J. Space Weather Space Clim. 2018, 8, A47
© S.W. Kahler & A.G. Ling, Published by EDP Sciences 2018
https://doi.org/10.1051/swsc/2018033

JSWSC.

Available online at:
WWW.swsc-journal.org

RESEARCH ARTICLE OPEN @ ACCESS

Forecasting Solar Energetic Particle (SEP) events with Flare

X-ray peak ratios

Stephen W. Kahler'", and Alan. G. Ling?

! Space Vehicles Directorate, AFRL/RVBXD, Bldg 570, 3550 Aberdeen Dr. SE, Kirtland AFB, NM 87110, USA
2 Atmospheric Environmental Research, 2201 Buena Vista Drive SE, Suite 407, Albuquerque, NM 87106, USA

Received 2 March 2018 / Accepted 6 September 2018

Abstract — Solar flare X-ray peak fluxes and fluences in the 0.1-0.8 nm band are often used in models to
forecast solar energetic particle (SEP) events. Garcia (2004) [Forecasting methods for occurrence and
magnitude of proton storms with solar soft X rays, Space Weather, 2, S02002, 2004] used ratios of the
0.05-0.4 and 0.1-0.8 nm bands of the X-ray instrument on the GOES spacecraft to plot inferred peak flare
temperatures versus peak 0.1-0.8 nm fluxes for flares from 1988 to 2002. Flares associated with
E > 10 MeV SEP events of >10 proton flux units (pfu) had statistically lower peak temperatures than
those without SEP events and therefore offered a possible empirical forecasting tool for SEP events.
We review the soft and hard X-ray flare spectral variations as SEP event forecast tools and repeat Garcia’s
work for the period 1998-2016, comparing both the peak ratios and the ratios of the preceding
0.05-0.4 nm peak fluxes to the later 0.1-0.8 nm peak fluxes of flares >M3 to the occurrence of associated
SEP events. We divide the events into eastern and western hemisphere sources and compare both small
(1.2-10 pfu) and large (>300 pfu) SEP events with those of >10 pfu. In the western hemisphere X-ray
peak ratios are statistically lower for >10 pfu SEP events than for non-SEP events and are even lower
for the large (>300 pfu) events. The small SEP events, however, are not distinguished from the
non-SEP events. We discuss the possible connections between the flare X-ray peak ratios and associated

coronal mass ejections that are presumed to be the sources of the SEPs.
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1 Introduction

The deleterious effects of energetic (E > 10 MeV) particle
radiation on humans in space (Schwadron et al., 2017) and on
space systems technology (Tribble, 2010; Crosby et al., 2015)
have motivated efforts to forecast Solar Energetic Particle
(SEP) events based on observations of solar eruptive events.
Lar%e NOAA (>10 proton flux units (pfu=1 proton/
(cm” s sr)), at £ > 10 MeV) SEP events are produced by
acceleration in shocks driven by broad (>60°) coronal mass
ejections (CMEs; e.g., Reames, 2013) which are usually
accompanied by large (>M1) flares as measured by the full-
Sun X-Ray Sensors (XRS) on the GOES spacecraft. Measured
speeds and widths of CMEs are desirable for SEP event fore-
casting, but X-ray flare events precede the associated CMEs
and have shorter timescales (St. Cyr et al., 2017), making
X-ray flares the standard tool for rapid forecasting of SEP
events.
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The XRS 0.1-0.8 nm band flux profiles are measured
every 3 s and available in real time with 1 minute averages
(Garcia, 1994b). The 0.1-0.8 nm flare peak fluxes or time-inte-
grated fluences are used by the Air Force Research Laboratory
Proton Prediction System (PPS; Smart & Shea, 1992; Kahler
et al., 2007, 2017); PROTONS (Balch, 2008); the IZMIRAN
prognostic practice (Belov, 2009), the Empirical model for
Solar Proton Events Real Time Alert (ESPERTA) (Alberti
et al., 2017); Solar Particle Radiation SWx (SPARX) (Marsh
et al., 2015); and Forecasting Solar Particle Events and Flares
(FORSPEF) (Papaioannou et al., 2015; Anastasiadis et al.,
2017). These models differ in terms of their other required
inputs, such as flare solar locations and accompanying radio
bursts, and of their outputs, such as SEP event occurrences,
peak intensities and timings.

1.1 Hard X-ray bursts and SEP events

Garcia (1994a) reviewed early work to associate properties
of hard (E > 30 keV) and soft X-ray flares with subsequent
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SEP events. In the first case, good associations were found
between gradual (durations >10 min) hard X-ray (GHX) flares,
which were a small minority (<3%) of all hard X-ray flares, and
SEP events. A key characteristic of GHX flares observed with
the HXRBS instrument on the Solar Maximum Mission
(SMM) spacecraft (Bai, 1986) was the tendency of the spec-
trum to harden through the event (described as soft-hard-harder
or SHH), in contrast to the soft-hard-soft SHS spectral behavior
of impulsive hard X-ray flares. Kiplinger (1995) did two differ-
ent comparisons between NOAA SEP events and hard X-ray
bursts observed with the HXRBS/SMM instrument, the second
of which used only one third of the candidate burst population.
Combining results of the first comparison and the weighted
results of the second, he got a projected result that the SHH
flare criterion would correctly forecast a NOAA SEP event in
22 of 23 cases and that forecasts of no SEP event, based on
an absence of the SHH criterion, would be correct in 700 of
708 cases.

Garcia (2004b) used a slightly different criterion requiring a
hard spectral index of y <4 for flares observed with a hard
X-ray spectrometer on the Multispectral Thermal Imaging
spacecraft. That criterion forecast 14 of 16 associated SEP
events, with two missed events and three false forecasts. The
SHH criterion was used by Grayson et al. (2009) to examine
37 hard X-ray bursts (HXBs) observed with the RHESSI space-
craft and their SEP event associations, and they found that
12 of 18 flares with the SHH criterion correctly forecast
SEP events with peak intensities >0.1 pfu and that none of
the 19 events without the SHH criterion was followed by a
SEP event.

These SHH HXB and SEP event studies were reviewed in
detail by Kahler (2012), who discussed several limiting factors
of the analyses. First, reverse comparisons, in which one starts
with observed SEP events and then asks whether they would
have been forecast with GHX flares, were not included. In addi-
tion, flares were generally limited to those with well connected
solar longitudes. The numbers of SEP events missed with the
SHH criterion were lower when the authors included SEP
events of any size versus only the NOAA SEP events, and good
contingency table statistics were sometimes heavily weighted
by small HXBs and no observed SEP events. Finally, the
time-interval and X-ray energy range criteria for defining the
SHH spectral behavior are not well defined, and a sequence
of smaller non-SHH XRBs may appear as an SHH XRB. There
is a strong connection between GHXBs and fast CMEs, the
drivers of SEP-accelerating shocks, which accounts for the util-
ity of using GXBs as SEP event forecast tools (Kahler, 2012).

1.2 Soft X-ray flare temperatures and SEP events

The GOES XRS measures two X-ray wavebands with ion
chamber detectors, the nominal 0.05-0.4 nm and the 0.1—
0.8 nm bands (Garcia, 1994b). The ratio of the 0.05-0.4 nm
to the 0.1-0.8 nm fluxes in solar flare events yields the flare
plasma temperature and emission measure, assuming a single
temperature source. The conversion from detector flux ratios
to temperatures depends on the assumed model of thermal
emission, and the earlier assumed models (Garcia, 1994b) have
evolved to the currently used version (White et al., 2005),
which accounts for coronal abundances. For current SEP fore-
casting models, only the 0.1-0.8 nm band has been utilized,
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Fig. 1. Maximum X-ray flare temperatures versus maximum 0.1—
0.8 nm flare fluxes for the period 1988-2002. NOAA SEP events are
indicated with diamonds (from Garcia, 2004a).

Table 1. Numbers of SEP events by solar hemisphere.

SEP event class East hem West hem Total
No SEP or SEP < 10 pfu 229 204 433
SEP < 10 pfu (small) 11 21 32
SEP > 10 pfu (NOAA) 18 57 75
SEP > 300 pfu 5 26 31

with two exceptions to our knowledge. Ji et al. (2014) used
three GOES X-ray flare parameters, one of which was the flare
emission measure, to construct a model to forecast the peak
E > 10 MeV SEP-event intensities. Although they give no
information on the source of the emission measure, a time-
varying quantity, we assume it is derived from the ratio of
the GOES 0.05-0.4 nm and 0.1-0.8 nm bands. Winter and
Balasubramaniam (2015) plotted the maximum ratio of the
0.05-0.4 nm to 0.1-0.8 nm flare fluxes against their 0.1—
0.8 nm backgrounds to achieve a separation among ~50 000
B, C, M, and X-class flares (their Fig. 4). Considering the extra
flare information obtained from both XRS bands rather than
only the 0.1-0.8 nm band, it is prudent to consider how the
combination of the two bands can help to improve the SEP
forecasting techniques. Here we revisit the earlier work on
exactly that topic by Garcia (1994a, 2004a).

2 Data analysis

Garcia did two similar plots of maximum flare X-ray
temperatures versus logs of 0.1-0.8 nm peak flux, the first over
the period 1977-1991 (Garcia, 1994a), and the second from
1988 to 2002 (Garcia, 2004a). Figure 1 is a reproduction of
the Garcia (2004a) plot of 1460 > M1 flares, showing with
diamonds flares associated with the 87 NOAA SEP events.
Each distribution in the figure is fitted with a quadratic
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Fig. 2. (a) Ratios of the 0.05-0.4 nm and 0.1-0.8 nm peak fluxes versus peak 0.1-0.8 nm flare fluxes for No-SEP, NOAA, and small SEP
events. (b) Peaks of the flux ratios, corresponding to maximum temperatures, versus peak 0.1-0.8 nm flare fluxes for the same SEP event
classes. The peaks of flux ratios in this plot are adopted for subsequent analysis. Quadratic fits to each group are shown.

polynomial, and the SEP flares clearly have statistically cooler
temperatures.

We have selected all GOES flares >M3 with known flare
locations from 1998 to 2016 for our analysis. The numbers
of all the 433 solar flares in eastern and western longitude
ranges are shown in Table 1. They were first divided into three
groups with the following SEP event associations: (1) a no-
associated (No-SEP) event; (2) a 1.2-10 pfu (small) SEP event;
and (3) a NOAA > 10-pfu SEP event. A high-intensity (>300
pfu) subset of the NOAA group was also selected for further
study. All the SEP events were drawn from a comprehensive
table of £ > 10 MeV proton events over the same time period
that we have compiled and are being publishing separately
(Kahler & Ling, 2018) for another study.

We calculated the 0.05-0.4 nm and 0.1-0.8 nm X-ray flare
fluxes by subtracting from the total fluxes, obtained from the

satdat.ngdc.noaa.gov website, their estimated backgrounds of
the previous several hours. In addition, for the X-ray flares
we used two ratios of (0.05-0.4 nm)/(0.1-0.8 nm) fluxes:
(1) the peaks of the flux ratios, occurring at the peaks of the
0.05-0.4 nm fluxes and corresponding to the maximum tem-
peratures (Garcia, 2004a), and (2) the ratios of the two peak
fluxes, in which the 0.1-0.8 nm peak always follows the
0.05-0.4 nm peak by ~3—-10 min (Winter & Balasubrama-
niam, 2015). We prefer to use the ratio of directly available
X-ray fluxes, rather than a temperature conversion, as was done
by Garcia (2004a, Fig. 1). The goal of comparing the two peak
values was to see whether ratio plots of (2) differentiated the
SEP and non-SEP events better than the ratio plots of (1).
Figure 2 shows the comparison of plots with the two different
ratios and quadratic polynomial fits for each of the three SEP
event populations. In both plots we find, in accord with Garcia
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Fig. 3. (a) Peak-flux ratios versus 0.1-0.8 nm peak fluxes for the No-SEP, small (blue crosses), and NOAA events (red dots) in the eastern
hemisphere. Quadratic polynomial fits to each distribution are shown. (b) Same for the western hemisphere events.

(2004a), that the NOAA SEP events have generally cooler
associated X-ray flare temperatures than the No-SEP events
and furthermore that the small SEP events are only slightly sep-
arated from the No-SEP events. With no obvious difference
between the peak-of-ratio and ratio-of-peak plots in the separa-
tions of populations, we continue the analysis using only the
peak-of-ratios plots.

In Figure 3 we divide the events into eastern (top) and west-
ern (bottom) hemisphere longitudes to look for separations
between the No-SEP flares and the small (blue crosses) and
NOAA (red dots) SEP events. We do a quantitative population
comparison by calculating t-test scores on bins of the plots, as
did Garcia (1994a) for an earlier version of his plot shown in
Figure 1. The #-test gives the probability P that two populations
in a given bin are drawn from the same source population.
While Garcia (1994a) examined bins defined by peak X-ray
flux ranges, we use bins defined by peak flux ratios because

the No-SEP and SEP populations show more separation along
the log peak-flux axis than along the peak flux-ratio axis. We
list the #-test scores ¢ and P in Table 2 for each of the compar-
isons. The last column of Table 2 gives the compared popula-
tions and relevant figure numbers. We limit all comparisons to
three bins of nearly equal numbers of total events in each bin in
each hemisphere (i.e., 247/3 and 261/3 events in the eastern
and western hemispheres, respectively). The resulting bin
boundaries are nearly the same for both hemispheres and are
given in column 2. The P values are generally very small,
<1072, but their relative values tell us how well different
SEP populations are separated from the larger No-SEP flares.

The small (<10 pfu) SEP events are not well separated from
the No-SEP flares in Figure 3. P > 0.1 for two of the three cor-
responding bins in both the eastern and western hemispheres.
The two remaining bins with small (<3 x 10~*) P values are
characterized by only a few small events. However, in the
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Table 2. T-test distribution differences between groups of events.

Hemisphere Peak-flux Ratio P t SEP groups (figure number)
Eastern <0.27 34 E-1 0.96 No-SEP versus < 10 pfu SEPs (3)
<0.27 1.4 E-4 4.02 No-SEP versus > 10 pfu SEPs (3)
0.27-0.33 7.0 E-1 0.38 No-SEP versus < 10 pfu SEPs (3)
0.27-0.33 6.6 E-3 2.79 No-SEP versus > 10 pfu SEPs (3)
>0.33 22 E-4 3.89 No-SEP versus < 10 pfu SEPs (3)
>0.33 2.6 E-7 5.64 No-SEP versus > 10 pfu SEPs (3)
<0.27 1.1 E-3 3.38 No-SEP versus < 300 pfu SEPs (4)
<0.27 - - No-SEP versus > 300 pfu SEPs (4)
0.27-0.33 7.0 E-2 1.84 No-SEP versus < 300 pfu SEPs (4)
0.27-0.33 - - No-SEP versus > 300 pfu SEPs (4)
>0.33 1.1 E-3 3.39 No-SEP versus < 300 pfu SEPs (4)
>0.33 4.5 E-9 6.63 No-SEP versus > 300 pfu SEPs (4)
<0.27 1.6 E-4 3.97 No-SEP versus SEPs (5)
0.27-0.33 6.2 E-3 2.81 No-SEP versus SEPs (5)
>0.33 9.7 E-7 5.30 No-SEP versus SEPs (5)
Western <0.26 4.9 E-5 4.35 No-SEP versus < 10 pfu SEPs (3)
<0.26 1.9 E-6 5.14 No-SEP versus > 10 pfu SEPs (3)
0.26-0.32 9.0 E-1 0.13 No-SEP versus < 10 pfu SEPs (3)
0.26-0.32 9.4 E-6 4.75 No-SEP versus > 10 pfu SEPs (3)
>(0.32 1.2 E-1 1.58 No-SEP versus < 10 pfu SEPs (3)
>0.32 1.1 E-7 5.88 No-SEP versus > 10 pfu SEPs (3)
<0.26 59 E-2 1.92 No-SEP versus < 300 pfu SEPs (4)
<0.26 2.4 E-8 6.26 No-SEP versus > 300 pfu SEPs (4)
0.26-0.32 1.1 E-3 3.40 No-SEP versus < 300 pfu SEPs (4)
0.26-0.32 3.1 E-6 5.04 No-SEP versus > 300 pfu SEPs (4)
>0.32 8.1 E-5 4.18 No-SEP versus < 300 pfu SEPs (4)
>0.32 3.6 E-12 0.72 No-SEP versus > 300 pfu SEPs (4)
<0.26 2.0 E-5 4.51 No-SEP versus SEPs (5)
0.26-0.32 4.5 E-6 4.90 No-SEP versus SEPs (5)
>(0.32 1.7 E-8 6.24 No-SEP versus SEPs (5)

eastern hemisphere there is a cluster of small events in the
lower left part of the plot. A t-test analysis based on bins of
log peak X-ray flux does show a modest P < 0.05 for the
two flux bins <8.34 x 10> W m ™2, but that separation is not
strong. The NOAA events are well separated from the No-
SEP flares in all bins of both hemispheres.

We are also interested in whether or how well the peak-flux
ratio can discriminate between the largest (>300 pfu) NOAA
SEP events and the remaining population of <300 pfu NOAA
events. Figure 4 compares the eastern and western hemispheres
for which the small SEP events are merged together with the
No-SEP flares and then compared to both kinds of NOAA
events (crosses). There are only five >300 pfu events in the
eastern hemisphere, but they are consistent with no difference
between the two populations of NOAA events.

In the west, however, Table 2 shows that P values of
the >300 pfu NOAA events are more than three orders of
magnitude lower than those of the remaining smaller NOAA
events in all three peak flux-ratio bins. We have divided the
western hemisphere into three longitude regions and examined
peak-ratio plots of each region to look for any obvious further
longitude dependences within the hemisphere, but with the
limited numbers of SEP events shown in Table 1 we found
no clear dependences. Finally, in Figure 5a and b we show
the flux ratios in the two hemispheres plotted for only the basic
NOAA SEP events. The corresponding P values of Table 2 for

each peak flux-ratio range are smaller for the western hemi-
sphere than for the eastern hemisphere, reflecting the better
separation of NOAA events in the western hemisphere.

For his temperature plots, equivalent to the peak flux-ratio
plots in this work, Garcia (1994a, 2004a) produced a set of SEP
event probability contours based on a logistic regression anal-
ysis. With the same purpose of exhibiting a practical forecast
application, we have subjected the western hemisphere plot
of Figure 5b to two selected machine learning classifier tech-
niques, which use the observed data points to generate plots
showing which of the event classes is most likely at any given
point. In our case, we have the simple case of only two classes
of No-SEP or NOAA SEP events.

Using the neural-net and nearest-neighbor algorithms from
the Python machine-learning library [scikit-learn] (Pedregosa
et al.,, 2011), we show the results in Figure 6. The neural-
net algorithm we used is the multi-layer perceptron, described
by Gardner & Dorling (1998). We used default weights and
inputs to run the module. The nearest-neighbor classification
of Figure 6b is computed from a simple majority vote of the
k nearest neighbors of each point. A query point is assigned
the data class which has the most representatives within the
nearest neighbors of the point. The optimal choice of the value
k is highly data-dependent. A larger k suppresses the effects of
noise, but makes the classification boundaries less distinct.
We used k£ = 13 and uniform weighting. There are additional
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Fig. 4. (a) The peak-flux ratios versus 0.1-0.8 nm peak fluxes for the combined No-SEP and small (<10 pfu) SEP events, large (>300 pfu)
NOAA events (red crosses), and the remaining smaller NOAA events (blue crosses) for eastern hemisphere events. Quadratic polynomial fits
are shown as lines in matching colors. (b) The same for western hemisphere events.

parameters that one can give the classifier, but we used the
default values for all of them. The results are compared in
Figure 6, where we find that the nearest neighbor algorithm
gives more ragged boundaries (Fig. 6b) than does the neural
net of Figure 6a, and is therefore probably more difficult to
implement for a forecasting tool. Because we have only 18
NOAA events out of 229 flares in the eastern hemisphere
(Fig. 5a), both algorithms classify all or nearly all of the X-
ray peak-ratio versus peak-flux space in that hemisphere as
No-SEP regions; those plots are not shown.

3 Discussion

The value of flare X-ray peak temperatures as a SEP-event
forecasting tool was shown by Garcia (1994a, 2004a), but it has

not been utilized by the space weather community for SEP
forecasts. We have updated that work for the 19982016 period
and separately examined the plots for small, NOAA, and large
(>300 pfu) SEP events. Candidate X-ray flares were further
separated into eastern and western source longitudes and the
population separations evaluated with P values from #-tests
based on bins of peak flux ratios.

We found that small SEP events were not well separated
from the No-SEP flares in either hemisphere, in contrast to
NOAA SEP events. Large (>300 pfu) SEP events in the west-
ern hemisphere are much better separated from no-SEP flares
than are the NOAA SEP events of <300 pfu.

Both 0.1-0.8 nm flare peak intensities and fluences are
used in most SEP forecasting models such as PROTONS
(Balch, 2008). Fluences are generally the preferred input
parameter, but the plots in this work follow Garcia (1994a,
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Fig. 5. (a) Peak flux ratios versus 0.1-0.8 nm peak fluxes for NOAA SEP events in the eastern hemisphere. Solid lines are polynomial

quadratic best fits. (b) Same for the western hemisphere.

2004a) in using peak fluxes as the primary parameter against
which the flare temperatures (in our case peak flux ratios) are
measured. There is a tight correlation (CC = 0.88) in log-log
plots of X-ray 0.1-0.8 nm flare fluences and peak fluxes
(Veronig et al., 2002), so replacing peak X-ray flare flux by
flare fluence as the primary independent forecast parameter
should yield plots very similar to those shown here. The peak
flux-ratio selection for SEP event forecasts should work some-
what better for operational purposes when peak-flux measure-
ments are the primary forecast input because the peak flux
occurs before the time of 0.1-0.8 nm X-ray decay to half power
needed for the fluence determination (Ryan et al., 2016).

The current trend in forecasting SEP events is to combine
multiple solar eruptive observable inputs to develop increas-
ingly accurate forecasts. These forecasts generally have taken
properties of X-ray flares in combination with those of associ-
ated CMEs (Huang et al., 2012; Ji et al., 2014; Park & Moon,

2014; Swalwell et al., 2017) or of radio bursts (Alberti et al.,
2017). However, in all these studies only the 0.1-0.8 nm
X-ray flare flux is used, while the 0.05-0.4 nm flux, despite
its ready availability along with the GOES 0.1-0.8 nm flux,
is ignored. This would be understandable if there were only a
simple scaling between the two parameters, but as the figures
of this work show, that is not the case, and in fact the flare
peak-flux ratio provides an additional parameter useful for
SEP forecasting.

The general increase in X-ray peak-flux ratio (or tempera-
ture) with peak flux, evident in all the figures, has been
confirmed in several studies (Ryan et al., 2012; Winter &
Balasubramaniam, 2015; Warmuth & Mann, 2016). It is not
clear why, for a given peak X-ray flux, the SEP events are pref-
erentially associated with lower peak X-ray temperatures in
flares, if we assume that SEP production occurs in shocks
driven by fast CMEs (Reames, 2013). This question was
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Fig. 6. (a) The western hemisphere peak-flux ratios versus the 0.1-0.8 nm peak fluxes for No-SEP and NOAA SEP events with the plot space
divided between the two forecasted event classes using the neural net multi-layer perceptron classification model. No-SEP events are shown as
blue dots and SEP events as red dots. (b) Same except that the nearest-neighbor classification model is used.

addressed by Garcia (1994a), who argued for SEP production
in high loop arcades rather than in CMEs. He also found obser-
vationally that longer 0.1-0.8 nm FWHM flare durations were
well associated with lower flare temperatures. Recent work
(Miteva et al., 2013; Park & Moon, 2014; Dierckxsens et al.,
2015; Trottet et al., 2015) finds good correlation of SEP peak
intensities with associated X-ray peak fluxes and fluences and
with CME speeds and widths. However, there are also correla-
tions between CME speeds and X-ray peak fluxes and fluences
(Yashiro & Gopalswamy, 2008; Miteva et al., 2013; Trottet
et al., 2015) that complicate the physics of SEP origins. None
of these studies, however, has examined the role of flare X-ray
peak ratios in SEP events.

Aschwanden et al. (2017) have carried out a comprehensive
global analysis of 399 solar flares and associated CMEs with
the goal of obtaining physical scaling laws for those events.
In a recent refinement of the CME model used in the earlier
analysis and with an extension to 860 GOES M and X flares
during 2010-2016, Aschwanden (2017) found CME speeds v
and flare X-ray peak temperatures 7, to be consistent with a
scaling law of v~ T%°. If we assume that for given flare
X-ray peak fluxes, we get more SEP events because of faster
CME speeds to drive the necessary shocks, then that scaling
law implies that the SEP events should lie in the high, not
the low, range of the peak-flux ratios of Figures 1-6. This
conundrum can only be sorted out by a detailed comparison
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between CME speeds and their associated flare peak-flux ratios
for flares with and without SEP events, an exercise beyond the
scope of this work.

4 Conclusion

We show, as did Garcia (2004a), that 0.05-0.4 nm X-ray
flare fluxes can play a valuable role in forecasting NOAA
SEP events. The predominance of NOAA SEP events in the
lower ranges of plots of X-ray flare peak-flux ratios versus
0.1-0.8 nm peak fluxes is confirmed. In the western hemi-
sphere, the source of most NOAA SEP events, small SEP
events merge with No-SEP flares, but large >300 pfu events
separate from the remaining NOAA SEP events. The physical
relationship or statistical correlations between low peak flux-
ratio flares and associated fast CMEs driving SEP-producing
shocks is unresolved.

The peak (0.05-0.4 nm)/(0.1-0.8 nm) flare fluxes are a SEP
event forecasting parameter that has been demonstrated but
thus far not used in any forecasting program. Recent work based
on selected solar event parameters as components of a logis-
tic regression (Laurenza et al., 2009), a multiple-regression
method (Park et al., 2017), and a principal component analysis
(Papaioannou et al., 2018) have shown promise toward better
SEP event forecasts. The X-ray flare peak flux ratios can be
readily calculated shortly after observation of the peak
0.1-0.8 nm fluxes on GOES spacecraft. When the flare longi-
tude is determined, SEP event probability tables, such as those
devised for the PROTONS forecast (Balch, 2008), constructed
from Figures 3 to 5 or from Figure 6 could then be the basis
for a yes/no or a probabalistic event forecast. Adding this new
input variable could then improve the performance of such
multiple component forecasts.
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