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Abstract— Context: Reliable prediction of space radiation exposure is critical for safeguarding spacecraft
systems and ensuring astronaut health during missions. Accurate radiation risk assessment for space
mission requires advanced models of the Earth’s trapped proton environment. These models must reflect
temporal variations driven by geomagnetic field evolution and solar cycle modulation. Existing static
models, such as AP8 and IRENE-AP9, are not designed to fully capture these evolving conditions. Aims:
This paper presents a dynamic modeling method for the prediction of trapped proton fluxes, which incor-
porate time-dependent variations due to geomagnetic field evolution and solar cycle fluctuations. Methods:
The new model consists of two primary components. The first model component calculates flux within a
strictly adiabatic geomagnetic system. The second model component quantifies atmospheric collisional
losses with solar cycle modulation embedded. The final flux is obtained by applying the collisional loss
function to the output of the adiabatic system. Model development is based on cleaned and cross-calibrated
satellite observations from the Relativistic Proton Spectrometer (RPS-b) onboard the Van Allen Probes
(2013) and the Space Environment Monitor (SEM2) onboard POES satellites (1998-2013). This study
utilizes satellite observations of protons with energies greater than 70 MeV. Although the current imple-
mentation addresses only this integral energy bin, the methodology is designed to be extensible to a broader
energy range. Results: The model reproduces the observations with high accuracy. It captures the north-
westward drift of the South Atlantic Anomaly (SAA), solar cycle variations, and hysteresis effects. It also
successfully reconstructs the SAA’s 1965 location. Conclusion: The present work demonstrates a model of
the integral proton flux above 70 MeV. This model’s physics-based structure effectively represents trapped
proton dynamics and provides a foundation for future expansion to full energy spectrum and angular-

dependent flux configurations.
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1 Introduction

The inner Van Allen Belt, extending from several hundred
kilometers to nearly two Earth radii, contains dense population
of energetic protons. These arise from a dynamic balance of
many processes, including cosmic ray albedo neutron decay
(CRAND), solar energetic particle injections, collisional losses,
and radial diffusion (Singer, 1958; Farley & Walt, 1971; Farley
et al., 1972; Baker et al., 2018; Li & Hudson, 2019). The inner
belt comes closest to Earth’s surface in the South Atlantic
Anomaly (SAA), where weaker magnetic field strength results
from the dipole tilt, field eccentricity, and the offset from Earth’s
geodetic center (Stassinopoulos et al., 2015). Intense trapped
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proton fluxes pose significant radiation risks to spacecraft
systems and crew in this environment, making accurate model-
ing essential for mission planning and risk assessment (Jun
et al., 2024).

Gradual geomagnetic field changes, coupled with atmo-
spheric interactions, can significantly alter the trapped proton
environment over decades (Heynderickx, 1996). The static
AP8 model, based on observations in 1960s (Vette, 1966;
Sawyer & Vette, 1976), no longer provides reliable estimates
for current missions (Daly et al., 1996; Heynderickx et al.,
1996a; Badavi et al., 2006). In addition, solar activity influences
both particle source mechanisms and atmospheric interactions.
This produces flux variations over the solar cycles which are
particularly pronounced at altitudes below 1000 km (Nakano
& Heckman, 1968; Dragt, 1971; Huston & Pfitzer, 1998;
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Huston et al., 1998; Qin et al., 2014; Li et al., 2020). While the
AP9-International Radiation Environment Near Earth (IRENE-
AP9) model incorporates a broad observational dataset and pro-
duces statistical outputs (Ginet et al., 2013; Johnston et al.,
2015), at the time of this study, it does not explicitly incorporate
solar cycle modulations. This limits the applicability for certain
mission radiation risk assessments. This is especially true for
human missions to Low Earth Orbit, which tend to last less than
a year — a small fraction of the full solar cycle.

Trapped charged particles have three basic motions: gyration
around the guiding magnetic field lines, bouncing between
mirror points and drifting longitudinally around the Earth. The
location of a particle’s drift shell within the radiation belts is
commonly characterized by the Mcllwain L parameter
(Mcllwain, 1961). A particle’s equatorial pitch angle o follows
the relation /By /B = sin («), where B is the local field strength
and By is the equatorial magnetic field strength of the drift shell.
Particles with lower equatorial pitch angles reach lower altitudes.
For particles reaching low altitudes (<1000 km), the probability
of atmospheric loss increases sharply as altitude decreases. The
minimum equatorial pitch angle (e,,) required for a particle to
complete the longitudinal drifts around the Earth defines the drift
loss cone angle. From the perspective of a given location, flux at
geomagnetic coordinates (L, o) includes particles with equatorial
pitch angle in the range [o,,, o].

A key parameter for understanding how the trapped envi-
ronment responds to secular changes in the geomagnetic field
and solar cycle modulations is H,,;,, which has two context-
dependent but physically unified definitions. For a location, it
represents the lowest altitude among its equivalents in geomag-
netic coordinates (L, «); for a particle, it is the minimum mirror
altitude along its bounce-drift shell. Thus, a particle with drift
shell L and equatorial pitch angle o shares the same H;,
(L, o) as the corresponding geomagnetic location.

The residence time of a trapped particle, i.e., the duration
from being trapped to loss, is strongly influenced by the atmo-
spheric density along its drift shell. Particles with H,;, in the
high-altitude region can remain trapped for extended periods
(Selesnick et al., 2007), while those with H;, in the low
altitude region are removed more rapidly due to increased
atmospheric interactions. At the so-called atmospheric cutoff
altitude (~100 km), the atmospheric density becomes so high
that any particles reaching this altitude are lost through
collisions.

Ongoing changes in Earth’s geomagnetic field lead to a
decreasing trend in H,;,(L, o) (Farley et al., 1972; Lemaire
et al., 1990; Selesnick et al., 2007). As a result, particles con-
fined to a given drift shell (L, o) reach lower altitudes at later
epochs, leading to an increase in o, and a narrowing pitch angle
range [o,,, o]. Additionally, particles mirroring at low altitudes
within the same drift shell in later epochs are more likely lost
due to increased atmospheric interactions. This explains why
coupling 1960s observation-based AP8 flux database with the
geomagnetic fields of later epoch’s results in unrealistic overes-
timates of proton flux in the SAA.

Solar cycle modulation of the trapped proton environment is
primarily through solar activity-induced atmosphere density
changes. Its effect on CRAND is relatively small (Selesnick
et al., 2007; Bruno et al., 2021). Heightened solar activity heats
Earth’s upper atmosphere, increasing density and collisional
loss. Proton flux at low altitudes typically peaks near solar

minimum when the atmosphere is coolest. A notable feature
at the higher altitudes within the low-altitude region is the
hysteresis effect, a delayed response in flux maxima or minima
(Huston et al., 1998; Qin et al., 2014). This delay is related to
the residence time of particles mirroring at these locations;
longer residence times enable the influence of earlier solar con-
ditions to persist and manifest in subsequent observations.

2 Satellite observations for model
development

Developing a dynamic model of Earth’s trapped proton
environment requires long-term, high-coverage observational
data, ideally with high spatial resolution. The Van Allen Probes,
launched in September 2012, consisted of twin satellites in
highly elliptical orbits, with L-shell values ranging from 1.1 to
7 and altitudes spanning from several hundred kilometers to
approximately 30,000 km. They provided extensive coverage
of a broad region of the inner belt, including the locations with
the highest proton fluxes. In contrast, the POES satellites, orbit-
ing at ~840 km with an inclination of 98°, provided extensive
spatial and long-term observations of the SAA region (Evans
et al., 2008). Together, these datasets offer valuable insight into
the evolving trapped proton environment.

The SEM2 instrument onboard the POES satellite provided
proton count data for the >16 MeV, >36 MeV, >70 MeV, and
>140 MeV energy channels (Evans & Greer, 2004). The RPS
instruments onboard the Van Allen Probes measured protons
across a broader energy range of approximately 60 MeV to
2000 MeV using 20 discrete channels (Mazur et al., 2013). As
this work focuses on developing a dynamic modeling methodol-
ogy for the trapped proton environment under an evolving
geomagnetic field and varying solar cycle modulations, this
analysis is limited to a single energy bin for the >70 MeV
trapped protons. The POES dataset used in this work for model
development consists of 16-second averaged Level 2 proton
count data from NOAA-15 spanning from June 1, 1998, to
December 31, 2013." The RPS dataset comprises the 1-minute
averaged level-2 proton observations from year 2013.”

Extensive data processing is performed to prepare satellite
observations for model development. This includes calculating
the RPS I-minute integral flux of >70 MeV protons by sum-
ming the product of channel flux and channel energy width;
computing yearly averaged >70 MeV POES measurements,
binned into 1° longitude by 1° latitude grid boxes for each year
from 1998 to 2013; calculating key magnetic field parameters,
such as L-shell value, B, o, and H,,;, for each data point;
removing background contributions from galactic cosmic rays
(GCR); and performing cross-calibration between RPS and
POES >70 MeV proton flux observations.

The twin RPS instruments (RPS-a and RPS-b), which
follow nearly identical orbits, are expected to record similar
fluxes. However, significant discrepancies exist between their
measurements. Given their similar orbital configurations, these
differences are likely due to measurement artifacts rather than

' Downloaded from https://www.ncei.noaa.gov/data/poes-metop-
space-environment-monitor/access/12/v01r00/.

2 Downloaded from https://cdaweb.gsfc.nasa.gov/pub/data/rbsp/rb-
spb/12/rps/psbr-rps-1min/2013/.
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Figure 1. Flux observations (>70 MeV protons) by RPS-b and POES (cross-calibrated to RPS-b) in year 2013 at locations with H,,,;, above
100 km in two different coordinates: Left, (L, B/By); Right, (L, Huin/Hmin.cq)- Dashed line: Hy,;, (L) = 1000 km, the reference line to separate the

low-altitude region and the high-altitude region of the environment.

the environment (O’Brien et al., 2021). It is found that
equatorial fluxes, generally recognized as relatively stable over
time, have good agreement between RPS-b observations and the
simulations by IRENE-AP9 (V1.57, mean), whereas RPS-a
observations are substantially lower. Since the IRENE-AP9
V1.57 fluxes have been extensively cross-checked and cali-
brated against multiple satellite datasets, RPS-a measurements
are excluded from this model development. In summary, only
RPS-b and POES measurements are used in this work.

In cross-calibrating the RPS-b and POES measurements for
>70 MeV proton fluxes, a technique similar to that used in the
IRENE-AP9 model database development (Ginet et al., 2013) is
employed. Measurements from RPS-b and POES in 2013 are
compared over the same geomagnetic region (L: 1.2-1.5,
Hnin > 500 km), where the background noise and GCR contri-
butions are negligible relative to trapped proton fluxes. Analysis
indicates that observations from the two satellites are approxi-
mately proportional, with POES measurements consistently
several times larger. To align the datasets, a downscaling factor
of 3.42 is applied to POES observations to match the RPS-b
observation. This scale factor is consistent with the value
reported in the release note and model validation report of
IRENE-AP9 V1.50 (IRENE development team, 2017a, 2017b).

Analysis shows that storm-time solar energetic proton injec-
tions have very limited impact on the POES >70 MeV channel,
even during highly active periods such as 2003. Therefore, no
specific filtering is needed to remove the possible storm-time
solar energetic proton injections. The yearly GCR background
is extracted from POES observations at locations with H;,
lower than 100 km and is described as a function of L. When
subtracting the GCR background from RPS measurements, alti-
tude-dependent variations due to Earth’s shadowing are taken
into account.

The geomagnetic parameters for each data point are com-
puted using the International Geomagnetic Reference Field

model (IGRF-12; Thébault et al., 2015), with the epoch set to
the midpoint of the observed year. The L parameter is computed
with the method developed by Kluge (1972) and later modified
by Bilitza (1992). The value of By, is computed as M/L?, where
M is Earth’s dipole moment for the given epoch. H,;, is calcu-
lated using a quadratic function of In(B/B,) for a given L-shell,
following the approach suggested by Heynderickx et al.
(1996b). Instructions and the coefficient tables for calculating
H,i, within the internal geomagnetic fields of AP8 and the
IGRF-12 geomagnetic fields (covering epochs from 1995 to
2020 at 5-year intervals) are provided in Section 1 of the
Supplement.

Figure 1 shows processed >70 MeV proton observations
from RPS-b and POES at locations with H,;,, above 100 km
for year 2013. The left panel uses the (L, B/By) coordinate
system, while the right panel uses (L, Humin/Hmineq) 10
better visualize the spatial dependence of the flux distribution.
Hnineq denotes the H i, of the equatorial locations of the drift
shell.

3 Model development

3.1 Modeling framework

The new model represents the trapped proton environment
as the product of two primary components: one computes
flux within a strictly adiabatic geomagnetic system, and
another quantifies atmospheric collisional losses. In the strictly
adiabatic system, the proton flux f'at a given location (L, X) is
expressed as

f(LvX):NO(L)'g(L7X)’ (1)

where the L-shell represents particle’s drift shell and X the
bounce location. N, (L) denotes the flux of the adiabatic system
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on the geomagnetic equatorial plane. g(L, X) is the geomagnetic
field confinement function, which gives the relative flux at the
location normalized to Ny (L). X is determined by the approach
used in the g function. Two forms of the g function, g, (L, B/By)
and gy(L, Hpyin), are independently developed in this work in
Section 3.3.

Detailed in Section 3.4, the function 7(H,;,,s) provides a
scale factor reflecting the impact of collisional loss, where s is
a solar cycle activity component. The » function is built upon
a scaled atmospheric density function associated with the H,,;,
of the location. With atmospheric collisional loss accounted for,
the proton flux in Earth’s trapped environment is calculated as

f(L,X,s) =No(L) -g(L,X) [l = r(Hmn,s)]. (2)

3.2 No (L)

Due to the lack of high-quality, cross-calibrated equatorial
observations spanning multiple decades, incorporating long-
term variation into N, (L) is currently impractical. With support
from both theoretical reasoning and observational evidence, the
model treats Ny (L) as time independent.

In a slowly evolving geomagnetic system marked by a
weakening dipole moment and contracting drift shells, varia-
tions in N, are expected to be subtle. Lemaire & Singer
(2012) projected that fluxes decrease with the dipole weakening,
while other studies indicated that shell contraction may increase
flux (Farley et al., 1972; Selesnick et al., 2007). These opposing
effects likely offset one another to some extent. Given the slow
pace of geomagnetic field change relative to the model’s
intended time applicability, significant variation in Ny (L) over
several decades is unlikely.

Observational data provide further support for the assump-
tion of Ny (L)’s temporal stability. Equatorial measurements
remain relatively stable in regions where geomagnetic distur-
bance is minimal (He et al., 2023). In comparison, N, has
greater stability, since it is unaffected by variations in atmo-
spheric collisional loss driving by geomagnetic field changes
or solar modulation.

From a theoretical standpoint, N, is not directly observable.
Equatorial measurements include contributions from particles
mirroring at low altitudes, where atmospheric collisional losses
reduce flux intensity. As a result, the equatorial measurements
inherently include the effects of atmospheric interaction,
although such effects are likely minimal at many equatorial
locations.

Constructing N, (L) from observations requires isolating it
from atmospheric collisional loss effects. As the systematically
available equatorial measurements (denoted as fcq) in this work
are limited to 2013, N, (L) in the model is given by

B Jeq.2013(L)
No(L) = 1-— rzolaq(Hmi““"f (L), 5)

: (3)

where foq 2013 (L) is foq of year 2013 and 72913 (Hmineq (L), 5)
is "(Hin, §) specified for the geomagnetic equatorial locations
for year 2013. Extracted from the 2013 observations with
B/(By) < 1.02, foq 2013 is shown in Figure 2.

Replacing the N, (L) in equation (2) with the expression in
equation (3) results in:

f;:q,2013(L)
1 = ra013 (Hmineg (L), 5)

f(L7X7S): 'g(LaX)'[lfr(Hmims)]‘

4)

This formulation is subsequently used to fit the observational
data during the model development and serves as the basis
for constructing the g and r functions.

3.3 Geomagnetic field confinement functions

This section presents the derivation and numerical formula-
tions of the g;, (L, B/By) and g;(L, H,;,) functions, which com-
pute the relative flux at a given location, normalized to N, (L),
within a strictly adiabatic magnetic system.

A g, (L, B/By) function

The distribution of trapped particles along the field line is
highly dependent on the local magnetic intensity. The local flux,
denoted J(L, B), can be computed by integrating contributions
from particles with equatorial pitch angle in the range of
[0, o]. A commonly used equatorial pitch angle distribution
(PAD) form is [sin(o;)]"? (Selesnick et al., 2014; Ni et al.,
2015; Shi et al., 2016; Roussos et al., 2018; Xu et al., 2019;
Greeley et al., 2021). Accordingly, with the equatorial flux
at 90° for a given L-shell denoted as j, (L), the local flux
J(L, B) is calculated using the integral formulation provided
in Roederer (1970):

cos (2)
J(L,B) = - / Jo(L) - [sin (e)]"

0 Jcos(x)

cos (o)
\/1 — g (1 —cos? ()
Function g;, (L, B/By), the relative flux normalized to Ny (L), is

calculated by J(L, B)/Ny (L). Since Ny (L) = J(L, By), function g
(L, B/By) is given as

. <L B) _J(L,B)

d(cos (). (5)

'By)  J(L,Bo)
B%/cos(acm) (sin (Oci))k(L) . cos (OCi) d(COS ((xi))
cos (2) \/1 - B% (1 — cos? (o))
= cos (o) L
/0 (sin (o)) @ -d(cos (o))
(6)

It is worth noting that in an evolving geomagnetic field, the time
dependence in g, (L, B/By) is obtained through the time varia-
tion in o, (L).

Calculations using equation (6) require the value of a,, of
the shell, or equivalently, the corresponding magnetic field
strength B,,. For a particle to complete the longitudinal drift
around the Earth, the minimum altitude of its gyration-
bounce-drift orbit is required to be above Earth’s surface. Accu-
rate determination of B,, involves a three-dimensional search for
the lowest mirroring point where the vertical component of the
particle’s gyration radius equals H,(L, «,). Trapped protons
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Figure 2. Equatorial fluxes (>70 MeV protons) as a function of L-shell value. Discrete data points: observations in year 2013 by RPS-b for

locations with B/B, < 1.02; Solid line in red: foq2013-

come closest to Earth’s surface in the SAA region. To simplify
the analysis, an approximation is used for the vertical compo-
nent of the gyration radius near Earth’s surface within this
region. Using the formulation in Armstrong et al. (1990), the
gyration radius of a 100 MeV proton at the Earth’s surface in
the SAA is approximately 60 km. Slightly smaller than the full
gyration radius, the vertical component is approximated as 50
km. Accordingly, Hpin(L, o,,) = 50 km is used to estimate the
corresponding By,

Since the integration over the equatorial pitch angle range
[0, ®] cannot be performed analytically, a numerical approach
is used in this work. To minimize uncertainties, the integration
is carried out using a fine step size; specifically, one hundredth
of the width of the equatorial pitch angle range [o.,,,, ] is used in
the calculations presented in this work.

To determine the geomagnetic location dependence of
component k, analysis of high-altitude RPS-b observations indi-
cates that, for a given particle energy, modeling & as a function
of L-shell alone is sufficient (see Fig. 3). Accordingly, construct-
ing the g;, function for >70 MeV protons reduces to numerically
specifying the component i(L).

B g (L, Hmin) function

The g function has a value of 1.0 at the equatorial location.
As the location moves along the field line toward Earth’s sur-
face, it decreases gradually and reaches zero at the location
where the corresponding equatorial pitch angle o equals o,.
To capture this behavior, a power-law function is deliberately
chosen:

L, Hin
Hmin - Hmin(L7 me) l ) (7)
) .

L Hmin =
gh( ’ ) (Hmin,eq(L) - Hmin(La O(m

Preliminary analysis based on RPS-b observations indicates
that, for a given particle energy, it is adequate to model the
exponent # as a function of L-shell alone (see Fig. 4). With H,,;,
(L, o,,) approximated as 50 km, as discussed in Section 3.3A,
the g, (L, Hyin) equation simplifies to:

Hpin — 50 \"™"
L Hy)=|——""+-——— . 8
gn(L Ho) (HWAL) d 50) 8)

The remaining task in building the g; function for >70 MeV
protons is to numerically determine the component #(L).

3.4 Collisional loss function with solar cycle
modulations

This section presents the derivation and numerical formula-
tion of the collisional loss function r. Using collision theory
(Pechukas, 1976), collisional loss rate is quantified by the fol-
lowing function:

r(Hmin,S) =1- efa/’<HmmAS). (9)

In the equation, « is a collisional interaction coefficient and p is
a scaled atmospheric density that depends on the Hy, of the
location and solar cycle activity parameter s. The function
r(Hpmin, §) increases with p, ranging from 0 (no collisional loss
on local flux) to 1 (complete particle loss).
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Figure 3. y, >70 MeV proton flux observations normalized to foq(L), as a function of B/Bj in six L shells of the IGRF field for year 2013.
Discrete data points: based on observations by RPS-b at high altitudes (H,;, > 1000 km) in year 2013; Solid line: g; function, computed with
value of k indicated (see Eq. (6)).
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The scaled atmospheric density component p(H,n, §) is
computed using a formulation similar to those used for estimat-
ing atmospheric density at satellite altitudes (Walker, 1964;
Martin, 1965; Jacchia, 1970; Emmert, 2015):

H

p(Homs) = ¢ )] | (10)

In this expression, the solar modulation effect is incorporated
into the atmospheric scale height term, z; + z»s, where both z;
and z, are positive-valued parameters.

The solar radio flux at 10.7 cm, known as F10.7 and having
a long-standing history in atmospheric density modeling at
satellite altitudes (Hedin, 1991; Bilitza, 2001; Picone et al.,
2002; Emmert, 2015), is employed here as a proxy for tracking
solar cycle activity levels.® Particles mirroring at locations with
higher H,,;, generally have longer residence times than those
mirroring at low altitudes. As a result, the flux at locations with
higher H,, in the SAA region is influenced by solar modula-
tion effects over a longer temporal window. To incorporate this
effect, the solar activity level parameter s is calculated as the
average F10.7 over a period of m months preceding the target
epoch, where m depends on H,;,. Specifically,

50

where m = (11)

s = F10.7(m), 1 + ¢ 00055 (Huin—500)

This dependency of m on H,.;, is empirically derived from
POES observations of >70 MeV protons. Complete evaluation
of the collisional loss requires specifying the coefficients a, b,
Z1, and zy.

3.5 Completion of the model for >70 MeV protons

The final step in model development for >70 MeV protons
is to specify the pitch angle distribution exponent k(L) needed to
calculate g, the altitude dependence exponent 7(L) needed to
calculate g;, and the coefficient a, b, z;, and z, required for
the collisional loss function 7(Hyi,,s). This is accomplished by
fitting equation (4) to the observational data from RPS-b
(2013) and POES/SEM2 (1998-2013).

The optimization process involves three main steps. First,
the numerical forms of k(L) and (L), along with preliminarily
coefficients estimates, are derived from RPS-b 2013 observa-
tions from locations with H,;, > 1000 km, where the impact
of collisional loss is low. Second, using the 4(L) and #(L) from
previous step, the collisional interaction coefficient ¢ and the
atmospheric scale height coefficients z;, and z, are estimated
by fitting to the POES/SEM2 1998-2013 observations, with
the exponent b fixed at 1.0. Finally, all coefficients in the
k(L), n(L), and r(Hy,, ) functions are refined through fine-
tuning to fit the satellite observations.

The forms of k(L) and #(L) are empirical, chosen for their
effectiveness in reproducing the observation data. The resulting
optimal expressions are:

k(L) =2.5+25(L—1.1)* (12)

3 Data downloaded from https:/lasp.colorado.edu/lisird/data/
noaa_radio_flux.

Table 1. Coefficient list for the calculation of 7(Hins)-

Coefficient Value
a 18.5
z 117.9 (km)
Z 0.351 (km/sfu)
b 1.170, for g,
1.142, for g,

and

n(L) =139402(L—1)+ (L —1)". (13)

The optimal values for the coefficients used in the collisional
loss function for >70 MeV proton flux are summarized in
Table 1.

Analysis of the model simulations reveals that the optimal
g» and g, functions for >70 MeV protons yield very similar val-
ues for shells with L < 2.0, with some noticeable differences
emerging in shells with L > 2.0. A representative comparison
of the g, and g, functions for year 2013 is presented in Figure 5.
Analysis also shows that the slight difference in the optimal b
values between the r functions for g;, and g, results only minor
differences between the two » functions.

While 50 km is a reasonable approximation for H,;, (L, &,,),
sensitivity tests using 0 km and 100 km are performed to inves-
tigate how the H,;, (L, o,,) approximation impacts the model’s
performance. The results indicate that the flux uncertainties
introduced by the approximation are relatively small and pri-
marily confined to low altitude locations. Since collisional loss
to the atmosphere has a greater impact on fluxes at the low alti-
tudes, the uncertainties are largely absorbed into the » function.
Tuning the » function yields comparable model performance in
fitting the observations (Figs. S1-S4). Overall, the model is
robust to reasonable variations in the assumed value of H,,
(L, o).

4 Results

This section compares model-calculated >70 MeV proton
fluxes or the times and locations of the satellite measurements.
In general, the model calculations agree well with satellite
observations from RPS-b (2013) and POES (1998-2013), as
shown in the scatter plots of Figure 6, where the coefficient
of determination (R?) is provided as a measure of goodness of
fit. Model outputs, using either the g, or g;, function along with
the respective » function, have similar performances.

Fluxes in the low-altitude region exhibit strong spatial gra-
dients. To assess model performance, Figure 7 presents the >70
MeV trapped proton fluxes measured by POES in geographic
coordinates for the years 2003 and 2010 (one year after the solar
activity extremes), with H,,;, and L overlaid. The new dynamic
model accurately locates the flux center and effectively captures
the spatial gradient and solar modulation induced variation.

Fluxes in the low-altitude region are particularly sensitive to
changes in the geomagnetic field and solar cycle modulation
due to their interaction with the neutral atmosphere. To evaluate
the model’s capability in capture these flux changes, Figure 8
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Figure 5. Comparison of the optimal g functions for >70 MeV protons (red solid line: g,; dashed blue line: gj), as a function of the
corresponding equatorial pitch angle o of a geomagnetic location, evaluated in six L shells of IGRF field for 2013.
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Figure 7. >70 MeV proton fluxes in the year following solar activity extremes at POES altitude in the geographic coordinate, with L (1.2, 1.35,
2.0, and 4.0, in black) and H,,;, (100 km, 300 km, and 600 km, in red) isolines overlaid, and with the flux peaking area marked by the lines
crossing at [50° W, 26° S]; Left panels: observations by POES; Middle panels: model calculations with g, function; Right Panels: model

calculations with g; function.

presents model-calculated yearly flux profiles from 1998 to
2013 at POES altitude along 26° S latitude and 50° W longi-
tude, compared with corresponding POES observations. The
new dynamic model successfully reproduces the variations over
the 16-year span, and notably it accurately represents the yearly
northwestward drift. This provides strong evidence of model’s
ability to account for both the evolving geomagnetic field and
the solar modulation.

To examine the model’s ability to capture solar modulation-
induced time variations, including the hysteresis effects, Figure 9
presents monthly F10.7 indices alongside the observed and
model-simulated fluxes averaged over three H,,, zones.
Among the three zones, the hysteresis effect is most pronounced
in the zone with the highest H,,,;,. As the solar activity reaches a
maximum in 2002 or a minimum in 2009, fluxes in the
Hin >750 km zone do not reach the corresponding minimum
or maximum until one or two years later. Although some
uncertainties are evident in the high-altitude zone, the new
model captures the time variations in the low-altitude region
well, including the hysteresis effects.

Although the model has demonstrated strong performance
in reproducing the long-term POES observations, a thorough
validation on longer timescales is constrained by the lack of
high-quality observations across extended periods. To partially
address this, the model’s capability to predict the northwestward
drift of the low-altitude region is evaluated through its ability to
reconstruct the SAA location in the AP8-MIN epoch, which
corresponds to one of the earliest periods with systematic obser-
vations of the trapped proton belt. Figure 10 presents a compar-
ison of model-simulated flux distributions at the POES altitude
for the AP8-MIN epoch (1965) and for the year 2013, alongside

AP8-MIN model outputs and POES 2013 observations,
respectively. The results show that the new model effectively
reproduces the drift of the low altitude region over the ~50-year
span. For the 1965 environment simulations, the model captures
the overall flux distribution well. The differences between the
new model and AP8-MIN are largely due to the low spatial res-
olution of the AP8-MIN model and the lack of cross-calibration
between RPS-b and the observing instruments used in the
AP8-MIN model construction.

To evaluate the model’s predictive capability beyond
its development period, Figure 11 compares model-projected
>70 MeV proton fluxes at POES altitude with yearly averaged
POES/SEM?2 observations for 2020 (solar minimum) and 2024
(solar maximum). The POES observations, available as raw
Level la data,” are processed using the same method outlined
in Section 2, including a consistent scaling factor. The model
reproduces the geographic distribution of >70 MeV proton
fluxes with high fidelity. Direct comparisons between model
simulations and POES observations yield correlation coeffi-
cients of 0.998 for 2020 and 0.985 for 2024, indicating excellent
spatial agreement. Despite this strong correlation, the model
underestimates by approximately 10%. The origin of this bias
remains uncertain and may stem from limitations in the model
or from the observational dataset. For example, differences in
data processing levels or degradation of instrument hardware,
as NOAA-15 approaches the end of its operational life, could
distort the measurement data. For reference, AP8-MIN and
AP8-MAX simulations (shifted 5° northward and 15° westward

4 Downloaded from https://www.ncei.noaa.gov/data/poes-metop-
space-environment-monitor/access/11a/v01r00/.
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Figure 10. Northwestward drift of the low-altitude region of the SAA from 1965 to 2013. The plots show the contour lines of >70 MeV proton
flux intensities at 840 km from: a) AP8-MIN; b) POES 2013 observations; ¢) model calculations (solid red line: with g;; dashed blue: with g;)
for year 1965; d) model calculations for year 2013 (solid red line: with g,; dashed blue line: with gy,).

to match the observed flux peak), as well as IRENE-AP9
simulations (version 1.57, mean mode), are also compared with
POES observations for both years.

5 Discussion

High-performance trapped proton environment models are
essential for mission radiation risk analysis. Modeling the
low-altitude region is particularly challenging due to its strong
spatial and temporal dependencies, driven by geomagnetic field
changes and solar modulation, and further complicated by the
particle-atmosphere interactions.

This work introduces a framework for a dynamic model
composed of two primary components. The first calculates flux
within a strictly adiabatic geomagnetic system, constructed from
two key elements: N, (L), representing the equatorial fluxes of a
strictly adiabatic geomagnetic system, and the g function, which
provides the relative flux normalized to Ny (L). The second pri-
mary component quantifies atmospheric collisional loss effects
via the r function. The resulting flux is expressed as the product
of Ny (L), the g function, and the attenuation factor 1 — 7. The
IGRF-12 model is used for the geomagnetic field description.
Observations from POES (1998-2013) and RPS-b (2013) are

used in model construction. Ny (L), derived from RPS-b data
for the year 2013, is treated as time-invariant.

The model successfully reproduces the key observational
features, such as the northwestward drift, solar cycle variations,
and hysteresis effects. This indicates that the model framework
and the formulation of the g and r functions effectively capture
the underlying mechanisms. The model’s ability to predict the
flux peak location and overall flux distributions in the low-
altitude region for the AP8 epoch further supports its validity
and suggests its applicability for predictions for future decades.

The trapped proton environment consists of protons over a
wide range of energies and is highly directional, particularly at
low altitudes. The applicability of the current modeling
approach to a wider energy range, as well as its possible exten-
sion to a directional model, is discussed here.

Particle angle distribution in a strictly adiabatic system is
governed by the radial and pitch angle diffusion processes
(Roederer, 1970). Based on a widely used formulation for
PAD, the term jj, (D)[sin(o)]*® is expected to remain valid
across a broad energy range, while k(L) is expected to vary with
energy. Such expectations are supported by the analysis pre-
sented in Figure S5. Moreover, with the PAD function embed-
ded, the g, function is well-suited for future extension from an
omnidirectional model to a directional model.

Page 11 of 15


https://www.swsc-journal.org/10.1051/swsc/2025057/olm

X. Xu et al.: J. Space Weather Space Clim. 2026, 16, 5

POES (2020)

10" 10° 10' 102

8000 [Apg-MIN, shift [5°N;, 15°W]
IRENE-AP9 (V1.57, mean ny
6000 (New model, with g, i

4000

Flux (#-cm-2-sec-1), model

0 2000 4000 6000 8000
Flux (#-cm-2-sec-1),POES

POES (2024)

New model (w/g,)

10° 10* Flux (#-cm-2.sec-1)
o
8 8000 Apg.MAX; shift [5°N, 15°W]
E IRENE-AP9 (V1.57, mean modé
= 6000 New model, with g, . 2%
@ 4000 ]
o
g 2000
1 1
g ‘,‘~~
e 0 2000 4000 6000 8000

Flux (#-cm-2-sec-1),POES

Figure 11. >70 MeV proton fluxes in year 2020 (solar minimum) and year 2024 (approximately solar maximum) at POES altitude. upper row:
POES observations; second row: simulations by the new method; third row: simulations by IRENE-AP9 (V1.57, mean mode); forth row:
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plots to compare model simulations with POES observations.

Compared to the g, function, the g, function has a very
simple structure. Preliminary analysis of the RPS-b observations
confirms that the structure of the g; function performs well
across a wider range of particle energies, with energy depen-
dence encapsulated in the component 1 (see Fig. S6 for an
example). The g, function does not incorporate flux directional-
ity and that constrains its applicability in a directional model.
However, its simpler structure offers a computational advantage.
The g, function requires numerical integration over the pitch
angle range [o,, o] with small step sizes and needs the value
of a,, (or equivalently B,,) calculated, which is time-dependent

and varies with L-shell. In contrast, the g, is analytical and does
not require o, or B,,, as the relevant information is encoded in
Hin (L, ), which can be approximated as 50 km and yields
comparable modeling performance. Whether this performance
persists across a wider energy range remains to be explored in
the development of a full-spectrum model. If confirmed, g,
could serve as a fast and effective replacement for g, when an
omni-directional model is sufficient.

Collisional loss significantly contributes to flux directional-
ity, with stronger attenuation in directions where particles mirror
at lower altitudes. In a directional environment model, this
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directionality can be introduced via direction-associated H.i,.
Energy dependence in the r function is expected, as the
gyroradius of trapped protons increases with proton energy,
and further analysis is needed to quantify and incorporate it.
Nonetheless, the general form of the  function, grounded in col-
lisional theory, is expected to perform well across a broad
energy range and for differential fluxes.

This modeling approach has certain limitations due to its
simplifying assumptions, and several temporal variations are
not accounted for. First, the Earth’s magnetic field is a sum of
the internal and external fields. Substantial field changes during
geomagnetic storms can lead to flux variations, most pro-
nounced in shells near the outer edge of the radiation belt. Sec-
ond, some solar activity-related processes are not included in the
model. These include solar proton injections, which primarily
affect fluxes below a few tens of MeV in the outer shells, and
solar modulation of CRAND, whose effects are largely confined
to low altitudes in very low-L shells (Selesnick et al., 2007,
Bruno et al., 2021). Additionally, the slow change in N, induced
by the geomagnetic field is not considered.

6 Conclusion

Accurate simulation of Earth’s trapped proton environment,
with variations driven by geomagnetic field evolution and solar
modulation incorporated, is essential for effective radiation risk
management. Existing static models, such as AP§ and IRENE-
AP9, do not fully capture these time-dependent dynamics. To
address this limitation, this work introduces a dynamic model-
ing framework that incorporates effects of the geomagnetic field
evolution and solar cycle modulation.

The model integrates two key components: one describing
proton fluxes confined within a strictly adiabatic geomagnetic
system, and another quantifying atmospheric collisional losses.
Solar cycle modulation is embedded directly into the loss for-
mulation. The model is currently parameterized for >70 MeV
protons, using cleaned and cross-calibrated satellite observations
from RPS-b (2013) and POES (1998-2013). While some uncer-
tainties remain at higher altitudes within the SAA region, the
model effectively reconstructs the observations, including the
northwestward drift of the SAA, solar modulation effects, and
hysteresis. It also successfully reconstructs the 1965 location
of the SAA.

These results demonstrate that the model’s physics-based
structure effectively captures the influence of underlying physi-
cal mechanisms on the trapped proton environment. Although
the current fitting is limited to one single energy channel, the
framework is designed to be extensible to a broader energy
range and directional flux configurations, providing a robust
foundation for future development.
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Supplementary material

Section 1. H,;, calculations.

Section 2. Figures.

Figure S1. Model calculated >70 MeV proton fluxes (g, function,
H in(L, o) = 0 km; optimal collisional loss coefficients: a = 18.0, z; =
—35 km and z, = 0.362, b = 1.170), and their comparisons with the
observations by RPS-b (2013) and SEM2/POES (1998-2013). The fig-
ures are similar to Figures 6-9.

Figure S2. Model calculated >70 MeV proton fluxes (with g, func-
tion, H in(L,o,,) = 100 km, optimal collisional loss coefficients: a =
17.5; z;= =50 km, z,= 0.351, b =1.170), and their comparisons with
the observations by RPS-b (2013) and SEM2/POES (1998-2013).
The figures are similar to Figures 6-9.

Figure S3: Model calculated >70 MeV proton fluxes (with g, func-
tion, H (L, a,,) = 0 km; optimal collisional loss coefficients: a = 18.0;
z;= —35 km, z,= 0.362, b = 1.142), and their comparisons with the
observations by RPS-b (2013) and SEM2/POES (1998-2013). The fig-
ures are similar to Figures 6-9.

Figure S4. Model calculated >70 MeV proton fluxes (with g, func-
tion and H ,,;, (L, ,,)=100 km, optimal collisional loss coefficients: a =
17.5, z; = =50 km, z, = 0.351, b= 1.142), and their comparisons with
the observations by RPS-b (2013) and SEM2/POES (1998-2013). The
figures are similar to Figures 6-9.

Figure S5. Proton flux observations (normalized to the equatorial
flux intensity of the shell), y, as a function of B/B, in four L shells.
Discrete data points: based on observations within the L-shell interval
by RPS-b in year 2013 (red: >192 MeV; green: >300 MeV); Solid line:
g, function, computed with value of & indicated (see Equation (6); Ver-
tical dashed line: H ,,;,,( B/Boy)= 1000 km, separating the high-altitude
region and the low-altitude region of the environment.

Figure S6. y, proton flux observations (normalized to the equatorial
flux intensity of the shell), as a function of x = (H,;, — 50)/
(H pineq(L) —50)in four L shells. Discrete data points: based on
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observations within the L-shell interval by RPS-b in year 2013 (red:
>192 MeV; green: >300 MeV); Solid line: g, function for the shell
(see Equation (8), with the value of # indicated; Vertical dashed line:
Hin(B/Bo) = 1000 km, separating the high-altitude region and the
low-altitude region of the environment.

The supplementary materials of this article are available at https://
www.swsc-journal.org/10.1051/swsc/2025057/olm.
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