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[1] Observations of the relativistic electron flux increases
during the first days of November, 2003 are compared to
model simulations of two leading mechanisms for electron
acceleration. It is demonstrated that radial diffusion driven
by ULF waves cannot explain the formation of the new
radiation belt in the slot region and instead predicts a decay
of fluxes during the recovery phase of the October 31st
storm. Compression of the plasmasphere during the main
phases of the storm created preferential conditions for local
acceleration during interactions with VLF chorus. Local
acceleration of electrons at L = 3 is modelled with a 2-D
pitch-angle, energy diffusion code. We show that the energy
diffusion driven by whistler mode waves can explain the
gradual build up of fluxes to energies exceeding 3 MeV in a
new radiation belt which is formed in the slot region normally
devoid of high energy electrons.Citation: Shprits, Y. Y., R. M.

Thorne, R. B. Horne, S. A. Glauert, M. Cartwright, C. T. Russell,

D. N. Baker, and S. G. Kanekal (2006), Acceleration mechanism

responsible for the formation of the new radiation belt during the

2003 Halloween solar storm, Geophys. Res. Lett., 33, L05104,

doi:10.1029/2005GL024256.

1. Introduction

[2] The Halloween storms of October–November, 2003
were one of the most dramatic examples of intense Sun-
Earth connection over the last decade [Lopez et al., 2004].
During this event, which was initiated by two large coronal
mass ejections, the plasmapause was compressed inside
L = 2 (for several days) and an entirely new relativistic
electron population was accelerated or injected into the
‘‘slot’’ region between 2.5 < L < 3.5 [Baker et al., 2004],
which is normally devoid of intense particle flux [e.g., Lyons
and Thorne, 1973]. The unprecedented geomagnetic storms
of October–November 2003 provided unique conditions
when acceleration due to these two leading acceleration
mechanisms was separated both in time and space.
[3] The outer radiation belt exhibits a significant vari-

ability due to competing source and loss processes which
act on a similar time scales. Leading mechanisms for
acceleration to relativistic energies include radial diffusion
driven by ULF waves [e.g., Elkington et al., 2003], local

stochastic acceleration driven by VLF waves [Horne and
Thorne, 1998; Summers et al., 1998; Horne et al., 2005a],
and rapid shock induced acceleration [Li et al., 1993],
which was ineffective during these storm events. The loss
of relativistic electrons is due to pitch-angle scattering by
EMIC waves [Thorne and Kennel, 1971; Lyons and Thorne,
1972; Meredith et al., 2003], chorus waves outside the
plasmapause [O’Brien et al., 2004; Thorne et al., 2005b]
and plasmaspheric hiss [Abel and Thorne, 1998]. Losses to
themagnetopause during themain phase of a storm [Selesnick
and Blake, 2000] may also contribute to net loss by
creating inward gradients in phase space density which
transport electrons outward. Outward radial diffusion
conserving the first two adiabatic invariants will deceler-
ate particles and essentially works as an effective loss
mechanism over a wide range of L values in the outer
magnetosphere.
[4] Dramatic intensifications of relativistic electron flux

in the slot region (2.5 � L � 3.5), typically deficient of high
energy electrons, was reported from observations on the
Solar, Anomalous, and Magnetospheric Particle Explorer
(SAMPEX) satellite [Baker et al., 2004], but a comprehen-
sive physical explanation for such an unusual behavior of
the radiation belts was not given. Here we present model
simulations of the two potential acceleration processes and
identify which is dominant during the recovery phase of
these intense storms.

2. Observations of the Formation of a New
Radiation Belt in the Slot Region

[5] Figure 1A shows electron fluxes at energies 2–6 MeV
observed on SAMPEX, plotted in terms of time and L-shell.
Clearly evident are the strong depletions in relativistic
electron flux during October 29 and October 31. The
unusual new radiation belt reaches maximum intensity
during the first days of November, with fluxes gradually
building up until the 3rd of November, followed by a slow
decay and a reformation of the outer radiation belt after
November 10 at its typical location (around 4 RE). Since Dst
almost recovers by November 1, (Figure 1D, Dst is �72 nT
at 0:30 on November 1 and is �32 nT at 0:30 on
November 3rd) such small variations in the magnetic
field at L = 2–3, where the background magnetic field
is very strong, cannot have a significant effect on the
evolution of fluxes. Figure 1C depicts the evolution of
the Kp index, which is very high during October 29 and
October 31, but is moderate-to-low when the new belt
reaches maximum intensity on November 1–2. Figure 1B
shows compressional ULF wave power in the Pc5 frequency
range observed by the Polar satellite. To clean the data we
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removed data spikes, data gaps, and performed liner interpo-
lation. The T96 [Tsyganenko and Stern, 1996], model field
was subtracted off and the resulting data was detrended.
Potential inaccuracies associated with subtracting a quiet
time field model would only increase the depicted wave
power during the most active periods. We then used a
512-point FFT with a one hour sliding window to analyze
the wave power. In the analysis we considered only data
points when Polar was between 2.5 and 6 RE and within
twenty degrees from equator. The data points obtained were
then averaged over half an orbit. As a result the wave power is
an average over a range of L-shells, and is representative of
the overall ULF activity during these days.While ULFwaves
activity is very strong during the onset of the storms on
October 29–31, the wave power is very low during the period
when the slot region electron flux enhancement is the most
pronounced (November 1 and 2). Similar increases in Pc5
wave power during themain phases of the storms and dropout
in the recovery phase were observed on the ground [Horne et
al., 2005b], which shows that none of the excited ULFmodes
is likely to have a significant power on November 1, and 2.
Compressional ULF power also closely follows the evolution
of the Kp index, very high values on October 29 and
October 31, followed by a pronounced drop during the
first few days of November.

3. Radial Diffusion Modeling

[6] The effect of the decrease in radial diffusion coef-
ficients associated with a decrease in ULF wave power, is

illustrated schematically in Figure 2. Radial diffusion mod-
eling yields a monotonic increase in phase space density
with increasing L, if the outer boundary is relatively
constant. In the outer region (diffusion dominated region),
the time scales associated with the radial diffusion are
expected to be shorter than loss time scales, producing flat
phase space density profile. At lower L losses become
dominant and produce a sharp drop in phase space density
(loss dominated region). A decrease in the rate of radial
diffusion will move the diffusion dominated region outward
and will result in a decrease in fluxes in the slot region
[Thorne, 1982; Shprits and Thorne, 2004]. To illustrate that
radial diffusion is not capable of explaining the build up of
fluxes during the November 1–3 period in the slot region,
we carry out a radial diffusion simulation with lifetimes
parameterized as t = 3/Kp [Shprits et al., 2005], and solve
the radial diffusion equation (1) [Schulz and Lanzerotti,
1974], with Kp dependent diffusion coefficients DLL,
derived by Brautigam and Albert [2000].
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[7] For this simplified simulation, following [Shprits and
Thorne, 2004] we take constant outer boundary condition at
L = 7 and initial conditions derived from the SAMPEX
measurements on the November 1. The assumption of the
constant outer boundary fluxes is justified by the LANL
satellite measurements, which do not show significant flux
variations at geosynchronous orbit during the modeled
period. To obtain the boundary conditions we use a dipole
field, and average electron fluxes at the outer boundary,
which despite inaccuracies at high L values produces
substantial flux in the slot region on November 1
(Figure 3) and provides a fair test of the radial diffusion
mechanism. Figure 3 shows the result of the radial diffusion
simulation, over a 2 day period (November 1–3). Instead of
the observed gradual build up of fluxes in the new radiation
belt above L = 2, radial diffusion predicts a flux decay due
to the pronounced drop in ULF wave activity. Furthermore,
acceleration caused by radial diffusion should have been

Figure 1. Observations of the global magnetospheric
response to the October–November 2003 solar storms.
(A) Daily averaged electron fluxes at energies 2.0–6.0 MeV
in (log10 (cm

2 sr sec)�1) measured on SAMPEX spacecraft as
a function of time and L-shell, from October 28 to November
14, 2003. The gradual build up of fluxes between 2 and 3
Earth radii primarily occurs from November 1–3, followed
by a slow decay and reformation of the outer radiation belt at
its typical location around 4–5 Earth radii. (B) Log of the
compressional ULF Pc 5 power in log10(nT

2/Hz) measured
on the Polar spacecraft averaged over a range of L-shells from
2.5–6 Re. ULF wave power is obtained only when Polar is
within 20 degrees in latitude from equator. (C) Evolution of
the Kp index. (D) Evolution of the Dst index.

Figure 2. Illustration of the effect of the decrease in ULF
activity and consequent decrease in diffusion coefficients.
The green solid line corresponds to PSD during high
geomagnetic activity, dashed blue line corresponds to a PSD
during quiet times. The region of high gradients in PSD
moves to higher L values when ULF power decreases,
which results in a drop in fluxes at lower L-values when the
ULF activity drops.
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most effective during the onsets of the storms on October 29,
31 and November 4, 20 whereas observations indicate flux
depletions, possibly due to enhanced precipitation losses or
enhanced outward radial diffusion. Clearly radial diffusion
cannot explain the formation of a new radiation belt in the slot
region during the storm recovery (November 1–3).

4. Local Acceleration

[8] The gradual build up of relativistic electron flux in the
storm recovery phase can be explained by wave-particle
interaction with enhanced Very Low Frequency (VLF)
chorus emission [Meredith et al., 2003]. Such waves, which
are excited throughout the low-density region exterior to the
plasmasphere are capable of causing local acceleration
[Horne et al., 2005a]. Because of the extreme compression
of the plasmapause [Baker et al., 2004] during these super-
storms, the local acceleration process should have been
operative down to L = 2, where it becomes very efficient
[Horne et al., 2005a].
[9] To examine the viability of local acceleration we

carried out a two-dimensional simulation of pitch-angle
and energy diffusion, solving equation (2) over the storm
recovery phase (November 1–3) at L = 3. Ignoring radial
diffusion, violation of the first two adiabatic invariants m
and J, leading to diffusion in pitch-angle and momentum p,
can be modelled using a modified Fokker-Planck equation:

@f

@t
¼ 1

p2
@

@p
p2Dpp

@f

@p
þ 1

p2
@

@p
p2Dpy

@f

@y
þ 1

T yð Þy
@

@y
T yð ÞyDpy

@f

@p

þ 1

T yð Þy
@

@y
T yð ÞyDyy

@f

@y
ð2Þ

where y = sin(a), and T(y) = 1.3802 � 0.3198*(y + y1/2).
The magnitude of the mixed diffusion terms Dpy can
become comparable to the pure pitch-angle and energy
terms [Horne et al., 2005a], but will not exceed the largest
of the terms. Recent results by Albert and Young [2005]
show that the inclusion of mixed terms may contribute up to
a factor of five at lower pitch angles but will not
substantially change flux near a = p/2. Consequently, in
this study we ignore the computationally expensive and
complicated effects of the mixed diffusion.
[10] To compute energy and pitch-angle diffusion coef-

ficients we use the PADIE (Pitch Angle and Energy Diffu-
sion of Ions and Electrons) diffusion code [Glauert and

Horne, 2005]. The results of the code have been verified
against a similar code [Albert, 2003, 2005]. Following
Thorne et al. [2005a] we adopt realistic parameters for the
stormtime properties of lower band equatorial chorus (wm =
0.35We, dw = 0.15We, Bw = 50 pT), assuming a Gaussian
distribution with peak value of Bw at wm and cut offs at wm ±
2dw, based on the statistical study of [Meredith et al., 2003].
N = 100 cm�3, is used to simulate equatorial conditions
outside the plasmapause at L = 3 [Sheeley et al., 2001].
Evidence of enhanced chorus activity during the first two
days of November comes from a variety of sources: ground
measurements at Palmer station [Spasojevı́c and Inan, 2005;
Horne et al., 2005b] and observations on Cluster spacecraft
(L � 4.5) [Horne et al., 2005b]. The boundary conditions
on PSD as a function of pitch angle is f(a = 0�) = 0 and
@f/@a(a = 90�) = 0. The lifetimes are assumed to be
infinite outside of the loss cone and are set to a quarter
bounce time period inside of the loss cone. The lower
boundary in energy is fixed at 150 keV (to simulate
convective source) and the upper boundary is set to 0 at
15MeV.We first initialize the code by running it for 2 days to
produce initial conditions similar to those observed on
November 1st, starting with a typical slot region energy
distribution function. Figure 4 shows the evolution of the
modeled nearly equatorial (a = 80�) fluxes as a function
of energy. The gradual acceleration of electrons during
the 2 days of the simulation at L = 3 is reasonably
consistent with SAMPEX observations for relativistic
electron fluxes above 2 MeV.

5. Discussion

[11] During the period October 29–31 enhanced ULF
wave power may drive inward radial diffusion inside the
local peak in PSD and outward radial diffusion outside of
the peak in PSD. The gradients in phase space density may
be created by the local acceleration source, losses in the slot
region and losses to magnetopause. Since both local accel-
eration and radial diffusion may have contributed to the
variability of the outer belt electron fluxes during the storms
main phase (October 29, 31) in this study we concentrate on
the numerical modelling of acceleration of electrons in the
recovery phase of these storms (November 1, 2), when the
slot region fluxes were most enhanced.

Figure 3. Results of a two day radial diffusion simulation
starting on November 1. Radial diffusion predicts a decay of
fluxes contrary to observations which show a gradual build
up of relativistic electron flux in the slot region.

Figure 4. Results of a two day simulation (starting on
November 1) of the build up of relativistic electron flux due
to local acceleration at L = 3. The horizontal axis is time in
the simulation, the vertical axis is the electron energy.
Electron fluxes, color coded in log10 (cm sr sec MeV)�1,
build up continuously throughout the simulation and reach
levels similar to those observed on SAMPEX at 2 MeV.
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[12] During the recovery phase of the Halloween storms
the plasmasphere was drastically compressed for several
days down to 2 Earth radii. This created unprecedented
conditions (strong magnetic field and low plasma densities)
for the local acceleration, while ULF activity was low.
Model results described above show that the formation of
the new belt during this time could be produced by local
acceleration alone. However, radial diffusion might have
significantly contributed to smoothing the peaks in phase
space density and accelerating elections inside the local
peak while producing significant losses in the outer region.
The observed decreases in the outer radiation belt fluxes
during the onsets of the storms on October 29, 31, Novem-
ber 4, 20 could be explained by enhanced losses and
outward radial diffusion driven by inward gradients in phase
space density. Radial diffusion may also contribute to
acceleration of electrons inside of the peak in phase space
density, during the main phases of the storms and may be
also responsible for the radial diffusion of the electrons from
the slot region into the inner zone following the storm.
Future research should address the development of three
dimensional codes incorporating radial diffusion, local
acceleration and stormtime losses.

[13] Acknowledgment. This study was supported by the NSF grant
ATM -0402615 and NASA grants NNG04GN44G and NAG5-11324.
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