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[1] We examined and simulated the dynamics of energetic electrons during the October
2001 magnetic storm with the relativistic RAM electron model for a wide range of
energies. The storm had a rapid main phase followed by a day of strong geomagnetic
activity that produced a second Dst minimum and then a very quiet recovery phase.
During the main phase and the period of intense activity, the observed hot electron flux
(E =30 keV) increased at low L while decreasing at large L and then decayed abruptly at
the beginning of the recovery phase when activity subsided. The flux of subrelativistic

(£ =100-300 keV) electrons also increased at low L and decreased at large L during the
main phase and the period of intense activity but remained high throughout the recovery
phase. In contrast, the relativistic (£ = 300—1200 keV) electron flux decreased during
the main phase, remained low throughout the period of intense activity, and then
increased above prestorm values during the recovery phase in spite of the low activity.
The highest energy electron flux (£> 1200 keV) decreased during the main phase and never
recovered to prestorm levels. The numerical simulation was compared with observations.
We identified the physical processes which produce the flux variations at the different
energies. In the simulation, the hot electrons were convected inward during the main phase,
reproducing the observed local time flux asymmetry. The higher-energy electrons, on the
other hand, were predominantly transported inward by radial diffusion and not convective
motion. The simulation was not able to reproduce the subrelativistic and relativistic electron

flux enhancement and spatial expansion as observed during the recovery phase. In the
simulation, most of the energization occurred around the main phase and the period of
intense activity with negligible transport or flux enhancement during the recovery phase.
The discrepancy between the observed and simulated high energy electron flux suggests that
only convective transport and radial diffusion cannot fully explain the electron dynamics.
An additional mechanism may be necessary to explain enhancements of high energy

electron flux during the recovery phase of the storm.
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1. Introduction

[2] The dynamics of the terrestrial energetic electrons in
the ring current/radiation belts have been studied for an
extensive time period (see Friedel et al. [2002] for review).
The classic picture considered radial diffusion from an outer
magnetospheric source to be the major mechanism for
accelerating radiation belt particles. However, recent studies
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suggest that internal acceleration mechanisms, which locally
accelerate electrons, may also contribute [e.g., Summers et
al., 1998; Brautigam and Albert, 2000; Selesnick and Blake,
2000; Obara et al., 2001; Miyoshi et al., 2003; Green and
Kivelson, 2004]. In fact, both processes may ultimately be
important for producing particle acceleration and flux
increases [O 'Brien et al., 2003]. Discerning which mecha-
nisms produce flux variations is challenging because satellite
observations are often restricted to single point measure-
ments, incomplete time resolution, or sampling only limited
L shell. Therefore comparing observations with comprehen-
sive models that include several physical processes is neces-
sary to clarify the responsible processes for the dynamics of
the inner magnetosphere.

[3] The equilibrium structure of high energy electrons
including the slot region can be well modeled by both
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one-dimensional (1-D) [Lyons and Thorne, 1973] and three-
dimensional models (Salammbo) [Beutier and Boscher,
1995]. However, it is difficult to model that the dynamics
of energetic electrons during geomagnetic disturbances
includes complicated processes. Several dynamical physical
models that calculate time variations of the radiation belts
have been developed with 1-D and 3-D radial diffusion and
4-D convective-diffusion codes. Some of these models have
been used to qualitatively define the evolution of the radia-
tion belts under different conditions but were not directly
compared to data or did not explicitly consider dynamic
storm times. For example, Selesnick et al. [1997] developed a
1-D Fokker-Planck diffusion model and used it to examine
evolution and decay of the phase space density during quiet
geomagnetic conditions. In their later study, Selesnick and
Blake [2000] used the same diffusion model to show the
expected evolution of phase space density profiles for two
different scenarios: diffusion from an external source at large
L into the inner magnetosphere and diffusion from an internal
source at low L. Bourdarie et al. [1997] developed a 4-D
convective-diffusion model and examined the response of the
radiation belts to a sudden flux enhancement at the outer
boundary. More recently, Shprits and Thorne [2004] exam-
ined how different lifetimes and boundary conditions could
affect radiation belt evolution using a 1-D Fokker-Planck
equation.

[4] Other studies did focus on modeling specific storm
periods and comparing with observations. For example,
Brautigam and Albert [2000] performed a numerical simu-
lation of the 9 October 1990 storm using a 1-D Fokker-Planck
equation in the region of L = 3.5-6.6. They used time-
dependent radial diffusion coefficients parameterized by the
Kp index and time-dependent boundary conditions. They
compared the simulation results with phase space density
profiles derived from CRRES observations and found that
radial diffusion alone is not sufficient to explain the observed
negative phase space density gradients of high M (magnetic
moment) electrons. Miyoshi et al. [2003] solved a 1-D
Fokker-Planck equation for the 3 November 1993 storm,
using the time-dependent radial diffusion coefficients of
Brautigam and Albert [2000] as well as realistic loss pro-
cesses due to both Coulomb collisions and wave-particle
interactions. This radial diffusion model showed the energy
spectrum hardening first at large L contrary to observations,
suggesting that internal acceleration mechanisms should be
included to explain flux variations during storms. Later,
Miyoshi et al. [2004] extended the 1-D radial diffusion
simulation from L = 1.0 to L = 6.6 and qualitatively repro-
duced the long-term variations over two solar cycles indicat-
ing that radial diffusion may be important for defining some
of the long-term and global features of the radiation belts,
while internal acceleration is necessary to reproduce storm
time flux increases. Li et al. [2001] and Li [2004] developed a
1-D radial diffusion model from L = 4.5—11.0 with fixed
boundary conditions. They developed empirical radial diffu-
sion coefficients that varied as a function of solar wind speed
and IMF and included both the Dst effect and solar wind
dynamic pressure effects that can cause flux decreases. They
compared the model to daily flux measurements at geosyn-
chronous orbit and successfully reproduced the long-term
flux variations. Zheng et al. [2003] developed a 4-D convec-
tive-diffusion model for relativistic electrons in a nondipolar
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field and modeled the 12 August 2000 storm using the radial
diffusion coefficient of Li et al. [2001] and successfully
reproduced flux variations observed at geosynchronous orbit
throughout the storm.

[s] Besides these radial diffusion and/or convective-
diffusion calculations, there are several other approaches
for simulating energetic particle behavior in the inner mag-
netosphere. Liu et al. [2003] did a phase space mapping
simulation of the 26 August and 10 October 1990 storms.
They considered how impulsive fluctuations of the polar cap
potential would affect diffusive transport of higher energy
electrons. They found that ~150 keV electron flux increased
at L ~ 3.5-5 if they included the effects of fluctuations of the
cross polar cap potential. However, the model could not
produce an increase of £>200 keVelectron flux at L ~ 3.5-5
suggesting the need for local acceleration together with
adiabatic radial transport. Elkington et al. [2004] calculated
trajectories of relativistic electrons in MHD fields that should
include both ambient potential field fluctuations and ULF
pulsations. They showed that MeV electrons can, at least
theoretically, be transported earthward from the plasma sheet
and be trapped at L= 3. In addition to these simulation efforts,
Naehr and Toffoletto [2005] used data assimilation to under-
stand the dynamics of the radiation belts comprehensively
from satellite data.

[6] In this study, we show particle observations from
several satellites during the October 2001 magnetic storm
which was selected for study by the Geospace Environment
Modeling/Inner Magnetosphere and Storms (GEM/IMS)
campaign. Observations of ring current/radiation belt elec-
trons from several LANL satellites at geosynchronous orbit
and low-altitude satellites NOAA-15 and 16, and the Polar
satellite are presented in section 2. We then simulate the
evolution of ring current/radiation belt electron flux with the
newly developed relativistic ring current-atmosphere inter-
action model (RAM) [Jordanova and Miyoshi, 2005] and
compare the model output with the observations in order to
examine the physical processes which control flux variations
at different energies. The RAM model calculates distribution
functions of equatorial and off-equatorial particles with a
wide range of energies from a few hundred eV to a few MeV.
A detailed description of the model is given in section 3. In
section 4, we compare the temporal and spatial evolution of
the ring current and relativistic electrons. A summary of the
results is given in section 5.

2. Observations
2.1. Interplanetary Medium

[7] The interplanetary medium of the October 2001 storm
was monitored by ACE. Figure 1 shows the ACE measure-
ments for a 4-day period from DOY 294 (21 October) to 297
(24 October), 2001 along with polar cap potential, 4E, Kp,
and Dst indices. Here, the polar cap potential was derived
from the PC index [Troshichev et al., 1988] using the
empirical equation of Troshichev et al. [1996]. At 1600 UT
on 294, an interplanetary shock arrived. The amplitude of the
IMF Bz component was about -20 nT, and the bulk speed of
the solar wind reached 700 km/s. The Ds¢ index indicated a
storm commencement and subsequent evolution of a strong
storm main phase. The storm main phase was followed by a
day of intense activity where Dst remained low and then
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