A&A 671, A66 (2023)
https://doi.org/10.1051/0004-6361/202243407
© The Authors 2023

tronomy
Astrophysics

Revisiting empirical solar energetic particle scaling relations

l. Solar flares

Athanasios Papaioannoul, Konstantin Herbst?, Tobias Ramm?, Edward W. Cliver?,
David Lario®, and Astrid M. Veronig®

1. Metaxa & Vas. Pavlou St., 15236 Penteli, Greece
e-mail: atpapaio@astro.noa.gr

[ RV RN SR )

Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing (IAASARS), National Observatory of Athens,

Institut fiir Experimentelle und Angewandte Physik, Christian-Albrechts-Universitit zu Kiel, 24118 Kiel, Germany
Institut fiir Theoretische Physik und Astrophysik, Christian-Albrechts-Universitit zu Kiel, 24118 Kiel, Germany
National Solar Observatory, 3665 Discovery Drive, Boulder, CO 80303, USA

NASA, Goddard Space Flight Center, Heliophysics Science Division, Greenbelt, MD 20771, USA

Institute of Physics & Kanzelhohe Observatory for Solar and Environmental Research, University of Graz, 8010 Graz, Austria

Received 23 February 2022 / Accepted 2 December 2022

ABSTRACT

Aims. The possible influence of solar superflares on the near-Earth space radiation environment are assessed through the investigation
of scaling laws between the peak proton flux and fluence of solar energetic particle (SEP) events with the solar flare soft X-ray peak
photon flux.

Methods. We compiled a catalog of 65 well-connected (W20-90) SEP events during the last three solar cycles covering a period of
~34 yr (1984-2020) that were associated with flares of class >C6.0, and investigated the statistical relations between the recorded
peak proton fluxes (/p) and the fluences (Fp) at a set of integral energies from E > 10,>30, and >60 to >100 MeV versus the
associated solar flare peak soft X-ray flux in the 1-8 A band (Fsxr)- Based on the inferred relations, we calculated the integrated
energy dependence of the peak proton flux (/p) and fluence (Fp) of the SEP events, assuming that they follow an inverse power law
with respect to energy. Finally, we made use of simple physical assumptions, combining our derived scaling laws, and estimated the
upper limits for /p and Fp focusing on the flare associated with the strongest ground level enhancement (GLE) directly observed to
date (GLE 05 on 23 February 1956), and that inferred for the cosmogenic radionuclide-based SEP event of AD774/775.

Results. A scaling law relating Ip and Fp to the solar soft X-ray peak intensity (Fsxg) as o« F' SQ)R for a flare with a Fgxg = X600 (in

the revised scale) is consistent with values of FP inferred for the cosmogenic nuclide event of AD774/775.
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1. Introduction

The radiation environment in a planetary star system is driven
by its host star (Lammer et al. 2003; Airapetian et al. 2020). In
the case of the Solar System, the Sun determines this radia-
tion environment (Temmer 2021) since it is the source of solar
energetic particles (SEPs), while also modulating the incoming
galactic cosmic ray (GCR) flux. SEP protons are accelerated at
both solar flares and coronal mass ejections (CMEs; Cane et al.
2010; Papaioannou et al. 2016; Reames 2021). SEP events that
are limited in duration reach small peak intensities and have nar-
row emission cones; they are thought to be associated with solar
flares and type III radio bursts (see, e.g., Reames 2021). On the
other hand, high-energy SEP events, which can last for several
days, achieve significant peak fluxes, have a broad cone of emis-
sion, and are thought to be associated with CMEs and type 11
radio bursts (e.g., Desai & Giacalone 2016). The fact that high-
energy protons can be accelerated both during the impulsive
phase of flares and at CME-driven shocks (see, e.g., Forrest et al.
1985; Chupp et al. 1987; Cane et al. 2010; Papaioannou et al.
2016) complicates the interpretation of the mechanisms respon-
sible for the acceleration, injection, and propagation of SEPs in

the interplanetary (IP) medium (Klein & Dalla 2017), although
the preponderant evidence favors CME-driven shocks as the
dominant source of high-energy protons in the most intense large
SEP events (e.g., Desai & Giacalone 2016; Cliver et al. 2022).
Large SEP events measured near Earth have been recorded
by spacecraft over the last 60 yr (for an example of the last
three solar cycles, see, e.g., Fig. 15a in Papaioannou et al. 2016).
Singular intense events, particularly at low (<30MeV) ener-
gies, termed “rogue” SEP events by Kallenrode & Cliver (2001),
occurred on 14 July 1959 (Bazilevskaya et al. 2010), 4 August
1972 (Lario et al. 2013; Knipp et al. 2018), 19 October 1989
(Vainio 2003; Lario et al. 2013), and 14 July 2000 (Belov et al.
2001; Lario et al. 2013; Mishev & Usoskin 2016). Such events
are associated with multiple CMEs and converging shocks. In
particular, the most intense SEP event identified so far during
the modern space era occurred on 4 August 1972 with a peak
proton flux at E > 10MeV reaching 6 x 10* pfu (Kurt et al.
2004). The omnidirectional integrated fluence of this compound
event at an integral energy of E > 30MeV was estimated to be
5x10° cm=2 (Smart et al. 2006) and subsequently 8.4x 10° cm~2
(Jiggens et al. 2014). A fraction of these large generally soft-
spectrum (Cliver et al. 2020b) SEP events, as well as numerous
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other events with harder spectra, can reach such high energies
that particles can interact with Earth’s atmosphere, and the sub-
products are recorded on the ground as significant enhancements
above the background GCR flux by neutron monitors (NMs;
Mavromichalaki et al. 2011). These events are termed ground
level enhancements (GLEs); they reach very high energies
(=1-2GeV) and pose a serious threat for humans and infrastruc-
ture (Shea & Smart 2012). Since 1956 a total of 73 GLEs have
been reported by the global NM network' (Poluianov et al. 2017;
Anastasiadis et al. 2019; Papaioannou et al. 2022). Investigat-
ing the historical records of solar and geospace observations,
researchers attempted to quantify one of the most extreme events
that has ever been released by our Sun, known as the Carrington
event, that occurred on 1-2 September 1859 (Cliver & Dietrich
2013). These authors estimated an omnidirectional fluence for
the integral energy of E > 30 MeV of ~1.1x 10'° protons cm~2,
which exceeds the relevant estimates of fluence of the modern
era rogue events by a factor of ~1.4. The Carrington event and
its corresponding particle fluence were seen as the worst-case
estimate of radiation hazard in the near-Earth environment that
the Sun is capable of producing (Miroshnichenko & Nymmik
2014). However, with the help of cosmogenic radionuclide
records, it became clear that much more extreme events (e.g.,
the event around AD774/775) might have occurred on the Sun
(Miyake et al. 2012; Usoskin et al. 2013).

The soft X-ray (SXR) peak flux of solar flares, regularly
monitored since the mid-1970s by the Geostationary Operational
Environmental Satellite Program (GOES) in the 1-8A (long)
passband, has been widely used by the scientific community.
Flares that are associated with intense variations in the radia-
tion environment are categorized into three X-ray flare classes,
namely C-, M-, and X-class flares®. The largest solar flare
that has ever been observed on the Sun in the modern era
of spacecraft measurements occurred on 4 November 2003
and resulted in the saturation of the GOES X-ray detector. Its
magnitude was estimated by linear extrapolation to be ~X35
(Kiplinger & Garcia 2004; Cliver & Dietrich 2013) and, more
recently, X30 (Hudson et al., in prep.). Between 1976 and 2020
there have been 22 solar flares with a magnitude >X10 (see
Table 4 in Cliver et al. 2020a). Research focusing on the largest
SXR flares on the Sun provides estimates that reach up to sev-
eral times X100. For example, Tschernitz et al. (2018) indicated
that for the largest active regions (ARs), flares with ~X500 mag-
nitude could be produced. Recently, from consideration of var-
ious worst-case estimates of the most intense solar flare based
on the largest spot group observed in the last ~150 yr (6132 mil-
lionths of a solar hemisphere on 8 April, 1947; Cliver et al. 2022)
obtained a consensus value of ~X200 (with bolometric energy
~1.5 x 10¥ erg).

Several statistical studies point to an empirical relation
between the SXR flare peak flux and the achieved peak
proton flux and fluence of the resulting SEP events (see,
e.g., Kahler 1982, 2001; Belov et al. 2005¢c; Cane et al. 2010;
Papaioannou et al. 2016). Recent studies that investigated such
correlations for a set of integral proton energies showed that
the correlation of the SEP peak proton flux or the SEP fluence
with the flare SXR peak flux was reasonably stable (correla-

! https://gle.oulu.fi/

2 At present, analyses of ice cores for the **Cl cosmogenic nuclide
have revealed no evidence for a significant low-energy SEP event in
1859 (Cliver et al. 2022).

> The ranges vary between 107°-1075,10 — 107, and above
10~* W m™2 for the C-, M-, and X-classes, respectively.
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tion coefficient ~0.43) for all such energies considered (see, e.g.,
Dierckxsens et al. 2015; Papaioannou et al. 2016).

In this work we analyze the statistical relations among the
SEP peak proton fluxes and omnidirectional fluences of a well-
defined catalog of (initially) 67 events measured at 1 AU by
GOES between 1984 and 2017 for a set of integral energies
spanning E > 10, E > 30, E > 60, and E > 100MeV and
the SXR peak fluxes of their parent solar events. Takahashi et al.
(2016) deduced that the upper limit for the peak proton flux (/p)

of E > 10MeV is proportional to the SXR flux (Ilp «< F géfR).
Based upon this result and expanding their argumentation, we
derive upper limits and scaling relations among the SEP peak
flux (Ip) at each integral energy (fromE > 10to E > 100 MeV)
and the SXR peak flux (Fsxr). We extend these relations to also
incorporate the fluence of the SEP events (Fp). We further calcu-
late the integral SEP peak flux and fluence spectra for the events
in our sample, which are assumed to follow an inverse power
law. We compare our findings with the most extreme peak pro-
ton fluxes and fluences that have ever been recorded for a GLE in
modern times (Koldobskiy et al. 2021), namely the strong hard-
spectrum GLE that occurred on 23 February 1956 (GLEO5), and
with the superflare of AD774/775.

Based on estimates of the largest possible SXR flare, the
obtained scaling laws, and the observations used in this work,
we estimate the most intense SEP proton fluxes and fluences
that the Sun can produce, and the corresponding SEP spectra
(for both quantities). In the concluding section of this study the
implications of the effects of solar superflares on the radiation
environment are put forward and discussed.

2. Data sets

The SEP data were scanned from 1984 to 2020, aiming at iden-
tifying well-connected SEP events (W20-90°) that reached inte-
gral energies of E > 100 MeV. No such events occurred between
2018 and 2020. We identified 67 well-connected SEP events
between 1984 and 2017 that extended from E > 10MeV to
E > 100 MeV. However, two of these events had to be excluded
from our analysis because our event selection is based on that of
Herbst et al. (2019), who considered SEP events whose origin is
associated with X-ray solar flares of class >C6.0. The solar flare
characteristics of the remaining 65 events were obtained from
the online repository of the National Oceanic and Atmospheric
Administration (NOAA)*. We note that in order to obtain accu-
rate SXR fluxes, proper scaling was applied (using a multiplica-
tive factor of 1/0.7 for the GOES 1-8 A channel)’. The saturated
strong X-class event values also need further attention; their re-
scaled SXR classes are taken from Hudson et al. (in prep.).

For the SEP events between 1986 and 2017 we used the cor-
rected® GOES/EPS data’. For each of the identified SEP events
we were able to identify the peak intensity (in units of protons
cm~2sr~!s7!, 5 min averages) in their prompt component, simi-
larly to Lario & Karelitz (2014), which is understood as the max-
imum intensity observed shortly after the onset of the event in
situ and several hours or days before the particle enhancement

4 https://www.ngdc.noaa.gov/stp/space-weather/
solar-data/solar-features/solar-flares/x-rays/goes/
> https://www.ngdc.noaa.gov/stp/satellite/goes/doc/
GOES_XRS_readme.pdf

® https://ngdc.noaa.gov/stp/satellite/goes/datanotes.
html

7 https://www.ncei.noaa.gov/data/goes-space-
environment-monitor/access/avg/
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commonly associated with the arrival of an interplanetary shock
(if any) at the spacecraft (i.e., energetic storm particles or the
ESP component were excluded). For some events, the maximum
intensity in the prompt component is observed as a plateau in
the time—intensity profile before the local enhancement associ-
ated with the passage of shocks (Reames & Ng 1998). In these
cases the peak intensity is taken as the maximum value of the
intensity plateau. It should also be noted that different GOES
satellites may record different time profiles because of their
positions in space and calibration dissimilarities. In this work
we scanned through all the available recordings and spacecraft,
selecting those GOES satellites that had the highest peak flux.
Moreover, from the retrieved integral proton intensities, we com-
puted the omni-directional time-integrated fluences (in units of
protons cm~2) by integrating each channel throughout the SEP
event and multiplying the result by 4x (Lario & Decker 2011).
Since the repository mentioned above provides no integral data
for three SEP events marked earlier (i.e., in 1984-1985), we
used the peak proton flux and fluence values that are included
in the paper by Papaioannou et al. (2016). The obtained GOES
peak proton fluxes and fluences, and the particular GOES satel-
lite used for each SEP event are listed in Appendix C.

3. Scaling relations
3.1. Soft X-ray flare flux and peak proton fluxes

As a first step, we obtained the scaling relations between the
SXR magnitude of the solar flares (Fsxr) and the peak proton
flux (Ip) for the integral energies E > 10MeV, E > 30MeV,
E > 60MeV, and E > 100MeV. The proportionality rela-
tionships between Fsxr and Ip have been primarily investigated
for an integral energy of E > 10MeV (see Belov et al. 2007;
Cliver et al. 2012; Herbst et al. 2019). However, our goal is to
further investigate these relations up to higher energies, quantify
whether they vary, and thus identify and quantify the conditions
that lead to a potential variability.

Figure 1 shows a scatter plot of the E > 10MeV peak
proton flux versus the X-ray flare intensity for the 65 SEP
events in our sample (blue dots). The solid black line is the
best-fit regression to the data in the log-log space. Similar to
Cliver et al. (2012), Cliver & Dietrich (2013), and Herbst et al.
(2019) here we use the reduced major axis (RMA) method,
while most commonly the ordinary least squares (OLS) regres-
sion is employed (e.g., Belov et al. 2005¢). However, the RMA is
specifically formulated to handle errors in both variables (Harper
2014) and a non-causal relationship between the two variables is

assumed (see details in Till 1973). As a result, Ip o FﬁXR with
B = 1.40 £ 0.19 was retrieved. Additionally, the gray shaded
envelope in Fig. 1 provides the error estimated while employ-
ing the fitting routine®. In detail, the Jacobian matrix is multi-
plied with the residual variances, estimated by the mean square
errors. The resulting covariance matrix is then used to derive
the standard error, and therefore the +o uncertainty obtained
from the fit (correlation coefficient is cc = 0.46). Based on
Takahashi et al. (2016), the upper limit of the Ip — Fsxr rela-
tion is given by Ip oc F ng (dashed red line). This relationship is
based on a chain of assumptions that brings together solar flares,
CME:s, and SEPs. The starting point of this relation is the SXR
flux (Fsxr), which is the most commonly used index of flare
magnitude. Takahashi et al. (2016) assumed that Fgxg is roughly

8 https://docs.scipy.org/doc/scipy-0.19.0/reference/
generated/scipy.optimize.leastsq.html
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Fig. 1. Scatter plot of the E > 10 MeV peak proton flux vs. the X-ray
flare intensity of our new sample (blue dots). The solid black line cor-
responds to the RMA regression fit of our sample corresponding to
Ip F’SXR with 8 = 1.40+0.19. The red dashed line gives the upper solar
limit from Takahashi et al. (2016) based on a scaling law of Ip o« F g;fR.
In the figure, this relation was re-scaled to the upper-point in our sam-
ple presented as a red dot, suggesting a new upper limit that is slightly
below the previously reported limit by Takahashi et al. (2016).

proportional to the total energy released during flares (Egye) (i-€.,
Fsxr o Efare). In addition, they argued that the kinetic energy of
the CME (Ecwmg) is proportional to Ey,. and that the CME mass
(Mcmg) is the sum of mass within the gravitationally stratified
AR. Finally, these authors further assumed that the total kinetic
energy of solar energetic protons is proportional to Eg,.. and that
the duration of the proton flux enhancement is determined by
the CME propagation timescale. As a result, the energetic pro-
ton flux /p in response to the SXR flare class (Fsxgr) is scaled
as

5/6
Ip °CFS§<R'

ey

As can be seen, there is only one SEP event in our sam-
ple that had an Ip larger than 10* pfu (on 8 November 2000).
This event was associated with an M7.0 SXR flare, and hence
stands out in the plot as the central uppermost data value
(red filled circle in Fig. 1). This remarkable SEP event (see
Cliver et al. 2019) was associated with a well-connected source
(W77°; e.g., Lario et al. 2003), a wide (>170°) and fast CME
(~1700kms~"; see Thakur et al. 2016), a long-lasting type II
radio burst (Agueda et al. 2012), and a complex type III radio
emission (Cane et al. 2002). Although this SEP event had the
potential to be registered by NMs and hence be listed as a
GLE, there was no increase measured at ground-based detec-
tors (Biitikofer et al. 2021). For this event, the height where the
CME-driven shock formed, based on type II radio burst mea-
surements, was estimated to be ~3.5 Ry (Thakur et al. 2016).
This height is a factor of ~2.3 above the median CME height
for GLEs and is probably too high to accelerate GLE particles.
We used the same theoretical arguments that were put forth by
Takahashi et al. (2016), and thus the slope of the upper limit
is kept identical. However, based on our sample, this upper
limit had to be re-scaled, as indicated by the dashed black line.
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Table 1. Slope of the Ip — Fsxr relation and correlation coefficient (cc)
for each integral energy derived in this work.

Integral Slope Correlation
energy Ip — Fsxr coeflicient
[MeV] ®) (co)
E>10 1.40+0.19 0.39
E>30 1.38+0.19 0.44
E>60 1.38+0.17 0.49
E>100 1.41+0.17 0.52

It should also be noted that the Takahashi et al. (2016) sam-
ple is inclusive of the uppermost point in our sample (i.e.,
8 November 2000). Their sample includes an even stronger
event (on 4 November 2001) with a larger peak proton flux of
31700 pfu associated with an X1.0 SXR flare’. As we do in
Fig. 1, Takahashi et al. (2016) scale the theoretically derived
o« F ;Q’R law in order to go through this extreme point. The
4 November 2001 event was not considered in our sample
for two reasons: because the associated flare was located at
W18°, and is thus outside our W20°~W90° bin, and because the
obtained peak proton flux was related to the arrival of the CME-
shock at Earth (Shen et al. 2008). Hence, the resulting equation
of this line for our sample is a more realistic and yet conservative
upper limit of Ip = 1075 - F3* .

We then obtained similar solar scaling relations of the form
Ip « F€XR for the integrated E > 30MeV, E > 60MeV,
and E > 100MeV energy channels. Our results are presented
in Fig. 2, where the Ip — Fsxr relations similar to Fig. 1 for
E > 30MeV (left panel), E > 60MeV (middle panel), and
E > 100MeV (right panel) are displayed. Table 1 summarizes
the slopes obtained by the RMA regression fits of each of the
individual cases.

The exponent (power-law index) 8 seems to be relatively
constant (~1.40) among the different energies, implying energy-
independent slopes due, at least in part, to the interrelated-
ness of the four integral energies considered. The correlation
coefficients of the Ip — Fsxr relation seem to increase with
energy. A somewhat similar trend has also been reported by
Dierckxsens et al. (2015).

3.2. From peak fluxes to fluences

As described in Sect. 2, the peak proton flux per integral energy
and the fluence were calculated for each of the 65 SEP events
under study (see Appendix C). In the next step, scaling relations
between fluences (Fp) and Ip are derived. Although the scientific
community routinely uses Ip values to associate SEP events with
their parent solar events (Cane et al. 2010; Papaioannou et al.
2016; Desai & Giacalone 2016), the time—intensity profiles [/y],
resulting from the convolution of SEP acceleration and trans-
port processes, are also needed. This is especially important
when quantifying the radiation environment. Following the pro-
cedure discussed in Kahler & Ling (2018) we compared the
measured fluences (Fp) and peak proton fluxes (Ip) for each
integral energy investigated in this study. In agreement with
Kahler & Ling (2018), robust correlations (cc = 0.97) between
Fp and Ip for each integral energy are found with slopes near
unity. Thus, our results indicate energy independence in the rela-

9 Seehttp://cdaw.gsfc.nasa.gov/CME_list/sepe/
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Table 2. Slope of Fp — Fsxg and correlation coefficient (cc) for each
integral energy derived in this work.

Integral Slope Correlation
energy Fp— Fsxg  coeflicient
[MeV] 0) (cc)
E>10 159+0.21 0.43
E>30 1.56+0.20 0.48
E>60 1.48+0.18 0.52
E>100 1.44+0.17 0.54

tionship between Ip and Fp. The details of these relations and the
corresponding validation and verification comparisons are dis-
cussed in Appendix A.

Once the fluences (Fp) were derived from the data, we
obtained the corresponding relations between Fp o Fgsxgr by
employing the RMA regression method (similar to the relations
discussed in Sect. 3.1). The derived slopes Fp — Fsxr and corre-
lation coefficients are presented in Table 2. The correlation coef-
ficients show a relative increase with respect to the increasing
integral energy, starting at 0.43 for E > 10MeV and reaching
0.54 for E > 100 MeV.

3.3. Integral energy spectra for the sample events

For each of the 65 SEP events in our sample, we fit the derived
peak fluxes and fluences at the four integral energies under con-
sideration with an inverse power law (A™¢). We then compute a
mean and median spectrum (i.e., Ip vs. >E and Fp vs. >E) as fol-
lows: (a) determining the sample mean and median values of Ip
and Fp at each of the four energies based on the fitted values of
these parameters for the 65 events; (b) fitting these values under
the same assumption of inverse power-law dependence.

The results for the integral spectra of peak proton fluxes are
presented in Fig. 3. Here the colored dots represent the mea-
sured Ip values of each SEP event, while the solid gray lines
show the event-dependent inverse power-law fits. In addition, the
solid purple and blue lines represent the mean (€pean = 2.87) and
median (€pedgian = 1.96) spectra derived from our SEP sample,
respectively.

4. Estimating peak proton flux and fluence for solar
superflares

4.1. Estimates and arguments

In this section we attempt to estimate the uppermost peak proton
fluxes (Ip) and fluences (Fp) for two notable SEP parent flares.
Specifically, we focus on the event of 23 February 1956 (GLEOS;
Belov et al. 2005b), the most intense high-energy SEP event of
the modern era, and the AD774/775 SEP event (Cliver et al.
2020a). The radionuclide records show peak-like increases on
the order of 12%o0 around AD774/775. Since no information on
the corresponding SEP spectrum is known for such an event, a
scaling of GLEOS is usually assumed, with a multiplicative value
of 70 + 30 applied to the 1956 SEP spectrum to obtain that of
AD774/775 (see Table 1 of Usoskin et al. 2021).

The SEP-to-SXR flare scaling law of Takahashi et al. (2016)
in Eq. (1) is shown as dashed black lines in Figs. 1 and 2. In each
plot the relations are positioned to run through the most intense
SEP events of our sample so that we can discuss the upper limits
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Fig. 3. Derived spectrum for the 65 SEP events, assumed to follow an
inverse power law (gray lines). The mean spectrum is shown as a con-
tinuous magenta line (€pesn = 2.87), while the blue line provides the
median spectrum (€pegian = 1.96). The blue stars represent the median
peak proton flux values per energy.

of the peak proton flux (/pypper) in response to Fsxr. Based on
our sample

_ 5/6
IP,upper - IP,energy : FSXR’ (2)

where IP,E]O = 107‘50 pfll, Ip,E30 = 106'97 pfu, IP,EGO = 106'40 pfu,
and Ip g0 = 10587 pfu, and where Fsxg is normalized in units
of IWm™2,

Combining the peak proton flux and fluence relations from
Appendix A (see Fig. A.1) with the fits from the dashed lines
in Figs. 1 and 2, the upper-limit fluences Fp ypper are found to be
best described by

FP,upper = FP,energy : (Fgng)é’ 3
where Fp,E]() = 10°% . (107‘50)6 C1’1’1_2, Fp’E30 = 10%4 .

(10597 em=2, Fpreo = 10°°1 - (1094 cm™2, and Fprig0 =
10533 . (10337 cm™2, and where Fgxg is normalized in units

The line is forced to fit the uppermost point in each panel. In all panels, the red dot correspond to the 8 November 2000

of 1 Wm™2. The values of § can be found in Appendix A (see
Table A.1). These results are used in Fig. 4 to show the Fp— Fsxr
upper limit relations for each integral energy (orange line).

The solid black lines shown in Fig. 4 correspond to the RMA
regression applied to the 65 SEP events (see Table 2) embedded
in the error band (gray shaded area), while the relationship in
Eq. (3) is represented by orange lines, and the dashed black lines
present an alternative upper limit based on the RMA fit shifted
to fit the uppermost Fp values of the SEP sample.

4.2. Solar flares in February 1956 and AD774/775

The 23 February 1956 GLE event (GLEOS) is the most
extreme GLE event yet recorded, with a similar structure to the
20 January 2005 event (GLE69). The strongest solar flare in
February 1956 occurred when the AR group 17351 was near the
west limb as seen from Earth. At this time a solar flare of Ha
importance class 3B, located at N25 W85, took place at 03:34
UT and produced this notable GLE (Belov et al. 2005a). The flu-
ence of GLEOS at an integral energy of E > 430MeV (>1 GV
in rigidity) was calculated to be 4.21 x 107 cm™2 (Usoskin et al.
2020a) being almost one order of magnitude higher than the
fluence of any other known GLE (see Table 1 of Cliver et al.
2020a), making it the largest SEP event ever recorded by modern
instrumentation.

By examination of concentrations of cosmogenic nuclides
sequestered in tree rings and ice cores, intense SEP events have
been identified in the distant past. The AD774/775 event was
the first such event discovered as an exceptional increase in
14C concentration (12%o) in tree rings (Miyake et al. 2012). This
increase was investigated independently in detail by many dif-
ferent groups (e.g., Usoskin et al. 2013; Mekhaldi et al. 2015;
Biintgen et al. 2018) to verify its solar origin (Mekhaldi et al.
2015). As a result, this exceptional SEP event was recently
modeled by a SEP fluence spectrum ~62 times that of GLEOS
(Cliver et al. 2020a, see their Table 1), with a E > 430 MeV
fluence of 1.6 x 10° cm™2 for the AD774/775 event, making it
one of the most powerful inferred SEP events to date. This cor-
responds to the consensus value of several of these independent
studies of '*C and '°Be concentrations in tree rings and ice cores.
More such SEP superevents have been found in the cosmogenic
radionuclide records: AD993/994 (Miyake et al. 2019), 660 BC
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Fig. 4. Fp « Fsxg relations for the four integral energy bands of the SEP events: E > 10 (top left); E > 30 (top right); E > 60 (bottom left); and
E > 100MeV (bottom right). The log-log relations are obtained with the RMA regression fitting (solid black line). The estimated upper limits
of Fp in terms of Fsxg based on Takahashi et al. (2016) are depicted as solid orange lines in each panel. The dashed black lines are similar to the

RMA line scaled to the uppermost point of the sample.

(O’Hare et al. 2019), and most recently 5410 BC (Miyake et al.
2021), 7176 BC and 5259 BC (both discussed in Brehm et al.
2021), and 9125 BP (Paleari et al. 2022), but thus far no esti-
mates of the corresponding SXR flare class have been made for
these events.

Cliver et al. (2020a) estimated that Fsxg associated with the
23 February 1956 GLE event ranged from X 10 to X30, and from
this estimate obtained a SXR class of X145 to X425 for the
AD774/775 flare. In particular, Cliver et al. (2020a; their Fig. 7)
applied an RMA fit to a scatter plot of modeled E > 200 MeV
fluences from Raukunen et al. (2018) for hard-spectrum GLEs
versus the peak intensities of their associated SXR flares. They
then add two points for the 1956 GLE (i.e., GLEO5) based on
the estimated range of the peak SXR intensity (X10-X30) of
its associated flare (as inferred from white-light, radio, sudden
ionospheric disturbances, comprehensive flare index, inferred
CME transit time, and geomagnetic storm observations) and its
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E > 200MeV fluence (Usoskin et al. 2020b). Through these
points they extrapolated lines parallel to the RMA fit to the
modeled E > 200MeV fluence for the AD774 SEP event to
obtain an estimate of X285 + 140 for the AD774 flare. Based
on the NOAA reassessment of the recent SXR calibration, these
values were corrected to X14 to X42 (GLEO05) and X200 to
X600 (AD774/775), respectively (see Cliver et al. 2022). Fol-
lowing Eq. (1) of Cliver et al. (2020a), corrected for the SXR
flux shift,'? the flare bolometric energy for the upper limits
of the SXR associated flares for the nominal values of each
of these SEP events is currently ~3 x 10%2erg (1956) and
~2 x 10% erg (AD774/775). For comparison, radiative energies
of 3.6 x 10°% erg and 4.3 x 10°? erg were recorded for >X10

10 Frs1 = 0.33 % 1032(CGOES/CGOES,X1.4)O'725 where F'rg; is the flare total
solar irradiance of bolometric energy and Cgogs/Ccorsx1.4 €quals the
flare SXR class scaled to X1.4.
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and cyan filled circles, respectively. The plotted SXR intensities were obtained by dividing the values in Appendix C by 0.7 to reflect the recent

NOAA recalibration (Hudson et al., in prep.; Cliver et al. 2022).

flares on 28 October and 4 November 2003, respectively (from
TIM measurements; Emslie et al. 2012). A flare with a bolo-
metric energy of ~2 x 103 erg satisfies the >10%3 erg criterion
(Schaefer et al. 2000) for a superflare.

4.3. SEP peak fluxes (Ip) and fluences (Fp) driven by Fsxr

Figure 5 shows the Ip — Fsxr relations for the four respec-
tive integral energy bands. The estimated peak proton fluxes of
GLEO5 and AD774/775 are indicated by the purple and blue
filled circles, respectively. They are based on the mean SXR
fluxes provided by Cliver et al. (2020a), adjusted upward by a
factor of 1/0.7; ~40% for the NOAA recalibration (Hudson et al.,
in prep.), and range from X28 + 14 (GLEOS) and ~X400 + 200
(AD774/775). Substituting the corresponding Fsxr in Eq. (2)
then leads to the expected upper peak proton flux limits. The
dashed black lines further present the upper limits given by
Eq. (2), whose upper limit Ip for GLEOS5 (based on Fsxr

X42) is Ipgs10 = 3.31 X 10° pfu, Ipgs30 = 9.76 x 10*pfu,
Ip’E>6() = 2.63 x 104 pfll, and Ip’E>10() =775 % 103 pfll For
the AD 774/775 event (based on Fsxg=X600) this would be
IP,E>10 = 3.03 x 10° pfu, IP,E>30 = 8.95 x 10° pfu, IP,E>60 =
241 x 10° pfu, and Ip g~ 100 = 7.11 X 10* pfu (see also Table 3).

Following the same reasoning, the upper limit fluences (Fp)
in terms of Fgxg for each event were then calculated utilizing
Eq. (3), with the relevant Fpeqergy per case. These upper limits
are given as orange lines in each of the panels of Fig. 4. A sum-
mary of the results for both the upper limit peak proton flux and
fluence at each integral energy of interest for GLEOS and the
AD774/775 event are presented in Table 3.

4.4. Spectrum based on Fsxr

The dark blue circles in Fig. 6 give the fluence spectra for the
February 1956 (left panel) and AD774/775 (right panel) SEP
events. The blue circles in the left panel are estimates of the
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fluence of GLEOS given by Usoskin et al. (2020a), while those
for the AD774/775 event shown in the right panel are scaled by
a factor of 70 + 30 (Usoskin et al. 2020a, indicated by the error
bars). Both panels in Fig. 6 contain four lines (three of which
are derived from similarly formatted lines, black dashed, orange,
black solid) in Fig. 4, and a fourth line (light blue) taken directly
from Fig. 7. The three lines in Fig. 6 that stem from Fig. 4 are all
constructed in the same way; the fluences are obtained from the
corresponding lines in each of the four energy panels in Fig. 4 for
a SXR class of X42 (1956) and ~X600 (AD774/775) for the left
and right panels, respectively, in Fig. 6. For each line the shaded
areas provide the error.

The obtained integral fluence spectra depicted by the dashed
black, solid black, and solid orange lines in Fig. 6 are driven
by the associated Fsxg, in this case an ~X600 class flare, cor-
responding to the upper limit range of the AD774/775 super-
flare, based on a 62 times multiple of the 1956 SEP spectrum
(Cliver et al. 2020a). The plotted dark blue points for the slightly
higher multiple of 70 from Usoskin et al. (2020a) used to scale
the AD774/775 SEP event to the 1956 GLE fall below the orange
upper limit line (or within the uncertainty) at E > 430MeV
based on the Takahashi et al. (2016) scaling relationship (Fp —
F) in Fig. 6. The proximity of the E > 200MeV and
E > 430MeV points to the orange constraint line suggests that
the AD774/775 event is close to the limit of what the Sun is
capable of producing for such an Fsxg, as has been surmised by
others (see Fig. 7.3 in Miyake et al. 2019).

4.5. Consideration of additional scaling relationships

In this section we consider two additional scaling laws. In the
first we take into account a longer acceleration process within
the inner heliosphere and assume that the peak proton flux (Ip)
is proportional to Efare - Vome. Combining Egae ¢ Fsxr With
Veme « F ééfR (see Takahashi et al. 2016) a scaling law of the

form F, ;QR is derived (versus the F ;;612 in Eq. (1)). In the second
we consider an intermediate scaling law in which direct propor-
tionality of the peak proton flux (/p) to the total number of accel-
erated particles at the energy under consideration is assumed,
and thus Ip o« Efye o« Fsxr. A scaling law of Fgxr practi-

cally leads to no difference at all for each of the integral energies

employed in this work. On the other hand a scaling of F’ ;QR leads

to larger peak proton fluxes for stronger solar flares (i.e., larger
Fsxr).
Figure 8 shows the evaluation of the scaling relation with

Fsxr (on the left) and Fg;fR (on the right) against the scal-
5/6

ing with Fyp in the case of the obtained fluences for the two
events under consideration, namely GLEOS (top panels) and
AD774/775 (bottom panels). As a result, for the first compari-

son (i.e., F;QR vs. Fsxr) it seems that there is a marginal differ-
ence and in particular, we calculated that there is a mean relative
factor, covering a wide energy range from E > 10 to E >
500 MeV, of 1.35 (2.13) for the case of GLEO5 (AD774/775).
For the second comparison (i.e., F' ;QR VSs. F;QR) it seems that
there is a difference of a factor of ~12 for lower energies (i.e.,
E > 10MeV), but the higher the energy, the better the agree-
ment between the scalings. Following the same procedure as
before, the calculated mean relative factor for the same wide
energy is 10.5 (6.64), for GLEO5 (AD774/775), respectively.
More importantly, all three possible scaling laws that are based
on theoretical arguments, downstream of the Takahashi et al.
(2016), offer a range of the obtained fluence for high-energy par-
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Table 3. Upper limit peak proton fluxes (Ip, [pfu]) and fluences (Fp,
[cm™2]) for the SEP event on AD774/775 and GLEO5 derived in this
work, for each integral proton energy.

AD774/775 GLE05
Integral energy Peak proton flux — Ip

(MeV) (pfu) (pfu)

E> 10 2.16E+0675E+6 2 36E+057-3)E+03
E> 30 6.38E+05535E102  6.96E+04370E (4
E > 60 LT2E+055 e ton  1-8TE+04703 70
E > 100 5.07E+04]11E+04 5 53E+037-1oE+03
Integral energy Fluence — Fp

(MeV) (cm™) (em™)

E> 10 4.25E+12523EH12 3 48E+1159E+
E > 30 1.OSE+12133E+12 8 56E+10123E+1]
E > 60 L46E+11219E+11 - 1.33E+101-92E+10
E > 100 2.13E+1039E+10 2 23E+09319E+00

Notes. Peak proton fluxes were calculated via Eq. (2) and fluence via
Eq. (3) for a given SXR flux. The upper and lower limits listed here are
driven by the Fsxg range of the associated solar flare per event, and are
from Cliver et al. (2022).

ticles (i.e., E > 200 MeV) that are in agreement with each other
within a factor of ~3.

5. Discussion and conclusions

In this work, scaling relations of the peak proton flux (/p) and
the fluence (Fp) of large well-connected SEP events recorded at
Earth between 1984 and 2017, to the SXR peak fluxes (Fsxr)
of their associated flares were investigated. In contrast to previ-
ous studies (e.g., Takahashi et al. 2016), the scaling relations dis-
cussed in this work (i.e., Ip or Fp vs. Fsxgr) are not limited to the
integral proton energy of E > 10MeV, but have also been cal-
culated for a broader set of integral energies: E > 30; E > 60;
and E > 100 MeV.

In the case of the Ip « F€XR relations, we found that
the power-law index [ seems to be almost constant (~1.40)
with increasing energy. This is consistent with the result of
Belov et al. (2007), who used a different sample and employed
the OLS method (instead of the RMA method used in this work)
and found that the slope for the Ip « Fgxgr relation is practi-
cally constant for E > 10MeV and E > 100 MeV (~0.95). The
results argue in favor of a relation between X-ray and proton
emissions within uncertainties, without excluding other erup-
tive manifestations, for example coronal mass ejections (CMEs).
In particular, Takahashi et al. (2016) invoked proportional scal-
ing laws among total flare energy (Eq,e), CME kinetic energy,
and the total SEP energy (Esgp) to further derive a scaling of
Ip o VéME, assuming that the SEP event duration is inversely
proportional to Vemge. Finally, calculations of the omnidirec-
tional Fp values allowed for an investigation of the relations
between Ip and Fp (see Appendix A for details).

The upper limits of Ip and Fp were explored with the appli-
cation of the F' SQR scaling relations (Eq. (2)) for Ip, as proposed
by Takahashi et al. (2016) for the case of E > 10 MeV alone. In
this work we showed that the Ip o F ng scaling relations could
also be successfully translated to fluence (Fp) scaling relations
(see Eq. (3)). Furthermore, the obtained fluences and integral
spectra seem to represent quite reasonably the fluences derived
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independently by other studies (e.g., Usoskin et al. 2020a) of the
AD774/775 event within the uncertainty limits (orange line in
Fig. 6). Moreover, we obtained similar results for the two alter-
native scaling factors shown in Fig. 8.

Furthermore, the possibility that the AD774 SEP event was
the result of multiple events (i.e., two or three, of equal flu-
ence) was assessed and it was shown that the corresponding SXR
intensities fall well within that of the upper limit intensity for the
case of a single eruptive flare source (see Fig. 6).

The scaling relations presented in this study provide a direct
estimation of the upper limit peak proton flux (/p), fluence (Fp),

and spectrum (ocF’ ;;fR) based on the Fsxg flux of the driving solar
flare. Therefore, the relations allow us to quantify the effect of
such a flare on the radiation environment, within the uncertain-

ties, caveats, and assumptions. For instance, such scaling laws

are inherently based on the assumption that the SEP events result
from a scaling of the flare energy producing the SXR flares
(e.g., Emslie et al. 2012). This is highlighted by several stud-
ies across decades of research (e.g., Hudson 1978; Belov et al.
2005a, 2007; Cliver et al. 2012; Herbst et al. 2019) and sug-
gests a causal relation between the solar eruption and the SEP
production. Nonetheless, a recent work argues against a close
physical relation of solar flares and SEPs (Kahler 2013) ignor-
ing the evidence that flares associated with SEPs fundamen-
tally differ from ordinary flares (Belov et al. 2007). Thus, our
work begins with a sample of SEP events addressing the valid
concern risen by Kahler (2013) that large SEP events do not
arise in confined flares, making any general correlation between
all flares and such SEP events problematic. CMEs cannot be
excluded from such an approach of scaling relations. The work
of Cliver et al. (2012) showed that scaling relations of SEPs do
take into account CMEs. This is because flares associated with
fast CMEs (Vomqe > 1000kms™') lead to scaling laws that
are similar to those obtained for flares associated with SEPs.
In addition, the correlation of fast CMEs to gradual SEPs have
long been known (e.g., Kahler 2001, and references therein),
while the works of Belov (2017) and Takahashi et al. (2016)
further quantifies this. Recently Kahler & Ling (2020) showed
that flares with no CMEs are quite similar to flares associated
with slow CMEs, in contrast to those flares associated with fast
CME:s; suggesting the possibility of two classes of flares. These
issues are noted here, and we should note that the scaling behav-
ior of Ip to Vemg will be addressed in the second part of our study
(part II).

Another issue to take into account is the dependence of the
obtained upper limit presented in this work on the 8 November
2000 SEP event. Thus, we further assessed the possibility to
exclude this event and re-applied our proposed methodology.
We found a difference of one order of magnitude between the
upper-limit spectra (including the 8 November 2000 SEP event)
and the spectra obtained excluding this event. In turn, this means
that the fluence (Fp) is about one order of magnitude lower than
that obtained from the upper-limit bound, for the correspond-
ing Fsxr, when taking into account the 8 November 2000 event.
However, when excluding this SEP event the obtained spectra
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lines). Right panels: Ip o Egye o< F, ;QR (solid lines) vs. Ip o< Egye < F ;fk (dashed lines). The results for GLEOS are shown in the upper panels,

those for AD774/775 in the lower panels.

for GLEOS underestimates the actual measured fluence at E >
200 MeV and primarily at E > 430 MeV, while for the AD774
SEP event the underestimation already starts at E > 30MeV
(not shown), implying that the exclusion of this event underes-
timates the obtained fluence spectra at both cases. Scalings with
Fsxr and F ;QR were also applied and showed similar underes-
timates of the derived fluence in both cases. In addition to these
findings, to address the possible influence that the inclusion of
the event on 8 November 2000 has on our calculations, we cal-
culated the residuals of the relations Ip to Fsxr for each integral
energy (see Figs. 1 and 2) and showed that although there is a
considerable spread for all 65 points, the residual of 8 Novem-
ber 2000 falls well within 3 standard deviations of the residuals
(S.D.; see details in Appendix B). Therefore, this event was not
excluded from the analysis.

Differences in the obtained scaling laws of Ip distributions
for flares alone and SEP associated flares have been a general
point of intensive research since Hudson (1978). According to
Kahler & Ling (2020), there are three possibilities to account for
such a discrepancy: (a) flares associated with SEPs are funda-
mentally different from ordinary flares; (b) flares associated with
SEPs represent the high end of the energy distribution of ordinary
flares; (c) flares associated with SEPs exceed a threshold barrier.
Cliver & D’Huys (2018) argue in favor of (a) and (c), indicating
that this threshold is at a CME speed of ~400 km s~!, above which
a shock can be formed (see Fig. 2 of Cliver & D’Huys 2018).
This is further supported by the fact that fast CMEs are needed
in order to drive shocks capable of accelerating SEPs. Moreover,
this is also corroborated by Kahler & Ling (2020) who showed
that flares associated with SEP events and/or fast CMEs are char-
acterized by lower flare temperatures than those without. On the
other hand, (b) is favored by the work of Takahashi et al. (2016),
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although Kahler (2013) argued against the validity of scaling laws
in general. Nonetheless, scaling relations hold important informa-
tion providing a representation of the expected conditions of the
radiation environment.

An important point in the understanding of scaling laws is
that such relations inherently assume that there is a flare, an
associated CME, and that there will always be a resulting SEP
event. However, this one-to-one association scenario is not real-
istic, since from tens of thousands of recorded flares and CMEs
we have only registered a few hundred SEPs (Papaioannou et al.
2016). Therefore, scaling laws can offer context under the
assumption that solar eruptive events will lead to the accelera-
tion and escape of particles.

The theoretical arguments employed assume that a frac-
tion (f) of the magnetic energy stored in an AR is released
during a flare, called flare energy (Efqae). In the literature this
fraction is estimated to lie in the range 10-50% for large
flares (Emslie et al. 2012; Schrijver et al. 2012). Understand-
ably this fraction has a direct effect on the estimates of the
solar—stellar radiation and particle environment (see discussion
in Herbst et al. 2021).

Furthermore, another point to take into account stems from
Reames & Ng (1998) who suggested that energetic particle
intensities measured early in a SEP event are bounded by a
maximum intensity plateau known as the streaming limit. The
mechanism at work is wave generation by particles streaming
outward from an intense source near the Sun, and provides a
self-regulation of the particle intensity (Ng & Reames 1994).
As a result, energetic particles propagating along IMF lines
reach a maximum intensity plateau because the scattering pro-
cesses produced by self-generated waves restrict their stream-
ing. Therefore, according to this scenario, particle intensities
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measured early in a large SEP event (known as the prompt
component of the SEP event) are bounded by a certain upper
limit. Scaling laws, in general, do not take into account the
streaming limit. However, they provide a simplified quantifi-
cation of the relation between the driver (i.e., solar erup-
tive events) and the resulting SEP event, which is useful for
the direct approximation of the expected Ip based on Fsxr
and/or VeumE.

Extending the scaling relations we provide a direct estima-
tion of the upper limit spectra based on Fsxr alone, consider-
ing all the caveats and limitations described above. These spec-
tra are directly usable in the solar case. Admittedly, the form
of the spectra deserves a more detailed investigation; nonethe-
less, the power-law approximation employed in this work pro-
vides context since the observed spectral break energies in major
SEPs are usually much greater than several tens of MeV and
usually fall above 200 MeV, especially for strong events (see
Bruno et al. 2018).

In light of recent results showing that the Sun has been able
to give rise to several extreme SEP events, which are likely
not manifestations of unknown phenomena, but rather the high-
energy—low-probability tail of the “regular” SEP distribution
(Usoskin & Kovaltsov 2021), we have identified an upper limit
to the spectrum of conditions produced by the extreme events:
an upper limit ~X600 SXR flare (Cliver et al. 2020a) based
on the AD774/775 cosmogenic nuclide event (Miyake et al.
2012). We find that the Fp at E > 200MeV is ~10'9cm™
and at E > 430MeV is ~1.5 x 10° cm™2. In turn, this also
means that the Sun produced several extreme solar flares in
the past that most likely affected the Earth’s radiation environ-
ment and evolution. The rationale for the upper limit of X600
for an extreme flare was arrived at in two quite different ways:
(1) As noted in Section 4, Cliver et al. (2020a) obtained a SXR
class (in the newscaling) of X400+200 for the flare inferred
for the AD774/775 cosmogenic nuclide event. This value was
based on an RMA fit to a sample of modern GLEs with hard
spectra consistent with that deduced for the AD774/775 SEP
event (Fig. 6). In addition, Cliver et al. (2020a) assumed that the
AD774/775 AD flare would be as efficient in producing high-
energy protons as the 1956 flare (in keeping with the use of the
1956 GLE spectrum as the base unit for the AD774/775 AD SEP
event). Because of the several month time resolution of the mea-
surements of cosmogenic nuclide concentrations, Cliver et al.
(2020a, 2022) also modeled the AD774/775 AD SEP event in
terms of multiple equal-contribution eruptions. For example, if
the AD774/775 AD event were produced by three such erup-
tions (Cliver et al. 2022), the required peak SXR class would
be reduced to X140+70 (X200+100 in the new scaling). (2) In
contrast to (1), the adjusted to fluence (Fp) upper limit scal-
ing law (Eq. (3)) that applies the uppermost X600 value from
Cliver et al. (2020b) in Fig. 6 was derived from the larger sample
of events (listed in Appendix C) used in this work that required
observation of E > 100 MeV protons rather than the E > 500
MeV protons needed for a GLE. In Fig. 6, the solid orange line
spectrum based on a X600 flare for this less energetic sample
is consistent (within uncertainties) with the inferred high-energy
proton spectrum of the AD774/775 proton event.

The implications of our study extend to other solar-type
(see Cliver et al. 2022 regarding the distinction between Sun-
like and solar-type stars) G-type stars that are known to produce
superflares frequently (Maehara et al. 2012; Notsu et al. 2019;
Okamoto et al. 2021). Unless the Sun is a unique star, we can
assume that G-type stars show similar behavior. Thus, our under-
standing of the Sun and its upper limits pertains to the efforts for
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assessing (within the errors, caveats, and limitations) their radi-
ation environment and its impact on the habitability of potential
exoplanets (see, e.g., Youngblood et al. 2017; Herbst et al. 2019,
2021; Fraschetti et al. 2019; Barth et al. 2021). In this regard we
further included the simulated and modeled cases of Hu et al.
(2022) in our Fig. 1 (not shown). Their modeled cases fall well
within our sample and their obtained scaling for the simulated
events are approximately two orders of magnitude lower than
the fluxes estimated by Takahashi et al. (2016) and our work.
As noted in Hu et al. (2022) the close similarity of the obtained
scaling laws’ power-law indices suggests that the laws derived
from SEP events can be applied to stellar energetic particle
events as well. Although there are many more constraints to
consider in the stellar case, our work is in agreement with such
findings.

Takahashi et al. (2016) applied the concept of scaling laws
to assess the upper limit of the Sun on space weather and the
terrestrial environment. The current consensus is that the cos-
mogenic nuclide enhancements in the AD774 were the result of
a SEP event (Miyake et al. 2019). While the detailed observa-
tions necessary to explain the outsized SEP event in AD774 are
unavailable, it is desirable for worst-case space weather scenar-
ios to make inferences about the circumstances under which it
arose, namely the values of both SXR flare peak intensity and
CME speed. In this paper we investigated the dependence of SEP
events on Fgxr by applying a range of scaling laws starting with
Takahashi et al. (2016) to the estimates of flare intensity for the
AD774/775 event obtained by Cliver et al. (2020a, 2022). This
study comprises the first of two investigations on the dependence
of SEP events on their associated solar activities. In our subse-
quent work (i.e., part II), we will examine the dependence of
SEP events on CMEs.
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Appendix A: The log(F p) versus log(l,) relations

In our examination of the four integral energies employed, we
find a very robust statistical linear correlation between logs of Fp
and I, over an energy range from E>10 MeV to E>100 MeV and
over four decades of measurements (1984-2017), which is the
period covered by the 65 SEP events in our sample. Figure A.1
presents the log-log relation of the Fp versus Ip for the four inte-
gral energy bands of the SEP events we considered. For all inte-
gral energies of interest, we performed linear RMA fits. Table
A.1 summarizes the results. As can be seen in Figure A.1, over
approximately four orders of magnitude a robust relation of the
Fp versus Ip is found, as indicated by the high (~ 0.97) cc val-
ues (see Table A.1). Thus, over an extensive range of event peak
intensities Ip, these linear fits allow us to make estimates of the
event fluences (Fp) from observed Ip within a factor of ~1.65,
in agreement with the findings of Kahler & Ling (2018).

The Fp values are vital since they account for both the adi-
abatic energy losses and multiple traversals of particles across
the observer position. The effects of both have been addressed
by Chollet et al. (2010), who found that the two effects are gen-
erally equal and offsetting for a broad range of energies and over
many ion species.

Table A.1. Slope of Fp-Ip and plot amplitude for each integral energy
derived in this work.

Integral Slope Fp-Ip  Plot amplitude Correlation
Energy ) Coefficient
(MeV) (cc)
E>10 1.13+0.04 5.48+0.07 0.96
E>30 1.13+0.04 5.46+0.06 0.97
E>60 1.08+0.03 5.51+0.06 0.97
E>100 1.02+0.03 5.53+0.06 0.97

While evaluating the obtained values for the fluence, we sur-
veyed the literature to identify previously published fluences at
the respective energies. Cliver (2016, hereafter CL16) lists the
fluence at E>100 MeV (in protons (cm~2 sr™!)) for a set of
intense SEP events (see their Table 1), while Koldobskiy et al.
(2021, hereafter KL.21) tabulate the fluence (in protons (cm™2))
for all integral energies of interest in this study (E>10-; >30-
; >60-; and >100 MeV) for 26 GLEs recorded from 1989 to
2017 (see their Table 1). Of these, 16 GLEs were also present in
our catalog employed in this study. The comparisons are given
in Tables A.2 and A.3. As can be seen, the comparison of the

Table A.2. Comparison of fluence values for E>100 MeV derived in
this work and in CL16.

E>100 MeV Fluence [ - 10° cm™2 sr™!]

Date this work CL16
02/04/2001 241 220
08/11/2000 13300 13000
17/05/2012 338 305
24/08/2002 434 400
20/01/2005 6470 6400
13/12/2006 1880 1900
21/04/2002 1530 1500
26/01/2001 637 630
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Fig. A.1. Log Fp versus log Ip for the four integral energy bands of
the SEP events: (from top to bottom) E>10-; E>30-; E>60-; and E>100
MeV. In all cases the black solid line represents the RMA regression
line.

derived fluences shows an excellent agreement between the cal-
culations of this study and the outputs of CL16 (see Table A.2)
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Fig. A.2. Similar to Figure 6. Here the range from the 65 SEP events
is presented as a gray shaded area, the magenta line provides the mean,
and the blue line represents the median spectrum from the measure-
ments. The blue bars denote the range of the fluence at the respective
integral energies from Table A.3.
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Fig. A.3. Scatter plot of the integral fluences F(>E) obtained from
the data in this work (Y-axis) and from the work of CL16 (X-axis)
for E>100 MeV. The blue triangles correspond to individual SEP
events (see Table A.2), and the solid black line denotes the diagonal
dichotomous.

and Figure A.3. The results agree within a mean factor of ~ 1.04.
At the same time, the comparison between the obtained omni-
directional fluences in this work and those presented in KL.21
show a less strong but still reasonable agreement for E>10 MeV
(a mean factor of ~ 2.20). However, when shifting to higher
energy (i.e., E>100 MeV) the agreement gets stronger (a mean
factor of ~ 1.02, see Table A.3 and Figure A.4). In both com-
parisons, a close relationship between the obtained fluences at
each energy obtained in this work and CL16 and KL21 is evi-
dent by the high cc (>0.95). However, it should be noted, as
highlighted in Section 2, that different GOES spacecraft lead
to differences between the intensities. As a result, this affects
the derived peak proton flux and consequently the calculated flu-
ence at each case. For example, for the 16 GLEs, KL21 and this
study used measurements from the same GOES spacecraft for
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Table A.3. Comparison of fluence values for E>10-; E>30-; E>60; and
E>100 MeV derived in this work and in KL21.

Fluence [cm 2]

E>10 MeV E>30 MeV
Event this work KL21 this work KL21
GLE40 1.60E+07 9.18E+06 7.97E+06 6.84E+06
GLE41 1.82E+09 5.02E+08 3.90E+08 1.67E+08
GLE44 436E+09 1.62E+09 1.16E+09 8.20E+08
GLE45 221E+09 7.94E+08 5.43E+08 3.68E+08
GLE46 1.40E+07 5.54E+06 5.45E+06 4.33E+06
GLE47 127E+08 4.78E+07 4.35E+07 2.71E+07
GLE48 1.21E+08 3.18E+07 4.60E+07 2.35E+07
GLE52 2.54E+08 6.81E+07 4.46E+07 2.17E+07
GLE55 4.56E+08 3.17E+08 1.54E+08 1.25E+08
GLE60 5.12E+08 4.51E+08 1.45E+08 1.35E+08
GLE63 3.58E+08 3.13E+08 8.34E+07 7.91E+07
GLE64 3.18E+08 2.27E+08 4.87E+07 4.31E+07
GLE67 143E+09 5.73E+08 1.95E+08 1.37E+08
GLE69 8.13E+08 6.98E+08 3.84E+08 3.57E+08
GLE70 4.62E+08 3.55E+08 1.67E+08 1.55E+08
GLE71 1.02E+08 6.85E+07 3.03E+07 2.44E+07

E>60 MeV E>100 MeV
Event this work KL21 this work KL21
GLE40 3.75E+06 4.40E+06 1.78E+06 1.97E+06
GLE41 891E+07 6.39E+07 2.93E+07 2.27E+07
GLE44 3.17E+08 3.74E+08 1.09E+08 1.15E+08
GLE45 1.81E+08 2.07E+08 7.85E+07 8.39E+07
GLE46 241E+06 3.55E+06 1.10E+06 1.53E+06
GLE47 1.67E+07 1.74E+07 7.24E+06 7.28E+06
GLE48 2.08E+07 1.85E+07 1.01E+07 9.08E+06
GLE52 8.93E+06 8.85E+06 2.86E+06 2.77E+06
GLES55 5.59E+07 497E+07 246E+07 2.27E+07
GLE60 6.19E+07 5.83E+07 3.19E+07 3.02E+07
GLE63 2.26E+07 2.18E+07 8.00E+06 7.74E+06
GLE64 137E+07 127E+07 5.45E+06 5.06E+06
GLE67 3.23E+07 2.80E+07 9.18E+06 9.19E+06
GLE69 1.73E+08 1.66E+08 8.13E+07 7.85E+07
GLE70 596E+07 5.70E+07 236E+07 2.27E+07
GLE71 1.05E+07 9.21E+06 4.25E+06 3.93E+06

only 7 events (~43% of the cases). If the comparison consid-
ers only these seven events, the mean factor for E>10 MeV falls
to ~1.30. Figure A.2 is similar to Figure 6. It presents the flu-
ence range from the 65 SEP events with a gray shaded area and
the mean(median) spectrum obtained from the measurements
as blue(magenta) lines. The blue bars denote the range of the
fluence at the respective integral energies from Table A.3. As
a result, the obtained fluence values for the GLEs seem to lie
within the gray shaded area.

As anext step, the annual fluence versus the annual peak pro-
ton flux for each integral energy of interest was investigated. As
stated before, we find a very robust statistical linear correlation
between logs of Fp and I, for each integral energy. Therefore,
the linear relations seem to be evident in the annual case as well.
Figure A.5 presents the log-log relation of Fp versus Ip for the
four integral energy bands. For all integral energies of interest,
we performed linear RMA fits. As can be seen in Figure A.5
over approximately four orders of magnitude a robust relation of
Fp versus Ip is found. Again, in the annual case high cc values
(~ 0.97) are obtained (see Table A.4).
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Fig. A.4. Similar to Figure A.3, but for scatter plots of the integral flu-
ences F(>E) obtained from the data in this work (Y-axis) and from the
work of KL21 (X-axis) for each integral energy of interest. The red cir-
cles correspond to individual GLE events (see Table A.3), and the solid
black line denotes the diagonal dichotomous of each panel.

Table A.4. Slope of Fp-Ip and plot amplitude for each integral energy
for the annual case derived in this work.

Integral Slope Fp-Ip Plot amplitude Correlation
Energy (annual) Coefficient
(MeV) (cc)
E>10 1.09+0.04 5.62+0.18 0.96
E>30 1.07+0.04 5.61+0.12 0.98
E>60 1.02+0.03 5.59+0.05 0.99
E>100 0.98+0.04 5.56+0.05 0.99
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Fig. A.5. Similar to Figure A.1, but for annual values. Each integral
energy is presented with a different color (E>10 MeV - blue; E>30
MeV -red; E>60 MeV - green; and E>100 MeV - orange). The obtained
linear fit is depicted as a solid line in each panel, while the dotted lines
give the 1o error of the fit. The corresponding correlation coefficients
(cc) are also presented in each plot.
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Appendix B: The 8 November 2000 event

The 8 November 2000 event is clearly distinguished as the one
with the largest obtained peak proton flux for a relatively mod-
est SXR flare. We assess the departure of this particular event
from the linear fit obtained in Figures 1 and 2 by calculating the
residuals as residual = predicted y — actual y, and the S.D. of
the residuals. Figure B.1 demonstrates these calculated residuals
for each integral energy of interest (i.e., E>10; E> 30; E>60 and
E>100 MeV) as black circles. The residuals lie on the vertical
axis, while the SXR magnitude (i.e., the independent variable)
is on the horizontal axis. The dotted blue line represents the per-
fect agreement of the fitted value to the actual one. The S.D. for
each integral energy is presented on each panel of Figure B.1.
It ranges from S.D.=0.68 (E>10 MeV) to S.D.=0.62 (E>100
MeV). The 8 November 2000 event is indicated with a red cir-
cle. As it can be seen, there is a random dispersion of all points
around the perfect fit (i.e., the blue dotted line). Moreover, all
points seem to have a large spread with the minimum and maxi-
mum residual printed in the legend of each panel of Figure B.1.
Finally, the residuals of 8 November 2000 event lie well within
3-S.D. in each integral energy of interest.
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Fig. B.1. Calculated residuals vs. the SXR flux for all 65 events in our
sample. Each panel corresponds to an integral energy (E>10-; E>30-;
E>60-; E>100 MeV). In each panel the red point depicts the 8§ Novem-
ber 2000 event. The legend provides the standard deviation of the resid-
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Appendix C: Complete list of SEP events utilized in
this study

Here we provide a listing of the SEP events, their achieved peak
proton flux, and fluence at each integral energy of interest, as
well as their parent solar events.

Table C.1. The 65 SEP events (1984-2017) that extend to E>100 MeV. For each event the calculated fluence (cm~2) and the peak proton flux
(pfu|ecm™2 s7!' sr~! MeV™") for each integral energy is given. The GOES satellite used in the identification of the event is further tabulated. Solar
associations include the characteristics of the associated solar flares and CMEs.

Proton Event Solar Flare Event Coronal Mass Ejection (CME)

Start time of the event Fluence [cm 2] Peak Proton Flux [pfu] GOES  Start Time Position X-ray Width Speed
No Year Date Time (UT) >10MeV >30MeV >60MeV >100MeV >10MeV >30MeV >60MeV >100MeV satellite Date Time (UT) Lon Lat Peak (deg) (Km/s)
1 1984  14-Mar  4:05 3.14E+07 8.05E+06 3.09E+06 1.4IE+06  66.61 14.95 7.19 3.01 14-Mar  3:15 42 12 M2
2 1985 22-Jan  1:20 7.01E+06 2.54E+06 1.22E+06 6.13E+05  6.28 2.13 0.89 0.39 21-Jan  23:52 38 -8 X4
3 1985  9-Jul 2:25 1.54E+07 3.19E+06 1.05E+06 4.50E+05 85.68 15.21 3.69 1.12 9-Jul 1:26 27 -13 M29
4 1986  7-Feb 13:00 1.36E+08 2.16E+07 3.58E+06 8.90E+05 196 47.1 9.89 2.68 5 7-Feb 10:11 20 -10 M5
5 1986 10-Feb  21:00 2.57E+06 6.39E+05 1.71E+05 6.77E+04  5.62 1.86 0.5 0.22 5 10-Feb  20:25 32 -1 C9.5
6 1986 14-Feb 10:35 2.10E+08 2.32E+07 3.39E+06 9.03E+05 187 34.5 6.22 1.84 5 14-Feb  9:10 76 1 Mo6.4
7 1988 12-Oct  3:40 2.75E+06 7.33E+05 241E+05 1.05E+05  6.97 1.83 0.6 0.26 7 12-Oct  4:57 66 20 X2.5
8 1989  23-Mar  20:30 9.82E+06 1.24E+06 2.74E+05 7.98E+04  29.7 6.97 1.38 0.37 7 23-Mar  19:25 28 18 XI5
9 1989 18-Jun  15:00 3.60E+06 1.50E+06 5.82E+05 247E+05  10.2 5.52 241 1.08 7 18-Jun  16:19 57 15 C6.8
10 1989 25-Jul  9:05 1.60E+07 7.96E+06 3.75E+06 1.78E+06 32 225 12 6.08 7 25-Jul - 8:39 84 25 X26
11 1989 12-Aug 15:30 5.64E+09 1.08E+09 1.14E+08 1.44E+07 4490 1490 230 34.8 7 12-Aug  13:57 37 -16  X2.6
12 1989 16-Aug 1:30 1.82E+09 3.90E+08 8.90E+07 2.93E+07 1430 339 115 51.5 7 16-Aug  1:08 84 -18  X20
131989 22-Oct  16:30 4.36E+09 1.16E+09 3.17E+08 1.09E+08 5330 1320 378 211 7 22-Oct  17:08 31 -27  X29
14 1989 24-Oct  19:00 221E+09 543E+08 1.81E+08 7.85E+07 2530 729 265 120 7 24-Oct  17:36 57 -30 X5.7
15 1989 15-Nov 7:05 1.40E+07 5.44E+06 241E+06 1.10E+06 383 16.3 7.28 3.49 7 15-Nov  6:38 26 11 X32
16 1989 30-Nov 13:15 2.14E+09 1.29E+08 6.05SE+06 3.94E+05 3490 195 9.42 121 7 30-Nov  11:45 52 24 X2
17 1990 21-May 22:25 1.27E+08 4.35E+07 1.67E+07 7.24E+06 409 114 439 19.3 7 21-May 22:12 36 35 X5
18 1990 24-May 20:35 1.21E+08 4.60E+07 2.08E+07 1.01E+07 177 56.4 34.6 19.5 7 24-May 20:46 78 33 X93
19 1991 15-Jun  8:50 1.0SE+09 2.50E+08 6.30E+07 2.20E+07 1180 305 124 69.3 7 15-Jun  6:33 69 33 XI12
20 1991 30-Oct  6:55 2.65E+07 9.22E+06 3.70E+06 1.68E+06 94 18.8 6.05 2.84 7 30-Oct  6:11 25 -8 X2.5
21 1992 25-Jun  20:15 2.54E+08 4.46E+07 8.92E+06 2.86E+06 271 66.2 28.7 13.7 7 25-Jun  19:47 67 9 X3.9
22 1992 30-Oct  18:25 2.56E+09 4.48E+08 4.33E+07 5.38E+06 1550 468 73.1 11.1 7 30-Oct  17:02 61 -22 X1.7
23 1993 4-Mar  12:40 7.30E+06  1.66E+06 5.03E+05 1.94E+05  17.1 4.56 1.74 0.72 7 4-Mar  12:17 56  -14 C8.1
24 1993 12-Mar  18:30 2.08E+07 3.91E+06 1.08E+06 3.96E+05  36.8 113 4.23 2 7 12-Mar  16:48 51 0 M7
25 1994 19-Oct  21:45 1.41E+07 1.17E+06 2.70E+05 9.69E+04  34.9 4.56 0.83 0.31 7 19-Oct  22:35 24 12 M32
26 1997 4-Nov  6:05 3.54E+07 8.49E+06 244E+06 9.43E+05  67.1 20.3 6.93 2.55 8 4-Nov ~ 5:52 33 -14 X211 360 785
27 1997 6-Nov 12:20 4.56E+08 1.54E+08 5.59E+07 2.46E+07 532 189 92 46.3 8 6-Nov 11:49 63 -18  X94 360 1556
28 1998 6-May  8:15 3.79E+07 8.18E+06 2.28E+06 8.97E+05 239 47.5 12.7 4.89 8 6-May  7:58 65 -1 X277 248 1099
29 1998 30-Sep 14:10 5.48E+08 4.33E+07 4.09E+06 9.12E+05 1160 133 14 2.98 8 30-Sep  13:04 85 19 M29 .. @ ..
30 2000 10-Jun  17:00 2.09E+07 3.47E+06 7.07E+05 223E+05 422 12.8 4.34 1.62 8 10-Jun  16:40 38 22 M52 360 1108
31 2000 22-Jul  11:50 7.66E+06 9.17E+05 1.85E+05 6.59E+04  17.6 4.22 0.99 0.34 8 22-Jul  11:17 56 14 M3 259 1230
32 2000 8-Nov  23:20 1.O7E+10 3.18E+09 6.67E+08 1.73E+08 14800 4400 1190 349 8 8-Nov  22:42 71 10 M7 170 1738
33 2001 28-Jan  16:45 3.36E+07 3.45E+06 5.56E+05 1.69E+05  48.9 6.03 1.08 03 8 28-Jan  15:40 59 -4 ML5 360 916
34 2001 2-Apr 11:20 1.66E+06 3.03E+05 7.82E+04 3.19E+04  4.07 091 0.28 0.15 8 2-Apr 10:58 62 17 X1 80 992
35 2001 2-Apr 23:15 6.61E+08 9.79E+07 1.29E+07 3.02E+06 1110 217 26.2 542 8 2-Apr 21:32 82 14 X20 244 2505
36 2001 12-Apr  11:20 3.71E+07 6.54E+06 1.74E+06 6.69E+05  50.5 13.9 3.95 1.49 8 12-Apr ~ 9:39 43 -19 X2 360 1184
37 2001 15-Apr 13:50 5.12E+08 1.45E+08 6.19E+07 3.19E+07 951 357 242 146 8 15-Apr  13:19 85 20 Xl44 167 1199
38 2001 23-Nov 1:05 8.08E+09 8.47E+08 4.57E+07 4.65E+06 4800 857 46.1 4.03 8 23.Nov  22:38 36 -17 M99 360 1437
39 2001 26-Dec 5:45 3.58E+08 8.33E+07 2.26E+07 8.00E+06 780 331 130 50.2 8 26-Dec  4:32 54 8 M7.1 212 1446
40 2002 21-Apr 2.73E+09 6.59E+08 9.56E+07 1.92E+07 2520 649 108 22.9 8 21-Apr  0:43 84 -14 X15 360 2393
41 2002 22-Aug 1.97E+07 5.12E+06 1.45E+06 5.47E+05 36.4 12.6 43 1.71 8 22-Aug  1:47 62 -7 M54 360 998
42 2002 24-Aug 3.17E+08 4.87E+07 1.37E+07 5.45E+06 317 123 60.4 29.3 8 24-Aug  0:49 81 -2 X3.1 360 1913
43 2003 31-May 1.09E+07 2.40E+06 6.69E+05 2.51E+05 27 6.79 2.12 0.88 8 31-May 2:13 65 -7 M9.3 360 1835
44 2003 26-Oct 1.81E+08 1.84E+07 1.75E+06 3.38E+05 466 426 3.78 0.8 11 26-Oct  17:21 38 2 X12 171 1537
45 2003 2-Nov 1.43E+09 1.95E+08 3.22E+07 9.18E+06 1510 476 115 494 11 2-Nov  17:03 56 -14 X83 360 2598
46 2003 4-Nov 2.14E+08 3.26E+07 3.80E+06 7.76E+05 353 59.3 6.85 133 11 4-Nov  19:29 83  -19 X28 360 2657
47 2004 19-Sep 2.03E+07 3.02E+06 3.91E+05 9.35E+04  57.3 8.87 1.49 0.37 11 19-Sep  16:46 58 3 M19 ...
48 2004 10-Nov 2.81E+08 3.38E+07 4.24E+06 1.07E+06 424 494 7.52 242 11 10-Nov  1:59 49 9 X25 360 3387
49 2005 17-Jan 2.44E+09 6.04E+08 7.84E+07 1.32E+07 5040 1330 166 28.1 11 17-Jan  6:59 25 15 X3.8 360 2547
50 2005 20-Jan 8.13E+08 3.83E+08 1.73E+08 8.13E+07 1860 1550 968 652 11 20-Jan  6:36 61 14 X7.1 360 3256
51 2005 22-Aug 2.92E+08 1.65E+07 1.22E+06 2.56E+05 337 27.2 2.06 0.37 11 22-Aug  16:46 65 -13 M56 360 2378
52 2006 13-Dec 4.62E+08 1.67E+08 5.96E+07 2.36E+07 698 372 187 88.7 11 13-Dec  2:14 23 -6 X34 360 1774
53 2006 14-Dec 3.03E+07 7.32E+06 1.76E+06 5.57E+05 215 423 8.07 238 11 14-Dec  21:07 46 -6 X1L5 360 1042
54 2011 7-Jun 4.93E+07 1.73E+07 5.74E+06 2.22E+06  72.87 25.84 10.81 4.53 13 7-Jun 6:16 54 21 M25 360 1255
55 2011 4-Aug 1.09E+08 1.35E+07 2.30E+06 6.56E+05  80.05 22.04 5.48 1.8 13 4-Aug 341 36 19 M93 360 1315
56 2011 9-Aug 1.11E+07 3.56E+06 1.11E+06 4.34E+05 26.92 15.83 6.52 2.67 13 9-Aug 7:48 69 17 X69 360 1610
57 2012 23-Jan 4.81E+09 4.41E+08 1.76E+07 1.50E+06  3895.4 447.84 20.63 2.39 13 23-Jan  3:38 25 18 MS8.7 360 2175
58 2012 27-Jan 8.33E+08 1.43E+08 2.20E+07 5.85E+06  795.5 126.43 29.96 11.88 13 27-Jan 17:37 71 27 X1.7 360 2508
59 2012 13-Mar 1.68E+08 1.64E+07 240E+06 6.66E+05  468.77 64.49 891 1.89 13 13-Mar  17:12 59 19 M79 360 1884
60 2012 17-May 1.02E+08 3.03E+07 1.05E+07 4.24E+06  255.44 123.65 54.54 20.44 13 17-May  1:25 76 11 Ms1 360 1582
61 2012 6-Jul 1.67E+07 2.56E+06 5.05E+05 1.63E+05 254 5.49 1.13 0.37 13 6-Jul 23:01 51 -17 X1 360 1828
62 2013 22-May 6.35E+08 7.97E+07 9.34E+06 2.18E+06  1196.6 121.05 12.73 34 15 22-May 13:08 70 15 M50 360 1466
63 2014  20-Feb 3.78E+06 7.70E+05 2.10E+05 8.10E+04  22.25 779 224 0.69 13 20-Feb  7:26 73 15 M3.0 360 948
64 2014 18-Apr 6.58E+07 4.86E+06 7.77E+05 2.37E+05 58.47 6.85 155 0.66 13 18-Apr  12:31 34 -2 M7.3 360 1203
65 2017 06-Sep  12:35 2.98E+08 1.11E+07 8.59E+05 2.28E+05  41.38 4.95 1.4 0.62 13 06-Sep  11:53 33 -8 X9.3 360 1571
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