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[1] The responses of the high-energy protons (35-70 MeV, 70-140 MeV and

140-500 MeV) below L = 3 to the large geomagnetic magnetic storms (|Dst| > 200 nT)
during 1998 to 2005 have been investigated with the measurements by three NOAA
POES satellites (NOAA-15, 16 and 17). The losses of protons in the outer region of the
inner radiation belt are found during the large storms. Similar loss events were also
measured by the HEO-3 satellite for lower energy protons (8.5-35 MeV, 1640 MeV and
27-45 MeV). However, the response of higher energy protons to the storms observed
by NOAA satellites is different from that of the lower energy protons. It is shown that
some aspects of the loss event and energy dependence during large storms can be
accounted for by the trapping limit of the field line curvature scattering mechanism.

The maximal L shells of the observed trapped protons are consistent with the critical

L shells of the field line curvature scattering. The modeling results based on the storm-time
geomagnetic field model (TS04c) and the radiation belt model (AP8) show the inward
motion of the outer boundary of trapped protons is caused by the distortion of geomagnetic
field during the magnetic storms and depends on proton energy. The additional proton loss

in the lower energy channel (35-70 MeV) could be attributed to the storm-caused
weakening of geomagnetic field combined with L. dependent lifetimes induced by

curvature scattering during magnetic storms.

Citation: Zou, H., Q. G. Zong, G. K. Parks, Z. Y. Pu, H. F. Chen, and L. Xie (2011), Response of high-energy protons of the
inner radiation belt to large magnetic storms, J. Geophys. Res., 116, A10229, doi:10.1029/2011JA016733.

1. Introduction

[2] To understand the dynamics of high-energy particles in
the radiation belts is of great importance from both practical
and space physics points of view. There are many studies of the
radiation belt particles. The hot topics in the radiation belt
research are mainly about the outer belt dynamics. It is known
that the electrons in the outer radiation belt (3 <L < 7) show
large variations in both space and time, especially during
strong geomagnetic activity [Dessler and Karplus, 1961;
Bakeretal., 1999; Li et al., 1997; Kim and Chan, 1997, Reeves
et al., 1998; Li et al., 2001; Miyoshi et al., 2003]. A new belt
of relativistic electrons in the inner radiation belt (L < 2) has
also been reported to form following the large storms that
occurred during the years 2003-2005 [Looper et al., 2005;
Baker et al., 2007].
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[3] Compared to the electrons, the inner radiation belt pro-
tons are more stable, varying mainly with the 11-year solar
activity cycle [Li et al., 2001]. However, the short-term var-
iations of the inner radiation belt gained more attention recently
as some studies showed that strong geomagnetic disturbance
effects can reach to very low L values. A sudden injection
inside L =3 of electrons and protons with energies up to tens of
MeV was reported during the period of the strong geomagnetic
activity in late March 1991 [Blake et al., 1992]. With the
measurements of the Solar, Anomalous, and Magnetospheric
Particle Explorer (SAMPEX), Looper et al. [2005] found
that the protons in the two energy ranges of 19—29 MeV and
86-120 MeV around L = 2 almost completely disappeared
during the famous Halloween events from late October to
early November 2003. Similar events could not be found in
the entire SAMPEX mission before October 2003.

[4] Selesnick et al. [2010] recently found additional loss
events from a long-term measurement by HEO-3 satellite from
1998 to 2005, in which low energy protons in the outer region
of the inner radiation belt (L = 2 to 3) disappeared during large
geomagnetic storms. The L ranges for the loss events were
correlated with the minimum Dst for Dst < =100 nT. More-
over, the radial extent of loss events reached inward of L = 2
and the inner locations were energy independent for three
channels (8.5-35 MeV, 1640 MeV and 2745 MeV). The
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disruption of the adiabatic particle motion resulting from the
distortions of the magnetic field during the large storms (which
increases the field line curvature) can cause a loss of the
trapped protons [Hudson et al., 1997; Young et al., 2008].
According to the HEO-3 observations, Selesnick et al. [2010]
found that the time-dependent geomagnetic cutoff suppression
could be the cause of significant losses.

[s] However some key questions still remain: What is the
response of higher energy protons (35-500 MeV) in the inner
radiation belt to the large magnetic storms? Are the responses
of the higher energy protons to the storms also energy inde-
pendent? Answers to these questions can help us to understand
the physical processes that occur in the inner radiation belt
during geomagnetic storms. In this work we present observa-
tions of higher energy protons in three energy ranges (35—
70 MeV, 70-140 MeV and 140-500 MeV) measured by
detectors on three NOAA POES satellites during the years
1998-2005. We have studied the responses of the high-energy
protons in the inner radiation belt (L = 1 to 3) and have com-
pared the features to the model predictions of the curvature
induced scattering loss mechanism. We also compared the
observations of NOAA POES and HEO-3 and discussed other
possible mechanisms for the observed additional proton losses.

2. Data Selection

[6] The primary data used in this work come from the P7, P§
and P9 omni-directional detectors of the MEPED (Medium
Energy Proton Electron Detector) instruments onboard
NOAAI1S5, 16 and 17 satellites. NOAA15 and NOAA17 are
‘AM’ satellites (dayside local time crossing is about 10:00),
launched into an 810 km circular polar orbit in May 1998 and
June 2002 respectively. On the other hand, NOAA16 is a ‘PM’
satellite (dayside local time crossing is about 13:30) and was
launched into a circular orbit in September 2000. The orbit of
NOAAI16 is about 40 km higher than NOAA15 and NOAA17.
Each omni-directional sensor consists of a silicon surface-
barrier, solid-state detector, 3 mm thick, with a 50 mm? sen-
sitive area. The P7 detector is masked by a 2.13 mm thick Cu
(Copper) shell, subtending 120° field of view, and sets the
minimum proton energy at 35 MeV. This detector also responds
to electrons >6 MeV. The P8 detector is masked by a 4.57 mm
thick W (tungsten) shell, subtending 180° field of view, and sets
the minimum proton energy at 70 MeV. The P9 detector is
masked by a 14.96 mm thick W, also subtending 180° field of
view, which sets the minimum detectable proton energy at
140 MeV. The thick W shells that cover the P8 and P9 detectors
prevent relativistic electrons with energies less than 10 MeV
from reaching the solid-state detectors [Evans et al., 2008]. The
omni-directional detectors are mounted to view radially out-
ward from the Earth. The proton fluxes in three energy ranges of
35-70 MeV, 70-140 MeV and 140-500 MeV can be calculated
from the counts of the P7, P8 and P9 detectors [Evans and
Greer, 2004]. In order to place the observation of NOAA
POES satellites into the geomagnetic storm context, we have
also used the Dst index from the National Geophysical Data
Center (http://spidr.ngdc.noaa.gov/spidr/).

3. Observations of NOAA POES Satellites

[7] The differential fluxes of 35-70 MeV, 70-140 MeV and
140-500 MeV protons from NOAAL1S5, 16 and 17 satellites are
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shown as a function of L and Universal Time (Figures 1-3). The
measurements cover the time periods 1998-2004 (NOAAL1S),
20012005 (NOAA 16) and 2002-2005 (NOAA17). The
trapped protons in the inner radiation belt are peaked around
L =1.3—1.5 and are visible below the region L <2.5. NOAA
satellites sampled the South Atlantic Anomaly region, where
the trapped protons can be observed at low altitudes, with
roughly 12-h resolution (as the rotation of the Earth brings
these longitudes under the ascending and descending legs of
the spacecraft’s polar orbit). Hence, the detectors cannot
pinpoint timing of changes with a resolution of better than
one-half day. The data have been averaged over 1 day and
L intervals of 0.1. The L values were obtained from the IGRF
model [Maus et al., 2005] using the Mcllwain formulation
[Roederer, 1970].

[8] Significant variations of the trapped 35-70 MeV
proton flux in the outer region of the inner radiation belt are
clearly visible in Figure 1, which is similar to the variations
of 27-45 MeV protons measured by HEO-3 [Selesnick
et al, 2010]. From the observations of NOAAI1S during
1998-2005 (Figure 1, top), we have identified 7 loss events,
satisfying the condition of a clear rapid (~1 day) decrease in
the L < 2.5 trapped proton fluxes. The number of the loss
events identified from NOAA data is less than that identified
from HEO-3 data. A possible reason is the difference in the
energy range. Comparing Figures 1-3, we see a clear ten-
dency that as the proton energy increases, fewer number of
loss events can be identified in the data. In Figure 3, only
weak variations can be seen from the data of 140-500 MeV
protons during several large storms since these energies are
absent from the outer portion of the inner belt where the
losses occur.

[9] To further investigate the loss events, the proton
fluxes before and after each loss event at different L shells
have been averaged over separate periods before and after
each event during which the fluxes did not change signifi-
cantly. Figure 4 shows the proton fluxes before and after the
seven loss events identified from the data of three NOAA
satellites. The day intervals of the loss events are also
shown. For example, for event 7, the day interval is 313—
314 in 2004. The average fluxes before event 7 were com-
puted from the data between day 310 and 312 in 2004, while
for the fluxes after event 7 they were computed from days
315 and 318 in 2004. Also listed is the minimum value of
the Dst during the events. Different color shows the proton
fluxes for different energy channels. It can be seen that the
same event measured by different NOAA satellites shows
the same features.

[10] From Figure 4, we can summarize some features of
the loss events measured by the NOAA satellites: (1) The
responses of the three energy channels to the storms are dif-
ferent. The fluxes of 35-70 MeV proton show a clear
decrease in the outer region of the inner radiation belt for the
large storms with the minimum Dst <—200 nT; only storms
with minimum Dst <—350 nT can cause a clear decrease in
the fluxes of 70—-140 MeV proton, such as events 3,4, 5 and 7,
while only small effects are seen in the fluxes of 140-
500 MeV protons. Therefore, the loss events measured by the
NOAA satellites are energy dependent. (2) After event 2 and
event 4, the proton fluxes of the lower two energy channels in
the region of L > 2.4 ~ 2.5 show a large increase, which are
caused by injections during the storms. (3) The whole proton
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Figure 1. Color-coded 35-70 MeV proton differential fluxes as a function of L and Universal Time
from (top) NOAALS, (middle) NOAA16, and (bottom) NOAA17. Data have been averaged over
1 day and 0.1 L bins. White areas represent data gaps. The flux unit is protons/cm?/s/sr. The colors show
the logarithm of the proton flux. The flux enhancement in the region of L > 2.3 from late 2004 to early
2005 could be the high energy electron contamination.

Daily averaged flux of 70 140 MeV protons measured by NOAA15

1 1 | | ? ¥ . .
Daily averaged flux of 70-140 MeV protons measured by NOAA17

3 T T T T
2
25F 1
o 2+ 0
1 WWMWW .

1 1 L 1
010189 010100 01/01/01 010102 01/0103 0100104 01/01/05  01/01/06
UT: 1998 Jul 1 - 2006 Jan 1 i

Figure 2. Color-coded 70-140 MeV proton differential flux as a function of L and Universal Time from
(top) NOAAL1S, (middle) NOAA16, and (bottom) NOAAL17. Data are averaged over 1 day and 0.1 L bins.

White areas represent data gaps. The flux unit is protons/cm?®/s/sr. The colors show the logarithm of the
proton flux.
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Figure 3. Color-coded 140-500 MeV proton differential flux as a function of L and Universal Time
from (top) NOAAL1S, (middle) NOAA16, and (bottom) NOAA17. Data are averaged over 1 day and
0.1 L bins. White areas represent data gaps. The flux unit is protons/cm?®/s/sr. The colors show the log-

arithm of the proton flux.

flux curves below L = 1.7 after the loss events did not show a
horizontal shift to lower L shell regions. Therefore, the
decrease of the proton fluxes in the outer region of the inner
radiation belt is not caused by the inward transport of the
inner radiation belt protons, which is in agreement with the
conclusions from HEO-3 [Selesnick et al., 2010].

4. Theoretical Analysis and Simulation

[11] Magnetic storms could result in decrease of the
radiation belt proton fluxes in the region L = 2 ~ 3, where
injections occur [Lorentzen et al., 2002]. These loss events
during the large storms have been attributed to disruption of
the adiabatic particle motion due to distortion of the mag-
netic field [Hudson et al., 1997]. A particular type of dis-
tortion is due to the increase of the field line curvature
[Young et al., 2008] that causes a breakdown of the first
adiabatic invariant of the particles trapped in the radiation
belt. This can lead to pitch angle scattering of the particles.
The onset of field line curvature scattering is related to the
adiabaticity parameter ¢ = r,/r., where ry = p/(qBy) is the
gyroradius of the particle, p is momentum, q is the electric
charge, By is the equatorial field magnitude and r. is the
radius of curvature of the field line at B = B,. The scattering
threshold for the particle populations near the edge of the
loss cone is € = 0.1 [Imhof et al., 1997; Young et al., 2008].

[12] Selesnick et al. [2010] used the threshold € = 0.1 and
simulated the loss event caused by the field line curvature
scattering with the TS04c model [Tsyganenko and Sitnov,
2005], which is a static storm-time magnetic field model.
Comparison of the simulation results with observations

by HEO-3 satellite found the reduced fluxes occurred at the
L-values significantly larger than the L-values of the observed
reductions. The simulation results also found a much steeper
gradient in L than the observed exponential decrease. Most
importantly, the simulation results did show energy depen-
dence in the location of the decrease, which could not be found
in the HEO-3 data. Since the highest lower energy threshold
of HEO-3 observations and the corresponding simulations is
27 MeV, it is not clear if the field line curvature scattering
mechanism has an effect on the higher energy protons during
geomagnetic storms.

[13] The parameter € varies with particle energy, equato-
rial magnetic field strength By and curvature of the field line
at By. For the case of quiet time simulated by Selesnick et al.
[2010], By decreased with the increase of L shell, and thus
the gyroradius also increased for the particles with the same
energy. However, the curvature radius of the field line at B,
also increased with the L shell (the quiet time curve), so a
further study is needed to show how & varied with L shell.

[14] To see how ¢ varies with L shell, we have calculated
the geomagnetic field with the TSO4c model, which repro-
duced very well the Dst variations during the large storms
from 1998 to 2002. Figure 5 shows the L-shell variations of
the equatorial geomagnetic field strength B, and the radius
of curvature of the field line at By at midnight. The varia-
tions are for the time of the minimum Dst associated with
event 7 as shown in Figure 4. Event 7 was chosen because
there was a clear loss of protons in the energy channels 35—
70 MeV and 70-140 MeV (NOAA15-17 satellites). Model
predictions show for large storms, there is a decrease of B,
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Figure 5. (a) Radii of curvature of the geomagnetic field line at midnight and at B, calculated using
the quiet time TS04c model (solid line) and the most disturbed TS04c model during event 7 (dotted line).
(b) Equatorial geomagnetic field strength calculated using the quiet time and disturbed models at midnight.

and radius of curvature of the field line at By, especially for
large L shells.

[15] Figure 6 shows ¢ as a function of L for the four
threshold energies (35, 70 140 500 MeV) of the three proton
channels for the quiet and storm cases. We can see that € for
these protons increases with L. The threshold for scattering
(or trapping limit) of € (¢ = 0.1) are shown as horizontal
dashed lines. The cross point of the € - L curve and the
horizontal dashed line shows the critical L shell of the field
line curvature scattering (line L) for protons decreases with
increasing threshold energy. Thus, the protons in the region
of L > L, will be lost due to field line curvature scattering,
while the protons in the region of L < L., will be trapped.

[16] To further clarify the variation of L., with proton
energy, we have calculated the critical L shell of the field
line curvature scattering for proton energies from 15 MeV to
500 MeV (the energy step is 1 MeV) for both quiet and
storm cases, based on the geomagnetic field parameters
shown in Figure 5. Figure 7 shows the behavior of L., as a
function of proton energy. The L.s for the proton with
energy larger than 320 MeV are smaller than 1.5, the lower

limit of the L range for the geomagnetic field parameters in
our calculation.

[17] From Figures 6 and 7, we can see some interesting
features: (1) Comparing the critical L shell of the field line
curvature scattering for protons with different threshold
energy, it is found that L, decreases with the increase of the
proton energy, suggesting that protons with higher energy
are more unstable than those with lower energy at the same
L shell. This implies that the fluxes in the outer region of
the inner radiation belt for the three proton channels 35—
70 MeV, 70-140 MeV and 140-500 MeV were mainly
detecting protons with energies close to the lower energy
threshold of each channel. Figure 8 compares L., values
calculated by the quiet time TSO4c model for the proton
energies of 27, 35, 70 and 140 MeV with the quiet
time outer boundaries of the inner radiation belt for three
NOAA proton channels and one HEO-3 proton channel
(2745 MeV), which are determined by the L shells where
the proton fluxes change from the exponential variation to a
constant background value (Figure 4). The outer boundary
of each channel is at the L shell of the cross point between
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(b) Proton Energy: 70 MeV

L shell
(d) Proton Energy: 500 MeV
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Figure 6. The adiabaticity parameter ¢ as a function of L for four threshold energies of the three proton
channels. (a—d) Calculated results for 35 MeV, 70 MeV, 140 MeV and 500 MeV protons, respectively.
The solid curve is the quiet case and the dotted curve is for the storm case. The horizontal dashed line
shows the scattering threshold (or the trapping limit) of €. The vertical dashed lines show the critical
L shell of the field-line curvature scattering for the quiet and storm cases.

the fitted exponential variation curve of the inner belt flux
and the fitted linear line of the background flux at larger
L shells. We see here that the outer boundaries derived from
the three NOAA proton channels are in good agreement
with the L.s calculated by the model for the proton energies
of 35, 70 and 140 MeV. The outer boundary of the 27—
45 MeV proton measured by HEO-3 is slightly larger than
the L., calculated by the model for the proton energy of
27 MeV. The larger L shell of the outer boundary of HEO-3
observation may be caused by other physical processes,
such as injection. It is clear that the distribution of the
protons in the inner radiation belt is affected by the field-
line curvature scattering as has long been understood
[Hastie et al., 1967, I’in et al., 1986; Delcourt et al., 1996;
Anderson et al., 1997; Hudson et al., 1998; Young et al.,
2002, 2008]. (2) The distortion of the geomagnetic field
during the large storm causes an increase of ¢ for at all
L shells, which leads to an inward movement of L., The
inward movement of the outer boundary is larger for the
lower energy channels, which results in much more loss of
the lower energy protons. Therefore some aspects of the
energy dependence of the loss events measured by three
NOAA satellites can be explained by the field-line curvature
scattering.

[18] A modeling of the loss event measured by NOAA
satellite is made based on the L shell distribution of the proton
spectrum predicted by AP8 model [Sawyer and Vette, 1976]
and the trapping limit of the adiabaticity parameter €. In the
calculation (1) we first calculate the average differential flux
at 800 km (the orbit altitude of NOAA satellites) at different
L shell (from L = 1.6 to L = 2.5) for protons in the energy
range 30 to 500 MeV under solar maximum condition. The
resolutions of energy and L shell are AE =1 MeV and AL =
0.1 respectively. (2) At each L shell, we calculate ¢ for all
energies with the geomagnetic field parameters as shown in
Figure 5. (3) We assume that all of the protons with € > 0.1
will be lost due to the field line curvature scattering, and then
we obtain the integrated flux for the corresponding proton
channels of NOAA satellites at each L shell.

[19] Figure 9 shows event 7 measured by NOAAL1S and
NOAAI17 and the modeling results for this event. For the
quiet time, the predictions of three proton channels by AP8
model fit the NOAA measurements well in the outer region
of the inner radiation belt while large deviations are
observed in the region close to the center of the inner
radiation belt. It should be noted that the data used to
develop AP8 model were mainly measured before 1980s.
The inner radiation belt has undergone a large variation after
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Figure 7. Variations of L. (the critical L shell of the field line curvature scattering) for proton energies
from 15 MeV to 500 MeV for both quiet (solid line) and storm (dotted line) cases. The dashed lines indi-
cate the proton energies of 35 MeV, 70 MeV and 140 MeV.
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Figure 8. Relationship between the L. s calculated by the quiet time TS04c model for the proton ener-
gies of 27 (the dot), 35 (the square), 70 (the diamond) and 140 MeV (the star) and the quiet time outer
boundaries of the inner radiation belt for three NOAA POES proton channels (35-70 MeV, 70-140 MeV
and 140-500 MeV) and one HEO-3 proton channel (27-45 MeV). The error bars show the standard
deviations of the outer boundaries derived from the NOAA and HEO-3 data. The dotted line shows an
ideal relation between them. The HEO-3 data are from Selesnick et al. [2010].
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Figure 9. Comparison of the event 7 measured by (a) NOAA1S5 and (b) NOAA17 and the modeling
results based on AP8 model and trapping limit of the adiabaticity parameter €. The data of 35—
70 MeV, 70-140 MeV and 140-500 MeV protons are shown by the lines with blue, red and green colors
respectively. The binned average proton fluxes versus L before and after event 7 are shown with the solid
and dash-dot lines with colors. The black lines show the modeling results. The thick black solid lines
show the original proton flux predicted by AP8 model for the corresponding proton channels, and the
black dotted lines show the proton flux, excluding the protons with € > 0.1.

almost three decades caused by the long-term evolution of
the geomagnetic field, such as the northwest drift of
Southern Atlantic Anomaly (SAA) [Heynderickx, 1996; Pu
et al., 2005]. Therefore the long-term variations of the inner
radiation belt are a possible reason for the deviations in the
region close to the center of the inner radiation belt. How-
ever, the loss event occurs only in the outer region of the
inner radiation belt, so the deviations of the proton fluxes
near the center of the inner radiation belt do not affect our
study. For the storm time modeling, we can see that the
proton losses in the outer region of the inner radiation belt
are well reproduced by the field line curvature scattering
mechanism for the 70-140 MeV and 140-500 MeV chan-
nels, but not for the 35-70 MeV channel.

5. Discussion

[20] The proton loss events measured by three NOAA
satellites have provided an excellent opportunity to inves-
tigate the physics of the inner radiation belt. Previous studies
have shown that the pitch angle scattering induced by the
geomagnetic field line curvature is an important loss
mechanism for the protons in the inner radiation belt [Hastie
et al., 1967; Chirikov, 1987; Birmingham, 1984; Delcourt
et al., 1996; Young et al., 2002]. According to the theoret-
ical analysis, the outer boundaries of three proton channels
measured by NOAA satellites during the quiet time are in
good agreement with the quiet time critical L shells calcu-
lated with the field line curvature scattering. This observa-
tion suggests that the field line curvature scattering is
probably the main controller of the static proton distribution
in the inner radiation belt.

[21] The distribution of the inner radiation belt protons
measured by NOAA satellites after the large geomagnetic
storms shows that the local maximum flux of the trapped
protons was not transported inward, which agrees with the
HEO-3 observations [Selesnick et al., 2010]. Therefore the
proton flux decrease in the outer region of the inner radia-
tion belt after large storms represents a true loss. The
modeling result of the storm-time geomagnetic field model
shows that large storms have little effect on the geomagnetic
field of the inner magnetosphere (L < 2), but leads to a large
distortion in the outer magnetosphere (L > 2). The decreasing
equatorial magnetic field strength and the curvature radius
lead to an exponential increase of the adiabaticity parameter e
as shown in Figure 6. Furthermore, the field line curvature
scattering is dependent on ¢ and the protons at higher L are
thus more strongly affected by field-line curvature scattering.
Therefore the flux of the protons in the outer region of the
inner radiation belt should abruptly decrease and result in a
loss event. Figures 4 and 9 confirm that the proton fluxes
decrease exponentially near the outer boundaries of the inner
radiation belt.

[22] The loss event 7 measured by NOAAI1S and
NOAA17 simulated with the radiation belt model (AP8) and
the storm time geomagnetic field model (TS04c) shows
that the trapping limit of the adiabaticity parameter ¢ can
explain the losses of the 70-140 MeV and the lack of losses
in 140-500 MeV proton channels. However the simulation
model cannot account for the observed reduction in the
proton flux of 35-70 MeV. Selesnick et al. [2010] also
found that the loss of 27-45 MeV proton due to the field
line curvature scattering cannot explain the more intensive

9 of 11



A10229

loss observed near the region of L = 2. In fact, from
Figure 4, it can be seen that the inner extents of the proton
losses in the two lower energy channels (35-70 MeV and
70-140 MeV) in event 3, 4, 5 and 7 are almost at the same
L shell, which are similar to the HEO-3 observations in low
energy proton channels. Furthermore, in event 1, only the
35-70 MeV proton channel has a clear loss. These obser-
vations and the simulations imply that the additional loss
due to other mechanisms may exist especially for the lower
energy protons. One possible reason for the additional loss
is related to the third adiabatic invariant of the trapped
protons [Selesnick et al., 2010]. From Figure 5, it can be
seen that the equatorial magnitude of the geomagnetic field,
By, decreases during large geomagnetic storms, which leads
to a decrease of the magnetic flux within the drift orbit of
the trapped protons. To conserve the third adiabatic invari-
ant, the trapped protons will move radially outward into
regions of weaker magnetic field. As we know, the proton
with a certain energy is easier to be lost due to the field line
curvature scattering at larger L shells. Therefore the outward
motion related to the third adiabatic invariant can cause the
additional loss of the trapped protons. It also can be seen
from Figure 5 that the decrease of the geomagnetic field
magnitude is much larger at large L shells, where the lower
energy protons are trapped. So the additional loss related to
the third adiabatic invariant is prominent for the lower
energy protons.

[23] Looper et al. [2005] presented that the EUV-inflated
atmosphere after the associated solar flares could be a pos-
sible mechanism for the ‘dropout’ of the inner belt protons
observed by SAMPEX. The enhanced EUV flux heats the
entire dayside atmosphere and the flux of the trapped protons
at all L shells in the inner belt should be affected. However,
according to the observations of HEO-3 and NOAA POES,
the proton loss just occurs close to the outer boundary of the
inner belt. Therefore, the EUV-inflated atmosphere could not
be the main cause of the proton loss observed by NOAA
POES and HEO-3.

[24] Comparing the observations of HEO-3 and NOAA
POES, we can find an interesting feature of the loss events.
There are fewer loss events in the NOAA POES data than in
the HEO-3 data. One possible reason is the energy depen-
dence of the field line curvature scattering. From Figure 7,
it’s clear that the critical L shells for most of the proton
energies (35-320 MeV) move inward during storms and the
inward movement is larger as the proton energy decreases.
This implies there is more loss in the lower energy channels.
From Figures 1-3, we can see this trend with energy. The
other possible reason may be the different orbits of NOAA
POES and HEO-3. HEO-3 is in a highly elliptical orbit
(Molniya orbit), with a 12-h period, perigee at few hundred
kilometers, apogee at roughly 7 Re, and inclination of about
63°. NOAA POES is in a polar orbit at 800 km and the
inclination is about 98°. So the loss events observed by
HEO-3 are closer to the geomagnetic equator than those
observed by NOAA POES since the detectors onboard
NOAA POES (at 800 km) measure those protons with small
equatorial pitch angles (the trapped inner belt protons with
large equatorial pitch angles are mirrored back before they
can reach 800 km). On the other hand, HEO-3 can measure
the trapped protons within a larger equatorial pitch angle
range. If the loss just occurs for the protons with larger
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equatorial pitch angles, HEO-3 would measure the loss
event, but NOAA POES will not. However, NOAA POES
orbit has its advantages. NOAA POES orbit can measure
the proton distributions at all L shells in the inner belt, but
the data in the region of L < 1.7 or L < 2.0 (for some time
periods) are missed by HEO-3. NOAA POES orbit also
simplifies the simulation of the field line curvature scatter-
ing. Because of the small equatorial pitch angles of the
proton measurements of NOAA POES, the corresponding
limit of the adiabaticity parameter € can be assumed to be a
constant, € = 0.1 [Selesnick et al., 2010]. Therefore it is not
necessary to consider the different losses at different pitch
angles in the simulation.

[25] Another interesting observation is the recovery time
of the loss events. According to the measurements of NOAA
and HEO-3 satellites, it takes several months for the protons
in the outer region of the inner radiation belt to recover. The
long time scale of the recovery suggests that the physical
processes controlling the trapped protons in the inner radi-
ation belt involve the outward radial diffusion.

6. Conclusion

[26] The responses of the high-energy protons (35-70 MeV,
70-140 MeV and 140-500 MeV) below L = 3 to the large
magnetic storms (IDstl > 200 nT) during 1998 to 2005 have
been investigated with the measurements by three NOAA
POES satellites. It is found that the loss events observed by
NOAA satellites show the energy dependence. The pitch
angle scattering mechanism induced by the increasing field
line curvature has been examined to understand the loss event
and its energy dependence during the large magnetic storms.
According to the theoretical analysis and the modeling results
based on the storm-time TS04c and AP8 models, the distri-
bution of the high-energy protons during the quiet time and
the loss events during the large storms both can be explained
by the trapping limit of the field line curvature scattering
mechanism, especially for the higher two energy channels
(70-140 MeV and 140-500 MeV) measured by NOAA
satellites. The additional proton loss in the lower energy
channel (35-70 MeV) could be due to the storm-caused
weakening of geomagnetic field combined with L dependent
lifetimes induced by curvature scattering.
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