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This paper investigates various characteristics of solar flares and coronal mass ejections
that either led or did not lead to the detection of solar proton events at Earth during the period
from 1996 to 2023. A detailed catalog of events has been compiled, and regression relationships
between solar source parameters and proton flux increases near Earth have been obtained. A
new "proton index" of an event is proposed, based on which calculations of the probability of
registering solar proton events and expected particle fluxes of different energies are made.
Longitudinal distributions of various parameters characterizing proton flux increases have also
been obtained. The established patterns will form the basis of an empirical model that allows
estimating the probability of high-energy particles reaching Earth and the expected levels and

times of registration of peak increases in proton fluxes with energies >10 and >100 MeV.
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1. INTRODUCTION

Solar proton events (SPEs) pose a risk to the lives of astronauts, negatively affect satellite
electronics, crews, and passengers of aircraft making transpolar flights [Dorman, 2006; Lario et
al., 2009; Mishev et al, 2015; Townsend et al., 2018]. In this regard, there is significant interest in
predicting the probability of SPE detection, as well as estimating maximum particle fluxes and
other parameters (e.g., onset time of increase, total particle flux fluence, overall event duration,
etc.) at a specific point in the heliosphere.

Despite the fact that fluxes of various high-energy particles have been recorded by
spacecraft and ground-based instruments for several decades, our understanding of the physics of
their acceleration processes and propagation in interplanetary space is still incomplete. SPEs are
associated with solar X-ray flares, solar radio emission, as well as coronal mass ejections (CMEs)
and interplanetary shock waves.

For example, a number of studies have established various relationships between the
characteristics of X-ray flares and/or CMEs and parameters of proton flux enhancements [Belov,
2017; Burov and Ochelkov, 2020; Ochelkov, 2021; Belov et al., 2005, 2007; Bazilevskaya et al.
2006; Kahler, 2001; Cliver et al. 2012; Dierckxsens et al., 2015; Gopalswamy et al., 2015;
Richardson et al. 2015; Papaioannou et al., 2016, 2023, 2024; Kahler and Ling, 2018; Kihara et
al., 2020]. In addition, there are studies linking SPE parameters with characteristics of active
regions [Marroquin et al., 2023], solar magnetic fields [Zhang and Zhao, 2017], or solar radio
emissions of various types [Chertok, 1990; Chertok, 2006; Nufiez and Paul-Pena, 2020].

Currently, dozens of proton enhancement models have already been created (see the review
by [Whitman et al., 2023]), which can be conditionally divided into three main classes: empirical,
theoretical (" physics-based ") and those using machine learning. The earliest studies include
empirical models developed in the 1970s-80s [for example, Akinyan et al., 1978; Smart and
Shea, 1979; Chertok, 1982], which already allowed for estimating not only the maximum flux but
also the energy spectrum of particles. Also worth noting are still used and continuously improved
empirical models by Balch [1999], Posner [2007], Falconer et al. [2011], Anastasiadis et al.
[2017], Richardson et al. [2018], Kahle and Ling [2018]; Zhong et al. [2019]; Papaioannou et al.
[2022] and others, based on various characteristics of CMEs, flares, or active regions. Theoretical
SEP models based on patterns of particle propagation in solar and heliospheric magnetic fields

include, for example, [Sokolov et al., 2004; Aran et al., 2006; Luhmann et al., 2007, 2017; Marsh



et al., 2015; Hu et al., 2017; Zhang and Zhao, 2017; Borovikov et al., 2018; Dorman et al., 2019].
In recent decades, SEP models based on machine learning technologies have also become
widespread [Engell et al., 2017; Aminalragia-Giamini et al., 2021; Lavasa et al., 2021; Kasapis et
al., 2022; Nunez, 2022; Torres et al., 2022; Stumpo et al., 2024].

Thus, the scientific community has developed a diverse set of SEP models demonstrating a
wide range of capabilities, although they have significant limitations, particularly due to gaps in
real-time input data. Expanding the set of input parameters certainly leads to improved quality in
forecasting both the probability and magnitude of proton enhancements; however, in the daily
activities of Space Weather Forecast Centers, one should rely on a minimal set of easily
accessible data and minimal time for issuing forecast values. Therefore, in our view, an empirical
model that does not require significant computational power is a good option.

The purpose of this work is to compile an extended catalog of SPEs (for energies >10 and
>100 MeV) for 1996-2023, analyze and refine statistical relationships between the magnitude of
proton enhancements and characteristics of X-ray flares and CMEs to create an empirical model
of SPEs, allowing to estimate both the probability of its registration at Earth and the expected

values of particle fluxes of different energies.

2. DATA AND METHODS
The basis for creating the catalog was a daily updated database of X-ray flares and proton
enhancements [Belov, 2017 and references therein], supplemented with data on the initial
velocity of corresponding CMEs identified on the LASCO coronagraph. Establishing the
connection "flare -CME — proton enhancement" was carried out separately for each event, by
analyzing all available information sources, including daily ultraviolet videos of the Sun (SDO,

https://sdo.gsfc.nasa.gov/data/aiahmi/ ), coronagraphic observations (LASCO,

https://www.swpc.noaa.gov/products/lasco-coronagraph ), X-ray and particle fluxes of different

energies (GOES, https://www.swpc.noaa.gov/products/goes-x-ray-flux ,
https://www.swpc.noaa.gov/products/goes-proton-flux ), data on the speed and direction of
CME:s (cdaw.gsfc.nasa.gov/CME _list/), models of CME propagation in interplanetary space (
https://kauai.ccmec.gsfc.nasa.gov/DONKI/search/ ).

It should also be noted that when estimating particle fluxes and solar sources of SPEs, other

previously published catalogs available in open access were taken into account (see, for example,
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http://www.wdcb.ru/stp/solar/solar_proton events.ru.html , https://umbra.nascom.nasa.gov/SEP/
, https://dataverse.harvard.edu/dataset.xhtml?persistentld=doi: 10.7910/DVN/DZYLHK ).

A total of 422 SEPs were identified, in which the particle flux with energy >10 MeV
exceeded 0.15 pfu (group P10), of which 218 events had particle flux with energy >100 MeV
>0.01 pfu (group P100) and 18 ground level enhancement events (GLE group). A control group
of 806 "flare-CME" events was also selected that did not lead to the registration of any SEPs (No
SEP group ) . Data on the main parameters of all proton events are collected in a catalog available
at the link ( http://spaceweather.izmiran.ru/papers/2024/SEPs_1996 2023corr.pdf ). Additionally,
it should be noted that if an SEP began against the background of a previous event, the maximum

particle flux values were determined by subtracting this elevated background.

3. RELATIONSHIPS BETWEEN SOLAR FLARE, CME, AND SEP PARAMETERS
Figure 1 shows the longitudinal distribution of all studied events depending on the
magnitude of particle fluxes (light circles - without SEPs, dark circles - P10, squares - P100,
diamonds - GLE), the class of the corresponding X-ray flare (left) and the initial velocity of the
CME (right). Almost all points of the control group in both panels lie at the bottom of the figure,
which confirms the necessity (but not sufficiency) of a high-class X-ray flare and fast CME for
the registration of SEPs at Earth. It is also clearly visible that the solar sources of all proton
enhancements are significantly shifted to the western hemisphere, and are most often associated
with flares of class M and above. At the same time, for western sources, velocities can be
significantly lower than for eastern ones, but the largest SEPs are observed at initial CME
velocities of at least 1000-1200 km/s.
Fig. 1.
Table 1.
Table 1 shows the average values of various parameters for four groups of events: Xm, W/m :
- maximum X-ray flux; d¢ , min - time from start to maximum of X-ray flare; ¢, ° -
heliolongitude; P10 ..., pfu - maximum particle flux with energy >10 MeV; P100 ..., pfu -
maximum particle flux with energy >100 MeV; V', km/s - initial linear velocity of CME.
Analysis of the table leads to the conclusion that higher values of parameters characterizing solar
sources ( Xm , dt, V,) correspond to larger expected particle fluxes. The obtained results do not
contradict the existing concept of "big flare syndrome" proposed in [Kahler, 1982]. Additionally,
the sources of the most powerful events (P100 and GLE groups) are significantly shifted to the
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western part of the solar disk, which is fully consistent with the laws of charged particle
propagation in interplanetary space along the Sun-Earth magnetic field line. oLarger particle
fluxes should be expected. The results obtained do not contradict the existing concept of the
&quot;large flare syndrome&quot; proposed in [Kahler, 1982]. In addition, the sources of the
most powerful events (the P100 and GLE groups) are significantly shifted to the western part of
the solar disk, which is quite consistent with the laws of propagation of charged particles in
interplanetary space along the Sun-Earth field line.

In earlier works [Belov, 2017], it was already shown that the best correlations with SEP
magnitude are demonstrated by the so-called flare index Ix , which represents the normalized

product of maximum X-ray flux Xm (W/m :) and the flare rise phase duration dt (min) :

Xm dt
Ix: 10—4—*5’ (1)

as well as /v - normalized index of initial CME velocity V', (km/s):

Iv= —>. 2)
The analysis showed that for the studied sample of proton events, the most reliable
relationship is between maximum proton fluxes with energies >10 MeV ( P10* ) and >100 MeV (
P100* ), presented as a power-law dependence on the aforementioned indices:
P10* = kyo * (Ix) %10  (Jv)B1o (3)
P100* = kqgp * (Ix)%*100  (Jv)B1oo | 4)
where kq, and k,, are the corresponding constants for particle fluxes with energies >10 and >100
MeV, a4 and @, are the power indices of the flare index, B, and B, are the power indices of
the CME velocity index.
Fig. 2.

Figure 2 shows the relationship between the above-mentioned indices and the maximum
particle fluxes with energies >10 MeV (left) and >100 MeV (right) (decimal logarithms of all
values are presented). Various ranges across the entire solar disk were considered, and the
longitudinal interval for which the correlation coefficients were highest was selected. In this case,
the figure presents the "optimal" western longitudes (W22—W87) and only those events in which
the connection between the solar source (flare+CME) and the subsequent SEP is established most
reliably. There were 189 such events from the P10 group and 107 from the P100 group. The
correlation coefficients are 0.72+0.05 and 0.72+0.07 for the left and right panels, respectively.



This relationship can be considered close, which means it can be used further to build an
empirical SEP model.

For convenience, it is advisable to introduce a combined index that simultaneously includes
important characteristics of the X-ray flare and the corresponding CME. Let's call it the "proton
index" of the event; in fact, it represents the decimal logarithm of the expected maximum particle
flux with energies >10 MeV and >100 MeV:

Ipyo = Aqo ¥1g (Ix) + By *1g (Iv) + Gy, (5)

Ip1o0 = A1o * 18(Ix) + Bygo * 1g (IV) + Cygo, (6)
where 4 ,,, B ., C yand 4 .., B .», C ware the corresponding coefficients for particles with
energies >10 MeV and >100 MeV, obtained from the double regressions described above (see
Figure 2 and formulas (3) and (4)). In the future, this index will be used to predict both the
probability of SEP registration and the expected fluxes of particles of different energies.

The values of the proton index vary within relatively small limits for the events in our
catalog (from —0.8 to 3.4), but it should be taken into account, for example, that for particles with
energy >10 MeV Ip = 1 corresponds to an X1 class solar flare with a rise phase duration of 10

minutes and a CME with an initial velocity of 1000 km/s.

4. EVALUATION OF THE PROBABILITY OF SEP REGISTRATION

A large number of events and a fairly uniform distribution of sources across the solar disk
allows us to estimate the probabilities of registering SEPs of a certain level depending on the
power and duration of the flare and the initial velocity of the corresponding CME, included in the
combined proton index of the event. SEP registration occurs when the proton flux exceeds a
certain threshold value, in our case 0.15 pfu for >10 MeV particles and 0.015 pfu for >100 MeV
particles. The probability can be represented as the ratio of the number of SEP events with a
certain value of the proton index ( V,) to the total number of events that have similar index

values Ip , but including those events that did not lead to SEP registration ( NV ):
P =224 100% (7)
Thus, based on the available data on the solar flare and CME, one can calculate the

expected values of the proton index and the corresponding probabilities, and then additionally

take into account their longitudinal distribution.



Figure 3 shows the dependence of the probability of registering SEPs with a selected
threshold flux value on the heliolongitude of the source and the value of the event's proton index:
dark circles correspond to particles with energies >10 MeV, light circles - >100 MeV. The size of
the circles is explained in the legend. The data were obtained by averaging the corresponding
values in a longitudinal window with a width of +£15° with a step of 15°.

It can be seen that if the index value Ip > 2 (for particles with energies >10 MeV) at
longitudes in the range W30-W90, one should expect SEP registration with 100% probability.
For particles with energies >100 MeV , the analogous "threshold" value of the proton index is ~

0.5 (due to significantly lower fluxes of particles of these energies).

5. ESTIMATION OF REGISTRATION TIME FOR PEAK PARTICLE FLUX VALUES

Based on the compiled catalog of SPEs, we also obtained estimates of the time of
maximum particle flux with energies >10 MeV with an accuracy of 1 hour. Figure 4 shows a
histogram demonstrating the distribution of the parameter d¢tP10 (h) — the time from the
beginning of the corresponding X-ray flare to the registration of the maximum particle flux with
energies >10 MeV. In most cases, it does not exceed 10—20 hours, however, there are also events
with a very gradual flux increase, up to 80 hours. They have sources in the eastern part of the
solar disk. The average value of the parameter d¢P10 for the studied sample is 12 hours.

Fig. 4.

Fig. 5.

The longitudinal dependence of this parameter, obtained using a sliding window with a
width of 7° of helio-longitude, is no less interesting (see Fig. 5). The longest times correspond to
distant eastern events (E20 and beyond).

Events in the central zone of the solar disk stand out: they are characterized by times
between the beginning of the flare and the time of registration of maximum proton fluxes of 10—
20 hours. It is also clearly noticeable that there are well-defined minima for which dtP10 does not
exceed 8 hours, corresponding to solar longitudes in the range W45-70. Apparently, they are
associated not only with the position of the base of the solar magnetic field line (~W55) on which
the Earth is located, but also with the peculiarities of the localization of particle acceleration
processes on the Sun, which requires a separate detailed study. It should be noted that in the work

of Kihara et al. [2020] it was also shown that the time period of the beginning and the total



duration of SPEs decrease with decreasing longitudinal distance between the source of the
coronal mass ejection and the base of the Parker spiral. Taking into account such longitudinal
dependencies makes it possible to make predictive estimates of the times of registration of peak

values of solar proton fluxes in the future.

6. ESTIMATION OF MAXIMUM PARTICLE FLUX VALUES FOR DIFFERENT
ENERGIES.

Estimation of the maximum particle flux during an SPE, as mentioned above, can be made
based on the proton event index developed by us. Figure 6 shows the relationships between the
actually observed particle flux values and model calculations (in natural logarithms) obtained for
particles with energies >10 and >100 MeV. To clarify, events with reliable attribution to solar
sources are also considered here, but not only for the previously found optimal longitudinal
range, but for events from the entire solar disk (E85-W88). At this stage, the longitudinal
dependence of maximum particle fluxes of different energies is not yet taken into account,
therefore the obtained relationships have slightly lower correlation coefficients than in Fig. 2
(0.69£0.04 (315 events of group P10 ) and 0.68+0.06 (160 events of group P00 ), but they are
already high enough to rely on them in the future when building a model. In the future, we plan to
introduce consideration of the longitudinal dependence of particle fluxes in order to refine the
forecast values provided by our model under development.

Fig. 6.

Fig. 7.

Also, for convenience, calculations can be presented as contour diagrams. Figure 7 shows
the expected values (decimal logarithms) of maximum particle fluxes with energies >10 MeV at
different initial characteristics of the flare and CME. For example, if a flare of magnitude X 1
with a rise phase duration of 10 minutes and a corresponding ejection with a speed of 1400 km/s
is registered, the expected maximum proton flux will be less than 10 pfu, and for a flare of X 10
with the same rise phase and speed - up to a hundred pfu.

The initial velocity of the ejection also has a great influence: the higher it is, the greater
increase in particle flux should be expected: for example, for a flare of magnitude X 3 with a rise
phase duration of 10 minutes and an initial ejection velocity of 600 km/s, fluxes of less than 10
pfu are expected, and for a similar flare and ejection with an initial velocity of 2000 km/s -

already 200-300 pfu.



7. CONCLUSION
In the course of the work, a publicly available detailed catalog of SPEs (for energies &gt;10

and &gt;100 MeV) for 19962023 was compiled.to obtain various products such as CO and CH4.
During plasma-chemical hydrogenation ), which presents the main characteristics of both solar
sources of SPS and the maximum particle fluxes recorded near the Earth and the times of their
registration according to data from the GOES series of devices, which includes >500 events.

The comparison of proton flux increases with the characteristics of CMEs and solar flares
showed that there are fairly reliable links between the quantities characterizing solar sources and
the SPEs subsequently recorded near the Earth. These links were used to calculate a new index of
the event&#39;s proton content — can be increased up to , which allows us to estimate both the
probability of registering a SPE and the value of the expected maximum fluxes of protons with
energies >10 and >100 MeV based on solar data available with a minimum time delay
(maximum X-ray flare value, time of the soft X-ray flux growth phase, and the initial velocity of
the corresponding CME).

Additionally, an analysis of the times of registration of the maximum flux of particles with
energies >10 MeV (with an accuracy of 1 h) was conducted. It was shown that there is a
pronounced longitudinal dependence of this parameter, which must be taken into account when
predicting the radiation situation.

All the above results provide the basis for an empirical predictive model of the SPS, the
detailed description of which is beyond the scope of this work and will be given in the future.
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Table 1. Average values of various event characteristics.

No SEP (806) P10 (422) P100 (218) GLE (18)
Xm *10 ¢, W/m 32+2 98 + 1 141 +2 479 + 1
dt , min 26+ 1 34+2 32+2 35+ 10
0, ° 0+2 28+3 34+3 54+9
V., km/s 617 + 13 1114 + 28 1252 + 43 1991 + 164
P10 ..., pfu 0 295 + 93 557+ 179 3310 + 1747
P100 .., pfu 0 7+2 13+4 134 + 47

Figure Captions

Fig. 1. The relationship between the helio-longitude of the solar source with: (a) the X-ray
flux magnitude and () the initial CME velocity for different groups of studied events (light
circles — No SEP, dark circles — P10, squares — P100, diamonds — GLE).

Fig. 2. Correlation between the actually observed maximum particle flux with energies ( a )
>10 MeV and ( b ) >100 MeV with fluxes calculated using formulas (3) and (4), for events with
reliable attribution to solar sources in the longitude range W22—-W8&7.

Fig. 3. Dependence of the SEP detection probability on helio-longitude and proton index of
the event.

Fig. 4. Distribution of parameter d¢P10 (h) — time from the beginning of the corresponding
X-ray flare to the registration of the maximum particle flux with energies >10 MeV.

Fig. 5. Longitudinal dependence of parameter d¢tP10 .

Fig. 6. Correlation between actually observed particle flux values and model calculations for
groups (a ) P10 and ( ) P100 for events from the entire solar disk (E85—-W88).

Fig. 7. Correlation between the expected maximum particle flux with energies >10 MeV

(decimal logarithm) with the initial CME velocity and flare index.
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