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Abstract
This study investigated the relationship between the most influential solar and interplanetary plasma parameters and cosmic ray 
modulation. A principal component analysis (PCA) method was used. The variations of the cosmic ray intensity were obtained at 6 
different locations with different latitudes and cutoff rigidities. These stations were located at mid- to high latitudes (SOPO, OULU, 
and NEWK), while the remaining three were located at low latitudes (MXCO, TSMB, and PSNM). A parameter ranking based on 
PCA confirmed that sunspot number, interplanetary magnetic field (IMF) magnitude, heliospheric current sheet (HCS) tilt, halo 
coronal mass ejection (CME) velocity, Bz, and proton density have the highest link with the modulation of cosmic ray intensity. 
Meanwhile, the PCA analysis at low latitudes revealed that the cone angle and the magnetic field components By and Bx along the y
- and x-axes, the mean magnetic field of the Sun, the HCS tilt, and the IMF magnitude exert the greatest correlation on the cosmic 
ray intensity modulation at this station. The correlation between the analyzed parameters and cosmic ray modulation appears to 
vary with latitude.    
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1. INTRODUCTION

Cosmic rays expose charged particles that 

propagate through interplanetary space and 

approach the Earth from all directions with high 

energies. Cosmic ray particles consist of 

approximately 90% protons, 9% alpha particles, and 

1% heavier nuclei [1]. Incoming cosmic rays 

interact with particles in the Earth's atmosphere, 

emitting secondary particles such as protons, 

neutrons, positive–negative pions, and positive–

negative kaons. Some of the pion and kaon particles 

decay into muons and neutrinos. 

Galactic cosmic ray particles reach the solar 

system against the outward sweep of the magnetic 

field carried by the solar wind, resulting in lower 

intensity in the solar system. The random motion of 

cosmic ray particles is a Markov process, as 

 
represented by the Fokker-Planck equation [2]. The 

random motion concept for particle motion has 

been extended to include the anisotropic case of 

preferential diffusion along magnetic lines of force. 

Cosmic ray particles will lose energy as they travel 

to the Earth. However, direct collisions between 

reflected cosmic ray particles and the wind field can 

result in an energy exchange between the wind and 

galactic cosmic ray particles. This process transfers 

a significant portion of the solar wind's energy into 

the cosmic rays that fill interstellar space. 

The intensity of galactic cosmic rays on Earth 

varies over an 11-year cycle, which is anti-

correlated with the 11-year cycle of the Sun marked 

by sunspot number  [3]. The anti-correlation also 

exhibits a time lag [3]-[6] between the peak minima 

of the cosmic rays and the peak maxima of solar 

activity or vice versa [7]. The lag between solar 

activity and cosmic rays exhibits a quasiperiodic 

characteristic that corresponds to the Sun's 

magnetic polarity cycle of 22 years [8]. The time 

lag is also generally attributed to the outward 

propagation of the solar wind, which carries the 

heliospheric magnetic field (HMF), and the inward 

diffusive transport of cosmic ray particles, 

influenced by large-scale drifts [9]. This phase lag 

can cause long-term variations in the relationship 

between cosmic ray intensity and solar activity; 

distinct time lags for distinct cycles are viewed as 
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the result of large-scale drifts of GCR in the 

heliosphere.  

Sunspots have little direct effect on cosmic-ray 

intensity, but surface magnetic activity, particularly 

large and long-lived active patches, can cause 

disruptions in the characteristics of the solar wind 

[10], modulating cosmic ray transport in the 

heliosphere. The journey of cosmic rays to Earth 

depends on the tilt of the heliospheric current sheet 

(HCS) from the Sun's equator [11]. When the HCS 

is tilted and disturbed, the length of the path 

traveled by the cosmic rays increases, thereby 

increasing the lag time [12]. The relationship 

between cosmic ray intensity and HCS tilt angle is 

anti-correlated with the time-lag difference between 

the even and odd cycles and between positive and 

negative polarities. Studying the cosmic ray 

modulation is essential when considering 

interplanetary space as a medium of cosmic ray 

propagation. The transport of cosmic rays in the 

heliosphere involves drift caused by the magnitude 

gradient and curvature of the interplanetary 

magnetic field (IMF) magnitude. Cosmic ray 

scattering is caused by the non-uniformity of the 

IMF magnitude [13]. The variation of the time lag 

between the even and odd cycles of the Sun is 

 

 

 
 

 
Figure 2. Pressure-corrected neutron monitor counting rates for the summed tubes from the stations of 

SOPO (orange), OULU (yellow), NEWK (purple), MXCO (green), TSMB (red), and PSNM (blue). The 

OULU and NEWK count rates have been multiplied by 2, while the PSNM count rate has been divided by 

2. The vertical dashed line indicates the approximate epoch of the Sun’s mean magnetic field polarity 

reversal (qA).  

 

 
Figure 1. Time series of the raw sunspot number.  
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characterized by the reversal of the magnetic 

polarity of the Sun's poles, which is thought to also 

account for differences in the peak shape of cosmic 

ray intensity [14]. The sign of the particle's electric 

charge is denoted by q, while the polarity of the 

solar magnetic field is marked by A. The solar 

magnetic field reverses, causing the north and south 

magnetic poles to shift positions. The solar 

magnetic polarity, A, is the large-scale magnetic 

orientation of the Sun during a specific phase of the 

cycle. For A > 0 indicates the field is outward in the 

northern hemisphere, while A < 0 indicates the field 

is inward. In this study, we focus on positively 

charged Galactic cosmic ray particles with q > 0. In 

this context, the sign of the product qA is important 

because it influences the drift patterns of these 

particles through the heliosphere. However, it is 

important to note that the solar cycle itself is 

defined by the sign of A, independent of the particle 

type. During qA > 0, the IMF's gradient and 

curvature magnitude allow a drift stream of cosmic 

rays to reach the heliosphere from the polar regions 

and be ejected along the equatorial current sheet, 

and vice versa. During qA < 0, the drift stream of 

cosmic rays reaches the heliosphere through the 

HCS and exits the polar regions [15]. Research on 

cosmic ray intensity in the IMF magnitude shows 

that the IMF magnitude conditions largely control 

the recovery of cosmic rays [16][17]. During an 

even cycle, the polarity is qA < 0 in the ascending 

phase and qA > 0 in the descending phase, so the 

cosmic ray recovery is faster after a solar 

maximum. In contrast, during an odd cycle, the 

polarity is qA > 0 in the ascending phase and qA < 0 

in the descending phase [18]. The time lag in the qA 

< 0 epoch is greater during the rising phase 

compared to the falling period of cosmic rays. In 

the qA > 0 epoch, there was only a modest time lag 

in the descending of cosmic rays [19]. This 

phenomenon is primarily caused by temporal 

changes in the structure of IMF magnitude 

turbulence. 

The variability of cosmic-ray intensity is also 

associated with the solar wind. The interaction of 

cosmic rays and the solar wind results in energy 

loss and transfer between them. When solar activity 

is high, the solar wind is greater, deflecting and 

slowing cosmic ray particles, reducing their energy. 

The difference in cosmic ray propagation during the 

qA period is also dependent on the latitude of the 

solar wind [20]. Structural changes in solar wind 

magnetic disturbance during various phases of solar 

activity are the general mechanics underlying the 11

-year variations in cosmic ray [21]-[24]. The 

intensity of cosmic rays with the speed of the solar 

wind is negatively correlated with the time lag over 

a certain period [25]. 

Several investigations on cosmic ray modulation 

on different parameters yield mutually supportive 

results. The criteria evaluated for cosmic ray 

modulation must still be minimized in order to 

focus more on studying and investigating the 

 

 

 
 

Table 1. Cosmic ray intensity monitoring stations according to altitude. 

 
Table 2. qA correlation for SOPO, OULU, and NEWK stations. 

 
Station Interval Time Long. (o) Lat. (o) Rc (GV) Altitude (m) Detector 

OULU 1964–2020 25.5 E 65.1 N 0.81 15 9-NM-64 

NEWK 1964–2020 75.8 W 39.7 N 2.40 50 3 x 3-NM-64 

TSMB 1977–2020 17.58 E 19.2 S 9.15 1240 Standard 18-NM64 

MXCO 1990–2020 99.18 W 19.33 N 8.20 2274 Standard 6-NM-64 

PSNM 2008–2020 98.5 E 18.59 N 16.8 2565 Standard 18-NM64 

SOPO 1964–2020 0.0 E 90.0 S 0.10 2820 3 x 1-NM-64 

 
Station qA < 0 qA > 0 

SOPO-OULU 0.450 0.806 

SOPO-NEWK 0.799 0.844 

OULU-NEWK 0.743 0.990 
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qualities that make the greatest contribution to 

cosmic ray modulation. The partial least squares 

(PLS) method approach reveals that the sunspot 

number, IMF magnitude, and HCS tilt angle 

parameters are the strongest for higher latitude 

stations, whereas cone angle, Bx, and By are the 

strongest for lower latitude stations [26]. PLS and 

PCA approaches have been applied in other non-

astrophysics investigations, including biomass 

gasification [27], flight load calculations [28], and 

soil qualities [29], to compare results. However, 

research in astrophysics, particularly solar physics, 

is limited. The primary goal of this study is to 

determine the parameters that most strongly 

correlate with cosmic ray modulation and then 

examine their impact on cosmic ray modulation 

using different methodologies to compare recent 

results. 

 

2. DATA AND METHODS 

 

2.1. Data 

Long-term modulation data of cosmic ray 

intensity observed on Earth were retrieved from the 

Neutron Monitor Database (NMDB) (http://

www01.nmdb.eu/). The pressure- and efficiency-

corrected cosmic ray intensity data were obtained at 

six stations located at different altitudes, latitudes, 

and cutoff rigidities, namely the South Pole (SOPO) 

in Antarctica, Oulu (OULU) in Finland, Newark 

 

 

 

Figure 4. Effect of gallic acid administration for 8 weeks on serum HDL levels in normal and diabetic 

 
 

  SOPO OULU NEWK MXCO TSMB PSNM 

SOPO   0.82 0.85 0.80 0.79 0.76 

OULU 0.82   0.99 0.85 0.84 0.82 

NEWK 0.85 0.99   0.82 0.83 0.81 

MXCO 0.80 0.85 0.82   0.74 0.70 

TSMB 0.79 0.84 0.83 0.74   0.49 

PSNM 0.76 0.82 0.81 0.70 0.49   

 

 
Figure 3. PCA scree plots for the three monitoring stations: (A) SOPO, (B) OULU, and (C) NEWK. The 

plots show the eigenvalue explained by each principal component, helping to identify the number of 

components that contribute most significantly to the data structure at each station. The horizontal dotted line 

indicates eigenvalue = 1.0.  

http://www01.nmdb.eu/
http://www01.nmdb.eu/
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(NEWK) in America, Mexico City (MXCO) in 

Mexico, Tsumeb (TSMB) in Namibia, and Princess 

Sirindhorn Neutron Monitor (PSNM) in Thailand. 

Data on cosmic ray intensity resolution is also used 

daily. Figure 1 and Figure 2 shows the sunspot 

number time series (upper) and pressure- and 

efficiency-corrected cosmic ray intensity data from 

six observation stations (lower). The missing line in 

Figure 2 at the SOPO station is an indication of the 

absence of data for the years 1974–1976. Table 1 

shows information about cosmic ray intensity data, 

where Rc is the geomagentic cutoff rigidity of each 

station. The cosmic ray research regularly uses 

rigidity to examine geomagnetic field shielding. 

Thus, the geomagnetic field shielding effect can be 

quantified as the geomagnetic cutoff rigidity [30]. 

When the time is fixed, at a particular location and 

incidence angle, the geomagnetic cutoff rigidity Rc 

acts as a limit value, and only particles with value 

greater than this limit value can enter the Earth's 

atmosphere [31].  

We tested the correlation between SOPO-OULU, 

SOPO-NEWK, and OULU-NEWK for each qA 

cycle (qA < 0 and qA > 0). SOPO-OULU has the 

farthest hemisphere distance, while OULU-NEWK 

has the closest hemisphere distance. The correlation 

results can be found in Table 2. It demonstrates that 

SOPO-OULU has the lowest correlation value at qA 

< 0 and OULU-NEWK has the maximum 

correlation value at qA > 0. Furthermore, 

correlation values at qA > 0 are significantly larger 

than those at qA < 0. During the qA < 0, the solar 

flux component of the approaching field vector is 

bigger than that of the away field vector. However, 

no asymmetry between the solar magnetic field 

north and south of the HCS was detected in the qA 

> 0 epoch [32]. 

In this paper, the cosmic ray modulation will be 

analyzed against sunspot number, IMF magnitude, 

HCS tilt angle, mean magnetic field of the Sun, and 

solar wind speed. The HCS tilt angle model 

employs radial boundary conditions at the 

photosphere, yielding results computed with a 

greater source surface radius (3.25 R¤). The IMF 

magnitude parameters are the clock angle θ and 

cone angle ϕ. The clock angle is defined as the 

direction of the IMF magnitude in the y–z plane of 

the geocentric solar magnetospheric (GSM) 

coordinate system [33], whereas the cone angle is 

the angle formed between the IMF magnitude 

direction and the Earth-to-Sun line [34]. These two 

parameters are calculated by Equations 1 and 2, 

where B is the IMF magnitude, and Bx, By, and Bz 

are its components in the x, y, and z directions, 

respectively: 

                                                 

      (1) 

                                                  

      (2) 

 

Meanwhile, the solar wind parameters are proton 

density and plasma velocity. The observation 

periods and sources of these 11 parameters are 

listed in Table 3, with the data resolution ranging. 

Coronal mass ejection (CME) is a crucial 

energetic solar activity that dominates 

circumstances in interplanetary space and has an 

effect on Earth [35]. Spacecraft will identify CMEs 

 

 

 
Figure 4. PCA score plots for the three stations: (A) SOPO, (B) OULU, and (C) NEWK. The plots display 

the distribution of samples based on the first two principal components, reflecting similarities and differences 

in the data structure across the monitoring sites.  
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that have reached interplanetary space as 

interplanetary coronal mass ejections (ICMEs). 

ICME also can block cosmic-ray particles [36][37]. 

Therefore, the ICME parameters become essential 

in analyzing the modulation of cosmic rays arriving 

at Earth. In this paper, we use the CME halo 

parameters such as linear speed and ejected mass. 

Halo CME data was not a continuous time series, 

but rather discrete data collected just during the 

CME halo event. CME occurrences are frequently 

accompanied by other types of plasma activity, such 

as bursts of energetic protons into interplanetary 

space. These energetic proton bursts are called solar 

proton events (SPEs). As a result, we take into 

account the SPE flux data type for proton fluxes 

greater than 10 MeV as another parameter. 

 

2.2. Methods 

To predict the correlation between the response 

(cosmic ray modulation) and several predictors, we 

applied PCA with code from Minitab software. 

PCA is a dimensionality reduction method for large 

data. It works by reducing a large collection of 

variables into a smaller one that retains the majority 

of the information from the larger set. PCA is an 

analytical method that explains linear multivariate 

 

 

 
Figure 5. PCA loading plots for (A) SOPO, (B) OULU, and (C) NEWK stations. The plots illustrate the 

contribution of each variable to the first two principal components, highlighting the dominant patterns of 

variability at each site.  

 
 

 

Parameter 
SOPO OULU NEWK 

PC1 PC2 PC1 PC2 PC1 PC2 

Sunspot number 0.463 0.071 0.432 0.150 0.429 0.150 

IMF magnitude 0.370 −0.059 0.319 0.220 0.315 0.219 

HCS tilt angle 0.277 0.207 0.341 −0.058 0.341 −0.057 

Halo CME speed 0.264 0.079 0.296 0.054 0.296 0.055 

Bz 0.222 0.098 0.212 0.026 0.211 0.026 

SPEs 0.188 0.041 0.192 0.056 0.191 0.056 

By 0.177 −0.442 −0.058 0.477 −0.057 0.477 

Mean magnetic field of the Sun 0.160 −0.232 0.032 0.288 0.027 0.287 

Plasma velocity 0.159 0.179 0.216 −0.080 0.215 −0.080 

Halo CME mass 0.114 −0.005 0.130 0.057 0.128 0.058 

Clock angle −0.034 0.176 −0.003 −0.154 −0.007 −0.155 

Bx −0.119 0.529 0.146 −0.525 0.144 −0.526 

Cone angle −0.122 0.522 0.144 −0.520 0.142 −0.520 

Proton density −0.220 −0.239 −0.299 0.108 −0.300 0.106 

SOPO (PC1: -0.494; PC2: -0.098); OULU (PC1: -0.476; PC2: -0.136); NEWK (PC1: -0.484; PC2: -0.131) 

Table 5. First two PCA components of data from the SOPO, OULU, and NEWK stations. 
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models on complex data [38]. This multivariate data 

reduction technique identifies the correlations 

between variables [39][40] using orthogonal basis 

vectors or principal components (PCs). As samples 

with nearly identical PCs have very similar 

characteristics, PCA is also used for grouping. PCs 

are ordered by variance from largest to smallest, so 

the first PC is expected to have more significant 

variation in the data than subsequent PCs [41]. 

Most of the variability tends to be captured by the 

first PC, while the last PC contains little 

information from the original variables.  

There are three steps of the PCA method: First, 

make standardization. Standardization is important 

before PCA since the latter is particularly sensitive 

to differences in the original variables. Thus, 

converting the data to equivalent scales can avoid 

this issue. This can be accomplished 

mathematically by subtracting the mean from each 

variable's value and dividing by the standard 

deviation. Second, computing the correlation or 

covariance matrix. The purpose of this stage is to 

understand how the variables in the input data set 

depart from the mean in respect to one another or to 

identify whether there is a relationship between 

them. Because variables might become strongly 

connected to the point of containing redundant 

information. Third, computing the eigenvectors and 

eigenvalues. A PCA seeks a set of orthogonal 

eigenvectors from the correlation or covariance 

matrix variables. The independent variable matrix 

and the eigenvector matrix combine to form the PC 

matrix. The eigenvectors contain the weight 

coefficients corresponding to each variable from 

which the PC score is calculated. The eigenvectors 

are obtained as columns of orthogonal matrices 

during the spectral decomposition of the covariance 

or correlation matrices (S or R, respectively). This 

research adopts the correlation matrix. As the 

matrix R is symmetric, the orthogonal matrix V can 

be written as follows by Equations 3 and 4. 

 

V′RV = D     (3) 

 

R = VDV      (4) 

 

where D is a diagonal matrix in which the 

diagonal elements are eigenvalues, and the columns 

of V are eigenvectors. PCA methods output a score, 

which is a linear combination of the original 

variables explaining the variance in the data. The 

PC scores are collected into an n × m matrix Z 

determined as Z = YV, where Y is a standardized 

data matrix (n × p) used by the correlation matrix 

method and V is the eigenvector matrix (p × m). By 

ordering eigenvectors in order of eigenvalue, from 

highest to lowest, it can obtain the principal 

components in order of significance. PCA is widely 

applied in chemistry, pharmacy, accounting, and 

astronomy. In astronomical research, PCA has been 

applied to physical structural investigation of the 

interstellar medium [42], galaxy classification [43], 

quasar stellar objects (QSO) classification [44], 

studies of Forbush decrease [45], and application to 

sunspot number [46]. 

We also attempted a linear multiple regression 

fitting using multiple linear regression. Multiple 

linear regression is a statistical technique for 

 

 

Figure 6. PCA loading plots for (A) MXCO, (B) TSMB, and (C) PSNM stations. The plots illustrate the 

contribution of each variable to the first two principal components, highlighting the dominant patterns of 

variability at each site.  
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modeling the relationship between a single 

dependent variable (response) and two or more 

independent variables (predictors). It is used to 

determine how well the observation data matches 

the model created by Equation 5. 

 

y = C + a1x1 + a2x2 + a3x3 + …   (5)    

 

3. RESULTS AND DISCUSSIONS 

 

For the first analysis, we considered three 

stations—SOPO, OULU, and NEWK—located at 

high-mid latitudes. Three stations, MXCO, TSMB, 

and PSNM, located at lower latitudes, will be used 

to cross-check this study. Table 4 shows the 

correlation between each station from 1964 to 2020, 

which conforms to Table 1. Table 4 shows the 

correlation between high- and low-latitude stations. 

High correlation indicates that both stations have 

the same response. The highest correlation value 

(0.99) is shown by the OULU-NEWK station, while 

the lowest (0.49) correlation value is shown by the 

TSMB-PSNM station.  

 

3.1. Eigenvalues and Scree Plots 

The eigenvalues (or characteristic values) are the 

variances of the PCs used for determining the 

number of PCs. The present study assumes Kaiser's 

 

 

 
Figure 7. PCA loading plots for six stations using all parameter.  

 
Table 6. First two PCA components of data from the MXCO, TSMB, and PSNM stations.  

 

Parameter 
MXCO TSMB PSNM 

PC1 PC2 PC1 PC2 PC1 PC2 

By 0.408 −0.174 0.398 −0.158 0.394 0.175 

Mean magnetic field of the Sun 0.322 −0.108 0.324 −0.138 0.319 0.088 

Proton Density 0.234 −0.062 0.251 −0.163 0.245 0.094 

IMF magnitude 0.219 −0.334 0.225 −0.371 0.245 0.360 

Halo CME Mass 0.210 0.097 0.205 0.133 0.196 −0.151 

Halo CME Speed 0.101 0.161 0.090 0.227 0.094 −0.171 

Plasma Velocity 0.029 0.404 0.036 0.412 0.021 −0.472 

SPEs 0.023 0.018 0.018 0.029 0.016 0.001 

Bz −0.081 −0.166 −0.078 −0.168 −0.062 0.192 

Sunspot number −0.112 −0.497 −0.167 −0.458 −0.085 0.514 

Clock Angle −0.142 −0.168 −0.134 −0.208 −0.149 0.185 

HCS tilt angle −0.273 −0.400 −0.294 −0.334 −0.263 0.405 

Cone Angle −0.467 0.014 −0.451 −0.049 −0.423 0.038 

Bx −0.479 0.019 −0.465 −0.039 −0.438 0.034 

 
 

MXCO (PC1: -0.100; PC2: 0.424); TSMB (PC1: -0.167; PC2: 0.394); PSNM (PC1: -0.318; PC2: -0.214)  
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criteria, under which PCs with an eigenvalue 

greater than or equal to one are maintained. In PCA, 

the selected PCs are predicted to explain the most 

variance in the data, and the variance explained by 

the PCs is determined using the eigenvalues. The 

eigenvalues show how much variance is explained 

by each PC. A PC with an eigenvalue > 1 explains 

at least as much variance as one original variable; 

vice versa, components having an eigenvalue less 

than one are deemed insufficiently informative 

because they explain no more variation than a 

single original variable. The Kaiser criterion 

simplifies identifying the number of components to 

maintain, eliminating the need for sophisticated 

analysis or searching for eigenvalues less than 1. 

The restriction on eigenvalues ≥ 1 makes this 

criterion straightforward to apply in a number of 

contexts, including large and small data analysis. 

A scree plot is used to identify statistically 

significant factors or components, which is often 

referred to as a test [47]. The scree plot displays the 

eigenvalues as a function of PC number, where the 

eigenvalues are sorted from largest to smallest. The 

eigenvalues of the correlation matrix are the 

variances of the PCs. From the scree plot, we can 

select the number of components for the analysis. 

Ideally, the scree plot shows an initial steep decline 

followed by a bend and a linear decrease. The PCs 

on the steep part of the curve (before the first point 

of the straight line) are selected for analysis. The 

scree plots of the data at the three stations are shown 

in Figure 3. As the eigenvalues in all plots follow a 

linear decline after the fifth PC, the first five PCs 

were maintained for further analysis.  

 

3.2. Score Plots 

The score plot is a graph of the second PC's 

score against the first PC's score. When examining 

 

 

  SOPO OULU NEWK MXCO TSMB PSNM 

Standard Deviation 4.103 2.584 2.319 1.747 9.521 0.421 

Average −0.678 −0.431 −0.481 1.748 −1.008 −0.019 

 

Table 7. The standard deviation and average for the difference between the model and data. 
 

Figure 8. PCA loading plots for (A) SOPO, (B) OULU, (C) NEWK, (D) MXCO, (E) TSMB, and (F) PSNM 

stations without SPEs. The plots illustrate the contribution of each variable to the first two principal 

components, highlighting the dominant patterns of variability.  
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this plot, look for the leverage points and clusters. 

The score plot in the PCA method is used for 

assessing data structures and detecting clusters, 

outliers, and data trends. If the data follows a 

normal distribution with no outliers, then the data 

points are randomly distributed around zero. Figure 

4 shows that no data points are classed as leverage 

points or clusters. Aside from that, the data points 

are evenly distributed with no obvious outliers. The 

data can be appropriately represented by a normal 

distribution.  

 

3.3. Loading Plots 

The loading plot depicts the coefficients of each 

variable in the second component versus those of 

the first component. From a loading plot, we can 

identify the variables that most significantly 

correlate with each component and characterize the 

variables in each component. The loading plots 

obtained by the PCA are given in Figure 5. 

Specifically, the first component (PC1) appears to 

represent a dominant temporal variation associated 

with solar modulation effects, while the second 

component (PC2) likely reflects sectorial structures 

in the interplanetary magnetic field. These 

interpretations are supported by the loading patterns 

and the temporal/spatial behavior observed in the 

projections. The absolute value of PC1 is mainly 

contributed by cosmic ray intensity, sunspot 

number, IMF magnitude, and HCS tilt angle, as 

indicated by the longer vector lines of these 

parameters than for the other parameters. This result 

is supported by the qualitative results in Table 5, 

which show the highest PC1 values for sunspot 

number, IMF magnitude, and HCS tilt angle. 

Meanwhile, the absolute value of the PC2 is 

dominated by the cone angle, Bx, and By 

parameters. 

The vector directions in the loading plots differ 

between the SOPO and OULU/NEWK stations. 

These differences are found for clock angle, cone 

angle, plasma velocity, proton density, mean 

magnetic field of the Sun, Bx, and By. The vectors 

of the cosmic ray parameters (sunspot number, IMF 

magnitude, HCS tilt angle, Bz, halo CME speed, 

halo CME mass, and SPEs) show the same 

directions in all plots. The parameters having the 

same vector direction at the three stations are in the 

same position relative to the cosmic ray intensity, 
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with an angle of nearly 180°, indicating that they 

negatively correlate with cosmic ray intensity. 

Meanwhile, the parameters with different vector 

directions at the three stations form an angle close 

to 90° with respect to the cosmic rays, meaning that 

they are almost uncorrelated with cosmic ray 

intensity. Sunspot number, IMF magnitude, plasma 

velocity, HCS tilt angle, Bz, halo CME speed, halo 

CME mass, and SPEs could be grouped together, 

indicating that these parameters have similar 

internal characteristics. Although the plasma 

velocity shows a different vector direction in Figure 

5, its vector position appears to be included in the 

sunspot number group, which is negatively 

correlated with cosmic ray intensity.  

 

3.4. Latitude and Cutoff Rigidity Function 

Solar activity, measured by the worldwide 

sunspot number, impacts the heliosphere. The 

environment's shifts impact cosmic ray propagation 

in the heliosphere, which causes a time lag. The 

modulation lag reduces with cosmic particle rigidity 

and energy. In this paper, the latitude and Rc were 

tested at lower latitudes to observe the 

characteristics of the parameters utilized. The 

observation sites were Mexico City (MXCO) in 

Mexico, Tsumeb (TSMB) in Namibia, and Princess 

Sirindhorn Neutron Monitor (PSNM) in Thailand, 

which were compared during the same period (2007

-2020). The results of the first two principal 

components (PC1 and PC2) and loading plots at the 

three stations are described in Table 6 and Figure 6. 

 

 

Figure 9. Comparison of counting rates from the stations: (A) SOPO, (B) OULU, (C) NEWK, (D) MXCO, 

(E) TSMB, and (F) PSNM. The observed counting rates (blue line) and the corresponding model predictions 

(orange line) are plotted over time using the left vertical axis. The percentage differences between the 

observed values and model predictions are represented by black dots, plotted using the right vertical axis.  
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In Figure 6, the parameters at the PSNM station 

have different vector directions from MXCO and 

TSMB, but all three stations show the same PC1 

sequence. The top three parameters, Bx, cone angle, 

and By, gave the highest absolute PC1 values for all 

three stations. These results differ from those of the 

three previous stations, implying that at lower 

latitudes, the strength parameter depends on the 

angle of the magnetic field. As the cone angle is a 

function of Bx, these two parameters undergo 

similar physical processes. Figure 7 also displays 

the findings between PC1 and PC2 for the six 

stations used. This graphic shows three clusters: the 

MXCO-TSMB cluster, the SOPO-OULU-NEWK 

cluster, and the PSNM cluster.  

 

3.5. The Role of CME Phenomenon 

CMEs are energetic events caused by solar 

activity that have a significant impact on 

interplanetary space conditions. The CME 

phenomena can even keep cosmic rays from hitting 

the heliosphere's interior [48][49]. The latitude of a 

CME correlates with the modulation of cosmic rays. 

The latitude of a CME refers to the geographical or 

spatial position of the related active region. High-

latitude CMEs exhibit a stronger association with 

cosmic ray modulation than low-latitude CMEs. 

This suggests that high-latitude CMEs have a 

greater impact on cosmic ray intensity [50]. Strong 

CMEs generate shocks powerful enough on their 

flanks to induce considerable cosmic ray drops for 

observers who detect the shocks outside the 

azimuthal reach of the 'driver' CMEs [51]. This 

phenomenon, called the Forbush decrease, is a short

-term decrease in cosmic ray intensity that often 

occurs after a CME. As a result, CME is an 

important metric in investigating cosmic ray 

modulation. As a comparison, all high- and low-

latitude cosmic ray stations are included in the 

study in this section. Figure 8 depicts the loading 

plot results for all cosmic ray observation stations 

calculated using the PCA approach without the 

SPEs parameters. The loading plot graphs for 

SOPO, OULU, MXCO, and TSMB stations are the 

same as in Figures 5 and 6. Figure 8 also depicts 

vector changes at the NEWK and PSNM stations. 

The NEWK station shows vector direction changes 

in the cone angle, clock angle, Bx, By, and mean 

magnetic field of the Sun parameters, while the 

PSNM station shows the same loading plot graph as 

the MXCO and TSMB stations. Despite changes in 

vector direction, the PC1 order for all stations is the 

same as the results in Tables 5 and 6.  

 

3.6. Multiple Linear Regression 

We analyze the first six parameters with the 

highest absolute PC1, namely the sunspot number, 

IMF magnitude, HCS tilt angle, halo CME speed, 

proton density, and Bz for SOPO, OULU, and 

NEWK stations, and the Bx, cone angle, By, mean 

magnetic field of the Sun, HCS tilt angle, and IMF 

magnitude for MXCO, TSMB, and PSNM stations. 

PC1 is the first principal component generated by 

PCA, and it represents the direction with the most 

variance in the data. PC1's values are the first linear 

combination that captures the most variation, while 

PC2 (the second principal component) captures the 

next largest variation, and so on. Considering that 

Bx, By, and the cone angle are all derivative 

parameters of the IMF magnitude, it is reasonable 

to suppose that the IMF magnitude component is 

also important at lower latitude stations. Figure 9 

depicts a graph of the data (blue line), models 

(orange line), and their differences (black dots). The 

difference in count rate between the data and the 

model can reveal period changes. The graph also 

depicts two distinct trajectories for SOPO, OULU, 

and NEWK stations. Before 2005, the discrepancies 

are greater, whereas after 2005, they are lower. This 

is because there are a number of data gaps on the 

halo CME speed parameter after 2005. This figure 

also shows that the deviations from zero (on the 

right scale) are most significant in the order of 

MXCO, TSMB, and PSNM.  

Table 7 shows the standard deviation and 

average values for the black dots in Figure 9. The 

PSNM displays the least standard deviation, 

whereas the TSMB displays the largest. Table 8 

displays the results of various linear regression fits 

using ordinary least squares. The R² values for the 

first six stations are around 50–60%.  

 

3.7. Discussions 

We examined the correlation of several solar 

activity and interplanetary space plasma parameters 

on cosmic ray modulation. The initial analysis data 

were acquired from three stations (SOPO, OULU, 

and NEWK) that are on the high-mid latitudes and 
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had varied Rc values. We considered 14 parameters: 

sunspot number, IMF magnitude, clock angle, cone 

angle, proton density, plasma velocity, mean 

magnetic field of the Sun, HCS tilt angle, Bx, By, 

Bz, halo CME speed, halo CME mass, and SPEs. 

The data of the three stations were similarly 

grouped in the loading plots, indicating they have 

the same similar physical processes. We presumed 

that these parameters, especially the sunspot 

number (0.44), IMF magnitude (0.33), and HCS tilt 

angle (0.31), play an essential role based on PC1 

order at high-middle stations [52]. The IMF 

magnitude configuration leads to small-scale 

changes in its direction and magnitude, expansion 

of the magnetic field structure, shock waves, and 

tangential discontinuities [53]. For these reasons, 

the IMF magnitude parameters generate both short-

term and long-term cosmic ray modulation effects. 

The HCS tilt angle also produces a radial and 

latitudinal shift. When the HCS tilt angle is high, 

cosmic rays can pass through the inner heliosphere 

[54]. Moreover, the CME phenomenon links high 

solar activity to non-recurring geomagnetic storms. 

The initial velocity of the CME relative to the 

surrounding solar wind largely determines whether 

a coronal mass ejection directed at Earth will be 

geomagnetically effective or ineffective [55]. 

At lower latitudes, we discovered that the most 

important parameters for cosmic ray modulation are 

Bx (0.46), cone angle (0.45), and By (0.4), which 

represent the magnetic components and orientation 

of the interplanetary magnetic field. This 

discrepancy indicates a separate physical 

mechanism, particularly at low latitudes around the 

equator. Cosmic-ray modulation at high Rc is 

caused by a high diffusion coefficient due to 

changes in magnetic field strength along the 

heliosphere [56]. Diffusion coefficients determine 

access to the inner heliosphere, with higher values 

resulting in shorter pathways along long and slanted 

current sheets [57]. Cosmic rays flowing through 

the heliosphere with high Rc and significant 

diffusion coefficients result in diverse solar 

modulation patterns. 

We also include the best five parameters for 

fitting the model to the data using a multiple linear 

regression technique. The difference between the 

model and the TSMB station data generates the 

highest R2 score. Furthermore, the PSNM station is 

not in the same cluster as MXCO-TSMB on the 

loading plot, despite the fact that all three are in the 

low station category. This is believed to be related 

to the MXCO-TSMB station's proximity to the 

South Atlantic Anomaly region (SAA), which 

influences the distribution of cosmic rays [58]. The 

PAMELA experiment observed substantially higher 

quantities of antiprotons than expected as it passed 

through the SAA. This suggests that the Van Allen 

belts include antiparticles created by the interaction 

of the Earth's upper atmosphere with cosmic rays 

[59]. 

 

4. CONCLUSIONS 

 

We compared cosmic ray intensities at six 

stations with varying latitudes and Rc values 

(SOPO, OULU, NEWK, MXCO, TSMB, and 

PSNM) to 14 parameters of solar activity and 

interplanetary plasma space. First, we employ three 

stations, SOPO, OULU, and NEWK, which are 

classified as high- to mid-latitude. We demonstrate 

via PCA that the sunspot number, IMF magnitude, 

HCS tilt angle, and halo CME speed have the 

strongest correlations with cosmic ray modulation. 

The results’ comparison to low-latitude stations 

such as MXCO, TSMB, and PSNM. In contrast, in 

stations with low latitude and high Rc, cosmic ray 

modulation is most closely related to Bx, cone 

angle, and By. This variation may be due to 

differences in the physical processes of cosmic rays 

received at different latitudes, particularly between 

high-medium and low latitudes. Using multiple 

linear regression, the top six parameters showed 

differences of less than 10% between data and 

model at high, middle, and low latitudes.    
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