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Temporal correlation between positive-charged cosmic ray flux and solar
polar field variation: Insights from delayed modulation analysis
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We present an analysis of the time-dependent modulation of galactic cosmic rays near Earth, with a focus
on the cosmic proton flux and polar field. Using data from the Alpha Magnetic Spectrometer (AMS) and
the Wilcox Solar Observatory, we identify a significant time-lagged relationship between the observation of
two missions. Our model incorporates a weighted magnetic field parameter to address the hemispheric
asymmetry in polar fields and captures the temporal evolution of cosmic ray proton spectra in relation to
solar activity. We find a time lag of approximately 10 months, varying with cosmic ray rigidity. At 1 GV, the
time lag is 360 days, while it is 300 days above 3 GV. A potential mechanism is proposed to explain the
observed time-lagged relationship and its dependence on cosmic ray rigidity. This offers predictive insights
into cosmic ray modulation within the heliosphere. These results enhance the accuracy of space weather

forecasting models, with significant implications for the safety of space missions and aviation.
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I. INTRODUCTION

In recent years, the precision of cosmic ray (CR)
detection experiments has significantly improved, and
measuring temporal variations in galactic cosmic rays
has become increasingly important. These variations pro-
vide crucial insights into the dynamic processes within the
heliosphere. Solar activities, such as solar wind, sunspot
numbers, changes in the polar field, and solar modulation
effects, significantly impact the energy spectra of CR.
Therefore, studying these changes is essential for under-
standing CR propagation in the heliosphere.

The necessity of measuring temporal variations in low-
energy galactic cosmic rays lies in their correlation with the
solar activity cycle, particularly the quasi-periodic 11-yr
solar cycle, which affects the flux and energy distribution of
galactic cosmic rays reaching the Earth. Observationally,
the relationship between solar activity and cosmic ray flux
intensity has been widely validated. This relationship
underscores the importance of continuous and precise
CR measurements to understand the underlying physical
mechanisms.

As galactic cosmic rays enter the heliosphere, time-
dependent structures in their energy spectra are expected to
arise due to solar modulation. This modulation involves
several physical processes, including convection, diffusion,
particle drift, and adiabatic energy changes. The complex
interplay of these processes alters the energy spectra of
galactic cosmic rays (GCRs) as they propagate through the
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heliosphere, making it essential to study solar modulation
in order to understand the observed variations in cosmic ray
fluxes [1-3].

Globally, several experiments and missions have con-
tributed to this field by providing extensive data on galactic
cosmic rays. For instance, Voyager 1 [4,5] was the first to
measure galactic cosmic rays in interstellar space, while
long-term missions like Payload for Antimatter Matter
Exploration and Light-nuclei Astrophysics (PAMELA)
[6,7] and AMS [8] have been continuously monitoring
galactic cosmic rays. Additionally, EPHIN on the Solar and
Heliospheric Observatory (SOHO) [9] has provided invalu-
able insights into solar and heliospheric conditions that
influence cosmic ray propagation. These missions have
significantly enriched our understanding by offering time-
resolved data on cosmic ray particles and antiparticles.
Ground-based observations also play a vital role, with
neutron monitors and other detectors providing continuous
data that complement space-based observations. The com-
prehensive datasets collected by these observatories have
enabled the development of detailed models of CR propa-
gation and solar modulation [10], enhancing our under-
standing of heliospheric processes [11].

Building on these extensive datasets, recent studies have
further explored the temporal relationship between solar
activity and cosmic ray modulation. References [12,13]
provided empirical evidence of a time delay between
cosmic ray modulation and solar activity indices, attribut-
ing this delay to heliospheric modulation effects. These
foundational works highlighted the time-dependent nature
of cosmic ray modulation and pointed to the need for
accurately modeling the delay in solar activity’s influence

© 2025 American Physical Society
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on cosmic ray flux. Expanding on this, Ref. [14] analyzed
the time lags between monthly cosmic ray intensity and
various solar indices, including sunspot numbers and open
solar flux, using cross-correlation and wavelet coherence
methods. Their study revealed a significant delay in the
cosmic ray response to polar activity, with variations
depending on solar polarity and heliospheric conditions.
Together, these studies have laid crucial groundwork for
understanding the timing effects in cosmic ray modulation.

In this paper, utilizing an extensive dataset of modulated
galactic cosmic ray measurements collected from the
Alpha Magnetic Spectrometer, we have discovered a
significant correlation between solar activity, particularly
the polar field, and the galactic cosmic rays. This corre-
lation can aid in the development of predictive models for
GCR modulation. Our approach incorporates a “delayed”
relationship to capture the impact of solar activity obser-
vations and the conditions within the modulation region,
estimating a time lag AT of approximately one year.
Previous empirical studies have highlighted the signifi-
cance of this lag in cosmic ray modulation models [12]. We
will illustrate that recent direct measurements of galactic
cosmic rays indicate a lag of about 10 months relative to
solar magnetic activity. This finding establishes the time-
scale for the evolving conditions in the heliosphere,
allowing us to predict near-Earth cosmic ray fluxes with
considerable lead time.

Our findings are crucial for the development of models to
predict space weather effects, which are becoming a
significant concern for both space missions and air trav-
elers. These results not only contribute to scientific knowl-
edge in plasma and solar astrophysics but also address
practical issues related to the safety and reliability of space
and aviation operations.

This paper is organized as the following. The analytical
approach to the correlation between the polar field and the
proton fluxes is presented in Sec. II. The delayed effect of
the polar field on the proton flux is presented in Sec. III. We
summarize our study in Sec. IV.

II. METHODOLOGY

Numerous studies have established that the polar field
significantly influences the heliospheric magnetic field
(HMF), thereby affecting the modulation of CRs entering
the heliosphere. The HMF modulates CRs through various
processes [15,16], including drift, diffusion, convection,
and adiabatic energy loss, altering their energy spectra and
spatial distribution [11,17].

Reference [18] discusses the role of the polar field
polarity in galactic cosmic ray (GCR) modulation. The
solar cycle alternates between two distinct phases based on
the polarity of the polar field: positive polarity (A > 0) and
negative polarity (A < 0). These polarity changes signifi-
cantly influence the heliospheric magnetic field (HMF)
structure, affecting the drift patterns of charged particles.

During positive polarity periods, protons of galactic cosmic
rays enter the heliosphere through the poles, while during
negative polarity periods, they drift along the heliospheric
current sheet [16,19]. Therefore, the modulation effects of
galactic cosmic rays must be analyzed separately for
positive and negative polarity periods.

An apparent asymmetry in the effects of the northern and
southern solar pole magnetic fields is observed, primarily
due to seasonal variations in the measurements caused by
Earth’s position relative to the Sun. The total effect of the
polar field during solar minimum should not show seasonal
variation, so this observed asymmetry is an observational
effect. These variations must be accounted for to accurately
interpret the data and model their impact on galactic
cosmic rays.

To address this asymmetry, we introduce a weighting
parameter w to adjust the influence between the magnetic
field of the northern hemisphere (By) and the southern
hemisphere (By). The weighted magnetic field Byeighiea 18
defined as

BN_WBS
l+w °

Bweighted = (1)
As w — 0, the magnetic field of the northern hemisphere
(By) predominates. Conversely, as w — oo, the magnetic
field of the southern hemisphere (Bg) becomes dominant.
When w = 1, the effects on the galactic cosmic ray from
both hemispheres are equal.

The polar field data utilized in this research was sourced
from the publicly accessible archives of the Wilcox Solar
Observatory [20]. Data points were systematically recorded
every 10 days.

During the period from 2017 to 2020, the magnetic field
distribution remained relatively stable, with no significant
trends, as shown in Fig. 1. To refine our analysis and
mitigate variability, we adjusted w to smooth the magnetic
field data, reducing noise and non-periodic variations in
galactic cosmic ray flux. This adjustment enhances model
accuracy by better capturing the modulation effects of the
polar field. Notably, the proton flux during this period

100 — N
50

o

Polar Field (uT)

-50 |

-100 |
N P IR EPU
2000 2004 2008

o1z ot 2050 204
FIG. 1. The Wilcox Solar Observatory [20] records the varia-
tions in the polar field at the solar north and south poles from

2000 to 2024.
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showed no large time structure in 10-day bins. We began
with w = 1, assuming equal weighting of the northern and
southern magnetic fields, followed by a linear fit and a
calculation of the y?.

Next, we varied the weight w within the range of 0.5 to
1.2. We refitted the magnetic field data with a linear
function for each value of w and computed the differences
in y? for each weight. This iterative approach allowed us to
identify the optimal weighting parameter w that minimized
the variability and provided the smoothest temporal dis-
tribution of the polar fields. The variance y? is calculated
using the following formula:

200 = 3 (M) 2)

i

where y;(w) is the effective magnetic field, yg ; is the value
from the linear fit, and i loops from 2017 to 2020, including
111 data points. ¢ represents the uncertainty of the polar
field measurements, which is taken as the standard
deviation of the mean polar field from 2017 to 2020 when
the magnetic field distribution is assumed to be relatively
stable during solar minima. We obtain that ¢ = 4.18 pT,
consistent with the previous estimations, which suggested it
to be less than 5 pT [21,22].

To ensure consistency in our analysis of the polar field’s
influence on galactic cosmic rays, we addressed the polar-
ity reversal that occurred around 2013. Observational data
and theoretical models indicate that the polar field under-
went a polarity reversal during this period, switching from
negative to positive polarity [23-25]. We defined the post-
2013 magnetic field as having a positive polarity. To
maintain a consistent polarity for the entire dataset, we
took the absolute value of the pre-2013 magnetic field
measurements, effectively normalizing the data to a uni-
form polarity standard. Additionally, the weights w were set
differently for the periods before and after the polarity
reversal, reflecting the changes in the magnetic field’s
influence.

Furthermore, to align the frequency with the polar field
data, the 10-day data are evaluated with a weighted average
method with the weight equal to the inverse of the square of
sigma error [26]. Figure 4 shows that the time distribution
of proton flux exhibits a very similar pattern to the time
distribution of the polar field. We can define a time lag
function as follows. Let Y denote the proton flux and X
denote the weighted polar field determined by Eq. (1). We
introduce the following equation to model the relationship:

Y(r) = aX(t — AT) + b. (3)
Here, AT represents the time lag between the solar activity

indices and the medium properties of the modulation. This
function allows us to quantify the delay between changes in

polar activity and corresponding responses in galactic
cosmic ray flux.

Our model is defined by three free parameters: a, b, AT,
which are constrained using extensive data. This data
includes proton measurements collected by the AMS
experiment from May 2011 to December 2019. At a given
rigidity bin, each data point J(¢;) represents the cosmic ray
flux at a specific time ¢;, while J ; denotes the predicted
value from the linear fit. The calculations incorporate
delayed functions of the physical inputs. At this rigidity,
we utilize a global y? estimator to determine the optimal
time delay,

jia,b, AT) = J;

>(a.b, AT) z[ @

Jj /

The total uncertainty in the flux, denoted by o, is typically
the quadrature sum of the statistical uncertainty and the
time-dependent systematic uncertainty. By adjusting AT to
find the value that minimizes y?, we determine the time
delay relationship between solar magnetic activity and
galactic cosmic rays.

According to theoretical references, the error range of the

x? distribution is determined when the y? increases a certain

specified value [27,28]. For a given set of data, the
confidence region is defined by the inequality:

20) < i + A1 (5)

Here, Ay? is typically derived from the y? distribution
based on the desired confidence level and the number of
degrees of freedom in the model.

This ensures that the error range corresponds to the
interval in which the parameter values are statistically likely
to be found, with the observed data on hand.

To analyze the rigidity and temporal dependence of the
modulation lag, we modify the global formula proposed
in [13], as shown below:

-5
AT = ATy + ATy < Cfi}) . (©6)

This formula captures the combined effects of rigidity and
temporal evolution on the modulation lag.

We used proton data spanning 2000 days combined with
polar field data from 2014 to 2019. The weighted average
method was employed to calculate the mean flux of 10 days.
To find the optimal time shift that minimizes the y? value,
we shifted the proton flux data backward and forward by a
total of 730 days. Each shift corresponds to one data point,
which is equivalent to 10 days, resulting in 73 shifts in total.
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III. RESULTS

Firstly, we calculated the weight of the polar field. Using
relatively stable data points from 2017 to 2020, 111 points,
we performed a linear fit to obtain the results. Without
applying any weight, the composite magnetic field had
a y?/ndf = 108.06/108.

In Fig. 2, by using Eq. (2) to find the minimum y?/ndf,
we achieved a value of 86.06/108, corresponding to an
optimal weight of w = 0.7870:5. The difference in the y?
compared to the unoptimized case (w = 1.00) yields a
highly significant p value of 2.73 x 107°. This indicates
that the optimization substantially improves the fit of the
model. By setting this weight, we smoothed the composite
total polar field, thereby eliminating fluctuations irrelevant
to galactic cosmic ray modulation. The difference in chi-
square values around 22 is significant, indicating a clear
discrepancy.

After determining the optimal weight for the A > 0
period, the global fit has been performed on 2560 proton
data points collected between 2014 and 2019 (in A >0
conditions) at rigidity intervals between 1 and 33.5 GV
[29]. The best-fit parameters for each of the 27 rigidity
intervals were determined. The optimal fit parameters in the
1.00-1.16 GV interval are a = 19.3 £0.1, b =349 £ 2,
and y?/ndf = 3621.0/198, with a time delay of 360 4
5 days as determined by the confidence region by using
Eq. (5). When the time delay was not set, the fit results were
a=17240.1,b = 408 & 3, and y*/ndf = 43116.3/198.
These results are based on the positive polarity period data
from 2014 to 2019.

In Fig. 3, the optimal time lag adjustment results in a
significantly better fit to the data, reducing the y? value
from 43116 to 3621. This substantial reduction in y> value
indicates that the time lag plays a crucial role in accurately
modeling the relationship between the polar field and
galactic cosmic ray proton flux, resulting in a better linear
relationship.
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FIG. 2. y? distribution as a function of the effective weight of
the magnetic fields. The red point shows the minimized 2, while
the blue point shows the > with w = 1.00, where the solar north
and south magnetic fields have the same weight.
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FIG. 3. Comparison of the weighted polar field versus the

proton flux in the rigidity range 1.00-1.16 GV [29]. The
top panel shows the original (AT = 0) distribution compared
with a linear function (y?/ndf =43116.3/198), while the
bottom panel shows the shifted (AT = 360 days) distribution
(¢*/ndf = 3621.0/198).

Figure 4 further supports this finding by showing the
time series comparison between the weighted polar field
and GCR proton flux. The top panel presents the relation-
ship without accounting for the time lag, while the bottom
panel displays the relationship with the optimal time lag
applied. The blue points represent the polar field, and the
red points represent the flux of protons. With the optimal
time lag, the alignment between the variations in the
magnetic field and proton flux is significantly improved.

The relationship between the weighted polar field and
galactic cosmic ray flux was analyzed using absolute values
of the magnetic field, ensuring that only the field’s
magnitude influences the results.

We performed multiple calculations in different rigidity
intervals and observed a trend where the time delay decreases
with increasing rigidity [13]. This effect is more pronounced
in the 1-5 GV interval, as shown in Fig. 5. As rigidity
increases, the time delay tends to stabilize. However, due to
the increasing measurement errors of AMS with higher
rigidity, the errors defined by the confidence region in Eq. (5)
also increase. Specifically, in the 1.00-1.16 GV rigidity
interval, the optimal time delay is 36OJr40 days. In the
13-16.6 GV interval, the optimal delay is 3001’,2212 days.

Additionally, we analyzed the correlation between the
polar field and electron fluxes for the same period, as
shown in Fig. 5. For rigidity ranges of 1-1.71 GV and
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FIG. 4. Comparison of GCR proton flux and weighted polar
field for rigidity 1.00-1.16 GV [29]. The blue points represent the
polar field, and the red points represent the flux of protons. The
top panel shows the polar field and the proton fluxes do not vary
simultaneously, while the bottom panel shows that they vary in
the same trend if a delay of 360 days is applied to the
magnetic field.

7.09-8.48 GV, the calculated time delays are 41013} days
and 370f39197 days, respectively.

In this study, we focused on the time delay relationship
between galactic cosmic rays and the polar field during the
A > 0 period (2014-2020). Our calculations indicate a time
delay ranging from 360 days to 300 days, depending on
rigidity. At rigidity levels above 22.8 GV, the time lag is no
longer significant. During the polar field reversal period
[30], the constantly changing polarity makes it challenging
to establish a fixed time delay pattern to explain the

FT
600 .
= i 1
S 40011 I I .
S okt lf | ,
g | il 1] ] H ]
2 200 _ .
= [ - Timelag=0
I Proton
07 T---Electron
| . . . T |
100 10°
R [GV]

FIG. 5. Rigidity dependence of the time lag. It includes the
error determined using Eq. (5). The points indicate the time delay
length where y? is minimized. The red dash line along O is to
guide your eye.
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FIG. 6. Fitted time lag data within the rigidity range 1-8.48 GV.
The red curve represents the best-fit model for the time lag
AT(R) = AT pin + ATy (R/GV)7°, where AT in, ATy, and &
are fitted parameters. The blue points with error bars correspond
to the measured time lag values and their uncertainties across
different rigidity bins. Red curves represent the 68% confidence
intervals of the R-dependent fit, while green horizontal lines
indicate the 68% confidence intervals of the R-independent fit.

discrepancies between galactic cosmic rays and the polar
field [31,32].

To further analyze the rigidity dependence of the time
delay, we performed a power-law fit within a defined
rigidity range using Eq. (6). The fitting yielded a power-law
index of § = 0.4210}%, as shown in Fig. 6, suggesting a
meaningful relationship. All fitting parameters are shown in
Table. I. This result is consistent with similar findings
reported in recent literature [13].

Figure 7 shows the weighted polar field and the flux of
galactic cosmic rays (protons and positrons) over time from
2011 to 2022. The fluxes of protons and positrons are
displayed on the right axis in red and green, respectively.
The shaded region marks the period of the polar field
reversal, where the polarity change complicates the iden-
tification of a consistent time delay between galactic
cosmic ray flux and magnetic field variations. From our
study, we observed that during the A > 0 period (2014—
2020), there is a notable time delay in the response of
galactic cosmic ray flux to changes in the polar field, which
varies with rigidity [13]. In contrast, during the A <0
period, no similar time delay was observed, suggesting
different modulation effects under positive and negative
polarity cycles.

TABLE I. Comparison of model parameters.

Parameters R dependent R independent
ATy [Day] 2500131 342.135555
ATy [Day] 126.9+79 Null

g 0.421 0 Null

7’ 5.7 27.0
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magnetic reversals of the Sun’s polarity at 2013 [36].

For the A < 0 period, since AMS data collection started
in 2011, we can only discuss GCR flux variations from
2011 to 2014. It has been noticed that the modulation effect
during the negative polarity period on negatively charged
particles may be similar to the modulation effect on
positively charged particles during the positive polarity
period with the positron fraction data provided by AMS-01
and PAMELA [33].

Therefore, we also examined the delay relationship
between electrons [34] and the polar field from 2011 to
2014, finding a similar time delay of 39013° days for
electrons in the rigidity range of 1-1.71 GV as is shown
in Fig. 8.

However, due to the later start of AMS data collection
and the insufficient amount of data, we cannot provide a
conclusive and accurate result. Future calculations can
leverage the new data currently being measured by AMS
[8] for the next solar cycle. Crucial tests can be performed
by AMS through detailed measurements of individual
particle fluxes for p, p,e™, and e~. Such measurements,
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FIG. 8. Comparison of weighted polar field and electron flux

(1-1.71 GV) over time [34]: Magnetic field data is shown with no
time shift (gray) and with a time shift of 390 days (blue), compared
to electron flux measurements (green) from 2011 to 2014.

under varying polarity conditions and during polarity
reversals, can offer deeper insights into the dynamics of
GCR modulation and the effects of the polar field on
galactic cosmic rays.

We have found that the polar field exhibits a delayed
effect, and other literature suggests that the sunspot number
also experiences a delay [12]. Additionally, various other
solar parameters can be considered. In the future, we can
apply machine learning methods to incorporate these
different parameters to predict galactic cosmic ray behavior
more effectively the N and S hemispheres to best describe
the magnetic fields affecting galactic cosmic rays.

IV. CONCLUSION

In this letter, we find the correlations between the
positive GCR fluxes and the polar field data from the
north and south hemispheres. Our analysis primarily
focuses on the 24th solar cycle post-2013, corresponding
to the A >0 positive polarity period. We defined a
parameter w = 0.78 to adjust the weights of the N and §
hemispheres to best describe the magnetic fields affecting
galactic cosmic rays.

For the A < 0 negative polarity period, the weight w =
1.05 > 1 reflects the stronger influence of the southern
hemisphere magnetic field on GCRs. This contrast in w
values highlights the shift in magnetic field dominance
between the A > 0 and A < 0 periods.

Previous studies [14] have investigated the relationship
between polar fields and galactic cosmic ray intensity,
focusing on time lags among solar indices such as sunspot
numbers (SSN), open solar flux (OSF), and cosmic ray
variations. These studies used cross-correlation and wave-
let-coherence methods to identify coherence across solar
cycles, particularly noting the 11-yr and 22-yr periodicities
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in the time lag influenced by heliospheric conditions. In
contrast, our work specifically examines the 24th solar
cycle post-2013, focusing on the impact of north and south
hemisphere polar fields on GCRs. By using daily rather
than monthly data, our analysis provides a finer time
resolution, enhancing the precision of the observed
correlations.

For the first time, we discovered a strong correlation
between GCR fluxes and the combined north-south com-
ponents of the WSO magnetic field. By defining a weighted
parameter to adjust the influence of each solar hemisphere,
our model accounts for asymmetries caused by the seasonal
variations observed at Earth, which previous models did not
fully capture. This new parameter enables a more accurate
representation of the time delay between galactic cosmic
rays and polar field variations, offering a more detailed
view of modulation dynamics within the heliosphere.

Our model successfully predicted the temporal evolution
of cosmic ray proton spectra in the 24th solar cycle after the
polar field reversal as measured by the AMS experiment.
Once the correlation between modulation parameters and
solar activity indices is established, our model demonstrates
high predictive accuracy. By utilizing extensive cosmic ray
proton data, our research uncovered a significant aspect of
cosmic ray modulation dynamics within the expanding
heliosphere. Specifically, we identified a time lag AT of
approximately 10 months between cosmic ray data in the
1-33.5 GV range and polar field data, contingent on the
heliospheric conditions.

Tomassetti et al. [13] have suggested that the time lag
would be related to the solar wind. Here we propose a
mechanism that would be able to explain the time lag
qualitatively. The variation of galactic cosmic ray strength
is due to the modulation of the heliopause barrier for
interstellar plasma flow [37]. The modulation is triggered
by the variation of ions flux of solar wind that propagates to
the heliopause, which is about L ~ 120 AU from the Sun
[38-40]. It is known that solar wind speed V ~ 600 km/s.
The propagation time of the ions flux, which contains the
information of solar activity manifested by the observed
magnetic field variation may be estimated as AT ~ L/V =
120 AU/600 km/s ~ 3.0 x 107 s ~ 350 days, which is
consistent with the time lag found in Refs. [12,41] and
the present paper.

On the other hand, a GCR with 1 GV rigidity would take
approximately one day to travel from the heliopause to Earth
if its trajectory were straight, making the total time lag of the
same order as AT. Although the trajectories of GCRs with
small tilt angles relative to the heliospheric current sheet
deviate significantly from a straight path, which is known as
the drift effects, those with large tilt angles can be approxi-
mated as straight since magnetic effects are negligible.
However, we have not yet considered the diffusion process,
which plays an important role when particles undergo
multiple scatterings with ions in the heliosphere.

In our model, the galactic cosmic ray propagates
through the heliosphere directly, following, for instance,
the interstellar magnetic field. As a result, drift and
diffusion effects are negligible. We should also highlight
another model proposed in [13], which associates the time
lag with the diffusion of GCR in the magnetic field inside
the heliosphere and shows that the diffusion coefficient is
rigidity dependent. We also perform an analysis on the
rigidity dependence of time lag with their model and
obtain the coefficient of &= 042704 It does not
oppose the phenomenological model of [13], but the
uncertainty of our data is too large to make any con-
clusion. We suggest that this phenomenon would be due
to the rigidity dependence of the heliopause barrier, at
least partly.

A noteworthy outcome of our findings is the ability to
predict the galactic cosmic ray flux at Earth using solar
activity indices observed at the time t — AT This capability
is crucial for real-time space weather forecasting, an
important consideration for human spaceflight.

In this work, the parameter AT was determined by
correlating AMS measurements of cosmic ray protons from
2014 to 2019 with polar field data sampled every 10 days.
Future research could include the use of neutron monitor
data [42,43], longer observation periods, or accounting for
periodicities and latitudinal dependencies in polar field
measurements [44]. Due to the 10-day aggregation and
absence of error estimates in the polar field data, we could
not test these additional hypotheses. Using daily data and
including measurement errors would significantly enhance
the analysis. However, a detailed reanalysis of our model
will be possible with the forthcoming monthly resolved
data from AMS on cosmic ray particle and antiparticle
fluxes.

The results of this study provide significant insights into
the dynamics of cosmic ray modulation and offer practical
implications for space weather prediction, enhancing the
safety and planning of human space missions.
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