, and S. G. Kanekal (2006a), Outward radial diffusion driven by
losses at magnetopause, J. Geophys. Res., 111, A11214, doi:10.1029/
2006JA011657.

Shprits, Y. Y., R. M. Thorne, R. B. Horne, and D. Summers (2006b),
Bounce-averaged diffusion coefficients for field-aligned chorus waves,
J. Geophys. Res., 111, A10225, doi:10.1029/2006JA011725.

Shprits, Y. Y., W. Li, and R. M. Thorne (2007a), Controlling effect of
the pitch angle scattering rates near the edge of the loss cone on electron
lifetimes, J. Geophys. Res., 111, A12206, doi:10.1029/2006JA011758.

Shprits, Y. Y., N. P. Meredith, and R. M. Thorne (2007b), Parameterization
of radiation belt electron loss timescales due to interactions with chorus
waves, Geophys. Res. Lett., 34, L11110, doi:10.1029/2006GL029050.

Shprits, Y. Y., D. A. Subbotin, and B. Ni (2009), Evolution of electron
fluxes in the outer radiation belt computed with the VERB code, J. Geophys.
Res., 114, A11209, doi:10.1029/2008JA013784.

Subbotin, D. A., and Y. Y. Shprits (2009), Three-dimensional modeling of
the radiation belts using the versatile electron radiation belt (VERB)
code, Space Weather, 7, S10001, doi:10.1029/2008SW000452.

Subbotin, D. A., Y. Y. Shprits, and B. Ni (2010), Three-dimensional
VERB radiation belt simulations including mixed diffusion, J. Geophys.
Res., 115, A03205, doi:10.1029/2009JA015070.

Tao, X., A. A. Chan, J. M. Albert, and J. A. Miller (2008), Stochastic mod-
eling of multidimensional diffusion in the radiation belts, J. Geophys.
Res., 113, A07212, doi:10.1029/2007JA012985.

Tao, X., J. M. Albert, and A. A. Chan (2009), Numerical modeling of
multidimensional diffusion in the radiation belts using layer methods,
J. Geophys. Res., 114, A02215, doi:10.1029/2008JA013826.

SUBBOTIN ET AL.: TECHNIQUE

A08211

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.

Thorne, R. M., B. Ni, X. Tao, R. B. Horne, and N. P. Meredith (2010),
Scattering by chorus waves as the dominant cause of diffuse auroral pre-
cipitation, Nature, 467, 943-946, doi:10.1038/nature09467.

Toffoletto, F., S. Sazykin, R. Spiro, and R. Wolf (2003), Inner magneto-
spheric modeling with the Rice Convection Model, Space Sci. Rev.,
107(1-2), 175-196, doi:10.1023/A:1025532008047.

Tsyganenko, N. A. (1989), A magnetospheric magnetic field model with a
warped tail current sheet, Planet. Space Sci., 37, 5-20.

Tsyganenko, N. (1995), Modeling the Earth’s magnetospheric magnetic-
field confined within a realistic magnetopause, J. Geophys. Res., 100(A4),
5599-5612.

Tsyganenko, N., and M. Sitnov (2005), Modeling the dynamics of the inner
magnetosphere during strong geomagnetic storms, J. Geophys. Res., 110,
A03208, doi:10.1029/2004JA010798.

Van Allen, J. A. (1959), Radiation belts around the Earth, Sci. Am., 200(3),
39-47.

Van Allen, J. A., and L. A. Frank (1959), Radiation around the Earth to a
radial distance of 107,400 km, Nature, 183, 430-434.

Varotsou, A., D. Boscher, S. Bourdarie, R. B. Horne, S. A. Glauert, and
N. P. Meredith (2005), Simulation of the outer radiation belt electrons
near geosynchronous orbit including both radial diffusion and resonant
interaction with whistler-mode chorus waves, Geophys. Res. Lett., 32,
L19106, doi:10.1029/2005GL023282.

Varotsou, A., D. Boscher, S. Bourdarie, R. B. Horne, N. P. Meredith, S. A.
Glauert, and R. H. Friedel (2008), Three-dimensional test simulations
of the outer radiation belt electron dynamics including electron-chorus
resonant interactions, J. Geophys. Res., 113, A12212, doi:10.1029/
2007JA012862.

Vernov, S. N., and A. E. Chudakov (1960), Investigation of radiation in
outer space, in Proceedings of the Moscow Cosmic Ray Conference,
vol. 111, edited by S. I. Syrovatsky, pp. 19-29, Int. Union of Pure and
Appl. Phys., Moscow.

Wang, C.-P., L. R. Lyons, T. Nagai, J. M. Weygand, and R. W. McEntire
(2007), Sources, transport, and distributions of plasma sheet ions and
electrons and dependences on interplanetary parameters under northward
interplanetary magnetic field, J. Geophys. Res., 112, A10224,
doi:10.1029/2007JA012522.

Weimer, D. (2001), An improved model of ionospheric electric potentials
including substorm perturbations and application to the Geospace Environ-
ment Modeling November 24, 1996, event, J. Geophys. Res., 106(Al),
407-416.

Xiao, F., Z. Su, H. Zheng, and S. Wang (2009), Modeling of outer radiation
belt electrons by multidimensional diffusion process, J. Geophys. Res.,
114, A03201, doi:10.1029/2008JA013580.

Xiao, F., Z. Su, H. Zheng, and S. Wang (2010), Three-dimensional simula-
tions of outer radiation belt electron dynamics including cross diffusion
terms, J. Geophys. Res., 115, A05216, doi:10.1029/2009JA014541.

M. Gkioulidou, L. R. Lyons, B. Ni, Y. Y. Shprits, D. A. Subbotin, and
R. M. Thorne, Department of Atmospheric and Oceanic Sciences, University
of California, 405 Hilgard Ave., 7127 Math Sciences Bldg., Los Angeles,
CA 90095-1565, USA. (mgioul@atmos.ucla.edu; larry@atmos.ucla.edu;
bbni@atmos.ucla.edu; yshprits@atmos.ucla.edu; subbotin@atmos.ucla.
edu; rmt@atmos.ucla.edu)

R. B. Horne, British Antarctic Survey, Natural Environment Research
Council, Madingley Road, High Cross, Cambridge CB3 OET, UK. (th@
bas.ac.uk)

M. K. Hudson, Department of Physics and Astronomy, Dartmouth
College, 6127 Wilder Laboratory, Hanover, NH 03755, USA. (mary.k.
hudson@dartmouth.edu)

V. G. Merkin, Johns Hopkins University Applied Physics Laboratory,
Laurel, MD 20723, USA. (slava.merkin@jhuapl.edu)

F. R. Toffoletto, Department of Space Physics and Astronomy, William
Marsh Rice University, MS 108, 6100 Main St., Houston, TX 77005, USA.
(toffo@rice.edu)

12 of 12




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


