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Abstract

Understanding the dynamic evolution of relativistic electrons in the Earth’s radiation belts during both storm and non-storm

times is a challenging task. 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 non-storm 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 3-Dimensional Versatile Electron Radiation Belt (VERB-3D) code. We set up the outer $Lˆ*$
boundary using data from Geostationary Operational Environmental Satellites (GOES) and validate the simulation results

against satellite observations from both the GOES 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 (LCDS), and it is shown to significantly contribute to the dropouts

of relativistic electrons at high $Lˆ*$.
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Abstract16

Understanding the dynamic evolution of relativistic electrons in the Earth’s radiation17

belts during both storm and non-storm times is a challenging task. The U.S. National18

Science Foundation’s Geospace Environment Modeling (GEM) focus group “Quantita-19

tive Assessment of Radiation Belt Modeling” (QARBM) has selected two storm time and20

two non-storm time events that occurred during the second year of the Van Allen Probes21

mission for in-depth study. Here, we perform simulations for these GEM challenge events22

using the 3-Dimensional Versatile Electron Radiation Belt (VERB-3D) code. We set up23

the outer L∗ boundary using data from Geostationary Operational Environmental Satel-24

lites (GOES) and validate the simulation results against satellite observations from both25

the GOES and Van Allen Probe missions for 0.9 MeV electrons. Our results show that26

the position of the plasmapause plays a significant role in the dynamic evolution of rel-27

ativistic electrons. The magnetopause shadowing effect is included by using last closed28

drift shell (LCDS), and it is shown to significantly contribute to the dropouts of rela-29

tivistic electrons at high L∗.30

1 Introduction31

Understanding the dynamic evolution of relativistic electrons in the Earth’s radi-32

ation belts under different geomagnetic conditions is challenging, due to the delicate bal-33

ance between various acceleration and loss processes. Different adiabatic and non-adiabatic34

processes have been proposed to cause the acceleration and loss of relativistic electrons35

(e.g. Millan & Baker, 2012; Y. Y. Shprits, Elkington, Meredith, & Subbotin, 2008; Y. Y. Sh-36

prits, Subbotin, Meredith, & Elkington, 2008; R. M. Thorne, 2010). Adiabatic variations37

occur when the forces acting on particles remain virtually unchanged on time and spa-38

cial scale associated with the adiabatic invariant (e.g. Roederer, 1970; Schulz & Lanze-39

rotti, 1974). During geomagnetic storms, the slow enhancement of the ring current causes40

the expansion of magnetic field lines in the inner magnetosphere inside the peak of ring41

current. To conserve the third invariant, electrons move outward. Meanwhile, the first42

and second invariant are also conserved. This process causes electrons to lose energy and43

is referred to as the Dst-effect (H.-J. Kim & Chan, 1997). During this process, fixed en-44

ergy channels of instruments on board satellites observe a decrease of fluxes. Adiabatic45

changes are reversible, and the flux of electrons with a certain energy can be recovered46

after the storm. In addition to adiabatic variations, there are also non-adiabatic changes.47
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Several nonadiabatic processes are proposed to account for loss and acceleration of the48

radiation belt electrons. There are various plasma waves with frequencies comparable49

to the frequencies associated with the adiabatic motions (e.g. Roederer, 1970; Schulz &50

Lanzerotti, 1974). These waves can violate the adiabatic invariant and cause non-adiabatic51

changes of particles. For example, ultra-low frequency (ULF) waves oscillate with a sim-52

ilar frequency to the timescale of the drift motion of particles. Therefore, ULF waves can53

violate the third adiabatic invariant of particles, thus driving inward or outward radial54

diffusion of particles and causing acceleration or deceleration of particles (e.g. Fälthammar,55

1965; Fu, Cao, Yang, & Lu, 2011; Lyons & Thorne, 1973; Ozeke, Mann, Murphy, Jonathan Rae,56

& Milling, 2014; Y. Shprits & Thorne, 2004). Coupled with the magnetopause shadow-57

ing effect, which generates a sharp gradient near the boundary, ULF waves can drive par-58

ticle motion outward and finally result in loss to the magnetopause (Y. Shprits et al.,59

2006). Electromagnetic ion cyclotron (EMIC) waves are suggested to cause fast loss of60

radiation belt electrons (R. M. Thorne & Kennel, 1971). The minimum resonance en-61

ergies of electrons are higher than 2 MeV in most cases (e.g. Cao, Shprits, Ni, & Zhelavskaya,62

2017; L. Chen, Zhu, & Zhang, 2019; Drozdov, Shprits, Usanova, et al., 2017; Ni et al.,63

2018; Y. Y. Shprits et al., 2016, 2013). Very Low Frequency (VLF) waves oscillate at64

frequencies similar to the frequencies of the gyration and bounce motion of particles. Thus,65

VLF waves can cause local diffusion in pitch angle and energy, which may lead to the66

precipitation or enhancement of radiation belt electrons (e.g. R. Horne & Thorne, 2003;67

R. B. Horne & Thorne, 1998). For example, outside the plasmasphere, chorus waves are68

believed to play an important dual role in both the enhancement and precipitation of69

electrons (e.g. R. M. Thorne, 2010). Inside the plasmasphere, plasmaspheric hiss waves70

can cause the slow decay of radiation belts electrons with loss time scales on the order71

of 5 to 10 days (e.g. Lyons, Thorne, & Kennel, 1972; Orlova, Spasojevic, & Shprits, 2014).72

In general, the plasmapause separates chorus waves outside the plasmasphere and hiss73

waves inside the plasmasphere.74

“To concentrate community efforts and maximize scientific returns”, the U.S. Na-75

tional Science Foundation’s Geospace Environment Modeling (GEM) focus group “Quan-76

titative Assessment of Radiation Belt Modeling” (QARBM) has selected two storm time77

and two non-storm time events that occurred during the second year of the Van Allen78

Probes mission for in-depth study (Tu, Li, Albert, & Morley, 2019). A number of stud-79

ies have been performed for these GEM challenge events (Tu et al., 2019, and references80
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therein). In particular, the storm time enhancement event on March 17, 2013 has been81

extensively studied using methods of both observations (e.g. Baker et al., 2014; Boyd et82

al., 2014; Foster et al., 2014, 2017; Olifer, Mann, Morley, Ozeke, & Choi, 2018) and sim-83

ulations, including Fokker-Planck, Magnetohydrodynamics (MHD), and test particle sim-84

ulations, based on both quasi-linear and non-linear theories (e.g. Aseev et al., 2019; Hud-85

son et al., 2015; Kubota & Omura, 2018; Li et al., 2014; Ma et al., 2018; Y. Y. Shprits86

et al., 2015; Xiao et al., 2014). These studies suggest that chorus waves play a crucial87

role in the enhancement of radiation belt electrons during this event. For example, by88

exploring the phase space density (PSD) profile of electrons at different energies, Boyd89

et al. (2014) suggest that, during this event, electrons with first adiabatic invariant (µ)90

lower than 200 MeV/G have a source in the plasmasheet. After their injection and ra-91

dial diffusion into the inner magnetosphere, it is very likely that they are accelerated by92

chorus waves to higher µ. Xiao et al. (2014) performed 2-D simulations to check the ef-93

fect of intensified chorus waves observed by Van Allen Probes, and they found that those94

chorus waves account for the enhancement of relativistic electrons at L = 4.5. By per-95

forming 2-D simulations using a chorus wave distribution inferred from low altitude satel-96

lite measurements, Li et al. (2014) showed that chorus-driven acceleration can explain97

the observed peak in the electron PSD at L = 4.25. By performing Versatile Electron98

Radiation Belt-4D (VERB-4D) simulations, which combine convective and diffusive pro-99

cesses, Y. Y. Shprits et al. (2015) reproduced the enhancement of electrons at energies100

of 0.2 MeV, 0.4 MeV, 0.7 MeV and 1 MeV on March 17, 2013. The storm time dropout101

event on 1 June 2013 has been studied by Kang et al. (2018) using the Comprehensive102

Inner Magnetosphere-Ionosphere (CIMI) model. They suggested that the magnetopause103

shadowing effect and the outer radial diffusion resulted in the flux dropout of energetic104

electrons. The effects of chorus waves and hiss waves are not included in their work. For105

the nonstorm time dropout event on September 24, 2013, Su et al. (2016) performed 3-106

D simulations and suggested that this dropout is mainly caused by wave-induced pre-107

cipitation by plasmaspheric hiss waves and EMIC waves. For the nonstorm time enhance-108

ment event on September 19, 2013, Ma et al. (2018) conducted 3-D simulations for two109

days (September 19, 2013 and September 20, 2013). Their results show that the incor-110

poration of both radial diffusion and local diffusion reasonably reproduces the observed111

location and magnitude of electron flux enhancements. In their study, they used Van Allen112

Probes observations to set up initial conditions, lower (L = 2.5) and upper (L = 6)113
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L-shell boundaries, which are very close to the region where enhancement happens (5≤114

L ≤ 6). They also used Van Allen Probe measurements to update the lower and upper115

energy boundaries, which are from 104 keV to 5.23 MeV at L = 6 and from 300 keV to116

10 MeV at L = 4. These boundaries are close to the energy and L range where enhance-117

ments of electron flux are observed during the nonstorm event, and as a result, the data-118

driven boundaries may be a contributing factor. In addition, event-specific wave distri-119

butions inferred from low altitude satellites measurements are also adopted in their study.120

In the present study, we extend previous works on these GEM challenge events by121

performing simulations using the VERB-3D code to investigate the effects of the plasma-122

pause and magnetopause locations on the dynamic evolution of relativistic electrons in123

the outer radiation belt. Our current study differs from aforementioned simulation pa-124

pers about these GEM Challenge Events in the following aspects:125

• None of these previous studies investigated the four events in a single paper. Here,126

we systematically perform 3-D simulations for these events.127

• None of the previous studies performed simulations to investigate the effect of mag-128

netopause shadowing effect using last closed drift shell for these events.129

• None of the previous studies investigated the effect of plasmapause position on the130

dynamic evolution of relativistic electrons.131

• Most of these previous modeling studies of the GEM Challenge Events set up bound-132

aries using Van Allen Probe data that are very close to the energies and L-shells133

of interest. Such introduction of Van Allen Probe data at lower and upper energy134

boundaries, initial conditions, lower and higher L-shell boundaries, may affect the135

simulation results and may make it difficult to distinguish the results of the physics136

based modeling from simple propagation of satellite data from the boundaries. In137

our current study, instead of using Van Allen Probe measurements to set up the138

upper L boundary at L = 5.5, we use measurements from GOES satellites at GEO,139

which is the only data-driven boundary in our simulations. In this way we ana-140

lyze the results of the simulations in the regions sufficiently far away from any data-141

driven boundary. Extending the outer boundary to a region further from the Earth142

can lead to a better understanding of the effect of the competing processes, espe-143

cially between radial and local diffusion. It can be also helpful to determine which144
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mechanism is dominant and to objectively judge the performance of the model-145

ing codes.146

• Most of these previous simulation studies for the GEM Challenge Events used event-147

specified wave data, either taken from Van Allen Probe in-situ observation or in-148

ferred from low Earth orbit satellites. In-situ wave measurements from Van Allen149

Probes cannot provide the global distribution of waves in each event. Wave dis-150

tribution inferred from low Earth orbit (LEO) satellites such as POES can pro-151

vide global parameters of waves (Y. Chen, Reeves, Friedel, & Cunningham, 2014;152

Li et al., 2013; Ni et al., 2014). This technique has been validated in several event153

studies (e.g. Ma et al., 2018; R. Thorne et al., 2013; Tu et al., 2014) and needs fur-154

ther tests using accumulated data sets of conjugate observations of waves and pre-155

cipitations. In particular, due to the finite field of view (FOV) of the instrument,156

it is not easy to distinguish precipitated particles from trapped particles. Even a157

small portion of the trapped population inside the FOV of the instrument can sig-158

nificantly affect the analysis of the precipitation. Moreover, geographic changes159

in the magnetic field at LEO may introduce additional uncertainties. As models160

often consider only the ratio of 0◦ to 90◦ detector measurements, such ratio may161

appear not to be always representative of the wave activity. In this study, instead162

of using event specific waves, we use empirical wave models.163

Our paper is organized as follows: first, we describe the VERB-3D code and the param-164

eters adopted for our numerical simulations in section 2. Then in section 3, we present165

simulation results and their validation against satellite observations. Results and other166

possible mechanisms are discussed in section 4. Finally, we summarize our findings and167

outline directions for future studies in section 5.168

2 Model Description169

The dynamic evolution of electrons in the radiation belts can be described by the170

bounce- and Magnetic Local Time (MLT)-averaged Fokker-Planck equation (e.g., Schulz171

& Lanzerotti, 1974; Y. Y. Shprits, Subbotin, & Ni, 2009):172

∂f

∂t
= L∗2 ∂

∂L∗

∣∣∣∣
µ,J

(
1

L∗2 DL
∗L∗

∂f

∂L∗

∣∣∣∣
µ,J

)
+

1

p2
∂

∂p

∣∣∣∣
α0,L∗

p2
(
Dpp

∂f

∂p

∣∣∣∣
α0,L∗

+Dpα0

∂f

∂α0

∣∣∣∣
p,L∗

)
+

1

T (α0)sin(2α0)

∂

∂α0

∣∣∣∣
p,L∗

T (α0)sin(2α0)

(
Dα0α0

∂f

∂α0

∣∣∣∣
p,L∗

+Dα0p
∂f

∂p

∣∣∣∣
α0,L∗

)
− f

τlc
,

(1)173
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where f is the electron PSD; t is time; µ and J are the first and second adiabatic invari-174

ant; L∗ is inversely proportional to the third adiabatic invariant; p is the relativistic mo-175

mentum of electrons; α0 is the equatorial pitch angle of particles; T (α0) is a function re-176

lated to the bounce frequency and can be approximated as (Lenchek & Singer, 1962)177

T (α0) = 1.3802− 0.3198(sinα0 + sin1/2 α0); (2)178

and DL∗L∗ , Dpp, Dpα0 , Dα0p, and Dα0α0 in equation (1) are the bounce- and MLT- av-179

eraged scattering rates (or diffusion coefficients) due to resonant wave-particle interac-180

tions. τlc in equation (1) is the lifetime parameter accounting for losses of particles in-181

side the loss cone due to collisions with atmospheric neutrals. In this study, the lifetime182

τlc is set to a quarter of a bounce period for electrons inside the loss cone and infinity183

outside the loss cone.184

2.1 Diffusion Coefficients185

The radial diffusion coefficient due to interactions with ULF waves is adopted from186

Brautigam and Albert (2000):187

DL∗L∗(Kp, L∗) = 10(0.506Kp−9.325)L∗10. (3)188

This parameterization is valid for Kp ≤ 6. In this study, however, we extrapolate it also189

to larger Kp values. Similar results are obtained using the radial diffusion coefficients190

from Ozeke et al. (2014) (not shown). For readers’ interest, similar VERB-3D simula-191

tion results were show in Drozdov, Shprits, Aseev, Kellerman, and Reeves (2017) using192

radial diffusion coefficients from Brautigam and Albert (2000) and Ozeke et al. (2014).193

Bounce- and MLT-averaged diffusion coefficients Dpp, Dpα0
, Dα0p, and Dα0α0

are cal-194

culated using the Full Diffusion Code (FDC) (Y. Y. Shprits & Ni, 2009; Y. Y. Shprits195

et al., 2009). The FDC is capable of calculating resonant scattering rates including first-196

order, Landau, and higher order resonance by obliquely propagating waves. For the bounce-197

average process, Orlova and Shprits (2011) developed a method for removing the inte-198

grand’s singularity through a change of variables. Calculation of the diffusion coefficients199

requires wave models depending on spatial variables, such as MLT, latitude, L, and ge-200

omagnetic conditions. For the amplitude and frequency distribution of chorus waves, we201

use a newly developed model based on five years of Van Allen Probe data (Wang et al.,202

2019). For the wave normal angle (θ) distribution of chorus waves, we use a frequently203

adopted model, that is, θlc = 0◦, θuc = 45◦, θm = 0◦, and θw = 30◦, where θm is the204
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peak value of wave normal angle, θw is the width of the angle, and θlc and θuc are the205

lower and upper cut-off to the wave normal angle distribution, outside which the wave206

power is zero (e.g. K.-C. Kim, Shprits, Subbotin, & Ni, 2012; R. Thorne et al., 2013).207

For plasmaspheric hiss waves, we are also using a model developed based on Van Allen208

Probe observations (Orlova, Shprits, & Spasojevic, 2016; Spasojevic, Shprits, & Orlova,209

2015). In this study, we assume local diffusion due to chorus waves outside the plasma-210

sphere and due to hiss waves inside the plasmasphere. Plasma densities inside the plas-211

masphere are calculated according to Denton et al. (2006) and plasma densities outside212

the plasmasphere are estimated from Sheeley, Moldwin, Rassoul, and Anderson (2001).213

We also include lightning whistlers with the same parameterization as in K.-C. Kim et214

al. (2012). EMIC waves mainly affect electrons with energy higher than a few MeV. There-215

fore, effects of EMIC waves are not included in our simulations since we focus on the dy-216

namics of electrons with energy of 0.9 MeV in this study. For readers’ interest, obser-217

vations and simulations for 0.5 MeV electrons during these events are shown in the sup-218

porting material.219

2.2 Boundary and Initial Conditions220

In our simulations, six boundary conditions and one initial condition are set up as221

follows:222

• Lower L∗ boundary: the PSD of electrons at the lower L∗ boundary for the ra-223

dial diffusion operator is set to be zero at L∗ = 1.0 to represent losses to the at-224

mosphere.225

• Upper L∗ boundary: the PSD variation at the outer boundary (L∗ = 6.6) is cal-226

culated using GOES measurements, following the approach described in Wang and227

Shprits (2019).228

• Boundary conditions for the pitch-angle operator are f(α = 0.7◦) = 0 and ∂f/∂α(α =229

89.3◦) = 0.230

• For the energy diffusion operator, the electron PSD at the lower boundary is set231

to be constant at 10 keV at L∗ = 6.6 and extend to lower L∗ to simulate a bal-232

ance between convective sources and losses.233

• The PSD at the upper energy boundary is set to be zero at 10 MeV at L∗ = 6.6234

assuming an absence of such high energy electrons at L∗ = 6.6.235
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• The initial condition is set up using a steady state solution (Y. Shprits & Thorne,236

2004).237

2.3 Modeling Methodology238

Technical details of the VERB-3D code can be found in previous studies (e.g. Castillo239

et al., 2019; Drozdov, Shprits, Aseev, et al., 2017; K.-C. Kim et al., 2012; Y. Y. Shprits240

et al., 2009; Subbotin, Shprits, & Ni, 2011). The numerical grid used in our simulations241

in this study is 29×101×91, uniform in L∗, and logarithmic in energy and pitch-angle.242

Several factors are taken into account in our simulations:243

(1) The plasmapause location separates chorus waves outside of the plasmasphere244

and hiss waves inside the plasmasphere. We use two different methods to obtain the plasma-245

pause position for each timestep of the simulations. One method is to calculate the plasma-246

pause position using the time series of the Kp index according to Carpenter and Ander-247

son (1992):248

Lpp = 5.6− 0.46Kpmax, (4)249

where Lpp is the L-shell value of the plasmapause and Kpmax is the maximum Kp value250

over the previous 24 hours. This empirical plasmapause model is limited to a minimum251

Lpp = 2 at Kpmax ≥ 7. During the event periods under study here, the maximum Kpmax252

value is 7. The other method to obtain the plasmapause position is using a recently de-253

veloped Plasma density in the Inner magnetosphere Neural network-based Empirical (PINE)254

model (Zhelavskaya, Shprits, & Spasojevic, 2017, 2018; Zhelavskaya, Spasojevic, Shprits,255

& Kurth, 2016). The PINE density model was developed using neural networks and was256

trained on the electron density data set from the Van Allen Probes Electric and Mag-257

netic Field Instrument Suite and Integrated Science (EMFISIS) (Kletzing et al., 2013).258

The model reconstructs the plasmasphere dynamics well (with a cross-correlation of 0.95259

on the test set), and its global reconstructions of plasma density are in good agreement260

with the IMAGE EUV images of global distribution of He+. We calculated the MLT-261

averaged plasmapause position using the output of the PINE model by applying a den-262

sity threshold of 40 cm−3 to separate the plasmasphere from the outside of the plasma-263

sphere.264

(2) The last closed drift shell (L∗
LCDS) is calculated using the IRBEM library (Boscher,265

Bourdarie, O’Brien, & Guild, 2010) and TS07D magnetic field model (Tsyganenko & Sit-266
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nov, 2007) and then used to simulate the effect of magnetopause shadowing. When L∗
267

is larger than the last closed drift shell location, we set the PSD to zero before the step268

of radial diffusion in the simulation.269

2.4 Validation Methodology270

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 mech-

anism and to test the effect of plasma boundaries. Particle measurements from both Van

Allen Probes and GOES are used. The Magnetic Electron Ion Spectrometer (MagEIS)

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 re-

sults and the observations, we use the difference normalized by the maximum average

of observed flux (JO) and simulated flux (JS) for each eight hours (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

. (5)

We choose eight hours as a period for calculating maximum average due to the fact that271

Van Allen Probes fly through all L-shells in approximately eight hours.272

3 Comparison of Simulations With Observations273

Figures 1-3 compare the simulated fluxes to the observed fluxes from both Van Allen274

Probes and GOES, for the considered GEM challenge events. In each figure, panel (a)275

shows the observed flux of electrons with energy at 0.9 MeV and an equatorial pitch-angle276

of 50◦, as a function of L∗ and time. Here, L∗ is calculated using the TS07D magnetic277

field model (Tsyganenko & Sitnov, 2007). Data from GOES and Van Allen Probes are278

consistent with each other at conjunction points. Panels (b) and (c) show the VERB-279

3D simulation results using plasmapause positions estimated following Carpenter and280

Anderson (1992) and calculated from the PINE plasmasphere model (Zhelavskaya et al.,281

2017), respectively. Panels (d) and (e) show the normalized differences between obser-282

vations and simulation results using different plasmapause positions. Blue color means283

that the simulation results underestimate the flux, while red and yellow colors indicate284

that the simulation results overestimate the fluxes. The locations of the plasmapause are285

overplotted as black lines in panels (b) and (c) and as green lines in panels (d) and (e).286

The positions of the last closed drift shell calculated using the TS07D magnetic field model287
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are overplotted as magenta lines in panels (b)-(e). Panel (f) in each figure plots the vari-288

ation of the Dst (red) and Kp (blue) geomagnetic indices.289

3.1 Events 1 and 2: Nonstorm Time Enhancement and Dropout290

Figure 1 shows the electron flux observations and VERB-3D simulation results for291

the period from September 7, 2013 to September 26, 2013, which includes two nonstorm292

GEM Challenge events: a nonstorm time enhancement event on September 20, 2013 and293

a nonstorm time dropout event on September 24, 2013. Figure 1(a) illustrates that both294

GOES and Van Allen Probes observed a significant enhancement of relativistic electrons295

on September 19-20, 2013, which is followed by a dropout at higher L-shells (L∗ > 5)296

and a moderate decrease near L∗ of 5 on September 24, 2013. Figure 1(b) shows sim-297

ulation results using the plasmapause positions estimated following Carpenter and An-298

derson (1992). It can be seen from Figure 1(d) that during the first day under study, some299

underestimations occur in the heart of the belt (near L∗ = 5), which shows that the300

assumed initial condition does not match very well with the observations. However, dur-301

ing the following day, the simulation results already agree well with the data. During the302

following eight days, from September 11 to September 19, simulation results reproduced303

the dropouts at higher L-shells when L∗ > L∗
LCDS. However, in the heart of the belt,304

overestimation occurs. This can be associated with the plasmapause location. Outside305

the plasmapause, chorus wave acceleration leads to overestimation. The other possible306

reason is that the loss caused by hiss waves inside the plasmapause was not strong enough307

in the simulation. Thus, the enhancement in the heart of the belt on September 20, 2013308

is not very pronounced in this simulation, as shown in Figure 1(b). It can be seen from309

Figure 1(c) and (e) that using the new plasmapause location improved the agreement310

between observations and simulations significantly. There is still some overestimation,311

which may result from the diffusion coefficients of hiss waves. For the dropout event dur-312

ing September 24, the dropout at higher L-shells is reproduced in both simulations by313

involving the magnetopause shadowing effect. However, a decrease of flux at L-shell range314

from 4 to 5 is not well reproduced, which will be discussed in section 4.315

3.2 Event 3: Storm Time Dropout316

On June 1, 2013, a strong geomagnetic storm happened with a minimum Dst in-317

dex of -110 nT and a maximum Kp index of 7. An electron flux dropout occurred on June318
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1, 2013, as shown in Figure 2(a). During this period, GOES 13 data is not available. Pan-319

els (b) and (c) show results of VERB-3D simulations using different plasmapause posi-320

tions (overplotted as black lines). The overplotted magenta lines give the LCDS loca-321

tions calculated in TS07D magnetic field model. It can be seen, using the positions of322

the LCDS, that the simulation can reproduce the dropouts outside the LCDS well. How-323

ever, the simulation results did not reproduce the dropout where L∗ < L∗
LCDS during324

the storm main phase and exhibit overestimation during the recovery phase. This over-325

estimation may be attributed to errors in the magnetic field model, miss of other loss326

mechanisms such as wave-particle interaction in plasmaspheric plumes, or underestimated327

outward radial diffusion rates during these periods. The simulation results using the plasma-328

pause position following Carpenter and Anderson (1992) have some overestimations be-329

fore the storm near L∗ = 4. When using the plasmapause estimated from the new PINE330

plasmasphere model, the agreement between simulation results and observations is im-331

proved.332

3.3 Event 4: Storm Time Enhancement333

On March 17, 2013, a strong storm occurred with a minimum Dst index of -130334

nT and a maximum Kp index of 7- as shown in Figure 3(f). During this day, after a sharp335

dropout across a wide L∗ range, the flux of relativistic electrons recovered and enhanced336

significantly by 2 orders of magnitude at L∗ from 3 to 5. Figure 3(a) shows GOES and337

Van Allen Probes measurements of electrons with energies at 0.9 MeV and pitch-angles338

at 50◦. Before 12:00 UT on March 17, the fluxes of relativistic electrons were dramat-339

ically depleted, especially at high L-shells (L∗ ≥ 5). This depletion is suggested to re-340

sult from the magnetopause shadowing effect (Baker et al., 2014; Li et al., 2014; Olifer341

et al., 2018). However, previous simulation studies for this event did not investigate the342

effect of magnetopause shadowing.343

In our simulations, we include the effect of magnetopause shadowing to investigate344

the reason for the sharp dropout before the enhancement event and test the influence345

of the different plasmapause positions. In addition, instead of using event-specific cho-346

rus waves from observations, in our simulations, we use a statistical chorus wave model347

which was developed using five years of Van Allen Probe data (Wang et al., 2019). Fig-348

ures 3(b) and 3(c) show the results of VERB-3D simulations using different plasmapause349

positions. As seen readily in these figures, the depletion of electron fluxes can be well350
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reproduced by the loss to the last closed drift shell (indicated as overplotted magenta351

lines). After this depletion, the flux of relativistic electrons enhanced by nearly 2 orders352

of magnitude during the 12 hours interval on March 17 in the L-shell range [3, 5]. The353

peak location of the outer radiation belt moves Earthward compared with the location354

before this storm. The simulation results indicate that the enhancement of relativistic355

electrons is well reproduced.356

4 Discussion357

The enhancement and the dropout events during the end of September in 2013 are358

selected by the GEM Focus Group QARBM as nonstorm time challenge events based359

on the Dst index. However, the Kp index increased to 4 at both enhancement and dropout360

time. This indicates that much of the dynamics of the relativistic radiation belts is bet-361

ter organized by the Kp index, rather than by the Dst index, as discussed in Borovsky362

and Shprits (2017).363

During several hours on September 24, 2013, the radiation belt electrons with en-364

ergy from 500 keV to several MeV exhibited a significant dropout at higher L-shells (L∗ >365

5) and a moderate decrease near L∗ of 5. Our simulations incorporate the magnetopause366

shadowing effect by using the last closed drift shell reproduced the dropout at higher L-367

shells. However, a decrease of flux at L-shell range from 4 to 5 is not well reproduced.368

This may result from underestimation of outward radial diffusion, or lack of wave-particle369

interactions in plasmaspheric plumes. On the other hand, EMIC waves are observed dur-370

ing the interval of this dropout. Su et al. (2016) suggested that this dropout is mainly371

caused by wave-induced precipitation by plasmaspheric hiss waves and EMIC waves. Us-372

ing a cold plasma approximation and setting the upper cut-off frequency of EMIC waves373

at 0.98fcHe+ , the minimum resonant energy of electrons were calculated to extend to as374

low as 400 keV in their study. However, taking hot plasma effects into account, the min-375

imum resonance energies of electrons interacting with EMIC waves are found to be gen-376

erally higher than 1 MeV (Cao et al., 2017). By analyzing the wave number of observed377

EMIC waves and calculating the minimum resonance energy, L. Chen et al. (2019) found378

that during this event, the minimum resonance energy between EMIC waves and elec-379

trons is higher than 16 MeV (see their supporting information). Thus, the effects of EMIC380

waves in this dropout event are still under debate. Using satellite and ground observa-381

tions, Engebretson et al. (2018) investigated EMIC waves and their effect on radiation382
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belt electrons for these GEM challenge events. They also investigated phase space den-383

sities and pitch-angle distributions of electrons for this event. The dips in phase space384

density are suggested to be a signature of EMIC caused precipitations (e.g. Aseev et al.,385

2017; Y. Y. Shprits, Kellerman, Aseev, Drozdov, & Michaelis, 2017). Dips in the PSD386

profile were found for electrons with energies higher than 2 MeV, but no dips in PSD387

were found for electrons with energies near 1 MeV. The investigation of the electron de-388

pletion at low L-shell during this event will be a subject of the further research.389

During storm times, the plasmasphere becomes more asymmetric due to the en-390

hanced convection. During storm times, the plasmasphere is strongly eroded at all MLTs391

except for the dusk sector, where a bulge or plume is formed and extends further to the392

noon sector. Plasmaspheric bulge or plumes may form and extend to higher L-shells dur-393

ing storm time. However, in our 3D simulations using the PINE output, the plasmapause394

positions are averaged over MLT. This may lead to some overestimations of plasmapause395

positions during storm times, which can lead to an underestimation of the acceleration396

by chorus waves. In addition, our simulations in this study did not account for hiss waves397

in the plasmaspheric plume, which may cause some underestimations of losses.398

5 Summary and Conclusions399

The results of our study show that:400

1. The magnetopause shadowing effect plays an important role for dropout at higher401

L-shells. The last closed drift shell calculated using the TS07D magnetic field model402

can be used to simulate the magnetopause shadowing effect.403

2. The positions of the plasmapause plays an important role in the dynamic evolu-404

tion of radiation belt electrons, especially during geomagnetically quiet times.405

3. Flux measurements from GOES observations can be used to set up outer bound-406

ary conditions for the simulation of radiation belts. During times when the Van407

Allen Probes data is not available, we can still use measurements from GOES to408

set up outer boundaries and infer the radiation belt dynamics at lower L-shells.409

In future studies, we will test the usage of the innermost position of the plasma-410

pause and include plumes by changing the MLT percentage of chorus waves and hiss waves411

in different time steps of simulations. Additionally, 4D simulations including the MLT412
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dependence will be performed to check the effect of the MLT-dependent plasmapause413

positions and plasmaspheric plumes on the dynamic evolution of the radiation belts in414

detail.415

Acronyms416

GEM Geospace Environment Modeling417

QARBM Quantitative Assessment of Radiation Belt Modeling418

VERB-3D code 3-Dimensional Versatile Electron Radiation Belt code419

MLT Magnetic Local Time420

PP Plasmapause421

PSD Phase Space Density422

LCDS Last Closed Drift Shell423

FDC Full Diffusion Code424

PINE Plasma density in the Inner magnetosphere Neural network-based Empirical model425

NURD Neural-network-based Upper-hybrid Resonance Determination (NURD) algo-426

rithm427
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Figure 1. Particle observations and VERB simulations from September 7, 2013 to September

26, 2013 including both nonstorm GEM Challenge events (a nonstorm time enhancement event

on September 20, 2013 and a nonstorm time dropout event on September 24, 2013). (a) Particle

flux for 0.9 MeV, 50◦ pitch angle electrons from observations of Van Allen Probes, 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 PINE plasmasphere model (Zhelavskaya et al., 2017, 2018). (d)

Normalized difference between observations (shown in panel (a)) and simulations (shown in panel

(b)). (e) Normalized difference between observations (shown in panel (a)) and simulations (shown

in panel (c)). (f) Dst and Kp index during this period. The overplotted magenta lines in panels

(b)-(e) show the last closed drift shell. The overplotted black lines in panels (b)-(e) show the

plasmapause positions.
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Figure 2. Same format as Figure 1 but for the storm time dropout GEM challenge event (on

June 1, 2013) from May 25, 2013 to June 2, 2013.
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Figure 3. Same format as Figure 1 but for the storm time enhancement GEM challenge event

(on March 17, 2013) from Mar 15, 2013 to Mar 20, 2013.
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