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We have quantitatively investigated the radiation belt’s dynamic variations of 1.5–6.0 MeV electrons during 54 CME (coronal 
mass ejection)-driven storms from 1993 to 2003 and 26 CIR (corotating interaction region)-driven recurrent storms in 1995 by 
utilizing case and statistical studies based on the data from the SAMPEX satellite. It is found that the boundaries determined by 
fitting an exponential to the flux as a function of L shell obtained in this study agree with the observed outer and inner bounda-
ries of the outer radiation belt. Furthermore, we have constructed the Radiation Belt Content (RBC) index by integrating the 
number density of electrons between those inner and outer boundaries. According to the ratio of the maximum RBC index 
during the recovery phase to the pre-storm average RBC index, we conclude that CME-driven storms produce more relativistic 
electrons than CIR-driven storms in the entire outer radiation belt, although the relativistic electron fluxes during CIR-related 
storms are much higher than those during CME-related storms at geosynchronous orbit. The physical radiation belt model 
STEERB is based on the three-dimensional Fokker-Planck equation and includes the physical processes of local wave-particle 
interactions, radial diffusion, and adiabatic transport. Due to the limitation of numerical schemes, formal radiation belt models 
do not include the cross diffusion term of local wave-particle interactions. The numerical experiments of STEERB have shown 
that the energetic electron fluxes can be overestimated by a factor of 5 or even several orders (depending on the pitch angle) if 
the cross diffusion term is ignored. This implies that the cross diffusion term is indispensable for the evaluation of radiation 
belt electron fluxes. Formal radiation belt models often adopt dipole magnetic field; the time varying Hilmer-Voigt geomag-
netic field was adopted by the STEERB model, which self-consistently included the adiabatic transport process. The test simu-
lations clearly indicate that the adiabatic process can significantly affect the evolution of radiation belt electrons. The interac-
tions between interplanetary shocks and magnetosphere can excite ULF waves in the inner magnetosphere; the excited polodial 
mode ULF wave can cause the fast acceleration of “killer electrons”. The acceleration mechanism of energetic electrons by 
poloidal and toroidal mode ULF wave is different at different L shells. The acceleration of energetic electrons by the toroidal 
mode ULF waves becomes important in the region with a larger L shell (the outer magnetosphere); in smaller L shell regions 
(the inner magnetosphere), the poloidal mode ULF becomes responsible for the acceleration of energetic electrons. 

radiation belt, killer electrons, CME magnetic storm, CIR magnetic storm, wave-particle interaction, ULF wave, VLF 
wave 
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The radiation belt is a region full of trapped ionized ener- getic particles in the inner magnetosphere. It consists of 

inner and outer radiation belt. The inner radiation belt is a 
relatively stable belt. It lies in the region inside of 2.5RE, 
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and the center is at L=1.5RE (3 km above the Earth’s sur-
face). Its major species is protons of 1–100 MeV produced 
by the beta decay of neutrons created by cosmic ray colli-
sions with nuclei of the upper atmosphere. The outer radia-
tion belt lies among 3RE–7RE and consists mainly of elec-
trons from ~100 keV to several MeV. It is very unstable and 
its inner boundary can penetrate to 2RE. There is a slot re-
gion of low particle fluxes between inner and outer radia-
tion belt, which lies near 2.5RE during quiet time. 

The outer radiation belt changes dynamically according 
to solar wind and interplanetary magnetic field conditions as 
well as geomagnetic activities. The hazardous space weath-
er would occur during solar activities and geomagnetic dis-
turbing time periods, such as energetic electron storm, solar 
proton event, energetic particle injection to slot region and 
transient new radiation belt event (including relativistic 
electron belt and the second proton belt), energetic electron 
and ion injection event, etc. The energetic electron storm 
refers to the flux intensification of relativistic electrons from 
several hundred keV to sever MeV in the outer radiation 
belt and mainly occurs during intense and large magnetic 
storm times. The transient radiation belt event refers to the 
formation of new radiation belt in the slot region during 
large storms, including energetic protons as well as relativ-
istic electrons above several MeV. The electron belt can last 
for several months, whereas the proton belt can last for 
much longer time, which is about 2–3 years. 

The radiation belt is an environment that changes dy-
namically with space and time. The extension, center as 
well as the particle flux are affected by solar activities and 
geomagnetic disturbances. “Killer electrons” are the trapped 
energetic electrons in the outer radiation belt. Due to the 
high energy, they can penetrate the thick shielding layer of 
spacecraft, and the discharging effect can damage or even 
destroy the crucial on-board chips. It is one of hot topics in 
current space weather and space physics to uncover the ac-
celeration process of radiation belt particles and the dynam-
ic variation of the boundaries of the radiation belt and es-
tablish the accurate dynamic evolution model of radiation 
belt. 

1  The dynamic variations of the Earth’s outer 
radiation belt 

The explosive plasma structures and large scale Interplane-
tary Magnetic Field (IMF) from the sun will interact with 
the Earth’s magnetosphere [1–8], resulting in long-lasting 
intense disturbances of geomagnetic field and geomagnetic 
storms. Strong magnetic storms usually occur during the 
solar maximum when Coronal Mass Ejections (CMEs) are 
frequent. During the declining phase of solar activities, 
many moderate to small magnetic storms occur recurrently 
with the period of 27 days. This kind of magnetic storms is 
closely related to Corotating Interaction Regions (CIRs). 

The dynamic variations of energetic particles in the magne-
tosphere during magnetic storms lead to sudden increase or 
decrease of particle fluxes, and the variations of the flux 
distributions in the magnetosphere and of the location of the 
radiation belts. The space weather accompanied by the dy-
namic variations of the boundaries of the radiation belts 
may be catastrophic. Spacecraft may undergo severe radia-
tion damage because of energetic particles. When energetic 
particles (electrons, protons, and heavy ions) impact onto 
spacecraft, the collisions and ionizing effects will damage 
the electronic units, and possibly the semi-conductive units. 
These may result in the destruction of the solar panels, the 
disorder of the optical tracing system, and the malfunction 
of the logical controlling system of satellites. These dis-
turbances may lead to the abnormality of satellites, or even 
non-repairable damage. At the same time the energetic pro-
tons and heavy ions may be radioactively harmful to astro-
nauts. The relativistic electrons usually cause intense dam-
age of spacecraft. They can directly penetrate the surface of 
spacecraft, depositing in the dielectric, such as co-axial ca-
ble. The electric field generated by these charges may be 
higher than the penetrating threshold of the dielectric me-
dium, resulting in electrostatic discharge, and subsequently 
the damage of certain units of spacecraft. Plenty of perma-
nent destruction of spacecraft in recent years is caused by 
the electrostatic charging and discharge inside spacecraft 
generated by relativistic electrons. Thus relativistic elec-
trons are also called “Killer electrons”. 

Recent observations from satellites indicate that the real 
radiation belts environment is much more complex than the 
static description. After every strong magnetic storm, the 
location of radiation belts and the particle flux distribution 
will change dramatically. There has been no comprehensive 
observation of the radiation belts since the 1970’s. There-
fore, before the US Air Force launched CRRES satellite in 
1990, scientists used to consider the slot region between the 
inner and outer radiation belts as a relatively secure region 
in the severely terrestrial radiation environment [9]. This 
slot region is due to the intense particle pitch angle scatter-
ing resulted from the whistler waves generated near the 
plasmapause. The slot region used to be considered as an 
area which is very suitable for the operation of spacecraft. 
Thus the orbits of many spacecraft are within the slot region. 
Many Middle Earth Orbit (MEO) satellites, such as com-
mercial communicating satellites and GPS satellites, are 
operating in this region (see Figure 1). However, temporary 
radiation belt event will make this secure region disappear. 
Studying the variations of the boundaries of radiation belts 
with the solar activities and geomagnetic disturbances, and 
building accurate dynamic models of the boundaries of ra-
diation belts, are the new leading tasks of space weather and 
environment.  

The outer radiation belt in the inner magnetosphere con-
sists mainly of electrons of energies from about 100 keV to 
a few MeV. For the Earth’s radiation belt dynamics, relativ-
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Figure 1  The dynamic variations of the boundaries of radiation belts observed by SAMPEX satellite—the spatial and temporal evolutions of relativistic 
electrons in the inner belt, outer belt, and the slot region. The left and right parts represent two kinds of injections into the slot region, respectively. 

istic electrons (>1 MeV) play an important role in the space 
weather. Reeves [9] pointed out that during most of mag-
netic storms, the electron fluxes vary dramatically. For any 
magnetic storm with given strength (measured by Dst in-
dex), the MeV electron fluxes can vary in a wide range.  
However, the relationship is still not clear between the rela-
tivistic electron flux enhancement and the parameters that 
may influence the fluxes (such as solar wind parameters, 
geomagnetic indices).  

Consistent with this complexity, several mechanisms 
have been listed in the review of Friedel et al. [10] for the 
buildup of relativistic electrons in the outer radiation belt, 
and these candidates can be divided into two categories: the 
mechanisms relying on an increased source population 
and/or radial transport only (for example, the Dst effect 
where the radial motion of flux surfaces accelerate or de-
celerate electrons [11]), and the mechanisms proposing a 
magnetospheric “source” or internal acceleration mecha-
nism (for example, enhanced radial transport through inter-
action with ULF waves [12, 13]). Further studies [14, 15] 
pointed out that these different mechanisms can influence 
different regions in the outer radiation belt. Li et al. [14] 
statistically studied the dynamic variations of the entire out-
er radiation belt during magnetic storms. Fu et al. [15] con-
ducted a case study to discuss the variations of electron 
fluxes in different regions of the outer radiation belt and the 
corresponding mechanisms during a moderate magnetic 
storm.  

In the inner magnetosphere, electron acceleration by in-
teraction with waves, VLF waves [16–24] and ULF waves 
[13, 25, 26], have been considered [27]. Among those can-
didates, the VLF wave particle interaction has been widely 
considered as one of the primary electron acceleration 
mechanisms because electron cyclotron resonances can eas-
ily occur in the VLF frequency range. However, the time 
required for the VLF wave-particle interaction to accelerate 
electrons to relativistic energies is a few days [23]. That is 
too long to explain the often-observed short acceleration 

time scale [13, 28] because of the relatively small VLF 
wave amplitudes. The ULF waves, on the other hand, can 
be excited with much larger amplitudes than the VLF waves 
in the magnetosphere by solar wind dynamic pressure varia-
tions or interplanetary shocks [13, 29, 30, 31], which may 
accelerate the energetic particles much faster than the VLF 
waves [13]. 

On the other hand, relativistic electron losses in the radi-
ation belt include temporary loss (the Dst effect [11]) and 
real loss of electrons to the magnetopause (drift out) [32] or 
precipitation loss to the ionosphere [33, 34, 35] due to 
wave-particle interaction during geomagnetic storms. Loss 
of outer radiation belt electrons by the precipitation pro-
cesses due to wave scattering are not yet well understood 
[36], although a number of wave scattering mechanisms 
have been proposed, e.g., interaction with electromagnetic 
ion cyclotron (EMIC)waves [37]; interaction with whistler- 
mode chorus wave [38, 39, 40, 41, 42]; lightning-generated 
whistlers [43, 44, 45]; and plasmaspheric hiss [19, 46, 47]. 

To further understand the dynamics of the outer radiation 
belt quantitatively, it is useful to introduce an index to rep-
resent the variability of the outer radiation belt. Iles et al. 
[48] used a parameter named the Total Relativistic Electron 
Content (TREC) to investigate the relativistic electron re-
sponse in the outer radiation belt during magnetic storms to 
solar wind and geomagnetic parameters. Furthermore, 
Crosby et al. [49] calculated the TREC index, and then the 
self-organized criticality method was applied to the results 
to statistically study the dynamics of the outer radiation belt. 
Baker et al. [50] introduced a similar concept named the 
Radiation Belt Content (RBC) index. The RBC index illus-
trates the variations of the total number of 1.5–6.0 MeV 
electrons in the outer radiation belt. Selesnick et al. [51] 
computed this RBC index on time scales larger than 1 day 
to quantify radiation belt variability, while eliminating in-
ternal transport. The calculation of the RBC index was ex-
tended also by eliminating the adiabatic variations. 
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To obtain total relativistic electron content, both Iles et al. 
[48] and Baker et al. [50] have used fixed outer and inner 
boundaries for the outer radiation belt. However, it is well 
known that the outer radiation belt is highly dynamic. The 
termination of the outer radiation belt, which is defined by 
the trapping boundary for energetic electrons with energy 
greater than 500 keV, has been studied during the solar cy-
cle maximum period [52]. It is found that the well-defined 
electron trapping region is not useful for the definition of 
the outer radiation belt. The position of the outer boundary 
of the Earth's electron radiation belt is highly fluctuating. It 
depends on the L shell, the energy, and the equatorial pitch 
angle of energetic electrons [53]. Also, relativistic electron 
fluxes of the outer radiation belt often decrease rapidly in 
response to the variations of solar wind dynamic pressure 
due to the magnetopause shadowing (MPS) effect [32], and 
thus the magnetopause should be one of major factors in 
affecting the location of the outer radiation belt. On the oth-
er hand, the inner edge of outer radiation belt electrons is 
found to be closely correlated with the innermost plasma-
pause location [54]. 

It has been shown that magnetospheric dynamic process-
es caused by Coronal Mass Ejections (CMEs) and Corotat-
ing Interaction Regions (CIRs) are important in the buildup 
of relativistic electrons [55, 56]. As shown in Figure 2, dur-
ing the solar maximum, CMEs and interplanetary shocks 
are the typical solar eruption phenomena [57, 58]. When 
CMEs encounter the Earth's magnetosphere, the large scale 
southward interplanetary magnetic fields carried by CMEs 
will enhance the dayside magnetic reconnection, transport-
ing more mass and energy from the solar wind into the 
magnetosphere causing intensive magnetic storms [57]. 

In contrast to solar maximum, during the descending 
phase of the solar cycle, high speed solar wind from coronal 
holes will dominate the effects on the magnetosphere and 
cause weak to moderate recurrent magnetic storms [58, 59].  

In the interplanetary space, the high speed solar wind 
would catch up with slow speed solar wind flow to form a 
region called co-rotation interaction region (CIR). Most of 
CIRs do not carry large scale southward Bz component of 
IMF. Also, at about 1 AU, the structures of the CIRs are not 
fully developed [60]. Such a high speed solar wind flow 
carries Alfvenic fluctuations (Figure 2), causing irregular 
variations in the Bz component of IMF. These irregular 
variations may cause sporadic magnetic reconnections and 
the transport of mass and energy from solar wind into the 
magnetosphere, causing long-last recovery phases of 
CIR-related storms, with these storms being different from 
the CME-related storms. 

A recent study [61] has been done on the temporal evolu-
tion and global distribution of the energetic electron loss in 
the outer radiation belt during high-speed solar wind stream 
(or CIR) period. However, only electron flux at geosyn-
chronous orbit was analyzed in this study, without present-
ing quantitatively the distribution of relativistic electron 

 

Figure 2  Upper: Sketch of typical coronal mass ejections (CMEs) and 
corotating interaction regions (CIRs) structures. Bottom: expected inter-
planetary magnetic field (Bz component), solar wind parameters (solar 
wind speed V, density N, temperature T), geomagnetic Dst index, and elec-
tron flux (>2.0 MeV) at geosynchronous orbit (after ref. [55]). 

fluxes at different L-shells all over the outer radiation belt 
during storm time. 

SAMPEX and GOES may provide long time observation 
of energetic electrons in the inner magnetosphere, which 
can be used to study the variation characteristics and the 
corresponding dynamic processes. 

1.1  The variations of 1.5–6.0 MeV electrons in the out-
er radiation belt during CME- and CIR-related mag-
netic storms 

Case and statistical studies were conducted to investigate 
the variations of 1.5–6.0 MeV electrons in the outer radia-
tion belt during CME- and CIR-driven storms. 

The top panels in Figure 3 show the electron fluxes at 
different L-shells from April 30th to May 12th in 1998 (a) 
(a CME-related storm) and from January 25th to February 
5th in 1995(b) (a CIR-related storm) (L-sort plot). The se-
cond to sixth panels of Figure 3 from top to bottom are the 
Bz component of IMF, solar wind speed, proton density, 
proton temperature, and the Dst index, respectively. It is 
obvious that the electron fluxes decrease as the Dst index 
decreases in the main phases of CME- and CIR-driven 
storms. Then during the recovery phases, while the Dst in-
dex recovers to the pre-storm level, the electron fluxes keep 
increasing as well. To obtain these L-sort flux plots in Fig-
ure 3, the 1.5–6.0 MeV electron fluxes from the SAMPEX 
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Figure 3  The first panels on the top show the electron fluxes at different L-shells from April 30th to May 11th in 1998 (s) (a CME-related storm) and from 
January 25th to February 5th in 1995 (b) (a CIR-related storm). The overlapped red curves are the exponentially decaying outer and inner cutoffs of 1.5–6.0 
MeV electron flux. The second to sixth panels are for the Bz component of IMF, solar wind speed, proton density, proton temperature, and the Dst index, 
respectively. 

satellite are binned according to L shell (the width of each 
bin is 0.1 L) within each period of eight hours during mag-
netic storms. The red curves are the outer and inner edges of 
1.5–6.0 MeV electrons in the outer zone determined by fit-
ting an exponential to the flux as a function of L shell. 

1.2  The variations of the inner and outer boundaries of 
the outer radiation belt  

The distribution of electron fluxes may provide information 
on how to define the outer and inner boundaries of the outer 
radiation belt. To determine the distribution of particles, one 
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general method is to solve diffusion problem derived from 
the Fokker-Planck equation [62] with specified conditions 
for electric and magnetic fields. Diffusion means that parti-
cles' motions are influenced by the changes of one or more 
of their adiabatic invariants due to field perturbations. Dur-
ing quiet periods, the motions of particles trapped in the 
radiation belt can be divided into three types: the gyro, 
bounce, and drift motions. Each motion corresponds to one 
adiabatic invariant. Geomagnetic activities such as magnetic 
storms, with different time-scale variations in the electric 
and magnetic fields, can cause a violation of one or more of 
the adiabatic invariants, usually the third invariant. Since 
the third invariant is altered, and it is proportional to L-1 (L 
refers to L-shell), particles will undergo radial diffusion. For 
the other two adiabatic invariants, because the gyration and 
bounce period are much shorter than the drift period, the 
first and second invariants are less likely to be affected by 
field perturbations. Thus, the corresponding gyro motion 
and bounce motion are less likely to be influenced [61]. 
Therefore, the large-scale distribution of electrons in the 
outer radiation belt during storm time is controlled mainly 
by radial diffusion due to the breakdown of the third adia-
batic invariant because of field perturbations with suitable 
time scales. However, it is difficult to obtain the diffusion 
coefficient DLL due to the lack of sufficient electromagnet-
ic fields data from satellite observations. The radial diffu-
sion coefficient DLL of the outer radiation belt electrons 
due to electromagnetic fluctuations has been studied over 
the past few decades. A recent study by Huang et al. [63] 
has shown that the time scale for radial diffusion is as long 
as 25 days at L=7 and a few thousand days at L=4. This 
time scale is much longer than the data resolution (8 h time 
bin) used for this study. 

It is found that the relativistic electron fluxes can be rep-
resented by an exponential function as the distance (in 
L-shell) from the position of maximum flux of the outer belt 
[64], which is similar to the method of Kim and Chan [11]. 
In this paper, we experientially found that the outer and 
inner boundaries can be fitted well by an exponential, as 
described below: the positions where the fluxes decay to 1/e 
of the maximum fluxes are considered as the outer and 
inner cut-offs of the electron fluxes ( can be obtained ac-
cording to the observations). For the outer boundary, =4, 
and for the inner one, =2. These values are chosen because 
the outer and inner boundaries calculated according to them 
match well the flux observations of SAMPEX, as shown in 
Figures 3 and 4. 

The exponential function is given as: 

 max max( ) ( )e ,aL bJ L J L    (1) 

where Jmax is the maximum electron flux in the outer radia-
tion belt, Lmax is the location of the maximum electron flux 
in the outer radiation belt, L is L shell, and a and b are pa-
rameters defined by the observations: 
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where Lb is the L-shell of the boundaries of the outer radia-
tion belt, which can be obtained from the observations and 
based on the definition of the boundaries in this paper. Lmax 
is the position of the peak flux in the outer radiation belt, 
which can be found directly from the observations. For the 
strength of magnetic storms studied in this paper,  is a 
constant. However, Lb and Lmax vary with time during every 
magnetic storm, and change from storm to storm. 

If L>Lmax, then  > 0, corresponding to the outer region  
from the location of the maximum electron flux in the outer 
radiation belt. If L<Lmax, then  < 0, corresponding to the 
inner region from the location of the maximum electron flux 
in the outer radiation belt. 

From Figure 3, it can be seen that both the outer and in-
ner boundaries obtained by fitting an exponential with  =4 
and 2 agree well with the SAMPEX observations. 

In Figure 4, superposed epoch analysis has been applied 
to the variations of the fluxes of 1.5–6.0 MeV electrons in 
the outer radiation belt. Figure 4(a) shows the results ob-
tained from 54 CME-related storms from 1993 to 2003 
mentioned above, and Figure 4(b) is the results for 26 
CIR-related storms in 1995. 

As shown in Figure 4(a) and (b), from top to bottom are 
the electron flux intensity versus time and L shell, solar 
wind dynamic pressure, and Kp (×10) and Dst indices. The 
blue, green, and red lines in the second to fourth panels 
represent the first, second, and third quartiles of the varia-
bles, respectively. The upper and lower solid white lines 
superposed on the first panels are the exponential decaying 
cut-off profiles. The solid red line indicates the locations of 
the maximum fluxes. It can be found that the position of the 
peak flux moves inward in the main phase of both CME- 
and CIR-related storms, and then recovers in the recovery 
phase. In addition, in the top panel of Figure 4, we also 
over-plotted (dashed white curve) the empirical plasma-
pause location according to the model obtained by O’Brien 
et al. [65]: 

 Lpp=1.57Q+6.3, (2) 

where 10 24,0log minQ Dst . 

It can be seen that the empirical plasmapause location 
(dashed white line) lies in the adjacent region of the location 
of the maximum electron flux (solid red line). The most 
striking feature is that the empirical plasmapause almost 
coincides with the position of the maximum flux in the re-
covery phases of CIR-driven storms. However, for the CME 
storms, the correlation between the empirical plasmapause 
location and the position of the maximum fluxes is not clear 

, 
 
, 
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Figure 4  (a) The superposed epoch analysis of 54 CME-related storms from year 1993 to 2003 ; t0 is the time when Dst index reaches a minimum value; 
from top to bottom are the electron flux from SAMPEX versus time and L shell (the overlapped upper and lower solid white curves are the exponen-
tial-decay cutoffs. The solid red line indicates the locations of the maximum fluxes. The dashed white curve is the position of the plasmapause), solar wind 
dynamic pressure, Kp and Dst indices. (b) The same analysis for 26 CIR-related storms in year 1995. 

for either the main phase or the recovery phase. At around 
the minimum Dst, for the CME storms, we note that the 
relation between the empirical plasmapause location and the 
position of the maximum fluxes is consistent with the rela-
tion Lmax-1.3Lpp given by O’Brien et al. [65]. However, this 

relation is basically broken for the CIR storms. In general, 
different from CME storms at around the minimum Dst, the 
empirical plasmapause for CIR storms is located outside 
(rather than inside!) the position of the maximum flux. This 
indicates that the Lmax-1.3Lpp relation may not be applied to 
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all magnetic storms. 
In order to check the relation between real radiation belt 

SAMPEX data and the modeled electron fluxes quantita-
tively, we have calculated the electron fluxes at L=6.6 and 
L=3.0 (representing fluxes outside and inside the maximum 
fluxes region, respectively) by using the exponential decay 
eq. (1). 

The results shown in Figure 5 are the linear least square 
fit of the daily averages of the observations of SAMPEX 
satellite at L=6.0 and at L=3.3 versus the modeled electron 
fluxes. Data plots for the 54 CME-related storms are shown 
in Figure 5(a) and 5(b), Figure 5(a) is for electron fluxes at 

L=6.0, and Figure 5(b) is for electron fluxes at L=3.3 re-
spectively. For each storm, the data are taken from 3 days 
before the shock arrival to 7 days after the shock arrival. For 
26 CIR-related storms in 1995, the results are shown in 
Figure 5(c) and (d). As we can see clearly from all 4 panels 
in Figure 5, the calculated fluxes and the SAMPEX meas-
urements are highly correlated. The correlation coefficients 
are as high as 0.93, 0.91, 0.78, and 0.73, respectively. Be-
sides, the correlation coefficients (0.93 at L=3.3 and 0.91 at 
L=6.0) for CIR-related storms are better than those (0.78 at 
L=3.3 and 0.73 at L=6.0) for CME-related storms. Thus, 
these results suggest that it is appropriate to use exponential 

 

 

Figure 5  Comparison between the 1.5–6.0 MeV electron fluxes at L=6.0 and L=3.3 (representing fluxes outside and inside the maximum fluxes regions) 
using the exponential decay equation, and the observations of SAMPEX satellite at L=6.0 (a) and at L=3.3 (b), respectively. The solid lines in (a) and (b) are 
the linear least square fit results of the daily averages of these two groups of fluxes. The data are taken from 54 CME-related magnetic storms from 1993 to 
2003. The correlation coefficients are 0.78 and 0.73, respectively. Similar analyses are conducted in (c) (L=6.0) and (d) (L=3.3) for 26 CIR-related storms in 
1995. The correlation coefficients are 0.93 and 0.91, respectively. 
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decay to describe the distribution of 1.5–6.0 MeV electrons 
in the outer radiation belt for both CME- and CIR-driven 
magnetic storms. 

1.3  The variations of the radiation belt content of the 
outer radiation belt 

As we have already determined the radiation belt bounda-
ries based on SAMPEX satellite relativistic electron obser-
vation, one of major applications for knowing the radiation 
belt boundaries is to improve the RBC index developed by 
Iles et al. [48] and Baker et al. [50]. 

The RBC index developed by Iles et al. [48] and Baker et 
al. [50] is determined by considering averaged electron den-
sity throughout the dipole field volume and fixed bounda-
ries for the outer radiation belt. In this paper, the determina-
tion of the variable boundaries of the outer radiation belt 
would provide us a better knowledge on the total volume of 
the outer radiation belt. Combining the electron distribu-
tions at different L-shells described by the exponential de-
cay function would allow us to determine the RBC index 
more accurately. 

The improved RBC index can be expressed by: 

 RBC d( ) ( ),Rn L V L   (3) 

where n(L) is the electron density distributions at different 
L-shells during a certain period of time: 
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,
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J is the relativistic electron flux, and c is the velocity of 
light. 

VR(L) is the volume of the outer radiation belt at different 
L shells [66]. 
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where RE is the Earth’s radii. Subscript 1 and 2 represent the 
value at the inner and the outer boundaries, respectively. 

The improved RBC index can be used to study the varia-
tion of relativistic electrons in the whole outer radiation belt 
more accurately. 

To further quantitatively investigate the variations of 
1.5–6.0 MeV electrons during CME- and CIR-driven storms, 
superposed epoch analysis is applied to the RBC index and 
to the ratio of the RBC index for the region beyond the peak 
flux in the outer belt to that for the region within the peak 
flux. Figures 6(a) and (b) from top to bottom show the RBC 
index, the >2.0 MeV electron flux observed by GOES satel-
lites at geosynchronous orbit, the ratio of the RBC index 
outside the maximum flux to that inside the maximum flux, 

the position of maximum flux, the Dst index, solar wind 
speed, and the Bz component of IMF. The red, blue and 
black lines in each panel represent the upper and lower 
quartiles, and the median of each variable. Note that to use 
the medians of the first three variables to analyze the varia-
tions during the storms, while removing the influence of the 
noises due to high time resolutions, the data for the medians 
are smoothed with boxcar averages of specified widths. 
Thus, the time scales of the medians of the three variables 
are different from those of their upper and lower quartiles. 
The horizontal dash lines in the first and fourth panels on 
the top mark the level of the variables before storms. The 
four vertical dash lines from left to right denote the begin-
ning of the decrease of the median of the RBC index, the 
end of the decrease of the median in the main phase, the 
time when the median recovers to the level before storms, 
and the time when the median increases to a maximum in 
the recovery phase. 

The result shows that for CME-related storms, the medi-
an of the RBC index decreases from 1.6×1020 to a minimum 
in the main phases; for CIR-related storms, the median 
drops from 2.4×1020 to a minimum. In the recovery phases, 
for CME-driven storms, the median recovers to the level 
before storms, and it increases to a maximum of about 
4.8×1020. But for CIR-driven storms, the median also re-
covers to the pre-storm level and then increases to a maxi-
mum of 5.8×1020. 

According to these results, RBCmax/RBC0 was calculated, 
where RBCmax represents the maximum of the median of 
RBC index during the storms, and RBC0 stands for the level 
before storms. For CME-driven storms, this value was 3.0, 
whereas for CIR-related storms, it was about 2.4. Therefore, 
a conclusion can be drawn that, by comparing RBCmax/RBC0 
between the CME- and CIR-driven storms, it can be found 
that CME-related storms may be more effective than 
CIR-driven storms in the acceleration of electrons.  

The results of the superposed epoch analysis for the ratio 
of the RBC index for the region beyond the peak flux in the 
outer belt to that for the region within the peak flux may 
indicate the main locations of the acceleration regions for 
electrons during storms. If this ratio is larger than one, then 
the total number of 1.5–6.0 MeV electrons outside the posi-
tion of maximum fluxes is more than that inside the maxi-
mum-flux location, which indicates that the acceleration 
mainly occurs at regions outside the location of maximum 
fluxes, and vice versa. If the ratio is around one, then it is 
possible that both regions outside and inside the maximum 
flux are important for the acceleration of electrons. 

For CME-related storms, in the main phase, while the 
median of the RBC index is decreasing to a minimum, the 
median of the ratio slowly increases. During the recovery 
phase, when the median of the RBC index was recovering 
from the minimum to the pre-storm level, the median of the 
ratio kept increasing. While the median of the RBC index 
continued to increase from the pre-storm level to higher 
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values, the median of the ratio increased to about the max-
imum 6.0. The average of the ratio during the recovery 
phase is 4.7. For CIR-related storms, and there is no obvi-
ous trend of the variations of the median of the ratio which 
keeps fluctuating around 2.4–2.5. The average of the ratio 
during the recovery phase is 2.5. Comparing the results be-
tween CME- and CIR-driven storms indicated that there are 
more relativistic electrons outside the peak flux during the 
recovery phases of CME-driven storms than CIR-driven 
storms. 

One of the interesting results in this study is that 
CME-driven storms are more effective than CIR-driven 
storms in the acceleration of electrons in the outer radiation 
belt, according to the calculation of RBCmax/RBC0 based on 
SAMPEX data. This is different from the previous result 
according to the geosynchronous orbit data obtained by 
Miyoshi et al. [67]. In their study, using the geosynchronous 
data from the GOES satellite, they found that CIR-driven 
storms may be more effective than CME-driven storms in 
producing relativistic electrons in the outer radiation belt, 
due to the long-lasting injections during the recovery phases 
of CIR-driven storms because of the Alfven waves in the 
high speed solar wind after the stream interface. 

We have also used the >2.0 MeV electron flux data from 
the GOES satellite, and conducted superpose epoch analysis 
to these data for CME-driven and CIR-driven storms, re-
spectively, as shown in the second panels in Figure 6. 
FluxGmax is taken to be the maximum of the median (the 
black solid line in the middle) of the electron fluxes at geo-
synchronous orbit during recovery phases, and FluxG0 re-
fers to the average of the median of the fluxes during the 
quiet periods before storms. Then, FluxGmax/FluxG0, which 
is similar as RBCmax/RBC0, is calculated. For CME-related 
storms, FluxGmax/FluxG0=5.6, while for CIR-related storms, 
FluxGmax/FluxG0=61 (note that RBCmax/RBC0=2.4 for 
CIR-driven and RBCmax/RBC0=3.0 for CME-related storms). 
Thus, at the geosynchronous orbit, CIR-driven storms seem 
to be more effective than CME-driven storms in the accel-
eration of electrons in the outer radiation belt, which is con-
sistent with the result of Miyoshi et al. [67]. 

However, we note that the relativistic electron variations 
at the geosynchronous orbit alone often may not be a good 
enough indicator of the electron content in the entire outer 
radiation belt. According to the superposed epoch analysis 
results of the positions of the peak flux (the fourth panels in 
Figure 6), it can be seen that for CME-driven storms, the 
pre-storm average of the median of the locations of the peak 
flux is L=3.8; during the recovery phase, the average is 
L=3.4. These indicate that compared with the pre-storm 
period, during the recovery phase the location of the outer 
radiation belt is pushed inward, and the distance is larger 
between the geosynchronous orbit and the location of the 
peak flux. For CIR driven storms, however, the pre-storm 
average of the median of the locations of the peak flux is 
about L=4.0; during the recovery phase, the average is about 

L=4.3. These indicate that compared with the pre-storm 
period, during the recovery phase the location of the outer 
radiation belt moves outward, and the distance is smaller 
between the geosynchronous orbit and the location of the 
peak flux. Note that it has been shown according to (1) that 
the relativistic electron fluxes would decrease exponentially 
as moving further from the position of the maximum flux. 
As a result, it is reasonable that the satellites at L=6.6 ob-
serve more intensive electron flux relative increase during 
CIR-related storms than during CME-driven storms. How-
ever, this does not necessarily indicate that CIR-related 
storms are more effective in the acceleration of electrons 
than CME-driven storms in the entire outer radiation belt. 

The mechanism of the inward motion of the outer radia-
tion belt during magnetic storms can be understood as fol-
lowing: the convection electric field would be enhanced 
during either CME- or CIR-driven storms. The convection 
electric field can be obtained according to the study of Vol-
land [68]: 
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where =0 degree denotes midnight, and the multiplier A 
comes from the study of Maynard et al. [69]. The more in-
tensive the storms are (as indicated by the Kp index), the 
stronger the convection electric field is, and the plasma at 
magnetotail may move deeper into the inner magnetosphere. 
This is why during the main phase and recovery phase of 
CME-related storms, the outer radiation belt is located at 
lower L shells, compared with the CIR-related storms. Thus, 
using the data at geosynchronous orbit alone to indicate the 
whole outer radiation belt may not be appropriate for CME- 
and CIR-driven storms. 

2  Physics-based radiation belt model 

The electron radiation belt often exhibits a high temporal 
and spatial variability. The establishment of physics-based 
radiation belt models will be able to differentiate the con-
tributions of various mechanisms, forecast the future radia-
tion belt evolution, and then mitigate its adverse space 
weather effects [70–72].  

The first three-dimensional diffusion model for electron 
radiation belt is named Salammbô, which was developed by 
Beutier and Boscher [73] and further improved by Varotsou 
et al. [74, 75]. The current Salammbô model includes the 
radial diffusion driven by various electromagnetic fluctua-
tions and local pitch-angle and momentum diffusion driven 
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Figure 6  (a) The superposed epoch analysis of 54 CME-related storms from year 1993 to 2003. 0 is the time of shock arrival. The top two panels are the 
RBC index and its outer-inner ratio. (b) The same analysis for 26 CIR-related storms in year 1995, and t0 is the time of the arrival of the stream interfaces. 
Details can be found in the text. 

by chorus waves. A similar model named VERB (Versatile 
Electron Radiation Belt), including various electromagnetic 
wave (chorus, hiss, and EMIC), has been constructed by 
Shprits et al. [76, 77]. In fact, the wave-particle interaction 
can simultaneously produce the diffusion in pitch-angle, 
momentum, and cross-pitch-angle-momentum. The cross 

diffusion driven by local wave-particle interactions has been 
incorporated into the VERB model by Subbotin et al. [78]. 
Albert et al. [79] has implemented a three-dimensional 
model to study the radiation belt evolution during the 9 Oc-
tober 1990 magnetic storm. This model included the same 
physical processes as those of Salammbô model, and 
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adopted the data-driven boundary conditions to reduce the 
numerical uncertainty. Su et al. [80–84] have investigated in 
detail the cyclotron resonance of various plasma wave, ra-
dial diffusion, and adiabatic transport, and constructed a 
comprehensive electron radiation belt diffusion model 
STEERB (Storm-Time Evolution of Electron Radiation 
Belt). 

2.1  Construction of STEERB model 

The STEERB model adopts the three-dimensional Fokker- 
Planck equation 
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to describe the evolution of radiation belt electron phase 
space density f. The STEERB model involves two computa-
tional spaces: observable space (equatorial pitc-angle e, 
momentum p, and radial distance L) and adiabatic invariant 
space (magnetic momentum , longitudinal invariant J, and 
Roederer parameter L*）. The STEERB model uses the 
Dst-dependent Hilmer-Voigt geomagnetic field model [85]. 
The variation of geomagnetic field configuration can 
change the mapping relation between the two computational 
spaces, and then self-consistently introduce the adiabatic 
transport process into the STEERB model. On the 
right-hand side of Equation, the first two terms represent the 
local wave-particle interaction with the corresponding 
bounce-averaged diffusion coefficients in pitch-angle 

,D  momentum ppD , and cross-pitch-angle-   

momentum pD  (depending on the wave spectrum); the 

third term treats the radial diffusion process with the corre-
sponding diffusion coefficient * *L L

D  (determined based on 

the empirical model [79]); the last three terms present the 
dominant loss mechanisms in the loss cone, near the Earth 
(L < 1.5), and in the slot region, respectively. 

2.2  Effect of cross term 

In the construction of radiation belt model, one of the nu-
merical difficulties is how to fully solve the local diffusion 
equations. The rapidly varying cross diffusion terms often 
produce some numerical instabilities. Albert and Young [86] 
adopted a coordinate transforming technique to “remove” 
the cross terms and then overcame the numerical instability. 
Tao et al. [87, 88] used the Monte Carlo method and layer 

method to fully solve the local diffusion equation, but their 
numerical efficiency still needs to be improved. Xiao et al. 
[89] proposed a hybrid finite difference method to fully 
solve the local diffusion equation. This numerical scheme is 
stable, efficient, and easily-programmed, which has been 
widely applied into the study of radiation belt, ring current 
and aurora by several different research groups [90–103]. 
Subbotin et al. [78] constructed a fully implicit numerical 
scheme to solve the local diffusion equation, which needs a 
lot of memory due to the involved matrix storage and inver-
sion. 

The local diffusion equation driven by wave-particle in-
teraction in STEERB model is solved by the hybrid finite 
difference method [89]. Figure 7 shows the evolution of 1.0 
and 2.0 MeV equatorially-trapped (e=90°) electron fluxes 
with and without incorporation of cross diffusion during an 
idealized storm. In the simulation, the background geomag-
netic field keeps unchanged (i.e., the adiabatic transport is 
excluded). The main phase covers the first day, with incor-
poration of chorus, hiss, and EMIC waves. The recovery 
phase covers the following three days, with incorporation of 
only chorus wave. Clearly, the outer radiation belt electron 
fluxes decrease rapidly during the main phase and increase 
gradually to higher than the prestorm levels. These time-
scales and variation extents are generally consistent with the 
observed characteristics of radiation bet evolution. The dif-
ference caused by ignoring cross diffusion is relatively 
small during the main phase, while the equatorially trapped 
energetic electron fluxes can be overestimated by a factor of 
5 in the heart of outer radiation belt during the recovery 
phase. In addition, more numerical tests have found that the 
ignoring of cross diffusion can overestimate the electron 
fluxes at small pitch-angles by several orders [78, 87–89]. 
These numerical results suggest that the cross diffusion term 
is indispensable for the evaluation of radiation belt electron 
fluxes. 

2.3  Effect of adiabatic transport 

The physical processes controlling radiation belt evolution 
can be classified into adiabatic and non-adiabatic types. The 
local cyclotron resonance (violating the first and second 
adiabatic invariants) and radial diffusion (violating the third 
adiabatic invariant) are two typical non-adiabatic mecha-
nisms. For adiabatic process, the three adiabatic invariants 
are conserved, whereas the pitch-angle, energy, and 
drift-shell are changed. The static dioplar geomagnetic field 
was used by the previous radiation belt models, e.g., 
Salammbô [73–75], VERB [76–78] and ALBERT [79], 
which excluded the adiabatic transport process. The 
time-varying Hilmer-Voigt geomagnetic field was adopted 
by the STEERB model, which self-consistently includeded 
the adiabatic transport process.  

Figure 8 presents the adiabatic evolution of 1 MeV elec-
tron fluxes during an idealized storm. Obviouly, such adia-



1130 Zong Q G, et al.   Sci China Earth Sci   July (2013) Vol.56 No.7 

 

Figure 7  Evolution of equatorially-trapped electron fluxes at 1 MeV (left column) and 2 MeV (right column) calculated by STEERB model with (first row) 
and without (second row) cross diffusion [80]. The white lines denote the location of plasmapause Lpp. 

 

Figure 8  Adiabatic evolution of radiation belt 1 MeV electron flux 
during an idealized magnetic storm [82]. The white line represents the Dst 
index. 

batic variation is inversible: the outer radiation belt electron 
fluxes decrease by a factor of 60 during the main phase and 
increase exactly to the prestorm level during the recovery 
phase.  

Figure 9 shows the evolution of 1.0 and 2.0 MeV equato-
rially-trapped (e=90°) electron fluxes with and without 
incorporation of adiabatic transport during an idealized 
storm. The neglect of adiabatic transport leads to the 10–30 
times overestimate during the main phase and 2–5 times 

underestimate during the recovery phase. 
The test simulations above clearly indicate that the adia-

batic process can affect significantly the evolution of radia-
tion belt electrons, which needs to be incorporated in the 
radiation belt models to accurately evaluate the energetic 
electron flux evolution.  

2.4  Loss mechanisms of radiation belt electrons 

During the geomagnetic storms, the outer radiation belt 
electrons often show a dramatic variability (typically a rapid 
dropout during the main phase and a substantial buildup 
during the recovery phase). In the past decades, significant 
progress has been made on the acceleration process, while 
relatively limited progress has been reported on the deple-
tion process. In fact, both the acceleration and loss process-
es exist simultaneously in the radiation belt, and their com-
petition finally determines the net change of energetic elec-
tron fluxes. If the acceleration process is dominant, the en-
ergetic electron fluxes increase; if the loss process is domi-
nant, the energetic electron fluxes decrease; if the two pro-
cesses are evenly matched, the energetic electron fluxes 
have no changes. Hence, the deep understanding of both 
acceleration and loss processes are required to accurately 
forecast the future radiation belt evolution [104]. 

Based on the CRRES observation and STEERB simula- 
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tion, Su et al. [105] have quantitatively investigated the 
dropout processes during the main phase of 9 October 1990 
magnetic storm, and determined the dominant loss mecha-
nisms of this specific event. Figure 10 shows the energetic 
electron fluxes observed by CREES satellite and simulated 
by STEERB model during the quiet times. Obviously, the 
simulations agree well with observations in the outer belt, 

but deviate somewhat from observations in the inner belt 
and slot region. Figure 11 shows the corresponding ener-
getic electron fluxes observed by CREES satellite and sim-
ulated by STEERB model during the minimum-Dst period. 
Four test cases are performed to differentiate and determine 
the dominant loss mechanism. The magnetopause shadow-
ing (MS), adiabatic transport (AT), radial diffusion (RD),  

 

 

Figure 9  Evolution of equatorially-trapped electron fluxes at 1 (left column) and 2 MeV (right column) calculated by STEERB model with (first row) and 
without (second row) adiabatic transport [83]. The white lines denote the location of plasmapause Lpp. 

 

Figure 10  Energetic electron fluxes observed by CREES satellite and simulated by STEERB model during the quiet times [105]. 
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Figure 11  Energetic electron fluxes observed by CREES satellite and 
simulated by STEERB model during minimum-Dst period [105]. 

plume wave (PW), and chorus wave (CW) are one by one 
introduced into the STEERB simulations. Obviously, the 
number increase of incorporated physical mechanisms in 
the first three test cases can directly increase the goodness 
of fit between observations and simulations, and the last 
incorporation of chorus wave does not significantly affect 
the goodness of fit. These results suggest that the corpora-
tion and competition of these mechanisms can well explain 
this radiation belt dropout event. Particularly, the first four 
physical mechanisms are dominant in this specific event. 

3  Fast acceleration of particles in the Earth’s 
outer radiation belt 

3.1  The fast acceleration of “killer electron” and ener-
getic ions by interplanetary shock induced ULF waves in 
the inner magnetosphere  

The rapid variations of energetic ions in the inner magneto-

sphere have been observed by Dandouras et al. [106] and 
Wang et al. [107]; however, the reasons of such variations 
remains unclear. In this paper we propose the acceleration 
mechanism of interplanetary shock induced ULF waves in 
the inner magnetosphere, which can be used to explain the 
rapid variations of energetic ions and electrons in the inner 
magnetosphere. 

The Earth’s geomagnetic field can be strongly affected 
by the impact of interplanetary shocks. During the early 
1940s, the Earth’s magnetic signal response to the passage 
of interplanetary shocks was recorded by ground-based 
magnetometer observations. Such magnetic field signals are 
known as “storm sudden commencement” (SSC). Energetic 
particles in the magnetosphere can be accelerated by the hit 
of interplanetary shocks [109–112]. It has been recognized 
that energetic (tens of keV) electron precipitation, which 
typically lasts 3 to 10 minutes, would be immediately en-
hanced as soon as the interplanetary shock arrived. It has 
also been reported that energetic particles can be injected 
into the inner magnetosphere as a result of these interplane-
tary shocks [112–114]. The impact of extremely powerful 
interplanetary shocks can result in very energetic particle 
acceleration within the radiation belt, which was reported 
on 24 March 1991 [114–116]. Ions and electrons, with en-
ergies up to 15 MeV, in the radiation belt can be accelerated 
by the induced electric field pulse associated with the shock. 
New radiation belts are then created, and last for years 
[117]. 

Although it is well known that the enhancements of en-
ergetic electron (MeV) fluxes in the magnetosphere, in-
cluding the radiation belt region, are closely related to 
magnetic storms [118], it remains unclear precisely how 
these shock-related energetic particles are produced and 
accelerated in the magnetosphere [119, 120]. One type of 
enhancement of energetic particle fluxes [114, 115, 121] has 
been found to be associated with strong SSCs rather than 
the main phase of a magnetic storm. This suggests that the 
energetic particles in the radiation belt could be produced 
well before the buildup of the enhanced ring current, which 
produces the magnetic storm. Considerable efforts have 
been made to understand the effects of interplanetary shocks 
on the population of trapped particles in the magnetosphere. 
Extensive studies using test particles and magnetohydrody-
namic simulations have been conducted [123–127] in order 
to study the particle acceleration mechanisms associated 
with the shock arrival. However, the particle acceleration 
mechanism in the radiation belt region is not yet fully un-
derstood. In the inner magnetosphere, the interaction of par-
ticles with VLF waves [128–131] and ULF waves [132–134] 
has been considered. Three candidate mechanisms have 
emerged to describe the response of particle accelerations in 
the radiation belt/inner magnetosphere region. They are 
summarized as follows: (1) Prompt acceleration, for which 
the time scale of the acceleration process is about 1 minute. 
Li et al. [22] have been able to model in detail the great 
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shock event of March 24, 1991. Friedel et al. [120] have 
pointed out that this model seems to be successful only for 
this particular shock event. The model has not proved to be 
applicable to other interplanetary shock impacts on the 
Earth’s magnetosphere system. It remains unclear exactly 
how shock-related energetic particles are produced and ac-
celerated within the magnetosphere [119, 120]. (2) Local 
acceleration by VLF waves, which changes the first adia-
batic invariant (a few days), and diffusive radial transport, 
which increases energy while conserving the first adiabatic 
invariant. Summers et al. [135] have proposed that resonant 
interactions with VLF waves could heat particles with a 
time scale of a few days. (3) Diffusive radial transport by 
ULF waves, which increases energy while conserving the 
first adiabatic invariant [121, 136, 137]. The time scale of 
this process is about tens of hours [138]. 

Among these candidates, VLF wave-particle interaction 
has been widely considered to be one of the primary elec-
tron acceleration mechanisms because electron cyclotron 
resonances can easily occur in the VLF frequency range. 
However, the time required for the VLF wave-particle in-
teraction to accelerate electrons to relativistic energies is a 
few days [139], which is too long to explain the of-
ten-observed short acceleration time scales [114, 140] be-
cause of the relatively small VLF wave amplitudes. ULF 
waves, on the other hand, can be excited with much larger 
amplitudes than the VLF waves in the magnetosphere by 
solar wind dynamic pressure variations [141, 142]. ULF 
waves may then accelerate the energetic particles much 
more effectively than VLF waves. Because of the compara-

ble periods between the drift motion of the energetic parti-
cles and the ULF oscillations, the drift-bounce resonance 
interaction [142, 143] could be excited to adiabatically ac-
celerate the magnetospheric particles and significantly en-
hance the radial diffusion coefficient [144, 145]. In fact, 
reports have shown that there exists a close correlation be-
tween the rapid flux enhancements and ULF wave activity, 
for case studies [132, 146], as well as for statistic surveys 
[138, 147]. The solar wind and the interplanetary electro-
magnetic field are important energy sources for the Earth’s 
magnetosphere. Magnetospheric ULF waves can be gener-
ated by solar wind dynamic pressure pulses. Modulations of 
energetic particle fluxes by waves with periods of several 
minutes (Pc 5 range) were first reported by Brown et al. 
[148]. An extensive theoretical analysis of ULF waves and 
particle oscillations has been carried out by Southwood and 
Kivelson [150], which has been further developed to ex-
plain more observational facts [151, 152]. 

Recently, using four Cluster spacecraft observations, we 
have found that, subsequent to interplanetary shocks or so-
lar wind dynamic pressure impacts on the Earth’s magneto-
sphere, the acceleration of the energetic electrons in the 
radiation belt started immediately and lasted for at least a 
few hours. The prime acceleration mechanism was found to 
be the electron drift-resonance with the interplanetary shock 
induced ULF waves. This process is schematically shown in 
Figure 12. 

The study of energetic electron and the ULF waves in 
conjunction with interplanetary shocks is tractable from at 
least two obvious vantage points. One point is that, unlike 

 

 

Figure 12  The wave-particle interaction between ULF waves and energetic electrons is shown schematically. Solar wind dynamic pressure impulse or 
Kelvin-Helmholtz surface wave stimulates the ULF waves. Field line resonances (FLR) occur under certain conditions and energetic electrons would have 
drift resonances with ULF waves. 
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other triggering mechanisms, the specific energy source is 
clear. The second point is that the response of the magneto- 
spheric system to interplanetary shocks typically yields a 
significant and easily identifiable electromagnetic signal. 
Thus, there is no temporal ambiguity for interplanetary 
shock related phenomena. 

3.2  The interaction between ULF wave and energetic 
particles in the magnetosphere 

ULF wave is the plasma wave in the magnetosphere with 
frequency ranging between 1 mHz and 1 Hz, also known as 
geomagnetic pulsations. ULF waves can play an important 
role in mass, momentum, and energy transport processes 
within the magnetosphere. More work is needed in order to 
understand the global properties of ULF waves and pre-
cisely how the energy is transported from the solar wind 
through ULF waves to the magnetosphere, the ionosphere, 
and finally the ground.  

It is well known that the energetic particles in the inner 
magnetosphere can be significantly affected by the ULF 
waves. The time variation scale of the Earth’s magnetic 
field varies from a fraction of a second to tens of years. Os-
cillations of magnetic field lines can be sustained in the 
magnetospheric plasma. Lower frequency waves contain 
more wave power and the power levels vary roughly in-
versely with the wave frequency [152]. A schematic over-
view of the relationship between various waves and ener-
getic electrons is shown in Figure 13. The overlap areas 
indicate where wave-particle resonance may occur.  

The figure shows the power flux density of various kinds 
of waves with different frequency (left Y-axis), the gyrating, 
bouncing, and drifting frequency of energetic electrons with 
different energy in different L-shells (right Y-axis). The 
frequency range of ULF waves overlaps the bouncing and 
drifting frequency of electrons, therefore bouncing and 
drifting resonances may occur between ULF wave and en-
ergetic electrons [142]. 

Figure 13 merely gives a schematic overview. The wave 
frequency and wave vector, the particles’ pitch angle distri-
bution, resonance harmonic number, the location etc. need 
to be taken into account so as to reveal the details of 
wave-particle interactions in the inner magnetosphere. Ta-
ble 1 shows the different properties between toroidal and 
poloidal mode standing ULF waves. These differences 
would affect the interactions between the energetic particles 
and the ULF wave modes, as we shall show in section 3.3. 

Table 1  The differences between toroidal and poloidal mode standing 
ULF waves 

ULF Mode Magnetic field Electric field Wavenumber 
Toroidal standing 

waves 
B_azimuthal E_radial 1–10 

Poloidal standing 
waves 

B_radial E_azimuthal 10s–100 

 

Figure 13  An overview of the possible wave-particle interactions relating 
to energetic electrons in the Earth’s inner magnetosphere.  

3.3  The fast acceleration of energetic particles 

3.3.1  The acceleration of energetic particles by toroidal 
mode ULF wave 

It has been suggested by, e.g., Southwood and Kivelson 
[150] that the rate of energy change of a charged particle 
interacting with ULF waves (poloidal mode) in the absence 
of parallel electric field is 
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where dW/dt, E, Vd, and µ are the rate of the particle energy 
gain, the wave-carried electric field, the particle drift veloc-
ity, and the particle magnetic moment, respectively. The 
subscript P denotes the component parallel to the back-
ground magnetic field. The basic mechanism is that elec-
trons drift in a com-pressed dipole, with electric fields indi-
cating a toroidal oscillation that is in a low mode number 
global toroidal wave. On the dawnside, electrons have a 
component of motion in the radially outward direction while 
the electric field points radially inward; on the duskside, a 
component of electron’s motion and the electric field are 
both outward in direction. This allows the particles to gain 
energy from the interaction with the ULF toroidal mode, 
which arises from the noon-midnight asymmetry of the 
geomagnetic field when the solar wind pressure is strong. 
As suggested by Elkington et al. [125], the resonance condi-
tion is 

 ( 1) .dm     (8) 

Thus, the ULF toroidal waves are able to accelerate ener-
getic particles in the radiation belt region. However, this 
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mechanism requires the noon-midnight asymmetry of the 
geomagnetic field when the solar wind pressure is strong 
enough, which may not be the case for the inner magne-
to-sphere because the noon-midnight asymmetry becomes 
smaller and smaller as the L-shell becomes small. In a pure 
dipole magnetic field, this mechanism can be ignored since 
no noon-midnight asymmetry exists. This suggests that the 
acceleration of energetic electrons by the toroidal mode 
ULF waves becomes important in the region with a larger L 
shell (the outer magnetosphere); in smaller L shell regions 
(the inner magnetosphere), the poloidal mode ULF becomes 
responsible for the acceleration of energetic electrons. 

3.3.2  The fast acceleration of “killer electron” by poloi-
dal mode ULF wave and the formation of new radiation belt 
(slot region injection) 

The energy of electrons can be accelerated very efficiently 
when they are resonant with ULF waves. For poloidal 
waves, the electric field is in the azimuthal direction, which 
is parallel to the particle drift direction. For the energetic 
electrons, the electron bounce frequency is much larger than 
its drift frequency and the ULF wave frequency. In this sit-
uation, only the N=0 drift resonance can be satisfied, which 
implies that the electrons will not move azimuthally in the 
wave frame. Thus, the guiding center orbit of the electrons 
in resonance will appear as a vertical line, as shown in Fig-
ure 6(b). It is apparent that the acceleration and deceleration 
of the electron will cancel out over each bounce period in a 
second harmonic wave mode. Only in the fundamental 
mode wave could the electron experience systematic accel-
eration over many drift periods. Therefore, the bounce-drift 
resonance can only be excited at N=0 (Fundamental mode), 
which degenerates to a drift resonance with no relationship 
to the bounce motion  

 .dm    (9) 

The rate of energy change for the resonant particles can 
be written as 

 
d

,
d a d

W
qE V

t
   (10) 

where dW/dt, Ea, and Vd are the rate of the particle energy 
gain, the poloidal wave-carried azimuthal electric field, and 
the particle drift velocity, respectively.  

Figure 14(a) shows that a large amount of highly ener-
getic (2–6 MeV) electrons were injected into the slot region 
2 < L < 3.5 on 7 Nov.7, 2004, immediately after an intense 
interplanetary shock impact on the magnetosphere. The in-
jected electrons remained there for more than one month. 
As mentioned in the introduction section, there are three 
possible mechanisms responsible for the flux enhancement 
of energetic electrons during geomagnetic storms [139]: (1) 
global convective transport from the magnetotail plasma 
sheet, (2) inward radial diffusion driven by ULF waves, and 

(3) local acceleration through gyro-resonant VLF wave- 
particle interaction. ULF wave activities are greatly en-
hanced globally [132, 133, 137] during this magnetic storm. 
Loto’aniu et al. [145] have calculated the rate of radial dif-
fusion by intense ULF waves during the onset of the 29 
October 2003 Halloween storm and have shown that radial 
diffusion can occur in the slot region near L = 2 over a 
timescale of ~24 h. 

To understand how the high energy electrons are injected 
into the slot region and the inner radiation belt in a short 
time scale (less than ~24 h, as shown in Figure 14(a)), 
equatorial electric field amplitude Ea, in the slot region, 
and the inner magnetosphere can be obtained from meas-
urements of the ground-based magnetic field amplitude bi, 
by solving a guided poloidal Alfven mode wave equation, 
treating the wave mode as the fundamental poloidal mode 
for all L shells. These results are presented in Figure 
14(b)–(d). The three panels (b)–(d) show the derived elec-
tric field at L=6.03 (DAWS), the observed electric field by 
Cluster C1 at L=4.4 and the derived electric field at L=1.17 
(EWA), respectively. These clear ULF wave features show 
the globally distributed ULF waves over almost all L-shells. 
ULF waves play an important role in transport energy from 
the solar wind to the deep magnetosphere with small L-shell 
(even for L=1.17). ULF waves carry energy and spread 
along the magnetic field lines and are eventually observed 
at geomagnetic stations on the ground, as shown in Figure 
14(b)–(d). 

The electric field estimation, shown in Figure 14(b)–(d), 
can be used to qualitatively analyze the possible effects of 
poloidal ULF waves on the behavior of energetic particles 
in the radiation belt region with a small L shell (L=2–4). 
With a wave-borne electric field of 40 mV/m at L=4.4 RE 
and 10 mV/m at L=1.17RE, electrons with energies of a few 
hundreds keV can double their energy in less than one wave 
period, which is much faster than the time scale of the ULF 
wave-driven diffusive processes suggested by Perry et al. 
[153] and Loto’aniu et al. [145]. This suggests that the ob-
served electric field fluctuations are sufficient to explain the 
electron spectral increase, shown in Figure 14(a), through 
drift resonance acceleration, together with the damping of 
ULF waves due to particle acceleration. 

4  Summary 

In Section 1 of this paper, we have quantitatively investi-
gated the radiation belt dynamic variations of 1.5–6.0 MeV 
electrons during CMEs-driven and CIRs-driven storms us-
ing SAMPEX data. It is found that the boundaries deter-
mined by fitting an exponential to the flux as a function of L 
shell obtained in this study agree with the observed outer 
and inner boundaries of the outer radiation belt. We further 
used the derived exponential function and dynamically 
changing inner and outer boundary of the outer radiation 
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Figure 14  (a) Daily, window-averaged, color-coded on a logarithmic scale and sorted in L (L bin: 0.1) electron fluxes of >1 MeV (#/(cm2 s sr)) by 
SAMPEX from the 300th day to the 360th day in 2004. The slot region is quickly filled in, and newly injected electrons are significantly enhanced in the 
outer radiation belt; (b) the derived electric field for DAWS; (c) the observed electric field by Cluster C1; (d) the derived electric field for EWA. The electric 
fields in panels (b) and (d) are derived by treating the wave mode as the fundamental poloidal mode and solving a guided poloidal Alfven mode wave equa-
tion.  

belt to improve the calculation of RBC index and found that 
CME-driven storms produce more relativistic electrons than 
CIR-driven storms in the entire outer radiation belt. 

In Section 2 we introduced the construction and applica-
tions of physics-based radiation belt model STEERB. 
STEERB is based on the three-dimensional Fokker-Planck 
equation and includes the physical processes of local 
wave-particle interactions, radial diffusion, and adiabatic 
transport. Local wave-particle interactions can cause pitch 
angle, moment, and cross-pitch-angle-momentum diffusion 
of radiation belt electrons simultaneously. The rapidly var-
ying cross diffusion terms often produce some numerical 
instabilities for usual numerical schemes. STEERB adopts 
the hybrid finite difference method to solve local diffusion 
equation driven by wave-particle interaction. It is shown by 
numerical experiments that the energetic electron fluxes can 
be overestimated by a factor of 5 or even several orders 
(depending on the pitch angle) if the cross diffusion term is 
ignored. This implies that the cross diffusion term is indis-
pensable for the evaluation of radiation belt electron fluxes. 
The radiation belt diffusion models often adopt dipole 
magnetic field; the time-varying Hilmer-Voigt geomagnetic 
field was adopted by the STEERB model, which self-  
consistently included the adiabatic transport process. The 
test simulations clearly indicate that the adiabatic process 
can affect significantly the evolution of radiation belt elec-
trons. Since STEERB includes many physical processes, the 
model simulation and comparison with satellite observa-

tions can used to estimate the importance of specific physi-
cal process to some extent. For the dropout case during the 
main phase of 9 October 1990 magnetic storm, STEERB 
model can reproduce the dropout process of electron flux 
well. Particularly, the dominant loss mechanism can be de-
termined for this case through quantitative comparison be-
tween observation and simulation results. 

In Section 3 we summarized the fast acceleration of 
“killer electron” and energetic ions by interplanetary shock 
induced ULF waves in the inner magnetosphere. The accel-
eration mechanism of energetic electrons by poloidal and 
toroidal mode ULF wave is different at different L shells. 
The acceleration of energetic electrons by the toroidal mode 
ULF waves becomes important in the region with a larger L 
shell (the outer magnetosphere); in smaller L shell regions 
(the inner magnetosphere), the poloidal mode ULF becomes 
responsible for the acceleration of energetic electrons. 

The interactions of solar wind and interplanetary shocks 
with magnetosphere are a common phenomenon in plasma 
universe; it can however be more easily observed only in 
Earth’s magnetosphere. This study can help us improve the 
understanding of shocked induced magnetospheric particle 
acceleration processes as well as interactions between ULF 
wave and energetic particles.  

This work was supported by the National Basic Research Program of Chi-
na (Grant No. 2012CB825603) and the Specialized Research Fund for 
State Key Laboratories. 
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