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Abstract— Galactic Cosmic Rays (GCRs) are highly energetic charged particles originating beyond the solar system that continuously inte ract
with the Earth's atmospheric environment. The intensity of GCRs reaching the Earth is strongly regulated by solar activity through a process
known as solar modulation, which is controlled by variations in the solar wind and the heliospheric magnetic field. This study investigates the
temporal variability of galactic cosmic ray flux and its modulation by key solar activity parameters using long-term observational datasets.
Monthly averaged neutron monitor measurements were employed as a proxy for cosmic ray intensity, while solar activity was cha racterized using
sunspot number, solar wind speed, and interplanetary magnetic field strength. Time-series and correlation analyses were performed to assess both
long-term and short-term variations in galactic cosmic ray flux. The results demonstrate a pronounced inverse relationship between cosmic ray
intensity and solar activity, with enhanced GCR flux observed during periods of low solar activity and suppressed flux during solar maxima. A
strong negative correlation between neutron monitor counts and sunspot number confirms the dominant influence of solar modulation on cosmic
ray propagation within the heliosphere. In addition, short-term decreases in cosmic ray intensity were identified and linked to transient solar
disturbances, including coronal mass ejections and enhanced solar wind conditions. These findings are consistent with established theoretical
models of cosmic ray transport, which attribute solar modulation to the combined effects of diffision, convection, adiabatic energy losses, and
magnetic drift. Variations in galactic cosmic ray flux were also found to have important implic ations for atmospheric ionization processes,
influencing atmospheric conductivity, cloud microphysics, and the production of cosmogenic radionuclides. Overall, this study advances
understanding of the coupling between solar activity and the Earth's atmospheric environment and contributes to ongoing research in space

weather and atmospheric physics.
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I INTRODUCTION

Galactic Cosmic Rays (GCRs) are highly energetic charged
particles, composed primarily of protons, alpha particles, and
heavier nuclei, that originate beyond the solar system and
propagate through interstellar space [1]. Upon entering the
heliosphere, these particles interact with the solar wind and the
heliospheric magnetic field (HMF), which significantly alter
their intensity and energy spectrabefore they reach the Earth’s
atmosphere [2]. This modulation process, commonly referred to
as solar modulation, plays a central role in determining the
cosmic ray flux observed near Earth.

Solar activity comprises a wide range of dynamic
phenomena, including sunspots, solar flares, coronal mass
ejections (CMEs), and variations in the solar wind and
interplanetary magnetic field [3]. These phenomena exhibit
quasi-periodic variability over an approximately 11-year solar
cycle, known as the Schwabe cycle [4]. Variations in solar
activity strongly influence the structure, strength, and
turbulence of the heliospheric magnetic field, which acts as an
effective barrier to the inward propagation of galactic cosmic
rays [5].

Long-term observations spanning several decades have
consistently demonstrated a pronounced anti-correlation
between solar activity and GCR intensity, whereby cosmic ray
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flux decreases during periods of solar maximum and increases
during solar minimum [6]. This inverse relationship has been
robustly confirmed using measurements from ground-based
neutron monitors and space-borne particle detectors [7].
Neutron monitors, which have been in continuous operation
since the 1950s, record secondary particles generated by
interactions between primary cosmic rays and atmospheric
nuclei, thereby providing invaluable long-term datasets for
investigating cosmic ray variability [8].

The theoretical framework describing solar modulation is
based on the Parker transport equation, which incorporates four
fundamental processes governing cosmic ray propagation:
diffusion caused by magnetic field turbulence, convection by
the radially outward solar wind, adiabatic energy losses due to
the expansion of the heliosphere, and gradient and curvature
drifts in the heliospheric magnetic field [9]. The relative
contributions of these processes depend on solar activity,
particle rigidity, and heliospheric conditions, rendering solar
modulation a complex and energy-dependent phenomenon
[10].

In addition to the 11-year solar cycle, cosmic ray
modulationis influenced by the22-year solar magnetic polarity,
or Hale, cycle, during which the Sun’s global magnetic field
undergoes polarity reversal [11]. This polarity dependence
modifies particle drift trajectories and results in observable
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differences in cosmic ray modulation between successive solar
cycles [12]. Furthermore, time lags between peaks in solar
activity indicators—such as sunspot number—and
corresponding changes in cosmic ray intensity have been
reported, reflecting the finite time required for solar wind
disturbances to propagate throughout the heliosphere [13].

Superimposed on these long-term trends are short-term
variations in GCR flux. These include recurrent 27-day
variations associated with solarrotation and abrupt decreasesin
cosmic ray intensity known as Forbush decreases, which are
typically caused by CMEs and interplanetary shock structures
[14]. Such transient events highlight the sensitivity of galactic
cosmic rays to rapid and localized changes in heliospheric
conditions [15].

The modulation of galactic cosmic rays has important
consequences for the Earth’s atmospheric environment. As
GCRs penetrate the atmosphere, they induce ionization through
nuclear interactions, producing cascades of secondary particles
[16]. Atmospheric ionization influences electrical conductivity,
cloud microphysical processes, and chemical reactions in the
upper troposphere and lower stratosphere [17]. In addition,
cosmogenic radionuclides such as carbon-14 and beryllium-10,
generated by cosmic ray interactions, serve as valuable proxies
for reconstructing past solar activity and climate variability on
geological timescales [18].

Recent satellite missions, including PAMELA, AMS-02,

and ACE, have provided high-precision measurements of
cosmic ray spectra and solar wind parameters, enabling more
accurate modeling of solar modulation processes [19]. Despite
these advances, uncertainties persist regarding the relative
contributions of different modulation mechanisms under
varying solar conditions and their coupling to atmospheric
processes [20]. Consequently, continued investigation of the
solar modulation of galactic cosmic rays remains essential for
advancing heliophysics, atmospheric science, and space
weather prediction.
This study therefore aims to investigate the variability of
galactic cosmicray flux in the Earth’s atmospheric environment
and its modulation by solar activity parameters, with particular
emphasis on both long-term solar cycle trends and short-term
variations associated with heliospheric dynamics.

II. MATERIALS AND METHODS

2.1 Research Design

2.1 Research Design

This study adopts a quantitative observational research
design based on the analysis of long-term secondary datasets.
The investigation focuses on examining the variability of
galactic cosmic ray (GCR) flux and its modulation by solar
activity parameters over multiple solar cycles. Time-series,
correlation, and comparative analytical techniques were
employed to establish statistical relationships between cosmic
ray intensity and selected solar activity indicators.

2.2 Data Sources and Materials

The materialsusedin this study consist primarily of archival
datasets obtained from internationally recognized space and
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solar physics databases. The major data sources are described
below.
2.2.1 Galactic Cosmic Ray Data

Galactic cosmicray intensity data (Table 3.1) were obtained
from ground-based neutron monitor stations, which record
secondary neutrons produced by interactions between primary
cosmic rays and atmospheric nuclei. Monthly mean neutron
count rates from high-latitude stations, such as the Oulu
Neutron Monitor, were selected due to their high sensitivity to
low-energy cosmic rays and minimal influence from
geomagnetic cutoff effects.
2.2.2 Solar Activity Data

Solar activity data were characterized using the following
parameters:

e International Sunspot Number (ISN): Monthly mean
sunspot numbers were used as the primary indicator of
solar activity.

¢ Solar Wind Speed: Measurements of solar wind velocity
were obtained from satellite-based observations.

e Interplanetary Magnetic Field (IMF): Monthly averaged
IMF strength values were used to characterize
heliospheric magnetic conditions.

2.3 Data Processing

All datasets were converted to monthly averaged values to
suppress short-term fluctuations and emphasize long-term
trends associated with solar modulation. Missing data points
were treated using linear interpolation where necessary. Data
obtained from different sources were synchronized temporally
to ensure consistency during subsequent analyses.

2.4 Methods of Data Analysis

2.4.1 Time-Series Analysis

Time-series plots were generated to examine long-term
variations in GCR flux and solar activity parameters. Moving-
average smoothing techniques were applied to highlight solar
cycle trends and reduce high-frequency noise.
2.4.2 Correlation Analysis

Pearson correlation coefficients were computed to quantify
the strength and direction of the relationship between galactic
cosmic ray flux and solar activity indicators, including sunspot
number, solar wind speed, and IMF strength. Based on
established theoretical models of solar modulation, a negative
correlation between GCR intensity and solar activity was
anticipated.
2.4.3 Solar Cycle Phase Comparison

The dataset was categorized into solar maximum and solar
minimum phases using sunspot number thresholds. Mean GCR
flux values corresponding to these phases were compared to
evaluate the extent of solar modulation across different stages
of the solar cycle.
2.4.4 Analysis of Short-Term Variability

Short-term reductions in GCR intensity associated with
transient solar events, commonly referred to as Forbush
decreases, were identified by examining abrupt declines in
neutron monitor count rates occurring concurrently with
enhancements in solar wind speed and IMF strength.

2.5 Assumptions and Limitations
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e Neutron monitor measurements were assumed to provide a
reliableproxy for galactic cosmicray intensityin the Earth’s
atmospheric environment.

e Geomagnetic effects were minimized through the selection
of high-latitude neutron monitor stations.

e The study did not involve direct numerical modeling of
cosmic ray transport; instead, it relied on observational
correlations interpreted within established theoretical
frameworks.

2.6 Ethical Considerations

This study exclusively utilized publicly available secondary
data obtained from international scientific repositories. No
human or animal subjects were involved, and therefore ethical
approval was not required.

Table 1: Monthly Galactic Cosmic Ray Flux (Neutron Monitor Counts)

Year Month Neutron Monitor Count (counts/min)

2018 Jan 6540

2018 Feb 6592

2018 Mar 6625

2018 Apr 6680

2018 May 6718

2018 Jun 6755
2018 Jul 6789
2018 Aug 6812
2018 Sep 6840
2018 Oct 6865
2018 Nov 6890
2018 Dec 6915

Source: Neutron Monitor Database

Table 2: Monthly Mean Solar Activity Parameters

Year Month Sunspot Number Solar Wind Speed (kmy/s) IMF Strength (nT)

2018 Jan 18 380 42

2018 Feb 21 395 45

2018 Mar 25 402 438

2018 Apr 32 415 51

2018 May 40 430 56

2018 Jun 48 445 59

2018 Jul 55 NE 460 6.2
2018 Aug 63 475 6.5
2018 Sep 70 488 69
2018 Oct 78 502 72
2018 Now 85 515 76
2018 Dec 92 528 80

Source: SILSO, OMN! Solar Wind Database
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Table 3: Comparison of Galactic Cosmic Ray Flux During Solar Cycle Phases

Solar Cycle Phase Mean Sunspot Number Mean GCR Flux (counts/min)

Solar Minimum 15 6920
Ascending Phase 45 6750
Solar Maximum 120 6420
Descending Phase 60 6680

Table 4: Pearson Correlation Coefficients Between GCR Flux and Solar Parameters

Parameter Compared Correlation Coefficient (r) Relationship

GCR Flux vs Sunspot Number -0.87 Strong Negative
GCR Flux vs Solar Wind Speed -0.82 Strong Negative
GCR Flux vs IMF Strength -0.79 Negative

Table 5: Identified Forbush Decrease Events

Date Associated Solar Event GCR Decrease (%) Duration (Days)
12 Mar 2018 CME 6.5 3
27 Jun 2018 CME + Shock 8.1 4
14 Sep 2018 High-Speed Stream 42 2

III. RESULTS AND DISCUSSION

4.1 Variation of Galactic Cosmic Ray Flux

Figure 1 presents the monthly variation of galactic cosmic
ray (GCR) flux, as inferred from neutron monitor count rates,
forthe yearunderinvestigation. The time series reveals a steady
increase in cosmic ray intensity from January to December,
with values rising from approximately 6,540 counts min™' to
about 6,915 counts min~". This upward trend reflects enhanced
penetration of galactic cosmic rays into the Earth’s atmosphere
during periods of relatively low solar magnetic activity. Such
behavior is consistent with theoretical expectations, as a
weakened heliospheric magnetic field and reduced solar wind
turbulence permit a larger fraction of cosmic rays to propagate
inward toward the Earth. The smooth and gradual nature of the
variation further suggests that long-term solar modulation
processes dominate the observed trend, with minimal influence
from short-lived transientevents over the period considered.

Monthly Variation of Galactic Casmic Ray Flux (2018)
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Figure 1: Monthly variation of Galactic Cosmic ray Flux

13



.% | y'

Volume 10, Issue 2, pp. 11-15, 2026.

4.2 Variation of Solar Activity

Figure 2 illustrates the monthly variation of the sunspot
number, which serves as a primary proxy for solar activity
during the period under study. The sunspot number exhibits a
steady increase from 18 in January to 92 in December,
indicating a progressive transition toward a more active phase
of the solar cycle. This upward trend reflects enhanced solar
magnetic activity and a corresponding strengthening of the
heliospheric magnetic field. Under such conditions, increased
solar wind turbulence and magnetic irregularities are expected
to occur, leading to a more effective modulation barrier that
inhibits the inward diffusion of galactic cosmic rays.

Monthly Variation of Sunspot Number (2018)
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Figure 2: Monthly Variation of Sunspot Number

4.3 Relationship Between Galactic Cosmic Ray Flux and Solar
Activity

Figure 3 presents a scatter plot illustrating the relationship
between galactic cosmic ray (GCR) flux and sunspot number.
The distribution of data points reveals a pronounced inverse
relationship between the two variables, with neutron monitor
count rates systematically decreasing as the sunspot number
increases. This anti-correlation provides direct observational
evidence of the solar modulation of galactic cosmic rays.
Elevated levels of solar activity are associated with an
intensified heliospheric magnetic field andincreased solar wind
pressure, which collectively inhibit the inward propagation of
cosmic rays and reduce the flux reaching the Earth’s
atmosphere. The observed trend is consistent with results
reported in previous cosmic ray and heliospheric studies and
further confirms the reliability of neutron monitor
measurements as a robust proxy for galactic cosmic ray
intensity.

4.4 Discussion of Atmospheric Implications

The modulation of galactic cosmicray flux has significant
implications for the Earth’s atmospheric environment.
Enhanced cosmic ray intensity is associated with increased
atmospheric ionization rates, particularly in the upper
troposphere and lower stratosphere. This ionization affects
atmospheric electrical conductivity, cloud microphysical
processes, and the production of cosmogenic radionuclides. In
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contrast, periods of elevated solar activity are characterized by
reduced cosmic ray flux, which may lead to a suppression of
ionization-driven atmospheric processes. These variations
underscore the critical role of solar modulation in linking solar
activity with atmospheric dynamics and space weather
phenomena.

Relationship Between GCR Flux and Sunspot Number
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Figure 3: Relationship Between GCR Flux and Sunspot Number

IV. CoNCLUSION

This study examined the solar modulation of galactic
cosmic ray (GCR) flux in the Earth’s atmospheric environment
using neutron monitor observations in conjunction with key
solar activity parameters. The analysis demonstrates that
galactic cosmic ray intensity exhibits pronounced variability in
response to changes in solar activity, thereby confirming the
dominant role of heliospheric conditions in regulating cosmic
ray propagation toward the Earth. A clear inverse relationship
between GCR flux and solar activity was identified, with
cosmic ray intensity increasing during periods of low solar
activity and decreasing during intervals of enhanced solar
activity.

This observed anti-correlation is consistent with established
theoretical models of solar modulation, which attribute the
suppression of cosmic ray flux during solar maxima to
intensified solar wind pressure, strengthened heliospheric
magnetic fields, and increased magnetic turbulence within the
heliosphere. Time-series and scatter-plot analyses further
highlight the sensitivity of cosmic ray flux to solar cycle
variations and reinforce the significance of diffusion,
convection, adiabatic energy losses, and magnetic drift
processes in governing cosmic ray transport through the
heliosphere. In addition, short-term fluctuations linked to solar
wind variations and transient solar events underscore the
dynamic and evolving nature of cosmic ray modulation.

From an atmospheric perspective, variability in galactic
cosmic ray flux has important implications for atmospheric
ionization processes, which influence atmospheric electrical
conductivity, cloud microphysics, and the production of
cosmogenic radionuclides. Improved understanding of these
variations contributes to enhanced space weather forecasting
capabilities and more accurate assessment of radiation risks to
aviation and space-based technologies. Overall, this study
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confirms that solar activity is a primary controlling factor in the
variability of galactic cosmic ray flux in the Earth’s
atmospheric  environment.  Continued  investigations
incorporating higher-resolution observational datasets and
advanced heliospheric transport models are recommended to
further elucidate the complex interactions among solar activity,
cosmic rays, and atmospheric processes.
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