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Abstract

The Near-Earth Space Radiation and Plasma Environment falls within the realm of G3 Cluster (G3 refers to ‘Near-Earth Radiation
and Plasma Environment’ of the ‘Coupled Geospace System’) under the COSPAR (Committee On Space Research)/International Space
Weather Action Teams (ISWAT) Initiative. The diverse and dynamic particle populations from this region pose challenges from both
science and space weather-impact perspectives. The G3 cluster has intimate connections with solar, heliosphere clusters, and the other
Geospace ones (G1, G2) through a chain of physical processes. This paper reviews recent scientific advances in understanding this com-
plex space environment, identifies gaps in research and space weather applications, and maps out our recommendations on priorities for
the next 5-10 years.
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1. Introduction

The G3 Cluster under the COSPAR/ISWAT initiative
(https://www.iswat-cospar.org/g3) mainly refers to the
near-Earth radiation and plasma environment. The goal
of the Cluster is to perform impact-driven model assess-
ment; to advance scientific understanding and modeling
capability of the region related to radiation impact assess-
ment; to stay connected with other relevant clusters’ pro-
gress and seek collaborative inter-cluster efforts; and to
help end users with better tools and products. Five action
teams have been organized under this cluster: 1. Radiation
Effects at Aviation Altitudes (Lead: Kent Tobiska, Mat-
thias M. Meier); 2. Surface Charging Effects and the Rele-
vant Space Environment (Lead: Vania Jordanova, Natalia
Ganushkina, Joseph Minow, Dave Pitchford); 3. Total
dose effects (Lead: Insoo Jun, Timothy Guild); 4. Internal
Charging Effects and the Relevant Space Environment
(Lead: Yuri Shprits, Paul O’Brien); 5. Solar Energetic Par-
ticle Population in Geospace (Lead: Valeriy Tenishev).

The near-Earth radiation and plasma environment consists
of diverse particle populations of different origins that often
evolve dynamically over time and space and span a broad
energy range. Such an environment poses challenges from
both science and space weather-impact perspectives. It brings
about deleterious effects on spacecraft electronics, materials,
and it can pose a significant health challenge for life in space.
End users include those involved in satellite design, launch,
operations, and anomaly resolution; flight crew and passen-
gers (aviation); emergency management personnel (dealing
with radio communication problems due to polar cap absorp-
tion during large solar energetic particle events); astronauts
and space travelers; stakeholders and policymakers.

Fig. 1 summarizes the major space weather impacts and
their environmental sources for the G3 Cluster. Ring cur-
rent, aurora and plasma sheet particles can be potential
space environmental sources for surface charging (e.g.,
Ganushkina et al., 2017). Electrons with energy greater than
100 keV and up to several MeV (mainly from radiation belt
electrons) are responsible for internal charging. Strict energy
limits for surface charging and internal charging can be
ambiguous as the effects are highly dependent on the mate-
rials. Galactic Cosmic Rays (GCRs) are high-energy parti-
cles, ranging from tens of MeV to many GeVs and
beyond, that originate outside our solar system from e.g.,
supernova explosions. Solar Energetic Particles (SEPs), on
the other hand, are energized during solar eruptive events
or from the interaction of the suprathermal proton popula-
tion with CME (Coronal Mass Ejection) —driven shocks,
with energies ranging from a few keV up to tens GeV. These
particles can reach the near-Earth region depending on their

energy and the strength/variations of fields they propagate
through. GCRs, SEPs, and trapped protons in the inner
radiation belt are the three main sources of radiation haz-
ards for space hardware, avionics, and human activities in
space and at aviation altitude. These sources can cause
single-event effects (SEEs) and total dose (TD) effects, which
can have detrimental effects on equipment and cause radia-
tion impacts on humans (Dyer et al., 2023). Another signif-
icant source of radiation exposure in Low Earth Orbit
(LEO) is albedo protons (also albedo neutrons). These pro-
tons are produced by the interaction of high-energy SEP
and GCR particles with the Earth’s atmosphere. This con-
stitutes a prime source of high-energy protons trapped in
the Earth radiation belts (e.g., Selesnick et al., 2014;
Combier et al., 2017), especially during solar minimum.
Energetic electrons (>100 keV), protons (>10 MeV), heavy
ions, and neutrons can lead to TD effects over time. The
intricacies of radiation effects from neutrons are shown in
the handbook of European Cooperation for Space Stan-
dardization ECSS-E-HB-10-12A, but not the focus of this
review. Polar Cap Absorption (PCA) has also been recog-
nized since the early days of short-wave communication
during which SEPs from solar eruptive events produce
intense ionization in the lower ionosphere and give rise to
heavy absorption of radio waves, which results in a com-
plete disruption of radio communications in the High Fre-
quency (HF) band at high latitudes (e.g., Rose and
Ziauddin, 1962; Bailey, 1964; Fiori et al., 2022). PCA led
to the brief HF communication outage experienced by Air
Force One enroute to China during the 25-27 April 1984
solar/SEP event (National Research Council, 2008). PCA
also affects satellite communications and operations of Glo-
bal Navigation Satellite Systems (GNSS). Usually unrecog-
nized, SEPs and GCRs have a significant impact on the
composition of the Earth’s atmosphere. These particles
enhance the atmospheric concentration of NOx (Nitrogen
Oxides) and HOx (Hydrogen Oxides), which play a crucial
role in the ozone balance (e.g., Andersson et al., 2014;
Maliniemi et al., 2022) in the middle atmosphere by catalyt-
ically destroying odd oxygen.

The G3 cluster has intimate connections with clusters of
solar, heliosphere and others in the coupled geospace
domain. The circles in Fig. 2 indicate such connections
and G3’s direct space weather impacts. Please see Reiss
et al. (2023) for Cluster S2 (Ambient solar magnetic field:
heating and spectral irradiance) review; Linton et al.
(2023) titled ‘Recent Progress on Understanding Coronal
Mass Ejection/Flare Onset by a NASA Living with a Star
Focused Science Team’ that is relevant to Cluster S3 (Solar
eruptions); Guo et al. (2024) for the review of Cluster H3
(Radiation environment in heliosphere); Temmer et al.
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Fig. 1. The main space weather impacts and their environmental sources for the G3 Cluster (Zheng et al., 2019).

The COSPAR ISWAT initiative is a global hub for collaborations addressing challenges across the field of space weather.
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Fig. 2. G3’s connection with other clusters in the overall ISWAT initiative and G3’s direct space weather impacts.

and magnetic field variations brought about by the ring
current, G3 has influences on G1 and G2, therefore con-
tributing to other impacts such as geomagnetically induced
currents.

Due to the complexities of cluster G3, the diverse popu-
lations of particles involved, and its rich and far-reaching
space weather impacts (e.g., Allen, 2010; Koons et al.,

(2023) for the review of H1 and H2; and Georgoulis et al.
(2024) for ‘Prediction of solar energetic events impacting
space weather conditions’. Through energetic particle pre-
cipitation (from SEPs, GCRs, radiation belt electrons
and ring current particles, an illustration of such impact
on the atmosphere is provided in Fig. 3 (Baker et al.,
2012; Mironova et al., 2015; Sinnhuber and Funke, 2020)
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Fig. 3. Sketch showing how different particle precipitation (plus solar
irradiance) affects the ionization rate of the atmosphere. From Mironova
et al. (2015) that was based on the original figure by Baker et al. (2012).

2000), this review reflects the limited yet unique views of this
important region of space, focusing on recent progress, gaps
in research and applications, and our recommendations on
priorities for the next 5-10 years by taking heed of both
science and space weather operational needs. For the mis-
sion design, technological and engineering aspects of the
G3 cluster where climatological/empirical models are uti-
lized and more appropriate, please see the review by Jun
et al., 2024 (titled ‘A Review on Radiation Environment
Pathways to Impacts: Radiation Effects, Relevant Empirical
Environment Models, and Future Needs’, this issue).

The discussion is roughly grouped by different impacts.
Section 2 provides a short introduction to the impacts;
Section 3 describes relevant environment and environment
models including current scientific understanding of each
population. Section 4 identifies gaps in each impact area
and makes recommendations for the next steps that need
to be taken. Summary is provided in Section 5.

2. Short introduction of the space weather impacts in the
near-earth space

In this section, a brief introduction is provided regard-
ing the common radiation and plasma impacts that space
missions could experience in near-Earth space. The follow-
ing table shows a snapshot of the impact types and which
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section of the relevant radiation environments are covered
in this paper (Table 1).

Note that as can be seen in the table, some of the envi-
ronments are common denominators for two or more
impacts. Therefore, the review of those environments will
be covered only in one section.

2.1. Surface charging

Spacecraft surface charging is the accumulation of net
electric charge, and therefore potential, on the exterior sur-
face(s) of a spacecraft. The fundamental physical process
for surface charging is that of current balance: at equilib-
rium (typically achieved in milliseconds for the overall
spacecraft, seconds to minutes on isolated surfaces relative
to vehicle ground, and up to hours between surfaces), all
currents sum to zero.

As emphasized in a companion paper (Minow et al.,
2024, this issue), there is no clear dichotomy between surface
charging and internal charging just from the electron energy
range point of view. When the term ‘surface charging’ is
used in the scientific and engineering community, generally,
it is used to imply that the effect is caused by the lower
energy part (without being specific about what ‘the lower
part...” actually means) of electrons and ions from space
environment perspective (other contributing sources are sec-
ondary electrons, ions, backscattering electrons and photo-
electrons (Minow et al., 2024)). On the contrary, ‘internal
charging’ implies the relevance of the higher energy part
of the electron spectrum, with an electron energy of some
100’s keV often identified for the lower electron energy limit
for internal charging. In fact, much like there is continuous
electron energy spectrum, there exists a continuous spec-
trum of charging effects. Electron range and material thick-
ness is also a consideration for what is surface and internal
charging. Charging of a thick material by electrons with
energies of only 10’s to a few 100’s keV may be considered
surface charging when the material thickness is much
greater than the electron range. In contrast, charging of thin
materials such as the polymer substrate in a thermal blanket
layer, paint on the surface of a spacecraft, or dielectric opti-
cal coatings by electrons of a few 10’s of keV may be consid-
ered internal charging when the concern is the buildup of
charge density within the volume of the thin materials. A
‘better’ approach might be to describe ‘surface charging’
as being the situation where illumination (photoelectron

Table 1

Impact types, their corresponding environment and section.

Impact Type Relevant Environments Sections

Surface Charging Electron and ion plasma 2.1

Internal Charging Trapped electrons (fluence) 2.2

Single Event Effects Trapped protons, Galactic cosmic rays, solar energetic particles 2.3

Aviation Galactic cosmic ray and solar protons (fluence) 2.4
Geomagnetic cutoff

Total Dose Trapped electrons and protons, solar protons (fluence), and albedo neutrons 2.5
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contribution in Equation 1 in Minow et al., 2024) is an
important factor and then to describe ‘shallow charging’
and ‘deep charging” (or ‘internal charging’) as the situations
where electron energy is the sole discriminator and illumina-
tion is not relevant. Another way to distinguish them is that
surface charging is governed by the current balance on a
surface while internal charging is governed by the charge
balance in a material volume.

This said, we still can say the radiation environment
mostly relevant with surface charging would be low energy
electron/ion plasma covering energies from a few tens of eV
to a few tens of keV.

A detailed review of different aspects of surface charging
can be found in Minow et al. (2024). The official NASA
handbook NASA-HDBK-4002B (NASA, 2022), the Euro-
pean documents ECSS-E- ST-20-06C (ECSS “A’, 2019) and
ECSS-E-HB-20-06A (ECSS ‘B’, 2019), and the JAXA doc-
ument JERG-2-211A (JAXA, 2012) including wealth of
information on charging and discharging design standard
and mitigation measures.

2.2. Internal charging

Spacecraft encounter electron environments with a
broad spectrum. Electrons with sufficient energies may pen-
etrate the spacecraft structure or electronics chassis and
deposit their charge within dielectrics or floating conduc-
tors. Electrons can be accumulated in dielectrics over time
due to dielectrics’ very low conductivity. The accumulation
of charge in dielectrics such as circuit boards can result in
arcing (electrostatic discharge) when the electric field
becomes larger than the dielectrics’ breakdown threshold
electric field, and in turn, directly damage sensitive compo-
nents in circuit boards. Indeed, numerous spacecraft
anomalies and failures have been attributed to this internal
charging (Koons et al., 2000), which is also interchangeably
called internal electrostatic discharge (IESD), deep dielec-
tric charging, or bulk dielectric charging.

As stated in Section 2.1, often, internal charging and
surface charging are distinguished by the electron energies
causing these effects, however, there are no strict energy
limits for these effects. Another main difference between
internal charging and surface charging is the time scale.
Typically, the time scale of surface charging is less than
one second and that of internal charging is longer than
one hour. Surface discharges occur on or near the outer
surface of a spacecraft and discharges often have to be cou-
pled to sensitive electronics, which usually accompanies
large attenuation. Internal charging, by contrast, may be
caused by energetic particles that can penetrate and deposit
charge very close to a victim site, and cause a discharge
directly to a victim pin or wire with very little attenuation.
As such, internal charging represents a potentially more
severe threat to spacecraft systems. IESD is a result of a
complex interplay of many different factors including the
specific mission design, the mission’s radiation environ-
ment, material properties, material geometry, and shield-
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ing. Among all these factors, the radiation environment is
mostly relevant to the scope of this paper. Therefore, this
review focuses on the physics and modeling of the high-
energy electron environment relevant to IESD. They are
mainly trapped electrons in the Earth’s radiation belt.

2.3. Single event effects

Single Event Effect (SEE) is a transient effect in which a
single particle with relatively high Linear Energy Transfer
(LET) can cause an ionization trail along the particle path
in the sensitive volume within an electrical, electronic, or
electromechanical (EEE) device, sufficient to cause tempo-
rary changes in a circuit state or catastrophic system fail-
ures. The most directly relevant radiation sources for
SEE are: GCRs, SEPs, Earth’s inner radiation belt, and
atmospheric secondary neutrons.

Composed of protons and heavy ions, GCRs exhibit
low-intensity levels. The GCR environment in near-Earth
space is subject to solar cycle modulation, anticorrelated
with the sunspot number. GCRs also exhibit Forbush
decreases associated with magnetic activity due to passage
of interplanetary CMEs and/or high speed streams. For the
GCR component that causes SEE, there are no large
dynamic effects. The far more episodic, dynamic, and
highly unpredictable source of protons (and heavy ions)
for space missions is SEP events. During these events, the
SEE hazard to space assets can increase many orders of
magnitude over GCR levels. Finally, trapped protons con-
tribute to the SEE risk for satellites, especially those that
traverse the inner Van Allen belt called the South Atlantic
Anomaly (SAA). The recent PAMELA (Payload for Anti-
matter Matter Exploration and Light-nuclei Astrophysics)
results extend the observational range for the trapped radi-
ation down to lower L-shells (~1.1 RE) and up to the high-
est kinetic energies (4 GeV), significantly improving the
specification of the low-altitude radiation environment
where current models suffer from the largest uncertainties
(e.g., Adriani et al., 2015). How neutron fluxes associated
with the SAA region evolve with geomagnetic conditions
and altitudes need further investigations. The recent
‘Atlantic Kiss’ measurement campaign indicates that no
additional radiation exposure could be detected for com-
mercial flights (at an altitude of ~13 km) traveling through
the geographical region of the SAA during a geomagneti-
cally quiet period (Meier et al., 2023). Research results of
the SAMADHA (South Atlantic Magnetic Anomaly
Dosimetry at High Altitude) collaboration have not shown
unambiguous evidence of neutron flux enhancement during
geomagnetic storms (Vigorito et al., 2023).

There are many different categorizations of SEE. Some
examples of SEEs are listed in Table 2.

2.4. Aviation

The interactions of cosmic particles of galactic and solar
origin with the constituents of the Earth’s atmosphere gen-
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Table 2
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Examples of Single Event Effects.

Soft Errors (no permanent damage)

Single Event Upset
MBUIMCU

Single Event Transients

Single Event Functional
Interrupt

Non-permanent change of state of a “bit” caused by creation of free charge by passage or interaction of radiation
Multiple Bit/Cell Upset: in an MBU/MCU, multiple bits or memory cells can flip their states simultaneously, leading to a
more significant error in the data stored in the device.

Single strike on a logic element can induce a pulse on output line that may not be adequately filtered and so propagate,
introducing logic errors

In complex logic devices (e.g., ASICS (Application Specific Integrated Circuits)), a strike inducing a logic change can
disrupt the program execution in unpredictable ways

Hard Errors (permanent damage to device/circuit)

Single Event Latchup
Single Event Hard Errors
Single-Event Dielectric

Rupture
Single Event Burnout (SEB)

Single Event Gate Rupture

Permanent (but protectable) damage to a component through creation of parasitic current path by passage or interaction
of radiation

They are unexpected and typically rare events that can occur in electronic devices, particularly in integrated circuits, due to
various types of radiation-induced disturbances.

Can cause the insulating layers to break down and create a conductive path between adjacent conductors, which can lead
to permanent damage or failure of the device.

Can occur in power transistors, such as MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistors). SEB can cause
the transistor to become permanently conducting and thus causing a short circuit between the source and drain terminals
of the device.

Occurs when the energy deposited by the particle causes the formation of a conductive path through the gate oxide, which
can result in a high current flow through the device and eventual failure.

erate a complex secondary radiation field that results in an
increased radiation exposure at flight altitudes in compar-
ison with ground level (Meier et al., 2020; Mertens and
Tobiska, 2021). While the influence of the magnetosphere
and the atmospheric depth on the radiation exposure due
to the galactic cosmic radiation can be modelled with rea-
sonable accuracy, the assessment of the impacts of strong
solar particle events (SPEs) on the atmospheric radiation
environment poses a challenge and is subject to unknown
uncertainties as well. The magnetic shielding effects from
dynamically varying Earth’s magnetic fields during storm
times add additional complexities and modeling
uncertainties.

The International Commission on Radiological Protec-
tion (ICRP) already recommended treating the exposures
of aircrew due to cosmic radiation as occupational radia-
tion exposures in 1990 (ICRP, 1990). This recommendation
was adopted by the European Union (EU) in 1996 and
became effective as legal regulation within the member
states of the EU in 2000 (EURATOM, 1996). An amend-
ment from 2013 further ameliorated the radiation protec-
tion standards of aircrew in the EU EURATOM, 2014)
based on the most recent recommendations of the ICRP
from 2007 (ICRP, 2007). Although the ICRP recommenda-
tions have not been implemented in binding U.S. legisla-
tion yet, U.S. aircrews are also considered occupationally
exposed to ionizing radiation. The U.S. Federal Aviation
Administration (FAA) has actively supported research into
the unique ionizing radiation environment of aviation since
the 1960s and the FAA has adopted a mostly advisory role
for airmen and air-carriers, publishing Advisory Circulars,
e.g., (FAA, 2014), educational documents (Friedberg and
Copeland, 2003, 2011), and technical reports, e.g.,
(Copeland, 2018). The interested reader is referred to
(Meier et al., 2020) for more detailed information.

Furthermore, the interaction of radiation with matter
may lead to malfunctions in avionics, active implanted
medical devices of passengers, aircraft power electronics
due to the increasing trend of MEA (More Electric Air-
craft) (Dobynde et al., 2023), and the disruption of radio
communications due to ionospheric effects. According to
the U.S. Code of Federal Regulations, Title 14, Part 121,
Subpart E § 121.99 it is mandatory for U.S. aircraft oper-
ators to “show that a two-way communication system, or
other means of communication approved by the responsi-
ble Flight Standards office, is available over the entire
route” (Meier et al., 2020).

2.5. Total dose

Total dose effects in material, electronic, and photonic
parts is a cumulative, long-term degradation due to ioniz-
ing or non-ionizing radiation—mainly primary protons
and electrons but secondary particles arising from interac-
tions between these primary particles and spacecraft mate-
rials can also contribute. For the case of Total Ionizing
Dose (TID), the concern is mainly its effects in surface
materials, insulating regions of metal-oxide semiconduc-
tors (MOS), and bipolar devices, most composed of SiO,
(Silicon Dioxide).

]Displacement Damage Dose (DDD) is also a cumula-
tive effect caused when the incident radiation displaces
atoms in surface material, a semiconductor lattice or
optical material. This produces defects that result in
material property changes such as darkening, carrier life-
time shortening, mobility decreases, and degradation of
optical transmission. DDD effects are commonly
observed in components such as bipolar devices, solar
cells, charge-coupled devices (CCDs), focal planes, and
optocouplers.
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The near-Earth radiation environments that are relevant
to total dose include trapped particles in the Earth’s radia-
tion belts and the proton “fluence” of SEP events.

3. Recent advances in near-earth plasma and radiation
environment

3.1. Relevant to surface charging

Environmental sources for surface charging include the
ring current and aurora region. Auroral charging is dis-
cussed in Minow et al. (2024). Another reason why we
focus on the ring current population for surface charging
is that aurora and aurora physics are under Gl cluster
(Opgenoorth et al., 2024) based on the ISWAT structure
although a counter argument is that ring current, aurora,
plasmasphere, and radiation belt have intimate connections
(Goldstein et al., 2005; Brandt et al., 2013; Pierrard et al.,
2021; Wang et al., 2020; Thaller et al., 2022).

Ring current (including electrons and ions of different
species), radiation belts, and cold plasma of a few eVs in
the plasmasphere coexist and interact with each other via
field variations, wave-particle interactions and different
cross-scale and cross-energy coupling processes. This inter-
connected system and its coupling to the surrounding
regions including ionosphere-thermosphere-mesosphere
and the plasma sheet/tail has been studied and recognized
for many years (e.g., Zheng et al., 2009; Yu et al., 2019a,
Miyoshi et al., 2018). How different ring current particles
(ions and electrons) and radiation belt electrons respond
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to different types of solar wind or its substructures have
also been investigated (e.g., Mouikis et al. (2019); Pandya
et al. (2022); Miyoshi and Kataoka (2005); Kilpua et al.
(2015, 2019); Kepko and Viall (2019); Koskinen and
Kilpua (2022) and references therein). Fig. 4 (Yu et al.,
2019a) illustrates the cross-region, cross-energy, Cross-
scale coupling and interconnections of the near-Earth
region.

Even though ring current electrons only carry 10-25 %
of plasma pressure in the near-Earth region, they are the
primary source of surface charging in the region. From
the energy content perspective, Zhao et al. (2016) found
that the electron energy content is usually much smaller
than that of ions, and that the enhancement of ring current
electron energy content during the moderate storm can
increase to ~30 % of that of ring current ions, indicating
a more dynamic feature of ring current electrons and
important role of electrons in the ring current buildup.
When we summarize the recent accomplishment in our
understanding of ring current dynamics, ions and electrons
will be discussed together as they are intimately linked.

Recent successful missions such as Van Allen Probes (a
dedicated mission to studies of radiation belts with
unprecedented high-quality instrument suites), THEMIS
(Time History of Events and Macroscale Interactions dur-
ing Substorms), MMS (Magnetospheric MultiScale),
Arase, together with measurements from ground assets,
small satellites, cubesats, and balloons, have brought
enhanced understanding of radiation belts, ring current
and plasmasphere. It is impossible to include an exhaustive
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Fig. 4. Showing the tightly coupled inner magnetosphere and its connection to the ionosphere-thermosphere system and the plasma sheet (from Yu et al.,
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list of recent findings. This paper only highlights some of
them relevant to the goals of the G3 cluster (or a reflection
of limitations of the authors’ views/knowledge).

3.1.1. Recent progress in scientific understanding of ring
current dynamics

Motion/drift of 1-300 keV charged particles results in
the major current system in the magnetosphere: the so-
called ring current, which controls the variations and distri-
bution of magnetic field and couples the inner magneto-
sphere and the ionosphere. The source of ring current
includes particles of ionospheric and solar wind origins.
An in-depth coverage of the dynamics of energetic particles
forming the ring current populations, from theoretical,
observational, and modeling perspectives, may be found
in a recent book “Ring Current Investigations: The Quest
for Space Weather Prediction” (edited by Jordanova, Ilie,
and Chen, 2020).

Here are some of the recent highlights, which are tabu-
lated in Table 3 as a quick summary.

3.1.1.1. Complexities in energy-dependent source loca-
tions. Gkioulidou et al. (2019) showed <1 keV O+ ion
outflow can directly get into the heart of the ring current.
Kistler et al. (2016) showed that there are two different O
+ populations in the plasma sheet during the storm-time
ring current: a hot and relatively more isotropic population
and a low-energy and more field-aligned population, with
the former mostly likely coming from the cusp and the lat-
ter from auroral outflow. It is the former contributing more
to the ring current during storm times. Global conse-
quences of these will affect ring current electron behaviors
and particles of other energies/species.

3.1.1.2.  Energy dependent dynamics and  trans-
port. Gkioulidou et al. (2016) showed that the low-
energy component of the protons (<80 keV) is more con-
vection dominated and is strongly governed by convective
timescales. It correlates well with the absolute value of
SYM-H index (a proxy of the axially symmetric magnetic
field disturbance at low and middle latitudes on the Earth’s
surface, similar to the Dst index. The high-energy compo-
nent (>100 keV) varies on much longer timescales and is

Table 3
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more diffusion dominated. It shows either no correlation
or anticorrelation with the absolute value of SYM-H index.
Their study also shows that the contributions of the low-
and high- energy portion protons to the inner magneto-
sphere energy content are comparable. Fig. 5 serves as
the summary.

The dynamics of ring current electrons due to radial
transport from an outside source and local interactions
with plasma waves were simulated by Jordanova et al.
(2016) with a kinetic ring current model called RAM-
SCB (Ring current-Atmosphere interactions Model
(RAM) with Self-Consistent B field (SCB)) and compared
with Van Allen Probes observations. The low-energy elec-
tron fluxes increased significantly by convective transport
during the storm main phase and decreased during the
recovery phase, in agreement with observations, but this
mechanism underestimated the injection of high-energy
(>100 keV) electrons. However, adding local acceleration
by plasma waves led to the intensification of electron fluxes
at energies as low as 50 keV, and RAM-SCB considerably
overestimated the observed trapped fluxes. This energiza-
tion effect was unexpected since the energy diffusion coeffi-
cients are much smaller than the pitch angle diffusion
coefficients at ~50 keV. The presence of large energy gradi-
ents that developed in the electron phase space distribution
at the particle injection front enhanced this energization
effect. These results indicated that either including addi-
tional loss mechanisms or improving the accuracy of
wave-particle interactions, are needed to better reproduce
the ring current electron populations.

3.1.1.3. Species dependence and solar wind driver response
difference. 1t is well known that different ring current ion
species and ring current electrons exhibit different dynam-
ics during the course of a geomagnetic storm. Yue et al.
(2019) shows abundant O+ ions are always present during
large storms when SYM-H < —60 nT without exception,
while having the pressure ratio between O+ and proton
(H+) larger than 0.8 and occasionally even larger than 1
when L < 3. Simultaneously, the pressure anisotropy
decreases with decreasing SYM-H and increasing L shell.
The pressure anisotropy decrease during the storm main
phase is likely related to the pitch angle isotropization pro-

Summary of recent advances in understanding the environment of ring current that is relevant to surface charging.

Source

Complexities in energy-dependent source locations

Gkioulidou et al., 2019; Kistler et al., 2016

Dynamics and
transport

Response to solar
wind driving

Connections to tail
and substorm

Energy dependent dynamics and transport

Particle species dependence and solar wind driver
response difference
Effects of dipolarization, substorm activity and

activities ring current
Connections to other  Ring current’s influence on/connections with other
regions surrounding regions

injections, and tail and transition region dynamics on

Gkioulidou et al., 2016; Jordanova et al., 2016; Shprits et al., 2015;
Aseev et al., 2019; Haas et al., 2023

Yue et al., 2019; Miyoshi and Kataoka, 2005; Mouikis et al., 2019;
Pandya et al., 2022

Sandhu et al., 2018; Jang et al., 2021; Gabrielse et al., 2019; Keesee
et al., 2021

Welling et al., 2011; Zhang and Brambles, 2021; Antonova et al., 2018;
Pulkkinen et al., 2013; Ebihara et al., 2021; Krall et al., 2023; Merkin
et al., 2019; Sorathia et al., 2021; Lin et al., 2021b; Yu et al., 2022.
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comparable contributions
to energy budget

Fig. 5. Energy dependent transport and dynamics (from Gkioulidou et al., 2016).

cesses. In addition, they find that the O+ and H+ pressure
ratio increases during the storm main phase and then
decreases during the storm recovery phase, suggesting fas-
ter buildup and decay of O+ pressure compared to H+
ions, which are probably associated with some species
dependent source and/or energization as well as loss pro-
cesses in the inner magnetosphere.

Ring current particles also differ in response to different
solar wind driving (e.g., Miyoshi and Kataoka, 2005,
Swiger et al., 2022) such as during the influence of a
CME storm or a CIR/SIR (Corotating Interaction
Region/Stream Interaction Region) storm (there will be
added complexities with a geomagnetic storm resulting
from a mixture of both solar wind drivers). Recent Van
Allen Probe measurements have added further understand-
ing in this aspect. Mouikis et al. (2019) and Pandya et al.
(2022) studied how different ring current behave differently
in response to CME and CIR storms. Mouikis et al. (2019)
finds the H+ pressure response shows similar source and
convection patterns for CME and CIR storms while the
O+ pressure from the <~55 keV O+ particles is signifi-
cantly stronger for CME storms and peaks at lower L val-
ues than H+. Pandya et al. (2022) finds ions with >1 keV
energies show more variability in response to the solar
wind changes, while the lower energy (<1 keV) ions are rel-
atively stable. They also find O+ ions show more pro-
nounced flux enhancement during CME storms than CIR
storm intervals. But the duration of enhanced flux is longer
for CIR storms.

3.1.1.4. Effects of dipolarization, substorm activity and
injections, and tail and transition region dynamics on ring

current. Sandhu et al. (2018) showed that the ring current
energy is significantly higher in the expansion phase of sub-
storms compared to the growth phase, with the energy
enhancement persisting into the substorm recovery phase.
Jang et al. (2021) shows that a non-storm time super-
substorm may also have a significant contribution to the
ring current. Utilizing measurements from a suite of satel-
lites and ground-based assets, Gabriclse et al. (2019)
attempted to connect particle injections at different
spatial-sizes and temporal scales together into a cohesive
picture. Their case study led them to interpret that fast
earthward flows with embedded small-scale dipolarizing
flux bundles transport both magnetic flux and energetic
particles earthward, resulting in minutes-long injection sig-
natures. As these narrow flows/magnetic flux propagate
towards Earth, the flux piles up and subsequently con-
tributes to the large-scale energization region. What fol-
lows is that a large-scale injection propagates azimuthally
and poleward/tailward, observed in situ as enhanced flux
and on the ground in the riometer signal. The large-scale
dipolarization is the source for the large-scale electron
injection. By combining ENA (Energetic Neutral Atom)
imaging observations from TWINS, in-situ observations
by MMS, and simulation results from a global MHD
(Magnetohydrodynamics) code, Keesee et al. (2021)
demonstrated that mesoscale structures in Earth’s magne-
totail are a primary feature of particle transport to the
inner magnetosphere during storms and substorms.

3.1.1.5. Ring current’s influence onlconnections with other
surrounding regions. The two-way coupling of the ring
current to the plasmasphere, radiation belts, the underlying
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ionosphere-thermosphere (Welling et al., 2011; Zhang and
Brambles, 2021), and the tail (Antonova et al., 2018) has
been further studied and emphasized. One aspect is
through current closure such as ring current and field-
aligned current connections, the modification of inner
magnetosphere-ionosphere-thermosphere  coupling via
changes of conductance due to particle precipitation. Care-
ful treatment and inclusion of ring current dynamics is cru-
cial in correct modeling/forecasting of geomagnetically
induced currents (GICs) (e.g., Pulkkinen et al., 2013;
Ebihara et al., 2021). Krall et al. (2023) shows that ring cur-
rent can heat the plasmasphere and contribute to O+ ion
outflow. To the contrary, the heating of the ionosphere
only produces small effects.

There has been progress on modeling the tail/transition
region connections with the inner magnetosphere physics.

Plasma sheet injections associated with low flux tube
entropy bubbles have been found to be the primary means
of mass transport from the plasma sheet to the inner mag-
netosphere. Using a test particle approach, Yang et al.
(2015) finds that the contribution of plasma sheet bubbles
to the ring current energy increases from ~20 % for weak
storms to ~50 % for moderate storms and levels off at
~61 % for intense storms, while the contribution of
trapped particles decreases from ~60 % for weak storms
to ~30 % for moderate and ~21 % for intense storms.

Utilizing high-resolution Lyon-Fedder-Mobarry (LFM)
model (Lyon et al., 2004; Merkin and Lyon, 2010), Merkin
et al. (2019) showed that the azimuthally localized struc-
tures/plasma sheet flows (Bursty Bulk Flows BBFs) are
the sole contributor to the global dipolarization of inner
magnetosphere after the onset of a substorm and the char-
acteristics of BBFs/Dipolarization Fronts (DFs) are dis-
tinctively different from those occurred prior to the onset.
By combining a global magnetosphere model GAMERA
(Grid Agnostic MHD for Extended Research Applica-
tions) (Zhang et al., 2019; Sorathia et al., 2020), a test par-
ticle code called CHIMP (Conservative Hamiltonian
Integrator for Magnetospheric Particles) (Sorathia et al.,
2018), Sorathia et al. (2021) was able to model the influence
of transition region dynamics on ion transport into the
inner magnetosphere. The modeling results show mesoscale
bubbles, localized depleted entropy regions, and particle
gradient drifts are critical for ion transport. Li et al.
(2021a) investigated the connection between fast flow injec-
tions from the tail plasma sheet and the inner magneto-
sphere under a southward IMF (interplanctary magnetic
field) using the combined AuburN Global hybrld codE in
3-D (ANGIE3D) and the Comprehensive Inner
Magnetosphere-lonosphere (CIMI) model. The one-way
coupling from ANGIE3D to CIMI (there is no feedback
from CIMI to ANGIE3D) was able to reproduce localized
fast flows, the braking of fast flows from dipole-like mag-
netic fields as they move inward and the resulting perpen-
dicular heating in injection sources. Multiple fast flow
injections lead to multiple peaks in the particle fluxes in
the inner magnetosphere as well as fine structures of
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upward and downward field- aligned currents at the iono-
sphere, and low-energy particles penetrate deeper radially
than the high-energy particles. Their results show the com-
bined ANGIE3D-CIMI model is capable of simulating the
global kinetic physics that contains both Region-1 and
Region-2 field-aligned currents.

Progress has been made in modeling the coupled
magnetosphere-ionosphere-thermosphere system in terms
of mesoscale structures (Lin et al., 2021a, 2022). Fast flows
at mid-latitude trough regions in the form of SAPS (Sub-
Auroral Polarization Streams)/SAID (Sub-Auroral Ion
Drift) are manifestations of the tight coupling of the ring
current, the tail, electron precipitation and the internal
structures of the ionosphere-thermosphere system though
mechanisms of SAPS/SAID formation remain topics of
active debate. In the recent review by Yu et al. (2022), three
major mesoscale coupling processes within the
magnetosphere-ionosphere system were emphasized: (1)
coupling via transient and localized field-aligned currents
(FACGs), which could be intrinsically connected to bursty
flows in the tail; (2) coupling via mid-latitude convection;
(3) coupling via particle precipitation/conductance.

3.1.2. Environment modeling of ring current dynamics

There are several ring current models existing in the
community. The Rice Convection Model (RCM) is an
established physical model of the inner and middle magne-
tosphere that includes coupling to the ionosphere (e.g.,
Jaggi and Wolf, 1973; Wolf et al., 1982, 2016; Toffoletto
et al., 2003). It has been further developed and improved
over the years and has been coupled with different models
including a few global MHD models of the magnetosphere
(De Zeeuw et al., 2004; Pembroke et al., 2012; Bao et al.,
2021) and models of the ionosphere-thermosphere system
(Maruyama et al., 2005; Huba et al., 2017).

The Multiscale Atmosphere-Geospace Environment
(MAGE) is a newly developed geospace modeling system
(e.g., Wu et al., 2022) that was designed specially to resolve
and study mesoscale structures during storms, such as
SAPS (Lin et al., 2021b), traveling ionospheric distur-
bances (Pham et al., 2022), and plasma sheet bursty bulk
flows (Sorathia et al., 2021). It is one of the main goals
of the NASA DRIVE Science Center called Center for
Geospace Storms (CGS, https://cgs.jhuapl.edu/Models/).
The MAGE configuration couples several model compo-
nents together to address outstanding questions regarding
atmosphere-geospace interactions and dynamics. The
model includes the GAMERA global MHD model of the
magnetosphere (Sorathia et al., 2020; Zhang et al., 2019),
RCM of the ring current (Toffoletto et al., 2003), Thermo-
sphere Ionosphere Electrodynamics General Circulation
Model (TIEGCM) of the upper atmosphere (Qian et al.,
2014; Richmond et al.,, 1992), and the RE-developed
Magnetosphere-Ionosphere  Coupler/Solver (REMIX)
(Merkin and Lyon, 2010). MAGE is in the development
and improvement stage, mainly used for science research
at present (see Section 4 in the accompanying paper on
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the geomagnetic environment by Opgenoorth et al., 2024 in
this special issue).

Other ring current models such as the MSM (Magneto-
spheric Specification Model)/MSFM (Magnetospheric
Specification and Forecast Model), the CIMI model,
RAM-SCB, VERB-4D (Versatile Electron Radiation
Belt-4D), and IMPTAM (Inner Magnetosphere Particle
Transport and Acceleration model) have realtime running
capabilities. These models have been described in the sur-
face charging review paper by Minow et al. (2024) in this
special issue. Therefore, minimal descriptions of each
model are provided here.

Models of Realtime Capability
¢ MSM/MSFM

The Magnetospheric Specification and Forecast Model
(MSFM) (Freeman et al., 1994)/Magnetospheric Specifica-
tion Model (MSM) (Hilmer and Voigt, 1995; Hilmer and
Ginet, 2000) are partly based on RCM. Both MSM and
MSFM have been used operationally by the US Air Force
for predicting the ring current electron fluxes at GEO (geo-
stationary orbit). MSFM was sufficient to make realistic
electron flux predictions. However, it didn’t include
substorm-related injections which was dominated by injec-
tion of keV electrons in meso-scale fast flow channels.

o CIMI

The Comprehensive Inner Magnetosphere-lonosphere
(CIMI) model (e.g., Fok et al., 2014; 2021) was developed
to study the dynamic variations of the ring current, radia-
tion belts, and plasmasphere as well as the coupling
between these populations and with the ionosphere. The
CIMI model and its predecessors, such as Fok Ring Cur-
rent (Fok-RC) Model (e.g., Fok and Moore, 1997 and ref-
erences therein) and Fok Radiation Belt Environment (Fok
— RBE) Model (Zheng et al., 2003; Fok et al., 2008) have
been used widely for both science and space weather appli-
cation purposes (Fok et al., 2008; Zheng et al., 2015). The
Fok-RC and Fok-RBE models driven by Space Weather
Modeling Framework (SWMF) have been running in real-
time for nearly two decades. Their simulation outputs/
products have been available at the integrated Space
Weather Analysis (iISWA) system (https://iswa.gsfc.nasa.-
gov/IswaSystemWebApp/) developed by the Community
Coordinated Modeling Center (CCMC) since 2010.
Zheng et al. (2015) describes the Fok-RC and Fok-RBE
products that are relevant to surface charging and internal
charging and shows the realtime simulation results captur-
ing the formation and injection of a new electron popula-
tion from the tail (substorm related processes) that is
likely to be responsible for the failure of Galaxy 15 on 5
April 2010 (e.g., Allen, 2010; Ferguson et al., 2011).
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e IMPTAM

The IMPTAM in its various versions (Ganushkina
et al., 2013, 2014, 2015, 2019; Ganushkina, 2022) has been
operating online since March 2013 (imptam.fmi.fi and imp-
tam.engin.umich.edu). IMPTAM follows distributions of
electrons and ions in the drift approximation with arbitrary
pitch angles from the plasma sheet to the inner regions with
energies reaching up to hundreds of keVs in time-
dependent magnetic and electric fields. Liouville’s theorem
is used to gain information of the entire distribution func-
tion with losses taken into account. For the obtained distri-
bution function, radial diffusion is applied by solving the
radial diffusion equation on the distribution function.
IMPTAM is driven by the solar wind and IMF parameters
and geomagnetic indices. The model provides the low
energy electron (and proton) flux at all L-shells and at all
satellite orbits, when necessary. IMPTAM output can serve
as an input to assess surface charging levels of spacecraft
immersed in severe environments and as an input to radia-
tion belts models as distributions of electron seed popula-
tion for further acceleration to MeV energies.

e VERB-4D

The VERB-4D code is based on the one-grid method of
Subbotin and Shprits (2012), which possesses numerical
stability and accuracy required to combine convection
and diffusion processes. VERB-4D solves the modified
Fokker Planck equation with two additional advection
terms accounting for azimuthal and radial motion. As a
result, VERB-4D allows for diffusion including radial,
pitch-angle, energy and mixed terms, and convection simu-
lations of radiation belt and ring current electrons. The
model’s numerical schemes have been thoroughly tested
and validated (Aseev et al., 2016), while VERB-4D has
been used to study the electron ring current dynamics dur-
ing the March 2013 St. Patrick’s Day storm (Assev et al.,
2019, Haas et al., 2023). In comparison to VERB-3D that
is used for modeling relativistic radiation belt electrons, the
main difference is the inclusion of the convective transport
that determines the dynamics of lower energy electrons in
VERB-4D, which adds one more dimension in magnetic
local time.

The code can be run on multiple processors of a com-
puter cluster and computes diffusion coefficients in a non-
dipole field. The code includes diffusion coefficients for
hiss and chorus waves using the most recent state-of-
the-art statistical wave models. The plasmapause location
that is used to separate regions of hiss and chorus wave
propagation can take from different models (e.g. the sta-
tistical model of Carpenter and Anderson (1992); a
machine learning model of Zhelavskaya et al. (2017); or
from a physics-based calculation in Zhelavskaya et al.,
2021).
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Aseev and Shprits (2019) performed data assimilation
with Kalman filtering applied to the log of electron fluxes,
using a simplified version of the VERB-4D code for fixed
first and second adiabatic invariants. A comparison of
the model with and without data assimilation showed that
data assimilation can significantly improve the results of
the simulations.

VERB-4D’s capabilities are shown in the Europe Hori-
zon 2020 PAGER (Prediction of Adverse effects of Geo-
magnetic storms and Energetic Radiation) project, where
it provides data-assimilative nowcasts and ensemble fore-
casts of the surface charging environment in realtime.

¢ RAM-SCB

The RAM-SCB (Jordanova et al., 1997; 2010; Engel
et al., 2019) was designed to simulate the dynamics of ring
current ions and electrons inside of geosynchronous orbit
by carefully tracking transport, energization, and loss pro-
cesses including those from wave-particle interactions. The
model was further developed during the SHIELDS (short
for “Space Hazards Induced near Earth by Large,
Dynamic Storms”) project (Jordanova et al., 2018).
Godinez et al. (2016) have demonstrated that implementing
an Ensemble Kalman Filter (EnKF) algorithm in RAM-
SCB could improve the characterization of charged particle
fluxes, significantly reducing the root mean square (RMS)
error depending on the time and location but at a high cost
of computational resources. For operational applications,
a robust version of RAM-SCB that performs simulation
faster than real time with limited resources (e.g., it takes
less than 24 h to run a 24-hour time window simulation),
and predicts energy spectra of particle fluxes along speci-
fied satellite trajectories has been developed (Jordanova
et al., 2022). The output from RAM-SCB could be used
as input to post-processing tools designed to calculate the
surface charging for specific spacecraft geometry
(Delzanno and Camporeale, 2013; Meierbachtol et al.,
2017). Such diagnostics, evaluating anomalies’ relation to
space environment dynamics, are critically important when
performing analyses of space-system failures (Table 4).
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3.2. Radiation environment and environment models relevant
to internal charging

As discussed in Section 2.2, the high energy electrons
(generally > 100 keV) such as ones trapped in Earth’s radi-
ation belt are the major contributors to internal charging.
In this section, we provide a review on: (1) the recent scien-
tific advances in understanding the radiation belt dynam-
ics, particularly those aspects that are crucial for further
improvement of models and model forecast; and (2) a list
of some of the physics-based radiation belt models avail-
able in the international community that are related to
the internal charging phenomenon. Although these
physics-based models are not actually being used by the
spacecraft design community (see Jun et al., 2024 for those
models that are used for mission design purpose) to define
the internal charging environment specification during mis-
sion design, they can be still useful to understand the state
of the internal changing environment (i.e., high energy elec-
tron environment) when anomalies or failures happen that
could be attributed to internal charging.

It is worth noting that the time scale of the internal
charging is longer than one hour (typically much longer, days
or weeks ), the temporal variation of a high-energy electron
environment with a time scale longer than one hour is
important for internal charging dynamics.

3.2.1. Recent scientific advances in radiation belts physics
The Van Allen Probes mission (together with observa-
tions from other assets and with the advancement in mod-
eling and theory) has radically changed our understanding
of the radiation belts and inner magnetosphere, local parti-
cle energization, particle loss, the ring current, plasmas-
phere, and radiation belt connections, and other
important phenomena. The dynamics in the belts result
from a complex of source and loss mechanisms. Bortnik
and Thorne (2007), Shprits et al. (2008a,b), Li and
Hudson (2019), Thorne (2010), Tu et al. (2019a), Zhao
et al. (2019a), Ripoll et al. (2020), Li et al. (2020, 2021a),
Kanekal and Miyoshi (2021), Miyoshi et al. (2022),
Lejosne and Kollmann (2020), Lejosne et al. (2022),

Table 4

A list of Ring Current Models.

Name Model Feature Realtime capability ~ References

RCM kinetic n Jaggi and Wolf, 1973; Wolf et al., 1982, 2016; Toffoletto et al.,
2003

MSM/MSFM kinetic y Freeman et al., 1994; Hilmer and Voigt, 1995; Hilmer and Ginet,
2000

CIMI convection—diffusion vy Fok et al., 2014; 2021

RAM-SCB convection—diffusion 'y Jordanova et al., 1997; 2010; 2018; 2022

IMPTAM test particle y Ganushkina et al., 2013; 2014; 2015; 2019

VERB- 4D convection—diffusion 'y Shprits et al., 2015

BAS-RBM (details in diffusion y Horne et al., 2013,2021

Section 3.2.2.1)
MAGE Suite of models n Lin et al., 2021a; Pham et al., 2022
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Camporeale et al. (2022a), and Kryakunova et al., (2023)
provide detailed accounts of the wide-ranging progress.
Baker et al. (2018) provides a comprehensive review of
the radiation belt dynamics, its relationship to solar wind
drivers, and its connections to many important regions of
the Earth’s magnetosphere, ionosphere, mesosphere and
stratosphere system via energetic electron precipitation. It
also describes its potential deleterious space weather
impacts.

Some of the highlights of the progress are provided in
Table 5 and detailed in the following subsections.

3.2.1.1. Energy dependent radiation belt electron dynam-
ics. During the Van Allen Probes lifetime, the outer zone
multi-MeV electrons extend inward toward the Earth to
about L around 2.8, but rarely closer. This was termed
“the impenetrable barrier” by Baker et al. (2014). But elec-
trons around 1 MeV and below have been found to pene-
trate to the slot region/the inner belt due to two largest
geomagnetic storms of solar cycle 24 (see Fig. 1 of
Claudepierre and O’Brien, 2020 for the pronounced energy
dependence). Such an impenetrable barrier has also been
reported by others (e.g., Foster et al., 2016; Hogan et al.,
2021). It is worth noting that ‘the impenetrable barrier’
here refers to relativistic electrons above 1 MeV and for
the Van Allen Belt period where no superstorms occurred.

When investigating multi-MeV electron dynamics near
the inner edge of the outer radiation belt, Hogan et al.
(2021) found that ~3 MeV electrons behave very differently
from ~7 MeV electrons with the former showing flux
enhancement over a wide range of L shells and the latter
showing rapid depletions over a narrow L shell range.

Wave-particle interactions also exhibit energy depen-
dent characteristics. When simulating the storm of 25
October 2016 driven by whistler-mode chorus waves in
Hua et al. (2022a), during which the maximum fluxes were
observed during the 2013-2018 period, they discovered that
the electrons below ~1 MeV reached the upper limit of
chorus acceleration within ~1 day and then remained at
a stable level, whilst the multi-MeV electrons were subject
to the continuous acceleration process. Energetic electron
precipitation is also energy dependent. In Zhang et al.
(2022a), it shows that microbursts with energies up to
150 keV are due to near-equatorial electron scattering by
chorus wave packets with peaks well above the threshold
for nonlinear resonant interaction while the rare micro-
bursts exceeding 500 keV are observed preferentially near
dawn during disturbed periods — evidence of scattering by
intense ducted chorus waves propagating from the equator
up to middle latitudes with little attenuation.

The complex energy-dependence (e.g., Reeves et al.,
2016) resulting from a variety of physical processes poses
challenges for radiation belt forecasting/modeling.

3.2.1.2. Rapid acceleration and loss of energetic elec-
trons. It is well-known that radiation belt electron flux
levels are highly dynamic — increasing or decreasing on
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time scales from minutes to years. Recently, a lot of pro-
gress has been made in further understanding of the under-
lying physical causes of these rapid flux variations. Thorne
et al. (2013) demonstrate more definitively that rapid accel-
eration of multi-MeV electrons observed by Van Allen
Probes can be explained by acceleration via the concurrent
magnetospheric chorus waves. Hogan et al. (2021) shows
that rapid loss can occur to ~7 MeV electrons. Multisatel-
lite observation of MeV electron fluxes of Kurita et al.
(2018) shows that ~2.5-MeV electron fluxes substantially
decreased within a few tens of minutes where the EMIC
(Electromagnetic Ion Cyclotron) waves were present. Sim-
ilarly, Drozdov et al. (2022) finds that fast localized loss by
interactions with EMIC waves are a common and crucial
process for ultrarelativistic electron populations.

Recent studies have analyzed the fundamental effect of
magnetopause shadowing on rapid losses induced in the
outer region of the radiation belts, both for electrons and
protons. Using a Superposed Epoch Analysis (SEA) with
NOAA (National Oceanic and Atmospheric Administra-
tion) Polar-orbiting Operational Environmental Satellite
(POES) 15 measurement over more than one solar cycle,
Herrera et al. (2016) showed that their developed model
of magnetopause location fits well with their SEA results.
This magnetopause model has been included in the Sal-
ammbo code which includes both electrons and protons.
The model results showed good agreement when being
compared to Van Allen Probes MAGEIS measurements.
By analyzing seven years of Van Allen Probes data,
Olifer et al. (2021) find that electron radiation belt losses
(over very short temporal scales) in reference to the pre-
storm level becomes more organized using the last-closed
drift shell plus an energy-dependent ULF (Ultra Low Fre-
quency) wave radial diffusion model. Tu et al. (2019b)
modeled the magnetopause shadowing loss of energetic
electrons during the intense CME driven storm in June
2015 and reproduced the fast dropout of relativistic and
ultrarelativistic electrons observed by Van Allen Probes.
Zhang et al. (2022b) show superfast precipitation is caused
by nonlinear electron interactions with intense plasma
waves and such type of superfast precipitation has a high
occurrence rate. Ozeke et al. (2020) finds both rapid accel-
eration and loss during the March 2015 and 2013 geomag-
netic storms. Both rapid loss and flux enhancement of MeV
and ultrarelativistic (>3MeV) electrons were discussed in
Shprits et al. (2022). The morphological structures and
the dynamics of this population is different from the bulk
of the radiation belts. A number of studies have also
demonstrated that these particles are accelerated predomi-
nantly by the local acceleration and only in the presence of
density depletions (Allison et al., 2021; Allison and Shprits,
2020; Shprits et al., 2022). Several recent studies have also
shown that EMIC waves can very effectively scatter the
>3 MeV electrons, while not significantly affecting the
lower energy population (Shprits et al., 2013; 2016;
2018a; 2019; Drozdov et al.,, 2017, 2020; Qin et al.,
2019a). Prompt acceleration can be also produced by
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Table 5
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Summary of recent advances in understanding the environment of radiation belts that is relevant to internal charging.

Dynamics Energy Dependent Radiation Belt Electron
Dynamics
Dynamics Rapid Acceleration or Loss of Energetic
Electrons
Influences of Roles of Substorms on Radiation Belt
substorm Dynamics
activities
Waves Better Understanding of Waves and Wave-

Particle Interactions
Response to solar Influence of Solar Wind Drivers
wind driving
Impacts on
atmosphere

Energetic Particle Precipitation and
Contribution to Radiation Effects on
Aviation

e.g., Baker et al., 2014; Foster et al., 2016; Hogan et al., 2021; Hua et al., 2022a;
Zhang et al., 2022a

e.g., Hogan et al., 2021; Kurita et al., 2018; Drozdov et al., 2022; Olifer et al.,
2021; Tu et al., 2019b; Zhang et al., 2022b; Ozeke et al., 2020; Shprits et al., 2022
e.g., Jaynes et al., 2015; Hua et al., 2022b; Ma et al., 2023; Mann and Ozeke, 2016;
Rodger et al., 2022

e.g., Baker, 2021; Zong et al., 2017; Zhao et al., 2019b; Drozdov et al., 2020; Gu
et al., 2020; Li et al., 2017; Takahashi et al., 2021; Wang and Shprits, 2019
e.g., Miyoshi and & Kataoka, 2011; Miyoshi and Kataoka, 2005; Kilpua et al.,
2015, 2019; Kepko & Viall, 2019; Murphy et al., 2020; Turner et al., 2019

e.g., Robinson et al., 1987; Newell et al., 2009; Yu et al., 2016; Randall et al.,
2005; Andersson et al., 2014; Tobiska et al., 2018; Sadykov et al., 2020; Xu et al.,
2021; Aryan et al., 2023

shocks, which have been known for years. Recent pub-
lished work, such as Foster et al., 2015; Hudson et al.,
2017; Hao et al., 2019, has shed new light on the involved
physical processes.

3.2.1.3. Roles of substorms on radiation belt dynam-
ics. Substorms are thought to be the reservoir of the elec-
tron source and seed population and the source of the wave
growth that provides the acceleration of these particles to
relativistic energies (e.g., Baker et al., 2014; Jaynes et al.,
2015; Tu et al., 2014). Hua et al. (2022b) demonstrates
the importance of substorms in modulating radiation belt
electron fluxes. The study reveals that maximum fluxes
strongly correlate to cumulative effects of substorms
instead of storms, with the strongest dependence on the
time-integrated AL (an index measuring the intensity of
auroral currents and it is usually used as an indicator for
substorm activity level). When investigating two GEM
(Geospace Environment Modeling) Challenge flux
enhancement events on 18 March 2013 (storm time) and
19 September 2013 (non-storm time), Ma et al. (2023)
found that the acceleration of electron flux at higher L-
shell was contributed dominantly by clusters of AL peaks.
When examining how the total radiation belt content
responds to substorm and quiet-time intervals, Forsyth
et al. (2016) shows the situation can be complicated and
nuanced. There is a 50 % chance of an increase or decrease
in the radiation belt content up to 33 h following a sub-
storm interval. There is up to a 75 % chance of a decrease
in radiation belt content following a quiet interval. Since
particle injections associated with substorm activities pro-
vide seed population for radiation belt dynamics (also ring
current), their accurate specification is a critical compo-
nent/boundary condition for improved radiation belt mod-
eling. Mann and Ozeke (2016) emphasizes the importance
of high temporal-cadence boundary conditions in modeling
radiation belt physics. Rodger et al. (2022) show the distri-
bution (in MLT (magnetic local time), magnetic shell L,
etc) of energetic participle precipitation of >30 keV bears
similarities with the lower band whistler mode chorus dur-

ing substorms, indicating substorm induced chorus waves
serve as an active agent (scattering particles into loss cone
via wave-particle interactions) for energetic electron
precipitation.

3.2.1.4. Better understanding of waves and wave-particle
interactions. Recent advancements in research, particu-
larly through the analysis of measurements from Van Allen
Probes alongside other complementary assets, have signif-
icantly deepened our understanding of various types of
waves influencing the dynamics of the inner magnetosphere
(e.g., Mann et al., 2016; Zhao et al., 2019b; Zhou et al.,
2022). Baker (2021) provides a summary of many of the
wave modes and particle interactions that have been stud-
ied in recent years. Zong et al. (2017) reviewed interactions
of ULF pc3-5 waves with charged particles in Earth’s mag-
netosphere. Zhao et al. (2019b) identified the previously
unknown feature of a reversed relativistic electron energy
spectra due to plasmaspheric hiss interactions following
geomagnetic storm events. Gu et al. (2020) performed a
statistical study (over 68 geomagnetic storms in the period
of 2012-2017) on the correlation of electron flux at differ-
ent energies to the chorus and plasmaspheric hiss activities
and found chorus waves act as a critical candidate for rel-
ativistic electron acceleration and plasmaspheric hiss as a
viable cause for relativistic electron loss, from a statistical
sense. But details can be complex, and the involved physi-
cal processes are energy-dependent and also vary with each
individual storm. There are great complexities with wave-
particle interactions. For example, interactions with VLF
(Very Low Frequency) and ULF waves energize some part
of the trapped population while de-energizing and/or con-
tributing to the loss of another part of the population (e.g.,
Li et al., 2007; Shprits et al., 2008b; Drozdov et al., 2020;
Wang and Shprits, 2019). Also, different types of waves
can exist simultaneously and affect particle behaviors either
in concert or in competition (e.g., Takahashi et al., 2021; Li
et al., 2017; Drozdov et al., 2020, Drozdov et al., 2022).
Sometimes waves can affect particle dynamics within a lim-
ited time and region. The loss of electrons from the radia-



Y. Zheng et al.

tion belts remains to be not well quantified. It is known
that the loss to the magnetopause (Shprits et al., 2008b;
Tu et al., 2019b), plasmapheric hiss (Lyon et al., 2004; Li
et al., 2015) and chorus (Thorne et al., 2005) can all signif-
icantly contribute to scattering of MeV particles while con-
tribution of the EMIC waves to this energy scattering is not
fully understood (Denton et al., 2019; Shprits et al., 2022;
Usanova et al., 2014). Recent missions such as Lomonosov
(Shprits et al., 2018b), ELFIN (Electron Losses and Fields
Investigation), operating at LEO and capable of resolving
the loss cone, will help observe and quantify the precipita-
tion in the future.

3.2.1.5. Influence of solar wind drivers. There have been a
lot of studies (e.g., Miyoshi and Kataoka, 2005, 2011;
Kilpua et al., 2015, 2019; Kepko and Viall, 2019;
Murphy et al., 2020; Turner et al., 2019) looking into
how different solar wind drivers/substructures (CME,
CIR/SIR, substructure of a CME (shock, sheath and
ejecta, and regions of shock-compressed ejecta), periodic
density structures within SIR) affect radiation belt dynam-
ics. Naturally, the response of radiation belts to different
solar wind drivers and their mixture differs as they could
trigger/favor generation of different types of waves and dif-
ferent plasma sheet conditions which provide the ‘seed’
population. While during CIR/SIR led geomagnetic
storms, ~1 MeV radiation belt electron fluxes tend to peak
in the outer edge of the outer belt while CME-led geomag-
netic storms tend to push the flux peak further inward.
Murphy et al. (2020) proposes a framework to help under-
standing and quantifying the loss and acceleration of rela-
tivistic electrons in the outer radiation belt during different
types of geomagnetic storms. When measured by total radi-
ation belt content (RBC), radiation belt dynamics can be
divided into two sequential phases. Their analysis shows
that during the initial phase, radiation belt loss is organized
by the location of the magnetopause and the strength of
Dst and ultralow frequency wave power. During the sec-
ond phase, radiation belt enhancements are well organized
by the amplitude of ultralow frequency waves, the auroral
electrojet index, and solar wind energy input. Overall, their
results demonstrate that storm time dynamics of the RBC
is repeatable and well characterized by solar wind and geo-
magnetic driving regardless of solar wind drivers (CME or
CIR/SIR) during the two phases of a storm. Such insight-
ful understanding is crucial for improvement of radiation
belt modeling and prediction.

3.2.1.6. Radiation belt electron precipitation and contribu-
tion to radiation effects on aviation. Energetic particle pre-
cipitation and its impacts on the ionosphere and
atmosphere has been the focus of many discussions. Ener-
getic particle precipitation is an important input of iono-
spheric conductance (e.g., Robinson et al., 1987; Newell
et al., 2009), which will directly affect the ionospheric con-
vection electric field that drives the plasma transport in the
magnetosphere. The plasma and field in the magnetosphere
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control the wave excitation and particle scattering, which
then have a feedback effect on particle precipitation (e.g.,
Raeder et al., 1996; Yu et al., 2016). Therefore, understand-
ing and accurately quantifying the particle precipitation is
critical to magnetosphere-ionosphere coupling. Precipita-
tion of energetic particles has also been shown to have a
strong impact on atmospheric chemistry (e.g., Andersson
et al., 2014; Maliniemi et al., 2022; Randall, 2005). Precip-
itating radiation belt electrons are one important source
population (see Fig. 3). In addition, a third radiation
source has been suggested to contribute (Tobiska et al.,
2018) to the total dose at aviation altitudes even though
not at a dominant percentage, which results from photons
due to bremsstrahlung from precipitating particles of the
Van Allen radiation belts. However, this is an active area
of study (Sadykov et al., 2020; Xu et al., 2021; Aryan
et al., 2023) and conclusive experimental evidence of such
a contribution is still missing.

3.2.2. List of radiation belt models (relevant to internal
charging)
3.2.2.1. Physics-based models with realtime capabilities.
e CIMI and Its Variants

It has been discussed in Section 3.3.2 regarding ring cur-
rent models. The CIMI is also capable of simulating radi-
ation belt electron dynamics.

e VERB

Similar to VERB-4D, the VERB-3D model has been
validated against observations for 100 days (Subbotin
et al., 2011; Kim et al., 2011), a year (Wang and Shprits,
2019), individual storms (Kim and Shprits, 2013; Wang
et al., 2020), and superstorms (Shprits et al., 2011). The
model is capable of reproducing the general dynamics of
the radiation belts and can be used to predict the values
of averaged fluences for deep dielectric charging. More-
over, the performance of the VERB code can be further
improved by using data assimilation. The VERB-3D code
can resolve small pitch angles near the edge of the loss
cone, and can model fluxes at LEO (e.g., Shprits et al.,
2012). The non-uniform pitch-angle grid used in the
VERB-3D code also allows for accurate calculation of pre-
cipitating fluxes. The code has been recently used to model
the dynamic evolution of the ultra-relativistic particle pop-
ulations (Shprits et al., 2013a,b, 2016).

Satellite observations are often restricted to a limited
range of radial distances and energies and have different
observational errors. Data assimilation allows for the com-
bination of measurements from different spacecraft with
varying uncertainties according to the underlying errors
of each of the instruments. The VERB-3D model has devel-
oped data assimilative capabilities providing a link between
data sampled in different orbits (e.g., THEMIS, Arase or
Van Allen Probes) and low-altitude particle measurements
(e.g., POES, SAMPEX, Proba-V or Lomonosov)
(Cervantes et al., 2020; Castillo Tibocha et al., 2021). The
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VERB code has been used to reconstruct radiation belt
dynamics for the period of 8 solar cycles, which is almost
90 years (Saikin et al., 2021).

e BAS-RBM

The British Antarctic Survey Radiation Belt Model
(BAS-RBM) is described in Glauert et al. (2014a,b). The
BAS model simulates changes in the high-energy electron
population of the radiation belts taking into account effects
such as the changing solar activity and wave-particle inter-
actions. The BAS-RBM is a three-dimensional, time-
dependent diffusion model for phase-space density based
on the solution of the Fokker-Planck equation. This will
help to improve our understanding of the processes
involved and help us develop warning and forecasting
capabilities. The BAS-RBM has been used to reconstruct
30 years of the radiation belts (Glauert et al., 2018).

The BAS-RBM is now used to provide real-time fore-
casts via the European Space Agency web portal. These
are the SaRIF (Satellite RIsk prediction and radiation
Forecast) suite of products which include forecasts of the
electron radiation belts and risk indicators for internal
charging and total ionising dose for selected satellite orbits.
The electron flux spectrum is also provided. It also includes
a searchable reconstruction of the radiation belts going
back years (Horne et al., 2021, Glauert et al., 2021).

e BAS-PRO

The BAS-PRO model is designed for simulating the
dynamic proton radiation belt. It includes radial diffusion,
CRAND source, Coulomb collisions, and nuclear scatter-
ing loss processes. It is primarily focused on the 1-
10 MeV energy range protons which cause most of the
solar array degradation (Lozinski et al., 2021a,b).

¢ DREAM and DREAM3D

The Dynamic Radiation Environment Assimilation
Model (DREAM) (Koller et al.,, 2007, Reeves et al.,
2012), represents a 1-D radial diffusion model that uses
an Ensemble Kalman filter method for data assimilation.
The model extension to three dimensions (DREAM3D)
includes radial, pitch angle, and momentum diffusion and
mixed pitch angle-momentum diffusion, which are driven
by dynamic wave databases from the statistical CRRES
(Combined Release and Radiation Effects Satellite) wave
data, including plasmaspheric hiss, lower-band, and
upper-band chorus (Tu et al., 2013). DREAM3D has been
shown to better reproduce strong enhancement of radia-
tion belt electrons during an intense geomagnetic storm
using event-specific inputs of chorus wave and electron
seed population (Tu et al., 2014).
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e Li’s radiation belt electron model

The >2 MeV daily electron flux at GEO is forecast with
up to 2-day lead time in Li’s radiation belt electron model.
The model solves 1-D radial diffusion equation and uses
only solar wind velocity and IMF as inputs (Li et al.,
2001; Li, 2004). The model has been running in realtime/-
forecast mode for over a decade (https://lasp.colorado.
edu/space weather/x1f3/x1f3.html). The results of the
model prediction are also available at the CCMC
(https://iswa.gsfc.nasa.gov/iswa_data_tree/model/magne-
tosphere/LiX_RB/3.X/) along with the model description
(https://kauai.ccmc.gsfc.nasa.gov/CMR /view/model/Sim-
ulationModel?resourceID=spase://CCMC/Simulation
Model/Li%20Radiation%20Belt%20Prediction%20%20
Model/3.0).

e Salammbo

Salammbo is a set of physics-based models for the sim-
ulation of the electron and proton radiation belts creation
and dynamics (Beutier and Boscher, 1995; Varotsou et al.,
2008). While it was first developed to understand and
reproduce the radiative environment around Earth, it has
also been applied to simulate the radiation belts of Jupiter
(Nénon et al., 2018) and Saturn (Lorenzato et al., 2012). It
solves the classical Fokker-Planck diffusion equation in the
three-dimensional phase space, written in terms of particle
energy, the sine of the equatorial pitch angle, and the
Roederer L* parameter. It is also used as a data assimila-
tive model (Bourdarie and Maget, 2012) using the formal-
ism of EnKF.

As some physical mechanisms, such as radial diffusion,
magnetopause shadowing, or Coulomb interactions with
the atmosphere, are shared between the electron and pro-
ton descriptions, the dual capability of Salammbo, which
can simulate both species, provides insights on these phys-
ical processes.

Thanks to these capabilities, the Salammbo6 model is
currently used for climatological and meteorological appli-
cations, such as for the development of environment spec-
ification models (Sicard et al., 2022; Brunet et al., 2021),
and space weather forecasting in operational pipelines such
as European Funded Project SAFESPACE (Dahmen et al.,
2023) and ESA Space Situational Awareness RB-FAN
(Radiation Belt-Forecast And Nowcast) (Maget et al.,
2022).

3.2.2.2. Machine-learning based/empirical models. There
have been many empirical and/or machine-learning based
radiation belt models. Here we focus on those that have
realtime/forecasting capabilities or those that have been
used in space weather applications/tools.
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¢ REFM

The Relativistic Electron Forecast Model (REFM) pre-
dicts the >2 MeV 24-hour electron fluence at GEO. It is
based on a linear prediction filter (Baker et al., 1990) that
uses average solar wind speed as its input. An offset is used
to help account for additional physical processes that can
dramatically affect the electron fluence (the fluence can
experience rapid variations without a corresponding
change in solar wind speed). REFM is the operational
model used at NOAA SWPC (Space Weather Prediction
Center). It provides forecasts of the 24-hour fluence with
+1 to +3 days of lead-time (https://www.swpc.noaa.gov/
products/relativistic-electron-forecast-model).

e NICT Radiation Belt Model

The radiation belt model used by NICT (National Insti-
tute of Information and Communications Technology) in
Japan is based on Sakaguchi et al. (2013,2015). The model
outputs daily fluence forecasts up to 3-day lead time
(https://radi.nict.go.jp/en/). Predictions are calculated by
multivariate autoregressive models and Kalman filter based
on realtime observations.

e ORIENT-R and ORIENT-M

The Outer Radlation belt Electron Neural net model for
Relativistic electrons (ORIENT-R) (>1.8 MeV) (Chu et al.,
2021) and the Outer Radiation belt Electron Neural net
model for Medium (ORIENT-M, Ma et al., 2022, 2023)
energy electrons (50 keV-1 MeV). The most important
quantities for determining outer radiation belt dynamics
are found to be AL, solar wind flow speed and density,
and SYM-H indices. The ORIENT model does not need
any other in situ data (e.g., fluxes from LEO satellites) to
provide boundary conditions as inputs into the model,
and thus the model is capable of reconstructing energetic
electron fluxes (covering a wide energy range) for periods
both deep in the past (hindcast) and into the future (fore-
cast), as long as the geomagnetic indices and solar wind
parameters are available. The model has been running in
realtime/forecast mode at Space Environment Technolo-
gies (https://spacewx.com/).

e SNB’GEO

The Sheffield SNB*GEO (Balikhin et al., 2016) online
forecast tool has been operating continually since 2012
(https://ssg.group.shef.ac.uk/ssg2013/UOSSW/2MeV_EF.
html). The Sheffield SNB*GEO model was derived using
the NARMAX (Nonlinear AutoRegressive Moving Aver-
age models with eXogenous input) system identification
algorithm. Performance of the model over a 4-year period
in comparison with measurements from GOES-13 or those
from LANL satellites was carried out by Geletaw et al.
(2023). Measurements from GOES-13 give more favorable
model performance, which may reflect the bias that GOES
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data is the primary data source during the model building
process.

e SHELLS

Taking advantage of measurements available at LEO,
SHELLS (Specifying High Altitude Electrons using Low
Altitude LEO Systems) is a radiation belt model
(Claudepierre and O’Brien, 2020) utilizing artificial neural
network technique. The geomagnetic activity index Kp
and LEO electron flux measurements from the NOAA
POES operational spacecraft are used as model training
inputs. SHELLS is to be used to improve specification of
the internal charging radiation hazard at satellites to
improve capabilities of an anomaly diagnostic tool called
SEAES-FC (Space Environment Anomalies Expert System
— Flow Chart) (O’Brien, 2009).

e RB-Daily-E model

The Radiation Belt Daily Average Electron flux model
(RB-Daily-E) built on Van Allen Probes and THEMIS
data is consistent with GPS CXD (Combined X-ray
Dosimeter) and Arase data (Gabrielse et al., 2022). It pro-
vides daily fluxes covering a broad energy range (33—
7,700 keV) and L shell (L: 2-7). The RB-Daily-E Model
has applications for when daily fluxes are required for
post-anomaly investigations, including long-term radiation
environment effects such as solar cell and solar array
degradation.

e The Model by Kalegaev et al. (2022)

The machine-learning based model can provide up to 4-
days forecast of >2 MeV daily electron fluence at GEO.
Forecast of the solar wind speed is based on solar EUV
images during the influence of coronal holes (details can be
found in Kalegaev et al., 2022). Introduction of solar wind
speed as an additional input parameter to this daily electron
fluence model improves the model’s performance. The Space
Monitoring Data Center of Skobeltsyn Institute of Nuclear
Physics of Moscow State University (SINP MSU) provides
access to near real-time satellite data and operational fore-
casting models related to space weather. The model result
can be found here (https://swx.sinp.msu.ru/).

3.2.2.3. Climatological models. Here we focus on recent
development of climatological models of radiation belt
environment. More details of these models can be found
in Jun et al. (2024).

e IRENE (AE9/APY9/SPM)

The IRENE (International Radiation Environment
Near Earth)-AE9/AP9/SPM is a new set of models for
the fluxes of radiation belt and plasma particles in near-
Earth space for use in space system design, mission plan-
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ning, and other applications of climatological specification.
The AE9 (0.04-10 MeV e—), AP9 (0.1 —400 MeV H+), and
SPM (1-40 keV e—, 1.15-164 keV H+, 1.15-164 keV He+,
and 1.15-164 keV O+) models were developed by the Air
Force Research Laboratory and the Aerospace Research
Corporation (Ginet et al., 2013; Johnston et al., 2015;
O’Brien et al., 2018a). This model is to replace AE8/AP8
(Vette, 1991). Model details can be found here (https://
www.vdl.afrl.af.mil/programs/ae9ap9/).

e GREEN

The GREEN (Global Radiation Earth Environment)
model is an ONERA’s model providing fluxes at any loca-
tion between L* = 1 and L* = §, all along the magnetic field
lines, for all local times and for any energy between 0.1 keV
and 10 MeV for electrons (GREEN-¢) and between 0.1 keV
and 800 MeV for protons (GREEN-p) depending on the
solar cycle (Sicard et al., 2018, 2019). GREEN-e is composed
of global models (AE8 and SPM for low energies) and local
models (SLOT model, OZONE and IGE-2006). GREEN
model is accessible for space industry in the OMERE tool:
https://www.trad.fr/en/space/omere-software/.

GREEN is a mean model therefore not suitable for con-
servative internal charging assessment. However, the
GREEN “Upper Envelope” model (Sicard et al., 2022),
which considers the solar cycle variation and gives the max-
imum flux for each year of the solar cycle, are newly devel-
oped and will be included in the newer version of GREEN.

e The SDRBM-¢ (5 Dimensional Radiation Belt Model
for electrons)

The SDRBM-¢ model (Métrailler et al., 2019) is a glo-
bal, data-driven model of the radiation belts for trapped
electrons. The model is based on years of in-situ measure-
ments of electrons by the radiation monitors on board the
INTEGRAL (16 years of operation) and XMM-Newtonn
(19 years of operation) satellites along their long elliptical
orbits. The “5D” in the name refers to the fact that the
model takes into account five dimensions: the energy, pitch
angle, and location of the charged particles, as well as the
temporal and spatial variations in the Earth’s magnetic
field. The “¢” in the name indicates that the model is specif-
ically focused on the electron population within the radia-
tion belts. This model outputs the integral flux for trapped
electrons within energies ranging from 0.7 to 1.75 MeV.
Cross-validation of the SDRBM-e with the well-known
AE8min/max and AE9mean models for a low eccentricity
GPS orbit shows excellent agreement and demonstrates
that the new model can be used to provide reliable predic-
tions along widely different orbits around Earth for the
purpose of designing, planning, and operating satellites
with more accurate instrument safety margins (Table 6).
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3.3. Recent progress related to SEE

Single Event Effect is a transient effect, as such the flux
(not fluence) environment is pertinent. Environment
sources for SEEs include peak fluxes of SEPs, background
fluxes of GCRs, and peak fluxes of energetic protons
trapped in the Earth radiation belt. GCRs are produced
outside the solar system in high-energy explosive events
and consist mostly of energetic protons that penetrate the
heliosphere. They are slowly modulated by the strength
of the Sun’s interplanetary magnetic field (Simpson,
1983). SEPs come from solar activity such as coronal mass
ejections related to flaring events or from interplanetary
magnetic field shocks (Gopalswamy et al., 2022; Reames,
2013). In the latter case, fast coronal mass ejections propa-
gate through the ambient solar wind and create a shock
front that produces accelerated energetic protons/ions.
Geomagnetic cutoff models are used for the SEE evalua-
tion within the magnetosphere. In this section, we first pro-
vide a summary of commonly used GCR models. Then we
provide reviews on the peak flux SEP models used for
assessing SEEs. Lastly, we provide SEP modeling status
within Earth’s magnetosphere (with consideration of geo-
magnetic shielding through rigidity cutoff).

3.3.1. Commonly used GCR models

The GCR environment in near-Earth space is subject to
solar cycle modulation, anti-correlated with the sunspot
number. GCRs also exhibit Forbush decreases associated
with magnetic activity resulting from CMEs and/or high
speed solar wind streams.

The CREME96 (Cosmic Ray Effects on Micro-
Electronics) GCR model is the Nymmik cosmic ray model
which has been adopted by the International Standards
Organization (ISO) (ISO 15390, 2004). The recommended
model is the Badhwar-O’Neill Model (O’Neill et al.,
2015) which fits the measured cosmic ray spectra more
accurately than previous models. The Badhwar-O’Neill
2020 (BON 2020) GCR model is further calibrated using
AMS (Alpha Magnetic Spectrometer) —02 and PAMELA
data. Solar activity is described using ACE/CRIS (Cosmic
Ray Isotope Spectrometer) daily integral flux measure-
ments. Another recently developed model, called HelMod
(Boschini et al., 2022), provides modulated spectra for pro-
tons and nuclei during high and low solar activity periods,
in the inner and outer heliosphere, at Earth location and
outside the ecliptic plane, as well as at different distances
from Sun in the inner and outer heliosphere (Table 7).

3.3.2. Empirical SEP peak flux or worst-case event models
for SEE evaluation

The commonly used models and references are provided
in Table 8. More details can be found in Jun et al. (2024)
and the associated references.


https://www.vdl.afrl.af.mil/programs/ae9ap9/
https://www.vdl.afrl.af.mil/programs/ae9ap9/
https://www.trad.fr/en/space/omere-software/

Y. Zheng et al.

3.3.3. Physics-based SEP nowcastlforecast models
Whitman et al. (2023) provides a thorough review of
SEP models available in the community. However, SEP
models often stop at L1 (Lagrangian 1 point) or outside
the magnetic shielding of Earth’s magnetic field. A global
model of SEP intensity for the near-Earth region is yet to
be developed. Limited recent efforts include applying
AMPS (Adaptive Mesh Particle Simulator) (Tenishev
et al., 2018, 2021) to studying the access and transport of
SEPs throughout the near-Earth region; developing a
model by mapping GOES measurements to other L shells
(Young and Kress, 2016; Young et al., 2021); the data-
based SPAM (Solar Particle Access to the Magnetosphere)
Model that maps real-time low altitude measurements from
POES/MetOp 35 to high altitudes to estimate access
regions of the SEPs (Green et al., 2021). The validity of
mapping methods remains to be tested. SEP modeling

efforts for the near-Earth region remain woefully
inadequate.
Table 6

A list of Radiation Belt Electron Models.
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3.3.4. Models of SEP within the earth magnetosphere:
Geomagnetic cutoff

The specification of SEPs in the magnetosphere requires
modeling the magnetic shielding effects. This is typically
done in terms of the minimum value of the particle’s rigid-
ity that is required for the particle to reach a specific loca-
tion in the geospace. A commonly used quantity to
describe magnetic shielding is called cutoff rigidity. Rigidity
is defined as momentum per unit charge which is useful in
characterizing charged particle access in magnetic fields.
Cutoff rigidity usually increases with decreasing geomag-
netic latitudes where only particles with high rigidity (en-
ergy) can have access to the lower latitudes. The higher
energy SEP particles are, the lower L shell they are able
to penetrate/access. SEPs result from large solar eruptions.
They are episodic in nature and hard to predict. SEPs span
a broad energy range (from 10° to 10" eV/nucleon) and
pose as radiation hazards for space hardware/electronics,
avionics, and humans in space. Guo et al. (2024) in this

Physics Based Models

Name Feature Realtime References Other info
REFM Linear filter y Baker et al., 1990 Running at NOAA/SWPC
CIMI Fokker-Planck equation y Fok et al., 2014, 2021 Running at CCMC
VERB 3D Fokker-Planck equation y Shprits et al., 2012, 2013a.b, 2016 Running at CCMC
BAS-RBM Fokker-Planck equation y Glauert et al., 2014a,b Running at BAS
BAS-PRO Fokker-Planck equation y Lozinski et al., 2021a,b Running at BAS
DREAM3D Radial diffusion y Koller et al., 2007, Reeves et al., 2012; Realtime at LANL
Tu et al., 2014
Li’s RB model Radial diffusion y Li et al., 2001; Li, 2004 Realtime at CU/Boulder and CCMC
Salammbo Fokker-Planck equation y Beutier and Boscher, 1995; Boscher Running realtime at ONERA for
et al., 2018; Bourdarie and Maget, 2012 electrons and protons
Machine-Learning Based/Empirical Models
ORIENT-R/ Neural net y Chu et al., 2021; Ma et al., 2022, 2023 Running realtime at Space
ORIENT-M Environment Technologies, soon at
CCMC
SNB’GEO NARMAX y Balikhin et al., 2016; Geletaw et al. Running at the University of Sheffield
(2023)
NICT model Multivariate Autoregressive (AR) y Sakaguchi et al., 2013; 2015 Running at NICT

Model
The model by Artificial neural networks (ANNs). vy

Kalegaev et al.

(2022)
SHELLS Random forest y
RB-Daily-E model: Empirical via mapping n

Climatological Models

Kalegaev et al. (2022)

Claudepierre and O’Brien, 2020
Gabrielse et al., 2022

Running at SINP MSU

Running at Aerospace corp.
For anomaly resolution

IRENE-AE9/AP9/ Data from variety of source n Ginet et al., 2013; Johnston et al., 2015; https://www.vdl.afrl.af. mil/
SPM O’Brien et al., 2018a programs/ae9ap9/
GREEN Consists of multiple models n Sicard et al., 2018, 2019 https://www.trad.fr/en/space/omere-
software/
publicly available
The SDRBM-¢ Data from INTEGRAL (>16 years) n Mgétrailler et al., 2019

model and XMM-Newton (>18 years)
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special issue provides a detailed account of the latest
research, current scientific understanding, modeling status
of SEPs, and recommendations for future activities/efforts.
In comparison to free space that is outside the influence of
Earth’s magnetic field (resulting in magnetic shielding) and
atmosphere (resulting in atmospheric interactions), specifi-
cation of SEPs in the magnetosphere is even more
challenging.

Earth’s magnetic field shields its environment from ener-
getic ions such as SEPs, the degree of shielding varies with
magnetic field strengths and particle energies (or rigidities).
Therefore, accurate specification of SEPs’ spatial- and
energy-distribution and intensity in near-Earth space
requires knowledge of SEPs’ characteristics (occurrence,
source, intensity, spectrum, etc.) and the influence of the
varying magnetic field of Earth.

In contrast to copious amounts of research done on ring
current and radiation belt electrons, work on SEPs’ access
to the near-Earth region, their spatial distribution, energy
dependence, and temporal occurrence/evolution in the
magnetosphere, is rather limited. The limitation can be
seen both in numbers of researchers working in the field
and the number of publications and/or operational models.
Taking advantage of measurements from numerous plat-
forms/spacecraft (e.g., GOES, POES, SAMPEX, GPS,
Van Allen Probes, PAMELA, AMS-02), progress has been
made in characterizing rigidity cutoffs due to geomagnetic
storms and SEPs’ dynamic behavior and anisotropy in
the near-Earth region (Leske et al., 2001; Neal et al.,
2013; Tyssoy and Stadsnes, 2015; Adriani et al., 2016;
Aguilar et al., 2021; Bruno et al., 2018, 2021; Chen et al.,
2020; O’Brien et al., 2018b). Modeling efforts include
Kress et al.,, 2010; Qin et al., 2019b; Li et al., 2021b;
Tenishev et al., 2018. Recent results show that rigidity cut-
offs of SEPs can be highly dynamic both in space and time
(e.g., O’Brien et al., 2018b; Filwett et al., 2020). Small sub-
structures of SEPs in interplanetary space can penetrate to
the near-Earth region down to L values of <4.

Rigidity Cutoff Models

Stormer (1955) provided a theoretical prediction of the
cutoffs under the influence of a dipole magnetic field. Since
then, test particle approach has been applied to modeling
the rigidity cutoffs (Kress et al., 2010, 2015; Maget et al.,
2013; Smart and &Shea, 2009; Smart and Shea, 2001,
2003). Other rigidity calculation code includes Planetocos-
mics  (https://cosray.unibe.ch/~laurent/planetocosmics/;
https://www.spenvis.oma.be/help/models/planetocosmics.
html; Desorgher et al., 2006) particle trajectory simulation
based on the Geant4 toolkit (https://www.spenvis.oma.be/
help/background/geant4/geant4.html) and the general-
purpose AMPS which utilizes the Monte Carlo approach.
AMPS’s capability goes well beyond the rigidity calcula-
tion, one of which is to track and trace propagation and
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transport of energetic particles in geospace. There are also
empirical models/empirical relationships based on particle
flux measurements (e.g., Ogliore et al., 2001; Leske et al.,
2001; van Hazendonk et al., 2022).

3.4. Radiation environment and models relevant to aviation

Air safety has improved significantly over the past dec-
ades except for effects from space weather, which includes
ionizing radiation. Radiation exposure is a natural hazard
faced by aircrew, high-altitude pilots, frequent flyers, and
commercial space travelers to altitudes as high as the Inter-
national Space Station (ISS). Their avionics can also be
affected.

Multiple sources of ionizing radiation contribute to the
radiation exposure in the aerospace environment that
reaches from Earth’s surface into space. GCRs and SEPs
are the dominant ionizing radiation sources.

This is especially true for travel at commercial aviation
altitudes starting at 8 km (26,000 ft.) and above
(Friedberg and Copeland, 2003, 2011; Tobiska et al.,
2016; Meier et al., 2020). The presence of ionizing radiation
from GCRs and/or SEPs in the aerospace environment
causes concern for the effects of this environment on
human health, e.g., radiation exposure effects and effects
on Cardiac Implanted Devices (CIDs), on vehicle avionics,
and on aircraft power electronics.

The geomagnetic field provides a form of momentum
shielding, or attenuation, by deflecting the lower energy
charged particles back out to space via the Lorentz force.
This spectral filtering effect is quantified in terms of geo-
magnetic cutoff rigidity (Mertens et al., 2010), Rc., which
has been discussed in Section 3.3.4, along with cutoff mod-
els. The subgroup of SEP events called GLEs (Ground
Level Enhancements) are of particular interest to aviation
and human safety in space (e.g., Shea and Smart, 2012;
Mishev et al., 2023). GLEs represent an extreme type of
SEP events with energies high enough to trigger the
enhancement of ground-level detectors and to present ele-
vated risks. The factors that drive a solar eruptive event
into a Ground Level Enhancement (GLE) are still not fully
understood. The question of whether GLEs and extreme
SEP events represent the high-energy, low-probability end
of the continuous distribution of SEP events or if they
are distinct events with unique acceleration mechanisms
and prerequisites remains a subject of ongoing investiga-
tion (e.g., Nitta et al., 2012; Usoskin and Kovaltsov,
2021; McCracken et al., 2023). Therefore, forecasting
GLEs is even more challenging.

There are multiple components to modeling radiation
effects at aviation altitudes: (1) energy spectra of the source
population (GCR or SEP); or (2) magnetic shielding
effects; (3) radiation transport; (4) interactions with Earth’s
atmosphere.


https://cosray.unibe.ch/%7elaurent/planetocosmics/
https://cosray.unibe.ch/%7elaurent/planetocosmics/
https://www.spenvis.oma.be/help/models/planetocosmics.html
https://www.spenvis.oma.be/help/models/planetocosmics.html
https://www.spenvis.oma.be/help/background/geant4/geant4.html
https://www.spenvis.oma.be/help/background/geant4/geant4.html
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Table 7
Commonly used GCR models.
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Model

Reference

CREME 96/the Nymmik cosmic ray model (ISO 15390, 2004)
BON 2010, BON 2014, BON 2020
DLR (German Aerospace Center) GCR model

ISO 15390, 2004; Nymmik et al., 1996
O’Neill, 2010; O’Neill et al., 2015; Slaba and Whitman, 2020
Matthii et al., 2013

HelMod Boschini et al., 2022

Table 8

Commonly used SEP Peak Flux or Worst-Case Event Models for assessment of SEEs.

Model Reference
CREME 96 Tylka et al., 1997

ESP (Emission of Solar Protons) Peak Flux/Worst-Case Event Model
MSSREM (Mission Specific Solar Radiation Environment Model)

SAPPHIRE (Solar Accumulated and Peak Proton and Heavy Ions Radiation Environment)/VESPER

(Virtual Enhancements-Solar Proton Event Radiation)

Xapsos et al., 1998, 1999

Robinson et al., 1987

Jiggens et al., 2018a,b; Aminalragia-
Giamini et al., 2018

3.4.1. Models of radiation effects at aviation altitudes

e CARI-7A

Development of the CARI (Civil Aeromedical Research
Institute) program for calculating doses of cosmic radia-
tion on aircraft flights began in the late 1980 s. Develop-
ment of version 7 began in 2009 with calculations of
needed fluence to dose conversion coefficients for light ions
and alpha particles (e.g., Copeland et al., 2010, 2012).
CARI-7A development and validation are described in
Copeland (2017). It was first made widely available in
February 2017 and has been improved continuously by
user feedback since it was released. The Monte Carlo pro-
gram MCNPX (Monte Carlo N-Particle Extended) 2.7.0
(Oak Ridge National Laboratory, 2011) was used for radi-
ation transport. The primary cosmic ray spectrum model
and handling of cutoff rigidities are all user-selectable at
runtime. The International Standard Organization (ISO)
GCR model (ISO, 2004) is used in CARI-7’s implementa-
tion at NOAA/SWPC. Alternative option for the GCR
modeling is to use Badhwar-O’Neill models (2011, 2014).
Vertical cutoff rigidities as calculated by interpolation from
tables calculated by Smart and Shea (2005) and Shea and
Smart (2012) are usually used as whole-sky effective cutoff
rigidities. Other alternatives for the cutoffs include the
empirical ones from Ogliore et al. (2001); Leske et al.
(2001), O’Brien et al. (2018b). The primary radiation field
includes nuclei from H to Fe, while the secondary radiation
field also includes neutrons, photons, e—, e+, p—, pt+, ©T—,
n+, kaons (no dosimetry), neutrinos (no dosimetry), deu-
terons, tritons, and helions.

e WASAVIES

A physics-based radiation dose estimation model called
WASAVIES (WArning System for AVIation Exposure to
Solar Energetic Particles) has been developed in Japan
(Kataoka et al., 2014; Sato et al., 2008; Sato et al., 2014;
Yasuda et al., 2011). It consists of three numerical compo-
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nents: (1) transport of SEPs in interplanetary space; (2)
transport of SEPs in the magnetosphere; (3) nuclear reac-
tion of SEPs in atmosphere. Its input data sources are neu-
tron monitors and GOES proton measurements. The air
shower is a Monte-Carlo-based method called PHITS (Par-
ticle and Heavy Ion Transport code System). More on the
model and its realtime implementation details can be found
in Sato et al. (2018). The model is running realtime at
Japan/NICT (https://wasavies.nict.go.jp/index_e.html).

o NAIRAS

The Nowcast of Aerospace Ionization RAdiation Sys-
tem (NAIR AS) model predicts biologically hazardous radi-
ation exposure to crew and passengers onboard aircraft or
spacecraft from the ever-present GCRs, inner radiation
belt trapped protons (TRP) in LEO, and the episodic, tran-
sient SEPs originating from solar eruptive events. The
NAIRAS model also predicts the radiation flux and fluence
quantities for the assessment of microelectronic single
event effects to avionic and spaceflight electronic systems.

The NAIRAS model is composed of coupled physics-
based models that transport cosmic radiation through the
heliosphere, Earth’s magnetosphere, the neutral atmo-
sphere, and aircraft or spacecraft shielding. GCR are prop-
agated from outside the heliosphere to 1 AU (astronomical
unit) by solving a steady-state, convective-diffusive trans-
port equation including adiabatic energy loss. A hybrid
version of the Badhwar and O’Neill 2010 model, denoted
H-BONI10, was developed for NAIRAS to solve GCR
heliospheric transport. The GCR composition in H-
BONI10 was also extended to include primary nuclei from
hydrogen through uranium for predicting LET spectra
out to 100 MeV*cm?/mg for SEE assessment. Transport
through the magnetosphere incorporates the dynamical
response of the geomagnetic field to space weather variabil-
ity in the interplanetary medium using the CISM (Center
for Integrated Space weather Modeling) —Dartmouth ver-
tical geomagnetic cutoff rigidity model (Kress et al., 2004,


https://wasavies.nict.go.jp/index_e.html
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2010). Transport of cosmic radiation through material
media — i.e., the atmosphere and/or aircraft or spacecraft
shielding — is calculated with the deterministic HZETRN
(High charge (Z) and Energy TRaNsport) code.

The NAIRAS model computes ionizing radiation parti-
cle flux spectra from the primary sources (GCR, TRP,
SEP) and the secondary radiations produced from nuclear
interactions between the radiation source ions and the con-
stituents of the intervening material media. The secondary
particles consist of heavy-ion fragments from GCR ions
and protons, alphas, pions and muons, and electromag-
netic cascade particles (electrons, positrons, and gamma
ray photons) produced by interactions with the radiation
source ions. The particle flux spectra are the fundamental
physical quantities from which important response func-
tions are calculated, such as dosimetric quantities and the
various flux and fluence quantities useful for characterizing
SEE.

Two independent modes of NAIRAS version 3.0 are
available for users: (1) real-time global predictions of the
atmospheric radiation environment, which are updated
hourly, and (2) Run-on-Request (RoR) capability allowing
the user to select a specific time-period for the global dosi-
metric calculations, or to upload an aircraft, balloon, or
spaceflight trajectory file to provide simulations of the dosi-
metric and radiation flux and fluence quantities along the
flight path. Both realtime modeling results/products and
RoR outputs/capabilities are available at CCMC (https://
ceme. gsfe.nasa.gov/models/NAIR AS~3.0/).

¢ PANDOCA

The PANDOCA (Professional AviatioN DOse CAlcu-
lator) code was developed at the Institute of Aerospace
Medicine of the German Aerospace Center (DLR). Differ-
ent versions of the model exist which are capable of calcu-
lating ambient dose equivalent, ambient dose and effective
dose according to the recommendations given in ICRP
Report 60 (ICRP, 1991) and ICRP Report 103 (ICRP,
2007), respectively. The latest version approved for the
dose assessment of aircrew in Germany calculates the
ambient dose equivalent H*(10) and the effective dose after
ICRP, Report 103. The impact of updated weighting fac-
tors with respect to the definitions of ICRP Report 60
was investigated and published in Meier and Matthid
(2019).

The radiation exposure is calculated using the Geant4
version 4.9.1 Monte Carlo code (Agostinelli et al., 2003;
Allison et al., 2006; Allison et al., 2016) in combination
with the model of the atmosphere (Picone et al., 2002)
and the magnetic field of the Earth (Maus et al., 2005) pro-
vided by the PLANETOCOSMICS tool. Galactic cosmic
hydrogen and helium are considered as primary particles
in the energy range from 100 MeV to 1.5 TeV (hydrogen)
and 100 MeV to 850 GeV (helium). The primary particle
energy spectra as described by Matthid et al. (2013) are
used. The Geant4 interface to the JAM (Jet AA Micro-
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scopic Transport Model)/JQMD (Jaeri Quantum Molecu-
lar Dynamics) model by Koi et al. (2003) is used to
calculate the helium transport at energies larger than
10 GeV/n. The resulting energy spectra of secondary pro-
tons, neutrons, photons, electrons, positrons, muons and
pions at a given altitude are converted to effective dose
and ambient dose equivalent using fluence-to-dose conver-
sion factors (for ambient dose equivalent: https://inf.infn.
it; for effective dose: ICRP (2010)).

The geomagnetic shielding was considered using the
effective vertical cut-off rigidity calculated with PLANE-
TOCOSMICS on a two-times-three-degree grid in geo-
graphic latitude and longitude. The calculations of
effective cut-off rigidity are based on the IGRF (Interna-
tional Geomagnetic Reference Field) model of the geomag-
netic field. The geographic location is converted to cut-off
rigidity and the corresponding cut-off energy by interpolat-
ing between the calculated values on the coordinate grid.
For a given flight profile, the model provides the effective
dose rate and the ambient dose equivalent rate at each way-
point and the resulting flight-integrated values. Details
about the PANDOCA model are published in Matthid
et al. (2014).

In case of a ground level enhancement, data from the
neutron monitor network are used to derive the temporal
evolution of the primary spectrum of the solar energetic
particles. Using asymptotic viewing directions of the differ-
ent neutron monitor stations, the angular distribution of
the event is described. Typically, data of about 30 neutron
monitor stations are used for this analysis. For the calcula-
tion of the radiation exposure on a specific flight route, the
asymptotic viewing direction at each waypoint is calcu-
lated, the primary energy spectrum is derived and the dose
rates at the given location are calculated. The procedure is
described in detail in Matthii et al. (2009a, 2009b). During
solar events without sufficient information from ground-
based neutron monitors, data from satellite (e.g. GOES)
measurements are used.

o SIEVERTI/SiGLE

To address the needs for assessing aviation radiation
impact, the SIEVERT system (Clairand et al., 2009a,b),
developed in France, is used for evaluating exposure to cos-
mic radiation in air transport. More information can be
found at https://www.sievert-system.org. SiIGLE computes
radiation doses due to GLEs onboard aircrafts within the
SIEVERT system. The SIEVERT and SiGLE codes have
been in operational use for many years in France for mon-
itoring of radiation doses from GCRs and SEPs. The
EPCARD (European Program Package for the Calcula-
tion of Aviation Route Doses) tool package is used for
computing dose contributions from GCRs. SiGLE is an
empirical model based on four previous GLE events. The
updated SiIGLE model and its real time version SIGLE_RT
(SiGLE, 2020: https://previ.obspm.fr/index.php?page=
SiGLEevolves) use the full potential of the worldwide net-
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work of neutron monitors to account for the North/South
anisotropy of SEPs. More details can be found in A 1.9 of
EURADOS Report 2021-03 (Beck et al., 2021).

e AVIDOS

Another aviation radiation impact model in Europe is
AVIDOS (Aviation Dosimetry — Software Package for
European Accredited Aviation Dosimetry). AVIDOS
(Latocha et al., 2009) is used for the dose assessment of air-
craft crew exposed to cosmic radiation. The code employs a
multiparameter model built upon simulations of cosmic
radiation exposure done using the FLUKA Monte Carlo
code (Ferrari et al., 2005). AVIDOS calculates both ambi-
ent dose equivalent H*(10) and effective dose E for flight
routes over the whole world at typically used altitudes
and for the full range of solar activity. The dose assessment
procedure using AVIDOS is accredited by the Austrian
office for accreditation according to European regulations
and is valid in the whole Europe. An online version of AVI-
DOS with user friendly interface is accessible to public
under the internet address: https://swe.ssa.esa.int/avidos-
federated. SOLARDOS (Assessment of the Radiation
Exposure due to Solar Particle Events at Aircraft Altitude)
is a module for real-time assessment of radiation exposure
at aviation altitudes due to strong solar energetic particles
that lead to enhanced radiation levels on ground (GLE).
This module together with AVIDOS forms the software
package AVIDOS 2.0.

e MAIRE+

The new Model for Atmospheric Ionising Radiation
Effects (MAIRE+) has been developed under the UK
Space Weather Instrumentation, Measurement, Modeling
and Risk programme (Hands et al., 2022). The model pro-
vides nowcasts of the aviation radiation environment,
including both the galactic cosmic ray (GCR) background
and during GLE (ground level enhancements) events.
MAIRE-+ uses multiple data sources to characterize pri-
mary GCR and GLE particle spectra and combines these
with precalculated geomagnetic and atmospheric response
matrices to predict particle fluxes from ground level to
20 km altitude across the entire globe. Two neutron mon-
itors, with one located at Oulu in Finland and the other
one located at Dourbes in Belgium, are used as the primary
indicators of GLE intensity to maximize accuracy over UK
airspace. Model outputs are compared to data from a
solid-state detector carried on board Concorde during
ground level enhancements in 1989. The model is hosted
in the UK at the Met Office Space Weather Operations
Centre (MOSWOC) and is also available at https://
spaceweather.surrey.ac.uk/.

MAIRE+ improves on its predecessors MAIRE (Hands
et al., 2017 and https://maire.uk/maire/), and QARM (the
QinetiQ Atmospheric Radiation Model, Lei et al., 2004,
2006; Dyer et al., 2007) by adding SEP/GLE calculations
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in real-time whereas the previous models used major histor-
ical events as examples.

¢ ARMAS (Automated Radiation Measurements for Aero-
space Safety) Model

A global, statistical model of the ARMAS measurement
database has been created to specify and predict effective
dose rates. The model is based on the ARMAS decade-
long science-driven technology demonstration program
that provides a pathway for cost-effective identification
and management of radiation risks created by space
weather. This program directly supports monitoring while
obtaining valuable science data; it lays the basis for contin-
ual data assimilative nowcasting and forecasting of the avi-
ation radiation environment.

The background to the ARMAS measurement data-
base upon which the model is based uses calibrated instru-
ments to provide real-time TID and dose rates in low
latency, high cadence, high time resolution, and globally
relevant locations (Tobiska et al., 2015, 2016, 2018;
Gersey et al., 2020). Thus, based on a decade of ARMAS
measurements between 2013 and 2023, a large, global
database has been acquired for nearly all magnetic lati-
tudes and many magnetic longitudes. By early 2023, there
are a half million science quality 1-minute dosimetric data
records associated with time, location, and a variety of
space weather drivers parameters including the state of
the Earth’s magnetic field between the surface and
500 km altitude. Using this database, Tobiska et al.
(2018) developed the ARMAS statistical model for speci-
fying effective dose rate that is driven by location (geo-
graphic latitude, longitude, and pressure altitude) and
the NOAA G-scale value for a given time epoch. The
ARMAS statistical model results are available for every
flight at the ARMAS data archive located at https://
spacewx.com/radiation-decision-aids/ and the model is
described in Tobiska et al. (2018) (Table 9).

3.4.2. Datasets of radiation effects at aviation altitudes

The lack of continuous 24/7 measurements, especially
above regions with a large percentage of the world’s air
traffic, is one of the most pressing problems our community
faces. High-quality measurements are needed to build sta-
tistical databases, to support data assimilative and
physics-based models, and to provide data sets against
which models are compared (Meier et al., 2018). Radiation
sensors for both, LET and TID, are needed to address dif-
ferent needs for science and operations, respectively. There
are needs to:

(1) characterize the dynamic and variable primary parti-
cle radiation environment due to all sources, includ-
ing the way it represents changing cutoff rigidities,
by measuring the radiation environment from Low
Earth Orbit (LEO) down to commercial aviation alti-
tudes and ground level;
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Table 9
List of Models Providing Aviation Radiation Exposure Assessment.
Model Geomagnetic ~ Atmospheric ~ Use References Other info
shielding interactions
CARI-7 y y ICAO (International Copeland et al., 2010, 2012 https://www.faa.gov/data_research/
Civil Aviation research/med _humanfacs/aeromedical/
Organization), FAA radiobiology/cari7
WASAVIES y y ICAO Sato et al., 2008, 2014, 2018; https://wasavies.nict.go.jp/index_e.html
Kataoka et al., 2014; Yasuda
et al., 2011
AVIDOS y y ICAO Latocha et al., 2009 https://swe.ssa.esa.int/avidos-federated
SiGLE y y ICAO A 1.9 of Beck et al., 2021 https://previ.obspm.fr/index.php?page=
SiGLEevolves
NAIRAS y y NASA Mertens et al., 2013, 2023 https://ccme.gsfc.nasa.gov/models/
NAIRAS~3.0/
PANDOCA y y DLR Matthii et al. (2014) One of the official models in Germany.
Used by Lufthansa
MAIRE+ y y ICAO, UK Met Office Hands et al., 2022 Official UK model
ARMAS y y Sub-orbital, business jet,  Tobiska et al., 2018 Statistical model of ARMAS

South Korean industry

measurement database

(2) demonstrate COTS (Commercial-Off-The-Shelf) —
based technology for top-of-the-atmosphere ionizing
radiation monitoring simultaneous with atmospheric
aviation altitude measurements;

(3) compare measurements between different types of
radiation sensors;

(4) demonstrate integrated systems for ground-to-orbit
management of the radiation exposure;

(5) aid space exploration by using measurements to spec-
ify the radiation environment consistently from the
Earth’s surface to LEO; and.

(6) provide radiation observations for validation of and
assimilation into the radiation models that can be
applied to the radiation safety protocols by using
industry and agency partnerships.

Mature measurement capabilities exist for providing
real-time radiation monitoring. For example, capabilities
include ARMAS (Tobiska et al., 2018) and Liulin
(Dachev et al., 2015) radiation detectors that are externally
mounted on the ISS’s Japanese Experiment Module (JEM)
Exposure Facility (EF). These detectors provide primary
radiation measurements at the top of the atmosphere. In
the atmosphere there exists some capabilities. Since 1988,
the UK CREAM (Cosmic Radiation Effects and Activa-
tion Monitor) and its successors (e.g. the Smart Atmo-
spheric Ionizing RAdiation (SAIRA) Monitoring
Network) have obtained data from some 2000 flights cov-
ering a large range of altitudes and latitudes including Con-
corde, executive jets, and commercial routes across the
globe including polar routes (e.g., Dyer et al., 1990, 2009;
Clewer et al., 2019). Regular flights of improved SAIRA
units are planned to commence in April 2024 under the
UK SWIMMR programme. Measurements from flights
with Liulin detectors have also been made in Czech Repub-
lic, France (e.g., Bottollier-Depois et al., 2012, 2019) etc.
(Yasuda et al., 2020). Although there is currently no oper-
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ational solution for continuous measurements, it is advis-
able for the community to initiate the establishment of a
database that consolidates all these available
measurements.

3.5. Radiation environment models relevant to total dose

Because TID/DDD is a long-term cumulative degrada-
tion, the environment models required for total dose anal-
yses are for long term space climatological (as opposed to
space weather) models of trapped protons, trapped elec-
trons and solar protons. These radiation sources contribute
almost all the total dose exposure for levels of typical
shielding used with electronic and photonic components.
Since a heavy ion’s contribution (either trapped or solar
or galactic cosmic rays) is negligible for TID and DDD,
the space radiation environments relevant for TID and
DDD are trapped particles in planetary magnetic fields
and SEPs. Here in this section, we list models available
for trapped particles and SEP fluence models (Table 10).
The TID/DDD environment models are called climatology
models, not space weather models because of the time scale
involved. More details of each model can be found in Jun
et al. (2024).

4. Gaps and recommendations

While the G3 Cluster is influenced by solar activity and
galactic cosmic rays from beyond the solar system, the
focus here lies on identifying and addressing gaps within
its domain. However, it’s crucial to recognize that gaps
within the solar and heliospheric clusters are critically
important for space weather weather forecasting in general.
Challenges associated with space weather forecasting have
been emphasized and investigated by the broad community
including works by Zheng (2013), Morley (2020), Leka


https://www.faa.gov/data_research/research/med_humanfacs/aeromedical/radiobiology/cari7
https://www.faa.gov/data_research/research/med_humanfacs/aeromedical/radiobiology/cari7
https://www.faa.gov/data_research/research/med_humanfacs/aeromedical/radiobiology/cari7
https://wasavies.nict.go.jp/index_e.html
https://swe.ssa.esa.int/avidos-federated
https://previ.obspm.fr/index.php?page=SiGLEevolves
https://previ.obspm.fr/index.php?page=SiGLEevolves
https://ccmc.gsfc.nasa.gov/models/NAIRAS%7e3.0/
https://ccmc.gsfc.nasa.gov/models/NAIRAS%7e3.0/
https://ccmc.gsfc.nasa.gov/models/NAIRAS%7e3.0/
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(2022), Mannucci et al. (2023), Linton et al. (2023),
Temmer et al. (2023), Georgoulis et al. (2024), Guo et al.
(2024) and many others.

While previous studies, such as Vourlidas et al. (2023),
have undertaken gap analysis efforts titled "The NASA
Space Weather Science and Observation Gap Analysis’
for the whole Sun-Earth system, the following analyses
offer a more comprehensive and synergistic examination
of gaps pertinent to the G3 Cluster where it involves
diverse communities including scientists, engineers, opera-
tors, various end-users, and policymakers working together
to reach a higher level of excellence collectively.

4.1. Common gaps across the board

e Data assimilative capabilities are urgently needed to
improve all space environment models.

e There is a great need to conduct impact (user needs) —
driven model validation efforts, which is a crucial pro-
cess for research to operation transition.

e Observations for the near-Earth radiation and space
plasma environment are still lacking in general (with
limited spatial and energy range coverage), including
those of direct measurements of space weather effects.

e There is lack of a central depot for space environment
models and lack of central depot for all effects tools/cat-
alogs (this review together with Jun et al. (2024) aim to
fill some of the gaps).

e Continuous communications/education between the
science community (space environment) and the end
user community are still much needed, particularly in
what the science community can better help with the
user community.

e There is lack of tailored/orbit (or region) specific prod-
ucts with better granularity (again emphasizes the need
for continuous dialogue/communications between dif-
ferent communities)

e The community needs to keep in mind to have channels
for knowledge capture and transfer.

e The ever-present challenge lies in the need for an anom-
aly database that records various effects experienced by
space hardware, electronics, aviation-related systems,
crews, and passengers.

4.2. Recommendations for filling the common gaps
4.2.1. Addressing observation needs

e One possible solution for filling the observational gaps is
to develop and/or procure low-cost, low-power con-
sumption, and compact sensor suites and fly them on
all future missions including smallsats (Millan et al.,
2019; Spence et al., 2022) to measure and quantify space
weather impacts (Zheng et al., 2023) in addition to the
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primary instrumentation. Boyd et al. (2023) demon-

strates even low-accuracy data are still helpful for anom-

aly resolution. Major observational gaps are:

o Heavy ions — high energy SEPs for spacecraft anom-
aly resolution and for aviation safety (and human
safety in space). Corti et al., 2023 have identified
energy gaps of SEP measurements (Fig. 1 in the
paper) and recommend distributed detector networks
at multiple locations. While hundreds MeV and
above particles pose radiation risks to aviation indus-
try and manned missions, >30 MeV SEPs can already
cause radiation effect concerns on space hardware.
Improving the current situation calls for the develop-
ment of uncomplicated, lightweight, and low-power
consumption instruments designed for the measure-
ment of SEPs, encompassing energy ranges
>300 MeV, while maintaining uncertainties below
30 %.

o Low energies and cold plasma is still poorly under-
stood and under-measured that is critical for scientific
understanding and for surface charging analysis.

o Need impact measurements (charging, radiation
effects, etc.) on more modern/recent spacecraft/space-
craft hardware.

We should make full use of the OSSE (Observing Sys-
tem Simulation Experiment) for optimizing future mea-
surements and strategic planning.

Commercial data buys have been proposed as a poten-
tial solution for obtaining critically needed data to
improve current space weather products and capabili-
ties. However, the actual value or feasibility of this
approach have yet to be examined. It is advisable to
leverage OSSE in the evaluation process (in addition
to other considerations) before such purchases.

Data calibration, standardization, and archiving are
vital but remain formidable tasks. These processes often
suffer from inadequate funding, support, and the appro-
priate level of recognition.

4.2.2. Addressing users’ needs

e To foster better collaboration and user engagement, it is

essential to establish and maintain continuous commu-
nication and feedback loops between developers of mod-
els and/or products (including impact analysis tools)
and the end users.

Improving end user experience and understanding
involves developing more comprehensive descriptions
and educational materials about the capabilities and
limitations of different space weather models and tools.
Additionally, increasing awareness among a diverse
range of user communities, including the public, stake-
holders, and policymakers, and educating them about
the effects of space weather on operational systems
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Table 10
Models for trapped particles and SEP fluence models.
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Models for Trapped Particles

AES/APS8 Solar min/solar max
IRENE-AEY9/ Data from variety of source
AP9/SPM
GREEN Consists of multiple models
OMEP-EOR Dedicated to short-duration missions solar array

degradations by 1-10 MeV protons

SEP Proton Fluence Model

Vette, 1991; Sawyer and Vette, 1976;
ESA, 2020

Ginet et al., 2013; Johnston et al., 2015;
O’Brien et al., 2018a

Sicard et al., 2018, 2019

Publicly available

https://www.vdl.afrl.af.mil/
programs/ae9ap9/
https://www.trad.fr/en/
space/omere-software/
publicly available
https://www.trad.fr/en/
space/omere-software/
publicly available

Brunet et al., 2021

JPL model >10 to >100 MeV energy range,
Cumulative mission fluence
ESP Model >1 to >300 MeV
the maximum entropy principle & log normal
distribution
SAPPHIRE Monte Carlo-based approach
Model

King, 1974; Jun et al., 2007; Feynman
et al., 2002
Xapsos et al., 1998, 1999, 2000, 2004

Crosby et al., 2015; Jiggens et al., 2018a,
2018b

and society is crucial. Furthermore, knowledge capture
and transfer initiatives must be established to ensure
the proper transition of our heritage and legacy, espe-
cially in the areas of impact testing, mitigation, and pre-
vention, to new generations.

e In the development of data assimilative capabilities for
modeling all space environments, it is essential to foster
collaboration with Earth Science and other relevant
communities, given their experience.

e The community should keep advocating for the anom-
aly database mentioned above — always a challenge
and a desired resource.

e We should keep pushing forward the community’s effort
in impact-driven model validation and assessment,
which is crucially needed. One short-term goal is to
expand various scoreboard activities for both scientific
research and practical applications.

e To better help users, it is essential to create specialized
tools and products tailored to specific orbits and
regions, offering a more granular approach, including
various LEO orbits (such as for proliferated LEO con-
stellations (O’Brien, 2021)), MEO (Medium Earth
Orbit), GEO, with fine distinctions.

e Centralized repositories/depots should be set up to facil-
itate convenient access to all models with adequate
information.

e A system science approach should be implemented to
transcend various ISWAT clusters and to extend its
application across different domains.

o Interdisciplinary and transdisciplinary work and collab-
oration should be promoted.

e Machine learning should be leveraged for improvement
of model boundary conditions and for optimization of
stand-alone models (Bortnik and Camporeale, 2021).
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4.2.3. Multi-purpose impact-driven model validation efforts

Due to its important roles in bridging different commu-
nities together and in providing assessment of model capa-
bilities, a brief description on what has been done
regarding ‘Multi-Purpose Impact-Driven Model validation
efforts’ is provided below. Such validation effort should be
one of the priorities from both science and end-user per-
spectives, with dedicated funding support.

All the above models have strengths and limitations.
Validation of model performance remains to be done both
for science and space weather application purposes. We
recommend continuous and devoted assessments be con-
ducted to compare these models and quantify their
errors/uncertainties. Based on that, users can decide which,
if any, they may want to use or perhaps take an ensemble
approach. Previous efforts aiming to connect the research
community with user communities have identified the
Essential Space Environment Quantities (ESEQs) that are
relevant for different space weather impacts resulting from
different space radiation and plasma populations (Zheng
et al., 2019; Meier et al., 2018; Yu et al., 2019b). The
ESEQs have been carefully chosen, directly related to cor-
responding impact-driven anomalies or translatable into
impacts (see Table 11, updated from Zheng et al. (2019)).
Such multi-purpose model validation efforts remain
immensely lacking and are the first steps needed in transi-
tioning any model into operations.

While our event/time period selections are mostly space
weather impact driven, coordinated efforts with other
model validation studies (even those more research-
focused) in different domains (such as G1 (Opgenoorth
et al., 2024), G2, and H clusters) are strongly recommended
and will also be carried out with overlapping time intervals.

More science-research focused model validation efforts
are recommended to take somewhat novel approaches


https://www.vdl.afrl.af.mil/programs/ae9ap9/
https://www.vdl.afrl.af.mil/programs/ae9ap9/
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https://www.trad.fr/en/space/omere-software/
https://www.trad.fr/en/space/omere-software/
https://www.trad.fr/en/space/omere-software/

Y. Zheng et al.

(in addition to the conventional ways) such as validating a
model performance from a system-wise response/behavior
perspective (Delzanno and Borovsky, 2022) instead of just
performing model and data comparisons for one variable
alone. We should answer the question “Do model simula-
tions behave in the same manner as the modeled system
does?” instead of the standard validation question ‘“How
well do simulations reproduce spacecraft data?”

4.3. Gaps and recommendations from each impact
perspective

Below we provide gaps and recommendations from each
impact perspective. Those have been mentioned in the com-
mon theme above will be omitted.

4.3.1. Relevant to surface charging

Cold plasma population, including its ion composition,
is not well measured or understood. But it is critical for
plasma waves, ring current and radiation belt particle
dynamics and is a critical element for surface charging.

The cold populations are poorly understood, partly due
to the scarcity of proper observations and challenges for
measuring them. Yet cold plasma plays important roles
in generating different types of waves and controlling wave
characteristics (e.g., Ripoll et al., 2023). For example, it
affects chorus and EMIC (electromagnetic ion cyclotron)
wave-particle interactions, controls ULF radial diffusion,
dictates the location of hiss versus chorus waves, and
reduces chances of spacecraft charging when the abun-
dance of cold plasma is high. Cold plasma serves as an
important mediator for ring current and radiation belt
dynamics. The cold plasma density in the near-Earth
region is a critical parameter for global space weather mod-
els, known to affect global magnetospheric dynamics. Its
global impacts are reviewed in Delzanno et al. (2021).

Other critical gaps for ring current population include
(1) tail/plasma sheet connections (seed population); (2)
wave effects.

Here are some recommendations for the next 5-
10 years.

1. We need carry out more user-oriented model validation
(including participation of different types of models and
newly developed ones). Such model validation efforts
will help identify modeling inadequacy and directions
for improvement.

2. Modeling the space environment relevant to surface
charging from a system perspective is critically needed.

3. Improving the measurement, understanding, and model-
ing of the cold plasma population is essential, as men-
tioned above.

4. A better understanding of daylight charging and its sig-
nature is needed. We need to have a better grasp
whether surface charging is an issue for LEO assets.
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4.3.2. Relevant to internal charging

Major gaps in Understanding the Radiation Belt Environ-
ment include:

e There is still lack of a quantitative understanding of the
tail/plasma sheet connections (source/seed population)
with radiation belt dynamics.

e The lack of a quantitative understanding of nonlinear
wave-particle interactions, particularly with respect to
large amplitude waves, time-domain structures, and Alf-
ven waves, poses a significant challenge in understand-
ing the ‘killer’ electrons contributing to internal
charging.

e Gaps exist in our understanding and accurate modeling
of rapid fluctuations in radiation belt electron dynamics,
especially when involving shock impingement as studied
by Yue et al. (2017), Zong et al. (2021), and Zong (2022),
dynamic tail reconfiguration, and other related
phenomena.

Observational gaps:

e To advance our understanding of spacecraft charging
effects and their impact on space hardware, it is crucial
to conduct missions akin to SCATHA (Spacecraft
Charging AT High Altitudes) launched in 1978. The
SCATHA mission (McPherson et al., 1975), known
for its comprehensive measurements of charging effects
and satellite material responses, as well as simultaneous
observations of electrons and ions within the energy
range of 1 to 107 electron volts (eV), remains a corner-
stone of our knowledge of satellite charging in this field.
In essence, there is a pressing need for more direct mea-
surements to assess space weather’s influence on space
hardware, a viewpoint advocated by Zheng et al. (2023).

e Global coverage of 300 keV-10 MeV electron flux with
on-orbit sensor data, to close gaps in MEO and for
HEO. Data buys from commercial satellites could allevi-
ate some of the problems (e.g., GPS)

e Ready to use tools/algorithms to connect LEO (prolifer-
ated LEO) measurements to GTO (Geosynchronous
Transfer Orbit)

4.3.3. Relevant to SEEs

There remain large gaps in understanding the environ-
ment that results in SEEs, especially in the near-Earth
region.

SEPs (one major source for SEEs) in the near-Earth
region

e Limited observations
e Not well-characterized



Y. Zheng et al.

Table 11
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Essential Space Environment Quantities (ESEQs): their corresponding impacts and temporal scales.

Impacts Impact Quantity

ESEQ Time Scales

>10 keV e- flux

>100 fA/cm? (100 mils)

SEE rate (100 mils)

Dose in Silicon (100 mils; 4 mils)

Surface Charging

Internal Charging

Single Event Effects

Total Dose in orbit and in the
atmosphere

Aviation Dose rate in aircraft

(D-index) and single event rates in

avionics

seconds

24-hour, 72hr averaged
5-min, daily, weekly (worst)
S-min, Hourly, Daily, weekly,
yearly

>10 keV e- flux; Te; Ne

1 MeV and > 2 MeV e- flux

>30 MeV p + flux

30-50 MeV p + flux; >1.5 MeV e-
flux

1-10 MeV p+

>300 MeV p + flux;

spectral parameter (power

law with rigidity)

S-min, Hourly

e Access to the region depends on geomagnetic activities/-
magnetic field (rigidity cutoff)

More details on the recommendations of SEPs can be
found in Guo et al., 2024 (this issue).
Specification of SEPs in the Magnetosphere

e Developing a unified and accurate SEP model/or well-
validated model(s) for the magnetosphere remains as a
major gap. Notably, results from Leske et al. (2001)
demonstrate that even a modest 5° equatorward shift
in the average geomagnetic cutoff can result in more
than a 2.5-fold increase in the duration during which
the ISS is situated within the polar cap, thus exposed
to heightened levels of energetic particles.

e There is great need to model the space environment rel-
evant to SEPs in geospace from a system perspective.
Scientists working on SEPs in the solar and heliospheric
physics domain should work together with scientists (far
fewer) working in the magnetospheric domain.

e Observations at different altitudes/longitudes are impor-
tant to see transport of SEP.

e Ground-based observations (such as neutron monitors)
about SEP including GLE at different latitudes are
essential to monitor SEP variations.

4.3.4. Relevant to radiation effects at aviation altitudes

e Developing a strategy for continuous measurements and
identifying the regions that need those measurements are
essential. These measurements serve a dual purpose:
first, to enhance the quality of model inputs, particularly
in terms of energy spectra, and second, to facilitate
robust model validation.

e We should strive to increase measurements on multi-
platforms (balloons, airplanes, ISS, etc.), especially dur-
ing SEP events. Efforts include:

e Characterizing radiation measuring instruments

e Defining standards of radiation monitoring at aviation
altitudes.

e Developing data assimilative capabilities

e We should take advantage of ensemble modeling as it is
good for helping define the uncertainties in the system.
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e We should increase our efforts in the realm of model val-
idation, a task of utmost importance. This is exemplified
by the situation in the International Civil Aviation
Organization (ICAO) space weather advisory centers,
where different aviation radiation effects models are
employed, yet these models exhibit significant discrepan-
cies and lack consensus with each other.

e Aviation products must shift towards an impact-based
approach, such as the D-scale introduced by Meier
and Matthid (2014), rather than relying on an
intensity-based framework like the S-scale. This transi-
tion should ensure that these products are user-
friendly and feature uniform color schemes for consis-
tency across the various product types.

e When issuing aviation related data products, it is essen-
tial to include, at the very least, two critical parameters:
(i) the dose rate in silicon, (ii) the dose rate in tissue, and
(1i1) neutron fluxes for SEE rates.

Various considerations on how to improve space
weather observations and modeling for aviation radiation
are provided and discussed in Bain et al. (2023).

4.3.5. Relevant to total dose

Gaps and recommendations in terms of total dose effects
are provided in Jun et al. (2024). As the environment mod-
els that are used for total dose assessment are all empirical,
one critical need and recommendation is to make more
measurements and at orbits where data are even more
sparse. Other gaps and recommendations include agreeing
upon a unified statistical approach in building models as
different methods can lead to a factor 3-5 difference in mis-
sion fluence estimate. While current practice in assessing
total dose effects ignores geomagnetic shielding (worst-
case scenario), such magnetic shielding should be included
for more accurate and realistic environment estimates in
the future.

5. Summary

The G3 cluster is very complex. It includes a wide vari-
ety of particles covering a wide range of energies where
they may be involved with a wealth of physical processes,
this review focuses on space weather impact aspects of



Y. Zheng et al.

these populations in terms of science and applications.
While some detailed recommendations are mentioned
above, here we just stress a few key points. The near-
Earth radiation and plasma region should be studied and
modeled using a systems approach and as one component
of a large and connected system. Global linkages with
other regions/ISWAT clusters should always be kept in
mind. Another critical need is multi-purpose model valida-
tion efforts that facilitate and help accelerate R202R
(Research-to-Operations and Operations-to-Research)
activities. Continued dialog and interactions among
science, operations, engineering, and other user communi-
ties is also crucial. Seeking innovative ways of carrying out
measurements and filling data gaps is desired. Machine
learning/AI (Artificial Intelligence) and open science plat-
form/culture should be explored and optimized (e.g.,
Camporeale, 2019; Bortnik and Camporeale, 2021;
Camporeale et al., 2022b) to push progress forward.
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Appendix A. Acronyms

In the order of their appearance

SEE Single Event Effects

GCR Galactic Cosmic Ray

SEP Solar Energetic Particle

G3 Near-Earth Radiation and Plasma
Environment of the Coupled Geospace
System

COSPAR Committee On Space Research

ISWAT International Space Weather Action Teams

CME Coronal Mass Ejection

TD Total Dose

LEO Low Earth Orbit

PCA polar Cap Absorption

HF High Frequency

NOx Nitrogen Oxides

HOx Hydrogen Oxides

IESD Internal ElectroStatic Discharge

LET Linear Energy Transfer

EEE Electrical, Electronic, or Electromechanical

SAA South Atlantic Anomaly

PAMELA Payload for Antimatter Matter Exploration
and Light-nuclei Astrophysics

MBU MultiBit Upset

MCU MultiCell Upset

ASICS Application Specific Integrated Circuits

SEB Single Event Burnout

MOSFET Metal-Oxide-Semiconductor Field-Effect
Transistor

SPEs Solar Particle Events

ICRP International Commission on Radiological
Protection

EU European Union

FAA Federal Aviation Administration

MEA More Electric Aircraft

TID Total Ionizing Dose

MOS Metal-Oxide-Semiconductor

Si02 Silicon Dioxide

DDD Displacement Damage Dose

CCD Charge-Coupled Device

THEMIS Time History of Events and Macroscale
Interactions during Substorms

MMS Magnetospheric MultiScale

RAM-SCB  Ring current-Atmosphere interactions
Model (RAM) with Self-Consistent B field

(SCB)
CIR/SIR Corotating Interaction Region/Stream
Interaction Region
ENA Energetic Neutral Atom
MHD Magnetohydrodynamics
GICs Geomagnetically Induced Currents
LFM Lyon-Fedder-Mobarry

BBFs Bursty Bulk Flows
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(continued)

SEE Single Event Effects

DFs Dipolarization Fronts

GAMERA  Grid Agnostic MHD for Extended
Research Applications

CHIMP Conservative Hamiltonian Integrator for
Magnetospheric Particles

IMF Interplanetary Magnetic Field

ANGIE3D  AuburN Global hybrld codE in 3-D

CIMI Comprehensive Inner Magnetosphere-
Tonosphere

SAPS Sub-Auroral Polarization Streams

SAID Sub-Auroral Ion Drift

FACs Field-Aligned Currents

RCM Rice Convection Model

MAGE Multiscale Atmosphere-Geospace
Environment

CGS Center for Geospace Storms

TIEGCM Thermosphere Ionosphere Electrodynamics
General Circulation Model

REMIX RE-developed Magnetosphere-lonosphere
Coupler/Solver

MSM Magnetospheric Specification Model)

MSFM Magnetospheric Specification and Forecast
Model

VERB4D Versatile Electron Radiation Belt-4D

IMPTAM Inner Magnetosphere Particle Transport
and Acceleration model

GEO geostationary orbit

Fok-RC Fok Ring Current

Fok — RBE  Fok Radiation Belt Environment

SWMF Space Weather Modeling Framework

iISWA integrated Space Weather Analysis

CCMC the Community Coordinated Modeling
Center

PAGER Prediction of Adverse effects of
Geomagnetic storms and Energetic
Radiation — PAGER

SHIELDS Space Hazards Induced near Earth by
Large, Dynamic Storms

EnKF Ensemble Kalman Filter

RMS Root Mean Square

EMIC Electromagnetic Ion Cyclotron

SEA Superposed Epoch Analysis

NOAA National Oceanic and Atmospheric
Administration

POES Polar-orbiting Operational Environmental
Satellite

ULF Ultra Low Frequency

GEM Geospace Environment Modeling

MLT Magnetic Local Time

VLF Very Low Frequency

ELFIN Electron Losses and Fields Investigation

RBC Radiation Belt Content
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SEE
BAS-RBM

SaRIF
DREAM
CRRES
RB-FAN

REFM
SWPC
NICT

ORIENT-R
ORIENT-M
NARMAX

SHELLS
SEAES-FC

RB-Daily-E

CXD
SINP MSU

IRENE

GREEN
SDRBM-e

ANNSs
CREME
ISO

BON 2020
AMS-02
CRIS

DLR

ESP
SAPPHIRE

VESPER

AMPS
SPAM
ISS
CIDs
GLE
CARI
MCNPX
I1SO

Single Event Effects

British Antarctic Survey — Radiation Belt
Model

Satellite RIsk prediction and radiation
Forecast

Dynamic Radiation Environment
Assimilation Model

Combined Release and Radiation Effects
Satellite

Radiation Belt Forecast And Nowecast
activity

Relativistic Electron Forecast Model
Space Weather Prediction Center
National Institute of Information and
Communications Technology

Outer RadlIation belt Electron Neural net
model for Relativistic electrons

Outer Radiation belt Electron Neural net
model for Medium

Nonlinear AutoRegressive Moving
Average models with eXogenous input
Specifying High

Space Environment Anomalies Expert
System — Flow Chart

The Radiation Belt Daily Average Electron
flux model

Combined X-ray Dosimeter

Skobeltsyn Institute of Nuclear Physics of
Moscow State University

International Radiation Environment Near
Earth

Global Radiation Earth Environment)

5 Dimensional Radiation Belt Model for
electrons

Artificial Neural Networks

Cosmic Ray Effects on Micro-Electronics
International Standards Organization
Badhwar-O’Neill 2020

Alpha Magnetic Spectrometer

Cosmic Ray Isotope Spectrometer
German Aerospace Center

Emission of Solar Protons

Solar Accumulated and Peak Proton and
Heavy Ions Radiation Environment
Virtual Enhancements-Solar Proton Event
Radiation

Adaptive Mesh Particle Simulator

Solar Particle Access to the Magnetosphere
International Space Station

Cardiac Implanted Devices

Ground Level Enhancement

Civil Aeromedical Research Institute
Monte Carlo N-Particle Extended
International Standard Organization

SEE Single Event Effects

WASAVIES WArning System for AVIation Exposure to
Solar Energetic Particles

PHITS Particle and Heavy Ion Transport code
System

NAIRAS Nowcast of Aerospace lonization
RAdiation System

TRP Trapped Protons

AU Astronomical Unit

CISM Center for Integrated Space weather
Modeling

HZETRN High-Charge-and-Energy (HZE)
TRaNsport computer program

RoR Run-on-Request

PANDOCA Professional AviatioN DOse CAlculator

SOLARDOS Assessment of the Radiation Exposure due
to Solar Particle Events at Aircraft Altitude

JAM Jet AA Microscopic Transport Model

JQMD Jaeri Quantum Molecular Dynamics

IGRF International Geomagnetic Reference Field

SIEVERT Systeme d’information et d’évaluation par
vol de I'exposition au rayonnement
cosmique dans les transports aériens (in
English “System for Information and In-
Flight Assessment of Cosmic Radiation
Exposure in Air Transportation”)

EPCARD European Program Package for the
Calculation of Aviation Route Doses

AVIDOS Aviation Dosimetry — Software Package
for European Accredited Aviation
Dosimetry

MAIRE+ The new Model for Atmospheric lonising
Radiation Effects

MOSWOC  Met Office Space Weather Operations
Center

QARM the QinetiQ Atmospheric Radiation Model

ICAO International Civil Aviation Organization

ARMAS Automated Radiation Measurements for
Aerospace Safety

COTS Commercial-Off-The-Shelf

OSSE Observing System Simulation Experiment

MEO Medium Earth Orbit

ESSQs Essential Space Environment Quantities

SCATHA Spacecraft Charging AT High Altitudes

GTO Geosynchronous Transfer Orbit

R202R Research-to-Operations and Operations-to-
Research

Al Artificial Intelligence
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