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Abstract

The radial and local diffusion processes induced by various plasma waves govern the highly
energetic electron dynamics in the Earth’s radiation belts, causing distinct characteristics in electron
distributions at various energies. In this study, we present our simulation results of the energetic electron
evolution during a geomagnetic storm using the University of California, Los Angeles 3-D diffusion code.
Following the plasma sheet electron injections, the electrons at different energy bands detected by the
Magnetic Electron Ion Spectrometer (MagEIS) and Relativistic Electron Proton Telescope (REPT) instruments
on board the Van Allen Probes exhibit a rapid enhancement followed by a slow diffusive movement in
differential energy ﬂuxes, and the radial extent to which electrons can penetrate into depends on energy
with closer penetration toward the Earth at lower energies than higher energies. We incorporate radial
diffusion, local acceleration, and loss processes due to whistler mode wave observations to perform a 3-D
diffusion simulation. Our simulation results demonstrate that chorus waves cause electron ﬂux increase by
more than 1 order of magnitude during the ﬁrst 18 h, and the subsequent radial extents of the energetic
electrons during the storm recovery phase are determined by the coupled radial diffusion and the pitch angle
scattering by EMIC waves and plasmaspheric hiss. The radial diffusion caused by ULF waves and local plasma
wave scattering are energy dependent, which lead to the observed electron ﬂux variations with energy
dependences. This study suggests that plasma wave distributions in the inner magnetosphere are crucial for
the energy-dependent intrusions of several hundred keV to several MeV electrons.

1. Introduction
The variation of the Earth’s outer electron radiation belt has become one of the focused studies in magnetospheric physics during the last decade [e.g., Reeves et al., 2003, 2013; Thorne, 2010; Thorne et al., 2013a,
2013b]. Following the injection from the nightside plasma sheet into the inner magnetosphere, the energetic
electrons encounter various plasma waves, and their ﬂuxes are found to vary by several orders of magnitude
especially during geomagnetic storm periods [e.g., Reeves et al., 2003; Thorne et al., 2013a; Li et al., 2014;
Turner et al., 2015]. The plasma waves cause the enhancement and decay of energetic electron ﬂuxes via
resonant wave-particle interactions, which can be reasonably explained by local diffusion processes using
quasi-linear theory [Kennel and Engelmann, 1966; Lyons, 1974a, 1974b]. Combined with recent satellite observations in the magnetosphere, the evolution of energetic electron populations has been recently numerically
simulated using the radiation belt diffusion models [Albert and Young, 2005; Glauert and Horne, 2005; Shprits
et al., 2009; Xiao et al., 2010; Tu et al., 2013, 2014; Ma et al., 2015].
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The radial transport of energetic electrons in the outer radiation belt is described as a diffusive process across
L shells due to resonant interactions between electrons and ultralow frequency (ULF) waves [e.g., Cornwall,
1972; Brizard and Chan, 2001]. The efﬁciency of electron radial diffusion, induced by ULF wave magnetic
and electric ﬁeld ﬂuctuations, has been theoretically quantiﬁed and found to be dependent on the ULF wave
power, electron drift frequency, and L shell [Cornwall, 1972; Brizard and Chan, 2001; Fei et al., 2006; Elkington,
2006]. Recent spacecraft measurements provide sufﬁcient data coverage for ULF wave power statistics
during different geomagnetic conditions, which are incorporated to estimate the radial diffusion coefﬁcients
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[Brautigam and Albert, 2000; Brautigam et al., 2005; Huang et al., 2010; Ozeke et al., 2012, 2014; Ali et al., 2015;
Liu et al., 2016]. Since the resonant frequency of ULF wave power is related to the drift period of electrons, the
electron radial diffusion may depend on energy.
The pitch angle scattering and energization of drifting electrons by various whistler mode plasma waves and
electromagnetic ion cyclotron (EMIC) wave is described as diffusive processes in the ﬁrst and second adiabatic invariant coordinates, or equivalently, in electron pitch angle and energy space [Lyons, 1974a, 1974b].
Recent radiation belt studies have shown that whistler mode chorus wave is a major cause of the rapid local
heating of energetic electrons [Horne and Thorne, 1998; Horne et al., 2005; Thorne et al., 2013a; Li et al., 2014;
Tu et al., 2014], and plasmaspheric hiss and EMIC wave are found to play an important role in the loss of relativistic electrons [Li et al., 2007; Meredith et al., 2007; Blum et al., 2013; Ni et al., 2013, 2014a; Ripoll et al., 2014;
Usanova et al., 2014; Ma et al., 2015]. Using spacecraft wave ﬁeld data, extensive studies have been performed
to reveal the occurrence and spatial coverage of different plasma wave modes [e.g., Meredith et al., 2004,
2014; Li et al., 2011, 2015; Agapitov et al., 2013; Usanova et al., 2012; Kersten et al., 2014; Saikin et al., 2015].
The wave properties and local background plasma conditions are crucial for the electron resonant energies.
Therefore, the evolution of the electron distributions across different L shells may be dependent on energy
during their interactions with various plasma waves.
The Van Allen Probes provide ideal measurements of the energy-dependent processes in the Earth’s inner magnetosphere. Reeves et al. [2015] have investigated the tens of keV to several MeV electron ﬂuxes using the Helium
Oxygen Proton Electron mass spectrometer and Magnetic Electron Ion Spectrometer (MagEIS) instruments
during the year of 2013 and found that electron ﬂuxes at lower energies tend to extend to lower L shells than
higher energies. The modest storm on 1 March 2013 is a typical energy-dependent event speciﬁcally studied
by Reeves et al. [2015] using the Van Allen Probes’ particle data. Since the dynamics of relativistic electrons (several hundred keVs to several MeVs) are mainly controlled by the radial and local diffusion processes, we will use
diffusion models to identify the key physical mechanisms leading to the observed energy-dependent features.
In this study, we simulate the radiation belt electron ﬂux evolution and the pitch angle distributions during
the geomagnetic storm on 1–5 March 2013, with a comparison to the energy-dependent features observed
by the Van Allen Probes. The multisatellite observation of whistler mode waves and energetic electrons
during this ﬁve-day period is presented in section 2; section 3 describes the calculation of radial and local
diffusion coefﬁcients used in our simulations; our simulation results are quantitatively compared with the
Van Allen Probes observations in section 4; we summarize our results and discuss the key factors causing
the energy-dependent dynamics in section 5.

2. Observation of Whistler Mode Waves and Energetic Electrons
2.1. Instrumentation
The Van Allen Probes have provided high-quality particle and ﬁeld measurements in the Earth’s inner
magnetosphere since their launch on 30 August 2012 [Mauk et al., 2012]. The two probes (probes A and B)
have nearly equatorial orbits with a period of ~ 9 h, a perigee of ~ 1.1 RE and an apogee of ~ 5.8 RE. During
March 2013, the Van Allen Probes collected the particle and wave data around the midnight sector of the
outer radiation belt. The Energetic Particle Composition and Thermal Plasma (ECT) Suite [Spence et al.,
2013] measures the electrons and different ion species with excellent energy and pitch angle resolution.
The electron measurements from the MagEIS instrument [Blake et al., 2013] and the Relativistic Electron
Proton Telescope (REPT) instrument [Baker et al., 2012] in the ECT suite are used in this study. With sufﬁcient
pitch angle resolution, MagEIS measures the energetic electrons from ~20 keV to ~4.8 MeV, and REPT measures the highly energetic electrons from ~1.5 MeV to ~20 MeV. The DC magnetic ﬁeld and the wave electric
and magnetic ﬁelds are measured by the magnetometer and the Waves instrument in the Electric and
Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013], respectively. The
waveform receiver of the Waves instrument measures the wave electric and magnetic ﬁeld power spectra
from 10 Hz to 12 kHz, which covers most of the whistler mode wave frequencies and can be used to calculate
the wave amplitudes. The high-frequency receiver of the Waves instrument measures the electric ﬁeld spectral density from 10 kHz to 400 kHz [Kletzing et al., 2013], which covers most of the upper hybrid resonance
frequency (fUHR) range in the inner magnetosphere and is used to infer the total electron density and identify
the plasmapause location [Kurth et al., 2015].
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Figure 1. The evolution of whistler mode waves and energetic electrons during 1–6 March 2013. (a) The Dst index (black)
and Kp index (blue); (b) L time proﬁle of the MLT-averaged chorus magnetic wave amplitudes (Bw) inferred using the POES
technique; (c) the MLT-averaged hiss Bw observed by the Van Allen Probes and THEMIS; (d) Van Allen Probes’ observation
of electron differential energy ﬂux for an equatorial pitch angle of ~80° and an energy of 0.34 MeV; (e) 0.73 MeV; (f) 2.1 MeV;
(g) 3.4 MeV. The empty diamonds in Figures 1b–1g indicate the MLT-averaged plasmapause location.

The three inner probes (probes A, D, and E) of Time History of Events and Macroscale Interaction during
Substorms (THEMIS) spacecraft [Angelopoulos, 2008] provide plasma wave and particle measurements near
noon and dawnside of the Earth’s inner magnetosphere during March 2013. The Search Coil Magnetometer
[Roux et al., 2008] on board THEMIS provides the wave magnetic ﬁeld measurements up to ~4 kHz. Similar
to the study by Li et al. [2010], we use the spacecraft potential and electron thermal speed measurements
from the electric ﬁelds instruments [Bonnell et al., 2008] and electrostatic analyzer [McFadden et al., 2008]
to infer the total electron density and the plasmapause location along the spacecraft trajectory. We used
the measurements from both Van Allen Probes and THEMIS to obtain the plasmaspheric hiss wave amplitude
and plasmapause locations in the magnetic local time (MLT) sectors along the spacecraft trajectories.
2.2. Analysis of the 1–5 March 2013 Storm Event
Figure 1 presents the whistler mode wave amplitude and energetic electron ﬂux evolutions during the modest storm on 1–5 March 2013. The Kp and Dst indices are shown in Figure 1a. The MLT-averaged plasmapause
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locations were obtained from both Van Allen Probes and THEMIS measurements and indicated by the
diamond symbols in Figures 1b–1g. Figures 1b and 1c present the L time plots of the MLT-averaged whistler
mode chorus and hiss wave amplitudes, respectively. In this study, we used a dipole magnetic ﬁeld model to
calculate L shells for simplicity. To obtain the spatiotemporal evolution of chorus wave intensity on a global
scale during this event, we used the technique developed by Li et al. [2013] and Ni et al. [2014b], which was
used to infer chorus wave intensity from the ratios of the two-directional electron measurements (30–100 keV)
made by multiple Polar Operational Environmental Satellites (POES) [Evans and Greer, 2004; Green, 2013].
The wave amplitude inferred using the POES technique generally agreed with the in situ observations during
modest or disturbed geomagnetic conditions and provided a broader coverage of wave distributions.
Plasmaspheric hiss was observed by Van Allen Probes and THEMIS during this event near the midnight
and prenoon sectors, respectively, and we used the statistical results on the hiss wave intensity [Li et al.,
2015] to obtain the hiss wave amplitudes in other MLT sectors. Figures 1d–1g present the L time plots of
the electron ﬂuxes in different energy channels from 340 keV to 3.4 MeV measured by MagEIS and REPT.
The background corrections of the MagEIS measurements [Claudepierre et al., 2015] for this event were insigniﬁcant at L > ~2.5. To obtain a full coverage of the electron evolution in L time plot, the electron ﬂux
measurements were binned every 6 h in UT and 0.25 in L shell. We used the TS05 magnetic ﬁeld model
[Tsyganenko and Sitnov, 2005] to calculate the equatorial pitch angles and map the locally measured electron
ﬂuxes to the magnetic equator [e.g., Seki et al., 2005]. If the electron measurements close to the equator were
not available, we extrapolated the electron ﬂuxes from the equatorial pitch angle (α) corresponding to the
local measurements to an equatorial pitch angle α = 90° by assuming that the electron ﬂux is proportional
to sin(α) at the high pitch angle end.
2.3. Observational Results
Figure 1a indicates that a modest storm with a minimum Dst of ~ 50 nT occurred at around 12 UT on 1 March
and gradually recovered to a quiet geomagnetic condition in the following few days. The MLT-averaged
plasmapause location reached below L ~ 3.5 around the Dst minimum and gradually moved outward to
above L ~ 5.5 in the following ~4 days. As shown in Figure 1b, the inferred chorus wave amplitudes
averaged over 24 h of MLT were higher than ~50 pT outside the plasmapause under disturbed conditions
from ~12 UT on 1 March to ~12 UT on 2 March and became much weaker afterward. The MLT-averaged
hiss wave amplitudes (Figure 1c) exhibited modest values on 2–3 March, with peak values of ~ 60 pT. As
shown in Figures 1f and 1g, this modest storm caused the dropout of several MeV electrons in the outer
radiation belt at around 12 UT on 1 March. About 1 day after the dropout, the electron ﬂuxes were significantly enhanced, in association with the intensiﬁed chorus wave activities. The clear increase in 3.4 MeV
electron ﬂuxes occurred ~12 h later than the increase in 0.73 MeV electron ﬂuxes. During the subsequent
3 days, the 340 keV electron ﬂuxes gradually decayed by several factors, and the several MeV electron
ﬂuxes increased and slowly moved toward lower L shells. As shown by Reeves et al. [2015], the radial
extents of the electrons vary with their energies. The outer radiation belt zone expanded to lower L shells
at lower energies than higher energies. On 5 March, the 730 keV (3.4 MeV) electron ﬂux moved inward to
L ~ 3.7 (~4.3). The observations suggest that chorus waves may cause the rapid electron ﬂux increase
before 12 UT on 2 March, hiss waves may cause the decay of hundreds keV electrons in the following 2 days,
and the accurate radial diffusion rate may be important to explain the energy-dependent penetration of
outer radiation belt electrons.

3. Electron Diffusion Coefﬁcients
ULF waves in the Earth’s magnetosphere interact with electrons and cause radial diffusion in the radiation belts.
The efﬁciency of radial diffusion is critical for the electron diffusion across L shells. Brautigam and Albert [2000]
analyzed the Combined Release and Radiation Effects Satellites (CRRES) data during the geomagnetic storm
on 9 October 1990 and obtained analytical expressions of the radial diffusion from electrostatic and electromagnetic components as a function of Kp and L shell based on work by Cornwall [1968]. Fei et al. [2006]
separated the ULF wave-driven radial diffusion into electric ﬁeld perturbations (DLLE) and magnetic ﬁeld perturbations (DLLB), and the radial diffusion coefﬁcients can be calculated using the observed ULF wave power
spectral densities. Ozeke et al. [2014] used an extensive data set of ground magnetometer measurements
of ULF waves to obtain the analytic expression for DLLE, and GOES and THEMIS magnetic ﬁeld power spectral
MA ET AL.
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Figure 2. Radial diffusion coefﬁcient components as a function of L shell for (a) Kp = 2 and (b) Kp = 4 from three different
empirical models. The red solid and dashed lines are magnetic and electric radial diffusion coefﬁcients from Ozeke et al.
[2014], respectively; the black solid line is the electromagnetic radial diffusion coefﬁcient from Brautigam and Albert [2000];
the blue dotted/dashed lines are electric radial diffusion coefﬁcients from Liu et al. [2016] for the ﬁrst adiabatic invariants
from 100 MeV/G to 3000 MeV/G.

density measurements to obtain the expression for DLLB. Both radial diffusion coefﬁcients are dependent on
Kp index and L shell, and DLLE is found to be the dominant component. More recently, Liu et al. [2016] used
8 years of THEMIS electric ﬁeld power spectral density measurements to obtain the analytic expression for
DLLE as a function of Kp index, L shell, and the ﬁrst adiabatic invariant μ.
Figure 2 shows the comparison of various radial diffusion coefﬁcients from the above models during relatively
quiet (Kp = 2) and modestly disturbed (Kp = 4) conditions. During quiet conditions, the electromagnetic component from Brautigam and Albert [2000] (DLLM < BA>) roughly agrees with the electric ﬁeld component (DLLE)
from recent studies [Ozeke et al., 2014; Liu et al., 2016]. However, DLLM < BA > is higher than the diffusion rates
from Ozeke et al. [2014] (DLLE < Ozeke>) during disturbed conditions at L > ~4. The electric radial diffusion
coefﬁcients based on the THEMIS data set (DLLE < TH>) contain an energy dependence that is not evident
in DLLE < Ozeke>. The radial diffusion of lower energy electrons is faster than that of higher-energy electrons.
In order to accurately analyze the energy-dependent radial diffusion processes during the modestly disturbed
event, in this study we used DLLE < TH > as the electric radial diffusion component and DLLB < Ozeke > as the
magnetic radial diffusion component. DLLE < TH > is the dominant component, and DLLB < Ozeke > is added
for the completeness of the DLL term. In our simulations, the total radial diffusion coefﬁcient DLL (in units of
day1) is evaluated as
DLL ¼ DLL E < TH > þDLL B < Ozeke >
¼ 1:115106 L8:184 μ0:608 100:281Kp þ 6:621013 L8 100:0327L

2

þ0:625L0:0108Kp2 þ0:499Kp

(1)
:

Therefore, the total DLL is energy dependent. The radial diffusion of lower energy electrons is faster than the
diffusion of higher-energy electrons. Overall, the timescale of electron radial diffusion in the outer radiation
belt is roughly 10 days during quiet conditions and less than 1 day during disturbed conditions.
Drift- and bounce-averaged local diffusion coefﬁcients were calculated using the University of California,
Los Angeles (UCLA) Full Diffusion Code [Ni et al., 2008, 2011]. We adopted the chorus wave diffusion coefﬁcient matrix constructed as a function of L shell and MLT in Li et al. [2014] to perform our simulations. Li et al.
[2014] calculated the chorus wave diffusion coefﬁcients using the diffusion matrix and wave amplitude
measurements and simulated the chorus wave-driven electron acceleration during the geomagnetic storm
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Figure 3. The bounce-averaged pitch angle, momentum, and absolute values of pitch angle-momentum diffusion coefﬁcients
due to (a–c) chorus wave near the dawnside, (d–f) plasmaspheric hiss near the dayside, and (g–i) EMIC wave at L = 4.5. The wave
amplitudes are assumed to be 100 pT for all three types of waves.

on 17 March 2013. The total electron densities in Li et al. [2014] were found to be similar with the densities
outside the plasmapause measured by the Van Allen Probes when chorus waves were active during our
simulation period. The chorus wave pitch angle, momentum, and mixed pitch angle-momentum diffusion
coefﬁcients (Dαα, Dpp, and Dαp) for a wave amplitude of 100 pT at L = 4.5 near the dawnside are shown in
Figures 3a–3c. Since diffusion coefﬁcients are proportional to wave power, we calculated the diffusion coefﬁcients in different MLT sectors (partly shown in Figure 3), scaled the diffusion coefﬁcients using the square
of wave amplitude in each MLT sector and universal time, and averaged over all MLT sectors to obtain the
drift-averaged diffusion coefﬁcients at different universal times.
The hiss wave frequency spectra from ~20 Hz to ~4 kHz in different MLT sectors and L shells were obtained
from the Van Allen Probes magnetic ﬁeld search coil data during this event. The wave frequency spectra were
found to be similar to the statistical survey results by Li et al. [2015] under modestly disturbed conditions. The
wave normal angle was assumed to be latitudinally varying [Ni et al., 2013], and the total plasma density was
obtained from empirical plasmaspheric density model [Sheeley et al., 2001]. Figures 3d–3f present the local
diffusion coefﬁcients at L = 4.5 near noon, using a scaled wave amplitude of 100 pT. The inferred MLT-averaged
plasmaspheric hiss wave amplitude reached ~50 pT during this event (Figure 1c). As estimated using the pitch
angle diffusion coefﬁcients near the loss cone, the measured hiss intensity may cause the < 1 MeV electron loss
in days, but the scattering is much weaker at higher energies. The procedure to calculate the drift-averaged
diffusion coefﬁcients due to plasmaspheric hiss is similar to the procedure for chorus wave.
EMIC waves have been shown to play an important role in multiple MeV electron losses. The statistical EMIC
wave amplitude [Usanova et al., 2012; Meredith et al., 2014; Kersten et al., 2014; Saikin et al., 2015] signiﬁcantly
increases with increasing geomagnetic disturbance. We incorporated EMIC wave scattering effect into our
simulation based on the Kp- and L shell-dependent EMIC wave amplitude distribution from Figure 3 of
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Kersten et al. [2014]. Following Kersten et al. [2014], the EMIC waves were assumed to be present over 25% of
MLTs inside the plasmapause. The pitch angle, momentum, and mixed pitch angle-momentum diffusion
coefﬁcients of helium band EMIC waves calculated at different L shells in Ma et al. [2015] were scaled using
the wave amplitudes and used in our current study. The wave central frequency was assumed as 0.9 fHe (fHe is
the helium gyrofrequency) following several previous studies [e.g., Li et al., 2007; Shprits et al., 2009; Ma et al.,
2015]. The EMIC wave diffusion coefﬁcients for a wave amplitude of 100 pT at L = 4.5 are shown in
Figures 3g–3i. Since the statistical time-averaged EMIC wave amplitude reaches several hundred pT during
disturbed conditions, the resultant lifetime of several MeV electrons may drop below 1 h, as estimated
using the < Dαα > values near the loss cone.

4. Simulation of Energy-Dependent Diffusion Processes
The evolution of the radiation belt particle phase space density (PSD) due to the radial, pitch angle, and energy
diffusion processes can be described by the modiﬁed Fokker-Plank equation [Schulz and Lanzerotti, 1974]:
∂f
∂f
¼ L2
∂t
∂L*
þ

μ;J

ðDL*L* L2

∂f
∂L

μ;J

Þ

1
∂
∂f
j ðSðαÞsinαcosαhDαα i
SðαÞsinαcosα∂α p;L*
∂α

p;L*

Þ

1
∂
∂f
þ
j ðSðαÞsinαcosα Dαp
Þ
ð
Þsinαcosα
Sα
∂α p;L*
∂p L*;α
þ

1 ∂
∂f
j ðp2 Dαp
p2 ∂p L*;α
∂α

p;L*

Þ

þ

(2)

1 ∂
∂
f
ðp2 Dpp
Þ ;
p2 ∂p L*;α
∂p L*;α
τ

where f is the PSD and related to the differential energy ﬂux j as f = j/p2; t is the time; α is the equatorial pitch
angle; p is the particle momentum; L* is the distance from the Earth’s center to the ﬁeld line at the equator
if the magnetic ﬁeld was adiabatically relaxed to a dipole ﬁeld; μ and J are the ﬁrst and second adiabatic invariants, respectively; <Daa>, <Dap>, and < Dpp > are the bounce- and drift-averaged pitch angle, momentum,
and mixed pitch angle-momentum diffusion coefﬁcients; τ is the bounce loss time and is set as a quarter of
the bounce period inside the loss cone and inﬁnity outside the loss cone; S(α) is a function related to bounce
period and in a dipole ﬁeld can be simpliﬁed as S(α) = 1.38  0.32(sin α + sin2α) [Lenchek et al., 1961].
We use the UCLA 3-D diffusion code [Ma et al., 2015] to numerically solve the Fokker-Planck equation (2) in a
dipole magnetic ﬁeld. The radial diffusion process is solved along the constant μ and J lines in the radial grids.
The time step for radial diffusion is 60 s. The lower L shell boundary condition is f (L = 2.5) = 0, and the PSD at
the higher L shell boundary of 6 is set to instantaneous measurements from the Van Allen Probes and
updated every 6 h. The local diffusion process is solved at constant L shells in pitch angle-momentum grids.
The equatorial pitch angle grid is set from 0° to 90° with a step of 1°. The lower and higher pitch angle boundary conditions are ∂f (α = 0°)/∂α = 0 and ∂f (α = 90°)/∂α = 0, respectively. Since the bounce loss period of
relativistic electrons is short (typically less than 1 s), the simulation results are close to the empty loss
cone condition as f (α ≤ αLC) = 0, where αLC is the pitch angle of the loss cone. The p grid increases from
the outer radial boundary to the inner radial boundary. The energy range is set to be from 30 keV to
5.23 MeV at L = 6, from 95.3 keV to 10 MeV at L = 4, and from 324 keV to 20.7 MeV at L = 2.5. The p grid is
90 logarithmically spaced points from the lower to the higher energy boundaries. The PSD at the lower
momentum boundary varies as the observed electron data every 6 h, and the higher momentum boundary
condition is f (p = pmax) = 0 assuming the absence of high-energy electrons, where pmax is the momentum
corresponding to the highest energy. The time step of the local diffusion process is 1 s in order to accurately
model the fast diffusion process.
The energetic electron ﬂux evolution was simulated from 1200 UT of 1 March after the electron dropout,
covering the storm recovery phase to 2400 UT on 5 March. The wave amplitude distributions as a function
of L shell and MLT were used in the simulation. Figure 4 shows the simulation of electron ﬂux evolution at
0.59 MeV in comparison with the measurements by the MagEIS instrument. The observation (Figure 4b) shows
that the 0.59 MeV electron ﬂuxes signiﬁcantly intensiﬁed by about 2 orders of magnitude within 18 h from
MA ET AL.
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Figure 4. The observed and simulated 0.59 MeV electron differential energy ﬂux evolutions for an equatorial pitch angle of
~80°. (a) The Kp index; (b) electron ﬂux measured by the MagEIS instrument; (c) electron ﬂux simulation including only
M
radial diffusion using the radial diffusion coefﬁcients of DLL < BA>; (d) same with Figure 4c but using the radial diffusion
E
B
coefﬁcients of DLL < Ozeke > + DLL < Ozeke>; (e) same with Figure 4c but using the radial diffusion coefﬁcients of
E
B
DLL < TH > + DLL < Ozeke>; (f) electron ﬂux simulation including radial diffusion and local diffusion due to chorus wave;
(g) electron ﬂux simulation including radial diffusion and chorus and plasmaspheric hiss wave scattering. The radial
E
B
diffusion coefﬁcients of DLL < TH > + DLL < Ozeke > are used in Figures 4f and 4g. The empty diamonds in Figures 4b–4g
indicate the MLT-averaged plasmapause location.

12 UT on 1 March and slowly decayed after ~00 UT on 3 March. Figures 4c–4e show the pure radial diffusion
simulation results using the radial diffusion coefﬁcients of DLLM < BA>, DLLE < Ozeke > + DLLB < Ozeke>,
and DLLE < TH > + DLLB < Ozeke>, respectively. Figure 4f shows the simulation including radial diffusion
and local diffusion due to chorus wave outside the plasmapause, and plasmaspheric hiss scattering is also
included in Figure 4g.
The inward movement of simulated electron ﬂuxes depends on the radial diffusion rates. In general, the radial
diffusion simulation using DLLM < BA > is faster than the results using DLLE < Ozeke > + DLLB < Ozeke > and
DLLE < TH > + DLLB < Ozeke > when Kp > ~3, causing the higher electron ﬂuxes in Figure 4c compared with
MA ET AL.
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the ﬂuxes in Figures 4d and 4e. The simulation results using DLLE < TH > + DLLB < Ozeke > (Figure 4e) are similar
with the results using DLLE < Ozeke > + DLLB < Ozeke > (Figure 4d), and DLLE < TH > also presents an energy
dependence that the radial diffusion rates are higher for lower energy electrons than higher-energy electrons
(Figure 2). In the following part of this paper, the radial diffusion coefﬁcients of DLLE < TH > + DLLB < Ozeke > are
used in various simulation models to more precisely quantify the energy-dependent diffusion processes. The
pure radial diffusion simulations show that the electrons were diffused from the outer boundary at L = 6 to
L = ~3, and the electron ﬂuxes were enhanced during the enhanced Kp activity. However, the enhancement
of electron ﬂux was delayed compared with the observation, and the proﬁle of electron ﬂux evolution is not
quite consistent with the observation.
The simulation including radial diffusion and local diffusion due to chorus wave (Figure 4f) shows the rapid
electron acceleration during the ﬁrst 18 h, and the electron ﬂuxes increased down to L = ~3.7 on 2 March,
consistent with the observation. However, due to weak scattering by chorus near the loss cone, Figure 4f
was unable to reproduce the decay of electrons as observed by the Van Allen Probes. The simulation including radial diffusion and local diffusion due to whistler mode chorus and plasmaspheric hiss (Figure 4g)
shows the slow decay of 0.59 MeV electron ﬂuxes in the outer radiation belt due to hiss scattering, which
is similar to the observation. The radial diffusion of the simulated electron ﬂuxes was down to ~ 3.7 RE on
around 2 March and gradually moved outward to ~4 RE at around 00 UT on 6 March, which agrees well with
the observed trends of electron radial extent. The 0.59 MeV electron ﬂuxes were underestimated starting
from 2 March in our simulations, which was most likely because electron injections or convections were
not included. Including the low-energy electron sources may provide a more precise estimate of the electron accelerations. Nevertheless, our simulation reproduced the essential features of highly energetic electron ﬂux variations, where electron injection or convection may play an insigniﬁcant role, with the diffusion
depth consistent with the observations.
The simulation of 3.4 MeV electron ﬂux evolutions in comparison with the measurements by the REPT instrument is shown in Figure 5. The observation (Figure 5c) showed more than 1 order of magnitude increase in
the 3.4 MeV electron ﬂux, and the ﬂux enhancement was delayed compared with the 0.59 MeV electrons.
The observation also indicates that the electron ﬂuxes were mainly conﬁned to L > ~4.3, with a trend of slow
inward movement. The pure radial diffusion simulation (Figure 5d) presents the radial transport of electrons
from L = 6 to L ~4.7, but the simulated electron ﬂuxes were underestimated. The simulation including radial
diffusion and local diffusion due to chorus wave (Figure 5e) shows more than 1 order of magnitude increase
in electron ﬂux at around L = 5 similar to observations, but the simulated electron ﬂux increases moved
to L < ~4. As suggested by Reeves et al. [2015], the trend that higher-energy electrons are conﬁned to
higher L shells compared with lower energy electrons is a common feature which may be explained by
an additional loss process. Although plasmaspheric hiss can cause the loss of hundreds keV electrons, their
scattering is less efﬁcient at higher energies > 1 MeV. As shown in Figure 3d, the 3.6 MeV electron lifetime
due to hiss wave scattering is about tens of days estimated by the pitch angle diffusion coefﬁcient near
the loss cone.
EMIC waves are occasionally observed in the high-density regions near the plasmapause edge or the
plasmaspheric plumes and can potentially have signiﬁcant effects in the pitch angle scattering loss of
MeV electrons [e.g., Summers and Thorne, 2003; Miyoshi et al., 2008; Usanova et al., 2014]. However, the
EMIC wave measurements by the spacecraft were localized and unsuitable for the global simulations over
a period of several days. Similar to Foster et al. [2014], we used the GPS total electron content (TEC) data
to ﬁnd the evidence of plume structures. During the ﬁve-day period of 1–5 March, the clearest plume
structures were inferred from the TEC data at around 21 UT on 2 March and around 22 UT on 3 March.
Figure 6 shows the TEC data mapped to the Earth’s Northern Hemisphere in MLT and magnetic latitude
coordinates. The TEC data were averaged every 0.5 h into the bins of 2° latitude × 4° longitude in solar
magnetic coordinates. The black solid line contours in Figure 6 are L shells from L = 2 to L = 6, mapped from
the magnetic equator to the ionosphere using the TS05 magnetic ﬁeld model [Tsyganenko and Sitnov,
2005]. Plume structures were observed in the afternoon sector (Figures 6a and 6b), extending from the
plasmasphere at L > ~3 toward the dayside magnetopause at around 12 h MLT and magnetic latitude
higher than 70°. However, there was little evidence of plasmaspheric plume when the geomagnetic
condition became quiet after 4 March (Figures 6c and 6d). The plume structure implies the possibility of
EMIC wave activity on 2–3 March.
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Figure 5. The observed and simulated 3.4 MeV electron differential energy ﬂux evolutions for an equatorial pitch angle of
~80°. (a) The Kp index; (b) the MLT-averaged EMIC wave amplitudes based on the statistical study by Kersten et al. [2014];
(c) electron ﬂux measured by the REPT instrument; (d) electron ﬂux simulation including only radial diffusion; (e) electron
ﬂux simulation including radial diffusion and local diffusion due to chorus wave; (f) electron ﬂux simulation including radial
diffusion and the local diffusion due to chorus, plasmaspheric hiss, and EMIC waves. The radial diffusion coefﬁcients of
E
B
DLL < TH > + DLL < Ozeke > are used in Figures 5d–5f. The empty diamonds in Figures 5b–5f indicate the MLT-averaged
plasmapause location.

The statistical EMIC wave amplitudes as a function of geomagnetic Kp index and L shell from the CRRES
survey [Kersten et al., 2014] were used in our simulation. Following Kersten et al. [2014], the EMIC wave was
assumed to cover 6 h in MLT at L ≥ 3.5 inside the plasmapause. The assumption on the EMIC wave distribution
is roughly consistent with the plasmaspheric plumes identiﬁed by the TEC structures which covered at L > ~3.
The MLT width of the TEC-inferred plume structure decreased with increasing L shell. The EMIC waves may
also exist outside the plasmapause, but their MLT coverage was smaller and not included in our simulations.
Figure 5b shows the MLT-averaged EMIC wave amplitudes, which were most intense during 2–3 March. The
simulation including radial diffusion and local diffusion due to chorus, plasmaspheric hiss, and EMIC waves is
shown in Figure 5f. This simulation indicates that even though chorus waves could cause the efﬁcient electron acceleration to 3.4 MeV at around L = 4.5 in the MLT sectors where the plasmapause was located below
L ~ 4.5 from 12 UT on 1 March to 12 UT on 2 March, the EMIC waves rapidly caused the loss of electrons within
1 day. When the plasmapause location moved outward of ~ 5 RE after 3 March, the EMIC waves became much
weaker under relatively quiet conditions, and the electron ﬂuxes peaking around L = 5.5 were not signiﬁcantly
affected by inclusion of EMIC waves in our simulation. As a consequence, the simulated 3.4 MeV electrons
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Figure 6. The GPS total electron content (TEC) data in the polar MLT-magnetic latitude coordinates in the Earth’s Northern
Hemisphere around (a) 2115 UT on 2 March, (b) 2215 UT on 3 March, (c) 2115 UT on 4 March, and (d) 2215 UT on 5 March.
The TEC data were averaged every 0.5 h interval and sorted into 2° latitude × 4° longitude bins in solar magnetic coordinates.
The black solid contours are L shells of 2, 3, 4, 5, and 6 mapped from the magnetic equator to the ionosphere, using the TS05
magnetic ﬁeld model and International Geomagnetic Reference Field (IGRF).

were conﬁned to L > 4.5, which agrees well with the observed radial extent. The simulation shows a rapid
electron enhancement at around L = 4.25 on 2–3 March, which is not evident in the observation. This discrepancy is probably because we used the statistical EMIC wave distributions and EMIC waves outside the
plasmapause were not included in our simulation. However, the statistical wave distributions may provide
reasonable estimates of wave scattering effects in long-term simulations, as presented in the consistency
around the end of the simulation period.
When the wave impact is locally dominant, different wave modes may lead to their characteristic electron
pitch angle distributions. Figure 7 presents the observed (a–d) and simulated (e–h) pitch angle distributions
of 0.74–3.4 MeV electron PSD at L = 4.5 around the selected times. In Figures 7a–7d, the observed off-equator
electron PSD was mapped to the equatorial plane using the TS05 magnetic ﬁeld model. Within ±3 h time bins
around the universal times in Figures 7a–7d, the lowest magnetic latitudes that Van Allen Probes A and B
passed L = 4.5 were 6.5°, 3.2°, 3.2°, and 0.1°, respectively. Therefore, the electrons with high-equatorial
pitch angles were mostly sampled by the spacecraft at around L = 4.5. In Figures 7f–7h, the full simulations
including radial diffusion and local diffusion due to chorus, hiss, and EMIC waves are indicated by dashed
lines, and the simulations excluding the chorus (Figure 7f), EMIC (Figure 7g), and plasmaspheric hiss
(Figure 7h) from the full simulation are shown as the dotted lines. Due to the presence of intense chorus
waves, the pitch angle distribution around 0600 UT on 2 March showed evidence of chorus-driven electron
local acceleration, exhibiting the ﬂat-top electron pitch angle distribution with a strong gradient toward
the loss cone at midvalues of pitch angles. The full simulation including chorus waves (dashed lines in
Figure 7f) reproduced the rapid acceleration of several MeV electrons as observed by the spacecraft
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Figure 7. The (a–d) observed and (e–h) simulated pitch angle distributions of electron PSD at L = 4.5 for energies from
0.74 MeV to 3.4 MeV during 1–4 March. In Figures 7a–7d, the solid lines are the observed electron PSD as a function of
equatorial pitch angle. In Figures 7e–7h, the dashed lines are electron PSD proﬁles from full simulation including radial
diffusion and local diffusion due to chorus, hiss, and EMIC waves; the dotted lines in Figures 7f–7h are electron PSD proﬁles
from the simulations by excluding chorus, EMIC, or hiss wave effects, respectively.

(Figure 7b) with electron PSD peaking near 90°; however, the electron PSD at several MeV cannot be
accelerated within the 18 h if chorus waves were excluded in the simulation (dotted lines in Figure 7f).
The overestimate at high energies in Figure 7f may be due to the lack of loss processes (e.g., EMIC waves
outside the plasmapause as discussed in Figure 5). EMIC waves play important roles during 2–3 March.
The full simulation (dashed lines in Figure 7g) indicates that EMIC waves can cause the loss of midrange
pitch angle electrons and may be an important factor in causing the observed more anisotropic distribution (Figure 7c). For instance, EMIC waves caused the loss of 1.8 MeV electrons below ~ 60°, and the simulation excluding EMIC waves (dotted lines in Figure 7g) exhibits a more ﬂattened pitch angle distribution
from 40° to 60°. Although the observed PSD increase at several MeV from 0600 UT on March 2 to 0000 UT
on 3 March may imply some acceleration process which is underestimated in the full simulation, the
observed more anisotropic pitch angle distribution at several MeV below ~ 60° agrees well with the simulated EMIC wave effects. Plasmaspheric hiss wave remained modestly intense during 3–4 March.
Compared with the observation at 00 UT on 3 March (Figure 7c), the electron PSD at 00 UT on 4 March (
Figure 7d) decreased at all pitch angles and presents a more ﬂattened pitch angle distribution. The full
simulation at 00 UT on 4 March (dashed lines in Figure 7h) shows the same decaying and ﬂattening trends
of electron PSD in comparison with the simulation at 00 UT on 3 March (dashed lines in Figure 7g).
However, the simulation excluding hiss waves (dotted lines in Figure 7h) indicates a lack of electron loss
process for all pitch angles at several hundred keV and for pitch angles around 90° at several MeV.
Therefore, although hiss wave alone cannot efﬁciently scatter several MeV electrons into the loss cone,
combined with EMIC waves it can cause the loss of high pitch angle electrons around 90°, forming the
ﬂattened distributions from several hundred keV to several MeV.
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5. Conclusion and Discussion
The energy-dependent radial extent of energetic electrons in the Earth’s inner magnetosphere is a common
feature observed by the Van Allen Probes [Reeves et al., 2015], and one typical example is the energetic
electron evolution during the modest storm in early March 2013. Following the several MeV electron ﬂux
dropouts around the Dst minimum at ~12 UT on 1 March, the electron ﬂuxes from several hundred keV to
several MeV increased by more than 1 order of magnitude within 18 h and exhibited diffusive properties
during the next few days. During the entire period of storm recovery phase, the lower energy electron ﬂuxes
extended to lower L shells than the higher-energy electron ﬂuxes.
The ﬁve-day evolution of the energetic electron ﬂuxes was simulated using the UCLA 3-D diffusion code and
compared with the Van Allen Probes observations. The three different radial diffusion coefﬁcients by
Brautigam and Albert [2000], Ozeke et al. [2014], and Liu et al. [2016] were used in our study. The energydependent radial diffusion coefﬁcients were incorporated in the 3-D radial belt simulation for the ﬁrst time,
to more precisely capture the possible energy-dependent features in the radial diffusion process. The chorus
wave amplitudes at different L shells and MLT were inferred using the POES technique; plasmaspheric hiss
wave amplitudes were obtained from the Van Allen Probes and THEMIS measurements; the Kp- and L
shell-dependent EMIC wave intensities were obtained from the previous statistical survey [Kersten et al.,
2014]. The diffusion coefﬁcients and wave global distributions are crucial for determining the radial extent
of energetic electrons in the Earth’s outer radiation belt.
Our simulation suggests that the observed energy-dependent features were controlled by the combined
process of radial diffusion and the local diffusion due to various plasma waves. Similar to the observed
energy-dependent L time proﬁles of electron ﬂuxes, our simulation indicates the various roles of different
plasma wave modes: (1) chorus waves cause the rapid enhancement of electron ﬂuxes from several hundred
keV to several MeV, (2) plasmaspheric hiss causes the decay proﬁle of hundreds keV electrons and conﬁne the
0.59 MeV electron ﬂuxes outside of ~ 3.7 RE, and (3) EMIC wave causes the loss of several MeV electrons and
may conﬁne the 3.4 MeV electron ﬂuxes outside of ~4.3 RE. In addition, the accurate radial diffusion rates are
important for the relativistic electron diffusion across L shells. The simulated evolution of the pitch angle distribution proﬁles also suggests the necessity of all three wave modes to explain the observed electron
dynamics. Consistent with the observed pitch angle distributions, our simulation demonstrates that (1)
chorus waves predominantly cause the rapid acceleration and form the ﬂat-top pitch angle distributions
peaking near ~90°, (2) EMIC wave leads to the more anisotropic distribution in the midrange of pitch angles
over ~40°–60°, and (3) hiss waves cause the slow decay of electron ﬂuxes and result in ﬂattened pitch angle
distributions over a wide range of pitch angles. The full simulation including all these physical mechanisms
agrees with the Van Allen Probes measurements remarkably well.
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Our current study is focused on the energy-dependent diffusive processes for electrons from several hundred
keV to several MeV in the Earth’s outer radiation belt. Using the Van Allen Probes measurements, Reeves et al.
[2015] investigated the dynamics of tens of keV to several MeV electrons in the Earth’s radiation belts for the
entire year of 2013 and found several interesting energy-dependent features over a broader energy range.
For example, the lower energy electrons from tens of keV are found to more easily ﬁll in the slot region than
the higher-energy electrons. While our simulation provides one scenario for the energy-dependent processes
of relativistic (several hundred keV to several MeV) electrons, the dynamics of lower energy electrons (below
~100 keV) are subject to substorm injections and particle convections in addition to the wave-particle interactions. The global simulation including the particle injection and plasma convection effects may provide a full
understanding of the various electron dynamics from 10 keV to several MeV observed by the Van Allen Probes.

References
Agapitov, O., A. Artemyev, V. Krasnoselskikh, Y. V. Khotyaintsev, D. Mourenas, H. Breuillard, M. Balikhin, and G. Rolland (2013), Statistics of
whistler-mode waves in the outer radiation belt: Cluster STAFF-SA measurements, J. Geophys. Res. Space Physics, 118, 3407–3420,
doi:10.1002/jgra.50312.
Albert, J. M., and S. L. Young (2005), Multidimensional quasi-linear diffusion of radiation belt electrons, Geophys. Res. Lett., 32, L14110,
doi:10.1029/2005GL023191.
Ali, A. F., S. R. Elkington, W. Tu, L. G. Ozeke, A. A. Chan, and R. H. W. Friedel (2015), Magnetic ﬁeld power spectra and magnetic radial diffusion
coefﬁcients using CRRES magnetometer data, J. Geophys. Res. Space Physics, 120, 973–995, doi:10.1002/2014JA020419.
Angelopoulos, V. (2008), The THEMIS Mission, Space Sci. Rev., 141, 5–34, doi:10.1007/s11214-008-9336-1.

SIMULATION OF ENERGY-DEPENDENT PROCESSES

4229

Journal of Geophysical Research: Space Physics

10.1002/2016JA022507

Baker, D. N., et al. (2012), The Relativistic Electron-Proton Telescope (REPT) instrument on board the Radiation Belt Storm Probes (RBSP)
spacecraft: Characterization of Earth’s radiation belt high-energy particle populations, Space Sci. Rev., 179, 337–381, doi:10.1007/s11214012-9950-9.
Blake, J. B., et al. (2013), The Magnetic Electron Ion Spectrometer (MagEIS) instruments aboard the Radiation Belt Storm Probes (RBSP)
spacecraft, Space Sci. Rev., 179(1), 383–421, doi:10.1007/s11214-013-9991-8.
Blum, L. W., Q. Schiller, X. Li, R. Millan, A. Halford, and L. Woodger (2013), New conjunctive CubeSat and balloon measurements to quantify
rapid energetic electron precipitation, Geophys. Res. Lett., 40, 5833–5837, doi:10.1002/2013GL058546.
Bonnell, J. W., F. S. Mozer, G. T. Delory, A. J. Hull, R. E. Ergun, C. M. Cully, V. Angelopoulos, and P. R. Harvey (2008), The Electric Field Instrument
(EFI) for THEMIS, Space Sci. Rev., 141, 303–341, doi:10.1007/s11214-008-9469-2.
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, doi:10.1029/1999JA900344.
Brautigam, D. H., G. P. Ginet, J. M. Albert, J. R. Wygant, D. E. Rowland, A. Ling, and J. Bass (2005), CRRES electric ﬁeld power spectra and radial
diffusion coefﬁcients, J. Geophys. Res., 110, A02214, doi:10.1029/2004JA010612.
Brizard, A. J., and A. A. Chan (2001), Relativistic bounce-averaged quasilinear diffusion equation for low-frequency electromagnetic ﬂuctuations, Phys. Plasmas, 8, 4762–4771, doi:10.1063/1.1408623.
Claudepierre, S. G., et al. (2015), A background correction algorithm for Van Allen Probes MagEIS electron ﬂux measurements, J. Geophys. Res.
Space Physics, 120, 5703–5727, doi:10.1002/2015JA021171.
Cornwall, J. M. (1968), Diffusion processes inﬂuenced by conjugate-point wave phenomena, Radio Sci., 3, doi:10.1002/rds196837740.
Cornwall, J. M. (1972), Radial diffusion of ionized helium and protons: A probe for magnetospheric dynamics, J. Geophys. Res., 77(10),
1756–1770, doi:10.1029/JA077i010p01756.
Elkington, S. R. (2006), A review of ULF interactions with radiation belt electrons, in Magnetospheric ULF Waves: Synthesis and New Directions,
Geophys. Monogr. Ser., vol. 169, edited by K. Takahashi et al., pp. 177–193, AGU, Washington, D. C., doi:10.1029/169GM12.
Evans, D. S., and M. S. Greer (2004), Polar Orbiting Environmental Satellite Space Environment Monitor-2: Instrument descriptions and
archive data documentation, NOAA Tech. Mem. 93, version 1.4, Space Weather Predict. Cent., Boulder, Colo.
Fei, Y., A. A. Chan, S. R. Elkington, and M. J. Wiltberger (2006), Radial diffusion and MHD particle simulations of relativistic electron transport
by ULF waves in the September 1998 storm, J. Geophys. Res., 111, A12209, doi:10.1029/2005JA011211.
Foster, J. C., et al. (2014), Prompt energization of relativistic and highly relativistic electrons during a substorm interval: Van Allen Probes
observations, Geophys. Res. Lett., 41, 20–25, doi:10.1002/2013GL058438.
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.
Green, J. C. (2013), MEPED Telescope Data Processing Algorithm Theoretical Basis Document, Natl. Oceanic and Atmos. Admin. Space Environ.
Cent., Boulder, Colo.
Horne, R. B., and R. M. Thorne (1998), Potential waves for relativistic electron scattering and stochastic acceleration during magnetic storms,
Geophys. Res. Lett., 25(15), 3011–3014, doi:10.1029/98GL01002.
Horne, R. B., et al. (2005), Wave acceleration of electrons in the Van Allen radiation belts, Nature, 437, 227–230, doi:10.1038/nature03939.
Huang, C.-L., H. E. Spence, M. K. Hudson, and S. R. Elkington (2010), Modeling radiation belt radial diffusion in ULF wave ﬁelds: 2. Estimating
rates of radial diffusion using combined MHD and particle codes, J. Geophys. Res., 115, A06216, doi:10.1029/2009JA014918.
Kennel, C. F., and F. Engelmann (1966), Velocity space diffusion from weak plasma turbulence in a magnetic ﬁeld, Phys. Fluids, 9, 2377–2388,
doi:10.1063/1.1761629.
Kersten, T., R. B. Horne, S. A. Glauert, N. P. Meredith, B. J. Fraser, and R. S. Grew (2014), Electron losses from the radiation belts caused by EMIC
waves, J. Geophys. Res. Space Physics, 119, 8820–8837, doi:10.1002/2014JA020366.
Kletzing, C. A., et al. (2013), The Electric and Magnetic Field Instrument Suit and Integrated Science (EMFISIS) on RBSP, Space Sci. Rev.,
doi:10.1007/s11214-013-9993-6.
Kurth, W. S., S. De Pascuale, J. B. Faden, C. A. Kletzing, G. B. Hospodarsky, S. Thaller, and J. R. Wygant (2015), Electron densities inferred from plasma
wave spectra obtained by the Waves instrument on Van Allen Probes, J. Geophys. Res. Space Physics, 120, 904–914, doi:10.1002/2014JA020857.
Lenchek, A. M., S. F. Singer, and R. C. Wentworth (1961), Geomagnetically trapped electrons from cosmic ray albedo neutrons, J. Geophys.
Res., 66(12), 4027–4046, doi:10.1029/JZ066i012p04027.
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., 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.
Li, W., J. Bortnik, R. M. Thorne, and V. Angelopoulos (2011), Global distribution of wave amplitudes and wave normal angles of chorus waves
using THEMIS wave observations, J. Geophys. Res., 116, A12205, doi:10.1029/2011JA017035.
Li, W., B. Ni, R. M. Thorne, J. Bortnik, J. C. Green, C. A. Kletzing, W. S. Kurth, and G. B. Hospodarsky (2013), Constructing the global distribution of
chorus wave intensity using measurements of electrons by the POES satellites and waves by the Van Allen Probes, Geophys. Res. Lett., 40,
4526–4532, doi:10.1002/grl.50920.
Li, W., et al. (2014), Radiation belt electron acceleration by chorus waves during the 17 March 2013 storm, J. Geophys. Res. Space Physics, 119,
4681–4693, doi:10.1002/2014JA019945.
Li, W., Q. Ma, R. M. Thorne, J. Bortnik, C. A. Kletzing, W. S. Kurth, G. B. Hospodarsky, and Y. Nishimura (2015), Statistical properties of plasmaspheric hiss derived from Van Allen Probes data and their effects on radiation belt electron dynamics, J. Geophys. Res. Space Physics,
120, 3393–3405, doi:10.1002/2015JA021048.
Liu, W., W. Tu, X. Li, T. Sarris, Y. Khotyaintsev, H. Fu, H. Zhang, and Q. Shi (2016), On the calculation of electric diffusion coefﬁcient of radiation
belt electrons with in situ electric ﬁeld measurements by THEMIS, Geophys. Res. Lett., 42, 1023–1030, doi:10.1002/2015GL067398.
Lyons, L. R. (1974a), General relations for resonant particle diffusion in pitch angle and energy, J. Plasma Phys., 12, 45–49, doi:10.1017/
S0022377800024910.
Lyons, L. R. (1974b), Pitch angle and energy diffusion coefﬁcients from resonant interactions with ion–cyclotron and whistler waves,
J. Plasma Phys., 12, 417–432, doi:10.1017/S002237780002537X.
Ma, Q., et al. (2015), Modeling inward diffusion and slow decay of energetic electrons in the Earth’s outer radiation belt, Geophys. Res. Lett., 42,
987–995, doi:10.1002/2014GL062977.
Mauk, B. H., N. J. Fox, S. G. Kanekal, R. L. Kessel, D. G. Sibeck, and A. Ukhorskiy (2012), Science objectives and rationale for the Radiation Belt
Storm Probes Mission, Space Sci. Rev., 179(1), 3–27, doi:10.1007/s11214-012-9908-y.

MA ET AL.

SIMULATION OF ENERGY-DEPENDENT PROCESSES

4230

Journal of Geophysical Research: Space Physics

10.1002/2016JA022507

McFadden, J. P., C. W. Carlson, D. Larson, V. Angelopoulos, M. Ludlam, R. Abiad, B. Elliott, P. Turin, and M. Marckwordt (2008), The THEMIS ESA
plasma instrument and in-ﬂight calibration, Space Sci. Rev., 141, 277–302, doi:10.1007/s11214-008-9440-2.
Meredith, N. P., R. B. Horne, R. M. Thorne, D. Summers, and R. R. Anderson (2004), Substorm dependence of plasmaspheric hiss, J. Geophys.
Res., 109, A06209, doi:10.1029/2004JA010387.
Meredith, N. P., R. B. Horne, S. A. Glauert, and R. R. Anderson (2007), Slot region electron loss timescales due to plasmaspheric hiss and
lightning-generated whistlers, J. Geophys. Res., 112, A08214, doi:10.1029/2007JA012413.
Meredith, N. P., R. B. Horne, T. Kersten, B. J. Fraser, and R. S. Grew (2014), Global morphology and spectral properties of EMIC waves derived
from CRRES observations, J. Geophys. Res. Space Physics, 119, 5328–5342, doi:10.1002/2014JA020064.
Miyoshi, Y., K. Sakaguchi, K. Shiokawa, D. Evans, J. Albert, M. Connors, and V. Jordanova (2008), Precipitation of radiation belt electrons by
EMIC waves, observed from ground and space, Geophys. Res. Lett., 35, L23101, doi:10.1029/2008GL035727.
Ni, B., R. M. Thorne, Y. Y. Shprits, and J. Bortnik (2008), Resonant scattering of plasma sheet electrons by whistler-mode chorus: Contribution
to diffuse auroral precipitation, Geophys. Res. Lett., 35, L11106, doi:10.1029/2008GL034032.
Ni, B., R. M. Thorne, N. P. Meredith, R. B. Horne, and Y. Y. Shprits (2011), 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.
Ni, B., J. Bortnik, R. M. Thorne, Q. Ma, and L. Chen (2013), Resonant scattering and resultant pitch angle evolution of relativistic electrons by
plasmaspheric hiss, J. Geophys. Res. Space Physics, 118, 7740–7751, doi:10.1002/2013JA019260.
Ni, B., et al. (2014a), Resonant scattering of energetic electrons by unusual low-frequency hiss, Geophys. Res. Lett., 41, 1854–1861, doi:10.1002/
2014GL059389.
Ni, B., W. Li, R. M. Thorne, J. Bortnik, J. C. Green, C. A. Kletzing, W. S. Kurth, G. B. Hospodarsky, and M. de Soria-Santacruz Pich (2014b), A novel
technique to construct the global distribution of whistler mode chorus wave intensity using low-altitude POES electron data, J. Geophys.
Res. Space Physics, 119, 5685–5699, doi:10.1002/2014JA019935.
Ozeke, L. G., I. R. Mann, K. R. Murphy, I. J. Rae, D. K. Milling, S. R. Elkington, A. A. Chan, and H. J. Singer (2012), ULF wave derived radiation belt
radial diffusion coefﬁcients, J. Geophys. Res., 117, A04222, doi:10.1029/2011JA017463.
Ozeke, L. G., I. R. Mann, K. R. Murphy, I. Jonathan Rae, and D. K. Milling (2014), Analytic expressions for ULF wave radiation belt radial diffusion
coefﬁcients, J. Geophys. Res. Space Physics, 119, 1587–1605, doi:10.1002/2013JA019204.
Reeves, G. D., K. L. McAdams, R. H. W. Friedel, and T. P. O’Brien (2003), Acceleration and loss of relativistic electrons during geomagnetic
storms, Geophys. Res. Lett., 30(10), 1529, doi:10.1029/2002GL016513.
Reeves, G. D., et al. (2013), Electron acceleration in the heart of the Van Allen radiation belts, Science, 341(6149), 991–994, doi:10.1126/
science.1237743.
Reeves, G. D., et al. (2015), Energy-dependent dynamics of keV to MeV electrons in the inner zone, outer zone, and slot regions, J. Geophys.
Res. Space Physics, 121, 397–412, doi:10.1002/2015JA021569.
Ripoll, J.-F., J. M. Albert, and G. S. Cunningham (2014), Electron lifetimes from narrowband wave-particle interactions within the plasmasphere, J. Geophys. Res. Space Physics, 119, 8858–8880, doi:10.1002/2014JA020217.
Roux, A., O. Le Contel, C. Coillot, A. Bouabdellah, B. de la Porte, D. Alison, S. Ruocco, and M. C. Vassal (2008), The search coil magnetometer for
THEMIS, Space Sci. Rev., 141, 265–275, doi:10.1007/s11214-008-9371-y.
Saikin, A. A., J.-C. Zhang, R. C. Allen, C. W. Smith, L. M. Kistler, H. E. Spence, R. B. Torbert, C. A. Kletzing, and V. K. Jordanova (2015), The
+
+
+
occurrence and wave properties of H , He , and O band EMIC waves observed by the Van Allen Probes, J. Geophys. Res. Space
Physics, 120, 7477–7492, doi:10.1002/2015JA021358.
Schulz, M., and L. J. Lanzerotti (1974), Particle Diffusion in the Radiation Belts, Springer, New York.
Seki, K., Y. Miyoshi, D. Summers, and N. P. Meredith (2005), Comparative study of outer-zone relativistic electrons observed by Akebono and
CRRES, J. Geophys. Res., 110, A02203, doi:10.1029/2004JA010655.
Sheeley, B. W., M. B. Moldwin, H. K. Rassoul, and R. R. Anderson (2001), An empirical plasmasphere and trough density model: CRRES
observations, J. Geophys. Res., 106(A11), 25,631–25,641, doi:10.1029/2000JA000286.
Shprits, Y. Y., D. 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.
Spence, H. E., et al. (2013), Science goals and overview of the Radiation Belt Storm Probes (RBSP) Energetic Particle, Composition, and
Thermal Plasma (ECT) Suite on NASA’s Van Allen Probes Mission, Space Sci. Rev., 179(1), 311–336, doi:10.1007/s11214-013-0007-5.
Summers, D., and R. M. Thorne (2003), Relativistic electron pitch-angle scattering by electromagnetic ion cyclotron waves during geomagnetic storms, J. Geophys. Res., 108(A4), 1143, doi:10.1029/2002JA009489.
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., et al. (2013a), Rapid local acceleration of relativistic radiation belt electrons by magnetospheric chorus, Nature, 504, 411–414,
doi:10.1038/nature12889.
Thorne, R. M., et al. (2013b), Evolution and slow decay of an unusual narrow ring of relativistic electrons near L ~ 3.2 following the September
2012 magnetic storm, Geophys. Res. Lett., 40, 3507–3511, doi:10.1002/grl.50627.
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.
Tu, W., G. S. Cunningham, Y. Chen, M. G. Henderson, E. Camporeale, and G. D. Reeves (2013), Modeling radiation belt electron dynamics
during GEM challenge intervals with the DREAM3D diffusion model, J. Geophys. Res. Space Physics, 118, 6197–6211, doi:10.1002/
jgra.50560.
Tu, W., G. S. Cunningham, Y. Chen, S. K. Morley, G. D. Reeves, J. B. Blake, D. N. Baker, and H. Spence (2014), Event-speciﬁc chorus wave and
electron seed population models in DREAM3D using the Van Allen Probes, Geophys. Res. Lett., 41, 1359–1366, doi:10.1002/2013GL058819.
Turner, D. L., T. P. O’Brien, J. F. Fennell, S. G. Claudepierre, J. B. Blake, E. K. J. Kilpua, and H. Hietala (2015), The effects of geomagnetic storms on
electrons in Earth’s radiation belts, Geophys. Res. Lett., 42, 9176–9184, doi:10.1002/2015GL064747.
Usanova, M. E., I. R. Mann, J. Bortnik, L. Shao, and V. Angelopoulos (2012), THEMIS observations of electromagnetic ion cyclotron wave
occurrence: Dependence on AE, SYMH, and solar wind dynamic pressure, J. Geophys. Res., 117, A10218, doi:10.1029/2012JA018049.
Usanova, M. E., et al. (2014), Effect of EMIC waves on relativistic and ultrarelativistic electron populations: Ground-based and Van Allen
Probes observations, Geophys. Res. Lett., 41, 1375–1381, doi:10.1002/2013GL059024.
Xiao, F., Z. Su, H. Zheng, and S. Wang (2010), Three-dimensional simulations of outer radiation belt electron dynamics including crossdiffusion terms, J. Geophys. Res., 115, A05216, doi:10.1029/2009JA014541.

MA ET AL.

SIMULATION OF ENERGY-DEPENDENT PROCESSES

4231

