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Abstract
Despite the signiÞ cant progress achieved in recent years, the physical mechanisms underlying the origin of solar
energetic particles(SEPs) are still a matter of debate. The complex nature of both particle acceleration and
transport poses challenges to developing a universal picture of SEP events that encompasses both the low-energy
(from tens of keV to a few hundreds of MeV) observations made by space-based instruments and the GeV particles
detected by the worldwide network of neutron monitors in ground-level enhancements(GLEs). The high-precision
data collected by the Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics(PAMELA)
satellite experiment offer a unique opportunity to study the SEPß uxes between�˙ 80 MeV and a few GeV,
signiÞ cantly improving the characterization of the most energetic events. In particular, PAMELA can measure for
the Þ rst time with good accuracy the spectral features at moderate and high energies, providing important
constraints for current SEP models. In addition, the PAMELA observations allow the relationship between low-
and high-energy particles to be investigated, enabling a clearer view of the SEP origin. No qualitative distinction
between the spectral shapes of GLE, sub-GLE and non-GLE events is observed, suggesting that GLEs are not a
separate class, but are the subset of a continuous distribution of SEP events that are more intense at high energies.
While the spectral forms found are to be consistent with diffusive shock acceleration theory, which predicts
spectral rollovers at high energies that are attributed to particles escaping the shock region during acceleration,
further work is required to explore the relative inß uences of acceleration and transport processes on SEP spectra.
Key words: acceleration of particles� coronal mass ejections(CMEs) � solar� terrestrial relations� space vehicles�
Sun: ß ares� Sun: particle emission

1. Introduction

Solar energetic particle(SEP) events pose a recognized hazard
to spacecraft and high-altitude aircraft, and are a health risk for
astronauts andß ight crews, making them an important constituent

of what we call space weather. Historically the origin of SEPs
has been inferred by observations of their morphology and
composition. According to the classiÞ cation scheme discussed,
for example, by Kahler et al.(1978), Kahler et al. (1984),
Cliver et al.(1982), Mason et al.(1984), Cane et al.(1986), and
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Reames(1988), SEP events can be subdivided into two distinct
categories, gradual and impulsive events, which are related to
different acceleration mechanisms. The gradual events, associated
with type II radio emission, are believed to be accelerated high in
the corona by shocks driven by coronal mass ejections(CMEs;
Reames1999; Rouillard et al.2011). They are characterized by
elemental abundances, charge states, and temperatures typical of
the ambient corona, and they produce by far the highest SEP
intensities near Earth. The impulsive events, generally much less
intense, are linked to short-duration soft X-rayß are emission from
low altitudes(Pallavicini et al.1977) and fast-drift type III radio
emission reß ecting electron escape into the interplanetary medium
(Wild et al.2000). They are thought to be accelerated atß are sites
mostly by processes in association with magnetic reconnection
(Shimojo & Shibata2000; Drake et al.2013) or wave-particle
interactions (Fisk 1978; Temerin & Roth 1992; Miller &
Roberts1995; Miller & Reames1996; Roth & Temerin1997)
and are characterized by enrichments in3He, electrons and heavy
ions such as Fe(Reames1999; Tylka et al.2005; Mewaldt et al.
2012). The two-class scenario was subsequently revised to include
so-called � hybrid� events (Cliver 1996), exhibiting some
characteristics of both classes. Recent studies have shown that
SEP events in general originate from a mixture of impulsive and
gradual processes, and the event evolution depends on their
relative importance and the magnetic connection to Earth, albeit
there is still no consensus about the details of the individual
mechanisms(Cane et al.2003, 2010; Tylka & Lee 2006;
Gopalswamy et al.2012; Kahler et al.2012; Mewaldt et al.2012,
2015; Reames2013; Cliver 2016; Bazilevskaya2017).

The most energetic SEP events induce atmospheric showers
whose secondary products can be detected by ground-based
detectors such as neutron monitors(NMs), muon hodoscopes,
and ionization chambers. How the particles in such rare events,
known as ground-level enhancements(GLEs), are accelerated
remains controversial, and in part due to the relatively few
observations above a few hundred MeV, they have often been
treated as a special, distinct category of SEP events compared
to those observed at lower energies. In particular, while GLEs
are considered gradual events, a directß are contribution has
become a matter of debate(Grechnev et al.2008; Aschwan-
den 2012; McCracken et al.2012; Kahler et al.2017). For
example, the double-pulse time proÞ le registered in a number
of cases has suggested two components: a rapid onset related to
an impulsive injection ofß are particles, followed by a gradual
phase attributed to shock-accelerated particles(Vashenyuk
et al. 2006, 2011; McCracken et al.2008).

Aside from the relevant space weather implications(Shea &
Smart2012), GLEs are of particular interest because they represent
SEP acceleration at its most efÞ cient (Mewaldt et al.2012). In
addition, the high-energy protons of GLE events can reach 1 au
with minimal interplanetary scattering(Cliver et al.1982). Thus,
their spectra provide important constraints on SEP origin. For
example, in the scenario of diffusive shock acceleration, high-
energy cutoffs (or � rollovers� ) may reß ect changes in the
acceleration efÞ ciency, resulting from either the three-dimension-
ality of the shock front(curvature), limited acceleration timescales,
and/ or vanishing power in the magneticÞ eld wave spectrum
(causing the diffusion coefÞ cient to increase rapidly with the
heliocentric distance), each contributing to releasing particles from
the shock and terminating acceleration(Ellison & Ramaty1985;
Lee & Ryan1986; Lee2005; Tylka & Lee2006). Also, since both
the shock speed and the magneticÞ eld strength decrease with

increasing heliocentric distance, the maximum acceleration energy
decreases as the shock propagates out into the interplanetary space,
thus more energetic ions are typically accelerated at earlier times
when the shock is closer to the Sun, although some particles can
remain trapped behind the shock, only escaping and propagating
upstream at later times(Zank et al.2000). Some studies have
argued that SEP spectral breaks occurring at�˙ 30 MeV/ n are
indicative of the limits of shock acceleration(see, e.g., Desai
et al. 2016 and references therein), although interplanetary
transport may also play a relevant role, producing distinctive
features in the SEP spectra measured at 1 au(Li & Lee 2015; Zhao
et al. 2016). In particular, the spectra of GLE events above the
breaks were found to be typically harder with respect to non-GLE
events(Mewaldt et al.2012); in addition, a further steepening at
higher energies( 500 MeV) has been suggested through a
comparison of spacecraft and NM data(e.g., Debrunner
et al. 1988; Tylka & Dietrich 2009). However, until recently,
SEP measurements were relegated to600 MeV with the
exception of ground-based instruments, whose spectral shapes
must be modeled� based on a number of assumptions� to
account for the effects of cosmic ray(CR) interactions within
the terrestrial magnetosphere and atmosphere, and for which there
is no compositional information.

Thanks to its unique observational capabilities, the Payload
for Antimatter Matter Exploration and Light-nuclei Astrophy-
sics (PAMELA) mission provides accurate and detailed SEP
measurements in a wide energy range, bridging the gap
between the low-energy observations of in situ space-based
instruments and GLE data from the worldwide network of
NMs. In particular, PAMELA can detect, for theÞ rst time with
good sensitivity, the rollover in the high-energy spectra
predicted by diffusive shock acceleration theory, enabling a
more complete and clearer view of the SEP origin and
transport.

2. PAMELA Observations

PAMELA is a space-borne experiment designed for the
precise measurement of charged CRs� protons, electrons, their
antiparticles, and light nuclei� in the kinetic energy interval
from several tens of MeV up to several hundreds of GeV
(Adriani et al. 2014, 2017). The instrument consists of a
magnetic spectrometer equipped with a silicon tracking system,
a time-of-ß ight system shielded by an anticoincidence system,
an electromagnetic calorimeter and a neutron detector. The
Resurs-DK1 satellite, which hosts the apparatus, was launched
into a semi-polar(70 deg inclination) and elliptical(350� 610
km altitude) orbit on 2006 June 15; in 2010 it was moved to an
approximately circular orbit at an altitude of�˙ 580 km. It
operated up until the loss of contact in 2016 January. PAMELA
made a comprehensive survey of the interplanetary and
magnetospheric radiation in the near-Earth environment(see,
e.g., Adriani et al.2013, 2015a, 2015b, 2016). In particular,
PAMELA made measurements of SEP events in solar cycles
23 and 24, including spectral, compositional, and angular
observations(Adriani et al.2011, 2015c).

2.1. Data Analysis

Proton intensities are evaluated with a 48-minute time
resolution, corresponding to spacecraft semi-orbits. However,
due to the shielding effect of Earth�s magnetosphere, low-
rigidity (momentum/ charge) interplanetary CRs can be
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registered only when the satellite passes through relatively high
magnetic latitude regions, so the effective� duty cycle� is
higher for higher rigidity particles. To discard trapped/ albedo
particles and avoid magnetospheric effects(Bruno et al.
2016a), interplanetary CRß uxes are conservatively estimated
by selecting protons with a rigidity 1.3 times higher than the
local Störmer vertical cutoff, based on the International
Geomagnetic Reference Field(IGRF) model (Finlay et al.
2010), thereby avoiding the variable and high-gradient
penumbral region. Details about apparatus performance, proton
selection, detector efÞ ciencies, and experimental uncertainties
can be found in Adriani et al.(2013, 2014); Martucci
et al. (2018).

The removal of the background due to galactic CRs
(hereafter GCRs) is a delicate aspect of the SEP spectra
assessment. To account for short-time variations in the GCR
intensities related to solar activity, including Forbush decrease
effects (Usoskin et al. 2015), the time-dependent GCR
component is computed for each semi-orbit, by extrapolating
to lower energies theÞ t of the measured spectrum performed
above the maximum SEP energy up to 100 GeV, based on the
force-Þ eld model(Gleeson & Axford1968):
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where mp is the proton mass. This function describes the shape
of the GCR spectrum with a single(time-dependent) parameter:
the modulation potentialf . The parameterization by Potgieter
et al.(2014), normalized to PAMELA data, is used for the local
interstellar spectrum FLIS.

Pitch-angle anisotropies with respect to the local interplane-
tary magnetic Þ eld (IMF) direction are accounted for by
estimating the instrument� asymptotic� exposure along the
satellite orbit, based on an accurate trajectory tracing analysis
implementing a realistic description of the Earth�s magneto-
sphere; details about the developed methodology can be found
in Bruno et al.(2016b). A comprehensive investigation of the
angular distributions extended to all the SEP events observed
by PAMELA will be the object of forthcoming publications.

SEP energy spectra are evaluated in 22 logarithmic bins
spanning the energy range from�˙ 80 MeV to �˙ 3 GeV. The
mean energies are computed according to Lafferty & Wyatt
(1995), assuming a power-law spectrum:

E
E E

E E 1
, 2mean

max
1

min
1

max min

1

g
=

-
- · -

g g- - - g�,

�.
�-

�/

�1
�0

( ) ( )
( )

where�� is the spectral index, and Emax and Emin are the upper
and lower energy limits of the considered bin. A�� = 3
spectrum is used, although Emean is insensitive to ��
(�ßEmean 0.3% for 1< �� < 6) due to the relatively small
bin widths.

The statistical uncertainties on measured SEP spectra are
calculated by accounting for the GCR background subtraction,
using 68.27% conÞ dence level intervals for a Poisson signal
Ftot in the presence of a background FGCR (Feldman &
Cousins 1998). Total systematic errors, accounting for
uncertainties on selection efÞ ciencies, background subtraction,
and other corrections, are estimated to be�˙ 20%.

Event ß uences are evaluated using theß ux intensities
Fsep,i(E) from the various semi-orbits that register a signal
during the SEP event duration interval T:
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where n is the number of time bins with width�ßti = T/ n
determined by the 48-minute data time resolution. The
integration interval is computed by identifying the event
start/ stop bins in theß ux temporal proÞ les. When a new event
commences while a preceding one was still in progress, the
onset time of the second event is set as the end time of theÞ rst
event. Consequently, the spectrum for the second event will
include a contribution from the decay of the previous event.

As mentioned, the PAMELA duty cycle relative to the
orbital period increases with growing particle rigidity due to
geomagnetic effects; it also varies with the geographic
longitude as a consequence of the asymmetries between the
terrestrial rotational and magnetic axes(Adriani et al.2015b).
In particular, for semi-orbits far away from the Earth�s
magnetic poles, the minimum effective geomagnetic cutoff
can be higher than the PAMELA threshold, so the SEP
intensity information can be missing for the lowest energy bins.
Data gaps are corrected by means of interpolation algorithms;
results are cross-checked with the comparison with the GOES
proton ß uxes calibrated using the PAMELA SEP data
according to Bruno(2017).

Accounting for a possible rollover in the high-energy SEP
spectra, event-integratedß uences are Þ tted by using a
functional form based on Ellison & Ramaty(1985; hereafter
referred as E� R), consisting of a power-law spectrum
modulated by an exponential:

E A E E e , 4s
E E

sep 0F = · ·g- -( ) ( ) ( )

where A is the normalization,�� is the spectral index, and E0 is
the cutoff or rollover energy; the scaling energy Es is Þ xed to
the PAMELA energy threshold(80 MeV). For well-connected
high-energy events, the release point can be computed to be a
few solar radii (Kahler 1994). If we separate the shock
acceleration at these distances from the transport of those
particles to Earth, we can interpret the power law in terms of
the compression ratio of the shock, while the cutoff energy can
be interpreted in terms of the limits of the acceleration process,
with the intervening transport to Earth giving rise to the late
phase isotropy and the extended duration. Contrary to power-
law functions, Equation(4) does not extend the spectrum to
inÞ nite energies and is consistent with the idea that shock
acceleration is limited in time and space(see Section1). Aside
from theoretical motivations, it describes the SEP spectra with
a reduced set of parameters when compared to other functional
forms (e.g., the double power-law Band function(Band
et al. 1993; Tylka & Dietrich 2009)), thus minimizing
parameter cross-correlations.

For a comparison, the spectra are alsoÞ tted using a simple
power-law function, and an F-test is performed to compare the
two Þ tting models providing a quantitative estimate of the model
that bestÞ ts the data. The F-statistic is given by the ratio between
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the corresponding reduced chi-squared:F PL
2

ER
2c c= � � . The

associated p-value is used to support or reject the null hypothesis
(the power-law model): a small numerical value(p = 1) implies
a very signiÞ cant rejection.

The sameÞ tting procedure is applied to the assessment of
the peak spectra. For each energy bin, the peak intensity is
evaluated by taking the most intenseß ux value registered
during the SEP event. In general, with respect toß uences, peak
spectra are characterized by much larger uncertainties since
they rely on single semi-orbit(48-minute) data.

2.2. Data Set

Table 1 lists the 30 major SEP events detected by
PAMELA between 2006 July and 2014 September. TheÞ rst
column reports the event number. The second column gives
the SEP event onset times based on the Geostationary
Operational Environmental Satellite(GOES) 5-minute reso-
lution protonß uxes for energies> 100 MeV (https:/ / umbra.
nascom.nasa.gov/ sdb/ goes/ particle/ ). Columns 3, 4, and 5
display the associatedß are onset/ class/ location data from

the GOES X-ray archive(ftp:/ / ftp.ngdc.noaa.gov/ STP/
space-weather/ solar-data/ solar-features/ solar-ß ares/ x-rays/
goes/ ). In the case of events originating on the far side of
the Sun, theß are size is estimated from observations made by
the Extreme Ultraviolet Imager(EUVI) on board the
Solar Terrestrial Relations Observatory(STEREO) space-
craft (Rouillard et al. 2012; Mewaldt et al. 2013; Nitta
et al. 2013; Ackermann et al.2017); no estimate is available
for the 2013 November 2 event. Finally, the last three
columns report the parent CMEÞ rst appearance times, sky-
plane speeds, and angular widths from the CDAW catalog of
the Large Angle and Spectrometric Coronagraph(LASCO)
on board the Solar and Heliospheric Observatory(SOHO)
(https:/ / cdaw.gsfc.nasa.gov/ CME_list/ ).

The heliographic distribution of the associatedß ares is
illustrated in Figure1; the color code denotes the soft X-ray
peakß ux. Six back side events are included(right panel): 2011
March 21, 2011 November 3, 2012 July 23, 2013 November 2,
2014 January 6, and 2014 September 1. The front side sample
(left panel) consists of 17 events occurring in the western

Table 1
List of the Major SEP Events Observed by PAMELA between 2006 July and 2014 September

SEP Event Flare CME

# Onset Time Onset Time Class Location 1st-app. Time Vsky Width

1 2006 Dec 05, 15:00 Dec 05, 10:19 X9.0 S06E79 L L L
2 2006 Dec 06, 23:15 Dec 06, 18:29 X6.5 S05E64 Dec 06, 20:12 L H
3 2006 Dec 13, 02:55 Dec 13, 02:14 X3.4 S06W23 Dec 13, 02:54 1774 H
4 2006 Dec 14, 22:55 Dec 14, 21:07 X1.5 S06W46 Dec 14, 22:30 1042 H
5 2011 Mar 21, 03:30 Mar 21, 02:11a X1.3a N23W129a Mar 21, 02:24 1341 H
6 2011 Jun 07, 07:00 Jun 07, 06:16 M2.5 S21W54 Jun 07, 06:49 1255 H
7 2011 Sep 06, 02:30 Sep 06, 01:35 M5.3 N14W07 Sep 06, 02:24 782 H
8 2011 Sep 06, 23:35 Sep 06, 22:12 X2.1 N14W18 Sep 06, 23:05 575 H
9 2011 Nov 04, 00:15 Nov 03, 22:45b X1.4b N09E154b Nov 03, 23:30 991 H
10 2012 Jan 23, 04:20 Jan 23, 03:38 M8.7 N28W21 Jan 23, 04:00 2175 H
11 2012 Jan 27, 18:40 Jan 27, 17:37 X1.7 N27W71 Jan 27, 18:27 2508 H
12 2012 Mar 07, 01:40 Mar 07, 00:02 X5.4 N17E27 Mar 07, 00:24 2684 H
13 2012 Mar 13, 17:50 Mar 13, 17:12 M7.9 N17W66 Mar 13, 17:36 1884 H
14 2012 May 17, 01:50 May 17, 01:25 M5.1 N11W76 May 17, 01:48 1582 H
15 2012 Jul 07, 00:05 Jul 06, 23:01 X1.1 S13W59 Jul 06, 23:24 1828 H
16 2012 Jul 08, 17:45 Jul 08, 16:23 M6.9 S17W74 Jul 08, 16:54 1497 157
17 2012 Jul 12, 17:15 Jul 12, 15:37 X1.4 S15W01 Jul 12, 16:48 885 H
18 2012 Jul 19, 06:25 Jul 19, 04:17 M7.7 S13W88 Jul 19, 05:24 1631 H
19 2012 Jul 23, 06:30? Jul 23, 02:31c X2.5c S17W132c Jul 23, 02:36 2003 H
20 2013 Apr 11, 08:00 Apr 11, 06:55 M6.5 N09E12 Apr 11, 07:24 861 H
21 2013 May 22, 13:50 May 22, 13:08 M5.0 N15W70 May 22, 13:25 1466 H
22 2013 Sep 30, 02:15 Sep 29, 21:43 C1.3 N17W29 Sep 29, 22:12 1179 H
23 2013 Oct 28, 17:55 Oct 28, 15:07 M4.4 S06E28 Oct 28, 15:36 812 H
24 2013 Nov 02, 07:25 Nov 02, 04:00 L N03W139 Nov 02, 04:48 828 H
25 2014 Jan 06, 08:05 Jan 06, 07:30d X3.5e S15W112e Jan 06, 08:00 1402 H
26 2014 Jan 07, 19:20 Jan 07, 18:04 X1.2 S15W11 Jan 07, 18:24 1830 H
27 2014 Feb 25, 03:00 Feb 25, 00:39 X4.9 S12E82 Feb 25, 01:25 2147 H
28 2014 Apr 18, 13:30 Apr 18, 12:31 M7.3 S20W34 Apr 18, 13:25 1203 H
29 2014 Sep 01, 17:00 Sep 01, 10:54f X2.4e N14E127e Sep 01, 11:12 1901 H
30 2014 Sep 10, 19:45 Sep 10, 17:21 X1.6 N14E02 Sep 10, 18:00 1267 H

Notes.For each event, the onset time(UT) and the associatedß are onset time/ class/ location information are reported, along with the parent CMEÞ rst appearance
time, sky-plane velocity(km s�í 1), and angular width(deg, or� H� in case of full halo CMEs). See the text for details.
a Rouillard et al.(2012).
b Mewaldt et al.(2013).
c Nitta et al.(2013).
d Thakur et al.(2014).
e Ackermann et al.(2017).
f Plotnikov et al.(2017).
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hemisphere and 7 events in the eastern hemisphere. Apart from
the 2013 September 30 event, linked to a C-classß are and a
quiescentÞ lament eruption, the PAMELA SEP data set is
associated with M-class ß ares, including 17 X-class erup-
tions, and with full halo CMEs except for the 2012 July 8 event
(partial halo CME). All registered events were generated within
�˙ 30 deg from the solar equator, with the largest latitudes for
the 2012 January 23 and 27 eruptions(N28 and N27,
respectively).

It should be noted that 8 events in the PAMELA list(2006
December 5, 2011 September 6 and 7, 2011 November 4, 2012
July 19, 2013 October 28, 2013 November 2, 2014 September
1) do not meet the NOAA criterion for a SEP event that is
based on the 10 sr�í 1 s�í 1 cm�í 2 ß ux threshold for protons with
kinetic energies above 10 MeV, so they are not reported in the
NOAA � Solar Proton Events Affecting the Earth Environment�
catalog(ftp:/ / ftp.swpc.noaa.gov/ pub/ indices/ SPE.txt).

According to convention, a SEP event is counted as a GLE if
at least two independent NMs� including a near sea level
station� have registered a simultaneous statistically signiÞ cant
increase related to the SEP arrival(http:/ / www.nmdb.eu/ ).
Analogously, in this work we classify as� sub-GLEs� the
events unambiguously detected by only one26 NM: the South
Pole station(hereafter SPNM) at a 2820 m altitude. The two
GLEs(numbered 70 and 71) that occurred during the operation
of PAMELA, on 2006 December 13 event late in cycle 23 and
2012 May 17 near the peak of cycle 24, were both detected by
PAMELA. Unfortunately, a large gap in the PAMELA data,
related to an onboard system reset of the satellite, occurred
during the 2006 December 13 event(Adriani et al.2011), so
this event is excluded from this analysis. Similarly, the
measurement of a sub-GLE on 2012 March 7 is complicated
by issues related to the high count rate, requiring a different

analysis approach that will be discussed in a forthcoming
paper. Finally, the 2006 December 5 and 6 events in Table1
were discarded since no data were collected by the PAMELA
tracker due to a scheduled maintenance procedure. Minor
limitations affected the events on 2012 July 23(only Þ rst
�˙ 13 hr of data taking available) and 2014 February 25(Þ rst �˙ 9
hr missing), for which partial results are provided.

Several other interesting events appear in Table1. The most
energetic of them is the 2014 January 6 event, originating
behind the western limb(Thakur et al.2014), which triggered a
sub-GLE with a�˙ 2.5% increase in the SPNM count rate. A
smaller sub-GLE occurred on 2012 January 27(Belov et al.
2015), with a 1.5% SPNM increase. Two long-duration
(> 6 days) SEP events were generated by the 2014 February 25
eastern limb and the 2014 September 1 back side events(Lario
et al. 2016; Plotnikov et al.2017). Another far side eruption,
the 2012 July 23 event, produced an extreme solar storm�
probably the most powerful recorded since the Carrington
event in 1859� which only marginally affected the near-Earth
environment due to the poor magnetic connection(Russell
et al. 2013; Liu et al. 2014; Gopalswamy et al.2016;
Riley et al. 2016). The 2012 January 23 and the 2013 May
22 events are remarkable since they involved interacting CMEs
(Joshi et al.2013; Ding et al. 2014; Mäkelä et al. 2016).
Finally, despite the far side source regions, the 2014 January 6
and September 1 events were found to be associated with
signiÞ cant ��-ray emission reported by the Fermi-LAT instru-
ment (Ackermann et al.2017).

2.3. Results

Figures2� 5 display the event-integratedß uences estimated
for the 26 selected SEP events, in chronological order. The
error bars include both statistical and systematic uncertainties.
The start/ stop dates are reported in each panel, along with the
Þ tting results obtained using a simple power law(black dashed

Figure 1. Soft X-ray peakß uxes(color codes) as a function ofß are heliographic locations, for the SEP events registered by PAMELA(see Table1). Front side and
back side eruptions are reported in the left and the right panels, respectively. Upper limits are provided in case of far side events; theß are size information is missing
for the 2013 November 2 event.

26 A more recent Antarctic NM station, called� Dome C� (3233 m altitude),
started operation in early 2015 after the events discussed in this study.
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Figure 2. SEP event-integratedß uence spectra measured by PAMELA. The error bars include both statistical and systematic uncertainties. For each event, the start/
stop dates(UT), along with theÞ ts with a simple power law(black dashed lines) and the E� R function(blue lines) are reported, including theÞ t parameters and the F-
test results(with associated p-values).
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Figure 3. SEP event-integratedß uence spectra measured by PAMELA in the same format as Figure2.
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characterized by large uncertainties due to the lack of
high-energy data points. This set also includes a few other
events with statistically consistent> 1000 MeV ßuence
values(see bottom panels in Figure9). Among them, two
events are peculiar because of the poor longitudinal
connection and the long duration(see Figure11): the
2014 February 25 eastern limb and the 2014 September 1
back side eruptions(Lario et al. 2016; Plotnikov
et al. 2017). Both events were associated with very
intense(X4.9 and X2.4, respectively) ßares and fast
CMEs (Vsky= 2147 and 1901 km s�í 1, respectively).
Despite the magnetically unfavorable source region,
relatively high-energy protons reached the Earth, giving
rise to prolonged(�Ç7 and �Ç9 days, respectively) SEP
events, characterized by similar time proÞles exhibiting a
slow increase ofßux intensities as a consequence of the

broad longitudinal spread of SEPs at 1 au(Cane
et al. 1988; Reames1999). It can be speculated that
these events would have triggered GLEs if located at
well-connected heliographic longitudes.

As reported in the left panel of Figure12, PAMELA
observations include several SEP events apart from the(sub-)
GLEs with spectra extending well above the NM atmospheric
threshold(1 GV or �Ç433 MeV), but exhibiting relatively lower
intensities. The occurrence rate of SEP events of a given peak
ßux is inversely related to the intensity itself. This is
demonstrated in the right panel of Figure12, where the SEP
size distribution, given by the number of events in each log-
equal peakßux bin divided by the corresponding bin width
(Bazilevskaya2005; Belov et al. 2005), is displayed for
energies above 433 MeV. The error bars include the statistical
uncertainties. Note that theÞrst point is underestimated since

Figure 7. Global distribution of the rollover energy vs. spectral index values from the E–R Þt of the event-integratedßuence spectra. The error bars account for the
parameter uncertainties.

Figure 8. Distributions of the spectral index(left) and rollover(right) parameters from the E–R Þt of event-integratedßuence spectra. Mean and median values are
reported in each panel.
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