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Abstract15

The dynamics of ring current electrons (1-100 keV) plays an important role in the near-16

Earth space weather. However, many questions regarding their major transport and loss17

mechanisms are still open. In this study, we use the four-dimensional Versatile Electron18

Radiation Belt code to model the enhancement of phase space density occurred during the19

17 March 2013 storm. Our model includes ring current electron convection, radial diffu-20

sion, and scattering into the Earth’s atmosphere driven by whistler-mode hiss and chorus21

waves. Our results show that electron transport from geostationary orbit to ∼3.5 RE is22

driven by large-scale electric and magnetic fields. More accurate models of subauroral po-23

larization streams and pitch-angle scattering may be required to explain the observations24

below ∼3.5 RE . This study is the initial step towards understanding the dynamics of these25

particles inside the geostationary orbit.26

1 Introduction27

The ring current electron population (energies from ∼1 to a few 100 keV) is an im-28

portant driver of the near-Earth space weather. The electrons may provide from 10 to29

25% of the ring current energy during storm times [Frank, 1967; Liu et al., 2005; Zhao30

et al., 2016], therefore contributing significantly to equatorial disturbances of the Earth’s31

magnetic field. The injections of ∼ 10 keV electrons in the inner magnetosphere during32

enhanced magnetospheric convection excite chorus waves [Hwang et al., 2007; Thorne,33

2010] that resonate with relativistic electrons in the radiation belts and provide an effec-34

tive mechanism of their pitch-angle scattering [Horne and Thorne, 2003; Albert, 2005; Sh-35

prits et al., 2008; Thorne, 2010] and local acceleration [Horne and Thorne, 1998; Summers36

et al., 1998; Horne et al., 2005; Li et al., 2007; Reeves et al., 2013]. Electrons of 1-10 keV37

energies can be deposited into protective shielding of satellites operating within the ring38

current region, cause surface charging, and ultimately damage satellite electronics [DeFor-39

est, 1972; Baker, 2000; Choi et al., 2011; Thomsen et al., 2013; Ganushkina et al., 2017].40

Despite the important role of the ring current electrons, their transport and loss processes41

within GEO remain poorly understood primarily due to the limited number of measure-42

ments. Only several years ago Van Allen Probes have opened up a whole new opportunity43

for quantitative tests of models and theory.44

It still remains unclear which mechanisms are responsible for the earthward transport45

of ring current electrons within GEO. It was suggested that the global dawn-dusk electric46
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field, driven by the dayside reconnection and antisunward magnetic field line convection,47

together with corotation-driven radial electric field define electron drift path in the inner48

magnetosphere [Kivelson and Southwood, 1975; Walker and Kivelson, 1975; Lyons and49

Williams, 1984]. Supporting this theory, Korth et al. [1999] found that lines demarcating50

enhanced electron flux at GEO match the Alfvén boundaries (the boundaries between open51

and closed drift trajectories) calculated using Volland-Stern global electric field model52

[Volland, 1973; Stern, 1975]. Using Polar data, Friedel et al. [2001] showed that electrons53

are organized by the Alfvén boundaries within GEO, shrinking and allowing deeper access54

of plasma during storm times.55

It was proposed that energetic electrons can be injected in the magnetotail during56

geomagnetically active times by substorm-related localized bursty bulk flows (BBFs) [An-57

gelopoulos et al., 1992, 1994; Runov et al., 2009, 2011]. Gabrielse et al. [2012] showed58

that the injections are driven by narrow channels of enhanced electric field associated with59

the BBFs. However, the efficiency of this transport mechanism to inject particles inside60

GEO has to be further investigated. Dubyagin et al. [2011] found that a significant fraction61

of flow bursts is unable to penetrate within 9 RE , and Ohtani et al. [2006] concluded that62

only a small portion of BBFs can reach geostationary distances. Further studies [Sergeev63

et al., 2012; Liu et al., 2016] established that many BBFs are not accompanied by particle64

injections. Liu et al. [2016] showed that only 20 of 71 events of dipolarization fronts de-65

tected within GEO between 1 November 2012 and 1 November 2013 were associated with66

energetic electron injections, typically not propagating closer than ∼6 RE .67

An increase in large-scale electric fields between L = 3 and L = 6, where L is McIl-68

wain L-shell, for moderate to active geomagnetic conditions (Kp > 3) was reported by69

Rowland and Wygant [1998]. They showed that during the strongest geomagnetic activity70

the enhanced electric fields can be observed inside L = 3. Later their results were con-71

firmed by Califf et al. [2014]. The enhancement was attributed to subauroral polarization72

streams (SAPS) [e.g. Foster and Burke, 2002; Foster and Vo, 2002], northward middle-73

latitude ionospheric electric fields that arise from the separation between earthward ion74

and electron plasma sheet boundaries [Southwood and Wolf , 1978] and usually pronounced75

in the evening sector. Yet initial steps were made in order to understand how SAPS af-76

fect electrons in the inner magnetosphere [Su et al., 2016; Califf et al., 2017; Lejosne et al.,77

2018], more comprehensive modeling studies including electron transport and loss pro-78

cesses are required.79
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Understanding the dynamics of the ring current electron population is a challeng-80

ing task since the electron distribution significantly depends not only on time and radial81

coordinate, as it is for the radiation belts, but also on magnetic local time (MLT). Multi-82

spacecraft measurements covering different MLT sectors are therefore required to observe83

the electron population in its global evolution. However, measuring this electron popu-84

lation is complicated by different external effects such as surface charging and contam-85

ination by photoelectrons and penetrating radiation (see Denton et al. [2017] and refer-86

ences therein). Numerical modeling helps us gain insight into the dynamics of ring cur-87

rent electrons under the scarcity of satellite measurements. Modern ring current mod-88

els include electron population along with positively charged ions. Among the widely89

used models are the Rice Convection Model (RCM) [Toffoletto et al., 2003; Lemon et al.,90

2004; Chen et al., 2015], Ring Current-Atmosphere interactions model (RAM) [Jordanova91

et al., 1996; Jordanova and Miyoshi, 2005; Jordanova et al., 2016], Comprehensive Inner-92

Magnetosphere Ionosphere (CIMI) model [Fok et al., 1999, 2011, 2014], Inner Magneto-93

sphere Particle Transport and Acceleration Model (IMPTAM) [Ganushkina et al., 2013,94

2014, 2015], and Hot Electron Ion Drift Integrator (HEIDI) [Liemohn et al., 2001; Ilie95

et al., 2012]. Recently, Shprits et al. [2015] developed the four-dimensional Versatile Elec-96

tron Radiation Belt (VERB-4D) code that simultaneously describes the dynamics of the97

ring current and relativistic radiation belt electrons in the prescribed electric and magnetic98

fields.99

All models typically face similar challenges in describing the dynamics of ring cur-100

rent electrons. The models require spatial boundary conditions which specify ring current101

source population originating from the plasma sheet, and electron loss rates due to local102

interaction with different plasma waves present in the inner magnetosphere. Some ring103

current models use boundary conditions that are set up in the plasma sheet beyond ∼9 RE ,104

using statistical plasma parameters in the magnetotail [e.g. Tsyganenko and Mukai, 2003;105

Dubyagin et al., 2016]. Describing electron population within GEO becomes then a com-106

plicated task since uncertainties associated with these boundary conditions are high and107

processes controlling electron loss and transport beyond GEO are still not well understood108

and quantified. Another approach that minimizes such uncertainties is to use observations109

at GEO, utilizing satellites operating in that region. However, interpolation between the110

L-shells and MLT at which measurements are available introduces large errors. Statis-111

tical models based on measurements [e.g. Denton et al., 2015, 2016] can provide MLT-112
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dependent electron flux at approximately the same L-shell. One approach, that is utilized113

in this study, is to perform ensemble modeling by using a variety of boundary conditions114

based on a statistical model within given uncertainty levels.115

In this study, we use the VERB-4D code to understand the mechanisms which con-116

trol transport of ring current electrons within GEO during the 17 March 2013 storm. In117

Section 2, we present Van Allen Probe measurements of the storm. We describe the mod-118

eling approach in Section 3. We show results in Section 4 and discuss them in Section 5.119

Section 6 summarizes our findings.120

2 Observations of the 17 March 2013 Storm121

Figure 1a-c shows five-minute averaged electron phase space density (PSD) for the122

first adiabatic invariant µ = 0.1, 2.3, and 9.9 MeV/G and second invariant K = 0.3 G1/2RE123

computed using combined Van Allen Probe-B Helium, Oxygen, Proton, and Electron124

(HOPE) Mass Spectrometer [Funsten et al., 2013] and Magnetic Electron Ion Spectrom-125

eter (MagEIS) [Blake et al., 2013] observations during 17 March 2013 geomagnetic storm.126

The apogee of the satellite is located at ∼1 h MLT, and the inbound satellite pass traverses127

the postmidnight and prenoon MLT sectors while outbound pass crosses postnoon and128

premidnight sectors. We used T04S [Tsyganenko and Sitnov, 2005] magnetic field model129

incorporated into the IRBEM library [Boscher et al., 2012] to calculate invariants µ and130

K from observed local pitch angles and energies. To determine values of µ we also uti-131

lized magnetic field measurements made by Electric and Magnetic Field Instrument Suite132

and Integrated Science (EMFISIS) [Kletzing et al., 2013] aboard the satellite. Since val-133

ues of µ and K vary along the satellite trajectory, we used bilinear interpolation to calcu-134

late PSD for given constant µ and K . The chosen values of the invariants approximately135

correspond to energies 0.3 keV, 9 keV, and 30 keV at GEO and 1 keV, 30 keV, and 100136

keV at L=4 (see Figure 2 illustrating energy and pitch angle dependence on the L-shell).137

The corresponding pitch angles vary from ∼34○ at GEO to 40○ at L=3, which ensures that138

Van Allen Probe data are available even if the satellite is significantly off the geomagnetic139

equator that can happen during active times. Figure 1d shows the Kp and SYM-H indices.140

The geomagnetic storm that occurred on 17 March 2013 was driven by coronal mass141

ejection that hit the Earth magnetosphere at 06:00 UT (see Lyons et al. [2016] for more142

details). In response to the storm, the Kp-index (Figure 1d) showed values above 6− for143
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18 hours, and SYM-H index (Figure 1d) reached −130 nT, indicating significant enhance-144

ment of the ring current. Ring current electrons were injected down to R0 = 2.5-3 RE ,145

showing the increase in the PSD until the main phase of the storm ended on ∼18 March146

(see Figure 1a-c). We note that R0 denotes here the distance from the center of the Earth147

to the point of the minimum magnetic field found along the field line at which the space-148

craft resides (for this, we used Olson and Pfitzer [1977] and IGRF [Thébault et al., 2015]149

magnetic field models). The recovery phase were characterized by the sharp decrease in150

0.1 and 2.3 MeV/G electron PSD and more gradual decrease in 9.9 MeV/G electron PSD.151

Yet the storm-time dynamics of electrons for considered values of µ and K may152

look similar, it can be driven by different energy-dependent mechanisms. Particles with153

half-drift period longer that the main phase of the storm have direct convective access154

to the ring current region [Lyons and Williams, 1980]. The higher-energy particles have155

shorter drift periods and more efficiently interact with electric field fluctuations which lead156

to the inward displacement driven by radial diffusion [Cornwall, 1968; Lyons and Schulz,157

1989]. Lyons and Schulz [1989] showed that particles with energies ⪆ 40 keV are closer to158

diffusive access while ⪅ 40 keV particles have convective access.159

3 Model Description160

We use the VERB-4D code to model the dynamics of ring current electrons. The161

code solves the modified Fokker-Planck equation with additional advection terms [Shprits162

et al., 2015; Aseev et al., 2016]. It allows simultaneously modeling ring-current and radi-163

ation belt dynamics by combining electron drift, radial diffusion, pitch-angle and energy164

diffusion and loss processes that can be parameterized with the lifetime τ (e.g. magne-165

topause shadowing is accounted by setting up τ to 1
2 drift period and loss to the atmo-166

sphere is accounted by setting up the lifetimes withing the loss cone to 1
4 bounce time):167

∂ f
∂t

= −⟨vϕ⟩∂ f
∂ϕ

− ⟨vR0⟩
∂ f
∂R0

+ 1
G

∂

∂L∗
G⟨DL∗L∗⟩ ∂ f

∂L∗
+

+ 1
G

∂

∂V
G (⟨DVV ⟩ ∂ f

∂V
+ ⟨DVK⟩ ∂ f

∂K
) + 1

G
∂

∂K
G (⟨DKV ⟩ ∂ f

∂V
+ ⟨DKK⟩ ∂ f

∂K
) − f

τ
,

(1)

where f is the PSD, t represents time, ϕ is MLT, R0 is the radial distance to a given point168

in the geomagnetic equator, V , K and L∗ are modified adiabatic invariants [Subbotin and169

Shprits, 2012], τ is electron lifetime related to scattering into the loss cone and magne-170

topause shadowing, ⟨vϕ⟩ and ⟨vR0⟩ are bounce-averaged drift velocities, ⟨DL∗L∗⟩, ⟨DVV ⟩,171

⟨DVK⟩, ⟨DKV ⟩ and ⟨DKK⟩ are bounce-averaged diffusion coefficients, G = −2πB0R2
E

√
8m0V/(K+172
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0.5)3/L∗2 is the Jacobian of coordinate transformation from adiabatic invariants (µ, J,Φ)173

to (V,K, L∗) [Subbotin and Shprits, 2012], B0 is the field at the equator at the Earth’s sur-174

face, m0 is electron rest mass.175

The spatial boundaries are set up at R0 = 1 and 6.6 RE , with 0.5 h and 0.2 RE grid176

steps in MLT and radial distance, respectively. To construct a grid in V and K, we create177

a logarithmic grid in energy and pitch angles limited by 200 eV and 30 keV and 0.7○ and178

89.3○ at GEO with 60 nodes in energy and 61 nodes in pitch angle. Adiabatic invariants179

are then calculated on this grid, using the dipole field model. We choose these energy180

limits at GEO to fit in the statistical boundary condition model described below.181

To model the enhancement of PSD during the main phase of the storm, we set up182

initial conditions from Van Allen Probe-B inbound pass started at ∼ 20 ∶ 00 UT 16 March183

and ended at midnight on 17 March. We use PSD derived from HOPE and MagEIS mea-184

surements, assume symmetry in MLT, and assign the calculated initial conditions to 20 ∶185

00 UT 16 March. Boundary conditions in MLT are periodic. At the lower boundary R0186

= 1 RE , we assume zero PSD since all particles are lost to the atmosphere. To specify187

the outer boundary at R0 = 6.6, we use the statistical model of electron fluxes developed188

by Denton et al. [2016]. The model is based on 82 satellite-years of observations at GEO189

made by magnetospheric plasma analyzer instruments onboard Los Alamos National Lab-190

oratory satellites. The model provides spin-averaged electron fluxes as a function of en-191

ergy, MLT and the Kp index and covers energy range from ∼40 eV to 40 keV at GEO.192

Along with the mean and median values of the fluxes, 5th, 25th, 75th, and 95th percentile193

limits are also given. To obtain directional flux from the spin-averaged flux, we assume its194

sinusoidal dependence on the pitch angle.195

We take into account electron scattering driven by hiss and chorus waves by using196

parameterized electron lifetimes included in the parameter τ instead of local diffusion197

terms (fourth and fifth terms on the right-hand side of equation (1)). In this case, bound-198

ary conditions in the invariants V and K are not required since there is no feedback from199

local diffusion terms. We use the MLT-averaged model of electron lifetimes within the200

plasmasphere developed by Orlova et al. [2016]. Outside the plasmasphere, we utilize the201

MLT-dependent scattering rates obtained by [Gu et al., 2012]. The plasmapause location is202

calculated, using Carpenter and Anderson [1992] model.203
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We use realistic Tsyganenko [1989] (T89) mangetic field model and Weimer [2005]204

(W05) polar cap potential model to calculate electron E×B and gradient-curvature drift205

velocities at the geomagnetic equator. The polar cap potential is mapped along the equipo-206

tential dipole field lines down to the geomagnetic equator. At the equator, the electric207

field is numerically calculated, using central differencing scheme. Compared to commonly208

used Kp-driven Volland-Stern electric field model, W05 model is parameterized with solar209

wind parameters that ensures more realistic variability of the global electric field, naturally210

driven by the dayside reconnection. In the current work, we feed 15-minute averaged solar211

wind parameters to the W05 model.212

We utilize Kp-parameterized radial diffusion rates by Brautigam and Albert [2000].213

We note that similar results are obtained with Ozeke et al. [2014] parameterization. To214

simultaneously account for the direct convective access and diffusive access of electrons215

to the ring current region, we smoothly zero out the diffusion rates for electron energies216

smaller than the threshold of 40 keV proposed by Lyons and Schulz [1989].217

4 Results218

We begin the simulation at 20:00 UT on 16 March 2013 with a time step of 15 min-219

utes. We stop the simulation at 00:00 UT on 18 March 2013 to model the storm-time en-220

hancement of PSD across the given range of energies. We then interpolate the global dis-221

tribution of PSD provided by the VERB-4D code along the Van Allen Probe-B trajectory,222

using linear interpolation in time, radial distance, and MLT. The target values of µ and223

K invariants to compare with satellite data were chosen to match the corresponding grid224

values of the VERB-4D code.225

Figure 3 shows the comparison between the Van Allen Probe-B data and our results226

for µ = 0.1, 2.3, and 9.9 MeV/G and K = 0.3 G1/2RE for the outer radial boundary con-227

ditions computed using the mean value of Denton et al. [2015] statistical flux distribution.228

Each colorcoded column corresponds to one satellite pass, and the left edge of the column229

corresponds to the time of the beginning of the pass. The results for the first two satellite230

passes, which started at 20:00 UT on 16 March and 00:00 UT on 17 March, remember231

the information from initial conditions obtained from the data, thus approximately match-232

ing the measurements. The storm-time enhancement of PSD along the next satellite pass233

is generally reproduced in the model down to R0 = ∼3.5 RE for all considered adiabatic234
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invariants. For this satellite pass, the VERB-4D results below R0 = 3.5 RE show PSD235

values lower than observations below R0 = 3.5 RE for µ = 0.1 MeV/G and higher values236

for µ = 2.3 MeV/G. The results for the subsequent modeled satellite passes approximately237

match the observed radial extent of the ring current electron PSD for all considered adi-238

abatic invariants. The modeled PSD profiles for µ = 0.1 MeV/G agree rather well with239

the Van Allen Probe-B observations. The enhancements of electron PSD occur at similar240

times as seen in data. The inner extent of the PSD profiles and the magnitude of the en-241

hancements are also similar. The PSD profiles for µ = 2.3 MeV/G electrons approximately242

match the radial structure of the measurements above R0 = 4 RE and show overestimation243

near the inner edge between 3 and 4 RE . The increase in µ = 9.9 MeV/G PSD profiles244

is also reproduced with the PSD values generally slightly lower than the observed values.245

Comparison of the VERB-4D code results with the Van Allen Probe-A data is shown in246

Supplementary Figure 1. Both satellites show similar evolution of electron PSD and the247

code results interpolated along their trajectories have similar features (compare Figure 3248

and Supplementary Figure 1).249

To study the sensitivity of the simulation to the boundary conditions and provide ap-250

proximate confidence interval of the model, we also perform simulations with 5th, 25th,251

75th, and 95th percentiles of statistical distribution of electron flux at GEO [Denton et al.,252

2015]. Figure 4 presents PSD profiles for µ = 0.1, 2.3, and 9.9 MeV/G and K = 0.3 G1/2RE253

together with percentile limits for three subsequent satellite passes starting at 09:00 on254

17 March. The figure shows that most of the time satellite data are within the percentile255

limits, generally showing better agreement above R0 = 3.5 RE across all adiabatic invari-256

ants. Note that PSD varies by up to 4 orders of magnitude and the model covers rather257

well this variability within the confidence interval. Below 3.5 RE µ = 0.1 MeV/G electron258

PSD profiles diverge from simulation results, demonstrating deeper earthward displace-259

ment by approximately 0.3 RE for the satellite pass that started at 09:00 (Figure 3a) and260

lower PSD values for the next pass (Figure 3b), underestimating the inner boundary by ap-261

proximately 0.3 RE . The results for 2.3 MeV/G are generally higher than the data for the262

first two presented satellite passes between 3 and 4 RE , yet the satellite observations show263

much better agreement at others radial distances. The values and shapes of PSD profiles264

for µ = 9.9 MeV/G are very close to the 25th and 75th percentile limits across all radial265

distances. Supplementary Figure 2 shows the comparison between data and the results for266

mean boundary conditions, 5th and 95th percentiles for the whole modeled period.267
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5 Discussion268

Generally good agreement between magnitude and shape of the modeled PSD pro-269

files and Van Allen Probe observations for µ = 0.1, 2.3, and 9.9 MeV/G electrons within270

GEO indicates that the storm-time transport of the particles down from GEO is primar-271

ily driven by the global-scale electric and magnetic fields and other mechanisms are not272

required to explain the general structure of electron transport from GEO to ∼3.5 RE . We273

note that 0.1 and 2.3 MeV/G electrons have direct convective access into the ring current274

region while 9.9 MeV/G particles have higher energies that require radial diffusion to re-275

produce the extent of the injections. Figure 5 shows that the inner boundary of the ring276

current electron distribution of 9.9 MeV/G electrons is significantly higher at the begin-277

ning of the storm for the simulation when radial diffusion is neglected while the results278

for µ = 0.1 and 2.3 MeV/G are the same for simulations with and without radial diffusion.279

Ensemble simulations help us estimate model uncertainties related to boundary con-280

ditions. Figure 4 shows that the Van Allen Probe observations are almost all the time281

within the uncertainty limits above ∼3.5 RE . Results of the simulations driven by 75th282

and 95th percentiles of boundary condition fluxes mostly overestimate data above ∼3.5 RE283

which indicates that the agreement between the results and data is not achieved due to ar-284

tificially included injections in the overestimated boundary conditions. Note that the model285

error of the simulation driven by the mean outer spatial boundary conditions is typically286

small between 5 and 6 RE (see Figure 4). This fact suggests that the bigger differences287

between simulation results below are not related to the transport from plasma sheet and288

can be driven by inaccuracies in loss or transport processes in the inner magnetosphere.289

We also note that the used percentile values provide estimates of confidence interval for290

boundary conditions since they also contain an uncertainty associated with the conversion291

from spin-averaged to directional flux. The confidence interval-type estimates are espe-292

cially helpful in validating model results with data for low-energy particles because of293

their complicated MLT-dependent dynamics affected by a number of parameters (e.g. elec-294

tron loss rates, electric and magnetic field models, and boundary conditions).295

The discrepancy of the model and measurements below ∼3.5 RE can be explained296

by uncertainties in electron loss rates or by the fact that SAPS electric fields are not taken297

into account in the model. To estimate an effect of SAPS, we performed a simulation with298

the included Kp-dependent model of SAPS, using the approach developed by Goldstein299
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et al. [2005]. Figure 6 shows the results in the same format as Figure 4. The overall effect300

of the SAPS is not pronounced: µ = 0.1 MeV/G PSD profiles show stronger underestima-301

tion around 3.5 RE at 13:30 UT, and µ = 2.3 MeV/G are propagated slightly closer to the302

Earth.303

One potential reason for the difference between our model and data is inaccuracies304

in the electron loss parameterization. To more accurately model pitch angle scattering,305

utilizing local diffusion coefficients calculated using MLT-dependent wave models is re-306

quired. Currently such models for chorus waves are not available, and they need to be307

developed in the future. We also note the importance of the plasmasphere model that sep-308

arates hiss and chorus wave-driven scattering of electrons. Uncertainty in the demarcation309

boundary between the regions dominated by different wave models and different plasma310

conditions introduces additional uncertainty in the simulations. More advanced MLT-311

dependent models (e.g. derived from neural network-based model of plasmasphere [e.g.312

Zhelavskaya et al., 2017]) will be included in our future studies.313

6 Summary314

In this study, we modeled storm-time enhancement of ring current electron PSD315

during 17 March 2013 storm. Our model includes magnetospheric convection driven by316

global magnetic and electric fields, radial diffusion, and electron scattering rates due to in-317

teraction with whistler-mode hiss and chorus waves. Our results showed that global mag-318

netic and electric fields control the earthward transport of the electrons, and additional319

mechanisms are not required to explain the general dynamics of the electrons from GEO320

into the ring current region. We note that additional mechanisms such as dipolarization321

fronts, double layers, and other types of localized electric field-induced transport may turn322

out to be dominant beyond GEO. These mechanisms may also potentially contribute to323

injections inside GEO but will not dominate over convective transport and wave-induced324

loss. We demonstrated that the Van Allen Probe data are mostly within the uncertainties325

associated with the outer radial boundary conditions above 3.5 RE . The discrepancies of326

the VERB-4D results and data below 3.5 RE may be associated with the inaccuracies of327

the electron lifetime model or with the neglect of SAPS electric fields. We tested simplest328

SAPS model [Goldstein et al., 2005] but its effect on the considered electron energy range329

did not appear to be significant. This study presents the initial step towards understanding330

the complicated transport and loss processes of low-energy electrons within GEO. The fu-331
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ture extension of this study will include modeling of lower energy electrons, improvement332

of loss model, and understanding of the contribution of localized electric fields beyond333

GEO.334
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Figure 1. (a-c) Van Allen Probe-B observations of electron PSD for µ = 0.1, 2.3, and 9.9 MeV/G and K =

0.3 G1/2RE during 17 March 2013 storm. (d) The Kp (green) and SYM-H (red) indices.
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Figure 2. Energies and pitch angles corresponding to different values of the first adiabatic invariant µ. The

second invariant K = 0.3 G1/2RE is constant. The energies and pitch angles are calculated using dipole field.
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Figure 3. Comparison of the Van Allen Probe-B PSD (left column) with the VERB-4D code results (right

column) for µ = 0.1, 2.3, and 9.9 MeV/G and K = 0.3 G1/2RE . The figure represents an in-situ comparison,

made at the location of the spacecraft. The mean boundary flux is used.
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Figure 4. Comparison between Van Allen Probe-B data (dashed lines) with the VERB-4D code results

(solid lines) for µ = 0.1 MeV/G (a-c), 2.3 MeV/G (d-f), and 9.9 MeV/G (g-i). Columns correspond to satellite

passes started at 09:00, 13:30, and 18:00 UT on 17 March (from left to right). The dark-grey regions are lim-

ited by 25th and 75th percentiles of the outer radial boundary conditions. The light-grey regions are limited

by 5th and 95th percentiles.

640

641

642

643

644

Figure 5. Comparison of the Van Allen Probe-B PSD (left column) with the VERB-4D code results (right

column) for µ = 0.1, 2.3, and 9.9 MeV/G and K = 0.3 G1/2RE when radial diffusion is not included in the

simulation. The mean boundary flux is used.
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Figure 6. Comparison between Van Allen Probe-B data (dashed lines) with the VERB-4D code results

(solid lines) for µ = 0.1 MeV/G (a-c), 2.3 MeV/G (d-f), and 9.9 MeV/G (g-i) when SAPS model is included

in the simulation. Columns correspond to satellite passes started at 09:00, 13:30, and 18:00 UT on 17 March

(from left to right). The dark-grey regions are limited by 25th and 75th percentiles of the outer radial bound-

ary conditions. The light-grey regions are limited by 5th and 95th percentiles.
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