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Abstract
Galactic Cosmic Rays (GCRs) incidence on the Earth’s near space environment is of major concern to humankind as it affects space weather. Upon entering Earth’s atmosphere, GCRs collide with atoms and molecules, and subsequently decay into muons and neutrinos which propagates through the earth’s surface. Theory and observations affirm that penetration of GCR from the Heliospheric Magnetic Field (HMF) to Earth’s atmosphere is leveraged by the earth’s magnetic force lines predominant at the polar regions. We used facilities at NASA Goddard Space Flight Center, Greenbelt, Maryland USA and analyzed GCR particles recorded by Neutron Monitors (NM) at Thule, Newark, Mc Murdo and South Pole hosted at Bartol Research Institute, University of Delaware, USA. Geomagnetic aa index was obtained from World Data Center for Geomagnetism, Kyoto, Japan. This work investigates the degree to which GCRs are modulated by Geomagnetic activities using Geomagnetic aa-index as a proxy to Geomagnetic activity. We studied GCRs incident at four Neutron Monitor (NM) Stations at; Thule in the Arctic region, McMurdo and South Pole in the Antarctica, and Newark in the Middle Latitude region across five solar cycles timescale (1964 to 2016). We performed Regression Analysis of GCR and Geomagnetic aa-index to observe the impact of geomagnetic activity on GCR flux at the designated regions of the Earth’s surface. Also, we carried out Time Series Analysis to observe GCR intensities at the four NM Stations for the period of study. Results from Regression Analysis revealed a weak association between GCR and Geomagnetic aa index, where Coefficient of Determination R2 is less than 0.5. The Time Series Analysis revealed highest fluxes of GCR at Thule, McMurdo and South Pole as compared to incidence at the Mid-Latitude region in Newark. Our model indicate that GCR fluxes are controlled by Geomagnetic Field structure.
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1 Introduction
Studies reveal that cocoons shocks around Active Galactic Nuclei (AGN) together with Galactic Supernova explosions provide the observed Galactic Cosmic Rays (GCRs) spectrum (Berezhko, 2008; Benyamin et al., (2016, 2017)). Propagation of GCR is highly modulated by the structure of geomagnetic fields (Perry, 2007). A study conducted by Hanson and Okeke, (2021) revealed an in-phase variation pattern between Sunspot Number and Geomagnetic aa-index; and deduced that the latter can be used as a proxy for studying solar magnetic activities. Paudel (2014) described possible way for utilization of GCR particles for energy generation to meet humanity energy need.
At sea level cosmic rays are made up of extensive air shower including muons with lifetime of 2μs (2 microseconds). These particles penetrate the Earth’s atmosphere and lose energy by ionization and electrons in turn, are generated from the decay of muon, with low penetrating power due to bremsstrahlung loss.  Low energy neutrons (<10 MeV) are produced from excited nuclei while high energy protons are generated from knock-on collision. The GCR flux at sea level is not constant but is modulated by the 11year solar cycle and the cosmic ray count rate depends on geomagnetic latitude, altitude of the sensor and the design of monitor. However, Lara et al. (2016) carried out an altitude survey of GCR flux with a Mini Neutron Monitor at a low latitude [19o N] station with geomagnetic cutoff rigidity ~7.8 GV, and found that the flux remained constant from sea level up to 460 m above sea level, as the barometric coefficient was constant and independent on altitude, as opposed in earlier studies.
GCR fluxes are modulated when they enter the heliosphere due to the presence of magnetic field and solar wind and also, the geomagnetic field deflects the charged particle. GCR count rate are modulated by geomagnetic activities. 
High energy particles limit the performance of onboard instruments deployed for space exploration. Particle detectors placed onboard spacecrafts allow for testing the reliability of prelaunch predictions of GCR energy spectra and for studying the modulation of protons and Helium overall flux above 70 MeV on a day to day basis. GCR flux variations up to approximately 15% in less than a month were observed with European Space Agency (ESA) Laser Interferometer Space Antenna (LISA) Pathfinder (LPF) orbiting around the Lagrange point L1 between 2016 and 2017. These variations appeared barely detected or undetected in neutron monitors. Grimani et al. (2019) deployed the LPF data and other observations carried out with the magnetic spectrometer AMS-02 experiment showed the effects of GCR flux short-term variations in monthly averaged measurements. Again, their study revealed that large-scale structures also cause continuous GCR fluxes modulation. The particle rigidity is the key governing factor in the motion of charged particles and GCR particles with rigidity less than the cutoff rigidity are unable to reach the Earth’s surface (Cecchini et al., 2003). Particle rigidity (R) is expressed by the equation;

where c is the velocity of light, P is the momentum of the particle, Z is the atomic number and e is the elementary charge of the particles. The response to solar modulation of cosmic ray at ground level is inversely proportional to particle rigidity and if the rigidity of cosmic ray is high, the Sun will not easily affect it but if the cosmic ray rigidity is low, then the magnetic field of the Sun embedded in the solar wind will readily change the phase and amplitude of the cosmic ray. Thus, a monitor having less cutoff rigidity will be very sensitive to modulation of CR as compared with the monitor having high cutoff rigidity provided all factors remain the same. Moreover, the altitude of the monitor also has significant role to the cosmic ray response due to different climatic conditions throughout the year (Bhattacharya et al., 2013). Consequently, the motion of charged particles in a magnetic field is defined by Lorentz Force F, given in equation (2). The combination of electric and magnetic forces on a charged particle due to electric fields is described by the Lorentz Force F as;

where Ze is the charge of the moving particle, e is the elementary charge, E is electric field, v is the velocity of the particle, B is the magnetic field. The combination of electric and magnetic forces on a charged particle due to electric fields is described as the Lorentz Force F. 
The trajectories of cosmic ray particles are curved by the Earth’s magnetic field and the effect of electric fields can be neglected in the geomagnetosphere due to its high electric conductivity. Thus, the force equation (2) becomes:

For a relativistic particle with mass m = γmo, where γ is the Lorentz force factor (γ = (1-ʋ2/c2)-1/2), mo is the rest mass of the particle, it therefore follows that:

For a moving charged particle in a uniform magnetic field, the speed vector can be split into components parallel ʋ|| and perpendicular ʋ﬩ to the magnetic field B. The motion of the particle is then described by a movement with constant speed along the magnetic field ʋ|| and a circular motion around the magnetic field lines. The centripetal acceleration is given as;

where rc is the cyclotron radius or gyroradius,

Bütikofer (2018) rearranged the above equations and derived a more practical expression for an estimation of cosmic ray trajectory characteristics. The ability of cosmic ray particles to penetrate magnetic fields and reach the top of the Earth’s atmosphere is controlled by their rigidity R (Kalugin and Kabin, 2015), which is defined as the product of the particle’s momentum and the speed of light per unit charge; and measured in Gigavolts (GV). GCRs propagating through the solar system interact with interplanetary magnetic field (IMF) and their fluxes are modulated by IMF’s intensity and direction. Hence, GCRs with different rigidities change differently since lower rigidity particles are more affected by the changes in the magnetic field (Wawrzynczak and Alania 2011). Terazi et al., (2016) observed a dependency of increasing GCR intensity on geomagnetic latitudes.  It is obvious that the structure of Earth’s magnetic field controls the incidence of GCR on Earth’s surface. This study attempts to make a quantitative estimation of the effect of solar magnetic activity on GCR incidence at middle latitude and polar regions. The work covers a timescale of five solar cycles, ranging from 1964 to 2016.
2.1 Data
The data employed in this study were GCR and Geomagnetic aa index covering a period of five Solar Cycles starting from 1964 t0 2016. A network of ground-based NM stations at middle latitude and polar regions were chosen for GCR data collection. The NM station at mid-latitude was Newark. The Arctic NM station was Thule, while the Antarctica NM stations were Mc Murdo and South Pole. The geographic, geomagnetic coordinates and Rigidity Cut-offs of these NM Stations are shown in Table 1. The Arctic and Antarctica regions are strategic locations for observation of influx of high energy and middle energy cosmic ray particles into the Earth’s atmosphere. Several studies (Bhattacharya et al., 2013; Suyeon et al., 2013; Badruddin, 2015; Tezari et al., 2016) have utilized datasets generated at these stations. The Geomagnetic aa-index data was obtained from World Data Center for Geomagnetism, Kyoto, Japan and covered the period under investigation.

2.2 Method of Data Analysis
The facilities at National Aeronautics and Space Administration Goddard Space Flight Center, (NASA-GSFC) Greenbelt, Maryland, USA were used in studying the incidence of Galactic Cosmic Rays (GCR) at Polar and Mid-latitude regions of the Earth. The method of data analysis deployed in this study was Regression Analysis to observe the association of GCR and Geomagnetic aa index across five Solar Cycles, which spanned from 1964 to 2016. We also subjected the data to Time Series Analysis to observe the influx of GCR at Arctic, Antarctica and Middle Latitude regions.

3. Discussion of Results
In this section we discuss in sequence, the results obtained on GCR fluxes at NM Stations located at the Arctic, Antarctica and the Middle Latitude regions. The Regression Analysis reveals the association between GCR and Geomagnetic aa index at the aforementioned NM Stations, while the Time Series Analysis is computation of SSN and GCR fluxes at the four NM Stations across the timescale investigated. First we performed Regression Analyses for GCR and Geomagnetic aa indices, where GCR is the dependent variable and Geomagnetic aa index is the independent variable. Results for regression of GCR on Geomagnetic aa index are presented in the following sequence; first for the NM Station at the Arctic region, followed by the Antarctica and finally at the Middle Latitude region.  

Arctic Region: Thule
Figure 1 is the Regression Analysis model of the relationship between GCR and Geomagnetic aa index in Thule, an Arctic Region NM Station with Rigidity Cutoff, Rc, 0.04 (GV) and Geomagnetic latitude, 86.43o. Data coverage in Thule NM Station spanned from August 1957 to December 2016, amounting to a 59-year period. Several studies (Tortermpun et al., 2018; Ross and Chaplin, 2019; Shuai et al., 2021; Hanson and Okeke, 2021) have utilized GCR data generated at Thule (and other NM Stations including Newark, McMurdo and South Pole), hosted at Bartol Research Institute, University of Delaware, USA; and Geomagnetic aa index hosted by World Data Center, Kyoto, Japan. The Regression of GCR on Geomagnetic aa index in Thule revealed that an increase in Geomagnetic aa-index by 1 [nT] resulted to a decrease in GCR by 15.4.8 [Counts]. From the Coefficient of Determination , the influence of Geomagnetic aa-index on GCR was mere 26%. Statistical analysis stipulates that an influence ≤ 50% is not effective to effect a reasonable change in a regressed parameter. On this premise, the variation of GCR at Thule was not forced by Geomagnetic aa-index.

Table 1: Geographic and Geomagnetic Coordinates of the Neutron Monitor Stations
	S/N
	Station Name
	Region/
Country
	Geogra. Lat. (o)
	Geogra. Long. (o)
	Geomag. Lat (o)
	Geomag.  Long. (o)
	Rc
 (GV)

	1
	Thule
	Arctic
	76.5
	68.7
	86.43
	  12.91
	0.04

	2
	Mc Murdo
	Antarctica
	-77.9
	166
	-80.2o
	289.14
	0.00

	3
	South Pole
	Antarctica
	-90.0
	0.0
	-74.2o
	
	0.11

	4
	Newark
	Delaware, USA
	39.7
	75.7
	49.48
	355.87
	2.20





Figure 1: Regression model of relationship between Geomagnetic aa-index and GCR flux recorded at NM Station in Thule. The timescale of GCR intensities sensed ranged between August 1957 and December 2016.





Antarctica Region: McMurdo and South Pole
At Southern Hemisphere Polar NM Station, McMurdo, the Regression of GCR on Geomagnetic aa index showed a negative association between GCR and Geomagnetic aa index as shown in Figure 2. The data analyzed covered a period ranging from May 1960 to December 2016. An increase in Geomagnetic aa-index by 1 [nT] resulted in an enormous decrease in GCR by 41.442 [Counts]. The Coefficient of Determination, R2 reveals that the impact of Geomagnetic aa index on incidence of GCR at McMurdo was 31.7%. It is noted that at McMurdo, the Geomagnetic Rigidity Cutoff, Rc is 0.00 (GV). The zero Rc implies an influx of all the energy spectra of GCR at the polar region into Earth’s atmosphere without restrictions.  















Figure 2: Regression of GCR on Geomagnetic aa-index at Antarctica NM Station, McMurdo. Data analyzed spanned from May 1960 to December 2016. This model revealed that a unit increase of Geomagnetic aa index by 1[nT] effected a decrease in GCR by 41.442 [Counts]. 



















Figure 3: GCR regressed on Geomagnetic aa index. The GCR was obtained from the NM station at South Pole at the Arctic region, and the data spanned from January 1974 to December 2016. A unit change in Geomagnetic aa index by 1[nT] caused an average change in GCR by 61.923 [Counts]. The model reveals a negative change, implying that the corresponding change in GCR is negative. When Geomagnetic increases, GCR decreases.  





Figure 3 is the Regression Model of GCR and Geomagnetic aa index for NM Station at South Pole. A unit positive change in Geomagnetic aa index by 1 [nT] produced a corresponding decrease in GCR flux at the NM in South Pole by 61.923 [Counts]. This result proves that the Coefficient of Determination proves that the influence of the independent variable, Geomagnetic aa index on the dependent variable GCR, is 23%. Data from January 1964 to December 2016 was deployed in this analysis, constituting a 52 year period.

Middle Latitude: Newark
Regressing GCR flux at Newark NM Station on Geomagnetic aa index reveals that an increase in the independent variable by 1 [nT] resulted in a decrease in the dependent variable by 12.046 [Counts] as shown in Figure 4. The data analyzed ranged from January 1964 to December 2016, which is a 52 year period. The Coefficient of Determination R2 revealed that Geomagnetic aa index had a 25% impact on GCR during the period under investigation.












Figure 4: Regression model for GCR and Geomagnetic aa index. At Newark NM Station, Cosmic Ray flux started being recorded from 1964. Thus, GCR and Geomagnetic aa index in Figure 4 covers a period of over 5 Solar Cycles timescale. The data analyzed spanned from 1964 to 2016.  The model shows that an increase in Geomagnetic aa index by 1 [nT] effected a negative change in GCR by 12.046 [Counts] as recorded at the Middle-Latitude NM Station in Newark. 


Coefficient of Determination R2 ranges in percentage between 0 and 100%, where 0% signifies that the model cannot offer explanation to the variability of the dependent parameter; and on the other hand, 100% reveals the model explains the variability of the dependent variable.  The Regression Coefficients R2 in Figures 1, 2, 3 and 4 are negative. The implication is that there is a negative correlation between the independent variable, Geomagnetic aa-index and the dependent variable, GCR. As the value of Geomagnetic aa index increases, the mean GCR flux tends to decrease accordingly. It was observed that Regression Indices are highest at Antarctica, where the Coefficients are -41.44 and -61.93 in McMurdo and South Pole respectively, with lowest Rigidity Cutoffs   and   accordingly, as shown in Table 1. A sharp contrast is the scenario observed at the Middle Latitude NM Station, Newark where Regression Index is -12.48 and Rigidity Cut-off  (GV). 
The RC at the Middle Latitude NM Station, Newark [Geographic Latitude: 39.7o; Geomagnetic Latitude: 49.48o] is higher in comparison to the Rc at the Polar regions. At Newark, the shielding effect of Earth’s magnetic fields repels the Earth bound GCR, and thus changes their trajectories. Rigidity Cutoff is highest at the Equatorial region, hence, influx of GCR particles would be minimal at the low latitude and lowest at the Equatorial belt. The structure of the Earth’s Geomagnetic fields controls the influx of GCRs into the Earth’s atmosphere. At polar regions, penetration of GCRs is leveraged by magnetic lines of force, where Rigidity Cutoff Rc is approximately zero.
[image: ]Figure 5: Time Series Analysis of SSN, GCR flux at NM Station in Newark and GCR intensities at NM Station in Thule. Geomagnetic latitude and Rc dependence of GCR incidence. Arctic region GCR peaked at 4700 (Counts). Upper Panel is the Variation of SSN across the 5 Solar Cycles. The peaks represent periods of Solar Maxima; and the lowest values are periods of solar minima. Solar Cycle 21 was the most active Cycle among the 5 Solar Cycles studied; where SSN attained a peak of approximately 250 (Counts) in the year 1979. This was followed by Solar Cycle 22 as SSN peaked at about 220 (Counts). It is obvious that Solar Cycle 24 was the least active Cycle as SSN peaked at about 80 (Counts) in the year 2012. Middle Panel depicts the GCR flux at a Middle Latitude NM Station in Newark, USA. Periods of lowest incidence of GCR correspond with periods of peak SSN counts. The trend shows that SSN and GCR are anti correlated. In other words, high solar activity results in reduction of GCR flux penetrating the Earth’s atmosphere. Also, at Solar Minima, GCR flux attained maximum values on the average of 3600 (Counts) throughout the period under investigation. Thus Geomagnetic fields creates a shielding effect on Earth. Lowest Panel: at the Arctic region NM Station in Thule, incidence of GCR is more pronounced; in the domain of 4600 (counts) during Solar Maxima periods across the 5 Solar Cycles. It is compelling to infer a higher influx of GCR at the Polar region in comparison to its incidence at the Middle Latitude.



[image: ]
Figure 6: Variations of SSN and GCR from 1964 to 2016. The Upper Panel is the SSN signature for the 5 Solar Cycles; from 1964 to 2016. SSN peaked at Solar Maxima periods, while the lows are SSN observed at Solar Minima periods.  At Solar Maxima, the peaks in SSN correspond with lowest values of GCRs as shown in the middle and last panels for NM Stations at McMurdo and South Pole respectively. The Middle Panel shows the trend of variation of GCR as recorded at NM Station in McMurdo at the Antarctica. At McMurdo, Rigidity Cut-off is 0.00 (GV) and the Geomagnetic latitude is -80.2o. The Lowest Panel is the Variation of GCR intensity at NM Station in South Pole. 

At McMurdo, GCR variation was within the domain of 10,000 (Counts) at solar minima periods, where corresponding SSN was observed to be approximately 20 (Counts) as shown in Figure 6. Within the period under investigation, GCR flux at South Pole peaked at 13,000 (Counts) in 1966, whereas SSN was 20 (Counts). GCR and SSN variations exhibit an anti-phase pattern. Figure 7shows Smoothed GCR and Sunspots from 1960 to 2016. The signature in green is the variation of SSN. The red signature is GCR flux across the period of study. The smoothed GCR flux is high at Solar Minima and conversely low at Solar Maxima.

[image: ]Figure 7: Smoothed GCR and Sunspots from 1960 to 2016. The signature in green is the variation of SSN. The red signature is GCR flux across the period of study. The smoothed GCR flux is high at Solar Minima and conversely low at Solar Maxima.
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4 Conclusions
Propagation of Galactic Cosmic Rays in Earth’s atmosphere and subsequent incidence at the surface is reported to be controlled by the structure of Geomagnetic fields. This study attempted to estimate the extent of solar activity effect on incidence of GCR intensities at Arctic, Antarctica and Middle Latitude regions of the Earth.
We utilized the facilities at NASA Goddard Space Flight Center, Greenbelt, MD, USA and analyzed Geomagnetic aa index and GCR counts recorded at NM Stations in Thule at the Arctic, McMurdo and South Pole at the Antarctica and Newark located at the Middle Latitude region.  Geomagnetic aa index was obtained from World Data Center for Geomagnetism, Kyoto, Japan. The Sunspot data used in this study was hosted at World Data Center Sunspot Index and Long Term Solar Observatory (WDC SILSO), Royal Observatory of Belgium, Brussels. And GCR data of the NM stations was hosted by Bartol Research Institute, University of Delaware, USA. These datasets spanned from 1960 to 2016, covering a 59 year period from the onset of solar cycles 20, towards the concluding period of Solar Cycle 24, in December 2016. Regression Analysis was employed for the analysis. Regression of the dependent variable, GCR on the independent variable, Geomagnetic showed that the Coefficient of Determination R2, is less than 0.5 at the Arctic, Antarctica and Middle latitude regions throughout the period under investigation. The negative Regression Coefficients in the regression of GCR on Geomagnetic aa-index are a proof that Geomagnetic activities, vis a vis Geomagnetic fields impede penetration of GCR through the magnetosphere. The Time Series Analysis shows highest penetration of GCR particles into Earth’s atmosphere at the Polar regions, where the Rigidity Cutoff is lowest. Thus, we infer that influx of GCR into Earth’s Atmosphere is Geomagnetic latitude dependent.
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GCR = -41.442(Geomagnetic aa-index) + 10192
R² = 0.3172
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GCR [Counts]



GCR = -12.046(Geomagnetic aa-index) + 3625.3
R² = 0.257
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GCR [Counts]



GCR = -15.487[Geomagnetic aa-index] + 4622.3
R² = 0.2675
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