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Abstract The derivation of integral fluxes from instrument coincidence rates requires accurate knowledge
of their effective energies. Recent cross calibrations of GOES with the high-energy-resolution Interplanetary
Monitoring Platform (IMP) 8 Goddard Medium Energy Experiment (GME) (Sandberg et al., Geophys. Res. Lett,
41, 4435, 2014a) gave significantly lower effective energies than those currently used by the NOAA Space
Weather Prediction Center to calculate solar proton integral fluxes from GOES rates. This implies
systematically lower integral fluxes than currently produced. This paper quantifies the differences between
the current and the cross-calibrated GOES integral fluxes and validates the latter. Care is taken to rule out the
spectral resolution of the measurements or different integration algorithms as major contributors to
differences in the magnitudes of the derived integral fluxes. The lower effective energies are validated by
comparison with the independent, high-resolution observations by the STEREO Low-Energy Telescope (LET)
and High-Energy Telescope (HET) during the December 2006 solar proton events. The current GOES product
is similar to the >10MeV integral fluxes recalculated by using the Sandberg et al. [2014a] effective energies
but is substantially greater at higher energies. (The median ratios of the current to the recalculated fluxes are
1.1 at >10MeV, 1.7 at >30MeV, 2.1 at >60MeV, and 2.9 at >100MeV.) By virtue of this validation, the cross-
calibrated GOES integral fluxes should be considered more accurate than the current NOAA product. The
results of this study also demonstrate good consistency between the two long-term IMP 8 GME and STEREO
LET and HET solar proton data sets.

1. Introduction

Since the beginning of the space age, the radiation hazard from solar proton events (SPEs) has been charac-
terized in terms of their integral fluxes above selected threshold energies. For the purpose of calculating
hazards to human space flight, Webber et al. [1963] characterized events observed between 1956 and 1962
in terms of their>10, >30, and >100MeV integral fluences (time- and solid-angle-integrated fluxes, protons
cm�2) derived from ionospheric radio absorption and balloon- and satellite-borne particle measurements
[see alsoMalitson and Webber, 1963]. The>30 and>100MeV integral fluxes were used to calculate radiation
dose to humans for nine spacecraft shielding configurations. The Solar Proton Monitoring Experiment
(SPME), measuring >10, >30, and >60MeV proton integral fluxes, was designed as a “simple and easily
reproducible detector system to form the basis of an operational monitoring program” [Bostrom et al.,
1968; Kohl, 1968]. SPME flew on several missions in the late 1960s and early 1970s, including the
Interplanetary Monitoring Platform (IMP) F, G, and I missions and polar-orbiting NOAA satellites in the
Improved TIROS Operational System series. Hourly integral fluxes produced by this operational monitoring
program from May 1967 to May 1973 were initially published in the NOAA National Geophysical Data
Center’s Solar-Geophysical Data reports. The IMP SPME data, along with other instruments’ observations
interpolated to the SPME energies, were used to construct a series of interplanetary proton models for use
in mission design [King, 1974; Stassinopoulos and King, 1974; Armstrong et al., 1983; Feynman et al., 1990,
1993]. In the earlier models [King, 1974; Stassinopoulos and King, 1974], the data were extrapolated to
>100MeV. The JPL 1991 model [Feynman et al., 1993] supplemented the integral fluxes above the three
SPME energies with >1 and >4MeV integral fluxes.
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Since 1976, the NOAA Space Weather Prediction Center (SWPC) has characterized large SPEs observed by the
Geostationary Operational Environmental Satellites (GOES) in terms of their >10MeV flux
(protons cm�2 sr�1 s�1), both the onset (at 10 protons cm�2 sr�1 s�1) and peak flux. However, NOAA speci-
fied an Energetic Particle Sensor (EPS) for GOES with proton channels of finite energy width [Grubb, 1975],
rather than physical channels that were semi-infinite in energy. Therefore, GOES proton integral fluxes are
calculated from a combination of multiple EPS rates. The algorithm used on GOES 7–15 (R. Zwickl, unpub-
lished note, 1989, hereafter referred to as Z89; see Appendix A for a description of this algorithm) calculates
integral fluxes above a set of seven threshold energies (1, 5, 10, 30, 50, 60, and 100MeV). The >10, >50, and
>100MeV solar proton integral fluxes are plotted in real time at http://www.swpc.noaa.gov/. SWPC issues
near-real-time operational warnings and alerts for robotic and human space flight based on the >10MeV
fluxes, while the >100MeV integral fluxes support SWPC’s warnings and alerts for suborbital human flights,
including commercial transpolar airline routes (issued when the >100MeV flux exceeds 1
proton cm�2 sr�1 s�1). GOES integral proton fluxes interpolated to E> 2.2MeV and E> 5.2MeV serve as
inputs to operational predictions of D region absorption of high-frequency and very high-frequency radio
waves in the polar regions [Sauer and Wilkinson, 2008]. The Aerospace Corporation’s Spacecraft
Environmental Anomalies Expert System—Real Time (SEAESRT) for geosynchronous orbit, in operation at
SWPC, uses the GOES>30MeV protons to indicate the likelihood of single-event effects and the>5MeV pro-
tons to indicate the risk of solar array power loss due to radiation dose increases [O’Brien, 2009].

The GOES EPS proton channels are broad in energy and relatively few. In converting rates from a finite but
broad energy channel to differential fluxes, one faces the problem of deriving the effective energy of the dif-
ferential fluxes. The effective energy can be derived from an inversion of the measurement integral. The Z89
algorithm uses fixed energies derived from the laboratory calibrations. Using the same band edges, Kress
et al. [2013] solved for the effective energy iteratively assuming a power law spectrum. The first version of
the Solar Energetic Particle Environment Modeling (SEPEM) Reference Data Set (RDS) was created based
on a simple cross calibration of fluxes after interpolating the GOES EPS and IMP 8 Goddard Medium
Energy Experiment (GME) instruments to the same energies assuming that the geometric mean value of
the bin limits was an appropriate proxy for the effective energy in both cases [Crosby et al., 2015].
Sandberg et al. [2014a, hereafter referred to as S14] derived effective energies for six of the EPS channels
through cross calibration with the high-energy-resolution Goddard Medium Energy Experiment (GME) on
IMP 8. The resulting data set merged from all the GOES, and the earlier Synchronous Meteorological
Satellite data now form version 2 of the SEPEM RDS. With these parallel developments, the question as to
which set of EPS effective energies is more accurate has remained open.

An opportunity to address this question arose shortly after the launch of STEREO, during the December 2006
SPEs, when STEREO A and B were closely separated in highly elliptical Earth orbit. This opportunity has
already been used to cross compare STEREO with several near-Earth differential proton flux observations
[Mewaldt et al., 2007, 2015; Lario et al., 2013; Richardson et al., 2014]. (The last data from IMP 8 GME were
recorded on 07 October 2006.) Since the STEREO and IMP 8 GME observations have comparable energy reso-
lution, the December 2006 events provide a unique opportunity to validate the S14 effective energies for
GOES. This paper addresses three major questions: (1) how well do integral fluxes calculated from high-
resolution IMP 8 GME spectra agree with those calculated from low-resolution, cross-calibrated GOES spectra,
(2) how well do the STEREO differential energy spectra agree with the cross-calibrated GOES spectra during
the December 2006 events, and (3) how does the use of the S14 effective energies affect the derived GOES
integral fluxes? The answers to the first two questions serve as necessary validation prior to drawing conclu-
sions from the answers to the third. We find that the use of the S14 effective energies results in good agree-
ment between the IMP 8 and GOES integral fluxes, and between the STEREO and GOES differential and
integral fluxes. Moreover, the resulting integral fluxes are significantly lower than those currently derived
by NOAA in real time from the GOES observations.

2. Data

The GOES fluxes used in this study are from the EPS on GOES 5, 7, 8, and 11. The EPS detector design is the
same on GOES 4 through 15, apart from a reduction in the geometrical factor of the Dome D3 detector (which
produces proton channel P4) starting with GOES 8 [Onsager et al., 1996]. Rodriguez et al. [2014] have shown
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that the relative responses of the
GOES 8 through 15 EPS models agree
to within �20%. In the present study,
only the effective energies are varied,
not the fluxes produced by NOAA.
The EPS P1 channel is not considered
in this study because in addition to
solar protons, it observes trapped
magnetospheric protons not
observed by IMP 8 or STEREO [Green
et al., 2004].

The IMP 8 GME consisted of three
particle telescopes, two of which are
relevant to the present work, the
Low Energy Detector (LED) and the
Medium Energy Detector (MED)
[McGuire et al., 1986]. Together, the
LED and MED measured protons in

24 logarithmically spaced channels between 4.2 and 485MeV. S14 have used this data set to derive effective
energies for the six GOES EPS channels in this energy range, after correcting the channels affected by the gra-
dual failure of the LED active anticoincidence circuit between 1984 and 1990.

The STEREO In-situ Measurements of Particles and CME Transients investigation comprises four instruments,
data from two of which are used in this paper: the Low-Energy Telescope (LET) [Mewaldt et al., 2008] and the
High-Energy Telescope (HET) [von Rosenvinge et al., 2008]. The LET and HET on STEREO A and B have the same
design. LET has two segmented fan fields of view (FOV), 133° in the ecliptic by�14.5° out of the ecliptic, that
look along the nominal Parker spiral direction, one sunward and one antisunward. HET has a single conical
(55° full-angle) FOV directed westward of the Sun along the nominal Parker spiral. LET measures the proton
spectrum in eight channels between 1.8 and 13.6MeV, while HET provides 11 proton channels between 13.6
and 100MeV (the greatest effective energy being 76MeV) (Table 1). (By comparison, IMP 8 GME had 18 chan-
nels between 4.2 and 100MeV.) In this paper, the 10–12MeV LET channel is not used due to its spectrally
dependent efficiency (85–90%). Rather, it is replaced with a value in the 10–13.6MeV gap between LET and
HET extrapolated byusing apower law fit to the 6–8 and 8–10MeV LET channels. The channel energies are esti-
matedas theenergywhere theflux is equal to the integral of the spectrumover theenergybin (using the actual
spectral slope) divided by the width of the energy bin. This is equivalent to the iterativemethod used to calcu-
late GOES effective energies discussed below. Galactic cosmic ray backgrounds are significant in the two
highest-energy HET channels. They are removed by calculating the average uncorrected fluxes from
December 1 through 12:00 UT on 5 December and from 25 to 31 December, and subtracting these averages
from the observed fluxes.

All of the STEREO observations during the December 2006 events were taken during a single pair of closely
spaced highly elliptical orbits (perigee on 12 December), ended by a lunar swing-by late on 15 December that
sent the two spacecraft into their separate orbits [von Rosenvinge et al., 2009]. All STEREO data taken when
either spacecraft was inside the magnetopause (0400–1700 UT) are omitted from the analysis. Moreover, the
LET-A computer stopped operating during this radiation belt pass and was not restarted until the 2200 h on
15 December. STEREO-B was flying upside down during this period; therefore, the LET-B and HET-B look direc-
tions are centered perpendicular to the nominal Parker spiral direction at 1 AU, and therefore perpendicular to
the LET-A and HET-A look directions [Mewaldt et al., 2009; von Rosenvinge et al., 2009]. The LET field of view
about the ecliptic plane is effectively reduced when dynamic thresholds change in order to reduce dead-time
at high flux levels [Mewaldt et al., 2008]. Dynamic thresholds changed several times during theDecember 2006
events, and these changes were accounted for in the processing. For this paper, the LET fluxes are omni-
directional averages of those detector combinations for which the dynamic thresholds have not been raised.

For comparisons between GOES and STEREO, solar wind dynamic pressure observations are taken from the
OMNI data set [King and Papitashvili, 2005].

Table 1. STEREO LET and HET Proton Energy Bins Used in This Papera

LET Proton Bins HET Proton Bins

Number El (MeV) Eu (MeV) Number El (MeV) Eu (MeV)

1 1.8 3.6 1 13.6 15.1
2 3.6 4.0 2 14.9 17.1
3 4.0 4.5 3 17.0 19.3
4 4.5 5.0 4 20.8 23.8
5 5.0 6.0 5 23.8 26.4
6 6.0 8.0 6 26.3 29.7
7 8.0 10.0 7 29.5 33.4
8 10.0 13.6 8 33.4 35.8

9 35.5 40.5
10 40.0 60.0
11 60.0 100.0

aBin energies are the same for STEREO A and B. LET bin 8 is calculated
by power law extrapolation from bins 6 and 7 and used in place of the
10–12MeV physical bin, which has a spectrally dependent efficiency.
LET-A bin 2 showed erratic noise of unknown origin during the
December 2006 SPEs and therefore is excluded from the data.
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3. Methods for Calculation
of Integral Flux

In this paper, the GOES integral fluxes
are calculated by using a piecewise
power law to represent the differen-
tial number flux spectrum. The spec-
tral pieces are defined by
characteristic energies of the EPS
channels and estimates of the differ-
ential number fluxes in these chan-
nels. The integral fluxes in each
piece are calculated analytically, after
which they are summed in order to
estimate the total integral flux. (This

method is used in section 5; a variant of this method is used in section 4.) The highest-energy segment
involves extrapolation to some energy well above the effective energy of the highest-energy measurement.
In the case of the December 2006 events, one set of integral fluxes is produced in real time by SWPC by using
the Z89 algorithm. The other two sets are derived by using a simpler quadrature method, with different chan-
nel effective energies, one being derived from the Z89 set and the other from S14 (Table 2). The Z89 channel
energies are derived from the proton beam calibrations of the GOES 4–6 engineering and flight models
[Panametrics, 1979, 1980a]. The latter method is used to compare GOES and IMP 8 integral fluxes.

Since its introduction, the Z89 integral flux algorithm has been used by SWPC to calculate integral flux from
the GOES EPS channel fluxes. This algorithm removes the slowly varying backgrounds, corrects for high-
energy contamination of lower energy channels, and estimates the integral flux from the corrected channel
fluxes. Its outputs include the corrected channel fluxes in units of differential number flux and the integral
fluxes above a set of seven threshold energies. In this paper, we use the Z89 integral fluxes and corrected
channel fluxes unaltered; the latter are the inputs to the GOES integral flux calculations in section 5. For
details of the Z89 algorithm, please refer to the appendix.

With the S14 effective energies, the integral flux is calculated by using a simple quadrature method from
EPS channel fluxes. A piecewise power law is defined by the observed differential fluxes and the fixed
effective energies of S14. Assuming a power law, the differential number fluxes at adjacent effective ener-
gies are expressed as

ji ¼ αiE
�γi
i

jiþ1 ¼ αiE
�γi
iþ1

(1)

The integral flux between two effective energies is given by

J ¼ αi
�γi þ 1

E�γiþ1
iþ1 � E�γiþ1

i

� �
(2)

where the power law exponent is given by

γi ¼
ln

jiþ1
ji

� �,
ln

Ei
Eiþ1

� � (3)

Theminimum andmaximum power law exponents and the default exponents used at background flux levels
are the same as in the Z89 algorithm (Appendix A). Given that the threshold energy Et lies within the lower
and upper bounds El and Eu of one channel, the lowest energy contribution to the integral flux is calculated
one of two ways. If the threshold energy is greater than the effective energy of channel i, the integral flux
between the threshold energy and the effective energy of the next higher-energy channel (i+ 1) is calculated
by using a form of equation (2) with Ei replaced by Et. If the threshold energy is less than the channel effective
energy, the integral flux between the threshold energy and the effective energy of the channel in which it lies

Table 2. GOES EPS Channel Energies Used in the December
2006 Calculationsa

Channel El (MeV) Eeff (MeV) Egm (MeV) Eu (MeV)

P1 0.6 [1.6] 1.6 4.2
P2 4.2 6.4 6.04 8.7
P3 8.7 12.5 11.2 14.5
P4 15. 20.8 25.7 44.
P5 39. 46.1 56.6 82.
P6 84. 104. 130. 200.
P7 110. 148. 234. 500.

aThe lower and upper channel energies El and Eu are those used by the
Z89 algorithm. The geometric mean of these energies, Egm, is the starting
point for the GOES-R iterative solution for the channel effective energy.
Eeff are from Sandberg et al. [2014a] (S14) for GOES 11 except for P1.
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is calculated by using a downward extrapolation of the power law defined by channels i and i+ 1. The intent
of this step is to prevent the trapped proton fluxes at lower energies from affecting the >5MeV integral
fluxes. For EPS, the former condition holds for the>30 and>60MeV integral fluxes, while the latter condition
holds for the >1, >5, >10, and >100MeV fluxes. In the case of the >50MeV calculation, this depends on
whether the S14 effective energy for GOES 11 P5 (46.1MeV) or the geometric mean of the P5 edge energies
(56.6MeV) is used as the effective energy in the GOES-R algorithm (Table 2).

The iterative GOES-R method, developed for the new solar proton measurements on the next generation of
NOAA geostationary weather satellites, is applied to EPS for comparison here because it is intermediate
between the first two methods, combining the channel edge energies used by Z89 with the quadrature
method used with the S14 energies. The piecewise power law exponents and channel effective energies are
solved for iteratively, with the observed fluxes fixed. In this approach, the geometric means of the channel edge
energies (Table 2) are used as the first guess for the channel effective energies. The energy Ei at which the dif-
ferential channel flux is equal to the flux given by a power law spectrum is, for γ≠ 0 or γ≠ 1 [Kress et al., 2013],

Ei ¼ �γþ 1ð Þ Eu � Elð Þ
E�γþ1
u � E�γþ1

l

� �
2
4

3
5

1
γ

(4)

(Note that for γ= 2, this expression reduces to the geometric mean of El and Eu.) If γ= 1, then the expression is

Ei ¼ Eu � Elð Þ
ln Eu

El

� � (5)

If γ= 0, then the differential flux is correct at all energies in the band, and the average channel energy can be
used. The iteration on Ei proceeds until the change in Ei is less than 1%, with a maximum of 20 iterations.
Again, theminimum andmaximum power law exponents and the default exponents used at background flux
levels are the same as in the Z89 algorithm (see Appendix A).

The fluxes calculated by using different methods or from different satellites are compared by calculating the
quartiles (Q1, Q2, and Q3) of the flux ratios [Morley et al., 2016] at fixed energies:

nth quartile ¼ Qn
xA
xB

� �
(6)

where n=1, 2, or 3 corresponding to 25%, 50%, and 75%; x is the differential flux at some energy or the integral
flux above some energy; and “A” and “B” indicate different satellites or different products of the same inputs.

In order to distinguish the impact of very noisy samples on this estimate, the quartiles are calculated for fluxes
above certain levels as well as for all fluxes. For the >10MeV and >100MeV integral fluxes, the threshold flux
levels used by SWPC operations to issue SPE alerts are used (10 and 1cm�2 s�1 sr�1, respectively). For the >30
and>60MeV integral fluxes, levels are used (5 and 3cm�2 s�1 sr�1, respectively) that are 10 times those planned
to be used to identify the onset of large SPEs (before alerts are issued) observed by GOES-R at these energies.

4. Comparison of IMP 8 and GOES Integral Fluxes, 1984–2001

The S14 effective energies correspond to the values onemay attribute to the differential proton fluxmeasure-
ments of GOES EPS in order to obtain the best agreement with IMP 8 GME measurements. It is evident that
the use of the effective energies for GOES differential channels will affect the integral flux calculations as well.
However, before investigating the consequences of using the effective energy values in the integration
schemes applied to GOES EPS data, it is crucial to verify that the effective integral GOES fluxes are in agree-
ment with IMP 8 GME. It should be noted that this is not a priori ensured given the restricted spectral resolu-
tion provided by six EPS channels in comparison with the dense energy binning provided by the 24
differential channels of GME in the same energy range.

For the calculation of the integral fluxes we apply a simple numerical integration scheme which uses only the
logarithmic centered values of the IMP 8 GME nominal energy proton bins and the effective energy values for
the GOES channels (S14). The GOES and GME differential proton fluxes are initially re-binned (using a piecewise
power law interpolation scheme) to the same dense proton energy grid of 100 logarithmically equally distanced
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bins within the energy range of 5–500MeV. Then, they are integrated for energies above 10, 30, 60, 100, 150,
and 250MeV. GOES integral fluxes calculated by using this method and the integration method described in
section 3 agree well when a common set of channel effective energies is used [Sandberg et al., 2014b].

Before proceeding to the comparisons, it is crucial to be aware of the uncertainties arising during the integra-
tion procedure. The integration of IMP 8 GME flux data set suffers from the frequent presence of NaN values
attributed to the postprocessing during the data cleaning. Apart from the cases where all the spectral points
are NaNs, 54% of the spectra have no NaNs, 29% have 1–4 NaNs, and 17% have more than four NaNs. Since
spectral points with NaNs are omitted from the integral, there is some underestimation when NaNs are pre-
sent. However, since the integrals are dominated by the flux just above the threshold energies, and NaNs at
these energies result in NaNs for the affected integral flux, this has a small impact on the overall comparison.
Of broader concern for the calculation of GOES integral fluxes, the piecewise power law approximation might
be inaccurate due to the sparse binning of GOES effective energy values, while the enhanced background
levels (due to a combination of instrument noise and galactic cosmic rays) for the high-energy differential flux
series might lead to overestimated integral values.

In Figure 1, as an example, we present the resulting GOES 7 and IMP 8 integral flux series calculated for the
series of large SPEs that took place during late May 1990. We have selected this series due to the relatively
large number of finite values in the IMP 8 GME cleaned data set. The integral fluxes correspond to threshold
energies of 10, 30, 60, 100, 150, and 250MeV. It is evident that the profiles of the effective integral GOES fluxes
at the selected energies are in very good agreement with the corresponding IMP 8 values. Differences start to
appear when the GOES integral fluxes approach the corresponding background levels (the upper limits of
which are indicated by dashed lines).

For the comparison between GOES and IMP 8 integral proton fluxes, we consider their simultaneous measure-
ments between 01 January 1984 and 25 October 2001, the period used by S14 in their cross calibration (312,413
points). In order to reduce the differences attributed to the extrapolation of the differential fluxes to energies far
above their energy range (i.e., up to 500MeV), we subtract the 250–500MeV contribution from the integrals. We
present in Figure 2 two-dimensional histograms of the scatter between IMP 8 GME and effective GOES integral
fluxes within the 10–250, 30–250, 60–250, and 100–250MeV energy ranges. The horizontal and perpendicular
dashed lines correspond to predefined integral flux values of [10, 5, 3, 1] cm�2 s�1 sr�1, the operational alert

Figure 1. Time series of GOES 7 EPS and IMP 8 GME integral proton fluxes for the series of large SPEs during late May 1990,
calculated by using the integration method described in section 4. The EPS integral fluxes are represented by continuous
lines, while the GME integral fluxes are represented by discrete symbols. The dashed lines represent the upper limit of the
background fluctuations of GOES integral fluxes calculated during these events. (FPIU = directional integral proton flux).
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Figure 2. (left column) Two-dimensional histograms (density plots) of effective GOES and IMP 8 GME integral fluxes for the period 01 January 1984 to 26 October
2001 in four energy ranges (10–250MeV, 30–250MeV, 60–250MeV, and 100–250MeV). (right column) The plots correspond to IMP 8 GME integral fluxes with a
background level artificially introduced that is equal to that of GOES EPS, as described in the text. For reference, y = x curves are provided. The horizontal and
perpendicular dashed lines correspond to the operational alert levels defined at the end of section 3.
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levels defined at the end of section 3.
As can be seen in Figure 2 (left col-
umn), significant deviations appear
for intensities lower than the integral
flux thresholds and close to GOES
EPS background levels. In order to ver-
ify that these deviations are attributed
exclusively to the background, we
eliminate the contributions attributed
to the different background levels of
the derived fluxes. In order to do this,

we calculate the varying background levels of GOES integral fluxes BGR_GOES(E) and add them to IMP 8
GME data. This is well justified given the fact that BGR_GOES(E)≫ BGR_IMP8(E). The resulting integral fluxes
can be considered as a virtual data set with calibration and energy resolution identical to IMP 8 GME and
(enhanced) background levels identical to that of GOES EPS. Comparisons of this virtual data set with effective
GOES integral fluxes are presented in Figure 2 (right column). The resulting two-dimensional histograms are
well organized along the y= x line, demonstrating that the systematic differences between the GOES and
IMP 8 integral fluxes are dominated by the backgrounds in the former.

Table 3. Quartiles of the Ratios of Proton Integral Fluxes (Equation (6))
Calculated From IMP 8 and From Cross-Calibrated GOES Data During 01
January 1984 to 26 October 2001a

Energy (MeV)

Ratios of IMP 8 to GOES Integral Fluxes

10–250 30–250 60–250 100–250 150–250

First quartile (Q1) 0.942 0.959 0.984 1.008 1.002
Median (Q2) 1.052 1.045 1.059 1.089 1.112
Third quartile (Q3) 1.194 1.151 1.143 1.180 1.245

aThe ratios here are of the IMP 8 fluxes to the GOES fluxes, with the
GOES backgrounds added to the IMP 8 fluxes as described in the text.

Figure 3. Comparison of integral fluxes above four energies during the December 2006 SPEs, calculated from GOES chan-
nel fluxes using three methods: SWPC’s operational product (Z89, purple), the GOES-R algorithm with iteratively deter-
mined effective energies (green), and the same quadrature method as GOES-R, but with the fixed effective energies of S14
(goldenrod). As plotted, the SWPC result generally lies atop the GOES-R result at the three lower energies. The horizontal
dotted lines indicate the flux thresholds used in the quartile determinations (Table 4).

Space Weather 10.1002/2016SW001533

RODRIGUEZ ET AL. PROTON INTEGRAL FLUX CROSS CALIBRATION 297



In order to quantify the residual differences between the IMP 8 GME and effective GOES integral fluxes, we
have calculated the median and first and third quartiles of the ratios of the GME fluxes (with the GOES back-
grounds added) to the GOES fluxes (equation (6)). The results (Table 3) quantify the good agreement
between the IMP 8 and cross-calibrated GOES integral fluxes that is apparent in the two-dimensional histo-
grams. This result validates the estimation of integral fluxes by using the spectrally sparse GOES channel
fluxes (with the backgrounds removed) assigned to the S14 effective energies to define a piecewise power
law spectrum. This is particularly important for SPEs after the cessation of the high-resolution IMP 8 observa-
tions, for which we must rely on the GOES observations.

5. Comparison of GOES and STEREO Proton Fluxes During the December 2006 SPEs
5.1. Comparison of GOES Integral Fluxes Calculated Using Different Methods

Solar proton integral fluxes (>10,>30,>60, and>100MeV) calculated by using the Z89 algorithm, the iterative
GOES-R algorithm, and the S14 effective energies are shown in Figure 3 for 06–15 December 2006. The integral
fluxes produced by the Z89 and GOES-R algorithms are similar; differences are difficult to discern visually, apart
from some divergences at>100MeV. The integral fluxes calculated by using the S14 effective energies are sub-
stantially lower at the higher energies, with the difference increasing with energy. The quartiles of the ratios of
the Z89 to the GOES-R or S14 fluxes are summarized in Table 4, both for the complete time series and for those
periods in which the Z89 fluxes were above the operational flux thresholds given earlier. The medians (Q2) are
similar in general between the two cases. The exception to this is the comparison between GOES-R and Z89 at
>100MeV, in which the median ratio for all flux levels is somewhat greater than the median for fluxes above
the thresholds. Themedian ratios of the Z89 to GOES-R fluxes are reasonably close to unity, the largest deviation
from unity being 0.932 at>30MeV. Themedian ratios of the Z89 to S14 fluxes above the operational thresholds
are 1.10 and 2.87 at>10MeV and>100MeV, the integral fluxes based uponwhich SWPC issues Solar Radiation
Storm alerts, and 1.74 at>30MeV, used in the SEAESRT model. These ratios indicate substantial systematic dif-
ferences at the higher energies. Since the distinct GOES-R and Z89 algorithms produce integral fluxes that agree
well using the same channel energies, the difference between the S14 (using the GOES-R integration method
without iterating on the effective energies) and Z89 fluxes is dominated by the difference in effective energies.
The next two sections therefore investigate whether the S14 or Z89 effective energies agree better with an
independent data set, the STEREO LET and HET measurements.

5.2. Cross Comparison of GOES and STEREO Differential Fluxes

Prior to comparing GOES and STEREO integral fluxes, a comparison of differential fluxes is needed in order to
understand sources of differences. Figure 4 shows two examples of GOES 11, STEREO A, and STEREO B spectra
for low and high Pdyn. The GOES 11 spectra are plotted at the S14 effective energies and at the channel mean
energies used by the Z89 algorithm. As noted previously, the agreement between STEREO A and B

Table 4. Quartiles of the Ratios of GOES 11 Proton Integral Fluxes (Equation (6)) During the December 2006 SPEs
Calculated Using the GOES-R and S14 Methods and the Baseline Z89 Method (Figure 3)a

Flux Ratios Flux Range Qn

Energy (MeV)

>10 >30 >60 >100

Z89/GOES-R above thresholds Q1 0.927 0.918 0.945 0.917
Q2 0.940 0.932 0.968 0.983
Q3 0.953 0.945 0.990 1.170

all Q1 0.927 0.906 0.932 0.946
Q2 0.941 0.930 0.964 1.042
Q3 0.954 0.946 1.002 1.488

Z89/S14 above thresholds Q1 1.029 1.667 2.053 2.650
Q2 1.095 1.735 2.132 2.871
Q3 1.166 1.758 2.250 3.176

all Q1 1.020 1.668 2.033 2.013
Q2 1.091 1.732 2.147 2.872
Q3 1.162 1.768 2.296 3.507

aThe flux thresholds are 10, 5, 3, and 1 cm�2 s�1 sr�1 for the >10, >30, >60, and >100MeV fluxes, respectively. Q1,
Q2, and Q3 correspond to the 25th, 50th and 75th percentiles.
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measurements is very good [Mewaldt et al., 2015]. For the case with Pdyn = 0.9 nPa, the GOES fluxes are lower
than the STEREO fluxes below ~20MeV, during an undulation in the GOES fluxes due to enhanced geomagnetic
cutoffs in the westward look direction of the GOES 11 EPS [Rodriguez et al., 2010; Rodriguez, 2012; Kress et al.,
2013]. This effect is not present in the second case for which Pdyn = 15.2 nPa. Above ~20MeV in both cases,
the GOES spectra plotted at the Z89 energies are enhanced relative to the GOES spectra plotted at the S14 ener-
gies as well as the STEREO spectra. These two spectra indicate that the GOES spectra at the S14 energies derived
from cross calibrations with IMP 8 GME agree much better with the STEREO spectra. The following analysis
quantifies this apparent agreement over the entire period of interest (06–15 December 2006).

Figure 4. Two examples of GOES and STEREO spectra during periods of low and high solar wind dynamic pressure, (a) 10
December 2006, 0000–0100 UT, when the hourly Pdyn was 0.9 nPa, and (b) 14 December 2006, 2200–2300 UT, when the
hourly Pdyn was 15.2 nPa. The STEREO A spectra are represented by a green line. The STEREO B spectra are represented by
purple dots. The GOES spectra are plotted as a solid orange line against the S14 effective energies and as a dashed blue line
against theZ89effectiveenergies,withdiamonds indicating thedatapoints. Theverticaldotted line is at13.6 MeV, separating
the LET and HET spectra. No LET-A data were available in the second case. (FPDU= directional differential proton flux).

Figure 5. Comparison of (top) 10–100MeV and (middle) 30–100MeV integral fluxes observed by STEREO and GOES 11 dur-
ing the December 2006 SPEs. The GOES 11 fluxes are calculated by using the Z89 algorithm and the S14 effective energies.
(bottom) The solar wind dynamic pressure (Pdyn) from the OMNI data set. All data here are 1 h averages.
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The cross comparison here is performed under the conditions that the solar proton fluxes are approximately
homogeneous and isotropic between GOES and STEREO, with the exception of the effect of geomagnetic
cutoffs at GOES. Therefore, the following periods are excluded from the quantitative comparison: 0400–
1659 UT on 12 December, when one or both of the STEREO satellites were inside themagnetosphere, in order
to avoid contamination from the radiation belts; 0300–0859 UT on 13 December, when the lower energy
GOES channels were severely contaminated by the hard proton spectra during ground level enhancement
(GLE) 70 (0250 UT onset [e.g., Matthiä et al., 2009]); and after the passage of the shock late (2300 UT on 14
December through 0959 UT on 15 December), when the fluxes were strongly inhomogeneous (between
GOES 11 and STEREO) and anisotropic (at STEREO, see Figure 5) [Mulligan et al., 2007; von Rosenvinge et al.,
2009]. This leaves 210 one-hour spectra to compare (151 for LET-A).

The quartiles for the ratios of the STEREO to the GOES spectra are determined at six energies as follows. The
high-resolution STEREO spectra are interpolated to the GOES P2-P5 (6.4–46MeV; Table 2) effective energies,
and the GOES P5 and P6 fluxes are interpolated to the highest-energy STEREO HET energy (76MeV). In addi-
tion, for comparison with the Lario et al. [2013] cross calibration between GOES P4 and HET, the STEREO spec-
tra are interpolated to the geometric mean of the P4 edge energies (25.7MeV) (Table 2). Piecewise power law
interpolation is used. For this comparison of solar proton observations inside and outside the magneto-
sphere, the quartiles are also calculated for the subset of spectra for which solar wind dynamic pressure
(Pdyn) is greater than or equal to 5 nPa (Figure 5). This is based on the recognition [Rodriguez et al., 2010,
2014; Kress et al., 2013] that geomagnetic cutoff effects increase as channel energy and Pdyn decrease.

The results are summarized in Table 5. The pattern of comparisons is similar between both STEREO A and B
and GOES 11. The median ratios of the STEREO to GOES 11 fluxes indicate good agreement at the S14 ener-
gies for P2–P5 (6.4–46.1MeV), ranging from 0.819 to 1.18. The median ratios are substantially larger for all
Pdyn than for Pdyn above 5 nPa at all energies except 76MeV. At the lower energies, this systematic difference
may be due in part to suppressed geomagnetic cutoffs during the period of Pdyn> 5 nPa (relatively larger
GOES fluxes resulting in a smaller ratio). When P4 is attributed to the geometric mean energy of 25.7MeV,
4.9MeV greater than the S14 energy, the medians decrease to 0.428–0.467. This is roughly consistent with
the factor of 1.6 that Lario et al. [2013] used to reduce the P4 fluxes for comparison with HET, noting that their
factor of 1.6 was derived over a shorter period (13–14 December) and that they did not give the energy to
which the HET fluxes were interpolated.

At 76MeV, the median ratios are larger than at the lower energies: 1.39 and 1.64 for STEREO A and B (1.40 and
1.65 for Pdyn ≥ 5 nPa). These larger ratios could be due in part to the use of a single power law to interpolate
the GOES fluxes over a 58MeV range (P5 and P6). Although, throughout this period, the HET fluxes at 76MeV
lie both above and below the power law defined by P5 and P6, the lower quartiles are substantially greater
than unity. Since GOES fluxes at these and higher energies are not significantly affected by geomagnetic cut-
offs [Rodriguez et al., 2010], the differences may be dominated by time and directional variations in spectra
that moreover depart from a single power law to some degree.

Table 5. Quartiles of the Ratios of STEREO to GOES 11 Differential Fluxes (Equation (6)) During the December 2006 SPEs,
for all Pdyn and for Pdyn ≥ 5 nPa

Flux Ratios Pdyn range Qn

Energy (MeV)

6.4 (P2) 12.5 (P3) 20.8 (P4) 25.7 (P4) 46.1 (P5) 76

STEREO A/GOES 11 S14 all Q1 0.981 0.953 0.811 0.428 0.915 1.144
Q2 1.182 1.021 0.851 0.458 0.958 1.391
Q3 1.566 1.145 0.895 0.519 0.987 1.686

≥5 nPa Q1 1.010 0.956 0.746 0.366 0.887 1.151
Q2 1.096 0.985 0.819 0.428 0.931 1.396
Q3 1.202 1.026 0.829 0.450 0.964 1.514

STEREO B/GOES 11 S14 all Q1 0.897 0.943 0.841 0.436 0.854 1.325
Q2 1.101 1.012 0.890 0.467 0.902 1.637
Q3 1.525 1.158 0.952 0.518 0.950 1.945

≥5 nPa Q1 0.793 0.854 0.816 0.407 0.852 1.457
Q2 0.969 0.969 0.854 0.437 0.895 1.648
Q3 1.055 1.008 0.887 0.452 0.923 1.748
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5.3. Comparison of GOES and
STEREO Integral Fluxes

To compare STEREO and GOES inte-
gral fluxes, we calculate 10–100 and
30–100MeV fluxes so that no extra-
polation of the STEREO fluxes is
required. The STEREO integral fluxes
are derived following the method of
iterative determination of effective
energies (section 3). The contribution
between 76 and 100MeV is deter-
mined by using the power law deter-
mined from the two highest-energy
HET channels. When the LET-A instru-
ment is off, the lowest-energy part of
the 10–100MeV integral is calculated
from an extrapolation downward in
energy of the power law defined by
the two lowest-energy HET-A chan-

nels. The GOES 10–100 and 30–100MeV integral fluxes are derived by simply subtracting the >100MeV
GOES fluxes from the>10 and>30MeV fluxes. This has a small effect on the integral flux values, except dur-
ing GLE70 (13 December 2006), where the difference is as much as 60%. The 10–100 and 30–100MeV fluxes
are plotted in Figure 5, and the flux ratio quartiles (equation (6)) are summarized in Table 6, calculated over
the same valid intervals as the differential flux quartiles. The STEREO A and B integral fluxes agree very well,
with median ratios of 0.976 (10–100MeV) and 0.985 (30–100MeV). The STEREO fluxes agree well with the S14
fluxes in both integral energy ranges, with median ratios of 0.975–1.06. As shown in section 4, the median
ratios of 10–250 and 30–250MeV integral fluxes calculated by using high-resolution (GME) and low-
resolution (GOES) measurements are 1.052 and 1.045; therefore, any median ratios in this range between
STEREO- and GOES-derived integral fluxes may be due largely to spectral resolution differences. While the
STEREO and Z89 10–100MeV fluxes agree reasonably well (median ratios of 0.926 and 0.948), at 30–
100MeV the median ratios are substantially smaller (0.615 and 0.624). When inverted (1.63 and 1.60), these
are consistent with the median ratio of 1.7 of the GOES Z89 to the S14> 30MeV flux (Table 4). These compar-
isons between STEREO and GOES validate the S14 effective energies for the GOES channels and reveal large
differences at >30MeV and above with respect to the Z89 integral fluxes.

6. Discussion

The fortuitous nature of the cross calibrations of different generations of operational and science missions
made possible by the December 2006 SPEs cannot be overemphasized. By virtue of their wide dynamic range
during a period of large Pdyn, these events enabled the cross calibrations between the GOES 8–12 and 13–15
series of particle detectors [Rodriguez et al., 2014]. However, it needs to be shown whether the December
2006 events provide a representative range of spectral variation and thereby a sound test of the S14 GOES
effective energies. Histograms of the piecewise power law exponents (equation (3)) are shown in Figure 6 for
groups of SPEs in solar cycles 23 and 24 with peak >10MeV proton fluxes greater than 1000
protons/(cm2 s sr), as determined by SWPC. The first of these events was in April 1998, and the last was in
June 2015. These exponents were calculated by using the algorithm described in section 3 with the S14 effec-
tive energies. Histograms are plotted for the ensemble of all but the December 2006 events and separately for
the December 2006 events. Power law exponents set to the default values for background values are omitted
from the histograms, but the upper limit of 8 to the exponents set by the algorithm is evident in the histograms
(see Appendix A for these default values). The histograms show that the exponents in the December 2006
events above 12.5MeV (γ34 and higher) are systematically smaller (spectrally harder) on average than those
in the larger ensemble. This may be due in part to the influence of GLE70; not all of the events in the ensemble
corresponded to GLEs. Keeping in mind this bias toward harder spectra, the December 2006 events generally
cover the same range of exponents as the larger ensemble and therefore can be considered spectrally

Table 6. Quartiles of the Ratios of STEREO to GOES 11 Integral Fluxes
(Equation (6)) During the December 2006 SPEs, the Latter Calculated
Using the Z89 and S14 Methods, Shown in Figure 5

Flux Ratios Qn

Energy (MeV)

10–100 30–100

STEREO A/STEREO-B Q1 0.947 0.951
Q2 0.976 0.985
Q3 0.995 1.015

STEREO A/GOES 11 Z89 Q1 0.850 0.591
Q2 0.926 0.615
Q3 1.017 0.640

STEREO B/GOES 11 Z89 Q1 0.874 0.602
Q2 0.948 0.624
Q3 1.071 0.660

STEREO A/GOES 11 S14 Q1 0.927 0.987
Q2 0.975 1.044
Q3 1.061 1.113

STEREO B/GOES 11 S14 Q1 0.948 1.002
Q2 1.002 1.060
Q3 1.094 1.152
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representative of large SPEs, at least in solar cycles 23 and 24. This does not diminish the value of future cross
calibrations between GOES and higher-resolution proton measurements should the opportunity arise.

The cross comparisons performed here show that high-resolution STEREO and low-resolution GOES differen-
tial fluxes, and the integral fluxes derived from them, agree well when GOES effective energies derived from
the S14 cross comparisons with the high-resolution IMP 8 GME are used. Also, the effective GOES integral
fluxes are in excellent agreement with integral fluxes derived from the IMP 8 GME differential fluxes them-
selves. While the >10MeV fluxes currently produced by NOAA using the Z89 algorithm agree well with
the foregoing, the current product significantly overestimates the >30MeV and higher-energy fluxes by fac-
tors of 1.7–2.9. Given this general overestimation of the GOES integral fluxes, cross calibrations that have trea-
ted the GOES integral fluxes as a “gold standard” [e.g., Guild et al., 2009; Ginet et al., 2013] should be

Figure 6. Histograms of piecewise-power law exponents (γi,i + 1) for solar cycle 23 and 24 SPEs with peak>10MeV proton
flux greater than 1000 protons/(cm2 s sr), calculated by using the algorithm described in section 3 with the S14 effective
energies. The subscripts for the power law exponents (equation (3)) indicate the two GOES proton channels that define
them (Table 2). The black solid curves are the histograms for all events except the December 2006 events (referred to the
left-hand axis), while the green dotted curves are the histograms for just the December 2006 events (referred to the right-
hand axis). The individual plot titles indicate the number of cases in the black curves (larger number) and green curves
(smaller number). The bin size is one tenth of a power law exponent.
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reevaluated. Any cross calibration that uses effective energies for the GOES differential fluxes should for con-
sistency recalculate integral fluxes because the GOES integral fluxes are not independent measurements.

While some of the earliest integral flux observations came directly from physical channels with their own geo-
metrical factors [Bostrom et al., 1968], this has never been the case for GOES integral fluxes. Calculation of
integral fluxes from channel fluxes may seem straightforward until one faces the question of which effective
energies to use for the channels. The complexity in all the approaches followed in this paper stems from the
determination or use of channel effective energies. Absent the opportunity to cross-calibrate with a higher-
resolution measurement, future missions will have to rely on the derivation of effective energies from accu-
rate simulations and measurements of the channel responses with respect to energy and angle.

The iterative GOES-R algorithm was developed with the goal of good agreement with the Z89 algorithm,
given the same channel set and effective energies. The results here show that this goal wasmet. At the lowest
energies (dominating the >10MeV fluxes), where the relatively narrow channels come from the EPS tele-
scope rather than one of the dome detectors, the output of the GOES-R algorithm agrees well with the
S14 and STEREO results. The new GOES-R solar proton instrument is composed of three solid-state telescopes
and provides improved spectral resolution with respect to the current EPS across the 1–500MeV energy
range, particularly above 100MeV [Dichter et al., 2015]. Therefore, the GOES-R integral flux algorithm, when
used with accurate effective energies derived from simulations and measurements of the new instrument’s
channel responses, should provide accurate integral fluxes. Cross calibration of the new instrument with
GOES 13–15 observations (using the S14 energies) during SPEs will provide an important “calibration trans-
fer” from IMP 8 GME and STEREO LET and HET to GOES-R.

All of the methods used here are based on the assumption that a piecewise power law representation of the
spectrum is adequate. While more advanced methods for retrieving a differential spectrum from finite-width
channels are possible, the results here show that the median ratios of fluxes derived from high-resolution
(IMP 8 GME, STEREO LET, and HET) spectra to those derived from low-resolution (GOES) spectra assuming
a piecewise power law indicate good agreement if the effective energies are consistent. Although not a focus
of this study, background subtraction is an essential though underappreciated step in any integral flux algo-
rithm and is particularly important for accuracy at low flux levels. The current GOES measurements suffer
from high backgrounds compared to GME and LET and HET. Therefore, prior to comparison, either GOES
backgrounds must be added to the low-background measurement (as in section 4) or backgrounds must
be removed from both sets (as in section 5).

It should be recognized that the STEREO LET and HET observations only provide a direct validation of the S14
GOES effective energies for channels P2–P5 (6.4–46MeV). However, since the S14 method itself is certainly vali-
dated by this comparison, the P6 and P7 effective energies (104 and 148MeV) are validated indirectly. The
Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) mission is a good candidate
for direct cross comparisonswith GOES above 100MeV, startingwith theDecember 2006 SPEs [Adriani et al., 2016].

Despite the stability in the GOES EPS solar proton channel design since GOES 4 (apart from P4), the geometry-
energy factors used in the NOAA processing changed between GOES 7 and 8. These changes are reflected in
the results of the S14 cross calibrations of the publicly available GOES data sets. Moreover, the single set of cali-
bration parameters used for the GOES 8–15 processing differs from the definitive geometrical factors calculated
by the instrument vendor [Onsager et al., 1996, and references therein]. Although arguments have been made
for reprocessing the data set using these definitive geometrical factors, the cross-calibrated S14 effective ener-
gies for the existing publicly available GOES data sets probably supersede the need for such reprocessing.

7. Conclusions

The conclusions of this work can be summarized as follows:

1. Integral fluxes calculated from high-energy-resolution IMP 8 GME spectra agree well with those calculated
from low-resolution GOES spectra using the cross-calibrated effective energies of Sandberg et al. [2014a],
with median ratios of IMP 8 to GOES fluxes ranging from 1.05 to 1.11. The period of this comparison was
01 January 1984 to 26 October 2001.

2. Evaluated at five interpolated energies, the STEREO differential energy spectra agree well with the cross-
calibrated GOES spectra during the December 2006 events. At the Sandberg et al. [2014a] effective
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energies, the median ratios of STEREO to GOES 11 flux (for all solar wind dynamic pressures) range from
0.85 to 1.18. At the highest STEREO HET energy (76MeV), the median ratios are 1.39 and 1.64, due in part
to the coarse spectral sampling at higher energies. This comparison constitutes a direct validation of the
Sandberg et al. [2014a] effective energies from 6.4 to 46MeV, and an indirect validation above that.

3. The effect of the Sandberg et al. [2014a] cross-calibrated GOES solar proton effective energies on the
derived integral fluxes is small at>10MeV but results in substantial decreases with respect to the current
NOAA product at higher energies. The median ratios of the current product to the integral fluxes calcu-
lated by using the Sandberg et al. [2014a] energies are 1.1, 1.7, 2.1, and 2.9 at >10, >30, >60, and
>100MeV. One consequence of this result is that accurate cross comparisons between current GOES solar
proton integral fluxes at >30MeV and above and any other observations require the use of the Sandberg
et al. [2014a] effective energies.

Finally, it should be noted that the present work not only validates the Sandberg et al. [2014a] cross
calibrations between IMP 8 GME and GOES EPS but also demonstrates the good agreement between
the GME and STEREO LET and HET observations, using the cross-calibrated GOES 11 data as a
calibration transfer.

Appendix A: Description of the Zwickl (1989) Algorithm

The integral flux produced by NOAA SWPC using the algorithm developed by R. Zwickl (unpublished note,
1989, hereafter referred to as Z89) algorithm is a commonly used data set in the fields of space weather
and space climate. However, since the algorithm has never been published, the nature of this product is gen-
erally not well understood. The purpose of this appendix is to document and interpret the essential mathe-
matics of the Z89 algorithm. It draws on both the unpublished report and its implementation in the C
programming language for the processing of the GOES 8–12 data; this appendix is not a mere transcription
of the unpublished report.

This algorithm has four primary functions, in the following order: (1) removal of instrumental and galactic cos-
mic ray backgrounds, (2) correction of EPS proton channel rates for higher-energy contamination, (3) calcula-
tion of integral proton flux (cm�2 s�1 sr�1) above seven energies (1, 5, 10, 30, 50, 60, and 100MeV), and (4)
calculation of differential fluxes (cm�2 s�1 sr�1MeV�1) at six energies (5, 15, 30, 50, 60, and 100MeV). It oper-
ates on 5min averaged rates, although this is not a limitation of the algorithm.

The algorithm is based on the following special case of the measurement integral. Assuming that a channel
has a response with constant G (cm2 sr) between two energies El and Eu and zero elsewhere, and that the pro-
ton spectrum being measured follows a power law j(E) = αE� γ, then the measurement integral simplifies as
follows [Armstrong, 1976]:

C ¼ ∫j Eð ÞG Eð ÞdE ¼ ∫
Eu

El
αE�γGdE ¼ Gα

�γþ 1
E�γþ1
u � E�γþ1

l

� �
(A1)

(C is used to represent count rate (1/s) in order to avoid confusion with the count ratios R used hereafter.)
Therefore, the power law coefficient α is given by

α ¼ C �γþ 1ð Þ
G E�γþ1

u � E�γþ1
l

� � (A2)

and the flux at any energy Em between El and Eu is given by

j Emð Þ ¼ C �γþ 1ð ÞE�γ
m

G E�γþ1
u � E�γþ1

l

� � (A3)

For a power law differential flux spectrum given by j(E) = αE� γ, the integral flux between two limits E1 and
E2 is given by

J ¼ ∫
E2

E1
αE�γdE ¼ α

�γþ 1
E�γþ1
2 � E�γþ1

1

� �
(A4)
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The responses of the EPS channels were characterized in terms of a primary energy range and multiple sec-
ondary (i.e., spurious or contamination) energy ranges, each with its own averaged (flat) geometrical factor
[Panametrics, 1979, 1980a, 1980b, 1981]. Using this information (Tables A1 and A2), themeasurement integral
can be separated into multiple energy ranges, each with its own flat geometrical factor; the rates are the sum
of those from the lowest (primary) energy range (Cp) and the higher-energy (secondary) ranges are (Cs):

C ¼ Cp þ Cs ¼ Gα
�γþ 1

E�γþ1
u � E�γþ1

l

� �
þ ∑

n

j¼1

Gsjαsj
�γsj þ 1

E
�γsjþ1
sj;u � E

�γsjþ1
sj;l

� �
(A5)

where the spurious or contamination response of the channel is divided into n segments, each with its geo-
metrical factor Gsj, upper and lower energies Esj,u and Esj,l, and power law parameters αsj and γsj. If a single
power law (defined by α and γ) is assumed to apply across the energy range of the channel in question, this
expression simplifies to

C ¼ α
�γþ 1

�
G E�γþ1

u � E�γþ1
l

� �

þ ∑
n

j¼1
Gsj E�γþ1

sj;u � E�γþ1
sj;l

� ��
(A6)

These forms are used in the specific
algorithmic steps below.

A1. Background Removal

The background to be removed is
estimated separately for each chan-
nel. Every 5min a running average of
the background is updated by using
a 4 h RC filter if the rate is less than
some fixed value (Table A3). The
updated running average must be
greater than 0.0 and less than the pre-
vious minimum in order to be
recorded as the new minimum back-
ground rate. Every 10 days, the back-
ground correction is updated if
during the previous 10 day period,
the number of 5min records used to
update the minimum background

Table A2. Secondary (Spurious) Geometrical Factors Used for GOES 8–15
Processing by Z89 Algorithma

Channel Pi Range Index (j) Esij,l (MeV) Esij,u (MeV) Gsij (cm
2 sr)

P1 1 50 200 0.02
P2 1 50 125 0.04

2 125 200 0.007
P3 1 60 125 0.07

2 125 200 0.014
P4 1 80 115 0.038

2 115 150 0.25
P5 1 80 110 0.091

2 110 150 0.57
3 150 190 0.21

P6 1 80 110 0.15
2 110 130 0.84
3 130 200 0.80
4 200 300 0.26

P7 1 80 110 0.03
2 110 170 0.15
3 170 250 1.5
4 250 500 1.9
5 500 900 0.56

aP1–P3 El and Eu and P1 G are from Panametrics [1979, Table 3.5], with
the upper limit set to 200MeV. P2–P3 G’s have been reduced empirically
from their values in Table 3.5. P4–P7 El, Eu, and G are from Panametrics
[1980a, Table 3.4]. None of these characteristics of the P7 channel is used
by the Z89 algorithm; the P7 rates are not corrected for the spurious (rear
and side entry) responses.

Table A1. Primary (in-Band) Channel Geometrical Factors and Energies Used for GOES 8–15 Processing by Z89 Algorithm

Channel
Pi

Geometrical
Factor Gi
(cm2 sr)

Geometry-Energy Factor
GδEi (cm

2 sr MeV)
Ei,l Lower Channel

Energy (MeV)
Ei,mMean Channel

Energy (MeV)

Ei,u Upper
Channel Energy

(MeV)

P1 0.056a 0.202d 0.6a 2.4a 4.2a

P2 0.056a 0.252d 4.2a 6.5a 8.7a

P3 0.056a 0.325d 8.7a 11.6a 14.5a

P4 0.21b 4.64e 15b 29.5b 44b

P5 0.36b 15.5c 39b 60.5b 82b

P6 0.28b,f 90.0e 84b 142b 200b

P7 0.16b 300.0e 110b 305b 500b

aPanametrics [1979, Table 2.3] and discussion on pp. 55–56.
bPanametrics [1980a, Table 2.5].
cPanametrics [1980b, Table 1].
dPanametrics [1981, Table 1.2].
ezwork.c processing code, 1994.
fDocuments have 0.28, code has 0.26.
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rate is equivalent tomore than 2 days’
worth, and if the difference between
the current background correction
and the minimum running average
rateduring theprevious 10 dayperiod
is greater than 0.4 times or less than
�0.2 times the current correction. If
so, then the background correction is
set to this prior minimum running
average, the minimum rate is reset to
0.999, and a quantity called the “base”
is calculated by using a channel-

dependentfixed ratiowith respect to thebackgroundcorrection (TableA3). These ratiosweredetermined from
the channel backgrounds and their standard deviations on 07 and 23March 1989 such that on these days, the
base was one fifth the standard deviation of the background levels.

This background correction is subtracted from every rate during the next 10 days. If the corrected rate is less
than the base it is set to the base. (As a consequence of this algorithm, jumps are sometimes observed in the
corrected fluxes in the absence of an SPE every 10 days, particularly in the channels with larger backgrounds.)
The base is also used to determine whether a rate is too low for a dependable determination of a power
law exponent.

A2. Contamination Correction

The contamination correction operates on the rates, starting with the highest-energy channel and proceed-
ing to successively lower energies. For channels 1 ≤ i ≤ 5, the power law exponents are calculated as linear
functions of the natural logarithm of ratios of rates from adjacent channels:

γi;iþ1 ¼ ai þ bi ln Ri;iþ1
� 	

(A7)

where

Ri;iþ1 ¼ Ci � Cs
i

Ciþ1 � Cs
iþ1

(A8)

where the rates without the “s” superscript are background-corrected and the rates with the “s” superscript
are the secondary rates, estimated as shown below. In calculating R67, the P6 and P7 channel rates are not
corrected for contamination; otherwise, the secondary rates are subtracted as in equation (A8) before calcu-
lating the ratios. The coefficients ai and bi are given in Table A4. For i= 6, there are three forms depending on

Table A4. Constants Used by Z89 Algorithm in Calculation of Power Law Exponents and Their Validity Ranges

Exponent ai bi Ri,i + 1 γi,i + 1

(E�γ) Min Max Min Max Default

γ1,2 0.7 1.3 10�3 0.93 �8 0.6 1.3
0.65 0.56 0.93 106 0.6 8

γ2,3 0.61 1.86 0.01 0.70 �8 �0.05 1.4
0.49 1.52 0.70 170 �0.05 8

γ3,4 2.85 0.99 10�5 0.12 �8 0.74 1.5
3.85 1.46 0.12 12 0.74 8a

γ4,5 1.62 1.55 2 × 10�3 0.47 �8 0.45 1.7
1.29 1.11 0.47 500 0.45 8

γ5,6 2.19 1.116 10�4 0.83 �8 2 1.9
2.19 1.17 0.83 130 2 8

γ6,7 1.62 0.92 10�5 0.3 �8 0.8 2.0
See text 0.3 0.4 0.8 1.2

2.529 (A)b 0.6203 (B)b 0.4 6.3 1.2 8

aZ89 has 6 here, but this may be an error since the maximum γ is always 8.
bFor R67> 0.4, the GOES I-M code mistakenly used these coefficients as a and b in equation (A7), instead of as A and B

in equation (A9). This has resulted in an underestimate of γ67 for R67> 1, which exaggerates the effect of counting sta-
tistics when the P7 rates are low.

Table A3. Constants Used in Background Removal by Z89 Algorithm

Channel
Upper Limit to
Background (s�1)

Ratio of Background
Correction to Base Rate

P1 0.2 15
P2 0.09 11
P3 0.07 8
P4 0.25 12
P5 0.8 16
P6 1.2 23
P7 2.5 35

Space Weather 10.1002/2016SW001533

RODRIGUEZ ET AL. PROTON INTEGRAL FLUX CROSS CALIBRATION 306



the value of the counts ratio; the ratio ranges are given in Table A4. Equation (A7) is used for the lowest ratio
range. For the highest range of ratios,

γ67 ¼ ARB67 (A9)

The coefficients A and B are given in Table A4. For the intermediate range, γ67 is given by the average of the
two expressions. If the channel i rate (corrected, apart from that for P6) is less than 5 times the base, then the
default γi,i + 1 for that channel is used (Table A4).

The spurious rates are calculated as follows. The expression for the power law coefficient α67 defined by P6
and P7 is a rearrangement of the measurement integral represented by equation (A6). It is a function of the
P6 primary and secondary geometrical factors and their associated energies ranging from 80 to 300MeV
(Tables A1 and A2). It is directly proportional to the P6 uncorrected rate, and it is a function of the P7 uncor-
rected rate through the use of γ67:

α67 ¼ C6 γ67 � 1ð Þ G6E
1�γ67
6;l þ Gs6;1E

1�γ67
s61;l þ Gs6;2 � Gs6;1

� 	
E1�γ67
s62;l þ Gs6;3 � Gs6;2

� 	
E1�γ67
s63;l þ Gs6;4 � Gs6;3 � G6

� 	
E1�γ67
s64;l � Gs6;4E

1�γ67
s64;u

h i�1
(A10)

Through equation (A10), the P6 and P7 rates affect the corrected rates for P2–P6. In the following expression,
the P6 rate correction is defined as the contribution between 200 and 300MeV, since the in-band P6 energies
are defined from 84 to 200MeV (i.e., the secondary contributions in this latter range are not removed):

Cs
6 ¼

α67Gs64

γ67 � 1
E1�γ67
s64;l � E1�γ67

s64;u

� �
(A11)

In the following expression, the P5 rate correction involves all P5 secondary energies, between 80 and
190MeV. For this energy range, the power law defined by (α67, γ67) is appropriate. The power law coefficient
α56 is calculated from the corrected P5 rates and the primary characteristics of the P5 channel (39–82MeV),
as well as γ56.

Cs
5 ¼

α67
γ67 � 1

∑
3

j¼1
Gs5j E1�γ67

s5j;l � E1�γ67
s5j;u

� �
(A12)

α56 ¼ Cp
5 γ56 � 1ð Þ

G5 E1�γ56
5;l � E1�γ56

5;u

� � (A13)

The P4 rate correction involves all P4 secondary energies, between 80 and 150MeV. Therefore, as with P5 and
P6, the power law defined by (α67, γ67) is appropriate for this correction:

Cs
4 ¼

α67
γ67 � 1

∑
2

j¼1
Gs4j E1�γ67

s4j;l � E1�γ67
s4j;u

� �
(A14)

The P2 and P3 secondary responses range from 50 or 60MeV, respectively, to 200MeV, and are characterized
in two energy ranges (Table A2). Therefore, both the (α56, γ56) and (α67, γ67) power laws are used in the
rate corrections:

Cs
3 ¼

α56Gs31

γ56 � 1
E1�γ56
s31;l � E1�γ56

s31;u

� �
þ α67Gs32

γ67 � 1
E1�γ67
s32;l � E1�γ67

s32;u

� �
(A15)

Cs
2 ¼

α56Gs21

γ56 � 1
E1�γ56
s21;l � E1�γ56

s21;u

� �
þ α67Gs22

γ67 � 1
E1�γ67
s22;l � E1�γ67

s22;u

� �
(A16)

Table A5. Energy Ranges for Power Laws Used in Integral and Differential Flux Calculations by Z89 Algorithma

Power Law 1,2 2,3 3,4 4,5 5,6 6,7

E1 (MeV) 0.6 4.2 11.6 29.5 60.5 142
E2 (MeV) 4.2 11.6 29.5 60.5 142 500
Threshold energies within segment (MeV) 1 5, 10 15 30, 50, 60 100 --

aThese are a mix of lower, mean, and upper primary channel energies from Table A1.
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The P1 secondary response has just one energy range starting at 50MeV; therefore, only the (α56, γ56) power
law is used in the correction:

Cs
1 ¼

α56Gs11

γ56 � 1
E1�γ56
s11;l � E1�γ56

s11;u

� �
(A17)

In each case, except P7, the corrected rates are calculated as

Cp
i ¼ Ci � Cs

i (A18)

If this calculation results in Cp
i less than zero, then it is set to the base rate (Table A3), approximately one fifth

the standard deviation of the preevent backgrounds.

A3. Channel Flux Calculation

After the background-corrected rates are corrected for contamination, they are converted to differential
directional number flux by dividing by the geometry-energy factors in Table A1:

ji ¼
Cp
i

GδEi
(A19)

These corrected channel fluxes (protons cm�2 sr�1 s�1MeV�1) are reported as part of the product.

A4. Integral and Differential Flux Calculation

Integral flux is calculated as the sum of integral flux segments that are calculated following equation (A4). The
energies for each segment are defined in Table A5. There are six segments corresponding to the six power
laws defined by ji,i + 1(E) = αi,i + 1 E

�γi;iþ1 (1 ≤ i ≤ 6). All the power law exponents γi,i + 1 and the two power law
coefficients α56 and α67 are defined above. The rest of the power law coefficients (1 ≤ i ≤ 4) are calculated simi-
larly to α56:

αi;iþ1 ¼
Cp
i γi;iþ1 � 1
� 	

Gi E
1�γi;iþ1

i;l � E
1�γi;iþ1

i;u

� � (A20)

where Gi and Ei,l and Ei,u are given in Table A1. The integral flux above a given threshold energy Et is calculated
as follows. If Et lies within energy segment k as indicated in Table A5, then the integral flux above Et is esti-
mated as

J ¼ αk;kþ1

�γk;kþ1 þ 1
E
�γk;kþ1þ1
k;2 � E

�γk;kþ1þ1
t

� �
þ ∑

6

i¼kþ1

αi;iþ1

�γi;iþ1 þ 1
E
�γi;iþ1þ1
i;2 � E

�γi;iþ1þ1
i;1

� �
(A21)

The upper energy for these integral fluxes is 500MeV.

The differential flux at Et is straightforwardly estimated as

j Etð Þ ¼ αk;kþ1E
�γk;kþ1
t (A22)

Both the integral (protons cm�2 sr�1 s�1) and differential (protons cm�2 sr�1 s�1MeV�1) fluxes are output as
part of the product.
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