
Available online at www.sciencedirect.com
www.elsevier.com/locate/asr

ScienceDirect

Advances in Space Research 71 (2023) 1840–1854
Magnetic connectivity and solar energetic proton event intensity
profiles at deka-MeV energy

Miikka Paassilta a,⇑, Rami Vainio a, Athanasios Papaioannou b, Osku Raukunen a,c

Suvi Barcewicz a, Anastasios Anastasiadis b

aDepartment of Physics and Astronomy, University of Turku, 20014, Finland
b Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing (IAASARS), National Observatory of Athens, I. Metaxa & Vas. Pavlou

St. GR-15236, Penteli, Greece
cAboa Space Research Oy, Tierankatu 4, 20520 Turku, Finland

Received 17 May 2022; received in revised form 26 October 2022; accepted 26 November 2022
Available online 5 December 2022
Abstract

We present an analysis of the time-intensity profiles of 25 solar energetic proton events at 18.2 MeV, modelled by fitting an analytical
function form (a modified Weibull function) to the observed intensities. Additionally relying on previous work that characterized the
magnetic connectivity between the event-related solar flare and the observer in these events with three angular parameters, we investigate
the fit function parameters, the connectivity parameters, and the iron-to-carbon ratio of the events for dependencies and correlations. We
find that the fit parameter controlling the basic shape of the profile (parameter a) is not clearly dependent on the connectivity parameters
or the Fe/C ratio, suggesting that the profile shapes of neither well and weakly connected nor generally ‘‘impulsive” and ‘‘gradual” events
differ systematically during the early stages of the event at 1 AU. In contrast, the time scaling of the fit function (parameter b) is at least
moderately correlated with both the magnetic connectivity parameters and the Fe/C ratio, in that well-connected and iron-rich events are
typically shorter in relative duration than weakly connected and nominal-abundance events; intensity rise times display a similar corre-
lation with the connectivity parameters. We interpret the former result as following from the combined effect of various transport pro-
cesses acting on the particles in interplanetary space, while the latter is essentially consistent with established knowledge regarding the
observed dependence of the time-intensity profile shapes of solar energetic particle events on their magnetic connectivity and heavy ion
abundances. The desirability of modelling the particle transport effects in detail and extending the analysis to cover higher energies is
indicated.
� 2022 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Solar energetic particle (SEP) events occur as a result of
eruptive discharges of energy stored in magnetic fields at
and near the surface of the Sun (Reames, 2013). Because
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they can provide insight into particle acceleration and
propagation processes, they are an object of intensive
study. Events involving heavy particles of high kinetic ener-
gies, primarily protons and other ions with E J 10 MeV/
nucleon, are of interest also due to their significance for
space weather and potentially detrimental impact on space
missions, as well as the human society at large (e.g. Vainio
et al., 2009; Mishev, 2014; Papaioannou et al., 2016).

A wide variety of physical processes and conditions
determine and affect the maximum intensity, duration
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and the overall form of the time-intensity profile of any
given SEP event as observed at a distance from the Sun.
Aside from the initial release mechanism, these include
the magnetic connection of the SEP source to the observer
(Rouillard et al., 2011; Lario et al., 2014; Kouloumvakos
et al., 2022), particle acceleration in interplanetary shocks
driven by coronal mass ejections (e.g. Reames, 2013),
shock evolution and geometry (Tylka et al., 2005),
extended SEP injections from propagating CME-driven
shocks (e.g. Lario et al., 2016), existence of seed popula-
tions (Desai et al., 2006), convection by the solar wind
(Desai and Giacalone, 2016), pitch-angle scattering, adia-
batic deceleration and drifting in the interplanetary mag-
netic field (Dröge, 2000; Dröge et al., 2010; Dalla et al.,
2015), cross-field diffusion (e.g. Giacalone and Jokipii,
1999; Giacalone and Jokipii, 2012, and references
therein), and reflection of particles from propagating barri-
ers beyond 1 AU (Bieber et al., 2002). To highlight an
instructive example, a considerable amount of work has
been done recently on numerical simulation of SEP acceler-
ation by CME-driven shocks in the solar corona (Kozarev
et al., 2013; Kong et al., 2017; Kong et al., 2019; Kozarev
et al., 2022); the results underscore the important role
played by the structure of the coronal magnetic field in
the early stages of an unfolding SEP event. Depending
on the species and energy range of the studied SEPs and
the longitudinal and radial separation of the observer from
the particle source, a single event may display markedly
different maximum intensities and profile shapes (e.g.
Lario et al., 2013; Paassilta et al., 2018).

Extensive modelling works have been put forth with
respect to most of the above processes, aiming at either dis-
entangling the physics at work (e.g. Wijsen et al., 2019; van
den Berg et al., 2020) or at providing usable space weather
predictions (Pomoell et al., 2015). Our work directly
addresses both through a simple and straightforward
approach, which is to have a standard parametric descrip-
tion of the entire SEP time profile at a given energy, from
the onset to the peak and the decay phase, and to cross-
compare the obtained fit parameters to quantities of
interest.

Kahler and Ling (2017) showed that a particular analyt-
ical function form, a modified Weibull function, is well sui-
ted to describe the intensity profile of a typical SEP event
that features a high peak intensity and significant increases
over a wide range of particle energies. Fitting this type of
function to the recorded intensities allows one to parame-
trise the event with a small number of numerical values that
easily lend themselves to in-depth investigation, e.g. for
correlations between the function parameters and observ-
able solar quantities such as the longitude and magnitude
of the event-related X-ray flare. This has the potential to
lead to new discoveries about the details of SEP release
and acceleration. More directly, such an approach could
prove valuable in predicting space weather based on solar
observations. Since a complete theoretical picture of the
processes involved is very challenging to attain, even work-
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able empirical models of their combined effects are an
attractive prospect. There is thus a decided interest to apply
the aforementioned parametrisation to a large and diverse
group of SEP events, so as to expand the scope of the study
carried out by Kahler and Ling (2017) and, through
improved statistics, to gain a better understanding of the
phenomena that bear on event intensity profiles.

In this paper, we investigate a group of 86 SEP events
with iron enhancements listed by Raukunen et al. (2016)
by fitting a form of modified Weibull function to their pro-
ton intensity profiles at 18.2 MeV (where possible). We
additionally rely on information from Barcewicz (2019),
who carried out an extensive analysis of these events and
employed a potential field source surface (PFSS) -based
modelling of magnetic field lines in the solar corona
(Altschuler and Newkirk, 1969). The latter work yielded
three characteristic angles related to the magnetic connec-
tion between the associated solar flare of the SEP event
and the observer during the initial phase of each event.
Our main emphasis lies on attempting to identify system-
atic dependencies, if any, between the event intensity profile
shapes as described by the fit parameters and the character-
istics of the events (most importantly magnetic connectivity
and iron-to-carbon ratio), as well as further exploring the
method proposed by Kahler and Ling (2017) in practice.

This article is structured in the following fashion. In Sec-
tion 2, we discuss the data set and the mathematical
approaches used in our work; in Section 3, we present a list
of 25 SEP events for which we obtained successful function
fits and study the distributions of the fit parameters, as well
as the dependencies between the parameters and several
other quantities of interest. Finally, we discuss the results
and outline our conclusions in Section 4. The details of
the function fitting process are explained in Appendix A,
the connection angle (i.e. the longitudinal distance between
the X-ray flare associated with the event and the Parker
spiral footpoint connecting the Sun and the observer) as
an alternate measure of magnetic connectivity is briefly dis-
cussed in Appendix B, and Appendix C contains a brief
description of a comparison made between two energetic
solar proton intensity data sets, made in an effort to ensure
that the choice of data set does not compromise our results
and conclusions.

2. Data and methods

The proton intensity data used in our analysis was
drawn from the second version of the Reference Data Set
(RDS) of Solar Energetic Particle Environment Modeling
(SEPEM) (Crosby et al., 2015). RDS provides proton dif-
ferential fluxes for the years 1973—2015 at eleven proton
energy values and has been generated through cross-
calibration (Sandberg et al., 2014), energy re-binning and
merging of Geostationary Operational Environmental
Satellite (GOES) and the earlier Synchronous Meteorolog-
ical Satellite (SMS) proton flux datasets. The data, natively
available at 5-min time resolution, were averaged to 15-min
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bins to eliminate excessive intensity fluctuations. Newer
versions of the reference data set are currently available,
but they were not used due to the fact that the background
intensity has been subtracted in them, which was consid-
ered to complicate the function fitting process (for exam-
ple, by potentially obscuring the onset of a very slowly
rising event) without providing a commensurate benefit
for the analysis. Even though e.g. Solar and Heliospheric
Observatory/Energetic and Relativistic Nuclei and Elec-
tron (SOHO/ERNE; Torsti et al., 1995) proton data offer
a generally lower background intensity and better measure-
ment statistics compared to RDS, as well as the possibility
to obtain error estimates for the measured intensities
directly via particle counts, we chose RDS over ERNE
data due to the absence of data gaps in the former. To
guarantee that this selection does not have a serious effect
on our results and conclusions, we performed a compar-
ison between ERNE and RDS data; for a summary, see
Appendix C.

Kahler and Ling (2017) studied the time-intensity pro-
files of about a dozen large solar proton events and demon-
strated that a modified Weibull function models the
observations well (see also Laurenza et al., 2015). Based
on this earlier treatment, we define the fit function as
follows:

F ðtÞ ¼ A0
t�t0
b

� �a�1
exp � t�t0

b

� �a� �þ F bg; t > t0
F bg; t 6 t0

(
: ð1Þ

Here, t is time (measured in hours), A0 is a scaling param-
eter corresponding to the maximum intensity of the event,
and a and b control the overall shape of the intensity
enhancement and the duration of the event, respectively;1

t0 is the notional delay between the time axis origin and
the proton event onset. F bg is the pre-event background
intensity. In a physically meaningful case, A0 and b are
always greater than zero, while a is less than zero. The time
axis was defined so that the onset of the event-related soft
X-ray flare corresponds to t ¼ 0, and the onset shift param-
eter t0 was restricted to values greater than �2.0 h.

We can write A0 in terms of peak intensity by taking the
derivative of the function defined in Eq. 1, which must sat-
isfy the condition dF ðtÞ=dt ¼ 0 at the time of the maximum
detected intensity during the event. If we then also intro-
duce the term I0, which is the modelled peak intensity in
physical units, A0 can be expressed as

A0 ¼ I0
a� 1

a

� �1�a
a

exp
a� 1

a

� �
: ð2Þ

For the purposes of detailed study of the intensity profiles,
we additionally define the rise time of the profile (i.e. the
time required to reach the maximum intensity after starting
from the pre-event background), srise, as
1 In Kahler and Ling (2017), Greek letters a and b are used instead of a
and b. Latin letters were substituted here to avoid confusion with the
magnetic field parameters a and b.
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srise ¼ b 1� 1

a

� �1
a

; ð3Þ

and the total time modelled to elapse between the flare
onset (t ¼ 0) and the intensity maximum, tmax, as

tmax ¼ t0 þ srise: ð4Þ
It should be noted that neither srise nor tmax involves an
explicit onset criterion for the modelled intensity profile,
such as might be used with observed intensity data; as far
as these measures are concerned, the event is considered
to have commenced as soon as F ðtÞ > F bg.

Fig. 1 demonstrates the shape of the modified Weibull
function as defined in Eqs. 1 and 2. The function is shown
plotted for a range of values of a and b so that in the top
panel, a is given six different values between �0.3 and
�3.0 while b remains fixed at 10 h, whereas in the bottom
panel, b is similarly varied between 2.0 h and 30.0 h and a is
fixed at �1.0. For the sake of clarity, the other three
parameters are kept constant in all cases (t0 = 0 h, I0 =
1.0, and F bg = 0.01). In particular, it can be clearly seen
that when a approaches zero (its absolute value decreases),
the rise and peak phase become very brief and sharp. b
determines the time scale, with an increase in its value cor-
responding with lengthening of the intensity profile.

When studying the events in practice, we typically did
not consider the entire time range of the event but limited
the time range of interest between t = �5.0 h and either the
event end as given in literature, the onset of the next nota-
ble intensity rise, or until a reasonable point where the
intensity was considered to have declined substantially
after the maximum. A more detailed description of the fit-
ting process is provided in Appendix A.

Fig. 2 shows four representative, successful fits to differ-
ent types of events; the event numbers refer to Table 1 (see
the following section). Included are event 1 (large Fe/C
ratio, t0 < 0, small b); event 12 (large Fe/C ratio, t0 > 0,
large b); event 8 (nominal Fe/C ratio, t0 > 0, large b);
and event 16 (nominal Fe/C ratio, t0 < 0, small b). The
upper panels show the detected proton intensities (in red)
and the fit curve (in blue) in normalized units, while the
lower panels show the simultaneous GOES X-ray
observations.

After the fit parameters were obtained for all events that
could be successfully fitted, we constructed cumulative
probability distributions for the fit parameters using a
Monte Carlo-based approach that takes into account the
statistical uncertainties of the parameters. Using the error
estimates for the fit parameters and adding a pseudo-
random, normally distributed constant to every data point,
we generated a family of 10001 simulated cumulative distri-
bution functions. When the individual data points are re-
ordered by their magnitude, the 5001st (middle) curve
can be considered to represent the median value, while
the 1587th and 8413th curve similarly correspond to the
�1 r and +1 r error bounds, respectively, of the simulated
curve family.



Fig. 1. Families of modified Weibull functions, modelling scaled particle intensity as a function of time. Top panel shows six cases of a values, with b fixed
at 10.0 h; bottom panel shows six cases of b values, with a fixed at �1.0. For all curves, t0 = 0 h, I0 = 1.0, and F bg = 0.01. These correspond to srise values of
0.0754 h, 1.11 h, 3.63 h, 6.03 h, 8.16 h, and 9.09 (the top panel) and 1.00 h, 1.50 h, 2.50 h, 5.00 h, 10.0 h, and 15.0 h (the bottom panel), respectively. Note
that the ordinate is logarithmic.

Fig. 2. The curve fits to events 1, 12, 8, and 16 (from left to right and top down). The measured proton intensity is in red, the fit curve in blue (in the upper
panels), and the concurrent GOES soft X-ray intensity in black (in the lower panels). The solid vertical blue line denotes the value of the t0 parameter, and
the dashed vertical red line the time of onset of the event-related flare, i.e. the time axis origin.
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Table 1
The onset date, associated solar X-ray flare latitude and longitude, data selection length, fit function parameters, iron-to-carbon ratio, and modelled magnetic field (MF) parameters for the studied
events (note: 1 pfu = 1 particle cm�2 s�1 sr�1).

Event Function fit MF parameters

# Date of onset h / [�] Fe/C L [h] �a b [h] t0 [h] I0 [pfu/MeV] F bg [pfu/MeV] srise [h] tmax [h] v2/DoF a [�] b [�] k [�]

1 1997-Nov-04 S14 33 0.98�0.09 18 1.62�0.24 8.91�0.40 �1.08�0.58 (1.53�0.36)�100 (2.66�0.13)�10�2 6.62�0.47 5.54�0.75 0.30 77.4 3.0 0.8
2 1997-Nov-06 S18 63 1.12�0.04 11 0.74�0.32 41.25�43.50 �0.59�0.82 (1.09�0.30)�101 (7.37�0.38)�10�2 1.74�14.21 2.64�14.23 0.25 72.7 0.7 1.2
3 1998-May-02 S15 15 2.00�0.30 36 0.79�0.05 8.67�0.50 0.10�0.09 (3.11�0.71)�100 (2.39�0.13)�10�2 3.05�0.20 3.16�0.22 0.61 38.0 2.0 6.6
4 1998-May-06 S11 65 0.86�0.09 36 0.88�0.04 2.75�0.13 0.42�0.04 (5.26�1.22)�100 (2.97�0.16)�10�2 1.16�0.06 1.58�0.07 0.53 48.6 5.5 2.2
5 2000-Jun-10 N22 40 1.54�0.31 36 1.05�0.05 5.71�0.19 0.33�0.10 (1.52�0.35)�100 (1.32�0.07)�10�2 3.02�0.12 3.35�0.16 0.45 15.3 21.8 24.2
6 2000-Jun-18 N20 85 0.26�0.14 12 1.18�0.31 4.05�0.38 0.36�0.45 (7.12�1.68)�10�2 (1.60�0.08)�10�2 2.40�0.37 2.76�0.58 0.38 46.5 12.9 13.5
7 2000-Jun-23 N23 72 1.25�0.70 12 1.32�0.49 2.66�0.44 0.90�0.52 (3.10�0.78)�10�2 (1.34�0.06)�10�2 1.74�0.40 2.64�0.65 0.48 39.9 5.2 8.6
8 2000-Nov-24 N22 3 0.20�0.01 10 0.66�0.44 33.61�58.58 0.55�1.04 (2.03�0.49)�10�1 (1.97�0.10)�10�2 8.17�14.61 8.71�14.65 0.39 38.1 69.3 29.5
9 2001-Mar-29 N16 12 0.54�0.05 30 1.09�0.20 30.82�4.72 �1.36�1.12 (7.98�1.80)�10�1 (1.39�0.07)�10�2 16.97�3.00 15.61�3.20 0.21 20.1 30.4 21.6
10 2001-Apr-15 S20 84 0.52�0.02 36 1.83�0.09 9.24�0.27 �1.91�0.24 (2.77�0.63)�101 (2.70�0.14)�10�2 7.28�0.25 5.37�0.34 0.82 34.9 58.3 27.3
11 2001-Oct-22 S18 �18 0.41�0.10 36 0.83�0.10 22.48�2.93 0.57�0.44 (2.63�0.60)�10�1 (1.47�0.07)�10�2 8.70�1.26 9.27�1.34 0.85 54.7 39.9 39.2
12 2002-Feb-20 N12 72 1.27�0.20 10 0.28�0.12 17.47�32.88 1.25�0.01 (5.74�3.68)�10�1 (1.42�0.07)�10�2 0.08�0.15 1.33�0.15 0.46 27.7 3.6 8.2
13 2002-Aug-18 S12 19 4.35�0.42 11 1.73�0.84 5.95�1.09 �0.31�1.57 (7.16�1.73)�10�2 (2.14�0.10)�10�2 4.57�1.16 4.27�1.95 0.58 11.0 29.1 25.2
14 2002-Aug-20 S10 38 7.05�0.50 18 1.32�0.45 3.23�0.52 0.41�0.58 (4.58�1.13)�10�2 (2.13�0.10)�10�2 2.11�0.46 2.51�0.74 0.34 N/A 27.7 N/A
15 2002-Aug-22 S07 62 2.29�0.36 28 1.08�0.10 10.60�0.51 �0.05�0.26 (9.01�2.05)�10�1 (1.48�0.08)�10�2 5.75�0.37 5.70�0.46 0.64 33.0 4.0 9.9
16 2003-May-31 S07 65 0.34�0.09 36 2.19�0.17 7.61�0.50 �1.83�0.44 (7.52�1.71)�10�1 (2.16�0.11)�10�2 6.41�0.45 4.58�0.63 0.37 N/A 40.5 N/A
17 2006-Dec-13 S06 23 1.06�0.03 21 1.46�0.18 11.58�0.41 �1.67�0.53 (2.09�0.48)�101 (1.89�0.10)�10�1 8.08�0.50 6.42�0.73 0.23 48.0 5.4 0.1
18 2006-Dec-14 S07 46 0.90�0.22 21 1.71�0.27 1.91�0.22 1.65�0.20 (5.80�1.39)�100 (4.35�0.19)�10�1 1.46�0.19 3.11�0.27 0.90 50.8 0.5 2.7
19 2011-Jun-07 S21 54 0.60�0.11 10 1.12�0.51 10.23�3.17 �0.32�1.08 (1.33�0.32)�100 (1.13�0.06)�10�1 5.81�2.18 5.49�2.44 0.17 N/A 34.6 N/A
20 2011-Aug-04 N19 36 0.46�0.02 15 1.53�0.35 12.77�0.80 �1.84�0.96 (2.90�0.67)�100 (2.94�0.15)�10�2 9.20�1.01 7.36�1.39 0.55 25.6 28.0 34.0
21 2011-Aug-09 N17 69 0.69�0.15 36 1.41�0.10 5.61�0.28 �0.82�0.22 (9.95�2.26)�10�1 (3.34�0.17)�10�2 3.84�0.22 3.03�0.31 0.45 N/A 41.4 N/A
22 2012-Mar-13 N19 59 0.23�0.02 36 1.20�0.07 5.52�0.21 0.22�0.15 (1.58�0.36)�101 (2.91�0.14)�10�1 3.33�0.16 3.55�0.22 0.47 61.9 7.2 0.7
23 2012-Sep-28 N06 37 0.57�0.15 36 0.95�0.08 9.89�0.52 0.75�0.22 (5.81�1.32)�10�1 (2.57�0.12)�10�2 4.61�0.31 5.36�0.38 0.21 30.1 43.9 18.1
24 2013-Apr-11 N09 �12 0.96�0.13 14 1.39�0.48 18.66�3.97 �1.59�1.50 (3.19�0.73)�100 (1.76�0.09)�10�2 12.62�3.25 11.02�3.57 0.52 41.9 72.6 55.7
25 2014-Apr-18 S20 34 0.29�0.03 31 0.76�0.09 35.58�7.48 �0.29�0.37 (1.45�0.33)�100 (1.61�0.08)�10�2 11.86�2.62 11.57�2.64 0.74 66.7 6.1 0.3
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Fig. 3. A schematic representation of the heliospheric magnetic field in the PFSS model and the magnetic connection parameters a; b, and k. The modelled
magnetic field lines are drawn in red and the Parker spiral in blue; / denotes the solar longitude of the event-related X-ray flare. In the left-hand image, the
field lines are traced upwards from the flare site; in the right-hand image, they are traced downwards from the source surface. Note that a; b, and k include
the latitudinal as well as longitudinal distance. The elements are not to scale.

2 Note well that here and in the following, v2 refers to the fit to the
logarithmic normalized intensities, not actual intensities in physical units!
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3. Results

This work employs the event listing given in Raukunen
et al. (2016). The magnetic connection between the particle
source and the observer in these events was studied in
Barcewicz (2019), where the connection is characterized
with three angular parameters, a; b, and k. These parame-
ters were calculated through a PFSS-based modelling of
the magnetic field present in the solar corona (Altschuler
and Newkirk, 1969; Schrijver and De Rosa, 2003).

Fig. 3 illustrates the relationships between the angle
parameters, the event-associated flare, the nominal Parker
spiral, and the modelled magnetic field lines. The inner
black circle represents the source surface at 2.5 R�, the Par-
ker spiral is drawn in blue, and modelled field lines are
drawn in red. / is the flare longitude. In the left-hand
image, the field lines are traced upwards from the flare
location; a denotes the largest angular distance between a
field line endpoint on the source surface and the event-
related flare, and k is the angular distance between the
nominal Parker spiral footpoint and the endpoint of the
nearest modelled field line on the source surface. In the
right-hand image, the red field lines are traced from the
source surface downwards; b is the smallest angular dis-
tance between the flare and the heliospheric field lines con-
nected to the particle source. All three of these parameters,
a; b, and k, are measured over both the longitudinal and the
latitudinal components of the distance.

We initially considered the 86 events present on the list
at one energy channel in the deka-MeV range, 18.2 MeV.
This energy channel was chosen primarily due to its rele-
vance to space weather and also because it offers a good
compromise from the viewpoint of statistics: a number of
the events listed in Raukunen et al. (2016) and comparable
works might not be clearly discernible at considerably
higher proton energies, whereas at lower energies, closely
spaced, relatively small events in particular may be
obscured by the often slow decay of the SEP intensity after
the event maximum. However, 20 of the 86 listed events
(23%) are effectively unanalysable in this context because
1845
of insufficient information about the event-related solar
X-ray flare, doubtful flare identification, or brief duration
(less than 10 h) of the event itself. Furthermore, a consid-
erable proportion of the events feature very small intensity
increases over the pre-event background (27 cases, 31%), or
the intensity enhancement occurs in multiple successive
stages (7 cases, 8%), making them difficult and physically
questionable to model with a simple function such as that
defined in Eq. 1. A function fit was attempted for each of
the remaining 32 events (37%). The nominally successful
cases where the v2 value of the fit,2 divided by the degrees
of freedom (DoF), was equal to � 1.0 or less were inspected
visually. Physically doubtful fits, i.e. the cases where the
onset of the event was not satisfactorily modelled (7 cases,
8%), were discarded at this stage. After the final round of
elimination, 25 well-fitted events (29%) remained, and these
were selected for detailed study.

The main characteristics of the studied events are pre-
sented in Table 1. Included are the date of onset of the
SEP event, solar latitude and longitude of the associated
soft X-ray flare (h and /, in degrees), the detected iron-
to-carbon ratio (Fe/C) averaged over the event, the dura-
tion of the intensity data chosen to be fitted (L; in hours,
counted onwards from the onset of the event-related flare),
fit function parameters and related quantities
(a; b; t0; I0; F bg; srise; tmax, and the goodness-of-fit statistic

v2/DoF), and the solar magnetic field parameters (a; b; k;
in degrees). Positive and negative longitude values refer
to western and eastern solar longitudes, and ‘‘N” and
‘‘S” indicate northern and southern latitudes, respectively.
All dates are UT. 1-sigma statistical error limits are given
for those tabulated quantities for which they are available.
Event date of onset, flare position, and the Fe/C ratio are
taken from Raukunen et al. (2016), and the magnetic field
parameters from Barcewicz (2019).
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It was felt desirable to obtain additional insight into the
fitting process itself before proceeding with a statistical
analysis of its results vis-à-vis the magnetic field parame-
ters, and to this end, we briefly studied the curve fitting
parameters—a; b, and the ratio I0/F bg on one hand and t0
on the other—for internal dependencies. Fig. 4 shows t0
plotted as a function of a and b, and additionally I0/F bg

as a function of t0.
There are indeed indications that such dependencies

exist: although prominent scatter and fairly large statistical
uncertainties make firm conclusions somewhat difficult to
Fig. 4. Selected function fit parameters for the studied events, plotted
against one another. Top panel: t0 (in hours) versus a; middle panel: t0 (in
hours) versus b (in hours); bottom panel: the ratio of I0 and F bg versus t0
(in hours). The vertical and horizontal bars denote the statistical 1-r
errors. In the bottom panel, filled symbols represent events with a high Fe/
C ratio (P0.8), while hollow symbols represent events with nominal Fe/C
ratio (< 0.8).
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reach, a correlation between a and t0 seems plausible, and
conceivable between b and t0. Another likely correlation
exists between t0 and I0/F bg; large values of the latter, i.e.
events which feature large maximum intensities in relation
to the pre-event background, tend to be associated with
small values of t0, and vice versa. As t0 thus cannot be said
to be truly independent of all the other fit parameters, it
should not be regarded as directly representing the physical
delay of the proton intensity rise after the onset of the
event-related X-ray flare. Instead, t0 apparently interacts
in a non-trivial manner with the other parameters in deter-
mining the shape of the fit curve.

So as to be able to determine whether the relative heavy
ion abundance of the events, in addition to and together
with their magnetic connectivity, has a discernible effect
on their time-intensity profiles, we divided the events into
two categories so that cases with an Fe/C ratio of P0.8
are considered iron-rich and the rest nominal with respect
to ion abundances. Unless stated otherwise, these cate-
gories are denoted in all of the following figures with solid
and hollow symbols, respectively. The value of 0.8 was cho-
sen because it ensures that the two groups are almost equal
in size, facilitating comparisons between them. For this rea-
son and owing to the fact that the event list selected as the
basis of our study is focussed on iron-rich cases (in a bid to
ensure that such events, which tend to rise and fall fairly
sharply, are well represented in our sample; see also the dis-
cussion in Section 4), it exceeds the coronal and slow solar
wind value of Fe/C by a factor of � 2–3 (see e.g. Reames,
2019, and references therein).

As the first step in our effort to gain a quantitative
understanding of how the magnetic connection of the par-
ticle source to the observer shapes the time-intensity profile
of the event and how this relationship might vary with the
detected relative abundances of heavy ion species, we
briefly considered a and b as functions of the solar longi-
tude of the event-related flare. These are shown in Fig. 5
(panels a and b). In the case of a, there is prominent scatter
and no obvious correlation. However, a faint linear or
quadratic dependence on the flare longitude could conceiv-
ably exist for b, especially if the events with very large sta-
tistical errors are disregarded as dubious results. The
smallest b values fall within the solar longitude range where
a reasonably good magnetic connection to the observer
might be expected (between about 45 and 70 degrees west).
In particular for a, a conspicuous and consistent differenti-
ation between iron-rich and nominal-abundance events is
absent, but the nominal-abundance events might display
a tendency for larger b values than do iron-rich events.

For events 2, 8, and 12, the relative statistical uncer-
tainty (1-sigma error) of b is >100%. As a result, they were
rejected from the subsequent stages of our analysis.

Utilizing the results of the PFSS-based modelling pre-
sented by Barcewicz (2019), we next investigated the rela-
tionships between fit parameters a and b and the
magnetic field parameters a; b, and k. It seems evident that



Fig. 5. Function fit parameters a and b (the latter in hours) plotted against the solar longitude of the event-related flare / (in degrees) and the magnetic
angles a;b, and k (in degrees) for the studied events. From left to right and top down: / versus a (panel a), / versus b (panel b), a versus a (panel c), b
versus a (panel d), a versus b (panel e), b versus b (panel f), a versus k (panel g), and b versus k (panel h). Filled symbols represent events with a high Fe/C
ratio (P0.8), while hollow symbols represent events with nominal Fe/C ratio (< 0.8). The vertical bars denote the statistical 1-r errors. Events 2, 8, and 12
feature excessive uncertainties with respect to b and are not shown in panels f and h.
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no substantial correlations exist between a and either a or b
(Fig. 5, panels c and d). Likewise, there is only a very slight
(anti-) correlation at the most between a and b, as well as
between a and k (Fig. 5, panels e and g). In contrast, b
would appear to exhibit evidence of a positive correlation
with respect to both b and k (Fig. 5, panels f and h); nev-
ertheless, the exact type (linear, quadratic, or other) of this
dependence is difficult to determine with confidence due to
scatter and the limited number of the data points. It is also
noteworthy that the groups of iron-rich and nominal-
Fig. 6. The modelled event rise time srise (in hours) and the delay between the on
hours), plotted against the magnetic angles a;b, and k (in degrees) for the stu
versus a (panel b), srise versus b (panel c), tmax versus b (panel d), srise versus k (
high Fe/C ratio (P0.8), while hollow symbols represent events with nominal Fe
8, and 12, which feature excessive uncertainties with respect to b (and therefo
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abundance events are not strongly differentiated from one
another in this context.

Fig. 6 shows the event rise time srise (Eq. 3) and and the
time delay between flare onset and the event intensity peak,
tmax (Eq. 4), plotted against a; b, and k. Even though nei-
ther srise nor tmax displays a clear correlation with a
(Fig. 6, panels a and b), it appears fairly likely that—leav-
ing aside two nominal-abundance cases with relatively
large statistical uncertainties—a positive correlation exists
between srise and both b and k (Fig. 6, panels c and e), as
set of the event-related flare and the modelled event intensity peak, tmax (in
died events. From left to right and top down: srise versus a (panel a), tmax

panel e), and tmax versus k (panel f). Filled symbols represent events with a
/C ratio (< 0.8). The vertical bars denote the statistical 1-r errors. Events 2,
re srise and tmax), are not shown.



Fig. 7. Monte Carlo-derived cumulative probability distributions for iron-rich (red symbols) and nominal-abundance (yellow symbols) events. The fit
parameter a is shown in the left-hand panel, b in the right-hand panel (note that the abscissa of the latter is logarithmic). The solid lines and symbols
denote the median values, while and the dashed lines and hollow symbols denote the �1 r and +1 r bounds of each distribution. Events 2, 8, and 12 are
excluded; see text for details.

3 Since the time scaling also has an effect on the absolute shape of the
rise portion of the curve, this interpretation assumes no drastic changes in
b.
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well as between tmax and b and k (Fig. 6, panels d and f).
For these quantities, there is considerable similarity to
the behaviour of b as a function of the magnetic connectiv-
ity angles. The precise type of this correlation is uncertain
due to the statistical limitations, as with b, but at least lin-
ear or quadratic models again seem plausible. No promi-
nent separation of iron-rich and nominal-abundance
events can be seen.

In a bid to investigate further whether the iron-rich and
nominal-abundance event populations actually differ from
each other with respect to a and b, we recast the popula-
tions in terms of cumulative probability distributions.
Within both iron-rich and nominal-abundance groups,
each event was assigned a value P cumulativeðiÞ, defined as
follows:

P cumulativeðiÞ ¼ i� 0:5

N
; ð5Þ

where i is the rank of the data point when the points are
ordered from smallest to largest according to the absolute
value of the fit parameter of interest and N is the total num-
ber of data points in the group. To take into account the
statistical uncertainties present in the fit parameters, we
then applied a Monte Carlo-based analysis (see Section 2)
to the cumulative distributions.

The results are presented as Fig. 7. In the case of the a

distributions (Fig. 7, the left-hand panel), the overlap in
the two populations is extensive, making it rather unlikely
that the differences between iron-rich and nominal-
abundance events are statistically meaningful in this
respect. Conversely, the b distributions (Fig. 7, the right-
hand panel) are distinct almost everywhere and diverge
markedly both before and after about
0:5 < P cumulative < 0:6. This suggests that high b values are
significantly less common for iron-rich events than for
events with nominal ion species abundances.

Based on an intuitive understanding, we might expect
the absolute value of a to be small for small values of b
and k, indicating a profile with a rapid intensity rise from
the background level and a momentary, well-defined max-
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imum. An increase in b and k (a weaker connection) would
then, in general, cause the absolute value of a to increase
likewise (i.e., the rise becomes more gradual)3 due to the
SEPs being subjected to a greater amount of scattering
since they must spread across more magnetic field lines in
order to reach the observer. However, this notion is too
simplistic in light of the evidence: even nominally well-
connected events that only involve a single intensity rise
display a variety of possible profile shapes at the Earth.
We have not attempted to take into account the details
of the particle acceleration and transport processes occur-
ring in each individual case (such as delayed shock buildup
en route, multiple merging particle injections when these
are not easily distinguishable on visual inspection of the
event intensity plots, etc.); further investigation into these
and a more comprehensive modelling might allow us to
gain a better insight into the issue. Finally, while we cannot
definitively rule out the possibility that the characteristics
of the curve fitting process itself—which is sensitive to fluc-
tuations and errors in the data near the event onset—play
some role in blurring a putative correlation between a and
the magnetic angles or the Fe/C ratio, such an explanation
can hardly account for all aspects of the behaviour of a.

Conversely, b in fact appears to behave as a function of
/; b, and k much in the fashion that the basic model out-
lined above would predict the absolute value of a to do,
apart from a handful of outlying cases. A closely compara-
ble situation also exists with respect to the event rise time
measures srise and tmax as functions of b and k.
4. Discussion and conclusions

We considered a total of 86 SEP events that occurred
between 1997 and 2014 with respect to their time-
intensity profiles. Making use of the SEPEM RDS dataset,
we fitted a modified Weibull function to the measured pro-
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ton intensities at 18.2 MeV in order to be able to charac-
terise the profiles with five numerical parameters. We then
studied these parameters for dependencies and correlations
with respect to the solar longitude of the event-related X-
ray flare, three angles describing the magnetic connection
between the particle source and the observer, and the
iron-to-carbon ratio of the events. After discarding the
events for which the available information concerning the
quantities mentioned above was incomplete or doubtful,
together with cases where our function fitting method
failed to produce a reasonable fit for any reason, 25 events
(29%; see Table 1) remained for a detailed analysis. The
primary causes for rejection were very low maximum inten-
sity or brief duration of an event, multiple overlapping
intensity enhancements, and missing or possibly incorrect
flare information.

Although the fairly small size of the useful event sample
compelled us to work with rather limited statistics, the fol-
lowing three main conclusions seem warranted.

(i) The fit parameter primarily controlling the shape of
the rise and peak of the intensity profile, a, does
not show a recognizable correlation with flare longi-
tude /, and it is at most weakly dependent on the
magnetic angles b and k. Furthermore, there is no
substantial difference in the distribution of a values
for iron-rich (Fe/C > 0.8) and nominal-abundance
(Fe/C 60.8) events. Taken together, these observa-
tions indicate that if all other conditions are equal,
the intensity profiles of neither well-connected and
poorly connected nor iron-rich and nominal-
abundance events are appreciably and systematically
distinct in their early stages as observed at 1 AU.

(ii) The modelled time scaling of the event, b, displays at
least some dependence on b and k, as well as possibly
a faint dependence on /. It typically increases when b
and k increase, pointing to a trend for the event to
last longer in relative terms as the magnetic connec-
tion between the particle source and the observer
becomes weaker. A very similar tendency is apparent
when the event rise time srise and the delay between
the event-related flare onset and modelled event
intensity maximum, tmax, are considered as functions
of b and k.

(iii) b tends to be larger for nominal-abundance than for
iron-rich events, meaning that the former often exhi-
bit a profile that is less impulsive in overall shape,
especially with respect to the intensity decay after
the maximum is reached. This result independently
suggests that, notwithstanding (i), there is a relation-
ship between the Fe/C ratio and the importance of
particle acceleration mechanisms: for iron-rich
events, a significant proportion of the particle acceler-
ation likely occurs in conjunction with the flare and
the initial particle injection as opposed to subsequent
stages of the event, whereas for events with a nominal
element abundance ratio, the post-flare phase is rela-
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tively more pronounced. However, this alone does
not mean that protons in iron-rich events are acceler-
ated in flares but that the acceleration is temporally
connected to the early phases of the event.

Seeing as the magnetic connection can reasonably be
assumed to affect the shape of the event time-intensity pro-
file, (i) is an unanticipated result in that a certain correla-
tion between a and the angles measuring the connectivity
is absent. Indeed, to explain satisfactorily the diversity of
the shapes of SEP event time-intensity profiles at the Earth,
an involved modelling effort that goes well beyond simple
observable variables and correlations (such as examining,
say, the solar longitude of the event-related flare as a func-
tion of a) seems to be necessary. From a practical point of
view, such an approach might be beneficial for the field of
space weather prediction in particular; the results presented
in this work are, as such, of a somewhat more limited appli-
cability than envisaged in that respect.

In contrast to (i), however, (ii) can be regarded as an
expected outcome. The effect of the longitudinal distance
between the particle source and the observer on the SEP
event profile is well known and has been recognized for a
long time (see e.g. Cane et al., 1988), and it can be inter-
preted to reflect the scattering of SEPs and the longitudinal
spreading of the event caused by various acceleration and
transport mechanisms that affect the particles after their
departure from the source site. While these mechanisms
may be complicated in themselves and they additionally
interact, magnetic connectivity would nevertheless appear
to provide a simple and reasonably workable measure for
their overall effect on the time scaling of SEP events.

Allowing that the dichotomy of impulsive versus grad-
ual events is best considered a simplification (Cane et al.,
2010), there is another long-established observation that
substantial heavy ion enhancements (Fe in particular) are
typical for impulsive events (Reames, 1988; Reames,
1993, and others). The events of this category characteris-
tically display Fe/C ratios that may exceed those of gradual
events by an order of magnitude (Reames, 1995; Raukunen
et al., 2016). Short event duration, which can be regarded
as an impulsive feature, is therefore expected to be more
often associated with iron-rich events than with nominal-
abundance events, and (iii) indeed conforms to this expec-
tation. In events such as these, the dominant particle accel-
eration is currently thought to occur in closed magnetic
loops in flares and also at magnetic reconnection sites in
solar jets where open field lines are present (Reames,
2021, and references therein).

An interesting and potentially fruitful—as well as fairly
straightforward—avenue of further research would be to
extend the analysis to higher proton energies, for instance
25—50 MeV. Because protons at these kinetic energies
can be presumed to undergo less scattering in interplane-
tary space, a clearer picture might emerge as to the initial
particle injection and acceleration. On the other hand,
some of the smallest events included in this work may no
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longer be properly analysable at energies much greater
than 20 MeV, so there is a possibility that such a follow-
up study would have to contend with generally diminished
statistics and/or extended event list. It would be desirable,
even if probably onerous, additionally to apply some sort
of computational modelling to estimate the effects of vari-
ous SEP transport phenomena on the intensity profile of
each individual event. This might allow one to understand
better which observed features of the intensity profiles are
due to the initial particle acceleration and which features
arise later.
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Appendix A. Description of the analytical function fitting
process

The function defined in Eq. 1 was fitted to the natural
logarithms of the observed proton intensity data after the
data were normalized so that F ðtÞ ¼ 1 at the maximum
intensity Imax. This was defined as the highest measured
5-min intensity during the time range of interest (see
below). To perform the fits, we used the Levenberg–Mar-
quardt algorithm implemented for the IDL programming
language as the freely distributable software package
MPFIT (Markwardt, 2009). In addition to the values of
the fit parameters themselves, MPFIT can also calculate
and return error estimates for them, and these were applied
in our analysis.

Data were included in the fit starting from t ¼ �5:0 h
and continuing either to event end, start of the next notable
and clearly separate intensity rise (indicating another event
component or SEP injection), or until a reasonable, visu-
ally estimated point in time was reached where the intensity
had declined considerably after the maximum. In any case,
all data points after t = 36.0 h were ignored. The statistical
relative error of the measured intensity, which was not
available in the data set, was estimated as exp(0.20) � 1
� 0.22 for the time interval between 2.0 h before and
4.0 h after the tabulated (nominal) event onset, so as to
ensure that the onset and rise phase of the event were
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emphasized in the function fitting process, and exp(0.30)
� 1 � 0.35 for the rest of the data selection.

The Levenberg–Marquardt algorithm requires initial
guesses for the fit function parameter values. Thus, for
every event of interest, a matrix of 9 � 9 � 7 � 12 � 8 ele-
ments was created to hold the initial guesses for the fit
function parameter values (a; b; t0; I0/Imax, and F bg/Imax, in
this order). Multiple starting guesses are necessary because
there is in general no guarantee that a fitting attempt based
on a single guess will converge to the global minimum of
the v2; instead, it may lead to different local minima,
depending on the starting point in the phase space.

For a and b, the initial guess values were obtained as
follows:

� The data sets for a and b given in Kahler and Ling
(2017) were plotted as functions of the solar longitude
/ of the event-related flare.

� Applying the least squares method, quadratic curves
were fitted to these plots, which yielded a coarse estimate
for the behaviour of the a and b parameters as functions
of solar longitude, að/Þ and bð/Þ.

� The a and b data sets were detrended with að/Þ and
bð/Þ, respectively, and the standard deviations for the
detrended sets, ra and rb, were calculated.

� The aforementioned results were used to create two vec-
tors for the initial guesses for a and
b; að/Þ � 1:0ra; að/Þ � 0:75raf , . . .að/Þ þ 1:0rag and
bð/Þ � 1:0rb; bð/Þ � 0:75rbf , . . .bð/Þ þ 1:0rbg.

Fixed values were used for t0 (namely, {�1.99, �1.5,
�1.0, 0.0, 3.0, 10.0, 18.0} hours) and I0/Imax (f0.8, 0.9,
1.0, 1.1, 1.2, 1.5, 1.8, 2.0, 3.0, 4.0, 6.0, 8.0g). For
F bg/Imax, the arithmetic mean of three lowest normalized
intensities measured during the pre-event was calculated
as F low; this was then used to populate the initial guess vec-
tor of f0.5F low, 0.7F low, 0.8F low, 0.9F low, 1.0F low, 1.1F low,
1.2F low, 1.5F lowg.

A function fit to the event data was attempted with
every combination of the initial guesses, and the v2 statistic
divided by the degrees of freedom (DoF) for the resulting
fit to the natural logarithms of the normalized intensity
measurements (if mathematically successful, in that the
algorithm found a converging solution) was recorded for
each attempt. The fit with the lowest v2/DoF value was
selected as best representing the time-intensity profile of
the event.

All of the five fit function parameters were constrained a
priori in an effort to exclude unphysical or doubtful results.
The range of allowed values was [�7.0, �0.1] for a, (0,
500.0] hours for b, [�2.0, 78.0] hours for t0, [0.2, 10.0] for
I0/Imax, and (0.0, 1.0] for F bg/Imax. It was considered that
any physically meaningful fit would fall well within these
limits. In particular, I0/Imax is expected to be close to unity
for all successful and meaningful fits, but very large and
very small values were notionally allowed to improve the



Fig. B.1. Function fit parameters a (left-hand panel) and b (in hours; the right-hand panel) plotted against the connection angle /C (in degrees) for the
studied events. Filled symbols represent events with a high Fe/C ratio (P0.8), while hollow symbols represent events with nominal Fe/C ratio (< 0.8). The
vertical bars denote the statistical 1-r errors. Events 2, 8, and 12 feature excessive uncertainties with respect to b and are not shown.
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chances of the algorithm converging even in cases where
the time-intensity profile of the event exhibits momentary
high spikes or other such features that complicate
modelling.

Appendix B. Connection angles as an alternate measure of

magnetic connectivity

In an effort to test and verify our results further and also
to compare the relative merits of the PFSS against a some-
what simpler, widely used measure, we carried out a brief
supplementary analysis where the PFSS-derived angles
a; b, and k (see Section 2) were replaced with the so-
called connection angle, /C. This angle is the longitudinal
distance on the solar surface between the event-related flare
and the footpoint of the Parker spiral connecting the obser-
ver to the Sun. It can be defined as /C ¼j /� /foot j, where
/foot is the longitude of the Parker spiral footpoint. In turn,
/foot can be calculated as

/foot ¼ x�
robs
uSW

; ðB:1Þ

where x� is the angular speed of the rotation of the Sun at
its equator, robs is the radial distance between the observer
and the Sun, and uSW denotes the solar wind speed. To
determine the latter, we used proton data from the Solar
Wind Electron, Proton and Alpha Monitor (SWEPAM;
McComas et al., 1998) aboard the Advanced Composition
Explorer (ACE).4 We calculated uSW for each event by
averaging over the measurements obtained during the six
hours preceding and following the tabulated event onset.

Fig. B.1 shows the function fit parameters a (the left-
hand panel) and b (in hours; the right-hand panel) plotted
as functions of /C. Considered qualitatively, these results
are in good agreement with those obtained using the mag-
netic angles b and k in Section 3 but do not reveal any new
features: no discernible correlation exists between a and the
connection angle, whereas in the case of b, a distribution is
4 These data are publicly available at http://www.srl.caltech.edu/ACE/
ASC/level2/lvl2DATA_SWEPAM.html.
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seen that suggests a positive correlation. There is again a
fair amount of scatter, as well as a number of outlying data
points, which also tend to feature the largest statistical
uncertainties. While a more in-depth study would be
required to find out exhaustively the possible advantages
of performing this kind of an analysis with /C in addition
to (or instead of) b and k;/C nevertheless appears to offer
no immediately obvious benefits over the latter two angles
as a measure of magnetic connectivity in this context.

Appendix C. Comparison of event time-intensity profiles

based on ERNE and RDS data

As stated in Section 2, an important consideration in
choosing the RDS proton intensity data in preference to
comparable SOHO/ERNE data as the basis of our work
was the absence of gaps in the former. However, SOHO/
ERNE data do have certain noteworthy advantages over
RDS, most prominently a lower background intensity
and better measurement statistics, which should enable
smaller SEP events to be detected and analysed. To ascer-
tain that our choice was justified in that the shapes of the
time-intensity profiles of the studied events are not strongly
dependent on which data set is used, we repeated the func-
tion fitting process described in Section 3 and Appendix A
for the events listed in Table 1 so that RDS data were
replaced with ERNE proton intensity data.

In order to maintain consistency and comparability,
statistical weighting was performed identically to the anal-
ysis carried out on RDS data. Thus, the intensity measur-
ing error was taken as exp(0.20) � 1 for the initial phase
of the event and as exp(0.30) – 1 for the rest (as opposed
to an error estimate obtained from particle counts, which
are available for ERNE data but not for RDS). Initially
included in this comparison were all of the 25 SEP events
that yielded an acceptable function fit with RDS. How-
ever, in five cases, serious gaps in ERNE data made ana-
lysing the event profile impossible, and in two cases, the fit
was very poor from a statistical viewpoint; these were
omitted from further analysis, leaving 18 successfully fit-
ted profiles.

http://www.srl.caltech.edu/ACE/ASC/level2/lvl2DATA_SWEPAM.html
http://www.srl.caltech.edu/ACE/ASC/level2/lvl2DATA_SWEPAM.html


Fig. C.1. Fit parameter a derived from RDS data versus a derived from ERNE data (left-hand panel), and b derived from RDS data versus b derived from
ERNE data (right-hand panel). Blue symbols: good fits; yellow symbols: fits with fixed t0; red symbols: poor fits (see text). The horizontal and vertical bars
denote the statistical 1-r errors. One poor fit, for which b � 160 h, is not shown in the right-hand panel.
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Eleven of the 18 successful cases were considered
‘‘good”, i.e. they produced a physically meaningful fit with
v2/DoF less than about unity. Five others where 1.5 K v2/
DoF K 3.0 but where the fit was visually judged to be still
acceptable were retained, albeit labelled ‘‘poor”. Further-
more, the fit routine tended to drive t0 to its lower limit
for events 10 and 16, but these could be fitted satisfactorily
when t0 was fixed at a small value larger than �2.0 h
(�1.9 h was used here). Although any event falling into
either of the latter two categories would have been rejected
in the previous stages of our study, both the ‘‘poor” fits and
the fits involving a fixed t0 are included in the following for
the sake of completeness.

Fig. C.1 shows the fit parameters a and b as derived
from RDS data (aRDS and bRDS, respectively) as functions
of these parameters derived from ERNE data (aERNE and
bERNE). While the statistical limitations should be noted—
a considerable amount of scatter is present, several data
points feature large statistical errors, and there are rather
few data points overall— together with what would seem
to be a very faint preference by aERNE for smaller absolute
values than aRDS in well-fitted events, it appears that no
large, systematical differences in general exist between the
results obtained with RDS and ERNE proton data when
these two essential fit parameters are considered. The val-
ues of aRDS and aERNE on one hand and bRDS and bERNE

on the other fall mainly within about two standard devia-
tions of each other, and although some events with larger
differences are present, these are for the most part isolated
cases. It therefore seems reasonable to assume that the
selection of one data set instead of the other is unlikely
to affect the results or the final conclusions presented in this
work in a substantial manner.
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Kelhä, V., Leppälä, K., Ruuska, P., Strömmer, E., 1995. Energetic
particle experiment ERNE. Sol. Phys. 162, 505–531.

Tylka, A., Cohen, C., Dietrich, W., Lee, M., Maclennan, C., Mewaldt, R.,
Ng, C., Reames, D., 2005. Shock geometry, seed populations, and the
origin of variable elemental composition at high energies in large
gradual solar particle events. Astrophys. J. 625, 474.

Vainio, R., Desorgher, L., Heynderickx, D., Storini, M., Flückiger, E.,
Horne, R.B., Kovaltsov, G.A., Kudela, K., Laurenza, M., McKenna-
Lawlor, S., Rothkaehl, H., Usoskin, I.G., 2009. Dynamics of the
Earth’s particle radiation environment. Space Sci. Rev. 147, 187–231.

Wijsen, N., Aran, A., Pomoell, J., Poedts, S., 2019. Modelling three-
dimensional transport of solar energetic protons in a corotating
interaction region generated with EUHFORIA. Astron. Astrophys.
622, A28.

http://refhub.elsevier.com/S0273-1177(22)01083-3/h0090
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0090
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0090
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0095
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0095
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0095
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0100
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0100
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0100
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0100
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0105
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0105
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0105
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0105
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0105
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0110
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0110
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0110
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0110
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0110
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0115
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0115
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0115
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0115
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0120
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0120
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0130
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0130
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0130
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0130
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0135
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0135
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0135
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0140
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0140
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0140
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0140
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0140
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0145
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0145
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0145
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0145
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0150
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0150
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0150
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0150
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0150
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0155
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0155
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0155
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0160
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0160
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0165
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0165
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0170
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0170
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0175
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0175
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0180
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0180
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0185
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0185
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0190
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0190
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0190
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0190
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0190
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0195
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0195
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0195
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0200
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0200
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0205
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0205
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0205
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0205
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0210
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0210
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0210
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0210
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0215
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0215
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0215
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0215
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0220
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0220
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0220
http://refhub.elsevier.com/S0273-1177(22)01083-3/h0220

	Magnetic connectivity and solar energetic proton event intensityprofiles at deka-MeV energy
	1. Introduction
	2. Data and methods
	3. Results
	4. Discussion and conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A. Description of the analytical function fittingprocess
	Appendix B. Connection angles as an alternate measure ofmagnetic connectivity
	Appendix C. Comparison of event time-intensity profilesbased on ERNE and RDS data
	References


