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Abstract

Space weather is a multidisciplinary research area connecting scientists from across heliophysics domains seeking a coherent under-
standing of our space environment that can also serve modern life and society’s needs. COSPAR’s ISWAT (International Space Weather
Action Teams) ‘‘clusters” focus attention on different areas of space weather study while ensuring the coupled system is broadly
addressed via regular communications and interactions. The ISWAT H3 cluster ‘‘Radiation environment in heliosphere” (https://
www.iswat-cospar.org/h3) has been working to provide a scientific platform to understand, characterize, and predict the energetic par-
ticle radiation in the heliosphere with the practical goal of mitigating radiation risks associated with areospace activities, the satellite
industry, and human space explorations. In particular, present approaches help us understand the physical phenomena at large, optimiz-
ing the output of multiviewpoint observations and pushing current models to their limits. In this article, we review the scientific aspects of
https://doi.org/10.1016/j.asr.2024.03.070
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the radiation environment in the heliosphere, covering four different radiation types: solar energetic particles, ground-level enhancement
(a type of solar energetic particle event with energies high enough to trigger signals in ground-level detectors), galactic cosmic rays, and
anomalous cosmic rays. We focus on related advances in the research community in the past 10–20 years and what we still lack in terms
of understanding and predictive capabilities. Finally, we also consider some recommendations related to the improvement of both obser-
vational and modeling capabilities in the field of the space radiation environment.
� 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Keywords: Space weather; Space radiation; Solar energetic particles; Galactic cosmic rays; Ground-level enhancement; Anomalous cosmic rays
1. Introduction and motivation

Space weather studies generally address the conditions
on the Sun and in the heliosphere and how they impact
the interplanetary and planetary space environment, influ-
ence the performance and reliability of space-borne and
ground-based technological systems, and endanger human
life or health, as illustrated in Fig. 1 (also see the US
National Space Weather Plan for the up-to-date definition
of space weather at http://www.nswp.gov/).

In recent years, space weather has appropriately become
a multidisciplinary research area connecting scientists from
across all heliophysics domains, from solar physics to
aeronomy. The international members of this community
work together under the umbrella of the COSPAR Panel
on Space Weather, the International Space Weather Action
Teams (ISWAT; https://iswat-cospar.org/), which were
established recently. Each Action Team is an international
group of interested researchers charged with addressing a
Fig. 1. Cartoon illustration of space weather phenomena and
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specific and focused space weather–related task. Action
Teams are, in turn, organized into various ‘‘clusters”
grouped by domain, phenomena, or impact, and work in
coordinated efforts to improve the scientific understanding
of space weather phenomena and our society’s resilience to
the effects of space weather. The goal of the ISWAT H3
cluster (https://iswat-cospar.org/h3) is to understand, char-
acterize, and predict the fluxes of the major sources of ener-
getic particle radiation in the heliosphere, including solar
energetic particles (SEPs), galactic cosmic rays (GCRs),
and anomalous cosmic rays (ACRs).
1.1. Introduction to the heliospheric radiation environment

SEPs are protons, heavier ions, and electrons that are
accelerated by solar flares and shocks driven by coronal
mass ejections (CMEs; see Cohen et al., 2021), and have
energies from a few kiloelectronvolts up to several gigaelec-
tronvolts (Fig. 2). In some very large SEP events, the pres-
impacts. More discussions can be found in the main text.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 2. Proton (top left) and oxygen (top right) fluence spectra showing the energy ranges of various particle populations in the heliosphere. The coverages
of in situ particle detectors (bottom panels) are also shown. The vertical yellow band highlights the energy range most relevant for human radiation
exposure behind shielding in the deep space environment. CIR, corotating interaction region. (From Corti et al. (2023).).
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ence of protons of energies up to tens of gigaelectronvolts
can contribute to Earth’s surface particle fluxes and can
be detected through ground-based neutron monitors
(NMs), in so-called ground-level enhancement (GLE)
events. SEP events occur sporadically, leading to intense
but temporary increases in radiation levels in the helio-
sphere that can commence with little warning (a few min-
utes) following observed solar activity. Their occurrence
rate follows the 11-year solar activity cycle, with more
events occurring during the solar maximum and also dur-
ing the declining phase of the cycle, especially those leading
to GLEs (e.g., Shea and Smart, 1993). Being electrically
charged, SEPs gyrate around and follow the interplanetary
magnetic field lines (with the nominal condition described
as Parker spirals) such that the largest particle fluxes tend
to be related to flares and CME-driven shocks that had a
direct magnetic connection to the observer (e.g., Klein
and Dalla, 2017). However, SEPs can be distributed more
widely in the heliosphere, indicating that additional trans-
port processes, often modeled as diffusion, occur near the
Sun and/or in the solar wind (e.g., Desai and Giacalone,
2016). The physics of these processes is poorly understood
at present, as are the processes accelerating SEPs. In partic-
3

ular, the roles of reconnection in solar flares versus acceler-
ation by CME-driven shocks, which become spatially
extended sources themselves, continue to be debated. In
addition, theories of particle acceleration by shocks may
require the presence of a ‘‘seed population,” i.e., suprather-
mal particles, at the Sun and/or in the interplanetary med-
ium that are difficult to quantify (e.g., Cohen et al., 2021).
Thus, the successful prediction of the contribution of SEPs
to the radiation environment in the heliosphere is challeng-
ing because there is much uncertainty in the fundamental
processes involved, and little forewarning of when a SEP
event will occur. For instance, we do not know when an
active region will erupt or what flare size it will create or
how big a CME will be or if any of that will accelerate par-
ticles and to what energies. More detailed discussions con-
cerning the current understanding and limitations as well
as forecasting capability related to SEPs and GLE events
can be found in Sections 2 and 3, respectively.

GCRs are particles with high energies (from tens of

megaelectronvolts up to 108 GeV, with their fluxes peaking
at around gigaelectronvolts per nucleon) most likely accel-
erated by supernova-driven shocks that enter the helio-
sphere from the interstellar medium (Blasi, 2013). Once



1 https://www.swpc.noaa.gov/noaa-scales-explanation
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in the heliosphere, they are subject to solar modulation
processes that are dominated by the large-scale structure
of the heliospheric magnetic field and its variation during
the solar activity cycle (e.g., Potgieter, 2013). This gives rise
to 11-year solar cycle (and 22-year solar magnetic cycle)-
variations in the GCR intensity that are anticorrelated with
solar activity. GCRs are nearly isotropic in the interplane-
tary space. However, a small diurnal anisotropy has been
observed, and it may also change following the solar mag-
netic cycle (e.g., Modzelewska et al., 2019). The long-term
solar cycle variations in the GCR flux are reasonably well
characterized in comparison with the case for SEPs. How-
ever, some observations, such as the lag of the GCR vari-
ation after the solar activity cycle, still cannot be fully
explained, and detailed quantification of the modulation
is still needed. Meanwhile, short-term depressions of the
GCR flux that result from transient disturbances in the
solar wind (such as interplanetary shocks and interplane-
tary CMEs (ICMEs), or stream interaction regions (SIRs))
are poorly understood and difficult to predict (e.g.,
Richardson and Cane, 2011; Richardson, 2018). When
one is assessing radiation risk, GCRs pose a bigger chal-
lenge than SEPs for long-term space explorations such as
a mission to Mars (Cucinotta et al., 2013; Guo et al.,
2021) as they contribute cumulatively throughout the mis-
sion and particles with energy above hundreds of megaelec-
tronvolts per nucleon are very difficult to shield against (see
the energy range of GCRs shown in Fig. 2). More detailed
discussions on the current understanding and open ques-
tions related to GCRs can be found in Section 4.

ACRs are a population of predominantly singly ionized
ions that generally include the elements H, He, C, N, O,
Ne, and Ar located in the low-energy part of the GCR
spectrum. They are believed to result from interstellar neu-
tral atoms that have entered the heliosphere and are ion-
ized by photonionization, electron impact ionization, or
charge exchange to become pickup ions (Fisk et al.,
1974). These pickup ions are then convected into the outer
heliosphere, where they are accelerated at or near the helio-
spheric termination shock and can reach energies of about
1–100 MeV per nucleon (McComas and Schwadron, 2006).
However, the acceleration mechanism of ACRs is still
debated. Since ACRs are transported in the same helio-
spheric environment as GCRs, they also experience the
solar modulation effect (Fu et al., 2021). Presently, the dif-
ferences in the ACR modulation and the GCR modulation
by the solar activity are not fully understood. They are
probably related to the different source origin and rigidity
dependence of these two populations. More detailed dis-
cussions on the current understanding and open questions
concerning ACRs can be found in Section 5.

1.2. Space radiation risks

Space radiation is a major concern for the safety of
robotic and human exploration both in the near-Earth
environment and toward deep space and other planets,
4

such as Mars. Near Earth, the National Oceanic and
Atmospheric Administration (NOAA) uses a five-level sys-
tem, the solar radiation storm scale, i.e., the S scale1, to
indicate the severity of a solar radiation storm and the
anticipated impacts on satellites, high-frequency communi-
cations, and astronauts as well as flight crew and passen-
gers on high-flying aircraft at high latitudes. This scale
ranges from S1 to S5, corresponding to minor, moderate,
strong, severe, and extreme levels of radiation. Fig. 3 illus-
trates various levels of radiation storms and camera signals
triggered by energetic particles. The severity is determined
by examination of the greater than 10 MeV proton flux
observed by the Geostationary Operational Environmental
Satellite (GOES) spacecraft particle sensors: the threshold

to be exceeded is 10, 102; 103; 104, and 105 pfu (1 pfu is
equal one particle per square centimeter per second per
steradian for S1, S2, S3, S4, and S5 storms, respectively.
The severity of these storms is anticorrelated with their
occurrence frequency.

With differing degrees of impact, space radiation over a
wide energy range and particle types can affect modern
technological systems in various ways. For example, sud-
den enhancement of energetic protons can penetrate into
the atmosphere and ionize the D layer of the ionosphere.
This process prevents the high-frequency radio waves from
reaching the much higher E, F1, and F2 layers, where these
radio signals are normally refracted and bounce back to
Earth, thus causing degraded high-frequency radio com-
munications. SEPs may also produce high-latitude atmo-
spheric chemistry changes, including ozone depletion
(Maliniemi et al., 2022). Both SEPs and GCRs can affect
satellite, spacecraft, and their instruments in various ways
and cause temporary or permanent damage
(Stassinopoulos and Raymond, 1988). Total ionizing dose
effects can lead to long-term radiation damage. ‘‘Single-
event effects” refers to the deposition of charge in space-
craft circuits that can cause, for example, upset, latch-up,
or burnout. Internal charging or internal electrostatic dis-
charge is a phenomenon where energetic particles deposit
their charges in materials inside the spacecraft structure,
ultimately causing electrical breakdown. Another phe-
nomenon, called surface charging, occurs when the incom-
ing electrons with energies below about 100 keV
accumulate on spacecraft surfaces and produce surface dis-
charges leading to arcing and electromagnetic interference.
With the above-mentioned effects, energetic protons can
degrade solar panel efficiency, onboard electronic circuitry
can malfunction, and the protons can create noise in star-
tracking systems.

Space radiation also poses a radiation hazard for human
space exploration endeavors. By showing the energy range
of SEPs, GCRs, and ACRs as measured by current and
upcoming in situ particle detectors, Fig. 2 highlights a cur-
rent and prospective future gap in energetic particle mea-



Fig. 3. Normal (S0, left column), moderate (S2, middle column), and severe (S4, right column) radiation storms illustrated with use of signals triggered by
the Solar and Heliospheric Observatory (SOHO). Image taken from https://www.spaceweatherlive.com/en/help/what-is-a-solar-radiation-storm.html.
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surements in the critical energy range concerning human
radiation risks (Corti et al., 2023). As shown, GCRs in
the energy range from 250 MeV per nucleon to 4 GeV
per nucleon (Slaba and Blattnig, 2014; Dobynde et al.,
2021) and SEP protons with energy above 100 MeV
(Mertens and Slaba, 2019) are the most significant contrib-
utors to radiation dose in humans behind shielding. For a
potential human mission to Mars, which will generally
require a long mission duration (about 3 years), both mod-
eled results and measurements show that NASA’s exposure
limits are approached or exceeded (Cucinotta et al., 2017;
Guo et al., 2021). Long-term exposure to the GCR radia-
tion environment does not immediately endanger the life
of astronauts, but it increases the probability of late-term
consequences (e.g., Cucinotta and Durante, 2006;
Kennedy, 2014), such as development of cancer and catar-
acts or damage to the central nervous system and/or car-
diovascular system and hereditary effects (Iancu et al.,
2018). Alternatively, intense SEP events, apart from con-
tributing to the above-mentioned stochastic effects, may
also be associated with deterministic effects as they may
deliver short-term, intense doses that cause radiation poi-
soning or even death.

Even for aviation activities, radiation poses potential
risks (Sihver et al., 2015). During the most energetic SEP
events, i.e., those that result in a GLE event at Earth, the
radiation environment at aviation altitudes can be signifi-
cantly enhanced, particularly for flight routes over the geo-
5

magnetic polar regions (Copeland et al., 2008; Meier et al.,
2020; Dobynde et al., 2024). In recent years, the Interna-
tional Civil Aviation Organization has requested new space
weather advisories specifically tailored to the needs of the
aviation industry, including a requirement for advisories
notifying operators and airlines of SEP events that increase
the effective dose rates at commercial flight levels above
preset threshold levels (e.g., Bain et al., 2023a). Therefore,
improved scientific understanding, modeling, and forecast-
ing of these events will be required for crews both at avia-
tion altitudes and in space (e.g., Hands et al., 2022; Bain
et al., 2023).

1.3. The importance of studying space radiation

From the brief discussions in the previous sections, we
see that it is important to study energetic particle radiation
in the heliosphere driven by the space weather forecasting
requirements and also by scientific interest in understand-
ing particle energization and transport processes. We stress
the following important aspects for studying the space radi-
ation environment (which is also discussed in detail in
Sections 2,3,4,5):

� To constrain physical mechanisms of SEP acceleration
at the Sun.

� To understand SEP transport processes in the
heliosphere.
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� To understand the large-scale heliospheric environment
through which GCRs and ACRs propagate.

� To forecast and nowcast SEP occurrence, fluence,
energy range, and ionization effects that may pose radi-
ation risks to the aviation and space industries.

� To understand and predict the variability of GCR radi-
ation (both its long-term and its short-term modula-
tions) for better mitigating long-term radiation risks.

1.4. Context and structure of this article

In this article, we review the scientific aspects of the radi-
ation environment in the heliosphere with a focus on
advances in the past 10 years concerning our current scien-
tific understanding and predictive capabilities. We also dis-
cuss the limitations in our knowledge and open questions
in the field, and offer considerations related to the planning
of future space observations.

Sections 2,3,4,5 provide an overview of our current
understanding of energetic particles in the heliosphere,
including SEPs, GLE events, GCRs, and ACRs. As GLE
events are SEP events with fluxes at relativistic proton ener-
gies high enough to generate secondary particles that trig-
ger signals in ground-based particle detectors, they are
discussed separately as different methods are often required
to study the interaction of GLE particles with planetary
magnetospheres and atmospheres.

In Section 6, we stress our knowledge gaps in observing,
modeling, physical understanding of, and forecasting capa-
bilities for space particle radiation, and we offer sugges-
tions for narrowing these gaps and moving the field
forward in the next 5–10 years.

2. Solar energetic particles

2.1. Introduction

SEP events are transient enhancements (with a duration
ranging from hours to days) in ions (mainly protons) and
electrons in the space environment associated with solar
activity. SEPs have been observed in Earth’s space environ-
ment since the early years of the space age (e.g., Arnoldy
et al., 1968), either via intentional detection with various
forms of dosimeters and particle telescopes or as back-
ground in other forms of data-including images. Improve-
ments in detector technology subsequently led to species
identification (including ion composition), charge states,
and anisotropies (directionality).

The detection of SEPs in recent decades has revealed
that they span a very broad energy range from the
suprathermal energy range (a few tens of kiloelectronvolts
per nucleon) up to a few gigaelectronvolts per nucleon for
ions, or up to a few megaelectronvolts for electrons. Most
SEP protons have energy in between the solar wind plasma
energies and the higher energies (greater than 100 MeV)
6

where the ACR and GCR populations (see Sections 4
and 5) dominate the heliospheric fluxes. Fig. 2 illustrates
the energy range of the SEPs and GCRs, and typical rela-
tive fluxes, within the heliospheric particle energy
spectrum.

The bottom panels in Fig. 2 show that SEP fluxes are
currently monitored in space by instruments onboard the
following spacecraft near Earth: GEOS-1 to GEOS-17
since 1974, at geosynchronous orbit altitude and also serv-
ing for real-time forecasting (Sauer, 1989; Rodriguez et al.,
2014; Kress et al., 2020), the Solar and Heliospheric Obser-
vatory (SOHO) since 1996, at the Lagrangian point L1
(Domingo et al., 1995), the Advanced Composition
Explorer (ACE) since 1997, at L1 (Stone et al., 1998), the
Global Geospace Science Wind satellite since 1994, at L1,
and the Alpha Magnetic Spectrometer (AMS-02), which
is mounted on the International Space Station, since
2011, at low Earth orbit (LEO) altitude (Kounine, 2012).
At LEO altitude, strong magnetic shielding of SEPs by
Earth’s magnetosphere can modulate SEP fluxes, causing
them to be different from those measured at geosyn-
chronous orbit altitude by GOES satellites or at L1.
Fig. 4 shows the 5-min resolution proton fluxes measured
by the GOES series of spacecraft from 1974 until 2020 over
more than four solar cycles. To account for the different
instrument responses, GOES data have been calibrated
with eighth Interplanetary Monitoring Platform (IMP-8;
in service from 1973 to 2001) data and rebinned into differ-
ent energies (Sandberg et al., 2014; Crosby et al., 2015).
Fig. 4 illustrates the episodic nature of the occurrence of
the SEP populations (spikes in particle flux in the middle
panel) and the solar activity cycle dependence of SEP
events (top panel), superposed on a background tied to
the slowly varying GCR fluxes (bottom panel; Section 4)
anticorrelated with long-term solar activities.

Both flares and the resulting heliospheric disturbances
associated with CMEs are considered sources for accelerat-
ing particles (Reames, 2013; Reames, 2015; Cliver, 2016).
However, the relative role of flare or CME association with
particle energization is still debated. The exact transport
effects of SEPs in the heliosphere and how they can modify
SEP properties are unclear. Understanding the physical
mechanisms responsible for the energization of SEPs and
their transport through the heliosphere is the key to better
forecasts of the heliospheric radiation environment.
2.2. Recent progress and current understanding

In recent decades, important progress has been made on
the interconnection, within the space weather chain, of the
various episodes of a SEP event related to the generation,
acceleration, and propagation of solar particles (see, e.g.,
Desai and Giacalone, 2016; Klein and Dalla, 2017;
Cohen et al., 2021). However, both our knowledge of the
exact physical mechanisms occurring within the various
regions of the solar atmosphere and/or in the interplane-



Fig. 4. Top: Daily and monthly averaged value of sunspot numbers over different solar cycles. Middle: Five-minute-resolution proton fluxes binned into
three different energies (31.6–45.7 MeV, 66.1–95.6 MeV, and 138.3–200 MeV, as plotted in different colors) as calibrated from GOES-series measurements
by the European Space Agency’s Solar Energetic Particle Environment Modelling (SEPEM) service for data before 2016 (Crosby et al., 2015) and by
application of the GOES recalibrated effective energies (Sandberg et al., 2014) for data from 2016 to 2020. Bottom: Daily-averaged GCR flux with SEPs
removed. The gray arrows mark two noticeable discontinuities of the background flux resulting from a change in GCR effective energy across different
instruments (while the calibration ensures that the SEP effective energy is consistent over time). To differentiate adjacent solar cycles, even cycles are
shaded in gray in all three panels. Times of historical GLEs are marked by vertical red lines in the top two panels. The monthly sunspot data in the top
panel were downloaded from the World Data Center SILSO, Royal Observatory of Belgium, Brussels (http://www.sidc.be/silso/monthlyssnplot). The
SEPEM V2.0 data in the lower panels were obtained from the European Space Agency’s SEPEM application server (http://sepem.eu). SC, solar cycle.
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tary space and our capacity to predict relativistic SEP
events are still limited (Anastasiadis et al., 2019; Cliver
et al., 2022).

2.2.1. SEP acceleration sources

It was widely accepted that flares are often associated
with relatively weak, electron-rich, and 3He-rich events
with impulsive (sudden) onsets and a duration of less than
1 day, while CME-driven shocks are more responsible for
the spatially (up to circumsolar) and temporally (up to sev-
eral days) extended enhancements known as gradual events
(Reames, 1999; Reames, 2013; Reames, 2015; Desai and
Giacalone, 2016). As shown in Fig. 5, the conceptual pic-
ture of SEP acceleration includes (1) the ‘‘flare source,”
where energization is associated with the flare processes
via, for example, wave-particle interactions and magnetic
reconnection and (2) the ‘‘shock source,” where theoretical
work suggested ambient plasma compression and collision-
less shock can energize particles via shock drift acceleration
at quasiperpendicular shocks or diffusive shock accelera-
tion at quasiparallel shocks. Shock acceleration may occur
in the solar corona close to the original eruption site or in
the interplanetary space as the CME shock propagates out-
ward. Interested readers can find more details on the accel-
eration processes in a review by Klein and Dalla (2017).
7

The suprathermal particles in the corona and solar wind
(e.g., Mason and Gloeckler, 2012; Wang et al., 2015) can
provide seed populations for the acceleration/generation
of SEPs. The composition of SEPs carries key information
on the seed populations and particle acceleration process in
these events. Gradual SEP events generally exhibit large
proton-to-electron ratios, as well as ion compositions and
charge states similar to those of the corona and solar wind.
This indicates that their seed populations can directly orig-
inate from the corona and solar wind, while their forma-
tion processes likely lead to the preferential acceleration
of protons (Cohen et al., 2021).

Impulsive electron-rich/3He-rich SEPs are typically
characterized by small proton-to-electron ratios (Wang
et al., 2012), strong enhancements of 3He, significant
enhancements of heavy nuclei such as Fe, extreme enhance-
ments of ultraheavy nuclei up to more than 200 amu, and
high heavy-ion ionization states (Mason, 2007). Thus, this
commoner type of SEP would favor the preferential accel-
eration of electrons and heavy ions such as 3He and Fe
(e.g., Liu et al., 2006; Mason, 2007).

However, the traditional view that impulsive/3He-rich/
small SEPs are associated with flares, while gradual SEP
events are related to CMEs has been challenged (e.g.,
Mason et al., 1999; Cohen et al., 1999; Wiedenbeck et al.,



Fig. 5. Left: A generic flare and CME system related to the production of energetic particles close to the Sun (image from National Research Council
(2006), as adapted from Kohl et al. (2006); copyright 2006, Springer). Right: SEPs associated with the interplanetary shock and the SEP propagation from
the acceleration sites along interplanetary magnetic field lines (image from Lin et al., 2006).
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2012) and the relative contribution of flare-related mecha-
nisms and CME-driven shocks to particle energization
remains an open question (Cane et al., 2003; Cane et al.,
2006). The difficulty in disentangling the role of the two
types of process is because a SEP event is often associated
with the onset of both a solar flare and a CME. Both flare-
related and CME-driven shock acceleration may contribute
to the energized SEPs during the same event, and their rel-
ative role is likely to depend on particle energy
(Dierckxsens et al., 2015). In addition, the transport condi-
tions of SEPs in interplanetary space further blur the cause-
effect associations (e.g., Klein and Dalla, 2017). A number
of studies have concluded that at low proton energies (up
to approximately tens of megaelectonvolts), energization
at CME-driven shocks plays a key role in particle acceler-
ation in the corona and interplanetary space (e.g., Desai
and Giacalone, 2016). The sources of acceleration at rela-
tivistic particle energies, for example, during GLEs, might
include flare processes, CME-driven shock acceleration, or
both (e.g., Masson et al., 2009; Aschwanden, 2012). High-
sensitivity observations show that solar energetic electron
events have only a weak association with solar flares
(Wang et al., 2012).

One important way to better understand the energiza-
tion close to the Sun and the process of injection into inter-
planetary space is to use remote-sensing solar images and
radio burst observations provided by ground-based and
spacecraft-based solar telescopes. For instance, X-ray and
c-ray emissions can be produced by accelerated particles
during solar flares (via bremsstrahlung emission or nuclear
collisions), and their observations provide direct informa-
tion on particle acceleration at the solar corona (Cliver
et al., 1989). Therefore, they give complementary diagnos-
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tic information regarding the escaping SEPs seen by in situ
spacecraft. Meanwhile, radio emission at different wave-
lengths provides important information on the source
and injection; for example, shock propagation can be clo-
sely related to type II radio emission and escaping nonther-
mal electrons are associated with type III bursts. Thus,
radio emissions can give direct proof of the release of SEPs
into interplanetary space (Kouloumvakos et al., 2015).
Moreover, coronal observations of the flare or CME erup-
tion processes and shock dynamics, via, for example, coro-
nagraph images, and their association with the properties
of SEPs give important information on the acceleration
and injection process of SEPs (Kahler, 1994; Tylka et al.,
2005; Dierckxsens et al., 2015).
2.2.2. Transport in the heliosphere

When the energized particles reach interplanetary space,
they travel preferentially along the magnetic field, and
observers with the best magnetic connectivity normally
see the earliest onset of SEPs. However, turbulence in the
interplanetary magnetic field plays an important role: it
produces particle scattering and may cause transport
across the average magnetic field, so observers not magnet-
ically connected to the acceleration site may also observe
the SEPs. Traditionally, only particle scattering has been
taken into account, described as pitch-angle scattering. In
the past decade, however, the possibility that turbulence
may produce perpendicular transport of SEPs via magnetic
field line meandering has also been studied (Laitinen et al.,
2016; van den Berg et al., 2020). Drifts associated with the
gradient and curvature of the Parker spiral field of inter-
planetary space (Dalla et al., 2013; Dalla et al., 2020;
Marsh et al., 2013) may also contribute to particle trans-
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port across the average magnetic field. The relative roles of
different factors for cross-field transport are still not fully
understood and may differ for different event scenarios.

The heliospheric current sheet (HCS), fast-slow solar
wind SIRs, the magnetic structures of CMEs, and even
shocks themselves may also influence the transport of SEPs
in the heliosphere. For more descriptions and discussions
of heliospheric disturbance structures, see Sections 4 and
Temmer et al. (2023). During large gradual SEP events,
gradients of particle fluxes (often observed as a jump in
the intensity time profile) have been observed in association
with the passing by of these disturbances (e.g., Guo et al.,
2018), and this is likely because perpendicular diffusion of
SEPs could be damped at magnetic discontinuities within
these structures (Strauss et al., 2016). Additionally,
Waterfall et al. (2022) showed that transport along the
HCS is likely to play an important role in the transport
of relativistic protons. Consequently, predicting SEPs
assuming that they travel primarily along the nominal
interplanetary magnetic field lines to reach a certain obser-
ver is further challenged in the presence of heliospheric
disturbances.

Direct observation of particle scattering in the interplan-
etary space is impossible, although anisotropy and pitch-
angle information (which needs to combine the particle
direction and the vector magnetic field measurement) can
provide considerable insight into the transport physics.
For example, counterstreaming SEP fluxes may indicate
‘‘reservoirs” produced by local magnetic trapping, while
the pitch-angle distribution indicates the role of scattering
during transport to the detection site. Studies in recent
years using multiviewpoint observations combined with
directionality measurements by the Solar Terrestrial Rela-
tions Observatory (STEREO; since 2007) telescopes have
made considerable progress in better understanding the
transport physics (e.g., Dresing et al., 2014; Gómez-
Herrero et al., 2015; Strauss and Fichtner, 2015). However,
these observations are mostly based at a solar distance of 1
AU, with limited spatial resolution. The observed aniso-
tropy is a combined result of the connectivity to the particle
acceleration/injection site and different transport processes
occurring over the long propagation path from the Sun to
the observer. More measurements of this feature closer to
the Sun with advanced detection techniques allowing better
angular resolution, such as by Solar Orbiter’s Energetic
Particle Detector (Rodrı́guez-Pacheco et al., 2020) and
the Integrated Science Investigations of the Sun (IS�IS)
instrument suite on the Parker Solar Probe (PSP; since
2018; McComas et al., 2016), can help constrain SEP event
sources, provide information on early transport processes,
and advance modeling efforts.

The in situ SEP onset information is also important for
understanding the release and transport processes (e.g.,
Rouillard et al., 2012). Although particle scattering has
been widely recognized to play an important role in SEP
transport, velocity dispersion analysis has been commonly
used to diagnose the first-arriving SEPs on the basis of
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either single-viewpoint observations or multiviewpoint
observations for the same event (e.g., Krucker et al.,
1999; Xu et al., 2020; Kollhoff et al., 2021; Wimmer-
Schweingruber et al., 2023). Velocity dispersion analysis
assumes that these first-arriving particles with different
energies are injected at the same time trel and travel nearly
scatter-free along the same path L to the observer (with
arrival time tarrðEÞ) such that the release time and the path
length can be derived by one fitting trel ¼ tarrðEÞ � L=vðEÞ.
For some events, the release time and propagation length
predicted by velocity dispersion analysis are consistent with
the expected physical process, indicating that these parti-
cles experienced mostly scatter-free conditions during the
transport, while for many other events, the fitted values
are not sensible, suggesting that cross-field transport
should be taken into account and/or there may have been
different release times for particles with different energies
(Laitinen et al., 2015).

2.2.3. SEP spatial distribution

The spatial distribution of SEPs in the heliosphere, in
the radial, longitudinal, and latitudinal directions,
depends on the energy of the particles, the transport con-
ditions, the connectivity to the source, and the duration
of the particle injection. Previously, the SEP spatial dis-
tribution was examined by statistical studies using obser-
vations near Earth (e.g., Lin et al., 1995; Cane et al.,
2003; Reames, 2013) and also by multispacecraft missions
such as Helios (from 1974 to 1984) (e.g., Wibberenz and
Cane, 2006; Lario et al., 2006). For single-event studies,
if multiple spacecraft can be in service at various well-
separated locations, multiviewpoint studies can provide
simultaneous in situ measurements at radial and longitu-
dinal separations and reveal the injection and transport
processes of SEPs. Studies in the last decade using the
STEREO twin spacecraft have obtained insight into the
longitudinal distribution of SEPs (Rouillard et al., 2012;
Dresing et al., 2014; Lario et al., 2013; Lario et al.,
2016; Richardson et al., 2014; Xie et al., 2019). It has
been shown that the SEP peak intensity is dependent on
the longitudinal separation between the observer and
the source region, and their relationship can be fitted
by, for example, a Gaussian expression with slight east–
west asymmetry. However, it does not always make sense
to fit three Gaussian parameters based on, in most cases,
only three observers (two STEREO viewers and one from
Earth). Future multispacecraft studies (using more helio-
spheric locations) are needed to reveal the longitudinal
extent of SEPs. Moreover, the relative role of extended
source injection and cross-field transport for the longitu-
dinal distribution for SEPs is often case dependent and
not fully understood. We have limited observations on
the latitudinal distribution of SEPs, which has been sam-
pled by the Ulysses spacecraft. Data from this mission
showed that SEPs have relatively easy access to high lat-
itudes, although their onsets are significantly delayed
(Dalla et al., 2003).
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The radial dependence of peak intensities is suggested to
follow R�a, where a may range from less than 1 to greater
than 5 as derived by different studies using different data-
sets (which cover different particle energies and helio-
spheric distances), whereby different conclusions are
obtained. For instance, Lario et al. (2006) suggest that
the shorter the mean free path of the particles, the larger
the decrease of both peak intensities and fluences with
radial distance; i.e., the smaller the energy of the particles,
the larger the decrease of both peak intensities and fluences
with radial distance. In contrast, Fu et al. (2022) showed
that the higher the energy of protons, the larger the
decrease of the peak intensity with greater radial distance.

More observations by ongoing Solar Orbiter (since
2020; Müller et al., 2020), PSP (since 2018; Fox et al.,
2016), and BepiColombo (launched in 2018 and delivering
two spacecraft to Mercury; Milillo et al., 2020) missions as
well as future interplanetary missions will be essential to
understand the spatial distribution of SEPs.

2.2.4. SEP energy distribution

The energy distribution of SEPs is another important
and combined outcome of both the acceleration process
and transport effects. The energy range over which SEPs
are observed at 1 AU varies considerably between different
events. In the largest events, the presence of protons of
energies up to a few gigaelectronvolts can be detected
through NMs at Earth’s surface, in so-called GLE events
(marked in Fig. 4; see Section 3), while most SEPs have
energies up to tens of megaelectronvolts. SEP spectra can
be described by a single power law distribution or a double
power law (band function), or a power law with an expo-
nential decay at high energies. The decay of the flux at high
energies was considered a consequence of a finite lifetime
and a finite size of the shock (Ellison and Ramaty, 1985),
and the spectral break is thus considered to be a direct con-
sequence of the acceleration process in the source region
(Mason et al., 2012). However, some other studies suggest
that a double power spectrum can result from a single
power-law spectrum at the source that gradually forms as
particles propagate out from the Sun (Li and Lee, 2015).

More spectral observations with different radial dis-
tances from the Sun would be helpful to better understand
the SEP spectral evolution in relation to the acceleration/-
transport effects.

In synergy, the remote, in situ, and multiviewpoint
observations with both energy and direction resolutions
could allow the tracing of sequences of phenomena from
the flare or coronal eruption at the Sun to radio signatures
of near-Sun shock formation and to the energy-resolved
SEP intensity time profile observations at different points
in space for different directions (e.g., Kollhoff et al., 2021;
Klein et al., 2022): see Fig. 6 displaying a synergistic anal-
ysis of a CME eruption shown in remote-sensing images
and multi-view SEP measurements by in-situ dectors. With
the new observations near Earth and from PSP and Solar
Orbiter as well as various planetary missions, we expect
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to make important progress in understanding the exact
physics of SEP energization and transport during this
new solar cycle (solar cycle 25).

2.3. Nowcasting and forecasting capability

SEP forecasts can be made only with information that is
accessible before or at the start of a SEP event, and the
related measurements may include solar magnetograms,
optical imaging, extreme ultraviolet (EUV) imaging, soft
X-ray measurements, coronagraph imaging of CMEs from
single or multiple vantage points, ground-based and space-
based radio observations in the wavelengths pertinent for
type II, III, and IV radio bursts, in situ energetic proton
and electron observations, and in situ measurements of
solar wind density, temperature, and magnetic field. In real
time and at geosynchronous orbit altitude, energetic parti-
cle measurements are available from the NOAA’s GOES
spacecraft (Sauer, 1989; Rodriguez et al., 2014; Kress
et al., 2020). These measurements have been used in oper-
ational real-time forecasting for several decades (see Fig. 4)
and and provide a long-term dataset for model validation
purposes. At the time of writing, real-time SEP observa-
tions are provided by the Space Environment In-Situ Suite
(SEISS) on GOES-16 and GEOS-17, the first of the GOES-
R series spacecraft, measuring protons with energies from
1 MeV to 500 MeV or greater in 14 energy channels.
Real-time information on the solar event responsible for
particle acceleration is crucial to develop predictive capa-
bilities of the particle radiation environment. Besides,
soft-X-ray data from GOES-16 are also available in real
time. The GOES-16 Solar Ultraviolet Imager (SUVI) mon-
itors the full solar disk in the EUV wavelength range.
Obtaining real-time CME data is a critical development
needed for improvement of SEP forecasting capability
(Whitman et al., 2023). It can take 4–6 h, sometimes much
longer, for white-light coronagraph data from the SOHO
Large Angle and Spectrometric Coronagraph (LASCO;
currently more than 25 years old and the sole coronagraph
near Earth) used to image and fit CME ejecta to be avail-
able for a forecaster or model (Temmer et al., 2023).
Planned for launch in 2024, the next GOES mission will
include an operational compact coronagraph, followed in
2025 by a similar instrument on NOAA’s Space Weather
Follow-On Lagrange 1 (SWFO-L1). Coronagraph latency
from SWFO-L1 is expected to be 15–30 min.

A recent forecast verification study (Bain et al., 2021)
from the NOAA Space Weather Prediction Center (SWPC)
highlights the center’s performance and skill with regard to
forecasting SEP events (defined in that study as the period
when the GOES 10 MeV or greater integral proton channel
exceeds 10 pfu, i.e., an S1 storm) during solar cycle 23 and
solar cycle 24. In particular, the study evaluates forecasters’
skill in assigning a probabilistic forecast for an S1 storm in
the next 1, 2, and 3 days and, separately, in issuing a
shorter-term (minutes to hours) deterministic warning for
an imminent event. The forecast products used in that



Fig. 6. Remote, in situ, and multiviewpoint observations of a widespread SEP event on 2020 November 29 (from Kollhoff et al. (2021), reproduced with
permission from the European Southern Observatory). Top: Remote sensing observations of the EUV wave, the CME, and the white-light shock wave
from two different viewpoints: Earth and STEREO-A. Bottom: Overview of the energetic particle measurements by PSP, Solar Orbiter (SolO), STEREO-
A, and near-Earth spacecraft. EPAM, Electron, Proton, and Alpha-Particle Monitor: EPHIN, Electron Proton Helium Instrument; EPI, Energetic
Particle Instrument; EPT, Electron Proton Telescope; HET, High-Energy Telescope; SEPT, Solar Electron and Proton Telescope.
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study were retrieved from the NOAA archive and were
based on the observations and tools that were available
to forecasters in real time. The study provides a baseline
for our current ability to forecast SEP events and highlights
a few key points. SWPC probabilistic forecasts have
improved from solar cycle 23 to solar cycle 24, with true
skill scores increasing for day 1 (from 0.47 to 0.61), day 2
(from 0.16 to 0.34), and day 3 (from 0.06 to 0.13) forecasts.
For solar cycle 24, SWPC 10 MeV or greater proton warn-
ings have a probability of detection of 0.91 and a false
alarm ratio of 0.24, with a median lead time of 88 min,
which is better than many models currently available in
the research domain. This was an improvement over solar
cycle 23. SWPC also issues warning products for higher-
energy, 100 MeV or greater protons. In solar cycle 24,
the 100 MeV or greater proton warnings had a probability
of detection of 0.53 and a false alarm ratio of 0.38, with a
median lead time of 10 min. Results such as these highlight
the difficulty of issuing a forecast with significant lead time
while trying to limit the number of false alarms. It is also
challenging to determine in advance how intense and ener-
getic an event will be, as evidenced by the decreasing per-
formance from 10 MeV or greater to 100 MeV or greater
warning products.

Robust and accurate SEP models are needed to support
forecasting endeavors. Recent years have seen the develop-
ment of sophisticated modeling tools aiming to describe
particle acceleration and propagation. A recent study by
Whitman et al. (2023) reviewed current SEP modeling
capabilities. They summarized 36 different SEP models,
ranging from physics-based to empirical to machine learn-
ing approaches. For each model, they note the models’
inputs/outputs, their limitations, and caveats as well as
the degree of validation that had been conducted. Further-
more, they endeavored to assess the degree of readiness for
these models, i.e., a measure of the maturity of the field,
with regard to moving research models into operation.

They found that the different models used of a wide vari-
ety of observational inputs, including ground-based and
space-based remote sensing observations covering a wide
range of wavelengths from X-rays to EUV to optical to
radio and in situ space-based observations of solar wind
and magnetic field conditions, as well as a wide range of
particle energies (kiloelectronvolts to tens of megaelectron-
volts) for mainly electrons and protons. In some cases,
promising model approaches were demonstrated, but no
real-time data are available to implement the model as a
forecasting capability.

With respect to forecasting coverage, the models, taken
as an ensemble, provide a wide variety of outputs that hold
value for forecasters aiming to predict the near-term space
radiation environment. Model outputs include all clear,
probability, peak flux, fluence, and time profile predictions.
Physics-based models also typically provide additional par-
ticle distribution information that, while not generally rel-
evant to real-time forecasting, holds value for furthering
the understanding of the physics of particle acceleration
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and transport. Most of the models reviewed in the study,
however, are not transitioned into in an operational setting
or require long run times and large computational
resources that prevent them from being used in a forecast-
ing context.

Currently, empirical models, which relate real-time
observables to SEP forecasts, are heavily relied upon by
forecast centers owing to their ability to rapidly produce
results in a real-time environment. Of the 36 models dis-
cussed by Whitman et al. (2023), 12 models are running
in a real-time setting serving space weather forecasters
and end users through the SEP Scoreboard2 or the Euro-
pean Space Agency’s Space Weather Service Network3,
at NOAA SWPC, or within other government and private
institutions. Examples include the proton prediction model
(Balch, 1999; Balch, 2008; Kahler et al., 2007; Kahler et al.,
2017) used by the NOAA SWPC and the proton prediction
system (Smart and Shea, 1989; Smart and Shea, 1992) used
by the Air Force Research Laboratory. Newer empirical
models such as UMASEP (University of Malaga solar par-
ticle event predictor; Núñez, 2022), RELeASE (relativistic
electron alert system for exploration; Posner, 2007), and
SEPSTER (SEP predictions based on STEREO observa-
tions; Richardson, 2018) are under evaluation as part of
the Community Coordinated Modeling Center SEP Score-
board; see (Whitman et al., 2023) for more details. There is
broad interest in the SEP modeling community to transi-
tion models to an operational setting, which will require
significant, dedicated effort from both model developers
and space weather services. This worthwhile goal will need
support from the various institutions that hold a stake in
space weather forecasting.

However, looking forward, physics-based SEP models
will be required to improve our understanding of flare
and CME occurrence and resulting particle acceleration
and eventually to support proton forecasting in real time.
From the point of view of space weather radiation, most
modeling work has focused on SEPs originating from
CME-driven shocks accelerating particles in the corona
and interplanetary space (e.g., Aran et al., 2006; Bain
et al., 2016; Wijsen et al., 2022). However, coupled flare/
CME-SEP modeling is a complex problem that should
include the modeling of the flare/shock development and
properties, SEP acceleration at the flare-reconnecting sites
and/or the CME-driven shocks, and the transport of SEPs
in the heliosphere through the temporal- and spatial-
varying interplanetary magnetic field.

The previously published validation results summarized
in Whitman et al. (2023) differ widely from model to model,
ranging from extensive validation of a statistically signifi-
cant sample of events to no validation at all. In the past,
validation was not emphasized within the research commu-
nity and was performed nonuniformly. However, recent



Fig. 7. Limitations and open questions related to the key physics of SEP studies.
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efforts, such as the SHINE/ISWAT/ESWW SEP Model
Validation Challenge4, aim to develop standards and tools
for use by the SEP modeling community, and the US-based
space weather enterprise has developed a formalized pro-
cess 5 for the transitioning of models from research to oper-
ation that emphasizes the role of validation in the
progression from one stage to the next. Additionally,
Bain et al. (2021) provide an important baseline for desired
model performance.

In summary, a huge number of observations is required
to characterize the space environments where particles are
accelerated and transported, only some of which are avail-
able in real time. Besides, much more validation is required
to assess the performance of these models in their ability to
replicate the space environment.
2.4. Limitations and open questions

The research on SEPs still has many parts of the puzzle
that remain unsolved. Anastasiadis et al. (2019) recently
listed some key open issues, together with the expectations
from new missions and forecasting schemes. Here we dis-
cuss limitations and open questions in SEP physics by
grouping them into the following three categories: ener-
gization, transport, and conditions (in which the former
two processes occur). Each category involves the key phy-
sics and observations as discussed in the previous sections
4 https://ccmc.gsfc.nasa.gov/challenges/sep/
5 https://www.whitehouse.gov/wp-content/uploads/2022/03/03–2022-

Space-Weather-R2O2R-Framework.pdf
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and also summarized in the table in Fig. 7. As limited by
existing key observations, there are still open questions
related to different processes of the SEP problem.

Regarding understanding the process of acceleration of
SEPs, we still face the following limitations:

� We are still missing the key physics at scales and loca-
tions that cannot yet be observed, such as observations
for particle acceleration in the low corona (seed particle
populations, injection processes, turbulence, current
sheet, or shock properties).

� For acceleration attributed to flare reconnection pro-
cesses, we still do not know where exactly the accelera-
tion occurs and how particles are released through the
opening of magnetic field lines.

� Because of the variability of CMEs, shocks, and SEPs
and their complex correlations, we cannot always distin-
guish the flare-associated or CME-associated SEPs.

� We cannot yet fully capture the evolution/distribution
of the particle source, such as the CME-driven shock
temporal evolution, and the shock’s spatial structure
that may give rise to different energization processes in
its different parts.

� We cannot yet fully explain the observed energy depen-
dence of SEP composition.

� We still need to understand what the key process is for
quantifying the starting and ending energy of the
acceleration.

� We do not fully understand the large variability of the
events (size, composition, and spectral features) and
how it is correlated to the acceleration process.
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Regarding understanding the transport of SEPs, we still
face the following limitations:

� We cannot yet accurately describe the magnetic connec-
tion between the particle sources and the observer since
the actual magnetic field connectivity (especially with
solar wind disturbances) should not always be described
by nominal Parker spirals.

� We do not yet understand how the magnetic field
evolves dynamically in space and time (turbulence and
field meandering) and how this affects SEP propagation.

� We cannot yet fully distinguish the relative role of
extended source and cross-field transport for widespread
events.

� We cannot yet fully characterize the way in which coro-
nal and interplanetary transport processes modify the
properties of the injected population.

� We cannot yet clarify the roles of particle scattering and
field meandering in SEP transport over the full range of
SEP species and energies.

� We cannot yet explain observations that show features
opposite those of the two-class acceleration/transport
theory, such as widely distributed 3He-rich events or
impulsive SEPs, come from a very poorly connected
source.

When it comes to the conditions through which the
acceleration/transport processes occur, we still have vari-
ous open questions, as below:

� There are very few observations of the solar magnetic
field at the far side of the Sun (seen from the Earth).
This makes it difficult to identify the properties of the
SEP source when it is located at the far side of the Sun.

� Despite the recent PSP and Solar Orbiter missions, there
are still limited observations of the interplanetary condi-
tions close to the Sun, which strongly influence the early
phase of the SEP transport.

� It is difficult to quantify the strength, orientation, and
structure of disturbances (ICMEs and SIRs) that do
not pass the observer but have a large impact on the
propagation of SEPs.

� Regarding the seed particle population close to the Sun,
we still lack observations of its composition and spec-
trum and their variability; we still do not know if the
seed particles are constant sources or episodic sources.

� For the seed particle population in interplanetary space,
we do not fully understand its distribution in longitude
and radial distance.

In addition, from the operational and SEP forecasting
point of view, we follow Section 2.3 to briefly summarize
a few major limitations below:

� The limitation on key observations, as discussed above,
is as a major challenge for advancing SEP models.
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� Most physics-based models require long run times and
large computational resources, which currently prevent
them from being used in a forecasting context, although
they are essential for advancing our understanding of
the SEP physics.

� It is difficult to use/compare models designed to reach
related but different outputs. Therefore, model valida-
tion with uniform standards is still required to assess
the ability of the model to replicate the space
environment.

� In many cases, real-time data are still lacking to imple-
ment the model as a forecasting tool.

� SEP modeling research based on scientific interest still
needs support from stakeholders within the space
weather forecasting authorities to be transitioned into
operations.

Last but not least, with the aim of better predicting the
deep-space heliospheric radiation environment for plane-
tary missions, it is also crucial to have multiviewpoint
real-time forecasting capabilities. Effort has been made
on this aspect based on the energetic particle flux time pro-
files from the twin STEREO spacecraft and ACE at Earth’s
L1 point, in combination with SOHO outer-corona images
in white light and inner-corona EUV images from the Solar
Dynamics Observatory6. However, STEREO-B has been
out of service since October 2016. The implementation of
other spacecraft at different locations for real-time moni-
toring would greatly benefit the purpose of 360� forecasting
of the heliospheric radiation environment. Recently, the
European Space Agency approved the Vigil mission, which
is a spacecraft deployed at the L5 point of the Sun-Earth
system to enable remote sensing of the Sun and interplan-
etary space and in situ measurements of solar wind plasma
and high-energy solar particle events (Vourlidas, 2015).
Meanwhile, Chinese scientists have proposed the Solar
Ring mission, which includes three spacecraft at positions
somewhat shifted from the L3, L4, and L5 points to
observe the Sun and perform in situ observations (Wang
et al., 2023). With the ongoing and future missions, we
expect to see significant advances in SEP physics and fore-
casts in the next decade.
3. Ground-level enhancement

3.1. Introduction

GLE events occur when SEP-induced atmospheric sec-
ondary particles are registered at ground-based detectors,
such as ionization chambers or muon monitors and NMs
(see, e.g., Shea and Smart, 1993; Miroshnichenko et al.,
2013). GLEs are therefore related to the most energetic
class of SEP events, associated with solar flares and/or
CMEs, requiring acceleration processes that produce pro-
6 http://stereo.ssl.berkeley.edu/multistatus.php
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tons with energies high enough to provide a ground-level
signature of the event. It has been found that the threshold
energy for SEPs, upon their entry in Earth’s atmosphere, to
cause GLE is about 430 MeV per nucleon at sea level
(Plainaki et al., 2014) and about 300 MeV per nucleon
for high-altitude polar stations at the South Pole (Mishev
and Poluianov, 2021). After entering the atmosphere, the
primary SEPs can produce showers of secondary particles
with sufficient intensity to exceed the GCR background.
Those primary SEPs are mainly protons and, to a smaller
extent, heavier ions, although some events have also been
associated with the emission of solar neutrons (see, e.g.,
Muraki et al., 2008).

From February 1942 until October 2021, 73 GLE events
were registered. The first four GLE events were recorded
by ionization chambers (Forbush, 1946). The GLE events
registered from 23 February 1956 onward, starting from
GLE5, were recorded by the worldwide network of NMs,
which are energy-integrating detectors with cutoff rigidities
depending on the actual location and altitude at which they
are installed (see, e.g., Miroshnichenko, 2018). The times of
GLE events are marked in Fig. 4, which shows their occur-
Fig. 8. Time profiles of GLE events 55–73 (except for events 57, 58 and 68, whi
station with cutoff rigidity of 0.8 GV. GLE numbers are shown in the legends. T
10%, the middle panel shows the smaller events from solar cycle 23, and the b
solar cycle 24 and the one event so far (GLE73) during solar cycle 25. Data w
(detrended GLE data) with 5-min cadence.
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rence is dependent on the solar activity cycle but not solely
during the solar cycle maximum years. Fig. 8 shows the
recent GLE events of solar cycles 23 and 24 (the last one
is from solar cycle 25), as they were registered at the Oulu
NM station on the basis of 5-min data.

NMs allow the determination, to first order, of the pri-
mary SEP spectrum during a GLE event. Most NM data
are part of international databases now available to the
entire scientific community; for example, the International
GLE Database (Usoskin et al., 2020; Väisänen et al., 2021)
and the Neutron Monitor Database (Mavromichalaki
et al., 2010). Numerous GLE-modeling efforts performed
jointly with rigorous data analyses (see, e.g.,
Miroshnichenko et al., 2013), also at interdisciplinary level,
have led to the detailed identification of the properties of
most of the observed GLE events and to the estimation
of the spectral characteristics in the circumterrestrial space
of the related relativistic SEPs (Belov et al., 2005;
Bombardieri et al., 2008; Plainaki et al., 2007; Plainaki
et al., 2014; Mishev and Usoskin, 2016; Mishev et al.,
2018). Fig. 9 shows reconstructed SEP spectra based on
NMs with different cutoff rigidity (Usoskin et al., 2020).
ch have caused only marginal enhancements) as recorded by the Oulu NM
he top panel shows events during solar cycle 23 with a peak increase above
ottom panel shows the only two GLE events (GLE71 and GLE72) during
ere downloaded from the International GLE Database https://gle.oulu.fi



Fig. 9. Integral fluence spectra reconstructed for GLE events 69–72 (from Usoskin et al. (2020), reproduced with permission from the European Southern
Observatory). Blue points with error bars depict reconstructions of the integral fluence from individual NMs, while red arrows denote the upper limits.
Error bars represent the full-range uncertainties. The thick blue curve represents the best-fit spectral approximation with 1r uncertainties. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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In this section, we give a brief overview of the recent
progress on GLE observations (and models developed in
synergy with observations) and address a few issues that
need to be better studied in the next few years.
3.2. Recent progress and current understanding

Joint SEP and GLE studies based on data from both
space-borne and ground-based instruments have made
major progress in the past few years. During the recent
space age, GLE observations by NMs are often comple-
mented by various sets of space-based particle data regis-
tered during the associated SEP events (see, e.g., Plainaki
et al., 2014). High-energy SEP data with some associated
with GLE events have been recorded over the past few
years by the Electron Proton Helium Instrument (EPHIN)
onboard SOHO (Kühl et al., 2017) and by the High Energy
Proton and Alpha Detector (HEPAD) onboard GOES
spacecraft (Onsager et al., 1996). Although recent space-
borne measurements of particle fluxes above some hun-
dreds of megaelectronvolts, e.g., the Payload for Antimat-
ter Matter Exploration and Light-nuclei Astrophysics
(PAMELA; Adriani et al., 2015), operating from 2006 to
2016, and AMS-02 (Aguilar et al., 2018), in operation since
2011, have significantly broadened our view on relativistic
SEP events (e.g., Bruno et al., 2018), ground-based NM
observations remain essential. At LEO altitude, Earth’s
16
magnetosphere can shield and modulate SEPs arriving at
these detectors, causing the SEP flux to vary intermittently
as affected by the hosting satellites’ orbit. Moreover, during
such major SEP events, saturation effects caused by intense
particle fluxes hitting the detectors are likely to result in
greater uncertainties in the estimation of the event magni-
tudes, as already observed for payload onboard GEOS
spacecraft (e.g., Reeves et al., 1992; Tylka et al., 1997).
However, the high-energy space-borne data have recently
been essentially revisited and corrected for known errors
(see, e.g., Raukunen et al., 2020, for GOES data).

To reveal the properties of relativistic SEPs associated
with GLE events, the identification of the primary SEP
spectrum is necessary and has been realized by various
studies. The primary SEP spectrum reconstruction has typ-
ically been done by best-fitting NM data (e.g., Belov et al.,
2005; Plainaki et al., 2007; Plainaki et al., 2009a; Mishev
and Usoskin, 2016; Mishev et al., 2018; Usoskin et al.,
2020) and/or energy-dependent space-borne data
(Raukunen et al., 2018; Bruno et al., 2019) to a predefined
spectral shape and spatial distribution function associated
with the primary SEP fluxes, containing free parameters
that characterize the ongoing physical mechanisms. The
identification of these best-fit parameters and of their
uncertainties often allows some scenarios to be eliminated
regarding the primary acceleration mechanism (e.g.,
Plainaki et al., 2014). A crucial input in these retrieval
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models is the NM yield function, a topic for which impor-
tant investigations have been performed in recent years
(e.g., Clem and Dorman, 2000; Mishev et al., 2020).
Recently, a new effective-energy analysis method was
developed to reconstruct the high-rigidity part (1 GV or
greater) of the spectral fluence of SEPs for GLE events,
based on the use of NM data (Koldobskiy et al., 2018).
Moreover, by combining data from low-energy (less than
300 MeV per nucleon) space-borne detectors located
beyond the magnetosphere (e.g., at L1) with NM data,
one can reconstruct the primary SEP spectrum and identify
the spatial characteristics of the flux (e.g., anisotropy and
spatial distribution at a specific altitude within Earth’s
atmosphere), taking also into consideration the NM
asymptotic directions of viewing (e.g., Plainaki et al.,
2009b). In this context, the use of ground-based data is par-
ticularly important since the registration (or lack of regis-
tration) of an event at different locations on Earth’s
surface provides direct information on the minimum cutoff
energy of the primary particles responsible and the domi-
nant direction of their propagation.

Before the era of ground-based detectors, some very
large GLE events also left their footprint on Earth. SEPs
with extremely high energies and fluxes can affect atmo-
spheric chemistry, leading to the formation of nitrates
or the production of cosmogenic radionuclides, such as
radiocarbon 14C. These signatures can be registered in
the polar ice core or in tree rings. Recent years have seen
much progress in reconstructing extreme historical SEP
events with use of such information (see Section 7 in
Cliver et al., 2022) to understand the features and occur-
rence probability of these events. However, it is still
unclear if different physics is involved to make such
extreme events distinguished from other GLE and SEP
events or if they are merely large (McCracken et al.,
2023). The accurate forecast of such extreme events con-
tinues to pose one of the biggest challenges for the space
weather community.

In parallel to such extreme types of GLE events, there is
also growing interest to study weak and short-term events,
such as sub-GLE (Poluianov et al., 2017) and anisotropic
cosmic-ray enhancement (ACRE) events (Gil et al.,
2018). However, they generally have less contribution to
the enhanced radiation environment. Sub-GLE events are
those with a relatively weak SEP input that are not
detected by sea-level NM stations but that are registered
at high-elevation polar regions with negligible geomagnetic
and reduced atmospheric rigidity cutoffs. In comparison, a
GLE event has to be registered by at least two differently
located NMs, including at least one NM near sea level
and a corresponding enhancement in the proton flux mea-
sured by a space-borne instrument(s). Alternatively, ACRE
events are associated with highly anisotropic GCR flux
detected only by NMs with certain directions of acceptance
of charged particles through Earth’s magnetosphere. It
may be not related to SEPs, but may be caused by the local
17
anisotropy of Forbush decreases or other disturbed helio-
spheric conditions (more details are provided in Section 4).

With the recent progress in planetary exploration,
some particle detectors have been sent to the surface of
other planetary bodies, such as the Radiation Assessment
Detector (Hassler et al., 2012) on Mars and the Lunar
Lander Neutron and Dosimetry instrument (Wimmer-
Schweingruber et al., 2020) on the Moon. Thus, our
detection and knowledge of GLE events has expanded
to places other than Earth. Xu et al. (2020) reported the
first SEP event detected on the lunar surface, on 2019
May 6, which had a rather low intensity. Because of the
lack of an atmosphere or intrinsic magnetic field, SEPs
can directly reach the lunar surface and interact with
the lunar regolith to generate secondaries. Thus, the lunar
surface radiation environment could be hazardous during
SEP events for future lunar explorers. Similarly, Mars
lacks an internal magnetic dynamo and its atmosphere
is rather thin as compared with Earth’s, allowing a good
portion of the SEPs to reach its surface or to cause
enhanced secondary radiation on Mars. The recent two
GLE events registered at Earth (GLE72 and GLE73)
were also detected at Mars (Guo et al., 2018; Guo
et al., 2023). However, their properties are significantly
different at the two planets, for which two factors should
be carefully considered: (1) the different heliospheric loca-
tions of the planets mean that they may see different SEP
intensities and energy spectra because of transport from
the acceleration site (Section 2); (2) the different planetary
environments (magnetic field, atmospheric structure and
depth, regolith composition, etc.) have different influ-
ences (shielding) on the arriving SEPs. The former
requires a global understanding of the SEP properties
and distributions in the helisophere, while the latter needs
specific particle transport modeling through the planet’s
environment. The space weather at other planetary bod-
ies is the subject of the ISWAT H4 cluster ‘‘Space weather
at planetary bodies in the Solar System,” and the subject
of planetary space weather will be discussed in a future
article.

In summary, on the basis of advances in recent years, we
now have sufficient observation and modeling capabilities
to do the following:

� We can assess, during SEP and GLE events, with
acceptable accuracy the spatial distribution of the radi-
ation environment above Earth’s atmosphere in the
rigidity range approximately above 1 GV.

� We can identify during GLE events, for a predefined
SEP spectrum shape, the most representative parameters
characterizing the particle acceleration and transport
processes (e.g., power-law spectrum index).

� We understand, even though not exhaustively, the way
the atmosphere affects primary SEP fluxes during GLE
events, based on back-tracing and forward modeling
techniques.
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� We can derive with acceptable accuracy the acceptance
cones at each ground-based detector given the intensity
of the magnetic field in the near-surface region.

� We are starting to investigate the nature of different
types of GLE, including weak sub-GLE and ACRE
events as well as extreme GLE/SEP events, using their
cosmogenic imprints.

� We are starting to detect and understand SEP and GLE
events at other planetary bodies combined with synergis-
tic observations near Earth and modeling approaches.

3.3. Limitations and open questions

The study of GLE events in the near future will remain
important to answer a few open questions, from the pure
space weather science point of view, summarized as
follows:

� What is the essential and necessary condition that solar
eruptions need to satisfy to produce a GLE event?

� What is the contribution of the interplanetary space
structures in the SEP transport processes?

� What are the properties of the seed population necessary
for producing a GLE event?

� How can we predict the onset times and properties of
relativistic SEPs resulting in radiation storms and
GLE events?

� What is the distribution of the primary SEP spectrum
(in near-Earth space) responsible for GLE events?

� If and what different mechanisms are involved in making
extreme types of SEP events?

From an operational point of view considering the mon-
itoring and predictability of SEP and GLE events, we can
still make improvements in the following directions, most
of which are beneficial not only for GLE studies but also
for a wider range of space weather topics:

� We need a denser and wider coverage of NM detectors (see
Mishev and Usoskin, 2020, for more detailed discussions).
This will increase the certainty in the estimation of the
modeled SEP parameters, reducing possible code bias
effects, especially in cases of low-intensity GLE events.

� We should work toward implementing a reliable space-
based and ground-based network of space weather
assets, continuously operating and maintained. In par-
ticular, it is necessary to intercalibrate ground-based
and space-based measurements since the derived results
do not always agree with each other (Miroshnichenko,
2018) and there is a need for good coverage of space par-
ticle detectors in the energy range up to a few
gigaelectronvolts.

� We need a fleet of spacecraft that can provide the neces-
sary basis for testing and validating radiation models of
different particle types over a wide range of energies and
at different locations in the inner solar system.
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� We will benefit from a dense coverage of ground-based
magnetic observatories that could provide information
in real time on the actual magnetic field conditions for
better interpreting and possibly predicting the direction
of the major radiation hazards in space due to GLE
events.

� We need to use more information of historical events,
even before the NM era, to better understand their nat-
ure and make predictions of such disastrous scenarios.

4. Galactic cosmic rays

4.1. Introduction

GCRs originate from outside the heliosphere and can
have energies far greater than SEPs. Radiation induced
by GCR nuclei, especially those with high energy (e.g., pro-
tons with energy above 100 MeV) and high-charge ions,
remains one of the major concerns for long-term deep-
space human and robotic missions (Townsend et al.,
1994; Cucinotta et al., 2013; Miyake et al., 2017; Dachev
et al., 2020; Guo et al., 2021).

Compared with SEPs (Section 2), the intensity and com-
position of GCRs are rather stable, but not constant as the
charged GCR particles are affected by the varying helio-
spheric environment following solar activities (see reviews
by Cane et al., 1999; Potgieter, 2013; Rankin et al.,
2022). In the long term, the GCR flux was first observed
to vary inversely with sunspot number (Forbush, 1954;
Forbush, 1958) and is known as the 11-year solar modula-
tion of GCRs. Recent studies using historical cosmogenic
isotope imprints have also revealed longer cycles of the
modulation, such as the 2400-year Hallstatt cycle, the mil-
lennial Eddy cycle, and 210-year Suess/de Vries cycle (see
the review by Usoskin, 2023). In recent decades, the
decrease (or increase) in GCR intensity near the solar max-
imum (or minimum) has been studied and quantified with
use of data from both ground-based NMs (see, e.g.,
Usoskin et al., 2017, and Fig. 12) and high-energy particle
detectors for space missions. As described in Section 3,
NMs measure the secondary neutrons generated in Earth’s
atmosphere by primary cosmic rays, being GCRs or occa-
sionally SEPs with particles reaching GLE energies. An
example of continuous measurement of energy-resolved
particles in space is shown in the bottom panel in Fig. 4,
where the SEP-subtracted background flux measured by
GOES spacecraft is anticorrelated with the solar-cycle sun-
spot number (top panel).

On short timescales of several days, GCR modulation is
dominated by interplanetary transients such as ICMEs and
SIRs. ICMEs are interplanetary counterparts of solar erup-
tive magnetic structures that evolve as they propagate in
the interplanetary space and may pile up plasma and helio-
spheric magnetic field in the so-called sheath region as well
as drive a shock ahead of the sheath (see, e.g., the overview
by Kilpua et al., 2017). During their passage, a depression
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can be observed in the GCR count, called a Forbush

decrease, first discovered by Forbush (1937) and Hess
and Demmelmair (1937). SIRs are interplanetary transients
formed by the interaction of the high-speed streams origi-
nating from coronal holes and the slow solar wind (see,
e.g., the overview by Richardson, 2018). As ICMEs, they
can cause short-term depressions in the GCR flux. They
may recur in several solar rotations, in which case they
are called corotating interaction regions (CIRs) and thus
their corresponding short-term Forbush decreases in the
GCR flux are recurrent following the 27-day solar rotation
rate (Richardson, 2004). Sketches of an ICME and a SIR
and the corresponding (recurrent) Forbush decreases are
given in Fig. 10. The ICME-related generic Forbush
decrease (bottom-left panel) was obtained from modeling
(for details, see Dumbović et al., 2020), whereas the SIR-
related Forbush decrease generic profile (bottom-right
panel) was obtained by superposed epoch analysis (for
details, see Dumbović et al., 2022). For a comprehensive
overview of ICMEs, SIRs, and other solar wind distur-
bance in the heliosphere, see Temmer et al. (2023).

In this section, we give a brief overview of the recent
progress on GCR modulation and the physics of GCR
Fig. 10. Left: Sketch of an ICME consisting of the magnetic ejecta/flux rope (
region) with corresponding in situ measurements observed as the spacecraft cro
show a generic ICME profile in (from top to bottom) magnetic field and fluct
count rate (adapted from Dumbović et al., 2020). Right: Sketch of a SIR with h
with stream interface marked by the dashed black line), and high-speed stream
spacecraft crosses through the trajectory marked by an arrow. The in situ meas
fluctuations, magnetic field strength, solar wind speed, density, temperature,
interpretation of the references to colour in this figure legend, the reader is re
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transport and address the limitations and open questions
related to this topic.
4.2. Recent progress and current understanding

In the heliosphere, GCRs propagate against the expand-
ing solar wind and interact with embedded magnetic irreg-
ularities. Thus, their intensities in the inner heliosphere
differ from their local interstellar spectra (LIS) beyond
the heliopause at about 120 AU (Krimigis et al., 2013).
Although LIS are the essential ingredient of the solar mod-
ulation model, our knowledge of LIS is very limited
because of the difficulty of direct measurement. Voyager
1 crossed the heliopause on 2012 August 25 at a radial dis-
tance 121.6 AU from the Sun, and observed the low-energy
GCRs from the LIS (Krimigis et al., 2013; Stone et al.,
2013; Gloeckler and Fisk, 2014). Six years later, on 2018
November 5, Voyager 2 also entered the interstellar space
and measured the LIS (Stone et al., 2019). The LIS mea-
sured by Voyager 1 shows that nucleon spectra flatten
and roll over below a few hundred megaelectronvolts per
nucleon with respect to the approximate power-law depen-
dence at higher energies, and the intensity of electrons (in-
red) as well as the shock and sheath region (black line followed by a green
sses through the trajectory marked by an arrow. The in situ measurements
uations, density and temperature, speed and plasma beta, and cosmic ray
ighlighted regions of slow solar wind (yellow), compression region (green;
(red). Corresponding in situ measurements are given below observed as the
urements show a generic SIR profile in (from top to bottom) magnetic field
and cosmic ray count rate (adapted from Dumbović et al., 2022). (For
ferred to the web version of this article.)
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cluding positrons) exceeds that of protons below approxi-
mately 50 MeV (Cummings et al., 2016). The two Voyager
probes provided invaluable information on the unmodu-
lated GCR energy spectrum, as shown in Fig. 11. However,
their energy range is very limited, from a few megaelectron-
volts per nucleon to a few hundred megaelectronvolts per
nucleon, so the complete LIS are still primarily based on
model predictions.

During the propagation in the heliosphere, GCRs are
subjected to four major modulation processes: convection
and adiabatic energy losses caused by the expanding solar
wind, diffusion due to the random motion on the irregular-
ities of the heliospheric magnetic field, and drift motions
resulting from gradients and curvatures in the heliospheric
magnetic field as well as the abrupt change of the magnetic
field direction above and below the HCS (Potgieter, 2013;
Moraal, 2013). The modulation effect is significant for par-
ticles with energy below approximately 10 GeV with an
energy dependence (Gieseler et al., 2017) and varies with
time and position. The solar-cycle variation of GCRs has
long been observed at Earth by ground-based NMs as well
as high-energy particle detectors onboard space missions
(e.g., Heber et al., 2006; Picozza et al., 2007; Kounine,
2012; Usoskin et al., 2017; Fu et al., 2021). Recently, this
modulation effect was also observed and studied at other
planets/locations in the heliosphere, such as at Mars
(Guo et al., 2021), Saturn (Roussos et al., 2020),
ROSETTA en route to comet 67P/Churyumov–Gerasi
menko (Honig et al., 2019), and New Horizons en route
to Pluto (Wang et al., 2022).

Since GCRs drift along opposite trajectories during
opposite heliospheric magnetic field polarity cycles, their
Fig. 11. Differential energy spectra of LIS H (left) and He (right) from Voyage
at 1 AU from a Balloon-borne Experiment with a Superconducting Spectromet
Several modeled GCR spectra are also plotted as a comparison. (From C
Astronomical Society).
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intensities reflect not only the 11-year solar activity cycle
but also the 22-year solar (heliospheric) magnetic polarity
cycle. Numerous studies have explored the anticorrelation
of the GCR count rate and various solar and heliospheric
parameters, such as the sunspot number, the solar radio
flux, the strength and turbulence level of the heliosperic
magnetic field, the HCS tilt angle, and the open solar mag-
netic flux (e.g., Heber et al., 2006; Usoskin et al., 1998;
Cliver and Ling, 2001; Alanko-Huotari et al., 2007;
Potgieter, 2013; Wang et al., 2022), and empirical functions
describing the GCR dependence on different solar-cycle
parameters have been proposed (e.g., Dorman, 2001;
Usoskin et al., 2011; Wang et al., 2022). Fig. 12 (top panel)
shows a comparison of normalized GCR counts recorded
at eight different NM stations with different cutoff rigidity.
It seems that in the case of high cutoff rigidity (which
requires the primary GCRs to have higher energies over-
coming Earth’s magnetic shielding), the variation of the
GCR count rate over different phases of the solar activity
cycle is smaller. This may be because high-energy GCR
particles have a weaker solar modulation effect than GCRs
with lower energies. Recently, the GCR anisotropy and its
dependence on the 22-year magnetic cycle have also been
observed and are attributed to the magnetic field turbu-
lence, solar wind convection, particle diffusion and drift
processes, and the combined effects with the existing
GCR gradients (see, e.g., Wozniak et al., 2023).

The transport of GCRs in the heliosphere is described
by the transport equation (TPE; also referred to as the Par-
ker TPE; Parker, 1965) including all major modulation
processes. In the most general case, the TPE is a 3D
rigidity-dependent, time-dependent, and space-dependent
r 1 for the period from 2012/342 to 2015/181, and solar-modulated spectra
er (BESS) balloon flight in 1997 and from IMP-8 in the latter part of 1996.
ummings et al. (2016), reproduced with permission from the American
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Fig. 12. Top: Time profiles of the count rate of secondary particles generated by GCRs as measured by eight different NMs with different rigidity cutoffs
(Rc) from 1968 to 2022, each normalized to its long-term average level. Bottom: GCR count rate calculated as the average from the aforementioned eight
stations (orange curve scaled by the first left axis), ACR oxygen intensity (black points scaled by the second left axis), and the HCS tilt angle (cyan curve
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partial differential equation with a second-order diffusion
tensor, which can be solved numerically (see, e.g., the
review by Strauss and Effenberger, 2017). However, solving
the full TPE is very complex, is computationally expensive,
and might suffer from the numerical stability problem.
Therefore, a much simpler, 1D approximate solution,
called the force-field approximation method, is widely used.
It can be derived from the TPE assuming a 1D steady state
and spherical symmetry and ignoring adiabatic cooling and
drifts (for more description and discussion, see, e.g.,
Gleeson and Axford, 1968; Caballero-Lopez and Moraal,
2004; Moraal, 2013). The force-field approximation is pop-
ular because it is easy to use with an analytical method
describing the modulation level with a single parameter.
In recent years, the stochastic differential equation method
has often been applied in solving the 2D or 3D Parker
equations because of the unconditional numerical stability
and advances in computational resources (Kappl, 2016;
Potgieter, 2017; Boschini et al., 2018). The Parker TPE is
transformed into a set of stochastic differential equations
and then the solution is sampled via Monte Carlo simula-
tions. Regardless of whether one seeks a solution of a full
TPE or a simpler but approximate solution, one needs to
apply boundary conditions, i.e., information on the LIS
of GCRs is necessary.

Recently, precise measurements of the energy and time
dependence of GCR intensities throughout an entire solar
21
cycle by PAMELA (onboard the Resurs DK1 satellite
since 2006; Bonvicini et al., 2001) and AMS-02 (installed
on the International Space Station in 2011 May; Bindi
et al., 2017) shed light on the LIS and improved under-
standing of the details of solar modulations. These mea-
surements cover the long solar minimum between cycle
23 and cycle 24, the solar maximum and solar polar rever-
sal, and the recent solar minimum in cycle 24/25. A number
of complex numerical models have been built to investigate
the monthly measurements of GCR spectra by these exper-
iments (see, e.g., a comprehensive model-data comparison
by Liu et al. (2024)). The classic force-field approximation
method is not sufficient to interpret these precise data; thus,
modification of the force-field approximation or more
advanced models are needed (Corti et al., 2016; Cholis
et al., 2016; Shen et al., 2021). With the developed solar
modulation models and measurements from the Voyager
probes, PAMELA, and AMS-02, several new LIS models
have also been constructed (Potgieter, 2014; Corti et al.,
2016; Herbst et al., 2017; Gieseler et al., 2017; Zhu et al.,
2018; Boschini et al., 2018; Bisschoff et al., 2019; Wang
et al., 2019; Boschini et al., 2020; Wang et al., 2022).

Studies of GCR modulation help us to conclude the fol-
lowing (e.g., Tomassetti et al., 2017; Di Felice et al., 2017;
Corti et al., 2019; Wang et al., 2019; Ngobeni et al., 2020;
Aslam et al., 2021; Song et al., 2021; Fiandrini et al., 2021;
Roussos et al., 2020; Wang et al., 2022; Wang et al., 2022):
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� The GCR modulation effect is rigidity dependent (stron-
ger for particles with lower rigidity), location dependent
(generally stronger modulation at distances closer to the
Sun), and time dependent (ranging from a few hours as
modulated by ICMEs to more than a solar cycle and
even over millennia).

� There is a time lag in the variation of GCR intensity rel-
ative to the solar activity, although this lag is not con-
stant, but rather rigidity dependent, polarity
dependent, location dependent, and time dependent.

� The radial gradient of the GCR flux within about 10 AU
is mostly between 2% and 4% per astronomical unit,
which is, however, rigidity dependent, location depen-
dent, and time dependent.

� The rigidity dependence of the diffusion coefficient var-
ies with time and location.

� During the high solar activity epochs, the drift effects are
suppressed.

As noted earlier, on timescales of several days/weeks,
GCR flux is modulated by interplanetary disturbances
and observed as so-called Forbush decreases (Fig. 10).
The variety of Forbush decreases detected, from spacecraft
to ground-based observations both at Earth and at other
planets, such as Mars, has provided further insights into
the characterization of Forbush decrease events at different
locations in the heliosphere, as well as during different
times in the solar cycle. Their properties are as follows:

� The time evolution of the Forbush decrease is character-
ized by a decrease followed by a recovery period. How-
ever, the intensity of the decrease (as in the maximum
reduction of the GCR count rate), the speed of the
decrease, and the speed of the recovery all vary depend-
ing on its interplanetary causes (see, e.g., the review by
Cane, 2000; Belov, 2008).

� The relative trajectory of the detector through the inter-
planetary transient can also affect the shape of the
detected Forbush decrease.

� The Forbush decrease magnitude depends on the inter-
planetary transient, the location in the heliosphere
where it was observed, and the instrument energy cover-
age of the GCR spectra (e.g., Witasse et al., 2017;
Winslow et al., 2018; Guo et al., 2018; Freiherr von
Forstner et al., 2018; Dumbović et al., 2020; Freiherr
von Forstner et al., 2020).

� The energy spectrum of GCRs can change during For-
bush decreases as directly observed (by, e.g., PAMELA;
Usoskin et al., 2015) and the changes may depend on the
state of the turbulence of the interplanetary magnetic
field (Alania and Wawrzynczak, 2012).

� With long-term spacecraft detection of transient struc-
tures such as SIRs and CMEs by Wind, ACE, etc., as
well as GCRs on the ground by, for example, NMs or
in space by, for example, AMS-02, it is now possible
to analyze statistically large samples of Forbush
decrease events in relation to interplanetary transients.
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� Observations reveal how the compression region ahead
of these structures (the sheath), the magnetic structure
inside them (the magnetic ejecta/cloud), and also the
speed at which these events travel can all play a role in
driving Forbush decrease of different intensities (e.g.,
Badruddin, 2016; Ması́as-Meza et al., 2016; Janvier
et al., 2021). For example, the effect of the shock (or
the sheath) is normally reported as a sudden jump
downward for the Forbush decrease when crossing the
discontinuity, unlike the typical smooth continuous
decrease (with varying slopes).

� In general, the effect can be described with use of the
TPE approach (e.g., Dumbović et al., 2018; Petukhova
et al., 2019; Benella et al., 2020; Vršnak et al., 2022),
although different models might use slightly different
assumptions and simplifications; for example, the sim-
plified force-field approximation can also be used to
describe some Forbush decreases (Usoskin et al., 2015).
4.3. Limitations and open questions

Although it has been well observed for about six solar
cycles that the GCR flux can be correlated with various
solar and heliospheric parameters, some observations still
cannot be fully explained (e.g., Ross and Chaplin, 2019).
For instance, it has been found that the GCR intensity lags
behind the variation of the sunspot number and this lag
time during odd cycles is often longer than that during
sequential even cycles. Many early studies explained this
time lag as driven by the outward solar wind convection
and the inward GCR transport whereby the drift direction
of particles reverses during positive and negative solar (he-
liospheric) magnetic field polarity cycles (Van Allen, 2000;
Dorman, 2001; Usoskin et al., 2011; Cliver and Ling, 2001;
Thomas et al., 2014). Some others suggest that this lag is
primarily due to the late opening of the solar magnetic field
with respect to the sunspot number, which already shows
an odd–even cyclic pattern (Wang et al., 2022). Besides,
the energy dependence of the time lag is also poorly quan-
tified because of the lack of continuous and accurate
energy-dependent GCR data. Some recent work suggests
a shorter delay for higher-energy GCRs (Shen et al.,
2020), an effect that may be attributed to the energy-
dependent transport of GCRs in the heliosphere (Moloto
and Engelbrecht, 2020). But detailed quantification based
on more observations is still needed for a precise physical
description of the energy-dependent transport process.
Another important index that can be contrasted against
different transport model predictions is the radial intensity
gradient of GCRs. However, it is rather difficult to quan-
tify because of the rareness of continuous and simultaneous
measurements at different heliospheric locations and also
the diverse datasets obtained by instruments with different
energy responses. Many studies are subject to various
uncertainties, and further assessment at different time peri-
ods and locations is essential (Roussos et al., 2020).
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The limitations regarding GCR transport and modula-
tion modeling are well summarized in reviews by Vainio
et al. (2009),Potgieter (2013), and Engelbrecht et al.
(2022). For comprehensive modeling, reliable numerical
schemes are needed with appropriate LIS as boundary con-
ditions and properly estimated transport parameters. The
latter still pose a huge challenge, as the diffusion tensor
cannot be directly measured or easily estimated, especially
given our limited understanding of the turbulence in the
solar wind, which is the main ‘‘ingredient” of diffusion
(e.g., Zank et al., 1998; Matthaeus and Velli, 2011). Several
theories have been developed to describe the diffusion coef-
ficient (e.g., Bieber et al., 1994; Teufel and Schlickeiser,
2003; Qin, 2007; Wiengarten et al., 2016; Zhao et al.,
2017; Zhao et al., 2018; Shalchi, 2020). However, because
of its complexity, most models still use simpler empirical
formulas, e.g., a rigidity-dependent linear or smoothly bro-
ken power law for the mean free path, and a simple spatial
dependence related to the heliospheric magnetic field distri-
bution. The empirical formulas often have some free
parameters and cause large diversities in the underlying
process for assessing the solar modulation effect. For
instance, in the previously mentioned models, the monthly
PAMELA and AMS-02 measurements could be repro-
duced with different sets of free parameters and LIS. Fur-
thermore, the degeneracy among normalization of the
diffusion coefficient, the rigidity index of the diffusion coef-
ficient, and the level of drift effect makes it hard to find the
best-fit parameters. The Markov chain Monte Carlo
method could be somewhat helpful but does not provide
a distinct improvement or clear up the confusion (Song
et al., 2021). The monthly flux of protons, antiprotons,
electrons, and positrons could improve the clarification
on the degeneracy. More effort to compute the transport
of turbulence and use of the latest diffusion theory are
needed to build a reliable diffusion coefficient, to result in
more realistic LIS and to make improvements for studying
solar modulation processes (e.g., Zank et al., 2012;
Engelbrecht and Burger, 2013; Zank et al., 2017; Zhao
et al., 2017; Zhao et al., 2018; Moloto et al., 2018;
Oughton and Engelbrecht, 2021; Engelbrecht and
Moloto, 2021; Wang et al., 2022; Adhikari et al., 2023;
Kleimann et al., 2023).

Moreover, the transport of GCRs in the heliosphere is
governed by the properties of the heliosphere, such as the
magnetic field structure, the solar wind speed, the HCS
structure, and the heliospheric boundary. A realistic
description of the dynamic heliospheric environment is
essential but poses big challenges, as listed below:

� During the solar minimum, the solar magnetic field can
be approximated as a tilted dipole filed. But during the
solar maximum and the polarity reversal periods, the
solar and heliospheric magnetic fields may not follow
a regular form but may have chaotic and dynamic struc-
tures (e.g., Bindi et al., 2017). Thus, the classic (or mod-
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ified) Parker magnetic field structures (Jokipii and Kóta,
1989; Fisk, 1996) are not appropriate to compute the
drift velocity.

� The solar wind speed as a main input parameter in the
modulation model exhibits a distinctively latitudinal
dependence in the solar minimum and is relatively uni-
form in the solar maximum, but such a pattern is not
clear during other solar activity levels (McComas
et al., 2002; Zurbuchen, 2007). Most continuous solar
wind measurements so far have been constrained at
the equatorial plane near 1 AU so could not provide a
full view of the solar wind speed. Only the indirect
method based on observations via interplanetary scintil-
lations and backscattered Lya mapping of the interplan-
etary H can provide the latitudinal variation of the solar
wind flow (Bzowski et al., 2003; Sokółet al., 2013).

� The large-scale heliospheric magnetic structure determi-
nes the open solar flux, heliospheric magnetic field prop-
erties, and HCS structures and tilt angles. However,
information on these parameters is highly model depen-
dent (such as based on force-free field extrapolation)
and this results in large uncertainties during extreme
solar activities (Potgieter, 2013).

� It is generally accepted that the terminal shock and
heliosphere structure are significantly asymmetric in
terms of a nose-tail direction with a blunt shape
(Zank, 1999; Jokipii et al., 2004; Opher et al., 2009;
Pogorelov et al., 2009). However, in the solar modula-
tion model, for simplicity, the terminal shock and helio-
pause are often modeled as a spherical structure.

The further combination of the magnetohydrodynamics
simulation and the transport of GCRs may give a more
accurate description of the heliosphere condition and will
refine solar modulation models (Florinski et al., 2003;
Ball et al., 2005; Luo et al., 2013). It is also important to
accumulate data on cosmic ray variations at multiple loca-
tions in the heliosphere (differing in heliospheric distance
and latitude), which will improve our understanding of
solar modulation (De Simone et al., 2011; Vos and
Potgieter, 2016; Honig et al., 2019; Modzelewska et al.,
2019; Knutsen et al., 2021; Roussos et al., 2020; Wang
et al., 2022).

Regarding the short-term effect caused by corotating
interaction regions and ICMEs, there are still many limita-
tions in our current understanding and there is still need to
improve our observational and theoretical capabilities in
the following aspects.

First, there is a lack of extensive comparison between
models and observations taking into account the measured
particle energy range. In particular, we have limited oppor-
tunities for comparing data obtained at different helio-
spheric positions, limited by different energy responses of
different detectors. For future studies, considering the
energy response of the detector will be of great importance
and might help to resolve some long-standing issues.
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Second, the dual nature of ICME-related Forbush
decrease has been known for decades: the existence of
so-called two-step Forbush decreases was confirmed by
many studies, and it is generally accepted that their
two-step nature is related to the substructures (shock,
sheath, and magnetic ejecta regions) of ICMEs (for an
overview, see, e.g., Cane, 2000). However, not all ICMEs
that have both regions will produce observable two-step
depressions, which in turn made some authors question
their causes (Jordan et al., 2011). Furthermore, it has
not been fully resolved whether these two steps are a
cumulative effect or separate effects or what determines
their relative contribution to the total depression.
Richardson and Cane (2011) and more recently Janvier
et al. (2021) found that near Earth, on average, both
ejecta and sheath effects contribute approximately the
same to the total depression. Cane et al. (1994) and later
Blanco et al. (2013) found indications that the ejecta effect
weakens with time, whereas Freiherr von Forstner et al.
(2020) found that the sheath effect becomes more promi-
nent with time. However, the contribution of each sub-
structure in driving a Forbush decrease, to what
intensity, and to what effect when combined, still needs
to be fully understood. Thus, a conclusive answer on
the nature of the two-step Forbush decreases remains
elusive.

Besides, our limited ability to compare the Forbush
decrease effect as detected by different instruments is the
main reason for yet another long-standing issue: what do
early/late Forbush decreases look like, i.e. what do differ-
ent ‘‘evolutionary stages” of a Forbush decrease look like?
It is suspected that a Forbush decrease should reflect the
evolutionary stage of its complementary interplanetary dis-
turbance; however, this is yet to be shown conclusively and
can be achieved only through systematic multispacecraft
studies.

Finally, with better knowledge and understanding of
Forbush decreases and especially their evolutionary
stage, which presumably reflects that of their interplane-
tary cause, Forbush decreases can be used as a means
for ICME/SIR analysis in conditions where measure-
ments other than cosmic ray counts are not available.
For instance, Lefèvre et al. (2016) and Vennerstrom
et al. (2016) used Forbush decreases as an indication of
ICMEs in the presatellite era at Earth, Möstl et al.
(2015) and Freiherr von Forstner et al. (2018) used For-
bush decreases as an indication of ICME arrival at Mars,
and Winslow et al. (2018) and Witasse et al. (2017)
tracked ICMEs across different locations in the helio-
sphere using Forbush decreases. With better understand-
ing, Forbush decreases might provide more information
on the ICME and SIR properties than simply the arrival
time. Moreover, since they can be detected by relatively
cheap, small, and simple detectors that can be put aboard
practically any spacecraft, Forbush decreases can be
easily used for space weather monitoring and diagnostic
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purposes, i.e., to probe and track interplanetary tran-
sients across the heliosphere.

5. Anomalous cosmic rays

5.1. Introduction

As a result of the solar modulation, the low-energy
GCR intensities should decrease with decreasing particle
energy. However, the analysis of cosmic ray spectra in
the early 1970s revealed an anomalous enhancement at
low energies (Garcia-Munoz et al., 1973). This enhanced
component is called anomalous cosmic rays (ACRs).

Low-energy ACRs are primarily singly ionized, which
distinguishes them from SEPs (Section 2) and GCRs (Sec-
tion 4). However, ACRs with higher charge states are pre-
sent and become dominant, with total energies above
approximately 350 MeV (Klecker et al., 1995; Cummings
and Stone, 2007). High-energy ACRs take more time to
accelerate, and thus there is more ionization via charge
stripping. The abundance of multiply charged elements
constraints the acceleration timescale, which must be on
the order of 1 year (Mewaldt et al., 1996).

The most abundant ACR elements are H, He, N, O, Ne,
and Ar, which have significant neutral abundance in the local
interstellar medium. Fisk et al. (1974) first suggested the
source of ACRs is pickup ions. Pickup ions originate from
the interstellar neutral atoms, which penetrate into the helio-
sphere and become ionized mainly by solar radiation via
photoionization and/or by solar wind ions via charge
exchange. Then these particles are picked up by the solar
wind magnetic field and are convected into the outer helio-
sphere. Since the energy of pickup ions is approximately
1 keV per nucleon, they must be accelerated by about four
orders of magnitude to become ACRs, for which a very effi-
cient particle acceleration mechanism is needed.

5.2. Recent progress and current understanding

Before the Voyager probes crossed the termination
shock (Section 4), it was believed that ACRs are acceler-
ated through a diffusive shock acceleration mechanism at
the termination shock (Pesses et al., 1981). But the Voyager
probes observed that the intensity of ACR helium did not
peak at the shock, suggesting that the acceleration source is
elsewhere on the shock or in the heliosheath (Stone et al.,
2005; Stone et al., 2008). For particles at energies below
approximately 1 MeV, called termination shock particles

(TSPs), however, the Voyager probes observed a significant
flux enhancement at the time of the shock crossing (Decker
et al., 2005; Decker et al., 2008). As the Voyager probes
moved further into the heliosheath, the intensity of parti-
cles with energy above a few megaelectronvolts continued
to rise and eventually exhibited an approximate power-
law spectrum, while TSPs were observed to be nearly uni-
form in the heliosheath (Cummings et al., 2008).
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McComas and Schwadron (2006) first noted that the
blunt-shaped structure of the termination shock has a sig-
nificant effect on the acceleration of particles and pro-
posed a simple geometric interpretation of the
observations of the Voyager probes (see Fig. 13). The
intersection points between the field line and the termina-
tion shock move along the shock from the nose toward
the flanks as the field line is pulled out by the solar wind
into the heliosheath. As the intersection points move
toward the flanks, pickup ions have longer time to be
accelerated and become ACRs (Schwadron et al., 2008).
The peak fluxes of ACRs are in the flanks, remote from
the Voyager probes, and these particles are transported
within the heliosheath. Thus, the Voyager probes
observed the peak of ACRs in the heliosheath rather than
at the shock nose. Alternatively, TSPs are accelerated
over a short time with a power-law distribution and
remain near the point of injection. These low-energy par-
ticles thus have their peak flux at the nose of termination
shock, where the Voyager probes explored.

This blunt-shock concept was confirmed later by numer-
ical computations performed by Kóta and Jokipii (2008)
and Schwadron et al. (2008). A 2D hybrid simulation sug-
gested that accelerated TSPs at the termination shock are
uniformly distributed along the termination shock, and
are likely quite uniform throughout the entire heliosheath
(Giacalone et al., 2021). Cummings et al. (2019) analyzed
the ACR anisotropies and found that a diffusive streaming
of ACRs comes from the flanks of the heliosphere, further
supporting the geometric explanation shown in Fig. 13.
However, it has also been suggested that the shock interact-
ing with large-scale plasma turbulence may result in a sim-
ilar effect as the blunt shock if the shock surface becomes
rippled and the scale of the ripples is larger than the char-
Fig. 13. Blunt-shaped heliosphere termination shock (thick black line),
heliospherical magnetic field (gray line), trajectory of pickup ions and
ACRs (long arrows), and ecliptic projection of the orbits of the Voyager
probes. (From McComas and Schwadron, 2006, reproduced with permis-
sion from the American Geophysical Union).
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acteristic scale associated with the particle diffusion (Li and
Zank, 2006; Kóta, 2010; Guo et al., 2010). The meandering
magnetic field lines caused by the turbulent plasma
upstream of the shock could also produce similar effects
(Kóta and Jokipii, 2008).

In the heliosphere, ACRs travel in the same plasma as
GCRs, and they therefore also experience the solar modu-
lation effect and exhibit the 11-year cycle and the 22-year
cycle. Fig. 12 (bottom panel), similarly to Fig. 5 in Fu
et al. (2021), shows the time profiles of the ACR and
GCR intensity (represented by the neutron count rate aver-
aged over the long-term normalized values from eight dif-
ferent stations) and the HCS tilt angle (shown on an
inverted y scale). As suggested by Fu et al. (2021) on the
basis of particle data from both NMs and the ACE space-
craft, the ACR evolution is better correlated with the HCS
tilt angle, which is a popular proxy for solar activity and is
more closely related to the solar modulation than the sun-
spot number. Meanwhile, the GCR evolution recorded by
different NMs may also differ, and this may depend on the
cutoff rigidity of the station, as shown in the top panel in
Fig. 12. Comparing the two panels in Fig. 12, one may
speculate that the GCR count rate from a station with high
cutoff rigidity could better match the ACR count rate,
especially in the two recent cycles (23 and 24). However,
the exact cause of this phenomenon still needs careful
investigation.

5.3. Limitations and open questions

We still have many open questions in our current under-
standing of ACRs, constrained both by limited observa-
tions and by lack of theories that can fully explain the
observations.

The acceleration mechanism of ACRs is still debated.
Fisk and Gloeckler (2009) proposed that ACRs are acceler-
ated through diffusive compression acceleration near the
heliopause and subsequently diffuse back into the
heliosheath. It was also suggested that magnetic reconnec-
tion is a source of ACR acceleration (Lazarian and Opher,
2009; Drake et al., 2010; Zhao et al., 2019). We refer to
reviews by Giacalone et al. (2012, 2022) for detailed discus-
sion and open questions on the acceleration mechanism of
ACRs.

Concerning the transport process, although both ACR
and GCR particles are modulated by the heliospheric mag-
netic field, the difference in the ACR and GCR variation
with the solar cycle is not yet well understood. During
the last two solar minimum periods (2008–2009 with
A < 0 and 2019–2020 with A > 0), cosmic ray intensities
were much higher than in earlier cycles because of weaker
solar modulation (Mewaldt et al., 2010). However, the
ACR intensities do not show the same tendency and are
comparable to or below their level in previous solar mini-
mum periods as shown in Fig. 12 (also see Fu et al.,
2021). This indicates a different modulation mechanism
between ACRs and GCRs.
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Progress on the cosmic ray LIS and transport in the
heliosphere could help us to investigate the origin and
transport of ACRs. All the improvements mentioned for
GCRs (Section 4) are suitable for application to ACR stud-
ies, and vice versa. Some additional effort is needed in the
following aspects:

� We should use time-dependent models including the
acceleration at the acceleration site and transport in
the heliosphere to compute the ACR flux and compare
this with observations from different spacecraft at differ-
ent locations and different times.

� We should use the same set of heliospheric parameters
to reproduce the observations for ACR and GCR
energy spectra and to infer the unmodulated ACR spec-
tra and transport parameters.

� We should use observations to investigate ACR gradi-
ents, which may improve our understanding of the
transport processes.

6. Future focuses and recommendations

In previous sections we reviewed the current status of
our understanding of energetic particles (SEPs, GCRs,
and ACRs) in the heliosphere. We also pointed out our
knowledge gaps in observing, modeling, physical under-
standing of, and forecasting capabilities for the helio-
Fig. 14. Recommendation for improving observationa
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spheric radiation environment. In this section, we offer
suggestions for narrowing these gaps and moving the
field forward in the next 5–10 years, as illustrated in
Fig. 14.

6.1. Requirements of observations

As a first step, it is most pragmatic to further exploit
existing radiation datasets from different regions in the cir-
cumterrestrial space and in the heliosphere, e.g., the near
geospace (LEO and geosynchronous equatorial orbit satel-
lites), the terrestrial NMs, the vicinity of other planets (e.g.,
BepiColombo, MAVEN, TianWen-I, MSL, Juno, etc.),
and near-Sun regions (PSP and Solar Orbiter). We stress
the following aspects:

� Well-organized community effort is important. For
instance, the EU-supported Solar Energetic Particle
Analysis Platform for the Inner Heliosphere (SER-
PENTINE; https://serpentine-h2020.eu) project is cur-
rently developing various open catalogs of transient
phenomena related to SEP events and a series of new
data products for the ongoing particle measurements
from the Solar Orbiter, PSP, and BepiColombo
missions.

� An interdisciplinary effort to combine data of different
types (such as space-borne and ground-based, radiation
dose and particle flux) should be also encouraged.
l and modeling capabilities in the next 5–10 years.
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� Adopting a planetary space weather approach based on
joint-science investigations for more than one planetary
body in the heliosphere could be of significant help for
better understanding the radiation environment proper-
ties at different locations in the solar system (see, e.g.,
Plainaki et al., 2020).

Planning for future missions, more observations are still
needed in the following aspects.

First, at multiple well-separated locations (in longitude,
latitude, and radial distance) we need to maintain or
increase the following observations:

� Most multipoint observations of SEP flux so far are
based on two or three observers at a solar distance of
approximately 1 AU. Recent joint observations
retrieved near Earth and at a few other locations with
available spacecraft (STEREO-A, Solar Orbiter, PSP,
etc.) such as by Kollhoff et al. (2021) make it clear that
we still have many questions in interpreting widespread
SEP events and that multipoint observations can greatly
advance our understanding of the acceleration and
transport processes.

� Similarly, multispacecraft observations of ACRs and
GCRs over large heliospheric scales for a continuous
period are too scarce for us to understand their sources
and transport processes or to explain their features, such
as the modulation phase lagging behind the sunspot
number or the energy-dependent radial gradient. Much
of our knowledge of ACR and GCR source populations
and transport is based only on theories and transport
models as described in Sections 4 and 5.

� Short-term GCR depressions directly depend on the
local interplanetary conditions, which are greatly influ-
enced by transients such as SIRs and ICMEs. It is there-
fore recommended that multispacecraft measurements
of both recurrent and nonrecurrent Forbush decreases
are used on a regular basis to track and analyze inter-
planetary transients throughout the heliosphere.

Second, we also need to have more observations at var-
ious different scales (both global and local) as explained as
below:

� SEP sources span a huge range of spatial scales. For the
most energetic events, the maximum acceleration may
happen within a few solar radii of the Sun; however,
accelerating shocks can extend over more than 180� in
heliolongitude and can persist to the outer regions of
the heliosphere. Variations of the shock parameters over
mesoscales (and how they affect particle acceleration)
are nearly completely unknown.

� We also need observations more densely populated at
smaller scales so we can understand important dynamics
of SEP acceleration (e.g., between L1 and Earth’s bow
shock and at scales resolving the perpendicular shock
front, where acceleration occurs).
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� Following the injection/release of SEPs, GCRs, or
ACRs from their source regions, the mean free paths
of particles can be on the order of 1 AU or much smal-
ler. The details of their transport—in particular, whether
it is relatively ‘‘scatter-free” or it is dominated by diffu-
sion and/or drifts—should clearly depend on the cir-
cumstances, including the background conditions into
which the particles propagate. Multipoint measurements
of pitch-angle distributions together with contextual
information on the local background and the larger-
scale settings of the local measurements (e.g., from
in situ plasma and field, and solar imaging observations)
can lead to improved concepts and models for the global
(re) distributions of heliospheric particles from both
internal and external sources.

Third, heliospheric particles should be monitored over a
larger and continuous energy range (from superthermal to
nonthermal and relativistic energies):

� While superthermal particles are considered to play a
key role in providing the seed population for SEP accel-
eration, particles in this energy range (tens of kiloelec-
tronvolts to a few megaelectronvolts) are not routinely
measured, and their composition, spectra, and spatial
distributions are still poorly understood. There have
been a few potentially useful instruments flown (e.g.,
the Ultra Low Energy Isotope Spectrometer on ACE
and SIT on STEREO), but this remains a population
where a gap needs to be filled more routinely by includ-
ing it in heliospheric particle detector suites.

� At energies of tens of megaelectronvolts where SEP pro-
ton flux and radiation effects can be significantly
enhanced, we are currently largely depending on the
EPHIN and ERNE (Energetic and Relativistic Nuclei
and Electron experiment) detectors on board SOHO to
record the radiation environment near Earth. However,
SOHO will soon retire and particle measurement in this
critical energy range at Earth’s L1 point will be missing
if not covered by future missions.

� At energies above hundreds of megaelectronvolts, direct
observations are rare and yet they are critical in terms of
radiation impacts on aviation, space hardware, and
humans in space. Although there are a couple of instru-
ments (AMS-02 and PAMELA) near Earth, the periodic
influences of Earth’s magnetosphere often prevent their
use for onset-time analysis. For higher energies, low-cost
ground-based NM measurements have been very useful
for deriving particle spectra above the local atmospheric
and magnetic cutoff energy (Section 3). However, SEP
spectra derived from NMs depend on calculated atmo-
spheric response models, which may carry unknown
uncertainties. Moreover, the direct validation of these
spectra is often difficult because of the lack of space
observations in this high-energy range (at least above
approximately 400 MeV, which is the atmospheric cutoff
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energy). Future lunar outposts and Earth-orbiting space
stations will provide potential platforms for more regu-
lar monitoring in this energy range.

� For studying ACRs and GCRs, which can have larger
and higher energy ranges than SEPs, the availability of
energy-resolved observations is even less. Fluxes inte-
grated over a wide energy range are often used and com-
pared across different instruments. This can be
misleading, for example, when one is studying solar
modulation of GCRs as a transient disturbance while
a solar eruption passes different observers. For existing
measurements, it is necessary that the energy responses
of different detectors are taken into account, so that
the evolutionary effects can be disentangled from the
detector response. More energy-resolved measurements
in the future (starting at hundreds of megaelectronvolts
per nucleon) will better reveal the physics of the high-
energy particle transport or modulation process.

Besides, more accurate angular distribution information
is important for understanding the source and transport of
high-energy particles in space:

� Most SEP observations contain little information on ani-
sotropies, which can provide considerable insight into the
physics. For example, counterstreaming SEP fluxes can
indicate ‘‘reservoirs” produced by local magnetic trap-
ping, while the pitch-angle distribution indicates the role
of scattering during transport to the detection site. Mod-
ern detection techniques allowing accurate measurements
of this property can help better constrain SEP event
sources and inform modeling efforts.

� Similarly, suprathermal particle, ACR, and GCR aniso-
tropies contain insights into their sources and transport.
For example, newly created heliospheric pickup ions will
retain vestiges of their initial ring-beam distribution
function before they are scattered by ambient magnetic
fluctuations or self-excited waves become unstable to
ion cyclotron wave generation. The subsequent acceler-
ation of these pickup ion seed populations toward their
becoming ACRs can be diagnosed if the angular distri-
bution is known. In the case of ACRs and GCRs, infor-
mation about the larger heliosphere shape and state,
e.g., over the solar cycle, is contained in the decadal
timescale, global directional modulation of these popu-
lations. The Interstellar Mapping and Acceleration
Probe (IMAP, McComas et al., 2018) is dedicated to
increasing knowledge in these areas, but sustained mea-
surements will hopefully be inspired given the impor-
tance/necessity of long-term information.

Finally, for better forecasting the space weather impact
of energetic particles in the heliosphere, more observations
are undoubtedly needed in the above aspects (more loca-
tions, multiple scales, more energy coverage, and angular
information) as better understanding of the physics is
essential for improving the application capabilities. More-
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over, continuous monitoring with real-time data available
from multiple locations within the inner heliosphere and
at 1 AU would improve SEP forecasting and nowcasting
capabilities, including for locations away from Earth, such
as at Mars, which are increasingly important for robotic
and human space exploration activities. Continuous mea-
surements in regions where radiation information is critical
for aviation and satellite operations but not yet sufficient
(such as between LEO and geosynchronous orbit) and by
a range of space weather monitoring instruments (when
feasibility is not an issue) so that we can better nowcast
the radiation effects of SEP events (because of their unpre-
dictability) for space industries.

In summary, we still require more observations at more
locations (such as at well-separated longitudes, at distances
both close to the Sun and beyond 1 AU, and at other lat-
itudes away from the equatorial plane), at both small and
global scales, measuring energies extending from superther-
mal to relativistic energy ranges, and with improved angu-
lar resolution and coverage. Since particle detectors
generally have the advantage of relatively low mass, low
power, and low cost, we recommend carrying one on each
of the future interplanetary missions, including Earth-
monitoring spacecraft, solar observatories, and even plan-
etary missions if possible. For instance, the BepiColombo
mission to explore Mercury carries the Solar Intensity X-
ray and Particle Spectrometer (SIXS), which is capable of
broadband measurements of X-ray, proton, and electron
spectra on its way to Mercury and in orbit (Huovelin
et al., 2020).

6.2. Requirements of modeling efforts

In parallel to the need for improved observations as dis-
cussed above, a more aggressive effort is still needed to
bring together the modeling efforts and the existing obser-
vations with the following emphases:

� Tie to observations at both ends. Observations should
be used both as inputs, for constraining model parame-
ters, and finally for testing outputs. This also echoes our
previous recommendation that more observations are
needed, both from a particle energy and directional dis-
tribution perspective and from a spatial sampling
perspective.

� Coordinate different modeling products and optimize
use in different regimes. Modeling efforts consist of sev-
eral types that produce different results and have differ-
ent applications. For example, some empirical SEP
models produce a peak flux or event-integrated flux,
while others aim to produce a complete event flux versus
time profile. Similarly, some provide a single-point
observer view of the event, while others provide a
heliosphere-wide view. Identifying the particular value
(s) and challenges of each of these is important for the
purposes of coordinating and prioritizing ongoing and
new efforts.
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� Consider accurate and timely modeling for magneto-
spheric shielding of particles. Modeling efforts on how
magnetic shielding affects SEP intensity and transport
inside Earth’s magnetosphere (and in the near-Earth
region) are needed to both effectively interpret measure-
ments such as those from the GOES geosynchronous
orbit missions and to predict SEP hazards for Earth-
orbiting space stations under different geomagnetic
activity conditions. The computational tools now exist
for making realistic simulations of SEPs in Earth’s envi-
ronment, but it is still difficult to put them into practice
on a regular basis. In particular, the realistic modeling of
this shielding requires realistic modeling of the magneto-
spheric response to heliospheric transients (see efforts in
the ISWAT G1 cluster ‘‘Geomagnetic environment”;
https://www.iswat-cospar.org/g1), which is still being
developed and tested for real-time applications. Simi-
larly, we may also need to consider modeling of particles
reaching other planets with different magnetospheric
conditions, such as Mercury or Mars.

� Modeling of both SEP and GCR/ACR transport should
adopt more realistic heliospheric models (see efforts in
the ISWAT H1 cluster ‘‘Heliospheric magnetic field
and solar wind”), where both large-scale solar wind
and interplanetary magnetic field and small-scale turbu-
lence should be considered. Current models often rely
on various ad hoc and adjustable parameters, whose val-
ues cannot be directly verified but are chosen to fit the
modeling results with observations. Instead, a
modeling-observational approach is needed to constrain
the nonobservable parameters such as the diffusion ten-
sor. For GCR/ACR models, it is also important to
appropriately constrain the boundary conditions; there-
fore, it would be prudent to further improve our knowl-
edge of LIS through ongoing and future observations.

� Consider the varying background fluxes affected by
interplanetary transients. ICME/SIR-induced Forbush
decreases of the background radiation should be incor-
porated within the SEP/GLE modeling to more accu-
rately describe the temporal evolution of the radiation
before, during, and after the SEP events. Forbush
decrease modeling can benefit from space-based data
in the circumterrestrial environment together with differ-
ent ground-based NM observations as well as solar wind
and interplanetary magnetic field observations.

� Adopt and combine different modeling approaches.
Physics-based models, which are very useful for poste-
vent studies, are often computationally expensive, with
limited ability to produce a prediction in real time. Fore-
casting for operations also needs empirical models and
machine learning techniques. These models are based
on existing data to identify the dependence of SEP prop-
erties on other parameters and can give rapid forecasts
and are easily incorporated into forecasting and opera-
tions. To improve the forecasting capability of such
models, very large datasets are needed and will directly
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benefit from more observations as discussed earlier; such
models should also be studied and tested together with
physics-based models.

In summary, it is critical to improve the scientific under-
standing of SEP events and GCR/ACR transport and use
this understanding to develop and improve radiation model-
ing capabilities to support operations. In particular,
Whitman et al. (2023) summarized all SEP models currently
developed in the scientific community, including a descrip-
tion of model approach, inputs and outputs, free parameters,
and any published validations or comparisons with data.
They concluded that ‘‘the SEP modeling community has
developed a rich and diverse set of SEP models that exhibit
a wide array of capabilities but currently have significant lim-
itations, in particular arising from the gaps in real-time
observations. If supported with the necessary observations,
and with further developments, for example in computa-
tional capabilities and the application of artificial intelligence
and machine learning, the field is poised for continued
growth with a great potential to contribute significantly both
to space weather operations and advances in the understand-
ing of the physics of SEP events.”.

6.3. System view of the problem in synergy with other

heliospheric studies

We need a coordinated effort to combine the results of
individual space weather efforts in the field of radiation
enabling research activities at large. Along this path, much
has already been discussed throughout this section, and we
provide a brief summary below.

SEPs should be studied as part of a system where the
magnetic features on the Sun can evolve to drive solar
eruptions such as flares, CMEs, and shocks that may accel-
erate energetic particles that can escape into interplanetary
space while being conditioned by the solar wind during
their transport and can also interact with the planetary
environment when they arrive at a planetary body (i.e.,
topics studied by ‘‘S: Space weather origins at the Sun,”
‘‘H: Heliosphere variability,” and ‘‘G: Coupled geospace
system” within the ISWAT framework, https://iswat-
cospar.org; see also related articles in this special issue).

Similarly, ACRs and GCRs should also be studied as
part of a system where the global magnetic field of the
heliosphere (from the inner heliosphere to the outer helio-
sphere and to the heliospheric boundary) is treated in a
realistic and dynamic manner whereby the small-scale tur-
bulence in the solar wind is appropriately addressed.
Meanwhile, the mesoscale solar transient disturbances
and short-term variations are considered as modulation
factors that may have an accumulative effect on the global
transport. Finally, their interaction with the planetary envi-
ronment and the impact of radiation on long-term inter-
planetary missions are to be explored by an
interdisciplinary approach.
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7. Conclusion

Space radiation is a significant concern for the safety of
robotic and human exploration both in the near-Earth
environment and toward deep space and other planets,
such as Mars. Studying energetic particle radiation in the
heliosphere is essential for improving space weather fore-
casting capability and also for better understanding the
physics of particle energization and transport processes.

We have reviewed the scientific aspects of the major
sources of energetic particle radiation in the heliosphere:
SEPs, GLE events, GCRs, and ACRs (in Sections 2–5).
We have also reviewed the advances in recent decades con-
cerning current scientific understanding and predictive
capabilities. We also pointed out our knowledge gaps in
observing, modeling, physical understanding of, and fore-
casting capabilities for the heliospheric radiation environ-
ment. Finally, we offered considerations related to the
planning of future space observations in Section 6.
COSPAR’s ISWAT H3 cluster ‘‘Radiation environment
in heliosphere” (https://www.iswat-cospar.org/h3) will
continue providing a scientific platform for researchers
around the world to work together with the common goal
to understand, characterize, and predict the energetic par-
ticle radiation in the heliosphere and to mitigate radiation
risks associated with areospace activities, the satellite
industry, and human space explorations.
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Čalogović, J., Ehresmann, B., Heber, B., Lohf, H., Posner, A., Steigies,
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Guo, J., Dumbović, M., Wimmer-Schweingruber, R.F., Temmer, M.,
Lohf, H., Wang, Y., Veronig, A., Hassler, D.M., Mays, L.M., Zeitlin,
C., et al., 2018. Modeling the evolution and propagation of 10
September 2017 CMEs and SEPs arriving at Mars constrained by
remote sensing and in situ measurement. Space Weather 16, 1156–
1169. https://doi.org/10.1029/2018SW001973.

Guo, J., Li, X., Zhang, J., Dobynde, M.I., Wang, Y., Xu, Z., Berger, T.,
Semkova, J., Wimmer-Schweingruber, R.F., Hassler, D.M., et al.,
2023. The first ground level enhancement seen on three planetary
surfaces: Earth, Moon, and Mars. Geophys. Res. Lett. 50. https://doi.
org/10.1029/2023GL103069, e2023GL103069.

Guo, J., Lillis, R., Wimmer-Schweingruber, R.F., Zeitlin, C., Simonson,
P., Rahmati, A., Posner, A., Papaioannou, A., Lundt, N., Lee, C.O.,
et al., 2018. Measurements of Forbush decreases at Mars: both by
MSL on ground and by MAVEN in orbit. Astron. Astrophys. 611,
A79. https://doi.org/10.1051/0004-6361/201732087.

Guo, J., Zeitlin, C., Wimmer-Schweingruber, R.F., Hassler, D.M.,
Ehresmann, B., Rafkin, S., Freiherr von Forstner, J.L., Khaksarighiri,
S., Liu, W., Wang, Y., 2021. Radiation environment for future human
exploration on the surface of Mars: the current understanding based
on MSL/RAD dose measurements. Astron. Astrophys. Rev. 29, 8.
https://doi.org/10.1007/s00159-021-00136-5.

Hands, A., Lei, F., Davis, C., Clewer, B., Dyer, C., Ryden, K., 2022. A
new model for nowcasting the aviation radiation environment with
comparisons to in situ measurements during GLEs. Space Weather 20.
https://doi.org/10.1029/2022SW003155, e2022SW003155.

https://doi.org/10.1051/0004-6361/202140861
https://doi.org/10.1086/163623
https://doi.org/10.1086/163623
https://doi.org/10.1088/0004-637X/772/1/46
https://doi.org/10.1088/0004-637X/772/1/46
https://doi.org/10.1007/s11214-022-00896-1
https://doi.org/10.3847/1538-4357/abd3a5
https://doi.org/10.1103/PhysRevD.104.023012
https://doi.org/10.1103/PhysRevD.104.023012
https://doi.org/10.1029/96JA01005
https://doi.org/10.1016/j.asr.2009.02.010
https://doi.org/10.1086/181498
https://doi.org/10.1086/181498
https://doi.org/10.1029/2002JA009695
https://doi.org/10.1103/PhysRev.51.1108.3
https://doi.org/10.1103/PhysRev.51.1108.3
https://doi.org/10.1103/PhysRev.70.771
https://doi.org/10.1103/PhysRev.70.771
https://doi.org/10.1029/JZ059i004p00525
https://doi.org/10.1029/JZ063i004p00651
https://doi.org/10.1029/JZ063i004p00651
https://doi.org/10.1002/2017JA024700
https://doi.org/10.1002/2017JA024700
https://doi.org/10.1007/s11214-015-0211-6
https://doi.org/10.1029/2019JA027662
https://doi.org/10.1029/2019JA027662
https://doi.org/10.3847/2041-8213/ac80f5
https://doi.org/10.3847/2041-8213/ac80f5
https://doi.org/10.3847/2041-8213/ac29b9
https://doi.org/10.3847/2041-8213/ac29b9
https://doi.org/10.1086/181224
https://doi.org/10.1086/181224
https://doi.org/10.1007/s11214-012-9915-z
https://doi.org/10.1007/s11214-012-9915-z
https://doi.org/10.1007/s11214-022-00890-7
https://doi.org/10.3847/1538-4357/abe93a
https://doi.org/10.3847/1538-4357/abe93a
https://doi.org/10.1002/2017JA024763
https://doi.org/10.1007/s11207-018-1375-5
https://doi.org/10.1007/s11207-018-1375-5
https://doi.org/10.1086/149822
https://doi.org/10.1002/2014GL060781
https://doi.org/10.1002/2014GL060781
https://doi.org/10.1088/0004-637X/799/1/55
https://doi.org/10.1088/0004-637X/799/1/55
https://doi.org/10.1088/0004-637X/725/1/128
https://doi.org/10.1029/2018SW001973
https://doi.org/10.1029/2023GL103069
https://doi.org/10.1029/2023GL103069
https://doi.org/10.1051/0004-6361/201732087
https://doi.org/10.1007/s00159-021-00136-5
https://doi.org/10.1029/2022SW003155


J. Guo et al. Advances in Space Research xxx (xxxx) xxx
Hassler, D.M., Zeitlin, C., Wimmer-Schweingruber, R.F., Böttcher, S.I.,
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Sokół, J.M., Bzowski, M., Tokumaru, M., Fujiki, K., McComas, D.J.,
2013. Heliolatitude and time variations of solar wind structure from
in situ measurements and interplanetary scintillation observations. Sol.
Phys. 285, 167–200. https://doi.org/10.1007/s11207-012-9993-9.

Song, X., Luo, X., Potgieter, M.S., Liu, X., Geng, Z., 2021. A numerical
study of the solar modulation of galactic protons and helium from

https://doi.org/10.1088/0004-637X/785/2/160
https://doi.org/10.1016/j.asr.2009.07.019
https://doi.org/10.1016/j.asr.2009.07.019
https://doi.org/10.1007/s11207-017-1202-4
https://doi.org/10.1007/s11207-017-1202-4
https://doi.org/10.1029/2006SW000268
https://doi.org/10.1007/s13538-014-0238-2
https://doi.org/10.1007/s13538-014-0238-2
https://doi.org/10.12942/lrsp-2013-3
https://doi.org/10.1016/j.asr.2016.09.003
https://doi.org/10.1086/510510
https://doi.org/10.1007/s11214-022-00912-4
https://doi.org/10.1007/s11214-022-00912-4
https://doi.org/10.1051/swsc/2020024
https://doi.org/10.1051/swsc/2017031
https://doi.org/10.1023/A:1005105831781
https://doi.org/10.1023/A:1005105831781
https://doi.org/10.1007/s11214-013-9958-9
https://doi.org/10.1007/s11214-015-0210-7
https://doi.org/10.1029/91JA03102
https://doi.org/10.1029/91JA03102
https://doi.org/10.1007/978-1-4939-2038-9_27
https://doi.org/10.1023/B:SPAC.0000032689.52830.3e
https://doi.org/10.1023/B:SPAC.0000032689.52830.3e
https://doi.org/10.1007/s41116-017-0011-z
https://doi.org/10.1007/s41116-017-0011-z
https://doi.org/10.1007/s11207-011-9774-x
https://doi.org/10.1007/s11207-011-9774-x
https://doi.org/10.1002/2013SW000996
https://doi.org/10.1002/2013SW000996
https://doi.org/10.1051/0004-6361/201935287
https://doi.org/10.1007/s11207-019-1397-7
https://doi.org/10.1007/s11207-019-1397-7
https://doi.org/10.1088/0004-637x/752/1/44
https://doi.org/10.1088/0004-637x/752/1/44
https://doi.org/10.3847/1538-4357/abc346
https://doi.org/10.1002/2014GL060469
https://doi.org/10.1002/2014GL060469
https://doi.org/10.1086/527026
https://doi.org/10.1007/s11214-020-0644-4
https://doi.org/10.1007/s11214-020-0644-4
https://doi.org/10.1007/978-1-4615-2916-3_3
https://doi.org/10.1007/978-1-4615-2916-3_3
https://doi.org/10.3847/1538-4357/abac60
https://doi.org/10.3847/1538-4357/abac60
https://doi.org/10.3847/1538-4357/ac1fe8
https://doi.org/10.3847/1538-4357/ac1fe8
https://doi.org/10.1093/rpd/ncv330
https://doi.org/10.1002/2013SW001025
https://doi.org/10.1002/2013SW001025
https://doi.org/10.1016/0273-1177(89)90450-X
https://doi.org/10.1016/0273-1177(89)90450-X
https://doi.org/10.1016/0273-1177(92)90120-M
https://doi.org/10.1007/s11207-012-9993-9


J. Guo et al. Advances in Space Research xxx (xxxx) xxx
2006 to 2017. Astrophys. J. Suppl. Ser. 257, 48–60. https://doi.org/
10.3847/1538-4365/ac281c.

Stassinopoulos, E., Raymond, J.P., 1988. The space radiation environ-
ment for electronics. Proc. IEEE 76, 1423–1442. https://doi.org/
10.1109/5.90113.

Stone, E.C., Cummings, A.C., Heikkila, B.C., Lal, N., 2019. Cosmic ray
measurements from Voyager 2 as it crossed into interstellar space. Nat.
Astron. 3, 1013–1018. https://doi.org/10.1038/s41550-019-0928-3.

Stone, E.C., Cummings, A.C., McDonald, F.B., Heikkila, B.C., Lal, N.,
Webber, W.R., 2005. Voyager 1 explores the termination shock region
and the heliosheath beyond. Science 309, 2017–2020. https://doi.org/
10.1126/science.1117684.

Stone, E.C., Cummings, A.C., McDonald, F.B., Heikkila, B.C., Lal, N.,
Webber, W.R., 2008. An asymmetric solar wind termination shock.
Nature 454, 71–74. https://doi.org/10.1038/nature07022.

Stone, E.C., Cummings, A.C., McDonald, F.B., Heikkila, B.C., Lal, N.,
Webber, W.R., 2013. Voyager 1 observes low-energy galactic cosmic
rays in a region depleted of heliospheric ions. Science 341, 150–153.
https://doi.org/10.1126/science.1236408.

Stone, E.C., Frandsen, A., Mewaldt, R., Christian, E., Margolies, D.,
Ormes, J., Snow, F., 1998. The Advanced Composition Explorer.
Space Sci. Rev. 86, 1–22. https://doi.org/10.1023/A:1005082526237.

Strauss, R., Fichtner, H., 2015. On aspects pertaining to the perpendicular
diffusion of solar energetic particles. Astrophys. J. 801, 29–37. https://
doi.org/10.1088/0004-637X/801/1/29.

Strauss, R.D., le Roux, J.A., Engelbrecht, N.E., Ruffolo, D., Dunzlaff, P.,
2016. Non-axisymmetric perpendicular diffusion of charged particles
and their transport across tangential magnetic discontinuities. Astro-
phys. J. 825, 43–56. https://doi.org/10.3847/0004-637X/825/1/43.

Strauss, R.D.T., Effenberger, F., 2017. A hitch-hiker’s guide to stochastic
differential equations. Solution methods for energetic particle trans-
port in space physics and astrophysics. Space Sci. Rev. 212, 151–192.
https://doi.org/10.1007/s11214-017-0351-y.

Temmer, M., Scolini, C., Richardson, I.G., Heinemann, S.G., Paouris, E.,
Vourlidas, A., Bisi, M.M., Al-Haddad, N., Amerstorfer, T., et al.,
2023. CME propagation through the heliosphere: status and future of
observations and model development. Adv. Space Res. https://doi.org/
10.1016/j.asr.2023.07.003, in press.

Teufel, A., Schlickeiser, R., 2003. Analytic calculation of the parallel mean
free path of heliospheric cosmic rays. II. Dynamical magnetic slab
turbulence and random sweeping slab turbulence with finite wave
power at small wavenumbers. Astron. Astrophys. 397, 15–25. https://
doi.org/10.1051/0004-6361:20021471.

Thomas, S.R., Owens, M.J., Lockwood, M., 2014. The 22-year hale cycle
in cosmic ray flux–evidence for direct heliospheric modulation. Sol.
Phys. 289, 407–421. https://doi.org/10.1007/s11207-013-0341-5.

Tomassetti, N., Orcinha, M., Barão, F., Bertucci, B., 2017. Evidence for a
time lag in solar modulation of galactic cosmic rays. Astrophys. J.
Lett. 849, L32–L37. https://doi.org/10.3847/2041-8213/aa9373.

Townsend, L.W., Cucinotta, C.F., Wilson, J.W., Shinn, J.L., Badhwar,
G., 1994. Solar modulation and nuclear fragmentation effects in
galactic cosmic ray transport through shielding. Adv. Space Res. 14,
853–861. https://doi.org/10.1016/0273-1177(94)90550-9.

Tylka, A., Cohen, C., Dietrich, W., Lee, M., Maclennan, C., Mewaldt, R.,
Ng, C., Reames, D., 2005. Shock geometry, seed populations, and the
origin of variable elemental composition at high energies in large
gradual solar particle events. Astrophys. J. 625, 474–495. https://doi.
org/10.1086/429384.

Tylka, A.J., Adams, J.H., Boberg, P.R., Brownstein, B., Dietrich, W.F.,
Flueckiger, E.O., Petersen, E.L., Shea, M.A., Smart, D.F., Smith, E.
C., 1997. CREME96: a revision of the cosmic ray effects on micro-
electronics code. IEEE Trans. Nucl. Sci. 44, 2150–2160. https://doi.
org/10.1109/23.659030.

Usoskin, I., Bazilevskaya, G., Kovaltsov, G., 2011. Solar modulation
parameter for cosmic rays since 1936 reconstructed from ground-based
neutron monitors and ionization chambers. J. Geophys. Res. Space
Phys. 116, A02104. https://doi.org/10.1029/2010JA016105.
38
Usoskin, I., Kananen, H., Mursula, K., Tanskanen, P., Kovaltsov, G.,
1998. Correlative study of solar activity and cosmic ray intensity. J.
Geophys. Res. Space Phys. 103, 9567–9574. https://doi.org/10.1029/
97JA03782.

Usoskin, I., Koldobskiy, S., Kovaltsov, G., Gil, A., Usoskina, I.,
Willamo, T., Ibragimov, A., 2020. Revised GLE database: fluences
of solar energetic particles as measured by the neutron-monitor
network since 1956. Astron. Astrophys. 640, A17. https://doi.org/
10.1051/0004-6361/202038272.

Usoskin, I., Kovaltsov, G., Adriani, O., Barbarino, G., Bazilevskaya, G.,
Bellotti, R., Boezio, M., Bogomolov, E., Bongi, M., Bonvicini, V.,
et al., 2015. Force-field parameterization of the galactic cosmic ray
spectrum: validation for forbush decreases. Adv. Space Res. 55, 2940–
2945. https://doi.org/10.1016/j.asr.2015.03.009.

Usoskin, I.G., 2023. A history of solar activity over millennia. Living Rev.
Sol. Phys. 20, 2. https://doi.org/10.1007/s41116-023-00036-z.

Usoskin, I.G., Gil, A., Kovaltsov, G.A., Mishev, A.L., Mikhailov, V.V.,
2017. Heliospheric modulation of cosmic rays during the neutron
monitor era: calibration using PAMELA data for 2006–2010. J.
Geophys. Res. Space Phys. 122, 3875–3887. https://doi.org/10.1002/
2016JA023819.

Vainio, R., Desorgher, L., Heynderickx, D., Storini, M., Flückiger, E.,
Horne, R.B., Kovaltsov, G.A., Kudela, K., Laurenza, M., McKenna-
Lawlor, S., Rothkaehl, H., Usoskin, I.G., 2009. Dynamics of the
Earth’s particle radiation environment. Space Sci. Rev. 147, 187–231.
https://doi.org/10.1007/s11214-009-9496-7.
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