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Abstract – Using two heliospheric vantage points, we study 22 solar energetic particle (SEP) events, 14 of

which were detected at both locations. SEP proton events were detected during the declining phase of
solar cycle 23 (November 2003–December 2006) by means of two nearly identical Standard Radiation
Environment Monitor (SREM) units in energies ranging between 12.6 MeV and 166.3 MeV. In this work
we combine SREM data with diverse solar and interplanetary measurements, aiming to backtrace solar
eruptions from their impact in geospace (i.e., from L1 Lagrangian point to Earth’s magnetosphere) to their
parent eruptions at the Sun’s low atmosphere. Our SREM SEP data support and complement a consistent
inner-heliospheric description of solar eruptions (solar flares and coronal mass ejections [CMEs]) and
their magnetospheric impact. In addition, they provide useful information on the understanding of the origin, acceleration, and propagation of SEP events at multi-spacecraft settings. All SEP events in our sample
originate from major eruptions consisting of major (>M-class) solar flares and fast (>1800 km/s, on average), overwhelmingly (>78%) halo, CMEs. All but one SEP event studied are unambiguously associated
with shock-fronted CMEs, suggesting a CME-driven shock acceleration mechanism. Moreover, a significant correlation is found between the SEP event peak and the onset of the storm sudden commencement,
that might help improve prediction of magnetospheric disturbances. In general, SEP events correlate better
with interplanetary (i.e., in-situ; L1-based) than with solar eruption features. Our findings support (a) the
routine use of cost-effective SREM units, or future improvements thereof, for the detection of SEP events
and (b) their implementation in multi-spacecraft settings as a means to improve both the physical understanding of SEP events and their forecasting.
Keywords: solar flares / coronal mass ejections / solar energetic particles

1 Introduction
The physical processes resulting in solar energetic particle
(SEP) events remain controversial to this day. This is probably
*
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because several pieces of the solar eruption puzzle leading to
SEPs are still heavily debated or have yet to be put in place.
With the first solar flare observed by Lord R. C. Carrington
in the mid-19th century and the first solar coronal mass
ejection (CME) observations made possible in the early
1970s (e.g., Tousey, 1973; MacQueen et al., 1974), it was
not before the 1990s that the decisive role of CMEs was
realized in both the understanding and interpretation of
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heliospheric disturbances and geomagnetic storm activity
(Gosling, 1993).
The heliosphere is primarily a plasma environment, fueled
by the solar wind in which the interplanetary magnetic field
(IMF) is frozen-in and rooted on the rotating Sun, yielding
an Archimedean-spiral configuration (Parker, 1958). Therefore,
magnetic-energy release by both flares and CMEs leads naturally to acceleration of plasma particles (protons, electrons,
and heavier ions) up to relativistic energies, with these SEP
events detected in-situ at the spacecraft location, if a suitable
magnetic connection exists. However, up to this point, the
acceleration properties and the relative roles of magnetic reconnection inside flares and of CME-driven shocks, are still
debated. Historically, SEP events have been classified into
impulsive and gradual ones (Cane et al., 1986; Reames,
1988, 1999), based on flux and fluence measurements, with
the first class attributed to flares and the second to CMEs.
Flare-accelerated particles that lead to SEP events can reach
geospace only in case of a favorable magnetic field-line geometry, that is, by accessing geospace-connected heliospheric field
lines by flare-induced magnetic reconnection in the low solar
corona (Claßen et al., 2003). On the other hand, coronal ejecta
greatly disturb the heliosphere (Simnett et al., 2002). CMEs
faster than the ambient solar wind drive shocks that generate
SEP events on timescales much longer than flare timescales,
giving them their gradual temporal profile signature (Tylka
et al., 2005; Tylka & Lee, 2006). In this case, CME-driven
shock-accelerated particles propagate along IMF lines and if
the connection between these lines and the observer (e.g. spacecraft) is established, particle flux enhancements are observed at
the detectors in space (e.g., Aran et al., 2007). Heliospheric
magnetic connectivity plays a crucial role in impulsive (i.e.,
short-duration, flare-accelerated) SEP events (e.g., Reames,
1999) and an important role in shaping the intensity-type profiles in gradual SEP events associated with CME-driven shocks
(e.g., Cane & Lario, 2006), affecting the peak SEP flux and rise
times (e.g., Mikić & Lee, 2006).
Inner-heliospheric magnetic connectivity is reflected on the
CME’s launch direction for a given heliographic longitude and
latitude, as well (Rodríguez-Gasén et al., 2011, 2014). Hence,
the CME directionality is another crucial factor for large, gradual SEP events (e.g., Park et al., 2012). Yet, it has been noted by
Mikić & Lee (2006) that most CMEs are associated to solar
flares and thus it is reasonable to assume that an impulsive
component is present in gradual SEP events. Composition measurements of SEP events are essential to distinguishing impulsive from gradual SEP events (Desai and Burgess 2008, and
references therein). However, even with such observational evidence at hand, it is often complicated to identify ‘‘flare’’ material in gradual SEP events. This is either because remnant
suprathermal particles from previous impulsive events appear
as seed particles (Tylka et al., 2005; Klecker, 2013) or because
flare accelerated particles get direct access to open magnetic
field lines with low-energy particles accelerated by the CME
and high-energy particles originating from the flare location
(for details, see Klecker, 2013, and references therein). Concerning this second point it is worth mentioning that a similar
scenario was also proposed for the highest-energy SEP events
that reach an energy of 1 GeV and are consequently registered at Earth as ground level enhancements (GLEs). Observations have shown that the so-called prompt component (PC) of

GLEs is consistent with flare-accelerated particles, while the
delayed one (DC) with CME-shock-accelerated ones (Vashenyuk et al., 2011; Aschwanden, 2012). In addition, recent studies (e.g., Cane et al., 2010; Trottet et al., 2015; Papaioannou
et al., 2016) have indicated the extensive presence of the socalled hybrid or mixed SEP events (Kocharov & Torsti 2002)
that stem from interconnections between flares and CMEs
and may justify the wealth and diversity of the in-situ recorded
SEP event profiles.
A viable way to achieve both a physical understanding of
solar magnetic eruptions and a predictive capability of them
and their heliospheric repercussions is to track them from the
Sun to the heliospheric destination of interest. SEP event monitors can be crucial in inversely decoding the likely eruption
path, i.e., from the geospace location of observation back to
the low solar corona. Major effort has been invested in the
development and maintenance of a fleet of spacecraft at the
Lagrange 1 libration point (L1) at ~0.99 astronomical units
(AU) (e.g., among others: the Advanced Composition Measurements (ACE; Stone et al., 1998), the Solar and Heliospheric
Observatory (SOHO; Domingo et al., 1995), and the WIND
(see Space Sci. Rev. issue 71 of 1995, February) that provide
continuous, near-realtime measurements of the local plasma
environment. However, the vast majority of the inner heliosphere cannot be covered by space missions, in spite of targeted
past efforts that have set into operations missions such as
Helios A1 and B2, Ulysses (Wenzel et al., 1992), and the Solar
Terrestrial Relations Observatory (STEREO) (Kaiser et al.,
2008). These explorers have greatly advanced our understanding of our local (inner and beyond) heliosphere. At times, identical instruments at different heliospheric vantage points offer
simultaneous measurements of single SEP events, providing
us with an important tool for understanding the SEP origin,
propagation, and acceleration (Agueda et al., 2012; Lario
et al., 2013; Dresing et al., 2014; Lario et al., 2016).
In this respect, the European Space Agency’s (ESA) Standard Radiation Environment Monitor (SREM; Bühler et al.,
1996; Mohammadzadeh et al., 2003), a heritage instrument
with proven, tractable technology, was mounted on several
ESA space missions situated in different orbits. The practical
size and small weight of SREM units also contributed to this
decision by ESA. SREM detects both protons and electrons
with energies above 10 MeV and 500 keV, respectively. SEP
event measurements acquired from the SREM units allows
to, first, analyze SEP events from multiple vantage points
and, second, assemble longitudinal distributions of event intensities within the declining phase of solar cycle 23. The calculation of SREM proton and electron differential fluxes is
performed via a de-convolution relying on the Singular Value
Decomposition (SVD) (Höcker & Kartvelishvili, 1996)
method. The resulting inverse technique allows the extraction
of the dominant particle flux component from SREM data
and the derivation of soft and hard spectra over broad energy
ranges (Sandberg et al., 2012).
Tziotziou et al. (2010) first investigated whether SREM SEP
event measurements can be used to shed light on the Sun-Earth
connection via solar eruptions. They studied 13 SREM SEP
events detected by ESA’s INTEGRAL mission (Winkler et al.,
1
2
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Fig. 1. Photograph of the SREM unit onboard the INTEGRAL mission. Each unit weighs 2.6 kg and is contained in a box with linear
dimensions 20 · 12 · 10 cm3.
Table 1. List of the SREM channels and the corresponding energy
ranges of detected protons and electrons evans (Evans et al., 2008).
SREM

Proton energy
[MeV]

Electron energy
[MeV]

Bin

Emin

Emax

Emin

Emax

TC1
S12
S13
S14
S15
TC2
S25
C1
C2
C3
C4
TC3
S32
S33
S34

27
26
27
24
23
49
48
43
52
76
164
12
12
12
12

1
1
1
542
434
1
270
86
278
450
1
1
1
1
1

2.00
2.08
2.23
3.20
8.18
2.80
–
–
–
–
8.10
0.80
0.75
1.05
2.08

1
1
1
1
1
1
–
–
–
–
1
1
1
1
1

2003) between October 2003 and December 2006 and reported
that they could be traced back to the Sun, associated with specific solar eruptions. Furthermore, Papaioannou et al. (2011)
demonstrated the simultaneous recordings of the SREM SEP
event of 20 January 2005 by the INTEGRAL and Rosetta missions (Glassmeier et al., 2007).
This work aims toward a physical interpretation of the
observational properties of SREM SEP events. We undertake
a study similar to that of Tziotziou et al. (2010), but by using

a larger sample of 22 INTEGRAL/SREM SEP events detected
between November 2003 and December 2006. For 14 of these
events we further combine SREM measurements from ESA’s
Rosetta mission, thus studying SEP events observed simultaneously from the two spacecraft. While INTEGRAL is always in
geospace, Rosetta was a solar system mission with a continuously varying distance from the ecliptic and the Sun-Earth line.
Nonetheless, for the majority of studied events both spacecraft
are relatively close to each other with Rosetta being completely
separated from INTEGRAL from ~mid 2005 onwards. As a
result, SREM measurements shown in this work present identifications of simultaneous recordings of SEP events onboard
INTEGRAL and Rosetta, similar to Papaioannou et al.
(2011), but further extend to multi-spacecraft SEP events from
two well-separated heliospheric vantage points.
Additionally, we attempt a preliminary investigation of the
value of using SREM SEP event observations as a means to
predict the onset of magnetospheric disturbances. We clarify,
however, that the information we use here is not sufficient to
address the geoeffectiveness of the corresponding interplanetary CMEs (ICMEs). We leave this issue for future studies utilizing more comprehensive, pertinent information of ICME
magnetic field strength, geometry and orientation.
The paper is structured as follows: Section 2 provides a
brief description of SREM units, explains a new method of
SEP flux inference, and describes the used event dataset.
Section 3 describes the solar and interplanetary information
complementary to SREM SEP event data that has been utilized
to interpret the SEP events. Section 4 proceeds with various
aspects of interpretation (including a multi-spacecraft case
study) and statistics of events, while Section 5 summarizes
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Fig. 2. The proton (left column) and the electron (right column) response functions RFi,q (E) of the INTEGRAL/SREM unit for the D1 (top),
D1/D2 (middle) and D3 (bottom) group of counters (from Sandberg et al. 2012).

the study and findings and offers an outlook on the future utilization of SREM measurements.

2 ESA’s Standard Radiation Environment
Monitor
2.1 Instrument description

ESA’s SREM belongs to the second generation of particle
detectors in a program established by ESA’s European Research

and Technology Centre (ESTEC) to provide minimum intrusive
particle radiation detectors on ESA spacecraft for space
weather applications.
SREM units such as the one depicted in Figure 1 have been
operational onboard STRV-1C, Proba-1, INTEGRAL, Rosetta,
GIOVE-B, Herschel and Planck spacecraft. They monitor the
radiation environment and provide suitable response functions
that can be translated to hazards for the spacecraft and its payload (Evans et al., 2008; Hajdas et al., 2003).
Each SREM unit is a two-detectors-head configuration that
consists of three silicon diodes (D1, D2 and D3) permitting the
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Fig. 3. SREM proton flux timeseries registered between August 18 and 28, 2005 for eight different energy channels, from low (12.6 MeV;
black) to high (166.3 MeV; red). Unsmoothed INTEGRAL (a) and Rosetta (c) are shown, with their respective 20-minute running averages in
(b) and (d). The timeseries include SREM SEP events I18 and R11 (see also Table 2). The INTEGRAL SEP event’s onset time, roughly
coinciding with the SEP event recorded onboard Rosetta, is shown by the solid blue line. The INTEGRAL and Rosetta peaks are shown by the
dashed blue and brown lines, respectively.

detection of electron fluxes with energies above 0.5 MeV and
of proton fluxes with energies above 10 MeV. The first detector
system uses a single silicon diode detector (D3) and the second
system includes two silicon diodes (the detectors D1/D2) in a
co-axial (telescope) configuration. The pre-amplified detector

pulses attributed to incoming energetic particle fluxes are scrutinized by fifteen fast comparators – the SREM channels, eleven for single and four for coincidence events.
SREM channels identify particle energies by the energy
deposited in the detector and provide spectral information of
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the measurements (cf. Table 1) in rather broad and overlapping
energy bands (e.g. channels TC1, S12, S13, TC3, S32, S33 and
S34). The lower bound in the energy range of the ‘‘total count
rate’’ channels of detectors 1 and 3 (TC1 and TC3) corresponds
to the threshold penetration of the shields. All channels are sensitive to protons, while the coincidence channels C1–C4, S25
and the S15 can be considered as pure proton channels (Table 1)
since only electrons with energies above E > 8 MeV may contribute to their measurements.
SREM units have been calibrated with protons at the Proton
Irradiation Facility (PIF) of the Paul Scherrer Institute and with
electrons from radioactive sources (90Sr and 60Co) (Hajdas
et al., 1996). Moreover, for each SREM unit, a response matrix
(RF) has been derived using Geant4 Monte Carlo numerical
simulations for omni-directional fluxes of electrons and protons
(Agostinelli et al., 2003) supplemented with a GEANT SREM
mass model for the corresponding host spacecraft. Figure 2 presents the response functions RFi,q(E) for the INTEGRAL/
SREM unit.
2.2 Particle flux calculations

The measurements of SREM channels are provided in
terms of count rates, Ci, i = 1 . . . Nb (= 15), and are given
by the sum
X Z 1
Ci ¼
fq ðEÞRFi;q ðEÞdE
ð1Þ
q¼p;e

0

Each term of the sum is attributed to measurements of the
incident proton and electron fluxes. Here, fq(E) denotes the differential omni-directional fluxes in units of [cm2 MeV1
s1] and RFi,q(E) the corresponding response function for q =
p, e. The calculation of proton and electron differential fluxes
fq(E) requires the solution of Equation (1). This is a Fredholm
integral equation of the first kind.
Equation (1) is a classical paradigm of an ill-posed problem, since its solution is not unique and not a continuous function of the counts Ci. As a consequence, the numerical solution
for the flux presents large variations between adjacent neighboring energy bins and may receive unacceptable negative
values.
For the derivation of physically accepted solutions in such
problems one may apply known inverse techniques, such as
unfolding (Cowan, 1998, p. 152). However, the application of
standard approaches for the unfolding of SREM data presents
large uncertainties attributed to the large width, the strong overlap of the energy bands that characterize each SREM channel,
and the electronproton contamination effects.
For the efficient conversion of SREM counts to charged
particle fluxes of high spectral resolution, Sandberg et al.
(2012) proposed and implemented a novel technique that
applies iteratively the unfolding of measurements using the
SVD approach of Höcker & Kartvelishvili (1996) over different
proton and electron energy ranges.
As explained already, this inverse method provides both the
dominant flux component and soft/hard spectra over different
energy ranges. Its use has been validated for unfolded SREM
proton fluxes using extensive comparisons with the reference
proton dataset of the ESA Solar Energetic Particle Environment

Modeling (SEPEM) project (Crosby et al., 2015). This is based
on data from the Energetic Particle Sensor (EPS) of NOAA’s
Geostationary Operational Environmental Satellites (GOES),
cross-calibrated using the IMP-8 Goddard Medium Energy
experiment (Sandberg et al., 2014). Comparisons indicated that
the developed method is successful and allows the derivation of
reliable proton spectra with the highest spectral resolution compared to all known methods that have been applied to SREM
data to date. SREM count rate data are accessible online from
Paul Scherrer Institute (PSI).3
2.3 Data set description

As stated, a central objective of this study is to determine
whether SREM SEP event data can be seamlessly fit into a
robust physical framework that includes solar eruptions and
subsequent particle acceleration, propagation, and transport
through the inner heliosphere and geospace. To this purpose,
we have selected a list of 22 SEP events detected by the SREM
unit onboard the Earth-orbiting INTEGRAL mission (hereafter
labeled I1–I22) and 14 SEP events detected by the SREM unit
onboard the interplanetary Rosetta mission (hereafter labeled
R1–R14). All events correspond to a roughly three-year period
spanning from November 2003 to December 2006. Since
Rosetta gained clear separation from Earth in mid 2005, the
corresponding majority of SREM SEP events (R1–R10) could
be directly correlated with INTEGRAL/SREM SEP events
while the remaining four events (R11–R14) offer the opportunity to study multi-spacecraft characteristics of SEP events. As
we show in this work, this has proved useful in interpreting
each event separately.
Figure 3 shows a sample timeseries of INTEGRAL/SREM
(Fig. 3a) and Rosetta/SREM (Fig. 3c) data for the interval 2005
DOY 230–240 (August 18–28), for each of the eight different
SREM energy channels with central energy extremes at
12.6 MeV and 166.3 MeV and a nearly even logarithmic distribution. SEP events I18 and R11 are included in this timeseries,
by which one may study the relative timing between the two
measurements. Aiming to reduce noise and to precisely identify
the onset and peak times of the SEP events we have considered 20-minute running averages of these timeseries, for
INTEGRAL (Fig. 3b) and Rosetta (Fig. 3d) data, respectively.
In what follows, we will use similarly averaged flux timeseries.
In the averaged timeseries, onset times of SEP events correspond to times when the proton flux starts increasing monotonically, to exceed a level of three times the value at the reference
time. Notice that the 20-minute averaging interval was not chosen arbitrarily: it corresponds roughly to the fastest transit time
of energetic particles from Sun to geospace, occurring in case
of optimal magnetic connectivity in the inner heliosphere (e.g.,
Nolte & Roelof, 1973; Krucker et al., 1999; Haggerty & Roelof, 2002). Therefore, using 20-minute averages best captures
the evolution of the SEP SREM measurements on large time
scales (e.g. several days) and can be used to establish a compar3

http://srem.web.psi.ch/ and from the SSA Space Weather Service
Network under the umbrella of the Space Radiation Expert Service
Centre (http://srem.web.psi.ch/), while INTEGRAL/SREM and
Rosetta/SREM proton flux data can be viewed in near-realtime
through the Solar Energetic Proton Flux (SEPF) web-based tool (see
the SEPF website at http://proteus.space.noa.gr/sepf_tool/).
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Table 2. Basic properties of detected INTEGRAL/(I1 – I22) and Rosetta/(R1 – R14) SREM SEP events. Onset and peak times have been inferred manually on a case-by-case basis by
the 20-minute averaged proton-flux timeseries – see Figure 3 and related discussion in Section 2.3. Given uncertainties and the complexity of the SEP event temporal profiles, peak times
have been rounded to the closest half-hour interval. Furthermore, the peak flux at an E = 12.6 MeV, in protons cm2 MeV1s1sr1, is provided. The * symbol indicates that the peak was
marked at the shock. A brief description of the temporal behavior per energy channel is also presented: symbols used are S (simultaneous onset for all energy channels), L ! H (onset
appearing in lower-energy channels first), and H ! L (onset appearing in higher-energy channels first). SEP events detected by both INTEGRAL and Rosetta SREMs are shown in the
same line. The angular separation () between the two spacecraft is also provided for cases of significant separation. The last column presents published works relying on SOHO, GOES
and STEREO data that have reported the SEP events identified also in SREM data. Symbols C, V, P, M1 and M2 refer to specific papers provided underneath the table.

ID
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I1
I2
I3
I4
I5
I6
I7
I8
I9
I10
I11
I12
I13
I14
I15
I16
I17
I18
I19
I20
I21
I22

Onset

Rosetta

Energy
channel

Peak

Date

UTime

Apparent
Timing

Date

UTime

2003-Nov-2
2003-Nov-4
2004-Jul-25
2004-Sep-13
2004-Sep-19
2004-Nov-1
2004-Nov-7
2004-Nov-10
2005-Jan-15
2005-Jan-15
2005-Jan-17
2005-Jan-20
2005-May-13
2005-Jun-16
2005-Jul-13
2005-Jul-17
2005-Jul-26
2005-Aug-22
2005-Sep-7
2005-Sep-13
2006-Dec-5
2006-Dec-13

18:03
21:47
16:55
20:56
18:44
06:24
17:17
02:41
06:53
23:48
10:15
06:30
18:56
21:03
18:00
15:04
05:13
18:58
20:33
23:02
16:13
02:45

S
S
S
S
S
S
S
S
S
S
H!L
S
L!H
S
L!H
H!L
L!H
S
S
L!H
S
H!L

2003-Nov-3
2003-Nov-5
2004-Jul-26
2004-Sep-13
2004-Sep-19
2004-Nov-1
2004-Nov-7
2004-Nov-10
2005-Jan-15
2005-Jan-16
2005-Jan-17
2005-Jan-20
2005-May-15
2005-Jun-16
2005-Jul-15
2005-Jul-17
2005-Jul-28
2005-Aug-23
2005-Sep-11
2005-Sep-14
2006-Dec-7
2006-Dec-13

10
06
22
22:30
22
08
23:30
17
11
09:30
19
08
03:30
22:30
02
23
13:30
00
04
15
21
08

ID
Flux

35.88*
7.66
1.21
4.09
20.11
22.01*
0.64
3.59*
128.15
180.21
32.99*
1.67
8.46*
1.61*
2.68
7.44
76.92
10.82
116.85
72.44

Onset
Date

Energy
channel
UTime

Apparent
Timing

Peak
Date

UTime

Separation Reference
Flux

R1

2004-Nov-1

05:53

S

2004-Nov-1

10

5.79

R2
R3
R4
R5
R6
R7
R8
R9

2004-Nov-10
2005-Jan-15
2005-Jan-15
2005-Jan-17
2005-Jan-20
2005-May-13
2005-Jun-16
2005-Jul-14

01:54
06:53
23:48
10:15
06:06
20:51
21:03
00:40

S
S
S
H!L
H!L
L!H
S
S

2004-Nov-10
2005-Jan-15
2005-Jan-16
2005-Jan-17
2005-Jan-20
2005-May-15
2005-Jun-17
2005-Jul-15

09:30
13
10
19
08
12
14
12

10:24
0.31
4.38
223.28
364.51
5.48*
0.78
2.18

R10 2005-Jul-26
R11 2005-Aug-22
R12 2005-Sep-7
R13 2005-Sep-13
R14 2006-Dec-5

05:13
18:58
17:44
23:02
11:44

L!H
S
S
S
S

2005-Jul-28
2005-Aug-23
2005-Sep-9
2005-Sep-14
2006-Dec-6

10:30
15
05
06
01

4.80
3.40
1721.69
13.93
0.48

Notes. C: Cane et al. (2010), V: Vainio et al. (2013), P: Papaioannou et al. (2016), M: Malandraki et al. (2009),* peak at the shock.

()
[C, V, P]
[C, P]
[C, V, P]
[C, P]
[C, P]
[C, V, P]

17.9
19.6
23,4
36.5
45.4
48,8
99.8
105.6

[C, V, P]
[C, V, P]
[C, V, P]
[C, P]
[C, P]
[C, V, P]
[C, V, P]
[C, V, P]
[C, V, P]
[P]
[C, V, P]
[C, P]
[C, P]
[C, P, M]
[C, V,
P, M]
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Fig. 4. Histogram distribution of the rise times of INTEGRAL/(red) and Rosetta/(blue) SREM SEP events. The numbers of very impulsive
SEP events with rise times 2 h are shown by the red (INTEGRAL) and blue (Rosetta) square.

ison between the identified SEP events and the evolving magnetospheric disturbances, as those appear in the recordings of
interplanetary data.
It should be noted that this method for identifying onset
times and peaks of SREM SEP events is not identical to that
used by Tziotziou et al. (2010) in more than one way: first, that
study used particle counts to identify onsets and peaks, while
we use particle flux calculations. Second, no running averages
were used in that work. The reason for using particle flux
inverted from particle counts, as described in Section 2.2, is
to use a validated parameter of physical significance, even at
the expense of a somewhat approximate inference of SEP onset
and peak times, due to averaging. This has resulted in some differences between the onset and peak times reported for some
SEP events that both this study and Tziotziou et al. (2010)
include.
The basic properties of our SEP events database are summarized in Table 2. Shown are the SEP event’s onset and peak
times, including also a description of the onset time as a function of the SEP energy. In the majority of cases (denoted by S),
it seems that the apparent start time of a given SEP event in
SREM recordings initiates nearly simultaneously in all energy
channels. This may be explained considering that the time-offlight of 166–18 MeV protons along nominal IMF lines differs
by only ~30 min, that is close to the averaging time applied to
our data. In several cases, however, the event precedes in lower
(L ! H) or in higher (H ! L) energy channels. This information could potentially provide a hint for the possible source(s)
of particle acceleration. Caution in this interpretation is recommended, however, as the non-simultaneous trigger of different
energy channels may be due to artifacts (e.g., broad SREM
energy ranges, poor statistics). Different parameters, data sets
and scenarios need to be accounted for when interpreting this
complex acceleration scenario (see the relevant discussion in
Section 1), which is a task lying beyond the scope of this work.

For consistency with existing literature, SREM SEP events that
have also been identified and reported in SOHO, GOES and
even STEREO (December 2006) data are also indicated in
Table 2. Notice that virtually all SREM SEP events have been
previously reported and discussed.
Figure 4 provides a histogram distribution of the rise time
of SREM SEP events binned in 6-h intervals and starting from
3 h. The number of INTEGRAL and Rosetta SEP events peaking at times 2 h are denoted by the red and blue squares,
respectively. From the histogram it appears that SREM SEP
events primarily peak within 9–15 h. Secondarily, they range
from very impulsive, peaking within 3 h, to very gradual,
peaking within ~33 h. The results are similar for both
INTEGRAL- and Rosetta-detected events. The rise-time distribution extends to exceptionally gradual events peaking at
~57 h. Although the solar origin of SREM SEP events will
be discussed in detail in the next section, we note in passing
that only a minority of events, namely the most impulsive ones
with rise times 3 h, are likely to originate from flares in the
absence of CMEs (e.g., Cane et al., 2002; Rust et al., 2008).
The majority of SEP events can be interpreted by their relation
to CMEs, typically via CME-driven shock acceleration
(Reames, 1999; Tylka et al., 2005), although one cannot
exclude an additional impulsive component in gradual SEP
events (Mikić & Lee, 2006).

3 Complementary information to SREM
SEP event measurements
3.1 Solar data

To pinpoint the solar sources of SREM SEP events we have
collected available solar information around the time of interest. Different information has different significance in our
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Fig. 5. Essential solar information for three INTEGRAL/SREM SEP events (I9–I11) detected in 2005 January. (a) 20-minute running average
of the INTEGRAL/SREM flux timeseries between 2005 DOY 10 and 20 (January 10–20). (b) The respective GOES 1–8 Å solar flux,
indicating a number of major (>M-class) solar flares. The time interval between the onset and the peak of the three SEP events is indicated by
the green-shaded areas. The blue vertical lines correspond to the times of first detection of CMEs with linear speeds >400 km/s, taken by the
SOHO/LASCO CME database. (c) WIND/WAVES time-frequency spectrum for the same time period. Notice the detection of several
enhanced (Types II and III) radio bursts (the most significant of them indicated by arrows) and, in particular, a strong type II burst (second
from right arrow) that coincides with a X2.6 eruptive flare associated with a ultra fast (2596–2861 km/s) halo CME. The I10 SEP event can
only be associated with this activity.
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analysis: we have categorized it as essential, that is, providing
crucial information, and supporting, that is, providing significant but complementary information. The essential solar information comprises the following data sources:
1. Solar soft X-ray flux: To obtain the onset time of the solar
flares of interest, NOAA/GOES solar soft X-ray (1–8 Å)
flux measurements are used. GOES X-ray flux timeseries
do not have spatial information; therefore, solar flares are
detected without knowledge of their host active regions.
This said, NOAA, via its Space Weather Prediction Center
(SWPC), provides a standard active region number and an
approximate but reliable heliographic location, at least for
the major spikes in the GOES X-ray flux timeseries.
Nowadays, besides NOAA/GOES, the Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI) mission (Lin et al., 2002), the PROBA-2 (Lawrence et al.,
2005) and the Extreme Ultraviolet Variability Experiment
(EVE; Woods et al., 2012) onboard the Solar Dynamics
Observatory (SDO) allow routine heliographic information of the solar flaring volume (e.g., Hock et al., 2012).
2. CME observations: The Large Angle and Spectrometric
Coronagraph (LASCO) CME catalog (Yashiro et al.,
2004) is part of the database of the Solar and Heliospheric Observatory (SOHO) mission. CME entries in
this and other LASCO-based databases (i.e., the Solar
Eruptive Event Detection System (SEEDS; Olmedo
et al., 2008) or the Computer Aided CME Tracking
(CACTus; Robbrecht & Berghmans, 2004) include
detailed information and/or animations of CMEs allowing association with particular solar flares. We particularly focus on (i) the projected CME launch time in the
low solar atmosphere, (ii) the linear CME speed, to determine the likelihood of formation of a CME shock (e.g.,
Mikić & Lee, 2006; Forbes et al., 2006), (iii) the central
position angle (CPA) of the CME, to determine whether
geospace will likely encounter the resulting ICME, and
(iv) the heliographic launch position of the CME, to
assess whether the observations support the flaring active
region as being also the host of the CME, thus giving rise
to a flare/CME eruption (aka eruptive flare).
3. Frequency-time radio spectra: Data from the Radio and
Plasma Wave Investigation (WAVES; Bougeret et al.,
1995) instrument onboard the WIND mission is used.
These data provide information on CME-driven shock
formation captured as the so-called Type II bursts,
namely observable frequency drifts of emission enhancements in the course of time (see, e.g., Maia & Pick, 2004;
Agueda et al., 2009). Time-frequency radio spectra also
provide solid evidence for magnetic reconnection in the
low solar atmosphere, captured as the so-called Type III
bursts, namely nearly instantaneous significant enhancements in multiple frequencies (e.g., Vlahos & Raoult,
1995).
Coupling the above pieces of information completes the
essential solar picture for each studied SREM SEP event. An
example of essential solar data referring to SEP events
I9–I11 (and R3–R5, respectively, from Table 2) is shown in
Figure 5.

Supporting solar information for SREM SEP events comprises mainly imaging information from the following sources:
1. Full-disk solar magnetograms: Michelson-Doppler Imager (MDI) uninterrupted data (Scherrer et al., 1995) over
the entire period of interest is used. In these magnetograms one may crosscheck the source active region
location already provided by NOAA information. Moreover, these magnetograms can be used for an overall
assessment of the global solar magnetic field. In the simplest possible approach, this is achieved via the PotentialField Source Surface (PFSS) model of Schrijver & De
Rosa (2003). The application is available online via the
SolarSoft software package (Freeland & Handy, 1998).
One may rightfully argue that the PFSS fields, ignoring
electric currents in the solar atmosphere, may at best provide a crude idealization of the true solar magnetic fields.
Point taken, the PFSS field can provide a fair assessment
of ‘‘open’’ (i.e., closing far out in the heliosphere) solar
magnetic field lines. This is because the bases of these
lines, known as coronal holes, are topological characteristics that should be detectable even by relatively simple
models such as the PFSS (e.g., Rust et al., 2008). Existence of ‘‘open’’ magnetic field lines in the vicinity of a
source active region increases the likelihood of an impulsive, flare-driven component in the SEP temporal profiles, pending further scrutiny and validation.
2. Extreme ultraviolet (EUV) and soft X-ray (SXR) images
of the Sun: Use of these images may verify the location
of the SEP-injecting flare due to the enhanced coronal
temperature caused by localized magnetic-energy dissipation. In addition, SXR images offer an empirical tool
to detect coronal holes adjacent to the source active
region. If existing, these cooler areas appear as patches,
veins, or bays in the X-ray images (Rust et al., 2008).
Full-Sun SXR images are available from the databases
of the X-ray telescope (XRT; Golub et al., 2007) onboard
the Hinode satellite and the archived Soft X-ray Imager
(SXI; Warmuth et al., 2005) data from GOES. EUV
images can be obtained mostly by the databases of the
Extreme Ultraviolet Imaging Telescope (EIT; Delaboudinière et al., 1995) onboard the SOHO mission and
the Transition Region and Coronal Explorer (TRACE;
Handy et al., 1999).
3. Hard X-ray and c-ray images of the Sun: Intensely flaring
active regions appear bright in X- and c-rays. Emission in
such wavelengths is a telltale signal of extensive nonthermal particle populations in the emitting area. Localized, partial-disk solar images in hard X-rays and c-rays
can be obtained from the RHESSI database (Dennis
et al., 2007, and references therein).
4. Solar radio images: Eruptive active regions giving rise to
CMEs and SEP events should emit in radio, as well, especially in frequencies related to Type II bursts. Eruptive
active regions located close to the solar limb have
allowed observations of the CME-driven shock actually
lifting off as a blob of enhanced radio emission projected
on the sky plane (Maia et al., 2000). Such images are
acquired by ground-based radioheliographs such as those
at Nanc¡ay (Kerdraon & Delouis, 1997) and Nobeyama
(Koshiishi et al., 1994).
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Fig. 6. Supporting solar information for INTEGRAL/SREM SEP event I10, detected on 2005 January 15. (a) PFSS-extrapolated SOHO/MDI
magnetogram obtained at UT 00:04 on 2005 January 16. Shown in the north-western quadrant is the intense, eruptive NOAA active region
(AR) 10720. Magnetic field lines that close back to the Sun are white, while green lines indicate ‘‘open’’ (heliosphere-closing) magnetic
connections. (b) Nearly simultaneous SXR image by GOES/SXI showing that NOAA AR 10720 is very bright, indicating flaring activity. The
inset shows a nearly simultaneous hard X-ray closeup of the AR reconstructed by RHESSI that also shows flaring emission in the AR. (c)
Nearly simultaneous image in the EUV obtained by SOHO/EIT where, again, NOAA AR 10720 is very bright. (d) Full-disk radio image at 17
GHz from the Nobeyama Radioheliograph showing that the AR is also emitting in radio wavelengths. (e) A SOHO/LASCO C2 image
providing evidence that the flare triggered in the AR is eruptive, giving rise to a very fast CME. (f) The same image processed by SEEDS and
demonstrating the leading edge of the CME (red crosses) and the preceding CME-driven shock (blue crosses).

5. Processed CME images from SOHO/LASCO: From them,
one may obtain additional confirmation of a CME’s association with a given source active region and even a
frame-by-frame tracking of the CME-driven shock. Two
well known automatic CME-tracking utilities, namely,
the SEEDS and the CACTus tools, produce results that
are available online.
An example of solar supporting information corresponding
to SEP event I10 is given in Figure 6. The solar source analysis
of Section 4.1 relies, at least, on the essential solar data collected for each SEP event included in Table 2, provided that
these data allow a unique temporal association between a
SEP event and a generating solar eruption. If no other earthward solar eruption matches the SEP onset time, then we associate the SEP event to the particular eruption. In more
complicated settings with multiple eruptive solar flares closely
spaced in time, supporting solar data were collected for a number SEP events, to allow for a trusted solar source identification. In any case, we relied our solar source identification

either in uniqueness of correlation or in maximum likelihood
of correlation, for the more complicated cases. For these cases,
in particular, we also cross-check with other published studies
that associate SEPs with their solar sources (e.g., Cane et al.,
2010; Vainio et al., 2013; Papaioannou et al., 2016). With this
approach, we are confident that the solar source association of
Table 3 is credible.
3.2 Interplanetary data

Given the wealth of supporting interplanetary (IP) data that
can be used to assess the IP environment of SREM SEP events,
we only discuss the essential IP data here, that were extracted
and used for the study of each SEP event in Table 2:
1. Measurements from ACE: We use data from multiple
instruments onboard the ACE mission at L1. In particular, we collected the Level 2 timeseries of proton density,
temperature, and velocity from the Solar Wind Electron
Proton Alpha Monitor (SWEPAM; McComas et al.,
1998) and the Level 2 timeseries of the Geocentric Solar
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Table 3. Solar sources of detected INTEGRAL/(I1–I22) and Rosetta/(R1–R14) SREM SEP events. In the ‘‘Flare’’ columns we provide the
onset date and universal time of the source flares, the flares’ class, the host solar active regions, and the approximate heliographic location of
these regions at the flares’ time. In the ‘‘CME’’ columns we provide the linearly projected launch time of the source CMEs, the CMEs’
position angle, their near-Sun linear speed and our assessment on whether these CMEs were preceded by shocks. ‘‘Halo’’ CMEs imply events
with a 360 position angle. The confident existence/non-existence of CME-driven shocks is denoted by Y/N, respectively (apparently, N is not
used); a question mark casts doubt on the shock existence. Dashes in some columns imply lack of knowledge. Details on CME shock
association are provided in Section 4.2.1.
IDs

I1
I2
I3
I4
I5
I6
I7
I8
I9
I10
I11
I12
I13
I14
I15
I16
I17
I18
I19
I20
I21
I22

Flare

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14

CME

Date

UTime

Class

AR

Location

Date

UTime

Position
angle
()

2003-Nov-2
2003-Nov-4
2004-Jul-25
2004-Sep-12
2004-Sep-19
2004-Nov-1
2004-Nov-7
2004-Nov-10
2005-Jan-15
2005-Jan-15
2005-Jan-17
2005-Jan-20
2005-May-13
2005-Jun-16
2005-Jul-13
2005-Jul-17
–
2005-Aug-22
2005-Sep-7
2005-Sep-13
2006-Dec-5
2006-Dec-13

17:03
19:29
14:19
00:56
16:46
03:04
15:42
01:59
05:54
22:25
06:59
06:36
16:13
20:01
14:39
12:57
–
16:46
17:17
19:19
10:18
02:14

X8.3
X17.4
M1.1
M4.8
M1.9
M1.1
X2.0
X2.5
M8.6
X2.6
X3.8
X7.1
M8.0
M4.0
M5.2
–
–
M5.6
X17
X1.5
X9.0
X3.4

10486
10486
10652
10672
10672
10691
10696
10696
10720
10720
10720
10720
10759
10775
10786
10789
–
10798
10808
10808
10930
10930

S17 W63
S17 W90
N08 W35
N04 E42
N06 W59
N13 W42
N08 W18
N13 W50
N13 W04
N13 W17
N13 W30
N14 W70
N12 E10
N09 W90
N17 W90
–
–
S10 W60
S10 E90
S11 E05
S06 E90
S05 W23

2003-Nov-2
2003-Nov-4
2004-Jul-25
2004-Sep-12
–
2004-Nov-1
2004-Nov-7
2004-Nov-10
2005-Jan-15
2005-Jan-15
2005-Jan-17
2005-Jan-20
2005-May-13
–
2005-Jul-13
2005-Jul-17
2005-Jul-26
2005-Aug-22
–
2005-Sep-13
–
2006-Dec-13

17:15
19:38
14:32
00:21
–
05:25
16:16
02:05
05:57
22:36
09:00
05:55
16:40
–
14:04
11:11
04:11
17:00
–
19:36
–
02:18

Halo
Halo
Halo
Halo
99
266
Halo
Halo
Halo
Halo
Halo
Halo
Halo
–
Halo
Halo
Halo
Halo
–
Halo
–
Halo

Ecliptic (GSE) and Geocentric Solar Magnetospheric
(GSM) z-components of the solar wind (SW) magnetic
field from the mission’s Magnetic Field Experiment
(MAG; Smith et al., 1998). The SW proton information
was collected in order to determine the crossing of the
IP shock at L1. The respective timeseries of the SW Bz
component were also collected to verify the shock crossing (e.g., Desai et al., 2003), or to determine the crossing,
in the case of a data gap in the SW proton information
(see, e.g., Fig. 11). We note in passing that, at least in
some cases, one may notice after the shock the characteristic SW Bz-rotation pattern that is suggestive of a magnetic-cloud crossing from L1 implying a propagating IP
magnetic flux rope (Burlaga et al., 1981, and numerous
works since).
2. Dst index: Inferences of the Kyoto Geomagnetic Equatorial (Dst) index (e.g., Daglis, 2001) are used to determine
the geomagnetic response to a L1 shock crossing and is
the safest indicator of whether the terrestrial magnetosphere has evolved into storm conditions as a result of
the ICME propagation.
An example of the L1 conditions corresponding to the solar
conditions of Figure 5 is given in Figure 7.

Speed
(km/s)

Shock

2554–2598
2657–3284
1333–1366
1328–1484
365
720–925
1696–1759
3142–3387
1926–2049
2596–2861
2094
882–940
1689
–
1423
1527–1814
1246–1458
2378–2612
–
1866–1915
–
1622–1774

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
?
Y
Y
Y
Y
Y

4 Heliophysical interpretation of SREM
SEP events
4.1 Selected cases

In this section we analyze three representative SEP event
cases of our sample, one corresponding to a rather well-connected event (I11/R5), showing a rapid rise of particle intensities, one corresponding to a gradual event (I13/R7) and one
corresponding to a multi-spacecraft event with a clear separation between the two spacecraft (I20/R13).
4.1.1 2005 January 17 SEP event (I11/R5)

At 06:59 UT on 2005 January 17, NOAA active region
(AR) 10720 hosted a major X3.8-class flare (Fig. 8c). The flare
was associated with a very fast halo CME with projected
launch time at 09:00 UT and a near-Sun linear speed
~2094 km/s. An IP shock manifested as a narrow-drift Type
II burst associated with this CME was detected at 09:11 UT
(Fig. 8d; see also Hillaris et al., 2011). At the time of the eruption, the approximate heliographic location of the AR was N13
W30 (north-western quadrant; Fig. 9a). This means that nominally the AR was in favorable magnetic connectivity with
Earth. Meanwhile, the global solar magnetic field adjacent to
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the AR did not show evidence of ‘‘open’’ magnetic field lines
(Fig. 9b).
At 10:15 UT on 2005 January 17, INTEGRAL/SREM
detected a SEP event onset (Fig. 8a). The enhancement was
detected in SREM energy channels, with the highest-energy
channel (166.3 MeV) registering it first. The lowest-energy
channel (12.6 MeV) detected the SEP event onset at
12:51 UT. Virtually simultaneously, Rosetta/SREM also
detected an SEP event onset, also via its highest-energy channel
(Fig. 8b). The last channel to detect the SEP event was the lowest-energy Rosetta/SREM channel, at 11:48 UT. The temporal
profiles of both SREM SEP events were quite similar, albeit
smoother in the Rosetta/SREM recordings.
Recounting the events of 2005 January 17 in a more general
context, a particularly complex picture emerges: an even faster
halo CME than the one above occurred at 09:54 UT (linear speed
of ~2547 km/s) (Papaioannou et al., 2010; Hillaris et al., 2011).
Despite ACE/SWEPAM exhibiting data gaps and low-resolution
data and magnetic field measurements at 1 AU at the time,
Papaioannou et al. (2010) were able to track the propagating
ICME structures to the extent possible. Earlier on January 17,
at 07:52 UT, a forward shock was detected as a result of CMEs
released from the Sun two days earlier. The passage of this shock
was followed by an unusually extended region exhibiting sheathlike characteristics, observed for ~1.5 days thereafter with
highly variable magnetic-field magnitude and direction, typical
of high proton temperatures (see Fig. 3 of Papaioannou et al.,
2010). In addition, Hillaris et al. (2011) provided a thorough
analysis of the CME-CME interaction, caused by the overtaking
of the preceding, slower, CME of 09:00 UT by the faster event of
09:54 UT. Near-relativistic (NR) electrons were observed by
ACE/EPAM but their analysis shows that they could not have
been accelerated by the interacting CMEs. Instead, acceleration
should have taken place impulsively in regions where particles
had ready access to solar wind magnetic field lines.
As to the I11/R5 SREM SEP event, the overall picture above
implies the following: first, the earlier registration of the higherenergy channels at geospace, points to the favorable magnetic
connectivity with the source AR. As soon as the CME magnetic
field lines reconnect with the heliospheric ones, shock-accelerated particles ‘‘leak’’ with the fastest apparently reaching Earth
first (Mikić & Lee, 2006). Given the favorable heliographic
location of the source region and the magnitude of the associated flare, one cannot rule out an impulsive, flare-related
contribution to the corresponding SEP event. Indeed, the backmapping of the timing analysis furnished in Hillaris et al. (2011)
correlates the release of NR electrons to open magnetic field
lines signified by Type III bursts – this indicates that the assessment of the PFSS model of Figure 9b may be inaccurate.
Second, the similarity between the SEP temporal profiles suggests that Rosetta should, at the time of detection, be close to
geospace. Figure 10 shows the unsmoothed recordings of INTEGRAL/SREM (panel on the left), the position of INTEGRAL
and Rosetta (middle panel) and the Rosetta/SREM measurements. Rosetta was indeed quite close to Earth (its first Earth
flyby completed on 2005 March 4) and slightly further from
the Sun in terms of heliocentric distance. This also explains
the slightly smoother profile of the Rosetta/SREM SEP event.
Both INTEGRAL/ and Rosetta/ SREM SEP events peaked
simultaneously and for all energy channels at ~19 UT on 2005

Fig. 7. Essential IP information for three INTEGRAL/SREM SEP
events (I9–I11) detected in 2005 January. (a) 20-minute running
average of the INTEGRAL/SREM flux timeseries between 2005
DOY 10 and 20 (January 10–20). (b) Hourly-averaged timeseries of
the Dst index for the same time interval. The information from ACE/
SWEPAM includes hourly averages of the SW proton number
density (c), temperature (d), and speed (e), while the information
from ACE/MAG includes the hourly-averaged GSE (f) and GSM
(g) Bz-components. Notice a data gap in the ACE/SWEPAM
measurements from midday January 17 to roughly January 19. The
green-shaded areas in (b–g) indicate the time interval between the
onset and the peak of the three SEP events.

January 17, ~9 h after the onset of the event (Figs. 11a and b).
As can be seen in Figures 11c and d, this simultaneous peak in
the SEP intensity coincides with a notable increase in the local
IMF amplitude at L1. Indeed, this SEP event was preceded
by the passage of an IP shock and its corresponding ICME,
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Fig. 8. Solar coronal conditions between 2005 January 17 and 25, including SEP event I11/R5. (a) 20-minute running averages of the
INTEGRAL/SREM particle flux timeseries, (b) 20-minute running averages of the Rosetta/SREM particle flux timeseries, (c) GOES 1–8 Å
solar X-ray flux and (d) WIND/WAVES frequency-time radio spectrum. The vertical solid black line indicates the onset time of the flare
related to the SEP events source eruption. The flare information is annotated in (c) and the source CME information is annotated in (d). The
arrow in (d) indicates the approximate start time of a CME-associated Type II radio burst. The red vertical dashed line at 10:15 UT on January
17 indicates the SEP event onset time observed first by the highest energy channel of INTEGRAL/SREM while the lowest energy channel
detected the onset at 12:51 UT (second black vertical dashed line). It was also the lowest energy channel of Rosetta/SREM which was the last
channel to detect the SEP event (11:48 UT, first black vertical dashed line). The colors used in (a) and (b) correspond to the different energy
channels of the SREM detectors.

affecting the rising phase of the proton event (Lario et al.,
2009). The declining phase lasted considerably longer, until
the early hours of 2005 January 19.

The shock-front of the propagating ICME crossed L1 ~9 h
after the peak in particle flux, at ~05 UT on 2005 January 18, as
was deduced only by the GSE and GSM Bz-components
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(b)

(a)

Fig. 9. Solar disk and the global solar magnetic field on 2005 January 17. (a) Full-disk solar magnetogram from SOHO/MDI, as obtained by
Solar Monitor (Gallagher et al., 2007). The source NOAA AR 10720 is visible in the north-western quadrant. (b) The global PFSSextrapolated solar magnetic field early on 2005 January 17. Closed field lines are white while positive- and negative-polarity ‘‘open’’ field
lines are colored magenta and green, respectively.

Fig. 10. Calibrated, unsmoothed INTEGRAL/(left panel) and Rosetta/(right panel) SREM timeseries for SEP event I11/R5. The solid line in
both panels denotes the onset of the SEP event at the respective spacecraft. The middle panel shows the positions of Rosetta (red) and
INTEGRAL (blue) spacecraft relative to the Sun (yellow), with distances shown in AU.

(Figs. 11c and d), given the ACE/SWEPAM data gaps
(Figs. 11e–g). This is the most likely shock passage time given
the steepness of the local gradient in the timeseries of Bz. The
timing of the shock-front L1 crossing is consistent with the
findings of Papaioannou et al. (2010) (see their Fig. 5 and relevant discussion), who used short-term neutron monitor
decreases – known as Forbush decreases (Belov, 2008) – to
identify the crossing time. A storm sudden commencement
ensued ~2 h after the shock crossing, at ~07 UT on 2005 January 18. As explained above, the magnetosphere was already
disturbed at the time (Dst ~ 50 nT) but the Dst index dipped
further to storm-time conditions. The disturbance peak was at
Dst ~ 110 nT and was reached at ~09 UT on 2005 January

18. The magnetosphere remained in storm-time conditions
for ~2 more days, gradually emerging from it in the early hours
of 2005 January 20. Notice that late on 2005 January 21 the
magnetosphere reached storm-time conditions again due to
the arrival of the IP disturbances of another intense ICME originating from an eruptive X7.1 flare, clearly seen in Figure 8.
The resulting SEP event (Fig. 11) was one of the strongest in
solar cycle 23, giving rise to Ground Level Enhancement
(GLE) 69 (e.g., Bieber et al., 2005). This event originated also
from NOAA AR 10720 and corresponds to SEP event I12/R6,
included in the present work.
A notable SEP event feature often discerned at the time of
shock passage from western source-region locations is a
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Fig. 11. IP conditions between 2005 January 17 and 25, including SEP event I11/R5. (a) 20-minute running averages of the INTEGRAL/
SREM particle flux timeseries, (b) 20-minute running averages of the Rosetta/SREM particle flux timeseries, ACE/MAG Bz-components in
GSE (c) and GSM (d) coordinates and ACE/SWEPAM measurements of proton number density (e), proton temperature (f) and SW proton
velocity (g). The respective definitive Dst-index values are given in (h). The three vertical lines indicate the times of the SEP event’s peak
(dashed), the shock crossing from L1 (solid), and the onset of the magnetospheric disturbance (dotted). All respective dates and times are
annotated in (a).
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Fig. 12. Solar coronal conditions between 2005 May 10 and 18, including SEP event I13/R7. (a) 20-minute running averages of the
INTEGRAL/SREM particle flux timeseries, (b) 20-minute running averages of the Rosetta/SREM particle flux timeseries, (c) GOES 1–8 Å
solar X-ray flux and (d) WIND/WAVES frequency-time radio spectrum. The vertical solid black line indicates the onset time of the flare
related to the SEP events source eruption. The flare information is annotated in (c) and the source CME information is annotated in (d). The
first dashed black line at 18:56 UT on May 13 indicates the SEP event onset time observed first by the lowest energy channel of INTEGRAL/
SREM. It was also the lowest energy channel of Rosetta/SREM which was the first channel to detect the SEP event (20:51 UT, second black
vertical dashed line). The colors used in (a) and (b) correspond to the different energy channels of the SREM detectors.

secondary peak in the particle flux. In our case the peak is visible in both INTEGRAL/ and Rosetta/SREM data (Figs. 11a,
and b). For eastern source locations, and hence mostly gradual
events, the shock crossing matches the primary peak in particle
flux much better. In this case particles that leak upstream
mostly miss geospace so that the shock ensemble with part

of the SEP population trapped in it, apparently via waves
(e.g., Ng & Reames, 1994; Reames, 1999), arrive together.
For western sources, upstream-leaked particles reach Earth
prior to the shock forming the primary peak so the shock
arrival and its trapped SEP population give rise to the secondary peak thereafter. The shock’s influence on gradual SEP
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Fig. 13. Solar disk and the global solar magnetic field on 2005 May 13. (a) Full-disk solar magnetogram from SOHO/MDI, as obtained by
Solar Monitor. The source NOAA AR 10759 is visible in the north-eastern quadrant. (b) The global PFSS-extrapolated solar magnetic field at
about the same time. Closed field lines are white while positive- and negative-polarity ‘‘open’’ field lines are colored magenta and green,
respectively.

Fig. 14. Calibrated, unsmoothed INTEGRAL/(left panel) and Rosetta/(right panel) SREM timeseries for SEP event I13/R7. The solid line in
both panels denotes the onset of the SEP event at the respective spacecraft. The middle panel shows the positions of Rosetta (red) and
INTEGRAL (blue) spacecraft relative to the Sun (yellow), with distances shown in AU.

intensity-time profiles has been interpreted in long-standing
works (see, e.g., Lario et al., 1998, and references therein).
4.1.2 2005 May 13 SEP event (I13/R7)

Eruptive solar active region NOAA AR 10759 hosted a
M8-class flare at 16:13 UT on 2005 May 13 (Fig. 12c. A
well-formed shock was observed in conjunction (Fig. 12d)
and a fast halo CME was detected with a projected launch time
at 16:40 UT and a near-Sun speed of ~1689 km/s (see also Bisi
et al., 2010). At the time of the eruption, the heliographic location of the AR was N12 E10 (north-eastern quadrant; Fig. 13a).

There is some evidence of ‘‘open’’ magnetic field lines relatively close to the AR (Fig. 13b. The M8 solar flare was fairly
gradual, with an extended rise time of 44 min and an associated
Type III burst (start time: 16:40; end time: 17:00). Furthermore,
a Type II radio burst, associated to the fast propagating CME,
started on 13 May 2005 at around the onset of the CME
(~16:38 UT, according to Bisi et al., 2010). As a result, a relatively strong SEP event was recorded at L1 (with peak energy
~80 MeV, according to Cane et al., 2010).
At 18:56 UT on 2005 May 13, INTEGRAL/SREM detected
an SEP event onset, first by its lowest-energy channel
(Fig. 12a). Higher-energy channels followed; for example, the
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Fig. 15. IP conditions between 2005 May 10 and 18, including SEP event I13/R7. (a) 20-minute running averages of the INTEGRAL/SREM
particle flux timeseries, (b) 20-minute running averages of the Rosetta/SREM particle flux timeseries, ACE/MAG Bz-components in GSE (c)
and GSM (d) coordinates and ACE/SWEPAM measurements of proton number density (e), proton temperature (f) and SW proton velocity (g).
The respective definitive Dst-index values are given in (h). The three vertical lines indicate the times of the SEP event’s peak (dashed), the
shock crossing from L1 (solid), and the onset of the magnetospheric disturbance (dotted). All respective dates and times are annotated in (a).
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Fig. 16. Solar coronal conditions between 2005 September 7 and 18, including SEP event I20/R13. (a) 20-minute running averages of the
INTEGRAL/SREM particle flux timeseries, (b) 20-minute running averages of the Rosetta/SREM particle flux timeseries, (c) GOES 1–8 Å
solar X-ray flux and (d) WIND/WAVES frequency-time radio spectrum. The vertical solid black line indicates the onset time of the flare
related to the SEP events source eruption. The flare information is annotated in (c) and the source CME information is annotated in (d). The
dashed black line at 23:02 on September 13 indicates the SEP event onset time observed first by the lowest energy channel but simultaneously
for both INTEGRAL/SREM and Rosetta/SREM. The colors used in (a) and (b) correspond to the different energy channels of the SREM
detectors.
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Fig. 17. Solar disk and the global solar magnetic field on 2005 September 13. (a) Full-disk solar magnetogram from SOHO/MDI, as obtained
by Solar Monitor. The source NOAA AR 10808 is visible in the southern hemisphere, close to the central meridian. (b) The global PFSSextrapolated solar magnetic field at about the same time. Closed field lines are white while positive- and negativepolarity ‘‘open’’ field lines
are colored magenta and green, respectively.

Fig. 18. Calibrated, unsmoothed INTEGRAL/(left panel) and Rosetta/(right panel) SREM timeseries for SEP event I20/R13. The solid line in
both panels denotes the onset of the SEP event at the respective spacecraft. The middle panel shows the positions of Rosetta (red) and
INTEGRAL (blue) spacecraft relative to the Sun (yellow), with distances shown in AU.

38 MeV channel registered it at 20:20 UT. The SEP event
barely appeared in the INTEGRAL/SREM highest-energy
channel (166.3 MeV). The Rosetta/SREM detected the onset
of the event at 20:51 UT on 2005 May 13, also with its
lowest-energy channels first (Fig. 12b). The two profiles from
INTEGRAL/ and Rosetta/SREMs are qualitatively similar,
with smoother profiles for the Rosetta/SREM, as in the previous case (Sect. 4.1.1). There are two differences, however:
(i) two Rosetta/SREM channels (38 MeV and 55 MeV) registered the onset later (00:40 UT on 2005 May 13), while the rest
of the energy channels seemed to register the onset nearly
simultaneously, and (ii) the SEP event was clearly registered
in all energy channels of the Rosetta/SREM, even in the highest

ones. Figure 14 shows the actual recordings of both INTEGRAL and Rosetta/SREM, as well as the spacecraft position.
The north-eastern heliographic location of the source AR
tends to explain both the precedence of the lowest-energy channels and the SEP event’s temporal profile. Indeed, given the
source location, faster, higher-energy protons may have missed
geospace.
Following a complicated, quite gradual rise-phase profile,
the particle flux peaked at ~02:30 UT on 2005 May 15 for
INTEGRAL/SREM (Fig. 15a), ~33 h after its onset. The peak
was virtually simultaneous in all energy channels. Given that
the inner heliosphere seemed rather quiescent at the time of
the event, this temporal complexity should be attributed to
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Fig. 19. IP conditions between 2005 September 7 and 18, including SEP event I20/R13. 20-minute running averages of the INTEGRAL/
SREM particle flux timeseries, (b) 20-minute running averages of the Rosetta/SREM particle flux timeseries, ACE/MAG Bz-components in
GSE (c) and GSM (d) coordinates and ACE/SWEPAM measurements of proton number density (e), proton temperature (f) and SW proton
velocity (g). The respective definitive Dst-index values are given in (h). The three vertical lines indicate the times of the SEP event’s peak
(dashed), the shock crossing from L1 (solid), and the onset of the magnetospheric disturbance (dotted). All respective dates and times are
annotated in (a).
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complexity in the parent eruption: eruption asymmetries (e.g.,
Liu et al., 2009) of SEPs stemming from the ICME flank
(Heras et al., 1995; Aran et al., 2007; Rouillard et al., 2011)
are likely contributors. For the Rosetta/SREM, the SEP event
peaked at ~12 UT on 2005 May 15, ~39 h after its onset
(Fig. 15b. This rise-time discrepancy is hard to reconcile; however, one might argue that the propagating ICME should be
very inhomogeneous at relatively short length scales for such
discrepancies to be realized between two not too distant observation locations. The complexity of this particular ICME has
been already discussed (e.g., Bisi et al., 2010, and references
therein), while Dasso et al. (2009) proposed the presence of
two, interacting, magnetic clouds (MCs) within the complex
ICME envelope. We consider it quite likely that this ICME
complexity gives rise to the inhomogeneity present in the
SREM SEP time profiles.
As expected for eastern source locations, the shock passage
from L1 occurred nearly simultaneously with the particle flux
peak, at ~02 UT on 2005 May 15 (Figs. 15c–g). Given the complex parent particle source, the shock was strong in both ACE/
MAG and ACE/SWEPAM measurements. At virtually the
same time (~01:30 UT on 2005 May 15; Fig. 15 h) a storm sudden commencement occurred with the Dst index reaching
extreme levels (~ 250 nT) within hours. Storm recovery
was slow thereafter, achieving Dst > 50 nT not before the
late AM hours of 2005 May 18.
4.1.3 2005 September 13 SEP event (I20/R13)

In September 2005, a single active region, NOAA AR
10808, produced a total of 9 X–class, 15 M–class, and many
minor flares during the period September 7–13, as it was rotating from the eastern limb to the central meridian. This exceptionally active period premiered with an X17.0 flare at 17:17
UT on 2005 September 7, one of the largest X-ray flares ever
recorded. During this period there were also five major frontside CMEs along with several other smaller CMEs, all originating from the same source (Wang et al., 2006; Papaioannou
et al., 2009).
At 19:19 UT on 2005 September 13, a X1.5 solar flare originated in NOAA AR 10808, at heliographic location S11 E05
(Figs. 16 and 17 – see also Tziotziou et al., 2010). This flare
was associated with a fast (~1866 km/s) halo CME that was
marked at 19:36 UT. Type III bursts were identified from
19:50–20:00 UT on the same day, with a flare-related SEP
energy at geospace peaking at 7 MeV (Cane et al., 2010). A
Type II burst was also identified by Wang et al. (2006) at
20:20 UT, that was debated by Cane et al. (2010) who could
not find clear evidence for it in the dynamic spectra.
The corresponding SEP event was detected by both INTEGRAL and Rosetta SREMs nearly simultaneously, at 23:02 UT
on 2015 September 13. Just like the previously studied event in
the eastern hemisphere (Sect. 4.1.2), different energy channels
in INTEGRAL/SREM registered different onset times
(Fig. 16). Moreover, the SEP event was barely, if at all, detected
at the highest-energy channels of INTEGRAL/SREM. In cases
such as this, the near-Earth spacecraft most likely establishes
connection with a generally weak flank (in terms of acceleration efficiency) of the CME-driven shock and only later does
it connect with parts of the shock that are able to accelerate particles more effectively (Aran et al., 2007). This time, however,

the Rosetta/SREM SEP profile was different, with a nearly
simultaneous event detection and presence in all energy
channels.
From the global PFSS magnetic field at the time of the
event (Fig. 17b one notices the clear presence of open magnetic
field lines adjacent to the source NOAA AR 10808. If any or
some of these lines were connected to geospace, an impulsive,
flare-related SEP component should be detected within a few
tens of minutes from the flare triggering. This did not occur,
apparently due to the sub-optimal heliographic location of the
source active region.
At that time, Rosetta was at a radial distance of ~1.34 AU
from the Sun, at ~50 east from the Sun-Earth line, while
INTEGRAL was typically much closer to Earth’s position
(Fig. 18). This relative position can account for a situation in
which Rosetta encounters the CME-driven shock nose while
INTEGRAL encounters its western flank. This is supported
also by the analysis of Wang et al. (2006) – see Figure 6 of that
paper, in particular. This further provides reasonable grounds
for a more prolonged Rosetta/SREM SEP profile, particularly
at higher energies, which can be deduced from Figures 16
and 18.
As also expected by the relative positions of the two spacecraft with respect to the SEP event’s solar source, Rosetta is
better connected to the shock at the beginning of the event,
which leads to a faster increase of the particle intensities compared to the INTEGRAL/SREM SEP observation. This is evident in Figure 19 with the Rosetta event peaking at ~06 UT on
2015 September 14 and the INTEGRAL event peaking at ~15
UT on the same day. About 18 h later, at ~09 UT on 2005
September 15, the corresponding shock crosses L1 causing
an increase in the solar wind velocity from ~600 km/s to
~900 km/s and a ~25-fold increase in the solar wind proton
temperature. Shortly after the shock, at ~10:30 UT, the corresponding magnetospheric disturbance kicks in, decreasing the
Dst-value from a moderately disturbed 38 nT to a storm-time
minimum of ~ 90 nT. Hence, this was not an extreme storm
case, with the magnetosphere recovering at about midday on
2005 September 16. In terms of the Kp index, there was a peak
of 7 that marked unsettled conditions, that however faded to 4,
early on 2005 September 16 (Papaioannou et al., 2009).
4.2 Solar sources and interplanetary consequences
4.2.1 Synoptic results

Using the essential and supporting information of Section 3
and the reasoning of Section 4.1 we have first attempted to pinpoint the solar sources of all detected SREM SEP events and
their properties. The results are summarized in Table 3.
Similar tables for SREM data have been previously
published by Tziotziou et al. (2010), and are also inferred by
Papaioannou et al. (2016), Cane et al. (2010) and Vainio
et al. (2013), among many other studies using multiple data
sources. We notice an overall agreement between solar sources
for common events, despite the different SEP event databases.
It becomes evident, therefore, that SREM SEP events can also
be used for providing an overall, consistent picture of the ICME
propagation through the inner heliosphere. Furthermore, SREM
units provide the unique opportunity to identify and analyze
multi-spacecraft events during the declining phase of solar
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Fig. 20. Approximate heliographic locations of the host active regions at the time of the source eruptions for the SREM SEP event solar
sources of Table 3. The various SEP event labels of Tables 2 and 3 are also indicated. The solar disk center is indicated by the cross.

cycle 23. At that time, Ulysses was the only other available
spacecraft capable of such studies: however, at a heliocentric
distance close to its aphelion (~5.4 AU) and an unfavorable
angular separation from Earth, such analyses would be challenging and complicated. In fact, only a few such analyses have
been performed using such data by Ulysses (Lario et al., 2008;
Malandraki et al., 2009).
Another straightforward conclusion from Table 3 is that virtually all SREM SEP events (at least 21 out of 22, or ~95%)
seem to be associated with well-defined, shock-fronted CMEs.
To determine whether a source CME formed a shock front we
relied on, first, the CME speed and, second, observations of
Type II bursts from Wind/WAVES data. For CME speeds well
above the speed of the fast solar wind (~800 km/s), a shock
should be expected. In addition, for all but one of our source
CMEs, Wind/WAVES has identified Type II bursts whose properties are presented at NASA’s CDAW Data Center.4
For SEP event I17/R10, our only exception, there was no
near-Sun evidence for a CME-driven shock. However, the
source eruption took place at the farside of the Sun, therefore
neither a flare nor a host active region were registered. This particular event is not included in the studies cited above, although
Cid et al. (2012) assigned it to a M3.7 flare that occurred in
NOAA AR 10792 on July 27, 2005, at 05:02 UT. The active
region at the time was located at N11E90. Moreover, the corre4

The pertinent list is available at https://cdaw.gsfc.nasa.gov/
CME_list/radio/waves_type2.html.

sponding CME was a backside halo with speed 1187 km/s,
according to these authors. However, in our data, event I17/
R10 started as an extremely gradual event early on July 26,
2005, on both INTEGRAL/ and Rosetta/SREM units (Table 2).
Hence, we cannot assign it to a solar eruption that occurred on
the next day. It is safe to say, nonetheless, that the event was
connected to a farside solar eruption, hence it is quite likely that
the CME-driven shock was missed in coronal time-frequency
radio spectra. The CME’s high linear speed (>1200 km/s) in
our interpretation, however, leaves little doubt that there should
be an associated CME-driven shock.
Figure 20 shows the approximate source active region heliographic locations at the time of the source eruptions for 20 out
of the 22 SEP event cases of Table 3 (that is, excluding SEP
events I16 and I17/R10). In 15 out of 20 SEP events (75%)
the host active regions were located in the western solar hemisphere, with more than half (11/20) of the host regions located
in the north-western quadrant. This is consistent with the wellaccepted fact of the favorable magnetic connectivity with geospace from the western solar hemisphere (see, e.g., Fig. 2 of
Gopalswamy et al., 2011), and particularly the north-western
quadrant. Conversely, 5/20 (25%) of the host active regions
were located in the eastern solar hemisphere at the time of
the source eruptions. Some of them (2/5) were located close
to the solar-disk center, at central meridian distances (CMD)
10. One case (event I4) was at relatively high eastern
CMD, while for two cases (I19/R12 and I21/R14) the assessed
host active regions were located on, or close to, the eastern
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Table 4. Interplanetary environment of detected INTEGRAL/(I1–I22) and Rosetta/(R1–R14) SREM SEP events. Included are the times of the
assessed shock passage from L1, those of the ensuing magnetospheric disturbance, and those of the peak Dst index during the disturbance,
including the value of the index. We also provide time intervals and index-value ranges when the Dst index fluctuates around the peak. Dashes
in some columns imply lack of knowledge.
IDs
I1
I2
I3
I4
I5
I6
I7
I8
I9
I10
I11
I12
I13
I14
I15
I16
I17
I18
I19
I20
I21
I22

Shock passage at L1

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14

Magn. disturbance onset

UTime

Date

UTime

Date

UTime

Value (nT)

2003-Nov-4
2003-Nov-6
2004-Jul-26
2004-Sep-13
2004-Sep-22
2004-Nov-3
2004-Nov-9
2004-Nov-11
2005-Jan-16
2005-Jan-17
2005-Jan-18
2005-Jan-21
2005-May-15
–
2005-Jul-17
2005-Jul-17
2005-Jul-27
2005-Aug-24
–
2005-Sep-15
–
2006-Dec-14

08
19
21
19:30
06
16
09:30
21
12
08
05
17
03
–
01
23
19
05
–
09
–
14

2003-Nov-4
2003-Nov-6
2004-Jul-26
2004-Sep-13
2004-Sep-22
2004-Nov-3
2004-Nov-9
2004-Nov-11
2005-Jan-16
2005-Jan-17
2005-Jan-18
2005-Jan-21
2005-May-15
–
2005-Jul-17
2005-Jul-17
2005-Jul-27
2005-Aug-24
2005-Sep-11
2005-Sep-15
2006-Dec-6
2006-Dec-14

10
20
21:30
23:30
11
18
10:30
23
20
15
07
16
03
–
04
23
23
09
04
10:30
01
15

2003-Nov-4
2003-Nov-6
2004-Jul-27
2004-Sep-14
2004-Sep-23
2004-Nov-3
2004-Nov-10
2004-Nov-12
2005-Jan-17
2005-Jan-17
2005-Jan-18
2005-Jan-22
2005-May-15
–
2005-Jul-17
2005-Jul-18
2005-Jul-28
2005-Aug-24
2005-Sep-11
2005-Sep-15
2006-Dec-6
2006-Dec-15

11
05–06
14
12–23
02
22
11
11
04
18
09
00–07
09
–
11
07
06
12
11
17–23
13
02–08

69
25
170
38 to 45
38
19
263
92
65
52
103
89 to 97
247
–
34
67
41
184
139
76 to 80
55
157 to 162

solar limb at the time of the source eruptions. While we have a
clear CME-driven shock evidence for both events, LASCO was
not operating at the time. For I19/R12, however, a superfast
CME with speed ~2400 km/s has been reported by the
ground-based Mk4 K-Coronagraph of the Mauna Loa Solar
Observatory (Malandraki et al., 2008). For I21/R14, one asserts
that another fast CME should have also been launched, given
the sheer size of the source flare (X9.0 – see Table 3). The reason why these SEP events were observed from geospace several
hours after the eruptions’ onset, in spite of their eastern-limb
source location, should therefore be the extreme inner-heliospheric disturbance that these eruptions caused, supplying the
entire upstream region with major proton leakages.
Table 4 summarizes the assessed impact, at L1 and the geospace, of the eruptions that gave rise to the SREM SEP events
of Tables 2 and 3. Notice that a geospace disturbance (not necessarily geoeffectiveness,5 though) exists for the vast majority
of events, with Dst indices ranging between a few tens to nearly
250 nT southward. Somewhat different behavior is exhibited
by SEP events I14/R8, I19/R12, and I21/R14. These cases
are briefly discussed below:
d

5

Peak Dst index

Date

SEP event I14/R8 was not associated with a CME. Neither a shock passage at L1, nor a discernible magnetospheric disturbance could be detected. For this event, it

We reiterate at this point that the question of geoeffectiveness
cannot be, and is not, addressed by this study: while SEP events are
primarily associated with the CME-driven shock, it is the specific
properties of the ICME (i.e., orientation, axial field strength) that
may trigger a geomagnetic storm. These conditions are not
examined here.

d

d

is likely that a slow and narrow CME occurred but went
undetected as the source region was at the western solar
limb and perhaps slightly beyond that in the farside.
Therefore, this SEP event seems to be a pure consequence of the favorable magnetic connectivity of the host
region with geospace.
SEP event I19/R12 could not be unambiguously associated with a shock passage at L1, although a magnetospheric disturbance clearly kicked in and the Dst index
abruptly dipped to 139 nT at the peak. There is a possibility that the shock went undetected because ACE/
SWEPAM measurements had a data gap at the time of
the possible crossing; ACE/MAG measurements, on the
other hand, could not be interpreted unambiguously.
Notice that the host active region was at the eastern solar
limb at the time of the source eruption.
SEP event I21/R14, with a source region also at the eastern limb, was associated neither with a CME nor with a
shock passage at L1. ACE/SWEPAM measurements also
experienced gaps during the time of the possible crossing
and ACE/MAG measurements were not conclusive. This
is probably because the IMF was already quite disturbed
at the time, so the shock, if any, probably went
undetected. Contrary to SEP event I19/R12, the magnetosphere was already disturbed (Dst ~ 55 nT at peak) in
this case, so the source CME was not particularly
geoeffective.

The above exceptions given, the parent activity that gave
rise to the SREM SEP events in our sample could be, to a larger
or lesser degree, backtraced from 1 AU to the Sun. More
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Fig. 21. Time difference between the shock passage at L1 and the onset of the storm sudden commencement as a function of the host regions’
CMD at the time of the source eruption. Information stems from Tables 3 and 4. The solid blue line indicates the mean of the time difference
and the purple-shaded area indicates the standard deviation around this mean. Dotted lines in each plot indicate the solar limbs (east/west for
CMD = 90/90) and the central meridian (CMD = 0). The linear (Pearson) and rank order (Spearman) correlation coefficients are also
provided.

importantly, we were able to largely agree in our interpretation
of SREM SEP events with the interpretations provided by analyzing the data of other, primarily science-oriented, instruments
(Sect. 4.1). This further attests to the reliability of SREM
measurements.
4.2.2 Statistical correlations and predictive ability

Having established a defensible physical picture for SREM
SEP events, we now investigate whether this information can
be used to advance our understanding of the propagating eruption products throughout the inner heliosphere. We notice that,
first, SEP events cannot be used for the prediction of solar
eruptions (i.e., flares and/or CMEs), since they are injected
after their onset. Second, SEP events cannot be used for an
assessment of the geoeffectiveness of ICMEs, given that the
decisive factors for this are ICME speed, magnetic configuration, geometry and orientation. We, therefore, investigate
whether SEP event detection can help predict when to expect
the IP shock and/or the ensuing geomagnetic disturbance,
regardless of geoeffectiveness.
The arrival of ICMEs at geospace is currently being pursued either by applying various aerodynamic drag-force models
near-Sun CME measurements (e.g., Vršnak et al., 2010; Subramanian et al., 2012, and references therein) or, more recently,
by triangulation of information provided by STEREO data
(e.g. Davis et al., 2012; Möstl & Davies, 2013). As Figure 21
shows, the location of the host active regions, quantified by
means of the regions’ CMD at the time of eruptions, is insufficient to predict the onset of the respective storm sudden com-

mencement, assuming that the shock passage at L1 is observed
and reported. Indeed, the average time lapse between shock
passage and the onset of the magnetospheric disturbance is
(2.65 ± 2.30) h, showing poor correlation coefficients with
the host regions’ CMD. In this exercise, SEP events are not
included in the picture. Including them and correlating INTEGRAL/SREM SEP event properties with basic eruption properties (only INTEGRAL data are used here as the INTEGRAL
spacecraft is always in geospace) as a function of the host
regions’ CMD leads to Figure 22.
Let us clarify that the statistics of Figures 21 and 22 do not
include SEP events I3, I8, I10, I13, I15 and I16. This is
because, as also noticed in Table 2, these events seem to have
their maxima associated with local shocks. To cross-check this
assessment we have consulted the University of Helsinki Database of IP shocks, available at http://ipshocks.fi/. Three of our
SEP events (I3, I10 and I13) indeed have their maxima associated to local shocks. For the remaining three events (I8, I15,
I16) no shock was conclusively found in the University of Helsinki database, but their temporal profiles showed peculiar features (e.g., local spikes, low-energy diffusion, etc.), so they
were removed from this statistical investigation.
Figure 22 correlates the host active regions’ CMD with the
SEP event’s rise times (Fig. 22a) and this CMD with the time
intervals between: the SEP event onset and the source flare
onset (Fig. 22b, the SEP event onset and the linearly projected
launch time of the source CME (Fig. 22c, the shock crossing at
L1 and the SEP event peak (Fig. 22 d), and the time of the
storm sudden commencement onset and the SEP event peak
(Fig. 22e). The SREM SEP events statistics of Tables 2–4 are
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Fig. 22. Timing between INTEGRAL/SREM SEP events and various
source eruption properties near the Sun and at geospace. All
correlations are shown as a function of the CMD of the source solar
active regions. Shown in the ordinates are (a) the SEP event rise time,
(b) the time interval between the flare onset and the SEP event onset,
(c) the interval between the projected source CME launch time and the
SEP event onset, (d) the interval between the SEP event peak and the
shock crossing time at L1, and (e) the interval between the SEP event
peak and the onset of the storm sudden commencement. Solid red
lines in all plots correspond to the linear least-squares best fits of the
shown data points. The details and goodness of these fits (v2-statistic)
are shown in Table 5. Dotted lines in each plot indicate the solar limbs
(east/west for CMD = 90/90) and the central meridian
(CMD = 0). The linear and rank order correlation coefficients are
also provided for each plot. The outlier in (b) and (c) corresponds to
the source-eruption information of event I4 – see text for details.

sufficient for some rudimentary quantitative processing of these
correlations.
In brief, Figure 22 confirms that geospace-affecting SEP
events are statistically more likely to occur as the host active
region is located more westward at the time of the injection
(Fig. 22a). In these cases, SEP events also reach geospace faster (Figs. 22b and c). In addition, westward-injected SEP events
peak increasingly in advance of the shock crossing at L1 and
the kick-in of the geomagnetic disturbance, with their peak
time correlating better (but still in a statistical sense, that is,
with sizable uncertainties present) with shock-crossing time
and geomagnetic disturbance onset (Figs. 22d and e, respectively). In spite of the fact that the causal sequence of events
clearly becomes more intuitive when SEP events are included
in the eruption-propagation cadre (cf. Figs. 21 and 22), not
all correlations involving SEP events are statistically significant. One might claim potentially significant correlations only
for the bottom two plots of Figure 22, as the notably lower
v2-values for these plots also show (Table 5). Of them, the correlation between the host region location and the time difference between the SEP events’ peak and storm sudden
commencement (Fig. 22e) seems more reliable. Figures 22d
and e present evidence that SEP events correlate better with
the IP features of the source eruptions than with their solar ones
(correlation coefficients 0.50–0.63 and 0.72–0.76 for Figs. 22d
and e, respectively), apparently because ICME propagation and
particle transport in the inner heliosphere undergo in-situ modulations that act to blur the ‘‘memory’’ of the details of
these eruptions’ onset and initial propagation in the lower
solar corona. The only solar information that remains pertinent
is the heliographic location (the CMD, in particular) of the
source active regions, in line with widespread evidence that
SEP event properties (temporal profile and peak flux) are sensitive to it.
We now discuss briefly the single outlier point in Figures
22b and c. This corresponds to the solar information (flare
onset and CME launch time, respectively) of event I4. The
source active region of this event (NOAA AR 10672) was also
at an exceptional heliographic location (N4E42 – see also
Table 3 and Fig. 20). This event is unique in our list, taking
~45 h to reach geospace, apparently due to the flank of the corresponding CME or a more complicated inner-heliospheric situation. One might also consider an error in assigning a solar
source for this event, but the source eruption appearing in
Table 3 was the only major one triggered in the Sun at that time
(see also Lario et al., 2008).

5 Summary, conclusions, and outlook
The main objectives of this study are (i) to ascertain
whether one may use SEP event data from ESA’s SREM units
to detect SEP events, (ii) use SEPs to shed light on the innerheliospheric propagation of ICMEs by providing an as realistic
as feasible picture of the eruption initiation and evolution and
(iii) improve predictions of the arrival time of shock and magnetospheric disturbance of ICMEs at L1. The ICME geoeffectiveness could not be studied because we did not pursue an
inference of the magnetic configuration of the studied ICMEs
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Table 5. Fit parameters for all fits of Figure 22, including the respective goodness of each fit, reflected on the classical Pearson’s v2-statistic.
Reference
Figure
Figure
Figure
Figure
Figure

22a
22b
22c
22d
22e

Ordinate (Y )

Linear fit

SEP event rise time (h)
SEP event onset – flare onset (minutes)
SEP event onset – CME launch (min)
Shock passage – SEP event peak (h)
Geo-dist. onset – SEP Event peak (h)

at 1 AU. Magnetospheric disturbances, however geoeffective,
were therefore treated on equal basis.
This ‘‘connecting-dots’’ exercise was completed by coupling the particle flux timeseries of SREM SEP event data,
inferred via a new, successfully validated, SVD method (Sect.
2.2) with diverse solar (low coronal) and interplanetary information (Sect. 3). For each of the 22 INTEGRAL/ and 14
Rosetta/SREM SEP events, this information was combined to
reconstruct a basic qualitative picture of each source eruption
and products. The peak particle flux of SEP events was not
studied in this work.
Our findings can be summarized as follows:
d

d

d

d

SEP event rise times show a statistical peak at ~9 h
(Fig. 4). Secondary peaks correspond to impulsive SEP
events, with rise times 3 h, and gradual ones, with rise
times ~33 h. An extremely gradual event exhibited a rise
time of up to ~55 h. As expected by theoretical (e.g.,
Mikić & Lee, 2006) and observational (e.g., Pan et al.,
2011) works, rise times statistically decrease for increasingly westward heliographic source locations. Figure 22 a
also highlights this;
all SEP events in our sample invariably correspond to
major solar eruptions, associated with at least M-class
flares and fast CMEs with average speed
1810 ± 750 km/s (Table 3). In ~89% of source eruptions
where a CME was identified (17/19 cases), these CMEs
are halo events. Undoubtedly, such source eruptions stem
from solar active regions with accumulated magnetic
energy sufficient to account for the observed activity. In
addition, 75% (15/20) of these source regions are located
at the western solar hemisphere at the time of the eruption, with ~55% (11/20) of them located in the northwestern quadrant alone (Fig. 20);
virtually all (~95%, or 21/22) SEP events are associated
with shock-fronted CMEs (Table 3). For the remaining
SEP event (I17/R10) one cannot rule out the formation
of a shock, particularly given the fast CME, but this
information is lacking as the source eruption took place
on the farside of the Sun. This finding implies that the
conventional dichotomy between impulsive and gradual
SEP events is most likely an oversimplification: the
wealth and diversity of SEP event time profiles are due
to vastly different blends of impulsive and gradual SEP
event components, coupled with the strong directionality
of the SEP event phenomenon;
SEP events are better correlated with the IP characteristics (i.e., shock passage, storm sudden commencement)
of propagating solar eruptions than with the near-Sun
eruption features. This stems from the higher correlation
coefficients and better goodness of fits reflected in

Y
Y
Y
Y
Y

d

=
=
=
=
=

24.16  0.32 · CMD
3.47  0.03 · CMD
1.34  0.01 · CMD
31.84 + 0.15 · CMD
12.77 + 0.28 · CMD

Goodness of fit (v2 )
77.8
347.5
1098.2
61.9
100.0

Figures 22d, e, and Table 5, respectively. The effect can
be understood by means of in-situ modulations exerted
to ICMEs in the course of their heliospheric propagation
(see Kleimann, 2012 and references therein for a review);
SEP events appear to improve our forecasting ability of
magnetospheric disturbances (storm sudden commencements) if coupled with the heliographic longitude of the
eruption source. However, this improvement is statistical,
involving significant uncertainties (Fig. 22e). In addition,
it relies on an accurate knowledge of the SEP event peak
time. This knowledge poses yet another challenge, subject to even larger uncertainties (Fig. 22a). Better future
statistics (larger SEP event samples) and multi-spacecraft
analyses from different heliospheric vantage locations
may conceivably be able to constrain the uncertainties
we report here.

Our main conclusion is that calibrated SEP event measurements from SREM units are reliable enough to advance understanding of solar eruption propagation in the heliosphere,
particularly if such units are mounted on spacecraft seated in
different heliospheric vantage points. Initial, single-spacecraft
results utilizing SREM data by Tziotziou et al. (2010) and
Papaioannou et al. (2011) are corroborated and reinforced. Furthermore, combined SEP observations by SREM units in the
INTEGRAL and Rosetta spacecraft help us understand better
how SEP events are propagated in the heliosphere (see the case
examples of Sects. 4.1 and 4.1.3, in particular). This is because
the observation of SEP events by SREM units at different radial
and longitudinal distances allowed us to determine, quantify
and explain differences in the recorded time profiles of the corresponding SEP events. These were, in turn, explained on the
basis of the evolution of the CME-driven shock and the relative
position of the spacecraft with respect to the parent solar
events. The inner heliosphere is our obvious focus area, but
one can envision similar future studies for other heliospheric
destinations (e.g., Mars, satellites of Jupiter and Saturn, etc.),
since SREM units – or similar radiation monitors – constitute
a light payload, ideally suited for mounting on multiple heliospheric explorers. Nanosat constellations might also constitute
a viable, cost-effective alternative for this purpose.
In examining the benefit of including SEP events in space
weather forecasting, we ignore the problem of SEP event prediction itself, that is also imperative for space weather forecasting (e.g., Posner, 2007; Núñez, 2015). In addition, uncertainties
stemming from Figure 22 can, at times, be larger than uncertainties of ICME arrival models, currently ranging from ~6
to ~9 h (Möstl et al., 2014, and references therein). As a result,
inclusion of SEP events may improve our overall physical picture of solar eruptions and their inner-heliospheric propagation
but we are not yet fully capable of reconciling this tactical
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information into routine practical use. Besides the utilization of
more elaborate statistics, advances in this front may be stimulated by comprehensive case studies of solar eruptions from
Sun to Earth, that are becoming increasingly possible due to
the increasing availability of multi-instrument datasets (Malandraki et al., 2012; Woods et al., 2012; Patsourakos et al., 2016;
Lario et al., 2013, 2016; Kouloumvakos et al., 2016).
In view of such, much needed progress, the role of readily
built, lightweight and affordable SEP event detection units as
ESA’s SREM may prove central. This is because, as was also
shown by our analysis, SREM units may independently and
reliably monitor the local radiation environment, while at the
same time they may offer significant added value in SEP
research in terms of clusters in a multi-spacecraft perspective.
One can envision SREM devices – or future revisions of the
concept with even smaller dimensions and weight, such as
ESA’s Next Generation Radiation Monitor (NGRM6; Desorgher et al., 2013), Amptek’s Compact Environmental Anomaly
Sensor (CEASE7; Dichter et al., 1998) or UCL’s (Universite0
Catholique de Louvain), Energetic Particle Telescope (EPT8)
mounted on pairs or clusters of spacecraft that are strategically
located at key vantage points around Earth or at other Solar
System bodies. The goal of these devices will be to serve
humanity’s best interests in these remote outposts, by both
detecting SEP events and contributing to a groundbreaking
understanding of the ‘‘stormy’’ solar weather (i.e., propagating
ICMEs) as it rages throughout the Solar System.
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