
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

George C. Marshall Space Flight Center 
Huntsville, AL  35812  USA 

 

Dr. Stephen L. O’Dell  
NASA / MSFC / VP62 
National Space Science and Technology Center 
320 Sparkman Drive 
Huntsville, AL  35805-1912  USA 

 
E-Mail:  Steve.O’Dell@NASA.gov 

Stephen.L.ODell@NASA.gov 
 

Voice:  (1) 256-961-7776 
Facsimile:  (1) 256-961-7213 

   

MEMORANDUM 

SUBJECT: TRAPPED-RADIATION ENVIRONMENT 

PROJECT: CHANDRA X-RAY OBSERVATORY 

DATE: 2006.10.31 

SUMMARY 

In a memorandum dated 2006.01.31, Project Science presented computations of 
the long-term external fluence of trapped protons in the evolving orbit of the 
Chandra X-ray Observatory through the AP8 environment.  Here we respond to two 
questions posed by the ACIS team, regarding that memorandum:  

1. What is the difference between AP8-Max and AP8-Min estimates?  

2. How large are temporal variations about the AP8 environment? 

DISCUSSION 

This brief discussion addresses the two questions about uncertainties in the 
calculations of the trapped-proton (external) fluence.  The previous (2006.01.31) 
memorandum described tools and data used for the calculations.  A description of 
the attached supporting documents follows this Discussion (Supporting Documents). 

1. The difference between AP8-Max and AP8-Min models is important only for low 
earth orbits (LEO).  For LEO, AP8-Min actually gives a higher fluence than AP8-
Max, because the expanded atmosphere during solar maximum removes 
magnetic-mirroring protons through enhanced atomic-collision rates.  For high 
earth orbits such as Chandra’s, AP8-Max and AP8-Min give essentially the same 
fluence.  Indeed, our SPENVIS calculations give AP8-Max and AP8-Min results 
(orb-rad_models.pdf) that are virtually indistinguishable from each other. 

2. While AP8 accurately estimates the long-term-average (mean) fluence, temporal 
changes in the trapped-proton intensity correspond to proportionate changes in 
the ring current, which perturbs the earth's magnetic field during geomagnetic 
storms.  The carriers of this ring current are primarily 10–200-keV protons, which 
differ on average by about a factor of two between storming and quiet conditions 
(ebihara_2002.pdf).  Precipitation events result primarily from wave-induced 
pitch-angle scattering of the existing population into the bounce loss cone. 
Typically, the intensity within the loss cone remains small compared to that 
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outside (walt_2003.pdf).  Consequently, an individual precipitation event rarely 
reduces substantially the omnidirectional proton intensity, although cumulatively 
these events are the primary depletion mechanism for the proton belts. 

3. In addition to true temporal variations, orbit-to-orbit differences in the orbital 
fluence result from rotation of the Earth and its slightly asymmetric magnetic 
field.  While the previously reported mean fluence for each epoch takes into 
account the evolution of Chandra’s orbit, it averages over orbit-to-orbit 
differences.  Interestingly, the summed fluence for any 3 consecutive orbits 
changes slowly over the course of a year, because the Chandra (63.5-h) orbital 
period is very close to 8/3 days.  Typically, orbit-to-orbit differences in the 
calculated orbital fluence are small.  Large fractional orbit-to-orbit differences 
occur only when the trapped-proton orbital fluence is small — i.e., when the 
perigee is so high that the orbit does not penetrate deeply into the proton belt. 

In conclusion, we estimate that temporal variations in the orbital proton fluence 
are about a factor of 2 (geomagnetic quiet) up to 4 (geomagnetic active).  Only 
changes in the orbit — e.g., transiting or not transiting the most-intense region of 
the proton belt — would effect order-of-magnitude differences in the calculated 
orbital fluence.  Thus, we recommend a factor-of-3 margin over the fluence 
estimates previously presented, in order to allow for temporal enhancements in the 
trapped-proton intensity. 

SUPPORTING DOCUMENTS 

The attached files comprise the supporting documents data products and relevant 
references — from this study:  

1. orb-rad.pdf compares Chandra’s orbit-averaged trapped-particle spectra for 
different radiation-environment models, computed using SPENVIS.  The spectra 
are 20-orbit averages at four epochs — starting on August 12 of 1999, of 2006, 
of 2009, and of 2012.  For trapped protons, the models are AP8-Min, AP8-Max, 
CRRESPRO-Quiet, and CRRESPRO-Active; for trapped electrons, AE8-Min, AE8-
MAX, CRRESELE-Ave, and CRRESELE-Peak.  Although the mean spectrum of 
electrons varies with the solar cycle, that of protons does not.  For these models, 
the mean trapped-proton intensity is stable over the solar cycle. 

2. polar_100keV.pdf displays the temporal dependence of the proton intensity, 
obtained with the Polar Comprehensive Energetic Particle and Pitch Angle 
Distribution (CEPPAD) Imaging Proton Spectrometer (IPS), as plotted by the 
MSFC’s Natural Environments Branch.  The color plots give the dependence of 
100–200-keV proton spectral intensity upon the McIlwain L value (magnetic-shell 
equatorial radius) and time, for the years 1996, 1997, 1998, and 1999.  The 
black-and-white line plots record the (magnetic index) DST, driven by changes in 
the ring current.  For these data, the trapped-proton intensity shows half-order-
of magnitude temporal variations. 

3. ebihara_2002.pdf is a paper analyzing the storm-time proton ring-current 
energy density, measured with the Polar Charge And Mass Magnetospheric Ion 
Composition Experiment (CAMMICE) Magnetospheric Ion Composition Sensor 
(MICS).  This analysis (see Figure 2 therein) shows factor-of-two differences 
between the average storm-time proton (10–120-keV) energy density and the 
average quiet-time value. 
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4. walt_2003.pdf is a paper analyzing storm-time proton precipitation events, 
measured with the Polar Source/loss-cone Energetic Particle Spectrometer 
(SEPS).   This analysis documents dramatic increases in the 155-keV proton 
spectral intensity within the bounce loss cone, during precipitation events.  
However, even during precipitation events, the proton intensity inside the 
nominal loss cone remains lower than that outside.  This occurs because 
precipitation events result primarily from wave-induced pitch-angle scattering of 
the existing charged-particle population into the bounce loss cone.  
Consequently, the omnidirectional (averaged over 4π) intensity changes little, 
even during dramatic precipitation events.   

5. The four (4) files orb-p-fluence_1999.pdf, orb-p-fluence_2006.pdf, orb-p-
fluence_2009.pdf, and orb-p-fluence_2012.pdf show the accumulated proton 
fluence and flux and over 18 consecutive orbits starting on August 12 of 1999, of 
2006, of 2009, and of 2012, respectively.  The plots show (energy) integral 
values for protons more energetic than 150 keV, 300 keV, and 600 keV, 
calculated with the SPENVIS tool using the AP8 environment.  Typically, rotation 
of the Earth’s magnetic field changes the calculated orbital fluence by less than a 
factor of two orbit-to-orbit and much less than this for the average of 3 
consecutive orbits (8 days).  Larger orbit-to-orbit fractional changes in the 
calculated orbital fluence occur during epochs for which the Chandra orbit only 
partially penetrates the trapped-proton belt.  However, in those cases, the proton 
orbital fluence is also very low. 
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Proton orbit-averaged flux
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Proton orbit-averaged spectral intensity
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Proton orbit-averaged intensity
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Electron orbit-averaged spectral flux
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Electron orbit-averaged spectral intensity


1.E+06


1.E+07


1.E+08


1.E+09


1.E+10


1.E+11


1.E+12


0.1 1.0 10.0
Energy [MeV]


D
if


fe
re


n
ti


a
l 
in


te
n


si
ty


 I
E
(E


;t
) 


 [
e
/


(c
m


2
 s


r 
M


e
V


 o
rb


)]


1999 AE8-Min


1999 AE8-Max


2006 AE8-Min


2006 AE8-Max


2009 AE8-Min


2009 AE8-Max


2012 AE8-Min


2012 AE8-Max


1999 CRRESELE-
Ave
1999 CRRESELE-
Peak
2006 CRRESELE-
Ave
2006 CRRESELE-
Peak
2009 CRRESELE-
Ave
2009 CRRESELE-
Peak
2012 CRRESELE-
Ave
2012 CRRESELE-
Peak
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E [MeV] Differential flux FE(E) [#/(cm2 s MeV)]


Proton 1999 AP8-
Min


1999 AP8-
Max


2006 AP8-
Min


2006 AP8-
Max


2009 AP8-
Min


2009 AP8-
Max


2012 AP8-
Min


2012 AP8-
Max
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CRRESPRO-
Quiet


1999 
CRRESPRO-
Active


2006 
CRRESPRO-
Quiet


2006 
CRRESPRO-
Active


2009 
CRRESPRO-
Quiet


2009 
CRRESPRO-
Active


2012 
CRRESPRO-
Quiet


2012 
CRRESPRO-
Active


1.00E-01 3.58E+07 3.58E+07 1.45E+06 1.41E+06 1.57E+07 1.56E+07 2.08E+07 2.09E+07
1.50E-01 2.79E+07 2.78E+07 8.57E+05 8.32E+05 1.10E+07 1.09E+07 1.68E+07 1.69E+07
2.00E-01 2.08E+07 2.08E+07 4.29E+05 4.15E+05 7.22E+06 7.15E+06 1.32E+07 1.32E+07
3.00E-01 1.21E+07 1.21E+07 1.14E+05 1.10E+05 3.31E+06 3.26E+06 8.32E+06 8.36E+06
4.00E-01 7.70E+06 7.67E+06 4.12E+04 3.97E+04 1.68E+06 1.65E+06 5.64E+06 5.66E+06
5.00E-01 4.99E+06 4.96E+06 1.48E+04 1.43E+04 8.80E+05 8.61E+05 3.87E+06 3.88E+06
6.00E-01 3.34E+06 3.32E+06 6.07E+03 5.85E+03 4.66E+05 4.54E+05 2.77E+06 2.78E+06
7.00E-01 2.34E+06 2.32E+06 2.86E+03 2.77E+03 2.72E+05 2.64E+05 2.05E+06 2.06E+06
1.00E+00 1.03E+06 1.02E+06 4.60E+02 4.45E+02 8.24E+04 7.92E+04 1.02E+06 1.02E+06
1.50E+00 2.65E+05 2.60E+05 1.58E+01 1.53E+01 9.89E+03 9.37E+03 3.27E+05 3.27E+05 1.64E+04 1.47E+04 1.00E-09 1.00E-09 1.42E+02 1.01E+02 4.29E+04 4.03E+04
2.00E+00 7.78E+04 7.57E+04 4.00E-01 3.96E-01 1.31E+03 1.22E+03 1.20E+05 1.19E+05 9.98E+03 8.86E+03 1.00E-09 1.00E-09 7.90E+01 5.61E+01 2.76E+04 2.66E+04
3.00E+00 1.02E+04 9.82E+03 1.00E-09 1.00E-09 6.31E+01 5.79E+01 2.23E+04 2.22E+04 1.86E+03 1.61E+03 1.00E-09 1.00E-09 8.18E+00 5.88E+00 6.87E+03 7.58E+03
4.00E+00 1.92E+03 1.83E+03 1.00E-09 1.00E-09 3.80E+00 3.43E+00 6.03E+03 5.96E+03 1.05E+02 1.06E+02 1.00E-09 1.00E-09 1.59E-01 1.75E-01 9.13E+02 1.50E+03
5.00E+00 3.71E+02 3.50E+02 1.00E-09 1.00E-09 2.39E-01 2.12E-01 1.78E+03 1.74E+03 1.96E+01 2.31E+01 1.00E-09 1.00E-09 3.04E-02 4.08E-02 2.43E+02 4.97E+02
6.00E+00 1.29E+02 1.20E+02 1.00E-09 1.00E-09 3.80E-02 3.31E-02 7.78E+02 7.60E+02 5.85E+00 7.56E+00 1.00E-09 1.00E-09 1.09E-02 1.78E-02 9.24E+01 2.22E+02
7.00E+00 4.81E+01 4.48E+01 1.00E-09 1.00E-09 9.10E-03 7.94E-03 3.62E+02 3.52E+02 1.88E+00 2.71E+00 1.00E-09 1.00E-09 6.05E-03 1.05E-02 4.05E+01 1.18E+02
1.00E+01 1.07E+01 9.94E+00 1.00E-09 1.00E-09 3.50E-04 2.57E-04 1.03E+02 1.00E+02 3.07E-01 5.76E-01 1.00E-09 1.00E-09 1.22E-03 1.49E-03 7.32E+00 2.71E+01
1.50E+01 9.89E-01 9.00E-01 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.54E+01 1.48E+01 1.84E-02 5.28E-02 1.00E-09 1.00E-09 1.87E-06 1.20E-06 4.69E-01 2.04E+00
2.00E+01 1.47E-01 1.32E-01 1.00E-09 1.00E-09 1.00E-09 1.00E-09 3.44E+00 3.30E+00 1.96E-03 4.43E-03 1.00E-09 1.00E-09 7.01E-07 1.00E-09 5.04E-02 4.34E-01
3.00E+01 1.55E-02 1.37E-02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 5.56E-01 5.31E-01 6.18E-04 5.97E-04 1.00E-09 1.00E-09 1.00E-09 1.00E-09 2.29E-02 4.22E-01
4.00E+01 2.01E-03 1.75E-03 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.06E-01 1.01E-01 3.96E-04 1.18E-04 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.21E-02 3.24E-01
5.00E+01 2.08E-04 1.46E-04 1.00E-09 1.00E-09 1.00E-09 1.00E-09 3.95E-02 3.74E-02 2.47E-04 4.91E-05 1.00E-09 1.00E-09 1.00E-09 1.00E-09 8.26E-03 1.78E-01
6.00E+01 2.03E-05 1.05E-05 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.35E-02 1.27E-02 1.33E-04 1.02E-05 1.00E-09 1.00E-09 1.00E-09 1.00E-09 7.94E-03 8.91E-02
7.00E+01 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 7.41E-03 6.97E-03 5.14E-05 1.53E-05 1.00E-09 1.00E-09 1.00E-09 1.00E-09 6.75E-03 1.00E-09
1.00E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 2.56E-03 2.38E-03
1.50E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 4.68E-04 4.27E-04
2.00E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.22E-04 1.10E-04
3.00E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.52E-05 1.39E-05
4.00E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09
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4.00E-02 3.52E+07 5.35E+07 3.01E+07 3.00E+07 2.68E+07 3.82E+07 1.56E+07 2.85E+07
1.00E-01 2.15E+07 3.36E+07 1.71E+07 1.72E+07 1.73E+07 2.48E+07 9.99E+06 1.94E+07
2.00E-01 7.63E+06 1.26E+07 4.43E+06 4.54E+06 7.27E+06 1.02E+07 3.81E+06 8.30E+06
3.00E-01 3.99E+06 6.07E+06 1.87E+06 1.89E+06 4.04E+06 5.15E+06 1.78E+06 3.43E+06
4.00E-01 2.35E+06 3.41E+06 9.10E+05 9.11E+05 2.46E+06 2.97E+06 1.01E+06 1.75E+06
5.00E-01 1.41E+06 2.11E+06 4.72E+05 4.72E+05 1.51E+06 1.84E+06 5.98E+05 1.04E+06 1.80E+06 7.06E+06 6.00E+04 5.83E+05 1.17E+06 3.84E+06 1.03E+06 5.14E+06
6.00E-01 8.35E+05 1.29E+06 2.44E+05 2.44E+05 9.13E+05 1.14E+06 3.51E+05 6.21E+05 1.26E+06 5.31E+06 3.77E+04 4.11E+05 7.95E+05 2.88E+06 7.09E+05 3.76E+06
7.00E-01 5.91E+05 9.18E+05 1.53E+05 1.53E+05 6.38E+05 7.87E+05 2.49E+05 4.28E+05 8.34E+05 3.89E+06 2.12E+04 2.75E+05 5.03E+05 2.10E+06 4.60E+05 2.66E+06
8.00E-01 4.17E+05 6.38E+05 9.63E+04 9.63E+04 4.42E+05 5.35E+05 1.76E+05 2.94E+05 6.91E+05 3.90E+06 1.43E+04 2.32E+05 3.93E+05 2.07E+06 3.74E+05 2.53E+06
1.00E+00 2.45E+05 3.67E+05 4.54E+04 4.54E+04 2.53E+05 3.02E+05 1.04E+05 1.66E+05 5.97E+05 4.37E+06 8.76E+03 2.05E+05 3.09E+05 2.28E+06 3.15E+05 2.67E+06
1.25E+00 1.43E+05 2.15E+05 1.98E+04 1.98E+04 1.45E+05 1.75E+05 6.10E+04 9.55E+04 2.80E+05 2.49E+06 3.02E+03 9.25E+04 1.31E+05 1.34E+06 1.47E+05 1.45E+06
1.50E+00 8.40E+04 1.34E+05 9.31E+03 9.31E+03 8.24E+04 9.99E+04 3.60E+04 6.01E+04 7.31E+04 9.75E+05 2.37E+02 2.03E+04 2.51E+04 5.59E+05 3.91E+04 5.25E+05
1.75E+00 4.98E+04 8.48E+04 4.37E+03 4.37E+03 4.70E+04 5.76E+04 2.14E+04 3.84E+04 2.66E+04 3.88E+05 7.02E+01 7.27E+03 8.42E+03 2.18E+05 1.45E+04 2.09E+05
2.00E+00 3.18E+04 5.35E+04 2.55E+03 2.55E+03 2.90E+04 3.50E+04 1.37E+04 2.45E+04 1.12E+04 1.75E+05 2.52E+01 3.03E+03 3.32E+03 9.67E+04 6.26E+03 9.42E+04
2.25E+00 2.03E+04 3.38E+04 1.48E+03 1.48E+03 1.79E+04 2.12E+04 8.80E+03 1.56E+04 4.91E+03 7.79E+04 1.02E+01 1.36E+03 1.37E+03 4.18E+04 2.82E+03 4.24E+04
2.50E+00 1.32E+04 2.28E+04 7.18E+02 7.18E+02 1.11E+04 1.30E+04 5.69E+03 1.05E+04 2.27E+03 3.54E+04 4.38E+00 6.47E+02 5.76E+02 1.82E+04 1.36E+03 1.97E+04
2.75E+00 8.71E+03 1.55E+04 3.42E+02 3.42E+02 6.95E+03 7.95E+03 3.72E+03 7.15E+03 1.13E+03 1.69E+04 1.99E+00 3.32E+02 2.55E+02 8.30E+03 7.05E+02 9.82E+03
3.00E+00 5.68E+03 9.68E+03 2.05E+02 2.05E+02 4.32E+03 4.88E+03 2.44E+03 4.53E+03 5.92E+02 9.39E+03 9.32E-01 1.84E+02 1.20E+02 4.26E+03 3.89E+02 5.81E+03
3.25E+00 3.72E+03 6.08E+03 1.23E+02 1.23E+02 2.69E+03 2.99E+03 1.61E+03 2.88E+03 3.19E+02 5.24E+03 4.29E-01 9.52E+01 5.73E+01 2.24E+03 2.21E+02 3.45E+03
3.50E+00 2.50E+03 3.89E+03 8.15E+01 8.15E+01 1.69E+03 1.84E+03 1.09E+03 1.86E+03 1.68E+02 2.88E+03 1.88E-01 4.43E+01 2.64E+01 1.17E+03 1.24E+02 2.00E+03
3.75E+00 1.68E+03 2.48E+03 5.37E+01 5.37E+01 1.06E+03 1.13E+03 7.45E+02 1.19E+03 8.66E+01 1.72E+03 9.77E-02 2.26E+01 1.17E+01 6.22E+02 6.83E+01 1.27E+03
4.00E+00 1.06E+03 1.45E+03 3.17E+01 3.17E+01 6.00E+02 6.26E+02 4.82E+02 7.12E+02 4.58E+01 1.08E+03 4.90E-02 1.15E+01 5.27E+00 3.36E+02 3.90E+01 8.56E+02
4.25E+00 6.74E+02 8.47E+02 1.89E+01 1.89E+01 3.40E+02 3.45E+02 3.15E+02 4.26E+02 2.53E+01 7.03E+02 2.09E-02 5.62E+00 2.42E+00 1.83E+02 2.33E+01 6.06E+02
4.50E+00 3.91E+02 4.65E+02 1.18E+01 1.18E+01 1.80E+02 1.81E+02 1.87E+02 2.37E+02 1.49E+01 4.76E+02 1.19E-02 3.32E+00 1.26E+00 1.11E+02 1.47E+01 4.33E+02
4.75E+00 2.25E+02 2.53E+02 6.51E+00 6.51E+00 9.29E+01 9.31E+01 1.11E+02 1.31E+02 9.22E+00 3.31E+02 9.43E-03 2.29E+00 7.23E-01 7.33E+01 9.69E+00 3.12E+02
5.00E+00 1.17E+02 1.30E+02 1.59E+00 1.59E+00 3.76E+01 3.77E+01 6.14E+01 7.08E+01 6.03E+00 2.39E+02 7.62E-03 1.65E+00 4.44E-01 5.05E+01 6.73E+00 2.33E+02
5.50E+00 3.87E+01 4.04E+01 9.94E-02 9.94E-02 7.58E+00 7.58E+00 2.26E+01 2.40E+01 2.80E+00 1.31E+02 5.14E-03 8.94E-01 1.85E-01 2.55E+01 3.51E+00 1.36E+02
6.00E+00 8.94E+00 9.01E+00 1.00E-09 1.00E-09 7.74E-01 7.72E-01 5.71E+00 5.78E+00 1.31E+00 7.35E+01 3.54E-03 4.93E-01 7.75E-02 1.30E+01 1.90E+00 8.16E+01
6.50E+00 1.86E+00 1.87E+00 1.00E-09 1.00E-09 5.12E-02 5.12E-02 1.27E+00 1.28E+00 4.25E-01 3.43E+01 2.31E-03 2.24E-01 1.82E-02 5.03E+00 8.51E-01 4.32E+01
7.00E+00 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09







E [MeV] Integral flux F(.E) [#/(cm2 s)]


Proton 1999 AP8-
Min


1999 AP8-
Max


2006 AP8-
Min


2006 AP8-
Max


2009 AP8-
Min


2009 AP8-
Max


2012 AP8-
Min


2012 AP8-
Max


1999 
CRRESPRO-
Quiet


1999 
CRRESPRO-
Active


2006 
CRRESPRO-
Quiet


2006 
CRRESPRO-
Active


2009 
CRRESPRO-
Quiet


2009 
CRRESPRO-
Active


2012 
CRRESPRO-
Quiet


2012 
CRRESPRO-
Active


1.00E-01 7.17E+06 7.14E+06 1.12E+05 1.09E+05 2.01E+06 1.99E+06 5.13E+06 5.15E+06
1.50E-01 5.58E+06 5.55E+06 5.43E+04 5.26E+04 1.35E+06 1.33E+06 4.19E+06 4.20E+06
2.00E-01 4.39E+06 4.36E+06 2.64E+04 2.55E+04 9.16E+05 9.01E+05 3.44E+06 3.45E+06
3.00E-01 2.91E+06 2.89E+06 9.67E+03 9.34E+03 4.75E+05 4.65E+05 2.46E+06 2.47E+06
4.00E-01 1.97E+06 1.95E+06 3.56E+03 3.43E+03 2.55E+05 2.48E+05 1.78E+06 1.78E+06
5.00E-01 1.37E+06 1.36E+06 1.44E+03 1.39E+03 1.40E+05 1.35E+05 1.33E+06 1.33E+06
6.00E-01 9.70E+05 9.57E+05 5.89E+02 5.69E+02 7.86E+04 7.58E+04 1.01E+06 1.01E+06
7.00E-01 7.05E+05 6.94E+05 2.31E+02 2.24E+02 4.63E+04 4.45E+04 7.76E+05 7.77E+05
1.00E+00 2.86E+05 2.80E+05 1.58E+01 1.53E+01 1.00E+04 9.48E+03 3.76E+05 3.76E+05
1.50E+00 7.53E+04 7.31E+04 3.00E-01 2.97E-01 1.08E+03 1.00E+03 1.30E+05 1.30E+05 1.04E+04 9.15E+03 1.00E-09 1.00E-09 7.17E+01 5.11E+01 3.20E+04 3.32E+04
2.00E+00 2.13E+04 2.05E+04 1.00E-09 1.00E-09 1.27E+02 1.16E+02 4.92E+04 4.88E+04 3.76E+03 3.27E+03 1.00E-09 1.00E-09 1.64E+01 1.19E+01 1.43E+04 1.64E+04
3.00E+00 4.16E+03 3.95E+03 1.00E-09 1.00E-09 7.68E+00 6.92E+00 1.42E+04 1.40E+04 2.24E+02 2.31E+02 1.00E-09 1.00E-09 3.46E-01 3.94E-01 2.05E+03 3.60E+03
4.00E+00 8.60E+02 8.08E+02 1.00E-09 1.00E-09 4.91E-01 4.36E-01 4.60E+03 4.50E+03 4.31E+01 5.26E+01 1.00E-09 1.00E-09 7.40E-02 1.02E-01 5.75E+02 1.29E+03
5.00E+00 3.16E+02 2.95E+02 1.00E-09 1.00E-09 7.77E-02 6.75E-02 2.17E+03 2.11E+03 1.33E+01 1.83E+01 1.00E-09 1.00E-09 2.77E-02 4.27E-02 2.24E+02 6.01E+02
6.00E+00 1.17E+02 1.09E+02 1.00E-09 1.00E-09 1.36E-02 1.17E-02 1.05E+03 1.02E+03 3.96E+00 6.45E+00 1.00E-09 1.00E-09 1.33E-02 2.03E-02 8.94E+01 3.01E+02
7.00E+00 5.86E+01 5.41E+01 1.00E-09 1.00E-09 1.68E-03 1.23E-03 6.15E+02 5.95E+02 1.61E+00 3.13E+00 1.00E-09 1.00E-09 5.87E-03 7.16E-03 3.91E+01 1.57E+02
1.00E+01 1.02E+01 9.27E+00 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.66E+02 1.60E+02 2.04E-01 5.42E-01 1.00E-09 1.00E-09 1.87E-05 1.20E-05 5.52E+00 3.28E+01
1.50E+01 1.35E+00 1.20E+00 1.00E-09 1.00E-09 1.00E-09 1.00E-09 3.55E+01 3.40E+01 3.28E-02 4.40E-02 1.00E-09 1.00E-09 5.26E-06 1.00E-09 1.14E+00 1.47E+01
2.00E+01 3.14E-01 2.77E-01 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.22E+01 1.16E+01 2.00E-02 1.34E-02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 8.36E-01 1.25E+01
3.00E+01 4.07E-02 3.52E-02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 2.56E+00 2.43E+00 1.24E-02 2.97E-03 1.00E-09 1.00E-09 1.00E-09 1.00E-09 5.40E-01 8.42E+00
4.00E+01 4.15E-03 2.92E-03 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.04E+00 9.77E-01 7.68E-03 1.52E-03 1.00E-09 1.00E-09 1.00E-09 1.00E-09 3.78E-01 4.02E+00
5.00E+01 4.07E-04 2.11E-04 1.00E-09 1.00E-09 1.00E-09 1.00E-09 4.30E-01 4.02E-01 4.49E-03 6.12E-04 1.00E-09 1.00E-09 1.00E-09 1.00E-09 2.99E-01 1.94E+00
6.00E+01 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 2.46E-01 2.29E-01 2.74E-03 5.36E-04 1.00E-09 1.00E-09 1.00E-09 1.00E-09 2.13E-01 4.55E-01
7.00E+01 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.59E-01 1.47E-01 1.82E-03 4.09E-04 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.40E-01 1.55E-01
1.00E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 4.99E-02 4.54E-02
1.50E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.14E-02 1.04E-02
2.00E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 3.05E-03 2.78E-03
3.00E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09
4.00E+02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09


Electron 1999 AE8-
Min


1999 AE8-
Max


2006 AE8-
Min


2006 AE8-
Max


2009 AE8-
Min


2009 AE8-
Max


2012 AE8-
Min


2012 AE8-
Max


1999 
CRRESELE-
Ave


1999 
CRRESELE-
Peak


2006 
CRRESELE-
Ave


2006 
CRRESELE-
Peak


2009 
CRRESELE-
Ave


2009 
CRRESELE-
Peak


2012 
CRRESELE-
Ave


2012 
CRRESELE-
Peak


4.00E-02 4.09E+06 6.41E+06 2.57E+06 2.59E+06 3.68E+06 5.01E+06 1.90E+06 3.73E+06
1.00E-01 2.38E+06 3.80E+06 1.15E+06 1.17E+06 2.35E+06 3.12E+06 1.13E+06 2.29E+06
2.00E-01 1.37E+06 2.09E+06 5.25E+05 5.29E+05 1.41E+06 1.76E+06 5.99E+05 1.10E+06
3.00E-01 8.58E+05 1.28E+06 2.67E+05 2.67E+05 8.99E+05 1.09E+06 3.65E+05 6.30E+05
4.00E-01 5.74E+05 8.75E+05 1.50E+05 1.50E+05 6.01E+05 7.32E+05 2.43E+05 4.16E+05
5.00E-01 3.88E+05 6.01E+05 8.53E+04 8.53E+04 4.06E+05 4.95E+05 1.64E+05 2.80E+05 6.19E+05 3.89E+06 1.29E+04 2.05E+05 3.45E+05 2.09E+06 3.37E+05 2.46E+06
6.00E-01 2.92E+05 4.53E+05 5.58E+04 5.58E+04 3.00E+05 3.64E+05 1.24E+05 2.07E+05 4.66E+05 3.27E+06 8.04E+03 1.55E+05 2.47E+05 1.75E+06 2.50E+05 2.01E+06
7.00E-01 2.21E+05 3.42E+05 3.66E+04 3.66E+04 2.23E+05 2.68E+05 9.41E+04 1.55E+05 3.67E+05 2.83E+06 5.38E+03 1.22E+05 1.86E+05 1.51E+06 1.95E+05 1.70E+06
8.00E-01 1.74E+05 2.69E+05 2.52E+04 2.52E+04 1.73E+05 2.07E+05 7.40E+04 1.22E+05 2.99E+05 2.49E+06 3.80E+03 9.99E+04 1.46E+05 1.33E+06 1.58E+05 1.48E+06
1.00E+00 1.14E+05 1.79E+05 1.31E+04 1.31E+04 1.11E+05 1.33E+05 4.89E+04 8.07E+04 1.57E+05 1.49E+06 1.55E+03 5.08E+04 7.07E+04 8.08E+05 8.27E+04 8.60E+05
1.25E+00 6.94E+04 1.13E+05 6.45E+03 6.45E+03 6.47E+04 7.77E+04 2.98E+04 5.13E+04 4.37E+04 6.00E+05 1.34E+02 1.21E+04 1.46E+04 3.40E+05 2.37E+04 3.24E+05
1.50E+00 4.26E+04 7.19E+04 3.20E+03 3.20E+03 3.80E+04 4.57E+04 1.84E+04 3.29E+04 1.65E+04 2.46E+05 4.15E+01 4.54E+03 5.06E+03 1.36E+05 9.20E+03 1.34E+05
1.75E+00 2.74E+04 4.60E+04 1.80E+03 1.80E+03 2.35E+04 2.77E+04 1.18E+04 2.12E+04 7.16E+03 1.12E+05 1.54E+01 1.96E+03 2.03E+03 6.04E+04 4.10E+03 6.18E+04
2.00E+00 1.77E+04 2.95E+04 1.01E+03 1.01E+03 1.45E+04 1.69E+04 7.67E+03 1.37E+04 3.24E+03 5.16E+04 6.40E+00 9.12E+02 8.47E+02 2.66E+04 1.93E+03 2.92E+04
2.25E+00 1.15E+04 1.92E+04 5.25E+02 5.25E+02 8.96E+03 1.03E+04 4.99E+03 8.99E+03 1.55E+03 2.49E+04 2.79E+00 4.47E+02 3.65E+02 1.21E+04 9.68E+02 1.47E+04
2.50E+00 7.55E+03 1.26E+04 2.72E+02 2.72E+02 5.57E+03 6.26E+03 3.27E+03 5.92E+03 7.87E+02 1.27E+04 1.29E+00 2.30E+02 1.64E+02 5.75E+03 5.19E+02 7.97E+03
2.75E+00 4.89E+03 7.83E+03 1.66E+02 1.66E+02 3.42E+03 3.79E+03 2.14E+03 3.72E+03 4.16E+02 7.19E+03 6.04E-01 1.23E+02 7.68E+01 2.99E+03 2.91E+02 4.85E+03
3.00E+00 3.19E+03 4.87E+03 1.01E+02 1.01E+02 2.10E+03 2.29E+03 1.41E+03 2.34E+03 2.24E+02 4.20E+03 2.90E-01 6.42E+01 3.63E+01 1.60E+03 1.67E+02 3.06E+03
3.25E+00 2.05E+03 2.99E+03 6.32E+01 6.32E+01 1.25E+03 1.35E+03 9.23E+02 1.45E+03 1.20E+02 2.49E+03 1.38E-01 3.14E+01 1.68E+01 8.58E+02 9.63E+01 1.95E+03
3.50E+00 1.33E+03 1.83E+03 3.96E+01 3.96E+01 7.52E+02 7.92E+02 6.09E+02 9.01E+02 6.43E+01 1.58E+03 7.59E-02 1.66E+01 7.68E+00 4.76E+02 5.62E+01 1.33E+03
3.75E+00 8.03E+02 1.04E+03 2.24E+01 2.24E+01 4.10E+02 4.24E+02 3.77E+02 5.21E+02 3.60E+01 1.05E+03 4.44E-02 9.26E+00 3.63E+00 2.75E+02 3.44E+01 9.50E+02
4.00E+00 4.91E+02 5.92E+02 1.28E+01 1.28E+01 2.24E+02 2.27E+02 2.37E+02 3.04E+02 2.11E+01 7.25E+02 2.71E-02 5.35E+00 1.81E+00 1.65E+02 2.21E+01 6.98E+02
4.25E+00 2.72E+02 3.15E+02 6.57E+00 6.57E+00 1.10E+02 1.11E+02 1.36E+02 1.65E+02 1.30E+01 5.15E+02 1.99E-02 3.53E+00 9.98E-01 1.07E+02 1.49E+01 5.22E+02
4.50E+00 1.53E+02 1.69E+02 3.35E+00 3.35E+00 5.41E+01 5.42E+01 7.94E+01 9.08E+01 8.40E+00 3.74E+02 1.66E-02 2.54E+00 5.97E-01 7.33E+01 1.04E+01 3.95E+02
4.75E+00 7.68E+01 8.29E+01 6.72E-01 6.72E-01 2.00E+01 2.01E+01 4.25E+01 4.70E+01 5.58E+00 2.77E+02 1.40E-02 1.86E+00 3.69E-01 5.13E+01 7.53E+00 3.05E+02
5.00E+00 4.06E+01 4.23E+01 9.94E-02 9.94E-02 7.63E+00 7.63E+00 2.39E+01 2.53E+01 3.80E+00 2.08E+02 1.19E-02 1.39E+00 2.35E-01 3.66E+01 5.58E+00 2.39E+02
5.50E+00 9.28E+00 9.34E+00 1.00E-09 1.00E-09 7.76E-01 7.74E-01 5.95E+00 6.02E+00 1.88E+00 1.23E+02 8.83E-03 8.12E-01 1.04E-01 1.96E+01 3.28E+00 1.53E+02
6.00E+00 1.89E+00 1.90E+00 1.00E-09 1.00E-09 5.12E-02 5.12E-02 1.30E+00 1.31E+00 9.99E-01 7.69E+01 6.75E-03 4.98E-01 5.02E-02 1.12E+01 2.07E+00 1.03E+02
6.50E+00 3.37E-01 3.37E-01 1.00E-09 1.00E-09 1.87E-03 1.87E-03 2.42E-01 2.42E-01 5.65E-01 4.99E+01 5.29E-03 3.19E-01 2.63E-02 6.64E+00 1.38E+00 7.18E+01
7.00E+00 3.60E-02 3.60E-02 1.00E-09 1.00E-09 1.00E-09 1.00E-09 2.73E-02 2.73E-02







E [MeV] Differential intensity IE(E) [#/(cm2 sr MeV orb)] 1.82E+04 (s/orb)/(4p)


Proton 1999 AP8-
Min


1999 AP8-
Max


2006 AP8-
Min


2006 AP8-
Max


2009 AP8-
Min


2009 AP8-
Max


2012 AP8-
Min


2012 AP8-
Max


1999 
CRRESPRO-
Quiet


1999 
CRRESPRO-
Active


2006 
CRRESPRO-
Quiet


2006 
CRRESPRO-
Active


2009 
CRRESPRO-
Quiet


2009 
CRRESPRO-
Active


2012 
CRRESPRO-
Quiet


2012 
CRRESPRO-
Active


1.00E-01 6.52E+11 6.52E+11 2.64E+10 2.57E+10 2.86E+11 2.84E+11 3.79E+11 3.81E+11
1.50E-01 5.07E+11 5.06E+11 1.56E+10 1.51E+10 2.00E+11 1.98E+11 3.06E+11 3.08E+11
2.00E-01 3.79E+11 3.78E+11 7.79E+09 7.55E+09 1.31E+11 1.30E+11 2.40E+11 2.41E+11
3.00E-01 2.20E+11 2.19E+11 2.08E+09 2.01E+09 6.01E+10 5.94E+10 1.51E+11 1.52E+11
4.00E-01 1.40E+11 1.40E+11 7.49E+08 7.22E+08 3.05E+10 3.00E+10 1.03E+11 1.03E+11
5.00E-01 9.07E+10 9.02E+10 2.70E+08 2.60E+08 1.60E+10 1.57E+10 7.03E+10 7.06E+10
6.00E-01 6.08E+10 6.03E+10 1.10E+08 1.06E+08 8.48E+09 8.26E+09 5.04E+10 5.06E+10
7.00E-01 4.25E+10 4.22E+10 5.21E+07 5.03E+07 4.95E+09 4.81E+09 3.73E+10 3.74E+10
1.00E+00 1.87E+10 1.85E+10 8.37E+06 8.10E+06 1.50E+09 1.44E+09 1.85E+10 1.86E+10
1.50E+00 4.82E+09 4.72E+09 2.87E+05 2.79E+05 1.80E+08 1.70E+08 5.95E+09 5.96E+09 2.99E+08 2.67E+08 1.82E-05 1.82E-05 2.58E+06 1.83E+06 7.81E+08 7.34E+08
2.00E+00 1.42E+09 1.38E+09 7.28E+03 7.19E+03 2.38E+07 2.22E+07 2.18E+09 2.17E+09 1.81E+08 1.61E+08 1.82E-05 1.82E-05 1.44E+06 1.02E+06 5.02E+08 4.84E+08
3.00E+00 1.86E+08 1.79E+08 1.82E-05 1.82E-05 1.15E+06 1.05E+06 4.06E+08 4.03E+08 3.38E+07 2.93E+07 1.82E-05 1.82E-05 1.49E+05 1.07E+05 1.25E+08 1.38E+08
4.00E+00 3.49E+07 3.33E+07 1.82E-05 1.82E-05 6.92E+04 6.23E+04 1.10E+08 1.08E+08 1.92E+06 1.93E+06 1.82E-05 1.82E-05 2.89E+03 3.19E+03 1.66E+07 2.73E+07
5.00E+00 6.75E+06 6.36E+06 1.82E-05 1.82E-05 4.35E+03 3.86E+03 3.23E+07 3.16E+07 3.56E+05 4.20E+05 1.82E-05 1.82E-05 5.52E+02 7.42E+02 4.41E+06 9.04E+06
6.00E+00 2.34E+06 2.19E+06 1.82E-05 1.82E-05 6.92E+02 6.02E+02 1.42E+07 1.38E+07 1.06E+05 1.38E+05 1.82E-05 1.82E-05 1.99E+02 3.23E+02 1.68E+06 4.04E+06
7.00E+00 8.75E+05 8.16E+05 1.82E-05 1.82E-05 1.66E+02 1.45E+02 6.59E+06 6.41E+06 3.42E+04 4.93E+04 1.82E-05 1.82E-05 1.10E+02 1.90E+02 7.37E+05 2.15E+06
1.00E+01 1.95E+05 1.81E+05 1.82E-05 1.82E-05 6.37E+00 4.68E+00 1.88E+06 1.82E+06 5.58E+03 1.05E+04 1.82E-05 1.82E-05 2.22E+01 2.71E+01 1.33E+05 4.94E+05
1.50E+01 1.80E+04 1.64E+04 1.82E-05 1.82E-05 1.82E-05 1.82E-05 2.80E+05 2.69E+05 3.34E+02 9.61E+02 1.82E-05 1.82E-05 3.40E-02 2.17E-02 8.52E+03 3.71E+04
2.00E+01 2.68E+03 2.39E+03 1.82E-05 1.82E-05 1.82E-05 1.82E-05 6.25E+04 6.00E+04 3.57E+01 8.05E+01 1.82E-05 1.82E-05 1.28E-02 1.82E-05 9.16E+02 7.90E+03
3.00E+01 2.81E+02 2.50E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.01E+04 9.67E+03 1.12E+01 1.09E+01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 4.17E+02 7.68E+03
4.00E+01 3.66E+01 3.19E+01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.94E+03 1.84E+03 7.21E+00 2.14E+00 1.82E-05 1.82E-05 1.82E-05 1.82E-05 2.20E+02 5.90E+03
5.00E+01 3.78E+00 2.65E+00 1.82E-05 1.82E-05 1.82E-05 1.82E-05 7.19E+02 6.80E+02 4.49E+00 8.92E-01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.50E+02 3.24E+03
6.00E+01 3.70E-01 1.92E-01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 2.46E+02 2.32E+02 2.43E+00 1.85E-01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.45E+02 1.62E+03
7.00E+01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.35E+02 1.27E+02 9.35E-01 2.77E-01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.23E+02 1.82E-05
1.00E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 4.66E+01 4.34E+01
1.50E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 8.52E+00 7.76E+00
2.00E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 2.21E+00 2.01E+00
3.00E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 2.77E-01 2.53E-01
4.00E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05


Electron 1999 AE8-
Min


1999 AE8-
Max


2006 AE8-
Min


2006 AE8-
Max


2009 AE8-
Min


2009 AE8-
Max


2012 AE8-
Min


2012 AE8-
Max


1999 
CRRESELE-
Ave


1999 
CRRESELE-
Peak


2006 
CRRESELE-
Ave


2006 
CRRESELE-
Peak


2009 
CRRESELE-
Ave


2009 
CRRESELE-
Peak


2012 
CRRESELE-
Ave


2012 
CRRESELE-
Peak


4.00E-02 6.41E+11 9.74E+11 5.48E+11 5.46E+11 4.88E+11 6.95E+11 2.84E+11 5.19E+11
1.00E-01 3.92E+11 6.12E+11 3.11E+11 3.12E+11 3.15E+11 4.51E+11 1.82E+11 3.54E+11
2.00E-01 1.39E+11 2.28E+11 8.06E+10 8.25E+10 1.32E+11 1.85E+11 6.93E+10 1.51E+11
3.00E-01 7.26E+10 1.10E+11 3.41E+10 3.44E+10 7.36E+10 9.37E+10 3.23E+10 6.24E+10
4.00E-01 4.27E+10 6.20E+10 1.66E+10 1.66E+10 4.48E+10 5.39E+10 1.83E+10 3.19E+10
5.00E-01 2.56E+10 3.84E+10 8.59E+09 8.59E+09 2.74E+10 3.35E+10 1.09E+10 1.90E+10 3.28E+10 1.28E+11 1.09E+09 1.06E+10 2.14E+10 6.99E+10 1.87E+10 9.35E+10
6.00E-01 1.52E+10 2.36E+10 4.43E+09 4.43E+09 1.66E+10 2.07E+10 6.38E+09 1.13E+10 2.29E+10 9.66E+10 6.86E+08 7.47E+09 1.45E+10 5.24E+10 1.29E+10 6.84E+10
7.00E-01 1.08E+10 1.67E+10 2.78E+09 2.78E+09 1.16E+10 1.43E+10 4.53E+09 7.78E+09 1.52E+10 7.08E+10 3.85E+08 5.00E+09 9.16E+09 3.83E+10 8.37E+09 4.83E+10
8.00E-01 7.59E+09 1.16E+10 1.75E+09 1.75E+09 8.03E+09 9.73E+09 3.20E+09 5.34E+09 1.26E+10 7.10E+10 2.60E+08 4.22E+09 7.14E+09 3.77E+10 6.80E+09 4.60E+10
1.00E+00 4.46E+09 6.68E+09 8.26E+08 8.26E+08 4.61E+09 5.50E+09 1.89E+09 3.02E+09 1.09E+10 7.94E+10 1.59E+08 3.73E+09 5.62E+09 4.16E+10 5.72E+09 4.86E+10
1.25E+00 2.60E+09 3.91E+09 3.59E+08 3.59E+08 2.64E+09 3.18E+09 1.11E+09 1.74E+09 5.09E+09 4.53E+10 5.50E+07 1.68E+09 2.39E+09 2.44E+10 2.68E+09 2.64E+10
1.50E+00 1.53E+09 2.43E+09 1.69E+08 1.69E+08 1.50E+09 1.82E+09 6.54E+08 1.09E+09 1.33E+09 1.77E+10 4.31E+06 3.70E+08 4.56E+08 1.02E+10 7.12E+08 9.55E+09
1.75E+00 9.05E+08 1.54E+09 7.94E+07 7.94E+07 8.55E+08 1.05E+09 3.90E+08 6.99E+08 4.83E+08 7.05E+09 1.28E+06 1.32E+08 1.53E+08 3.97E+09 2.65E+08 3.80E+09
2.00E+00 5.78E+08 9.72E+08 4.63E+07 4.63E+07 5.28E+08 6.36E+08 2.49E+08 4.45E+08 2.04E+08 3.18E+09 4.58E+05 5.51E+07 6.05E+07 1.76E+09 1.14E+08 1.71E+09
2.25E+00 3.70E+08 6.15E+08 2.70E+07 2.70E+07 3.26E+08 3.86E+08 1.60E+08 2.84E+08 8.94E+07 1.42E+09 1.86E+05 2.48E+07 2.48E+07 7.60E+08 5.13E+07 7.71E+08
2.50E+00 2.41E+08 4.15E+08 1.31E+07 1.31E+07 2.02E+08 2.36E+08 1.04E+08 1.92E+08 4.13E+07 6.44E+08 7.97E+04 1.18E+07 1.05E+07 3.32E+08 2.47E+07 3.59E+08
2.75E+00 1.59E+08 2.81E+08 6.23E+06 6.23E+06 1.26E+08 1.45E+08 6.76E+07 1.30E+08 2.05E+07 3.08E+08 3.62E+04 6.04E+06 4.64E+06 1.51E+08 1.28E+07 1.79E+08
3.00E+00 1.03E+08 1.76E+08 3.73E+06 3.73E+06 7.86E+07 8.88E+07 4.43E+07 8.24E+07 1.08E+07 1.71E+08 1.69E+04 3.34E+06 2.18E+06 7.74E+07 7.07E+06 1.06E+08
3.25E+00 6.76E+07 1.11E+08 2.23E+06 2.23E+06 4.89E+07 5.44E+07 2.92E+07 5.24E+07 5.81E+06 9.54E+07 7.80E+03 1.73E+06 1.04E+06 4.07E+07 4.03E+06 6.28E+07
3.50E+00 4.55E+07 7.08E+07 1.48E+06 1.48E+06 3.07E+07 3.36E+07 1.99E+07 3.38E+07 3.06E+06 5.23E+07 3.42E+03 8.07E+05 4.81E+05 2.12E+07 2.25E+06 3.64E+07
3.75E+00 3.06E+07 4.52E+07 9.77E+05 9.77E+05 1.92E+07 2.06E+07 1.36E+07 2.17E+07 1.57E+06 3.12E+07 1.78E+03 4.10E+05 2.14E+05 1.13E+07 1.24E+06 2.31E+07
4.00E+00 1.93E+07 2.64E+07 5.77E+05 5.77E+05 1.09E+07 1.14E+07 8.77E+06 1.30E+07 8.34E+05 1.96E+07 8.91E+02 2.08E+05 9.58E+04 6.11E+06 7.09E+05 1.56E+07
4.25E+00 1.23E+07 1.54E+07 3.43E+05 3.43E+05 6.19E+06 6.28E+06 5.73E+06 7.75E+06 4.61E+05 1.28E+07 3.80E+02 1.02E+05 4.40E+04 3.34E+06 4.24E+05 1.10E+07
4.50E+00 7.10E+06 8.46E+06 2.14E+05 2.14E+05 3.27E+06 3.30E+06 3.40E+06 4.31E+06 2.71E+05 8.65E+06 2.17E+02 6.05E+04 2.29E+04 2.03E+06 2.67E+05 7.88E+06
4.75E+00 4.10E+06 4.61E+06 1.18E+05 1.18E+05 1.69E+06 1.69E+06 2.02E+06 2.38E+06 1.68E+05 6.02E+06 1.72E+02 4.17E+04 1.32E+04 1.33E+06 1.76E+05 5.68E+06
5.00E+00 2.13E+06 2.37E+06 2.90E+04 2.90E+04 6.85E+05 6.86E+05 1.12E+06 1.29E+06 1.10E+05 4.35E+06 1.39E+02 2.99E+04 8.08E+03 9.18E+05 1.22E+05 4.24E+06
5.50E+00 7.05E+05 7.36E+05 1.81E+03 1.81E+03 1.38E+05 1.38E+05 4.11E+05 4.36E+05 5.09E+04 2.39E+06 9.36E+01 1.63E+04 3.37E+03 4.63E+05 6.39E+04 2.48E+06
6.00E+00 1.63E+05 1.64E+05 1.82E-05 1.82E-05 1.41E+04 1.40E+04 1.04E+05 1.05E+05 2.39E+04 1.34E+06 6.44E+01 8.97E+03 1.41E+03 2.36E+05 3.45E+04 1.48E+06
6.50E+00 3.38E+04 3.39E+04 1.82E-05 1.82E-05 9.32E+02 9.32E+02 2.31E+04 2.33E+04 7.73E+03 6.25E+05 4.19E+01 4.08E+03 3.31E+02 9.16E+04 1.55E+04 7.85E+05
7.00E+00 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05







E [MeV] Integral intensity I(>E) [#/(cm2 sr orb)] 1.82E+04 (s/orb)/(4p)


Proton 1999 AP8-
Min


1999 AP8-
Max


2006 AP8-
Min


2006 AP8-
Max


2009 AP8-
Min


2009 AP8-
Max


2012 AP8-
Min


2012 AP8-
Max


1999 
CRRESPRO-
Quiet


1999 
CRRESPRO-
Active


2006 
CRRESPRO-
Quiet


2006 
CRRESPRO-
Active


2009 
CRRESPRO-
Quiet


2009 
CRRESPRO-
Active


2012 
CRRESPRO-
Quiet


2012 
CRRESPRO-
Active


1.00E-01 1.30E+11 1.30E+11 2.04E+09 1.98E+09 3.66E+10 3.62E+10 9.33E+10 9.36E+10
1.50E-01 1.02E+11 1.01E+11 9.88E+08 9.56E+08 2.45E+10 2.42E+10 7.61E+10 7.64E+10
2.00E-01 7.98E+10 7.93E+10 4.80E+08 4.63E+08 1.67E+10 1.64E+10 6.26E+10 6.28E+10
3.00E-01 5.30E+10 5.26E+10 1.76E+08 1.70E+08 8.64E+09 8.46E+09 4.47E+10 4.48E+10
4.00E-01 3.58E+10 3.55E+10 6.47E+07 6.24E+07 4.63E+09 4.51E+09 3.23E+10 3.24E+10
5.00E-01 2.50E+10 2.47E+10 2.63E+07 2.54E+07 2.54E+09 2.46E+09 2.42E+10 2.43E+10
6.00E-01 1.76E+10 1.74E+10 1.07E+07 1.04E+07 1.43E+09 1.38E+09 1.83E+10 1.83E+10
7.00E-01 1.28E+10 1.26E+10 4.20E+06 4.07E+06 8.43E+08 8.09E+08 1.41E+10 1.41E+10
1.00E+00 5.20E+09 5.09E+09 2.87E+05 2.79E+05 1.82E+08 1.72E+08 6.84E+09 6.84E+09
1.50E+00 1.37E+09 1.33E+09 5.46E+03 5.40E+03 1.96E+07 1.83E+07 2.37E+09 2.36E+09 1.88E+08 1.67E+08 1.82E-05 1.82E-05 1.30E+06 9.29E+05 5.81E+08 6.03E+08
2.00E+00 3.87E+08 3.72E+08 1.82E-05 1.82E-05 2.30E+06 2.11E+06 8.95E+08 8.88E+08 6.83E+07 5.95E+07 1.82E-05 1.82E-05 2.99E+05 2.16E+05 2.60E+08 2.99E+08
3.00E+00 7.56E+07 7.19E+07 1.82E-05 1.82E-05 1.40E+05 1.26E+05 2.59E+08 2.55E+08 4.08E+06 4.19E+06 1.82E-05 1.82E-05 6.29E+03 7.16E+03 3.73E+07 6.56E+07
4.00E+00 1.56E+07 1.47E+07 1.82E-05 1.82E-05 8.94E+03 7.92E+03 8.36E+07 8.18E+07 7.85E+05 9.56E+05 1.82E-05 1.82E-05 1.35E+03 1.85E+03 1.05E+07 2.35E+07
5.00E+00 5.74E+06 5.36E+06 1.82E-05 1.82E-05 1.41E+03 1.23E+03 3.95E+07 3.85E+07 2.42E+05 3.32E+05 1.82E-05 1.82E-05 5.04E+02 7.76E+02 4.07E+06 1.09E+07
6.00E+00 2.13E+06 1.98E+06 1.82E-05 1.82E-05 2.48E+02 2.13E+02 1.91E+07 1.85E+07 7.21E+04 1.17E+05 1.82E-05 1.82E-05 2.42E+02 3.70E+02 1.63E+06 5.47E+06
7.00E+00 1.07E+06 9.84E+05 1.82E-05 1.82E-05 3.06E+01 2.24E+01 1.12E+07 1.08E+07 2.93E+04 5.69E+04 1.82E-05 1.82E-05 1.07E+02 1.30E+02 7.11E+05 2.85E+06
1.00E+01 1.86E+05 1.69E+05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 3.02E+06 2.90E+06 3.70E+03 9.85E+03 1.82E-05 1.82E-05 3.40E-01 2.17E-01 1.00E+05 5.97E+05
1.50E+01 2.46E+04 2.19E+04 1.82E-05 1.82E-05 1.82E-05 1.82E-05 6.46E+05 6.19E+05 5.97E+02 8.01E+02 1.82E-05 1.82E-05 9.56E-02 1.82E-05 2.07E+04 2.68E+05
2.00E+01 5.70E+03 5.05E+03 1.82E-05 1.82E-05 1.82E-05 1.82E-05 2.21E+05 2.11E+05 3.64E+02 2.45E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.52E+04 2.27E+05
3.00E+01 7.40E+02 6.41E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 4.65E+04 4.41E+04 2.26E+02 5.39E+01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 9.83E+03 1.53E+05
4.00E+01 7.55E+01 5.30E+01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.89E+04 1.78E+04 1.40E+02 2.76E+01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 6.88E+03 7.31E+04
5.00E+01 7.40E+00 3.83E+00 1.82E-05 1.82E-05 1.82E-05 1.82E-05 7.81E+03 7.31E+03 8.17E+01 1.11E+01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 5.43E+03 3.52E+04
6.00E+01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 4.47E+03 4.16E+03 4.99E+01 9.75E+00 1.82E-05 1.82E-05 1.82E-05 1.82E-05 3.88E+03 8.27E+03
7.00E+01 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 2.89E+03 2.68E+03 3.31E+01 7.44E+00 1.82E-05 1.82E-05 1.82E-05 1.82E-05 2.54E+03 2.81E+03
1.00E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 9.07E+02 8.27E+02
1.50E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 2.08E+02 1.88E+02
2.00E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 5.54E+01 5.06E+01
3.00E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05
4.00E+02 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05 1.82E-05


Electron 1999 AE8-
Min


1999 AE8-
Max


2006 AE8-
Min


2006 AE8-
Max


2009 AE8-
Min


2009 AE8-
Max


2012 AE8-
Min


2012 AE8-
Max


1999 
CRRESELE-
Ave


1999 
CRRESELE-
Peak


2006 
CRRESELE-
Ave


2006 
CRRESELE-
Peak


2009 
CRRESELE-
Ave


2009 
CRRESELE-
Peak


2012 
CRRESELE-
Ave


2012 
CRRESELE-
Peak


4.00E-02 7.43E+10 1.17E+11 4.68E+10 4.71E+10 6.69E+10 9.11E+10 3.45E+10 6.78E+10
1.00E-01 4.34E+10 6.90E+10 2.10E+10 2.14E+10 4.28E+10 5.68E+10 2.05E+10 4.17E+10
2.00E-01 2.50E+10 3.80E+10 9.55E+09 9.62E+09 2.57E+10 3.21E+10 1.09E+10 2.00E+10
3.00E-01 1.56E+10 2.33E+10 4.86E+09 4.86E+09 1.63E+10 1.98E+10 6.65E+09 1.15E+10
4.00E-01 1.04E+10 1.59E+10 2.73E+09 2.73E+09 1.09E+10 1.33E+10 4.43E+09 7.57E+09
5.00E-01 7.06E+09 1.09E+10 1.55E+09 1.55E+09 7.38E+09 9.01E+09 2.99E+09 5.09E+09 1.13E+10 7.07E+10 2.35E+08 3.72E+09 6.28E+09 3.80E+10 6.13E+09 4.47E+10
6.00E-01 5.31E+09 8.23E+09 1.01E+09 1.01E+09 5.46E+09 6.62E+09 2.25E+09 3.77E+09 8.48E+09 5.95E+10 1.46E+08 2.82E+09 4.49E+09 3.19E+10 4.55E+09 3.66E+10
7.00E-01 4.03E+09 6.23E+09 6.66E+08 6.66E+08 4.06E+09 4.88E+09 1.71E+09 2.83E+09 6.68E+09 5.14E+10 9.78E+07 2.23E+09 3.38E+09 2.75E+10 3.55E+09 3.10E+10
8.00E-01 3.16E+09 4.89E+09 4.58E+08 4.58E+08 3.14E+09 3.76E+09 1.35E+09 2.21E+09 5.45E+09 4.53E+10 6.91E+07 1.82E+09 2.65E+09 2.42E+10 2.88E+09 2.69E+10
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[1] Equatorial proton energy densities in the ring current
region have been statistically investigated by compiling data
acquired with the POLAR/MICS instrument (1–200 keV) in
terms of the storm phases and Dst levels. The energy density
is found to increase with decreasing Dst and to exhibit strong
local time dependence during the storm main phase. In
particular, the energy density at noon is interestingly shown
to decrease during the main phase and increase during the
recovery phase. A numerical simulation, which traces drift
trajectories of the plasma sheet protons in the Volland-Stern
type convection electric field, gives a reasonable result in
comparison with the statistically obtained distribution. Those
results support the scenario that the prime source of the higher
energy density of the ring current protons is the plasma sheet
protons whose drift motion is governed by the large-scale
convection electric field most likely driven by the solar wind
and IMF. INDEX TERMS: 2788 Magnetospheric Physics:


Storms and substorms; 2730 Magnetospheric Physics:


Magnetosphere—inner; 2753 Magnetospheric Physics: Numerical


modeling; 2720 Magnetospheric Physics: Energetic particles,


trapped. Citation: Ebihara, Y., M. Ejiri, H. Nilsson, I. Sandahl,


A. Milillo, M. Grande, J. F. Fennell, and J. L. Roeder, Statistical


distribution of the storm-time proton ring current: POLAR


measurements, Geophys. Res. Lett., 29(20), 1969, doi:10.1029/


2002GL015430, 2002.


1. Introduction


[2] Magnetospheric storms are known to be a consequence
of the enhancement of energy density (ED) which is domi-
nated by energetic ions with energy ranging between 10 keV
and 120 keVin the innermagnetosphere [Smith andHoffman,
1973;Williams, 1981]. Those energetic ions generate a large-
scale electric current, called the ring current, that induces
magnetic fields on the ground. The resultant magnetic field
appears in the Dst index. Therefore the development and
decay of the ED are a key in understanding the storm-time
variation of Dst and its association with the ring current.
[3] Observations have shown that the ED enhancement is


highly dependent on local time. Data from VIKING/MICS
show large asymmetry of the ED between evening and
morning local times at L of 4 for a storm [Stüdemann et
al., 1987]. On the basis of statistical analysis,Greenspan and


Hamilton [2000] have shown that the majority of the ring
current ED is on the night side and that less is in the
morning-noon quadrant. Korth et al. [2000] reported a delay
of the ED enhancement in the morning sector for >30 keV
ions in comparison with that in the evening sector in a storm.
[4] No statistics have been given to exhibit the ED


distribution in the ring current region except for the work
done by De Michelis et al. [1999]. They averaged two years
of proton data (1–300 keV) from AMPTE CCE/CHEM to
show the equatorial plasma pressure distribution for differ-
ent AE levels; AE < 100 nT for ‘‘quiet’’ and 100 < AE <
600 nT for ‘‘active’’. No substantial difference between
them is shown in their result, likely meaning that the
equatorial pressure of ring current protons is, according to
their result, independent of the AE levels that they defined.
[5] We compiled proton data from POLAR to ‘‘visual-


ize’’ the proton ED distribution in the inner magnetosphere
(L � 8). To our knowledge, this is the first statistical
distribution of the proton ED distribution (proton ring
current) in terms of storm development.


2. Data


[6] POLAR was launched on February 24, 1996 into an
elliptic orbit with perigee of 2 RE and apogee of 9 RE at
�86� inclination.The Charge and Mass Magnetospheric Ion
Composition Experiment/Magnetospheric Ion Composition
Sensor (CAMMICE/MICS) aboard the POLAR satellite has
measured the ion count rates, mass, and charge state in the
energy range of 1–200 keV/q [Wilken et al., 1992].
[7] To minimize uncertainty due to the off-equatorial


measurements,we used data measured near the equatorial
plane with the criterion that B/B0 � 1.2, where B and B0 are
the magnetic field at the satellite position and the minimum
magnetic field along the field line. The magnetic latitude
where B/B0 = 1.2 is ±12� if the magnetic field is a dipole.
The magnetic fields, B and B0, were calculated with IGRF
and the Kp-dependent external field model of T89c [Tsyga-
nenko, 1989]. The input parameter for the T89c model was
kept constant at the lowest level in Kp, that is, Kp = 0. We
believe that the result is not sensitive to the input parameter
assumed because we deal with the near-equatorial data.
[8] A total of 28850 available proton spectra were


selected for the period between March 6, 1997 and March
13, 2000 and were integrated over the energy range between
1 and 200 keV to calculate the ED.


3. Results


3.1. Storm Phase Dependence


[9] In this particular study, we defined the storm main
and recovery phases by the following criteria. The main
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phase starts with a sudden decrease in Dst, followed by a
subsequent decrease down to �50 nT or less. The main
phase lasts until the recovery phase commences. The
recovery phase starts with Dst turning to decrease, and lasts
two days. Storms that were accompanied by sawtooth
fluctuation in Dst were removed from the data set because
the main and recovery phases of such storms are not simply
identified.
[10] The result is shown in Figure 1. In the main phases


the ED enhancement is prominent in the night and evening
sectors. The ED reaches a peak of 10 nJm�3 at L = 4 at
midnight, but in contrast, it reaches a peak of only 1.5
nJm�3 at L = 5 at noon. In the recovery phases the ED in the
0600–1400 MLT sector starts to increase and the ED
distribution approaches uniformity; 6 nJm�3 (midnight)
and 5 nJm�3 (noon) at L = 5. Figure 2 shows the cross
section of the ED at magnetic noon. The ED at noon during
the main phase is interestingly shown to be less than in the
non-storm time ED. The ED at noon starts to increase in the
recovery phase, and exceeds the non-storm time ED. This is
most likely attributed to sudden decrease in the convection
electric field [Hultqvist et al., 1981].
[11] Greenspan and Hamilton [2000] found that the


dayside measurements of the total ED do not show a robust
correlation with Dst while there is a strong linear correlation
between the nightside measurement of the total energy and
Dst. Their result is consistent with our result that the dayside
ED enhancement is obscure during the storm main phase
while the nightside one is obviously enhanced.


3.2. Dst Dependence


[12] The ED distributions sorted by different Dst levels
are shown in the top panels of Figure 3. The dial plots
exhibit a clear tendency that the maximum ED increases and
its L-value shifts inward with decreasing Dst. For example,
the ED maxima are 3, 6, 10, and 14 nJm�3 at midnight for
Dst levels of 0 to �30, �30 to �60, �60 to �90 and <�90
nT, respectively.
[13] We performed a numerical simulation [c.f., Ebihara


and Ejiri, 2000] to demonstrate how a basic process of
physics governs the observed effect. The distribution func-
tion which was assumed to be isotropic at L = 9 was given
by an empirical model of the equatorial proton distribution
function based on AMPTE/CCE/CHEM data for AE < 100
nT [Millilo et al., 2001], and the bounce-averaged trajecto-
ries were traced in the dipole magnetic field and the Vol-
land-Stern type convection electric field with a shielding
factor of 2. The averaged polar cap potential drops sum-
marized in Table 1 were used, and they were kept constant


throughout the calculation. The other parameters were held
constant. It seems crude to trace particle motion under the
simplified field models. However, to the zeroth order
approximation, they are reasonable, or not so far from the
reality for the purpose to find a significant parameter
primarily governing the ring current.


[14] The bottom panels of Figure 3 show snapshots of the
calculated ED at elapsed time of 12 hours when the
incoming and outgoing particles are close to be balanced,
suggesting that the plasma sheet protons convecting toward
dayside are primarily responsible for the ED development.
A discrepancy is found in the early morning sector (0200–
0600 MLT), that is, the observed ED is further extended
from nightside toward morning sector. This discrepancy is
most likely attributed to the electric field model that we
assumed. The realistic convection electric field model based
on ionospheric electric field measurements [e.g., Weimer,
1996] is known to give better agreement with observed ion
spectra than the Volland-Stern type model [Kistler and
Larson, 2000; Jordanova et al., 2001]. We intend to
emphasize that the overall enhancement of the ED is
primarily due to the enhancement of the convection electric
field rather than the shape of the convection electric field.
This was pointed out by Liemohn et al. [2001]. The plasma
sheet density is suggested to be one of the dominant sources
of the ring current development [e.g., Kozyra et al., 1998;
Ebihara and Ejiri, 2000]. However, the result shows that on


Figure 1. Dial plots of ED in the L-MLT coordinates (L �
8) sorted by storm phases; main (left),recovery (middle),
and non-storm time (right).The ED is coded by colors. The
solid circle indicates L = 5, and the sun is to the left. Figure 2. Cross section of the ED at magnetic noon for the


storm main phase (left)and the storm recovery phase (right).
The non-storm time ED is indicated by a dashed line.
Vertical bars indicate the standard deviation.


Figure 3. (top) Same as Figure 1 except for those sorted
by different Dst levels, from left to right, �30 � Dst < 0,
�60 � Dst < �30, �90 � Dst< �60,and �90 < Dst.
(bottom) Simulated ED at the elapsed time of 12 hours from
the beginning of the simulation. From left to right.
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the average the role of the plasma sheet density in the ring
current development is not clearly seen (figure not shown).
This is simply understood that the averaged plasma sheet
density gives the averaged ED distribution of the ring
current.
[15] Next we examine how much the proton ring current


contributes to the Dst depression associated with magnetic
storms. The most appropriate scheme is to evaluate the Dst
value with the help of the DPS relation [Dessler and Parker,
1959; Sckopke, 1966]. By assuming that the ED distribution
is uniform along a field line, a crude accumulation of the
ED was performed to obtain the total energy as T. E. =


R
�(L,


f)dV, where � is the ED, f is MLT, and dV is the volume
element of unit L and f in the dipole coordinates as


dV ¼ 2a3L2
ffiffiffiffiffiffiffiffiffiffiffi
1� 1


L


r
1


7L3
þ 6


35L2
þ 8


35L
þ 16


35


� �
dLdf; ð1Þ


where a is the earth’s radius. The effect of the earth’s
induction, which is assumed to enhance Dst by 50%, was
introduced into the calculation. In contrast with previous
studies [e.g., Lui et al., 1987; Hamilton et al., 1988; Roeder
et al., 1996; Greenspan and Hamilton, 2000], the spatial
distribution (L and MLT) of the ED is taken into account to
calculate the total energy in the ring current region.
Hereinafter, the calculated magnetic field is denoted by
Dst* (DPS).
[16] Unfortunately, all the L and MLT bins that we are


interested in (L < 8) were not fully covered by POLAR. The
missing bins(indicated by the gray color in Figure 3) were
made up for by the available energy densities averaging
over the same L-value. As for the lowest Dst level (Dst <
�90), no available data are found at L = 8 in any of the
MLTs. We adapt the empirical ED given by Spence and
Kivelson [1993] into these particular bins.
[17] The result is summarized in Table 1. Dst* stands for


the Dst corrected by subtracting the contribution from the
magnetopause current as Dst* ¼ Dst� bP1=2


sw þ c; where
Psw is the dynamic pressure of the solar wind, and b and c
are the empirical coefficients, respectively. The coefficients,
b and c, are known to be typically 0.2 nT/(eV cm�3)1/2 and
20 nT, respectively [e.g., Gonzalez et al., 1994].
[18] If the Dst* was induced solely by the proton ring


current, the two Dst* values, Dst* and Dst*(DPS), would be
the same. However, the two Dst* values tend to show
disagreement for stronger storms (Dst < �60 nT).This is
not a surprising result because other species and other
current systems are expected to contribute to Dst* for
stronger storms. The contribution from electrons to Dst is
estimated to be 20% of the ion ED [Frank, 1967], and the
contribution from the oxygen ions to be �20% to the total
ion ED for small or moderate storms [Daglis, 1997]. This
provides a crude estimate that the total plasma energy


gives�65 nT (�90 � Dst < �60) and �106 nT (�90 <
Dst) in Dst*, and they correspond to 80% of the observed
Dst*, respectively. One may attribute the remain (20% of
total) to the contribution from the tail current [Ohtani et al.,
2001]. However, we cannot reach a general conclusion
unless we investigate the other contributions (oxygen ions,
electrons, higher energy ions) to Dst* definitely.


4. Implications


[19] The statistical distribution of the proton ring current
revealed the following characteristic: The ED in the 0600–
1400 MLT sector decreases during the storm main phase,
and increases and approaches uniformity in the recovery
phase. This characteristic, which has been predicted by
numerical simulations [e.g., Kozyra et al., 1998; Ebihara
and Ejiri, 2000], likely supports the following scenario that
has been widely thought to occur during storms:
1. Southward component of IMF and high-speed solar


wind enhances the large-scale convection electric field.
2. When the convection electric field is enhanced, plasma


sheet protons drift earthward deeply, and are energized
adiabatically. Consequently, they contribute to enhancement
of the ED in the evening-night sector.
3. When the convection electric field is weakened, most


protons become trapped, and consequently, the ED
distribution approaches uniformity in MLT. Some of them
are possible to escape from the dayside magnetopause.
4. Trapped protons are lost by some loss processes.
[20] The existence of the ED minima around the prenoon


region during the main phase suggests that the convection
electric field during the main phase is rather ‘‘DC-like’’. If
the convection electric field fluctuates drastically in short
time, (for example with amplitudes up to 100 kV), the ED
would increase at all MLT during the storm main phase
because the above processes between item ‘‘2’’ and item
‘‘3’’ are repeated [Chen et al., 1994]. The ED minima would
be filled with ions coming from the dusk region within a
half of drift period (�7 hours for 10 keV and �40 minutes
for 100 keV at L = 5) which is shorter than typical duration
of a storm main phase (�12 hours or more). Our result,
however, does not rule out the possibility that the ‘‘AC-
like’’ electric field contributes to the storm-time develop-
ment of the ED because our study is based on statistics.
[21] We have to discuss the contribution from higher


energy protons (>200 keV) that are not measured by MICS.
On the basis of the Explorer 45 data, Smith and Hoffman
[1973] have shown that the higher energy ions (300–872
keV) dominate the quiet-time ring current at L < 4. Lui et al.
[1994] evaluated the possibility that the high energy ions
dominate the plasma pressure at L < 4, and they found that
the >872 keV ions contribute typically �50–65% to the
plasma pressure at L < 4 for quiet periods. Their plasma
pressure profile, which is calculated from ions in the energy
range between 1 keV and 4MeV, exhibits the peak L of
around 3.0–3.5 [Lui and Hamilton, 1992]. In contrast with
this, the ED calculated from protons in the energy range of
1–200 keV peaks at L = 5–6 during quiet time (Dst � 0,
not shown). This difference is most likely attributed to the
energy range used.
[22] As for active periods, Smith and Hoffman [1973]


have shown that the high energy portion of the ion ED


Table 1. Averaged Dst* and Dst*(DPS) for Different Dst Levels


Dst level N Dst* Dst*(DPS) �PCP


�30 � Dst < 0 15617 �15 nT �21 nT 43 kV
�60 � Dst < �30 3490 �45 nT �29 nT 61 kV
�90 � Dst < �60 612 �79 nT �43 nT 91 kV


�90 < Dst 192 �135 nT �53 nT 137 kV


The averaged polar cap potantial drop �PCP was calculated with the help
of the empirical model given by Boyle et al. [1997].
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(300–872 keV) was depleted and only contributed 19% to
the total proton ED at L = 3 during the magnetic storm of
December 1971, that is, such high energy ions are probably
regarded as a lesser contributor and/or as ‘‘back-ground’’ to
the storm-time ring current. This tendency has also been
seen in data from Explorer 45 [Lyons and Williams, 1976],
ISEE 1 [Williams, 1981] and CRRES [Fu et al., 2001].
Investigation of the behavior of the high energy ions is
needed to understand the overall dynamics of the storm-
time ring current development.
[23] We have to keep in mind that all of the results come


from statistical analysis. This means that we cannot say
anything about the temporal evolution of the ED. Global
and instantaneous imaging of the ring current particles
through energetic neutral atoms (ENAs) [e.g., Mitchell et
al., 2001] could be a powerful tool for investigating the
temporal development of the ED.
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[1] High angular resolution measurements of 155 keV protons were made from the
Polar satellite during five magnetic storms in the last half of 1998. Proton precipitation
was detected during all the storms studied, and in most cases protons were scattered
deep into the loss cone. In one case of strong pitch angle scattering, the fluxes were
isotropic for equatorial pitch angles less than 25�. During the main phases of the
storms precipitation was strongest at L > 5 on the night side of the Earth, possibly due
to field-line curvature scattering of the newly injected ions. During the main and
early recovery phases intense precipitation was found in the early afternoon at L > 4
where ring current models predict electromagnetic ion cyclotron waves will be
generated by ring current ions. In one storm the nightside precipitation exhibited a
maximum near L = 5, and this maximum moved outward during the recovery phase.
In most storms the precipitation became less intense as Dst recovered. INDEX TERMS:


2716 Magnetospheric Physics: Energetic particles, precipitating; 2778 Magnetospheric Physics: Ring


current; 2788 Magnetospheric Physics: Storms and substorms; 2720 Magnetospheric Physics: Energetic


particles, trapped; KEYWORDS: proton precipitation, magnetic storms


Citation: Walt, M., and H. D. Voss (2004), Proton precipitation during magnetic storms in August through November 1998,


J. Geophys. Res., 109, A02201, doi:10.1029/2003JA010083.


1. Introduction


[2] Major geomagnetic storms are characterized by a
depression in the Dst magnetic index due primarily to an
enhanced flux of energetic ions and electrons in the trapping
region of the magnetosphere. These particles are believed to
be injected from the plasma sheet in the geotail by enhanced
electric fields which originate in the solar wind [Chen et al.,
1993; Fok et al., 1996]. A comprehensive review of ring
current formation and decay has recently been published
[Daglis et al., 1999].
[3] The recovery of Dst takes place hours or days after


minimum Dst, and although changes in various current
systems are involved [Feldstein et al., 2000], the major
increase in Dst is caused by the removal of ions from the
inner magnetosphere. The mechanisms for removal are
charge exchange collisions [Smith et al., 1976; Fok et al.,
1995], convection through the dayside magnetopause or
into the atmosphere [Liemohn et al., 1999; Kozyra et al.,
1998], collisional scattering and energy loss [Jordanova
et al., 1996; Fok et al., 1991], scattering into the loss
cone by electromagnetic ion cyclotron (EMIC) waves
[Cornwall et al., 1970; Jordanova et al., 2001; Khazanov
et al., 2002], and scattering by field-line curvature


[Sergeev et al., 1983; Anderson et al., 1997]. All of
these loss processes have been investigated, and the ion
removal times have been calculated. However, the wave-
particle scattering process is difficult to describe quanti-
tatively, requiring knowledge of the particle anisotropy, of
the cold plasma density, of the convective growth rate of
the waves as they propagate through the magnetosphere,
and of the resonant particle interactions with the wave
fields. Estimates of these factors based on simplifying
assumptions indicate that wave-particle scattering can be
an important loss process immediately inside the plasma-
pause, particularly in the afternoon Magnetic Local Time
(MLT) sector [Jordanova et al., 2001]. However, these
estimates do not predict the strong pitch angle scattering
postulated by Cornwall et al. [1970] and observed by
others. [Hauge and Soraas, 1975; Soraas et al., 1999;
Walt and Voss, 2001].
[4] Spacecraft experiments have detected large fluxes of


particles, both electrons and ions, precipitating from the ring
current into the atmosphere during magnetic storms.
[Williams and Lyons, 1974; Lundblad and Soraas, 1978;
Soraas et al., 1999]. These fluxes have been attributed to
the scattering of the trapped particles by waves or to
changes in the magnetic moment of the ions due to field
line curvature [Sergeev et al., 1983; Anderson et al., 1997].
Most of these measurements were made at low altitudes
where the loss cone is large so that even moderate angular
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resolution instruments can separate trapped from precipitat-
ing particles. However, at low altitude it is not possible to
observe a large range of equatorial pitch angles so the
overall scattering process cannot be evaluated. Simulta-
neous measurements of waves and of precipitating protons
were made by Yahnina et al. [2000] and by Erlandson and
Ukhorskiy [2001], confirming the association of waves with
pitch angle scattering. However, Erlandson and Ukhorskiy
[2001] did not observe protons above 10 keV, and the
angular distributions of the protons did not reach isotropy
as required for strong diffusion.
[5] In this paper we report measurements with high


angular resolution (±1.5�) of precipitating protons near
155 keV during five intense geomagnetic storms in 1998.
Minimum Dst values for these storms occurred on 6 August,
27 August, 25 September, 19 October, and 13 November.
The measurements were made from the Polar satellite over a
range of latitudes, although the orbit and attitude of the
spacecraft favored measurements at latitudes greater than
40�. Some precipitation was seen during all storms although
the intensity, L dependence, and the time duration of the
precipitation was not the same for all storms.
[6] Section 2 of this paper describes the particle detectors


and the Polar satellite trajectory and orbital operations.
These factors determine the extent to which this experiment
was able to characterize storm-associated precipitation.
Examples of precipitating proton data are presented in
section 3 along with a description of the precipitation
observed in each of the five geomagnetic storms. The
comparison of these results with expectations based on
current theoretical concepts is given in the discussion
section 4. The conclusions derived from these measure-
ments are summarized in the final section 5.


2. Experimental Procedure


[7] The Source/Loss cone Energetic Particle Spectrome-
ter (SEPS) includes two electron and two ion detectors.
Only data from the ion detectors will be used here. Each of
the SEPS ion detectors consists of a square entrance
aperture (3 mm � 3 mm) followed by a focal plane
containing 128 silicon solid state detectors arranged in a
checkerboard pattern. The separation between the front
aperture and the focal plane is 6.59 cm. Each detecting
pixel has an active volume 1.3 mm � 1.3 mm � 300 mm
thick. Thus, each pixel has an angular resolution of about
±1.5�, and the overall detector has a field of view of about
20� � 20�. The two ion detectors are mounted with their
axes antiparallel. When the detectors are aligned parallel to
the geomagnetic field, one detector (Zenith) observes down-
going particles and the other detector (Nadir) accepts up-
going ions. Sweeping magnets of about 2 kG are placed
across the apertures of the detectors to exclude electrons of
energy less than about 2 MeV. These magnets effectively
exclude electrons but also deflect incoming 155 keV pro-
tons about 2�. An empirical offset was applied to the proton
data to compensate for this effect.
[8] Although SEPS is sensitive to all ion species with


energies above the detector threshold, it is believed that
protons are the dominant ring current ion above 155 keV
during magnetic storms [Kistler et al., 1989]. However, Fu
et al. [2001] reported comparable H+ and 0+ fluxes at


150 keV during minimum Dst. In this paper it will be
assumed that all ions detected are protons.
[9] Pulses from each pixel were amplified and analyzed


by pulse height analyzers covering the energy range 135 keV
to approximately 450 keV in eight equal intervals. The data
used here are from the lowest energy channel which was
centered at 155 keV. Because of the large number of pixels
in SEPS it was not possible to provide each pixel with a
dedicated pulse height analyzer. Therefore each analyzer
serves 16 pixels, sampling each pixel in sequence every
240 ms. This sampling rate determines the individual pixel
dead time of 3.8 ms. During the latter half of 1998 the
particle detectors accumulated counts for 37 s before
reading out the totals. Thus the fluxes reported here are
averages over a 37 s time interval.
[10] The silicon sensors were shielded on all sides by a


minimum of 1.3 gm cm�2 of Ta, Al, and fiberglass.
Electronic components and other structures provided addi-
tional shielding over about half the solid angle. The mini-
mum shielding excluded protons below about 25 MeV and
electrons below about 2 MeV. Since fluxes of 2 MeV
electrons occur in the ring current region, penetrating
radiation is occasionally a concern as discussed below.
The SEPS instrument is described in more detail in the
work of Blake et al. [1995].
[11] Polar was launched 24 February 1996 into a polar


orbit with apogee initially over the North Pole at �9 Earth
radii and perigee at �1.8 Earth radii. The orbital period was
�17 hours, and Polar passed through the L shells of the
trapping region four times in each orbit, two passes in the
Northern Hemisphere and two in the Southern Hemisphere.
Inbound passes in both the Southern and Northern Hemi-
spheres were at approximately the same MLT, and the
outbound passes were about 12 hours different in MLT
from the inbound passes. During the summer and fall of
1998 the inbound passes were on the dayside of the Earth
and the outbound passes occurred at night. Thus during
each orbit Polar made four transits of each accessible L
shell, a northern and southern transit at each of two local
times.
[12] SEPS is mounted on the despun platform on the Polar


satellite. In a typical pass SEPS pointed about 20� off the
magnetic field during the Northern Hemisphere inbound
pass, pointed nearly parallel to the magnetic field during
both inbound and outbound Southern Hemisphere transits,
and pointed about 10 degrees off the magnetic field during
the northern outbound transit. When the SEPS field-of-view
included both trapped and precipitating particles, the struc-
ture of the loss cone could be observed and the extent of
scattering evaluated. However, at high latitudes (>40�) in the
Southern Hemisphere the field-of-view was often entirely
inside the loss cone. However, the trapped intensity could be
inferred from measurements made at the same MLT and L
value on the adjacent Northern Hemisphere transits. An
onboard magnetometer, the Magnetic Field Experiment,
provided the local magnetic field direction so that SEPS
data could be converted to pitch angle distributions.
[13] Shortly after launch SEPS suffered several electronic


failures. The amplifiers for the high-energy range failed so
that the ion data are limited to the 135 to 450 keV range.
The sharing of pulse height analyzers by 16 sensors pixels
led to dead time limitations as one pixel with excessive
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noise can reduce the available live time for the other 15
sensors served by the same analyzer. The Si detectors were
sensitive to sunlight and earthshine so when either the Sun
or the illuminated Earth was in the field of view, the data
were degraded. Finally, the electronic noise was much larger
than anticipated, requiring a higher detection threshold and
limiting the energy resolution. The energy resolution was
much larger than the channel width of 39 keVand smoothed
any sharp features in the energy spectra. Because of this
insensitivity to energy structure the data presented here are
all from the lowest energy channel which was centered at
155 keV and had the largest counting rate and the highest
statistical accuracy. All the effects listed above have been
examined by inflight calibrations. Defective pixels were
turned off, and the electronic thresholds were raised well
above the noise level. It is believed that the data and
interpretations presented in this paper are not affected by
the limitations in the SEPS instrument. However, because of
uncertainties in the dead time corrections, the magnet
deflection corrections and the nonuniformities of individual
pixels, the scatter in the data is usually larger than statistical
errors.


3. Magnetic Storms of August Through
November 1998


[14] During the last half of 1998 five magnetic storms
occurred with Dst minima ranging from �112 nT to


�155 nT. In addition to a variety of intensities these five
storms exhibited different characteristics such as length of
recovery phase, presence of a storm sudden commencement
(SSC), presence of a two-stage recovery, and presence of
multiple minima in Dst. Thus a study of precipitation during
these five storms illustrates the variations of the precipita-
tion process under different storm conditions.
[15] Examples of the pitch angle distribution data used in


this study are shown in Figure 1, where the three upper
panels depict data from the Zenith (upward looking) proton
detector and the lower panels give the simultaneous data
from the nadir-looking detector. All panels show the differ-
ential, directional flux of 155 keV ions (assumed to be
protons) as a function of equatorial pitch angle, the trans-
formation from the satellite position to the equatorial plane
being accomplished using an offset, tilted, dipole field. The
vertical, dashed lines indicate the atmospheric loss cone
angles based on a dipole field. In the first example, 19
October 1998 at 0257 Universal Time (UT) both the Zenith
and Nadir detectors observe a well defined loss cone, the
fluxes inside the loss cone being at least two orders of
magnitude below the flux at 12� equatorial pitch angle. This
example shows no evidence of precipitation. While con-
vection of ring current protons inward may be transferring
some protons into the loss cone, the angular resolution of
SEPS is too low to detect such precipitation.
[16] In the other two examples taken on 27 August 1998


and 6 August 1998, the zenith pointing detector observed


Figure 1. Examples of pitch angle distributions of 155 keV protons measured with SEPS ion detectors
at three different dates. Data for the upper panels were obtained by the zenith-pointing detector and
indicate downward moving particles. The Nadir detector (bottom panel) faced the opposite direction and
records upward moving ions. The vertical, dashed lines denote the atmospheric loss cone angles. Note the
strong downward fluxes inside the loss cone in the second and third columns.
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fluxes in the loss cone which are one to two orders of
magnitude higher than the upward going flux measured by
the Nadir detector. These examples show precipitation well
inside the bounce loss cone and indicate that the equatorial
pitch angle of a proton must change by several degrees in a
single bounce. When the satellite is at a high latitude, the
transformation to equatorial pitch angles compresses the
range of angles measured. Hence at high latitude the range
of equatorial pitch angles observed by SEPS is only a few
degrees.


3.1. Magnetic Storm of 6 August 1998


[17] On 6 August a magnetic storm with a minimum Dst
of �138 nT occurred after almost two weeks of low
magnetic activity. The Dst record for this storm is given
in the upper panel of Figure 2. Minimum Dst occurred near
noon on 6 August, and the slow recovery of Dst over
several days was interrupted by a secondary minimum early
on 7 August. The three horizontal bars plotted at 17-hour
intervals beneath the Dst trace denote time periods when
Polar was passing through the inner magnetosphere and
sampling the ring current region. Flux records for these time
periods are shown in the three panels below the Dst record.
During each of these transits SEPS obtained data, generally
looking parallel to B while in the Southern Hemisphere. In
the Northern Hemisphere the detectors were usually pointed
outside the loss cone and measured trapped fluxes. Since the
dayside (nightside) Northern Hemisphere passes were at the
same MLT as the dayside (nightside) Southern Hemisphere
transits, these measurements of trapped and precipitating
fluxes were made on nearly the same magnetic field line
although at different UT. The magnitude of the flux inside
and outside the loss cone gives a measure of the intensity of
the scattering process.
[18] Since the SEPS measurements of the 6 August 1998


storm have been described previously [Walt and Voss,
2001], the results will be reviewed only briefly here. Plots
of the average flux inside the loss cone as a function of L
are shown in the lower three panels of Figure 2 for 5, 6, and
7 August 1998. For each day the left-hand panel denotes the
Southern Hemisphere inbound pass and the right-hand
panel shows the outbound Southern Hemisphere section.
Time increases to the right on both left and right panels so
the progression through L is reversed. The L values, UT,
Magnetic Latitudes, and Magnetic Local Times are shown
below each plot. The solid lines denote the fluxes averaged
over the loss cone as measured by the Zenith detector, and
the dotted line represents average loss cone fluxes seen by
the Nadir detector. In cases where the field-of-view did not
include the entire loss cone the average flux measured by
the pixels inside the loss cone was used. The data end where
the detector field-of-view does not include any part of the
bounce loss cone.
[19] During the prestorm passes of 5 August 1998, both


inbound and outbound passes gave similar L profiles. When
the detectors were looking into the loss cones, fluxes from
the zenith and nadir were approximately equal and were
almost independent of pitch angle. It is believed that the
detectors were responding to trapped energetic electrons that
penetrated the shielding. The inbound and outbound passes
showed similar traces as would be expected for a stably
trapped particle population. At this time the High Sensitivity


Telescope (HIST) [Blake et al., 1995] also on Polar observed
electron fluxes with energies greater than 2 MeV. HIST data
have been used throughout this work to identify high
background conditions. The identification of precipitation
used in this paper is based on the downward fluxes measured
by the Zenith detector being much larger than the upgoing
fluxes measured by the Nadir detector. On 5 August the
differences between upward and downward fluxes are not
significant, indicating that during this magnetically quiet
time, proton precipitation from the ring current was too small
to be detected by SEPS. This subtraction procedure to detect
precipitation was sometimes confounded by earthshine,
which affected the readings of the Nadir detector. Earthshine
can be recognized as it causes highly scattered data points as
well as a reduced detector sensitivity.
[20] The precipitating flux during the transits on 6 and 7


August are shown in the bottom two panels. Usually the flux
inside the loss cone was almost independent of pitch angle
(see Figure 1). On 6 August, precipitation was widespread in
L (particularly on the outbound pass at 0430 MLT) and
exceeded 103 cm�2 s�1 str�1 keV�1 from L = 4 to 7.25.
The inbound section for 6 August shows a band of precip-
itation between L = 3.75 and 5.5. The nadir counting rate was
much reduced from the prestorm 5 August pass since the
high-energy electron background as measured by HIST had
decreased during the storm. This reduction of relativistic
electron flux during the main phase of storms has been
described previously [Li et al., 1999].
[21] On 7 August the precipitation in the afternoon sector


increased to greater than 104 cm�2 s�1 str�1 keV�1 and the
precipitation maximum moved inward to L = 4. Again
precipitation was not concentrated near any particular L
value although there was a sharp inner boundary near L = 4.
The L profile of precipitation in the early morning sector
(0310MLT) on 7August had narrowed in L andwas confined
to 4.5 < L < 5.25. On the next Polar pass through the
magnetosphere, which took place late on 7 August and early
8 August, no precipitation was detected at any L value.
[22] The strong precipitation (flux > 104 cm�2 s�1 str�1


keV�1) in the afternoon MLT sector on 7 August 1998 is
noteworthy in that the precipitating fluxes are comparable to
the trapped fluxes. On the inbound section of the orbit SEPS
measured trapped particles in the Northern Hemisphere and
about 1 hour later observed precipitating fluxes at the same
L shells in the Southern Hemisphere. Since the inbound
portion of the pass takes place at almost constant MLT these
Northern and Southern Hemisphere measurements are on
nearly the same field lines.
[23] Pitch angle distributions obtained during the North-


ern and Southern Hemisphere sections of the inbound pass
on 7 August are presented in Figure 3 for L = 4.0, 4.5, 5.0,
and 5.5. Data for equatorial pitch angles greater than
8� represent trapped particles and were measured in the
Northern Hemisphere section of this pass. Fluxes at less
than 5� pitch angle are precipitating protons and were
obtained in the Southern Hemisphere about one hour later.
Above L of about 4.5 the trapped and precipitating fluxes
are nearly equal, indicating that scattering has filled the
downward loss cone.
[24] On the outbound section of this orbit, which passed


through the Southern and Northern Hemispheres at about
0330 MLT, the precipitating fluxes measured in the south
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were a factor of ten less than the trapped fluxes observed in
the north.
[25] The isotropic fluxes are believed to be part of


the ring current population and not fluxes of solar


energetic protons that are produced at the sun and
enter the magnetosphere during magnetic storms. Con-
trary to expectations for solar energetic protons, the
fluxes observed here decrease with increasing L and at


Figure 2. Magnetic storm of 6 August 1998. Top panel shows Dst index. The bars near the horizontal
axis denote times when POLAR was inside the trapping region and able to observe ring current ions. The
lower panels give the precipitating fluxes observed in the Southern Hemisphere during the inbound
passes (left hand column) and outbound passes (right hand column). Solid lines are average loss cone
fluxes as observed by the Zenith detector and the dotted lines represent loss cone fluxes seen by the Nadir
detector. Note that UT increases towards the right in both columns.
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L = 10 are insignificant in both Northern and Southern
Hemispheres.


3.2. Magnetic Storm of 27 August 1998


[26] The magnetic storm late in August 1998 began with
an SSC on 26 August followed by a slow decrease in Dst
reaching minimum Dst of �155 nT near 1000 UT on 27
August. Figure 4 presents Dst and the precipitation data for
this storm in the same format as Figure 2. No precipitation
was seen midday on 26 August, but in the first pass on 27
August, near Dst minimum, substantial precipitating fluxes
were seen in both the afternoon and early morning MLT
sectors. The pattern of precipitation on 27 August is quite
similar to that of 6 August in that the L profile for
the morning sector shows strong precipitation extending
to L = 7. In the afternoon MLT sector the precipitation is
most intense in the central ring current region, near L = 4.5,
and does not extend outward beyond L = 5.5, similar to the
afternoon precipitation on 6 August.
[27] The next pass of Polar through the ring current


region occurred early on 28 August after Dst had recovered
to �60 nT. The precipitating fluxes in the night sector (0130
MLT) had decreased at high L but continued to be intense
near L = 5. On the inbound pass in the afternoon sector
substantial precipitating fluxes were observed only above
L = 5. The high counting rates near L = 3 were seen in both
the Zenith and Nadir detectors and are due to penetrating
particles. The precipitation further decayed by late in the
day of 28 August (Figure 4, bottom panel) when another
transit recorded precipitation only at L > 6 in both morning


and afternoon MLT sectors. On 29 August the precipitation
was too small to measure.


3.3. Magnetic Storm of 25 September 1998


[28] The magnetic storm of 25 September 1998 began
with a sudden commencement shortly after midnight and a
rapid decrease in Dst to �207 nT at 1000 UT (top panel of
Figure 5). This Dst value is the lowest value of the five
storms studied here. The phasing of the Polar orbit was
fortunate in that Polar passed through the inner magneto-
sphere during the minimum of Dst. The inbound Southern
Hemisphere transit on 25 September occurred at about 1248
MLT and the outbound Southern Hemisphere pass was near
midnight (0122 MLT). During the inbound Southern Hemi-
sphere pass, the precipitation was widespread, extending
from L = 4.2 to beyond L = 6. Below L = 4 on the inbound
section the Sun was in the field of view of the Zenith
detector, and the detector response was reduced. The dashed
line in the second panel of Figure 5 shows the reduced
detector response at the time of sunlight illumination.
During the inbound pass the Nadir detector fluxes are
anomalously low and scattered, probably due to earthshine.
On the outbound (nightside) section precipitation was
encountered above L = 5.25. No precipitation data were
available below that L value as SEPS was not oriented to
view the loss cone.
[29] The next pass of Polar through the inner magneto-


sphere took place early on 26 September, when Dst had
recovered to �50 nT. In the inbound Southern Hemisphere
pass,which occurred near 1412MLT, the precipitation pattern


Figure 3. Equatorial pitch angle distributions of downward moving protons on the inbound pass of 7
August 1998. Fluxes at angles below 5� were measured in the Southern Hemisphere while the trapped
fluxes at pitch angles greater than 10� were measured about 1 hour earlier in the Northern Hemisphere.
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had decayed to prestorm values. The nadir counting rates (not
shown) were negligible due to earthshine in the Nadir
detector. The zenith fluxes correspond to quiet time penetrat-
ing particle counts. On the Southern Hemisphere outbound
pass at 2330MLT precipitationwasmoderate at L= 5 but was
greatly reduced beyond L = 5.5. Unfortunately, on this transit
SEPS was not oriented to view the loss cone below L = 4.9.


[30] The next transit of the magnetosphere was late in the
day on 26 September 1998. On the inbound pass through
the Southern Hemisphere the upward and downward fluxes
were approximately equal and the overall pattern followed
the intensity of the penetrating background. On the out-
bound pass no precipitation data were obtained below L =
6.25 as the despun platform orientation did not allow SEPS


Figure 4. Magnetic storm of 27 August 1998. Same format as used in Figure 2.
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to view inside the loss cone. Thus no precipitation was
detected on the second pass of 26 September 1998.
[31] The initial precipitation during the 25 September


storm was widespread and at high L values, similar to that
of the storms in August. Above L = 4.25 on the dayside the
flux intensity was a maximum of a few times 103, a factor of
10 less than the trapped flux measured in the conjugate
hemisphere. Therefore even though Dst was large during


this storm strong diffusion was not present, at least during
times when Polar was passing through the ring current
region. The lack of substantial precipitation on 26 Septem-
ber is not surprising as Dst had largely recovered by that
time.
[32] The 25 September storm has been simulated by


Daglis et al. [2003]. Although their model did not include
precipitation by EMIC waves, their calculated Dst values


Figure 5. Magnetic storm of 25 September 1998. Same format as used in Figure 2.
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closely matched experiment, implying that wave-particle
losses were not important in this storm.


3.4. Magnetic Storm of 19 October 1998


[33] The storm that took place on 19 October 1998,
began with a rapid decrease in Dst to �112 nT. The
initial recovery to �30 nT occurred within one day
although Dst fluctuated for another week before it was
consistently above �10 nT. At this time the Polar orbit
was very nearly in the noon/midnight meridian plane with
its spin axis perpendicular to the orbital plane. Since
SEPS pointed perpendicular to the Polar spin axis, its
field-of-view was in the noon/midnight meridian. For
some settings of the platform angle it was therefore
possible for either the Zenith or Nadir detector to view
the sun directly, usually in the midlatitude portions of the
Polar orbit.
[34] Polar made two transits of the southern magneto-


sphere on 19 October, one between 0200 and 0300 UT and
one late in the day between 2000 and 2100 UT. In the first
pass SEPS was pointed away from the field line on the
Northern Hemisphere segment and no precipitation infor-
mation was obtained. On the inbound Southern Hemisphere
segment (Figure 6, panel 2) precipitating fluxes below
100 cm�2 s�1 str�1 keV�1 were seen near L = 6 although
these low values are near the limit of detectability. On this
pass data below L = 5.0 were lost as the sun was in the
SEPS field of view. However, in the Southern Hemisphere
outbound pass near MLT = 2250 precipitating fluxes of 1–
2 � 103 cm�2 s�1 str�2 keV�1 were measured. Thus early
in the storm precipitation was concentrated in the nighttime
sector, predominantly at L > 4.5. The trapped flux measured
2 hours later on the same field lines in the Northern
Hemisphere outbound section was only 500 cm�2 s�1 str�1


keV�1, suggesting that the trapped flux probably decreased
in the 2-hour interval between Southern and Northern
transits.
[35] The next orbit of Polar through the radiation belts


took place near the end of the day on 19 October (Figure 6,
third panel). In contrast to the first pass 18 hours earlier,
most of the precipitation was observed on the inbound
segment on the noon side. Precipitating fluxes of 300 to
500 cm�2 s�1 str�1 keV�1 were measured between L = 5.5
and 7.5. On the outbound segment after 2056 UT the
despun platform was not oriented to see precipitation below
L = 4.8, and at higher L the zenith and nadir fluxes were
approximately equal.
[36] The next day, 20 October, Polar passed through the


southern radiation belt region between 1400 and 1515 UT.
On the inbound pass no data were obtained in the Northern
Hemisphere due to sunlight illuminating the Zenith detector.
In the Southern Hemisphere section of the inbound pass
weak precipitation between 50 and 200 cm�2 s�1


str�1 keV�1 was seen between L = 3.8 and 4.5. No down-
going protons were detected above L � 5.0. On the
outbound portion of the Southern Hemisphere orbit, which
occurred at 2323 MLT, precipitation was only found near
L = 6. Below L = 5.56 the position of the despun platform
did not allow measurements at equatorial pitch angles below
5�. In the Northern Hemisphere section of the outbound
pass the despun platform attitude was changing rapidly and
SEPS acquired no useful data. Therefore on 20 October the


only precipitation observed was very weak and confined
between L = 3.5 and 5 at 1126 MLT and near L = 6 at
2323 MLT. It is possible that precipitation was present
below L = 5.5 on the outbound Southern Hemisphere pass
but was not seen because of the platform angle.
[37] The 19 October 1998 storm had the smallest jDstj


of the five storms reviewed here. The precipitation was
also the least impressive of the storms, having a maxi-
mum precipitating flux of 2000 cm�2 s�1 str�1 keV�1


near midnight MLT on 19 October at L = 6.75, well
beyond the normal ring current region. This precipitation
occurred slightly before minimum Dst and was short
lived since the precipitation measured on the next out-
bound pass of 19 October, was too small to be reliably
detected.
[38] The orbital phasing of Polar was unfortunate for this


storm in that no transit of the radiation belts occurred at
minimum Dst. Also, the alignment of the orbital plane with
the noon/midnight meridian frequently allowed the Sun to
disable the detectors.


3.5. Magnetic Storm of 13 November 1998


[39] This storm exhibited a slow decrease in Dst taking
almost a day to reach the minimum value of �131 nT. The
recovery of Dst was also slow and extended over the next
three days. (Figure 7, top panel)
[40] On November 13 Polar transited the radiation belt


region before the minimum in Dst occurred, and no
appreciable precipitation was observed on the inbound
orbit, the counts in the Zenith detector being attributed to
penetrating electrons (Figure 7, second panel). The Nadir
detector was strongly affected by earthshine on all in-
bound passes for this storm, and the measurements are
therefore not shown. On the outbound (night) section of
the orbit, as Polar was moving from the South Pole
towards the equator and L was decreasing, both the
trapped and precipitated flux increased abruptly at L =
4.3. This sudden increase is probably a time variation in
flux rather than a structure in L and indicates the arrival
of injected flux at the satellite location. Below L = 4.1
SEPS turned away from the field line and was unable to
see the loss cone. On 14 November, two passes through
the belts occurred, the first between 0315 and 0415 UT
and the second between 2115 and 2215 UT. (Figure 7,
third and forth panels). The earliest pass (Pass A)
encountered precipitation on both the inbound (0934
MLT) and outbound segments (2200 MLT) in the South-
ern Hemisphere. Inbound, the precipitation was above L =
5.5. Outbound, precipitation extended above L = 4. The
nadir loss-cone fluxes at this time were too small to
measure. The second pass (Pass B) found precipitation
only on the nightside, outbound sector. The nighttime
precipitation on pass A had a pronounced maximum at
L = 4.25 which may be related to the sharp increase seen
at L = 4.25 on the previous day. In the second pass on
14 November the precipitation was large at 2018 MLT
and was concentrated between L = 4.5 and 6.5.
[41] The pass through the southern radiation belt region


on 15 November (Figure 7 bottom panel) occurred between
1515 and 1715 UT, 2 days after minimum Dst. In the
daytime sector (1050 MLT) the L profile resembled the
penetrating background seen at other times, so it is probable
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that little, if any, precipitation occurred on this pass. In the
nighttime sector on the outbound portion of the orbit a
pronounced maximum in the precipitation was seen at L =
5.1. If the peaks seen on 13, 14, and 15 November are
related, they exhibit a continuous movement of the precip-
itation outward in L.
[42] On the next day, 16 November (not shown), the


nightime precipitation was still present in the region near


L = 5.1, but the peak fluxes had decreased by a factor of 3.
The 13 November magnetic storm was notable in that
proton precipitation continued for 3 days after the Dst
minimum. The precipitation pattern was also unusual in
that during recovery the night side precipitation exhibited a
maximum which moved from L = 4.2 to 5.1. This maximum
persisted throughout the storm and on Nov 15 had a full
width at half maximum of �L = 0.5. This narrow precip-


Figure 6. Magnetic storm of 19 October 1998. Same format as used in Figure 2.
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itation region is similar to the structure reported by Soraas
et al. [1999] from measurements with a low-altitude polar
orbiting satellite.


4. Discussion


[43] In the measurements reported here precipitation of
ring current protons was commonly found during the main


and recovery phases of magnetic storms. Before drawing
conclusions from these measurements it is useful to review
the constraints of the SEPS instrument and the POLAR
orbit. The lowest-energy channel available had its midpoint
energy at 155 keV so only the high-energy portion of the
ring current was observed. Also, the time and spatial
sampling of each storm was limited by the Polar orbit, by
the orientation of the instrument platform, and in some cases


Figure 7. Magnetic storm of 13 November 1998. Same format as used in Figure 2.
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by sunshine or earthshine interference. Polar crossed the
ring current region at two MLT values during each 17-hour
orbit. Thus for a single storm it was not possible to measure
the dependence of the precipitation on MLT. However, since
the storms studied occurred over a 4 month interval, the
precession of the Polar orbit allowed SEPS to sample
several local times, although for different storms. In the
five storms studied precipitation was observed at local times
on the dayside between 0940 MLT and 1650 MLT and on
the nightside between 2006 MLT and 0304 MLT. Thus the
sampling was not uniform, and in particular precipitation
data are not available near the dawn and dusk sectors.
[44] In all the storms studied, substantial precipitation


occurred for L > 4. Since these measurements were usually
made away from the equator and the downward flux greatly
exceeded the upward moving protons, the scattering region
must have been located toward the equator from the
satellite. The strong contrast between upward and down-
ward going fluxes and the generally flat angular distribu-
tions inside the loss cones indicate that the protons must
have been scattered by several degrees during a single
bounce period. This magnitude of pitch angle change is
not possible by coulomb collisions alone [Jordanova et al.,
1996] or from convective drift. In some cases (for example
7 August at L = 4.5, Figure 3) the angular distribution of the
proton flux was nearly isotropic for equatorial pitch angles
below 25� as would be the case for strong diffusion [Kennel
and Petschek, 1966]. Under strong diffusion the trapping
lifetime of 155 keV protons would be about 15 min. The
overall time scale for the decay of the ring current would, of
course, be longer since scattering of this intensity occurred


over a limited L range and probably did not take place at all
local times. Furthermore, injection of new particles could be
replacing the precipitation losses.
[45] There are some similarities in the morphology of


precipitation during the different storms, although Polar
encountered the different storms at different MLT and
during various phases of the storm development. During
the main phases the precipitation during the nightime
sections of the orbit was usually larger than on the dayside
and extended to larger L values. This behavior is illustrated
by the data for 6 August, 27 August, 19 October, and to a
lesser extent on 25 September. (On 13 November, Polar
passed through the high L shell before Dst minimum, and it
is possible that the injection and precipitation had not fully
developed.) This main phase night side precipitation occurs
at the time particles were injected into the ring current.
[46] A comparison of night side precipitation with Kp, a


proxy for particle injection provides some confirmation of
the expected relationship between injection and precipita-
tion. In Figure 8 the average precipitation between L = 6
and 7 on the night side during the main phases of the five
storms is plotted against Kp for the 3 hour intervals
enclosing the satellite passes. In spite of the large scatter
there is an increase in nighttime precipitation with increas-
ing Kp. (The lowest point at Kp = 5, flux = 10 represents the
13 November transit and is misleading since the outbound
pass through 6 < L < 7 occurred before the precipitation had
developed.)
[47] In the recovery phase nightside precipitation at L �


6 decreased while dayside precipitation at L � 4 usually
increased. In the recovery phases of the storms, the


Figure 8. Scatter plot of average nightside precipitation between L = 6 and 7 as a function of Kp for the
3 hour interval inclosing the satellite passage. Kp is a proxy for particle injection into the ring current and
the increase in precipitation with Kp indicates that the precipitation accompanies injection.
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precipitation region on the nightside occasionally became
restricted in L as illustrated in Figure 2 for 7 August,
Figure 4 for 28 August, and Figure 7 for 14 and 15
November. The November storm is particularly interesting
in that the maximum in nightside precipitation appears to
move outward in L during recovery. The September storm
does not show this behavior as the recovery was rapid and
was almost complete before the first Polar transit on
26 September.
[48] The time duration of the precipitation was different


for the various storms but generally corresponded to the
recovery time of Dst. For example precipitation was intense
on only one Polar orbit for the 25 September 1998 storm,
which had a rapid recovery. The slow recovery of Dst
during the 13 November 1998 storm was accompanied by
appreciable precipitation for four orbits over 3 days. Evi-
dently, a large ring current and therefore a low Dst is
required for precipitation to occur.
[49] While these data consist of intermittent measure-


ments of only five storms, they may be compared with
the precipitation predicted by magnetic storm models.
Extensive simulations of the precipitation during magnetic
storms have been done by Kozyra et al. [1998], Liemohn et
al. [2001], Daglis et al. [2003], Jordanova et al. [2001], and
Khazanov et al. [2002]. The last two references are partic-
ularly pertinent as the authors explicitly treated precipitation
of protons by EMIC waves. These authors computed the
pitch angle distributions of drifting ions, constructed a
plasmasphere model, calculated the wave growth rate in
the anisotropic particle distributions, allowed the ions to
diffuse in the wave field, and thus obtained the precipitating
flux as a function of proton energy, L, MLT, and time during
the storm. The simulations generally show proton precipi-
tation in the night side region and in the midafternoon MLT
sector. The nightside precipitation is attributed to inward
convective drift of the newly injected protons, and this
precipitation occurs even in the absence of waves. The
nightside precipitation observed with SEPS is probably not
caused by convective drift as the particles are found deep
inside the loss cone, indicating that the equatorial pitch
angles were changed several degrees in one bounce. A
plausible explanation for the SEPS results is that the newly
injected protons were scattered by field line curvature
effects as they passed through the distorted magnetic field
near the equatorial plane. Anderson et al. [1997] have
calculated the onset of field line curvature scattering in a
distorted field and find that for Kp = 6 appreciable scatter-
ing of 155 keV protons can occur at radial distances of 5
Earth radii in the tail. With this mechanism precipitation is
indicative of a ring current source rather than a ring current
loss [Soraas et al., 2002]. The magnetic storm simulations
referred to above did not include scattering by field line
curvature.
[50] The change in precipitation with L on the night side


can be very abrupt as exemplified by measurements on the
outbound pass on 15 November near L = 5. Pitch angle
distributions from adjacent frames taken 37 s apart are
plotted in Figure 9. The left panel for L = 5.07 shows a
clear loss cone for 155 keV protons. In the right hand panel,
for L = 5.11 and observed 37 s earlier, the proton distribu-
tion fills the loss cone. Although it is not possible to identify
this change as temporal or spatial, its occurrence late in the


storm suggests it is a spatial effect. In this case the
precipitation is caused by a change in the pitch angle
distribution rather than an overall increase in flux since
the flux at 6� (outside the loss cone) is unchanged.
[51] In the simulations intense precipitation in the early


afternoon sector was produced by waves, which were driven
by the anisotropic trapped proton distributions. This predic-
tion agrees with our observations of intense precipitation at
1520 MLT on 6 August and at 1630 MLT on 7 August.
However, in the simulations the scattering was not strong
enough to drive the distribution to isotropy as was observed.
The simulations predict only light precipitation before noon
on the dayside. In contrast the SEPS pass on 14 November
at about 0930 MLT showed appreciable precipitation at
L > 5.5.
[52] In some ring current models precipitation is predicted


to be strongest near the plasmapause where the EMIC
waves were guided by the cold plasma density gradients.
The precipitation followed the plasmapause, moving inward
during the main phase and moving outward during the
recovery phase as the plasmasphere refilled. The outward
motion of precipitation during 14 and 15 November may
correspond to this prediction although it is not known where
the plasmaspause was during this time. Using the prescrip-
tion of Carpenter and Anderson [1992], which relates the
plasmapause location to the maximum Kp value during the
preceding 24 hours, the plasmaspause should be 1 to 2 Earth
radii inside the precipitation location. However, this pre-
scription is of questionable value during highly disturbed
conditions, and detached plasma regions, which could
promote precipitation, are often found outside the predicted
plasmapause location (D. Carpenter and M. Spasojevic,
private communication, 2003).
[53] The ring current models predict the strongest dayside


precipitation near Dst minimum when the ring current is
well populated. We find that the most intense precipitation
did not always occur at minimum Dst although the samples
were taken at only two MLT values during each storm, and
these times were different for each storm. In the 6 August
storm, the maximum precipitation was observed on 7
August, almost a day after minimum Dst. (However, there
was a secondary dip in Dst near the time of greatest
precipitation). In the 13 November storm the nightside
precipitation peak near L = 5 reached its largest value late
on 14 November. On the other hand the 27 August
storm showed maximum precipitation during the broad
Dst minimum.


5. Summary and Conclusions


[54] During the main and recovery phases of intense
magnetic storms (Dst < 100 nT) large fluxes of >155 keV
protons were often found inside the bounce loss cone. In
one case the pitch angle distributions were nearly isotropic
for equatorial pitch angles less than 25� indicating that
strong pitch angle scattering was taking place. Under strong
scattering the local trapping lifetime is about 15 min. In
most cases the pitch angle distributions appeared isotropic
inside the loss cone although the trapped flux at larger pitch
angles was greater. The scattering of protons by several
degrees during half a bounce period is larger than can be
accounted for by convective drift or by Coulomb collisions.
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[55] The precipitation is frequently widespread, extending
over several units of L. The widespread nature of the
precipitation was most noticeable near midnight during
the main phase of the storm. This initial precipitation may
result from injection on distorted field lines where protons
can be scattered into the loss cone by field line curvature
effects.
[56] On the dayside the most intense precipitation was


found in the afternoon sector at 4 < L < 6 during the main
and early recovery phase. This region of precipitation is
where ring current models predict precipitation by EMIC
waves. However, most models limit the growth of waves
and thus preclude the occurrence of strong diffusion. The
time duration of precipitation generally followed the trend
of Dst. When Dst recovered rapidly, the precipitation was
also short lived.
[57] In one storm of long duration (13 November 1998) a


maximum in the L distribution of precipitation was found
on the night side during the recovery phase. This maximum
moved outward during the recovery phase as predicted
by simulations where EMIC waves are guided by the
plasmapause.
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