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Abstract

The interaction between cosmic rays and solar activity has been extensively investi-
gated, particularly in relation to how solar phenomena modulate cosmic ray intensity in
the heliosphere. The strength of cosmic rays absorbed by the Earth’s hemisphere is not
uniform across the Northern Hemisphere (NH) and Southern Hemisphere (SH). This study
will include an investigation of cosmic ray intensity as recorded at various latitudes and
hemispheres of the Earth. We employed nine cosmic ray stations in each NH and SH,
separated into three types of latitudes: low, middle, and high. The method of percent-
age change in cosmic ray intensity was used, which was evaluated during the Halloween
Storm phenomenon on October 29-30, 2003. The results showed that cosmic ray intensity
decreased more at high latitudes than at low latitudes in both hemispheres (NH and SH).
Furthermore, the reduction in cosmic ray intensity observed in the NH was approximately
1% greater than that observed in the SH. This can be attributed to the R_value’s depen-
dence on latitude, variations in geomagnetic activity under different Interplanetary Mag-
netic Field (IMF) circumstances, and interplanetary space parameters such as the tilt of the
Heliospheric Current Sheet (HCS).

Keywords: cosmic ray intensity, Northern Hemisphere (NH), Southern Hemisphere (SH), Hal-
loween Storm, geomagnetic auvticity.

1. Introduction

Cosmic rays are highly charged particles that originate from space and can impact
various aspects of Earth’s environment, including atmospheric processes and human
health (Shea & Smart, 2000; Tomsia et al., 2024). Cosmic rays are charged particles whose
energies range from 1 MeV to 10%° GeV and enter the Earth’s atmosphere from all direc-
tions. Cosmic rays are composed of 90% protons, 9% alpha particles, and 1% heavier nu-
clei (Bonomi et al., 2020). Cosmic ray research has long been of interest, particularly the
relationship between these particles’ interactions with the Earth’s magnetic field and solar
activity, which also influences the planet’s temperature and weather patterns (Putri et al.,
2021). In reality, cosmic ray flux and solar activity (e.g. sunspot number or solar magnet-
ic activity) are anticorrelated, with an eleven-year cycle duration—when solar activity is
high, the flux of cosmic rays reaching the Earth is reduced, and vice versa (Forbush, 1958;
Usoskin et al., 1998). Odd cycles exhibit a higher time lag than even solar cycles (Ross E
& Chaplin W. J., 2019).

Cosmic rays that reach Earth are detected as neutron particles using Neutron Moni-
tor (NM) detectors, which are sensitive to secondary particles emitted by cosmic rays during
interaction with the Earth’s atmosphere (Mangeard et al., 2018). Cosmic ray monitoring
stations are distributed around the world and classified according to their geographical lat-
itude. This classification is significant because the energy level and modulation of cosmic
rays received by Earth varies depending on latitude and cutoff rigidity, particularly due to
the influence of the Earth’s magnetic field and atmosphere (Putri et al., 2024). It is well-es-
tablished that the cosmic ray flux at Earth’s surface varies with geomagnetic latitude due
to the shielding effect of the Earth’s magnetic field. At high latitudes (near the poles), where
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the geomagnetic field lines are more open, cosmic ray particles can more easily penetrate
the atmosphere, resulting in higher flux. In contrast, at low latitudes (near the equator), the
stronger horizontal component of the geomagnetic field provides greater shielding, thus re-
ducing the flux of incoming cosmic rays. This phenomenon leads to a “latitude effect” where
cosmic ray flux increases with increasing geomagnetic latitude (Zhang et al., 2020; Enghoff
et al., 2024).

The changes in cutoff rigidities and geomagnetic field in the northern and southern
hemispheres are asymmetric. The weakening of the geomagnetic field will drive the cutoff lat-
itudes into the near-equatorial zone in the southern hemisphere, but the phenomena is not
always credible in the northern hemisphere (Chu et al., 2022). One of the most significant
aspects of the Earth’s magnetic field is the South Atlantic Anomaly (SAA), which causes fast
variations in the variation rate of geomagnetic cutoff rigidity in mid-latitudes where the SAA
exerts its influence (Cordaro et al., 2019).

This article will study cosmic ray flux at various latitudes (low, middle, and high) using
The Neutron Monitor Database (NMDB). NMDB has a real-time database for measuring cos-
mic ray intensity at high resolution. The information provided is critical for gathering the data
required to understand cosmic ray behavior and its connection with the Sun’s activity in in-
terplanetary space. In addition to analyzing the variation with latitude, this study also inves-
tigates the distribution and behavior of cosmic ray intensity across the Earth’s hemispheres
which can also provide about the structure and dynamics of the Earth’s magnetic field. This
study’s findings are expected to reveal new insights into hemisphere variations in cosmic ray
exposure, with significant consequences for atmospheric physics, space weather effects, and
radiation risk assessment at high altitudes.

2. Methodology

Long-term modulation data for cosmic ray intensity detected on Earth were obtained
from the Neutron Monitor Database (NMDB) (http://wwwO1l.nmdb.eu/). Pressure and effi-
ciency corrected cosmic ray intensity data were collected at seventeen stations with varying
altitudes, latitudes, and cutoff rigidity. Data on cosmic ray intensity resolution are also used
on monthly basis. The cosmic ray data distinguishes two types of cosmic ray station locations:
Northern Hemisphere (NH) and Southern Hemisphere (SH). Each cosmic ray station loca-
tion collects data on cosmic ray strength in a variety of latitudes, including low (0°-30°), mid
(30°-60°), and high (60°-90°). Table 2-1 shows information from each station.

Table 2-1 displays data on R, or cutoff rigidity, which is the minimal quantitative
threshold of the Earth’s magnetic field used to forecast the energy of charged particles that
can penetrate the magnetosphere and reach a specific place (Gvozdevsky et al., 2019). R_ cal-
culation based on the geometry of the magnetic field. When cosmic rays encounter the Earth’s
magnetic field, lower-energy particles are deflected, reducing the number that can reach the
surface. Only cosmic rays with sufficient energy to overcome this geomagnetic shielding are
able to penetrate the atmosphere and reach the Earth’s surface. The R number decreases
with increasing magnetic latitude, indicating that higher magnetic latitudes would get cosmic
rays with a wider energy range than lower latitudes.

In this study, we calculate the percentage decrease in cosmic ray intensity in extreme
circumstances such as storms that exhibit the Forbush Decrease phenomena, which is char-
acterized by a significant decrease in cosmic ray intensity (Sierra-Porta, 2024). Calculation
the percentage decrease in cosmic ray intensity is shown in equation:

Percentage decrease (%) = F’—;C_L x 100% (1)
1

where X; and %, are average of initial and final value.

3. Result and Analysis

Figures 3-1 show the cosmic ray intensity profiles in NH and SH from low to high lati-
tudes with x-axis is Universal Time (UT) and y-axis is cosmic ray intensity in count/s. Table
3-1 shows the standard deviation for each station throughout the chosen time span. The
amplitude of cosmic ray intensity variations is significantly influenced by the geomagnetic en-
vironment of the observing station. However, there is an anomaly at the low latitude station
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namely TSMB and MXCO stations, which is most likely related to the station’s geographical
placement near SAA, which influences the distribution of cosmic rays (Zhou et al., 1991). The
PAMELA experiment detected far more antiprotons than expected as it went through the SAA.
This implies that the Van Allen belts include antiparticles produced by the interaction of the
Earth’s upper atmosphere with cosmic rays (Adriani et al, 2011). In the southern hemisphere
also shows greater fluctuations compared to the northern hemisphere.

Table 1: Cosmic Ray Station Information at NH and SH
NORTHERN HEMISPHERE (NH)
GEOGRAPHIC GEOGRAPHIC MAGNETIC | MAGNETIC

StaTiON | LATITUDE LONGITUDE LATITUDE | LONGITUDE ALTITUDE R INTERVAL
(M) (GY) TIME
© © © ©

Low PSNM 18.59 98.49 11.38 170.53 2,565 16.8 2007 — NOow
MAGNETIC | MXCO |19.8 -99.18 28.81 -30.48 2,274 8.28 1990 — Now
LATITUDE

MIDDLE NEWK |[39.68 -75.75 50.15 0.61 50 2.4 1964 — NOW
MAGNETIC | KIEL 54.34 10.12 50.49 87.60 54 2.36 1957 — NOW
LATITUDE MGDN |60.04 151.05 53.72 -140.25 220 2.1 1971 - Now
Hicu OULU 65.05 25.47 61.47 104.880 15 0.81 1964 — Now
MAGNETIC |APTY 67.57 33.39 63.77 112.86 181 0.65 1965 - Now
LATITUDE THUL 76.5 -68.7 83.14 25.23 26 0.3 1957 — NOW

SOUTHERN HEMISPHERE (SH)
GEOGRAPHIC GEOGRAPHIC MAGNETIC | MAGNETIC

StaTION | LATITUDE LONGITUDE LATITUDE | LONGITUDE ALTITUDE R INTERVAL
(M) < TIME
© ©) ©) ©
Low HUAN [-12.03 -75.33 0.46 331 3,400 12.92 1952 — Now
TSMB |-19.2 17.58 -30.97 87.77 1,240 9.15 1976 — NOow
MAGNETIC
Larrrupe  |PTFM  [-26.68 27.09 -37.00 94.87 1,351 6.98 1971 — Now
MmpbLE  |HRMS  |-34.43 19.23 42.63 83.25 26 458 1957 — NOow
i‘AGNETIC KERG  |-49.35 70.25 5838 122.40 33 1.14 1957 — now
ATITUDE
i SNAE [-71.67 357.15 6129  [43.87 856 [0.73  [1964 —now
M;(:}P;ETIC SOPO  [-90 0 -73.96 18.66 2,820 0.1 1964 — NOW
L MCMU [-77.9 166.6 -79.81 -32.23 48 0.3 1960 — 2017
ATITUDE
TERA |-66.65 140 -80.41 -124.69 32 0.01 1967 — NOow

PSNM: Princess Sirindhorn Neutron Monitor (Thailand); MXCO: Mexico City (Mexico); NEWK: Newark (USA); KIEL: University of Kiel
(Germany); MGDN: Magadan (Russia); OULU: University of Oulu (Finland); APTY: Apatity (Russia); THUL: Thule (Greenland); HUAN:
Huancayo (Peru); TSMB: Tsumeb (Namibia); PTFM: Potchefstroom (South Africa); HRMS: Hermanus (South Africa); KERG: Kerguelen
(Antarctica/France); SNAE: South African National Antarctic Expedition (SANAE, Antarctica); SOPO: South Pole (Antarctica); MCMU:
McMurdo (Antarctica); TERA: Terre Adelie (Antarctica/France)

Table 2: Standard Deviation of Cosmic Ray Station

NORTHERN HEMISPHERE (NH) SOUTHERN HEMISPHERE (SH)
LATITUDE POSI- STANDARD LATITUDE STANDARD
STATION STATION
TION DEVIATION  POSITION DEVIATION
PSNM 4.33 HUAN 1.02
Low MaGNETIC MXCO 8.40 Low TSMB 10.42
LATITUDE MAGNETIC -
LATITUDE PTFM 2.96
AVERAGE 6.37
AVERAGE 4.80
NEWK 5.06 HRMS 5.11
MiopLE Mag-  KIEL 9.88 MmpLE KERG 13.29
MAGNETIC
NETIC LATITUDE MGDN 14.84 LATITUDE
AVERAGE 9.20 -
AVERAGE 9.93
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NORTHERN HEMISPHERE (NH) SOUTHERN HEMISPHERE (SH)
LATITUDE POSI- STANDARD LATITUDE STANDARD
STATION STATION
TION DEVIATION POSITION DEVIATION
OULU 6.10 SNAE 10.08
APTY 9.18 SOPO 26.89
HIGH MAGNET: Hicu -
THUL 6.95 MAGNETIC MCMU 15.67
IC LATITUDE LATITUDE _
TERA 36.71
AVERAGE 7.41
AVERAGE 14.87
Low Latitude at NH Low Latitude at SH
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Figure 1: Cosmic ray intensity profiles at NH (left) and SH (right) for low (top), moderate
(middle), and high (bottom) latitudes. At low latitudes for NH, the left y-axis is the PSNM sta-
tion and the right y-axis represents the MXCO station. While, at low latitudes for SH, the left

y-axis is the TSMB station and the right y-axis represents the HUAN and PTFM stations.

To better understand the amount of fluctuation or decrease in cosmic ray strength at
each latitude and hemisphere of the Earth, we consider one extreme case: a geomagnetic
storm caused by intense solar activity. High geomagnetic storms generate a sharp and sud-
den reduction in cosmic ray intensity known as the Forbush Decrease. In particular, the
magnetic latitude and associated L-shell value determine the station’s geomagnetic cutoff
rigidity (Smart & Shea, 2005). The L-shell is the set of magnetic field lines that intersect the
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geomagnetic equator at a specific distance from the Earth’s core, as measured in Earth radii
(Soni et al., 2020). Station located at higher magnetic latitudes (closer to the magnetic poles)
are situated on higher L-shells and have lower cutoff rigidities. These stations are more sensi-
tive to lower-energy cosmic rays and generally observe larger Forbush Decreases during geo-
magnetic disturbances. One of the greatest geomagnetic storms occurred on October 29 — 30,
2003, known as the Halloween Storm, with a storm Kp index of 9 (Figure 3-2).
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Figure 2: Cosmic ray strength decreased (Forbush Decrease) at various latitudes during the
Halloween Storm on October 29-30, 2003.

Table 3-2 shows the percentage drop in cosmic ray intensity during the Halloween
storm. Calculation in Table 2 exclude the PSNM and HUAN stations because they were not
operational in 2003. The greatest percentage drop occurs at high magnetic latitudes, while
the smallest percentage decline occurs at low magnetic latitudes in both NH and SH. This is
conceivable because high latitudes have a lower R_value, resulting in larger energy fluctua-
tions (Danilova et al., 2019). Our analysis also indicates a clear trend between L-shell value
and the amplitude of cosmic ray decrease during the Halloween 2003 geomagnetic storm. For
examples at the NH, stations with higher L-shell such as THUL and OULU observed greater
decreases in neutron monitor counts, while stations with lower L-shell such as NEWK showed
smaller variations for the same interval time, consistent with their higher geomagnetic rigidity
thresholds. MGDN station has higher percentage decrease due to this station use shorter in-
terval time than the others. The comparison of the two hemispheres (NH and SH) also shows
how the magnetic latitudes and the L shell respond to the drop in cosmic ray intensity. For
example, the KIEL at the NH shows greater decreases than HRMS at the SH where KIEL has
higher magnetic latitude and L-shell than HRMS.

Table 2 further demonstrates that the amount of the decline in cosmic ray intensity is
comparatively unequal in the NH and SH. This can occur due to the asymmetry of the Earth’s
north and south magnetic poles, which can cause differences in current and magnetic field
disturbances (Laundal et al., 2017). Particle drift is strongly influenced by the polarity of the
Sun’s magnetic field. As long as qA > O, positively charged particles (such as protons) enter the
solar system primarily via the poles while gA < 0, they pass past the equator (Potgieter, 2013;
Rankin et al., 2022). This creates a hemispheric asymmetry in the distribution of cosmic ray
intensity on Earth. The Halloween Storm occurs in negative polarity conditions (qA < 0), indi-
cating increased geomagnetic activity in NH. In contrast, geomagnetic activity in SH increases
under positive polarity conditions (qA > 0) (Thomas et al., 2014).
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Table 3: Cosmic Ray Intensity Decrease at Several Stations During the Halloween Storm (Oc-
tober 29 — 30, 2003)

NORTHERN HEMISPHERE SOUTHERN HEMISPHERE
(NH) (SH)
LATITUDE
PosiTion STATION INTENSITY DE- STATION INTENSITY DE-
CREASE (%) CREASE (%)
PSNM HUAN
MXCO 9.19 TSMB 7.80
Low LATI-
PTFM 9.23
TUDE
AVERAGE 919 AVERAGE 350
DECREASE DECREASE
NEWK 12.78 HRMS 10.24
M KIEL 12.30 KERG 12.42
PPLE N IGDN 14.69
LATITUDE A A
VERAGE 13.26 VERAGE 1133
DECREASE DECREASE
OULU 13.85 SNAE 13.84
APTY 13.59 SOPO 16.26
HicH Lati- THUL 15.47 MCMU 14.20
TUDE TERA 14.40
AVERAGE 14.30 AVERAGE 14.68
DECREASE DECREASE

4. Conclusions

The intensity of cosmic rays received by the Earth fluctuates. Latitudinal and hemi-
spherical dependence of cosmic ray intensity is investigated to estimate the extent of modu-
lation caused by a dip in cosmic ray intensity in extreme scenarios. We used 17 cosmic ray
stations spread over three latitudes (low, middle, and high) in both NH and SH. Our results
reveal that cosmic ray strength fluctuates more significantly at high latitudes than at low
latitudes. However, we observed anomalies at the TSMB and MXCO stations due to their
proximity to the SAA. Extreme cases are also utilized to demonstrate a quantitative decline
in cosmic ray intensity. The Halloween storm, which occurred on October 29-30, 2003, was
a geomagnetic event that caused the Forbush Decrease. The examination of the Halloween
storm also indicated that stations at higher latitudes shows the highest decrease in cosmic
ray intensity when compared to lower latitudes. This is conceivable because lower R_values
at high latitudes. The non-uniformity between the NH and SH is generated by geomagnetic
activity, which is affected by the Sun’s polarity conditions and other interplanetary space
properties such as the tilt of the HCS.
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