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Abstract 14 
A correction method to remove proton contamination from the electron channels of the 15 
Polar-orbiting Operational Environmental Satellites (POES) Medium Energy 16 
Proton/Electron Detector (MEPED) is described. Proton contamination estimates are 17 
based on measurements in five of the MEPED proton spectral channels. A constrained 18 
inversion of the MEPED proton channel response function matrix is used to calculate 19 
proton differential flux spectra. In this inversion, the proton energy distribution is 20 
described by a weighted combination of exponential, power law and Maxwellian 21 
distributions. Proton contamination in the MEPED electron spectral channels is derived 22 
by applying the electron channel proton sensitivities to the proton fluxes from the best fit 23 



proton spectra. Once the electron channel measurements are corrected for proton 24 
contamination, an inversion of the electron channel response function matrix is used to 25 
calculate electron differential flux spectra. A side benefit of the method is that it yields an 26 
estimate for the integrated electron flux in the energy range from 300 keV to 2.5 MeV 27 
with a center energy at ~800 keV. The final product is a differential spectrum of electron 28 
flux covering the energy range from about 10 keV to 2.5 MeV that is devoid of proton 29 
contamination except during large solar proton events. Comparisons of corrected 30 
MEPED differential fluxes to the Detection of Electromagnetic Emissions Transmitted 31 
from Earthquake Regions (DEMETER) Instrument for Detecting Particles (IDP) shows 32 
that MEPED fluxes are greater than what is expected from altitude-induced particle 33 
population changes; this is attributed at least partially to measurement differences in pitch 34 
angle range. 35 
 36 
1) Introduction 37 
Energetic particle precipitation (EPP) is known to have a profound impact on nitrogen 38 
oxide (NO) [Rusch et al., 1981] and hydroxyl (OH) [Solomon et al., 1981; 1983] 39 
production in the stratosphere, mesosphere, and thermosphere. The altitude of production 40 
depends on the type and energy of the precipitating particle; larger particles with higher 41 
energies penetrate deeper into the atmosphere [e.g., Jackman, 1980; Roble and Ridley, 42 
1987; Fang et al., 2008; 2010; Thorne, 1980]. The NOx (NOx = NO + NO2 + N) catalytic 43 
cycle is the primary loss mechanism for ozone (O3) in the stratosphere above about 24 km 44 
[e.g., Garcia and Solomon, 1994], while the HOx (OH + HO2 + H) catalytic cycle is 45 
prevalent in the mesosphere [Nicolet, 1975]. Quantifying natural variations in EPP-46 



produced NOx (EPP-NOx) and HOx (EPP-HOx) and subsequent O3 destruction is critical 47 
to understanding climate effects in the middle atmosphere. Therefore, it is vital that all 48 
sources of EPP be identified. 49 
 50 
It has long been theorized that Medium Energy Electron precipitation (MEE; ~20 keV to 51 
1 MeV) and relativistic electron precipitation (REP; >1 MeV) might significantly affect 52 
the middle atmosphere [Baker et al., 1987]. Callis et al. [1991] showed globally 53 
integrated increases of EPP-NOy from MEE and REP of 35-40% from 1979 to 1985 54 
using atmospheric measurements combined with 2D model calculations. NOy refers to 55 
NO + NO2 + NO3 + N2O5 + HNO3 + HO2NO2 + ClONO2. Callis et al. [1998a, 1998b, 56 
2001] used data from the Polar-orbiting Operational Environmental Satellite (POES) 57 
Space Environment Monitor version 1 (SEM-1) Medium Energy Proton and Electron 58 
Detector (MEPED) and from atmospheric sounders to quantify possible impacts from 59 
MEE and REP. Large (>20%) increases that were attributed to EPP-NOx were observed 60 
in stratospheric NOy near 25 km [Callis et al., 1998a]. Calculations with a 2D transport 61 
model using particle input showed an EPP-induced column increase in NOy from 25-40 62 
km of ~12% [Callis et al., 1998b]. Impacts from MEE and REP are significantly higher 63 
in the upper stratosphere above 25 km [Callis et al., 2001]. Randall et al. [2001] 64 
suggested that EPP-NOx produced by MEEs led to large stratospheric NOx enhancements 65 
observed at high southern latitudes in September-October 2000, although these 66 
enhancements are also consistent with EPP-NOx production by solar protons [Jackman et 67 
al., 2008]. Randall et al. [2007] showed that EPP-NOx comprises up to 10% of 68 
stratospheric NOy globally, and 40% in the polar regions. They further showed that the 69 



EPP Indirect Effect – the production of EPP-NOx in the mesosphere or lower 70 
thermosphere followed by descent to the stratosphere – correlated with both auroral 71 
electron and MEE hemispheric power; but they were unable to distinguish between these 72 
two sources. 73 
 74 
Codrescu et al. [1997] used data from the SEM-1 MEPED instruments to specify MEE-75 
induced ionization in the Thermosphere-Ionosphere-Mesosphere-Electrodynamic General 76 
Circulation Model (TIME-GCM). They calculated a 13% increase in HOx at 78 km near 77 
75°N in January, and an associated 25% decrease in O3 at the same location. The 78 
MEPED data used by Codrescu et al. [1997], however, is known to have proton 79 
contamination of the electron data channels [Evans and Greer, 2000; hereafter referred to 80 
as EG00]. Beginning with the launch of NOAA-15, a newer version of the MEPED 81 
instrument was used as part of the SEM version 2 (SEM-2) and has been launched on 82 
seven satellites (NOAA-15, -16, -17, -18, -19, and MetOp-02 (A) and -01 (B)). Details of 83 
SEM-2 can be found in EG00. The SEM-2 MEPED instrument suffers from the same 84 
problems as the SEM-1 MEPED, including cross contamination between electron and 85 
proton detectors [Rodger et al., 2010a].  86 
 87 
There have been several studies that attempted to remove proton contamination from the 88 
electron channels in SEM-2 MEPED. One way to remove proton contamination is to 89 
produce a differential flux spectrum (e.g., counts sec-1 cm-2 sr-1 keV-1) for protons and 90 
then calculate the total contamination that would be observed by the electron channels. 91 
Lam et al. [2010] assumed a series of exponential functions to fit a proton differential 92 



flux spectrum and combined it with the bow-tie method [e.g., Selesnick and Blake, 2000] 93 
to calculate the total contamination in the electron channels. Yando et al. [2011; hereafter 94 
referred to as Y11] quantified the gathering power for each channel in the SEM-2 95 
MEPED telescopes by simulating the instrument in a field of known particle fluxes and 96 
analyzing the response of each channel. Y11 provided details about the electron detectors' 97 
response to protons, allowing a better estimate of proton contamination. The Y11 98 
gathering powers were experimentally confirmed by Whittaker et al. [submitted, 2014], 99 
who also showed that the Lam et al. [2010] approach for proton contamination correction 100 
was effective. However, Y11 does not provide a proton differential flux spectrum; their 101 
results can only be used to calculate contamination if provided with a flux spectrum. 102 
Asikainen and Mursula et al. [2013] assumed a series of power law spectra to construct a 103 
proton differential flux spectrum and applied the response functions from Y11 to calculate 104 
contamination in the electron channels. Neither Lam et al. [2010] nor Asikainen and 105 
Mursala [2013] assessed the error incurred in their calculations by assuming the 106 
exponential or power law functional forms, respectively, for the differential flux 107 
spectrum; nor did Codrescu et al. [1997], who assumed a Maxwellian. In this work we 108 
calculate proton and electron differential flux spectra from the SEM-2 MEPED data for 109 
each measurement without assuming a single type of spectral function. The resulting 110 
spectra have reduced proton contamination, and are accompanied by error bars that 111 
account for satellite measurement errors and errors in fitting the spectral distribution. We 112 
test the resulting spectra against independent satellite measurements to confirm the 113 
validity of our approach. The results of this work provide the necessary data source for 114 
accurately modeling the impacts of MEE on the middle atmosphere in future work. 115 



 116 
Given the issue of proton contamination noted above, and the fact that the MEPED 117 
instruments have sparse coverage in magnetic local time (MLT), there have been several 118 
recent attempts to quantify the impacts of MEE indirectly. Verronen et al. [2011] and 119 
Andersson et al. [2012] suggested that mesospheric nighttime OH concentrations could 120 
be used as a proxy for MEE precipitation. Verronen et al. [2011] based their conclusion 121 
on the observation that MEPED 100-300 keV electron count rates and nighttime OH 122 
concentrations from 71-78 km and 55°-65° magnetic latitude from the Aura Microwave 123 
Limb Sounder (MLS) were highly correlated during March 2005 and April 2006. They 124 
found that 56–87% of the OH variation could be explained by EEP. The correlation was 125 
weakened by variations in the transport of water vapor, since photolysis of water vapor 126 
will perturb the background levels of OH. Similar results were found by Andersson et al. 127 
[2012], which covered the time period from 2004-2009. Enhanced electron precipitation 128 
linked to increased mesospheric OH concentrations has also been correlated with 129 
mesospheric ozone depletion [Andersson et al., 2014b]. Another important result was that 130 
the MEPED electron channels have high count rates in the South Atlantic Anomaly 131 
(SAA) with no correlations to mesospheric OH in the same region [Andersson et al., 132 
2014a], probably due in part to proton contamination. Therefore, although electron 133 
precipitation has been observed in the SAA using other methods [e.g., Pinto and 134 
Gonzalez, 1989], caution is needed when dealing with MEPED data in the SAA. 135 
 136 
Another attempt to create a dataset of MEE precipitation and resulting ionization rates 137 
that could be used in models is the Atmospheric Ionization Module Osnabruck (AIMOS) 138 



model [Wissing and Kallenrode, 2009]. AIMOS calculates an electron differential flux 139 
spectrum using multiple power law fits to MEPED particle channels. Hemispheric maps 140 
of particle flux are produced using statistical correlations between geomagnetic index 141 
(Kp) particle fluxes. Unfortunately, the AIMOS model cannot account for errors in the 142 
raw MEPED data upon which it is based. In addition, the Kp parameterization introduces 143 
errors since MEE will have a time delayed acceleration after a solar storm beyond what is 144 
expected by geomagnetic index [Rodger et al., 2010a]. This would only impact fluxes on 145 
the short time scales that immediately follow a Solar Proton Event (SPE) and would not 146 
have large impacts on longer time scales. Due to the significant direct atmospheric effects 147 
caused by MEE [e.g., Andersson et al. 2014a; 2014b], and the need to move beyond the 148 
current AIMOS treatment of flawed MEPED observations, this paper presents improved 149 
data processing which should allow POES SEM-2 MEPED data to be used in chemistry 150 
climate models. 151 
 152 
In its current form, the POES SEM-2 MEPED MEE data is reported in three integral 153 
electron channels, and medium energy protons are reported in five proton broad energy 154 
bin channels and one integral proton channel [Green, 2013]. This work describes a 155 
method that uses the POES SEM-2 MEPED data to define spectral functions for medium 156 
energy protons and electrons, remove proton contamination from electron channels, 157 
generate a relativistic electron channel, and report an uncertainty value for the fluxes 158 
produced.  159 
 160 



Section 2 presents the POES SEM-2 MEPED instrument, including issues that currently 161 
exist in the data. Section 3 describes the correction method developed to remove proton 162 
contamination from the electron channels, and to calculate differential flux spectra for 163 
both protons and electrons, along with measurement and correction errors. Section 4 164 
shows results based on the corrected MEPED data along with some comparisons of the 165 
corrected data to an independent satellite dataset. Section 5 gives conclusions and 166 
outlines topics of future work. 167 
 168 
2) POES MEPED Instrument 169 
The POES MEPED instrument used in this work is part of SEM-2, and is described in 170 
EG00 and Green [2013]. The MEPED instrument has two proton telescopes and two 171 
electron telescopes. One telescope of each particle type is grouped as the 0° detectors and 172 
another set is grouped as the 90° detectors. In reality, on POES the 0° detectors are 173 
rotated 9° away from zenith (0°) and the 90° detectors are rotated 9° away from the anti-174 
ram direction [EG00, figure 2.1.1]. This rotation of the detectors permits a clear field of 175 
view for the telescopes. The 0° detectors generally sample a portion of the precipitating 176 
energetic particles in the Bounce Loss Cone (BLC) (see Figure A3 of Rodger et al. 177 
[2010b]). The 90° detectors sample a mix of trapped or precipitating energetic particles 178 
depending on their location.  179 
 180 
Nominal and effective energy ranges of protons and electrons detected by the MEPED 181 
channels are described in Y11 (their Table 3). The proton telescopes have six energy 182 
channels, P1-P6. The electron telescopes have 3 energy channels, E1-E3. Channels P6, 183 



E1, E2, and E3 are integral channels; channels P1 through P5 are differential energy 184 
channels that measure within a limited energy range. The nominal effective maximum 185 
measurement energy for the electron channels is 2.5MeV, while the maximum 186 
measurement energy for proton channel P6 is over 200MeV. 187 
The MEPED count rates (counts/sec) used in this study are reported in 16-second 188 
intervals, which corresponds to about 100 km along the satellite track, or approximately 189 
1° of geographic latitude at mid-latitudes. The raw data is sampled every other second 190 
with a one second integration period [EG00] and averaged together to create the 16-191 
second data. A description of the 16-second data can be found in Section 3 of Codrescu 192 
et al. [1997]. If only one count is identified in an energy channel in a single two-second 193 
measurement (one second of measuring by the 90° telescope and one second of 194 
measuring by the 0° telescope), this would be reported as one count per second for two 195 
seconds. Therefore the minimum non-zero value that can be reported in the 16-second 196 
data is two counts per 16 seconds (assuming zero counts are identified in the remaining 197 
seven measurements), or 0.125 counts/sec. 198 
 199 
There are a number of known issues in the data currently reported by the MEPED 200 
instrument. The first issue is the deterioration of the proton telescopes by radiation 201 
damage. According to EG00, this impact becomes significant after 2-3 years of operation 202 
and the effect of this deterioration is to raise the energy thresholds required to register a 203 
particle in the telescope. An attempt at fixing this proton channel degradation was shown 204 
in Asikainen et al. [2012]. In order to assess the proton degradation Asikainen et al. 205 
[2012] compared measurements when different satellites were in close proximity. This is 206 



a reasonable first attempt at assessing potential instrument changes. However, the method 207 
is prone to errors because the coincidences are infrequent and only occur at high latitudes 208 
where counting statistics are poor. The method also does not account for other 209 
circumstances that may affect the measured fluxes such as differences in the pointing 210 
direction of the telescopes and the altitude of the satellite. Some studies are underway 211 
that statistically compare the satellite measurements over long time periods and give a 212 
more reliable estimate of any instrument variation or degradation, but quantitative results 213 
are not yet available [Sandanger et al., 2014]. In order to properly validate the impact of 214 
the correction applied in this work we do not include a proton degradation correction.  215 
 216 
A second known issue with the reported MEPED data is cross-contamination between the 217 
proton and electron telescopes. Details on the magnitude of contamination in the nine 218 
reported energy channels (P1-P6, and E1-E3) can be found in Y11. For the proton 219 
detectors, the greatest medium energy electron contamination occurs in channel P1, and 220 
decreases at higher energy channels. Channel P5 is the only “pure” channel reported by 221 
MEPED, reading only protons and no electrons. Channel P6 has large contamination 222 
from relativistic electrons. Y11 shows that the P6 channel could be used to report 223 
quantitative values of relativistic electron precipitation (REP), but this has previously 224 
only been used qualitatively [Miyoshi et al. 2008; Evans et al., 2008; Horne et al. 2009, 225 
Sandanger et al. 2009; Millan et al. 2010; and Rodger et al. 2010a]. Protons also 226 
contaminate the electron energy channels, E1-E3. Channel E3 is only contaminated by 227 
protons with energies exceeding 400keV, while channels E1 and E2 are contaminated by 228 
protons with energies exceeding 100keV. Since the contamination of each electron 229 



channel varies, the contamination cannot be subtracted out by subtracting one channel 230 
from another. The proton contamination in the electron channels E1-E3 is larger than the 231 
electron contamination in the proton channels P1-P5. Y11 (their Appendix B) tabulates 232 
the contamination values. The goals of this work are to calculate a correction for proton 233 
contamination of the MEPED E1-E3 electron channels, determine relativistic electron 234 
count rates to produce a virtual fourth electron channel (E4, 300 keV – 2.5 MeV with a 235 
center energy at ~800 keV), use E1-E4 count rates to calculate continuous spectra over 236 
the energy range from 25 keV to 10 MeV, and provide realistic error estimates for these 237 
spectra.  238 
 239 
Note that MEPED also includes Omni-Directional detectors that detect higher energy 240 
protons (EG00). These detectors were not modeled by Y11. Given the different design of 241 
the Omni-Directional detectors, it is difficult to quantify the impacts from high energy 242 
protons on the MEPED detectors. Any high energy proton contamination that would be 243 
detected by the omni-directional detectors is not taken into account in the correction 244 
method that follows since this method only uses protons reported by the P1-P6 channels. 245 
 246 
3) Proton Contamination Correction 247 
The correction described here is based on the inversion method in O’Brien and Morley 248 
[2011] and uses weighting functions calculated from geometric factors found in Y11 (see 249 
their Figures 4 and 5). The process of removing proton contamination from the electron 250 
channels has three main steps. Step one is to convert data from the proton channels into a 251 
proton differential flux spectrum using the inversion method. The second step is to use a 252 



forward model to calculate the total proton contamination in the electron channels. In step 253 
three the corrected electron channels are put through the inversion method to get the 254 
electron differential flux spectrum.  255 
 256 
The details and mathematics of the inversion method can be found in Appendix A. The 257 
inversion method produces a best fit spectrum, Ԧ݂(ܧ), which solves the equation: 258 ݕԦ ≈ λሬԦ = ݐߜ ׬ (ܧ)Ԧܩ Ԧ݂(ܧ)݀ܧஶ଴  (1) 259 
Here ݕԦ is a vector of measured counts (16-second data in counts per second multiplied by 260 
16 seconds) and λሬԦ is a vector of expected counts from a forward model of the inversion, 261 
both with length Ny, the number of channels to be included in the inversion. ܩԦ is a vector 262 
of response functions for the instrument channels as a function of energy, E, taken here 263 
from Y11 (their Appendix B), and Ԧ݂ is the differential flux (counts sec-1 cm-2 sr-1 keV-1). 264 ݐߜ is the integration time of the instrument data. For this work, the 16 second data was 265 
used, and thus 16 = ݐߜ seconds. Equation 1 is a simple inversion problem, where Ԧ݂(ܧ) is 266 
unknown. In discrete form, there are many more unknowns in Ԧ݂(ܧ) than equations, 267 
where the number of equations is equal to Ny. The forward model in this case is simply 268 
calculating λሬԦ by solving Equation 1 using calculated differential flux, Ԧ݂(ܧ). 269 
 270 
The first step in removing the proton contamination from electrons is to calculate the 271 
proton differential flux spectrum. The inversion method described in Appendix A is 272 
applied to 5 proton channels, P1-P5, with the assumption of little to no electron 273 
contamination. This assumption is not entirely valid in the lower energy proton channels, 274 



P1-P4, but the magnitude of the electron contamination compared to proton counts is 275 
small compared to the proton contamination of electron channels [Y11]. Channel P5 is the 276 
only “pure” MEPED channel that has no electron contamination and only detects protons. 277 
P6 is left out of the proton inversion since it is highly contaminated by relativistic 278 
electrons [Y11]. The goal of the inversion method is to minimize the residual of ݕԦ and λሬԦ. 279 
 280 
The inversion problem described by Equation 1 is unconstrained and needs to be 281 
constrained by a possible spectral shape. A spectral shape is calculated by fitting the 282 
measurements to a function that combines weighted spectra for energy exponential (EE), 283 
power law (PL), single relativistic Maxwellian (RM), and double relativistic Maxwellian 284 
(DM) distributions. A graphical example of what these spectra look like alone and when 285 
combined can be seen in Figure 1, which shows a representative proton differential flux 286 
spectrum for L-Shell 6.15 on 13 May 2003 using data from the NOAA-15 MEPED 0° 287 
detector. This particular date and location were chosen arbitrarily simply to demonstrate 288 
the inversion method. In Figure 1a, the solid line with 2-sigma error bars (labeled 289 
“combined”) is the final calculated differential flux spectrum, while the dashed and/or 290 
dotted lines are the best fits of the PL, EE, RM, and DM spectra. The error bars include 291 
estimates of the contributions from errors in instrument measurement and spectral shape. 292 
Figure 1b compares the original proton channel measurements to the results of running a 293 
forward model using each spectrum from Figure 1a. Symbols are placed at the estimated 294 
measurement center energy for each channel. In this case the proton measurements are fit 295 
best with either the combination best fit spectrum or the DM spectrum, not a PL or EE 296 
spectrum as is often assumed [e.g. Asikainen and Mursula et al., 2013; Lam et al., 2010]. 297 



The combined or DM spectra are generally the best fits among all measurements in 2003 298 
and 2004 (not shown). A forward model is used on the combined best fit spectrum with 299 
weighting functions from Y11 to calculate the proton count contamination in the 300 
measured electron counts for each electron channel. The proton contamination is then 301 
subtracted from the electron channels, E1-E3, to get uncontaminated electron counts. 302 
 303 
A further calculation is also done to create a virtual relativistic electron channel, E4. 304 
Since P6 was not included in the calculation of a best proton differential flux spectrum, a 305 
forward model can be applied to the proton differential flux to calculate the expected 306 
proton counts in the P6 channel. This calculated or “corrected” P6 channel is then 307 
subtracted from the original P6 channel. The residual is believed to be the relativistic 308 
electron contamination of the P6 channel and is called the E4 channel. The E4 channel 309 
acts as an integral channel similar to E3 with a lower energy boundary around 300 keV, 310 
but is believed to have a center energy at around 879 keV. As a result the E4 channel is 311 
more sensitive to relativistic electrons (> 1 MeV) than the E3 channel. The E4 channel 312 
will detect some electrons below 1 MeV and can be compared to gathering power 313 
provided by Y11 for the P6 channel detection of electrons (their Table B2). Therefore, the 314 
E4 channel is not a “pure” relativistic electron channel, but does primarily measure > 1 315 
MeV electrons.  316 
 317 
Using all the electron channels, E1-E4, an electron differential flux spectrum is calculated 318 
a manner similar to that applied to the proton measurements (e.g., by constrained 319 
inversion using a best fit spectrum). Figure 2 shows the best electron spectral fits (a) and 320 



the same fits run through a forward model along with the original and corrected electron 321 
channel outputs (b). This plot is comparable to that seen in Figure 1, except the electron 322 
channels in Figure 2b are all integral channels. The error bars in the combined spectrum 323 
in Figure 2a include errors in instrument electron measurement and spectral shape; they 324 
do not account for errors in the estimate of proton contamination. The best electron 325 
differential flux spectrum shown is a combination of all four spectra or the DM. The 326 
combined or DM spectra are generally the best fits among all measurements in 2003 and 327 
2004 (not shown). This complete differential flux spectrum can be used by models to 328 
provide accurate ionization rates for investigations of the impacts of MEE and REP on 329 
the middle atmosphere. 330 
 331 
There are some limitations to the correction method described above. This method 332 
requires calculated geometric factors, taken here from Y11. An assumption that it is safe 333 
to interpolate geometric factors linearly in logarithmic energy space is also used. The 334 
geometric factors cannot be interpolated to energy ranges above or below those described 335 
by Y11. This restriction is not a problem at lower energies because the detector design 336 
prevents low energy particles (see Y11 Table 3 for exact values for each detector) from 337 
being counted by MEPED [EG00]. Contamination of electron channels by protons with 338 
energy above 10 MeV cannot be corrected by this method because geometric factors at 339 
energies higher than 10 MeV were not calculated in Y11. This correction method also 340 
provides an estimate of the uncertainties in the generated spectral fluxes that arise from 341 
the method itself. The less accurate the assumed spectra used in the method fit to the 342 
MEPED channel measurements, the larger the error bars will be on the output spectrum. 343 



The limit at which the error is large enough to remove the data in question is up to the 344 
user and depends on the application of the data; however it is not recommended to use 345 
data with error bars greater than 200%. 346 
 347 
4) Results and Validation 348 
Figure 3 shows the NOAA-17 MEPED 0° detector E3 channel for the original (a) and 349 
corrected (b) satellite measurements on the universal time day 29 October 2003 in 350 
geographic coordinates. Black measurements are ones where the proton contamination 351 
signal was on the same order of magnitude as the original MEE signal (e.g. signal to 352 
noise ratio less than or equal to one) and thus no useful electron data could be extracted. 353 
During this day a SPE was occurring. Contamination from high energy protons, greater 354 
than detected by the P6 channel, shows up as fluxes covering the entire magnetic polar 355 
cap (poleward of ~60°N and ~60°S in geographic space). While the correction was able 356 
to improve measurements of the radiation belts (areas of maximum electron 357 
precipitation), the high energy proton contamination over the magnetic pole could not be 358 
removed. This type of contamination only occurs during a large SPE; it is due to very 359 
high energy protons that pass through the instrument from all directions and not just the 360 
instrument opening. The contamination is extremely difficult to quantify and remove 361 
because it would require a complete model of the entire POES/MetOp satellite and its 362 
interaction with energetic protons. Such a model is not available; thus, this type of 363 
contamination is not accurately removed with the current method. Another region of high 364 
energy proton contamination also occurs over the SAA (centered at ~70°W and ~15°S). 365 
This region is a zone of weak magnetic field strength where enhanced particle 366 



precipitation from the inner radiation belt is believed to occur [Pinto and Gonzalez, 367 
1989]. Andersson et al. [2014a] has shown that no atmospheric ionization (estimated 368 
using mesospheric nighttime OH concentrations) is correlated with enhanced MEPED 369 
electron channel count rates in the SAA. Therefore the MEE precipitation shown in the 370 
SAA by Figure 3 is likely an artifact of the measurement. 371 
 372 
Figures 4 through 6 show the mean daily POES MEPED 0° detector electron channels in 373 
L-shell bins with a 0.1 value width for the uncorrected data (Figure 4), corrected data 374 
(Figure 5), and ratio of uncorrected to corrected data (Figure 6) for 1 January 2003 375 
through 1 January 2005 in the Southern Hemisphere (SH). Where the ratio in Figure 6 is 376 
high, the data correction had the largest impact. These times coincide with SPEs, the 377 
most prominent of which in the timeframe shown is the “Halloween Storm” at the end of 378 
October 2003. Fluxes over 1000 electrons per second are seen at all L-shells greater than 379 
4 for all electron channels in both the uncorrected (Figure 4) and corrected (Figure 5) 380 
data sets. During SPEs, high energy protons above the detection levels of the P6 channel 381 
can contaminate electron measurements. These protons are not removed in the current 382 
correction method. While some of the high latitude electron flux signal could be real, the 383 
more plausible explanation is contamination from high energy protons. These high 384 
energy protons can pass through the entire satellite, making their effect on the MEPED 385 
telescopes extremely challenging to quantitatively characterize. Thus, their impact is not 386 
included in the current correction algorithm. 387 
 388 



Enhanced MEE count rates are detected in both the original (Figure 4) and corrected 389 
(Figure 5) datasets following solar storms and are not completely removed by the 390 
correction method. This is in agreement with other studies [e.g. Rodger et al., 2010a], 391 
where radiation belt electrons are accelerated with a time delay from the arrival of a solar 392 
storm. The presence of MEE population levels seen in the 0° detector suggests that 393 
following a coronal mass ejection (CME) such as that in October 2003, enhanced MEE 394 
precipitation can continue to ionize the atmosphere and create NOx and HOx in the 395 
mesosphere and above. The culmination of this production in the days to weeks following 396 
a solar storm could be large, though exactly how large is not known, and is deserving of 397 
further study. Approximately 27-day periodic increases in MEE are also apparent in the 398 
original (Figure 4) and corrected (Figure 5) datasets. This type of periodic signal was 399 
reported by Blake et al. [1997] and is likely caused by periodic solar-wind changes 400 
related to the Sun’s rotation bringing high-speed solar wind streams from coronal holes 401 
into an Earth affecting position. This phenomenon was also reported by Rodger et al. 402 
[2010a]. 403 
 404 
Next we compare MEPED data to electron spectra from the Detection of Electro-405 
Magnetic Emissions Transmitted from Earthquake Regions (DEMETER) satellite 406 
Instrument for Detecting Particles (IDP) [Sauvaud et al., 2006]. DEMETER was 407 
launched in June 2004 and flies at an altitude of 670 km in a Sun-synchronous orbit. The 408 
IDP is chosen as a comparison measurement due to its higher energy resolution and 409 
larger geometrical factor when compared with MEPED. IDP data used here represent the 410 
trapped electron population in 128 energy bins spanning 72 keV to 2.3 MeV with bin 411 



widths of 17.9 keV. The first and last channels are integral channels measuring all 412 
particles less than or more than the specified range, and are thus not used in this work due 413 
to difficulties in creating a spectral fit from them [Whittaker et al., 2013]. The IDP is 414 
susceptible to contamination by 0.52–2.95 MeV protons [Sauvaud et al., 2013] and 415 
therefore the comparisons shown below avoid regions of intense proton fluxes, for 416 
example the SAA. 417 
 418 
The MEPED comparisons to IDP shown here use the MetOp-02 MEPED data. Only the 419 
90° detectors on MEPED are considered in order to match the IDP viewing direction. 420 
Since there are no significant differences between the MEPED 0° and 90° detectors [e.g. 421 
EG00; Y11], comparison results for the 90° detector pertain to the 0° detector as well. 422 
Coincident measurements between MEPED and IDP are defined using the same criteria 423 
as Whittaker et al. [submitted, 2014]. These criteria are: 424 

• Only measurements above an L-Shell value of 2.5 are considered. 425 
• The absolute difference in time between instrument measurements is less than or 426 

equal to 10 minutes. 427 
• The absolute difference in longitude between instrument measurements is less 428 

than or equal to 3°. 429 
• The absolute difference in L-Shell values between instrument measurements is 430 

less than or equal to 0.5. 431 
In this work, when more than one IDP measurement meets the conditions above with a 432 
given MEPED measurement, only the closest coincident IDP measurement in L-Shell 433 
value is used. This differs from Whittaker et al. [submitted, 2014], which used all 434 



coincident measurements. This results in 1862 coincidences between MetOp-02 MEPED 435 
and DEMETER IDP during the year 2009. 436 
 437 
Figure 7 shows the SH mean coincident electron spectra between L-shell values of 6.0 438 
and 6.25 from IDP (red) and corrected MEPED (black) with dashed red lines and black 439 
vertical bars representing one standard mean error in IDP and MEPED respectively. 440 
MEPED has the same general shape as the spectrum from IDP, suggesting that the 441 
correction method described above is properly modeling the shape of the electron 442 
spectrum. MEPED corrected electron differential flux values are on average about twice 443 
as large as IDP between 100 keV and 1 MeV. Given a change in magnetic field strength 444 
between MetOp-02 (~850 km) and DEMETER (~600 km) altitudes, particle fluxes would 445 
be expected to decrease by a factor of ~1.1 using an inverse cubed estimate of magnetic 446 
field strength with distance. The approximate factor of two difference between MEPED 447 
and IDP is consistent with results from Whittaker et al. [submitted, 2014], and is believed 448 
to be partially caused by different measured pitch angle ranges.  449 
 450 
Figure 8 shows the ratio of differential MEPED flux to coincident differential IDP flux 451 
during 2009 at varying L-shells in both hemispheres combined. The year 2009 is used as 452 
there were no solar proton events that could corrupt both the MEPED and IDP 453 
instruments. Each L-shell bin has a width of 0.25, and measurements with the equivalent 454 
of four or fewer detected electron counts by either MEPED or IDP are not included to 455 
remove possible noise floor bias. IDP does not report a count rate, so the necessary flux 456 
to be above a noise floor of 4 counts is calculated. IDP combines two channels when not 457 



in burst mode, thus the noise floor would be four counts in each channel (eight counts 458 
total). This occurs over a four second measurement, resulting in a minimum count rate of 459 
2 counts per second. Dividing this count rate by the nominal geometric factor (1.2 cm2 sr) 460 
and energy bin width (17.9 keV) results in the minimum differential flux required to be 461 
above the noise floor of four counts (0.0931 counts/sec/cm2/sr/keV). All L-shells seen in 462 
the plot used 15 or more coincident spectra to get average differential flux values. The 463 
1.1 line that marks the expected ratio between MEPED and IDP differential flux based 464 
only on changes to magnetic field strength is marked by a black line. At L-shell values 465 
above 3.75, MEPED consistently shows greater than expected electron differential flux 466 
compared to IDP. Maximum differences occur between 100 keV and 300 keV. Low L-467 
shells (< 3.75) are generally below the expected ratio line (1.1); this is likely caused by 468 
lower electron count rates towards the outer edge of the outer belt region. The consistent 469 
high bias of MEPED relative to IDP could be due to several factors, including sensitivity 470 
of IDP to a broader range of pitch angles than MEPED, a more rapid differential flux 471 
decrease with decreasing altitude than predicted by magnetic field strength changes, 472 
and/or a spectral shape dependence on L-shell. This latter hypothesis is supported by the 473 
variable nature of the comparisons in Figure 8 for different L shells. The observed bias 474 
might also be due to residual proton contamination in the MEPED data, but this is 475 
unlikely since the comparisons were conducted for a time period of relatively quiet 476 
geomagnetic activity. 477 
 478 
Figure 9 shows a scatter plot of coincident measurements during 2009 between IDP and 479 
corrected MEPED. Points represent integrated electron differential flux (counts cm-2 s-1 480 



sr-1) between 100 keV and 300 keV. This energy bin is used since both IDP and MEPED 481 
measure it. A black bisector line of slope 1.1 showing the expected increase in flux from 482 
IDP to MEPED is drawn for reference. Colors represent the MEPED L-Shell from which 483 
the measurement coincidence is taken.  484 
 485 
Comparison of corrected MEPED electron fluxes to IDP reveals two distinct populations. 486 
One population shows rough agreement between corrected MEPED and IDP, while the 487 
second shows significantly reduced electron fluxes in corrected MEPED results at 488 
locations of low electron flux identified by both satellites. These measurements occur at 489 
low L-Shell values. The population of points near the bisector are in agreement with the 490 
results presented by Whittaker et al. [submitted, 2014] (their Figure 7).  491 
 492 
The reduced MEE population at low L-Shell values in the corrected MEPED data is 493 
believed to be an artifact caused by the correction method. When the level of proton 494 
contamination is of a similar magnitude to the electron count signal, the correction 495 
method will cancel out the electron counts. This will happen when electron counts are 496 
very small or proton counts are very high. In the case of a very low electron count (~1 497 
count/sec), noise from the proton channel will be counted as a source of contamination in 498 
the electron channel and the correction method will artificially decrease the already small 499 
electron count signal. A similar influence from the correction method can be seen at 500 
times when proton contamination is much greater than the electron count measurement. 501 
For example, electron channel neutralization will occur during a SPE when proton 502 
contamination is very large. This is seen by the black colored points in Figure 3. Note 503 



that high energy protons, such as those over the polar cap during a SPE, do not get 504 
counted as contamination by the correction method and are not removed. Thus any data 505 
used during a SPE when proton fluxes are very high, or when the electron signals are 506 
very low (e.g. outside the outer Van Allen belt precipitation regions), should be treated 507 
with extreme skepticism. 508 
 509 
5) Conclusions 510 
In this work a correction method to remove proton contamination from the POES 511 
MEPED instrument was applied and compared to coincident measurements from 512 
DEMETER IDP. Results from the correction method are: 513 

• Removal of proton contamination from electron channels with the exception of 514 
contamination from protons with energies higher than the detection abilities of the 515 
P6 channel (> 10 MeV).  516 

• Differential flux from POES MEPED measurements can now be used with error 517 
bars for both medium energy protons and electrons (25 keV – 10 MeV).  518 

Analysis of corrected MEPED values reveals: 519 
• Enhanced MEE signals during geomagnetic storms induced by a CME are not 520 

caused by proton contamination. 521 
• In some circumstances the correction method can artificially neutralize electron 522 

signals when the level of recognized proton contamination is on the same order of 523 
magnitude as the original electron signal, such as in the case of very low electron 524 
fluxes (e.g., low latitudes) or during very high proton fluxes (e.g., the SAA or 525 
during a SPE). 526 



• Electron differential flux reported by MEPED is slightly greater than expected 527 
compared to IDP in 2009. The most likely explanations for this are different pitch 528 
angle ranges viewed by MEPED and IDP or that differential flux changes with 529 
altitude more than is expected by magnetic field strength changes alone.  530 

 531 
Future work that could improve this method are as follows: 532 

• Inclusion of a proton channel degradation correction prior to processing by the 533 
correction method described in this work. 534 

• Removal of measurements where noise is of the same magnitude as signal in the 535 
electron and proton channels. 536 

• More understanding of possible particle differential flux changes with altitude 537 
aside from those induced by magnetic field strength differences. 538 
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Figure Captions 728 
Figure 1: (a) Differential flux of medium energy protons (black solid line), along with the 729 
best fit spectra for PL, EE, RM, and DM in counts/sec/cm2/sr/keV. Two sigma standard 730 
error of the combined flux spectrum is denoted by vertical bars. (b) Original and 731 
calculated channel count rates (counts/sec) using spectra from (a). Channels are marked 732 
at their estimated measurement center energies as opposed to nominal energies. Data is 733 
taken at an L-Shell value of 6.15 from NOAA-15 0° detector on 13 May 2003. 734 
 735 
Figure 2: (a) Differential flux of medium energy electrons (black solid line), along with 736 
the best fit spectra for PL, EE, RM, and DM in counts/sec/cm2/sr/keV. Two sigma 737 
standard error of the combined flux spectrum is denoted by vertical bars. (b) Original, 738 
corrected, and calculated integral channel count rates (counts/sec) using spectra from (a). 739 
Channels are marked at their estimated measurement center energies as opposed to 740 
nominal energies. Data is taken at an L-Shell value of 6.15 from NOAA-15 0° detector 741 
on 13 May 2003. 742 
 743 
Figure 3: NOAA-17 MEPED 0° detector E3 channel (>300 keV) during a SPE on 29 744 
October 2003 with original values (a) and corrected values (b). Black measurements 745 
denote measurements with too much contamination to extract a corrected signal. Points in 746 
the SAA are likely also invalid due to high energy proton contamination that is not 747 
accounted for in the correction method. 748 
 749 



Figure 4: Daily average SH original MEPED 0° detector integrated flux channels E1, E2, 750 
E3, and P6 in L-shell and time for 1 January 2003 through 1 January 2005 measured in 751 
counts/second.  752 
 753 
Figure 5: Same as Figure 4 but for corrected MEPED 0° detector integrated flux channels 754 
E1, E2, E3, and E4. 755 
 756 
Figure 6: Ratio of Figure 5 to Figure 6, original E1, E2, E3, and P6 divided by corrected 757 
E1, E2, E3, and E4. 758 
 759 
Figure 7: Average of SH coincidence measurement spectra from DEMETER IDP (red) 760 
and MetOp-02 MEPED (black) in 2009 at L-shell values between 6.0 and 6.25. Dashed 761 
red lines and black vertical bars represent one mean standard error for IDP and MEPED 762 
respectively. 763 
 764 
Figure 8: Ratio of average electron differential flux between MetOp-02 MEPED and 765 
DEMETER IDP coincidences during 2009 for L-shell bins with width 0.25. Coincident 766 
spectra are taken from both the NH and SH and a minimum of 15 spectra were required 767 
for each L-shell bin. All measurements were required to have more than four electron 768 
counts as would be detected by the instrument before conversion to differential flux. A 769 
black line representing the expected ratio of MEPED to IDP based on changes to 770 
magnetic field strength using an inverse cubed relation has been placed at a value of 1.1. 771 



Each colored line represents an L-shell bin with the lower edge of the bin marked in the 772 
color bar. 773 
 774 
Figure 9: Scatter plot of integrated electron differential flux from 100-300 keV for all 775 
coincident measurements between DEMETER IDP and MetOp-02 in the year 2009. 776 
Comparisons are shown between IDP and corrected MEPED measurements. Points are 777 
colored by associated L-Shell value. Black line is a slope of 1.1for reference. 778 



Appendix A 779 
What follows here is the mathematical inversion method developed by O’Brien and 780 
Morley [2011] and adapted for use with the POES MEPED data. The goal of the method 781 
is to solve Equation 1: 782 ݕԦ ≈ λሬԦ = ݐߜ ׬ (ܧ)Ԧܩ Ԧ݂(ܧ)݀ܧஶ଴  (1) 783 
Equation 1 can be discretized towards a numerical solution using the following equations: 784 ݕԦ ≈ Ԧߣ ௜௝ܪ Ԧ݂ (A1) 785 ܪ = ≈  ௝ (A2) 786ܧ∆௝൯ܧ௜൫ܩݐߜ

௝݂ = ݂൫ܧ௝൯, (A3) 787 
where ݕԦ and ߣԦ are the observed and expected MEPED channel counts, ܪ is the inversion 788 
weighting function derived from the modeling results of Yando et al. [2011] with 789 
dimensions Ny×NE and units of cm2

 sr sec keV, NY is the number of MEPED channels 790 
(indexed with i), NE is the number of output energy bins (indexed with j), and ௝݂ is the 791 
discretized form of ݂(ܧ) from Equation 1 with units of counts/cm2/sr/sec/keV. Equation 792 
A1 is a classic underdetermined, unconstrained, inversion equation. There are NE 793 
unknown variables in Ԧ݂ and Ny equations, where Ny is less than NE. The inversion 794 
technique that follows adds constraints to Equation A3 by taking a weighted average of 795 
possible spectral distributions to minimize the difference between ݕԦ and ߣԦ in Equation 796 
A1. The energy bins used in this inversion method are logarithmically separated in 797 
energy. The calculation of ΔEj in Equation A2 comes from calculating the difference of 798 
energies at bin edges. 799 
 800 
A “penalty” function is defined to measure the likelihood of seeing the observed counts, 801 



 Ԧ. In other words, the penalty function is a 802ߣ ,Ԧ, given the calculated expected countsݕ
calculation of how far apart ݕԦ and ߣԦ are from each other including possible measurement 803 
errors. Observations and expected counts can differ due to various possible measurement 804 
error processes. We use Poisson and calibration errors as the only two possible 805 
measurement error processes in this correction method. The probability distribution for 806 
Poisson errors and calibration errors (given by a Gaussian distribution), are defined as:  807 

(ߣ|ݕ)(௉)݌ = ఒ೤௘షഊ௬!  (A4) 808 
(ߣ|ݕ)(஼)݌ = ୣ୶୮ൣି((୪୬ ௬ି୪୬ ఒ) ఋ௬⁄ )మ ଶ⁄ ൧√ଶగ ௬ఋ௬ , (A5) 809 

where ݌(௉) is the Poisson probability distribution of y given λ and ݌(஼) is the Calibration 810 
probability distribution of y given λ. 811 
 812 
The penalty function is defined as the negative natural log of the probability distribution. 813 
Terms that are not dependent on λ are grouped together as a general constant. The penalty 814 
functions for Equations A4 and A5 are defined as: 815 ℓ(௉)(ߣ) = − ln (௉)݌ = ߣ − (ߣ)݈݊ݕ + constants (A6) 816 ℓ(஼)(ߣ) = − ln (஼)݌ = ((ln ݕ − ln (ߣ ⁄ݕߜ )ଶ/2 + constants, (A7) 817 
where  ℓ(௉) is the Poisson probability distribution penalty function, ℓ(஼) is the calibration 818 
probability distribution penalty function, and ݕߜ is the Gaussian relative error, calculated 819 
to be 0.4 [Green, 2013] from bowtie analysis [Selesnick and Blake, 2000] for POES 820 
MEPED. 821 
 822 



The derivatives and second derivatives of equations A6 and A7 with respect to λ will be 823 
needed later and are as follows: 824 

ௗℓ(ು)ௗఒ = 1 − ݕ ⁄ߣ  (A8) 825 
ௗమℓ(ು)ௗఒమ = ݕ ⁄ଶߣ   (A9) 826 
ௗℓ(಴)ௗఒ = (ln ߣ − ln  827 (A10)  ߣ/ଶ(ݕߜ)/(ݕ
ௗమℓ(಴)ௗఒమ = (1 + ln ݕ − ln  ଶ   (A11) 828(ݕߜߣ)/(ߣ

Only one penalty function is used in this work for a given value of y. Therefore we select 829 
the larger source of error from either the Poisson counting error, 1/ඥݕ, or the calibration 830 
Gaussian relative error, 831  :ݕߜ 

ℓ௜ = ൜ℓ(௉) ݕ < ଶℓ(஼)ି(ݕߜ) otherwise
  (A12) 832 

 833 
The summation of the selected penalty function from Equation A12 is a measure of how 834 
likely a spectral distribution, Ԧ݂, appropriately describes the original channel 835 
measurements, ݕԦ. Therefore, the goal of this inversion method is to minimize the 836 
following equation: 837 ℓ൫ߣԦ൯ = ∑ ℓ௜(ߣ௜)௜   (A13) 838 
 839 
Converting the MEPED measurements into differential flux is inherently an 840 
unconstrained problem. To constrain the solution, this inversion method assumes a set of 841 
possible spectra and then weights each spectrum based on its ability to minimize 842 
Equation A13. Each spectral distribution is defined by a vector of free parameters, q, and 843 



the total number of free parameters in each distribution is defined as Nq, where Nq is less 844 
than NE. This effectively reduces the number of unknowns in the inversion of Equation 845 
A1. We use four spectral distributions to constrain our solution: power law (PL), energy 846 
exponential (EE), single relativistic Maxwellian (RM), and double relativistic 847 
Maxwellian (DM).  848 
 849 
The PL spectrum, ݂(PL), requires two free parameters to fit (e.g. Nq = 2). We will need 850 
each spectral distribution along with its derivatives and second derivatives with respect to 851 
each free parameter. These equations are described as follows: 852 ݂(PL)(ܧ) = exp(ݍଵ − ଶݍ ln  853 (A14)  (ܧ

డ௙(PL)డ௤భ = ݂(PL)  (A15) 854 
డ௙(PL)డ௤మ = − ln(ܧ)݂(PL)(ܧ)  (A16) 855 
డమ௙(PL)డ௤భమ = ݂(PL)  (A17) 856 
డమ௙(PL)డ௤భ௤మ = − ln ܧ ݂(PL) = డమ௙(PL)డ௤మ௤భ   (A18) 857 
డమ௙(PL)డ௤మమ = (ln ଶ(ܧ ݂(PL),  (A19) 858 

 859 
The EE spectrum is described by the following equations with two free parameters: 860 ݂(EE)(ܧ) = exp(ݍଵ +  861 (A20)  (ܧଶݍ

డ௙(EE)డ௤భ = ݂(EE)  (A21) 862 
డ௙(EE)డ௤మ =  863 (A22)  (EE)݂ܧ



డమ௙(EE)డ௤భమ = ݂(EE)  (A23) 864 
డమ௙(EE)డ௤భ௤మ = (EE)݂ܧ = డమ௙(EE)డ௤మ௤భ   (A24) 865 
డమ௙(EE)డ௤భమ =  ଶ݂(EE)  (A25) 866ܧ

 867 
The RM spectrum has two free parameters and is described by the following equation, 868 
while it has derivatives as described by equations A21-A25 if ݂(EE) is replaced by ݂(RM): 869 ݂(RM)(ܧ) = 1)ܧ + ଵݍ) ଴/2)expܧ/ܧ +  870 (A26)  (ܧଶݍ
 871 
The DM spectrum has four free parameters as described below and has the same 872 
derivatives as the RM spectrum with similar derivatives for the two additional free 873 
parameters: 874 ݂(DM)(ܧ) = 1)ܧ + ଵݍ)଴/2)[expܧ/ܧ + (ܧଶݍ + exp(ݍଷ +  875 (A27)  [(ܧସݍ
  876 
The final step is to calculate the fit errors and combine the individual spectra to create a 877 
best multiple spectral fit. For a given spectrum, ݂(௞)(ܧ), the best fit is the minimization 878 
of ℓ(௞)(ߣԦ) with respect to ݍԦ(௞), yielding best fit free parameters, ݍො(௞). For this case, k can 879 
be PL, EE, RM, or DM. The minimization routines require derivatives of ℓ(௞) with 880 
respect to ݍԦ(௞), given by: 881 

డℓడ௤೘ = ∑ డℓ೔డఒ೔௜ ∑ డఒ೔డ௙ೕ௝ డ௙ೕడ௤೘ = ∑ డℓ೔డఒ೔௜ ∑ ௜௝௝ܪ డ௙ೕడ௤೘  (A28) 882 
 883 



To compute the error bars for a given spectral fit, the second derivative of the penalty 884 
function with respect to each free parameter is necessary. This can be represented by a 885 
Hessian using each combination of free parameters in the following form: 886 

డమℓడ௤೘డ௤೘ᇲ = ∑ డమℓ೔డఒ೔మ௜ ∑ ௜௝௝ܪ డ௙ೕడ௤೘ ∑ ௜௝ᇱ௝ᇱܪ డ௙ೕᇲడ௤೘ᇲ + ∑ డℓ೔డఒ೔௜ ∑ ௜௝௝ܪ డమ௙ೕడ௤೘௤೘ᇲ  (A29) 887 
We assume that the error of the retrieved flux is distributed log-normally with a standard 888 
deviation given by the following expression: 889 

୪୬ߪ ௙(ೖ)(ா) = ඨ∑ ∑ డ ୪୬ ௙(ೖ)డ௤೘(ೖ)௠ᇲ௠ cov(ݍ௠(௞), (௠ᇱ(௞)ݍ డ ୪୬ ௙(ೖ)డ௤೘ᇲ(ೖ)
 = ට∑ ∑ ଵ௙(ೖ) డ௙(ೖ)డ௤೘(ೖ)௠ᇲ௠ cov(ݍ௠(௞), (௠ᇱ(௞)ݍ ଵ௙(ೖ) డ௙(ೖ)డ௤೘ᇲ(ೖ)

  (A30) 890 
 891 
cov ቀݍ௠(௞), ௠ᇲ(௞)ቁݍ = ቌ  ⋮  ⋯ డమℓ(ೖ)డ௤೘డ௤೘ᇲ ⋯ ⋮  ቍିଵ

  (A31) 892 
To combine the multiple spectra into a single best fit spectrum we calculate a weighting, 893 
w, for each spectrum based on the penalty function, ℓ(௞), and number of free parameters, 894 
Nq: 895 

௞ݓ = ୣ୶୮(ିℓ(ೖ)ିN೜(ೖ))∑ ୣ୶୮(ିℓ(ೖ)ିN೜(ೖ))ೖ   (A32) 896 
 897 
Finally, the weighted spectra are summed together to yield the following best-fit 898 
combined spectrum, መ݂(ܧ), with normalized error, ߜ ln መ݂(ܧ) : 899 ln መ݂(ܧ) = 〈ln ݂(combined)(ܧ)〉 = ∑ ௞ݓ ln ݂(௞)(ܧ)௞   (A33) 900 ߜ ln መ݂(ܧ) = ඥvar ln ݂(combined)(ܧ)  901 



                  = ට∑ ௞ݓ ቀߪ୪୬ ௙(ೖ)(ா)ଶ + lnଶ ݂(௞)(ܧ)ቁ − 〈ln ݂(combined)(ܧ)〉ଶ ௞   (A34)  902 
 903 
To convert this into differential particle flux and the standard error on that flux the 904 
following equations are applied: 905 መ݂(ܧ) = exp ቀln መ݂ (ܧ)ොߪ ቁ  (A35) 906(ܧ) = መ݂(ܧ) ∙ ߜ ln መ݂(ܧ)  (A36) 907 908 



Appendix B: Table of Variables 909 
 910 
Variable Units Description ݕԦ Counts (#) Vector of measured counts 

from POES MEPED with 

length Ny. 

Ny Channels Number of energy channels 

from POES MEPED used 

in inversion. ߣԦ Counts (#) Vector of expected counts 

calculated by inversion 

method. 

E keV Energy ܩԦ(ܧ) cm2 sr Vector of response 

functions for POES 

MEPED energy channels at 

particle energy, E, from 

Y11 appendix B. 

f(E) #/cm2/sr/sec/keV Differential particle flux at 

energy, E. ݐߜ sec Integration time of 

instrument data in use. 16 

seconds for this work. 



 cm2 sr sec keV Weighting function of ܪ

inversion with dimensions 

Ny ✕ NE 

NE Bins Number of energy bins 

used in discretization. 

௝݂  #/cm2/sr/sec/keV Discretized form of f(E) 

from equation 1. 

p(P) Unitless Poisson probability 

distribution of y given λ. ℓ(௉) Unitless Poisson probability 

distribution penalty 

function. 

p(C) Unitless Calibration probability 

distribution of y given λ. ℓ(஼) Unitless Calibration probability 

distribution penalty 

function. 

 Unitless Gaussian relative error ݍԦ Unitless Vector of free parameters 

for each spectrum of length 

Nq. 

Nq parameters Number of free parameters 

for a given spectrum. This 

δy



equals 2 for PL, EE, and 

RM or 4 for DM. 

E0 keV Particle rest energy: 511 for 

electrons and 9.38×105 for 

protons. ߪ୪୬ ௙(ೖ)(ா) ln(#/cm2/s/sr/keV) Standard error on flux of 

log-normal distribution 

spectrum. ݓ௞ Unitless Weighting on a given 

spectrum contribution 

towards the total combined 

spectrum. መ݂(ܧ) #/cm2/s/sr/keV Combined differential 

particle flux. ߪො(ܧ) #/cm2/s/sr/keV Standard error on combined 

differential particle flux. ܧ஽(ߙ) #/cm2/s/sr/keV Differential Particle Flux 

per pitch angle. ܧி #/cm2/s/keV Differential Particle Flux 

over entire BLC. 

L Unitless L-Shell value 

Λ degrees Magnetic Latitude 

 911 
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