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Abstract

Space Weather effects produced by Solar Energetic Particles (SEPs) present a direct radia-
tion hazard to crew and spacecraft equipment, first in interplanetary space, and then, due to
secondary effects, within the Earth’s magnetosphere and atmosphere. Being able to predict
and/or forecast SEP events is of particular importance for the near-future planned manned
missions to the Moon and Mars, as well as for our unimpeded daily living. In this review,
we present key findings that have been utilized and/or explored by the scientific community
over the last few decades to establish prediction schemes of SEP events. We first discuss
empirical models where parameters related to the parent solar events (i.e. solar flares and
coronal mass ejections) can be used to estimate both the probability of occurrence and crit-
ical properties (i.e. peak proton flux and/or fluence) of SEP events in the near-Earth envi-
ronment and beyond. Next, we review physics-based modeling efforts of SEP events that
are geared towards operational prediction, particularly focusing on SEP transport effects
and multi-spacecraft observations. We furthermore explore the applicability of higher order
multivariate, machine learning, and artificial intelligence methods and highlight the particu-
lar value and limitations of such advances. Finally, the most current operational approaches
in the prediction of SEP events, together with future challenges that need to be addressed by
the scientific community, are presented and discussed.
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1 Introduction

Solar Energetic Particles (SEPs) are protons, electrons and heavy ions that originate in asso-
ciation with eruptive solar phenomena at the Sun. Their energies range from tens of keV to
several GeV. SEP events are energetic particle intensity enhancements observed by space-
craft in either the interplanetary (IP) space or even within the magnetosphere) for example at
6.6 Rg by the Geostationary Operational Environmental Satellites, GOES) (see e.g. Anas-
tasiadis et al. 2019) (see Fig. 1 for an overview). SEP events are primarily generated by two
types of solar phenomena: solar flares and coronal mass ejections (CMESs). Solar flares result
from the sudden release of magnetic energy in the Sun’s atmosphere and accelerate parti-
cles through magnetic reconnection and associated shocks. CMEs, on the other hand, are
large-scale eruptions of plasma and magnetic fields that are capable of driving shock waves
in the solar corona and IP space, providing a more widespread and efficient mechanism for
particle acceleration (Reames 2021).

A subset of SEP events, known as Ground Level Enhancements (GLESs), consists of ex-
tremely high-energy particles that penetrate Earth’s atmosphere, producing secondary parti-
cle cascades detectable by ground-based neutron monitors (see Shea and Smart 2012; Bruno
et al. 2018; Papaioannou 2023, and references therein). Major SEP events are typically as-
sociated with intense solar flares (i.e. usually > M-class or X-class), fast and wide CMEs,
and specific solar radio bursts, such as type II radio bursts from shock formation and type
III radio bursts from electron acceleration (Cane et al. 2010; Papaioannou et al. 2016).
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Fig.1 A schematic of geospace and the inner heliosphere, for context. An eruptive Sun and the interplanetary
counterparts of a CME are denoted in the figure. The ICME is presented as a typical flux-rope, adapted from
Akiyama et al. (2020). Missions presented span from distances very close to the Sun (i.e. the current missions
of Solar Orbiter (SolO), Parker Solar Probe (PSP) & BepiColombo) to 1 AU (STEREO, GOES) and to L1
watchdogs (SOHO, ACE, Wind and DSCoVR). © AAS, ESA. Reproduced with permission)

Space weather effects associated with SEPs include disruptions in communications, nav-
igation, spacecraft electronics, power systems (Iucci et al. 2005), space missions (Cucinotta
et al. 2001, 2002, 2008), and commercial aviation (see e.g. Tobiska et al. 2015; Beck et al.
2018; Matthid et al. 2018; Bain et al. 2023). As technology reliance grows (see e.g. Vourlidas
et al. 2023) and manned missions expand the development of a reliable scheme to provide
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advanced warning of SEP events and their expected characteristics is essential. Human ex-
ploration plans transcends Earth’s boundaries, aiming to venture deeper into the cosmos.
Projects such as the Artemis mission (Creech et al. 2022) and the Moon village initia-
tive (Woerner et al. 2016) carry potential risks for astronauts safety. As a result, a Space
Odyssey embodies the integration of the vision, innovation, and scientific research, which
is needed in order to place astronauts in orbit, land on the Moon, and plan missions to
Mars. It emphasizes the importance of preparedness, such as predicting solar storms (i.e.
SEP events), to ensure the safety and success of these daring ventures. In particular, it is
of paramount importance to predict when and where an SEP event will (or will not) occur,
what the maximum peak intensity of the event will be, and what the duration and ultimately
the time profile of the SEP event will be. All these pieces of information are difficult to
accurately predict due to the inherent complexity of the multiple physics processes involved
in the development of the SEP events, from acceleration (near the Sun and in IP space) to
the transport of SEPs towards Earth and beyond, producing large variability of SEP event
properties, and leading to the current (relatively wide) gap in our knowledge. The specific
mechanisms driving particle acceleration in association with solar flares and CMEs, such
as the relative contributions of magnetic reconnection, shock acceleration, and turbulence,
remain poorly understood (Vlahos et al. 2019). Similarly, the propagation of SEPs through
the corona and within the heliosphere is influenced by factors like the magnetic field con-
figuration of the corona and the IP space, the actual state of the solar wind medium where
SEPs propagate and particle-wave interactions occurring during their transport, the mobil-
ity and evolution of the particle sources, making it challenging to model their arrival times
and intensities (Strauss and Effenberger 2017). SEPs also exhibit significant spatial and
temporal variability in intensity, duration, and energy spectra, which complicates accurate
space weather forecasting (Reames 2023). Finally, predictive modeling is hindered by the
complexities of these processes and the limited observational data available, underscoring
the need for multi-point observations and advanced theoretical frameworks (Whitman et al.
2023). Bridging these gaps is essential for enhancing our understanding of SEP events and
mitigating their impacts on space-based and terrestrial systems.

After more than 50 years of spacecraft observations, the consensus is that SEPs gain
their energy in acceleration processes associated with the occurrence of solar flares and
CMEs (Reames 1999, 2021; Papaioannou et al. 2016; Vlahos et al. 2019). SEP events are
commonly classified as impulsive and gradual. Impulsive events are short in duration (<1
day), of low intensity and frequently observed, often in association with magnetic reconnec-
tion processes in coronal jets and solar flares. Gradual events, in contrast, last longer (up to
several days), are less frequent than impulsive SEP events, and exhibit a wide range of inten-
sities, spanning many orders of magnitude, typically associated with shock waves driven by
large and fast CME:s (see e.g. Reames 1999, 2021). The transport of SEPs from their source
to a given spacecraft is governed by the propagation conditions experienced in the corona
and IP space (Kahler et al. 1999; Kahler and Vourlidas 2013; Lario and Karelitz 2014). The
processes of particle acceleration may depend on the properties of their sources (coronal
jets, CMEs, CME-driven shocks), and the presence of seed particles (the pool of (non)ther-
mal or low energy particles from which a small fraction will be accelerated to high energy
to become SEPs) (Tylka et al. 2005; Desai et al. 2006; Mewaldt et al. 2007), as well as,
the possible interaction of multiple CMEs or shocks (Gopalswamy et al. 2002). Therefore,
complex environmental and physical processes dominate the origin, acceleration, injection,
and transport of particles in IP space, hindering the direct connection between the properties
of SEP events and their progenitors at or near the Sun.

A temporal scale of at least four orders of magnitude adds to the difficulty of SEP predic-
tion efforts (see details in Georgoulis et al. 2024). From the time when a solar flare occurs

@ Springer



82  Page4of45 A. Papaioannou et al.

180°

a
( ) 10! (C) 10t
" . . SEP onset  shock
10 -90 90 100] CME onset E42
Lo 1 \
«3 10 S 107
3= x 2
2% 102 LS N’\\\
§% P
"E 10 R -
S E 107 o
- (2 = et ST PR TR
H ejecta
1075 -5
xk@xﬁﬂx‘b@x‘b\}fﬁ@@@@@x‘&léeb e VO g O g1 (o0 (3D o 4D
O P P Y Y Y Y Y A AABAAB A (A0 (A0 (A0 (A

Time SEPs from the Time

CME-shock

T
c
g

shock ejecta Protons

— ERNE 13 -16 MeV
—— ERNE 20 -25 MeV
—— ERNE 32 -40 MeV
—— ERNE 50 - 64 MeV
—— ERNE 80 - 100 MeV/

2

2

1073

on flux
(cm? st s MeV)~!

1074

10-%

2Ot O 4 © 42 O AP
0@“" 36,01 0@,01 zﬁ,e%(,,e‘gb,e“ 6,%936,@ 0@“*

Time

Fig.2 A schematic of the differences in the SEP intensity-time profiles that are ordered by varying connection
to the parent solar eruptive events and the evolving CME-driven shock, originally proposed by Cane et al.
(1988). Data from SOHO/ERNE spanning from 13-100 MeV have been used for the SEP events. These are:
(a) 11 April 2000 W46°; (b) 06 June 2000 E14° and (c) 17 November 2001 E42°. The blue vertical solid
lines within each SEP event denotes the crossing of an IP shock [https://ipshocks.fi]. The vertical short black
(green) [orange] lines depict the SEP (CME) [flare] onset time per case. The event originating from a source
near the central meridian (E14°) and eastern on E42° further incorporates the duration of the ejecta/magnetic
cloud, which is taken from the Richardson & Cane ICME list available at: https://izw1.caltech.edu/ACE/
ASC/DATA/level3/icmetable2.htm (Richardson and Cane 2024). The inner heliosphere was created using
Solar-MACH (Gieseler et al. 2023). On top of this, a cartoon of an expanding interplanetary CME (ICME)
adapted from Owens (2016) has been added. © AAS. Reproduced with permission

on the Sun (%), the first photons arrive at Earth in ~8.33 min, followed by the first ener-
getic particles (assumed to be accelerated near the flare site) several tens of minutes after
the flare. Then, a few tens of minutes later, the (assumed) CME-driven shock-accelerated
particles arrive, followed by re-accelerated particles that are in space to continuously feed
the interplanetary magnetic field (IMF) lines for hours as the CME expands and its driv-
ing shock propagates in the IP medium. Later, after a few days, the driving shock and the
interplanetary counterparts of the initial CME may arrive at and pass by the observer lead-
ing to a final spike-like brief particle intensity enhancement — especially in lower energies,
the so-called Energetic Storm Particle (ESP) events (Bryant et al. 1962) that occasionally
may extend to high energies (Lario and Decker 2002; Cohen 2006; Lario et al. 2023, and
references therein). The majority of ESP events are detected when CME-driven shocks orig-
inate near the solar central meridian (see e.g. Cohen 2006; Ameri et al. 2023, and references
therein). These events are commonly accompanied by signatures of magnetized ejecta. ESP
events may also be observed at the flanks of shocks associated with CMEs originating far
east or west of central meridian but in contrast, these shock flanks are generally not followed
by ICME-like structures (Santa Fe Dueiias et al. 2022). See details in Fig. 2.
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Beyond the challenges posed by the temporal scale issue, the difficulty of predicting SEPs
is further compounded by the variation in SEP time profiles depending on the observer’s
location (see e.g. Cane et al. 1988). Figure 2 illustrates the differences in SEP time profiles
recorded by SOHO/ERNE for energies ranging from 13 to 100 MeV, utilizing SEP events
from the catalogue by Paassilta et al. (2018). For the eastern event (E42°), the observer is
poorly connected to the driving solar eruption, resulting in a gradual SEP rise. In this case,
the lower-energy peak appears near the shock flank passage (marked by the blue vertical
line). Here, the interplanetary CME impacts the observer, facilitating the identification of
both the shock passage and the magnetized ejecta/cloud. This is evident in Fig. 2, where the
ejecta passage is marked by two gray vertical lines. Conversely, for the SEP event linked to
a near-central meridian eruption (E14°), the SEP time profile exhibits a relatively prompt
rise, with the lower-energy peak occurring near the shock passage (also marked by a blue
vertical line). Again in this case the interplanetary counterparts of the CME directly impact
the observer and are similarly denoted in the plot (Papaioannou et al. 2020). In the case
of the SEP event driven by a western solar eruption (W46°), the observer is magnetically
well-connected to the solar event, leading to a distinct and prompt SEP increase across all
energies. The SEP peak occurs rapidly, followed by a decay phase, and in this geometry, the
observer may also encounter the shock flank. For all three illustrative SEP events in Fig. 2,
the onset times of the SEP, CME, and flare events are marked by the black, green and orange
short vertical lines, respectively. Thereby, a detail representation of the SEP time profile in
advance of time is rather challenging and depends on several different factors.

Since the first observations of SEPs were possibly related to solar flares by Forbush
(1946), based on a few decades of available measurements, associations between parent so-
lar eruptions and SEP events have been firmly established (see e.g. Papaioannou et al. 2016;
Richardson et al. 2017; Rotti et al. 2022b) and standard SEP lists at NOAA' and CDAW? are
being regularly updated. As a consequence, several dependencies between the properties of
the solar eruptions and SEP events have been identified. In the case of SEP events that have
clear onset times and large intensity enhancements reaching several orders of magnitude, the
association with parent solar events is usually well defined (see e.g. Klein and Dalla 2017).
Many of these statistical correlations can be then directly applied to predict certain SEP
event features. Nevertheless, despite the wealth of statistical and modeling studies, further
improvement in our understanding of the science related to the acceleration and transport of
SEPs is necessary in order to assess and predict SEP events.

2 Key Dependencies

A fairly reasonable correlation between the peak intensity of the SEP event and the speed
of the CME has been identified (see e.g. Kahler et al. 1984; Kahler 2001; Gopalswamy
et al. 2004; Cane et al. 2010; Rouillard et al. 2012; Richardson et al. 2014b; Kahler and
Vourlidas 2014; Lario and Karelitz 2014; Papaioannou et al. 2016; Paassilta et al. 2017).
Consequently, it has been established that fast and wide CMEs create favorable conditions
for the acceleration of particles that result in large gradual SEP events since these are a
prerequisite for establishing a shock, driven by the corresponding CME, able to efficiently
accelerate particles as it propagates through the corona and IP space (see e.g. Kouloumvakos
et al. 2019). This is expected since models of particle acceleration at CME-driven shocks

1https://umbra.nascom.nasa. 2ov/SEP/.

2https://cdaw. gsfc.nasa.gov/CME_list/sepe/.
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Fig.3 Distribution of SEP events, observed at Earth, as a function of the longitude of their parent flare (panel
on the left hand side). The blue bars correspond to E>10 MeV SEPs, the orange bars to E>100 MeV and
the green histogram to GLEs (panel on the left-hand side; created from data from Papaioannou et al. 2016).
The peak intensities of ~25 MeV proton events are plotted against the solar event longitude relative to the
observing spacecraft for events from December 2009 to December 2013, when STEREO spacecraft were
separated by more than 58 (panel on the right hand side). Symbols indicate detection at one (green cross),
two (red circle), or three (blue square) spacecraft, with a point plotted for each observer in multi-spacecraft
events (reproduced with permission from Richardson et al. 2014a, copyright by Springer)

point to a dependence of the acceleration rate on the shock speed in the solar wind frame (see
Lee et al. 2012; Kouloumvakos et al. 2019). However, SEP intensity depends on multiple
factors beyond the shock speed (see e.g. Lario and Karelitz 2014; Kouloumvakos et al.
2019). For example the shock strength, shock geometry, the presence of seed particles and
the formation of waves upstream of the shock can affect the efficiency of the shock as a
particle accelerator (see Tylka et al. 2005).

It is well known that the observation of a SEP event depends on the heliolongitude of the
parent solar eruption and the evolution of the CME-driven shock (see Fig. 2) (e.g. Cane et al.
1988; Shea and Smart 1990, 1996; Belov et al. 2005; Cane et al. 2010; Paassilta et al. 2018).
The arrival of SEPs at a given spacecraft is facilitated when a good magnetic connection is
established between the spacecraft and the site of the solar eruption, so that particles can be
routed efficiently to the observer site (see details in Van Hollebeke et al. 1975; Cane et al.
1988). In other words, western locations on the solar disk have a higher potential to result
in an SEP event observed near Earth, due to the curvature of the Archimedean spiral IMF
(Desai and Giacalone 2016; Klein and Dalla 2017) as shown in Fig. 3 (panel on the left
hand side). Such findings were already established in previous studies utilizing observations
from e.g. the Helios mission in conjunction to IMP-8 (see for example Kallenrode et al.
1993; Cliver et al. 1995; Kallenrode 1996). SEP observations by the Solar Terrestrial Re-
lations Observatory (STEREO) mission (Kaiser et al. 2008) showed that wide-spread SEP
events are detected at locations broadly separated in longitude (Papaioannou et al. 2014;
Richardson et al. 2014a) from the site of the parent flare and particles can spread even over
almost 360° (Gémez-Herrero et al. 2015). The STEREO mission greatly enhanced our un-
derstanding of such widespread SEP events by using multi-spacecraft observations. The two
STEREO spacecraft positioned at different locations in the solar system, together with near-
Earth spacecraft, provided unique perspectives on how SEPs propagate across wide regions
of space. Figure 3 (right panel) illustrates that large SEP events can originate from any lo-
cation on the Sun. Notably, SEP events detected by only one observer (green crosses) tend
to originate from the western hemisphere and are relatively weak in terms of peak flux, sug-
gesting that optimal magnetic connectivity is essential for their detection. Events observed
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by two spacecraft (red open circles) are generally stronger and extend over a broader range
of longitudes. Meanwhile, the most intense events in the sample are those detected by three
spacecraft (blue squares), which also constitute the majority of events observed from behind
the east limb. For these multi-spacecraft SEP events, CME-driven shocks were a plausible
explanation, since shocks may provide broad particle sources. The magnetic connection es-
tablished between the spacecraft and the propagating CME-driven shock could be linked to
the observed intensity-time profiles of the SEP events and the time delays in the onset times
of the SEPs at each observing point within the heliosphere (Rouillard et al. 2012; Lario
et al. 2013, 2016; Kouloumvakos et al. 2023). Nevertheless, some SEP events are even ob-
served when no magnetic connection with the CME-driven shock is established (e.g. Lario
et al. 2014, 2017). In addition, it has been shown that even impulsive SEP events can be
widespread (Dresing et al. 2012; Wiedenbeck et al. 2013) with particles undergoing per-
pendicular transport processes, spreading across field lines due to small-scale turbulence,
meandering of the IP field, and large-scale structures in the heliosphere (see e.g. Kelly et al.
2012; Tan et al. 2013). On the other hand, the variability of the IMF with the presence of
stream interaction regions (SIRs), and transient solar wind structures (interplanetary CMEs -
ICMESs) influence not only SEP propagation (Laitinen et al. 2023) but also the structure of
CME-driven shocks as they propagate in IP space (Wijsen et al. 2023). Thus, SEPs maybe
trapped or guided along these structures, altering their arrival times, intensities and distribu-
tion (Richardson and Cane 1996; Lario and Karelitz 2014; Rodriguez-Garcia et al. 2025).

Since the 1950s, it has been recognized that radio emissions at frequencies ranging from
hundreds of MHz to a few tens of kHz provide crucial insights into the acceleration and
propagation of SEPs (see e.g. Klein 2021a). These emissions help track the location and
timing of particle release from the corona into IP space (Agueda et al. 2014; Kouloumvakos
et al. 2015). Transient solar radio emissions serve as indicators of electron acceleration,
primarily to energies of tens of keVs. Different types of radio bursts are associated with
distinct acceleration processes: type III bursts signal electron beams escaping along open
magnetic field lines (Cane et al. 2002), type II bursts indicate electrons accelerated by shock
waves, and type IV bursts are linked to electrons trapped in closed-loop structures (Cane
and Stone 1984). Type III radio bursts are fast-drifting emissions caused by electron beams
moving outward at relativistic speeds (~0.1-0.5c). These electrons excite Langmuir waves,
which then convert into radio emissions at the local plasma frequency and its harmonic. As
the electron beam propagates into lower-density regions, the emission rapidly drifts to lower
frequencies, with a fast frequency drift rate (~10 MHz/s) due to the high beam velocity.
These bursts offer precise timing of SEP release and escape from the corona to IP space,
originating at decimetric wavelengths (~1 GHz) in the low corona and extending down to
~20 kHz near 1 AU, marking the arrival of these electrons (Vainio et al. 2013).

Type II radio bursts are linked to shock waves, often driven by CMEs (Kahler et al.
1978). Their presence confirms shock-accelerated electron populations. These bursts are
slow-drifting emissions produced as shocks propagate through the corona and IP space.
The shock-excited electrons generate Langmuir waves and radio emissions at the local
plasma frequency and its harmonic. As the shock moves outward into lower-density re-
gions, the emission gradually drifts to lower frequencies, with a slow frequency drift rate
(~0.1 MHz/s), reflecting typical shock speeds of hundreds to thousands of km/s—much
slower than type III burst sources. All these radio emissions are fundamental for establish-
ing the link between eruptive solar processes and SEP events in IP space (for recent reviews,
see Vourlidas et al. 2020; Klein 2021b). However, both type II and type III radio bursts are
usually observed in association with SEP events and thus both play a decisive role in the
discrimination of SEP occurrence but do not help to distinguish the contribution of particle
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acceleration at either shocks or in magnetic reconnection processes leading to solar flares
(Kouloumvakos et al. 2015). This means that some major SEP events may have a contri-
bution from both flares and CME-driven shocks (see e.g. discussion in Cane et al. 2010;
Papaioannou et al. 2016).

Recent years have witnessed the development of increasingly sophisticated forecasting
models, including empirical schemes, physics-based transport frameworks, and advanced
machine learning methods. Each approach provides unique insight into the SEP acceleration
and transport problem, though none is yet sufficient in isolation. This diversity of modeling
efforts reflects the complex, multi-physics nature of SEP events and the evolving demands
of operational forecasting.

3 Predicting SEP Events

Observational dependencies such as those mentioned in Sect. 2 (e.g. Kahler and Ling 2015;
Kahler et al. 2015) have been utilized as indicators/classifiers for the development and im-
plementation of empirical SEP prediction concepts. However, the prediction of SEP events is
offered on different time scales, directly driven by the input employed. There are long-term
and short term predictions, with the former termed as forecasts and the latter as nowcasts
(see details and definitions in Anastasiadis et al. 2019). The majority of the current opera-
tional concepts offer nowcasts, while the scientific community is making extensive efforts
to develop accurate forecasts with increased lead time (see e.g., Falconer et al. 2011; Whit-
man et al. 2023; Georgoulis et al. 2024, and references there in). The nowcasting of SEP
events aims to combine signatures of solar eruptive events and to utilize these (or any of
their combinations thereof) as inputs to models (concepts), with the aim of increasing pre-
diction accuracy (see e.g. Swalwell et al. 2017). Such efforts, exploiting flare and/or CME
characteristics, have been proposed by the scientific community (see Whitman et al. 2023).
In particular, below, we distinguish the concepts according to the solar phenomena used as
input.

Solar Flares Initially (in the 1970s and 1980s), and to the present, flare characteristics were
the main contributor to such SEP prediction concepts. Several reasons led to the use of
flares: (a) flare properties are routinely delivered by GOES patrol measurements since 1976,
(b) flare soft X-ray (SXR) observations are available shortly after their occurrence at a ca-
dence of a few minutes (i.e. 1-min or 5-min) and thus perfectly suit operations, and (c) a
wealth of observational evidence (see Sect. 2) pointed to their close association with the
occurrence of SEP events (Garcia 1994a; Belov 2009). In addition, hard X-ray (HXR) sig-
natures of flares have been used as indicators of SEPs (Garcia 1994b; Kiplinger 1995). Two
early SEP nowcasting systems were developed by the National Oceanic Atmospheric Ad-
ministration (NOAA) and the Air Force Research Laboratory (AFRL), namely PROTONS
(Balch 1999) and the Proton Prediction System (PPS) (Kahler et al. 2017, and references
therein). More recently, the UMASEP (see Fig. 4) model was developed using an existing
lag correlation between the solar flare SXR flux and the near-Earth particle flux (either dif-
ferential or integral). The UMASEP scheme was initially trained for E>10 MeV (Nufiez
2011) and later extended to higher (E>100 MeV and E>500 MeV) proton energies (Nufiez
2015; Nufez et al. 2017). Note that solar flares originating from active regions behind the
east or west limbs of the Sun and associated with SEP events cannot be directly observed
from Earth (i.e. by GOES) presenting an observational limit.
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Fig.4 Illustration of the UMASEP fraphical interface for the SEP event on 26 October 2003. The top panel
provides the E>10 MeV proton measurements from GOES, while the middle panel depicts the GOES soft
X-ray flux. The prediction is illustrated by the orange-yellow shading extending from the observed proton
flux (black graph). The bottom panel refers to the magnetic connectivity of the flare to the observer (i.e.
Earth). The small top right chart is not part of the forecaster output; it shows the comparison between the
predicted integral proton flux and the subsequent observed evolution of the integral proton flux for this event,
demonstrating that the forecast was successful. The bottom chart shows an illustration of a possible route
of the solar protons from the corresponding heliolongitude towards the near-Earth environment. Reproduced
with permission from Nufiez (2011), copyright by AGU

CMEs Large intense gradual SEP events have direct space weather relevance (see Sect. 1)
and therefore CME identifications have been explored by the scientific community (see Ta-
ble 10 of Whitman et al. 2023). However, there are several challenges to using CME ob-
servations to trigger SEP predictions (Richardson et al. 2015). In particular: (a) CME data
obtained from the Large Angle Spectroscopic Coronograph (LASCO) on board SOHO have
been made routinely available only since 1996; (b) the telemetry of the SOHO data imposes
a limit on the data reception which creates a varying time delay between data reception
and data retrieval depending on the time difference of the CME observations to data acqui-
sition; (c) an additional delay that arises from manually extracting CME parameters after
data reception, which could be minimized through automation and (d) however, automated
methods for the extraction of CME characteristics may provide outputs with significant un-
certainty and variability, especially for Earth-directed CMEs when only near-Earth corono-
graph images are available (Robbrecht and Berghmans 2004) (CACTUS: Robbrecht and
Berghmans 2004; SEEDS: Olmedo et al. 2008; CORIMP: Byrne 2015), and differences in
CME parameters obtained using different methods in different catalogs and the real-time
availability are demanding (see the relevant discussion in Papaioannou et al. 2025).

One recent approach is to derive simple 2D probability functions for the probability
of SEP occurrence based on the width and speed of CMEs, as well as linear correla-
tions between the SEP peak flux and CME speed (Papaioannou et al. 2018b) which were
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Fig. 5 SEPSTER Predicted versus Observed peak proton intensities at £ = 14 — 24 MeV. Each color and
shape corresponds to a different observer (i.e. Earth, STA, STB). The different plots serve as contingency
tables showing the false alarms, hits, misses and correct rejections based on a threshold of 0.1 (panel on the
left-hand side) or 0.0001 pfu/MeV (panel on the right-hand side) which is approximately the instrument’s
threshold (from Richardson et al. 2018)

then integrated into the FORcasting Solar Energetic Particle and Flares (FORSPEF) tool
(Anastasiadis et al. 2017). Other approaches include SEPSTER (SEP predictions based on
STEREO observations), that uses a formula providing the 14-24 MeV proton peak flux
of SEP events observed by SOHO, STEREO-A and STEREO-B using as parameters the
parent CME speed and the longitudinal angular distance between the site where the CME
originated and the footpoint of the magnetic field line connecting the observing spacecraft
on the Sun (Richardson et al. 2018). Figure 5 demonstrates the predicted SEP intensities
from SEPSTER versus the observed ones for protons at 14-24 MeV. This concept was fur-
ther expanded in order to provide the expected proton peak flux particle spectra ranging
from 10-130 MeV at 1 AU (Bruno and Richardson 2021). SEP prediction using observa-
tions from coronagraphs such as LASCO (and STEREO COR?2) is also limited by the need
for the CME to have propagated above the inner limit of the field of view at ~2 Ry, by which
time high-energy SEPs may already be arriving at 1 AU. In order to detect CMEs earlier,
St. Cyr et al. (2017) proposed using CME observations from ground-based coronagraphs
which have a field of view extending from close to 1 Ry and a low data latency of the order
of minutes, though suffer from a low duty cycle, requiring a world-wide chain of stations to
provide 24 hour monitoring.

Radio Bursts Radio burst data from ground based sources’® are available in near-real time
mode. In addition, real-time observations from the SWAVES instrument (Bougeret et al.
2008) on STEREO A* have also been recently introduced, extending the real time radio
observations down to lower frequencies and hence further from the Sun (see Posner et al.
2024). In addition, data from Wind/WAVES (Bougeret et al. 1995) are currently not made
available to the scientific community in a near-real time. Nonetheless, a scheme based on

3https://www.e—(:allisto.org/indexAhtml,https://secchirh.obspmfr/ .

4https :/[stereo-ssc.nascom.nasa.gov/beacon/beacon_insitu.shtml.

@ Springer


https://www.e-callisto.org/index.html
https://secchirh.obspm.fr/
https://stereo-ssc.nascom.nasa.gov/beacon/beacon_insitu.shtml

Predicting Solar Energetic Particles: Solar Storm Watch - Preparing for... Page 11 of 45 82

type Il radio bursts observations from Wind/WAVES called Empirical model for Solar Pro-
ton Events Real Time Alert (ESPERTA) was put forward by Laurenza et al. (2009). This
scheme uses solar flare locations, SXR flare class, and time-integrated type III radio emis-
sion at ~1 MHz as evidence of SEP release into IP space to predict SEP events. This concept
was recently re-validated (Alberti et al. 2017), and further extended to the prediction of very
strong radiation storms (Laurenza et al. 2018) with considerable success. Moreover, recently
Laurenza et al. (2024) demonstrated the successful implementation of ground-based obser-
vations from LOFAR (LOw-Frequency ARray; van Haarlem et al. 2013) radio data into the
ESPERTA concept. Furthermore, Richardson et al. (2018) demonstrated that observations
of type III radio bursts could be used to identify CMEs with or without SEP events. As a
result, there is a strong potential for incorporating radio burst data in SEP prediction, though
the limited real-time observations especially at lower frequencies hampers the practical ap-
plicability of the concepts in real-world scenarios.

In-Situ Particles Posner (2007) demonstrated that near relativistic electron fluxes can be
successfully used for nowcasting the arrival of 30-50 MeV protons. The Relativistic Elec-
tron Alert System for Exploration (REIeASE) concept is based on a matrix that maps the
registered electron intensity to the expected intensity of the protons and thus provides a de-
terministic nowcasting of the expected proton flux in each moment of time. The concept is
based on the delay between electron and proton onsets, which ranges from 20-30 minutes
up to 1 hour (Posner 2007). In addition, based on this delay and utilizing electron and pro-
ton intensities, most recently Stumpo et al. (2024) developed a machine learning algorithm
for the prediction of proton SEPs (see details in Sect. 3.2). In-situ particle measurements
from ground based detectors like neutron monitors have further been used for signaling the
subsequent arrival of lower energy protons (i.e. E>10 MeV). This is also based on the fact
that these near relativistic protons (E>433 MeV) travel between the Sun and Earth almost
scatter free and reach Earth in just a few minutes. As a result, NMs can be used as a warning
for the arrival of lower energy protons, as this is recorded onboard satellites (see details in
Kuwabara et al. 2006; Souvatzoglou et al. 2014, and references therein). One major obser-
vational gap is, however, the unavailability of reliable in-situ measurements of high-energy
protons (E>300 MeV), even though those are of particular concern for space exploration
(see details in Vourlidas et al. 2023).

Fig.6 A very simplified flow e ——— |—>| Transport model I—

diagr‘am of the typi.cal. SEP Sbsariation y
physics-based prediction model

\ A

Acceleration model Prediction

3.1 SEP Acceleration and Transport

The scheme of a typical simplified physics-based model is outlined in Fig. 6. The model
chain is usually initiated with some combination of remote-sensing observations, which
feeds into an acceleration module or model. This acceleration model deals with the local
acceleration of a seed particle population at the acceleration site, which can be the site of a
solar flare or the front of a propagating shock. This accelerated population of SEPs are then
introduced into an interplanetary model (or module) that simulates the transport of the SEPs
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through IP space, resulting in a predicted SEP intensity at an observer position. Physics-
based prediction models try to implement governing equations for each step in the SEP ac-
celeration and transport process that capture the essential physical mechanisms and describe
them, ideally, from first principles. This is a different approach from those used in empirical
and machine learning models where statistical correlations between observed acceleration
signatures (e.g. the flares class) and in-situ particle measurements (e.g. the peak SEP flux
at a particular energy) are used without trying to necessarily understand the physical pro-
cesses responsible for the coupling, although they may, of course, be causally connected and
physically motivated and/or explained.

The rationale for separating the SEP acceleration and transport processes into distinct
modules is because of the vast differences in their underlying length and time scales. That
is, transport models are typically solved on scales of the order of fractions of an AU, and
can therefore not resolve kinetic length scales, such as those in shocks or reconnecting field
lines, where acceleration mechanisms take effect. However, the separation between trans-
port and acceleration models introduces several complexities. For instance, the acceleration
process at a CME-driven shock can happen across the entire shock front, which is character-
ized by varying local plasma and shock conditions, all of which influence the acceleration
environment. These scales also change throughout the heliosphere as e.g. the particles’ gyro-
radius increases due to the magnetic field strength decreasing away from the Sun. Similarly,
SEP transport is strongly influenced by the small-scale turbulence that can scatter SEPs, ex-
hibiting considerable variability depending upon local solar wind conditions. Furthermore,
certain regions pose challenges to the clear demarcation between transport and accelera-
tion processes, such as the turbulent sheaths downstream of shock waves. In the remainder
of this section, we provide an overview of some of the particle acceleration and transport
mechanisms that shape SEP events.

3.1.1 Acceleration Mechanisms

The so-called “the solar flare myth” (Gosling 1993) led early investigators to associate SEP
events exclusively with the occurence of solar flares. The role of CME-driven shocks in
gradual SEP events became later evident when analyzing intensity-time profiles of SEP
events generated from different longitudes (Cane et al. 1988) as well as the observations
of SEP events lacking a flare association (e.g. Sanahuja et al. 1983). Although the most
intense and energetic SEP events are accompanied by intense type III emissions which might
indicate a flare contribution to these SEP events (Cane et al. 2002), the role of flares in the
acceleration of SEPs is still debatable (see Reames 2023, and references therein).

When studying the onset times of MeV electron and protons SEPs, Richardson et al.
(2014a) found that if interplanetary transport is assumed to be independent of longitude,
electrons and protons have to be accelerated by different sources expanding at different
rates as electrons arrive before protons at all longitudes, and the electron and proton delays
to onset increase as the magnetic connection becomes poorer. However, when longitudinal
transport (i.e. cross-field diffusion) is included, the different arrival times can be explained
by a single source (Strauss et al. 2023). The dominant acceleration process could potentially
also be energy dependent: Strauss et al. (2017) have shown that near-relativistic (~ 100 keV)
electron observations are consistent with acceleration at a compact source (usually at the site
of the solar source), while at higher energies (i.e. of the order of MeV) Dresing et al. (2022)
suggested that electrons could be associated with the processes of particle acceleration at
CME-driven shocks.

Various particle acceleration mechanisms have been proposed to occur at shock waves,
including diffusive shock acceleration (DSA; e.g., Krymskii 1977; Bell 1978; Drury 1983)
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and shock drift acceleration (SDA; e.g., Ball and Melrose 2001), among others (see Vainio
and Afanasiev 2018, for an overview). These mechanisms typically depend on the gyro ra-
dius and frequency of the particles, introducing thus a dependence on the energy, mass, and
electrical charge of the particles. Additionally, local shock properties are expected to play a
significant role. For example, the effect of the shock’s obliquity on particle acceleration has
been clearly established at Earth’s bow shock (e.g., Eastwood et al. 2005), and correlations
between the shock’s Mach number and SEP intensities have been observed (e.g., Kouloum-
vakos et al. 2019; Dresing et al. 2022). Adding to the complexity, these shock properties can
significantly vary due to the presence of upstream solar wind streams with differing speed
and density (e.g., Wijsen et al. 2023), as well as due to the presence of turbulence in the
upstream plasma (e.g., Trotta et al. 2023).

Moreover, shock-accelerated particles propagating in the shock vicinity may amplify the
ambient turbulence encountered upstream of the shock (i.e. the so-called self-generated tur-
bulence) (Bell 1978). The analytical theory of SEP acceleration in shocks self-consistently
accounting for self-generated (Alfvénic) turbulence was elaborated in a number of studies
(e.g., Lee 1983, 2005; Vainio 2003), which was followed by the development of several
simulation models (e.g., Ng et al. 2003; Ng and Reames 2008; Vainio et al. 2007; Vainio
and Laitinen 2008; Afanasiev et al. 2015). The SOLar Particle Acceleration in Coronal
Shocks (SOLPACS) model (Afanasiev et al. 2015) has demonstrated a very good agreement
when comparing simulated proton distributions and wave intensity spectra in the shock up-
stream region with those obtained from the observations from STEREO and Solar Orbiter
(Afanasiev et al. 2023; Nyberg et al. 2024) (Fig. 7).

Once particles escape their acceleration site, they propagate through the solar wind where
they undergo scattering processes, as described in the subsequent section. This scattering can
significantly modify the shape of the SEP intensity time profiles, energy spectra and particle
anisotropies, as evidenced by observations near Earth (Strauss et al. 2020). Spacecraft ob-
servations closer to the Sun (such as PSP, BepiColombo, and SolO), very near or directly at
the presumed acceleration region, provide valuable insights, as they can sample SEPs before
they undergo significant alteration during propagation through the turbulent interplanetary
medium.

3.1.2 Transport Mechanisms

Particles undergo various deterministic and stochastic processes while propagating through
the turbulent solar wind. Due to the diverging interplanetary magnetic field away from the
Sun, and the fact that the magnetic moment of the particles are conserved in a relatively
smooth magnetic field, the pitch-angle of the particles decreases as they propagate away
from the Sun into IP space. This effect, termed focusing, leads to the formation of SEP beams
focused along the IMF lines and explains why SEP events are often highly anisotropic, espe-
cially at the onset of the events. The magnetic focusing is, however, counteracted by interac-
tions between the SEPs and turbulent magnetic fluctuations that scatter their pitch-angle in
a stochastic fashion. These scattering processes break the conservation of the magnetic mo-
ment and, from the perspective of an SEP distribution, give rise to pitch-angle diffusion. As
a consequence, in situ observations show that an SEP event tends to become more isotropic
as the event progresses. Pitch-angle diffusion and focusing are two examples of magnetic
field aligned processes that modify the SEP distributions as they move away from the Sun.
Additional processes, such as perpendicular diffusion (again a stochastic process), field line
random walking (a stochastic meandering of magnetic field lines), and/or drift effects (a de-
terministic process), may lead to cross-field transport where SEPs detach from their original
magnetic field lines and move to adjacent field lines originally not connected to the source.
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Fig. 7 Left: Comparison of the proton energy spectra at the shock as resulting from SOLPACS simulations
(blue line) versus the spectrum obtained from Solar Orbiter particle data (orange line) in the October 30,
2021 ESP event at an intermediate simulation time (upper plot) and in the steady state (bottom plot). Right:
Comparison of the simulated Alfvén wave spectra (red and blue dashed lines) with the wave spectra obtained
from Solar Orbiter magnetic field measurements (solid lines) in the upstream region at three different dis-
tances from the shock. It illustrates the wave intensity of left- (L) and right-handed (R) polarization modes
as a function of wave frequency for a two-component injection SOLPACS case (dashed colored lines). It also
presents the seed wave population of SOLPACS (gray dashed line) and the fast Fourier transform (FFT) wave
spectra derived from Solar Orbiter/MAG observations (solid colored lines). Assembled from and details in
Nyberg et al. (2024)

In the most basic formulation, the evolution of the SEP distribution function, f, is gov-
erned by a transport equation of the form (Skilling 1975; van den Berg et al. 2020)

af . o (1—p® \_ 0 af

The left-hand side of this equation represents deterministic processes that govern SEP
transport. These include particle streaming along the average magnetic field line direction
(described by the pitch-angle focusing term), gradient and curvature drifts (captured in the
guiding center velocity, vg), and convection with the solar wind, which moves radially
outward. These terms describe how SEPs systematically evolve through the heliosphere due
to the large-scale structure and flow of the interplanetary magnetic field and solar wind
(Dalla et al. 2013; van den Berg et al. 2021), where the guiding center velocity can be
expressed as:

Vge = va ~+ Varift + Vconvection + -+ (1)

where b indicates the direction of the average magnetic field, and particle focusing deter-
mined by the focusing length, L, which is determined by the structure of the global magnetic
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field. Stochastic (i.e. diffusive) processes are included in the right-hand side of Eq. (1), in-
cluding pitch-angle diffusion, quantified by the pitch-angle diffusion coefficient D,,,,, and
perpendicular diffusion, quantified by the perpendicular diffusion tensor D . Note that we
generally do not work with the pitch-angle itself, but rather the cosine of the pitch-angle .
Additional processes can be included into the transport equation, including adiabatic energy
losses, although these can mostly be considered negligible when considering the transport of
near-relativistic SEPs between the Sun and Earth (Ruffolo 1995). Nevertheless, this process
can be employed to simulate the DSA process (e.g., Wijsen et al. 2019).

After solving the transport equation to obtain f, the corresponding omnidirectional in-
tensity can be calculated by averaging over pitch-angle. This omnidirectional intensity is
the operational quantity most frequently compared to spacecraft measurements. Addition-
ally, the associated first-order parallel anisotropy, A, can be calculated as:

+1
d
A:3f_l+luf(u,z,t) 3 ®
[,z ndu

where A = 0 (indicating an isotropic distribution of particles) and A = %3 (indicating a
beam of particles propagating parallel (+) or anti-parallel (—) to the IMF). Anisotropy
serves as a valuable indicator for determining the arrival direction of particles, allowing in-
ferences about whether SEPs propagate along magnetic field lines, undergo significant scat-
tering processes, or propagate across the magnetic field direction (Sanderson et al. 1985;
Lario et al. 2004; Dresing et al. 2012; Briidern et al. 2022). Unfortunately, most current
three-axis stabilized spacecraft carrying remote-sensing observing instrumentation provide
limited anisotropy measurement, requiring several telescopes with different FOVs.

While the deterministic processes can be calculated directly from the global magnetic
field (whether a global Parker IMF or a numerically calculated background field obtained
from MHD models), the diffusion coefficients D, and D, should, in principle, be calcu-
lated from first principles using an appropriate theory and observations of the embedded
magnetic field turbulence. However, the magnetic field cannot be measured throughout all
the trajectory followed by the particles, and some assumptions on how turbulence evolve
with heliocentric distance are required and its translation to the effects produced into the
SEP transport is very challenging and complex (Strauss and le Roux 2019). Additionally,
the role of perpendicular diffusion in spreading SEPs in the inner heliosphere is still being
debated by the community (Droge et al. 2014, 2016; Dresing et al. 2023)

The pitch angle scattering processes undergone by the particles is often parametrized
by the parallel mean free path, A;. An isotropic perpendicular diffusion coefficient, |,
can be calculated by averaging the pitch-angle dependent perpendicular diffusion coeffi-
cient over pitch-angle. This quantity is again related to the perpendicular mean-free-path
by A, =3k, /v (Shalchi 2009; Strauss and Fichtner 2014). While many earlier studies ne-
glected the effect of perpendicular diffusion, more recent simulation work by e.g. Zhang
et al. (2009, 2023) and Droge et al. (2010, 2014) have shown the necessity to include this
transport process to explain multi-spacecraft SEP observations. It is now common for SEP
transport models to include perpendicular diffusion. However, not all physics-based SEP
forecasting models have incorporated this process, mostly due to the added level of com-
plexity introduced and the need of using an additional unconstrained parameter.

3.1.3 Model Complexity and Feasibility

While Fig. 6 present a simplified view of a SEP prediction model, a more realistic, and there-
fore much more complex sketch of a physics-based model is presented in Fig. 8. Here, differ-
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Fig.8 Possible complexities of a physics-based SEP prediction model. Compared to Fig. 6, white boxes now
indicate additional quantities and/or processes that may need to be taken into account to correctly describe
‘realistic’ SEP transport. Blue lines illustrate the usual (one way) flow of information that feed into compo-
nents of the model, while red lines show potential forward- and back-reactions that may have to be included
for consistency. An examples of this is output from the transport model, i.e. the calculated time-dependent
SEP distribution, that could lead to wave-amplification by the streaming SEPs. This amplification will en-
hance the background turbulence, which will in turn change the magnitude of the diffusion coefficients, that
will feed into the transport model. Similarly, both the amplified waves and the particles themselves, if they
contain sufficient pressure, might modify the local plasma environment and therefore also the global (large
scale) magnetic field. Again this feeds into the transport model creating a second feedback loop. Many such
mechanisms can, in theory, be incorporated into a physics-based model, for e.g. the streaming SEPs losing
energy by forming Langmuir waves that decay into radio waves that form radio bursts, ultimately leading to
an incredibly complex and non-linear model that can currently, in practice, not be solved due to both compu-
tational constraints but also the lack of in-situ measurements

ent observations and parameters are needed to feed into an acceleration model. These include
details of the local magnetic structure and seed particle population in the solar corona and
throughout IP space, which are often not directly measurable. Similarly, details of the local
turbulence conditions directly at the acceleration site has to be specified, while the acceler-
ated particles, streaming away from the acceleration site, can themselves modify the local
turbulence and therefore the diffusion coefficients governing their transport. The (probably
numerical) acceleration model then feeds into a (again numerical) transport model that prop-
agates the accelerated particles through the heliosphere until a SEP prediction can be made
at a given heliospheric location. For past events, the model chain can be run with different
initial conditions until a satisfactory comparison between model results and observational
data is achieved. However, for an operational setting, the lack of actual observations of the
inputs needed to run these models inhibits such a parameter study. The question is whether
a physics-based model, as depicted in Fig. 8 is feasible at all. There are indeed possible
technical constraints, such as the long run-times associated with all these numerical models.
However, more concerning is the fact that current available observations do not provide all
the required information to determine the variable inputs and parameters used in these mod-
els. For example, specific details on the seed particle populations, the local magnetic field
structure, turbulent conditions, or the diffusion coefficients required to determine the output
of the particle acceleration mechanisms assumed in these models are unknown. And we are
not even certain about the contribution that different acceleration mechanisms might have in
a SEP event.

Consider, for instance, the simulation results of Prinsloo et al. (2019) reproduced in
Fig. 9. Here the dashed line shows the assumed energy dependence of the seed particle
population (in this case a heated non-thermal distribution) which is then accelerated by a
travelling interplanetary shock (different model runs shown by the purple, blue, and black
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curves) and compared to the resulting ESP observations indicated by the red symbols. While,
in general, the seed particle distribution is not well known (i.e. for a thermal distribution the
temperature at the acceleration site might not be known or cannot be derived from remote-
sensing observations), these results illustrate a much more intricate problem: The different
model results are for different assumptions of the so-called injection energy (Desai and Gi-
acalone 2016) in the DSA mechanism with a certain set of parameters. That is, the minimum
energy particle that can be re-accelerated during the DSA process. For these simulations, the
injection energy is varied by a factor of 6, while the resulting particle spectra change by al-
most 6 orders of magnitude. The injection energy depends on the local turbulence conditions
and transport coefficients, which cannot be sampled, but have an extremely large influence
on the resulting SEP predictions. The selection of optimal parameters needs to be discussed
and justified. While complex model chains have demonstrated success in reproducing his-
torical SEP events, the necessity for ad-hoc adjustments to free parameters renders such
models inadequate for operational purposes. To overcome these limitations and be practi-
cally feasible in an operational setting, different models are developed to simplify different
aspects of the SEP acceleration and/or transport. Several examples of such models, with
different levels of complexity and making a variety of different model assumptions, can be
found in Whitman et al. (2023). Below, we highlight a few of the physics-based models that
attempt to include as much physics as possible by incorporating theory elements (in either
the acceleration and/or transport models) with different levels of complexity under different
assumptions

An example of the current state-of-the-art physics-based SEP prediction models is PAR-
ADISE (PArticle Radiation Asset Directed at Interplanetary Space Exploration; Wijsen
2020). This model uses a magneto-hydrodynamic (MHD) simulation of the background
heliospheric plasma and magnetic field, in this case EUHFORIA (EUropean Heliospheric
FORecasting Information Asset; Pomoell and Poedts 2018) and simulates the accelera-
tion and transport of SEPs, in the test particle limit (e.g. without affecting the background
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Fig. 10 Example of results obtained from the coupled EUPHORIA and PARADISE model. The left panel
shows the SEP distribution super-imposed on top of the MHD background while the right panel shows the
resulting SEP temporal profile at different energies and solar wind parameters from the MHD model. This
example is taken from Whitman et al. (2023)

plasma), within this MHD environment. This allows the model to capture the effect of the
non-Parkerian (Parker 1958) solar wind conditions, e.g., due to the presence of preceding
CME:s (Niemela et al. 2023) or solar wind streams of varying speed (Wijsen et al. 2023).

An example of this model’s output is shown in Fig. 10. The coupled EUHFORIA+PAR-
ADISE model operates in a fully three-dimensional (3D) space, allowing for comprehensive
simulations of SEP propagation. However, this 3D approach also demands extensive com-
putational resources, making real-time predictions computationally expensive.

Furthermore, it is important to note that models like PARADISE do not capture several
physical processes, as illustrated in Fig. 8. For instance, SEP transport is typically limited
to a test particle approach, neglecting the back-reaction of the resulting particle distribution
on the MHD background (such as particle pressure or wave excitation). Additionally, the
seed particle population is typically prescribed as an ad-hoc particle distribution, and the
exact transport coefficients (i.e., the parallel and perpendicular mean-free-paths) are treated
as free parameters throughout the domain to simplify and speed up the computations.

As a step towards overcoming the mentioned limitations, a new modeling framework for
forecasting SEP events, PARASOL, has been recently introduced (Afanasiev et al. 2025).
In this framework, the turbulence amplification in the foreshock region is incorporated into
PARADISE through a semi-analytical foreshock model obtained using self-consistent sim-
ulations of proton acceleration with SOLPACS. This approach allows including the self-
consistent treatment of particle acceleration in shocks into the global 3D transport simula-
tion model without a substantial increase in the computational cost. In contrast, the direct
coupling of PARADISE and SOLPACS would result in a computationally heavy simulation
model unlikely usable in the operational space-weather context.

Similar physics-based models are e.g. M-FLAMPA (Multiple-Field-Line-Advection
Model for Particle Acceleration; Sokolov et al. 2004), iPATH (improved Particle Accelera-
tion and Transport in the Heliosphere; Hu et al. 2017), that uses a 2D MHD background that
has recently been upgraded to 3D (see e.g. Li et al. 2021), STAT (Solar Particle Event Threat
Assessment Tool; Linker et al. 2019) that used a 3D MHD background, but only considers
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1D SEP transport along magnetic field lines, and SOFIE (SOlar wind with Fleld lines and
Energetic particles; Zhao et al. 2024), that utilizes the Alfven Wave Solar-atmosphere Model
Realtime (AWSoM-R) for the background solar wind, on top of which CMEs are launched
as imbalanced magnetic flux ropes using the Eruptive Event Generator using Gibson-Low
model (EEGGL). The acceleration and transport processes of SEPs are modeled by M-
FLAMPA. SOFIE aims to tackle the free parameter problem by determining suitable default
values through ensemble studies, spanning the model parameter space and/or by deriving
an empirical formula that relates a parameter to an observable (see e.g. Huang et al. 2023).
Additionally, it is worth noting that current efforts to implement physics-based (and other
types of) models in a real-time SEP forecasting workflow via the CLEAR Space Weather
Center of Excellence’ are under full development (Zhao 2023).

To reduce the computational requirements, other physics-based models either assume a
Parker (1958) background IMF and focus on the 3D particle transport, e.g. SPARX (Solar
PArticle Radiation swX; Marsh et al. 2015), or focus on the background MHD structure and
do not include particle scattering, e.g. SEPMOD (Solar Energetic Particle MODel; Luhmann
et al. 2007) and its recently updated versions (Palmerio et al. 2024). Within this concept,
the SOLPENCO (SOLar Particle ENgineering Code; Aran et al. 2006, 2008) is based on
a model that combines MHD shock simulations and particle transport simulations along
single Parker field lines. It assumes that the injection of shock accelerated particles takes
place at the point of the shock front magnetically connected to the observer (also known as
cobpoint) (Heras et al. 1995) and then derives the evolution of the source function of shock-
accelerated protons, Q, and the normalized radial velocity jump V R across the shock, at
this point (Lario et al. 1998) (see Fig. 11). As a result, SOLPENCO is able to predict the
flux and the cumulative fluence profiles of gradual SEP events associated with IP shocks,
originating from the solar western limb to far eastern locations as seen at two heliocentric
distances (Pomoell et al. 2015).

3.2 Multivariate Statistical and Machine Learning Methods

With the current availability of large and continually growing datasets (e.g., multi-
wavelength observations from SDO, magnetograms, GOES SXR flares, SOHO/LASCO
CMEs, and particle data), researchers have access to extensive resources for investigation.
The relationship between parent solar events and solar energetic particles (SEPs) is complex,
driven by a range of interrelated physical processes. Additionally, identifying the variables
that shape the characteristics of SEP events presents a significant challenge. As a result, pre-
dictive efforts have increasingly focused on higher-dimensional correlations. This has led
to the use of multivariate statistical approaches and machine learning (ML) methods (see
Camporeale 2019, for a review). Such complex algorithms may potentially resolve problems
that cannot be easily approached by more traditional mathematical and algorithmic tools.
ML methods may provide meaningful results, under the condition that: (a) very well spec-
ified questions are put forward, and (b) a correct and consistent framework for the training
and evaluation of the implemented models is formulated. Key issues for such developments
include the interpret-ability and the reproducibility of the obtained results. ML efforts con-
stitute one of the main pillars of modern science. For example, the number of publications
in the space weather regime involving ML methods (not necessarily related to SEP forecast-
ing) over the last decade displays an exponential growth (Fig. 12), highlighting the fact that
ML complements traditional data driven (see Sect. 2) and modeling efforts (see Sect. 3).

5 https://clear.engin.umich.edu/.
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Fig. 11  SOLPENCO outputs for the SEP even on 13 December 2006 SEP event. Panel (A): Evolution of
the CME with five observers (dots) including their corresponding magnetic field lines connecting with the
shock front displayed in grey. Their corresponding cobpoints are the circles on the shock front. Panel B:
Simulated SEP time profiles are then compared to observations. Panel C: Since the calculated time profiles
are obtained by using the evolution of the injection rate of shock-accelerated protons at the cobpoint, Q,
an iterative procedure is established, aiming at identifying the optimal SEP time profile and from there the
transport conditions of SEPs. Assembled from Pomoell et al. (2015)
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Space weather is among significant areas for applying ML due to the fact that on top of the
continuously evolving large datasets, objectives of the predictions can be well-specified (see
point (a)).
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A large number of ML methods emerged in recent years that gained popularity in space
weather applications (see details in Lavasa et al. 2021). Depending on the input used, such
methods incorporate tabulated proxies (characteristics) of solar activity, time-series and/or
images and magnetograms. One major advantage of ML methods is the possibility of ex-
tended forecasting time windows (up to a few days) that in turn allows for planning and
mitigation, although these predictions have considerable uncertainty. A clear and consistent
methodology should be used to check and confirm the results. This typically includes met-
rics such as the Probability of Detection (POD), the False Alarm Rate (FAR), the True Skill
Statistic (TSS), and the Heidke Skill Score (HSS) (see the relevant metrics definitions in Jol-
liffe and Stephenson 2012; Lavasa et al. 2021). POD and FAR have traditionally been used
by the SEP community (see e.g. Whitman et al. 2023). They both range from 0 to 100%.
A perfect score for POD is 100% and for FAR is 0. Prediction methods aim at increasing
POD while minimizing FAR (e.g. Balch 1999; Papaioannou et al. 2018a). HSS captures the
accuracy of a prediction compared to random chance. It ranges from —oo to 100%, with a
perfect score of 100% (Heidke 1926). TSS shows how well the prediction/model can dis-
criminate between positive and negative events. Therefore it incorporates both POD and
FAR. TSS ranges from —100% to 100%, with 100% being the perfect score and 0 indicat-
ing no skill (see also Georgoulis et al. 2024, and references therein). Additionally, direct
comparisons of the obtained or predicted time-series to the observed ones are conducted to
ensure accuracy and reliability. A significant remark with respect to metrics is that when
evaluating models for SEP prediction, it is essential to understand the context and limita-
tions of commonly used performance metrics. These metrics can provide valuable insights
into how well a model performs on a specific dataset, but they are not universally compa-
rable across different models, especially if the models are trained and/or evaluated under
varying conditions. For example, variations in the dataset, such as differences in the time
period, solar cycle phase, or instrumentation, can significantly influence the obtained met-
rics. Similarly, the choice of data pre-processing methods, feature engineering approaches,
and evaluation metrics can introduce biases that impact the interpretation of model perfor-
mance. It is, therefore, crucial to exercise caution when comparing metrics between models.
Instead of relying solely on a single metric or a simple comparison, the way forward is to
conduct comprehensive evaluations under controlled and consistent conditions.®

In the following, methods are divided based on their prediction windows and the appli-
cable techniques (multivariate or ML):

— Short-term Prediction / Nowcasting: These methods utilize tabulated data on flares,
CMEs, radio bursts, and SEP characteristics. They primarily rely on multivariate statisti-
cal methods and ML models to provide immediate forecasts, assuming that solar eruptive
events have already occurred.

— Long-term Prediction / Forecasting: These methods either use solar images or magne-
tograms or time-series analysis. The initial goal is to predict the likelihood of eruptive
events (such as flares and CMEs) within a predefined time window (e.g., 24 hours). The
initial prediction is then extended to forecast the probability that an SEP event will ac-
company such an eruptive solar event.

Applicable in both forecasting and nowcasting schemes, cross-correlation techniques are
employed to predict proton time-series, which have the potential to improve the accuracy
and reliability of SEP forecasts over different periods (from a few hours up to a few days).

f’https://ccmc. gsfc.nasa.gov/community-workshops/ccme-sepval-2023/.
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3.2.1 Nowcasting - Short Term Prediction

Multivariate Statistical Methods Winter and Ledbetter (2015), utilized radio burst data (i.e.
type II and type III radio bursts). They found that all SEP events in their sample were as-
sociated with a type II burst, and 92% were also accompanied by a type III burst. Using
both the presence of these bursts and quantitative characteristics — particularly the intensity
and duration of type III bursts —- they applied Principal Component Analysis (PCA), to-
gether with logistic regression to make a binary (yes/no) prediction of SEP occurrence at E
>10 MeV. These authors presented a POD = 65% and a FAR = 22%. PCA is a straightfor-
ward, non-parametric method of extracting relevant information from multivariable datasets
and has the advantage of reducing the dimensionality of the data employed. Hence, it clears
out complex datasets and highlights dependencies. Building on this, PCA and logistic re-
gression have been successfully applied on an extensive parametric grid of both CME and
flare characteristics (i.e. CME width/size and velocity, the logarithm of the SXRs flux, flare
longitude, duration, and rise time) leading to a set of indices for the binary prediction of the
SEP occurrence at E>10 MeV (Papaioannou et al. 2018a). In this work, the maximum POD
= ~78% and the relative FAR = ~41%.

Machine Learning Methods Recently, Lavasa et al. (2021) performed a thorough analysis
of different techniques to be used for the binary (i.e. yes or no) predictability of SEPs, such
as logistic regression (LR), support vector machines (SVM), neural networks (NN) in the
fully connected multi-layer perceptron (MLP) implementation, random forests (RF), deci-
sion trees (DTs), extremely randomized trees (ET) and extreme gradient boosting (XGB),
further evaluating the importance of each solar flare (e.g. SXR flux, fluence, longitude, rise
time, duration), CME (speed, width) and general (solar cycle evolution) feature employed
and thus its usage in the binary (i.e. yes or no) predictability of SEPs. Moreover, feature
permutation importance was used to evaluate the contribution of each input variable to the
ML model. This method works by randomly shuffling (permuting) the values of a single
feature and observing the resulting change in model performance. As a result, this method
is used for analyzing feature contributions to a model’s predictions. It is model-agnostic,
meaning that it can be applied to any predictive model, regardless of its type (Rudin et al.
2022; Lavasa et al. 2021). It was concluded that the CME speed and SXR fluence are the
parameters that stand out in the SEP prediction schemes applied (see Fig. 13). These au-
thors concluded that the method of choice was RF which achieved POD = 76+6%, FAR
= 34+10%, TSS = 754+5% and HSS = 694+4% in the imbalanced dataset setting. In the
context of SEP prediction, the distinction between balanced and imbalanced datasets plays
a critical role in model development and evaluation. A balanced dataset contains roughly
equal numbers of examples for each class, positive (i.e. SEP yes) and negative (i.e. SEP no).
This balance ensures that the model has ample opportunity to learn patterns for both classes,
reducing the risk of bias toward the majority class. However, SEP datasets are inherently
imbalanced, as SEP events are rare compared to the much more frequent negative (SEP no)
scenarios (see details in Lavasa et al. 2021; Stumpo et al. 2021). In such cases, a model may
either fail to capture the minority class (i.e. SEP yes), which is typically of greater interest
in SEP operational context or to provide enhanced FAR (Stumpo et al. 2021). Additionally,
even closer to the present time, Ali et al. (2024) applied SVM and XGB to a well-curated
sample of GOES proton and SXR observations with daily resolution spanning across three
solar cycles, demonstrating that XGB is the model of choice for their set-up to predict SEP
events using SXR flux features. On average, the XGB (SVM) provides TSS = 72% (61%).
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Fig. 13 Colormap of feature permutation importance scores. The x-axis depicts the eight (8) features that
were investigated, see details here above, while the y-axis presents the eight (8) ML models that were applied
in the study i.e. LR, SVM, NN, RF, DT, ET and XGB (see definitions in the text). The colorbar overlays the
achieved permutation importance score for each case (i.e. model & feature). The scores range from O to 1. In
four out of eight (4/8) classifiers (i.e. LR, NN, DT, RF) the contribution of CME speed in the accomplishment
of the classification task is particularly high (i.e. 0.35-0.50) labeled in yellow color. High importance scores
(~0.40-0.55) are also found in tree-based models (DT, RF, XGB) regarding the SXR fluence (from Lavasa
etal. 2021)

Other attempts, in this direction, include the NN method that was applied to the ratio
(R) of the peak SXR flux at 0.05-0.4 and 0.1-0.8 nm, aiming to the prediction of the oc-
currence (or not) of E>10 MeV SEP events (Kahler and Ling 2018). This is based on the
work by Garcia (1994a) who demonstrated that the ratio of the two nominal bands of GOES
soft X-rays can be used to compute the flare plasma temperature and emission measure.
Building on this, Kahler and Ling (2018) utilized R and separated SEP events based on their
achieved peak flux at an integral energy of E>10 MeV. Small SEP events were defined as
those for which the E>10 MeV proton peak flux ranges between 1.2 and 10 pfu, medium
sized SEP events are those with a E>10 MeV peak flux > 10 pfu (i.e. NOAA criterion),
and large SEP events reach >300 pfu. The authors found that flares that led to small SEP
events were not well separated from the flares that led to non-SEPs, in contrast to >10 pfu
SEP events, whereas large (>300 pfu) SEP events originating from flares located in the
western solar hemisphere are much better separated from non-SEP flares. In a follow-up
study, Ling and Kahler (2020) showed that low R values are preferentially associated with
fast CMEs and SEP events at an integral energy of E>10 MeV. These authors demonstrated
that the NN gives a smooth separation boundary between SEPs and non-SEPs/small SEPs,
but misses some events (see also Fig. 14). However, no metrics/scores were provided. Sim-
ilarly, Aminalragia-Giamini et al. (2021) presented another NN model that makes use of 26
flare related parameters revolving around the position and the SXR flux of each flare con-
sidered. They found that their model effectively predicted the large majority of SEP events
investigated’ and reported a mean TSS = 80% based on 100 iterations.

One category of ML SEP prediction models can be used for time-series analysis. Such
models can provide predictions with windows ranging multiple hours (n-hrs) ahead. In par-
ticular, time series of SXRs and integral proton fluxes recorded by GOES were used to
develop successful DT models in order to nowcast SEPs at high energies (i.e. E>100 MeV)

7SEP events were derived by the list of Pacheco Mateo (2019) who identified 257 SEPs from 1988-2013.
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Fig. 14 The maximum temperature (in MK) versus the maximum SXR peak flux (in W/m2). Flares associ-
ated to SEP events are depicted as diamonds, whereas flares not associated to SEP events as dots (from Garcia
2004; left-hand side). The Peak Flux Ratio (R) as a function of maximum SXR peak flux (in W/m2) for flares
associated (red dots) and not associated or achieving a peak proton flux < 10 pfu (blue dots) to SEP events
(adapted from Kahler and Ling 2018; right-hand side)

(Boubrahimi et al. 2017). They provided a mean POD = 71% and a FAR = 20% (combin-
ing both of their implementations) for their balanced set-up. Most recently, in a study by the
same group, data fusion models were used for the same purpose (Hosseinzadeh et al. 2024).
These authors reported a TSS ~60% (35%) for their balanced (imbalanced) set-up, respec-
tively. Another recent study by Stumpo et al. (2024) used time series from SOHO/EPHIN
electrons (differential electron channel E150 (0.25-0.70) MeV, E300 (0.70-3.00) MeV,
E1300 (2.60-6.20) MeV, E3000 (4.80-10.40) MeV) combined with the derivative of each
differential electron channel and the derivative of the proton flux. Their model predicts
the logarithm of the proton flux integrated in the channels P8 (7.80-25.00 MeV), P25
(25.00-40.90 MeV), and P41 (40.90-53.00 MeV) of the EPHIN instrument. In order to
do so, they created an RF model that is able to predict the energetic proton flux up to 1 hr in
advance.

3.2.2 Forecasting (Long Term Prediction)

Machine Learning Methods Time series analysis has been used by Nedal et al. (2023) for
the prediction of the proton integral fluxes (not only during SEP events) at E>10; E>30 and
E>60 MeV, with forecast windows of 1,2 and 3-days in advance. This was made possible
via the application of the bidirectional long short-term memory (BiLSTM) neural network
model. Their model included a number of input parameters (i.e. the F10.7 index, the sunspot
number, the time series of the logarithm of the SXR flux, the solar wind speed, and the aver-
age strength of the IMF) with a 1-day averaged resolution and provided the predicted proton
flux. These authors provide a POD = 62% (FAR = 8%) for the 1-day in advance prediction
which drops (increases) when larger prediction windows are considered. Nuifiez and Paul-
Pena (2020) have proposed a complementary approach to forecasting E>10 MeV proton
events using another DT model. This method adds observations of type III radio bursts -
which are used as indicators of the opening of the magnetic field lines and consequently
as evidence of particles’ escape into IP space (see also the ESPERTA concept described
above). They obtained a POD of 70.2%, and a FAR of 40.2%.

ML-based predictions can also utilize the underlying physical connections between the
accumulation, release and transformation of magnetic energy in solar eruptive events to
provide an indirect approach for SEP prediction. For example, Inceoglu et al. (2018) used
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the Space Weather Database Of Notification, Knowledge, Information (DONKI)® of NASA
Community-Coordinated Modeling Center, to obtain their optimal results when predicting
if a flare will be associated with CMEs and SEPs, resulting in TSS = 92(£9)% and HSS =
92(£8)%. Alternatively, SEPs are predicted with e.g. an BILSTM NN, under the condition
that strong flares (with a magnitude of M- or X-class) and associated CMEs are already
predicted to occur, based on a model using magnetograms as input (see Abduallah et al.
2022, and references therein). For the prediction of SEPs they reported a mean (across all
time windows from 12-hrs to 72 hrs ahead) TSS = 45.5%. Similarly, ML algorithms were
developed using as input magnetograms that are able to correctly disentangle cases for which
an AR that produces a flare would further lead to an SEP (Kasapis et al. 2022). When
utilizing the outputs from the mangetograms alone, these authors presented a mean TSS
= 43% which was further enhanced when adding to this other observational features as
the flare intensity. All of these efforts, directly utilize large prediction windows (at least
12-hours and up to 72-hours in advance) that are offered, essentially, by flare and CME
prediction providing context for SEP prognosis (see details in Bobra and Couvidat 2015;
Bobra and Ilonidis 2016).

3.3 Benefits and Limitations of ML

Linkages between ML and empirical (well-established) methods provide a direct cross-
comparison of results and an indirect validation of concepts. To this direction, a coherent
study by Stumpo et al. (2021) compared the results of ESPERTA to a ML model and demon-
strated comparable outputs in terms of metrics/scores. More importantly, this study clearly
demonstrated the limitations of SEP nowcasting due to the inherent imbalance in the used
samples (i.e. small size of the SEP sample as opposite to the non SEP one). Naturally, such
imbalance leads to an increase in the false identifications (alarms) of a prediction system,
defining a range within 25 — 45%. Their result is consistent with the results of Lavasa et al.
(2021) who further demonstrated that the imbalanced setups for ML models, that are realistic
and applicable to real-world problems, have—in general—false alarm rates that lie within
the same range. In turn, this result highlights that models trained and tested on balanced
datasets—without accounting for the natural imbalance of the problem—produce solutions
that are not suitable for real-world applications, leading to challenges in transferability and
reproducibility. Therefore, ML techniques are essential and can facilitate progress, but they
also face the same challenges as traditional methods, imposed by the data.

4 Current Status

In view of the many challenges involved in SEP event prediction, there is a clear need for
integrated SEP event nowcasting systems that will make use of both the current knowledge
of the underlying physics in SEP events and the state-of-the-art forecast schemes already
implemented. Several ensemble solutions, that incorporate different models and setups,
have been developed. For example, (i) the Space Radiation Intelligence System (SPRINTS)
framework which is an ensemble of expert-guided, statistical, and ML DT models (Engell
et al. 2017), and (ii) the Multivariate Ensemble of Models for Probabilistic Forecast of Solar
Energetic Particles (MEMPSEP) framework (Chatterjee et al. 2024) that utilizes carefully
curated data (Moreland et al. 2024), coupling magnetograms to SXR time series and radio

8https://kauai.ccmc. gsfc.nasa.gov/DONKI/.

@ Springer


https://kauai.ccmc.gsfc.nasa.gov/DONKI/

82  Page 26 of 45 A. Papaioannou et al.

bursts, applying a Convolution NN (CNN) approach. Both methods provide a binary clas-
sification for the SEP prediction problem. Such efforts pave the way for future attempts.
Moving forward, predicting the entire SEP intensity-time profile is the next step. Towards
this direction, the Advanced Solar Particle Events Casting System (ASPECS) is an auto-
mated modular advanced warning system of SEP events that couples data-driven concepts
and physics-based models® (consult information within Papaioannou et al. 2022b; Whitman
et al. 2023). It provides for the first time the expected SEP event time profile for a set of in-
tegral energies (E>10-, >30-, >100-, >300 MeV) in near real-time mode at 1 AU. In order
to do that, ASPECS incorporates many different models in sequential modules that provide
predictions of: (a) SEP occurrence; (b) expected proton peak flux at respective energies of
interest; (c) expected SEP time profile using a combination of simulated time profiles based
on SOLPENCO?2 (Aran et al. 2006; Pomoell et al. 2015) and semi-analytical solutions based
on a modified Weibull fitting procedure (Kahler and Ling 2017; Paassilta et al. 2023). For
(a) and (b) the Probabilistic Solar Particle Event foRecasting (PROSPER) model was devel-
oped (Papaioannou et al. 2022b). This is a Bayesian model that delivers predictions on SEP
occurrence and the expected peak proton flux at 50% and 90% confidence levels (CLs). One
of the advantages of ASPECS is that it provides the SEP profile time evolution, and thus
it directly translates the conditions of the near Earth space into usable information during
the total duration of the SEP event (see Fig. 15). In this way, such modular integrated SEP
prediction systems facilitate the creation of new prediction schemes and improvement of the
current (present) ones.

5 Future Perspectives

At present, the plans of human space exploration are in full development (Creech et al. 2022;
Watson-Morgan et al. 2023). Our world is only a step away from sending humans back to
the Moon and in a few years on Martian soil. Figure 16 demonstrates the importance of
SEP prediction, especially concerning the associated danger to human exploration. The top
panel of Fig. 16 displays the sunspot number (SSN) observed from 1995 to 2025 (blue line
with units in the left vertical line) covering the solar cycles (SCs) 19 — 25. The green shaded
region at the end of this period depicts the current SSN prediction of SC25 from WDC-
SILSO.!'® We overplot, in the top panel of Fig. 16, the E>30 MeV proton omnidirectional
fluence (in cm~2) of SEP events obtained by Shea and Smart (1990) (gray circles), Rotti
et al. (2022a) and Papaioannou et al. (2016) (orange circles), and from calculations similar
to those of Papaioannou et al. (2023) (magenta circles). The units of the E>30 MeV pro-
ton fluence are in the right vertical axis. Horizontal bars denote human spaceflight missions
and/or programs of the past, present, and future. Actual measured radiation doses that were
obtained during all human exploration missions (adapted from Cucinotta et al. 2008) also
including estimations for a stay of 180 days at the ISS, a voyage back to the Moon and
eventually to Mars, are depicted in the bottom left panel of Fig. 16. Finally, the bottom right
panel of Fig. 16 displays the numerical distribution of the measured E>30 MeV proton flu-
ences (x-axis is the logarithm of the fluence). The orange trace (right ordinate axis) provides
the cumulative probability P (F) of having a log(fluence) = F above a certain value (see
also Lario and Decker 2011). The horizontal red line and the value 8.72 (indicated in red),

9https ://phobos-srv.space.noa.gr/.
1Ohttps://www.sidc‘be/SlLSO/forecasts.
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Fig. 15 A composite output from the ASPECS tool showing the evolution of forecasts for the July 14, 2000,
“Bastille Day” SEP event. On the left column, the first two top panels show the SXR flux (red line) from
GOES and CME:s identified by CACTus (colored vertical lines). The top panel on the right column shows the
actual measured SEP intensity profile and the pie circle the predicted solar radiation storm on the NOAA scale
(https://www.swpc.noaa.gov/noaa-space-weather-scales) for E>10 MeV. The following three panels on the
left display the proton integral fluxes at energies E>10, E>30, E>100, E>300 MeV measured by GOES for
a period of 24 hours prior to the time indicated in each panel. That time is the time of issuing a prediction at
each snapshot and separates the gray-shaded (predictions) from the white (observations) background panels
at each instance. The bottom three panels on the right, with the gray background, show the predictions of
the intensity time profile scaled at the 50% and 90% confidence level for each energy. The first prediction is
issued at the time of the solar flare occurrence ~50 minutes prior to the arrival of the E>10 MeV particles,
then the prediction constantly evolves with time and the last two panels show the obtained SEP time profiles
later during the event

mark the 95% confidence level for this distribution. This means that, taking into account the
complete timespan, for 5 out of 100 events, the fluence will be above this value.

Figure 16 shows that multiple SEPs have occurred during historical human space explo-
ration. Hence it is likely that future crewed missions will also encounter strong SEP events.
Moreover, since most of the missions so far lasted only a few days, the exposure of astronauts
was relatively minimal (see the so-called badge dose). Once Skylab, and more importantly
the space stations Mir and ISS were established, astronauts remained for longer periods of
time in space and then the accumulated doses increased by almost one order of magnitude
(see the biodosimetry measurements; in the bottom left panel of Fig. 16). A typical 180 day
mission on the ISS leads to a 72 mSV (Cucinotta et al. 2008), denoted with a purple filled
circle on the plot, reflecting the long missions that astronauts carry out presently. Today, the
challenge faced by mission crews is to go beyond this limit, leaving the protection of Earth’s
magnetosphere, and cope with an even higher radiation dose elevated by almost another or-
der of magnitude — compared to what we have seen so far. This includes up to ~380 mSv
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Fig. 16 (top panel) SEP event fluence at E>30 MeV (gray, orange, and magenta circles) overlaid onto the
solar cycle evolution as depicted by the sunspot number (Source: WDC-SILSO, Royal Observatory of Bel-
gium, Brussels). SEP events were obtained by Shea and Smart (1990) (gray circles), Rotti et al. (2022a) and
Papaioannou et al. (2016) (orange circles), and from calculations similar to those of Papaioannou et al. (2023)
(magenta circles). (bottom panel on the left-hand side) A summary of mission personnel dosimetry from all
past NASA crew (adapted from Cucinotta et al. 2008).It shows the population average Biological Dose Equiv-
alent for astronauts on all NASA space missions, including Mercury, Gemini, Apollo, Skylab, Apollo-Soyuz,
Space Shuttle, Mir and ISS missions. Estimations for a long duration mission to the ISS (72 mSV), the Moon
(~380 mSv), and Mars (~1050 mSv) are also shown. (bottom panel on the right-hand side) Statistical distri-
bution of the E>30 MeV fluences obtained using all measured SEP events reaching E>30 MeV since 1955.
The orange trace (right ordinate axis) gives the probability P (F) of having a log-fluence above a certain value
F. The horizontal red lines and the values indicated in red mark the 95% confidence level

for a 1 year mission on the Moon (Reitz et al. 2012) and ~1000 mSv for a mission to Mars
(Hassler et al. 2014), clearly demonstrating that humanity is on the verge of a new and signif-
icant leap into uncharted territory. Evidently, the ever-present Galactic Cosmic Ray (GCR)
flux constitutes the largest radiation risk factor in such endeavors (see Liu et al. 2024, and
references therein). Nonetheless, SEPs could contribute an additional radiation dose, which,
in the case of the largest events, may pose a significant hazard to astronauts. The reference
showcase is the 4 August 1972 SEP event (Pomerantz and Duggal 1973; Jiggens et al. 2014;
Knipp et al. 2018). Apollo XVI returned to Earth on 27 April 1972, with the final Apollo
XVII Moon landing was scheduled for 7 December of the same year. If the SEP event on 4
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August 1972 had occurred during (such) a mission, astronauts outside the spacecraft could
have faced severe radiation exposure regardless of their location (see e.g. Lockwood and
Hapgood 2007).

Efficient, accurate, and timely SEP prediction incorporating the evolution of the time
profile therefore becomes critical. In turn, an integrated system that mimics (but with differ-
ent energies, thresholds, needs) terrestrial weather forecasting is the immediate future step
(Anastasiadis et al. 2019). This latter analogy highlights similarities in the methodologies,
goals, and challenges involved in both systems, in particular:

— Timely Prediction: Terrestrial weather forecasting seeks to predict atmospheric phenom-
ena (e.g., storms, hurricanes) efficiently and accurately to mitigate risks. SEP prediction
aims to protect space missions, humans and technology providing timely forewarning as
well.

— Evolution of Profiles: Terrestrial weather models track the evolution of e.g. temperature,
pressure, and wind profiles. Similarly, SEP prediction tools systems should account for
the dynamic evolution of intensity time profiles, including variations in energy and their
spatial distributions.

— Integrated Systems: Integrated systems that synthesize diverse data sources (from e.g.
satellites and ground-based observations) into a cohesive prediction model, are needed
for both the terrestrial weather and the prediction of SEPs.

— Energy and Threshold Differences: In terrestrial weather, thresholds for issuing warn-
ings differ based on the type and severity of the event (e.g., a tropical storm versus a
hurricane). Similarly, SEP forecasting needs to establish thresholds for different SEP en-
ergy levels and event severity to issue tailored alerts for specific users. For instance for
SEPs, this would involve models for different energy levels, thresholds for hazardous
conditions, and varying needs (e.g., astronaut safety versus satellite protection).

In order to accomplish this goal, the scientific community needs to:

— Perform focused scientific work on SEP emission and transport for gradual SEP
events that are directly Space Weather relevant. In particular, the SEP transport math-
ematical formalism includes almost all important particle transport effects, such as par-
ticle streaming along the magnetic field, adiabatic cooling in the expanding solar wind,
pitch angle and perpendicular scattering, and magnetic focusing in the diverging IMF,
although, the latter is typically assumed as a Parker spiral magnetic field that does not
necessarily represent the actual configuration of the perturbed interplanetary magnetic
field. Enhanced modeling efforts that quantify the escaping of ions at the CME-driven
shocks onto the appropriate field lines connected to the observer should be included. The
obtained SEP intensity time profiles depend on (i) how the magnetic connection of the
spacecraft (the observer) is established with the particle source(s), (ii) how efficiently pro-
tons are accelerated and injected by the shock into the connecting magnetic flux tube(s),
(iii) how particles propagate through IP space, (iv) how the IMF irregularities modulate
the SEP population and (v) how the properties of the shock are modified as it propagates
through the background solar wind and large-scale solar wind structures, and (vi) how
well can we describe the magnetic configuration in the inner heliosphere for each spe-
cific SEP event. Substantial progress has been made by coupling SEP transport models
with MHD simulations of solar magnetic structures. Continued advancement will depend
on detailed model-data comparisons, particularly for multi-spacecraft SEP events, which
help constrain input parameters and improve model fidelity. Still, more work is needed
to understand inter-event variations and how they reflect differences in acceleration and
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transport conditions. All these factors should be further explored by using new state-
of-the-art techniques, including machine learning techniques and the use of large-scale
simulations of both the background solar wind medium and (coupled) SEP transport in
these structures, that may have not been possible or available in the past.

— Multi-tier Operational Systems. The development of operational SEP forecasting sys-
tems that integrate multiple techniques is emerging as a particularly promising direction.
These techniques include proxy-based methods (see Sect. 2), machine learning (ML) ap-
proaches, and physics-based SEP transport models (see Sect. 3.1). Combining these ap-
proaches into modular, multi-tiered systems enables a more effective and comprehensive
use of existing capabilities (see e.g., Posner and Strauss 2020 and Sect. 4). In this context,
prediction tools are becoming increasingly reliable, supported by community-wide vali-
dation efforts such as SEPVAL.!! Complementary initiatives like the SEP Scoreboard!?
and the Integrated Solar Energetic Particle (ISEP) project'? represent important early
steps toward unifying observational data and diverse modeling approaches into a cohe-
sive forecasting framework. These platforms offer real-time model outputs and enable
cross-model comparisons, which are essential for improving forecast skill and support-
ing space missions such as Artemis and other human and robotic ventures beyond low
Earth orbit. Forecasting models have shown clear improvements in accuracy, yet signif-
icant challenges remain. Predicting SEP events requires modeling a chain of complex
processes—from the quiet Sun’s magnetic field, to the onset of eruptive events like flares
or CMEs, to the acceleration and injection of particles, and finally, to their propagation to
specific locations in the heliosphere. This end-to-end forecasting is complicated by uncer-
tainties at each stage and by broad forecasting windows that can span from several hours
to days. To address these complexities, coupling empirical data-driven techniques (e.g.,
proxies and ML) with physics-based models has enhanced predictive capabilities. How-
ever, a deeper understanding of the underlying physical mechanisms remains essential—
particularly to support human spaceflight, where mission planning and crew safety are
directly impacted, is of paramount importance to enhance the operational readiness for
future space crews.

— Long-term mission support and exploitation of observations. Almost 70 years of in-
tensive research into the physics, understanding, and prediction of SEP events have sig-
nificantly advanced our knowledge of the key processes controlling particle acceleration,
injection, and propagation throughout interplanetary space. These advances have been
enabled by a succession of dedicated missions providing coordinated in situ and remote-
sensing measurements of plasma, fields, particles, and electromagnetic emissions. As a
result, SEP events have been observed both in and out of the ecliptic, across radial dis-
tances from ~0.3 AU to beyond 5 AU, and at longitudinal separations spanning up to 360°
around the Sun. A major early milestone in this effort came in the 1970s with the twin
Helios spacecraft, which probed the inner heliosphere between 0.29 and 1 AU. Their ob-
servations, alongside those from near-Earth spacecraft (e.g., IMPs 7/8), widely separated
observers at 1 AU, and deep-space missions like Pioneers 10/11 and Voyagers 1/2, pro-
vided foundational insights into SEP injection and transport processes (e.g., Beeck et al.
1987; Schwenn and Marsch 1990, 1991; Kunow et al. 1991; Heras et al. 1995; Reames
et al. 1996; Lario et al. 2006, 2007; Strauss et al. 2017; Pacheco et al. 2019; Steyn et al.

n https://ccmce.gsfc.nasa.gov/community-workshops/ccme-sepval-2023/.
lzhttps://ccch gsfc.nasa.gov/scoreboards/sep/.

13 https://ccmc.gsfc.nasa.gov/ISEP/.
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2020; Belov et al. 2023). Importantly, multipoint measurements—even at similar helio-
centric distances—have proven essential for resolving the longitudinal spread and vari-
ability of SEP events. These datasets, when fully exploited through coordinated analysis
and modeling, continue to provide a critical foundation for advancing SEP forecasting.
More recently, inner heliospheric missions such as Solar Orbiter (Miiller et al. 2020),
Parker Solar Probe (Fox et al. 2016), and BepiColombo (Benkhoff et al. 2010) have begun
to fill observational gaps, offering unprecedented perspectives on SEP acceleration and
transport from near the Sun out to 1 AU (e.g., Kollhoff et al. 2021; Kouloumvakos et al.
2022; Lario et al. 2022; Papaioannou et al. 2022a; Mason et al. 2023; Rodriguez-Garcia
et al. 2023; Jebaraj et al. 2023; Mitchell et al. 2023; Raouafi et al. 2023; Kouloumvakos
et al. 2024; Khoo et al. 2024; Kouloumvakos et al. 2025). These missions are modern-
day explorers, traversing uncharted territories of the inner heliosphere and paving the
way for our Space Odyssey. To fully exploit their observations in the context of future
SEP modeling and prediction, it is essential to integrate their data into next-generation
predictive frameworks that combine empirical and physics-based approaches capable of
leveraging the spatial and temporal breadth of available observations. Despite these ad-
vances, several observational limitations persist. For instance, active regions producing
SEP events on the far side or limbs of the Sun remain poorly observed from Earth-based
vantage points. To mitigate this, missions positioned at Earth’s Lagrange points L4 and
L5—or even farther—are critically needed to ensure continuous, global coverage of the
so-called “solar radiation hemisphere” (see Posner et al. 2021). Furthermore, reliable and
sustained monitoring of high-energy protons (E > 300 MeV) remains a priority, particu-
larly given their implications for astronaut safety and spacecraft system integrity during
deep space missions (see Vourlidas et al. 2023). As emphasized in Table 10 of Whit-
man et al. (2023), the inputs to SEP prediction models span a wide range of observations
beyond particle measurements—including coronal EUV and white-light imaging, solar
X-rays, radio emissions, and magnetograms. Many of these originate from research mis-
sions not designed for real-time data access or long-term continuity. Consequently, even
the most advanced models are rendered ineffective when their critical inputs become un-
available. For SEP forecasting to reach true operational maturity, it is imperative that the
scientific community advocate for the sustained operation of multi-domain observing as-
sets, ensure their data are accessible in near real-time, and support the rigorous transition
of validated research tools into operational environments. Only through such a compre-
hensive, system-level approach can we meet the growing demands of human and robotic
space exploration beyond low Earth orbit.

6 Concluding Remarks

One of the most extraordinary accomplishments of humankind has been the ability to burst
through all barriers and securely put astronauts in Earth’s orbit and ultimately on the Moon.
Undoubtedly, this required vision, innovation, and thorough research. As we are about to
step into a Space Odyssey with human spaceflight plans reaching to the Moon and Mars the
prediction of Solar Storms becomes critical. The scientific community has undertaken this
challenge and will provide forewarning and thus protection to crews, with certain inherent
risks, in these new ventures.

In this review, we have explored the evolution and current state of SEP forecasting, span-
ning empirical, physics-based, and machine learning approaches. We have highlighted the
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strengths and limitations of various modeling techniques and emphasized the critical role of
reliable input data and event classification standards.

As we prepare for a new era of human exploration—what we refer to as a “Space
Odyssey”—accurate and timely SEP prediction is no longer optional; it is a prerequisite
for mission safety. The path forward lies in integrating physical insight, robust data in-
frastructure, and user-focused operational models to deliver actionable forecasts. Continued
collaboration across scientific, technical, and operational domains is essential for achieving
this goal.
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