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ABSTRACT

The impact of cosmic rays (CRs) on space weather remains an open field of study.
However, the complex variability of CR flux complicates the analysis of both
short- and long-term trends. Forbush decreases (FDs), which represent significant
short-term intensity changes, are frequently used to investigate the relationship
between CRs and various atmospheric phenomena. While manual event detection
is currently predominant, it is often ineffective; therefore, this work employs an
automated approach for event detection. Fourier harmonic decomposition and an
FD-location algorithm were employed. The results reveal distinct differences and
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similarities between CR flux variations at the Moscow and Oulu stations.

INTRODUCTION

The investigation of cosmic ray (CR) intensity variations
began in the 1930s with the pioneering work of S.E.
Forbush (Forbush 1937, 1938, 1946, 1958). Short-term
intensity reductions that occur within a day and recover
over several days are referred to as Forbush decreases
(FDs). Other short-term intensity changes include ground
level enhancements (GLEs) and CR anisotropies
(McCracken & Rau 1965; Pomerantz & Duggal 1971,
Lockwood 1990b; Hofer & Fluckiger 2000; Okike &
Alhassan 2021). The 11-year solar cycle represents a
longer-term fluctuation in CR flux. Among these
phenomena, FDs are considered the most significant
intensity variations (Ramirez et al. 2013). Although well-
investigated (Palmeira & Bukta 1969; Cane et al. 1993,
1996; Cane 2000; Pudovkin & Veretenenko 1995;
Papaioannou et al. 2010; Okike et al. 2024, Mandrikova
et al. 2025), several aspects remain unresolved.

The intensity variability of CRs has been investigated
using the time-intensity profiles of FDs. Figure 1 displays
FD profiles at 18 neutron monitors (NMs). A critical

examination of the diagram reveals the various forms of
the January 1968 FD (Belov 2008; Okike & Collier 2011).
While visual plots of FDs are prevalent in the literature
and used for qualitative comparisons of long-term
variations, Figure 2, as presented by Tezari et al. (2016),
illustrates long-term CR variations across different
locations, highlighting short-term FDs superimposed on
long-term flux changes.

While qualitative comparisons of CR intensity variations
are easy and straightforward, quantitative analysis
remains challenging. Calculating the timing and
magnitude of FD events, for example, is difficult. Okike
(2020) note that manual event selection techniques have
traditionally been employed; however, the authors
criticize this approach as subjective and ineffective.
Rather than the common visual method of comparing
cosmic ray (CR) intensity variability between multiple
terrestrial locations, this work employs the fully
automated method (FAM, Okike & Menteso (2024a)) for
FD event analysis.
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Figure 1: Short-Term CR Intensity Variations at Different Locations (from Lockwood (1971))

MATERIALS AND METHODS

Data Source

The daily averaged CR data used in the current work are
sourced from http://cr0.izmiran.ru/mosc/ (for Moscow
station) and http://crO.izmiran.ru/oulu/ (for Oulu NM).
The physical characteristics of the two stations are MOSC
(rigidity = 2.30 GV, latitude = 55.47° N, longitude =
37.32¢ E, altitude = 200 m) and OULU (rigidity = 0.77
GV, latitude = 65.05° N, longitude = 25.47¢ E, altitude =
0 m). Data for the full solar cycle 23 (SC23) (1996-2008)
is analyzed.

Analysis Method

The Manual Method

As hinted in Section 1, there are two primary approaches
to selecting FDs: manual and automated. Early event lists
(e.g., Lockwood 1990a; Tinsley & Deen 1991; Pudovkin
& Veretenenko 1995) were compiled using manual
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methods, which involve the visual inspection of CR time
series data to detect rapid intensity depressions. Figure 2
illustrates several such short-term reductions. Each event
is isolated and plotted, as shown in Figure 1, to identify
the FD onset, main phase, minimum, and recovery phase.
Following the identification of these key FD components,
Equation 1 is used to calculate event magnitude. This
case-event approach repeats the outlined stages for each
occurrence. Further details regarding this manual method
are provided by Oh et al. (2008) and Lee et al. (2015).
CRyin~ CRyea

FD (%)= —10_~ 0" % 100%

where FD (%) stands for percentage intensity reduction,
CRmin is count rate at the FD minimum point, and
CRonset is the value of the CR count at the onset time,
and CRmean represents mean value of the CR time series
data for any chosen period.
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Figure 2: Long-Term CR Intensity Variations at
Different Locations (Source: Tezari et al. (2016))
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The FAM

The FAM, developed by Okike & Umahi (2019), has been
employed in numerous studies (see Okike 2019b,a; Okike
et al. 40 2020, 2021, 2025, for example). Unlike the
manual case study approach, the FAM adopts a statistical

NJP

method for FD selection, allowing the program to identify
all intensity reductions in a CR time series
simultaneously. Figure 3 illustrates the statistical
characteristics of FAM operations. Panel a of diagram is
the raw CR data for the period of 54 years (1953-2006).
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Figure 3: (a) Raw CR Daily Data; (b) Slow-Moving Signal Part
of Panel (a); (c) High-Frequency Signal Part of Panel (a). Blue
Stars indicate FD Dates and Magnitudes (from Okike (2019b))

This raw data is composed of other superposed signals of
different frequencies. The two main frequencies are the
slowly moving signal and the fast varying part. While the
slowly changing part contains the 11-year solar cycle
signal and and the CR anisotropies, the high-frequency
part contains the FDs and the GLEs. Identification of
“pure” FDs (Oh et al. 2008) requires decomposition of the
raw data into the low- and high-frequency parts. Bartels
(1935) suggest that harmonic analysis well suited to
decompose geophysical data.

The signals in panels b and ¢ are extracted from the raw
data using Fourier harmonic techniques. The sinusoidal
waveform in panel b reflects the 11-year solar cycle
variability. As this signal lacks the sharp intensity drops
observed in panel a, no FDs are identifiable.

Panel ¢ shows a sharp contrast, capturing all intensity
reductions observed in panel a. These sudden drops
represent FDs. As panels a and b demonstrate, these
events are frequent, making manual visual identification
tedious and time-consuming. To automate this process,
the FD-Location algorithm developed by Okike & Umahi
(2019) is employed. The blue stars in panel ¢ mark the
timing and magnitude of each FD event. The program
records the time and magnitude components in a tabular
file.

RESULTS AND DISCUSSION

A total of 586 and 593 FD events were selected from the
MOSC and OULU stations, respectively. These catalogs
include small (magnitude > -2.99%) and large (magnitude
< -3%) FDs. It is interesting to see that both small and
large amplitude FDs are observed simultaneously at the
two stations. This seems to contradict the indication of Oh
et al. (2008) that small FDs are none simultaneous events.
The differences here lie mainly on the methodical
approaches employed. The results of the case event
approach used by Oh et al. (2008) may be significantly
different from the current fully automated and statistical
method. Table 1 presents a sample of simultaneous FDs
at the two stations. The columns labeled S/N, Date,
MOSC, and OULU represent the serial number, the FD at
MOSC, and the FD at OULU. The MOSC and OULU
columns compare the variability patterns of event
magnitudes between the two stations. FD magnitudes
differ between the stations, with some differences being
significant; for example, the event on 16/03/1996
recorded magnitudes of -2.53% at MOSC and -0.92% at
OULU. The event on January 24, 1999, was also
significantly larger at the MOSC station (-10.47%) than
at the OULU station (-7.26%).

In some cases, the event magnitude at OULU exceeds that
at MOSC. For instance, the magnitudes for the event on
13 April 1996 were -0.01% and -0.31% at MOSC and
OULU,

respectively.
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Table 1: Comparison of FDs at MOSC and OULU Stations. Note that “Date”, “MOSC” and “OULU” Stand
for Date of FD Minimum, FD at MOSC and FD at OULU Stations Respectively

S/N  Date MOSC OULU Date MOSC OULU Date MOSC OULU
1 1996-01-14  -1.09 -0.44 1999-01-02 -1.23 -0.75 2001-04-09  -7.82 -4.73
2 1996-01-21  -0.80 -0.25 1999-01-04 -1.23 -0.99 2001-04-12  -18.48 -12.29
3 1996-02-23 -1.16 -0.57 1999-01-16 -3.12 -2.18 2001-04-16  -5.88 -3.65
4 1996-03-03 -0.32 -0.08 1999-01-24 -10.47 -7.26 2001-04-19  -3.66 -2.47
5 1996-03-08 -0.51 -0.05 1999-02-18 -11.66 -9.07 2001-04-22 -1.94 -0.61
6 1996-03-16  -2.53 -0.92 1999-02-23 -2.98 -2.46 2001-04-29  -7.37 -5.16
7 1996-04-13 -0.01 -0.31 1999-03-02 -1.22 -1.51 2001-05-25 -0.74 -0.63
8 1996-07-03  -0.71 -0.30 1999-03-06 -1.85 -1.79 2001-05-28  -4.52 -3.45
9 1996-07-14  -1.27 -0.44 1999-03-19 -3.35 -3.47 2001-08-03  -1.96 -0.44
10 1996-07-31  -0.66 -0.35 1999-03-24 -3.17 -2.53 2001-08-06  -1.97 -0.49
11 1996-08-11  -1.05 -1.15 1999-04-11 -0.78 -0.36 2001-08-29  -9.46 -5.90
12 1996-09-10  -3.62 -2.14 1999-04-16 -1.15 -0.89 2001-09-07  -1.36 -0.76
13 1996-09-13  -2.46 -1.98 1999-05-10 -1.71 -1.75 2001-09-26  -9.97 -6.79
14 1996-09-27 -0.14 -0.55 1999-05-24 -2.29 -2.15 2001-10-09 -4.35 -2.62
15 1996-10-09 -3.33 -2.59 1999-06-27 -2.72 -2.03 2001-10-12  -5.97 -4.34
16 1996-10-23 -2.59 -2.20 1999-08-22 -5.28 -3.95 2001-10-22  -4.89 -3.79
17 1996-11-05 -3.89 -2.77 1999-09-05 -1.97 -1.13 2001-10-28  -3.56 -3.12
18 1996-11-14  -2.85 -2.62 1999-09-13 -2.07 -1.77 2001-11-07  -6.65 -5.65
19 1996-11-19  -1.30 -1.10 1999-09-16 -3.17 -2.23 2001-11-25  -10.19 -7.58
20 1996-11-30  -2.22 -2.44 1999-09-21 -3.20 -1.84 2001-12-17  -2.08 -1.54
21 1996-12-24  -0.35 -0.23 1999-09-29 -2.38 -1.42 2002-01-03  -8.92 -6.18
22 1996-12-28 -1.91 -1.45 1999-10-12 -3.03 -0.72 2002-01-11  -6.24 -5.36
23 1996-12-31  -2.35 -1.69 1999-11-01 -3.65 -1.68 2002-01-21  -1.26 -1.22
24 1997-01-02  -2.20 -1.34 1999-11-09 -2.56 -0.38 2002-01-24  -0.83 -0.87
25 1997-01-08 -1.80 -0.53 1999-11-20 -4.22 -2.43 2002-03-30  -0.43 -0.73
26 1997-01-30 -1.81 -0.69 1999-12-13 -9.96 -6.93 2002-04-18  -3.05 -1.43
27 1997-02-02  -0.66 -0.48 1999-12-27 -3.93 -3.11 2002-04-20  -4.38 -2.76
28 1997-02-04 -0.41 -0.50 1999-12-31 -1.11 -0.68 2002-04-24  -3.17 -2.63
29 1997-02-06  -1.29 -0.69 2000-02-12 -3.16 -2.54 2002-05-15  -0.78 -0.06
30 1997-03-07 -0.17 -0.70 2000-02-21 -0.40 -0.35 2002-05-23  -4.20 -2.39
31 1997-04-19 -0.91 -1.14 2000-03-01 -0.71 -0.92 2002-05-28  -1.90 -1.08
32 1997-05-15  -2.47 -1.31 2000-03-24 -1.96 -1.51 2002-07-20  -4.79 -3.10
33 1997-05-26  -0.71 -0.47 2000-03-30 -0.82 -0.89 2002-07-23  -2.92 -2.01
34 1997-06-08 -0.31 -0.43 2000-04-07 -3.47 -2.19 2002-08-02  -10.06 -6.71
35 1997-06-14  -0.59 -0.43 2000-05-03 -0.32 -1.09 2002-08-07  -4.14 -3.00
36 1997-07-10  -2.03 -1.31 2000-05-08 -1.58 -1.75 2002-08-09  -2.97 -2.34
37 1997-07-15 -1.42 -0.74 2000-05-24 -7.92 -5.90 2002-08-20  -5.05 -3.79
38 1997-10-11  -1.69 -1.72 2000-05-30 -2.29 -1.67 2002-08-23  -4.71 -3.63
39 1997-10-25 -2.46 -1.95 2000-06-09 -10.65 -7.77 2002-08-28  -6.01 -4.88
40 1997-11-08 -2.57 -3.52 2000-06-20 -4.20 -3.27 2002-09-08 -3.32 -2.93
41 1997-11-23  -4.46 -5.41 2000-06-24 -4.69 -3.33 2002-09-24  -3.07 -2.03
42 1997-12-11  -2.55 -151 2000-06-26 -4.76 -3.54 2002-09-28  -0.76 -1.22
43 1998-01-01  -0.47 -0.89 2000-07-05 -0.40 -0.06 2002-10-01 -1.34 -1.39
44 1998-01-29  -0.60 -0.06 2000-07-11 -4.87 -3.00 2002-10-03  -1.40 -2.04
45 1998-04-09 -2.66 -1.32 2000-07-16 -20.93 -14.52 2002-10-21 -3.81 -3.06
46 1998-04-12 -2.71 -1.77 2000-07-20 -13.54 -8.87 2002-10-25  -1.86 -2.32
47 1998-04-19 -3.61 -2.60 2000-08-06 -7.00 -5.24 2002-11-03  -1.74 -1.94
48 1998-05-02  -11.59 -7.39 2000-08-12 -8.52 -6.31 2002-11-05  -3.15 -3.28
49 1998-05-17 -3.40 -2.62 2000-09-03 -1.53 -0.80 2002-11-12  -6.05 -4.36
50 1998-05-21 -4.06 -2.61 2000-09-09 -2.71 -2.52 2002-11-18 -8.64 -6.62
51 1998-05-30 -2.92 -1.48 2000-09-15 -2.31 -2.43 2002-11-25  -0.56 -1.21
52 1998-06-07 -4.36 -3.57 2000-09-18 -8.65 -7.36 2002-11-27  -2.08 -2.52
53 1998-06-19  -4.43 -2.89 2000-10-05 -0.86 -1.19 2002-12-08  -0.61 -1.79
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S/IN  Date MOSC OULU Date MOSC OULU Date MOSC ouLU
54 1998-06-21 -4.44 -3.18 2000-10-07 -1.55 -1.48 2002-12-20  -2.45 -3.72
55 1998-07-03  -1.26 -1.08 2000-10-29 -4.17 -3.02 2002-12-23  -3.82 -4.58
56 1998-07-24  -1.92 -0.94 2000-11-07 -6.86 -5.01 2003-01-24  -3.39 -1.24
57 1998-08-06  -0.59 -0.51 2000-11-11 -4.00 -3.13 2003-01-27  -5.12 -2.49
58 1998-08-10 -1.29 -0.34 2000-11-16 -3.12 -1.62 2003-02-18  -2.09 -2.19
59 1998-08-23  -6.57 -4.50 2000-11-29 -10.29 -7.51 2003-03-20  -0.92 -0.64
60 1998-08-27 -12.18 -9.96 2000-12-11 -2.13 -1.01 2003-04-11  -6.17 -2.12
61 1998-09-25 -9.86 -7.33 2000-12-25 -2.98 -1.65 2003-05-02  -2.12 -0.83
62 1998-11-09  -3.02 -1.87 2000-12-27 -3.41 -2.03 2003-05-09  -2.49 -1.01
63 1998-11-28  -0.75 -0.27 2001-01-03 -0.97 -0.72 2003-06-06  -1.86 -1.20

Nonetheless, such instances are rare. The table indicates
that event magnitudes at MOSC are generally larger than
those at OULU. A comparison shows that the average
magnitude for 586 FDs at MOSC is -2.73%, compared to
-1.99% for 593 FDs at OULU. These higher intensity
variations suggest that the MOSC neutron monitor is
more sensitive than the OULU monitor. The
characteristics of the two NMs described in Section

2.1 indicate that MOSC has higher rigidity than OULU.
Based on Pyle (1997), Belov et al. (1997), and Lingri et
al. (2016), MOSC is expected to exhibit lower variation
than OULU. However, Okike & Nwuzor (2020) suggests
that, in addition to rigidity, factors such as altitude,
latitude, and other physical characteristics may
significantly influence the response of NMs to CR flux
variations. The higher altitude of MOSC, for instance,
may be the reason for its greater sensitivity.

The event magnitude presented here are selected from the
CR time series data where the influence of solar cycle
variations and the contributions from CR anistropies have
been removed Okike (see 2021); Okike & Menteso (see
2024b). For comparative purpose, FDs were also selected
from the raw CR data where none of these superposed
signals have been removed. The number of FDs at MOSC

and OULU are respectively 531 and 545. A comparison
of these two catalogs with those selected after detrending
and adjusting for the contribution from anisotropies
allows for a better understanding of the influences of
these superposed signals on the two stations. However,
for want of space, we leave that for future work.

To further illustrate the significant differences in CR
intensity variations at the two stations, simultaneous FDs
at the two stations are presented in Figure 4. A look at the
graph shows that the FDs define the amplitudes of the 11-
year solar cycle pattern. The minimum, inclining phase
and the maximum solar cycle (see Lockwood & Webber
1984; Jamal et al. 2026) periods are well captured in
Figure 4. Events of low amplitudes are detected between
1996-1998 and 2007-2008. Relatively larger FD
amplitudes are detected between 1998-2000 whereas
largest FDs happened between the years of higher solar
activities (between 2000-2006). The graph also shows
that MOSC measure relatively large FDs. The red file
circle close to 2004 represents the giant event of
31/10/2003. From the diagram, the event magnitude is
about 30% (precisely -30.93%) at MOSC. It is, however,
less than 25% (precisely -23.09%) at OULU station.

FD (%)
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Figure 4: The Simultaneous FDs at MOSC
and OULU Stations
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Figure 5: Event Magnitude Differences for the
Simultaneous FDs at MOSC and OULU Stations

Figure 5 presents the differences in intensity variations
between the two stations. The red line indicates events of
equal magnitude. Blue points above the red line represent
FDs with larger magnitudes at OULU, while those below
represent events with larger magnitudes at the MOSC
station. With the few events referenced in Table 1, one
may erroneously conclude that only a few events have
larger amplitude at OULU. However, the elegant picture
presented here clearly shows that several of the events
have larger amplitudes at OULU station. It is, however,
true that that majority of the FDs register higher
magnitudes at MOSC. The blue point near the year 2004
represents the difference between the largest event of
31/10/2003 at the two stations.

CONCLUSION

For the first time, since investigation of CR flux variations
started, large number of FDs are used to conduct the test.
Previous analyses were carried out using the usual case
event study approach. From the detailed analyses
performed, we conclude that the variability of CR flux
between MOSC and OULU stations is high. The pattern
of intensity variations among events are unpredictable.
This posses a serious challenge to space weather
investigators as the reasons for the observed differences
are attributable to location-dependent properties of the
causative agents that generate FDs as well on the
sensitivity of the two NMs. Since the same event can
appear in different forms between the two stations, the
traditional manual method used to select FDs may not be
effective to handle the various forms of FDs. A more
rigorous approach as demonstrated here may be more
appropriate.
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