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ABSTRACT

We present an analysis of the time-dependent modulation of galactic cosmic rays near Earth, with
a focus on the cosmic proton flux and solar magnetic field strength. 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 solar magnetic 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. 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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1. INTRODUCTION

In recent years, the precision of cosmic-ray (CR) de-
tection experiments has significantly improved, measur-
ing temporal variations in cosmic rays increasingly im-
portant. These variations provide crucial insights into
the dynamic processes within the heliosphere. Solar ac-
tivities, such as solar wind, sunspot numbers, changes
in the solar magnetic field, and solar modulation effects,
significantly impact the energy spectra of CR. Therefore,
studying these changes is essential for understanding CR.
propagation in the heliosphere.

The necessity of measuring temporal variations in low-
energy cosmic rays lies in their correlation with the solar
activity cycle, particularly the quasi-periodic 11-year so-
lar cycle, which affects the flux and energy distribution
of 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 physi-
cal mechanisms.
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Globally, several experiments and missions have con-
tributed to this field by providing extensive data on
cosmic rays. For instance, Voyager 1 (Webber 2018;
Provornikova et al. 2014) was the first to measure cosmic
rays in interstellar space, while long-term missions like
PAMELA (Martucci et al. 2018; Adriani et al. 2013) and
AMS (Aguilar et al. 2021a) have been continuously mon-
itoring cosmic rays. 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. prop-
agation and solar modulation (Potgieter 2014a), enhanc-
ing our understanding of heliospheric processes (Ferreira
& Potgieter 2004).

Time-dependent structures in the energy spectra of
galactic cosmic rays (GCRs) are expected to arise due
to solar modulation once they enter the heliosphere. So-
lar modulation involves several processes, including con-
vection, diffusion, particle drift, and adiabatic energy
changes. This complex interplay of processes alters the
energy spectra of GCRs as they propagate through the
heliosphere, highlighting the significance of studying so-
lar modulation to understand the variations in cosmic
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ray fluxes (Tomassetti 2015; Tomassetti & Donato 2015;
Feng et al. 2016).

In this letter, utilizing an extensive dataset of modu-
lated and interstellar cosmic-ray measurements collected
from the Alpha Magnetic Spectrometer, we have discov-
ered a significant correlation between solar activity, par-
ticularly the solar magnetic field, and the cosmic rays.
This correlation can aid in the development of predic-
tive models for cosmic ray modulation. Our approach
incorporates a ”delayed” relationship to capture the im-
pact of solar activity observations and the conditions
within the modulation region, estimating a time lag AT
of approximately one year. Previous empirical studies
have highlighted the significance of this lag in cosmic-
ray modulation models (Tomassetti et al. 2017a). We
will illustrate that recent direct measurements of cosmic
rays indicate a lag of about ten months relative to solar
magnetic activity. This finding establishes the timescale
for the evolving conditions in the heliosphere, allowing
us to predict near-Earth cosmic-ray fluxes with consid-
erable lead time.

Our findings are crucial for the development of mod-
els to predict space weather effects, which are becoming
a significant concern for both space missions and air
travelers. These results not only contribute to scientific
knowledge in plasma and solar astrophysics but also ad-
dress practical issues related to the safety and reliability
of space and aviation operations.

This letter is organized as the following. The analyt-
ical approach to the correlation between the solar mag-
netic field strength and the proton fluxes is presented
in Section 2. The delayed effect of the solar magnetic
field strength on the proton flux is presented in Section
3. We summarize our study in Section 4.

2. METHODOLOGY

Numerous studies have established that the solar mag-
netic field significantly influences the heliospheric mag-
netic field (HMF), thereby affecting the modulation of
CRs entering the heliosphere. The HMF modulates CRs
through various processes (Usoskin et al. 2005; Potgieter
2013), including drift, diffusion, convection, and adia-
batic energy loss, altering their energy spectra and spa-
tial distribution (Ferreira & Potgieter 2004; Cliver et al.
1998).

Putri et al. (2024) indicates an asymmetry in the mag-
netic fields of the northern and southern solar poles,
which must be accounted for when modeling the im-
pact on CR. This asymmetry can be further understood
within the framework of the solar cycle’s polarity. The
solar cycle can be categorized into two distinct periods

based on the polarity of the solar magnetic field: posi-
tive polarity (A > 0) and negative polarity (A < 0).

Therefore, a simple additive approach to combining
these fields is insufficient. The modulation of cosmic
rays differs between these periods due to changes in the
HMF structure, with the drift patterns of charged par-
ticles being significantly influenced by the direction of
the HMF (Jokipii et al. 1977; Potgieter 2014b).

To address this asymmetry, we introduce a weight-
ing parameter w to adjust the influence between the
magnetic field of the northern hemisphere (By) and the
southern hemisphere (Bg). The weighted magnetic field
Byeighted is defined as:

BN—’U}BS
1+w

, (1)

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

The solar magnetic field data utilized in this research
was sourced from the publicly accessible archives of the
Wilcox Solar Observatory (Scherrer et al. 1977). Data
points were systematically recorded every 10 days.
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Figure 1. The Wilcox Solar Observatory (Scherrer et al.
1977) records the variations in the magnetic field strength at
the solar north and south poles from 2000 to 2024.

During the period from 2017 to 2020, the magnetic
field distribution remained relatively stable, with no sig-
nificant trends. To refine our analysis and mitigate vari-
ability, we adjusted w to smooth the magnetic field data,
reducing noise and non-periodic variations in cosmic ray
flux. This adjustment enhances model accuracy by bet-
ter capturing the modulation effects of the solar mag-
netic field. Notably, the proton flux during this period
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 0.6 to
1.2. We re-fitted the magnetic field data with a linear
function for each value of w and computed the differ-
ences in x? for each weight. This iterative approach
allowed us to identify the optimal weighting parame-
ter w that minimized the variability and provided the
smoothest temporal distribution of the solar magnetic
fields. The variance x? is calculated using the following
formula:

P N A yﬁt,i>2

xw) zl: ( yi(w) ’ ®
where y;(w) is the effective magnetic field, ys;,; is the
value from the linear fit. From 2017 to 2020, the mag-
netic field distribution remained relatively stable, 7 loops
from 2017 to 2020, including 111 data points.

To ensure consistency in our analysis of the solar mag-
netic field’s influence on cosmic rays, we addressed the
polarity reversal that occurred around 2013. Observa-
tional data and theoretical models indicate that the so-
lar magnetic field underwent a polarity reversal during
this period , switching from negative to positive po-
larity(Mordvinov & Yazev 2014; Pishkalo 2019; Aslam
et al. 2023). We defined the post-2013 magnetic field as
having a positive polarity. To maintain a consistent po-
larity for the entire dataset, we took the absolute value
of the pre-2013 magnetic field measurements, effectively
normalizing the data to a uniform 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 solar
magnetic field data, we applied a weighted average to
the daily proton flux data over ten days in Appendix A
(Ebert et al. 2022). converting it into ten-day average
flux data. Figure 1 shows that the time distribution of
proton flux exhibits a very similar pattern to the time
distribution of the solar magnetic field. We can define
a time lag function as follows. Let Y denote the pro-
ton flux and X denote the weighted solar magnetic field
strength determined by Equation 1. We introduce the
following equation to model the relationship:

Y =aX(t+AT)+b (3)

Here, AT represents the time lag between the solar ac-
tivity indices and the medium properties of the mod-
ulation. This function allows us to quantify the delay
between changes in solar magnetic activity and corre-
sponding responses in cosmic ray flux. Our model is de-
fined by three free parameters: a,b, AT, which are con-
strained using extensive data. This data includes proton
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measurements collected by the AMS experiment from
2011 May to 2019 December. Each data point J(¢;, Ey)
represents the cosmic-ray flux at a specific time ¢; while
jj, i denotes the predicted value from the linear fit. The
calculations incorporate delayed functions of the physi-
cal inputs. We utilize a global x? estimator to determine
the optimal time delay.

> J (tj, Ep;a,b, AT) — J; 1

2
X2(a, b, AT) = , (4)
O’jyk

Jik

where ;) represents the experimental errors in the
data. By adjusting AT to find the value that minimizes
X2, we determine the time delay relationship between
solar magnetic activity and cosmic rays,

According to theoretical references, the error range of
the x? distribution is determined when the x? increases
a certain specified value (Behnke et al. 2013; Gregory
2005). For a given set of data, the confidence region is
defined by the inequality:

X2 (0) < Xouin + AXZ (5)

Here, Ax? is typically derived from the x? 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.

We used proton data spanning 2000 days combined
with solar magnetic 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 x2? 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.

3. RESULTS

Firstly, we calculated the weight of the solar magnetic
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 x?/ndf = 29.21/108.

In Figure B1, by using Equation 2 to find the mini-
mum 2 /ndf, we achieved a value of 23.27/108, corre-
sponding to an optimal weight of w = 0.78. By set-
ting this weight, we smoothed the composite total solar
magnetic field, thereby eliminating fluctuations irrele-
vant to cosmic ray modulation. The difference in chi-
square values around 6 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 (Aguilar et al. 2021b). 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=193%+0.1,b =349+ 2 , and x?/ndf = 3621.0/198,
with a time delay of 360 + 5 days as determined by the
confidence region 5. When the time delay was not set,
the fit results were a = 17.2 £ 0.1,b = 408 £+ 3, and
2 /ndf = 43116.3/198. These results are based on the
positive polarity period data from 2014 to 2019.
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Figure 2. Comparison of the weighted magnetic field

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

In Figure 2, the optimal time lag adjustment results
in a significantly better fit to the data, reducing the x?
value from 43116 to 3621. This substantial reduction in
x? value indicates that the time lag plays a crucial role in
accurately modeling the relationship between the solar
magnetic field and cosmic ray proton flux, resulting in
a better linear relationship.

Figure 3 further supports this finding by showing the
time series comparison between the weighted solar mag-
netic field strength and cosmic ray proton flux. The top
panel presents the relationship without accounting for
the time lag, while the bottom panel displays the rela-
tionship with the optimal time lag applied. The blue
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Figure 3. Comparison of cosmic ray proton flux and
weighted solar magnetic field strength for rigidity 1.00-1.16
GV. The blue points represent the solar magnetic field
strength, and the red points represent the flux of protons.
The top panel shows the magnetic field strength 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.

points represent the solar magnetic field strength, 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 im-
proved.

We performed multiple calculations in different rigid-
ity intervals and observed a trend where the time delay
decreases with increasing rigidity. This effect is more
pronounced in the 1-5 GV interval. As rigidity increases,
the time delay tends to stabilize. However, due to the
increasing measurement errors of AMS with higher rigid-
ity, the errors defined by the confidence region in Equa-
tion 5 also increase. Specifically, in the 1.00-1.16 GV
rigidity interval, the optimal time delay is 360f§0 days.
In the 13-16.6 GV interval, the optimal delay is 300727
days.

In this study, we focused on the time delay relation-
ship between cosmic rays and the solar magnetic 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 solar
magnetic field reversal period (Owens & Forsyth 2013),
the constantly changing polarity makes it challenging to
establish a fixed time delay pattern to explain the dis-
crepancies between cosmic rays and the solar magnetic
field (Zerbo et al. 2013; McComas et al. 2000).
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Figure 5 shows the weighted magnetic field strength
and the flux of 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 pe-
riod of the solar magnetic field reversal, where the polar-
ity change complicates the identification of a consistent
time delay between 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 de-
lay in the response of cosmic ray flux to changes in the
solar magnetic field, which varies with rigidity. In con-
trast, during the A < 0 period, no similar time delay was
observed, suggesting different modulation effects under
positive and negative polarity cycles.

For the A < 0 period, since AMS data collection
started in 2011, we can only discuss cosmic ray flux vari-
ations from 2011 to 2014. Della Torre et al. (2012) no-
ticed that the modulation effect during the negative po-
larity period on negatively charged particles may be sim-
ilar to the modulation effect on positively charged parti-
cles during the positive polarity period with the positron
fraction data provided by AMS-01 and PAMELA.

Therefore, we also examined the delay relationship be-
tween electrons (Aguilar et al. 2023) and the solar mag-
netic field from 2011 to 2014, finding a similar time delay
of 390f?6 days for electrons in the rigidity range of 1-
1.71 GV as is shown in Figure B2. However, due to the
later start of AMS data collection and the insufficient
amount of data, we cannot provide a conclusive and ac-
curate result. Future calculations can leverage the new
data currently being measured by AMS (Aguilar et al.
2021a) 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 mea-
surements, under varying polarity conditions and during
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polarity reversals, can offer deeper insights into the dy-
namics of cosmic ray modulation and the effects of the
solar magnetic field on cosmic rays.

We have found that the solar magnetic field exhibits
a delayed effect, and other literature suggests that the
sunspot number also experiences a delay(Tomassetti
et al. 2017b). Additionally, various other solar param-
eters can be considered. In the future, we can apply
machine learning methods to incorporate these different
parameters to predict cosmic ray behavior more effec-
tively.

4. CONCLUSION

In this letter, we find the correlations between the pos-
itive cosmic ray fluxes and the solar magnetic field data
from the North and South hemispheres. Our analysis
primarily focuses on the 24th solar cycle post-2013, cor-
responding to the A > 0 positive polarity period. We
defined a parameter w = 0.78 to adjust the weights of

the N and S hemispheres to best describe the mag-
netic fields affecting cosmic rays. We calculated the
time delay of cosmic rays using the weighted average
magnetic field. Our model successfully predicted the
temporal evolution of cosmic-ray proton spectra in the
24th solar cycle after the solar magnetic field reversal
as measured by the AMS experiment. Once the correla-
tion between modulation parameters and solar activity
indices is established, our model demonstrates high pre-
dictive accuracy. By utilizing extensive cosmic-ray pro-
ton 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 solar magnetic field data,
contingent on the heliospheric conditions.

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 capa-
bility 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 solar magnetic field data sampled
every 10 days. Future research could include the use of
neutron monitor data (Smith & Doe 2022; Maurin et al.
2015), longer observation periods, or accounting for peri-
odicities and latitudinal dependencies in solar magnetic
field measurements (Potgieter 1997). Due to the cur-
rent precision of available solar magnetic field data, we
could not test these additional hypotheses. However, a
detailed re-analysis of our model will be possible with
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comparison with the data (Aguilar et al. 2021b). Calculations for AT = 0 are shown as thin dashed lines. The orange shaded
bars indicate the magnetic reversals of the Sun’s polarity at 2013 (Sun et al. 2015).

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, en-
hancing the safety and planning of human space mis-
sions.
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APPENDIX

A. ERROR ESTIMATION METHOD

To determine the weighted average and its uncertainty, we use the following formulas:

The weighted average of a set of measurements =1, zo, ..., z, with respective uncertainties d1, ds, ..., d, is given by:
T1-Wy + X Wyt -+ Xy w
Tavg = 1w+ T2 wa2+ -+ Ty Wy (A1)
w1 + W2 + -+ Wy
Where the weight w; is defined as:
1
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The uncertainty on the weighted average davq is given by:

Savg = \/ ! (A3)

wy +wz + -+ wy

This method assigns more weight to measurements with smaller uncertainties and is commonly used in data anal-
ysis across various scientific fields. The standard error calculation ensures that measurements with higher precision
contribute more significantly to the final result.

B. SUPPLEMENTARY FIGURES

In Figure B1, by using Equation 2, we determined the minimum x?/ndf value of 23.27/108, corresponding to an
optimal weight of w = 0.78. This weight effectively smoothed the composite total solar magnetic field, eliminating
fluctuations irrelevant to cosmic ray modulation. The significant reduction in chi-square values (around 6) indicates a
clear improvement in the model’s fit.

In Figure B2, we analyze the correlation between the weighted magnetic field strength and the electron flux in the
rigidity range of 1-1.71 GV over the period from 2011 to 2014. We found a similar time delay of 3901?6 days for
electrons, consistent with the modulation effects observed for protons.
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Figure B1. 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 x? with w = 1.00, where the solar north and south magnetic fields have the same weight.
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Figure B2. Comparison of weighted magnetic field strength and electron flux (1-1.71 GV) over Time: Magnetic field data is
shown with no time shift (grey) and with a time shift of 390 days (blue), compared to electron flux measurements (green) from

2011 to 2014.



	Introduction
	Methodology
	Results
	Conclusion
	Error Estimation Method
	Supplementary Figures

