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Abstract 

Intensity-time profiles of solar energetic particles (SEPs) emitted during solar eruptions are shaped by a number of entangled pro-
cesses. This involves the location of the particle source with respect to the observer, the type, location, and duration of the acceleration 
process, as well as potentially varying transport effects from the Sun to the observer. Understanding the behavior of these profiles can 
bring us closer to more reliable space weather forecasting. Using multi-spacecraft observations of SEP events of the early solar cycle 25, 
we aim to characterize an average SEP profile of the sample. We analyzed 45 SEP events from November 2020–May 2023 provided by 
the SERPENTINE multi-spacecraft SEP event catalog for 00-keV and MeV electrons and 25–40 MeV protons, including obser-
vations by Solar Orbiter, STEREO A, BepiColombo, Parker Solar Probe, and near-Earth spacecraft (SOHO and Wind), resulting in 
more than 100 single spacecraft observations. We performed a superposed epoch analysis of the intensity-time profiles, normalized with 
peak intensity and rise time, separating the events into magnetically well-connected and poorly-connected sectors from the source at the 
Sun. We also consider the rise and the decay phases separately. We studied the behavior of the mean curves and applied empirical expo-
nential and power law models to fit the mean profiles. We also studied the onset delay between relativistic electrons and protons to val-
idate the potential application of the early arrival of relativistic electrons to forecast the hazardous energetic protons. We find that
although the sample contains both impulsive and gradual profiles, they seem to follow the same trend when normalized and are, mostly,
better represented by the power law and sometimes by the exponential law. Furthermore, the normalized mean curves for electron and
proton profiles do not differ significantly from each other. We conclude that despite having a mixture of impulsive and gradual profiles in
the sample, and potentially different contributions from flare and shock acceleration, a representative average SEP profile can be deter-
mined. The similarity of the mean normalized SEP profiles of high-energy electrons and protons supports the use of the early alert of
relativistic electrons to forecast the later-arriving energetic protons and suggests that the forecasting scheme should work better with
high-energy electrons.
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1. Intr oduction

Solar energetic particles (SEPs) are charged particles 
emitted from the Sun during solar eruptions such as solar
flares and fast coronal mass ejections (CMEs) (Reames,
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2015). SEP events consist of energetic electrons, protons, 
and heavier ions, typically with energies ranging from a 
few tens of keV to a few tens of MeV, reaching up to 
GeV in the case of major SEP events (Vainio et al .,
2009). Large SEP events can cause solar radiation storms 
having a direct space weather impact on the electronics 
of space vehicles and satellites (Iucci et al., 2 005), distorting 
radio communications (Fiori et al., 2 022), and presenting a
SPAR. 
org/licenses/by/4.0/). 
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1 The latest version V3 of the catalog is available at https://data. 
serpentine-h2020.eu/catalogs/sep-sc25/ and athttps://zenodo.org/doi/10. 
5281/zenodo.10732268 
radiation hazard to humans in space and aircrew in the
upper atmosphere (Getley et al., 2005; Beck et al., 2005).

Intensity profiles of SEP events can exhibit different 
shapes for different particle species, energies, and observer 
locations. Both source and transport effects influence the 
characteristics of SEP observations, implying that SEP 
intensity profiles contain significant information about 
the origin, accele ration, and transport processes of SEPs.
The profiles have been found to show a certain organiza-
tion concerning the helio-longitudinal location of the
observer from the source region (Reames et al., 1996;
Dresing et al., 2014; Cane et al., 1988; Cane, 1985;
Kecskeméty et al., 2009; Richardson et al., 2014). Wang 
et al. (2022) concluded that the location of the observer, 
along with the SEP transport conditions, plays an impor-
tant role in characterizing the intensity-time profiles of
SEPs. Cane et al. (1988) reported that in shock-
associated events, the respective position of the observer 
to the shock front leads to very different time profiles 
because the magnetic connection to the source region
changes when the CME propagates further away from
the Sun.

According to the historical descri ption presented by
Reames (1999), SEP events are roughly classified into 
impulsive and gradual events. Impulsive SEP events are 
characterized by a fast-rising profile and higher electron-
to-proton ratios. They are mostly associated with impulsive 
flares and only narrow CMEs, and they are assumed to be 
accelerated by process es related to the flare. In contrast,
gradual SEP events are characterized by slow-rising and
long-lasting intensity profiles and are believed to be mainly
accelerated by shocks driven by fast and wide CMEs (Cane 
et al., 1988). Results by Lario (2010) and Wang et al. (2021)
also support the contribution of interplanetary shocks 
toward the slow and prolonged rise in SEP intensities.

Hence, studying the shapes of SEP intensity-time pro-
files could unveil the relative contribution of solar flares 
and CME-driven shocks towards particle acceleration. 
However, SEP transport processes from the corona 
through the interplanetary (IP) medium to Earth have been
found to alter SEP characteristics and can potentially
strongly vary from event to event (Haggerty and Roel of,
2002; Haggerty et al., 2003; Krucke r et al., 2007; Lario
et al., 2013; Rodrı́guez-Garcı́a et al., 2023). Disentangling 
source and transport mechanisms is still challenging in cur-
rent SEP research. Being able to make good predictions 
about SEP time profi les is, however, strongly desired to
achieve more reliable space-weather forecasting against
SEP radiation hazards.

The present study is an effort to characterize the 
intensity-time profiles of large SEP events using multi-
spacecraft observations of 100-keV an 1-MeV elec-
trons and >25-MeV protons from a sample of 45 SEP
events that occurred in early solar cycle 25 between
November 2020 and May 2023 (Dresing et al., 2024). The 
sample of 45 independent events observed by up to five dif-
ferent spacecraft results in more than 100 single spacecraft

d 
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observations providing a data set of reasonable statistics of 
the latest solar cycle 25. We separate the events, similar to
Farwa et al. (2025), into those that are magnetically well-
connected and poorly-connected to the source region at 
the Sun. The average SEP event profile is examined using 
a superposed epoch analysis and fitted with different empir-
ical functions. The resulting fits are compared among elec-
trons and protons to investigate similarities and differences
and to determine a characteristic SEP intensity-time
profile.

In a recent study Farwa et al. (2025) analyzed the same 
sample of 45 multi-spacecraft SEP events used for the pre-
sent study. The authors performed a correlation study of 
the peak intensities o 100-keV an 1-MeV electrons
with those of >25-MeV protons for magnetically well-
connected and poorly-connected events. Farwa et al.
(2025) proposed that the well-connected events contain a 
mixture of flare and CME-driven shock contribution, while
the poorly-connected events are associated with the shock
only.

f d 

Relativistic electrons, which have a propagation speed 
advantage over heavier ions, can be used as an early alert 
for the later-arriving energetic protons that pose radiation
hazards to humans and technology. Posner (2007) demon-
strated that the information carried by the relativistic elec-
trons of a SEP event can be utilized to estimate the rise time 
and intensity of the upcoming energetic protons. The 
author applied the onset fitting analysis to the rise profiles 
of electrons and protons, with exponential fits describing 
the steepe st part of the rise. Based on this forecasting
model, an average onset delay of one hour is reported for
<50 MeV protons compared to the onset of relativistic elec-
trons. Using the present event sample, we also analyze this
warning time.

The structure of the paper is as follows: Section 2 intro-
duces the datasets used in the analysis as well as the classi-
fication of events and analysis methods, Section 3 presents 
the results of the study, Section 4 provides the discussion of 
the results, and Section 5 summarizes the study.

2. Data selection and analysis

In this study, we investigate the intensity-time profiles of 
45 multi-spacecraft SEP events observed between Novem-
ber 2020 and May 2023. The SEP events of this sample
are reported for 5–40-MeV protons and 00-keV and

-MeV electrons by Dresing et al. (2024) in the SERPEN-
TINE multi-spacecraft SEP event catalog1 . The SEP event 
selection criterion for the SERPENTINE catalog is that a 
proton event must be observed at 25–40 MeV by at least
two spacecraft. The catalog includes data from multiple
missions: Solar Orbiter (SolO; Müller et al., 2020), near-
Earth spacecraft SOHO (Domingo et al., 1995) and Wind

2 1 
1

move_fn1
https://data.serpentine-h2020.eu/catalogs/sep-sc25/
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(Ogilvie and Desch, 1997; Wilson et al., 2021), STEREO-A 
(Kaiser et al., 2008), BepiColombo (Benkhoff et al., 2021), 
and Parker Solar Probe (PSP; Fox et al., 2016). We note 
that the PSP electron data are so far only provided in count 
rates instead of intensities. For details of the instruments
used for the observation of these SEP events, see Dresing 
et al. (2024) and Farwa et al. (2025). All of these 45 SEP 
events are reported to have an associated CME, while an 
associated flare could be identified for 40 events. The 
SEP observations of the sample are taken at different helio-
centric radial distances (r) of the observing spacecraft vary-
ing from 0.07 to 1.01 au.

The SEP events of the sample are subdivided into well-
connected, poorly-connected western, and poorly-
connected eastern events based on the longitudinal separa-
tion angle between the associated flare and the observers’
magnetic footpoint position at the Sun
(Lario et al., 2013), where is the longitude of the flare 
and is the longitude of the spacecraft magnetic foot-
point. These angular parameters are calculated using the
Solar-MACH tool (Gieseler et al., 2023), which relies on 
ballistic back-mapping. The solar wind speed used for the 
back-mapping is taken from measurements at each space-
craft at the time of the SEP onset and is provided in the 
SERPENTINE catalog. When solar wind measurements 
were unavailable at the spacecraft, a nominal value of 
400 km/s was used. The SEP even ts with a longitudinal sep-
aration are taken as well-connected to
the source region. The SEP events with a longitudinal sep-
aration an are
taken as the poorly-connected western and the poorly-
connected eastern events, respectively. For details, see
Farwa et al. (2025). 
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Among the 45 SEP events of the sample, five events do 
not have information on the associated flare, leaving 40 
events for the superposed epoch analysis, separated into 
the three longitudinal sectors. The background-subtracted 
intensity-time profiles of all 40 SEP events of the sample 
are analyzed for both the rise and the decay phases. The 
multi-spacecraft observations of the 40 independent SEP 
events resulted in 100, 83, and 110 single spacecraft obser-
vations for 100-keV 1-MeV electrons, an 25–40-
MeV protons, respectively. In case of SEP events with suc-
cessive bursts of SEPs due to ongoing solar activity, there
can be additional peaks during the decay phase of the ana-
lyzed event. In such cases, we limited the selection of the
SEP events to those profiles showing only one peak in
SEP intensity time profile to avoid the mixing of events
from overlapping successive activity.

, d 

While considering the cruising speed of PSP at smaller 
heliocentric distances, one PSP profile measured at 

au is excluded from the decay profiles. Here we 
noticed a prominent changing magnetic connection
from the source throughout the event, i.e., from the onset
to the decay of the profile.
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Measurements of near-relativistic 100-keV electrons 
made with single-det ector instruments, based on the mea-
1306
surement of electrons using a foil to stop the ions from 
entering the detector, may suffer from contamination by 
ions energetic enough to just pass the foil or by more en er-
getic ions penetrating the passive collimator of the instru-
ment. This occurs mainly when ion fluxes are large
compared to the electron fluxes (e.g., Wraase et al., 2018;
Kartavykh et al., 2025). These contamination effects 
become more prominent during SEP peak phases than dur-
ing SEP onsets due to the usually later arrival times of ions. 
Therefore, we checked all 100 observations for 100-keV 
electrons by comparing the electron intensity-time profiles 
with those of ions in the contaminating energy ranges
and excluded the 36 single spacecraft observations where
we found potential contamination by ions, leaving 64
observations included in the decay-phase analysis for

00-keV electrons.1 
We further note that we have excluded all SOHO/ 

EPHIN observations of -MeV electrons from this study 
due to potential ion contamination recently identified by 
the instrument team (private communi cation, B. Heber,
University of Kiel, Germany). This further reduces the

-MeV electron single-spacecraft observations from 83
to 59.

1 

1 

We also noticed some events with intensity-time series 
data missing after the peak and excluded such profiles from 
the superposed epoch analysis for the decay phase. In this 
way, we have excluded 20–30% of the single-spacecraft 
observations from the analysis for the decay phase, finally 
leaving 64, 48, and 74 single-spacecraft observations for

00-keV, -MeV electrons, and 25–40-MeV protons,
respectively. The details of the number of single-
spacecraft observations used in different longitudinal sec-
tors for both electron energies and protons are described
in Table 1. 

1 1 

10The normalized mean and the median profiles for 0-
keV, 1-MeV electrons, an 25–40-MeV protons are 
provided as CSV files as supplementary material to the
study at Zenodo https://zenodo.org/records/16965300.

d 

2.1. Analysis 

Our study focuses on the average behavior of an SEP 
event determined from observations of multiple spacecraft 
at different heliocentric and helio-longitudinal locations. 
We applied a superposed epoch analysis to normalized 
intensity-time profiles o 100-keV electron 1-MeV
electrons, and 25-MeV protons for the well-connected
and the poorly-connected western and the poorly-
connected eastern events. Fig. 1 shows the superposed nor-
malized intensity-time profiles of all SEP events of the sam-
ple used for this analysis for 00-keV electrons (top), 
MeV electrons (center), and 25-MeV protons (bottom) 
for three longitudinal sectors. Measurements along the 
negative x-axis represent the normalized background inten-
sity level measured before the onset of an SEP event. The
intensity along the y-axis is normalized to the peak inten-
sity as where I is the instantaneous intensityI Ipeak

f s, 
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P 

In

move_t0005
move_f0005


G.U. Farwa et al. Advances in Space Research 77 (2026) 1304–1320

Table 1 
Number of single-spacecraft observations of the SEP events included in the superposed epoch analysis of the sample.

Event 00-keV electrons1 -MeV electrons1 5-MeV protonsP 2

Rise-phase 
Well-connected 42 22 42 
Western 31 17 22 
Eastern 27 20 36 
Total 100 59 110 
Decay-phase 
Well-connected 31 20 34 
Western 24 14 19 
Eastern 09 14 21 
Total 64 48 74 

Fig. 1. Normalized intensity-time profiles of SEP events observed by multiple spacecraft for 00-keV electrons (top row), -MeV electrons (middle 
row), and 5-MeV protons (bottom row) for well-connected (left), western (middle), and eastern (right) events. Normalized intensity and normalized 
time are plotted along the y- and x-axes, respectively. The black dotted vertical line at represents the normalized peak time for all superposed
profiles. The color scheme represents the corresponding spacecraft observations as listed in the legend.

100

1 1 
P2 

T n 
and is the peak intensity of an observed SEP event. 
The time along the x-axis is normalized to the rise time 
of the SEP event a 
where and are the onset and peak time of an 
SEP event, respectively, with defined as the 
‘‘rise time”. The shapes of superposed normalized profiles
of all three particle types are studied and compared for
the well-connected and the poorly-connected events.

ak

n 100 T T onset T peak T onset

nset eak

peak T onset

Ipe 

s T 
T o T p 

T 

We limit the analysis to the early decay interval of all 
SEP events, i.e., normalized times up (10T n 1000to 
1307
times the rise time). Small data gaps of the order of a few 
tens of normalized time units appearing in some of the nor-
malized intensity series in Fig. 1 are linearly interpolated to 
calculate the superposed epoch analysis parameters. The 
superposed epoch analysis results, including the mean 
and the median profiles, are calculated separately f or the
rise and decay phases. Fig. 2 shows the mean (green) and 
the median (lime) curves as well as the inter-quartiles (gray 
shaded regions) calculated for the rise phase of the super-
posed profiles of the well-connected SEP events. Fig. 3

move_f0010
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Fig. 2. The mean (green solid curve) and median (lime solid curve) calculated for the rise phase of superposed profiles of SEP events observed for 
keV electrons (left) MeV electrons (middle), and MeV protons (right) for well-connected events. The upper and lower lime-colored dotted curves 
represent the 25th and 75th percentiles of the superposed profiles. The inter-quartile region is shaded in gray. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

, P -
00-1

-1 25 

Fig. 3. The mean (solid curve) and median (dotted curve) (top panel) calculated for the rise phase of superposed profiles of SEP events observed for 0 
keV electrons (blue), MeV electrons (green), and MeV protons (red) for well-connected (left), western (middle), and eastern (right) events. The 
bottom panel shows the ratio f the mean/ median (solid/ dotted curve) of the superposed normalized intensities for keV electrons to MeV
protons (cyan), MeV electrons to 5-MeV protons (orange), and MeV electrons to -keV electrons (violet) for all three longitudinal sectors
for the rise phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

1
5-

P

0-
-1 P 2 

oRn 00-1 5-2
-1 P2 -1 001 
(top panel) summarizes all mean (solid) and the median 
(dotted) curves calculated for the rise phase of the super-
posed profiles of 00-keV electrons (blue), -MeV elec-
trons (green), and 25-MeV protons (red) separated by 
longitudinal sector. The ratio of the mean and the median,

of the superposed normalized intensities is also calcu-
lated for all particle types of the sample and shown in
Fig. 3 (bottom panel).

1 1 
P 

Rn, 

We also investigated the variation of the time normal-
ization parameter, i.e., the rise time, among all three parti-
cle types of the sample (see D). The variation of intensity 
normalization parameter, i.e., peak intens ity, has already
been shown by (Farwa et al., 2025) (see their Fig. 2). 
1308
To characterize the average shape of an SEP event, we 
applied empirical models including an exponential law 

and a power law to each 
mean curve. We note that these are single-parameter fits, 
i.e., the intercept is not a fitted variable but fixed to match 
the condition that at We calculated the fit
parameters and reduced chi-squares for each fit, and details
of these calculations for the three types of particles for all
longitudinal sectors are provided in Table A.2 for both 
the rise and the decay phases. Fig. 4 shows the empirical 
models applied to the mean for the well-connected events. 
In blue and red, we show the fit of the exponential function 
and a power-law, respectively. The uncertainty in the mean
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Table A.2 
Fit parameters and values of reduced chi-squares calculated for exponential, power law, diffusion, and the Weibull model applied on the mean of superposed normalized intensity profiles of SEP events
of the sample.

Event Fit parameters Reduced chi-squ are

Expa . Powb . Diffusionc Weibull d Expe . Powf . Diffusiong Weibullh 

Rise-phase 
100-keV electro ns

1 i 1 0 j 1 k 0 0 l 1 Well-connected 7 79 10 0 38 7 30 10 0 31 1 42 10 0 98
0 m 

1 40 10 9 30
1 n 

3 69 10 1 80 10 3 02 10 7 96 10 0

1 
3 68 10 25

0
8 90 10 1 18

0 0 0 1 Western 7 43 10 0 34 7 83 10 1 0 63 1 45 10 0 94
0

1 13 10 116 82
0

2 02 10 5 00 10 2 87 10 7 78 10 0

1 
1 12 10 87

0
0 78 10 1 38

0 0 0 1 Eastern 6 77 10 0 40 8 79 10 1 0 57 0 91 10 0 85
0

3 57 10 12 87
0

2 85 10 4 25 10 2 57 10 1 02 10 1
16 51 10 5 17 0 53 10 0 82

1-MeV electro ns
1 1 0 1 0 1 1 Well-connected 8 16 10 0 55 7 62 10 0 15 1 89 10 0 76

0
1 12 10 11 40

0
8 16 10 4 39 10 2 40 10 4 76 10 0

1 
1 25 10 63

0
1 07 10 1 08

1 0 1 1 Western 9 90 10 0 47 6 53 10 1 0 19 2 27 10 0 62
0

3 28 10 3 50
0

3 73 10 4 85 10 1 80 10 2 21 10 0

1 
23 64 10 3 19

0
1 19 10 0 83

0 0 0 1 Eastern 7 70 10 0 33 8 08 10 1 0 46 1 02 10 0 45
0

2 82 10 43 28
0

1 85 10 2 67 10 2 25 10 5 15 10 0
28 32 10 2 50 0 87 10 1 26

25-MeV Protons 
1 1 0 1 0 0 1 Well-connected 7 14 10 0 48 8 01 10 0 28 2 07 10 0 61

0
2 72 10 4 93

0
1 66 10 3 79 10 3 03 10 5 30 10 0

1 
6 94 10 11 93

0
1 20 10 0 90

1 0 0 1 Western 6 75 10 0 35 8 13 10 1 0 32 2 06 10 0 63
0

3 03 10 4 06
0

3 11 10 1 79 10 2 72 10 4 32 10 0

1 
16 55 10 5 03

0
1 15 10 0 96

1 0 0 1 Eastern 6 79 10 0 36 8 41 10 1 0 36 1 70 10 1 37
0

1 74 10 8 48
0

3 97 10 4 17 10 3 56 10 7 76 10 0
8 25 10 11 83 0 98 10 1 64

Decay-phase 

100-keV electro ns
2 1 0 1 0 1 0 Well-connected 3 43 10 0 45 7 01 10 0 16 1 34 10 0 94

0
5 52 10 1 33

0
4 38 10 7 34 10 3 81 10 9 00 10 0

2 
4 52 10 20 10

0
1 13 10 0 98

1 0 1 0 Western 3 63 10 0 62 7 04 10 1 0 14 1 44 10 0 94
0

4 66 10 1 09
0

5 78 10 3 61 10 4 73 10 5 36 10 0

2 
1 12 10 86 91

0
0 74 10 0 53

1 0 1 0 Eastern 5 03 10 0 67 5 82 10 1 0 36 0 91 10 0 85
0

7 36 10 1 67
0

2 61 10 9 28 10 2 53 10 2 84 10 0
16 51 10 5 17 0 57 10 0 64

1-MeV electro ns
2 1 0 1 0 0 0 Well-connected 2 45 10 0 32 9 18 10 0 29 1 89 10 0 75

0
8 38 10 1 22

0
2 33 10 2 98 10 2 34 10 6 10 10 0

2 
3 84 10 19 91

0
1 65 10 0 94

1 0 0 1 Western 2 75 10 0 24 9 31 10 1 0 40 2 34 10 0 60
0

7 80 10 1 62
0

1 02 10 4 48 10 7 67 10 0 80 10 0

2 
28 39 10 2 53

0
0 96 10 0 18

1 0 1 0 Eastern 3 09 10 0 44 8 34 10 1 0 21 1 00 10 0 49
0

8 12 10 1 74
0

2 13 10 6 92 10 1 63 10 1 80 10 0
31 22 10 2 41 0 86 10 0 35

25-MeV Protons 
2 0 0 1 0 0 0 Well-connected 2 62 10 0 25 1 03 10 0 27 2 13 10 0 56

0
6 72 10 2 33

0
3 08 10 5 00 10 1 72 10 1 71 10 0

12 53 10 6 39 1 00 10 0 17
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purple shaded area) is calculated as where he 
standard error of the mean calculated from superposed 
epoch analysis. The values of the reduced chi-squares cal-
culated for both the exponential and the power law fits
are provided in the figure legends.

( l r, rl, is t 

Similarly, we calculated and compared the superposed 
epoch analysis parameters for the decay phases of the nor-
malized intensity profiles of the sample. Fig. 5 shows the 
mean, the median, and the inter-quartiles calculated for 
the decay phase of intensity profiles of SEP events in the
well-connected events.

Fig. 6 compares the mean (solid) and the median (dot-
ted) curves calculated for the decay phase of the super-
posed normalized intensity profiles for three longitudinal
sectors.

Rn,The ratio of the mean and the median, of the super-
posed normalized intensities is calculated for all particle
types for the decay phase sample as well (Fig. 6, bottom 
panel) .

Fig. 7 shows two empirical models applied to fit the 
mean (black solid) curves of the decay phases in the well-
connected events.

3. Result s

3.1. Superposed epoch analysis

Comparing the normalized intensity profiles of the sam-
ple (Fig. 1), we notice that the profiles contain a large vari-
ety of decay profiles in all longitudinal sectors. A larger 
variation in the decay profiles is expected due to the nor-
malization with respect to the rise times.

The superposed epoch analysis of the rise times yields 
rather similar shapes for the mean curves (Fig. 3), when 
comparing the different particle types, which is also 
reflected in the ratios shown in the bottom panel of the fig-
ure. The same is true for the median curves in all three lon-
gitudinal sectors. In the case of the mean decay profiles, we
find that 25-MeV protons and MeV electrons show a
rather similar behavior while the 00-keV electrons devi-
ate more strongly (Fig. 6, top panel) .

P 1-
1 

The ratio of the mean (median) electron to mean (me-
dian) proton profiles (bottom panels of Figs. 3 and 6) sup-
ports the similarity in 25-MeV protons a 1-MeV
electrons average profile behavior.

P nd 

We notice that for all three particle types, both exponen-
tial and power law models applied on decay profiles are
rather similar until normalized times of about 500
(Fig. 7), after which the two mod els deviate strongly.

3.2. Comparison of empi rical models

To determine which fit best describes the mean profiles 
for both the rise and decay phases, we compared the values 
of reduced chi-squares for expo nential and power law
model (Table A. 2) calculated for all particle types in all 
longitudinal sectors, and the fit with the lower value of

move_f0025
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Fig. 4. An exponential (blue curve) and power (red curve) law fit applied on the mean (black solid curve) calculated for the rise phase of superposed 
profiles of SEP events observed for 0-keV electrons (left), MeV electrons (middle), and MeV protons (right) for well-connected events. The 
purple-shaded region represents the uncertainty in the mean alculated as where the standard error of the mean. The value of the reduced
chi-square calculated for both exponential (blue) and power (red) law fits is listed in the legend box in the corresponding color. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The mean (solid green curve) and median (solid lime curve) calculated for the decay phase of superposed profiles of SEP events observed for 0 
keV electrons (left), MeV electrons (middle), and -MeV protons (right) for well-connected events. The upper and lower lime-colored dotted curves 
represent the 25th and 75th percentiles of the superposed profiles. The inter-quartile region is shaded as gray. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

1
P

0-
-1 52 
reduced chi-square is considered as the better fit. Fig. 8 
shows the fit results of the exponential (dashed-dotted 
curves) and power law (solid curves) models applied for 
both the rise (upper panel) and the decay (lower panel) 
phases for all particle types in all longitudinal sectors, high-
lighting the better fit in brighter and thicker curves. For 
both the rise and the decay profiles, we note that none of 
the exponential or power law models always represent the 
mean behavior better than the other. For the case of the 
rise phase, the mean behavior of five (four) profiles is bette r
represented by the exponential (power law) model. The
resulting fits of each individual model are often very similar
along the different particle types. Especially in the rise pro-
files of the poorly-connected eastern events, where the
exponential law is always found to be the better model,
the profiles for 00-keV electrons and 5-MeV protons
are precisely aligned. The well-connected rise profiles
(Fig. 8, top left) better represented by a power law for

P1 2 
1311
00-keV and 1-MeV electrons are also very similarly 
aligned together. In the case of the decay phases, the mean 
behavior is most often better represented by a power law as 
compared to the exponential law (six out of nine profiles).
We note that the mean decay profiles for MeV electrons
and 25-MeV protons are quite similar in the well-
connected and especially for the poorly-connected eastern
events (Fig. 8). 

1 

1-
P 

Fig. 9 summarizes the results of our analysis by present-
ing all the superposed epoch analysis parameters together 
for both the rise and the decay phases of the SEP events. 
We note that the scaling of the time axis (x-axis) is different 
for the rise and the decay phase (i.e., left and right of the 
vertical line). The fits o f the empirical models of the expo-
nential and power law as shown in Fig. 8 are also included. 
The results are also compared with a diffusion model 1, 
green curve, obtained from the diffusion function model
of Wang et al. (2022) by requiring the profile to start at
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Fig. 6. The mean (solid curve) and median (dotted curve) (top panel) calculated for the decay phase of superposed profiles of SEP events observed for 
00-keV electrons (blue), MeV electrons (green), and MeV protons (red) for well-connected (left), western (middle), and eastern (right) events. 

The bottom panel shows the ratio f the mean/ median (solid/ dotted curve) of the superposed normalized intensities for keV electrons to
MeV protons (cyan), MeV electrons to 5-MeV protons (orange), and MeV electrons to 0-keV electrons (violet) for all three longitudinal
sectors for the decay phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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P
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Fig. 7. An exponential (blue curve) and power (red curve) law fit applied on the mean (black solid curve) calculated for the decay phase of superposed 
profiles of SEP events observed for 0-keV electrons (left), MeV electrons (middle), and -MeV protons (right) for well-connected events. The 
purple-colored shaded region represents the uncertainty in the mean alculated as where the standard error of the mean. The value of the
reduced chi-square calculated for both exponential (blue) and power (red) law fits is listed in the legend in the corresponding color. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

( r,
01 -1 25P 

cl) l isr 
maximize at and have a unit value at the 
maximum,

a, 100,T n T n 

f T n 
100 a 
T n a 

c 

exp c 1
100 a
T n a

1

Wang et al. (2022) studied the propagation of energetic 
protons and reported the quantitative relation between 
the intensity-time profiles and helio-longitud e of the obser-
ver. Using the solution of the diffusive transport equation,
Wang et al. (2022) fitted the profile of 0 MeV energetic 
proton events with an analytical function of the form 

where ,  a  nda t t0
c exp 1 b t t0 c b

5 

f t a t0 
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are fitting parameters and the onset time, respectively.
Wang et al. (2022) concluded that the location of the obser-
ver, along with the SEP transport conditions, plays an 
impor tant role in characterizing the shape of intensity pro-
files of SEPs.

Kahler and Ling (2017) fitted the time-intensity profiles 
of 14 large (E 0 MeV) SEP proton events from the solar 
cycle 24 with a modified Weibull function

where an are
the shaping and scaling parameters, respectively. Kahler 
and Ling (2017) studied the variation in the shapes of fitted 
profiles with the fitting parameters and concluded that

a b t b a 1 exp t b a b

1 

f t a d
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Fig. 8. Comparison of fits of two empirical models, exponential (dashed-dotted curve) and power law (solid curve) functions applied to the mean 
calculated for the superposed normalized profiles of SEP events, for the rise (top panel) and decay (bottom panel) phases. Results for keV electrons 
(blue), MeV electrons (green), and 5-MeV protons (red) are shown for the well-connected (left), the poorly-connected western (middle), and the
poorly-connected eastern (right) events. The brighter and thicker curves represent the better fit with the lower value of reduced chi-square for each panel.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

100-
-1 P2 
these parameters provide significant measures of the shape 
and duration of the SEP event profiles that can be used for
space weather applications.

The results of the present study are also compared with 
a Weibull model, which we obtained based on the function
of Kahler and Ling (2017) by requiring the profile to start 
at maximize at and have a unit value at
the maximum intensity,

m, 100,T n T n 
f T n 
T n m 
100 m 

l 1 

exp 
l 1 
l

1
T n m
100 m

l

2

It is clear from the summarized results in Fig. 9 that the 
mean behavior of normalized intensity profiles of both 
electron energies and 25-MeV protons is rather similar, 
as well as for any of the well-connected or poorly-
connected events. The exponential (blue) and power (red) 
law fits represent the mean behavior, in general , better,
for the rise and the decay phases of all SEP events,
respectively. The mean behavior is also in good agreement
for the decay phase with both of the reference models
(Wang et al., 2022, green)  (Kahler and Ling, 2017,
orange) while for the rise phase, the refer ence models do
not perform well.

P 

We also investigated the effect of different heliocentric 
locations of the observing spacecraft on the mean SEP pro -
files, but we do not find any significant difference for differ-
ent locations (see C). 
1313
Farwa et al. (2025) analyzed the same sample of 45 
multi-spacecraft SEP events used for the present study 
and proposed that six well-connected SEP events of the 
sample are flare-dominated while the rest of the events were
suggested to be dominated by shock acceleration. We stud-
ied the shape of normalized intensity profiles and super-
posed epoch analysis parameters (Fig. 10) of the six well-
connected SEP events proposed to be flare-dominated in 
compari son with the rest of the shock-dominated events.
Fig. 10 compares the superposed normalized profiles (left 
column) and superposed epoch analysis parameters calcu-
lated for the rise (middle column) and the decay (right col-
umn) phase, showing the six flare-dominated events in 
green. The results for 100-keV electrons 1-MeV elec-
trons, and 25-MeV protons are shown in the top, center,
and bottom rows, respectively. All symbolic conventions
are the same as in Figs. 2 and 5. 

, 
P 

1We note that for -MeV electrons (central row), only 
three flare-dominated events are left after excluding the 
SOHO/EPHIN observations due to the contamination 
effects from the data set used for the present analysis. We 
find that the flare-dominated events show intensity pr ofiles
similar to the shock-associated events (Fig. 1 0, left), and 
there is no noticeable difference in the shapes of the flare-
dominated profiles. Similarly, the mean (solid) and median 
(dashed-dotted) curves follow similar trends for both flare-
dominated (green/lime) and shock-dominated events 
(black/gray) for both the rise (middle) and the decay (right)
phases.

move_f0050


G.U. Farwa et al. Advances in Space Research 77 (2026) 1304–1320

Fig. 9. Summary of the superposed epoch analysis results including the fits of the two empirical models, exponential (blue curve) and power law (red 
curve) functions, and the two reference models (green and orange curves, see text) applied to the mean (black solid curve), calculated for the superposed 
normalized profiles of the SEP events. Results for 0-keV electrons (top), MeV electrons (center), and -MeV protons (bottom) are shown for 
well-connected (left), poorly-connected western (middle), and poorly-connected eastern (right) events. The x-axis along and represents
the rise and the decay phase, respectively. Black (dash-dotted) colored curves and the purple shaded areas represent the median and the uncertainty
calculated in the mean, respectively, and the inter-quartile region is shaded in gray. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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3.3. Onset delays

Fig. 11 represents the distribution of onset delays 
between 25-MeV protons and relativistic 1-MeV elec-
trons. In Fig. 11, we only considered events for which an 
onset delay uncertainty of minutes was reported in 
the SERPENTINE catalog. Note that the data used for 
the calculation of onset delays is taken directly from the
SERPENTINE SEP event catalog. As explained in Sec-
tion 2, the spacecraft observations of the sample are taken 
at different heliocentric distances. We, therefore, applied 
radial scaling, shifting all spacecraft observations along 
the nominal Parker spiral to 1 au. We find that the first 
arriving particles, creating the onset of the events, mostly 
show a later arrival o 25-MeV protons compared to

-MeV electrons, which is, in most cases, larger than
25 min/au, a reference onset delay, which would be
expected, if both were injected at the same time. We note
that six events have exceptionally short onset delays of

min/au (Fig. 11, first three bins). Among these six 
short onset delays, three events show ambiguity, which is 
potentially related to the longer time averaging used to 
determine the onset times, or due to uncertainty in the mea-
surement of onset times, in case of data gaps in the onset 
region. In contrast, the other three events clearly reveal a
short onset delay between electrons and protons. The mean
onset delay is 70 min/au, and the median is 37 min/au.
These results support the idea of using the earlier arrival

20

P

25

P 

f 
1 
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of relativistic electrons as an alert for the later-arriving pro-
tons, which constitute the main radiation hazards. The Rel-
ativistic Electron Alert System for Exploration (REleASE)
forecasting scheme (Posner, 2007) uses this effect to predict 
proton fluxes by utilizing the measured electron flux. This 
scheme depends on the high correlation between electrons 
and protons within a single event and makes the indirect 
assumption of a common acceleration process. In 15 out 
of the 45 multi-spacecraft SEP events of the used sample, 
both -MeV electrons and 25-MeV protons show sim-
ilar longitudinal spreads and are observed by the same set
of spacecraft. Considering the event sample in terms of
single-spacecraft observations, we find 86 events in which
both 1-MeV electrons a 25-MeV protons are
observed. In seven (24) single-spacecraft events, only 1-
MeV electrons 25-MeV protons) are observed.

P

(

1 P 

nd 

P 
As is obvious from Fig. 1 1, a few events show signifi-

cantly smaller onset delays, which would pose a challenge 
to the REleASE system. We furthermore investigated the 
performance of REleASE for the six presumably flare -
dominated SEP events reported by Farwa et al. (20 25). 
For this purpose, we looked up the REleASE forecast 
results, available athttps://hesperia.astro.noa.gr/data-
retrieval-tool/, which uses real-time electron observations 
from SOHO/COSTEP and ACE/EPAM to forecast proton 
flux. Using ACE/EPAM results we found that out of these 
six electron-rich events, one event is correctly forecasted to 
stay below the alarm threshold, one event was a miss, two

move_f0055
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Fig. 10. The normalized profiles (left panel) and superposed epoch analysis parameters calculated for the rise (middle panel) and the decay (right panel) 
phase of flare-dominated (green/lime) SEP events in comparison to the rest of the observed (black/gray) SEP events for only the well-connected events for 

00-keV electrons (top panel), MeV electrons (center panel) and MeV protons (bottom panel). The green/lime and black/gray colored curves 
represent the intensity profiles (left panel) and superposed epoch analysis parameters (middle, right panel) calculated for the six ‘‘flare-dominated” and the 
rest of the ‘‘shock-dominated” SEP events, respectively. The shaded lime and gray colored regions (middle, right panel) represent the inter-quartile region
for the six ‘‘flare-dominated” and the rest of the shock-dominated SEP events, respectively. The solid and dashed-dotted curves (middle, right panel)
represent the mean and the median, respectively. Note that fo -MeV electrons (central row), there are only three flare-dominated events left after
excluding the SOHO/EPHIN observations due to contamination effects from the data set used for the present analysis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

5-1 -1 P 2 

r 1 
events caused a false alarm, and for another two events the 
forecasted intensities were too high, stayed however below 
the alarm threshold. Counting only the real false-alarm 
cases yields a false alarm rate (FAR) of 33%, which is in
agreement with the FAR reported as 35% for ACE/EPAM
(Núñez et al., 2018). 
1315
4. Discuss ion

In this work, we analyzed a sample of 45 independent 
SEP events observed with a fleet of five spacecraft, resulting 
in 60–110 single spacecraft observations, depending on the 
particle species and energy. We performed a superposed
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Fig. 11. The distribution of radially scaled onset delay time between the 
MeV protons and relativistic -MeV electrons. The blue dotted 

and dotted-dashed lines represent the mean and the median of the 
distribution, respectively. The red dotted line represents the onset delay of
25 min/au for a reference. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

25-P 1 
epoch analysis on the normalized intensity-time profiles for 
00-keV electrons, 1-MeV electrons, an 25-MeV 

protons, dividing the observations into well-connected 
and poorly-connected western and poorly-connected east-
ern events. The shapes of the resulting mean and median 
curves and empirical exponential and power law models
applied to the mean curves are examined and compared
for the electrons and protons for different longitudinal
sectors.

P1 d 

There are some basic uncertainties in the methodology 
of the superposed epoch analysis applied to normalized 
intensity profiles. Depending on the contrast level between 
peak and background intensity for different events, using 
the background-subtracted intensities may result in differ-
ent peak-to-background ratios, affecting the initial rise
phase of some events. As described in Section 2, we have 
excluded the SEP profiles having successive bursts of solar 
activity that could produce mixing events and wide data 
gaps, leaving a sample of 60–110 single spacecraft observa-
tions for electrons and protons. As these profiles are fur-
ther divided into the three longitudinal sectors (well-
connected and poorly-connected western and eastern), this 
sometimes results in relatively small sample sizes for the 
superposed epoch analysis. Hence, limit ed statistics of the
sample, mostly in the eastern sector, may have affected
the accuracy of the results. We note that in the present
study, we have excluded some single spacecraft observa-
tions for 00-keV electrons and all SOHO/EPHIN obser-
vations fo 1-MeV electrons due to potential ion
contamination effects.

1 
r 

Although the shapes of the mean and median profiles 
for each particle species appear quite similar in all longitu-
dinal sectors, the individual inter-quartile bands are still
quite broad, implying that there are still a lot of event-to-
event variations for each particle species.

As shown in Fig. 1, we find a large event-to-event vari-
ation in the rise times and decay profiles with a variety of
1316
short-lived up to rather long-lived profiles. Especially large 
differences are found for the poorly-connected eastern 
events with several comparatively fast-decaying profiles. 
The well-connected and the poorly-connected western 
events have quite similar profiles, with the exception that
the well-connected 100-keV electron profiles rather
resemble the poorly-connected eastern 25-MeV proton
profiles.

P

For both the rise and the decay profiles, neither expo-
nential nor power laws always represent the mean behavior
better than the other. Often, the mean curves lie between
these two models.

The similarity found in mean rise and decay profiles for 
electrons and protons may hint at similar acceleration 
mechanisms and source size. However, species- and 
energy-dependent transport effects may also be involved. 
The rather similar mean rise profiles found for electrons 
and protons are quite interesting from the space weather 
forecasting perspective. The similarity of the rise profi les
and the onset delay between protons and relativistic elec-
trons found by our study provides further support for the
use of solar electron measurements to predict protons,
which is already employed, e.g., in the REleASE forecast-
ing scheme (Posner, 2007). We compared the superposed 
epoch analysis parameters for the six flare-dominated and 
the rest of the shock-dominated events as identified by
Farwa et al. (2025) and noticed that the normalized inten-
sity profiles, the mean, and the median curves follow simi-
lar trends for both fla re-dominated and shock-dominated
events for both the rise and the decay phases (Fig. 10). 
The absence of differences in the superposed epoch analysis 
results of flare-dominated and shock-dominated events 
suggests that superposed epoch analysis alone is not a suf-
ficient tool to identify the potential flare and shock contri-
bution to the SEP events.

Furthermore, the similarity in the average rise profile of 
relativistic electrons an 25-MeV protons provides 
another possibility for space weather forecasting applica-
tions. The normalized intensity-time profiles could be used 
to generate an empirical model of proton fluxes to predict
the peak time and peak intensity. Such a probabilistic
model for peak intensities and rise times is proposed by
(Papaioannou et al., 2022). As an attempt to understand 
the average SEP intensity profile, our studies are expecte d
to contribute to improving space-weather forecasting
applications.

Pd 

5. Conclusi ons

In summary, we find that a sample of large SEP events, 
even exhibiting a mixture of impulsive and gradual profiles, 
can be reasonably represented by an average profile based 
on normalized time and intensity. Using the superposed 
epoch analysis, we find that the mean SEP profiles for elec-
trons and protons are quite similar, supporting the concept 
of an advanced alert for energetic protons based on the ear-
lier arrival of relativistic electrons. The limited sample size
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in our study, however, calls for future analyses with 
extended datasets that will be measured as the solar cycle
25 progresses.
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Appendix A. Parameters of empirical model

We fit the mean intensity profiles with different fitting 
functions and use the reduced chi-square to determine the 
best fit. The reduced chi-square and the chi-square 
values are calcul d as and 

respectively. Here, is the degrees of 
freedom where N is the number of data 
points to fit and is the number of variables in the fit-
ting functi on). is the residual between the i-th mean
intensity point and the model, and s the standard error
of this i-th mean.
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Fig. B.12. The mean (solid curve) and median (dotted curve) calculated for the 
events observed for MeV electrons. The blue and red color schemes repres
EPHIN. The shaded regions represent the uncertainties in the mean alcu

-1
c(l)
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The reduced chi-square values and fit parameters are 
calculated for all four empirical models, i.e., exponential
law, power law, the diffusion model based on the Wang 
et al. (2022) diffusion function, and the Weibull model
based on the Kahler and Ling (2017) Weibull function 
for comparison.

Table A.2 summarizes fit parameters, the percentage 
error in the value of the fit parameter, and the reduced 
chi-square values calculated for all four empirical models 
applied to the mean curves calculated from the superposed 
epoch analysis of the normalized intensity profiles of 0-
keV electrons, -MeV electrons, and 25-MeV protons 
for well-connected and poorly-connected wes tern and
poorly-connected eastern events, both for the rise and the
decay phases. The lower value of reduced chi-square,
among exponential and power law fits, is highlighted in
boldface, representing the better fit among these two
models.

10 
1 P 

Appendix B. Including -MeV electron SOHO/EPHIN

data in the analysis

1 

1For -MeV electrons all SOHO/EPHIN observations 
were excluded from the data set due to potential contami-
nation effects. Fig. B.12 shows how the final results change 
if the data set is not excluded. The mean (solid curve), med-
ian (dotted curve), and the inter-quartiles calculated from 
the superposed epoch analysis for 1-MeV electrons are 
presented for the rise (right column) and the decay phase 
(left column). The blue and red color scheme represents 
the results, including and excluding the SOHO/EPHIN 
observations, respectively. The shaded region represents 
the uncertainty in the mean calculated as where

s the standard error of the mean. We find that there is
no significant difference in the superposed epoch analysis
results calculated with or without SOHO/EPHIN observa-
tions. In both cases, the means agree within the error range,
implying that the SOHO/EPHIN observations do not suf-
fer from strong contamination effects.

( r,l) l 
ir
rise (right) and decay (left) phase of superposed normalized profiles of SEP 
ent the results, including and excluding the MeV electrons of SOHO/
lated as where the standard error of the mean.r,

-1 
l isr 
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Appendix C. Influence of heliocen tric distances

The observing spacecraft of the sample are located at 
different heliocentric locations, with the heliocentric dis-
tance r varying from au. To investigate a 
potential effect of the varia tion in r on the shapes of the
mean and median profiles of electrons and protons, we
compare the mean (median) profiles (Fig. C.13) among 
all values of r (blue) with a subset of the sample with

au (red) for both the rise (Fig. C. 13, top panel) 
and the decay phase (Fig. C. 13, bottom panel). It is clear
from Fig. C.13 that the mean profiles for all particle species 

07 1 01

6 0 6

0 to 

r 
Fig. C.13. The mean (solid curve) and the median (dotted curve) intensities, 
superposed normalized profiles of SEP events observed for 0-keV electron
values of heliocentric distances r (blue) and for the values au (red). (For
referred to the web version of this article.)

r 6
10

6 0 

Fig. D.14. The time normalization parameters for 00-keV electrons (left), 
right panel shows the time normalization parameters f -MeV electron
parameters but with radial scaling being applied. (For interpretation of the r
version of this article.)
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1
1

or
do not differ significantly based on the two different
samples.

Appendix D. Variation of norm alization parameters

As described in Section 2.1, the intensity is normalized 
to the peak intensity and the time is normalized to 
the rise time of the SEP event. To investigate the variations 
of the time normalization parameter, we show the relation-
ship between the rise times o 100-keV electron 1-
MeV electrons, and MeV protons for all SEP events
in Fig. D.14, which summarizes the parameters over all

eak

25-

Ip 

f s, 
P

calculated for the rise (top panel) and the decay (bottom panel) phase of 
s (left), MeV electrons (middle), and MeV protons (right) for all
interpretation of the references to colour in this figure legend, the reader is

P 5-1- 2 

and MeV electrons (middle) as a function of MeV protons. The 
s as a function 00-keV electrons. The red crosses show the same 
eferences to colour in this figure legend, the reader is referred to the web

25-
1

-1 P 
of 

move_f0065
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Fig. D.15. Same as Fig. D.14 but broken down for the three longitudinal sectors. The red and blue symbols (top left panel) represent the results with and
without radial scaling, respectively, applied to the measurements of the time normaliz.ation parameter.
three longitudinal sector s. Fig. D.14 (left) also includes the 
radially scaled values (red crosses), which do, however, not 
show an effect on the variation of time normalization
parameters. Fig. D.15) shows the same parameters broken 
down into the three longitudinal sectors. Although some 
amount of scattering is present, the plots show an overall 
one-to-one dependence (dashed lines guide the eye) of the
parameters. The variation of the intensity normalization
parameters, has been studied and presented by
Farwa et al. (2025). 
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