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Abstract During the July 2000 geomagnetic storm, known as the Bastille Day storm, Solar, Anomalous,
and Magnetospheric Particle Explorer (SAMPEX)/Heavy Ion Large Telescope (HILT) observed a strong
injection of ~1MeV electrons into the slot region (L~ 2.5) during the storm main phase. Then, during the
following month, electrons were clearly seen diffusing inward down to L=2 and forming a pronounced split
structure encompassing a narrow, newly formed slot region around L=3. SAMPEX observations are first
compared with electron and proton observations on HEO-3 and NOAA-15 to validate that the observed
unusual dynamics was not caused by proton contamination of the SAMPEX instrument. The time-dependent
3-D Versatile Electron Radiation Belt (VERB) simulation of 1MeV electron flux evolution is compared with the
SAMPEX/HILT observations. The results show that the VERB code predicts overall time evolution of the
observed split structure. The simulated split structure is produced by pitch angle scattering into the Earth
atmosphere of ~1MeV electrons by plasmaspheric hiss.

1. Introduction

It had beenwell accepted in the past decades that the Earth's electron radiation belts exhibit a two-zone struc-
ture, namely the inner (L< 2) andouter zones (3.5< L< 8)with an empty slot region in between. Theouter belt
is produced by inward radial diffusion [Kellogg, 1959] and local acceleration [Summers et al., 1998; Horne and
Thorne, 1998]. Lyons and Thorne [1973] modeled the inward radial diffusion in terms of the third invariant in
phase space density and loss due to pitch angle scattering by the plasmaspheric hiss. When phase space den-
sity was converted into fluxes, the model results appeared to be very similar to that observed by Explorer 45
two-zone structure. The inner electron belt was produced by the balance of very slow radial diffusion and slow
loss in the high-density region of the inner zone. Observations by the Van Allen Probes [Fennell et al., 2015]
showed that in 2012–2015, the fluxes of > 800 keV electron were negligible in the inner belt, indicating that
most likely the radial diffusion rates assumed by Lyons and Thorne [1973] were unrealistically high. While the
quiet structure can be modeled by a simple steady state radial diffusion with loss, during active times outer
radiation belt fluxes can vary up to several orders of magnitude on time scales ranging from hours to weeks.
The general structure of the ~1MeV outer electron belt observed in Combined Release and Radiation Effects
Satellite (CRRES) has been modeled with the Versatile Electron Radiation Belt (VERB) code [Shprits et al., 2008,
2009; Subbotin and Shprits, 2009; Subbotin et al., 2010]. Comparison of the long-term simulations with CRRES
observations [Subbotin et al., 2011a; Kim et al., 2011a; Kim and Shprits, 2013] showed that the code including
inward and outward radial diffusion due to ultralow frequency waves, pitch angle, energy, andmixed scatter-
ing was capable of reproducing the general dynamics of the outer belt, location of the inner and outer bound-
ary of the radiation belts, and evolution of the peaks in phase space density produced by energy diffusion.

Extreme events and comparison with multienergy observations provide additional challenges for the
models and provide a chance to validate the code and may reveal new physical processes. The Solar,
Anomalous, and Magnetospheric Particle Explorer (SAMPEX) observed a filling of the initially empty slot
region for 2–6MeV electrons and even into the inner belt (L< 2.0) during the “Halloween” storm in 2003
[Baker et al., 2004]. The unusual behavior of the outer belt during October–November 2003, when the outer
belt was formed inside a slot region, was modeled using 1-D in energy code [Horne et al., 2005], 2-D in
energy and pitch angle code [Shprits et al., 2006a], and 3-D in radial distance pitch angle and energy code
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[Shprits et al., 2011]. Simulations showed that local acceleration can play a dominant role for the formation
of the outer belt.

Simulationsof thedynamicsof remnantbelts [Baker etal., 2013;Turner etal., 2013]atmulti-MeVenergies [Shprits
et al., 2013] showed that while dynamics of< 2MeV electrons was well reproduced by the VERB code, electro-
magnetic ion cyclotron (EMIC) wave scattering was required to reproduce deep dropouts at energies above
~4MeV. More recently, Drozdov et al. [2015], using long-term modeling and comparison with Van Allen
Probes observations, showed that EMIC waves provide significant scattering for ultrarelativistic electrons
(>4MeV) even during relatively quiet conditions. Observations of relativistic electrons during March 1991 on
CRRES revealed another acceleration mechanism when relativistic electrons were injected into L=3 during
thepassageof interplanetaryshock [Blakeetal., 1992;Li etal., 1993];however, it is inappropriate toconclude that
theobservations arebasedonly onelectronsbecauseof contaminationbyprotons at L< 2.9 [Brautigam, 2002].

In this study, we report the unusual dynamics of 1MeV electrons, i.e., a pronounced injection into the slot
region (L< 2) and followinga two-zone split structure, seenby theHeavy IonLargeTelescope (HILT) instrument
onboard SAMPEXduring the July 2000geomagnetic storms, in particular the so-calledBastilleDay Solar Storm.

The paper is organized as follows. In sections 2 and 3, we present the behavior of relativistic electrons and
protons measured on the SAMPEX, HEO-3, and NOAA-15 satellites. Then, in section 4, we perform a compar-
ison between model results and SAMPEX observations for 1MeV electrons. A summary and conclusions are
given in section 5.

Figure 1. (top to bottom) Evolution of solar wind parameters VSW (km/s), PSW (nPa), IMF BZ (nT), geomagnetic indices Dst
(nT), and Kp and 12 h average fluxes of the 1MeV electrons, measured by the SAMPEX/HILT instrument for the time period
between 10 July 2000 and 14 August 2000. The location of the plasmapause (white line) is also plotted, calculated following
Carpenter and Anderson [1992]: 5.6–0.46 × Kpmax24, where Kpmax24 is the maximum Kp value in the preceding 24 h.
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2. SAMPEX Observations

Figure 1 (bottom) shows the evolution of 1MeV electron fluxes observed by the SAMPEX/HILT instrument
starting on 10 July 2000, with solar wind and interplanetary magnetic field (IMF) parameters (speed VSW,
dynamic pressure PSW, and north-south component of IMF) and geomagnetic indices (Dst and Kp). During
the main phase of the Bastille Day geomagnetic storm (14/15 July 2000), electrons were injected into the slot
region (L~ 2.5) and after that were slowly diffusing inward down to L= 2. Note that the dynamics of the
injected electrons in the center of the inner belt cannot be studied due to severe proton contamination of
the HILT instrument. Another interesting fact is that the split structure encompassing a narrow, newly formed
slot region around L= 3 becomes steadily more pronounced after the storm fully recovered (20 July 2000)
and persisted for a month until another strong storm occurred with a Dst reaching a value of <�200 nT
on 12 August 2000. Losses in the slot region (2.5< L< 3.0) that resides inside the plasmasphere (indicated
by a white line) occur on a timescale of several days, which corresponds to that of electron scattering by plas-
maspheric hiss [Abel and Thorne, 1998a; Selesnick et al., 2003; Meredith et al., 2007].

Particle measurements by the other SAMPEX sensor, proton/electron telescope (PET) [Cook et al., 1993], are
also presented in Figure 2 for the same time interval as in Figure 1. Figures 2a and 2b show flux variations,
respectively, measured by P1 channel (>400 keV electrons) and PLO (19–27MeV protons) in the PET. The
PET P1 measurements show similar behavior to those seen by the HILT instrument. What is more notable,
however, is not only a deeper injection into the region of L< 2.5 but also a less pronounced two-zone split
structure. By comparing with PET PLO proton data, we can confirm that there is no significant proton contam-
ination in P1 data for the period studied here, except for 16–18 July, possibly suggesting that the flux mea-
sured in PET instrument is electrons. The measurements by SAMPEX/HILT will be further validated using
electron and proton observations on HEO-3 and NOAA-15 in the next section. In this study, we only focus
on the 1MeV electron dynamics observed by the HILT instrument. Thus, unless otherwise stated herein,
SAMPEX observations denote those by the HILT instrument shown in Figure 1.

3. Supporting Observations
3.1. HEO-3 Observations

In this section, we present the evolution of electron and proton fluxes seen by the HEO-3 satellite in order to
provide good evidence that solar protons do not contaminate the electron observations made by SAMPEX.
Figure 3 shows six energy channels, three for electrons (Ee), > 0.5, > 1.5, and > 3MeV and three for protons
(Ep), > 8, > 16, and > 25MeV. Note that Ee> 0.5MeV and Ep> 8MeV are the same detector with a different

Figure 2. Flux variations measured during the same time interval as in Figure 1 by the SAMPEX/PET P1 channel
((a) >0.4 MeV electrons) and PLO ((b) 19–27MeV protons). The data are binned in 0.2 L values and averaged over 12 h.
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electronic threshold, likewise for Ee> 1.5MeV and Ep> 16MeV, and Ee> 3MeV and Ep> 25MeV. This
means that when energetic protons are around, they factor in the electron channels, but if the electrons
are much more abundant, the proton's influence on count rates is negligible.

Sudden flux enhancements down to L=3 in all energy channels of both electrons and protons are evident
during the main phase of the storm, but the electron fluxes are sufficiently higher than those of protons.
Except for 14 and 15 July 2000, significant proton fluxes were not seen over all L values, especially after
the storm fully recovered where the low-orbiting SAMPEX saw the split structure, as described in section 2.
It is clear that the dynamics on the electron channel on SAMPEX and HEO are very different from protons
on HEO. HEO Ee> 0.5MeV channel shows a split structure, which is very similar to SAMPEX/HILT observations
but is not observed at energies above 1.5MeV. The observations suggest that there is a threshold energy
above which a split structure becomes less pronounced.

For a detailed analysis of the effect of proton contamination, line plots of both electrons and protons around
the onset time (14 July 2000) of the storm are presented in Figure 4 (left and right) during the outbound pass
and inbound pass of the HEO orbit, respectively. Figure 4 (left) shows that high-energy protons are followed
later by lower energy protons. This is the hallmark of an energetic, well-connected event [Reames, 1999;

Figure 3. (first to third panels) Electron flux as a function of L and time measured on HEO-3 for energies > 0.5, > 1.5, and
> 3MeV and (fourth to sixth panels) proton flux for energies> 8,> 16, and> 25MeV in the same time interval as Figure 1.
Data are averaged over half a day and 0.1 L bins.
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Ji et al., 2014]. The high-energy protons arrive first but do not trigger the proton channels because their elec-
tronic energy loss (dE/dx) is too small to trigger. Figure 4 (right) shows that after 18:30 UT, the relativistic
electron peaks with higher fluxes than those of protons are nicely seen inside of the proton cutoff around
L~4, which provides good support for the electron data not being significantly contaminated by protons.
These results confirm the conclusion from Figures 3 and 4 that the SAMPEX electron observations are not
contaminated by protons.

3.2. NOAA/POES Observations

The NOAA/POES spacecraft orbit the Earth with a Sun-synchronous, near-polar orbit at an altitude of
~ 800–850 km, slightly higher than the SAMPEX's altitude. The SEM (Space Environment Monitor) instrument
package on board the NOAA/POES contains solid-state detector telescopes that measure energetic electrons
in the energy range 30–2500 keV and protons in the energy range 30–6900 keV [Evans and Greer, 2004]. In
SEM, the 0° and 90° telescopes are almost orthogonally mounted, with the 0° telescope oriented along the
local zenith. Hence, at low latitudes, the 0° telescope measures quasi-trapped particles and the 90° telescope
measures precipitating particles, and vice versa at high latitudes. The NOAA-15 P6 proton telescope responds
to > 6.9MeV protons as well as the > 1MeV electrons it was intended to measure, while its P5 proton tele-
scope exclusively responds to 2.5–6.9MeV protons [Miyoshi et al., 2008; Sandanger et al., 2009]. Therefore,
simultaneous comparisons between the two telescopes make it possible to check whether or not the P6
channel measurements contain high-energy protons. Figures 5a and 5b show measurements from the 0°
and 90° telescope, respectively, of the P5 channel. Figures 5c and 5d show measurements from those of
the P6 channel. The measurements from the P5 channel show quite different features from those of the P6
channel: (1) no significant count rates in the P5 channel are present for the entire considered time interval,
except for the onset time of the storm (14/15 July), in comparison with the P6 channel; and (2) the P6 channel
measures many more count rates than those of P5 channel during 14 July. The comparison thus implies that
the NOAA-15 P6 proton channel mostly measured>1MeV electrons for the whole interval. Figure 5b shows a
weak flux of 2.5–6.9MeV protons above approximately L=2. However, a somewhat lower flux exists prior to
the injection, and neither SAMPEX nor NOAA-15 P6 sees the prior population, once again indicating that
electron measurements on SAMPEX and NOAA-15 are not contaminated by protons.

The electron measurements show similar behavior to those seen by SAMPEX and HEO, although only one of
two orthogonal telescopes, the 90° telescope (Figure 5d), detects a faint particle injection into the inner zone
at L< 2. The NOAA/POES observations serve to validate our argument that the SAMPEX observations are not
significantly contaminated by energetic solar protons.

4. Comparison of Simulations With SAMPEX Observations

We have shown above the unusual dynamics of 1MeV electrons by SAMPEX and validated those by HEO-3
and NOAA-15 during the Bastille Day geomagnetic storm. Now, in order to understand how the split structure
around L~ 3, observed on the low-orbiting SAMPEX and shown in the previous section, can be formed, we

Figure 4. Comparison of electron (>0.5,> 1.5, and> 3MeV) and proton (>8,> 16,> 25MeV) channels measured on HEO-
3 around the onset time of the Bastille Day event (14 July 2000) during its (left) outbound pass and (right) inbound pass.
Note that outbound pass and inbound pass start at UT ~ 8:00 and ~ 14:00, respectively.
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run the University of California, Los Angeles 3-D VERB code [Shprits et al., 2008; Subbotin and Shprits, 2009;
Subbotin et al., 2010], which solves the modified Fokker-Planck diffusion equation [Schulz and Lanzerotti,
1974; Shprits et al., 2009] as follows:
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where f is the electron phase space density (PSD); y is the sine of equatorial pitch angle; p is the particle's rela-
tivistic momentum; T(y) = 1.3802–0.3198 (y+ y1/2) [Lenchek et al., 1961]; DLL is the radial diffusion coefficient;
hDyyi, hDppi, and hDpyi(=hDypi) are the bounce- and magnetic local time-averaged pitch angle, momentum,
and mixed momentum-pitch angle diffusion coefficients, respectively; τ is a characteristic electron lifetime,
equal to a quarter electron bounce period inside the loss cone and assumed to be infinite outside the loss
cone. The Kp-dependent radial diffusion coefficient produced by electromagnetic field perturbation is
adopted from Brautigam and Albert [2000]:

DLL Kp; Lð Þ ¼ 10 0:506Kp�9:325ð ÞL10 day�1
� �

: (2)

This is valid for Kp ≤ 6; however, in this study, the parameterization is extrapolated and is used for all Kp values.
Radial diffusion rates by electrostatic wave fluctuations are not taken into account for our simulation due to
their inaccurate dependence of radial diffusion coefficients at lower L shell [Kim et al., 2011a; Ozeke et al.,

Figure 5. NOAA-15 particle data during the same time interval as in Figure 1, taken from (a and b) the 0° and 90° telescopes
of P5 energy channel that measures 2.5–6.9 MeV protons, and from (c and d) the 0° and 90° telescopes of P6 energy channel
that measures > 6.9 MeV protons and > 1MeV electrons. Data are averaged over a day, 0.1 L bins, and given in units of
counts per seconds.
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2012]. The wave parameters for dayside and nightside chorus and plasmaspheric hiss are presented in
Table 1. Based on the parameters in Table 1, the bounce-averaged diffusion coefficients are computed in
the centered dipole field model using a quasi-linear approach of Glauert and Horne [2005] and Albert
[2005] for the Landau n= 0 and n ≤±5 cyclotron resonances for dayside and nightside chorus, and for differ-
ent resonance numbers depending on energy for plasmaspheric hiss following Mourenas and Ripoll [2012].
Our code uses the method of Orlova and Shprits [2011] for bounce averaging and integration of uncertainties
at mirror points.

The initial conditions are obtained by solving the steady state solution for the radial diffusion equation with a
10 day lifetime and Kp= 2. The boundary conditions used for this simulation are summarized in Table 2. The
numerical grid is 31 × 101 × 101, uniform in L and logarithmic in both pitch angle and energy. The PSD varia-
tion at the outer boundary (L= 7) is based on half-day averaged fluxes derived from SAMPEX/HILT 1MeV at
L=5.5, which is applied to L= 7 due to the reason that L= 7 is likely to be located near the last closed drift
path for the simulation interval; thus, boundary fluxes taken at L= 7 cannot properly account for the source
population at the outer L boundary. We use an exponential fit of the energy spectrum of fluxes given by
Shprits et al. [2006b] as energy-dependent electron distribution at the outer boundary (L=7). Following
previous studies [e.g., Subbotin and Shprits, 2009; Shprits et al., 2009] we scale the energy-dependent PSD
by multiplying an energy-independent scaling factor which varies in time. The time-dependent scaling factor
is defined as the ratio between the SAMPEX/HILT measurements of 1MeV electron fluxes over simulation
time and the average value of the measurements. We expect that boundary condition derived from the
equatorial electron measurements does not make a significant difference in the physical process of produ-
cing the split structure in the simulation results below due to the fact that there is the correspondence
between the temporal variations of flux in low-altitude orbit and in the equatorial plane [Baker et al., 1994].
We set PSD at the low-energy boundary (10 keV) to be constant, which is obtained by solving the steady state
radial diffusion equation used as initial condition. This is based on the fact that the MeV fluxes are relatively
insensitive to the fluxes at the low-energy boundary adopted in this study because the first adiabatic invar-
iant corresponding to the energy at the low-energy boundary is too low to provide the seed population for
MeV fluxes [Subbotin et al., 2011b]. However, the higher-energy and time-dependent fluxes at the low-energy
boundary can lead to significant changes in the MeV fluxes [e.g., Tu et al., 2014], which will be pursued in
future. The PSD outside the last closed drift path is set to zero to include the magnetopause shadowing effect

Table 1. Adopted Wave Parameters

Type of Wave Bw (pT) λmax Density Model
MLT Distribution
of Wave Power

Wave Spectral
Properties

Distribution in
Wave Normal

Chorus day 100.75 + 0.04λ(2 × 100.73 + 0.91Kp)0.5/57.6
Kp ≤ 2+

100.75 + 0.04λ(2 × 102.5 + 0.18Kp)0.5/57.6
2+ < Kp ≤ 6

35° Sheeley et al. [2001] 6–12 MLT ωm/Ωe = 0.2
δω/Ωe = 0.1
ωuc/Ωe = 0.3
ωlc/Ωe = 0.1

θm= 0°
δθ = 30°
θuc = 45°
θlc = 0°

Chorus night 50(2 × 100.73 + 0.91Kp)0.5/57.6
Kp ≤ 2+

50(2 × 102.5 + 0.18Kp)0.5/57.6
2+ < Kp ≤ 6

15° Sheeley et al. [2001] 0–6 MLT ωm/Ωe = 0.35
δω/Ωe = 0.15
ωuc/Ωe = 0.65
ωlc/Ωe = 0.05

θm= 0°
δθ = 30°
θuc = 45°
θlc = 0°

Plasmaspheric hiss Orlova et al. [2014] 45° Denton et al. [2004, 2006] 6–21 MLT fm= 550 Hz
δf = 300 Hz
fuc = 2000 Hz
flc = 100 Hz

Thorne et al. [2013]

Table 2. Boundary Conditions Used for This Study

Boundary Conditions Explanation

Lmin = 1 f = 0 Losses to the atmosphere
Lmax = 7 f = f(t) SAMPEX/HILT observations at L = 5.5
αmin = 0.3o f = 0 Empty loss cone in the weak diffusion regime
αmax = 89.7° df/dα = 0 Flat pitch angle distribution at 90°
Emin = 10 keV at Lmax f = constant Balance of convective sources and losses
Emax = 10MeV at Lmax f = 0 Absence of very high-energy electrons
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[Shprits et al., 2006b; Kim et al., 2008, 2010; Ohtani et al., 2009; Matsumura et al., 2011; Turner et al., 2012; Kim
and Lee, 2014], which will drive subsequent outward radial diffusion by the negative radial PSD gradient [e.g.,
Brautigam and Albert, 2000; Miyoshi et al., 2003; Shprits et al., 2006b; Kim et al., 2011b]. The L value of the last
closed path for pitch angle of 90° is estimated from LANL* software [Yu et al., 2012] based on T01s magnetic
field model [Tsyganenko et al., 2003]. A more accurate treatment of the magnetopause shadowing effect
should be energy dependent and pitch angle dependent, which will be pursued in the future.

Figure 6 shows the results of the sensitivity simulations carried out by adding one-by-one different scattering
mechanisms. Note that the maximum value of the y axis (ordinate) in Figure 6 is L= 5.5 to focus on the elec-
tron dynamics near the split structure, although the outer boundary of the simulation is located at L= 7. The
SAMPEX/HILT 1MeV electron observations are shown in Figure 6a for comparison (same as Figure 1, bottom
but with a different scale on y axis and daily average fluxes), and the simulated fluxes (Jλ) are estimated by
integrating over the equatorial pitch angles (α0) that can reach the SAMPEX altitude following Hess [1968]
and are given by

Jλ ¼ 4π
Bλ
B0
∫
sin�1

ffiffiffiffiffiffiffiffi
B0=Bλ

p� �
0 j0 α0ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2α0
� �q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Bλ=B0ð Þsin2α0

p sinα0dα0; (3)

where B0 and Bλ are the field intensities at equator and SAMPEX's location in a centered dipole field,
respectively.

If only the radial diffusion is included (Figure 6b), then strong injections down to L< 2 during the main phase
of the Bastille Day geomagnetic storm (14 and 15 July 2000) and the model predict continuously high fluxes
in the slot region during the entire simulated time period. Inclusion of pitch angle scattering by plasma-
spheric hiss to the radial diffusion model (Figure 6c) gradually reduces the fluxes in the region 2< L< 3 inside
the plasmapause and reveals the split structure shown in the observations. However, the flux levels outside

Figure 6. (a) SAMPEX/HILT observations of 1MeV electron fluxes for the time period between 10 July 2000 and 14 August
2000. (b and d) Time evolution of 1MeV electron fluxes based on a 3-D VERB diffusion simulation: radial diffusion only
(Figure 6b), radial diffusion and pitch angle scattering by plasmaspheric hiss inside the plasmapause (Figure 6c), and pitch
angle and energy diffusion including mixed diffusion by chorus waves outside the plasmapause (Figure 6d). The fluxes
shown in the simulation are estimated by integrating over the equatorial pitch angles that can reach the SAMPEX altitude.

Journal of Geophysical Research: Space Physics 10.1002/2015JA022072

KIM ET AL. UNUSUAL DYNAMICS OF 1MEV ELECTRONS 8336



the plasmasphere are significantly higher than that of the observation. Introducing chorus waves including
pitch angle, momentum, and mixed diffusion outside the plasmasphere lowers the high fluxes, and the flux
level becomesmore comparable to that in the observations. The flux decrease is due to the substantial loss of
fluxes by chorus waves than by hiss waves. In other words, during the storm time (14–17 July 2000), the esti-
mated plasmapause is located deep in the inner region so that pitch angle scattering by chorus waves can be
a dominant loss process in the outer radiation belts.

To facilitate a quantitative comparison between the model and data, line plots of the evolution of both the
observation and the simulation results at selected L values are presented in Figure 7. The simulated results
qualitatively agree with the observations in reproducing the split structure, but the quantitative disagree-
ment exists for days around 15–20 July 2000, mostly inside of L< 4. More specifically, (1) in the inner region,
L< 4, the fluxes are roughly 2 orders of magnitude higher than observations, (2) enhancements at low L lag
observations by more than a day, (3) the low-L enhancement penetrates much deeper in the simulation than
in the observations, (4) at L= 2.5 there is a short-lived (~4 days) peak that is not present in the observations,

Figure 7. Comparison of electron fluxes modeled by the VERB code simulations with fluxes of 1MeV electrons observed by
SAMPEX/HILT at selected values of L. Fluxes are given in units of cm�2 s�1 sr�1.
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and (5) split structure appears many days earlier in the simulations and the lower L enhancement does not
appear to propagate inward.

We estimated decay rates of 1MeV electrons at L= 2.5 and 3 where the slot region is pronounced for the
period from 21 July to 6 August, which are denoted by the red dotted line in the bottom two panels of
Figure 7. The observed decay rates are 4.8 and 4.2 days, respectively, at L=2.5 and 3, which are comparable
to 5.1 and 4 days of modeled decay rates. Although VERB code simulation overestimates electron fluxes in the
regions for 15–20 July 2000, the comparison of the model with observations, it clearly suggests that the new
belt at 1MeV electrons results from scattering by plasmaspheric hiss.

In Ozeke et al. [2014], a new radial diffusion coefficient is determined and compared with that of Brautigam
and Albert [2000] adopted for this study. They presented that flux enhancements by inward radial diffusion
clearly depend to some degree on the choice of diffusion coefficient used, but their diffusion coefficient
may not be valid for Kp> 6. To investigate how sensitive the model is to the radial diffusion coefficient
and the discrepancy between the observed and simulated results in a region of inward of L< 4, we perform
a simulation with the coefficient of Ozeke et al. [2014], including electric and magnetic field perturbations,
while our simulation only includes the electromagnetic field perturbation but without electrostatic

Figure 8. Comparison between simulation results with electromagnetic diffusion coefficient of Brautigam and Albert [2000]
and with electric and magnetic field diffusion coefficients derived in Ozeke et al. [2014]. For more details, see text.
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perturbation. The simulation result is presented in Figure 8c with observations (Figure 8a) and the result with
coefficient of Brautigam and Albert [2000] (Figure 8b). A line plot indicating comparison of models and obser-
vations at selected values of L is also presented in Figures 8d–8f. We can see from Figure 8 that the replace-
ment of the radial diffusion coefficient does not significantly reduce the fluxes in the regions of L< 4,
compared to the flux enhancements in the simulation result including that of Brautigam and Albert [2000].
However, introduction of theOzeke et al. [2014], diffusion coefficients result in a better agreement in the inner
part of the split structure (L< 2.5).

Our code generally reproduces the dynamics of the relativistic electrons in the inner belt and the slot region
by taking into account only processes that have been considered to be the dominant physical mechanism
responsible for the electron radiation belts. It should be noted that there are uncertainties in the amplitudes
and spectral characteristics of plasma waves adopted in this study since they are taken from the statistical
studies based on the CRRES observations and used electric field measurements. The used parameters may
be inaccurate at high levels of geomagnetic activity due to poor data sampling. A more accurate parameter-
ization of the waves should be pursued in the future based on the Van Allen Probes observations with an
emphasis on accurate modeling of disturbed geomagnetic conditions. New observations of waves showing
different spectral properties of waves [e.g., Li et al., 2013, 2015a, 2015b; Summers et al., 2014] will be
incorporated in future studies. In this study we have not taken into account for pitch angle scattering of
electrons by EMIC waves. These waves provide effective pitch angle scattering for multi-MeV electrons, while
such scattering may not be effective for the relativistic electrons [Shprits et al., 2013; Sakaguchi et al., 2013;
Kersten et al., 2014; Usanova et al., 2014; Drozdov et al., 2015]. In addition, EMIC waves are excited by the
anisotropic ion injections. Since ring current is rarely present below L=3, it is likely that EMIC waves are also
not present as such low L shells. For interested readers, the simulation results for different pitch angles and
energies in the equatorial region and different boundary condition are included in the supporting informa-
tion Figures S1–S2.

5. Summary and Conclusions

In this study we have discussed the unusual behavior of 1MeV electrons seen by SAMPEX/HILT on the Bastille
Day geomagnetic storm in 2000 (14/15 July) and during the following month. First, the observations showed
a sudden injection of electrons into the slot region (L< 2.5), providing a source of the inner belt electrons,
followed by a slow inward radial diffusion for approximately a month. The injection occurs well inside the
sharp inner boundary for the > 2MeV belt observed on Van Allen Probes [Baker et al., 2014] and well inside
the slot region. SAMPEX also shows brief enhancements in electron channel just above L=2. Pitch angle scat-
tering rates at these radial distances are extremely long [Shprits, 2009], and the disappearance of these elec-
trons may indicate that these are drift loss cone electrons that were lost during the main phase of the storm.
Second, a split in the outer radiation belt was found around L~ 3 inside the plasmasphere after the storm
recovery and became more pronounced as time went by. The two-zone split structure is different from that
for electron remnant belts [Baker et al., 2013; Turner et al., 2013; Shprits et al., 2013]. For the unusual structure
shown in this study, a deep injection is split into two zones, while Baker et al. [2013] and Turner et al. [2013]
showed that a remnant of the preexisting belt and the formation of a new belt result in an apparent two-zone
structure in the outer radiation belt. Simultaneous observations by both HEO-3 and NOAA-15 strongly sup-
ported our claim that the SAMPEX observations are not significantly contaminated by protons.

We also have compared the features of SAMPEX observations with the 3-D VERB diffusion simulation that
includes radial diffusion and pitch angle, energy, and mixed diffusion by chorus waves outside the plasma-
sphere and pitch angle scattering by plasmaspheric hiss inside the plasmasphere. Our model results gener-
ally reproduced the split structure of the 1MeV electrons in the slot region, implying that plasmaspheric hiss
can predominantly remove the electrons injected inside the plasmasphere. However, the model cannot
reproduce some of the observed features in the region of L< 4, suggesting that a more accurate parameter-
ization using Van Allen Probes observations may improve the results of the simulations due to uncertainty in
the wave parameterization adopted in this study. In addition, in this study we have not included another loss
from wave-induced scattering inside the plasmasphere due to hiss in plume, lightning-generated whistlers,
magnetosonic equatorial noise, and anthropogenic VLF transmitters [e.g., Abel and Thorne, 1998a, 1998b;
Summers et al., 2008; Meredith et al., 2009; Kim et al., 2011a; Mourenas et al., 2013; Ripoll et al., 2015]. All these
should be incorporated in a future work.
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