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ABSTRACT

The dependence of Forbush decreases on geomagnetic cutoff rigidity has been studied. The study aimed to
investigate the implications of geomagnetic cutoff rigidity on forbush decrease. To achieve this aim, the data of
cosmic ray daily count from six neutron stations of Tibet, Esoi, Tsumeb, Oulu, Apatity, and Magadan were used.
These data covered a period of six (6) years from the year 2010 to 2015. An advanced manual method
developed by Okike and Umahi (2019b) was used to select the FDs through R. statistical software. A sharp
depression in the intensity of cosmic ray variation known as Forbush decrease (FD) was detected. A large
number of FDs were recorded. The results of our analysis was grouped into stations of high, low and middle
rigidity. The stations of low rigidity recorded the highest number of FDs followed by stations of middle rigidity
while the stations of high rigidity recorded the least number of FDs. The magnitude of these FDs was
determined. It was observed that FD magnitudes vary inversely with the station's rigidity. A correlation between
the FD magnitudes of the cosmic ray (CR) stations was also tested. It was observed that stations of low rigidity
indicated the best correlation followed by the stations of middle rigidity, while the stations of high rigidity
indicated the least correlation. A regression was further tested between the FD magnitudes of the different
stations. The result of the regression between FDs of different stations was 99.8% , 98% and 97.5% significant
for stations low, high and middle rigidity stations respectively. In summary, this study used a large number of
events to test the rigidity dependence of FDs, and it was observed that FDs are inversely related to the cutoff
rigidity. Thus, FDs measured at the CR stations can be used to examine the effects of rigidity between the
stations.
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INTRODUCTION

The pioneering observation of cosmic ray (CR)
variations revealed an abrupt change in CR flux
intensity. This short-term intensity variation is
attributed to solar wind disturbances and is generally
referred to as Forbush decrease (FD) (Lee et.
al.,, 2015). During an FD, the intensity of CR
decreases rapidly (Lee et. al., 2015).

The cause of such a rapid decrease in the intensity
of CR is the strong magnetic boundary against CR
particles (Hundhausen 1972, Lockwood et. al., 1991)
generated by interplanetary coronal mass ejections
(ICMEs) (Cane, 2000) and interplanetary shock (IP
shock) near the Earth. Similarly, FDs can also occur
when magnetic clouds pass close to the Earth (Klein
and Burlaga 1982; Zhang and Burlaga 1988, Oh et
al., 2008).
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In addition, FDs are also caused by magnetic-field
variations linked to the interplanetary shock-sheath
region (Parker, 1961; Hundhausen, 1972;
Lockwood et al., 1991) and the magnetic cloud (Klein
and Burlaga, 1982; Zhang and Burlaga, 1988;
Badruddin, 2002; Oh et al., 2008). In most cases,
FDs have well-defined profiles with four distinct parts
(e.g., Oh et al., 2008): onset, main phase, maximum
depression point, and recovery phase. FDs start from
the main phase of decreasing CR intensity to a
recovery phase in which the CR intensity recovers
resulting in a distinct FD time profile (Lee et.
al., 2013). The entire FD profile can take anywhere
from a few hours to several days to complete (Oh et.
al., 2008).

The ability of CR particles to penetrate magnetic
fields and reach the top of the Earth’s atmosphere is
controlled by rigidity (R) which is defined as the
particle’s momentum multiplied by the speed of light
per unit charge (Kalugin and Kabin, 2015). The
geomagnetic cutoff rigidity is a notion that defines
how the earth's magnetic field protects against the
entrance of charged cosmic ray particles from
outside the magnetosphere (Shea and Smart, 2006).
It is usually measured in gigavolts (GV) (Kalugin and
Kabin, 2015). Rigidities are often thought to be static
(Shea and Smart, 2006). This is a common
misunderstanding since the cutoff rigidity values
fluctuate as the dipole and non-dipole components of
the magnetic field change (Shea and Smart, 2006).
The magnitude of CRs impacting the atmosphere at
a certain point as a function of time is affected by
these changes in geomagnetic cutoff rigidity (Shea
and Smart, 2006). However, processes on the Sun
can accelerate protons to relativistic energies,
producing Solar Proton Events (SPE), also known as
Solar Energetic Particle (SEP) events. SPE particles
cannot, however, access the entire global
atmosphere as they are partially guided by the
geomagnetic field. The first description of cosmic
rays in the Earth's magnetic field (Stérmer, 1930)
demonstrated the geomagnetic cutoff rigidity, the
minimum rigidity a particle must possess to penetrate
to a given geomagnetic latitude, where the rigidity of
a particle is defined as the momentum per unit
charge. Therefore, every geomagnetic position has a
corresponding cutoff rigidity. Higher rigidities are
required to reach lower geomagnetic latitudes, and
thus all particles with rigidities larger than the
minimum can penetrate to that latitude (and all higher
latitudes). In general the geomagnetic cutoff rigidity
of a particle is also a function of its direction of
arrival. While this effect was initially modeled with a
static dipole field, the geomagnetic cutoff rigidity is a
much more dynamic quantity depending on the
Earth's internal and external magnetic fields. As such
the geomagnetic cutoff varies spatially and with time,
on timescales of both the internal (years) (Smart and
Shea, 2003b) and the external field (minuteshours)
(Kress et al., 2004).

The intensity at which CRs collide with the Earth’s
atmosphere is known as CR intensity flux (Balco,
2011). This CR intensity flux varies with latitude
because it is modulated by the Earth’s magnetic field
(Cockburn and Summerfield, 2004). They are
observed and recorded by ground-based NMs, ion
chambers, balloon flights, and cosmic ray telescopes
mounted on spacecraft, and satellites (Lockwood and
Webber, 1977). Based on the advantages of the
rigidity and coordinates of the ground-based neutron
monitors, data from these monitors are always
preferably used and reviewed in CR research. In the
early analyses of FDs, the rigidity dependence of the
amplitude of the decrease at high rigidities was
obtained primarily from neutron monitor data
(Lockwood, 1991).

Previous research on FDs has identified two
methods of FD selection that are commonly used by
researchers. These methods of FD selections are (i)
the manual method and (i) the automated
method. The manual method of FD selection
involves several stages: (1) Defining a certain
threshold or baseline (B) reduction in CR flux
intensity, (2) Normalizing CR intensity data using a
chosen running mean, (3) Trial and error method,
involving plotting CR data for some equal intervals of
time, calculating the percentage change (concerning
the running mean) of the normalized CR data at the
onset time (1 ) and the percentage change at the time
of maximal (I ) depression, min (4) Subtracting | from
| and deciding whether | - min max min | = B, max (5)
Deciding the events for which | - | = B (that min max
will qualify for FDs) and the rest discarded as non-FD
event and, (6) Estimating either the onset time or
time of maximal decreases of all the events that meet
the condition in (5) (see Okike, 2019; Harrison &
Ambaum, 2010; Kristjansson et. al., 2008; Oh, Yi, &
Kim, 2008, for details of the approach). A close
inspection of Fig. 1 by Harrison and Ambaum (2010)
suggests that each of the steps is subject to several
potential biases.

The automated method differs significantly from the
manual technique. The automated method uses a
program that views CR data as a Fourier series and
thus, transforms CR data using the Fourier
Transform Technique (FTT). The manual approach
involves the tedious and time-consuming task of
culling and plotting CR data for a few selected days,
judging whether the plotted data reflect a typical FD
profile, examining the various parts of the plotted FD
such as onset time, main phase, and time of maximal
depression, calculating the level of intensity
increases or reductions and so on, the automated
method handles the CR data as a single signal,
irrespective of the volume. After the Fourier
transformation and filtering of the unwanted signals,
a script for FD event identification is written in an R
language for statistical computing (Team, 2014). The
algorithm takes the Fourier-transformed signal as its
input data. It scans the data, picking all the
pits/peaks/depressions/troughs. Another subroutine
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identifies the time of the depressions/peaks and
passes the results to some subprograms that
perform several other tasks such as determining the
static mean of the input data, isolating pits from
peaks, estimating the amplitude of the depressions
concerning the calculated average, and so on.
However, the FDs obtained from these methods are
subject to validation. For instance, Kristjansson et
al. (2008), identified 22 large FDs between 2000 and
2005 using Climax data. They validated the dates of
these events by comparing them with FDs found in
another two stations, the Oulu and Moscow stations.
An event is said to be an FD if the CR data are equal
to or lower than a certain baseline for instance 5%
below the 90-day running mean.

Research has revealed a dependence of
geomagnetic cutoff rigidity and coordinates on FDs.
Belov et al., (2021) suggested that low energies
(rigidities) seem to be better suited for studying the
fine structure of interplanetary disturbances (primarily
interplanetary coronal mass ejections) that lead to
FDs. Webber (1962) estimated that after the three
large decreases occurring in July 1959, the total
integral intensity of CR particles with rigidities greater
than about 1 GV at the Earth decreased to only 20%
of the intensity at sunspot minimum when the CR
intensity is at its maximum. According to
Tanabashi et al. (2018), CRs are a population of
high-energy elementary particles and nuclei of strong
penetrating power that originate in outer space and
within our galaxy. Jamsen et al., (2007) used three
events to study the energy dependence on the
recovery time of FDs and opined that the recovery
time of an FD can strongly depend on the energy.
Lingri et. al., (2016) equally used three events to
study the dependence of FDs on rigidity and found
that each NM records FDs.

Over the past decades, a phenomenological
understanding of galactic cosmic ray (GCR) intensity
modulation has remained a hot research area in
astrophysics. While some authors attribute the
variations in the count rate of NM stations which in
turn influences Fds to altitude and rigidity, others are
of the view that other factors may also aid such
variations. However, previous research such as
(Ahluwalia and Fikani, 2007; Lockwood et. al., 1991)
used a few events to test the rigidity dependence of
Fds and concluded that Forbush decreases
amplitudes vary inversely with rigidity. Although
insufficient data was available to these authors, this
limited their conclusions. However, the reliability of
the results obtained using these few events to test
the rigidity dependents of FDs is highly questionable.
Thus, to generate more reliable results, a larger
number of events are needed to test the rigidity
dependents of FDs. Therefore, this work aims at
using a large number of events to test the rigidity
dependence of FDs. This will provide a broader view
of the rigidity dependence of FDs because several
events will be considered, and the bias of whether

FDs are strongly or weakly dependent on rigidity will
be cleared.

MATERIALS

The major materials that were used for this research
are the daily CR data that was obtained
from http://cr0.izmiran.ru/common/ for six CR
stations. The six CR stations and their corresponding
cutoff rigidity are TIBT (14.10GV), ESOI (10.8GV),
OuULU (0.77GV), MGDN (2.11GV), APTY (5.6GV)
and TSMD (9.21GV). These data covered the period
of six years between the years 2010 to 2015. The
data of solar wind speed (SWS) and interplanetary
magnetic field (IMF) were also used and sourced
from https://omniweb.gsfc.nasa.gov/html/owdata.htmi
for the same period under study. R. Statistical
software and a laptop computer were equally used
for the statistical analysis

METHODS

The methods applied in this research are grouped
under the following subsections;

Data harvesting

The daily data of cosmic rays were sourced from the
Izmiran website for all thirteen cosmic ray stations
and the period under study. These daily data were
placed and arranged in a text editor software. The 00
hours as contained in the raw data were filtered off
from the CR data since we are working with daily
counts. The data after arrangement contains only the
dates and the CR counts in a well-arranged tabular
form. They were further saved with a unique file
name for each neutron station. In addition, the solar
wind speed (SWS) and interplanetary magnetic field
data were also sourced from the internet and
arranged in a tabular form. The data covers the same
period as that of CR. They were filtered to the tune of
dates and counts on the process of the download
using the website data query. They were also further
saved with unique fine names.

Data Processing

The advanced manual method of FD selection was
used in this work. These method involves the use of
computer software program that is operated using R.
statistical software. The method of program FD event
location developed by Okike and Umahi (2019) was
employed in the present investigation. In brief, the
technique employs Fourier transformation techniques
in an attempt to filter several signals of different
periodicities that are naturally superimposed on CR
data. Some of these amplitude variations are very
similar to FDs and could have serious influence on
the FD magnitude as well as frequency estimations if
they are not carefully removed before searching for
FDs. One of such unwanted signals is CR diurnal
anisotropies. Low and high pass filters implemented
in the Fast Fourier algorithm are used to separate
long-term trend and daily variations from the high
frequency part of CR data. The high frequency signal
consists of high magnitude CR events such as
ground level enhancement (GLE), solar energetic
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particles (SEPs) and FDs. A pit and peak detector
program is written in a software called R for statistical
computing (Team,2014). Using some predefined
baselines, the magnitudes / amplitudes and event

gk = [d"xg(x) ™™

The corresponding inverse Fourier transform is

~ d"k . i

8() = [ a8 (e

It is, however, more useful to consider the discrete
Fourier transform for computational purposes. In
particular, we used the FFT algorithm implemented in
the R language for statistical computing.

When z is an array storing the values to be
transformed, the fft usage is fft(z, inverse = FALSE).

x[h] = YR_; z[k] X exp(—2 xmx 1li x (k—1) X hni)

forh=1,...,n, and n = length(x). If inverse is
TRUE, exp(-2 x 1. . .) is replaced with exp(21 . . .).
When z contains an array, fft computes and returns
the multivariate (spatial) transform. If inverse is
TRUE, the (non-normalized) inverse Fourier

CR(%) = ”‘C'% x 100%
q

where CRq represents the mean value of the CR
data for the period of interest. After normalization and
filtering of the low- and high-frequency signals by
Fourier transformation, the R code searches for the
minimum turning points and calculates their
amplitudes (FDs) as well as their time of occurrence
in the high-frequency data.

In Summary, the processes and stages involved in
this method are as explained below;

CR(%) = ”‘C'% x 100%
q

(d) It further plotted the normalized CR counts with
dates. This indicated decreases in the variations of
CR counts by giving a baseline for FD detection
using an abline along the CR variations.

(e) A threshold of < -0.5% was used as a baseline for
FD mgnitude selection

(e) The program then filtered the observed variation
for the first time using a red ploted points.

(f) It further filtered the variations for the second time
by feeding the program with the identified FD dates
and magnitudes to indicate a clearer point of FDs in
the third plot.

time of the big as well as the small pits / depressions
are estimated. These amplitudes and the
corresponding dates are taken as FD data. Readers
are referred to Okike and Umahi (2019) for more
details on the operations of the two algorithms.
Wherein, For an n-dimensional function g(x), the
Fourier transform can be defined as;

(1)
(2)

For inverse = TRUE, the fft function would compute
the non-normalized inverse transform.

If the array z is vectorized, then the value returned
after FFT computation is the non-normalized
univariate discrete Fourier transform containing the
sequence of values in the array z. That is, x <-z
returns

(3)
transform is returned, i.e., if x <-fft(z), then z is fft(x,
inverse = TRUE)/Iength(x). The normalization
method adopted by Tezari et al. (2016) using
Equation 4 is also implemented in the Fourier
algorithm,

(4)

(a) The program restructured the raw CR data into a
unique nature of dates and counts. It further saves
same with a unique fine name.

(b) The program read the file as saved in (a) above,
scale and plot the daily variations of the CR counts
for the period under study.

(c) The program normalized the daily CR counts
using

(4)

The list of FD dates and magnitudes was presented.
The FD dates were presented separately in a tabular
form followed by that of the magnitude which was
presented as an FD catalogue. These lists of FDs
were grouped into three phases according to the cut-
off rigidity of their respective neutron stations. The
phases include FDs of stations of high, low, and
middle rigidity. They were further presented in a
tabular form following this order of the three phases.
The corresponding SWS and IMF data were equally
placed side by side with the FDs and presented in a
tabular form. The presentation was equally done in
three phases according to the CR station's cut-off
rigidity of high, low, and middle rigidity.
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A correlation test between some selected FD
magnitudes and the station’s geomagnetic cutoff
rigidity was done. The FD used for this correlation is
the event of 26-05-2013 was used to test the
simultaneity of FDs of high rigidity while the events of
02-03-2015 and

24-06-2011 for low and middle rigidity stations. These
events were similar in date to the classifications of
the stations under study. The correlation plot was
presented while the station's geomagnetic cut-off
rigidity and FD magnitudes were also presented in a
tabular form. Also performed is the correlation test

between FD magnitudes of stations against stations.
This test was grouped into stations of high, low, and
middle cut-off rigidity. The correlation table containing
the correlation coefficients was presented. The
correlation plots were also presented.

A multiple regression was thereafter tested between
(a) FDs of stations and (b) FDs with SWS and IMF.
The essence of the regression is to further validate
our results on the relationships tested.

RESULTS

Figs 1a & b shows the variation of raw cosmic ray
data while Figs 2a&b show the filtration of the cosmic
ray data to indicate better points of FDs.

Raw Data

—
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= |
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s = |
= ==
— |
—
= _]
= T T T T T T T
2010 2011 2012 2013 2014 2015 2016
Date
=

Fig 1: (a) Variations of cosmic ray raw data. (b) Variations of cosmic ray raw data showing a baseline for
FD selection
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Fig. 2 a & b: First and second filtration of FDs
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The selected FD dates and magnitudes from six CR
stations of TIBT, ESOI, OULU, MGDN, APTY, and
TSMD are grouped into three stations of high, low,
and middle cut-off rigidity and sampled in Table 1 — 3
below. Table 1 which stands for stations of high cut-
off rigidity contains the detected FD dates and
magnitudes of the two CR stations of ESOI and TIBT,
while Tables 2 and 3 which stand for stations of low

and middle rigidity contain two CR stations of OULU
and MGDN, and two CR stations of APTY and TSMD
respectively. These FD dates and magnitudes were
generated from our filtration of CR data and our
method of FD detection. The tables contain the
samples of the FD dates and magnitudes as the
generated FDs are so large. A total of 484 FDs were
observed in the TIBT neutron station while 548
events were observed in ESOI neutron stations as
shown in Table 1 and appendices for stations of high
rigidity.

Table 1: Determined FD magnitudes for stations of high cut-off rigidity

TIBT ESOI

Date FD (%) Date FD (%)
2011-04-07 -0.53 2010-01-21 -2.24
2011-04-08 -1.03 2010-01-22 -2.01
2011-04-09 -0.55 2010-01-23 -0.82
2011-06-14 -0.54 2010-01-24 -1.03
2011-06-17 -1.5 2010-01-25 -3.93
2011-06-18 -1.61 2010-01-26 -3.75
2011-06-19 -1.48 2010-01-27 -2.83
2011-06-20 -1.03 2010-01-28 -2.58
2011-06-21 -0.77 2010-01-29 -2.15
2011-06-22 -0.8 2010-01-30 -0.74

Table 2: Determined FD magnitudes for stations of low cut-off rigidity.

OULU MGDN
DATE FD (%) Date FD (%)
2010-07-27 -8.92 2011-04-08 -0.98
2011-04-08 -0.51 2011-06-11 -0.61
2011-06-17 -1.56 2011-06-17 -1.53
2011-06-18 -1.73 2011-06-18 -1.61
2011-06-19 -1.18 2011-06-19 -1.31
2011-06-20 -0.54 2011-06-20 -0.69
2011-06-23 -2.17 2011-06-23 -1.73
2011-06-24 -3.57 2011-06-24 -3.64
2011-06-25 -3.03 2011-06-25 -3.12
2011-06-26 -2.03 2011-06-26 -2.12

Table 3: Determined FD magnitudes for stations of middle cut-off rigidity

APTY TSMD

Date FD (%) Date FD (%)
2011-04-07 -0.57 2011-03-30 -0.74
2011-04-08 -0.73 2011-04-03 -0.71
2011-06-11 -0.53 2011-04-04 -0.52
2011-06-17 -1.82 2011-04-06 -0.83
2011-06-18 -1.88 2011-04-07 -1.16
2011-06-19 -1.19 2011-04-08 -1.94
2011-06-20 -0.62 2011-04-09 -1.12
2011-06-23 -2.3 2011-04-10 -0.74
2011-06-24 -3.84 2011-04-11 -0.65
2011-06-25 -3.24 2011-04-12 -0.72
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The Pearson correlation approach was used to test
for correlations between FDs of the CR stations used

2L 650 ;-

050" 2, 059

(Okwonu et al., 2020)

r=

. . _ 3Ky _
Where r = correlation coefficient, % = ’Tl’ and y =

Koo
5215 are the sample means. Note that (x;y;j=

1,.... ,n) are data points from two variables assumed
to be normally distributed with parameters p*,
Lly, (Slzlx, (Sﬁy

in this work, based on our classifications of CR
stations of high, low, and middle cutoff rigidity. The
general Pearson correlation formula is;

(2)

The correlations are grouped into three phases.
Phase one shows the correlation between the FD
magnitudes of the stations while phase two shows
the correlation between the FD magnitudes and their
corresponding solar wind and interplanetary
magnetic field data. The results of these correlations
are shown with tables and plots.

Table 4: Correlation results of FDs from stations of high rigidity

S/no Stations

Correlation coefficient

1 TIBT vs ESOI

0.23

TIBTFD (%)

ESOI FD AND TIBT FD, cc = 0.23
 No of FDs = 241

ESOI FD (%)

Fig. 3: Correlation plot of ESOl and TIBT

Table 5: Correlation results of Fds from stations of low cut-off rigidity

S/no Stations

Correlation coefficient

1 TERA vs SOPO

0.97
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MGDN FD (%)

4

)

o~ OULU FD AND MGDN FD, cc = 0.90
Mo of FDs = 136 -

T T T
1 2 3

OULU FD (%)

Fig. 4: Correlation plot of MGDN and OULU FDs

Table 6: Correlation results of Fds from stations of low cut-off rigidity

S/no Stations

Correlation coefficient

1 TSMD vs APTY

0.82

No of FDs = 329

APTY FD (%)

-2
|
™
L]
.

TSMD AND APTY FD, cc = d’sg

@ TSMD FD
& APTY FD

T T
2 3

TSMD FD (%)

Fig. 5: Correlation plot of TSMD and APTY FDs

The results of the regression test are grouped into
three phases. Phase one shows the regression
between the FD magnitudes of the stations while
phase two shows the regression between the FD
magnitudes and their corresponding solar wind and
interplanetary  magnetic  field data. Multiple
regression method was used for the regression test.
The results of these regressions are shown with plots
below.

The regression between FD magnitudes of CR
stations is grouped into three. The first group
represents the stations of high rigidity while the
second and the third represent the stations of low

and middle cut-off rigidity respectively. Generally, the
regression equations are of the form;
y=c+mx
(2a)

Where ¢ = intercept, m = slope
Fig. 6 shows the regression plot between FDs of
ESOI and TIBT stations which represents the station
as of high cut-off rigidity. The regression equation is
given as;
FDesor = 1.58 + 0.08 + (0.07 £ 0.02) FDrmer

3)
Note that R? = 0.83, the p-values of intercept (I) and
slope (S) are <2 x 10 ~'6 and 0.00030, respectively,
and N (i.e. the number of simultaneous FDs) is 241.
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ESQOIl & TIBT FD Regression
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Fig. 6: Regression of FDs of ESOI and TIBT stations

Fig. 7 shows the regression plot between FDs of
OULU and MGDN stations which represents the
station as of low cut-off rigidity. Their corresponding
regression equations and details are as given as
equations 4 as shown below:

FDouru= 0.78 £ 0.19 + (1.0 + 0.04) FDwmcDN

(4)
R? = 0.80, the p-values of intercept (I) and slope (S)
are 7.69 x 10® and <2 x 10 ~'8, respectively, and N
(i.,e. the number of simultaneous FDs) is 136.

OoOULU & MGDNMN FD Regression

oc =090, Mo of FDs = 136

MGDM (2.11GW)

MGDN FD (%)

OLLLT (0. 7T7TGY )

T
& 8

OULU FD (2%)

Fig. 7: Regression of FDs of OULU and MGDN stations

Fig. 8 shows the regression plot between FDs of
TSMD and APTY stations which represents the
station as of middle cut-off rigidity. Their
corresponding regression equations and details are
as given as equations 5 as shown below:

FDtsmp= 1.29 £ 0.11 + (1.26 + 0.05) FDaprty

()
R? = 0.68, the p-values of intercept (I) and slope (S)
are <2 x 10 716 and <2 x 10 ¢, respectively, and N
(i.e. the number of simultaneous FDs) is 327.
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TSMD & APTY FD Regression
oc =0.82, Mo of FDs = 329 ®
ey — APTY (5.6GV)
2 4 o e
TSMD FD (%4)
Fig. 8: Regression of FDs of TSMD and APTY stations
DISCUSSION be similar to those of similar rigidity stations. These

Table 1, 2, and 3 above shows our selected FD
dates and magnitudes. The selected FDs were
categorized into three based on the cutoff rigidity of
the CR stations under study. The categories include
stations of high, low, and middle rigidity. The FD
dates and magnitudes of the stations of high rigidity
were presented in Table 1 while those of low and
middle rigidity were presented in Tables 2 and 3
respectively. From Table 1, it was observed that the
TIBT station recorded 484 FDs while the ESOI
station recorded 548 FDs. These two stations were
used to represent the stations of high rigidity. From
Table 2 it was observed that a total of 1101 and 1104
FDs were recorded for OULU and MGDN neutron
stations respectively. These two stations were used
to represent the stations of low rigidity. From Table 3,
it was observed that a total of 1004 and 745 FDs
were observed for APTY and TSMD neutron stations
respectively. These two stations were used to
represent the stations of middle cut-off rigidity.

A close study and comparison of the selected FDs as
sampled in Tables 1, 2, and 3 indicated some
variations. While the CR stations with low cut-off
rigidity consistently recorded the highest number of
FDs followed by that of middle cut-off rigidity, the
stations with high cut-off rigidity recorded the least
number of FDs. For instance, while the OULU station
which is of low rigidity recorded 1101 FDs, TIBT
which is of high cut-off rigidity recorded 484 FDs.
This finding is in agreement with Belov et al., (2021),
which suggested that the amplitude of the FDs was
found to decrease as the rigidity increased. The
APTY station which falls within the range of stations
of middle rigidity recorded 1004 FDs which is near to
that of low rigidity. However, because altitude and
rigidity determine the sensitivity of NMs, the trade-off
between the stronger rigidity of TIBT and the smaller
rigidity of OULU is expected to result in similar
detection efficiency. This is in agreement with the
result obtained. Some event dates were observed to

similar dates validate our result since research has
proven that stations of similar rigidity mostly produce
simultaneous FDs.

The magnitude of an FD is the strength/size of the
depression in cosmic ray intensity variation. Tables
1, 2, and 3 show the determined FD magnitudes for
neutron stations of high, low, and middle, cut-off
rigidity respectively. Previous research has shown
that the magnitude of FDs depends on the rigidity of
neutron monitors. For instance, Belov et. al., (2021),
suggested that as a general trend, the amplitude of
the FDs was found to decrease as the rigidity
increased. It was observed that the OULU station of
low rigidity recorded a large magnitude of FDs. For
instance, the highest FD was recorded on 28-06-
2013 with a magnitude of -14.44% for the OULU
station which has a low rigidity of 0.77GV. The same
was also found on the FDs of the MGDN station.
Generally, the stations with low rigidity produce a
greater number of FD magnitudes. However, the
small events do not show a very deep depression.
These small FDs are sometimes seen to be the non-
simultaneous (Oh et. al., 2008; Okike and Collier,
2011a) FD types that are not usually observed by all
the stations. Tezari and Mavromichalaki (2016)
suggested that these small events are affected by
diurnal anisotropy, unlike the large ones. Contrarily,
the stations with high rigidity had low FD magnitudes.
For instance, the lowest FDs were detected on 09-
10-2010 and 09-12-2015 which had a magnitude of
0.5% for TIBT and ESOI respectively which have a
high rigidity of 14.10GV and 10.80GV respectively.
However, the stations with high rigidity produce a
lesser number of FD magnitudes. For instance, the
TIBT station recorded a total of TIBT station recorded
484 FDs while the ESOI station recorded 548 FDs.
This also confirms the assertion of Belov et.
al., (2021) that the amplitude of the FDs was found to
decrease as the rigidity increased. Generally, large
Forbush events tend to show a clear deep
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depression. In addition to these two cases of stations
of low and high rigidity, the FD magnitudes of
stations of middle rigidity were found to be both
slightly high and low in value. For instance, while the
station of APTY with a moderate rigidity of 5.6GV
recorded a magnitude of 11.32% for the FD of 09-03-
2012, the station of TSMD with a moderate rigidity of
9.21GV recorded a magnitude of 0.52% for the FD of
14-07-2012.

Research has suggested that FD magnitudes
correlate with the rigidity of neutron stations. For
instance, Lockwood, (1971) opined that neutron
station rigidity is positively correlated with FD
magnitudes, which implies that the lower the cutoff
rigidity, the greater the variation in the recorded CR
intensity. A strong correlation was found to exist
between the FD magnitudes of the stations. Tables
6, 7, and 8 show the correlation coefficients of the
FDs of these stations according to high, low, and
middle rigidity stations. A correlation coefficient of cc
= 0.23 was found for TIBT, and ESOI which
represent the stations of high rigidity, while a
correlation coefficient of cc = 0.90 was found for
stations of OULU and MGDN which represents the
stations of low rigidity. Also, a correlation coefficient
of cc = 0.82 was found for stations of TSMD and
APTY which represents the stations of middle rigidity.
The strong and positive correlations found between
FDs of stations of low cutoff rigidity indicates
similarity between the FDs which implies that the
detection of the FDs by the neutron monitors are
dependent on the cutoff rigidity which determines the
sensitivity of the neutron monitors. On the other side,
the weak correlation found between the FDs of the
high cutoff rigidity indicates a weak relationship
between the FDs which implies that other factors
than cutoff rigidity may affect the sensitivity of the
neutron monitors. A comparison of these correlations
shows that the stations of low rigidity indicated the
best correlation followed by the stations of middle
rigidity, while the stations of high rigidity indicated the
least correlation. These findings are in agreement
with the suggestion that the magnitude of FDs is
dependent on rigidity. Also, our results are in
agreement with the suggestion of Okike and Nwuzor
(2020) that the FDs measured at the stations can be
used to examine the effects of rigidity between the
two stations. However, Todd and Kniveton (2001)
stated that they analyzed FDs at three high-latitude
stations (NWRK, MCMC, and SOPO). Although they
did not indicate the outcome of their comparison nor
the implication of the result obtained, the general
underlying assumption among researchers
conducting FD-based correlation/regression or epoch
investigation is that FDs that are simultaneous at two
or more stations are strong events. Between the
years 2000 and 2005, Kristjansson et al., (2008)
selected 22 FDs using CLMX data and following the
same approach, they simply stated that their FD
event days were compared with those at Oulu and
Moscow NMs, and by extension, they assumed that

their FDs are consistent, or rather simultaneous. Fig
3 shows the correlation plot of ESOI and TIBT FDs
which stands for stations of high rigidity. A total of
241 events which were simultaneous for the two
stations were used for this plot. The cluster of the
plotted points along the fitted line indicates a good
correlation between the FDs of the two stations. Fig.
4 shows the correlation plots of stations of low
rigidity. Fig. 4 shows the correlation plot of OULU &
MGDN stations. A total of 139 FDs which were
simultaneous for the two stations were used for the
correlation plot. The good cluster of the plotted points
along the fitted line indicates a strong correlation
between the FDs of these stations. Similarly, Fig. 5
shows the correlation plots of stations of middle
rigidity. The figure shows the correlation results of
TSMD and APTY stations. A total of 329 FDs which
were simultaneous for all these stations were used
for the correlation plot. The better cluster of the
plotted points along the fitted line indicates a better
correlation between the FDs of these stations.

From the results of our analysis, it was observed that
the FDs measured at the stations can be used to
examine the effects of geomagnetic cutoff rigidity
between two stations. The results of our regression
analysis were majorly categorized into two, the
regression between FDs of different stations and the
regression between FDs with SWS and IMF.

The regression between FDs of different stations was
further sub-classified into stations of high, low, and
middle cutoff rigidity. The simultaneous FDs for these
stations were used for the regression test. From the
results of the test, the best regression was found
among stations of low cutoff rigidity.

On the other side, a weaker regression was found
between FDs of high and middle rigidity stations. For
instance, a weak regression was found between the
FDs of ESOI and TIBT stations which represent the
stations of high cutoff rigidity.

In addition, the regression between FDs of TSMD
and APTY which represent the stations of middle
rigidity was also found to be weak when compared to
that of low rigidity stations.

This regression is significant at 97.5 %. This
indicated a similar relationship between the FDs of
the two stations.

Because altitude and rigidity determine the sensitivity
of NMs, the trade-off between the low rigidity of
TERA and SOPO is expected to result in similar
detection efficiency. This is in agreement with the
result obtained.

However, there are several other factors, other than
rigidity or real effects from FDs that could influence
the variations in the count rate of NM stations.
Atmospheric depth, pressure, temperature, relative
humidity, local wind speed, the rotation of the Earth
concerning the acceptance cone of the detectors,
latitudinal effects, instrumental variations, a station’s
sensitivity to CR modulation, equatorial anisotropy,
North-South anisotropy, geomagnetic variations,
snhow, limited cone of acceptance, spurious
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modulation, magnetospheric effects or imperfections
in the present results are some of the agents that
might be responsible for the larger FD magnitudes
measured at stations of low cutoff rigidity (see
Barrantes et al. 2018; Belovet al. 2018, for
example).

CONCLUSION

This work concludes that FDs are inversely related to
the geomagnetic cutoff rigidity. Thus, FDs measured
at the CR stations can be used to examine the
effects of rigidity between the stations.
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