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[1] Relativistic electron fluxes of the outer radiation belt often decrease rapidly in
response to solar wind disturbances. The importance of the magnetopause shadowing
(MPS) effect on such electron losses has yet to be quantified. If the MPS is essential for
outer radiation belt electron losses, a close relationship between the outer edge of the outer
belt and the magnetopause standoff distance is expected. Using GOES and THEMIS data,
we examined earthward movement of the outer edge of the outer belt during electron loss
events at geosynchronous orbit and its correlation with the magnetopause standoff
distance. In events with significant earthward movement, we found a good correlation.
There were no clear correlations in events without significant earthward movement,
however. Comparing the observational results with a test particle simulation, the observed
dependence between the outer edge and the magnetopause standoff distance is consistent
with the MPS effect.
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1. Introduction

[2] Relativistic electron flux in the outer radiation belt is
highly variable during geomagnetic storms [e.g., Reeves
et al., 2003; Miyoshi and Kataoka, 2005, 2011]. During the
main phase, outer belt electron flux decreases rapidly [e.g.,
Nagai, 1988; Miyoshi et al., 2003]. The flux decrease is in
part due to the Dst effect, an adiabatic, reversible response to
the evolution of the storm time ring current [Kim and Chan,
1997]. Since the electron flux does not always return to
prestorm levels [e.g., Onsager et al., 2002; Reeves et al.,
2003], other loss processes should cause irreversible elec-
tron loss. Outer radiation belt electrons also decrease rapidly
during nonstorm times, in association with solar wind dis-
turbances [e.g., Kim et al., 2006]. Mechanisms proposed to
explain this phenomenon include precipitation into the
atmosphere from wave‐particle interactions and drift loss
through the dayside magnetopause due to both outward dif-
fusion and magnetopause shadowing (MPS).
[3] Several types of plasma waves (whistler hiss, chorus,

and electromagnetic ion cyclotron waves (EMIC)) that can
cause precipitation loss have been investigated (see Millan
and Thorne [2007] for a review). Although pitch angle
scattering is important for electron loss, the loss sometimes

occurs on time scales faster than those of typical electron life-
times expected from wave‐particle interactions. For example,
the typical loss rate from whistler chorus is about 1 day [e.g.,
O’Brien et al., 2004] and that from whistler hiss waves is on
the order of 5–10 days [e.g., Lyons et al., 1972]. Both rates
are longer than the rapid loss of electrons observed at the
outer portion of the outer belt. EMIC waves can cause rapid
loss of relativistic electrons when electron energy becomes
relativistic [Li et al., 2007; Jordanova et al., 2008; Miyoshi
et al., 2008]. Borovsky and Denton [2009] performed a
superposed epoch analysis to detect global flux dropouts for
1.1–1.5 MeV at geosynchronous orbit. They showed that
EMIC waves are a primary mechanism for electron loss. A
number of observations, however, have indicated that
although electron losses occur not only at MeV energies but
also over a wide energy range [e.g., Millan and Thorne,
2007], and EMIC waves are unlikely to resonate with sub-
relativistic electrons [Morley et al., 2010].
[4] The MPS is another important electron loss process. If

the drift shell of electrons is opened to the magnetopause,
electrons are lost permanently from the magnetosphere.
Ohtani et al. [2009] showed that during loss events at
geosynchronous orbit, the solar wind dynamic pressure
tends to be high, and the interplanetary magnetic field (IMF)
Bz tends to be more southward. Under such conditions,
magnetic field intensity at the subsolar magnetopause is
usually stronger than at nightside geosynchronous orbit, and
relativistic electrons can escape through the dayside mag-
netopause. Green et al. [2004], however, suggested that the
MPS cannot explain the flux dropouts because of dis-
crepancies between the magnetopause standoff distance and
the electron flux depression region.
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[5] Several test particle simulations assert the importance
of the MPS as an electron loss mechanism [Ukhorskiy et al.,
2006; Kim et al., 2008, 2010; Saito et al., 2010]. Using a
two‐dimensional test particle simulation, Ukhorskiy et al.
[2006] showed that the MPS is important for electron loss
through drift orbit expansion by ring current evolution. Kim
et al. [2008, 2010] computed the three‐dimensional drift
trajectories of relativistic electrons for various pitch angles
under different solar wind conditions. They found that for
all pitch angles, the last closed drift shell of the outer belt
moves toward the Earth in response to large dynamic
pressure increase and/or an intensification of the southward
component of the IMF.
[6] As suggested by previous simulation studies, close

correlations between the last closed drift shell distance and
solar wind parameters could be identified if the MPS con-
tributed to electron loss from the outer part of the outer belt.
Most previous studies, however, have used the data only at
geosynchronous orbit and were not able to directly deter-
mine the motion of the outer edge of the outer belt associ-
ated with the electron loss. Since THEMIS spacecraft can
traverse the outer edge of the outer belt [Sibeck and
Angelopoulos, 2008], the position of the outer edge can be
identified. In this study, we first identify electron loss events
at geosynchronous orbit using GOES data, and we then
divide the loss events into two groups based on the extent of
earthward movement of the outer edge as determined by
THEMIS observations. We then investigate correlations
between outer edge positions and solar wind parameters as
well as the magnetopause standoff distance. Finally, we
discuss the possible role of the MPS effect on electron loss
at the outer part of the outer belt by comparing our results
with test particle simulation results.

2. Data Analysis

[7] In this study, we use THEMIS‐SST (Solid State
Telescope) data [Angelopoulos, 2008]. The SST can mea-
sure electron and ion fluxes from ∼30 keV to ∼1 MeV. The
SST electron channels used in this study are derived from
the SST electron detector response to high‐energy electrons.
Ions are expected to be stopped in a ∼4000 Å aluminum foil
in front of the electron detector, but ions >400 keV will
deposit measurable energy in the electron detector, and ions
>1 MeV will contribute some flux to the >500 keV electron
channels. Since the >1 MeV ion flux is typically well below
the >500 keV electron flux at L > 4 (the region of interest
in this study), proton contamination does not affect our
results. Additionally, because the front electron detector is
thin (300 microns), electrons >350 keV do not deposit their
full energy in it. However, a good correlation between
higher‐energy electrons and the energy deposited in the front
detector volume has been established by Ni et al. [2011].
In that work they compared the THEMIS data with LANL
measurements and derived calibration factors for the
THEMIS SST electron channels. To identify the dynamical
variation of the outer radiation belt, we used a 12 h average
of 422 keV, 655 keV, and 1.13 MeV electron flux data from
THEMIS probe D (TH‐D) from April 2007 to December
2008. The apogee altitude of TH‐D is ∼12 Re, and its orbital
period is about 1 day. The magnetic local times of the

apogees are dawnside in spring, nightside in summer,
duskside in autumn, and dayside in winter.
[8] The analysis period (2007–2008) corresponds to solar

minimum, so only a few magnetic storms occurred. Since
many loss events are not associated with magnetic storms,
we consider the contribution of the Dst effect to be relatively
small. In this study, we use Roederer’s L value (L*), which
is directly related to the third adiabatic invariant [Roederer,
1970] and maintains a constant value against adiabatic var-
iations such as the Dst effect. Roederer’s L value is estimated
with the TS‐05 storm magnetic field model [Tsyganenko and
Sitnov, 2005]. The magnetopause standoff distance is derived
from the Shue et al. [1997] model.
[9] We select events using the following criteria. First, we

define the flux loss events at geosynchronous orbit using
GOES measured MeV electron data with the same criteria as
those of Ohtani et al. [2009]. Using the 1 day logarithmic
average, Ohtani et al. [2009] defined the loss events with the
following three conditions: (1) the 1 day average decreases
at least by a factor of four; (2) the 90th percentile of electron
flux during the subsequent 1 day interval is lower than that
during the preceding 1 day interval at least by a factor of
four; and (3) the 10th percentile of the electron flux during
the 6 h interval is less than the half of the 10th percentile
during the 6 h interval of the previous day when GOES was
in the same local time sector. A 12 h interval for detecting
the event corresponds to half the orbital period of TH‐D.
The number of events selected using this criterion is 110,
109, and 108 for energies of 422 keV, 655 keV, and
1.13 MeV, respectively. To identify the outer edge of the
outer belt, we consider the location of 20% of the outer
belt peak flux as a proxy for the outer edge L* (Lp) for a
12 h interval. We confirmed similar results for the time
variation of the outer edge with other percentages. To
eliminate the contamination problem at small L*, the peak L
shell is identified only at L* > = 4. Note that if the flux data
has data gaps between L* > = 4 and Lp in an interval, we do
not use the interval to detect the outer edge of the outer belt.
If there are multiple loss events within an interval, we select
the event with the largest variation of Lp. After these
THEMIS data reduction processes, we obtain 71 events for
each energy channel.
[10] Next, we divide the above events into two groups,

those with significant earthward movement of Lp and those
without. To define significant earthward movement of Lp,
we use the criterion that the outer edge moves earthward
more than 0.3 L* during each 12 h interval. Note that we
changed this criterion from 0.1 L* to 0.5 L* and found that
events with the criterion of more than 0.3 L* showed a clear
correlation with the magnetopause standoff distance.
[11] If THEMIS did not detect significant movement

during an interval, the next interval is also used to find
events. Therefore, we exclude the loss events that the edges
are not found in two successive intervals. The number of
loss events with (without) significant earthward movement
of Lp for 422 keV, 655 keV, and 1.13 MeV is 32(9), 33(9),
and 29(10), respectively. Outer edge variations often depend
on electron energy, and we use only events in which the
significant earthward movement of Lp can be identified in
all three energy channels. Table 1 shows a list of events with
significant earthward movement of Lp. The footnotes in
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Table 1 indicate that the outer edge cannot be detected for
422 keV and for 1.13 MeV.

3. Results

[12] Figure 1 shows the L‐time diagram for 422 keV,
655 keV, and 1.13 MeV electron flux detected by THEMIS,
>2MeV electron flux measured by the GOES 11 satellite, the
solar wind dynamic pressure and the solar wind IMF Bz by
the OMNI‐2 database, and the Dst index from August to
October 2008. The red diamonds in the L‐time diagram
indicate loss events with significant earthward movement; the
black diamonds correspond to loss events without significant
earthward movement. The empirical magnetopause distance
and Lp are shown in red and black lines, respectively.
[13] Around day of year (DOY) 227 and 259 indicated by

the solid lines in Figure 1 (events 26 and 27 in Table 1), a
clear decrease in MeV electrons can be seen at geosyn-
chronous orbit (fourth panel of Figure 1). These two events
are examples of loss events with significant earthward
movement. During these events, the magnetopause moves
earthward, the solar wind dynamic pressure has large value,
and the IMF Bz shows the southward direction. For event 27,
the dynamic pressure is 10.1 nPa, the IMF Bz is −5.5 nT, and
the estimated magnetopause standoff distance is 7.8 Re. For
event 26, the dynamic pressure is 2.3 nPa, IMF Bz is −4.3 nT,
and the estimated magnetopause standoff distance is 9.8 Re.

The dynamic pressure and southward IMF of event 27 are
larger than those of event 26, and the magnetopause of
event 27 is closer to the Earth than that of event 26. Lp of
event 27 is smaller than that of event 26. These findings are
consistent with the simulation result of Kim et al. [2008]; Lp
depends on the amplitude of the solar wind dynamic pres-
sure and the southward IMF. If only adiabatic variation
takes place, the ratio of the pre‐event electron flux to the
postevent electron flux should be the same as the ratio of the
ambient magnetic field variations at the same L* [Kim and
Chan, 1997]. We found that the ratio of the differential
flux is always larger than that of the ambient magnetic field
at Lp + 0.5, consequently the observed loss is caused by
nonadiabatic processes.
[14] Events around DOY 222 and 247 indicated by the

dashed lines in Figure 1 are examples of the loss events
without significant earthward movement. During these
events, MeV electron flux decreases gradually inside geo-
synchronous orbit, as shown in the THEMIS observations,
and relativistic electron flux is enhanced more than that of
the previous day. If the electron flux enhancement occurs
simultaneously with the loss during an interval, earthward
movement of Lp is not expected to be clearly detected in this
analysis. Therefore, some loss events without significant
earthward movement may result from competition between
flux enhancement and its decrease. Since we define Lp
where the flux decreases by more than 20% relative to the
peak as the outer edge, we do not recognize earthward
movement of the outer edge if a similar radial profile of the
flux is maintained.
[15] We then statistically examined the solar wind param-

eter dependence of loss events. Figure 2 shows the distribu-
tion of the occurrence ratio on the solar wind dynamic
pressure and IMF Bz for the loss events at geosynchronous
orbit. We derive the occurrence ratio from the number of
count of each bins divided by that of the maximum count bin.
The red color indicates distribution of loss events; black
indicates the distribution for the entire period of this analysis.
For Figure 2, we used the maximum dynamic pressure and
the southward IMF during a 24 h interval around each event.
In Figure 2a, the average of the dynamic pressure is 5.9 nPa
for the loss events, whereas it is 2.0 nPa for the entire period.
Therefore, the solar wind dynamic pressure for the loss events
is higher than that for the usual solar wind. In Figure 2b, the
average IMF Bz is −5.3 nT for the loss events, whereas it is
−1.4 nT for the entire period. The IMF Bz for the loss events
tends to be more southward than on average. A statistical test
confirmed the significance of the difference between during
these loss events and during the entire period. This is con-
sistent with the statistical results of Ohtani et al. [2009]. We
also obtained the similar solar wind parameter dependence
with both loss events with/without significant movements.
[16] Next, we investigated the relationship between Lp

and the magnetopause standoff distance. Figure 3 shows the
results of the correlation analysis between the magnetopause
standoff distance and Lp of the loss events with significant
earthward movement. Figures 3a–3c correspond to the
energies of 422 keV, 655 keV, and 1.13 MeV, respectively.
Since the peak L shell of the outer belt depends on the electron
energy [e.g.,Walt, 1994], it is natural that Lp also depends on
the electron energy in this analysis. It was found that Lp shifts
earthward when the magnetopause moves closer to the Earth.

Table 1. Loss Events With Significant Earthward Movement of
the Outer Edge of the Outer Belt

Event Year/Month/Day Day of Year

Event 1a 2007/07/11 162
Event 2 2007/07/20 201
Event 3 2007/08/25 239
Event 4 2007/09/01 244
Event 5 2007/09/15 258
Event 6b 2007/09/21 264
Event 7 2007/10/25 298
Event 8 2007/10/29 302
Event 9 2007/11/04 308
Event 10 2007/11/13 317
Event 11a 2007/11/20 324
Event 12 2007/12/17 351
Event 13 2008/01/12 21
Event 14 2008/01/31 31
Event 15 2008/02/18 49
Event 16 2008/02/28 59
Event 17 2008/03/05 65
Event 18 2008/03/26 86
Event 19 2008/04/16 107
Event 20 2008/06/06 158
Event 21 2008/06/25 177
Event 22 2008/07/05 187
Event 23 2008/07/11 193
Event 24 2008/07/21 203
Event 25 2008/07/27 209
Event 26 2008/08/14 227
Event 27 2008/09/15 259
Event 28 2008/09/22 266
Event 29 2008/11/07 312
Event 30 2008/11/15 320
Event 31a 2008/11/25 330
Event 32a 2008/12/03 338
Event 33 2008/12/16 351

aThe outer edge cannot be detected for 1.13 MeV due to the data gap.
bThe outer edge cannot be detected for 422 keV due to the data gap.
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The correlation coefficients are 0.72, 0.76, and 0.70 for 422
keV, 655 keV, and 1.13MeV, respectively, and are almost the
same for the three energies. On the other hand, it seems that
there is no clear correlation between magnetopause standoff
distance and Lp for loss events without significant earthward
movement (figure not shown).

4. Summary and Discussion

[17] In this study, we investigated electron loss events of
the outer radiation belt in consideration of the earthward
movement of Lp using GOES and THEMIS data. During the

electron loss events at geosynchronous orbit, both the
dynamic pressure and the southward IMF tended to have
larger values in comparison to that of usual solar wind. This
result is consistent with that of Ohtani et al. [2009]. There is
a good correlation between Lp and the magnetopause
standoff distance in the loss events with significant earth-
ward movement of Lp, but weak correlation in the events
without significant earthward movement. These correlations
can be seen in all energies from 422 keV to 1.13 MeV.
[18] As expected from simulation studies [e.g., Kim et al.,

2008], the correlation between Lp and the magnetopause
standoff distance suggests that the MPS causes the loss of

Figure 1. L‐time diagram for 422 keV, 655 keV, and 1.13 MeV of the THEMIS/SST, GOES 11 > 2 MeV
electron flux, solar wind dynamic pressure, solar wind IMF Bz, and Dst index from August to November
2008. The red and black diamonds in the L time diagram indicate events with the significant earthward
Lpmovement and events without significant movement, respectively. The empirical magnetopause distance
and Lp are shown by red and black lines, respectively.
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energetic electrons at the outer part of the outer belt. To
clarify whether the MPS causes the observed relationship
between the magnetopause standoff distance and Lp, we
compared the results of Figure 3 with those of the numerical
simulation. We used the GEMSIS‐RB code [Saito et al.,
2010] which was developed to calculate three‐dimensional
trajectories of relativistic electrons in the outer radiation belt
with the TS‐05 realistic magnetic field model. For this
comparison, we changed the solar wind dynamic pressure
and the IMF Bz with the constant Dst of 0 nT for the inputs
of the simulation. The last closed drift shell of energetic
electrons identified in the GEMSIS‐RB code was used for
the outer edge of the outer belt.
[19] Figure 4 shows the result of a comparison with the

GEMSIS‐RB simulation. Simulation results are presented
for two different pitch angles (90° and 50°) as examples.
The observational result shows that Lp shifts to the Earth
when the magnetopause moves toward the Earth. A similar
tendency can also be seen in the simulation. Since the
present GEMSIS‐RB does not include any loss mechanisms
except for the MPS, the result shows that the MPS can cause
the earthward shift of the outer edge associated with
movement of the magnetopause standoff distance. Note that
Lp is not the exact outer edge position of the outer belt but a
proxy of the outer edge. The comparison with the GEMSIS‐

Figure 2. Occurrence ratios of (a) the solar wind dynamic
pressure and (b) the IMF Bz. The red line corresponds to
electron loss events at geosynchronous orbit, while the black
line corresponds to the entire period.

Figure 3. Relationship between Lp and the magnetopause
standoff distance for the loss events with significant earth-
ward movement of Lp: (a–c) 422 keV, 655 keV, and 1.13
MeV, respectively.
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RB code implies that the MPS explains the observed rela-
tionship between Lp and magnetopause standoff distance,
and this suggests that the MPS is effective for the loss of the
outer part of the outer belt.
[20] Green et al. [2004] suggested that the MPS cannot

explain the flux dropouts because outer belt flux loss occurs
far from the magnetopause. As shown in Figure 1, electron
loss occurs over a wide range L shell inside the magneto-
pause. If the MPS takes place, the phase space density near
the outer boundary would decrease sharply, inducing out-
ward diffusion due to the negative phase space density
gradient toward the magnetopause. Some simulation studies
have shown that outward diffusion can cause reduction of
relativistic electron flux in the heart of the outer radiation
belt [Brautingam and Albert, 2000; Miyoshi et al., 2003,
2006; Shprits and Thorne, 2004; Shprits et al., 2006;
Jordanova et al., 2008]. Using THEMIS and GOES satellite
observations as well as ground CARISMA magnetometer
data, Loto’aniu et al. [2010] suggested that the combination
of the MPS induced by the magnetopause compression and
the outward diffusion causes the loss of the outer belt. If
outward diffusion occurs after the MPS, the outer edge of
the outer belt will be distributed in the wide L shell inside
the open‐closed drift shell.
[21] Onsager et al. [2007] showed that IMF Bz and solar

wind dynamic pressure are correlated with loss of the outer
radiation belt. Lyatsky and Khazanov [2008] suggested that
the enhanced solar wind density is important to suppress
electron flux enhancement at geosynchronous orbit. The
solar wind parameter dependencies obtained in this study,
which suggest that the MPS causes the loss of the outer belt,
are consistent with the solar wind parameter dependences of

electron loss about the IMF Bz and the solar wind dynamic
pressure. Several other loss mechanisms may have similar
parameter dependences, however. Some previous studies
suggest that different loss processes work simultaneously at
different radial distances and local times [e.g., Bortnik et al.,
2006; Millan et al., 2010; Morley et al., 2010]. For future
studies, a more detailed survey using THEMIS multipoint
observations is necessary to better understand the variety of
the loss processes at different locations.
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