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Abstract Understanding the dynamic evolution of relativistic electrons in the Earth's radiation belts
during both storm and nonstorm times is a challenging task. The U.S. National Science Foundation's
Geospace Environment Modeling (GEM) focus group “Quantitative Assessment of Radiation Belt
Modeling” has selected two storm time and two nonstorm time events that occurred during the second
year of the Van Allen Probes mission for in-depth study. Here, we perform simulations for these GEM
challenge events using the 3D Versatile Electron Radiation Belt code. We set up the outer L* boundary
using data from the Geostationary Operational Environmental Satellites and validate the simulation
results against satellite observations from both the Geostationary Operational Environmental Satellites and
Van Allen Probe missions for 0.9-MeV electrons. Our results show that the position of the plasmapause
plays a significant role in the dynamic evolution of relativistic electrons. The magnetopause shadowing
effect is included by using last closed drift shell, and it is shown to significantly contribute to the dropouts
of relativistic electrons at high L*. We perform simulations using four different empirical radial diffusion
coefficient models for the GEM challenge events, and the results show that these simulations reproduce
the general dynamic evolution of relativistic radiation belt electrons. However, in the events shown
here, simulations using the radial diffusion coefficients from Brautigam and Albert (2000) produce the best
agreement with satellite observations.

1. Introduction
Understanding the dynamic evolution of relativistic electrons in the Earth's radiation belts under different
geomagnetic conditions is challenging, due to the delicate balance between various acceleration and loss
processes. Different adiabatic and nonadiabatic processes have been proposed to cause the acceleration and
loss of relativistic electrons (e.g., Millan & Baker, 2012; Shprits, Elkington, et al., 2008; Shprits, Subbotin,
et al., 2008; Thorne, 2010). Adiabatic variations occur when the forces acting on particles remain virtu-
ally unchanged on the time and spatial scale associated with the adiabatic invariant (e.g., Roederer, 1970;
Schulz & Lanzerotti, 1974). During geomagnetic storms, the slow enhancement of the ring current causes
the expansion of magnetic field lines in the inner magnetosphere inside the peak of the ring current. To
conserve the third invariant, electrons move outward. Meanwhile, the first and second invariant are also
conserved. This process causes electrons to lose energy and is referred to as the Dst effect (Kim & Chan,
1997). During this process, fixed energy channels of instruments on board satellites observe a decrease of
fluxes. Adiabatic changes are reversible, and the flux of electrons with a certain energy can be recovered
after the storm. In addition to adiabatic variations, there are also nonadiabatic changes. Several nonadia-
batic processes are proposed to account for loss and acceleration of the radiation belt electrons. There are
various plasma waves with frequencies comparable to the frequencies associated with the adiabatic motions
(e.g., Roederer, 1970; Schulz & Lanzerotti, 1974). These waves can violate the adiabatic invariant and cause
nonadiabatic changes of particles. For example, ultralow frequency (ULF) waves oscillate with a similar fre-
quency to the timescale of the drift motion of relativistic electrons. Therefore, ULF waves can violate the
third adiabatic invariant of particles, thus driving inward or outward radial diffusion and causing accelera-
tion or deceleration (e.g., Fälthammar, 1965; Fu et al., 2011; Lyons & Thorne, 1973; Ozeke et al., 2014; Shprits
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& Thorne, 2004). Coupled with the magnetopause shadowing effect, which generates a sharp gradient near
the boundary, ULF waves can drive particle motion outward and finally result in loss to the magnetopause
(e.g., Mann et al., 2016; Shprits et al., 2006; Tu, Xiang, et al., 2019; Yu et al., 2013; Turner et al., 2012). Elec-
tromagnetic ion cyclotron (EMIC) waves are suggested to cause fast loss of radiation belt electrons (Thorne
& Kennel, 1971). The minimum resonance energies of electrons which can be significantly influenced by
EMIC waves are higher than 2 MeV in most cases (e.g., Cao et al., 2017; Chen et al., 2019; Drozdov et al., 2017;
Ni et al., 2018; Shprits et al., 2013, 2016). Very low frequency (VLF) waves oscillate at frequencies similar to
the frequencies of the gyration and bounce motion of particles. Thus, VLF waves can cause local diffusion in
pitch angle and energy, which may lead to the precipitation or enhancement of radiation belt electrons (e.g.,
Horne & Thorne, 1998, 2003). For example, outside the plasmasphere, chorus waves are believed to play an
important dual role in both the enhancement and precipitation of electrons (e.g., Thorne, 2010). Inside the
plasmasphere, plasmaspheric hiss waves can cause the slow decay of radiation belt electrons with loss time
scales on the order of 5 to 10 days (e.g., Lyons et al., 1972; Orlova et al., 2014). In general, the plasmapause
separates chorus waves outside the plasmasphere and hiss waves inside the plasmasphere.

“To concentrate community efforts and maximize scientific returns,” the U.S. National Science Foundation's
Geospace Environment Modeling (GEM) focus group “Quantitative Assessment of Radiation Belt Modeling
(QARBM)” has selected two storm time and two nonstorm time challenge events that occurred during the
second year of the Van Allen Probes mission for in-depth study (Tu, Li, et al., 2019). A number of studies
have been performed for these GEM challenge events (Tu, Li, et al., 2019 and references therein). In par-
ticular, the storm time enhancement event on 17 March 2013 has been extensively studied using methods
of both observations (e.g., Baker et al., 2014; Boyd et al., 2014; Foster et al., 2017, 2014; Olifer et al., 2018)
and simulations, including Fokker-Planck, magnetohydrodynamics, and test particle simulations, based on
both quasi-linear and nonlinear theories (e.g., Aseev et al., 2019; Hudson et al., 2015; Kubota & Omura,
2018; Li et al., 2014; Ma et al., 2018; Shprits et al., 2015; Xiao et al., 2014; Wang et al., 2017). These stud-
ies suggest that chorus waves play a crucial role in the enhancement of radiation belt electrons during this
event. For example, by exploring the phase space density (PSD) profile of electrons at different energies,
Boyd et al. (2014) suggest that, during this event, electrons with first adiabatic invariant, 𝜇, lower than 200
MeV/G (approximately 200 keV and 50◦ pitch angle at L* = 6.6) have a source in the plasmasheet. After
their injection and radial diffusion into the inner magnetosphere, it is very likely that they are accelerated
by chorus waves to higher 𝜇. Xiao et al. (2014) performed 2D simulations to check the effect of intensi-
fied chorus waves observed by the Van Allen Probes, and they found that those chorus waves account for
the enhancement of relativistic electrons at L = 4.5. By performing 2D simulations using a chorus wave
distribution inferred from low-altitude satellite measurements, Li et al. (2014) showed that chorus-driven
acceleration can explain the observed peak in the electron PSD at L = 4.25. By using a 3D code, Wang et al.
(2017) supported the scenario that after injection and radial diffusion, seed populations are accelerated by
chorus waves. By performing Versatile Electron Radiation Belt 4D (VERB-4D) simulations, which combine
convective and diffusive processes, Shprits et al. (2015) reproduced the enhancement of electrons at energies
of 0.2, 0.4, 0.7, and 1 MeV for the storm on 17 March 2013.

The storm time dropout event on 1 June 2013 has been studied by Kang et al. (2018) using the Comprehen-
sive Inner Magnetosphere-Ionosphere model. They suggested that the magnetopause shadowing effect and
the outward radial diffusion resulted in the flux dropout of energetic electrons. The effects of chorus waves
and hiss waves are not included in their work. For the nonstorm time dropout event on 24 September 2013,
Su et al. (2016) performed 3D simulations and suggested that this dropout is mainly caused by wave-induced
precipitation by plasmaspheric hiss waves and EMIC waves. For the nonstorm time enhancement event on
19 September 2013, Ma et al. (2018) conducted 3D simulations for 2 days (19 and 20 September 2013). Their
results show that the incorporation of both radial diffusion and local diffusion reasonably reproduces the
observed location and magnitude of electron flux enhancements. By comparing the effects of local accel-
eration by chorus waves and radial diffusion driven by ULF waves, Ma et al. (2018) suggested that radial
diffusion by ULF waves play a dominant role in this enhancement event within the Van Allen Probe orbits
(L < 6). In their study, they used Van Allen Probes' observations to set up the initial conditions, lower
(L = 2.5) and upper (L = 6) L-shell boundaries, which are very close to the region where the enhancement
occurs (5≤ L ≤ 6). They also used Van Allen Probe measurements to update the lower and upper energy
boundaries, which are from 104 keV to 5.23 MeV at L = 6 and from 300 keV to 10 MeV at L = 4. These
boundaries are close to the energy and L range where enhancements of electron flux are observed during
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the nonstorm event, and as a result, the data-driven boundaries may be a contributing factor. In addition,
event-specific wave distributions inferred from low-altitude satellites measurements are also adopted in
their study.

In the present study, we extend previous works on these GEM challenge events by performing simulations
using the VERB-3D code to investigate the effects of the plasmapause and magnetopause locations on the
dynamic evolution of relativistic electrons in the outer radiation belt. Our current study differs from the
aforementioned simulation papers about these GEM challenge events in the following aspects:

• None of these previous studies investigated the four events in a single paper. Here, we systematically
perform 3D simulations for these events.

• None of the previous studies performed simulations to investigate the effect of magnetopause shadowing
using the last closed drift shell for all these events. It is noteworthy that during the review process of the
current paper, a 1D simulation study using a radial diffusion model was published recently by Ozeke et
al. (2020). They assessed the effects of the magnetopause shadowing effect and radial diffusion on the loss
and recovery of ultrarelativistic (>2 MeV) electrons during “electron extinction” events in March 2013 and
2015. Our current paper focuses on the dynamic evolution of relativistic electrons at an energy of 0.9 MeV.
Thus, it is not straightforward to compare our results with the results from Ozeke et al. (2020) for the storm
event on 17 March 2013. In addition, the lifetime parameterization that they used for ultrarelativistic (>2
MeV) electrons outside the plasmapause (Gu et al., 2012) were developed for the electrons with energy
lower than 2 MeV, which results in uncertainties for their study.

• None of the previous studies investigated the effect of the plasmapause position on the dynamic evolution
of relativistic electrons.

• Most of these previous modeling studies of the GEM challenge events set up boundary conditions using
Van Allen Probe data that are very close to the energies and L-shells of interest. Such an introduction
of Van Allen Probe data at the lower and upper energy boundary conditions, initial conditions, lower
and higher L-shell boundary conditions may affect the simulation results and may make it difficult to
distinguish the results of the physics-based modeling from the simple propagation of satellite data from
the boundary conditions. In our current study, instead of using Van Allen Probe measurements to set up
the upper L boundary condition at L = 5.5, we use measurements from the Geostationary Operational
Environmental Satellites (GOES) at geostationary orbit (GEO), which is the only data-driven boundary
condition in our simulations. In this way, we analyze the results of the simulations in the regions suffi-
ciently far away from any data-driven boundary condition. Extending the outer boundary condition to a
region further from the Earth can lead to a better understanding of the effect of the competing processes,
especially between radial and local diffusion. It can be also helpful to determine which mechanism is
dominant and to objectively judge the performance of the modeling codes.

• Most of these previous simulation studies for the GEM challenge events used event-specific wave data,
either taken from Van Allen Probe in situ observation or inferred from low Earth orbit (LEO) satellites.
In situ wave measurements from the Van Allen Probes cannot provide the global distribution of waves in
each event. The wave distribution inferred from LEO satellites such as the Polar Orbiting Environmental
Satellites (POES) can provide global wave parameters (Chen et al., 2014; Li et al., 2013; Ni et al., 2014).
This technique has been validated in several event studies (e.g., Ma et al., 2018; Thorne et al., 2013; Tu et
al., 2014) and needs further testing using accumulated data sets of conjugate observations of waves and
precipitation. In particular, due to the finite field of view of the instrument, it is not easy to distinguish pre-
cipitated particles from trapped particles. Even a small fraction of the trapped population inside the field
of view of the instrument can significantly affect the analysis of the precipitation. Moreover, geographic
changes in the magnetic field at LEO may introduce additional uncertainties. As models often consider
only the ratio of 0◦ to 90◦ detector measurements, such a ratio may appear to not always be representative
of the wave activity. In this study, instead of using event-specific waves, we use empirical wave models.

Our paper is organized as follows: first, we describe the VERB-3D code and the parameters adopted for our
numerical simulations in section 2. Then in section 3, we present simulation results and their validation
against satellite observations. Results and other possible mechanisms are discussed in section 4. Finally, we
summarize our findings and outline directions for future studies in section 5.
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2. Model Description
The dynamic evolution of electrons in the radiation belts can be described by the bounce- and magnetic
local time (MLT)-averaged Fokker-Planck equation (e.g., Schulz & Lanzerotti, 1974; Shprits et al., 2009):
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(1)

where f is the electron PSD; t is time; 𝜇 and J are the first and second adiabatic invariant; L* is inversely
proportional to the third adiabatic invariant; p is the relativistic momentum of electrons; 𝛼0 is the equatorial
pitch angle of particles; T(𝛼0) is a function related to the bounce frequency and can be approximated as
(Lenchek & Singer, 1962)

T(𝛼0) = 1.3802 − 0.3198(sin 𝛼0 + sin1∕2
𝛼0); (2)

and DLL, Dpp, Dp𝛼0
, D𝛼0p, and D𝛼0𝛼0

in equation (1) are the bounce- and MLT- averaged scattering rates (or
diffusion coefficients) due to resonant wave-particle interactions. 𝜏 lc in equation (1) is the lifetime parameter
accounting for losses of particles inside the loss cone due to collisions with atmospheric neutrals. In this
study, the lifetime 𝜏 lc is set to a quarter of a bounce period for electrons inside the loss cone and to infinity
outside the loss cone.

2.1. Radial Diffusion Coefficients
The radial diffusion coefficient due to interactions with ULF waves is adopted from Brautigam and
Albert (2000):

DLL(Kp,L) = 100.506Kp−9.325L10, [1∕day], (3)

where the parameter L refers to L*. This radial diffusion model is based on a simple fit of the ground mea-
surements at L = 4 (Lanzerotti & Morgan, 1973) and in situ geosynchronous measurements at L = 6.6
(Lanzerotti et al., 1978). Brautigam and Albert (2000) followed the expressions for DM

LL proportional to L10

derived by Fälthammar (1965). However, it is noteworthy that the slope of the line connecting the two data
points is steeper at low Kp and levels off at high Kp compared with L10, as can be seen in the Figure 5 of
Brautigam and Albert (2000). In addition, this parameterization is valid for Kp ≤ 6. In this study, however,
we extrapolate it also to larger Kp values. In the events studied here the maximum Kp is 7.

In recent years, several other radial diffusion coefficient models were developed using the formula derived
by Fei et al. (2006). For example, using ground magnetometer data and in situ measurements, Ozeke et
al. (2014) developed analytic expressions for radial diffusion coefficients. In their model, the total radial
diffusion coefficient was separated into two terms; one term due to the azimuthal electric field:

DE
LL(Kp,L) = 2.16 × 10−8L6100.217L+0.461Kp, [1∕day], (4)

and the other term due to the compressional magnetic field component of the ULF waves:

DB
LL(Kp,L) = 6.62 × 10−13L810−0.0327L2+0.625L−0.0108Kp2+0.499Kp, [1∕day]. (5)

In this study, we also perform VERB-3D simulations using the total radial diffusion coefficients from Ozeke
et al. (2014). In addition, using 7 years of data from the Time History of Events and Macroscale Interac-
tions during Substorms satellites, Liu et al. (2016) derived an empirical expression of the radial diffusion
coefficients due to the electric field as a function of L, Kp, and the first adiabatic invariant 𝜇 of the electrons:

DE
LL(Kp,L, 𝜇) = 1.115 × 10−6L8.184100.281Kp𝜇−0.608, [1∕day]. (6)

Based on the discussion in Liu et al. (2016) about applicability of their model, we set the radial diffusion
coefficients for electrons below 400 MeV/G equal to those radial diffusion coefficients at 𝜇 = 400 MeV/G.
In addition, using 3 years of Van Allen Probe data, Ali et al. (2016) obtained the radial diffusion coefficients
due to the ULF wave power in the compressional component of the magnetic field:

DB
LL(Kp,L) = exp(−16.253 + 0.224KpL + L), [1∕day], (7)
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Figure 1. Different radial diffusion coefficients as a function of L* at Kp = 1 and Kp = 5. The black, red, green, and
blue lines show the radial diffusion coefficients calculated following Brautigam and Albert (2000), Ozeke et al. (2014),
Ali et al. (2016), and Liu et al. (2016) (for a fixed value of 𝜇 = 700 MeV/G), respectively.

and the radial diffusion coefficients due to the azimuthal component of the electric field:

DE
LL(Kp,L) = exp(−16.951 + 0.181KpL + 1.982L), [1∕day]. (8)

They also stated that most of the time the magnetic component contributes very little and the total radial
diffusion is mainly due to the electric component of the ULF waves. In this study, we also perform simula-
tions using the total radial diffusion coefficients calculated from Ali et al. (2016). It is worth noting that these
recent radial diffusion models (Ali et al., 2016; Liu et al., 2016; Ozeke et al., 2014) are based on a separation
of magnetic and electric field fluctuations made by Fei et al. (2006). As pointed out by Lejosne (2019), Fei et
al.'s (2006) model for radial diffusion is erroneous because they separate delta E and delta B effects assuming
that they have random phases which they do not for inductive ULF wave E and B fields. Lejosne (2019) finds
that Fei et al.'s (2006) model, therefore all based on it, underestimate Fälthammar's (1965) DB

LL by a factor
of 2. Figure 1 shows the comparison of these aforementioned radial diffusion coefficients as a function of L*

at Kp = 1 and 5. The black, red, green, and blue lines show radial diffusion coefficients calculated using the
above equations from Brautigam and Albert (2000), Ozeke et al. (2014), Ali et al. (2016), and Liu et al. (2016)
(for a fixed value of 𝜇 = 700 MeV/G), respectively. It can be seen that, except for the outer boundary at L*

around 7, Ali et al. (2016) provide smaller radial diffusion coefficients than the other models. Similar com-
parisons of different radial diffusion coefficients have been made by other studies (e.g., Drozdov et al., 2017;
Huang et al., 2010; Li et al., 2017, 2016). In these comparisons, radial diffusion coefficients from Brautigam
and Albert (2000) are usually higher compared to other models during storm times. In particular, the radial
diffusion coefficients from Brautigam and Albert (2000) and Ozeke et al. (2014) were tested in Drozdov et
al. (2017) by performing long-term (1 year) simulation, and the results were similar. Note that in Drozdov
et al. (2017) the outer boundary of the simulations was set up by using Van Allen Probe data at L* = 5.5. In
this study we set up the outer L* boundary condition at L* = 6.6. From Figure 1 it can be seen that, at higher
Kp levels, the differences between the radial diffusion coefficient models are more significant at higher L*,
except for the model from Ali et al. (2016). Thus, comparing with the differences shown in Drozdov et al.
(2017), larger differences between the results using radial diffusion coefficients from Brautigam and Albert
(2000) and Ozeke et al. (2014) are expected from the higher outer L* boundary.

2.2. Local Diffusion Coefficients
Bounce- and MLT-averaged diffusion coefficients Dpp, Dp𝛼0

, D𝛼0p, and D𝛼0𝛼0
are calculated using the Full

Diffusion Code (Ni et al., 2008; Orlova & Shprits, 2011; Shprits & Ni, 2009; Shprits et al., 2009). The reso-
nant diffusion coefficients are calculated for the resonant frequencies and wave numbers which satisfy the
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dispersion relation of waves and the resonance condition

𝜔 − k||v|| = nΩe∕𝛾, (9)

where 𝜔 is the wave frequency, k is the wave number, v is the speed of particles, 𝛾 is the Lorentz factor, Ωe is
the gyro-frequency of electrons, and n is the order of the resonance. The Full Diffusion Code is capable of
calculating resonant scattering rates including first-order (n = 1), Landau (n = 0), and higher order (higher
n) resonance by obliquely propagating waves. For the bounce-average process, Orlova and Shprits (2011)
developed a method for removing the integrand's singularity through a change of variables. The calculation
of the diffusion coefficients requires wave models depending on spatial variables, such as MLT, latitude,
L, and geomagnetic conditions. For the amplitude and frequency distribution of chorus waves, we use a
newly developed model based on 5 years of Van Allen Probe data (Wang et al., 2019). For the wave normal
angle (𝜃) distribution of chorus waves, we use a frequently adopted model, that is, 𝜃lc = 0◦, 𝜃uc = 45◦, 𝜃m =
0◦, and 𝜃w = 30◦, where 𝜃m is the peak value of wave normal angle, 𝜃w is the width of the angle, and
𝜃lc and 𝜃uc are the lower and upper cut-off to the wave normal angle distribution, outside which the wave
power is zero (e.g., Kim et al., 2012; Thorne et al., 2013). For plasmaspheric hiss waves, we are also using
a model developed based on Van Allen Probe observations (Orlova et al., 2016; Spasojevic et al., 2015). In
this study, we assume local diffusion due to chorus waves outside the plasmasphere and due to hiss waves
inside the plasmasphere. Plasma densities inside the plasmasphere are calculated according to Denton et
al. (2006) and plasma densities outside the plasmasphere are estimated from Sheeley et al. (2001). We also
include lightning whistlers with the same parameterization as in Kim et al. (2012). EMIC waves mainly
affect electrons with energies higher than a few MeV. Therefore, effects of EMIC waves are not included
in our simulations since we focus on the dynamics of electrons with energies of 0.9 MeV in this study.
For the readers' interest, observations and simulations for 0.5 and 4 MeV electrons during these events are
shown in the supporting material. It can be noted that without including EMIC waves, the simulations
overestimate the flux of 4-MeV electrons. This indicates that including the effect of EMIC waves is needed
for the simulations of 4-MeV electrons. The effect of EMIC waves during the GEM challenge events will be
discussed in section 4.

2.3. Boundary and Initial Conditions
In our simulations, six boundary conditions and one initial condition are set up as follows:

• Lower L* boundary: the PSD of electrons at the lower L* boundary for the radial diffusion operator is set
to be zero at L* = 1.0 to represent losses to the atmosphere.

• Upper L* boundary: the PSD variation at the outer boundary (L* = 6.6) is calculated using GOES
measurements, following the approach described in Wang and Shprits (2019).

• Boundary conditions for the pitch angle operator are f(𝛼 = 0.7◦) = 0 and 𝜕f∕𝜕𝛼(𝛼 = 89.3◦) = 0.
• For the energy diffusion operator, the electron PSD at the lower boundary is set to be constant at 10 keV

at L* = 6.6 and to extend to lower L* to simulate a balance between convective sources and losses.
• The PSD at the upper energy boundary is set to be zero at 10 MeV at L* = 6.6 assuming an absence of

such high-energy electrons at L* = 6.6.
• To focus on the GEM challenge events, we start the simulations 2 days before the events and set up the

initial condition using 6 hr of the satellite data near the beginning of the simulation time.

2.4. Modeling Methodology
Technical details of the VERB-3D code can be found in previous studies (e.g., Castillo et al., 2019; Drozdov
et al., 2017; Kim et al., 2012; Shprits et al., 2009; Subbotin et al., 2011). The numerical grid used in our
simulations in this study is 29 × 101 × 91, uniform in L*, and logarithmic in energy and pitch angle. Several
factors are taken into account in our simulations:

(1) The plasmapause location separates chorus waves outside of the plasmasphere and hiss waves inside
the plasmasphere. We use two different methods to obtain the plasmapause position for each time step of
the simulations. One method is to calculate the plasmapause position using the time series of the Kp index
according to Carpenter and Anderson (1992):

Lpp = 5.6 − 0.46Kpmax, (10)

where Lpp is the L-shell value of the plasmapause and Kpmax is the maximum Kp value over the previous
24 hr. This empirical plasmapause model is limited to a minimum Lpp = 2 at Kpmax ≥ 7. During the event
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Figure 2. Electron flux observations, solar wind and geomagnetic conditions, and VERB simulations from 17 to 26 September 2013 including both nonstorm
Geospace Environment Modeling challenge events (a nonstorm time enhancement event [Event 1] on 19 September 2013 and a nonstorm time dropout
event [Event 2] on 24 September 2013). (a) Flux for 0.9 MeV, 50◦ pitch angle electrons from observations of Van Allen Probes, Geostationary Operational
Environmental Satellites (GOES) 13 and 15. (b) VERB-3D simulation results using plasmapause positions calculated following Carpenter and Anderson (1992)
for this period. (c) VERB-3D simulation results using the plasmapause position estimated from the new Plasma density in the Inner magnetosphere Neural
network-based Empirical plasmasphere (PINE) model (Zhelavskaya et al., 2017). (d) Dst and Kp index during this period. (e) Auroral electrojet index and
z-component of the interplanetary magnetic field (IMF Bz) in geocentric solar magnetic coordinates. (f) Normalized difference between observations (shown in
Panel a) and simulations (shown in Panel b). (g) Normalized difference between observations (shown in Panel a) and simulations (shown in Panel c). (h) Solar
wind dynamic pressure (nPa) and speed (km/s). The overplotted magenta lines in Panels (a)–(c) and (f)–(g) show the last closed drift shell. The overplotted
black lines in Panels (b), (c), (f), and (g) show the plasmapause positions.

time periods under study here, the maximum Kpmax value is 7. The other method to obtain the plasmapause
position is using the recently developed Plasma density in the Inner magnetosphere Neural network-based
Empirical (PINE) model (Zhelavskaya et al., 2016, 2017, 2018). The PINE density model was developed using
neural networks and was trained on the electron density data set from the Van Allen Probes Electric and
Magnetic Field Instrument Suite and Integrated Science (Kletzing et al., 2013). The model reconstructs the
plasmasphere dynamics well (with a cross-correlation of∼0.95 on the test set), and its global reconstructions
of plasma density are in good agreement with the IMAGE extreme ultraviolet images of the global distri-
bution of He+. We compare the electron number density value given by the PINE model with the density
threshold separating plasmaspheric-like and trough-like density given by Sheeley et al. (2001) and get the
plasmapause position in each MLT. Then, we calculate the MLT-averaged plasmapause position. This data
is available in Wang et al. (2020).

(2) The last closed drift shell (L∗
LCDS) is calculated using the International Radiation Belt Environment Mod-

eling library (Boscher et al., 2010) and TS07D magnetic field model (Tsyganenko & Sitnov, 2007) and is then
used to simulate the effect of magnetopause shadowing. When L* is larger than the last closed drift shell
location, we set the PSD to zero before the step of radial diffusion in the simulation.
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Figure 3. For the same events as shown in Figure 2, but testing different radial diffusion coefficient models. Panel (a) shows the flux from satellite observations
for electrons at an energy of 0.9 MeV and equatorial pitch angle of 50◦ . Panels (b)–(e) show simulation results using different radial diffusion coefficients.
Panels (f), (g), and (l) show the geomagnetic and solar wind conditions during this period. In Panels (h)–(k) we present the normalized differences between
satellite data and results of simulations using different radial diffusion coefficients. Panels (a), (b), (f), (g), (h), and (l) in this figure are the same as Panels (a),
(c), (d), (e), (g), and (h) in Figure 1. They are repeated in the figure for an easier comparison.

2.5. Validation Methodology
We validate our simulation results against satellite observations, which allows us to examine the extent
to which the observed flux can be explained by the proposed mechanism and to test the effect of plasma
boundaries. Particle measurements from both Van Allen Probes and GOES are used. The Magnetic Electron
Ion Spectrometer instruments on board the Van Allen Probes measure electrons with energies from 20 keV to
4.8 MeV (Blake et al., 2013). To quantify the difference between the simulation results and the observations,
we use the difference normalized by the maximum average of the observed flux (JO) and simulated flux (JS)
for each 8 hr (NDmax(L*, t)), which is defined as

NDmax(L∗, t) =
JS(L∗, t) − JO(L∗, t)

max |over L∗ every 8 hours
JS(L∗ ,t)+JO(L∗ ,t)

2

. (11)

We choose 8 hr as a period for calculating the maximum average due to the fact that the Van Allen Probes
fly through all L shells in approximately 8 hr.

WANG ET AL. 8 of 19



Journal of Geophysical Research: Space Physics 10.1029/2019JA027422

3. Comparison of Simulations With Observations
In Figures 2–7, we compare the simulated fluxes to the observed fluxes from both Van Allen Probes and
GOES, for the considered GEM challenge events. Figures 2, 4, and 6 show simulation results using differ-
ent plasmapause positions for different events. In each of these figures, Panel (a) shows the observed flux of
electrons with an energy of 0.9 MeV and an equatorial pitch angle of 50◦, as a function of L* and time. Here,
L* is calculated using the TS07D magnetic field model (Tsyganenko & Sitnov, 2007). Data from GOES and
Van Allen Probes are consistent with each other at conjunction points. Panels (b) and (c) show the VERB-3D
simulation results using plasmapause positions estimated following Carpenter and Anderson (1992) and
calculated from the PINE plasmasphere model (Zhelavskaya et al., 2017), respectively. Panel (d) shows the
geomagnetic Kp (blue steps) and Dst (red line) index. Panel (e) illustrates the geomagnetic auroral electrojet
(AE) (red line) index and the z-component of the interplanetary magnetic field (IMF Bz) in the geocentric
solar magnetic coordinate system. Panels (f) and (g) show the normalized differences between observations
and simulation results using different plasmapause positions. The blue color indicates that the simulation
results underestimate the flux, while red and yellow colors indicate that the simulation results overestimate
the fluxes. The locations of the plasmapause are overplotted as black lines in Panels (b), (c), (f), and (g).
The positions of the last closed drift shell calculated using the TS07D magnetic field model are overplotted
as magenta lines in Panels (a)–(c) and (f)–(g). Panel (h) shows the solar wind speed (Vsw) (red line) and
dynamic pressure (Psw) (blue line). We also performed simulations using different radial diffusion coeffi-
cients but the same plasmapause position calculated from the PINE model. Panels (b), (c), (d), and (e) in
Figures 3, 5, and 7 show the simulation results using different radial diffusion coefficients, and Panels (h),
(i), (j), and (k) in those figures show the normalized difference between those simulation results and satel-
lite data. Panels (a), (f), (g), and (l) in Figures 3, 5, 7 are the same as Panels (a), (d), (e), and (h) in Figures 2,
4, and 6, respectively. These panels are repeated for easier comparison.

3.1. Events 1 and 2: Nonstorm Time Enhancement and Dropout
Figure 2 shows the electron flux observations, solar wind and geomagnetic conditions, and VERB-3D sim-
ulation results for the period from 17 to 26 September 2013, which includes two nonstorm GEM challenge
events: a nonstorm time enhancement event (Event 1) on 20 September 2013 and a nonstorm time dropout
event (Event 2) on 24 September 2013. These events are marked by arrows above Figure 2a. As shown in
Figure 2h, before Event 1, during less than 1 day, the solar wind speed increased from lower than 400 km/s
to higher than 550 km/s, and the solar wind dynamic pressure enhanced from lower than 2 nPa to higher
than 4 nPa and then decreased to less than 2 nPa. Before Event 2, the solar wind dynamic pressure rose
sharply to over 7 nPa and the solar wind speed increased gradually from 350 to 450 km/s. As shown in
Figure 2e, close to Event 1, the IMF Bz changed direction from north to south and then fluctuated between
north and south several times. Right before Event 1, the AE index sharply jumped from lower than 200 nT
to higher than 800 nT, which indicates that a strong substorm was going on. Figure 2a illustrates that both
GOES and Van Allen Probes observed a significant enhancement of relativistic electrons on 19–20 September
2013, which is followed by a dropout at higher L shells (L* > 5) and a moderate decrease near L* of 5 on 24
September 2013 (Event 2). Figure 2b shows simulation results using the plasmapause positions estimated
following Carpenter and Anderson (1992). It can be seen from Figure 2f that the simulation reproduces the
enhancement of relativistic electron flux in the heart of the belt but underestimates the flux at an L* range
from 5 to 5.5 during Event 1. After 21 September, the simulation overestimates the flux. The overestima-
tion can be associated with the plasmapause location. Outside the plasmapause, chorus wave acceleration
leads to overestimation. It can be seen from Figures 2c and 2g that using the new plasmapause location
improves the agreement between observations and simulations significantly. There is still some overestima-
tion, which may result from the diffusion coefficients of hiss waves. For the dropout event (Event 2) on 24
September, the dropout at higher L shells is reproduced in both simulations by involving the magnetopause
shadowing effect. However, a decrease of flux at an L-shell range from 4 to 5 is not well reproduced, which
will be discussed in section 4.

Figure 3 shows the results of simulations using different radial diffusion coefficients but the same plasma-
pause positions, which are calculated from the PINE plasmasphere model. It can be seen that the results of
the simulations using the radial diffusion coefficients from Brautigam and Albert (2000) produces the best
agreement with observations during Event 1. Other models produce more underestimations. In particular,
simulation results using the radial diffusion coefficients from Ali et al. (2016) produce the most significant
underestimations, which can be seen in Figure 3j. As shown in Figure 1, the radial diffusion coefficients
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Figure 4. Same format as Figure 2 but for Event 3 (the storm time dropout Geospace Environment Modeling challenge event on 1 June 2013) from 30 May to 2
June 2013.

from Ali et al. (2016) are lower than other radial diffusion coefficients except at the outer boundary. The sim-
ulation outcome for Event 2 is affected by the simulation results before this event. For example, simulation
results using DLL from Ali et al. (2016) produce an underestimation during Event 2 due to the underesti-
mation before Event 2. Simulation results using DLL from Liu et al. (2016) show deeper underestimation
during Event 1 and higher overestimation during Event 2. Simulations using DLL from Ozeke et al. (2014)
also produce deeper underestimation compared to the simulations using DLL from Brautigam and Albert
(2000) during Event 1.

3.2. Event 3: Storm Time Dropout
Right before 1 June 2013, the solar wind dynamic pressure increased sharply from less than 2 nPa to near
12 nPa in less than half a day, as shown in Figure 4h. The solar wind speed gradually increased from 400
km/s to around 700 km/s during Event 3 (Figure 4h). On 1 June 2013, the IMF Bz had a strong southward
excursion with an amplitude higher than 15 nT, and the AE index was sharply enhanced from lower than
500 nT to around 1,400 nT, indicating that a strong substorm happened (Figure 4e). As shown in Figure 4d,
a strong geomagnetic storm happened with a minimum Dst index of −110 nT and a maximum Kp index
of 7 on 1 June 2013. An electron flux dropout occurred on 1 June 2013, as shown in Figure 4a. During this
period, GOES 13 data is not available. However, GOES 15 data is available, as shown in Figure 4a. Panels (b)
and (c) show results of VERB-3D simulations using different plasmapause positions (overplotted as black
lines). The overplotted magenta lines give the LCDS locations calculated in the TS07D magnetic field model.
It can be seen, using the positions of the LCDS, that the simulation can reproduce the dropouts outside the
LCDS well. The simulation results using different plasmapause positions are similar. The reasons for this
similarity will be discussed in section 4.

Figure 5 shows the simulation results using different radial diffusion coefficient (DLL) models for Event 3.
Before the storm, geomagnetic conditions were very quiet. As shown in Figure 1, the differences between
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Figure 5. Comparison of simulation results using different radial diffusion coefficient models for Event 3. Same format as in Figure 3.

different DLL are not so significant. During the storm, as the LCDS were pushed into the geosynchronous
orbit, the dominant loss mechanism was loss to the magnetopause and outward radial diffusion. Radial
diffusion coefficients from Ali et al. (2016) are the smallest during the storm and simulation results using
these diffusion coefficients leave the strongest remnant belt at L* from 4 to 5.

3.3. Event 4: Storm Time Enhancement
On 17 March 2013, a strong storm occurred with a minimum Dst index of −132 nT and a maximum Kp
index of 7-, as shown in Figure 6d. Before the storm, several substorms happened during 16 March 2013, as
indicated by the AE index in Figure 6e. Seed electrons can be injected during these substorms. On 17 March,
a stronger substorm happened with an AE index higher than 1,700 nT. IMF Bz became southward several
times and with the southward amplitude increasing to more than 10 nT. The solar wind dynamic pressure
jumped from 1 nPa to higher than 12 nPa and solar wind speed increased from around 400 to 700 km/s
within 5 hr. These solar wind and geomagnetic activities caused the LCDS to move into the geosynchronous
orbit and to approach L* as low as 5 (indicated by magenta lines in Figures 6a–6c). Before 12:00 UT on 17
March, the fluxes of relativistic electrons were dramatically depleted, especially at high L shells (L*

≥ 5).
This depletion is suggested to result from the magnetopause shadowing effect (Baker et al., 2014; Li et al.,
2014; Olifer et al., 2018). However, previous simulation studies for this event did not investigate the effect of
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Figure 6. Same format as Figure 2 but for Event 4 (the storm time enhancement Geospace Environment Modeling challenge event on 17 March 2013) from 15
to 20 March 2013.

magnetopause shadowing. After this sharp dropout across a wide L* range, the flux of relativistic electrons
recovered and enhanced significantly by 2 orders of magnitude at L* from 3 to 5, as shown in Figure 6a.

In our simulations, we include the effect of magnetopause shadowing to investigate the reason for the sharp
dropout before the enhancement event and test the influence of the different plasmapause positions. In
addition, instead of using event-specific chorus waves from observations, in our simulations, we use a sta-
tistical chorus wave model which was developed using 5 years of Van Allen Probe data (Wang et al., 2019).
Figures 6b and 6c show the results of VERB-3D simulations using different plasmapause positions. As can
be seen in these figures, the depletion of electron fluxes can be reproduced well by the loss to the LCDS (indi-
cated by the overplotted magenta lines). After this depletion, the flux of relativistic electrons is enhanced
by nearly two orders of magnitude during the 12 hr interval on 17 March in the L-shell range [3, 5]. The
peak location of the outer radiation belt moves toward the Earth compared to the location before this storm.
The simulation results indicate that the enhancement of relativistic electrons is well reproduced. Simula-
tion results using a different plasmapause location during Event 4 show no significant differences, which
will be discussed in section 4.

Figure 7 shows the simulation results using different radial diffusion coefficient models. It can be readily
seen from this figure that the simulation using radial diffusion coefficients from Brautigam and Albert (2000)
produces the best agreement between simulation results and satellite observations. Simulations using other
radial diffusion coefficients underestimate the flux enhancement of relativistic electrons during Event 4. At
such high Kp levels in Event 4 (maximum Kp = 7), the diffusion coefficients from Brautigam and Albert
(2000) are much higher than others, especially at high L*.
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Figure 7. Test of the sensitivity of different radial diffusion coefficients. Same format as Figure 3 but for the Geospace Environment Modeling challenge Event 4
(the storm time enhancement Geospace Environment Modeling challenge event on 17 March 2013) from 15 to 20 March 2013.

4. Discussion
4.1. Solar wind and Geomagnetic Indices for the Dynamic Evolution of Radiation Belt Electrons
The enhancement and the dropout events (Events 1 and 2) during the end of September 2013 have been
selected by the GEM Focus Group Quantitative Assessment of Radiation Belt Modeling as nonstorm time
challenge events based on the Dst index. However, the Kp index increased to 4 at both enhancement and
dropout time. As discussed in Borovsky and Shprits (2017), much of the dynamics of the radiation belts is
better organized by the Kp index, rather than by the Dst index. Both Events 1 and 2 experienced decrease
in Dst and increase in Kp, but the changes during Event 2 were more abrupt. Comparing the solar wind
condition during these events, Event 1 experienced a higher solar wind speed but a less significant increase
of solar wind dynamic pressure. During both Events 1 and 2, the IMF Bz had a southward excursion but
the IMF Bz stayed southward for a longer time period in Event 2 than it did in Event 1. These solar wind
conditions resulted in the lower LCDS in Event 2 in contrast to Event 1. The AE index in Event 1 had a
sharper and more significant enhancement than that in Event 2, which implies that the substorm-related
injection of electrons is stronger in Event 1 than that in Event 2. All these factors result in the enhancement
in Event 1, but the dropout in Event 2.

Comparing Events 3 and 4, the geomagnetic storm in Event 4 is stronger than the storm in Event 3. The Dst
index decreased to a lower value (−132 nT) in Event 4 than in Event 3 (−124 nT). The Kp index increased
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more abruptly and stayed longer at Kp = 7 in Event 4 than it did in Event 3. Before Event 3, the geomagnetic
activity was relatively quiet compared to the geomagnetic activity before Event 4. The solar wind speed
enhancement happened before Event 4 but during Event 3. In addition, the solar wind speed jumped more
abruptly before Event 4 than it did during Event 3. Before the enhancement in Event 4, the solar wind
speed increased from 400 to 700 km/s in less than 5 hr. During Event 3, the solar wind speed increased
from 400 to 700 km/s during 10 hr. During Event 4, the solar wind speed increased simultaneously with
dynamic pressure. However, during Event 3, the significant enhancement of solar wind speed occurred more
than half a day later after the enhancement of solar wind dynamic pressure. These different solar wind and
geomagnetic conditions result in different responses of radiation belt electrons.

4.2. Effect of EMIC Waves During the GEM Challenge Events
The current study focuses on the dynamic evolution of electrons at an energy of 0.9 MeV, which are in
general not significantly affected by EMIC waves. However, considering the interest in the effect of EMIC
waves on the radiation belt electrons, especially for these GEM challenge events, here we discuss the effect
of EMIC waves during these events. We also show the results of the simulations without EMIC waves for
500-keV and 4-MeV electrons in the supporting material and compare them with satellite observations.
In general, without taking EMIC waves into account, our simulations reproduce the dynamic evolution of
electrons at energies of 500 and 900 keV well but overestimated the flux of electrons with energies of 4 MeV
in Events 1, 2, 3, during which intense EMIC waves were observed (Engebretson et al., 2018). These results
indicate a missing loss mechanism for ultrarelativistic electrons, which is consistent with previous studies
(e.g., Drozdov et al., 2015).

In particular, several studies have investigated the effect of EMIC waves in Event 2. During several hours on
24 September 2013 during Event 2, the radiation belt electrons with energies from 500 keV to several MeV
exhibited a significant dropout at higher L shells (L* > 5) and a moderate decrease near L* of 5. For 0.9-MeV
electrons, our simulations incorporate the magnetopause shadowing effect by using the LCDS and repro-
duce the dropout at higher L shells. However, the decrease of flux of electrons at an energy of 0.9 MeV at
an L-shell range from 4 to 5 is not well reproduced. This may result from an underestimation of outward
radial diffusion or a lack of wave-particle interactions in plasmaspheric plumes. On the other hand, EMIC
waves are observed during the interval of this dropout event (Event 2). Comparing Figure 2 for the 900-keV
electrons with Figure S1 for 500-keV electrons and S2 for 4-MeV electrons, it can be seen that more sig-
nificant overestimations are produced for the flux of higher-energy electrons. The simulation with PINE
plasmapause reproduces the dynamic evolution of 500-keV electrons well (Figure S1) but overestimate the
flux of electrons at energies of 0.9 and 4 MeV. Su et al. (2016) suggested that this dropout is mainly caused
by wave-induced precipitation by plasmaspheric hiss waves and EMIC waves. Using a cold plasma approxi-
mation and setting the upper cut-off frequency of EMIC waves at 0.98𝑓cHe+ , the minimum resonant energy
of electrons were calculated to extend to as low as 400 keV in their study. Using conjugate observations
from Van Allen Probe A and MetOp-01 satellites, Capannolo et al. (2018) reported coincident observations
of EMIC waves and precipitation of electrons with energies extending to even tens of keV during Event 2.
By setting up the upper cut-off frequency at 0.99 fcH and 0.99 fcHe for H-band and He-band EMIC waves,
respectively, Capannolo et al. (2018) calculated the quasi-linear pitch angle diffusion coefficients due to
EMIC waves based on cold plasma approximation. Their results show that the minimum resonant energy
of electrons that can be scattered by H-band EMIC waves can extend to tens of keV, although the diffusion
coefficients are much lower than those for high-energy electrons. By using multi-instrument observations
and nonlinear test particle simulations following (Omura & Zhao, 2012, 2013), Hendry et al. (2019) sug-
gested that EMIC waves can cause the sub-MeV electron precipitation. However, taking hot plasma effects
into account, the minimum resonance energies of electrons interacting with EMIC waves are found to be
generally higher than 1 MeV (Cao et al., 2017). By analyzing the wave number of observed EMIC waves and
calculating the minimum resonance energy, Chen et al. (2019) found that during this event, the minimum
resonance energy between EMIC waves and electrons is higher than 16 MeV (see their supporting informa-
tion). Thus, the effects of EMIC waves in this dropout event are still under debate. Using satellite and ground
observations, Engebretson et al. (2018) investigated EMIC waves and their effect on radiation belt electrons
for these GEM challenge events. They also investigated PSD and pitch angle distributions of electrons
for Event 2 in this study. The dips in PSD are suggested to be a signature of EMIC-caused precipitations
(e.g., Aseev et al., 2017; Shprits et al., 2017). Dips in the PSD profile were found for electrons with energies
higher than 2 MeV (𝜇 = 3, 500 MeV/G and K = 0.1 G0.5RE between L* = 3.4 and 5.4, see their Figure 8), but
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no dips in PSD were found for electrons with energies near 1 MeV (𝜇 = 700 MeV/G and K = 0.1 G0.5RE, see
their Figure S2) in Event 2. The investigation of the electron depletion at low L shell during this event will
be the subject of future research.

4.3. Parameterization of Radial Diffusion Coefficients
An underestimation of the radial diffusion coefficients can result in an underestimation of the loss caused by
magnetopause shadowing accompanied with outward radial diffusion at higher L* or an underestimation of
inward radial diffusion and flux at lower L*. Olifer et al. (2019) showed that empirical Kp-dependent radial
diffusion coefficient models can underestimate radial diffusion, especially during intervals with southward
IMF. During the events studied here, the overestimation of the flux during Event 2 possibly results from the
underestimation of outward radial diffusion, considering the IMF Bz changed to southward for several hours
(Figure 2e). In addition, the underestimation of flux at L* = 3.5 during Event 4 in the recovery phase of the
storm probably results from the underestimation of inward radial diffusion. However, Drozdov et al. (2017)
showed that the multiplication of the radial diffusion coefficients by a constant factor can push the inner
boundary of the outer radiation belt to unrealistic positions. Performing simulations using event-specific
radial diffusion coefficients is beyond the scope of the current study. Another possibility for this underes-
timation is that local heating shown to be important for Event 4 (e.g., Castillo et al., 2019; Li et al., 2014;
Shprits et al., 2015; Xiao et al., 2014) may be stronger than modeled.

4.4. Parameterization of Plasmapause Position
For the nonstorm GEM challenge events (Events 1 and 2), using the parameterization of plasmapause from
the PINE model produces clearly better agreement with satellite observations, as shown in Figure 2. How-
ever, this improvement is not very significant during storm times (Events 3 and 4, as shown in Figures 4
and 6). During storm times, the plasmasphere becomes more asymmetric due to the enhanced convection
(e.g., Goldstein et al., 2005). During storm times, the plasmasphere is strongly eroded at all MLTs except for
the dusk sector, where a bulge or plume is formed and extends further to the noon sector. A plasmaspheric
bulge or plumes may form and extend to higher L shells during storm time. However, in our 3D simula-
tions using the PINE output, the plasmapause positions are averaged over MLT. This may lead to some
overestimation of plasmapause positions during storm times, which can lead to an underestimation of the
acceleration by chorus waves. In addition, our simulations in this study did not account for hiss waves in
the plasmaspheric plume, which may cause some underestimation of losses.

5. Summary and Conclusions
In this study, we perform simulations for GEM challenge events using the VERB-3D code. Magnetopause
shadowing effect are included in the simulations by using the last closed drift shells. We perform simulations
using different plasmapause positions and four different radial diffusion coefficient models. The results of
our study show that

1. The magnetopause shadowing effect plays an important role for dropout at higher L shells. The last closed
drift shell calculated using the TS07D magnetic field model can be used to simulate the magnetopause
shadowing effect.

2. The position of the plasmapause plays an important role in the dynamic evolution of radiation belt
electrons, especially during nonstorm times.

3. Flux measurements from GOES observations can be used to set up outer boundary conditions for the
simulation of radiation belts. During times when the Van Allen Probes data is not available, we can still
use measurements from GOES to set up outer boundaries and infer the radiation belt dynamics at lower
L shells.

4. Simulations using radial diffusion coefficients calculated from Brautigam and Albert (2000) produces
the best agreement between satellite observations and simulation results for these events.

In future studies, we will test the usage of the innermost position of the plasmapause and include plumes
by changing the MLT percentage of chorus waves and hiss waves in different time steps of the simulations.
Additionally, 4D simulations including the MLT dependence will be performed to check the effect of the
MLT-dependent plasmapause position and plasmaspheric plumes on the dynamic evolution of the radiation
belts in detail.
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Abbreviations
GEM Geospace Environment Modeling
VERB-3D code 3-Dimensional Versatile Electron Radiation Belt code
MLT Magnetic Local Time
PSD Phase Space Density
IMF Interplanetary Magnetic Field
LCDS Last Closed Drift Shell
FDC Full Diffusion Code
PINE Plasma density in the Inner magnetosphere Neural network-based Empirical model
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