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[1] The adiabatic transport process is introduced into our recently developed three‐
dimensional physics‐based electron radiation belt model (STEERB, Storm‐Time Evolution
of Electron Radiation Belt) via adopting a time‐varying Hilmer‐Voigt geomagnetic field.
The current STEERBmodel contains more complete physical processes: adiabatic transport,
radial diffusion, and various in situ wave‐particle interactions. In particular, the influence
of adiabatic transport on storm time radiation belt electron dynamics is investigated by some
idealized simulations. It is found that the adiabatic transport alone (without plume hiss
and electromagnetic ion cyclotron (EMIC) waves) is unable to reproduce the observed
main phase loss of energetic outer radiation belt electron fluxes in the presence of a strong
chorus‐driven acceleration process. However, these adiabatic and nonadiabatic processes
for radiation belt electron dynamics are coupled to each other. The adiabatic transport,
together with radial diffusion and cyclotron resonant interactions with chorus, plume hiss,
and EMIC waves, contributes significantly to the main phase loss and the recovery phase
enhancement of energetic electron fluxes. In the absence of adiabatic transport, the energetic
outer radiation belt electron fluxes are found to be overestimated by a factor of 5–30 over
all the pitch angles during the main phase and to be underestimated by a factor of 2–5 at
larger pitch angles (ae > 50°) during the recovery phase. These numerical results suggest that
the adiabatic transport in a time‐varying geomagnetic field model should be incorporated
into the future radiation belt models for space weather application.

Citation: Su, Z., F. Xiao, H. Zheng, and S. Wang (2011), Radiation belt electron dynamics driven by adiabatic transport, radial
diffusion, and wave‐particle interactions, J. Geophys. Res., 116, A04205, doi:10.1029/2010JA016228.

1. Introduction

[2] The Earth’s electron radiation belt dynamics have
attracted considerable attention in recent years due to their
scientific and practical significance [Baker, 1996; Fok et al.,
2008]. Observations show that the outer radiation belt often
exhibits dramatic variabilities during magnetic storms (typi-
cally a rapid dropout during the main phase and a substantial
buildup during the recovery phase) [Friedel et al., 2002;
Reeves et al., 2003]. Such variations are often attributed to
the imbalance between various source and sink processes.
Themost important topic of current research is to differentiate
among contributions of these competing physical mechan-
isms to radiation belt evolution.

[3] These physical processes controlling radiation belt
electron dynamics can be generally classified into adiabatic
(reversible) and nonadiabatic (irreversible) types. Adiabatic
transport of electrons can occur in response to the storm time
geomagnetic field variations on a timescale associated with
the adiabatic invariants [Kim and Chan, 1997; Reeves et al.,
1998; Kim et al., 2010]. In fact, the irreversible variations
of electron fluxes are observed in many geomagnetic storms
[e.g., Baker et al., 1986;McAdams and Reeves, 2001; Reeves
et al., 2003], suggesting that nonadiabatic physical processes
can occur during storms. Radial diffusion driven by drift
resonance with ULF waves is traditionally considered to
control the radiation belt evolution [Falthammar, 1968;
Schulz and Lanzerotti, 1974; Elkington et al., 1999, 2003;
Hudson et al., 2000; Shprits et al., 2006]. The enhanced
inward and outward radial diffusion is able to accelerate
and decelerate a source population of electrons during storm
time [Green and Kivelson, 2004]. The Cluster observations
of energetic electron drift resonance with toroidal mode ULF
waves in the dayside magnetosphere have been presented
by Zong et al. [2007]. Degeling et al. [2008] demonstrated
that drift resonance with a burst of narrow band ULF waves
can generate relativistic electrons by nondiffusive radial
transport. Zong et al. [2009] reported that shock‐induced
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ULF waves can efficiently energize the radiation belt elec-
trons (up to 2MeV) via drift resonance. Cyclotron resonant
interactions with various VLF/ELF waves, e.g., chorus, hiss,
and electromagnetic ion cyclotron (EMIC) waves, are often
invoked to be the in situ acceleration and loss mechan-
isms of radiation belt electrons [Horne and Thorne, 1998;
Summers et al., 1998, 2004, 2007a, 2007b; Roth et al., 1999;
Summers and Ma, 2000; Albert, 2003, 2005; Horne et al.,
2003a, 2005; Bortnik et al., 2006; Jordanova et al., 2008].
In addition, someworks have revealed the nonlinear character
of energetic electron interactions with large amplitude chorus
[Nunn, 1974; Albert, 2002; Summers and Omura, 2007;
Bortnik et al., 2008] and EMIC waves [Albert and Bortnik,
2009].
[4] Global numerical models are required to understand

and forecast radiation belt dynamics. Many multidimensional
kinetic models for electron phase space density evolution
have been constructed.Beutier and Boscher [1995]; Varotsou
et al. [2005, 2008] proposed the first three‐dimensional (3‐D)
electron radiation belt model (Salammbô) including cyclo-
tron wave‐particle interaction and radial diffusion. More
comprehensive 3‐D radiation belt electron diffusion models,
e.g., Versatile Radiation Belt (VERB) model [Shprits
et al., 2009; Subbotin and Shprits, 2009; Subbotin et al.,
2010] and Storm‐Time Evolution of Electron Radiation
Belt (STEERB) model [Su et al., 2010a; Xiao et al., 2010],
have been developed. Data‐driven 3‐D diffusion simulations
of radiation belt electron dynamics due to chorus wave‐
particle interaction and radial diffusion during the 9 October
1990 magnetic storm have been carried out [Albert et al.,
2009]. Bourdarie et al. [1997] presented the first four‐
dimensional (4‐D) electron radiation belt model with
incorporation of wave‐particle interactions and convective
transport. New 4‐D convection‐diffusion models for radia-
tion belt electron dynamics, e.g., ring current‐atmosphere
interactions (RAM) model [Jordanova and Miyoshi, 2005]
and Radiation Belt Environment (RBE) model [Fok et al.,
2008], have also been implemented. The role of azimuthal
convection has been evaluated by Su et al. [2010d], and the
drift‐averaged simulations (ignoring the azimuthal convec-
tion) were found to be able to produce significant overesti-
mate of energetic electron fluxes in some circumstances. All
of these radiation belt models used the full solutions of
multidimensional kinetic equations, while Tu et al. [2009]
presented a special model only based on the radial diffu-
sion equation with some magnetic activity‐dependent source
and loss terms. In addition, some radiation belt models
[e.g., Ukhorskiy et al., 2006; Saito et al., 2010] have been
developed based on the test particle formulation in a time‐
dependent magnetic field model.
[5] All of the kinetic models for radiation belt dynamics

above except the RBE model [Fok et al., 2008] adopted a
static magnetic field model, and excluded the adiabatic
response of energetic electrons to magnetic field variation.
Recently, Su et al. [2010b] investigated the combined radial
diffusion and adiabatic transport of radiation belt electrons in
a time‐varying geomagnetic field model, and suggested that
adiabatic transport (instead of outward radial diffusion) can
be the dominant loss mechanism beyond 5RE. In this study,
we shall introduce the adiabatic transport into the STEERB
code via adopting a time‐varying magnetic field model. In

particular, the influence of adiabatic transport on radiation
belt electron dynamics shall be systematically investigated by
some test simulations.

2. Numerical Model

2.1. Basic Equation

[6] The three‐dimensional modified Fokker‐Planck equa-
tion [Schulz and Lanzerotti, 1974]
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is adopted to describe the radiation belt electron phase space
density (PSD) f evolution. The current model involves two
computational spaces: adiabatic invariant space (magnetic
momentum m, longitude invariant J, Roederer parameter L*)
and observable space (equatorial pitch angle ae, momentum
p, radial distance L). The first two terms on the right hand
side of equation (1) treat the local wave‐particle interaction
processes with the bounce‐averaged diffusion coefficients
in pitch angle hDaai, momentum hDppi and cross‐pitch angle
momentum hDapi = hDpai. For computational simplicity,
we evaluate the local wave‐particle interactions in a dipolar
geomagnetic field, and then the definitions of hDaai, hDppi,
hDai = hDpai and G(ae, p) are exactly same as those adopted
by Su et al. [2010a]. The third term on the right‐hand side
of equation (1) treats the radial diffusion process. The cor-
responding radial diffusion coefficient DL*L* is listed in the
earlier works [Su et al., 2010a, 2010b]. The last three terms
[Su et al., 2010a, 2010b] present the dominant loss mech-
anisms in the loss cone, near the Earth (L < 1.5), and in the slot
region, respectively. The electron lifetime tL related to pre-
cipitation loss is set to be a quarter of bouncing time in the loss
cone and infinite outside the loss cone. The electron lifetime
tC related to Coulomb scattering [Wentworth et al., 1959;
Lyons and Thorne, 1973] is given by

�C ¼ 3� 108Ek MeVð Þ L

4

� �4

sð Þ: ð2Þ

The electron lifetime tW in the slot region is empirically set
to be [Su et al., 2010a]

�W ¼ 2

Kp

� �2

10 L�3:5ð Þ4þ0:4 2:5 � L � Lpp
� �

daysð Þ; ð3Þ

with the plasmapause location Lpp = 5.6 − 0.46K*p and the
maximum Kp value Kp* in the preceding 24 h [Carpenter
and Anderson, 1992].
[7] Following our preceding work [Su et al., 2010b],

the Dst‐dependent Hilmer‐Voigt symmetric geomagnetic
field model [Hilmer and Voigt, 1995] is employed to obtain
the mapping relation between adiabatic invariant space and

SU ET AL.: INFLUENCE OF ADIABATIC TRANSPORT A04205A04205

2 of 12



observable space. The magnetic field B in a geocentric
spherical coordinates (r, �, �) can be written as

B ¼ r� A ¼ r� A�e�
� �

; ð4Þ

with

A� ¼ �B0

r2
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where B0 = 31200 nT, and r+, r−, B+ and B− are four Dst‐
dependent parameters [see Kim and Chan, 1997; Su et al.,
2010b]. The mapping relation between the two computa-
tional spaces is defined as

� ¼ p2 sin2 �e

2meBe
; ð6Þ

J ¼ 2pI ¼ 2p
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F ¼
I
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where me is the electron rest mass; RE is the Earth’s radius;
Be is the equatorial magnetic field; sm and s′m denote mirror
points; ds represents the distance along the field line; dl
represents the guiding drift shell segment. For the azimuthally
symmetric geomagnetic field configuration, all the electrons
mirroring on the same field line have the same value of third
adiabatic invariant [Roederer, 1970]. In the current field
model, the relation between L* and L can be directly derived
from equations (5) and (8):
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The geomagnetic field configuration and sample relations
between adiabatic invariants and observables with different
Dst values are shown in Figure 1.

Figure 1. (a) Geomagnetic field lines in the meridian plane; (b‐j) Sample relations between adiabatic
invariants (m, J, L*) and observables (ae, Ek, L). The solid, dotted, dashed, dot‐dashed, and dot‐dot‐dashed
lines represent the simulation cases with Dst = −15, −30, −50, −100, and −120 nT, respectively.
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2.2. Numerical Method

[8] Following our previous works [Su et al., 2010a,
2010b], the 3‐D modified Fokker‐Planck equation is solved
based on a split operator technique [Strang, 1968], in con-
junction with the hybrid finite difference (HFD) method
[Su et al., 2009a, 2009b, 2009c, 2010c, 2010d, 2011; Xiao
et al., 2009, 2010] in the observable space, and the fully
implicit finite difference method in the adiabatic invariant
space. The mapping between the two computational spaces
is implemented by a spline interpolation method.

2.3. Boundary and Initial Conditions

[9] In the adiabatic invariant space, the inner and outer
boundary conditions are set to be

f L* ¼ 1ð Þ ¼ 0; f L* ¼ 7ð Þ ¼ fo t; �; Jð Þ: ð10Þ

In this study, fo(t, m, J) is assumed to be

fo t; �; Jð Þ ¼ � tð Þ fo t ¼ 0; �; Jð Þ ð11Þ

fo t ¼ 0; �; Jð Þ ¼ f 	 �e;Ekð Þ � c	 1þ Ek

	E0

� 	� 	þ1ð Þ
sinq �e; ð12Þ

where d(t) is a time‐dependent normalized factor (given
in section 3); f 	(ae, Ek) is a kappa‐type distribution function
[Vasyliunas, 1968; Maksimovic et al., 1997a, 1997b; Viñas
et al., 2005; Xiao, 2006; Xiao et al., 2008a, 2008b, 2008c]
with a normalized constant c	, q = 0.855, E0 = 3 keV, and
	 = 5 [Christon et al., 1988; Thorne et al., 2005; Su et al.,
2010a]. The boundary conditions in the observable space are
set to be

@f =@�e �e ¼ 0�ð Þ ¼ 0 @f =@�e �e ¼ 90�ð Þ ¼ 0 ð13Þ

f Ek ¼ 0:1 MeVð Þ ¼ fl t; �e; Lð Þ f Ek ¼ 5:0 MeVð Þ ¼ fu t; �e; Lð Þ;
ð14Þ

where fl(t, ae, L) and fu(t, ae, L) are determined self‐
consistently by the interpolations from (m, J, L*) space at
each step.
[10] The initial condition is given by solving the steady

radial diffusion equation with Kp = 2.0 and Dst = −15 nT
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Figure 2 shows the profiles of obtained steady state radia-
tion belt electron fluxes j = p2f in the observable space. The
L‐dependent configuration, inner and outer belts separated by
slot region (2–3 RE), can be clearly distinguished, generally
comparable to the previous observations [e.g., Thorne et al.,
2007]. The pitch angle anisotropy of ∼MeV electrons is
found to increase with L decreasing, consistent with the ear-
lier measurements [see Thorne et al., 2005].

3. Numerical Results

[11] The numerical simulations of storm time radiation
belt electron dynamics with and without adiabatic transport
shall be performed. Following the earlier numerical studies
[Shprits and Thorne, 2004; Su et al., 2010a, 2010b], the time‐
dependent Kp and Dst (nT) indexes of an idealized storm are
assumed to be

Kp ¼
4t þ 2;
�4t þ 22ð Þ=3;
2;

0:0 � t < 1:0 d
1:0 � t < 4:0 d
t � 4:0 d

8<
: ; ð16Þ

Dst ¼
�105t � 15;
35t � 155;
�15;

0:0 � t < 1:0 d
1:0 � t < 4:0 d
t � 4:0 d

8<
: ð17Þ

The geomagnetic index Kp (Dst) is set to be 2 (−15 nT)
during the quite time and has the maximum (minimum) value
6 (−120 nT) during the storm time. The corresponding time‐
dependent factor d(t) for the outer boundary condition is
further assumed to be

� tð Þ ¼
1;
�18t þ 19ð Þ=10;
18t � 17ð Þ=10;
1;

0:0 � t < 0:5 d
0:5 � t < 1:0 d
1:0 � t < 1:5 d
t � 1:5 d

8>><
>>: ð18Þ

Figure 2. (a) L‐dependent flux profiles of equatorially
trapped electrons with different kinetic energies (shown).
Pitch angle‐dependent flux profiles of (b) 1.0 and (c) 2.0 MeV
electrons at different L shells (shown).
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d(t) is set to be less than 1 during the most geomagnetically
active periods (0.5 d < t < 1.5 d), which introduces the storm
time outer boundary losses related to other physical mech-
anisms (e.g., magnetopause shadowing effect) [Shprits and
Thorne, 2004; Shprits et al., 2006]. Note that the inflation
of drift shell due to the buildup of ring current can speed up
the magnetopause shadowing effect [Ukhorskiy et al., 2006].
[12] The current model mainly contains these physical

processes: adiabatic transport (AT), radial diffusion (RD),
cyclotron resonant interaction with chorus waves (CW),
plume hiss and EMIC waves (PW). Four simulation cases are
conducted for such an idealized storm: (A1) RD+CW; (A2)
AT+RD+CW; (B1) RD+CW+PW; (B2) AT+RD+CW+PW.
These simulation cases are further categorized into two
groups: (A) = {A1, A2} (without plume waves) and (B) =
{B1, B2} (with plumewaves). The suffixes 1 and 2 denote the
simulation cases without and with adiabatic transport. The
turn on or off of adiabatic transport process is implemented by
adopting a time‐varying or static geomagnetic field model.

The chorus, plume hiss and EMIC waves are assumed to be
distributed from L = max(3, Lpp) to 7. These wave models are
the same as those adopted by Su et al. [2010a].
[13] Evolutions of equatorially trapped electron PSDs at

m = 500 and 2000 MeV/G for the four cases are shown in
Figure 3. The corresponding electron PSD profiles during the
main phase (t = 1.0 d) and recovery phase (t = 4.0 d) are
plotted in Figure 4. For all the four simulation cases, the
energetic electron PSDs exhibit significant (20–50 times)
enhancements after the model storm in the region 4 < L* < 6,
primarily due to the chorus‐driven acceleration [e.g., Albert
et al., 2009; Shprits et al., 2009; Su et al., 2010a]. The
comparison between groups A (without plume waves) and B
(with plume waves) indicates that incorporation of the plume
wave‐particle interaction can effectively deplete the PSDs
especially for the high‐energy electrons during the main
phase, consistent with the previous numerical studies [e.g., Li
et al., 2007; Shprits et al., 2009; Su et al., 2010a]. The
comparison between simulation cases in each group shows

Figure 3. Evolution of equatorially trapped electron PSD at m = (left) 500 and (right) 2000 MeV/G in the
adiabatic invariant space for (a and b) case A1, (c and d) case A2, (e and f) case B1, and (g and h) case B2.
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that ignoring the adiabatic transport process generally leads
to the underestimate of energetic electron PSDs throughout
the storm. During the main phase (t = 1.0 d), the PSD
underestimate factors at m = 500 and 2000 MeV/G for both
groups A and B are about 20–100 in the heart of outer
radiation belt. Note that the kinetic energies of electrons
possessing the constant adiabatic invariants decrease with
Dst decreasing in the simulation CasesA2 and B2 (see
Figure 1). During the recovery phase (t = 4.0 d), the PSD
underestimate factor at m = 500 and 2000 MeV/G is about
2 and 5, respectively, for each group in the center of the outer
radiation belt. According to Liouville’s theorem, the adia-
batic transport alone (without other nonadiabatic processes)
does not change the PSD function in the adiabatic invariant
space. The current simulation results indicate that the adia-
batic and nonadiabatic processes are coupled to each other,
and that adiabatic transport, together with other nonadiabatic
processes, can obviously affect the PSD function. In other
words, the adiabatic process can influence the nonadiabatic
processes via changing the electron distribution function in
the observable space, and in turn the nonadiabatic processes
can affect the adiabatic process via changing the electron
distribution function in the adiabatic invariant space. The
incorporation of a time‐varying, activity‐dependent mag-
netic field model can ultimately affect the PSD function in
the adiabatic invariant space via changing the efficiency of
nonadiabatic processes. Note that such interactions between
the adiabatic and nonadiabatic processes are numerically
implemented by the mapping between the adiabatic invariant
and observable spaces at each time step.
[14] Figure 5 shows the evolutions of equatorially trapped

electron fluxes j = p2f at Ek = 1.0 and 2.0 MeV for the four
cases. Figure 6 plots the corresponding electron flux profiles
during themain phase (t = 1.0 d) and recovery phase (t = 4.0 d).
In the simulation (Case B2) including the adiabatic trans-
port, radial diffusion, cyclotron resonant interaction with

chorus and plume waves, the energetic outer radiation belt
electron fluxes are found to decrease by about 2–3 orders of
magnitude during the main phase, and substantially increase
by about 2 orders of magnitude during the recovery phase,
comparable to the previous observations [Reeves et al., 2003;
Green et al., 2004]. For the two cases of group A (without
plume waves), only the insignificant main phase depletion
(less than 10 times) can occur beyond 5RE, primarily due to
the outward radial diffusion induced by outer boundary loss
[Brautigam and Albert, 2000; Miyoshi et al., 2003, 2006;
Shprits et al., 2006]. The significant main phase depletion can
be produced when the plume wave‐particle interactions are
included (group B). These results suggest that adiabatic
transport alone (without plume waves) cannot cause the sig-
nificant depletion of energetic electron fluxes in the presence
of strong chorus‐wave particle interactions during the main
phase, and that the EMIC and hiss waves play an important
role in the main phase losses. The comparison between
simulation cases in each group shows that ignoring the adi-
abatic transport process generally yields an overestimate
(underestimate) of energetic outer radiation belt electron
fluxes during the main (recovery) phase. Such main phase
overestimate in the group B (with plume waves) is much
stronger than that in the group A (without plume waves). For
the group A, the main phase overestimate factors at energies
1.0 and 2.0 MeV are about 5 in the region 3 < L < 4. For the
group B (with plume waves), the main phase overestimate
factor at 2.0 MeV can approach ∼30 in the region 4 < L < 5,
much larger than that at 1.0 MeV. The groups A and B
generally have the same recovery phase underestimate factor,
which is relatively small (≤2) for 1.0 MeV electron flux in the
outer radiation belt region, and can approach 2–5 for 2.0MeV
electron flux in the region 3 < L < 6.
[15] The pitch angle distributions of 1.0 and 2.0 MeV

electrons for the four cases at different L shells during the
main phase (t = 1.0 d) and recovery phase (t = 4.0 d) are

Figure 4. Equatorially trapped electron PSD profiles at m = (top) 500 and (bottom) 2000 MeV/G in the
adiabatic invariant space during (left) the main phase and (right) the recovery phase for cases A1 (dotted),
A2 (dashed), B1 (dot‐dashed), and B2 (dot‐dot‐dashed). The solid lines represent the steady state.
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Figure 5. Same as Figure 3 except for electron fluxes j at energies Ek = (left) 1.0 and (right) 2.0MeV in the
observable space. The equatorially trapped electron fluxes j are plotted as functions of t and L, and the
relation between L and L* is given by equation (9).
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Figure 6. Same as Figure 4 except for electron fluxes j at energies Ek = (top) 1.0 and (bottom) 2.0 MeV in
the observable space. In Figure 6b, the dotted and dot‐dashed lines overlap each other, and the dashed and
dot‐dot‐dashed lines overlap each other. Note that the equatorially trapped electron fluxes j are plotted as
functions of L at any time.

Figure 7. Pitch angle‐dependent flux profiles for 1.0 MeV electrons at different L shells (shown) during
(left) the main phase and (right) the recovery phase. The solid lines represent the steady state. The dotted,
dashed, dot‐dashed, and dot‐dot‐dashed lines denote the simulation cases A1, A2, B1, and B2, respectively.
In Figures 7b, 7c, 7d, and 7f, the dotted and dot‐dashed lines overlap each other, and the dashed and dot‐dot‐
dashed lines overlap each other.
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plotted in Figures 7 and 8. All of the pitch angle distributions
(except the Case A2 at 2.0 MeV during the main phase) are
90° peaked throughout the storm time, and the butterfly
shaped pitch angle distributions [Lyons, 1977; Horne et al.,
2003b; Ebihara et al., 2008] are not observed in the current
simulations. Our previouswork [Su et al., 2010b] showed that
combined radial diffusion and adiabatic transport can lead to
the pitch angle distribution evolution from a rounded 90°
peaked distribution to a butterfly shaped distribution during
the main phase, and back into a 90° peaked distribution
during the recovery phase. The persistence of 90° peaked
distribution in the current simulations may be caused by the
pitch angle scattering (more effective at small pitch angles)
and energization (more effective at large pitch angles) related
to various wave‐particle interactions [e.g., Horne and
Thorne, 2003; Li et al., 2007]. The further incorporation of
magnetopause shadowing and magnetic shell splitting in an
asymmetric geomagnetic field model would produce the
observed butterfly shaped pitch angle distribution at large L
shells [Stone, 1963; Roederer, 1967; Horne et al., 2003b].
The strong enhancement of energetic electron fluxes over all
the pitch angles during the recovery phase is found to occur in
the four simulation cases. Only when the cyclotron resonant
interaction with plume waves is introduced in the numerical
model (group B), the main phase loss of energetic electron
fluxes over all the pitch angles forms outside of L = 4. Due to
the neglect of adiabatic response, the main phase overesti-
mate of energetic electron fluxes can occur over all the pitch
angles, while the recovery phase underestimate of energetic
electron fluxes mainly occurs at the relatively large pitch
angles (ae > 50°). Clearly, the storm time overestimate

or underestimate is more significant at the energy channel
2.0 MeV than that at 1.0 MeV.

4. Discussion and Conclusion

[16] We introduce the adiabatic transport process into the
Storm‐Time Evolution of Electron Radiation Belt (STEERB)
code [Su et al., 2010a] by adopting the Dst‐dependent
Hilmer‐Voigt symmetric geomagnetic field model [Hilmer
and Voigt, 1995]. The current STEERB model includes
more complete physical processes: adiabatic transport, radial
diffusion, and various in situ wave‐particle interactions. The
timescales of these acceleration and loss mechanisms are
about several hours to days. However, some other important
physical mechanisms, e.g., magnetospheric convection [e.g.,
Bourdarie et al., 1997;Khazanov et al., 2004; Fok et al., 2008]
and nonlinear wave‐particle interactions [e.g., Albert, 2002;
Summers and Omura, 2007], are not incorporated. Future
attempts will be made to introduce these physical processes
into STEERB code.
[17] We further evaluate the influence of adiabatic transport

on radiation belt electron dynamics by comparison.
[18] 1. In the presence of a strong chorus‐driven accelera-

tion process, the adiabatic transport alone (without plume
waves) is found to be hard pressed to produce the observed
main phase loss of energetic outer radiation belt electron
fluxes. Note that the adiabatic transport is able to cause sig-
nificant depletion of energetic electrons beyond 5RE in the
absence of chorus waves [Su et al., 2010b].
[19] 2. These adiabatic and nonadiabatic processes for

radiation belt electron dynamics are coupled to each other.

Figure 8. Same as Figure 7 except for 2.0 MeV electrons.
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The adiabatic transport, together with radial diffusion and
cyclotron resonant interactions with chorus and plume waves
contribute significantly to the main phase loss and the
recovery phase enhancement of energetic electron fluxes.
Ignoring the adiabatic transport process generally produces
the overestimate (underestimate) of energetic outer radiation
belt electron fluxes during the main(recovery) phase of a
storm. In the current simulations, themain phase overestimate
factor is up to 5–30 over all the pitch angles, and the recovery
phase underestimate factor can approach 2–5 at larger pitch
angles (ae > 50°). These numerical results suggest that the
adiabatic transport should be incorporated into the future
radiation belt models for space weather application. Time
stepping a more sophisticated nonazimuthally symmetric
magnetic field model [e.g., Tsyganenko and Sitnov, 2005]
should be employed in the future studies of adiabatic trans-
port effects [e.g., Ukhorskiy et al., 2006].
[20] The current simulation results obviously depend on

diffusion coefficient model, magnetic field model, initial and
boundary conditions. Inaccuracy in these auxiliary models
and computational conditions will quantitatively change our
results to some extent. Data‐driven simulations will be per-
formed in the future works when the observational data
becomes available from, for example, the Radiation Belt
Storm Probes satellites, scheduled for launch in 2012. It
would be possible to determine the dominant loss and ener-
gization mechanisms under the realistic condition by the
comparison between observations and simulations.

[21] Acknowledgments. This work was supported by the National
Natural Science Foundation of China grants 40931053, 40925014, and
40774077; the National Key Basic Research Special Foundation of China
grant 2011CB811403; the Chinese Academy of Sciences grants KJCX2‐
YW‐N28 and KZCX2‐EW‐QN510;, and the Specialized Research Fund
for State Key Laboratories. Z. Su was also supported by the Innovative Fund
of University of Science and Technology of China for Graduate Students
grant KD2008033.
[22] Masaki Fujimoto thanks the reviewers for their assistance in evalu-

ating this paper.

References
Albert, J. M. (2002), Nonlinear interaction of outer zone electrons with
VLF waves, Geophys. Res. Lett., 29(8), 1275, doi:10.1029/2001GL013941.

Albert, J. M. (2003), Evaluation of quasi‐linear diffusion coefficients for
EMIC waves in a multispecies plasma, J. Geophys. Res., 108(A6),
1249, doi:10.1029/2002JA009792.

Albert, J. M. (2005), Evaluation of quasi‐linear diffusion coefficients for
whistler mode waves in a plasma with arbitrary density ratio, J. Geophys.
Res., 110, A03218, doi:10.1029/2004JA010844.

Albert, J. M., and J. Bortnik (2009), Nonlinear interaction of radiation belt
electrons with electromagnetic ion cyclotron waves, Geophys. Res. Lett.,
36, L12110, doi:10.1029/2009GL038904.

Albert, J. M., N. P. Meredith, and R. B. Horne (2009), Three‐dimensional
diffusion simulation of outer radiation belt electrons during the October
9, 1990, magnetic storm, J. Geophys. Res., 115, A09214, doi:10.1029/
2009JA014336.

Baker, D. N. (1996), Solar wind‐magnetosphere drivers of space weather,
J. Atmos. Terr. Phys., 58, 1509–1526, doi:10.1016/0021-9169(96)00006-2.

Baker, D. N., R. W. Klebesadel, P. R. Higbie, and J. B. Blake (1986),
Highly relativistic electrons in the Earth’s outer magnetosphere: 1. Life-
times and temporal history 1979–1984, J. Geophys. Res., 91, 4265–4276,
doi:10.1029/JA091iA04p04265.

Beutier, T., and D. Boscher (1995), A three‐dimensional analysis of the
electron radiation belt by the salammbô code, J. Geophys. Res., 100,
14,853–14,862, doi:10.1029/94JA03066.

Bortnik, J., R. M. Thorne, T. P. O’Brien, J. C. Green, R. J. Strangeway,
Y. Y. Shprits, and D. N. Baker (2006), Observation of two distinct, rapid
loss mechanisms during the 20 November 2003 radiation belt dropout
event, J. Geophys. Res., 111, A12216, doi:10.1029/2006JA011802.

Bortnik, J., R. M. Thorne, and U. S. Inan (2008), Nonlinear interaction of
energetic electrons with large amplitude chorus, Geophys. Res. Lett., 35,
L21102, doi:10.1029/2008GL035500.

Bourdarie, S., D. Boscher, T. Beutier, J. Sauvaud, and M. Blanc (1997),
Electron and proton radiation belt dynamic simulations during storm per-
iods: A new asymmetric convection‐diffusion model, J. Geophys. Res.,
102, 17,541–17,552, doi:10.1029/97JA01305.

Brautigam, D. H., and J. M. Albert (2000), Radial diffusion analysis of
outer radiation belt electrons during the October 9, 1990, magnetic storm,
J. Geophys. Res., 105, 291–310, doi:10.1029/1999JA900344.

Carpenter, D. L., and R. R. Anderson (1992), An ISEE/whistler model of
equatorial electron density in the magnetosphere, J. Geophys. Res., 97,
1097–1108, doi:10.1029/91JA01548.

Christon, S. P., D. G. Mitchell, D. J. Williams, L. A. Frank, C. Y. Huang,
and T. E. Eastman (1988), Energy spectra of plasma sheet ions and elec-
trons from about 50 eV/e to about 1 MeV during plasma temperature
transi t ions, J. Geophys. Res. , 93 , 2562–2572, doi :10.1029/
JA093iA04p02562.

Degeling, A. W., L. G. Ozeke, R. Rankin, I. R. Mann, and K. Kabin (2008),
Drift resonant generation of peaked relativistic electron distributions by
Pc 5 ULF waves, J. Geophys. Res., 113, A02208, doi:10.1029/
2007JA012411.

Ebihara, Y., M. Fok, J. B. Blake, and J. F. Fennell (2008), Magnetic cou-
pling of the ring current and the radiation belt, J. Geophys. Res., 113,
A07221, doi:10.1029/2008JA013267.

Elkington, S. R., M. K. Hudson, and A. A. Chan (1999), Acceleration of
relativistic electrons via drift‐resonant interaction with toroidal‐mode
Pc‐5 ULF oscillations, Geophys. Res. Lett . , 26 , 3273–3276,
doi:10.1029/1999GL003659.

Elkington, S. R., M. K. Hudson, and A. A. Chan (2003), Resonant accel-
eration and diffusion of outer zone electrons in an asymmetric geo-
magnetic field, J. Geophys. Res., 108(A3), 1116, doi:10.1029/
2001JA009202.

Falthammar, C.‐G. (1968), Radial diffusion by violation of the third adia-
batic invariant, in Earth’s Particles and Fields, 157 pp., Reinhold, New
York.

Fok, M.‐C., R. B. Horne, N. P. Meredith, and S. A. Glauert (2008), Radi-
ation Belt Environment model: Application to space weather nowcasting,
J. Geophys. Res., 113, A03S08, doi:10.1029/2007JA012558.

Friedel, R. H. W., G. D. Reeves, and T. Obara (2002), Relativistic electron
dynamics in the inner magnetosphere—A review, J. Atmos. Sol. Terr.
Phys., 64, 265–282, doi:10.1016/S1364-6826(01)00088-8.

Green, J. C., and M. G. Kivelson (2004), Relativistic electrons in the
outer radiation belt: Differentiating between acceleration mechanisms,
J. Geophys. Res., 109, A03213, doi:10.1029/2003JA010153.

Green, J. C., T. G. Onsager, T. P. O’Brien, and D. N. Baker (2004), Testing
loss mechanisms capable of rapidly depleting relativistic electron flux
in the Earth’s outer radiation belt, J. Geophys. Res., 109, A12211,
doi:10.1029/2004JA010579.

Hilmer, R. V., and G. Voigt (1995), A magnetospheric magnetic field
model with flexible current systems driven by independent physical
parameters, J. Geophys. Res., 100, 5613–5626, doi:10.1029/94JA03139.

Horne, R. B., and R. M. Thorne (1998), Potential waves for relativistic
electron scattering and stochastic acceleration during magnetic storms,
Geophys. Res. Lett., 25, 3011–3014, doi:10.1029/98GL01002.

Horne, R. B., and R. M. Thorne (2003), Relativistic electron acceleration
and precipitation during resonant interactions with whistler‐mode chorus,
Geophys. Res. Lett., 30(10), 1527, doi:10.1029/2003GL016973.

Horne, R. B., S. A. Glauert, and R. M. Thorne (2003a), Resonant diffusion
of radiation belt electrons by whistler‐mode chorus, Geophys. Res. Lett.,
30(9), 1493, doi:10.1029/2003GL016963.

Horne, R. B., N. P. Meredith, R. M. Thorne, D. Heynderickx, R. H. A. Iles,
and R. R. Anderson (2003b), Evolution of energetic electron pitch angle
distributions during storm time electron acceleration to megaelectronvolt
energies, J. Geophys. Res., 108(A1), 1016, doi:10.1029/2001JA009165.

Horne, R. B., R. M. Thorne, S. A. Glauert, J. M. Albert, N. P. Meredith,
and R. R. Anderson (2005), Timescale for radiation belt electron accel-
eration by whistler mode chorus waves, J. Geophys. Res., 110,
A03225, doi:10.1029/2004JA010811.

Hudson, M. K., S. R. Elkington, J. G. Lyon, and C. C. Goodrich (2000),
Increase in relativistic electron flux in the inner magnetosphere: ULF
wave mode structure, Adv. Space Res., 25, 2327–2337, doi:10.1016/
S0273-1177(99)00518-9.

Jordanova, V. K., and Y. Miyoshi (2005), Relativistic model of ring current
and radiation belt ions and electrons: Initial results, Geophys. Res. Lett.,
32, L14104, doi:10.1029/2005GL023020.

Jordanova, V. K., J. Albert, and Y. Miyoshi (2008), Relativistic electron
precipitation by EMIC waves from self‐consistent global simulations,
J. Geophys. Res., 113, A00A10, doi:10.1029/2008JA013239.

SU ET AL.: INFLUENCE OF ADIABATIC TRANSPORT A04205A04205

10 of 12



Khazanov, G. V., M. W. Liemohn, M.‐C. Fok, T. S. Newman, and A. J.
Ridley (2004), Stormtime particle energization with high temporal reso-
lution AMIE potentials, J. Geophys. Res., 109, A05209, doi:10.1029/
2003JA010186.

Kim, H.‐J., and A. A. Chan (1997), Fully adiabatic changes in storm time
relativistic electron fluxes, J. Geophys. Res., 102, 22,107–22,116,
doi:10.1029/97JA01814.

Kim, K. C., D.‐Y. Lee, H.‐J. Kim, E. S. Lee, and C. R. Choi (2010),
Numerical estimates of drift loss and Dst effect for outer radiation belt
relativistic electrons with arbitrary pitch angle, J. Geophys. Res., 115,
A03208, doi:10.1029/2009JA014523.

Li, W., Y. Y. Shprits, and R. M. Thorne (2007), Dynamic evolution of
energetic outer zone electrons due to wave‐particle interactions during
storms, J. Geophys. Res., 112, A10220, doi:10.1029/2007JA012368.

Lyons, L. R. (1977), Adiabatic evolution of trapped particle pitch angle dis-
tributions during a storm main phase, J. Geophys. Res., 82, 2428–2432,
doi:10.1029/JA082i016p02428.

Lyons, L. R., and R. M. Thorne (1973), Equilibrium structure of radiation
belt electrons, J. Geophys. Res., 78, 2142–2149, doi:10.1029/
JA078i013p02142.

Maksimovic, M., V. Pierrard, and J. F. Lemaire (1997a), A kinetic model of
the solar wind with Kappa distribution functions in the corona, Astron.
Astrophys., 324, 725–734.

Maksimovic, M., V. Pierrard, and P. Riley (1997b), Ulysses electron distri-
butions fitted with Kappa functions, Geophys. Res. Lett., 24, 1151–1154,
doi:10.1029/97GL00992.

McAdams, K. L., and G. D. Reeves (2001), Non‐adiabatic response of rel-
ativistic radiation belt electrons to GEM magnetic storms, Geophys. Res.
Lett., 28, 1879–1882, doi:10.1029/2000GL011998.

Miyoshi, Y., A. Morioka, H. Misawa, T. Obara, T. Nagai, and Y. Kasahara
(2003), Rebuilding process of the outer radiation belt during the
3 November 1993 magnetic storm: NOAA and Exos‐D observations,
J. Geophys. Res., 108(A1), 1004, doi:10.1029/2001JA007542.

Miyoshi, Y. S., V. K. Jordanova, A. Morioka, M. F. Thomsen, G. D.
Reeves, D. S. Evans, and J. C. Green (2006), Observations and model-
ing of energetic electron dynamics during the October 2001 storm,
J. Geophys. Res., 111, A11S02, doi:10.1029/2005JA011351.

Nunn, D. (1974), A self‐consistent theory of triggered VLF emissions,
Planet. Space Sci., 22, 349–378, doi:10.1016/0032-0633(74)90070-1.

Reeves, G. D., et al. (1998), The global response of relativistic radiation
belt electrons to the January 1997 magnetic cloud, Geophys. Res. Lett.,
25, 3265–3268, doi:10.1029/98GL02509.

Reeves, G. D., K. L. McAdams, R. H. W. Friedel, and T. P. O’Brien
(2003), Acceleration and loss of relativistic electrons during geomagnetic
storms, Geophys. Res. Lett., 30(10), 1529, doi:10.1029/2002GL016513.

Roederer, J. G. (1967), On the adiabatic motion of energetic particles in a
model magnetosphere, J. Geophys. Res., 72, 981–992, doi:10.1029/
JZ072i003p00981.

Roederer, J. G. (1970), Dynamics of Geomagnetically Trapped Radiation,
Springer, New York.

Roth, I., M. Temerin, and M. K. Hudson (1999), Resonant enhancement of
relativistic electron fluxes during geomagnetically active periods, Ann.
Geophys., 17, 631–638, doi:10.1007/s00585-999-0631-2.

Saito, S., Y. Miyoshi, and K. Seki (2010), A split in the outer radiation belt
by magnetopause shadowing: Test particle simulations, J. Geophys. Res.,
115, A08210, doi:10.1029/2009JA014738.

Schulz, M., and L. J. Lanzerotti (1974), Particle Diffusion in the Radiation
Belts, Phys. Chem. Space, vol. 7, Springer, New York.

Shprits, Y. Y., and R. M. Thorne (2004), Time dependent radial diffusion
modeling of relativistic electrons with realistic loss rates, Geophys. Res.
Lett., 31, L08805, doi:10.1029/2004GL019591.

Shprits, Y. Y., R. M. Thorne, R. Friedel, G. D. Reeves, J. Fennell, D. N.
Baker, and S. G. Kanekal (2006), Outward radial diffusion driven by
losses at magnetopause, J. Geophys. Res., 111, A11214, doi:10.1029/
2006JA011657.

Shprits, Y. Y., D. Subbotin, and B. Ni (2009), Evolution of electron fluxes
in the outer radiation belt computed with the VERB code, J. Geophys.
Res., 115, A11209, doi:10.1029/2008JA013784.

Stone, E. C. (1963), The physical significance and application of l, B0, and
R0 to geomagnetically trapped particles, J. Geophys. Res., 68, 4157–4166.

Strang, G. (1968), On the construction and comparison of difference
schemes, SIAM J. Numer. Anal., 5, 506–517, doi:10.1137/0705041.

Su, Z., H. Zheng, and S. Wang (2009a), Dynamic evolution of energetic
outer zone electrons due to whistler‐mode chorus based on a realistic
density model, J. Geophys. Res. , 115 , A07201, doi:10.1029/
2008JA014013.

Su, Z., H. Zheng, and S. Wang (2009b), Evolution of electron pitch angle
distribution due to interactions with whistler‐mode chorus following sub-

storm injections, J. Geophys. Res., 115, A08202, doi:10.1029/
2009JA014269.

Su, Z., H. Zheng, and M. Xiong (2009c), Dynamic evolution of outer radi-
ation belt electrons due to whistler‐mode chorus, Chin. Phys. Lett., 26(3),
039401, doi:10.1088/0256-307X/26/3/039401.

Su, Z., F. Xiao, H. Zheng, and S. Wang (2010a), STEERB: A three‐
dimensional code for storm‐time evolution of electron radiation belt,
J. Geophys. Res., 115, A09208, doi:10.1029/2009JA015210.

Su, Z., F. Xiao, H. Zheng, and S. Wang (2010b), Combined radial diffusion
and adiabatic transport of radiation belt electrons with arbitrary pitch‐
angles, J. Geophys. Res., 115, A10249, doi:10.1029/2010JA015903.

Su, Z., H. Zheng, and S. Wang (2010c), A parametric study on the diffuse
auroral precipitation by resonant interaction with whistler‐mode chorus,
J. Geophys. Res., 115, A05219, doi:10.1029/2009JA014759.

Su, Z., H. Zheng, and S. Wang (2010d), Three dimensional simulations of
energetic outer zone electron dynamics due to wave‐particle interaction
and azimuthal advection, J. Geophys. Res., 115, A06203, doi:10.1029/
2009JA014980.

Su, Z., H. Zheng, L. Chen, and S. Wang (2011), Numerical simulations of
storm‐time outer radiation belt dynamics by wave‐particle interactions
including cross diffusion, J. Atmos. Sol. Terr. Phys., 73, 95–105,
doi:10.1016/j.jastp.2009.08.002.

Subbotin, D. A., and Y. Y. Shprits (2009), Three‐dimensional modeling of
the radiation belts using the Versatile Electron Radiation Belt (VERB)
code, Space Weather, 7, S10001, doi:10.1029/2008SW000452.

Subbotin, D., Y. Shprits, and B. Ni (2010), Three‐dimensional VERB radi-
ation belt simulations including mixed diffusion, J. Geophys. Res., 115,
A03205, doi:10.1029/2009JA015070.

Summers, D., and C. Ma (2000), A model for generating relativistic elec-
trons in the Earth’s inner magnetosphere based on gyroresonant wave‐
particle interactions, J. Geophys. Res., 105, 2625–2639, doi:10.1029/
1999JA900444.

Summers, D., and Y. Omura (2007), Ultra‐relativistic acceleration of elec-
trons in planetary magnetospheres, Geophys. Res. Lett., 34, L24205,
doi:10.1029/2007GL032226.

Summers, D., R. M. Thorne, and F. Xiao (1998), Relativistic theory of
wave‐particle resonant diffusion with application to electron acceleration
in the magnetosphere, J. Geophys. Res. , 103 , 20,487–20,500,
doi:10.1029/98JA01740.

Summers, D., C. Ma, N. P. Meredith, R. B. Horne, R. M. Thorne, and R. R.
Anderson (2004), Modeling outer‐zone relativistic electron response to
whistler‐mode chorus activity during substorms, J. Atmos. Sol. Terr.
Phys., 66, 133–146, doi:10.1016/j.jastp.2003.09.013.

Summers, D., B. Ni, and N. P. Meredith (2007a), Timescales for radiation
belt electron acceleration and loss due to resonant wave‐particle inter-
actions: 1. Theory, J. Geophys. Res., 112, A04206, doi:10.1029/
2006JA011801.

Summers, D., B. Ni, and N. P. Meredith (2007b), Timescales for radiation
belt electron acceleration and loss due to resonant wave‐particle inter-
actions: 2. Evaluation for VLF chorus, ELF hiss, and electromagnetic
ion cyclotron waves, J. Geophys. Res., 112, A04207, doi:10.1029/
2006JA011993.

Thorne, R. M., T. P. O’Brien, Y. Y. Shprits, D. Summers, and R. B. Horne
(2005), Timescale for MeV electron microburst loss during geomagnetic
storms, J. Geophys. Res., 110, A09202, doi:10.1029/2004JA010882.

Thorne, R. M., Y. Y. Shprits, N. P. Meredith, R. B. Horne, W. Li, and L. R.
Lyons (2007), Refilling of the slot region between the inner and outer
electron radiation belts during geomagnetic storms, J. Geophys. Res.,
112, A06203, doi:10.1029/2006JA012176.

Tsyganenko, N. A., and M. I. Sitnov (2005), Modeling the dynamics of the
inner magnetosphere during strong geomagnetic storms, J. Geophys.
Res., 110, A03208, doi:10.1029/2004JA010798.

Tu, W., X. Li, Y. Chen, G. D. Reeves, and M. Temerin (2009), Storm‐
dependent radiation belt electron dynamics, J. Geophys. Res., 114,
A02217, doi:10.1029/2008JA013480.

Ukhorskiy, A. Y., B. J. Anderson, P. C. Brandt, and N. A. Tsyganenko
(2006), Storm time evolution of the outer radiation belt: Transport and
losses, J. Geophys. Res., 111, A11S03, doi:10.1029/2006JA011690.

Varotsou, A., D. Boscher, S. Bourdarie, R. B. Horne, S. A. Glauert, and
N. P. Meredith (2005), Simulation of the outer radiation belt electrons
near geosynchronous orbit including both radial diffusion and resonant
interaction with Whistler‐mode chorus waves, Geophys. Res. Lett., 32,
L19106, doi:10.1029/2005GL023282.

Varotsou, A., D. Boscher, S. Bourdarie, R. B. Horne, N. P. Meredith, S. A.
Glauert, and R. H. Friedel (2008), Three‐dimensional test simulations of
the outer radiation belt electron dynamics including electron‐chorus res-
onant interactions, J. Geophys. Res., 113, A12212, doi:10.1029/
2007JA012862.

SU ET AL.: INFLUENCE OF ADIABATIC TRANSPORT A04205A04205

11 of 12



Vasyliunas, V. M. (1968), A survey of low‐energy electrons in the evening
sector of the magnetosphere with OGO 1 and OGO 3, J. Geophys. Res.,
73, 2839–2884, doi:10.1029/JA073i009p02839.

Viñas, A. F., R. L. Mace, and R. F. Benson (2005), Dispersion charac-
teristics for plasma resonances of Maxwellian and Kappa distribu-
tion plasmas and their comparisons to the IMAGE/RPI observations,
J. Geophys. Res., 110, A06202, doi:10.1029/2004JA010967.

Wentworth, R. C., W. M. MacDonald, and S. F. Singer (1959), Lifetimes of
trapped radiation belt particles determined by coulomb scattering, Phys.
Fluids, 2, 499–509, doi:10.1063/1.1705940.

Xiao, F. (2006), Modelling energetic particles by a relativistic kappa loss
cone distribution function in plasmas, Plasma Phys. Controlled Fusion,
48, 203–214, doi:10.1088/0741-3335/48/2/003.

Xiao, F., L. Chen, and J. Li (2008a), Energetic particles modeled by a gener-
alized relativistic kappa‐type distribution function in plasmas,Plasma Phys.
Controlled Fusion, 50, 105002, doi:10.1088/0741-3335/50/10/105002.

Xiao, F., C. Shen, Y.Wang,H. Zheng, and S.Wang (2008b), Energetic electron
distributions fitted with a relativistic kappa‐type function at geosynchronous
orbit, J. Geophys. Res., 113, A05203, doi:10.1029/2007JA012903.

Xiao, F., Q. Zhou, C. Li, and A. Cai (2008c), Modeling solar energetic par-
ticle by a relativistic kappa‐type distribution, Plasma Phys. Controlled
Fusion, 50, 062001, doi:10.1088/0741-3335/50/6/062001.

Xiao, F., Z. Su, H. Zheng, and S. Wang (2009), Modeling of outer radiation
belt electrons by multidimensional diffusion process, J. Geophys. Res.,
114, A03201, doi:10.1029/2008JA013580.

Xiao, F., Z. Su, H. Zheng, and S. Wang (2010), Three‐dimensional simula-
tions of outer radiation belt electron dynamics including cross‐diffusion
terms, J. Geophys. Res., 115, A05216, doi:10.1029/2009JA014541.

Zong, Q.‐G., et al. (2007), Ultralow frequency modulation of energetic par-
ticles in the dayside magnetosphere, Geophys. Res. Lett., 34, L12105,
doi:10.1029/2007GL029915.

Zong, Q.‐G., X.‐Z. Zhou, Y. F. Wang, X. Li, P. Song, D. N. Baker, T. A.
Fritz, P. W. Daly, M. Dunlop, and A. Pedersen (2009), Energetic electron
response to ULF waves induced by interplanetary shocks in the outer
radiation belt , J. Geophys. Res. , 114 , A10204, doi:10.1029/
2009JA014393.

Z. Su, S. Wang, and H. Zheng, School of Earth and Space Sciences,
University of Science and Technology of China, Hefei, Anhui 230026,
China. (szpe@mail.ustc.edu.cn; swan@ustc.edu.cn; hue@ustc.edu.cn)
F. Xiao, School of Physics and Electronic Sciences, Changsha University

of Science and Technology, Changsha, 410004, China. (flxiao@126.com)

SU ET AL.: INFLUENCE OF ADIABATIC TRANSPORT A04205A04205

12 of 12



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


