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Abstract Accurate proton flux measurements of the near-Earth environment are essential to the
understanding of many phenomena which have a direct impact on our lives. Currently, there is only a
small set of satellites capable of performing these measurements which makes certain studies and analyses
difficult. This paper details the capabilities of the Combined X-ray Dosimeter (CXD), flown on 21 satellites of
the Global Positioning System constellation, as it relates to proton measurements. We present a cross
calibration of the CXD with the Energetic Particle Sensor (EPS) onboard the Geostationary Operational
Environmental Satellite operated by the National Oceanic and Atmospheric Administration. By utilizing Solar
Energetic Particle Events when both sets of satellites were operational we have orders of magnitude in

flux and energy to compare against. Robust statistical analyses show that the CXD and Geostationary
Operational Environmental Satellite flux calculations are similar and that for proton energies >30 MeV the
CXD fluxes are on average within 20% of EPS. Although the CXD has a response to protons as low as 6 MeV,
the sensitivity at energies below 20 MeV is reduced and so flux comparisons of these are generally worse.
Integral flux values >10 MeV are typically within 40% of EPS. These calibrated CXD data sets will give
researchers capabilities to study solar proton access to the inner magnetosphere down to L ~ 4 near the
equatorial plane at high temporal cadence.

1. Introduction

Proton fluxes in the near-Earth environment are dominated by galactic cosmic rays (GCRs) and Solar
Energetic Particle Events (SEPEs). While the former provides a relatively constant flux (varying only on the
scale of the solar cycle and Forbush decreases), SEPEs can fluctuate widely in energy, flux, and time. It is
known that SEPEs above ~1 MeV can readily access the Earth’s magnetosphere (Kress et al.,, 2015), affecting
high-latitude commercial aviation through increased high-frequency radio absorption (Sauer & Wilkinson,
2008) and increased levels of radiation exposure (Matthia et al.,, 2015; Mertens et al., 2010). Additionally,
resources in orbit face increased risk due to these energetic particle fluxes (Baker, 2000; Hu et al., 2009). In
terms of space weather one can use integral proton fluxes above various energies to define and describe
the strength of an SEPE, with National Oceanic and Atmospheric Administration (NOAA) using operational

definitions of 10 protons cm™2sr™ ' s~' > 10 MeV and 1 proton cm 2 sr~' s~' > 100 MeV.

While there have been (and continue to be) many missions that monitor the near-Earth energetic particle
fluxes, the ability to combine measurements reliably is hampered by a lack of crossover in operations and
energy coverage. With the release of Global Positioning System (GPS) energetic particle data to the general
public (Executive Order 13744, 2016; Morley et al., 2017) there is now more than 187 years of satellite data
available dating back to 2001 with more being collected every day. This data set encompasses an entire solar
cycle and provides measurements across a broad range of energies and latitudes, including regions pre-
viously not well sampled (e.g., Adriani et al., 2015; Crosby et al., 2015; Leske et al., 2001). Figure 1 shows
the temporal coverage of the satellites equipped with the Combined X-ray Dosimeter (CXD) instrument along
with sunspot number to demonstrate available resources within the solar cycle.

However, a caveat with this large data set is that the CXD was not designed for a purely scientific purpose but
to monitor the environmental impact on the satellite systems used on GPS in verification of the Limited Test
Ban Treaty (United States Treaties and Other International Agreements, 1963), banning nuclear weapons tests
in the atmosphere, space, and under water. It is not obvious that the CXD is capable of performing complex
scientific measurements with its limited number of overlapping proton energy channels. The cross-calibrated
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Figure 1. Plot showing daily sunspot number as a function of time from 2000 to
2017 overlaid with a horizontal bar chart showing the coverage of a set of
satellites operating energetic proton sensors. Red bars indicate Combined X-ray
Dosimeter coverage, magenta represents Geostationary Operational
Environmental Satellite Energetic Particle Sensor (GOES EPS) coverage, and blue
shows the National Aeronautics and Space Administration Van Allen probes.
Modified from Figure 1 of Morley et al. (2017).

data set will allow a number of analyses that were previously
impossible to complete without the coverage available with the GPS
constellation.

The Geostationary Operational Environmental Satellite (GOES) mission
has been in operation since 1974 (18 launched satellites, including the
2 predecessor Synchronous Meteorological Satellites (SMS)) with a pri-
mary mission of providing a constant stream of data on atmospheric
conditions as well as space weather. While the latter is of most impor-
tance to this paper, it is worth noting that the former has been extre-
mely successful in helping track and forecast (potentially deadly)
weather with its data and imagery. The operational constellation con-
sists of two satellites positioned on the equator at 75°W and 135°W
(GOES East and West, respectively) which provide a comprehensive pic-
ture of North and South America and the Atlantic and Pacific Oceans.
Additionally, an on-orbit spare is also maintained in the event of a fail-
ure of either GOES East or West. The space weather payload called the
Space Environment Monitor went through several design changes,
with the final version on GOES-13 to GOES-15. It consists of a magnet-
ometer, X-ray sensor, Energetic Particle Sensor (EPS), and starting with
GOES-13 an Extreme Ultraviolet Sensor. The Space Environment

Monitor has been operational for all SMS and GOES satellites (starting with SMS-1 in 1974) and has provided
98.92 satellite years of data (As of October 2017 calculated with data from https://www.ngdc.noaa.gov/stp/
satellite/goes/). The EPS detector design is the same on GOES-8 to GOES-15 (Rodriguez et al., 2014). The
length of constant operational coverage combined with validated EPS proton measurements against both
the National Aeronautics and Space Administration-Interplanetary Monitoring Platform 8 (Sandberg et al.,
2014) and Solar Terrestrial Relations Observatory (STEREO) data (Rodriguez et al., 2017) establishes the EPS
data as highly reliable. Coverage of the GOES satellites used for cross calibration is also shown in Figure 1.

This cross calibration is a follow on to the cross calibration of the CXD electron data with the Van Allen probes
(Morley et al., 2016). It will adhere to the same procedure with only minor changes dealing with conjunction
definition outlined in subsequent sections. First, removing any spectral assumption used in a flux calculation,
we will combine EPS flux measurements and CXD instrument responses to get an expected CXD count rate
for comparisons. Updates to the instrument response will be made then comparisons of flux calculations will

be conducted.

2. Data Description

2.1. Data Sources

The GOES mission is located in geostationary orbit on the equatorial plane at an altitude of approximately
35,800 km. Proton measurements are obtained using EPS which has seven proton channels with effective
energies ranging from 1.76 to 148 MeV. The effective energies used in this analysis were derived by
Sandberg et al. (2014) for GOES-11 and validated against STEREO measurements by Rodriguez et al. (2017),
showing significant deviation from the NOAA Space Weather Prediction Center operational product of inte-
gral proton fluxes, becoming more pronounced as proton energy increases. Following Rodriguez et al. (2017),
integral fluxes are calculated by summing individual integrals over piecewise power laws representing the
differential number flux spectrum defined by the characteristic effective energies of each channel. These
integrals are truncated at 500 MeV which includes power law extrapolation beyond the highest energy chan-
nel of 148 MeV. The CXD integral fluxes used later in this paper are also truncated at this value to ensure
proper comparisons. A full description of the EPS instrument is given by Panametrics (1979, 1980). The EPS
data used in this paper come from the westward facing detectors on both GOES-11 and GOES-13 which cover
the full time range of data available from the CXD. Sandberg et al. (2014) could not determine effective ener-
gies for GOES-13 since it did not overlap with IMP-8. The use of GOES-11 effective energies for GOES-13 is
justified by the small differences between GOES-11 and GOES-13 (Using the method of Rodriguez et al.,
2014, the differences between EPS channels P2-P7 from GOES-11 and GOES-13B, the westward facing
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Figure 2. Representative proton response as a function of incident proton
energy for each of the five proton channels used in the Combined X-ray
Dosimeter instruments on board the block IIR Global Positioning System satel-

lites before cross calibration.

particle detector with one proton channel 16-128 MeV (P3), and the
second high-energy X-ray and particle detector with two proton chan-
nels 57-75 MeV (P4) and >75 MeV (P5). These energies are listed as the
nominal definitions, but each of the channels does have a response
outside these values. A more detailed description of the proton sensor
response calculation can be found in Cayton (2004), but a representative set of response curves can be seen
in Figure 2. The exact response files used in the analysis are made available in the supporting information of
this publication. These calculated responses take collimator, directionality, and space vehicle effects into
account, but as will be seen in subsequent sections the low-energy sensitivity of the CXD is still impacted
in an adverse way.

The CXD instrument is currently flown on 21 satellites in the constellation and has collected more than 187
satellite years of data combined since 2001, and this number is currently increasing at a rate of ~1 satellite
year of data every 2.5 weeks. This makes the CXD data set the largest and densest space-based proton data
set in existence, and the current version of the processed data set is available at https://www.ngdc.noaa.gov/
stp/space-weather/satellite-data/satellite-systems/gps/. Several details about the satellites used in this analy-
sis are given in Table 1 including the space vehicle number (SVN) which will be referred to later in the article.
The spatial distribution of the GPS satellites combined with the continuous, simultaneous measurements of

Table 1

Details of the GPS Constellation Equipped With the CXD Instrument

Catalog # SVN International designator Orbit plane Block Data from (mm/yyyy)
41328 ns70 2016-007A F IIF 2/2016
41019 ns73 2015-062A E IIF 11/2015
40730 ns72 2015-033A C IIF 8/2015
40534 ns71 2015-013A B IIF 4/2015
40294 ns69 2014-068A E IIF 12/2014
40105 ns68 2014-045A F IIF 9/2014
39741 ns67 2014-026A D IIF 7/2014
39533 ns64 2014-008A A IIF 5/2014
39166 ns66 2013-023A C IIF 7/2013
38833 ns65 2012-053A A IIF 11/2012
37753 ns63 2011-036A D IIF 7/2011
36585 ns62 2010-022A B IIF 6/2010
32384 ns57 2008-062A C IIR-M 1/2008
32260 ns55 2007-047A B IIR-M 11/2007
29601 ns58 2006-052A B IIR-M 12/2006
28874 ns53 2005-038A C IIR-M 10/2005
28474 ns61 2004-045A D IR 11/2004
28361 ns60 2004-023A F IR 7/2004
28190 ns59 2004-009A C IR 3/2004
27663 ns56 2003-005A B IR 2/2003
26690 ns54 2001-004A E IR 2/2001

Note. Modified from Morley et al. (2017). GPS = Global Positioning System; CXD= Combined X-ray Dosimeter;
SVN = space vehicle number.
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Figure 3. Scatter plots of the logjg of >30 MeV integral flux of Geostationary Operational Environmental Satellite and
Combined X-ray Dosimeter (CXD) for a purely temporal conjunction (a) and with the added requirement of a rough
spatial connection (b). A y = x line (black dotted line) and a Theil-Sen line (green solid line) of best fit are drawn to show
similar behavior between the two situations.

CXD is what gives this data set the advantage over many currently available data. Missions with proton mea-
surement capabilities are usually composed of one or two satellites (Advanced Composition Explorer (Stone
et al., 1998), GOES, STEREO (Mueller et al., 2003), Interplanetary Monitoring Platform 8 (Paularena & King,
1999), Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) (Bonvincini et al.,,
2001), Radiation Belt Storm Probes (RBSP) (Mauk et al., 2013)). Time History of Events and Macroscale
Interactions during Substorms (THEMIS) is an outlier with a five satellite constellation, but its proton detector,
the Solid State Telescope, is only sensitive to protons <6 MeV (Angelopoulos, 2008) which does not cover a
sufficiently wide range of energy needed for space weather monitoring of SEPEs. It is of course possible to
combine measurements from all these missions, but the varying energy coverage and disparate orbits are
difficult to reconcile into a coherent data set. In contrast, it is clear that the GPS satellites are easily used in
conjunction with each other due to the similarity of both orbit and instrumentation.

2.2. Conjunctions Between GPS and GOES

Due to the low number of SEPEs during Solar Cycle 24, physical conjunctions with the Van Allen Probes as
used by Morley et al. (2016) in the CXD electron data cross calibration would only allow validation of the cos-
mic ray background proton fluxes which do not offer the range of fluxes or energies applicable to space
weather research. In contrast, the longevity of the GOES mission coupled with its status as a scientific stan-
dard derived through cross calibration with a scientific data set (Sandberg et al., 2014) makes it the optimal
choice for our calibration. It was therefore decided that the investigation of SEP intervals would offer the
greatest benefit in a cross-calibration procedure. More specifically, highly energetic SEP intervals (peak
>10 MeV fluxes of >1,000 cm ™2 s~ " sr™") are of interest due to their widely varying amount of flux and spec-
tral form allowing us to characterize the fidelity of measurements over this wide range of incident fluxes.

Using SEP intervals with GOES satellites requires assumptions not needed when discussing physical conjunc-
tions. First, over the scale of the Earth (actually 4 and 6.6 Earth radii which are the orbit radii of CXD and GOES,
respectively) SEP fluxes are fairly uniform which has been proposed before (Gabriel, 1999) and is tested expli-
citly below. Additionally, at a sufficient large Mcllwain L-shell (of which the GPS satellites traverse a wide
range due to their inclined orbit), satellites are minimally geomagnetically shielded such that both missions
will observe the same fluxes. We therefore define a temporal conjunction when (1) GPS satellites are on an
L-shell >10 and (2) measurements from EPS and CXD are within 2.5 min of each other.

To test these assumptions, we compare fluxes in two situations, the one defined above and one where both
satellites are in a rough spatial connection, within +45° longitude of each other and so above the same quar-
ter of the Earth. The flux obtained by CXD is calculated by fitting all five proton channels simultaneously to a
predefined, parameterized flux spectrum as detailed in Appendix A. A comparison of these situations is
shown in Figure 3 where the log;q of the >30 MeV integral flux of EPS is plotted against CXD >30 MeV

CARVER ET AL.

276



@AG U Space Weather 10.1002/20175W001750

integral flux for temporal conjunctions (left) and also with the additional requirement of +45° longitude
(right). A robust line of best fit (Theil-Sen estimator (Sen, 1968; Wilcox, 1998)) is shown on each indicating that
the behavior of both situations is in agreement. The number of events available using the additional spatial
requirement is a factor of ~4 less than without (7,224 conjunctions versus 29,289). For all further plots and
analysis we use only temporal conjunctions defined above for increased calibration statistics. With these
assumptions made we then look at four separate SEP intervals: December 2006, January 2012, March 2012,
and January 2014.

2.3. Description of SEP Intervals

We use a set of four SEP intervals, spanning a total of 45 days and providing ~30,000 conjunctions to perform
the cross calibration.

The intervals are those of 5-15 December 2006, 22-31 January 2012, 4-16 March 2012, and 6-14 January
2014. For brevity we refer to these SEP intervals by the month and year of their occurrence throughout the
remainder of the manuscript. While CXD-equipped GPS satellites have been on orbit since 2001, the first of
11 Block IIF satellites was launched in May 2010 and the last seven satellites of Block IIF were launched across
2014 and 2015. Large SEP events have occurred rarely in Solar Cycle 24 (Paassilta et al., 2017), and so we have
selected these SEP events as they have high peak fluxes (thus spanning a large range of measured flux) as
determined by the NOAA Space Weather Prediction Center, are well studied, and were measured by a suffi-
cient number of the CXD instruments.

The SEP interval of December 2006 has been used by a number of previous authors to compare proton flux
measurements across different missions (e.g., Lario et al,, 2013; Rodriguez et al., 2014, 2017) and had three
intensifications in energetic proton flux (e.g., Morley et al., 2017). The first event was associated with X-class
flare activity (von Rosenvinge et al., 2009) and showed a slow rise in the proton flux, peaking at an intensity
(>10 MeV integral flux) of 1,080 cm™2 s~ " sr~'. On 13 December a prompt onset of enhanced proton flux
associated with a Halo coronal mass ejection (CME) was observed and a subsequent reintensification on
14 December was associated with a second Halo CME (von Rosenvinge et al., 2009). The peak intensity on
13 December was 698 cm™2 s sr™, and the SEPE was also detected as a ground-level enhancement
(Reames, 2009). The gradual and prompt onset events may have different acceleration mechanisms and
spectra (Reames, 1995), thus providing an excellent interval for intercalibration. Seven CXD instruments were
operational through this interval, covering Block IIR and Block IIR-M as well as the GOES-11 satellite used
for comparison.

The second SEP interval used is that of January 2012 and contains two SEP events. The first event was
observed on 23 January with a prompt onset and a peak in the SEPE intensity (6310 cm™2s7 " st~ ") associated
with the impact of a CME (Nesse Tyssay et al., 2013). The second event of this interval had a prompt onset on
27 January and was associated with an X-class flare (Gopalswamy et al., 2014). The SEPE intensity at >10 MeV
peaked at 796 cm ™2 s~ sr™"; interestingly, this event was also detected at Mars by the Mars Express space-
craft (Frahm et al,, 2013). These events led to disruption of commercial aviation (Copeland et al., 2012) and
temporary changes in atmospheric composition, including destruction of mesospheric ozone (von
Clarmann et al., 2013). Eleven CXD instruments were operational through this interval, including satellites
from Block IIR, [IR-M, and IIF as well as the GOES-13 satellite.

The March 2012 interval is the third used in this study and has been studied in detail as an interval of interest
by the Climate and Weather of the Sun-Earth System Il Workshop (Tsurutani et al., 2014). The interval begins
with a minor enhancement of energetic proton flux that does not exceed the 10 cm™2 s~ sr™'threshold
required to be identified as a SEPE by NOAA. The 7 March SEPE onset is initially very rapid, followed by a

period with a slower rise time, and peaks at an intensity of 6530 cm™%s™"-sr~'on 8 March. The second onset

occurs on 13 March and promptly peaks at an intensity of 469 cm™2s~"-sr™'. Eleven CXD instruments were
operational through this interval, including satellites from Block IIR, IIR-M, and IIF as well as the GOES-

13 satellite.

The final interval used here is January 2014. As with the other intervals, more than one SEPE occurred during
this period. The interval begins with a small event on 6 January (Kuhl et al., 2015) that had a peak intensity of
42cm~2s " sr " at >10 MeV. This event was also associated with an enhancement in >700 MeV flux at geo-
synchronous orbit, and a ground-level enhancement was observed by the South Pole neutron monitor
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Figure 4. Integral proton flux as a function of day in 2006. Energetic Particle
Sensor (EPS) > 10 MeV flux is shown as the blue dotted line, and Combined
X-ray Dosimeter (CXD) >10 MeV flux is shown for both the nominal response
factor as listed in Table 2 (black dots) and with the additional factor in the
10-30 MeV range (green dots). The details of how the CXD flux values are
derived are in Appendix A.

Table 2

List of Response Factors Applied to Each Channel per SVN

SVN P1 P2 P3 P4 P5
53 1.719 1.419 1.361 1.627 2.101
54 1918 1619 1.179 1.669 2.207
55 1.648 1.262 1.156 1.582 1.784
56 1.792 1.524 1.170 1.520 1.779
57 1.686 1.429 0.970 1.519 1.247
58 1.859 1.566 1.256 1.821 2.124
59 1.752 1417 1.160 1.487 1.606
60 2.101 1.776 1.149 1.631 1.989
61 1.880 1.478 1.063 1.422 1.551
62 1.478 1.482 0.451 0.811 0.611
63 1.462 1.114 0.591 1.110 0.472
64° 1.460 1.348 0.624 0.714 0.556
65 1.460 1.348 0.624 0.714 0.556
66 1.335 1.251 0.453 0.710 0.751
67° 1.460 1.348 0. 624 0.714 0.556
68° 1.460 1.348 0.624 0.714 0.556
69b 1.335 1.251 0.453 0.710 0.751
70° 1.460 1.348 0. 624 0.714 0.556
712 1.460 1.348 0. 624 0.714 0.556
72° 1.460 1.348 0.624 0.714 0.556
73b 1.335 1.251 0.453 0.710 0.751
Average IIR 1.817 1.499 1.163 1.586 1.821
Average IIF 1.430 1.315 0.549 0.812 0.602

Note. These numbers do not include the additional factor in the 10-30 MeV
range to channels P1b(0.3), P2 (0.3), and P3 (2.5). SVN = space vehicle number.
A copy of SVN65. A copy of SVN66.

(Thakur et al.,, 2014). This prompt SEPE was followed on 7 January by a
more gradual onset event with a peak intensity of 1,033 cm™2 s~ " sr™ ",
Thirteen CXD instruments were operational through this interval,
including satellites from Block IIR, lIR-M, and IIF in addition to the

GOES-13 satellite.

3. Results
3.1. Correction of Systematic Offsets

With the set of conjunctions as defined in section 2.2 we may begin to
cross calibrate the CXD instrument. As was demonstrated in the cross
calibration of the CXD electron data (Morley et al., 2016), we will first
compare the counts observed in the CXD instrument with the
expected/simulated counts (C;) in a particular CXD channel (i) given
the differential flux measurements taken by the GOES EPS (j(E)) as
described in equation (1)

Ci = Jej(E)Gi(E)dE (M

where G;(E) are the CXD instrument response functions that have been
calculated using Monte Carlo simulation (Cayton, 2004). This procedure
removes any spectral assumptions inherent to a flux calculation and
allows us to apply any needed changes to the response functions,
where a needed change is defined as deviation from a y = x line. In such
cases an overall response factor is applied to the response function
independent of energy which modifies the original according to equa-
tion (2) where y is the response factor.

Giupda(ed (E) :yGinominal (E) )

Additionally, a further scaling of the response functions was applied for
all SVNs in the 10-30 MeV range by a constant factor (0.3 for channel P1
and P2 and 2.5 for channel P3). This is to account for an average over-
estimation of the >10 MeV integral fluxes as shown in Figure 4.
Because channel P3 overlaps in energy coverage with both P1 and P2
(who also have a response outside their nominally listed energy range)
with different levels of sensitivity, it is not a straightforward process to
define the appropriate additional scaling. A sampling of different fac-
tors in this energy range for all three channels simultaneously yielded
the best results with the above factors when comparing the integral
flux values of CXD and EPS.

The value of y for each SVN and channel is shown in Table 2. Some SVNs
were not operational during the SEP intervals analyzed, and so
response factors, y, for them are taken from SVNs of a similar block
(denoted by superscripts a and b in Table 2). These factors range from
a few percent to a factor of ~2 at largest. Additionally, the average
response factors for each block of CXD are listed.

Scatter plots of the comparison described above are shown in Figure 5
on a log-log scale with the observed CXD (after the calculated response
factors have been applied including the additional scaling in the
10-30 MeV range) on the x axis and the simulated counts from EPS
on the y axis. A y = x line has been added along with a Theil-Sen line
of best fit to the logq( of the counts. Taking the log;o before the fitting
process is required to reduce the heteroscedasticity of the data and to
allow the application of ordinary least squares methods (Morley et al.,
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Figure 5. Scatter plot showing the logq of expected versus observed count rates for all Energetic Particle Sensor (EPS)/ Combined X-ray Dosimeter (CXD) conjunc-
tions where the count rate was >2 counts per second to remove noise/background from the comparison. A y = x line (dotted black) and Theil-Sen line of best fit (solid
green) are drawn as well as listing the Pearson correlation coefficient (R) and coefficient of determination (R?) for each proton channel.

2016). Each plot also lists the Pearson correlation coefficient (R) and the coefficient of determination (R?. To
remove any noise/background floor from either instrument, not expected to follow a linear behavior, only
times with >2 counts per second are used. For all channels the lines of best fit have slopes within 5% of
unity and spread about this line is minimal across at least 2 orders of magnitude suggesting that the
detector responses are of high quality.
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Figure 6. Integral proton flux as a function of day in 2006 (a), 2012 (b and c), and 2014 (d). The Geostationary Operational
Environmental Satellite-11 (top) and Geostationary Operational Environmental Satellite -13 EPS 1 min average fluxes are
shown as colored dotted lines for >10, >30, >60, and > 100 MeV, while fluxes from all available CXD instruments are
shown as black figures listed in legend on 20 min averages.

3.2. CXD Flux Calculation and Comparisons

With the CXD response functions now calibrated as described in the previous section we move on to
performing flux calculations for comparison. As we use five proton channels with complicated response
functions to estimate the flux spectrum (as detailed in Appendix A), we initially choose to compare against
integral flux measurements. The CXD responses have strong peaks at lower energies with a strong integral
behavior across higher energies shown in Figure 2. We therefore first compare to another measurement of
integral flux and later provide some comparisons of our fitted differential flux spectrum with the
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Figure 7. Plot of log; o Geostationary Operational Environmental Satellite-11 and Geostationary Operational Environmental
Satellite-13 EPS versus Combined X-ray Dosimeter (CXD) integral proton flux >10 MeV (top left), >30 MeV (top right),
>60 MeV (bottom left), and > 100 MeV (bottom right) protons. A y = x line (dotted black), Theil-Sen line of best fit (solid
green), and interquartile ranges of the ratio CXD to Energetic Particle Sensor (EPS) fluxes are listed for each.

differential flux data from GOES EPS. Figure 6 shows the integral flux versus time for the four SEP intervals
calculated from EPS and all CXD instruments available on a 20 min average. This constitutes anywhere
from 7 to 14 combined CXD measurements. Although a quantitative analysis of all intervals is given below,
a qualitative description of key areas of agreement/disagreement is beneficial. During the December 2006
interval CXD integral fluxes track well with EPS during the initial gradual onset and through its decay
but the >10 MeV CXD fluxes overestimate the secondary prompt onset on 13 December while missing the
enhancement beginning on 14 December altogether. This enhancement was observed by both STEREO
spacecraft as well as by GOES (Rodriguez et al.,, 2017). The >30, >60 MeV, and >100 MeV fluxes agree
fairly well at all times with EPS, but a trend of >10 MeV CXD integral fluxes agreeing at times and
completely disagreeing in others develops in the following SEP intervals. The second prompt onset of the
January 2012 interval is well described by CXD including its decay, while the second prompt onset in
March 2012 peak is lower by a factor of ~3 as when compared with EPS.

Further, the EPS peak >10 MeV flux in January 2014 contains two separate humps spanning 8 and 9 January
while CXD reports a single peak on 8 January that decays at a steady rate. A more detailed discussion on the
cause of some of these disagreements is given in the following section.
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Figure 8. Plots of differential proton flux as a function of proton energy for both times of good and bad agreements. The left column shows times from the December
2006 SEP interval with good (a) and poor (b) agreements with Geostationary Operational Environmental Satellite Energetic Particle Sensor (EPS) and the integral
flux versus day (c) highlighting where the energy spectrums are taken with green (good agreement) and red (poor agreement) vertical lines. The right column shows
the same good (d) and bad (e) agreements but for the January 2014 SEP interval (f) also including differential measurements from the Van Allen Probes Relativistic
Proton Spectrometer (RPS) which were available on this date and have a higher-energy range than EPS. Backgrounds have been removed from EPS while they remainin
both Combined X-ray Dosimeter and RPS values which can explain why some EPS points are below Combined X-ray Dosimeter and RPS values at higher energies.

Figure 7 shows scatter plots comparing the log;o of CXD and EPS omnidirectional, integral fluxes where again
the log, o of fluxes is used for reasons described above. Lines of best fit are shown on each plot as well as the
interquartile ranges of the ratio of CXD to EPS flux. These fits are only done at values larger than the average
background subtracted from each of the flux calculations which are 6, 2, 0.5, and 0.125 protons/cm? s sr for
the >10, >30, >60 MeV, and >100 MeV fluxes, respectively. This ensures that data above background levels
are being compared for both instruments. It is clear that the >30, >60, and >100 MeV integral fluxes agree
quite well. While the >10 MeV integral fluxes correlate well, they do not agree at the same level; the >30 and
>60 MeV lines are in agreement with a slope of unity, while the >10 MeV fit has a slope of 0.84. Additionally,
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Table 3

Table of Interquartile Ranges for Both Integral Flux Ratios (CXD/EPS) and Log10 of Ratios

Integral energy >10 MeV >20 MeV >30 MeV >60 MeV >100 MeV
Ratio first quartile 0.593 0.693 0.890 1.053 0.850
Logg first quartile —0.227 —0.160 —0.050 0.022 —0.071
Ratio median 0.908 0.904 1.041 1.235 1.071
Log;o median —0.042 —0.039 0.018 0.092 0.030
Ratio third quartile 1.352 1.107 1.201 1.405 1.304
Log;¢ third quartile 0.131 0.044 0.080 0.148 0.115

Note. CXD= Combined X-ray Dosimeter; GOES = Geostationary Operational Environmental Satellite.

there is a significant spread of values around the y = x line. Although the highest density of points on the
>10 MeV flux is centered on the y = x line, there is a significant population off of this line. The spread
around the >100 MeV flux only becomes significant at levels below the NOAA operational definition of an
SEP event.

Figure 8 shows the energy spectrum of the CXD proton flux as compared with the differential measurements
of EPS in times of both good and bad agreements for both the Block IIR and IIF satellites. Differential fluxes
from the Relativistic Proton Spectrometer (RPS) (Mazur et al., 2012) onboard the Van Allen Probes are also
shown for one SEP interval when data were available (January 2014). Data from RPS are subject to the same
temporal conjunction requirements as EPS and CXD as outlined in section 2.2 with a relaxation on L-shell
requirement to >5.5 because the apogee of the Van Allen Probes is only at an L-shell of ~6. Backgrounds have
been removed from EPS, while they remain in both CXD and RPS values which can explain why some EPS
points are below CXD and RPS values at higher energies.

3.3. Discussion and Interpretation

Despite the less than perfect agreement, on average all integral fluxes agree well. A listing of interquartile
ranges shows that the median ratio (CXD/EPS) is 0.90, 0.90, 1.04, 1.23, and 1.08, and the CXD data within
the first and third interquartile ranges are within 40%, 30%, 20%, 40%, and 30% of EPS fluxes for the >10,
>20, >30, >60, and >100 MeV integral fluxes, respectively. Additionally, we quote the interquartile ranges
of the logqo of the ratio (CXD/EPS) listed in Table 3 along with pure ratios. We do this as a factor of two
difference that has the same magnitude for overestimate and underestimate using log;q (CXD/EPS), but
the same is not true for the untransformed ratio (see, e.g., Morley et al,, 2016). The spread around the
median value significantly decreases as proton energy increases but remains stable after the 30 MeV while
the median ratio value increases with energy, peaking at 1.23 for >60 MeV and returns to less than 1.1
for >100 MeV.

We further express the bias in the CXD fluxes, as compared with GOES, as a percentage. Rather than using the
mean percentage error, which penalizes overprediction more heavily than underprediction, we follow the
approach given in Morley et al. (2018) to obtain a percentage bias from the log;q of the flux ratio that is then
symmetric with respect to overprediction and underprediction as given by

Bias = 100 sign(MdLQ) (e'™42! — 1) 3)

where
MdLQ = Median[log(Q)] 4

and Q is the ratio of fluxes (CXD/EPS). The bias for the >10, >20, >30, >60, and >100 MeV integral fluxes are
—10.2%, —10.6%, 4.1%, 23.5%, and 7.1%, respectively. While the broad strokes of what these values mean is
captured by both the median ratio and percentage bias, namely, that a bias exists in one direction or the
other, the comparison of these biases is symmetric using the percentage bias with the difference from a pure
ratio becoming more pronounced at values far from 1.

An explicit comparison of EPS integral flux with CXD observed count rates gives some explanation of the
disagreement in >10 MeV flux calculation. Figure 9 shows the EPS and CXD > 10 and >30 MeV integral
fluxes plotted with the counts from the P1, P2, and P3 channels of CXD (scaled down by a factor of 50
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Figure 9. Plot showing both integral flux of Combined X-ray Dosimeter (CXD) and Energetic Particle Sensor (EPS) along
with the count rates in channels P1, P2, and P3 of CXD scaled down by a factor of 50 in 2006 (a), 2012 (b), and 2014

(). The red hatched region shows an area where the EPS flux measurements show structure not present in CXD count rates.
The green hatched region shows a time where although CXD flux shares the shape of EPS, the values are significantly
less attributed to near-background count rates. The blue hatched region is a time in which the proton channel counts and
flux of CXD match reasonably well with the green regions while the EPS fluxes do not.

to separate the shapes). It is clear that the counts are a good proxy for the shape of integral flux. It can also
be seen that structures exist in the EPS fluxes that are not present in the CXD counts which gives the
instrument no way to reconstruct them in its flux calculation. Examples include the peak in EPS
>10 MeV flux beginning on 14 December in the 2006 SEP interval as well as the second hump at the
peak of the January 2014 SEP interval beginning just before 9 January which are highlighted by a red
hatched area.

Additionally, there are times when the CXD >10 MeV flux is significantly below EPS while still maintaining
the same shape as EPS flux. This is seen on the second half of 11 January in the 2014 SEP interval, and the
second half of 26 January 2012 SEPE both highlighted with a green hatched area. In both instances,
however, the CXD count rate is only marginally above background levels and so calculating a flux that is
more than 2 orders of magnitude larger than background is not feasible. Further, Figure 9¢ shows a second
hatched area in blue on 31 January in which the CXD count rates and fluxes match relatively well with the
early green hatched area on 26 January. However, the EPS >10 MeV integral flux is significantly different
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Figure 10. Plot of logyo Geostationary Operational Environmental Satellite-11
and Geostationary Operational Environmental Satellite-13 Energetic Particle
Sensor (EPS) versus Combined X-ray Dosimeter (CXD) integral proton flux

>20 MeV. A y = x line (dotted black), Theil-Sen line of best fit (solid green), and
interquartile ranges of the ratio CXD to EPS fluxes are listed for each.

4.

....... e ' 80 while the >30 MeV flux matches in both ranges; this indicates that
= [ T ThelSenFity=0326x+0.148 there must be more 10-30 MeV proton counts in EPS on 26 January
I 1st Ratio Quartile (CXD/EPS):0.693 70
- L Median Ratio (CXD/EPS):0.904 than available to CXD.

- 3rd Ratio Quartile (CXD/EPS):1.107
E 5 < 60 Due to the examples detailed above, we attribute the disagreement in
:5: | A ! the >10 MeV integral proton fluxes to instrument sensitivity rather
&3 o . 50 than the flux fitting procedure. Because there are cases when the
‘ZSD i CEE ":1 5 >10 MeV integral flux is larger and smaller than what EPS reports,
£ L cr A - 40 3 and so intermittent, this would be a difficult effect to flag for nonuse
% . - E by a user of the data set. The collimator used on the low-energy particle
p= :'-i"! : 30 (Cayton, 2004) is the likely explanation for loss of sensitivity at low pro-
% ._-.J' ton energies and suggests an issue with directionality of sensors as
% o) oy 20 well. The CXD is nadir pointing (toward Earth), while the EPS looks east-
S o] o ward or westward in the geostationary orbit, depending on the satellite
o _/ 10 (Rodriguez et al., 2014). (Only fluxes from westward looking EPS instru-
= -2 = ments were used in the present cross calibrations with CXD in order to
5 — — 0 minimize the effects of geomagnetic cutoffs.) We therefore recom-

mend that users of the data set restrict their analyses to the >20 MeV
integral fluxes to avoid any complications that may arise due to instru-
ment insensitivity at lower proton energies without significant thought
into how it may affect their results. This energy value has been chosen
by calculating and examining a set of intermediate integral flux values
between 10 and 30 MeV with 20 MeV being the lowest energy which
shows similar linear fit parameters as the >30 MeV integral flux com-
parison as seen in Figure 10.

Summary and Conclusions

The recent release of energetic particle data from the GPS constellation (Morley et al., 2017) includes proton
data. As noted by these authors, the proton data in the initial release had not been cross calibrated against a
reference mission. Using the GOES EPS instrument as a source of highly reliable science measurements, we
have evaluated the CXD’s ability to calculate a differential and integral proton flux. The following are the
observations of merit.

1.

The CXD provides good quality proton flux measurements across a range of proton energies. For the >10,
>20, >30, >60, and >100 MeV integral fluxes the median ratio of CXD to EPS is 0.90, 0.90, 1.04, 1.24, and
1.07, respectively. In addition, the data within the first and third quartile ranges of these same integral flux
values are within 40%, 30%, 20%, 40%, and 30%, respectively.

While proton response of the CXD extends down to 6 MeV due to collimator holes in instrument filters, the
>10 MeV integral proton flux is not well captured as shown by the comparisons with EPS above. We attri-
bute this primarily to instrument sensitivity as opposed to flux fitting procedure and recommend that
users of the data restrict their analysis to integral flux values >20 MeV.

These calibrated data sets will allow a number of exciting multipoint analyses such as more accurate prob-
ing of geomagnetic cutoffs as well as providing additional input to radiation belt climatology models such
as AE9/AP9/SPM (Ginet et al., 2013).

The new data set will contain the raw count data from the five proton channels, differential and integral
fluxes (with and without background subtraction), at a variety of energies starting at >10 MeV and also
the fit parameters such that a differential/integral flux may be calculated at any energy. This is different
from the currently released data set which only had proton channel rates and uncalibrated fluxes at high
Mcllwain L.

Appendix A: Flux Fitting Procedure

The fit function used is a combination of an exponential spectrum in momentum which models the SEPEs
combined with a Gaussian in log(momentum) to describe the cosmic background (defined below in
equations (A1) and (A2)).
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Table A1
Fit Parameters Used in the Fit to the CREME96 Simulation of Galactic Cosmic Ray Background
Parameter A Eo o B C
Solar min. 1.076 x 10* 3293 x10° 1305 2441 3671x 102
Solar max. 3286 x 10 ° 7463 x10° 1.202 2887 2467 x 102
. ANy E\ _»
Jsep = gaz33jn, <';)e 0 (A1)

where Ny is the number density fit, p is the proton momentum (MeV/c), E is total proton energy (MeV), rg is
the proton momentum fit, 43.33 represents the momentum of a proton with kinetic energy = 1 MeV, and
A =0.046132 is a normalization factor such that the flux is 1,000 protons / (cm? s sr MeV) at 1 MeV of kinetic
energy. This equation comes from Cayton et al. (2010) which references Freier and Webber (1963).

Jorg = Bxljy + f(ja — j1)] (A2)

where the fit parameters B and f are an overall normalization and fis a value between 0 and 1 representing
some intermediate form of j, (n representing solar min or max), respectively, described in equation (A3).

Jn = Ane’[lc’g[s/fon“z/z"" + B,,E7C" (A3)

where the five parameters with the n subscript are a five-parameter fit to the CREME96 (Menderhall & Weller,
2012; Tylka et al., 1997; Weller et al.,, 2010) simulation of the GCR background at solar min (1) and max (2) at
GPS altitude with values given in Table A1.

The fitting procedure is a two-step process, differential in proton energy, in which the SEP contribution is
fitted first followed by both the SEP and cosmic background terms. The initial values of Ng and rq are taken
to be 0.1 and 200, respectively, as a guess with limits only to ensure positive definiteness. The second fit uses
the output of the first for guesses on Ng and ro, and the limits on these values are updated to a factor of 10
above and below the guess. Initial guess on B and fis 1 and 0.5, respectively. Limits on B are again only to
impose positive definiteness, and limits on f restrict the values to between 0 and 1. After fitting a running
average of calculated integral fluxes over the prior 1 week period is subtracted from fitted fluxes to obtain
a background subtracted value.

All fitting is performed within the ROOT data analysis package (Antcheva et al., 2009) using the MINUIT mini-
mization package (James & Roos, 1975). Specifically, MIGRAD is the algorithm used for minimization which is
a version of the Davidon-Fletcher-Powell formula (e.g., Press et al., 1992) and is minimizing the chi-square dis-
tribution of the observed channel counts with respect to the calculated ones which are a function of the fit
parameters above and take the derived response factors into account in accordance with equation (1).
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