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Abstract. The first significant Forbush decrease of the solar cycle 25 was
recorded on November 4'", 2021. The Forbush decrease was observed with
numerous ground based cosmic rays stations including Belgrade cosmic rays
muons’ station. Series of coronal mass ejections during October 28—-November
4 2021. produce conditions for this Forbush decrease. We discuss here the vari-
ation of cosmic rays’ flux detected with ground-based detectors and connection
with conditions, measured in-situ, in interplanetary space around Earth, flux
of solar wind protons measured with SOHO probe to assess implication for
solar-terrestrial coupling processes.
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1. Introduction

One of the methods of researching solar-terrestrial coupling processes is observ-
ing the response of the flux of cosmic rays (CR) to various types of disturbances
(or drivers) in the heliosphere. Transient phenomena detected in CR flux due
to modulation in the heliosphere is the Forbush decrease: a sudden drop in CR
flux followed by a gradual return to the previous level. It occurs as CR interact
with irregularities in the interplanetary magnetic field (IMF), usually connected
with the emission of coronal plasma known as a coronal mass ejection (CME)
and its interplanetary counterpart (ICME) (Yermolaev et al., 2021). In recent
decades, space probes have measured IMF parameters in-situ as well as par-
ticle flux. The detected particles can be fast-moving particles, known as solar
energetic particles (SEPs), related to violent eruptions from the Sun that can
cause a sudden increase in measured CR flux at the surface - a ground level
enhancement (GLE). The other particles detected with probes, aside from solar
wind particles and SEPs, are energetic storm particles (ESP) accelerated locally
by shocks driven by fast ICMEs (Desai & Giacalone, 2016) and low-energy CR,
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(Veselinovié et al., 2021). It has been shown (Koldobskiy et al., 2019; Savié et al.,
2023; Kolarski et al., 2023) that parameters measured in-situ correlate with the
magnitude and time evolution of FD. The end of October and the beginning of
November 2021 marked extreme activity with a strong X-class solar flare (CIT),
accompanied by the first Ground Level Enhancement (GLE) event in this cycle
on October 28 measured by several ground stations (Papaioannou, A. et al.,
2022). There were several typical CMEs during this period. Most pronounced
were two halo CMEs on October 28" and November 2", The second halo CME,
due to its speed, caught up with previous ICMEs and produced a CME-CME
interaction (Li et al., 2022).These disturbances created additional modulation
of CR, producing the first strong FD in the present solar cycle, detected by
multiple ground stations around the globe (Chilingarian et al., 2022).

The present case-study combines in-situ measurements of solar wind param-
eters and proton flux in near-Earth space with measurements on the ground to
analyze how these parameters affect parameters of the FD detected on Novem-
ber 4", 2021.

2. Ground level cosmic ray observations

The most widely method of detecting CR use detectors that are part of the
worldwide network of Neutron Monitors (NM) (https://www.nmdb.eu/nest/).
One of the other species of these secondary CR that can be detected and used
for monitoring primary CR are muons.

2.1. Belgrade muon detector

The ground level Belgrade muon station (GLL) is a part of the Low-Background
Laboratory for Nuclear Physics at the Institute of Physics, Belgrade, Serbia. The
energy range of the observed primary CR extends and complements the energy
ranges detected by the NM network, but is still sensitive to CR modulation
of the heliosphere. Details of the experimental setup, as well as the calculated
response function of the detectors, are presented in (Veselinovi¢ et al., 2017).

2.2. Ground level data analysis

Both NM and muon detectors measure integral flux over different energy ranges,
so the median energy of the detected primary CR is used in the analysis of the
measured data. Another property of the detector system is Cut-off rigidity, the
minimal magnetic rigidity that the CR must have in order to penetrate the
IMF and geomagnetic field. To determine the amplitude of the FD for each
station, which differs in median energy and asymptotic direction, a baseline was
established using the average hourly count rate during mid-October 2021 when
solar activity was low. For this study, we utilized 1-hour time series of CR, flux
detected at 17 NM stations and GLL data (Table 1).
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Table 1. Cut-off rigidity (Rc) and median energy (Em) of primary CR for several
stations.

Stations Re (GV) Ep (GeV) Stations Re (GV) Ep (GeV)

Belgrade 5.3 63 Kerguelen 1.14 10.4
Athens 8.53 17.8 Oulu 0.8 10.3
Guadalajara 6.95 15.4 Apatity 0.65 10.3
Baksan 5.6 13.7 Norilsk 0.63 10.3
Jungfraujoch 4.5 12.6 Tixie Bay 0.5 10.2
Lomnicky stit 3.84 12 Fort Smith 0.3 10.2
Dourbes 3.18 11.5 Inuvik 0.3 10.2
Kiel 2.36 11 S. Pole bare 0.1 10.1
Yakutsk 1.65 10.6 S. Pole 0.1 10.1

Median energy for NM was found using formula given in Li et al. (2023) and
median energy for GLL was found using Monte Carlo method of CR transport.
Dependence of FD amplitude on CR median energy is given by power law (Cane,
2000)

AN a

= 1)
Here N is CR flux, F is median energy and a is power exponent that depends
on heliospheric conditions.

A scatter plot of the selected event is given (Figure 1) plotted in log-log scale
and it show clear median rigidity dependence of the amplitude of FD.

Steeper spectrum during this event shows greater modulation of primary
CR. If GLL data is included in the plot, the power exponent is not so large so
that can be interpreted as stronger modulation of the lower energy CR due to
CME-CME interaction. Linear regression is performed to found power indices
correspond to November 2021 event. Power index for NM only is 1.23+0.22 and
for NM and GLL power index is 0.6240.10. This is, in general, in good agreement
with some previous studies (Lingri et al. (2016) and references within).

3. Relation to in-situ measured data

In this study we used measured in-situ parameters relevant for heliospheric stud-
ies which are available at GSFC/Space Physics Data Facility, in the form of 1-
hour resolution OMNI data (https://spdf.gsfc.nasa.gov/pub/data/omni/
lowresomni/ ). Also we used proton flux date gathered by SOHO probe with
two detectors, ERNE and EPHIN, onboard SOHO probe (Torsti et al., 2000;
Kiihl & Heber, 2019) at Lagrange point 1 in vicinity of Earth. Comparison be-
tween 1-hour time series of selected parameters of IMF from OMNI data and
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Figure 1. Rigidity spectrum of FD from November 4th 2021. Points represent the
amplitude of the Forbush decrease as seen by 18 NMs and Belgrade GLL muon station.

relative detected CR flux of NM with low cut-off rigidity at South Pole and
Belgrade muon detector and similar comparison for the same time interval be-
tween CR flux detected with two ground level detectors and selected channels
of SOHO/ERNE and SOHO/EPHIN proton flux data is shown in Figure 2.

The discrepancies between time series of CR flux detected with ground sta-
tions and parameters of the IMF shows that CR was influenced by complex in-
teractions in the heliosphere where low energy proton flux detected in-situ with
detectors on board SOHO does not contribute substantially either to condition
in heliosphere or CR flux.Increase of SEP flux, apparent in all detected proton
flux from SOHO/ERNE and SOHO/EPHIN, produce GLE event detected with
NM with low cut-off rigidity. Shape of detected FD on different stations varied,
as expected due to difference cut-off rigidity, median energy, detector design,
and sensitivity.

Correlation between respective time series was found using Pearson correla-
tion coeflicient using 2-tail test for significance is given at Table 2.

As expected correlation of CR flux is greater for NM detector at South Pole
due to lower energy of detected CR which are more sensitive to disturbances of
IMF. Inverse correlation of average magnetic field and solar wind plasma speed
with CR flux is expected due to scattering of CR on turbulent magnetic field
that produce a decrease in detected CR flux. The lack of correlation between
proton fluxes and higher energy CR flux detected with GLL shown that monitor
only some of the proton energy channel is not sufficient to model FD over range
of CR energies during complex event with CME-CME interaction. Modeling of
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Figure 2. Left: Time series for plasma parameters (taken from OMNI database)
and cosmic ray flux ( measured at South Pole NM and GLL) from October 20*® until
November 20", 2021. Right: Hourly time series for different proton energy channels
from SOHO/ERNE and SOHO/EPHIN and two CR detectors time series for the same
period.

this complicated shock-associated ICME disturbance where multiple shocks and
transient flows merged is challenging and other studies (Zhao & Zhang, 2016;
Werner et al., 2019) showed similar complex dependence of CR flux on different
parameters of the IMF condition.

4. Summary

In this work we studied the FD occurred in November 4th, 2021, using data from
Belgrade muon station and other multiple sources. Increased solar activity at
the begging of the November 2021 had a measurable effect on CR, observed as a
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Table 2. Pearson correlation coefficients for the correlation between CR flux detected
at Belgrade CR station (GLL), at South pole (SOPO), flux of protons of different
energies from SOHO/ERNE and SOHO/EPHIN and plasma parameters (from OMNI
database) for the period from October 20*" until November 20", 2021.

SOPO GLL
Pearson Corr. p-value Pearson Corr. p-value
SOPO 1 0.52 <107°
GLL 0.52 <1075 1
|IB| Average -0.55 <107 -0.48 <107°
Bz —0.4 <1075 —0.15 <10~*
Proton temperature -0.18 <1073 -0.23 <107
Proton Density 0.23 <1073 0.14 <1074
Plasma (Flow) speed -0.61 <107 -0.53 <107
7.3-25.0 MeV p 0.17 <107 -0.12 0.002
4.3-7.8 MeV p 0.01 0.67 -0.29 <107°
25.0-40.9 MeV p 0.21 <107° 0.02 0.5
40.9-53.0 MeV p 0.21 <1075 0.03 0.45
80-100 H Mev p 0.22 <107 0.03 0.37

decrease in measured flux by all relevant CR stations. Energy range of affected
primary CR was wide enough so effect was detected by neutron monitors but
also muon detectors. Rapid decrease was detected with CR detectors around
the world and it was one of the consequence, along with the strong G3-class
geomagnetic storm, auroras and GLE event, of series of overlapping CMEs. We
showed that based on measured amplitude of FD of the range of ground station
that higher energy CR was less affected with heliospheric disturbance. Cross
correlations between time series of CR flux and IMF and solar wind charac-
teristics during these strongly disturbed heliospheric conditions were presented.
Lack of strong correlation is also apparent for higher energy CR flux time series
and time series of the heliospheric parameters and proton flux of certain energy
ranges. This proves that, in order to better understand solar-terrestrial coupling
processes, particularly its effect for higher energy particles requires more data
from various sources and various probes and this analysis can be done in the
future.
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