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[1] The outer radiation belt is often enhanced during storms while the inner belt is usually considered
to be unaffected by geomagnetic activity. During the most recent Halloween superstorms, the extreme
erosion of the plasmasphere allowed particles to be transported closer to the Earth where they were
locally accelerated. Modeling, which now includes transport with resonant acceleration and loss
processes and mixed diffusion, shows a rather good correspondence with observations. In this study, we
use the same version of the VERB code to model a storm stronger than the Halloween storms, which
most likely occurred in the past and may occur in the future. Our simulations indicate that during such a
strong event, electrons will be transported into the heart of the inner zone, where they will be
accelerated by chorus waves. When the plasmapause extends to larger distances, electrons accelerated
by resonant wave‐particle interactions in the inner radiation belt will find themselves in a very different
plasma environment and strong fluxes may persist for several years after such a storm. Such
intensification of the near‐Earth plasma environment would substantially decrease satellite lifetimes at
LEO. The radiation mitigation strategy for satellites operating in the inner belt should include a
consideration of the potential for a dramatic increase in the near‐Earth radiation. Such intensification of
the near‐Earth radiation environment may be truly devastating and would substantially decrease the
lifetimes of meteorological, communication, and military satellites.
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1. Introduction
[2] The electron radiation belts, which are the subject of

this study, exhibit a two‐zone structure. The inner radia-
tion belt in the equatorial plane is typically located
between 1.03 and 2.0 RE, while the outer belt extends from
4 to 8 RE. While the outer belt can be episodically
enhanced during strong superstorm, the inner belt is
usually considered unaffected by geomagnetic storms.
The “slot” region (the area between the two belts that is
usually devoid of relativistic electrons) is the result of the
loss of electrons from the radiation belts to the atmo-
sphere [Lyons and Thorne, 1973].
[3] Since high‐energy electrons create a hazardous

environment for Earth‐orbiting satellites and the interna-
tional space station, understanding the dynamics of the

radiation belts and being able to predict the response of
the radiation belts to changes in the solar wind is very
important [Baker, 2002]. In particular, relativistic electrons
are responsible for deep dielectric charging in sensitive
electronic components and may cause frequent satellite
failures and operational problems. The main goal of the
current study is to simulate a perfect storm that may occur
in the future and estimate the potential effect of such a
storm on the near‐Earth radiation environment and on the
satellites traversing the inner radiation zone.
[4] The outer radiation belt is very dynamic and is

influenced by various loss and source processes [Friedel
et al., 2002; Shprits et al., 2008a, 2008b]. The loss processes
include the scattering of particles by various plasma waves
into the atmosphere [Millan and Thorne, 2007], the loss of
particles through the magnetopause [Shprits et al., 2006a],
and the outward radial diffusion of particles under nega-
tive radial phase space density gradients [e.g., Brautigam
and Albert, 2000; Miyoshi et al., 2003; Shprits et al., 2006a].
There are two dominant mechanisms for nonadiabatic
electron acceleration to relativistic energies in the heart of
the radiation belts: radial diffusion and local acceleration.
Radial diffusion involves the net transport of electrons
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from the highly populated outer magnetosphere toward
the inner region where phase space density is depleted by
losses. A net diffusive motion inward into the regions of
higher magnetic field results in the acceleration of elec-
trons [Schulz and Lanzerotti, 1974; Hudson et al., 1999].
Electrons can also be accelerated locally by chorus waves
during resonant wave‐particle interactions [Hess et al.,
1965; Horne and Thorne, 1998; Meredith et al., 2002; Miyoshi
et al., 2003; Horne et al., 2005a, 2005b; Summers et al., 2007;
Li et al., 2007; Shprits et al., 2009a; Albert et al., 2009]. Often
storms with a Dst index below 200–300 nT are referred to
as superstorms. Such extreme events often provide a very
unique opportunity to test the existing models and to
understand the physics of radiation belt acceleration and
loss [e.g., Horne et al., 2005b; Shprits et al., 2006c; Loto’aniu
et al., 2006]. Due to an increase of particle fluxes during
superstorms, the probability of satellite failure signifi-
cantly increases. The relative contribution of each accel-
eration process during superstorms is still unknown.
[5] In recent years, a number of codes have been

developed based on the original formulation of Lyons et al.
[1972] to evaluate the bounce‐averaged quasi‐linear scat-
tering rates without making a high‐density approximation
[e.g.,Glauert and Horne, 2005;Albert, 2003; Shprits et al., 2006d;
Summers et al., 2007; Ni et al., 2008; Shprits and Ni, 2009].
Since both radial transport [e.g., Elkington et al., 1999;
Hudson et al., 1999; O’Brien et al., 2003; Shprits and Thorne,
2004] and local diffusion [e.g., O’Brien et al., 2003; Horne
et al., 2005b; Shprits et al., 2008b] play important roles, a
number of codes capable of combining radial transport
and pitch angle and energy diffusion have recently been
developed [Varotsou et al., 2005, 2008; Miyoshi et al., 2003;
Jordanova et al., 1996, 2003; Fok et al., 2008; Shprits et al.,
2008b; Albert et al., 2009].
[6] In the current paper, we start by giving a detailed

description of the VERB code [Shprits et al., 2008b, 2009a;
Subbotin and Shprits, 2009] used in this study. In section 3,
we present simulations of radiation belt fluxes at low
altitude and a comparison with SAMPEX observations,
concentrating on modeling the unusual behavior of radi-
ation belt fluxes in the slot region during the Halloween
Superstorms. Section 4 presents simulations of a hypo-
thetical storm, which has likely occurred in the past and
may occur in the future, followed by an estimate of what
could be the damage to spacecraft from such a storm.
Section 5 presents a discussion and conclusions.

2. Code Description
[7] VERB code [Shprits et al., 2006c, 2008b; Subbotin and

Shprits, 2009; Shprits et al., 2009a] accounts for a number
of resonant wave‐particle interaction processes that are
believed to be dominant in determining the general shape
and evolution of the radiation belts. The VERB code
models the violation of adiabatic invariants by solving
the modified 3‐D Fokker‐Planck diffusion equation (1)
that incorporates energy diffusion, pitch angle scattering,

mixed diffusion, and radial diffusion for the drift‐ and
bounce‐averaged particle phase space density (PSD) f

@f
@t

¼ L*2
@

@L*

����
�; J

DL*L*L*
�2 @f
@L*

����
�; J

 !

þ 1
p2

@

@p

����
y;L
p2 hDpp y; p

� �i@f
@p

����
y;L
þhDpy y; p

� �i@f
@y

����
p;L

 !

þ 1
T yð Þy

@

@y

����
p;L

T yð Þy hDyy y; p
� �i@f

@y

����
p;L

þhDyp y; p
� �i@f

@p

����
y;L

 !

� f
�
; ð1Þ

where y is the sine of the equatorial pitch angle, p is the
particle’s momentum, hDppi, hDpyi, and hDyyi are the
bounce‐ and MLT‐averaged components of the diffusion
tensor, T(y) = 1.3802–0.3198 (y + y1/2), and t is the charac-
teristic loss timescale that is assumed to be infinite outside
the loss cone and equal to a quarter bounce time inside the
loss cone.
[8] In this formulation, momentum diffusion is respon-

sible for the acceleration of electrons, pitch angle scattering
produces a loss of electrons to the atmosphere, and radial
diffusion redistributes relativistic electron PSD by accel-
erating electrons during the inward transport and decel-
erating them during the outward transport. Equation (1)
accounts for simultaneous acceleration by both Ultra Low
Frequency (ULF) and Very Low Frequency (VLF) waves
[O’Brien et al., 2003]. The outer boundary condition is
set up at L = 7, while at the inner boundary we assume
that there is an absence of electrons at the top of the
atmosphere.
[9] There are a number of processes that are not

accounted for by this formulation, such as acceleration
and loss by nonlinear scattering [e.g., Inan et al., 1978;
Albert, 1993], loss due to scattering by magnetosonic waves
[Horne et al., 2007], electromagnetic ion cyclotron (EMIC)
waves [Albert, 2003; Li et al., 2007], electrostatic wave
scattering [e.g., Lyons, 1974], acceleration in the region of
the cusp, bounce‐resonant acceleration and loss by mag-
netosonic waves [Shprits, 2009], nondiffusive radial trans-
port [e.g., Ukhorskiy et al., 2006], convective transport of the
seed population [e.g., Fok et al., 2008], and other processes.
While all of these processes may be important and may
contribute to the acceleration and loss of electrons and
electron transport in the outer regions, in this study we
take into account only processes that have been clearly
shown to play a dominant role in determining the general
morphology of the radiation belts and the global evolution
of fluxes.
[10] The 3‐D VERB code computes the evolution of

fluxes as a function of radial distance, energy, and equa-
torial pitch angle. The VERB code uses a two‐grid for-
mulation, which is described in detail in a recent study
[Subbotin and Shprits, 2009]. One grid is used for the
numerical approximation of the radial diffusion operator
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and is constructed so that the first and second adiabatic
invariants are conserved along the grid lines. The grid that
is used for the computation of acceleration and loss is
constructed so that, for a fixed L shell, the momentum and
pitch angle plane grid lines are straight and orthogonal to
each other. On each time step, we interpolate between the
grids using the spline method. The convergence of the
numerical method in time and space as well as the accu-
racy of interpolation has been demonstrated in a recent
study [Subbotin and Shprits, 2009].
[11] Previous studies that discussed the Halloween solar

storms [Horne et al., 2005b, Shprits et al., 2006c] included
only 1‐D and 2‐D modeling, respectively. They presented
simulations of the late recovery phase of the storms at a
fixed location in the center of the slot region. They did not
model radial transport, which provides the seed popula-
tion. Comparison between observations and model results
was very qualitative. Such simplified models can only
roughly say if fluxes increase or decrease and also can
only roughly show what mechanism is most important. In
order to understand the physical processes responsible for
the unusual behavior of the radiation belts, we need to
quantify the dominant mechanisms in a model. In this
study, we account for radial diffusion and pitch angle,
energy, and mixed scattering in the 3‐D VERB code. We
present fluxes integrated over all local pitch angles that
can be observed at 850 km in a dipole field inferred from
global simulations.
[12] After computing fluxes at all L shells and pitch

angles, we select equatorial pitch angles of electrons that
can reach SAMPEX altitude and integrate over all local
pitch angles at SAMPEX altitude. Such calculation requires
a high resolution in pitch angle and energy, and also
requires the accurate prediction of the electron pitch angle
distributions, especially at low pitch angles. To more
accurately resolve small pitch angles, we use a logarith-
mically spaced high‐resolution grid in pitch angle. While
the general evolution of fluxes at the equator may be more
or less similar to the evolution at SAMPEX altitude, the
accurate quantification of fluxes at these small pitch angles
also requires the inclusion of mixed diffusion terms [e.g.,
Albert and Young, 2005; Subbotin et al., 2010].
[13] The spectrum of fluxes at the outer boundary of the

code is taken from time‐averaged observations of fluxes
near the geosynchronous orbit from LANL, which cover
the energy range from tens of keV to a few MeV and has
been described in a recent study [Shprits et al., 2009a]. The
lower boundary condition for the momentum diffusion is
assumed to be constant as a result of balance between
convective sources and losses and is obtained by solving
the steady state radial diffusion equation for Kp = 4 for
electrons with energies of 10 keV at the outer boundary
(L = 7). The outer radial boundary at L = 7 is chosen to be
relatively far from the slot region but still mostly in the
region where electrons are on closed drift orbits. The
lower boundary in energy is also chosen so that the lowest
energy level at all L shells is relatively far from the mod-
eled 1.0 MeV electron fluxes. Since convective sources are

not explicitly modeled, we cannot choose a boundary at
lower energy values since electron transport at these
energies is dominated by convection. Ideally, we would
like to have the convective source modeled by a kinetic
convective code coupled to VERB, which, however, is a
very challenging task and will be a subject of future
studies.
[14] Since pitch angle scattering is a fast process, we

assume that the pitch angle distribution at the lowest
energy can be described by a sine function, which cannot
significantly affect modeled pitch angle distributions at
MeV energies. The upper boundary condition for the
momentum diffusion is zero flux at 10 MeV at L = 7. The
energy of the upper boundary increases with decreasing
L, according to the conservation of the first and second
adiabatic invariants. Since fluxes at multi MeV energies
are orders of magnitude smaller than at 1 MeV, the
neglect of fluxes at energies above 10 MeV cannot affect
the diffusive processes that influence 1 MeV electrons.
Boundary conditions for the pitch angle diffusion are zero
flux at zero pitch angle and zero gradient for the upper
boundary near 90°. The initial condition is obtained by
solving the steady state radial diffusion equation for Kp =
4. The Fokker‐Planck equation (1) is solved for diagonal
and mixed terms on the 61 × 101 × 91 grid in radial
distance, momentum, and pitch angle, respectively. To
account for mixed diffusion terms, we use the bulk
implicit method of Subbotin et al. [2010]. In the current
study, we use a logarithmic grid in momentum, which
allows us to accurately resolve energy scales below a few
MeV while keeping the grid coarse at ultrarelativistic
energies for which phase space density is very small. The
pitch angle grid is also taken to be logarithmic to accu-
rately resolve small equatorial pitch angle electrons near
the edge of the loss cone that are observed by SAMPEX.
The radial grid is chosen to be uniform to account for local
acceleration, pitch angle scattering, and radial diffusion
that occurs at all L shells.
[15] To minimize the influence of the initial condition on

the simulations, the code is first spun up for 7 days to
obtain a more realistic state of the radiation belts. During
the spin‐up time, the outer radiation belt is formed at its
typical location. The radial diffusion coefficients are
parameterized by the Kp index [Brautigam and Albert,
2000]. Pitch angle and energy diffusion coefficients are
computed using the UCLA Full Diffusion Code [Ni et al.,
2008; Shprits and Ni, 2009] for dayside and nightside VLF
chorus waves outside the plasmasphere and VLF or
Extremely Low Frequency (ELF) plasmaspheric hiss inside
the plasmasphere. Since electron loss due to Coulomb
scattering is important only in the region below L = 1.3
[Walt, 1964; Abel and Thorne, 1998] and in this study we
concentrate on MeV electron acceleration and loss in the
inner zone above L = 1.3, we have neglected the effect of
Coulomb scattering in this study.
[16] We assume that the wave power spectral density

B2(w) is distributed according to a Gaussian frequency
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distribution with fixed cutoffs wlc and wuc, median value
wm, and bandwidth dw [Lyons et al., 1971]:
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where Bw is the average wave amplitude. We also assume
that the wave normal distribution is Gaussian and given
by

g Xð Þ ¼ exp � X � Xmð Þ2=X2
w

� �
; ð3Þ

where X = tan(�), Xm = tan (�m), Xw = tan(d�), � is the wave
normal angle, �m is the peak wave normal angle, and d�
is a parameter describing the angular width of the
distribution.
[17] Diffusion coefficients are computed with the real-

istic wave parameters shown in Table 1. Wave spectral
properties were obtained from a number of statistical
studies that were summarized by Li et al. [2007]. Dis-
tributions in wave normal angle of chorus and hiss waves
are taken according to statistical studies from CRRES
satellite observations [Horne et al., 2005a; Meredith et al.,
2007]. Hiss waves are assumed to be present throughout
the inner zone [Tsurutani et al., 1975]. The parameterization
of hiss amplitudes is taken empirically from CRRES
observations, which were mostly taken in the outer belt
and slot region. These estimates are very conservative and

may in fact overestimate hiss amplitudes inside the inner
belt where a number of cases were observed to be on the
scale of 10 pT [Tsurutani et al., 1975]. The scaling of chorus
amplitudes with Kp is taken from the analysis of CRRES
measurements [Shprits et al., 2007, 2009a, 2009b]. Infor-
mation about lightning‐generated whistlers and VLF
transmitters are modeled following a theoretical study
[Abel and Thorne, 1998] and are scaled following a recent
observational study [Starks et al., 2008].
[18] In this study, we do not account for scattering by

EMIC waves. These waves may clearly contribute to the
loss of electrons at lower L shells and their inclusion may
improve the results of simulations. Typical storm time
EMIC wave amplitudes of 1–10 nT cause strong diffusion
scattering, which leads to significant losses of relativistic
electrons [Meredith et al., 2003; Ukhorskiy et al., 2010].
[19] We assume that the plasmapause is axisymmetric.

Inclusion of the MLT‐dependent plasmapause as well as
the modeling of the plasmapause location based on the
solar wind conditions will be subjects of future research.
The location of the plasmapause Lpp is given by [Carpenter
and Anderson, 1992]

Lpp ¼ 5:6� 0:46Kpmax; ð4Þ

where Kpmax is the maximum value of Kp over the pre-
ceding 24 h. A visual comparison of the plasmapause
value with the plasmapause obtained from IMAGE data
[Baker et al., 2004] shows that a simple Kp‐based param-
eterization can in general reproduce the dynamics of the
plasmapause quite well.

Table 1. Parameters of Waves Used for Simulations

Type of Wave BW (pT) lmax Density Model
Percent
MLT

Wave Spectral
Properties

Distribution in
Wave Normal

Dayside chorus 100.75+0.04l ·
(2 · 100.73+0.91Kp)0.5/57.6,
for Kp ≤ 2+; 100.75+0.04l ·
(2 · 102.5+0.18Kp)0.5/57.6,

for 2+ < Kp;

35° Sheeley et al. [2001] 25% wm/We = 0.2,
dw/We = 0.1,
wuc/We = 0.3,
wlc/We = 0.1

�m = 0°,
d� = 30°,
�uc = 45°,
�lc = 0°.

Nightside chorus 50 · (2 · 100.73+0.91Kp)0.5/57.6,
for Kp ≤ 2+; 50 ·

(2 · 102.5+0.18Kp)0.5/57.6,
for 2+ < Kp;

15° Sheeley et al. [2001] 25% wm/We = 0.35,
dw/We = 0.15,
wuc/We = 0.65,
wlc/We = 0.05

�m = 0°,
d� = 30°,
�uc = 45°,
�lc = 0°.

Plasmaspheric hiss 40 · Kp/4 45° Carpenter and Anderson
[1992] at L > 2; Starks et al.

[2008] at L < 2

60% wm = 0.55 · 2p rad kHz,
dw = 0.3 · 2p rad kHz,
wuc = 2 · 2p rad kHz,
wlc = 0.1 · 2p rad kHz

�m = 45°,
d� = 22.5°,
�uc = 67.5°,
�lc = 22.5°.

Lightning induced
whistler waves

1 45° Carpenter and Anderson
[1992] at L > 2; Starks et al.

[2008] at L < 2

100% wm = 4.5 · 2p rad kHz,
dw = 2 · 2p rad kHz,

wuc = 6.5 · 2p rad kHz,
wlc = 2.5 · 2p rad kHz

�m = 45°,
d� = 22.5°,
�uc = 67.5°,
�lc = 22.5°.

VLF transmitter
frequency
range 1

0.8 45° Carpenter and Anderson
[1992] at L > 2; Starks et al.

[2008] at L < 2

2.4% × 4 wm = 17.1 · 2p rad kHz,
dw = 0.05 · 2p rad kHz,
wuc = 17.2 · 2p rad kHz,
wlc = 17.0 · 2p rad kHz

�m = 45°,
d� = 22.5°,
�uc = 67.5°,
�lc = 22.5°.

VLF transmitter
frequency
range 2

0.8 45° Carpenter and Anderson
[1992] at L > 2; Starks et al.

[2008] at L < 2

2.4% × 4 wm = 22.3 · 2p rad kHz,
dw = 0.05 · 2p rad kHz,
wuc = 22.4 · 2p rad kHz,
wlc = 22.2 · 2p rad kHz

�m = 45°,
d� = 22.5°,
�uc = 67.5°,
�lc = 22.5°.
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[20] When the Kp index exceeds 6, the fluxes at the outer
radial boundary (L = 7) are scaled by

Bf ¼ 10 �1ð Þ�Kpmax =5ð Þ; ð5Þ

where Bf is the scaling coefficient, which is used in a
manner similar to the method of Brautigam and Albert
[2000]. This scaling is used to simulate the loss of elec-
trons to the magnetopause. This time‐dependent bound-
ary condition is scaled so that the time average of the log
of fluxes over the simulation time is the same as the
constant boundary condition used in previous studies
[Subbotin and Shprits, 2009; Shprits et al., 2009a]. This vari-
ation of fluxes models the nonadiabatic dropouts often
observed during a typical storm.

3. Simulations of the Halloween Storms
[21] The Halloween storms of 2003 [Baker et al., 2004;

Horne et al., 2005b; Shprits et al., 2006c] presented one of the
most interesting episodes of solar activity ever observed
during the space age. Figure 1a shows SAMPEX obser-
vations of 2–6 MeV electron fluxes during 25 October to
21 November 2003 and compares them to modeled elec-
tron fluxes at an altitude of 850 km simulated by the VERB
diffusion code (Figure 1b).
[22] Comparison of SAMPEX observations with VERB

code simulations shows that the model driven by only the
Kp index can predict the general dynamics of the radiation
belts. The code accurately predicts the dynamics of the
belt and the locations of the peak of radiation belt fluxes
between 27 October and 11 November (Figure 1b). When
Kp dramatically increased between 29 October and
30 October, a decrease in flux at the outer boundary
produced losses at high L shells, while increases in radial
diffusion rates allowed electrons from the outer belt to
penetrate deep inside the slot region, down to L = 2. The
electrons that diffuse radially into the slot region [Loto’aniu
et al., 2006] during these superstorms find themselves
outside the plasmasphere [Baker et al., 2004], and are
locally accelerated by the VLF chorus waves to reach peak
values inside the slot region on 1–2 November in both
observations and simulations. Note that VLF waves are
excited by energetic electrons that are sporadically injec-
ted for days or even weeks. Such injections should lead to
chorus generation for extended periods of time [Tsurutani
et al., 2006]. In this study, Kp‐dependent VLF chorus
parameterizations are chosen according to parameteriza-
tions given in Table 1. Parameterized chorus wave
amplitudes on the day side reach 141 pT.
[23] After 2 November, when the plasmapause extended

to higher L shells, electrons in the slot region were scat-
tered by plasmaspheric hiss waves, lightning‐generated
whistler mode waves, and anthropogenic whistler mode
waves, all of which can induce decay in electron fluxes on
the time scale of 5–10 days. After 11 November, the outer
radiation belt was reformed at its usual location outside
the slot region. When the Kp index increased again on

20 November to a value of 9, which is its maximum value,
the radial diffusion increased accordingly and high‐
energy electrons again penetrated into the inner belt.
[24] A careful comparison of observations (Figure 1a)

and simulations (Figure 1b) shows that the VERB code
cannot exactly reproduce the location of the reformed
outer radiation belt and that there are differences in the
amplitudes of flux enhancements. The exact location of the
outer belt depends on the balance between radial diffu-
sion and losses and may also depend on the spatial extent
of various magnetospheric waves and the location of the
plasmapause. Since most of these parameters are taken
from statistical studies and the simulation results may
significantly depend on the assumed wave models [Shprits
et al., 2006d] and assumed outer boundary conditions
[Shprits et al., 2009a], we can only expect the code to
approximately reproduce the magnitudes of fluxes and
locations of the peaks of fluxes.
[25] However, the code accurately reproduces the

refilling of the slot region, which is the main focus of the
current study. During the main phase of the storms
modeled in this study, the VERB code overestimates fluxes
at low L shells close to the plasmapause where EMIC
waves may provide additional losses. Currently the sta-
tistical properties of EMIC waves during storms are not
known nor is it known how often these waves can reach
frequencies close to the local ion gyro frequency, which is
necessary to scatter relativistic electrons.

4. Simulations of an Extremely Strong
Superstorm
[26] Our observations of the radiation belts in space are

limited to only 3 to 4 solar cycles. Coronal mass ejections
(CME) on the Sun may produce storms even stronger than
those observed in space over the last 3 to 4 decades. In situ
observational data are very limited, however, indirect
measurements of the intensity of a storm, taken from
ground measurements or visual measurements, date back
to the 17th century. While during a moderate storm the
ground disturbance of the magnetic field is on the scale of
−50 to −100 nT, during the Halloween superstorms of
October–November 2003, when the slot region between
the two belts was populated, the disturbances on the
ground were on the scale of −400 nT. The geomagnetic
storm in September 1859 was the strongest ever observed
as well as the first to be observed visually. This “perfect
storm” is usually called the ‘Carrington’ storm after one of
the first witnesses to observe and document this storm
[Carrington, 1859]. Using measurements of the magnetic
field component from the Colaba Observatory in Bombay/
Mumbai taken during 1846–1867, Tsurutani et al. [2003]
inferred that disturbances on the ground produced by
such a storm may have exceeded 1600 nT, which is
approximately four times as large as was observed during
the Halloween storms in 2003. Other superstorms, which
were likely weaker than the ‘Carrington’ storm, occurred
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in 1890, 1909, 1946, 1956 and 1960, all before extensive in
situ observations were available [Shea, 2006].
[27] Since our simulations are driven solely by the evo-

lution of the geomagnetic index Kp, we can use the code to
predict the outcome of a very strong superstorm, similar

to the Carrington storm, whichmay hypothetically occur in
the future. Figure 2b shows the results of the simulations of
a Carrington‐type superstorm and compares them to the
original simulation of the Halloween storms (Figure 2a)
described in detail above. To simulate realistic prestorm

Figure 1
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and poststorm conditions, we take the original time series
of the Kp index used for the simulations described in
section 2 and increase the driver of parameterizations (Kp
index) by two when the Kp index exceeds 7.
[28] The plasmapause location plays a critical role in

determining the dynamical evolution of fluxes during
superstorms. Local acceleration of electrons in the heart of
the inner belt is only possible if plasmapause is eroded to
L = 1.5 and the plasma density is relatively low outside of
the plasmapause. Radial diffusion will also be required to
produce inner zone acceleration since it supplies the seed
population for the local acceleration into the heart of the
inner zone. For radial diffusion to be efficient, ULF waves
should extend to lower L shells, a phenomenon that has
been observed during very strong superstorms [Loto’aniu
et al., 2006]. In this study, we only accounted for radial
scattering produced by magnetic fluctuations of the ULF
waves, which is not very efficient at low L shells. Our
scattering rates most likely underestimate realistic radial
diffusion rates in the inner zone. To provide a seed pop-
ulation of electrons for local acceleration in the inner belt
we increased the driver of assumed parameterizations of
waves, Kp, by 2. Clearly all of the parameterizations we
used, including the parameterization of the plasmapause
position, parameterizations of VLF wave activity, and the
parameterization of radial diffusion rates were not derived
for such strong storms. Future research should concentrate
on providing better physics‐based parameterizations of the
diffusion coefficients and plasmapause location during such
strong events.
[29] The extrapolated parameterizations to higher Kp

may not be completely realistic. However, the inner belt
fluxes will be increased for several years, independent of
the assumed parameterizations, as long as the plasma-
sphere is depleted to reach very low L values below 1.5 at
least at some MLT sector and ULF waves are present
down to low L values. Lifetimes are very long at L = 1.5
and fluxes can persist for a long time. During the Hal-
loween storms the plasmapause was moved below L = 2.
During the Carrington storm, the plasmasphere was
eroded and compressed down to the unprecedentedly low
L value of 1.3 [Tsurutani et al., 2003]. For our simulations of
a superstorm, we use parameterization (4) but do not
allow the plasmapause to be below L = 1.3. Determining
the solar wind conditions that produce such an extreme
erosion of the plasmasphere is a challenging task and
should be a subject of future research.

[30] While the main phase dropout of fluxes in the
simulated ‘perfect storm’ is stronger than it is for the
simulated Halloween storm, electrons can still penetrate
to lower L shells, deep into the inner radiation zone.
Severe erosion of the plasmasphere would allow ULF
waves, which may be otherwise reflected at the plasma-
pause, to penetrate to such low L shells [Hartinger et al.,
2010]. These electrons are locally accelerated further,
which results in stronger fluxes of 2–6 MeV electrons and
a broader spatial extent of fluxes. The modeled storm on
day 324 can also diffuse electrons to such low L values and
can further increase fluxes at radial distances of less than
1.5 Earth radii.
[31] The superstorm simulations shown in Figure 2b

predict a sudden increase in fluxes at the inner edge of
the slot region (L = 2) and deep in the heart of the inner
zone (L = 1.5). The main difference between the evolutions
of fluxes is that at the outer edge of the inner zone fluxes
decay on the timescale of 5–10 days, while fluxes in the
heart of the inner zone remain practically unchanged dur-
ing the simulation of the storm. Amodeled consequence of
a new flare on day 324 further increases fluxes at L = 1.5.
[32] During a perfect storm, when the plasmapause

moves below L = 1.5, in the region of the inner belt the
plasma density is relatively low and the magnetic field is
very strong. In this plasma environment electrons can be
efficiently accelerated by ULF and VLF waves in a manner
similar to their acceleration during the Halloween storms
but at lower L shells. Note that the diffusion coefficients
exhibit a complicated nonlinear dependence on L shell,
density, and magnetic field. Diffusion is time–dependent
and depends on gradients in energy, pitch angle, and
radial distance. Only detailed modeling can predict the
evolution of fluxes during such an unusual event.
[33] After the plasmapause retreats to higher radial

distances, plasma density above 1.3 Earth radii signifi-
cantly increases. In the heart of the inner zone, resonant
scattering by hiss waves inside the plasmasphere becomes
much less efficient after the refilling of the plasmasphere.
The gyrofrequency at L = 1.5 is four times higher than at
L = 2 and 1 MeV particles are not in first order resonance
with hiss waves. Note that the first order resonance pro-
duces dominant scattering [e.g., Shprits and Ni, 2009]. In
the heart of the inner zone, only multi MeV electrons can
sufficiently Doppler shift the wave frequency to be in first
order resonance with hiss waves. At L = 1.5, electrons can

Figure 1. (a) SAMPEX observations of 2–6MeV electron fluxes in (log10(cm
−2 sr−1 sec−1)) during the 2003 Halloween

storms, DOY 300–326 (27 October to 22 November) 1/2 day averaged. Fluxes are presented as a function of time
and L shell. Averaging is applied to eliminate periodic variations associated with the spacecraft passing over
the regions with weak magnetic fields usually referred to as the South Atlantic Anomaly. (b) VERB code simulations
of the dynamics of the radiation belts 2–6MeV electron omnidirectional fluxes modeled at the altitude of 850 km in a
dipole field in (log10(cm

−2 sr−1 sec−1)). A one day moving average is applied. Unlike in the radial diffusion studies
[Miyoshi et al., 2003; Shprits et al., 2006a] in which data was used at the outer radial boundary, the VERB code used
for this study does not utilize observations and is driven by Kp index only. The outer boundary condition is set up at
L = 7 and its variation is parameterized by Kp index. (c) Evolution of the Kp index used for parameterizations of
waves and modeled plasmapause location Lpp [Carpenter and Anderson, 1992]. (d) Evolution of Dst index.
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Figure 2. (a) VERB code simulations of the dynamics of the radiation belts 2–6 MeV electron omni-
directional fluxes at the altitude of 850 km in (log10(cm

−2 sr−1 sec−1)) for the 2003 Halloween storm.
(b) Same as Figure 2a but during a superstorm with Kp used for parameterizations increased by 2 at
all times when the Kp index is greater than 7. (c) Evolution of 2–6 MeV radiation belt electron fluxes
at the altitude of 850 km for L = 1.5 and L = 2 normalized to the maximum value of the fluxes for the
modeled perfect storm. (d) Evolution of the driver of the simulations derived from Kp index and
modeled plasmapause location Lpp. The original time series of Kp index used for the simulations
described in section 2 was increased by two when Kp index exceeded 7.
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be only scattered by the high‐order resonances which
results in extremely long lifetimes.
[34] Assuming an exponential decay, the electron lifetime

can be calculated from diffusion coefficients [Shprits et al.,
2006b]. Diffusion coefficients are computed for the whis-
tlers produced by VLF transmitters, lightning‐generated
whistlers, and plasmaspheric hiss waves with the para-
meters taken from Table 1, and the results are shown in
Figure 3 for L = 1.5.
[35] Since radial diffusion rates at these L shells are very

weak, on the scale of 10−7 (RE
2/day) [Walt and Newkirk,

1968], the equilibrium decay rates can be estimated
using the value of the inverse pitch angle diffusion coef-
ficient near the edge of the loss cone [Shprits et al., 2006b;
Albert and Shprits, 2009]. The inverse value of the diffusion
coefficient near the edge of the loss cone gives a decay rate
of approximately 5 years.

5. Estimation of the Radiation Dose
[36] High‐energy electrons create a hazardous environ-

ment for Earth‐orbiting satellites and the international

Figure 3. (a, e, i, m) Pitch angle, (b, f, j, n) energy, and (c, g, k, o) mixed bounce averaged diffusion
coefficients and (d, h, l, p) the sign of the mixed diffusion coefficients, for hiss (Figures 3a–3d), light-
ning generated whistlers (Figures 3e–3h), and two models of VLF transmitters (Figures 3i–3l and
Figures 3m–3p). Diffusion coefficients are computed using wave spectral properties specified in
Table 1 for L = 1.5.
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space station; understanding the dynamics of the radiation
belts and being able to predict the response of the radia-
tion belts to changes in the solar wind is very important
[Baker, 2002; Tsurutani et al., 2006]. In particular, relativistic
electrons are responsible for deep dielectric charging in
sensitive electronic components and cause frequent sat-
ellite failures and operational problems [Lanzerotti, 2001].
[37] To estimate the damage of a potential intensification

of particle interactions with an idealized spacecraft, we
used Open Source Monte Carlo particle simulation soft-
ware from the CERN project called “GEANT4” [Agostinelli
et al., 2003]. We approximated the shielded electronics of a
spacecraft as a silicon sphere with a diameter of 10 cm,
shielded by a 2 mm aluminum shell. Simulated electrons
with 1000 different initial energy values between 1MeVand
10MeVwere fired at the center of the sphere from an initial
position just on the outer surface of the aluminum shield-
ing. For each of the initial energy values, 1000 electrons
were fired and their average energy deposition in the sili-
con at each energy value was recorded. Our GEANT4
simulation models a number of standard and electro-
magnetic processes including transportation, multiple
scattering, the photoelectric effect, and bremsstrahlung.
[38] The L shells, the ratio of the magnetic field at the

satellite orbit to the equatorial magnetic field (B/B0), and
the time spent in each L shell were calculated for a
SAMPEX‐like orbit (high inclination, low eccentricity, less
than 1000 km altitude). Omnidirectional differential elec-
tron fluxes (#/cm2/sec/MeV) over the model orbit for
normal conditions at solar maximum were found using
NASA’s statistical AE8Max model [Vette, 1991]. A typical
ionizing dose per second (MeV/kg/sec) was determined
for AE8Max fluxes at each L shell and for each value of the
ratio of the magnetic field B to the equatorial value of the
magnetic field B0 by integrating the energy deposited
multiplied by AE8Max fluxes and scaled by the surface
area to volume ratio of the sphere and the density of sil-
icon in kg/cm3.

Dose L tð Þ;B=B0 tð Þð Þ ¼ 1
0:00233

1
r

Z10
E¼1

AE8Max

� E; L tð Þ;B=B0 tð Þð ÞEdep Eð ÞdE; ð6Þ

where t is the time along the orbit and Edep(E) is the
energy deposited per electron with initial energy E. The
function Edep(E) was determined using GEANT4 model-
ing. The average dose per orbit was determined by aver-
aging the dose over the total orbit time and converting
from MeV/kg/sec to kilorads/sec

AverageDose ¼ t�1
end

Ztend
t¼0

DOSE L tð Þ;B=B0 tð Þð Þdt: ð7Þ

Model dose per second was determined using the same
method, except that the increased fluxes due to super-
storm conditions were combined with AE8Max fluxes.

DOSE L tð Þ;B=B0 tð Þð Þ ¼ 1
0:00233

1
r

Z10
E¼1

TotalFlux E; L tð Þ;B=B0 tð Þð Þ

� EDEP Eð ÞdE ð8Þ

with

TotalFlux E; L tð Þ;B=B0 tð Þð Þ ¼ SuperStorm E; L tð Þ;B=B0 tð Þð Þ
if1:3 � L tð Þ � 1:5 ð9Þ

TotalFlux E; L tð Þ;B=B0 tð Þð Þ ¼ AE8Max E; L tð Þ;B=B0 tð Þð Þ
if L tð Þ < 1:3 or L tð Þ > 1:5 ð10Þ

where TotalFlux(E, L(t), B/B0(t)) is a piecewise function
used to describe the omnidirectional, energy differential
flux during a superstorm so that it can be compared to the
background flux.
[39] Ourmodeling shows that a superstormcould increase

the dose from electrons to more than 17.1 kilorads/yr for a
spacecraft with 2 mm aluminum shielding in a SAMPEX‐
like orbit (550 × 675 km, 82 deg inclination). To estimate
average fluxes in a SAMPEX‐like orbit we used a Space
Environment Information System (SPENVIS) code, pro-
videdby theEuropeanSpaceAdministration for a spacecraft
with 2mmaluminumshielding. The estimated total ionizing
dosing by SPENVIS is 2.67 kilorad/yr (2.48 from electrons
and bremsstrahlung, and 0.19 fromprotons) during the solar
maximum.
[40] Our dose estimates clearly show that, under rather

conservative assumptions, a spacecraft in a low Earth orbit
could see a decrease in lifetime by a factor greater than 6.4
due to radiation dosage. Spacecraft with less than a 2 mm
aluminum shielding equivalent or in higher risk orbits
(larger eccentricities or higher mean altitudes) could see
increases in radiation dosage that are significantly greater
than our modeled results.
[41] As part of a radiation mitigation strategy, a radiation

tolerant spacecraft with a design margin for our relatively
benign model orbit might include 2 mm aluminum shield-
ing and radiation tolerant components with a 15 kilorad
lifetime. Such a satellite would see the reduction of its
average lifetime from 5.6 years to 0.85 years after a super-
storm discussed in this study.

6. Conclusions
[42] Three‐dimensional simulations with the VERB code

of the Halloween storms confirm results obtained previ-
ously using simpler models and quantitatively reproduce
the unusual dynamics of the radiation belts in the slot
region. The initial injection of the electrons, which are
brought by radial diffusion, is followed by local accelera-
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tion, which produces an unusual radiation belt in the slot
region. Simulations of the VERB code including mixed
diffusion with Kp‐driven parameterizations for the radial
diffusion rates, VLF/ELF scattering rates, the plasmapause
location, and the outer boundary condition near geosyn-
chronous orbit favorably compare to the observations on
SAMPEX, allowing for the simulation of even stronger
storms. Our simulations of even stronger storms, which
may occur in the future and most likely occurred in the
past, show that if the plasmasphere is compressed to
1.3 RE, as it was during the Carrington storm, relativistic
electrons will be injected by the radial diffusion into the
heart of the inner belt, where they can be efficiently
accelerated by chorus waves. Enhanced radiation belt
fluxes at such low L shells are likely to persist for up to a
decade due to the slow scattering by waves inside the
plasmasphere.
[43] These results are consistent with the early obser-

vations of the electron fluxes after the Starfish nuclear
detonation, which populated an artificial radiation belt
at L ∼ 1.3 as observed by Injun 1. Observations of the
artificial radiation belt [Paulikas et al., 1967] yield a lifetime
of ∼265 days at L = 1.3 for electrons above 4.5 MeV.
[44] One reason that these lifetimes are shorter than the

ones estimated in our study may be that, at L = 1.3,
Coulomb collisions may start to become important and
may decrease the electron lifetimes. The second reason
may be uncertainty in the amplitudes and spectral char-
acteristics of plasma waves. Also, right after injection,
electrons may decay at a slightly faster rate until they

reach the equilibrium exponential decay rates that corre-
spond to the longest lived eigenmode.
[45] Figure 4 illustrates the general structure of the radi-

ation belts before (Figure 4a), during (Figure 4b), and after
(Figure 4c) such storms. During a superstorm, as described
above, the plasmapause is eroded and compressed down to
1.3 RE, which allows ULF waves to penetrate into the inner
belt and diffuse electrons radially much closer to Earth.
Local acceleration in the inner belt, where the magnetic
field is strong and the plasmadensity is low, enhances inner
radiation belt fluxes and will make them several orders of
magnitude higher than the outer radiation belt fluxes,
depicted as a red belt in Figures 4b and 4c.
[46] The estimated radiation dose on a typical spacecraft

will significantly increase after the types of superstorms
described in this study. The lifetime of a typical satellite
may decrease to less than one year. Spacecraft engineers
should include the scenario of a profound intensification
of the inner zone radiation environment into their radia-
tion mitigation strategy. The potential economic loss from
such a storm may be devastating. Enhancements of the
inner belt will mostly affect satellites in polar and low
Earth orbit, which include but are not limited to weather,
military, and telecommunication satellites. Measurements
made by the upcoming NASA Radiation Belt Storm Probe
(RBSP) will allow us to better quantify the acceleration
processes, improve our current understanding of the
dynamics of the radiation belts, and help us find ways to
predict the radiation environment and find methods to
mitigate the impact of such superstorms.

Figure 4. Illustration of the evolution in the Earth’s radiation belt fluxes due to a superstorm that com-
presses the plasmapause below 1.5 Earth radii. Color indicates the intensity of the radiation belt fluxes.
(a) Typical two zone structure of the Earth’s radiation belts; (b) acceleration of particles during the
superstorm, intensification of the inner belt, and depletion of the outer belt; and (c) increased inner belt
fluxes after the superstorm which may persist for several years. The green color indicates the average
amplitude of the radiation belt fluxes. The blue line shows the plasmapause, which is usually outside
the slot region and assures that local acceleration may only increase fluxes in the outer radiation belt.
During theHalloween storms theplasmapausewas eroded and compressed toonly 2RE,whichdidnot
allow electrons to penetrate into the safe zone below 1.5 RE.
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