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ABSTRACT

A new catalogue of 314 solar energetic particle (SEP) events extending over a large time span from 1984 to 2013 has been
compiled. The properties as well as the associations of these SEP events with their parent solar sources have been thoroughly
examined. The properties of the events include the proton peak integral flux and the fluence for energies above 10, 30, 60
and 100 MeV. The associated solar events were parametrized by solar flare (SF) and coronal mass ejection (CME) characteristics,
as well as related radio emissions. In particular, for SFs: the soft X-ray (SXR) peak flux, the SXR fluence, the heliographic
location, the rise time and the duration were exploited; for CMEs the plane-of-sky velocity as well as the angular width were
utilized. For radio emissions, type III, II and IV radio bursts were identified. Furthermore, we utilized element abundances of
Fe and O. We found evidence that most of the SEP events in our catalogue do not conform to a simple two-class paradigm, with
the 73% of them exhibiting both type III and type II radio bursts, and that a continuum of event properties is present. Although,
the so-called hybrid or mixed events are found to be present in our catalogue, it was not possible to attribute each SEP event to a
mixed/hybrid sub-category. Moreover, it appears that the start of the type I1I burst most often precedes the maximum of the SF and
thus falls within the impulsive phase of the associated SE. At the same time, type III bursts take place within ~5.22 min, on
average, in advance from the time of maximum of the derivative of the SXR flux (Neupert effect). We further performed a
statistical analysis and a mapping of the logarithm of the proton peak flux at £ > 10 MeV, on different pairs of the parent solar
source characteristics. This revealed correlations in 3-D space and demonstrated that the gradual SEP events that stem from the
central part of the visible solar disk constitute a significant radiation risk. The velocity of the associated CMEs, as well as the SXR
peak flux and fluence, are all fairly significantly correlated to both the proton peak flux and the fluence of the SEP events in our
catalogue. The strongest correlation to SEP characteristics is manifested by the CME velocity.
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1. Introduction

Solar energetic particle (SEP) events originate from solar flares
(SFs) and/or coronal mass ejections (CMEs). The classical
paradigm divides SEP events into two categories: the impulsive
and the gradual ones based on their parent solar events (i.e.,
SFs, CMEs) (Reames 1999, 2013). Impulsive SEP events are
considered to be associated with SFs (Anastasiadis 2002; Klein
& Posner 2005), while the gradual ones are considered to be
accelerated by CME-driven shocks (Reames 1999; Kahler
2001; Cane & Lario 2006). Nonetheless, this “two class”
picture has proved to be an oversimplification and does not
match the diversity and wealth of the observed SEP event
properties (Cane et al. 2010). Furthermore, observations have
indicated that there is a third category of events, the so-called
hybrid or mixed events, during which both SFs and CME-
driven shocks accelerate particles that contribute to large
SEP events (Kocharov & Torsti 2002; Kallenrode 2003). These
hybrid or mixed events may look like gradual events but

demonstrate properties of impulsive ones (Vainio et al.
2007). Such hybrid SEP events may result from the
re-acceleration of remnant ions from previous eruptions by
shock waves (Reames 2002) or from the interaction of CMEs
(Gopalswamy et al. 2002; Kahler & Vourlidas 2013).
Nevertheless, both the impulsive and gradual SEP events are
defined by the magnetic configurations of their parent solar
events with the underlying fundamental difference being the
acceleration mechanisms: impulsive SEP events stem from
resonant stochastic acceleration or magnetic reconnection
(Aschwanden 2002), while gradual SEP events result from
shock acceleration (Reames 2002).

The most intense SEP events can be observed at a wide
range of longitudes. Recent observations by several spacecraft
widely distributed in heliolongitude have allowed the
observation of SEP events filling a broad region around the
Sun (Richardson et al. 2014; Lario et al. 2016). The interpre-
tations offered for such widespread events include: (a) the
propagation of CME-driven shocks able to inject SEPs over
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broad angular regions (Rouillard et al. 2012; Lario et al. 2016);
(b) the effective propagation of particles perpendicular to the
direction of the interplanetary magnetic field (IMF), i.e.
cross-field diffusion (Dresing et al. 2012; Droge et al. 2014);
(c) the perpendicular transport of particles through processes
other than diffusion (Wiedenbeck et al. 2012). Hence, this
wealth of observations from different vantage points within
the heliosphere has provided significant insight and further
tested the proposed mechanisms for the injection, propagation
and acceleration of the SEP events.

A key element for the decoding of the characteristics of
SEP events is the establishment of empirical and/or semi-
empirical statistical relations between their characteristics
and the observed properties of the parent solar events
(Gopalswamy et al. 2003, 2004; Garcia 2004a, 2004b; Belov
et al. 2005; Trottet et al. 2015). Although such relations are
not deterministic and thus do not lead to first-principle physical
laws, they should be considered as deductive approaches.
Therefore, empirical relations attempt to unfold patterns and
relationships among the parameters of SEP events and their
parent solar events, using all observational evidence at hand,
which in turn points to the underlying physical processes of
the SEP generation (Balch 2008).

SEP events are one of the most important elements of
space weather (Vainio et al. 2009). Given that the complex-
ity of the underlying physical processes of the acceleration
and propagation of SEP events is still a very active research
area, the prognosis of SEP event occurrence and their corre-
sponding characteristics (e.g., peak flux, duration, fluence)
mostly relies on near real-time observations of SFs and
CMEs and makes use of the aforementioned empirical rela-
tions (Smart & Shea 1989; Balch 1999; Garcia 2004a,
2004b; Laurenza et al. 2009; Nuiez 2011; Papaioannou
et al. 2015). In addition, the work from Posner (2007) has
proven the concept of short-term forecasting of the appear-
ance and intensity of solar ion events by means of relativis-
tic electrons, making use of the higher speed of these
electrons propagating from the Sun to 1 AU. Hence, it
appears that catalogues of SEP events — such as the one pre-
sented in this work, with updated information concerning the
associated parent solar events — constitute an important
resource for the studies of SEP events (Vainio et al. 2009;
Papaioannou et al. 2014a) and the derivation of empirical
relations, which can be foremost used for the forecasting
of solar radiation storms.

At this point, it should also be noted that the warning time
for the SEP events forecasting, after observation of the parent
solar phenomena, is fairly short and cannot be compared to the
one that is achieved for the forecasting of solar wind (Rotter
et al. 2015) or interplanetary CMEs (Owens & Cargill 2004)
which falls within a timescale of ~ a day(s). This is evident
for forecasting systems of SEP events that rely either on
remote-sensing observations of the Sun (Laurenza et al.
2009; Nuiez 2011; Papaioannou et al. 2015) or on in situ
measurements (Posner 2007). In particular, the achieved
warning time at a subset of common SEP events between the
technique furnished by Laurenza et al. (2009) and the concept
of Posner (2007) has shown that the former leads to a median
warning time of 55 min and the latter of 50 min in advance of
the National Oceanic and Atmospheric Administration
(NOAA) event threshold crossing (10 pfu at >10 MeV).

In this work, a new catalogue of SEP events observed
within a wide range of intensities onboard the Geostationary

Operational Enviromental Satellite (GOES) spacecraft during
1984-2013 has been compiled. This part of our analysis is
detailed in Section 2. We have, further, carefully examined
the properties and associations of the resulting 314 SEP events
with their parent solar events and have established statistical
relations between key ingredients of SFs (longitude, maximum
soft X-ray (SXR) flux, SXR fluence, rise time, duration),
CMEs (velocity, width) and SEP event characteristics (peak
flux, fluence). This part of our work is thoroughly presented
in Section 3. In addition, Section 4.6.1 presents correlations
between the characteristics of SEP events and the parameters
of the associated solar events, in an attempt to identify the
strongest relationships for use in SEP forecasting. As a next
step, Section 4.6.2 proceeds with the mapping of the logarithm
of the proton peak flux at £ > 10 MeV (a standard SEP
metric) over a 2-D space, defined by different pairs of the
parameters of the associated solar events to the SEP ones.
Finally, the results of our work are summarized and discussed
in Section 5.

2. Data used in the analysis and event associations

We have built a new comprehensive database that brings
together data of SEP events, SFs and CMEs. The database,
extending from 1984 to 2013 and covering roughly three solar
cycles, is the result of the synthesis of three independent
datasets. The procedure for the construction of the database
is presented in detail in Sections 2.1-2.3. The database
incorporates 314 SEP events — comprising an SEP part, of
in situ observations of SEPs, and a “solar” part, of related solar
observations, composed by 3693 CMEs—SFs pairs and 20 429
SFs. Hence, the database provides a solid basis for the
identification of empirical and semi-empirical relations
between SEP events and their parent solar event characteristics.

2.1. Solar data

Since the drivers of SEP events are SFs and CMEs, the “solar”
part of our database is based on two distinct solar datasets; that
is, the CME and the SF datasets.

2.1.1. CME dataset

The initial CME sample consists of 22 143 events observed in
the range 2-30 solar radii (R,') by the Large Angle and
Spectrometric Coronagraph (LASCO) (Brueckner et al.
1995) onboard the Solar and Heliospheric Observatory
(SOHO) in the period 1996-2013. LASCO carries three
telescopes, namely C1, C2 and C3. However, only C2 and
C3 data are being used since C1 was disabled in June 1998.
The CME data utilized in this study are primarily derived by
the LASCO CME Catalog® at http:/cdaw.gsfc.nasa.gov/
CME_list/ (Gopalswamy et al. 2009). The basic CME
characteristics employed in our study are:

— tcme: first appearance of the CME in the C2 field of view,
— vemg: mean velocity determined from the linear fit to the
height-time measurements,

' Ry = 695 700 km.

2 One should note that the parameters of the LASCO CME catalog
are constantly subject to revision; in this study, we have used values
which were then current in August 2014.
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— ¢: angular width measured at the height beyond which it
remains roughly constant and

— Yeme: position angle of the CME motion, which is
measured from the north pole in the anti-clockwise
direction.’

For the time period 1984-1995, further efforts were made
in order to identify CME events recorded by different
instruments (for details see Sect. 2.1.3).

2.1.2. SFs dataset

Solar SXR flux measurements, provided by GOES (Unzicker
& Donnelly 1974), recorded in the same period 35 306 C, M
and X class flare events in the 1-8 A GOES channel (ftp://
ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/
solar-flares/x-rays/goes/). From the initial sample of SXR flares
we excluded 14 818 events for which the location was not
available, leading to a sample of 20 429 C, M and X class
flares. The following flare characteristics were used in our
study:

Vg position angle of the SXR flare, as inferred by its
heliographic coordinates

— tyaree Start time of the SXR flare,

— t4ec: fixed decay time of the flare,

— ty: the time of maximum of the derivative of the SXR flux,
— I,: SXR peak flux of the flare,

— t,: time of the the SXR peak flux,

— Isxr: SXR fluence of the flare,

— Ijo: the SXR flux of the flare, 10 minutes after #, and

— Iy: the maximum of the derivative of the SXR flux that
corresponds to 7.

For the calculation of /¢ we used the simplified expression:
Y =tan ' [sin A/tan f§] using as input the central meridian
distance A and the heliographic latitude f of the flare; for
details, see Youssef (2012).

For the calculation of Igxg we have applied the following
approach: the start of the integration is, naturally, the onset
time of the SF, however for the end time we employed a more
sophisticated approach by separating SFs into “brief-duration”
and “extended-duration”. For the cases where the SXR peak
flux falls to the 1/3 of its power within 10 minutes (“brief-
duration”, I,¢/I, < 1/3), the integration ends at the time when
the SXR flux had dropped by one order of magnitude.
For the “extended-duration” flares, depending on their /,¢/,
ratio, we have used a fixed decay time (Z4..). In particular,
the decay times, presented in Table 2 (supplementary online
material) of Laurenza et al. (2009), were utilized. For the cases
where [/, > 1.0, the t4.. =38 min; in case 0.85 < I/
I, <090, t4ee=68min; when  0.90 </,¢/I, <0.95,
fgee = 104 min, and for 0.95 < ;¢/I, < 1.00, t4ec = 214 min.
Finally, for intermediate cases, where 1/3 < I,¢/I, < 0.85, the
integration ends when the SXR peak flux had dropped by
1/3. This approach differs from the one presented in Laurenza
et al. (2009) who, instead of the flare start, used as the start
time of the integration the 1/3 power point of the rise, under
the argument that the SXR maximum is immediately obtained
for real-time space weather forecasts and hence, the computed
parameters are useful for such purposes. On the other hand,

3 This corresponds to the Measured Position Angle (MPA),
included in the SOHO/LASCO CME Catalog.

we applied a different criterion since we noticed that in some
“brief-duration” cases the integration with the use of the
1/3rd criterion stopped at an earlier time that was not represen-
tative of the overall radio characteristics of these events. In par-
ticular, for those “brief-duration” cases the calculated end of
the SF was well before the apparent SF end and additionally
it was before the end time of the type III radio burst (usually
a group of type IlIs). Hence, with the use of the 1/3rd criterion
we would lead to an underestimation of the integration time
interval of SXR flux compared to the prolonged integration
time for the radio flux. We note that the radio flux start/end
integration time does not depend on the SXR maximum, e.g.
it is not fixed with respect to the SXR maximum. Despite
the fact that our criterion may produce slightly higher fluencies
compared to the criterion of Laurenza et al. (2009), with this
selection the SXR fluence is more comparable to the radio
fluence for the “brief-duration” cases in our sample.

As it is known, observations of SFs in X-rays frequently
show that the shape of the rising part of the SXR light curve
closely resembles the time integral of the hard X-ray (HXR)
light curve. This fact led to the idea that there is a causal
relationship between the non-thermal (HXR) and thermal
(SXR) emission of a SE, which has become known as the
Neupert effect (Neupert 1968; Dennis & Zarro 1993). In partic-
ular, Neupert (1968) proposed the hypothesis that the SXR
emission is related to the energy E deposed by non-thermal
electrons and that the HXR emission is related to the power
dE/dt, and correspondingly to the instantaneous number of
electrons. Therefore:

Fuxz () O(%FSXR(I)- (1)

Hence, the derivative of the SXR flux (Fsxr(?)) is
commonly used as a proxy of the HXR flux (Fuxgr(?)) (Pick
& Vilmer 2008). However, it should be remarked that equation
(1) is only an approximation and that the correspondence with
theory works only if cooling (by conduction or radiation) is
negligible (Benz 2008).

2.1.3. Associating solar events (CMEs—SF's)

In order to associate SFs with CMEs we applied both temporal
and spatial criteria. Although SFs are being continuously
monitored by the solar SXR flux measurements of the GOES
from 1976 until today, the unobstructed monitoring of CMEs
practically started with the launch of the SOHO and in
particular with the use of LASCO in the end of 1996 with
the data flow stabilized in the start of 1997. This leads to a
gap of continuous CME data between 1984 and 1997. As a
result, we have divided our analysis into two time periods:
the SOHO era and the pre-SOHO era.

— SOHO era: 19962013

Temporal criterion: For each CME we used the linear back-
extrapolation of its trajectory to the surface of the Sun in order
to roughly estimate the lift-off time #, (VrSnak et al. 2005).
Since CMEs are first observed at C2, there is a time difference
At that stems from the time of the CME’s lift-off to its first
appearance within the field of view (FOV) of C2. This time
difference can be calculated as: Af= R/vcyg, assuming
that distance R = 3R, corresponds to the average radial
distance of the first measurement in the LASCO C2 FOV
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(Vrsnak et al. 2005). Once ¢, is identified we assume that SFs
not occurring within the temporal window 7, + 0.06 days
(0.06 days ~ 1.5 h) are most likely not associated with
the given CME (Dougherty et al. 2002; Vr$nak et al. 2004).
In this way, we established a set of 3693 CMEs—SFs pairs
whose relative timing was indicative of a causal relationship.

Out of the varying number of SFs that were identified
within the temporal window of a CME, we attributed each
CME event to a single SF under the so-called “big flare”
syndrome (Kahler 1982) but at the same time an attempt
was made to pick not only the largest flare, in terms of its
maximum magnitude (peak flux) but also the one having the
location on the solar disk (longitude) best magnetically
connected with the Earth.

Spatial criterion: We then required that the position angle
of the flare is within the position angle interval spanned by the
CME: [Ycme — Vel < .

The combination of both criteria led to the establishment of
a sample of 888 CMEs—SFs pairs that fulfilled both criteria
(out of which 68 X, 235 M and 585 C class flares).

— pre-SOHO era: 1984-1995

An attempt has been made to identify CME events recorded by
different instruments and reported in the literature. We have
used two primary sources: the catalogue® from the Corona-
graph/Polarimeter (C/P) onboard the Solar Maximum Mission
(SMM) spacecraft (time span: 1980-1989)° and the white light
observations of the solar corona from the Mauna Loa Solar
Observatory (MLSO) (time span: 1980-today), which employs
three corona meters: MK3, MK4 and recently with the
COSMO K-cor.’

All of the corona meters at MLSO record CMEs at 1.5-3 R,.
SMM C/P reports that the recordings took placeup to 4 R;. As a
result, observations reported in MLSO and SMM, spot CMEs
still in the acceleration phase. Furthermore, taking into account
that LASCO C2 operates at 2—6 R, it was not possible to
homogenize all datasets (e.g., SMM/C/P; MLSO; SOHO/
LASCO) and make use of their reported characteristics
(velocity, width). In addition, we could not apply the spatial
criterion to these data. However, given the timing of the
observed CMEs an attempt was made to identify whether the
reported CMEs were at least temporarily associated with SFs
of our catalogue. This led to the identification of 67 CMEs—SFs
pairs. Therefore, the reported associations of SFs and CMEs
prior to 1996 stem solely from femporal associations.

2.2. Radio data

Radio emissions have a rich diagnostic potential about the
acceleration and propagation of solar energetic particles
(Kouloumvakos et al. 2015). Additionally, they provide
important information on the location and temporal evolution
of the particle release processes from the corona into the IP
medium (Agueda et al. 2014). Moreover, transient solar radio
emissions from the Sun indicate electron acceleration,
primarily to energies of tens of keVs. Such electrons are likely
to be accelerated at any time that high-energy ions are
accelerated (Cane et al. 2002). The different types of radio
bursts are usually interpreted as signatures of electron beams

* http://nldr.library.ucar.edu/repository/collections/ TECH-NOTE-
000-000-000-180

> http://umbra.nascom.nasa.gov/smm/

S https://www2.hao.ucar.edu/mlso/mlso-data-and-movies

(type IlIs), electrons accelerated in shock waves (type Ils) or
as electrons confined in closed-loop structures (type IVs).
Of particular interest are type III bursts which are a secondary
product of Langmuir waves produced by electron beams and
stand as a classic signature of the so-called “impulsive phase”
of SFs when the radiation is primarily non-thermal. Such bursts
signify the release of electrons into open magnetic field lines
(Klein et al. 2005).

In this study, we assembled dynamic radio spectra using
data from the WAVES experiment onboard the Wind space-
craft (Bougeret et al. 1995). The Wind/WAVES data derived
from http://lep694.gsfc.nasa.gov/waves/data_products.html
consist of one-minute resolution radio recordings from 20 kHz
to 13.825 MHz, from the two WAVES receivers known as
RAD1 (20 kHz-1.04 MHz) and RAD2 (1.075-13.825 MHz).
For every SEP event we identified the related type III radio
burst based on the duration (start-peak-end time) of the SFs
that had been associated with the SEP events — see details in
Section 2.4. Additionally, we determined the start and end
times of the type III radio emission. In particular, the start of
a type III radio burst was defined as the time where the radio
emission was above the background level by three standard
deviations, preferably at ~10 MHz, given that the type III
would extend to that frequency. In the cases where the radio
emission was partially occulted and was not extended up to
~10 MHz we alternately used ~1 MHz to determine the
start of the type III burst. The end time of the type III radio
bursts was determined at the time where the radio emission
had returned to the pre-event background level by three
standard deviations. In cases of complex events in the radio
spectra that resulted in ambiguous determination of the type
II start and end, we determined those times by visual
inspection.

Additionally, for every SEP event in the SOHO era, we
identified their related type II radio bursts based on the
duration (start-peak-end time) of the SFs that had been
associated with the SEP events. Occasionally, we used the
available quick-look radio spectrograph plots from http://
secchirh.obspm.fi/ and http://www.sws.bom.gov.au/World_
Data_Centre/1/9 to identify type II radio bursts lower in the
corona. From 2006, onwards, we further used composite radio
spectra from STEREO/SWAVES (Bougeret et al. 2008), to
achieve better identification of events behind the limb. Finally,
we also identified type IV radio bursts, associated with the SEP
events of our catalogue.

2.3. Particle data

In our analysis, we have used differential proton fluxes from the
Energetic Particle Sensor (EPS) — one of the four instruments of
the Space Environment Monitor (SEM) — onboard the
Geostationary Operational Environmental Satellites (GOES)
(Rodriguez et al. 2014). EPS records proton fluxes in seven
differential channels (P1-P7) with characteristic energies
spanning from a few up to several hundreds of MeVs (Sandberg
et al. 2014). In particular, the nominal energy ranges covered by
EPS-2 onboard GOES8-12 are: P1: 0.6-4 MeV; P2: 4-9 MeV;,
P3: 8.7-14.5 MeV; P4: 15-40 MeV; P5: 40-80 MeV,
P6: 80-165 MeV and P7: 165-500 MeV. Furthermore,
SEM has been onboard multiple GOES missions’ from

7 The actual energy ranges may vary from mission to mission.
Details on the GOES/EPS energy ranges per mission may be
retrieved at http://dev.sepem.oma.be/help/data_pref.html.
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GOESO05 (1981-1990) to current GOES13 (2010-2016),
which implies that the derived continuous dataset spans
almost three solar cycles (Onsager et al. 1996; Rodriguez
et al. 2014).

At this point it should be noted that the European Space
Agency (ESA) Solar Energetic Particle Environment
Modelling (SEPEM) (http://dev.sepem.oma.be/) Team (Crosby
et al. 2015) has put a lot of effort into the cleaning of the
derived datasets from the multiple GOES missions. In practice,
all SEP datasets used in the construction of the SEPEM
Reference Data Set (RDS) were processed by removing data
spikes and correcting (or otherwise removing episodes) where
problems occur. GOES/EPS data are used exclusively as the
output SEPEM RDS, although the data is cross-calibrated
using science-class IMP-8/Goddard Medium Energy
Experiment (GME) data. Relatively few gaps and bad points
were found in the GOES/EPS data. None of these impacted
the peak of an event nor continued for a longer period without
there being a back-up EPS instrument which could be used in
its place. The short data gaps were filled using a linear interpo-
lation (Crosby et al. 2015) to provide the best estimation of
SEP fluences.

In this work, we utilized these cleaned differential proton
fluxes from EPS from P2 to P7, made available to us at the
time of the study, directly by the SEPEM Team; but currently
freely available from ESA through an FTP®

2.3.1. Identifying SEP events

The first step of the identification of the SEP events was a
threefold procedure:

— First we produced a continuous GOES dataset applying an
approach similar to the one used for the implementation of
SEPEM, utilizing also the same start/end times, see also
Table 1 of Sandberg et al. (2014), for the conjunction of
the data from several GOES. In particular, differences in
the energy channels between different instruments arose,
which were treated so that the data could easily be
combined. This required additional processing of the data
and merging of the individual datasets without overlaps in
time. The best data was selected based on visual inspec-
tion, to minimize caveats and favouring more reliable
instruments. This procedure was introduced to the GOES/
SEM data by the SEPEM Team (see details on this proce-
dure, here: http://dev.sepem.oma.be/help/data_pref.html)
and has led to a continuous proton dataset, which
was constructed using GOES/SEM data, covering a
time span from 1973 to 2013 (Crosby et al. 2015).

— Next, we re-binned the data point-by-point using a
piecewise power law to interpolate between the two
closest energies in the raw data. For the re-binning we
used the recent-improved re-defined E.frociive for each of
the P2—P7 GOES energy channels that have been obtained
by the cross-calibration of GOES/SEM with IMP-8/GME
data (Sandberg et al. 2014, their Tabs. 2 and 3). There-
fore, from the six differential energy channels (e.g.,
P2-P7) made available by the GOES/SEM instrument
onboard different versions of the spacecraft throughout
its long-lasting operation, we were led to 10 artificial
energy channels (F1-F10), as in SEPEM.

8 ftp://ftp.estec.esa.int/private/pjiggens/anonymous/SEPEM_RDS
v2-00.zip

— Finally, we have developed a code and applied an auto-
mated procedure to the whole unified re-binned GOES
dataset at the energy range 7.23-10.46 MeV (e.g., the
respective F2 of the SEPEM energy channels), in order
to create an SEP event catalogue comparable to SEPEM.

The code used the following threshold parameters for the
determination of SEP enhancements: (a) the differential flux
value above which a possible enhancement was marked,
(b) the minimum peak flux (intensity threshold to surpass) of
the candidate event, (c) the waiting time between two consecu-
tive candidate events and (d) the minimum event duration.
A threshold of 0.01 particles/cm? sr s MeV was exceeded by
62919 candidate events; a minimum peak of 0.5 pfu led to 345
events exceeding this limit, while setting both the waiting time
between events and the duration of the event at 2 h our sample
led to a total number of 291 candidate SEP events. Hence, the
automated code returned the time blocks of 291 possible SEP
enhancements. The criteria that were set through our code differ
from the criteria that were introduced by the SEPEM Team for
the implementation of the SEPEM reference event list” which
was created for the purpose of generating models for the
specification of the SEP enviroment and not for forecasting.

In the second step of our identification, we utilized the
differential GOES proton fluxes from 4 to 500 MeV, i.e.,
P2-P7. The candidate SEP enhancements obtained at the
previous step resulted in many compound structures that
clearly included more than one SEP event. Therefore, we
performed a manual separation of these candidate enhance-
ments. This procedure resulted in 390 candidate SEP events.
Finally, we filtered out enhancements that we were unable to
further analyse which could endanger our statistics (e.g., cases
that were registered only at P2 and/or were within background
fluctuations). As a result, we obtained a total of 314
well-defined SEP events. For each of the 314 SEP events we
used the differential GOES/SEM proton data (P2-P7) and
calculated the onset times per event and per channel using
the so-called ¢ method; for details, see Papaioannou et al.
(2014b). Figure 1 exemplifies how the manual separation
was performed for the SEP events. Figure 1A presents the
outcome of the automated procedure for the identification of
SEP events for the October 2003 period. Figures 1B-1F
present the outputs of the manual break. Vertical lines mark
the start and end times of the event as this was identified in this
work; titles in each sub-panels provide the number of the event
as well as the start and end times; the ordinate in all panels
presents the proton intensities (in particles/cm? st s MeV)
and the abscissa presents the time in hours from the onset time
of the SEP event, the latter labelled with the first vertical line in
each sub-panel. The time resolution of the data is 5 min.

2.3.2. Calculation of the SEP peak flux and fluence

For the calculation of the proton integral fluxes we integrate
over the differential flux spectra using the following method.
First, we re-bin the SEPEM RDS differential spectra using a
piecewise power law interpolation scheme in a numerical grid
that has 100 bins — logarithmically spaced — within the energy
range of 5-500 MeV. Then, we perform a numerical
integration and calculate the integral flux at the selected
energies, £ > 10, 30, 60 and 100 MeV. The calculation of
the proton peak flux and fluence values for each event becomes

° http://dev.sepem.oma.be/help/event_ref html
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Fig. 1. An illustration of the work scheme for the identification of the SEP events. We present particle recordings, reported onboard GOES/EPS
at a wide energy range from 4-500 MeV (i.e. P2-P7; see legends in each panel for details). (A) The outcome of the automated procedure for
the identification of SEP events for the October 2003 period. (B—F) The outputs of the manual break. Vertical lines mark the start and end time
of the event as identified in this work; titles in each sub-panels provide the number of the event as well the start and end time; the ordinate in all
panels presents the proton intensities (in particles/cm? sr sec MeV) and the abscissa presents the time in hours from the onset time, the latter
labelled with the first vertical line in each sub-panel.
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Fig. 2. An illustration of the velocity dispersion analysis (VDA) method applied onto GOES particle measurements. (A) The event no. 17 from
Table 2 (supplementary online material) as this was recorded onboard GOES/EPS at a wide energy range from 4-500 MeV (i.e. P2—-P7; see the
legend of the figure for details). Vertical lines mark the start and end time of the event as identified in this work; the title provides the number of
the event as well the start and end time; the ordinate presents the proton intensities (in particles/cm?® sr sec MeV) and the abscissa presents the
time in hours from the onset time, the latter labelled with the first vertical line. (B) The application of the VDA method, i.e. start times of the
proton event observed by GOES/EPS, as a function of the inverse velocity (1/b). The straight line shows a linear regression to the observations,
where the slope corresponds to the apparent path length (S), and the intersection with the X-axis gives the solar release time (z).

evident afterwards. This numerical approach has been vali-
dated using GOES NOAA products. In particular, we applied
it to GOES differential data (provided by the NOAA server)
and re-produced successfully the corresponding integral data.'®

2.4. Associating SEPs to their parent SFs

The next step was to associate SEP events with their parent SFs.
In making such associations we aimed to separate the proton
enhancements from different SFs to the best of our ability.
The attribution of the SEP events to their solar sources was a
critical part of the study and was implemented on three steps:

— The first iteration of the SEP association with their parent
solar sources was based on the velocity dispersion analysis
(VDA) method. VDA of an SEP event is based on
determining the onset times of the event at various ener-
gies and presenting these onset times as a function of
inverse velocity of the particles at respective energies
(Vainio et al. 2013). The velocity dispersion equation at
1 AU can be written as:

tonset( ) - tO + 8 33—U S ﬁ ( ) <2)

— where 7,(E) 1s the observed onset time in minutes at
proton kinetic energy E, t, is the release time (min) from
the acceleration site, S is the aPparent path length (AU)
travelled by the particles and - (E) is the inverse
velocity of the particles. Thus, by hnear ﬁttmg of the onset
times as a function of the corresponding inverse velocity,
estimates for both the solar release time (SRT) and the
apparent path length of the particles can be obtained.
The validity of the VDA method has been an item of
active research by several authors (Lintunen & Vainio

10 http://www.stce.be/esww]1 1/contributions/public/Session5/S5-P-
4-Sandbergl/poster ESWW_GOES.pdf

2004; Saiz et al. 2005; Rouillard et al. 2012; Vainio
et al. 2013), with the VDA method typically used to
estimate the SRT of SEP events (Lario et al. 2014,
2016). For the first time, in our analysis, we have incorpo-
rated in the VDA the new and improved Eegrective fOr €ach
of the P2-P7 GOES energy channels that have been
obtained by the cross-calibration of GOES/SEM with
IMP-8/GME data (Sandberg et al. 2014, their Tabs. 2
and 3).

— An illustration of this procedure is presented in Figure 2.
Figure 2A shows the SEP event of 14 February, 1986
(event no. 17 in Tab. 2; Supplementary online material)
as this was recorded onboard GOES/EPS over a wide
energy range from 4 to 500 MeV (i.e., P2—P7; see the
legend of the figure for details). Vertical lines mark the
start and end times of the event as this was identified in
this work; the title provides the number of the event as
well as the start and end times; the ordinate presents the
proton intensities (in particles/cm® sr sec MeV) and the
abscissa presents the time in hours from the onset time,
the latter labelled with the first vertical line. Figure 2B
presents the application of the VDA method, i.e. start
times of the proton event observed by GOES/EPS, as a
function of the inverse velocity. The straight line shows
a linear regression to the observations, where the slope
corresponds to the apparent path length, and the intersec-
tion with the y-axis gives the solar release time. At this
point, one should note that, given the small number of
channels made available from the SEM instrument (i.e.
six channels) and that the smallest in magnitude SEP
events did not present signatures at high energies, an aver-
age of four channels per event were left to be used as a
seeder for the VDA.

— As a second step, other published SEP event catalogues
were used in parallel (cross-evaluated) in an attempt to
identify as objectively as possible the parent solar events
(e.g., SF) related to a single SEP event. In particular,
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Table 1. References for SEP events catalogues.

No of Paper/List Reference
catalogue
1 A study of solar energetic particle events of 1997-2006: their composition and associations Cane et al. (2010)
2 A technique for short-term warning of solar energetic particle events based on flare location, Laurenza et al. (2009)
flare size and evidence of particle escape
3 The first SEPServer event catalogue at ~68-MeV solar proton events observed at 1 AU in 1996—  Vainio et al. (2013)
2010
4 Dr A. Aran, University of Barcelona, SEP list Private communication,
2014
5 NOAA Space Weather SEP list ftp://ftp.swpc.noaa.gov/
pub/indices/SPE.txt
6 Statistical analysis of solar proton events Kurt et al. (2004)
7 Energetic particle and other space weather events of solar cycle 24 Gopalswamy (2012)
8 Relationship between solar energetic particles and properties of flares and CMEs: statistical Dierckxsens et al. (2015)
analysis of solar cycle 23 events
9 Characteristic times of gradual solar energetic particle and their dependence on associated Kahler (2005)

coronal mass ejection properties

Table 1 summarizes the SEP catalogues/lists that have
been used in this part of our analysis. In practice, when
the association stems from literature, we make a note in
Table 2 (supplementary online material).

— Furthermore, as a third step, cross-checks for every SEP
event in our catalogue from the inspection of multi-plots
of SXRs, CME height—time and GOES particle time pro-
files were applied, in an attempt to validate our derived
results and to identify as accurate as possible the parent
solar events of every single SEP event. An illustration of
such a multi-plot is provided in Figure 3, for the event
no. 169 in Table 2 (14 July, 2000; see supplementary
online material). (Fig. 3A) The GOES proton flux at
E > 10, >30 and >60 MeV (red, blue and orange lines,
respectively). The black dashed vertical line corresponds
to the anticipated solar release time for this event (shifted
by 500 s to allow the comparison with the EM emissions).
(Fig. 3B) The SXR flux observed by GOES, denoting an
XS5 solar flare at N22WO07 (red curve; left axis). The black
dashed vertical line corresponds to the start time of the
solar flare. The dashed blue line provides the height-time
plot of the CME leading edge observed by SOHO/LASCO
(blue line; right axis), extrapolated back to the surface of
the Sun. (Fig. 3C) Radio flux observed by Wind/WAVES.
The dashed black line corresponds to the start time of the
identified type III burst.

One should note that, between 1984 and 1997 it was
possible to associate 67 CMEs—SFs pairs to SEP events. This
corresponds to ~50% of the SEP events marked within this
period (67/140). Apart from the importance of including and
presenting this information in our database the CME charac-
teristics of this period could not be included in our statistics
(Sect. 3) due to lack of homogenization, compared to the entire
time span of the study.

2.4.1. The SEP part of the database

The SEP part of the database is presented in Tables 2 and 3
(supplementary online material), re-produced as additional
online material to this article. Table 2 column 1 (supplemen-
tary online material) provides the number of the event,
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Fig. 3. Event no. 169 of Table 2 (supplementary online material).
(A) The GOES proton flux at £ > 10, >30 and >60 MeV (red, blue
and orange lines, respectively). The black dashed vertical line
corresponds to the anticipated solar release time for this event
(shifted by 500 s to allow the comparison with the EM emissions).
(B) The SXRs flux observed by GOES, denoting an X5 solar flare at
N22WO07 (red curve; left axis). The black dashed vertical line
corresponds to the start time of the solar flare. The dashed blue line
provides the height-time plot of the CME leading edge observed by
SOHO/LASCO (blue line; right axis), extrapolated back to the
surface of the Sun. (C) Radio flux observed by Wind/WAVES. The
dashed black line corresponds to the start time of the identified type
III burst.
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columns 2—4 provide the date of the SEP event occurrence (in-
cluding the year, date and the start time of the SEP event at
4-8 MeV (P2) differential energy channel), column 5 presents
the SEPEM index, resulting from the comparison of the
SEPEM reference list to the events included in the SEP part
of the database. A zero marks an SEP event that is present in
both lists, 1 to n indicates the successive manually broken
SEP events resulting from the analysis illustrated in Figure 1;
there are two events that although are present in the SEP part
of the database are not included in the SEPEM reference list,
namely events no. 45 (20 June, 1989) and no. 198 (15 Septem-
ber, 2001). Columns 614 display the relevant SF information
in terms of flare start time (date and time), rise time, position
(longitude, latitude), magnitude (SXR peak flux) and fluence
(in J/m?), time of maximum (#y) and maximum value (Iy) of
the derivative of the SXRs (e.g., HXR’s proxy; “Neupert
effect”). Columns 15 and 16 provide the timing (start and
end times) of the type III burst, columns 17 and 18 mark the
occurrence (or not) of a type II and/or type IV radio burst,
column 19 shows the occurrence (or not) of an SEP event in
the electron recordings of Advanced Composition Explorer
(ACE)/Electron Proton and Alpha Monitor (EPAM)/Deflected
Electrons (DEs), columns 20-22 show the CME information,
in terms of a CME index (0 in case no. CME was reported
and 1 in case a CME was identified), the plane-of-sky CME
velocity and the CME width. Column 23 provides the corre-
sponding reference number to the reference SEP list of Table 1,
which is the output of the cross-evaluation of all other available
SEP lists. Finally, column 24 provides comments relevant to
each of the SEP events (if any). Numbers in this column point
to the reported associations which have been used during the
identification of the parent solar events and refer also to Table 1.
Vertical lines distinguish the information on the SEP event, the
associated SF and the CME events. Table 2 (supplementary
online material) provides also four indicators concerning data
quality: (a) spikes, (b) brief data gap(s), (c) large data gap
and (d) missing recordings of a channel. Table 4 presents the
calculated proton peak flux (in pfu) and fluence (in cm 2
st~ ') at the respective integral energies of £ > 10; 30; 60 and
100 MeV for each of the 314 SEP events in our catalogue.

3. Statistical analysis

3.1. Dependence of the occurrence of SEP events on their parent
solar sources

3.1.1. Solar flares — SFs

The dependence of the expected probability for the SEP
occurrence on the heliolongitude of the parent SF has been
extensively reported and documented (Belov et al. 2005;
Laurenza et al. 2009; Cane et al. 2010; Dierckxsens et al.
2015; Trottet et al. 2015). Figure 4 presents a scatter plot of
the SXR peak flux (in W/m?) as a function of the heliolongitude
of the identified sources (in degrees). The figure includes all
20 429 > C1.0 flares in the database (see details in Sects. 2.4
and 2.1) covering roughly more than three solar cycles from
1984 to 2013. Red open circles present all flares, whereas black
filled circles stand for those SFs associated with the 314 iden-
tified SEP events. One may notice the relative lack of
SEP-associated SFs in the case of eastern and relatively weak
flares (e.g., lower left corner of Fig. 4) whereas the majority
of strong western flares are SEP related (e.g., top right corner
of Fig. 4). In particular, 42% (39/93) of all X1.0 SFs west from

Soft X-ray Peak Flux [W/m®]

-100 -50 0 50 100 150
Flare longtitude [degrees]

Fig. 4. Distribution of SXR flux (in W/m?) as a function of the flare
longitude (in degrees) for all 20 429 > C1.0 flares in our database
from 1984-2013 (red open circles) and for the 314 SEP events
(black filled circles).

30° result in an SEP event, whereas this percentage falls down
to ~0.2% (11/6234) for all C-class (<M1.0) SFs east from
—20°. A closer look at Figure 4 reveals more details: the region
under the threshold of M-class flares (i.e. <10~ in W/m?, for
the flare flux) is populated with a vast number of non-SEP-
related SFs and with a small number of SEP-related SFs.
That means that a small percentage of SEP-related flares is
expected to appear in association with C-class SFs. In addition,
the percentage of SEP-related flares when the flare flux is >10>
in W/m? and corresponds to >M-class flares, extends from the
centre of the solar disk both to the east and west with a clear
preference to the west, where the percentage of SEP-related
flares is significantly higher. This is especially prevalent for
SFs characterized by a magnitude of >M2.0 west from 45°.
The percentage of SEP-related flares is gradually reduced when
moving from the centre of the solar disk to the east. It should
also be noted that in this case mainly particular strong flares
(on average with X1.0 class) are characterized as SEP related.
Finally, the majority of SFs with a class of >X7.0 are
SEP-related even for longitudes west of —70°.

Figure 5 shows the distribution of the SFs as a function of
their longitude (in degrees), in 10° bins with error bars given
by the square root of the number of entries in each bin, for
all 20 429 > C1.0 flares in our sample (Fig. 5A) and for the
314 SEP events (Fig. 5B) and as a function of their position (in
both latitude and longitude) of the non-SEP-related SFs for the
whole SEP part of the database (open red circles — Fig. 5C) and
the SEP-related ones (black filled circles — Fig. 5D). First of
all, one can see that there is a zone between —40 and 40° in
latitude that holds all SFs, together with the SEP-related ones
— which is typical for source regions (Belov et al. 2005). Since
SFs are mainly coming from active regions, Figure 5C
essentially outlines the active-region belt of the Sun (Maunder
1904). Furthermore, it is clearly visible that a number of SEP
events are associated with SFs located very close to the limb of
the solar disk (>70° and <—70°) and on the nonvisible part of
it, i.e., back side of the Sun. This means that even at such
remote locations SFs can contribute to SEP events that are
registered at Earth. In contrast to the RelEASE system (Posner
2007), this is also a factor of large uncertainty for forecasting
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Fig. 5. Distribution of the solar flare heliolongitudes (in 10° bins) for all 20 429 > C1.0 flares in our sample from 1984-2013 (A) and for the
314 SEP events (B). The error bars denote the statistical error. Solar flare latitude (in degrees) as a function of the flare longitude (in degrees)
for all 20 429 > C1.0 flares in our database from 1984-2013 (red open circles) (C) and for the 314 SEP events (black filled circles) (D).

systems of SEP events that rely on near real-time data of SFs as
they are either unable to identify an event (e.g., SF) at the back
side of the Sun or underestimate its magnitude once its location
exceeds the limit of 70°. Finally, when comparing between
Figures 5A and 5B, a lower number of SEP events arising from
SFs located in the eastern hemisphere, with respect to those in
the western hemisphere, are observed. There is a large spread
of SEP events from the E30°-W30° region. As expected
(Belov et al. 2005), the western hemisphere includes a
second peak at W50°-W60°, where the SEP occurrence is
prevalent, which is not seen in the eastern hemisphere. The dis-
parity is maintained until the limb. As a matter of fact, the
footpoints of the interplanetary magnetic field (IMF) lines,
connecting the Sun to the Earth, fall into the longitude interval
W45°-W65° (Parker 1965) for nominal solar-wind (SW)
conditions (e.g., 400 Km/s), whereas for different SW speeds
(250-800 km s~ '), they span a wider longitudinal range
(W25°-W85°). As a result, SEP events have a significant
probability of being recorded near Earth following SFs
located in the western hemisphere of the Sun. Figure 5B
demonstrates that SEP events associated with the western
SFs are more frequent by a factor of ~4 than the eastern ones
in the case of the W70-W90 bin and the E70-E90 one.
Indeed, when comparing the number of events within
each bin the relevant numbers are 48 over 13 which lead
to a factor of 3.96. These results are in line with results
reported, for instance, in Belov et al. (2005), Laurenza et al.
(2009), Park et al. (2010) and Dierckxsens et al. (2015), among
others.

3.1.2. Coronal mass ejections — CMEs

Figure 6A presents the distribution of the non-SEP-related
CME events and that of the SEP-related CMEs (Fig. 6B)
observed in the SOHO era, in the database, as a function of
their speed (in km s™'). It can be seen that most of the non-
SEP-related CMEs present an average velocity of 500 km s~
whereas the SEP-related CMEs are faster with the majority of
the events (111/158'"" events) having a veloci

>1000 km s~ ', the average velocity being ~1390 km s ',
see Figure 6B. Moreover, this finding conveys that typical
SEP-associated CMEs stem almost exclusively from solar
active regions (hence the association with SFs), where CME
velocities exceed 750 km s (Sheeley et al. 1999) (135/158
events of this work) or ~900 km s~ (Georgoulis 2008) (126/
158 events). Nonetheless, as it is shown in the left part of
Figure 6B, several slow CMEs are also associated with SEP
events, although the association is low. Next the CME size,
as this is expressed by the width of the CME, is considered.
Figure 6 presents the distribution of the non-SEP-related
CME events (Fig. 6C) and the corresponding distribution for
the SEP-related CME events (Fig. 6D) observed in the SOHO
era, in the database. Evidently, most SEP events are associated
with halo CME:s (i.e., a width of 360°) (106/158 events) (Park
et al. 2012). As a result, both fast and halo CMEs form a
favourable condition for the acceleration of particles that will
result in SEP events since this is a prerequisite for the

' 158 represents the total number of SEP events in our catalogue
for which complete CME information was available.
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establishment of a shock, driven by the corresponding CME
event (Kahler 2001; Park et al. 2012). At this point it is
important to note that all CME observations are the projection
of the three-dimensional erupting structure on the plane of the
sky. Therefore, the measured (width, height and brightness)
and derived (speed, mass and energy) quantities are also
projected on the plane and represent lower limits of the
true, unprojected CME properties (Colaninno & Vourlidas
2009).

3.2. Dependence of the proton peak flux
3.2.1. SF characteristics

Figure 7 illustrates the proton peak flux at various integral
energies, i.e., E > 10 (presented as red triangles), 30 (presented
as blue triangles), 60 (presented as orange triangles) and 100
(presented as magenta tnangles) MeV as a function of: the
SXR peak flux (in W/m?) (Fig. 7A); the duration of the
associated SF (in minutes) (Fig. 7B); the rise time of the SF
(Fig. 7C) and the longitude (in degrees) of the SF (F1g 7D).
The NOAA classification of solar radiation storms,'* which
is based on the £ > 10 MeV proton flux level, has also been
considered, with the corresponding storm levels (e.g., S1-S4)
indicated in Figure 7A. The rise time of the solar flare,
that is the time that results from the subtraction of the SF peak
time minus its onset time, is a measure of its impulsiveness.

12 hitp://www.swpc.noaa.gov/noaa-scales-explanation

In particular, Park et al. (2010) defined the time threshold
for the characterization of the impulsive time of SFs to
<0.3 h = 18 min.

Our results can be summarized as follows:

— A wide range of proton peak fluxes are present in the data-
base from 0.1 to 2 x 10* pfu. Stronger flares (with class
>M1.0) tend to lead to higher peak fluxes at all energies
with the strongest of all flares (with class >X1.0) marking
the highest peak fluxes at each integral energy channel.
This means that there is a gradual rise in the expected
proton peak flux of each integral energy channel with
respect to the class of the parent solar flare. In other
words, stronger flares result in more significant solar
radiation threats. This is illustrated in Figure 8 which
depicts the mean values (P £ JP) of the proton peak fluxes
(in pfu) at several integral energies (E > 10; >30; >60 and
>100 MeV) and their respective standard deviation of the
mean, as a function of the mean SXR peak flux (in W/m?)
for the solar flares associated with SEP events in the SEP
part of the database.

— Figure 9 shows the proton peak flux (in pfu) of the SEP
events in the SEP part of the database for £ > 10 MeV
(Fig. 9A) and £ > 100 MeV (Fig. 9B), as a function of
the rise time of the solar flare (in minutes). The vertical
dashed black line, in both panels, indicates a rise time
of 18 min — the limit suggested by Park et al. (2010).
It is important to note that although the NOAA definition
that results in the definition of S1-S5 levels is based on
the £ > 10 MeV proton peak flux surpassing the limit of
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10 pfu, we scaled this limit for the £ > 100 MeV, by one
order of magnitude in accordance with the alert issued by
the NOAA Space Weather SEP Alert system,'® that is
triggered, for £ > 100 MeV SEP events that surpass the
limit of 1 pfu. The horizontal black line at each of the
two panels highlights a threshold of 10 and 1 pfu for
E>10MeV and FE > 100 MeV, respectively. At an
integral energy of £ > 10 MeV, there are 127 SEP events
in the database associated with impulsive solar flares, as
well as, 152 SEP events associated with gradual solar
flares, based on the classification introduced by Park
et al. (2010) (Fig. 9A). Thirty-five SEP events are lacking
an associated SXR rise time (see Tab. 2, online supple-
mentary material). Fifty SEP events associated with
impulsive SFs, i.e. 50/127 (x39.3%) (orange triangles
pointing down) and 38 SEP events associated with gradual
SFs, i.e. 38/152 (=25%) (purple diamonds), result in rel-
atively low proton peak fluxes (<10 pfu for >10 MeV pro-
ton peak flux). On the other hand, 77/127 (=60.7%) SEP

13 http://legacy-www.swpc.noaa.gov/alerts/Alerts Table.html
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events associated with impulsive SFs (red circles) and
114/152 (=75%) associated with gradual SFs (blue trian-
gles pointing up) result in proton peak fluxes that surpass
the limit of >10 pfu. The situation is similar for an integral
energy of £ > 100 MeV (Fig. 9B).

Figures 9C and 9D shows the percentage P; of
E > 10 MeV (E > 100 MeV) SEP events associated with
gradual and impulsive SFs, computed for all four radiation
levels S; (i = 1 to 4) as follows: P; = N,g,,/N,, where N, is
the total number of solar eruptive events in the subset
i and N, is the number of those events that resulted in
an observed SEP event. The respective error is
++/P:(1 — P;)/N,;, corresponding to a 68% confidence
level when the sample is described by a normal distribu-
tion (Dierckxsens et al. 2015). Our analysis shows that
the percentage of SEP events associated with gradual
SFs at all four radiation levels transcend the relevant
percentage of the SEP events associated with impulsive
SFs by an average factor of 1.66 for E > 10 MeV
and 1.38 E > 100 MeV, respectively. It should be noted,


http://legacy-www.swpc.noaa.gov/alerts/AlertsTable.html
http://www.swpc.noaa.gov/noaa-scales-explanation
http://www.swpc.noaa.gov/noaa-scales-explanation

A. Papaioannou et al.: SEP events and their parent solar sources

c M X X10
5 ——rr—— g
10 E > 10 MgV E
> 30 MeV > 100 MeV ]
10°F ? E
= r 1
a8 10’ E = 4 /T .
x 2 _— 3
3§ iR :
~ 2 - -
s 10°F &> ~ E
& - 1 /f e E
= : B - : ]
5 10'F ¢ 3
a E _» 7
10°F o ]
'|071 I 1 ]
10° 10° 10" 10° 107

SXR peak flux [W m?]

Fig. 8. Mean values of the proton peak fluxes (in pfu) at several
integral energies (£ > 10; >30; >60 and >100 MeV) and their
respective standard deviation of the mean, as a function of the mean
SXR peak flux (in W/m?) for the solar flares associated with SEP
events in the SEP part of the database. Each integral energy is color
coded as follows: £ > 10 MeV with red, £ > 30 MeV with blue,
E > 60 MeV with orange and £ > 100 MeV with magenta color.
The class of the solar flares is indicated at the top part of the figure,
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though that impulsive SFs seem to be dominant for
E > 100 MeV for S1 and S2. However, there is a clear
transition of this situation in the S3 level that leads to
an average outrun of gradual SFs. As a result, SFs that
exhibit a long rise time (>18 min) are slightly more
associated with higher proton peak fluxes, to a greater
extent. However, both categories have a strong presence
at all radiation levels.

— Figure 10 presents the mean values of the proton peak
fluxes (in pfu) at several integral energies and their
respective standard deviation of the mean, as a function
of the mean SXR duration (in minutes), similar to Figure 8.
We have selected four bins for the SXR duration (#4y,),
that is: fg, < 30, 30 < tgu <60, 60 < tg, <90 and
taer = 90 min (Belov et al. 2005). The dependence (or
not) of the proton peak flux on the SXR duration of the
associated SF seems to be inconclusive. This result
highlights the fact that the duration of SFs is a particularly
uncertain parameter, as concerns SEP events, since it —
almost certainly — includes non-flare contribution with
the cooling time of the flaring loops affecting the duration
of the SF event (Benz 2008).

— Figure 11 presents histograms of the proton peak fluxes (in
pfu) at several integral energies (£ > 10; >30; >60 and
>100 MeV), as a function of the longitude of the
associated SF, in 10° bins from —100 to 120°. The proton
peak flux of an SEP event is not controlled by the
longitude of the associated SF. Although, a preferable
location of a SF on the western hemisphere of the solar
disk enhances the probability of occurrence for an SEP
event, it seems that the longitude of the SF is less critical
in determining the proton peak flux of the SEP event.

3.2.2. CME characteristics

Figure 12 presents the logarithm of the SEP proton peak fluxes
in different integral energies with respect to the speed of the
associated CME. The correlation of proton peak fluxes with
CME speed has been established in several studies of gradual
SEP events (Reames 1999; Kahler 2001). Each panel of
Figure 12 provides the calculated Pearson’s correlation coeffi-
cient (cc), the standard error (SE..) and the obtained linear fit.
SE.. = /(1 —cc?)/(n — 2) with n being the number of pairs
used for the calculation of cc. From Figure 12 one may notice
that for a given CME speed the range of the associated
logarithm of the proton peak fluxes at all energies varies signif-
icantly especially when moving from lower to higher energies,
suggesting that factors other than the CME speed are important
for the proton peak fluxes of SEP events. Several of
these factors have been discussed in detail by Kahler (2001).
In Figure 13A the calculated proton peak flux as a function
of the CME width (in degrees) for several integral energies
(>10; 30; 60 and 100 MeV) is shown. As it has already been
noted, most SEP events are associated with halo CMEs.
Figure 13A shows that the majority of the large proton peak
fluxes (e.g., >500 pfu) at any integral energy level are attribu-
ted almost solely to such (halo) CMEs. Moreover, Figure 13B
presents the mean values of the proton peak fluxes (in pfir) at
several integral energies and their respective standard deviation
of the mean, as a function of the CME width (in degrees),
similar to Figure 8. We have applied three bins on the CME
width, (w), i.e. w<120° 120° < w < 359° and w = 360°.
It seems that the highest mean proton peak flux at any integral
energy is associated to a CME with w = 360°, with the trend
decreasing when moving from lower (£ > 10 MeV) to higher
(E > 100 MeV) energies. However, the spreading is significant
as denoted by the respective errors. In particular, comparing
the mean proton peak flux between the two outlier bins (i.e.
mean values at w = 360° divided by the mean values at
w < 120°) at each integral energy we derived a factor and a
propagating error of: 3.34 + 2.73 (£ > 10 MeV), 2.19 £ 145
(E > 30 MeV), 2.78 £ 1.85 (E > 60 MeV) and 1.24 + 0.86
(E > 100 MeV).

3.3. Dependence of the SEP fluence

The proton fluence that is measured at a near-Earth spacecraft
is the outcome of the integration of the integral energy time —
profile over the time interval of the SEP event, i.e., complete
duration of the event from its starting point (onset time) to
its end (end of the proton increase) (Smart et al. 2006).
In the course of the implementation of the SEP catalogue
presented in this work, every effort has been made in order
to clearly distinguish between multiple SEP events. However,
in such cases it is possible that a further enhancement is
present only at low energies, right after a considerably large
SEP event (e.g., Fig. 1B). Nonetheless, in all cases, the
integration was performed from the onset time of the consid-
ered SEP event to the point before the successive identified
SEP event (for the case illustrated in Fig. 1B the fluence for
the SEP event no. 237 was computed over the time period
delimited by the dashed lines).

3.3.1. SF characteristics

Figure 14 presents the calculated fluence for each of the
events in the SEP part of the database at different energy
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Fig. 9. The proton peak flux (in pfu) of the SEP events in the SEP part of the database for £ > 10 MeV (A) and E > 100 MeV (B), as a
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for details).

thresholds: £ > 10 (red triangles), 30 (blue triangles),
60 (orange triangles) and 100 (magenta triangles) MeV with
respect to the X-ray flux, which in turn is a measure of the
strength of the parent SFs (Fig. 14A); the rise time, i.e. the
impulsiveness of the associated SF (Fig. 14B); the duration
of the associated SF (in minutes) (Fig. 14C) and the location
(longitude) of the parent SF (Fig. 14D).

Our results indicate that:

— The majority of the events that extend over a threshold of
significant fluence (e.g., >10° cm ™2 sr™') are associated
with SFs with a rise time larger than the impulsive time
(i.e. >18 min). For example, there are 176 SEP events at
E > 10 MeV that surpass this threshold. SEP events
(158/176) also have a valid rise time in the database,
out of which 97 (97/158, 61%) are associated with gradual
solar flares. When an SEP event is observed, more
enhanced levels of radiation are expected for gradually
rising SFs, than for impulsive ones.

— The highest fluence at all energies is achieved for long-
lasting flares (SF rise time >18 min) (Park et al. 2010).
This implies that, long-lasting SFs that are associated with
strong shocks which, in turn, are usually associated with
CMEs (Cane et al. 2010), lead more often to enhanced
fluence levels.

— Significant fluence is achieved for relatively strong flares
(>M1.0), which suggests that the higher the flare flux
the higher the resulted fluence of the SEP event, especially
in very high proton energy integral thresholds.

Figure 15A depicts the fluence of all SEP events in our
database at E > 30 MeV as a function of time, from 1984 to
2013. It appears that the majority of the events in
the E >30 MeV energy range have fluences within
10°-10° cm™2 sr™! (146/227, 64%) (denoted by the dashed
horizontal black lines in Fig. 15A). The most powerful and
large SEP events, with energies >30 MeV, that constitute a
direct space weather risk, have a fluence that is at least 2 orders
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coded as in Figure 8.

of magnitude larger than the fluence achieved by the majority
of the events, i.c., >10% cm 2 sr! (presented with a solid
black line in Fig. 15A) (Smart et al. 2006). The evolution of
the solar cycle (SC) is also presented in Figure 15A, with
the black filled circles that stand for the monthly averaged sun-
spots and their corresponding smoothed curve (in red). Each
SC is also marked in the figure. There are only a handful of
events that exceed this high threshold in the SEP part of our
database and thus such events are very rare. These very large
events only occur a few times in a SC (i.e. SC22 and SC23),
or (in the case of SC21 and SC24) may not occur, at all, in
a SC. Quite remarkably, most of these events (4/5 = 80%) have
an associated solar source that arises from the central part of
the solar disk, while the parent solar event of only one event
(1/5 = 20%) is located in the western hemisphere. Figure 15B
presents a distribution of the events exceeding the limit of
>10% cm ™2 st for >30 MeV (in blue) and >10 MeV (in
red) and indicates that severe radiation risk stems from SEP
events originating from the central part of the visible solar disk.
This result is consistent with the picture introduced by Smart
et al. (2006), according to which there should be two basic cat-
egories of events: the near-Sun injection source events and the
interplanetary shock dominated ones. The former refer to the
well-connected SEP events, originating in the western part of
the visible solar disk. Particles in these events arrive rather
promptly — given the good connection — and the SEP event
is brief due to the westward motion of the associated CME.
As a result the influence time of the intense particle flux and
the corresponding accumulated fluence is also brief. The latter
category of events requires the presence of a fast interplanetary
shock that continuously feeds the magnetic field lines that con-
nect the shock to the observer with accelerated particles. This
lasts for the whole time that is required for the shock to reach
and passes beyond the observer point (e.g., near-Earth space-
craft). As a result, given the poor connection, the particle flux
at the spacecraft is initially small but it picks up as the shock

approaches the observing point. Such events are long lasting in
terms of duration. In particular, in our database the only event
in the first category is no. 177 (08 November, 2000), which
was associated with an M7.0 solar flare at N1OW77. In the sec-
ond category, there are four events: no. 59 (19 October, 1989;
associated with an X13 SF at S27E10), no. 169 (14 July, 2000;
associated with an X5.0 SF at N22W07 and a Halo CME with
a speed of 1674 km sfl), no. 205 (04 November, 2001; asso-
ciated with an X1.0 SF at NO6W18 and a Halo CME with a
speed of 1810 Km s™') and no. 238 (28 October, 2003; asso-
ciated with an X17.2 SF and a Halo CME with a speed of
2459 Km s ).

3.3.2. CME characteristics

Our results (not shown) indicate that fast CMEs are associated
with enhanced fluence levels. In particular, if a threshold of
>10% cm 2 st ! is assumed for the fluence of the SEP events,
most of the events — at all energies (e.g., £ > 10 MeV 53/71
(75%), E>30 MeV 33/37 (89%), E> 60 MeV 19/19
(100%) and E > 100 MeV 9/9 (100%)) — are associated with
fast CMEs (e.g., >1000 Km sfl). Therefore, a significant
CME velocity would most probably lead to enhanced radiation
levels and constitutes a factor of enhanced radiation risk.
Furthermore, most of these fast CMEs have an angular width
of 360° (i.e. £ > 10 MeV 42/53 (79%), E > 30 MeV 27/33
(82%), E> 60 MeV 14/19 (74%) and E > 100 MeV 7/9
(78%)). As a result, fast CMEs with an angular width of
360° constitute a significant radiation threat.

4, Origin of SEP events

Element abundances in SEP events constitute a valuable tool
for the study of the underlying physical processes of particle
acceleration and release (Reames 1995; Cliver 1996; Reames
1999, 2015). In particular, gradual SEP events have an Fe/O
ratio ~0.1, similar to the value in the ambient corona and solar
wind (Cane et al. 2010), and are well associated with interplan-
etary shocks. On the other hand, impulsive SEP events are
Fe-rich with Fe/O ratios greater than those of the corona and
solar wind (Fe/O ~ 1) and are not associated with shocks. Such
enhanced abundances are interpreted in terms of an accelera-
tion process in SFs, with the particles interacting with resonant
waves (Reames 1999; Cane et al. 2010). Furthermore, impul-
sive SEP events should (in theory) lack CMEs and correspond-
ing shock signatures (e.g., type II radio bursts), with the
dominant characteristic being the presence of type III radio
bursts that signify the escape of electrons into open magnetic
field lines (Cliver 1996; Reames 1999; Cane et al. 2010).
Finally, given the large-scale shock acceleration, gradual
SEP events are expected to be seen from anywhere on the solar
disk, in contrast to impulsive SEP events that would originate in
a limited longitude range of a few tens of degrees wide (Cane
et al. 2010).

Recently, Cane et al. (2010) used the Fe/O ratio (0.3-0.6,
1.3-3.1, 14 and 34 MeV/nucleon) at the event onset, together
with, the time profiles of the SEP events and their abundances,
as well as, the ratio of electrons (=0.5 MeV) to protons
(=25 MeV) (e/p), to divide the SEP events of their sample into
five different groups. First, we mapped the events of our cata-
logue, with respect to their grouping, for the time span
1997-2006 (this is the range of the Cane et al. (2010) catalogue
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Fig. 11. The proton peak fluxes (in pfu) at several integral energies (£ > 10; >30; >60 and >100 MeV), as a function of the longitude of the
associated SF (in degrees). Each integral energy is color coded as in Figure 8.

of SEP events). There are 117 SEP events in common in our
lists, distributed per group, as follows:

— Group 1 (GI): Fe-rich, e-rich, p-poor: 12 events,

— Group 2 (G2): Fe-rich, p-rich: 37 events,

— Group 3 (G3): Fe-poor, p-rich, no shock passage: 13
events,

— Group 4 (G4): Fe-poor, p-rich, shock passage: 26 events,

— Group 5 (G5): slow rise, Fe-poor, peak at the shock pas-
sage: 20 events.

There were also nine events in common that are not
included in any of the above groups. Those events have few
ions or are preceded by another event producing a high
background, according to Cane et al. (2010).

During the SOHO era (1997-2013), there are 174 SEP
events reported in the SEP part of our database. 1/174
(0.5%) has no identification of a parent solar event, 22/174
(12.8%) are associated with a CME and not to a SF
7/174 (4%) are associated with a SF and not to a CME and
144/174 (82.7%) are associated with both SFs and CMEs.
It seems that the occurrence of an SEP event is related to both
SFs and CMEs on a, roughly, equal basis. In order to test this
we examine element abundances, electron measurements,
radio burst data, the timing with respect to the Neupert effect
and the location of the SFs related to the SEP events.

4.1. Element abundances

As a first step, we used element abundances data to shed light
on the role of SFs and CME-driven shocks in the acceleration
and release processes of SEP events. We utilized data from the
Ultra Low Energy Spectrometer (ULEIS; Mason et al. 1998)

and the Solar Isotope Spectrometer (SIS; Stone et al. 1998b)
onboard the Advanced Composition Explorer (ACE; Stone
et al. 1998a). In particular, the Fe and O intensities as well
as their corresponding ratio were used to distinguish impulsive
SEP events rather than He, since: [a] the threshold of *He in
the SIS instrument is too high (Cane et al. 2010) and [b] the
corresponding ratio of *He/*He is “poorly” defined (Reames
2015). Similar to Cane et al. (2010), we inspected the
time profiles of Fe and O intensities for all 117 SEP events
and calculated the corresponding Fe/O ratio (0.32-0.64,
34 MeV/nucleon). Furthermore, we expanded our search up
until the end of our catalogue (year 2013), adding identifica-
tions for another 12 SEP events. Therefore, a total of 120
SEP events (108 by Cane et al. 2010 plus 12) were distributed
among the different groups, as follows: G1-13/120; G2-44/
120; G3-15/120; G4-28/120 and G5-20/120.

Figure 16 illustrates the Fe/O ratio at ~34 MeV/n against
that at 0.32-0.64 MeV/n. The figure includes 57 SEP events
from 1998 to 2012 from G1 to G5. This number corresponds
to the SEP events that extended up to this high energy for
ACE/SIS recordings. The ratios are for the early intensities
as described in Cane et al. (2010). It can be seen that there
are clear tendencies for the SEP events in the different groups
to appear in the different parts of the scatter plot. The average
SEP abundance ratio of 0.134 for gradual SEP events (Reames
1995) is indicated on each axis. The composition appears to be
Fe-rich, at both low and higher energies. Note that for all but
eight events (out of the 57), the Fe/O is greater than 0.134 at
low energies. In addition to the supply of Fe-rich suprathermals
at impulsive SEP events, it seems that the material from
gradual events is also Fe-rich. Furthermore, it seems that
G2 events are all in the upper right part, i.e. those identified
to have high ratios at high energies, have high ratios at low
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Fig. 12. The logarithm of the proton peak fluxes (in pfu) at several integral energies (E > 10 [A]; >30 [B]; >60 [C] and >100 MeV [D]) as a
function of the plane-of-sky speed for the CMEs associated with SEP events in the SEP part of the database. The lines at each panel represent
the linear fit to the data. Each panel, further, presents the correlation coefficient (cc), the respective standard error (SE) and the linear fit to the

data.

energies as well. On the other hand, G4 events, i.e. the Fe-poor
at high energies, can be Fe-rich at lower energies.

4.2. Electron measurements

Next, in order to complement our analysis on the proton
recordings of the SEP events, we examined the electron data
recorded onboard ACE/Electron Proton and Alpha Monitor
(EPAM; Gold et al. 1998), from 1997 to 2013. In particular,
we made use of the deflected electron (DE) recordings, at four
energy channels ranging from 0.038 to 0.315 MeV made avail-
able from the SEPServer.'* The parallel scanning of high time
resolution (1 min) electron recordings from EPAM showed that
the vast majority of the SEP events of our catalogue within the
SOHO era (167/174 events, ~96%) also presented electron
signatures. e/p ratios defined as the ratio of the peak intensities
of ~0.24 MeV electrons (mean energy of DE4)-P4 GOES/
EPS protons (mean energy of 24.5 MeV) show a continuum
of values, with no distinct groups of relatively electron-rich
and electron-poor events, in line with the findings of
Cane et al. (2010). We have chosen to use a criterion of
e/p >7.5x% 104, which would just exclude the event no. 146
of our catalogue from group 1, similar to Cane et al. (2010).

!4 http://server.sepserver.eu

4.3. Radio bursts

Subsequently, we turned to radio data. There are 144/174
(83%) SEP events for which we identified type III bursts.
Furthermore, 129/174 (74%) SEP events present clear signa-
tures of shocks (e.g., type II bursts), while another 10/174
(5%) events present indications of type II bursts. There are
127/174 (73%) SEP events that have both type III and type
II radio bursts. Finally, 62/174 (35%) SEP events are associated
with type IV radio bursts with an additional 13/174 (7%)
events, also, most probably related to type IV radio bursts.

First we subtracted the onset time of the type III burst
(onsety; ) from the time of the peak SF flux (fpcax,,, ) and obtained
11 = tonsety — fpeakp, Which resulted in the distribution
presented in Figure 17. Note that five events were discarded
from the distribution since those provided a timing that seemed
unphysical (i.e. Af; > 5 h). The ordinate presents the number
of the events, while the abscissa gives the time difference
obtained by the subtraction (At#;) in minutes. Events to the left
of the vertical dashed line had associated type III bursts that
started only before the maximum of the flare intensity was
achieved (i.e., Af; <0), whereas events to the right of the
vertical dashed line had associated type III bursts that started
after the SF maximum (i.e. Af; > 0). Second, we applied the
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Fig. 13. (A) Scatter plot of the proton peak fluxes (in pfu) at several
integral energies (£ > 10; 30; 60 and 100 MeV) as a function of the
CME width (in degrees) for the CMEs associated with SEP events
in the SEP part of the database. (B) Mean values of the proton peak
flux (in pfu) and their respective standard deviation of the mean, as
a function of the CME width (in degrees). Each integral energy is
color coded as in Figure 8.

grouping of Cane et al. (2010) (e.g., G1-GS5) and produced bar
plots (Fig. 18) for the SEP events per group, against the
relative timing Af;. One event that was included in the G5
group had an unphysical A¢; and thus was discarded from
the analysis (hence, for G5-19/120 events were used).
Following a counterclockwise direction, the first panel on
the top left corresponds to G1 (Fe-rich, e-rich and p-poor)
SEP events, labelled with red colour. The following panel cor-
responds to G2 (Fe-rich, p-rich) SEP events, labelled with
orange colour. Under it the following panel corresponds to
G3 (p-rich, Fe-poor, no shock) SEP events, labelled with blue
colour. The next panel in the counterclockwise direction
corresponds to G4 (p-rich, Fe-poor, shock) SEP events,
labelled with magenta colour and right above it the last plot
depicts the SEP events of G5 (slow rise, peak at the shock)
(cyan colour).

It appears (Fig. 17) that the start of the type III burst most
often (128/139 events; 92%) precedes the maximum of the SF.
Furthermore, the analysis of the timing of Af; per group
(Fig. 18) verifies the previous result but at the same time
provides useful insight. The events of group 1 (Gl) are, by
definition, Fe-rich, electron-rich and p-poor. All of the events
of G1 are associated with type III radio bursts. Hence, most
of them could be labelled as impulsive SEP events. At the other
end, the events of groups 4 and 5" (G4 and GS5) are
considered to be Fe-poor, p-rich and in essence are gradual
SEP events. Figure 18 shows that for all groups (even for
the gradual SEP events), the onset time of the identified type
III burst was marked prior to the maximum of the SXR peak
flux and thus during the impulsive phase of the associated
SF. Additionally, the largest mean Af; is marked for G2
(—19.04 £+ 2.96 min) and the shortest one for G3 (—11.80 +
3.84 min). Finally, there is only one event in each of the Gl
and G3 groups, two events in G2 and three events in G4
that present a positive A#;, while all events of G5 have a
negative At;.

4.4. The Neupert effect

Moreover, we calculated the maximum in the derivative of the
SXR flux, as well as the time that this was marked. In this part,
we used the time of the maximum in order to test whether the
release of the particles into open magnetic field lines is
empirically associated with the maximum in the derivative of
the SXR flux (i.e. Neupert effect).

The simultaneous observation of hard X-rays (HXR) and
metric/decimetric radio emission is commonplace during SFs
and the relationship between type III bursts and HXR
emissions has been studied for many years (Reid & Ratcliffe
2014). Bursts of type III radio emissions have been found to
temporally correlate with bursts in HXRs (Pick & Vilmer
2008). In this part of the study, we applied the grouping of
the SEP events (i.e. G1-G5) and performed a timing analysis,
similar to Section 4.3. We first establish the time difference
Aty = Lonsetyy— tneupers WHETE INeupert 18 the time of maximum of
the derivative of the SXR flux. Figure 19 depicts At, for each
group. Furthermore, it was interesting to see if the impulsive
SEP events have the shorter time difference, as opposite to
the gradual SEP events. Our results in Figure 19 show that
on average, the type III burst falls very close to the derivative
of the SXR flux in all groups. The shorter mean time difference
is marked for G1 (Fe-rich, e-rich and p-poor; —1.69 + 3.34)
and the larger one for G5 (slow rise, peak at the shock passage;
—8.47 + 4.08). Moreover, there are only four events (4/13,
31%) in G1 that have an absolute Az, > 4 min. This
percentage is 39% (17/44 events) for G2, 60% (9/15) for G3,
57% (16/28) for G4 and 53% (10/19) for GS5.

4.5. Location of the SEP event related solar flares

Figure 20 shows the distribution of the flare latitude with
respect to the longitudinal distance of the solar flare from
the footpoint of the Parker spiral leading to the observing point
(A®), as obtained from the solar-wind speed observed during
the SEP event onset (Vainio et al. 2013). In particular, the
equation for the solar longitude of the connection point (i.e.
Earth) is (Nolte & Roelof 1973):

'3 Note that we currently use 19/20 G5 events. This is because there
was one event in this group for which A#; > 400 min and thus was
dropped from the analysis.
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r being the distance from the Sun centre to the
connected point (in our case, 212 R, for the Sun-Earth L1
point), w, the angular speed of the solar rotation (i.e. the
equatorial solar rotation period of 24.47 days or
w =297 x 10% rad/sec), R,=2.5 R, the heliocentric
distance beyond which the magnetic field is assumed to have
the form of the Parker spiral, and ug,, the radial solar-wind
speed, assumed constant in space. For the solar-wind speed,
we used data from ACE/Solar Wind Electron Proton and
Alpha Monitor (SWEPAM; McComas et al. 1998).'
Furthermore, the longitudinal distance of the solar flare from
the footpoint of the Parker spiral leading to L1 was defined
as: AQ = (rbﬂare - d)O-

Figure 20 depicts the groups G1-G5 in a colour code.
For G1 (Fe-rich, e-rich, p-poor) SEP events (red colour),

bo (3)

'8 http://www.srl.caltech.edu/ACE/ASC/level2/IVI2DATA_SWEPAM.
html

it seems that most of the events fall within a cone of
approximately £50° around the flare site, hereafter cone of
observations, (9/12, 75%). However, there are a few exceptions
(3/12, 25%) where G1 SEP events are visible up to an angular
distance of ~150°. The majority of the events of the G2 group
(Fe-rich, p-rich) (orange colour) lie within the cone of observa-
tions (26/37, 70%), while several of them (11/37, 30%) are
outside the cone, also extending up to ~150°. Additionally,
G3 (p-rich, Fe-poor, no shock) SEP events (blue colour) are
mostly present within the cone of observations (9/13, 69%),
with an extension of up to ~80°. Moreover, almost all
(26/27, 96%) of the G4 (p-rich, Fe-poor, shock) SEP events
(magenta colour) are within the cone of observations, with
one event (1/27, 4%) extending to 90°. Finally, the G5 (slow
rise, peak at the shock) SEP events (cyan colour) are also
present within the cone (16/20, 80%), with several other events
(4/20, 20%) extending up to ~130°. As a result, a significant
part of the coronal propagation is generally limited to a cone
of approximately +50° around the flare site for every group
(i.e. G1-G5) of the SEP events. Additionally, the SEP events
that fall into groups G2 and G5 extend up to —150°.
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Fig. 15. (A) The fluence of the SEP events at E > 30 MeV
observed from 1984 to 2013 as a function of time. The dashed
horizontal lines indicate the zone of the most commonly identi-
fied fluence values that falls between 10° and 10® cm™2 sr™'.
The solid horizontal black line marks an extreme fluence level at
105 cm™ sr™!. The black filled circles correspond to the
monthly averaged sunspot numbers and the red smoothed
curve depicts the evolution of the solar cycles from 1984—
2013. Each solar cycle is marked on the plot. (B) Distribution of
the SEP events with fluence 2108 em 2 sr!at an integral
energy of £ > 10 MeV (red color) and >30 MeV (blue color) as
a function of the longitude of the associated solar flares
(in degrees).

4.6. Dependencies
4.6.1. Correlation coefficients

Table 4 presents the Pearson’s correlation coefficients between
the logarithm of the proton peak fluxes at £ > 10; >30, >60
and >100 MeV, the logarithm of the fluence at the same
energies and the basic characteristics of the parent solar events:
SFs and CMEs parameters — logarithm of the SXR peak flux,
(log SXRs); the SXR fluence, (Isxr); the maximum flux value
of the time derivative of the SXRs (i.e. “Neupert effect™) (N,);
longitude of the associated flare, (Lon); flare rise time, (RT);
flare duration, (D); velocity of the CME, (1) and size of the
CME, (s). The number of pairs for the calculation of each
coefficient is presented in parentheses next to the coefficients
at each case. The confidence interval around a Pearson’s
coefficient is based on the so-called Fisher’s r-to-z trans-
formation (Fisher 1921). For a sample of N X-Y pairs with

SEP events 1998-2012
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Fig. 16. The Fe/O ratio at 34 MeV/n against that at 0.32—
0.64 MeV/n for the SEP events from 1998-2012. The dashed black
lines indicate the average Fe/O value of 0.134 (Reames 1995). The
34 MeV/n data are from ACE/SIS and the 0.32-0.64 MeV/n data
from ACE/ULEIS. The five groups, i.e. G1-G5, as defined by Cane
et al. (2010), are color coded on the plot. The events attributed to
each group follow the same color code. The plot extends from 1998
to 2012. There are two events in our catalogue, identified in 1997
and another two events in 2013. However, in the first case ACE/
ULEIS presented data gaps while in the second one, there is a data
gap of Fe at ACE/SIS at 34 MeV/n.
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Fig. 17. Distribution of the SEP events with respect to
At = fonsetys — Ipeaky,.- EVeNts to the left of the vertical dashed
blue line had associated type III events that started prior to the time
of the SXR peak flux, while events to the right of the vertical dashed
blue line had associated type III events that occurred after the time
of the SXR peak flux.

a Pearson’s coefficient of r, the following transformation

applies:
z2=0.5In (1+r). (4)

1—r
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for the five groups, i.e. G1-G35, as defined by Cane et al. (2010).

Events with a negative A¢; had associated type III events that started prior to the time of SXR peak flux, while events with a positive A¢; had
associated type III events that occurred after the time of the SXR peak flux.

For the transformed z, the approximate variance V(z) = 1/
(N —3) and the corresponding standard deviation
g, = 1/+/N — 3 are independent of the correlation. Further-
more, even the distribution of z is not strictly normal; it tends
to be normal rapidly as the sample size increases for any
value of 7 (Shen & Lu 2006). The confidence intervals (CI)
of a correlation coefficient r are computed based on the sam-
ple mean and its standard deviation. Since the variance is
dependent on both sample size and 7 size, the CI cannot be
computed directly. However, Fisher transformation makes it
possible to calculate the CI indirectly. In particular, the upper
and lower CI limits of the Pearson’s correlation » are defined
ast Zayn =z tzZi_ypn O, with Zl—gqr = 100 (l - a/2) being
the percentage point of the standard normal distribution.
o stands for the significance level and thus the probability
of error (Shen & Lu 2006). Therefore, when choosing the
desired CI (e.g., 95% corresponding to « = 0.05) it is
possible to mark the upper and lower limits of the correlation
for the specified CI. Under each correlation coefficient of

Table 4 we present the upper and lower limits for a
CI = 90%. In addition, we calculated the p-values (p-value
is the probability of obtaining a result as extreme as, or
more extreme than, the result actually obtained when the
null hypothesis is true) for each correlation coefficient
(Fenton & Neil 2012) and all p-values are included in Table 4.
The most significant correlation coefficients are emphasized
with bold fonts. The number in parentheses corresponds to
the number of events used for the establishment of the corre-
lation coefficients, their upper and lower CI and the p-value.

It appears that the correlation of the proton peak flux with
the velocity of the CME is clearly the most prominent one,
with a tendency to decrease when moving to higher energies.
The second most significant correlation coefficient is the one
derived from the proton peak fluxes and the SXR peak flux.
This coefficient seems to remain fairly stable at all energies.
The correlation between the proton peak flux and the SXR
fluence presents a gradual decrease from E > 10 MeV to
E > 100 MeV. The calculated fluence of the SEP events
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for the five groups, i.e. G1-GS5, as defined by Cane et al. (2010).

Events with a positive Af, had associated time of maximum of the derivative of the SXRs that started prior to the onset time of the type IIT
bursts, while events with a negative At, had associated time of maximum of the derivative of the SXRs that occurred after the onset time of the

type III bursts.

presents a similar tendency in the correlations (see Tab. 4),
with the most prominent one derived for the fluence of the
SEP events and the velocity of the CME (0.60 for
E > 10 MeV), followed by the one obtained for the SXR peak
flux (0.48 for £ > 10 MeV) and for the SXR fluence (0.49 for
E > 10 MeV). Again, SFs seem to have a stable role in the
achieved fluence at all energies while the velocity of the
CME presents slightly higher coefficients with the same
tendency as with the proton peak fluxes. Finally, the correlation
of the SXR fluence to the proton peak flux slightly decreases
with the increasing integral energy. However, the correlation
of the SXR fluence to the fluence of the SEP events
seems to be stronger at low energies. Finally, the duration,
rise time, longitude and the time derivative of the SXR flare
are not significantly correlated either to the proton peak
flux or to the fluence of the SEP events at all energies, i.e.
none of these parameters alone seem to be critical for the
severity of an SEP event. Hence, an analysis of properly
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Fig. 20. Distribution of the flare locations with respect to the
longitudinal distance of the solar flare from the footpoint of the
Parker spiral leading to L1 point (A®). The dashed lines indicate a
“cone of observations” within [—50°, 50°]. The five groups, i.e.
G1-GS5, are color coded on the plot. The events attributed to each
group follow the same color code.
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Table 4. Pearson’s correlation coefficients between the logarithm of the proton peak fluxes (£ > 10; >30; >60 and >100 MeV) (upper part of
the Table), the logarithm of the fluence (lower part of the table) and the basic characteristics of the parent solar events: flare (CME) parameters
— logarithm of the SXR peak flux, (log SXRs); SXR fluence, (/sxr); the maximum flux value of the time derivative of the SXRs (i.e. “Neupert
effect”) (NV,); longitude of the associated flare, (Lon); flare rise time, (RT); flare duration, (D); velocity of the CME, () and the angular width of
the CME, (s). The number of pairs for the calculation of each coefficient are presented in the parenthesis next to the coefficient at each case.
The most significant coefficients are emphasized with bold fonts.

Peak flux logl0 Solar flare CME
([pful) log [SXRs] Isxr N Lon RT D u s
E > 10 MeV 0.49 (284) 0.47 (146) 023 (149) 0.11 (262) 0.07 (279)  0.13 (280)  0.57 (158)  0.21 (158)
90% CI [0.42, 0.55]  [0.37, 0.56] [0.11, [0.02, [—0.017, [0.046, [0.49, 0.65] [0.09,
0.34] 0.20] 0.16] 0.22] 0.32]
p-value <1 x10° 1.34 x 107° 0.005 0.072 0.234 0.024 3.55%x 10°1° 0.008
E > 30 MeV 0.47 (207) 0.49 (119) 025 (121) 022 (194) 0.05(204)  0.09 (205)  0.51 (127)  0.09 (127)
90% CI [0.39, 0.55]  [0.38, 0.59] [0.12, [0.12, [—0.05, [—0.009, [0.40, 0.59] [—0.04,
0.37] 0.32] 0.15] 0.19] 0.22]
p-value 528x 1071 1.62x10°8 0.006 0.0017 0.46 0.18 133 x 107° 0.30
E > 60 MeV 0.48 (157) 0.44 (88) 0.11 (89) 023 (147)  0.07 (155)  0.13 (157) 0.44 (93) —0.01 (93)
90% CI [0.39, 0.57]  [0.30, 0.55] [—0.04, [0.11, [—0.05, [0.017, [0.30, 0.55] [—0.166,
0.27] 0.34] 0.19] 0.25] 0.15]
p-value 139%x 1071 221x107° 0.285 0.0045 0.39 0.09 1.63 x 10°° 0.90
E > 100 MeV 0.49 (118) 0.42 (64) 0.13 (64)  0.19 (112)  0.18 (116)  0.19 (118) 0.40 (62) —0.01 (62)
90% CI [0.38,0.59]  [0.25, 0.56] [—0.06, [0.05, [0.047, [0.05, [0.23, 0.55] [—0.20.
0.30] 0.32] 0.31] 0.31] 0.18]
p-value 1.77 x 1078 <5x 107 0.308 0.044 0.048 0.042 0.001 0.911
Fluence 10%10 log[SXRs] Igyr N Lon RT D u s
([cm’2 st ])
E > 10 MeV 0.48 (284) 0.49 (146)  0.21 (149) 0.058 0.08 (279)  0.15(280)  0.60 (158)  0.20 (158)
(262)
90% CI [0.41,0.54]  [0.39, 0.58] [0.09, [—0.03, [—0.007, [0.06, [0.52, 0.67] [0.089,
0.32] 0.15] 0.19] 0.23] 0.31]
p-value <Ix10°% 272x107"° 0.008 0.347 0.177 0.014 <1x10° 0.0096
E > 30 MeV 0.42 (207) 0.49 (119)  0.20 (121)  0.13 (194) 0.098 0.13 (205)  0.53 (127) 0.1 (127)
(204)
90% CI [0.33,0.50]  [0.37, 0.58] [0.06, [0.027, [—0.005, [0.03, [0.43, 0.62] [—0.021,
0.32] 0.23] 0.20] 0.23] 0.24]
p-value 272x 1071 227 x 107 0.03 0.065 0.163 0.059 1.52x 107 0.217
E > 60 MeV 0.41 (157) 0.35 (88) 0.08 (89)  0.11 (147)  0.10 (155)  0.17 (157) 0.45 (93) 0.03 (93)
90% CI [0.31,0.51]  [0.21, 0.48] [—0.08, [—0.01, [—0.017, [0.06, [0.32, 0.56] [—0.13,
0.23] 0.23] 0.22] 0.29] 0.18]
p-value 6.74 x 107% <1x107° 0.47 0.184 0.207 0.0288 6.7 x 107°° 0.80
E > 100 MeV 0.42 (118) 0.38 (64) 0.13 (64)  0.07 (112) 020 (116)  0.25 (118) 0.46 (62) 0.04 (62)
90% CI [0.30, 0.53]  [0.20, 0.57] [—0.064, [—0.07, [0.06, [0.11, [0.30, 0.60] [—0.16,
0.30] 0.21] 0.33] 0.37] 0.22]
p-value 24 x10° <1x107° 0.333 0.449 0.03 0.007 <1x107™* 0.789

combined pairs of parameters is performed in the following

implemented by

different pairs of variables/precursors.

section.

4.6.2. Dependence of SEP characteristics on pairs of parent solar
source characteristics

Since all of the aforementioned correlation coefficients are
implemented on 2-D space (see Sect 4.6.1), the next step
was to investigate the possible 3-D relationships among three
numeric variables projected in two dimensions (2-D). Such
an approach is in need of a complete, parametric space, as
expressed by the basic characteristics of the database; see
Table 4. Therefore, a total of 126/314 SEP events presenting
complete information — in terms of the parametric space — have
been used in this part of the analysis. Contour plots, which
depict the variation of the calculated logarithm of the proton
peak flux at £ > 10 MeV (in pfu), that is considered as the
“response”, are plotted over the ¥X space, which in turn is

Identical plots were implemented also for the fluence of the
SEP events at an integral energy of £ > 10 MeV, leading to
similar results and thus are not shown.

Figure 21A presents the variation of the logarithm of the
proton peak flux as a function of the velocity of the CME,
(u) and the logarithm of the SXR peak flux (log(SXRs)). It
seems that intense proton peak fluxes (>S2) occur when the
velocity of the CME ranges from u > 2400, in km s~' and
the associated solar flares are relatively strong, i.e. >M2.0.
Furthermore, events that result in low proton peak fluxes
(<S1) are associated with CMEs with a velocity
u <500 km s~' and extend from C3.0 to M9.0 solar flares.
This means that strong solar flares and fast CMEs result in
enhanced radiation storms, as opposite to weak solar flares
and slow CMEs. Moreover, another area that concentrates
enhanced proton peak fluxes (>S3) is identified at a CME
velocity of 2000 < u < 2500, in km s ' and a corresponding
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Fig. 21. Contour plots of the logarithm of the proton peak flux at £ > 10 MeV as a function of different pairs of variables. In particular, the
variation of the logarithm of the proton peak flux at £ > 10 MeV, as a function of the speed of the CME and the logarithm of the SXR peak flux
is depicted at (A). (B) The variation, as a function of the longitude and the magnitude (SXR peak flux) of the parent solar flare. (C) The
dependence of the logarithm of the proton peak flux at £ > 10 MeV, as a function of the duration and the magnitude (e.g. SXR peak flux) of the
parent solar flare and (D) presents the dependence, as a function of the speed and the width of the associated CME event. The color bar at each
panel marks the different levels of radiation storms, as those are defined by NOAA, labelled with S1 to S4. See text for details.

range of the solar flare magnitude from M9.0 to X10.0. What
is noteworthy, though, is a relatively narrow area of the velocity
of the CME, ranging from 1600 < u < 1800, in km s~ ' and
the associated solar flares range, in magnitude, from M1.0 to
X7.0 which also results in enhanced radiation levels (>S3).
Both areas point to the conclusion that enhanced proton peak
fluxes at £ > 10 MeV occur in concomitance with very fast
CMEs and strong solar flares, which in turn constitute a direct
danger for severe radiation storms.

Moreover, Figure 21B displays the variation of the
logarithm of the proton peak flux as a function of the longitude
of the associated solar flare and the logarithm of the SXR peak
flux. One may notice the extension of the enhanced proton
peak fluxes (>S3) over a broad longitudinal distribution for
solar flares >X4.0. Nonetheless, >M1.0 SFs distributed from
—60 to 100° in longitude also lead to significant radiation
storms. This result is consistent with the severe danger that
stems from the SEP events that arise from the central part of
the visible solar disk and are associated with CMEs, leading
to a significant radiation risk, in agreement with the category
of the interplanetary shock dominated events, as discussed
earlier.

Furthermore, Figure 21C depicts the dependence of the
logarithm of the proton peak flux at £ > 10 MeV as a function
of the duration of the associated SF and the logarithm of the
SXR peak flux. As it can be seen, enhanced radiation storms
(>S3) are marked for a SF of X5.0 or higher class and a
SXR duration of <60 min. At the same time SFs with a

SXR duration of >60 min are associated with strong radiation
storms (>S3) even for solar flares with a magnitude of M5.0.
Nonetheless, all >X1.0 solar flares lasting up to 200 min lead
to enhanced radiation levels (>S2).

Finally, Figure 21D presents the variation of the logarithm
of the proton peak flux at £ > 10 MeV as a function of the
velocity and the width of the associated CMEs. As it can be
seen CMEs with a velocity of « > 2500 km s~ will result in
a significant radiation storm (>S3) even for CME widths
> 80°. On the other hand, there are several more areas of
enhanced radiation levels (>S3) for velocities u = 1500—
1700 km s~ for CME widths > 130°. Halo CMEs (with a
width of 360°) associated with velocities « > 1400 km s~
lead to radiation storms of >S2.

5. Discussion and conclusions

The motivation of the study was to extract empirical relations
of SEP events to their parent solar sources and to explore
further, the physical interpretations that have been proposed
so far for the birth, acceleration and propagation of SEP events.
Within the present study, we analysed the relationship between
the proton peak fluxes and fluences for £ > 10; 30; 60 and
100 MeV and the parameters that describe the parent solar
activity from 1984 to 2013. Our study included a total number
of 314 SEP events. The solar parameters considered in this
study are: the CME velocity, the peak SXR flare flux, the
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fluence and the location of the parent SE, the CME size
expressed by its width, the duration and rise time of the SFs,
the maximum of the derivative of the SXRs flux as well as
its timing, the onset time of type III radio bursts, the
occurrence (or not) of type II and type IV radio bursts, the
element abundances and complementary electron recordings
of the SEP events.

The main findings of this study are summarized as follows:

5.1. A new catalogue of SEP events with solar associations

We reported on the implementation of a coherent SEP event
list based on GOES particle proton data, covering roughly
three solar cycles from 1984 to 2013, including a total of
314 SEP events with their solar associations. For each of the
events we have performed VDA, in conjunction with an
extended literature survey and comparative observational
identifications (see Fig. 3), in order to identify the possible
release time range of the particles and correspondingly to be
led to their parent solar event(s).

The new SEP events catalogue, presented in full in Table 2
(supplementary online material) of this paper, has four basic
merits:

— It covers a large time span facilitating the exploitation of
its contents for both scientific and forecasting/nowcasting
purposes.

— It utilizes re-defined energies (Eefrective) for the VDA
calculations, per energy channel.

— It provides re-checked and improved solar associations of
the SEP events to their parent solar events.

— It is built upon a reference SEP event list, SEPEM, and
thus can be considered as a complementary extension to
an already standard SEP event list.

The implementation of this new database, the
incorporation of the Eggective in the VDA method and the
cross-checking with several other available lists, allowed us
to obtain careful reconciled associations of the SEP events to
their parent solar sources covering a large time span. As a
result, the SEP events list that was presented in this work
can be considered as a standardized database that can
further be used for both the testing of SEP events forecast-
ing/nowcasting models and for the derivation of solid refined
empirical physical relations that can be included in such
forecasting efforts.

5.2. A hybrid mixed CME-SF causation of SEP events?

Concerning the origin of the particles that result in the
recorded SEP events, the majority of the SEP events in our
database are associated with both SFs and CMEs (208/314)
(see Tab. 3, supplementary online material). One may also note
that the lack of CMEs from 1984 to 1997 is mainly due to the
absence of continuous CME monitoring and not because of the
absence of CME events. Furthermore, we examined the abun-
dance variations of 174 SEP events in our list from 1997 to
2013. Out of these, 120 events were divided into five groups
based on the abundances and the particle profiles (Cane et al.
2010). The most important result is that there seems to be a con-
tinuum of event properties. For example, the events of group 1
(G1) are Fe-rich, electron-rich and p-poor, all of which (13/13)
are associated with type III bursts, whereas half of them do not

present shock signatures (e.g., type II bursts) (6/13).
The majority of the events of group 1 (10/13) have a coronal
foot point within the “cone of observations” of [—50°, 50°]
(Fig. 20), consistently with the results of Kallenrode et al.
(1992) for impulsive events. Moreover, 7/13 are associated with
impulsive SFs, according to the classification by Park et al.
(2010). Hence, most of them could be labelled as impulsive
SEP events (Cliver 1996). However, events of all other groups
are also associated with similar solar events. In addition, almost
all SEP events (158/174) had associated CMEs. Although
Kahler (2001) reported that impulsive SEP events are associ-
ated with relatively narrow CMEs (10°—40°) and Cane et al.
(2010) found CMEs associated with such events with sizes
>50°, our sample shows that the mean size of the CME for
impulsive SEP events is significantly larger (i.e. ~109°).

Figure 16 shows that the composition in the low energy
range appears to be Fe-rich, with respect to the average SEP
value of Fe/O (0.134, Reames 1995). Furthermore, several
SEP events from groups 3 and 4, which are defined to be p-rich
and Fe-poor and in essence are gradual SEP events, seem to be
also Fe-rich at low energies. Therefore, besides the Fe-rich
material from impulsive SEP events it is possible that CME-
driven shocks accelerate an Fe-rich composition (Mewaldt
et al. 2006). Additional Fe might come from ions accelerated
by the associated SF that are then re-accelerated by the shock.
In addition, there is evidence that larger SEP events often result
when a fast CME follows a slower CME (Gopalswamy et al.
2002). Whether this is a result of “CME interactions”
(Gopalswamy et al. 2002) or “preconditioning” of the medium
by the preceding CME (Kahler & Vourlidas 2014) is still
unclear, but in this situation the shock from the second CME
may pass through freshly ejected CME material, which often
has highly-ionized Fe and other anomalous abundances
(Mewaldt et al. 2006).

At the same time, it becomes apparent that, although, the
Fe/O ratios are a useful tool and a clustering of the events as
a function of their grouping is evident, a clear-cut distinction
of the SEP events (Fig. 16) cannot be achieved based solely
on the Fe/O ratio.

For the part of our catalogue that covers solar cycle 23 and
the ascending phase of solar cycle 24 (1997-2013), 73% (127/
174) SEP events are clearly associated with both type III and
type II radio bursts. Moreover, for every group of SEP events,
the onset time of the identified type III burst was marked prior
to the maximum of the SF flux and thus during the impulsive
phase of the SF (Figs. 18 and 17), with only a few exceptions.
As already discussed in Section 1, there are two basic acceler-
ators: SFs and CME-driven shocks. If the connection between
the parent solar source and the observing point does exist,
particles shall be routed to and recorded by a particle detector.
There is a physical limitation that can lead to the exclusion of
particles accelerated by SFs to result in an SEP event, provided
that a flare did occur. That is the so-called confinement of the
particles in magnetic structures of the low corona (Klein et al.
2005, 2010, 2011; Trottet et al. 2015). Since most of the SEP
events in our database were associated with a SEF, and the
majority of the well-observed events — from solar cycle 23
onwards — is associated with type III radio bursts, it is
suggested that the majority of particles accelerated in the
SEP associated SF are not confined. However, in certain cases,
if no meaningful association with type III bursts could be
identified and if the flux of the SEP event was rather low,
such confined SFs cannot be excluded. The cone of £50° for
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A® which holds events from every group (Fig. 20) is difficult
to be reconciled only with a “localized” release of particles.
At the same time 87% (68/78) of these events, within the cone,
are associated with type II radio bursts and thus support the
argument of shock acceleration (Kallenrode et al. 1992).
Further work should focus on the effect of A® on the derived
SEP flux (Lario et al. 2013), given the fact that, two critical A®
at about 30° and 50°, delimiting three zones for which the
importance of the longitudinal gradient is different from one
another greatly affect the flux variability of SEP events
(Gardini et al. 2011).

The question that arises is if we can classify the events as
mixed and/or hybrid, in accordance with the proposition of
Kallenrode (2003) and Kocharov & Torsti (2002) and the
expanded classification of SEP events (Cliver 1996). Groups 1
and 2 being Fe-rich, e-rich and p-poor would consist
primarily of particles accelerated at SFs, whereas the SEP
events of groups 3-5, which are related to shocks, would
be composed primarily of particles accelerated at the
CME-driven shock. First, we note that broad limits define
the classification of hybrid events using radio diagnostics
(e.g., type II-1V radio bursts), the duration of the SFs, abun-
dance ratios (e.g., Fe/O), recordings of electrons, widths of
CMEs and the longitudinal cone, in line with the proposed
expanded SEP classification system by Cliver 1996 (their
Tab. 2 (supplementary online material)). Nevertheless, it
was not possible to strictly attribute the events to each of
the proposed categories (i.e. pure impulsive, mixed impul-
sive, mixed gradual, gradual). This is because: [a] all but
nine events in our sample was associated with a CME,
including 11/13 events of group 1; [b] the Fe/O ratios are
generally high, although, as expected, they demonstrate a
clustering at higher values for the events of groups 1
and 2 (which are found to be Fe-rich at both high and low
energies), whereas they are lower for the events of groups
4 and 5; albeit, at low energies the Fe-rich character is
dominant even for the events of group 4. At the same time,
it is evident that most of the SEP events in our catalogue do
not conform to a simple two-class paradigm, exhibiting both
impulsive phase (type III radio bursts) and shock (type II
radio bursts) emissions. As a result, it is not possible to
isolate the causative of an SEP event, i.e. SFs and/or CMEs
in our database since both tracers of flare and shock accel-
eration are present. In conclusion, our results point to a
continuum of SEP events, following the broad lines of the
proposed scheme for hybrid and/or mixed SEP events.
However, no clear-cut indication of specific parameters that
distinguish the events per sub-category (Cliver 1996) of the
hybrid SEP events could be achieved, in line with the
proposition of Cane et al. (2010). Nonetheless, Table 2
(supplementary online material) indicates the SEP events
attributed to each of the five groups with group 1 being
closer by definition to the “pure impulsive” sub-category,
followed by group 2 and group 3 (e.g., “mixed impulsive”
and “mixed gradual”, respectively) and finally group 4 and
group 5 that are closest to the sub-category of “gradual”
SEP events.

5.3. Statistical analysis

— Energy-dependent contributions of SFs and CMEs in SEP
events

We showed that the proton peak flux and fluence of the SEP
events vary as a function of both SF and CME properties,

examined in this work. However, the correlations range from
low to moderate, with the significant ones marked for the
speed of the CME, the magnitude and the fluence of the SF
(see Tab. 2 (supplementary online material)). In particular,
the correlation between the velocity of the CME and the proton
peak flux appears to decrease with the increasing integrated
particle energy (column 8 of Tab. 2 (supplementary online
material)), but at the same time the correlation of the logarithm
of the SXR peak flux to the proton peak flux appears to remain
relatively stable (x0.47) from E > 10 to £ > 100 MeV.
Additionally, for £ > 10 MeV the correlation between the
proton peak flux and the CME velocity seems to be stronger
(0.57) compared to the correlation with the logarithm of the
SXR peak flux (0.49), with a reverse situation being present
at higher energies (for £ > 100 MeV the proton peak flux
presents a correlation coefficient of 0.40 with the CME
velocity and of 0.49 with the logarithm of the SXR peak flux).
The transition is spotted for £ > 60 MeV (see Tab. 2 (supple-
mentary online material)). Furthermore, the correlation of the
proton peak flux to the fluence of the flare seems to be fairly
stable, similar to the obtained correlation of the logarithm of
the SXR peak flux. This is also the outcome obtained from
the correlations with the fluence of the SEP event. Nonetheless,
the correlation coefficients for the fluence of the flare seem to
drop with respect to the increasing integrated particle energy
(column 2 of Tab. 2 (supplementary online material)), with
the transition spotted at £ > 60 MeV. These results possibly
suggest that at low energies, CMEs have a dominant role,
not excluding, also, the contribution of particles accelerated
by SFs (Cane et al. 2002; Dierckxsens et al. 2015; Trottet
et al. 2015). The former result is apparent in Figures 12A
and 12B, which illustrate the higher correlation of the CME
speed to the obtained proton peak fluxes at £ > 10 and
E > 30 MeV compared to the achieved correlation for higher
energies (Figs. 12C and 12D). At the same time, gradual
SEP events (group 4 and group 5) present evidence of a
coronal propagation within £50° (Fig. 20) and are associated
with type III radio bursts (Fig. 18). Therefore, the possibility
that SF acceleration is, also, involved in these events, together
with the dominant acceleration by CMEs, cannot be excluded.

— Factors relevant to significant radiation risk

The mapping of the logarithm of the proton peak flux at
E > 10 MeV on different pairs of parent solar source character-
istics clearly illustrated its dependence on strong solar flares
and fast CMEs that result in enhanced radiation storms, as
opposite to weak solar flares and slow CMEs. It was shown that
enhanced proton peak fluxes (e.g., >S3) are present over a
broad longitudinal distribution for SFs (—70 to 70°). It was
also shown that SFs that last >60 min are also associated with
strong radiation storms (>S3) even for SFs with a magnitude
of M5.0, while all >X1.0 SFs lasting up to 200 min lead to
enhanced radiation levels (>S2). These findings are also con-
sistent with those obtained by investigating the fluence of the
SEP events in our catalogue. It was demonstrated that signifi-
cant radiation risk emerges under three basic conditions:
(a) strong SFs (>X5.0 lasting even less than 60 min or
>M5.0 lasting more than 60 min) (Fig. 21C); (b) significant
CME speed (Fig. 21D) and (c) events whose source is situated
on the central part of the visible solar disk (Fig. 15). Conditions
(b), (c) and the second part of condition (a) are consistent with
the scenario of a fast CME-driven shock that continuously
feeds the magnetic field lines connecting the shock to the
observer with accelerated particles (interplanetary shock
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dominated SEP events). These factors signify the important
role of SEP events associated with central solar sources.
In conclusion, it is noteworthy that this mapping helps to
understand how does the logarithm of the proton peak flux at
E > 10 MeV (a crucial SEP metric) change as a function of
different pairs of variables defined by its parent solar events
and at the same time quantifies the combined effect of the
variables upon the expected proton peak flux.
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