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Abstract
An overview on the presentations at the �rst virtual symposium on cosmic ray studies with neutron detectors is given. 
The meeting was held online in July 2020. Neutron detectors on ground are shown to provide signi�cant contributions 
to research on interactions of galactic cosmic rays with magnetic �elds in the Heliosphere and on the acceleration of 
energetic particles, as well as to a growing range of applications, including geophysics and space weather. The advent 
of easily accessible databases makes original data easily available to a large user community. The present overview 
outlines and introduces the more detailed articles contained in the proceedings.

1.�Introduction

Cosmic rays at energies between several hundreds of MeV and tens of GeV play a major role for ener-
getic and plasma processes in the Heliosphere. Various types of neutron detectors on the Earth are used 
worldwide to probe neutrons produced in interactions of primary cosmic rays with the atomic nuclei 
of the Earth�s atmosphere, and to infer information on their interaction with the magnetic �elds of the 
Heliosphere and the magnetosphere of the Earth, and on heliospheric processes of particle acceleration. 
While these �elds of investigation have a history over more than 70 years, they gain new interest with 
each new space mission launched to probe heliospheric plasma processes. Their long-standing obser-
vations allow us to monitor trends of the heliospheric magnetic �eld over many solar activity cycles. 
This is of special interest since the low levels of solar activity witnessed in recent cycles go along with 
a signi�cant enhancement of the �ux of galactic cosmic rays (GCR) in the inner Heliosphere.
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Besides their role as a target of fundamental research, galactic and solar cosmic rays at GeV-
energies are an issue for space weather purposes. The monitoring of radiation doses, to which the 
aircrew of civil aviation and airline passengers are exposed, has been receiving attention since the 
1990s. While spacecraft most often monitor only particles up to a few hundreds of MeV, neutron 
detectors on the Earth provide an adequate tool to measure the more energetic particles that beco-
me a source of radiation in the lower atmosphere. The advent of real-time space weather services 
is based on neutron monitor observations and on space-borne measurements.

The lack of possibilities to have scienti�c meetings that became clear in late winter 2020 trigge-
red interest in the heliospheric cosmic ray community to propose an online meeting with the aim 
to discuss investigations in the �eld of cosmic ray research based on ground-based neutron detector 
data, the neutron detectors themselves, and the handling and distribution of data. The meeting 
consisted of daily, three-hour sessions between July 13 and 17, 2020. Each session was attended by 
70 to 80 persons from Africa, the Americas, Asia, Australia, and Europe. The technical organisation 
was at the University of Kiel (Germany). 

The present paper intends to give an overview on the presentations and discussions, and to 
set the stage for the authors� contributions that follow. Contributions are addressed in the order of 
their presentation at the meeting, which may be different from the order in the present proceedings.

2.�Cosmic rays in the heliosphere

The advent of measurements of cosmic rays above the atmosphere, such as from the PAMELA and 
AMS-2 experiments, up to rigidities of several tens of GV has provided the opportunity for yield 
function validation and calibration for all active neutron monitors (Koldobskiy et al), for veri�ca-
tion of the Global Survey Method (Belov et al), and for parametrization of the spectrum of galactic 
cosmic ray variations and the shape during negative and positive polarity periods (a power-law 
spectrum of variations with strong exponential attenuation at high rigidities and a pure power-law 
spectrum, respectively; Yanke al.).

The leader fraction, i.e., inverse neutron multiplicity, has been used as a proxy of a cosmic ray 
spectral index above the cutoff rigidity to enhance the high-precision spectral information from the 
worldwide neutron monitor network and extend it to higher rigidity (Banglieng et al.)

On short time scales, a method of de�ning Forbush Decreases (FDs) and an automated process 
for identifying FDs in neutron monitor data have been developed and a positive correlation bet-
ween FD magnitude and properties of the associated Interplanetary Coronal Mass Ejection (ICME) 
has been found, with decreasing correlation strength as the neutron monitor cutoff rigidity increa-
ses (Light et al). The ring of stations method has been used to investigate in detail FDs and their 
precursors (Abunina et al.). FD precursory signals have been observed also in events without a 
sudden storm commencement (Lingri et al.). This emphasises the possibility to forecast the arrival 
of an ICME at Earth using neutron monitor observations.

A full-orbit test-particle simulation has been developed to compute the FD amplitude and time 
pro�le resulting from the particle propagation through a magnetic cloud, whose topology has been 
obtained with the Grad-Shafranov reconstruction. The comparison between model results and both 
space- and ground-based cosmic ray measurement has suggested that particle drifts across the closed 
�eld lines within magnetic clouds have a primary role in affecting the galactic cosmic ray propagation 
(Benella et al.).

A long and sloping decrease of cosmic ray intensity (up to ~4%) was observed in neutron mo-
nitor data during May 2019, associated with a series of small solar eruptions following each other, 
although the interplanetary counterpart did not hit the Earth (Tre�lova et al.).

The energy spectrum of solar-diurnal variations of cosmic rays has been derived from neutron 
monitor and muon telescope data. It is qualitatively well described by a �at form with an upper 
cutoff near 100 GeV (Gololobov et al.).
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The wavelet analysis has been applied to investigate long-term variations (Baird and MacKinnon) 
and mid-term periodicities (13.3 � 298 days), which were found to depend on the neutron monitor 
rigidity cutoff and height (López-Comazzi and Blanco).

The long-term cosmic ray modulation has been found to be much weaker in cycles 23-24 than in 
cycles 21-22. This can be explained by the weakening of the solar magnetic �eld, and consequently 
an increased role of particle diffusion during propagation in the Heliosphere (Yanke et al.).

The expected cosmic ray modulation has been retrieved in the observations of the CCD imagers of 
the Hubble Space Telescope, as well as evidence for two spatially con�ned regions over North Ame-
rica and Australia that exhibit increased particle �uxes at the 5-sigma level (Tancredi et al.).

3.�Cosmic rays in the atmosphere

Cosmic-Ray Neutron Sensing for Environmental Sciences (CRNS) is a young research �eld that 
has established a technique to monitor water content in soil by measuring the �ux of sub-MeV 
neutrons. The water content in soil, air, snow and vegetation moderates the density of neutrons 
above the ground. This signal represents the average water content of an area of several hectares. 
Hundreds of such small neutron detectors have been installed worldwide and they provide critical 
input for climate research, hydrological models and irrigation management. The reliability of these 
measurements depends on the knowledge of the incoming cosmic radiation, which has traditional-
ly been taken from one reference neutron monitor. As these corrections do not take into account 
the differences between the neutron monitor and the sensor (altitude, cutoff rigidity, etc), the CRNS 
community is exploring the use of the neutron monitor network to improve the quality of the soil 
humidity prediction and to open up new opportunities for cooperation between the disciplines 
(Schrön and Köhli).

4.�Solar energetic particle events � GLE analysis

During powerful solar events, such as �ares and coronal mass ejections (CMEs), charged particles 
can be accelerated to high energies. These particles are known as solar energetic particles (SEPs). If 
their energy spectrum extends beyond 450 MeV, the primary particles, especially protons, but some-
times also neutrons, trigger atmospheric cascades that reach the surface of the Earth. Such events 
are called ground level enhancements (GLEs). Ground-based instruments such as the worldwide net-
work of neutron monitors, neutron detectors and muon telescopes allow us to observe these events 
and to complement satellite data, which most often pertain to lower energies.

In the �GLE analysis� session Mishev, Koldobskiy and coworkers presented a new GLE analysis 
method based on the neutron monitor network. The method allows to compute the trajectory of 
particles in the simulated magnetosphere and to calculate the main parameters of relativistic solar 
protons (energy spectrum, direction of the anisotropy axis, pitch-angle distribution). The method is 
based on new neutron monitor yield functions, which were updated and cross-calibrated with the 
PAMELA and AMS-02 experiments.

Bütikofer and coworkers analyzed some SEPs, registered by the EPHIN detector aboard SOHO, 
which were comparable in magnitude with previously recorded GLEs, but had no response in the 
data of ground-based detectors. In addition, for some recent GLEs and sub-GLEs, the energy spec-
trum was modeled and compared with the satellite data.

The possibility to use radio emission of electron beams (type III bursts) as a tracer of magnetic 
connectivity was discussed by Klein. The analysis was applied to GLEs in order to con�rm their ma-
gnetic connection to the Earth and to discuss the constraints on the acceleration region of the non 
thermal electrons and relativistic protons.
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5.�Space weather research and services 

The global neutron monitor network has a long tradition in the research on cosmic ray variations and 
solar energetic particles. Recently, it has been used also for space weather purposes, speci�cally for 
alerts and the related assessment of the exposure of aircrew to radiation doses caused by cosmic rays. 
Using neutron monitor data Gil et al. showed that the increase in the superposed averaged number 
of failures of Polish transmission lines appears around FDs, as well as one day after the occurrence of 
fast halo CMEs. Fuller and coworkers reported that data of French neutron monitors at Kerguelen Is-
land and Terre AdØlie (Antarctica) are used for the monitoring of the radiation doses received by civil 
aircrew in France in the framework of the SIEVERT programme. Since 2019 they support the real-time 
space weather service for civil aviation worldwide under the auspices of ICAO (International Civil 
Aviation Organization). Large enhancements in the �uxes of relativistic electrons lead to spacecraft 
malfunctions and have in a number of cases resulted in the failure of satellites. To estimate the state 
of near-Earth space during dangerous relativistic electron enhancements at geostationary orbits Krya-
kunova et al. suggested to use data from the world-wide neutron monitor network.

With the creation in 2009 of an international database of neutron monitors, NMDB, and its sub-
sequent development, the opportunity appeared for the �rst time to use the global survey method 
(GSM) in real-time mode (Gololobov et al.). Authors showed that such monitoring results allow us 
to forecast geomagnetic disturbances with a preceding time from a few hours up to 1.5 days. Using 
NMDB data Papailiou et al. showed that large Forbush decreases, regardless of the heliolongitude of 
the solar source, are accompanied by increased geomagnetic activity and increased cosmic ray an-
isotropy, including anisotropy before the events, which can serve as a typical precursor of Forbush 
decreases and geomagnetic storms.

The network of neutron monitors should be expanded for a successful solution of space weather 
problems. Kato and coworkers reported that a new neutron monitor started its operation at Syowa 
Station in Antarctica in the frame of the 59th Japanese Antarctic Research Expedition. A distinctive 
feature of this neutron monitor is that it is paired with a cosmic ray muon detector. For space weather 
tasks it makes sense to employ different types of cosmic ray detectors, such as those installed in the 
Space Environment Viewing and Analysis Network (SEVAN, Armenia). The �rst prototype of a new 
directional muon telescope was shipped from Spain to Antarctica. Santos et al. reported the �rst ob-
servations of a cosmic ray detector based on water Cherenkov radiation, which is operated at the Ma-
rambio base, Antarctic Peninsula, by the LAGO (Latin American Giant Observatory) Collaboration.

6.�Neutron detectors: instrumentation, response function 

A new neutron monitor station (NEMO) was installed at the Spanish Antarctic base Juan Carlos I on 
Livingston Island (S 62°39’46", W 60°23’20", 12 m asl) in January 2019 as part of the Antarctic Cos-
mic Ray Observatory (ORCA) along with a muon telescope (MITO), and integrated into the renewable 
energy grid of the base (Blanco et al.). The neutron monitor at Jang Bogo (74.62S, 164.2E; Jung et 
al.) base has been operating since December 2015 consisting of 18 tubes of three-units transferred 
from McMurdo station.

Electronics of neutron monitors at DOME C (Poluianov et al.) and SANAE (Strauss et al.) have 
been upgraded mainly for multiplicity measurements. A novel registration system (NMRENA) has 
been developed for counter signals, based on an FPGA and allowing for pulse height information 
(Böttcher et al.). A new electronic system has been realized at Princess Sirindhorn (Thailand; Mit-
thumsiri et al.) and Mawson (Antarctica; Saiz et al.) for measuring cross-counter time delay distri-
butions to obtain cross-counter leader fractions (LFs), related to cross-counter neutron multiplicity, 
which can used as a proxy of the cosmic ray spectrum. Complementary Monte Carlo simulations 
have also been performed to account for large-separation LFs, suggesting that they can be attributed 
to multiple atmospheric secondaries from the same primary cosmic ray.
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Differential response functions of paraf�n-moderated bare counters during 1995 and 2009 lati-
tude surveys have been determined to estimate the spectral index for GLEs of 1989 and yield func-
tions (Nuntiyakul et al.). The comparison between bare counters and neutron monitors provided 
a rather precise measurement of the spectral index, and in particular the variation of the spectral 
index within a given event. The determination of the paraf�n bare detector function will improve 
the quality of future estimations of the spectral index of relativistic solar particles based on measu-
rements of the bare counter to neutron monitor count rate ratio during ground-level enhancements 
detected at the South Pole.

FLUKA simulations have been performed to estimate the bare detector responses in 2009 latitu-
de survey to vertical secondary particles (Nuntiyakul et al., poster) and the processes contributing 
to the count rate recorded by the second neutron monitor installed at Dourbes (Belgium) during 
different phases of its construction (Sapundjiev and Stankov).

The importance of the pulse height (PH) analysis for checking the long-term stability of the 
counters was highlighted by Evenson. For instance, PH spectra have been taken annually from one 
of the neutron monitors used at South Pole from 1997 to 2003. Despite the broadening of the reso-
lution, the average PH has only been reduced by 13% over this interval with a negligible impact on 
the count rate from the tube degradation.

7.�Neutron detectors: databases and analysis techniques 

Steigies reported that a major upgrade to the database infrastructure of NMDB was performed in 
the fall of 2019 to ensure the availability of this data in the future. The original setup of one main 
MySQL server (for receiving data from the neutron monitor stations) and several distributed mirrors 
(for redistributing data via NEST and direct access from dedicated mirrors for other users) has been 
replaced by a MariaDB Galera Cluster with currently �ve nodes. All nodes in the cluster can be used 
for reading and writing data, thus greatly improving the performance of NMDB. New nodes can be 
quickly added to the cluster, broken nodes are removed automatically, and rejoin the cluster after 
they have been repaired. ProxySQL is used to access the cluster behind the �rewall and to distribu-
te the load between the different nodes. The two ProxySQL servers at different computing centers 
(high-availability) share a virtual IP address that is provided by Keepalived, so that the whole cluster 
is accessible from the outside via a constant host name (one for reading, another one for writing 
data) so that no users tools have to be updated, when the IP addresses of the cluster change.

The Oulu group (Väisänen et al.) conducted an extensive data survey for inter-comparison and 
analysis of publicly available neutron monitor datasets since 1953 to identify the best possible data 
sources. Data from the same stations, but different sources, are not always equivalent, which creates 
a problem for the reliability and reproducibility of scienti�c results.
Data products and data analysis tools for cosmic ray observations are available on different web sites:

 
�	 The International GLE database (http://GLE.oulu.�, last accessed April 7, 2021) has been revised 

to account for the variable galactic cosmic ray background for 58 GLEs. The GLE time pro�les 
have been detrended and the cumulative count rates have been calculated for most of the events 
as well as the integral omnidirectional �uences by applying the effective rigidity method (Usoskin 
et al.). This work could allow more precise studies of parameters of SEP events.

�	 An online tool has been made available at http://cosmos.hwr.arizona.edu/Util/rigidity.php (last 
accessed April 7, 2021) for the computation of cutoff rigidity and particle trajectories in the ma-
gnetosphere. The expected variations of effective cutoff rigidities for neutron monitors over the 
period 1950 � 2050 have been estimated (S. Belov et al.). 

�	 A database of directivity functions to describe the directional sensitivity of the detector to primary 
protons has been made available at http://crd.yerphi.am/Directivity_Functions (Karapetyan et 
al., last accessed April 7, 2021). 
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8.�Conclusion

The NMDB@Home meeting illustrated multiple applications of neutron detectors as complements 
of satellite observations or independent diagnostic tools: primary research on cosmic ray accelera-
tion and propagation, the magnetic �eld in the Heliosphere, but also applications for geophysics 
and space weather. The present proceedings contain the articles of part of the presentations and 
the abstracts of the contributions without submitted proceeding article. The harmonisation of data 
distribution especially thanks to internationally organised databases allows an easy access to the 
measurements for users with a variety of research interests.
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In memoriam

The participants of the symposium took note of the recent passing away of eminent members of the 
community. 

Michel Alania passed away at the age of 85 years on May 18, 2020. He was the designer and �rst PI 
of the neutron monitor in Tbilisi, Georgia, and made long-standing contributions to cosmic ray research, 
especially on the solar modulation of cosmic rays, as a researcher and head of the cosmic ray group at 
Siedlce University, Poland. The obituary was given at the conference by Agnieszka Gil.

Roger Pyle passed away at the age of 78 years on May 21, 2020. He had been a long-standing 
member of the cosmic ray group at the University of Delaware, Newark, and continued working for the 
operation of the ’Spaceship Earth’ network after his retirement in 2007. Roger Pyle undertook a dedi-
cated effort to make neutron monitor data publicly available. The NMDB group gratefully remembers 
his work to integrate the University of Delaware neutron monitors into NMDB, including the provision 
of real-time data. The obituary was given at the conference by Paul Evenson.

While completing these proceedings, we were informed that Evgenia A. Eroshenko from IZMI-
RAN, Russia, passed away at the age of 80 years on June 3, 2021. Evgenia Eroshenko had a long-stand-
ing career with research on all aspects of cosmic ray observations with neutron monitors. She was one 
of the founding members of the NMDB consortium, where she ensured the participation of a wide 
network of neutron monitors from Russia and Asia. 

We are highly indebted to the lifelong work of these colleagues whose efforts to develop research 
and instrumentation allow us today to pursue observations with neutron detectors for understanding 
cosmic rays. 
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Abstract
The paper presents preliminary results of a comparison of long-term variations of the cosmic ray �ux using 
data from the network of ground-based detectors with direct �ux measurements on the PAMELA and AMS-02 
magnetic spectrometers and a series of balloon stratospheric soundings. The analysis showed good agreement 
for the entire period of continuous ground-based monitoring of cosmic ray variations.

1.�Introduction

Galactic cosmic rays with rigidity up to one hundred GV are constantly modulated by the solar 
wind. On the one hand, this galactic cosmic rays �ux is recorded by a network of ground-based 
detectors under the atmosphere: ionization chambers, muon telescopes, and neutron monitors. Cos-
mic ray variations are determined experimentally from ground-based observations at the network 
of cosmic ray stations, and the processing task is reduced to restoring variations in the near-Earth 
interplanetary space from the observational data. This problem is solved by the global spectrogra-
phical method (GSM) (Krymsky et al. 1966; Nagashima 1971; Belov et al. 1983).

Recently, more and more often, the �ux of galactic cosmic rays is measured directly by space-
craft detectors at various points of the heliosphere and near the Earth�s orbit.

The aim of this work is to compare the results of ground-based measurements processed by the 
GSM method with the direct measurements of the cosmic ray �ux on spacecrafts. Such an oppor-
tunity appeared only with the launch of the PAMELA and AMS-02 magnetic spectrometers, which 
measure particle �uxes in a wide range of rigidities, including the effective particle rigidity of the 
ground network of detectors - 10 GV.

There are quite a lot of works with comparisons of direct and indirect measurements (Alanko et 
al. 2003; Usoskin et al. 2005, 2011, 2017; Koldobskiy et al. 2018, 2019a, 2019b). True, the ultimate 
goal of these works was to reconstruct the modulation potential within the force �eld approximation. 
Thus, in Usoskin et. al. 2005, the era of ground-based monitoring of cosmic radiation from 1951 to 
2004 was considered. The reconstructed spectrum of cosmic rays from several neutron monitors was 
calibrated using the data of balloon stratospheric sounding and AMS-01. The calibrated spectrum 
was used to reconstruct the modulation potential values. In Usoskin et al. 2017, the data series was 
extended to 2010 and the data from the PAMELA magnetometer were also used for calibration.
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6.�Discussion and conclusions

Due to its unique capabilities, the PAMELA satellite experiment made it possible to calibrate the 
spectrum of variations obtained as a result of continuous ground monitoring of cosmic ray variations 
and their GSM processing. Direct measurements of the particle �ux in the PAMELA and AMS-02 
experiments, as well as the data from a series of balloon stratospheric soundings, made it possible 
to compare it with the long-term variations of the cosmic ray �ux from the network of ground-based 
detectors data.

The results of continuous ground-based monitoring of cosmic ray variations and the results of direct 
measurements of the particle �ux for the entire observation period are in good agreement. Despite the 
doubling of the PAMELA measurement error for the period after 2009, no overall drift was observed.

The AMS-02 data for the period 2012-2014 demonstrate large, in comparison with the result of 
the GSM, short-period variations, which may indicate an underestimation of low energies in the 
GSM method.

The assessment of the cosmic ray �ux outside the magnetosphere for the entire observational peri-
od obtained by the GSM method was carried out. Space radiation is a signi�cant obstacle to manned 
�ights. Accurate measurements of cosmic radiation are essential for planning appropriate protection 
measures. On the basis of ground-based monitoring, �uxes of galactic protons were retrospectively ob-
tained with an average monthly resolution for the period of the space era (see table 2).The calibration 
was carried out according to the data of the PAMELA magnetic spectrometer in the base period of 2009 
The same results can be obtained for the daily average and hourly average resolution.

year�  Jan �   Feb�    Mar�    Apr�   May�   Jun�    Jul  ��   Aug�    Sep�  Oct�     Nov�   Dec�  Annual

1951� � � �   25.76� 24.90� 25.35� 24.89� 25.27� 25.41� 25.00� 25.49� 25.67� 25.46� 25.65�   25.35
1952�   25.46� 25.37� 25.65� 25.31� 25.88� 26.11� 26.11� 26.08� 25.78� 25.95� 25.95� 25.72�   25.78
1953�   25.91� 26.03� 25.98� 26.01� 26.02� 26.06� 26.05� 26.09� 26.11� 26.13� 26.17� 26.17�   26.06
1954�   26.17� 26.28� 26.45� 26.39� 26.43� 26.41� 26.46� 26.61� 26.56� 26.54� 26.46� 26.38�   26.43
1955�   26.07� 26.37� 26.39� 26.40� 26.46� 26.42� 26.43� 26.35� 26.46� 26.27� 26.30� 26.03�   26.33
1956�   26.22� 26.21� 25.60� 25.59� 25.37� 25.35� 25.55� 25.53� 25.35� 25.76� 25.05� 24.22�   25.48
1957�   23.65� 23.58� 23.73� 23.23� 23.49� 23.31� 23.10� 23.33� 22.64� 23.49� 22.51� 23.10�   23.03
1958�   22.38� 22.86� 22.19� 22.38� 22.77� 23.21� 22.35� 22.70� 23.10� 23.01� 23.27� 23.15�   22.78
1959�   23.26� 22.63� 23.06� 23.92� 23.12� 23.45� 21.57� 21.80� 22.65� 23.23� 23.41� 23.14�   22.94
1960�   22.94� 22.91� 23.81� 23.28� 22.06� 22.81� 22.79� 23.19� 23.46� 23.63� 22.96� 23.59�   23.12
1961�   24.25� 24.18� 23.98� 24.04� 24.43� 24.50� 23.41� 24.21� 24.39� 24.82� 24.97� 24.61�   24.32
1962�   24.54� 24.36� 24.75� 24.96� 25.20� 24.88� 25.21� 25.13� 25.07� 24.58� 24.70� 24.74�   24.84
1963�   25.31� 25.32� 25.83� 25.80� 25.48� 25.67� 25.37� 25.33� 25.04� 25.31� 25.57� 25.33�   25.45
1964�   25.40� 25.07� 25.34� 25.46� 25.74� 26.11� 25.65� 25.89� 26.07� 26.13� 26.09� 26.33�   25.77
1965�   26.47� 26.35� 26.52� 26.68� 26.77� 26.51� 26.27� 26.25� 26.17� 26.33� 26.48� 26.60�   26.45
1966�   26.12� 26.12� 25.96� 25.86� 26.01� 25.64� 25.62� 25.93� 24.66� 25.26� 25.48� 25.29�   25.66
1967�   24.78� 24.60� 24.69� 24.62� 24.35� 24.40� 24.67� 24.43� 24.40� 24.64� 24.37� 24.53�   24.54
1968�   24.53� 24.32� 24.36� 24.44� 24.36� 23.83� 23.94� 24.05� 23.85� 23.69� 22.86� 23.16�   23.95
1969�   23.76� 24.10� 23.89� 23.35� 22.58� 22.49� 23.07� 23.59� 23.90� 23.85� 23.89� 23.58�   23.50
1970�   23.52� 23.74� 23.99� 23.30� 23.84� 22.99� 23.21� 23.65� 24.04� 23.97� 23.66� 24.28�   23.68
1971�   24.40� 24.95� 25.06� 25.19� 25.34� 25.73� 25.73� 25.81� 25.83� 25.93� 25.86� 25.86�   25.47
1972�   25.50� 25.35� 25.72� 25.91� 25.66� 25.24� 25.76� 24.79� 25.84� 25.88� 25.60� 25.59�   25.57
1973�   25.61� 25.51� 25.41� 25.17� 24.71� 25.25� 25.35� 25.57� 25.85� 25.79� 25.77� 25.87�   25.49
1974�   25.78� 25.89� 25.67� 25.57� 25.11� 24.83� 24.69� 25.13� 24.76� 24.92� 25.03� 25.41�   25.23
1975�   25.43� 25.69� 25.74� 25.95� 25.97� 26.08� 25.91� 25.64� 25.59� 25.66� 25.58� 25.60�   25.74
1976�   25.67� 25.58� 25.74� 25.64� 25.81� 25.74� 25.78� 25.75� 25.86� 25.73� 25.63� 25.52�   25.70
1977�   25.72� 25.83� 25.88� 25.85� 25.80� 25.53� 25.20� 25.32� 25.31� 25.62� 25.87� 25.79�   25.64
1978�   25.42� 25.27� 25.46�  24.89� 24.39� 24.71� 24.91� 25.52� 25.56�  24.97� 25.10� 24.97�   25.10
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Questions and answers

Ludwig Klein: Would you argue that the calibration of Pamela after 2012 is not reliable?

Answer: No, I wouldn�t, it cannot be asserted. The PAMELA data up to and including 2009 and the AMS-02 data for the 
entire period are in good agreement with the data of neutron monitors, with the PAMELA data used as the base period 
of 2009. After a long break since 2010, there were problems with the PAMELA detector, it is evident from the increased 
statistical errors.

Mike Snow: The ~5% shift in 2010 PAMELA data is from the PAMELA collaboration or is factor that gives agreement with 
neutron monitor data?

Answer: A shift of 4.88% is a factor necessary for agreement with neutron monitor data, but for agreement only since 
2010. The PAMELA data up to and including 2009 and the AMS-02 data for the entire period are in good agreement with 
the data of neutron monitors. The main conclusions of the work are not a�ected by the normalization of the PAMELA data 
after 2009.
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Abstract
Recently, there has been a signi�cant trend in magnetic �elds on the Sun. The total magnetic �eld of the Sun 
from the end of the 22nd cycle of solar activity (SA) has more than halved and this decrease continues. Chan-
ges in the magnetic �eld are the key to all the active phenomena occurring on the Sun and in the heliosphere 
and, accordingly, to processes in cosmic rays. In long-term CR variations in 23-24 cycles of SA the attenuation 
of the solar magnetic �eld is displayed and these variations turned out to be the smallest for the entire time of 
CR observations. Model calculations of CR modulation for 21-22 and 23-24 cycles of SA showed: with a slight 
di�erence in the regression characteristics obtained, the distribution of contributions to the generated CR 
modulation from the e�ects of various SA indices is strongly varies in the analyzed periods. Possible reasons 
for the features of the last two SA cycles are discussed.

1.�Introduction

The sun is a magnetically active star. The role of the magnetic �eld in the dynamics of the processes 
occurring on the Sun is decisive and its variations are the key to all active phenomena occurring on 
the Sun, in the solar atmosphere and heliosphere. The solar cycle is the result of cyclical changes of 
the magnetic �eld that occur in the solar interior. The connection between the CR variations obser-
ved on Earth and the cyclic SA has been established long ago, and the variety of manifestations of 
which provides constant interest in solar CR modulation. Long-term changes of the characteristics 
of the global magnetic �eld of the Sun and sporadic SA indicate a decrease of SA observed more 
than twenty years, which starting from the end of the 22nd SA cycle. During the transition from the 
22nd cycle to the 23rd, the activity of the Sun decreased quite sharply, and in the 24th cycle this 
decrease continued. For the entire time of observations of the Sun, there was nothing like this. This 
change of SA is especially manifested as a weakening of the solar magnetic �eld, which spreads 
to the solar wind and the heliosphere (Livingston et al. 2012; Ishkov 2013; Sun et al. 2015). As a 
result of the process of restructuring the general magnetic �eld of the Sun, there is a trend towards 
a decrease of magnetic �elds of all structures on the Sun. The rate of development and the level 
of �are activity in the 24th cycle is signi�cantly lower than observed in previous cycles, and there 
were no very large and extreme �are events at all.

The observed weakening of the global magnetic �eld of the Sun and the corresponding trend 
of heliospheric characteristics in 23-24 SA cycles (1996-2019) raises the question of the response 
of this phenomenon to long-term CR modulation in these cycles. This can be clari�ed most clearly 
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when comparing the observed CR variations in cycles 23-24 (1996-2019) with variations in the 
previous 21-22 SA cycles (1976-1996). In this work, the study of long-term CR variations is ba-
sed on the construction of a CR modulation model, combining several solar indices. As the main 
modulating characteristics of the global magnetic �eld of the Sun, the model proposes: the polar 
magnetic �eld of the Sun, coronal holes, characteristics of large-scale �elds - the average magnetic 
�eld on the surface of the solar wind source and the �eld of the Sun as a star, as well as the slope 
of the heliospheric current sheet (corresponding justi�cation for the choice of characteristics given 
in Belov et al. 2002; Gushchina et al. 2008, and links to them). The sporadic SA in the model is 
described using the CME index (Belov & Gushchina 2018). In the modulation model developed by 
us, the characteristics of the magnetic �eld on the surface of the solar wind source are calculated 
based on observations that began in 05.1976 (the beginning of the 21st cycle) at the observatory 
Wilcox (WSO, http://wso.stanford.edu/, last accessed April 6, 2021). The analysis of the CR modu-
lation features in 21-24 cycles was carried out on the basis of long-term observations of the above 
mentioned SA characteristics and of the data of continuous CR monitoring on the world network 
of cosmic ray stations. The density of CR continuous ground observations of which on the world 
network of cosmic ray stations have been carried out using neutron monitors since 1957, in the 
last two cycles (23rd and 24th) is very different from what we saw in previous cycles. Firstly, the 
low SA minimum at the end of 2009 (minimum SA 23/24 cycle) caused a record increase in the 
CR density and a comparable minimum 24/25 cycle (in August 2019, according to preliminary 
data) is distinguished by a continuing increase of CR intensity until the end of 2019. For more than 
sixty years of continuous CR observations, previously ground-based observations did not achieve 
such CR density values which exceed the previous four CR maxima (in cycles 19-22) the value of 
which may approach the extraheliospheric level. Secondly, the unusually weak CR modulation in 
the 23rd and 24th SA cycles is surprising. The purpose of this work is to analyze the features of CR 
modulation in 23-24 cycles (1996-2019) and compare the results obtained with CR modulation in 
21-22 cycles (1976-1996).

2.�Data of CR and characteristics of SA peculiarities of time variations 
CR and SA indices 

Here, continuing the study of long-term CR modulation those begun in a previous works (for exam-
ple, Belov et al. 2002, 2005; Gushchina et al. 2008), we describe the process of long-term CR mo-
dulation separately for two periods 05.1976-10.1996 and 11.1996-12.2019 to consider the role of 
weakening of the solar magnetic �eld in CR modulation. The observed trend of the solar magnetic 
�eld to cosmic radiation is considered for the 23rd and 24th cycles of «lowered» SA and is compared 
with CR modulation in the 22nd cycle of the «transient» SA and in the 21st cycle of the «increased» 
SA (https://www.izmiran.ru/library/pushkov2019/pushkov2019abs.pdf, last accessed April 6, 2021).

The initial data for modeling CR variations are observations of the CR intensity and of a num-
ber of SA characteristics which re�ect changes in the solar wind structures observed during the 
development of SA cycles and contribute to modulation. Long-term variations of galactic CRs in 
21-24 SA cycles were obtained by global survey method based on data from the global network of 
ground-based detectors (~ 40 neutron monitors), data from a multi-directional telescope (Nagoya 
station), and the results of stratospheric sounding at three different points (Stozhkov et al. 2007). 
The spectrum of long-term CR variations for 1976-2019 calculated by the method (Belov, Gushchi-
na, Sirotina 1993), further analysis was carried out using the monthly mean values of CR variations 
with 10 GV rigidity (a10 is the value of long-term variations in galactic CRs). In this work, the spec-
trum of long-term variations was determined relative to the SA minimum in the 23rd cycle (2009). 

The contribution to modulation is largely determined by the temporal changes of the solar 
magnetic �elds of different scales (global and local) during their interaction. Since CR are charged 
particles, their behavior is determined by IMF and can be seen in observed variations of cosmic 
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radiation. The effect of SA on the observed CR modulation is described through the following chain: 
the magnetic �eld of the Sun (the dipole component of the solar magnetic �eld Hpol, which changes 
its sign at the maximum of the local �elds cycle) - the surface of the solar wind source (the average 
magnetic �eld Bss - the integral energy characteristic of the SA, de�ned as the square of the radial 
component of the magnetic �eld, and the structural characteristic - the slope of the current sheet 
hcst), the average �eld of the Sun as a star Bmf - heliosphere (characteristic of the solar wind - inter-
planetary magnetic �eld Bimf) - cosmic rays (in work - the amplitude of CR variations with a rigidity 
of 10GV - a10). The time changes of the parts of this interconnected chain, which are important 
for CR modulation, namely, the characteristics of the global magnetic �eld of the Sun (according 
to the results of daily observations of the Sun�s �eld on magnetographs (http://wso.stanford.edu/) 
and the heliospheric characteristic - the interplanetary magnetic �eld (https://omniweb.gsfc.nasa.
gov/, last accessed April 6, 2021) associated with the solar �eld is shown in �gure 1 (a-h), where, 
in addition to the above modulating CR characteristics, the characteristics of the coronal holes area 
effect to modulation (Gushchina et al. 2016) and sporadic solar activity (using the introduced CME 
index). The decrease trend in the 23-24 SA cycles (1996-2019) of the indicators of global processes 
on the Sun and in the heliosphere is clearly visible. A particularly signi�cant decrease occurs in the 
solar magnetic �eld (�gure 1a-e) at the boundary of the solar wind and extends to the characteristics 
of heliomagnetosphere, primarily by the IMF value (�gure 1b), together with a change in the density 
and speed of the solar wind (Belov et al. 2001). Accordingly, a decrease in the SA and IMF levels 
leads to a change (increase) in the CR intensity observed on Earth and in near-Earth space (�gure 
1f). A twofold decrease of average �eld on the source surface Bss has occurred, as is clearly seen 
in �gure 1a, in the last more than 20 years. As for the magnetic �elds in the solar wind above the 
poles, heliophysicists have established (Ishkov 2013) that, in general, over the past 30 years, they 
have decreased by about three times.

3.�Choice of the indices for a modulation model 
 

Long-term CR modulation was described using a multiparameter model in which the SA parameters 
are linearly related to the amplitude of CR variations. When constructing the model, a combination 
of modulating parameters is used; the corresponding justi�cation for the choice of which is given 
in (Belov et al. 2002, 2005; Gushchina et al. 2008). Figure 1 (a-h) shows the time course of the 
characteristics for several cycles; below (�gure 2 a-c,e,f) will be presented the temporal changes of 
the characteristics which used to build the modulation model in the 21-22nd and 23-24th cycles to 
compare the CR variations (�gure 2d) in them. The trend of the main parameter modulating CR - 
the global magnetic �eld of the Sun-is its signi�cant and prolonged decreasing, ultimately leads to a 
trend in the characteristics of the SA and the heliospheric �eld. Below is a summary of the temporal 
changes in each index. The hcst (�gure 1d) correlates best with CR variations and is the main para-
meter in the CR modulation model, the modulation depth depends on it, the current sheet is the 
largest magnetic inhomogeneity in the heliosphere with which CRs interact; it is the place of the 
most effective drift. In the last activity minima, the hcst values increase (from 9.3° at the 22/23 mi-
nimum to 16.6° in the period close to the 24/25 minimum). Increase of this structural characteristic 
at the SA minima was noted in (Gushchina et al. 2012) with the assumption of the role of the drift 
effect in its creation.

The square of the radial component of the magnetic �eld averaged over the surface of the solar 
source the wind Bss (�gure 1a) has been decreasing since the end of the 22nd cycle, at the 23/24 
minimum unprecedentedly low values were recorded. When using IMF data Bimf (�gure 1b) in 
modeling, there is always a doubt: can the measurements of the IMF near the Earth suf�ciently well 
characterize changes in magnetic �elds in the entire heliosphere, where CR modulation occurs.

Therefore, there is a desire to �nd another parameter that also well complements the hcst, but, 
in contrast to the IMF intensity, is more global. Probably it is better idea to search for this parameter 
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modulation in 21-22 cycles belongs to the slope of current sheet (hcst), and in 23-24 cycles belongs to 
Bss. (�gure 3a, b). Regression coef�cient for hcst in 23-24 cycle model is - 0.1%/”. This is ~ 2 times less 
than in 21-22 cycles (-0.19%/”). The regression coef�cient for Bss in 23-24 cycles is -1.9% / µT, and in 
21-22 cycles is-0.76% / µT. The CR modulation in these SA cycles is much weaker than the modulation 
in 21-22 cycles. The reason is anomalies which appears on the Sun and in the heliosphere during last two 
cycles due to the weakening of the solar magnetic �eld and the state of the heliosphere.

The analysis of the 23rd cycle with weak CR modulation and the 24th cycle, the lowest during the 
CR observation time, can be explained by the different (in comparison with other cycles) impact on CR 
of speci�c physical processes (drift, diffusion, convection, and adiabatic energy changes) which create 
modulation. The interaction of the main modulation mechanisms and the role of modulation characteris-
tics in generating overall modulation changes with solar cycles (Potgieter 2013; Belov et al. 2017, Kalinin 
et al. 2017). In the presented modulation model, the contribution to the overall modulation from the CR 
drift effect in the 24th cycle is lower. In the modulation model for cycles 23-24, the aforementioned pre-
dominance of the contribution from the action of a large-scale magnetic �eld on the Sun on CR, expressed 
in the value of the Bss index (taking into account the relationship between Bimf and Bss), may indicate 
an increase in the role of CR diffusion during propagation in the heliosphere with a low IMF (Kalinin 
et al. 2017). In the 23-24th cycles, a decrease of the in�uence of the current sheet tilt angle on the CR 
modulation was revealed. The change in its value occurs within the same limits as in other cycles, but 
the effectiveness of the effect on modulation is greatly reduced (requires additional explanation!). In the 
23-24th SA cycles, the general CR modulation is dominated by the effect of a large-scale magnetic �eld on 
the Sun on CR, expressed in the Bss index, despite a decrease in the Bss value itself.

Acknowledgments 

Experimentally and methodologically support the project USU �Russian national network of ground 
stations of cosmic rays�. We are grateful to all the staff of the World Network of cosmic ray stations: 
http://cr0.izmiran.ru/ThankYou.

References 

Belov, A., Gushchina, R., Sirotina, I., 1993, Proc. 23-rd ICRC. 3, 605 

Belov, A., et al. 1999, Bulletin of the RAS. Physics, 63, 8, 1606

Figure 3: - a10 (% to 2009) - variations of the density of CRs with a rigidity of 10 GV (red curve with dots in the 
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contribution from changes: the slope hcst (green curve), the mean magnetic �eld of the Sun Bss (brown), the 
CME index (pink) and the area of coronal holes AL3 (blue): (a) - 21-22 and (b ) -23-24 cycles.
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Abstract
For the �rst time, based on the experimental data of AMS-02, a three-parameter spectrum of variations of ga-
lactic cosmic rays was obtained in the range of rigidity 1- 20 GV, to which neutron monitors are most sensitive. 
It was found that during the period of negative polarity of the solar magnetic �eld, a power-law spectrum of va-
riations is observed with a strong exponential decay in the region of high rigidity. When the polarity changes to 
positive at the beginning of the new 24th solar cycle, the spectrum of cosmic ray variations becomes purely po-
wer-law. The transition to the experimentally obtained spectrum of variations will make it possible to remove a 
number of uncertainties and increase the accuracy of the analysis of data from the ground network of detectors. 
This will make it possible to retrospectively obtain �uxes of galactic protons with an average monthly resolution 
for the period of the space era based on ground-based monitoring.

1.�Introduction

Despite the signi�cant progress achieved in recent decades, the physical mechanisms underlying 
the modulation of galactic cosmic rays in the heliosphere still the subject of discussion. The com-
plex process of particle transfer creates problems for the development of a universal picture of long-
term variations in galactic cosmic rays, which covers a long observational period (on the order of 
70 years) of continuous monitoring of cosmic radiation.

Experimental data on �ux variations over the period from the mid-1950s to the present could 
be obtained with good accuracy only from continuous ground-based measurements on a network 
of cosmic ray detectors. The need to analyze the results of such long-term ground monitoring led 
to the creation of special methods. One of the earliest and most successful implementations of the 
global method was created in Yakutsk (Krymsky 1966, 1967, 1981; Altuchov 1969) and was named 
the �Global Spectrographic Method� (GSM), since the calculations used data from a network of 
detectors distributed across the globe. Around the same time, Japanese researchers proposed their 
methodology (Nagashima 1971). In essence, in all variants this is a method of spherical analysis, 
where the expansion of the function of cosmic ray variations in spherical harmonics is used. But 
this takes into account cascade processes in the atmosphere and the movement of particles in the 
Earth�s magnetosphere. With this in mind, we can say that GSM is essentially a sophisticated ver-
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4.�Method of experimental determination of the spectrum of variations

To experimentally determine the spectrum of GCR variations, we used data from the AMS-02 ma-
gnetic spectrometer for the entire period of its operation. The time course of AMS-02 �ux variations 
relative to the 2009 base period and their comparison with the GSM results are shown in the top 
panel of �gure 2. The period of the polarity reversal of the Sun magnetic �eld from the second half 
of 2013 to the �rst half of 2014 is also highlighted here (Sun 2015; Ishkov 2018). But above all, the 
measured �ux was freed from the contribution of solar cosmic rays.

For this, the periods of solar events were excluded from the analysis: 13 SPE, including 6 GLEs 
(see table 1). The selection criterion for the events was the excess of the proton �ux> 100 MeV 
threshold of 1 pfu (graphical data can be found on the website (SWPC 2020)).

Analysis shows that the contribution (<10-4%) of solar cosmic rays can be neglected by consi-
dering the averaged GCR �ux per Carrington revolution. In �gure 2 (top left panel), the SPE and 
GLE moments during the AMS-02 operation period are marked with vertical segments, the length 
of which is proportional to the effect.

The result of the analysis in �gure 2 is shown for the period of negative polarity (left) and posi-
tive polarity (right) of the Sun magnetic �eld, and the time point is marked with a vertical line in 
the upper panel of the �gure.

The middle panel shows the spectrum of particles (protons) J for the considered moment of 
time and the spectrum of particles JB for the base period. Due to the lack of data for a later peri-
od, January � April 2017 was selected as the base period (horizontal segment on the top panel), 
although the SA minimum and the maximum count rate are observed in April 2020. The results 
should be considered as preliminary and should be revised after updating the AMS-02 data.

Changes in the particle spectrum relative to the particle spectrum in the base period determine the 
spectrum of variations. By de�nition, the spectrum of variations for each point in time is de�ned as:

     						�          
				    � (3)

In the last expression, the variables are functions of time and rigidity, i.e. � � �� � �, � � �� � � .and 
� �� � � . The experimental spectrum of variations, in this way determined, is shown in the lower 
panel of �gure 2 (points and errors in their determination) for two polarities of the total magnetic 
�eld of the Sun.

Table 1: Proton enhancements for operating period of the AMS-02.
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In this work, based on AMS-02 data, for the �rst time, the experimental spectrum of cosmic ray 
variations and its temporal changes in the range of rigidity 1-20 GV for the period from May 2011 
to April 2017 are obtained. The found form of the spectrum of variations will make it possible to 
increase the accuracy of the reconstructed parameters of the spectrum of cosmic ray variations out-
side the magnetosphere from the data of the network of ground-based cosmic ray detectors.

An important result of this work is the transformation of the form of the spectrum at different 
periods of polarity of the interplanetary magnetic �eld. During the period of negative polarity A<0 
of the solar magnetic �eld, a power-law spectrum of variations with a strong exponential decay is 
observed in the region of upper rigidities.

When the polarity changes A>0 the spectrum of cosmic ray variations transforms into a purely 
power-law spectrum.

In the work for the base period, the data of January � April 2017 were used, but when new data 
are published, including the minimum SA and the maximum count rate in April 2020, the calcula-
tions of the spectrum of variations must be updated.
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Questions and answers

Ludwig Klein: Would you argue that the calibration of Pamela after 2012 is not reliable? 
Answer: No, I wouldn�t, it cannot be asserted. The PAMELA data up to and including 2009 and the AMS-02 data 
for the entire period are in good agreement with the data of neutron monitors, with the PAMELA data used as 
the base period of 2009. After a long break since 2010, there were problems with the PAMELA detector, it is 
evident from the increased statistical errors. 

Mike Snow: The ~5% shift in 2010 PAMELA data is from the PAMELA collaboration or is factor that gives ag-
reement with neutron monitor data? 
Answer: A shift of 4.88% is a factor necessary for agreement with neutron monitor data, but for agreement 
only since 2010. The PAMELA data up to and including 2009 and the AMS-02 data for the entire period are in 
good agreement with the data of neutron monitors. The main conclusions of the work are not a�ected by the 
normalization of the PAMELA data after 2009.



Cosmic ray studies with neutron detectors | Volume 1 (2021)� 39

KIEL-UP � DOI: 10.38072/2748-3150/p5

Wavelet analysis of long-term variations in neutron  
monitor, sunspot number and interplanetary magnetic 
�eld data
Fraser Baird1, Alexander MacKinnon 2

Correspondence
1 University of Surrey, Guildford, UK, f.baird@surrey.ac.uk
2 School of Physics and Astronomy, University of Glasgow, UK, alexander.mackinnon@glasgow.ac.uk

Keywords 
neutron monitors; wavelets; solar activity

Abstract
We use wavelet analysis to investigate the characteristic timescales appearing in neutron monitor data and 
their solar drivers. Wavelet analysis of Oulu NM data shows the well-known roughly 11-year variation in inten-
sity, but with a period contracting during solar cycle 22. This is also seen in the wavelet analysis of the interpla-
netary magnetic �eld magnitude data. However, this varying period is not shown in the wavelet analysis of daily 
estimated sunspot numbers, a proxy for solar magnetic �eld strength. The time at which the wavelet transform 
is found to be similar for both NM and sunspot number, but not for the interplanetary magnetic �eld magnitude. 
This further highlights a complex relationship between cosmic rays, the heliosphere, and Earth.

1. �Introduction

The time series produced by the count rate in a Neutron Monitor (NM) contains information on the 
variation of cosmic ray (CR) intensity, above the appropriate cutoff rigidity, arriving at Earth.  The 
CR �ux at Earth in turn is modulated by solar magnetic activity and its effect on the magnetosphere. 
When analysed using Fourier series methods, NM time series show persistent periodic behaviour 
on scales recognisable from the Sun: the solar rotation period; the 11-year activity cycle; and other 
periods found in sunspot number (e.g. Kudela et al. 1991).

Fourier methods are ideal for identifying persistent periodic behaviour in a time series. Wavelet 
methods (Farge 1992; Torrence & Compo 1998) go further, providing a decomposition of a time series 
in which the amplitude at a �xed period can vary with time. Variations of amplitude will contain 
information on the internal dynamics of the system being studied as well as its external drivers.

The variable appearance of a period in NM data prompts obvious questions. Do periods in NM 
data solely mirror the solar drivers, or is there also a component from the response of the terrestrial 
magnetosphere? Here we begin an analysis of such questions by comparing the time behaviour of the 
power at particular periods, obtained from wavelet analysis, comparing this behaviour with measures 
of solar magnetism, starting with sunspot number, and of the state of the solar wind at Earth. We 
start by presenting key wavelet ideas, before presenting wavelet transformations of NM, sunspot data 
and Interplanetary Magnetic Field (IMF) measurements. Differences and similarities are revealed by 
this process, which we discuss. 
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3.�Results

The input data and resulting scalogram for all quantities are presented in �gure 1. Note that the y-axis 
of the scalogram is a log scale. It is evident from the scalograms that each data exhibits a consistent 
~11yr variation. While the SSN scalogram shows that the period of the variation is fairly constant, this 
is not mirrored in the NM or IMF scalograms. The NM scalogram clearly shows a contraction in the pe-
riod of variation between 1980 and 1990, before returning to a period closer to 11 years in the following 
decades. This behaviour is also seen in the IMF scalogram, which is of poor resolution.

While the SSN and NM scalograms differ in the constancy of period, they both show similar trends in 
the power of the scalogram, though they do not match exactly. While both scalograms show low power 
of variation from 2000 to 2020 (particularly the latter decade), the maximum power occurs around 1980 
for the SSN and 1990 for the NM. Interestingly, the IMF scalogram differs completely in terms of power. 
The time of maximum power occurs between 2000 and 2020, and the minimum between 1970 and 1980.

4.�Discussion and conclusion

As noted in the previous section, the IMF magnitude scalogram is of low quality. This is likely due to 
the intermittent nature of this data; since it is provided by different satellites over time, gaps in the 
data are inevitable due to operational challenges and periods between missions. While these gaps 
have been �lled in with linearly interpolated values, the gaps still create sections of the data where 
absolutely no periodic variations are present.

It is not particularly surprising that the SSN scalogram doesn�t perfectly match that of the NM or 
IMF magnitude � sunspots are only a proxy for solar magnetic activity and other factors will play a 
role in the CR activity at Earth. However, the magnitude of the difference is unexpected.

 Since the strength of the IMF is associated with the modulation of cosmic rays (Beer et al. 2012), 
it follows that the long-term variations of the IMF should be mirrored in that of the NM data. The 
changing period of the long-term variation is similar in both scalograms, but the power of the varia-
tion is not similar in either scalogram. It could be that the aforementioned data gaps are the main 
cause of the IMF transform power. 

Figure 1: Data (top row) and their WT scalograms (bottom row) for Oulu NM (left column), SSN (middle column) 
and IMF Magnitude (right column).
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From this study, a number of conclusions can be drawn. Firstly, that wavelet analysis has also 
identi�ed the well-known persistent, long-term, periodic variation of ~11 years in NM, SSN, and 
IMF magnitude data. Secondly, that the period of this variation contracts between 1980 and 1990 
in the NM and IMF data, but not the SSN data. Thirdly, the time of maximum and minimum power 
of the NM and SSN scalograms are well matched, however the IMF scalogram does not match 
the other two in this regard. The physical origin of these differences will be investigated further 
elsewhere, together with the co-variability of NM and solar measurements at other timescales.
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Figure 3 shows the values of the amplitude of the SDV according to the measurements of CR de-
tectors presented in table 1, as well as, for comparison, the same parameters expected from theory. 
The experimental SDV was obtained separately for periods of maximum and minimum solar acti-
vity through averaging of the SDV amplitudes observed in 1980, 1990, 2000, 2013 and 1976, 1986, 
1996, 2008, respectively. It can be seen that there is a mutual agreement between the experiment 
and theory. A closer look shows that there are some disagreements. The probable reason is the 
greatly simpli�ed form of the SDV spectrum, as well as the lack of accounting of the temperature 
effect (for MT) and the orbital motion of the Earth (Compton-Getting effect). Also, from the �gure, 
it is seen that the SDV amplitudes observed by LMNC and CLMX during solar activity maximum 
greatly differ from the estimated values. These stations are high-altitude stations and, probably, the 
response functions need to be estimated more precisely.

3. �Conclusion

Based on NM data and ground and underground MT data, the energy spectrum of SDV was studied. 
The measured SDV values were compared with those theoretically expected on the selected CR 
detectors for the period 1971-2017. It is shown that the spectrum of a �at form with an upper cutoff 
~ 100 GeV is qualitatively describing the experimental data. More research is needed to determine 
the exact shape of the energy spectrum.
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Figure 3: Expected values (solid colored curves) and experimentally observed SDV amplitudes (points) du-
ring periods of minima and maxima of solar activity. The calculation was performed at �� ��� 0�  = 50, 100, 
150 GeV. Station numbers correspond to those presented in the table 1. The errors deduced from the disper-
sion of the mean monthly values.
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Abstract
Interplanetary coronal mass ejections (ICMEs) are large-scale solar wind disturbances propagating from the 
Sun and causing a depression of the galactic-cosmic ray (GCR) intensity known as Forbush decrease (FD).  
ICMEs generally contain coherent plasma structures called magnetic clouds (MCs). A unique and powerful data 
analysis tool allowing for the study of the quasi-3-D con�guration of a MC is the Grad-Shafranov (GS) recon- 
struction. The aim of this work is to investigate the role played by the MC con�guration in the formation of a 
FD. A suited full-orbit test-particle simulation has been developed in order to evaluate FD amplitude and time 
pro�le produced by the MC obtained with the GS reconstruction. Particle trajectories are computed starting 
from an isotropic �ux outside the MC region. In addition, particle di�usion has been modeled by superimposing 
a small-angle scattering over the unperturbed charged particle motion at each time step. The model allows us 
to investigate the MC e�ect on GCR propagation and to study the energy dependence of the physical processes  
involved, as it provides an estimate of ground-based GCR counts observations at di�erent latitudes. A comparison 
between model results and both space-based cosmic-ray measurements in L1 and ground-based observations 
suggests a major role of drifts in producing the FD and a reduced contribution of GCR particle di�usion.

1.�Introduction

Interplanetary coronal mass ejections (ICMEs) are large magnetic structures connected to the Sun 
that during their travel can limit the cosmic-ray propagation producing galactic cosmic-ray (GCR) 
intensity depressions known as Forbush decreases (FDs; Forbush 1937). From a statistical point 
of view the 80% of ICMEs is associated with a FD (Richardson & Cane 2011). During the ICME 
transit it is generally possible to identify two components: the �rst comprises a shock front and a 
region of shocked and compressed solar wind plasma presenting large-amplitude magnetic �eld 
�uctuations called turbulent sheath; the second is a coherent plasma structure called magnetic 
cloud (MC) that is presumably connected to the Sun (see Cane 2000, and references therein). The 
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Questions and answers

Ludwig Klein: How do you de�ne �class of events�?
Answer: The class of events is de�ned by FDs associated with ICMEs that do not have an e�ective shock/sheath 
part, for which isotropy of the GCR at the start time of the MC passage can be reasonably assumed. Moreover, for 
such events the observed modulation on GCRs is mainly due to the interaction with the MC.

Hugh Hudson: Can models based on di�usive propagation do as well? 
Answer: The scale of the analyzed structure suggests that di�usive propagation might play a minor role in 
this case. In general a di�usive propagation model is more suitable to investigate the particle propagation on 
larger scales.

David Ru�olo: Entry/exit of particles due to gradient & curvature drifts was also considered by Krittinatham & 
Ru�olo (2009). 
Answer: Yes, indeed we took into account the paper by Krittinatham & Ru�olo (2009) in our study.
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Abstract
Many previous studies have shown that before the beginning of a Forbush Decrease (FD) of the cosmic ray intensity, a 
precursor signal can be observed. All these surveys were focused on FDs that are associated with a sudden storm com-
mencement (SSC). In this work we demonstrate that precursors could also be observed in events without a SSC that is 
determined by an abrupt increase of the interplanetary magnetic �eld. The type of precursory signals and their diversity 
among the events are the main purpose of this study. We try to �gure out similarities and di�erences on the signals and 
the associated events from both categories in the last �fty years, from 1969 to 2019, using the same selection criteria 
of the under investigation FDs. Simultaneously the orientation of the upcoming solar disturbances in comparison to the 
way they con�gure the increase of the interplanetary magnetic �eld and create these signals are discussed.

1.�Introduction

Sudden decreases that are often observed in cosmic ray (CR) intensity were �rst studied by Scott For-
bush (1937) and from then they are called as Forbush decreases (FDs) (Forbush 1954). In most cases, 
a shock wave generated by a Coronal Mass Ejection (CME) expanding from the Sun to the interpla-
netary medium, compresses the Earth�s magnetophere and a sudden storm commencement (SSC) is 
created (Cane 2000). So, the FD of the CR intensity starts simultaneously with the SSC record.

But there are many recorded FD events, the starts of which are not connected with a SSC. Now-
adays they are assumed to be generated by high speed solar wind streams (HSSWSs) from coronal 
holes (CHs), although there are cases when they are related with more intense solar expanding 
phenomena, like solar �ares, CMEs etc. In these phenomena the onset is de�ned by a sharp increa-
se in the value of the interplanetary magnetic �eld (IMF). These events are more gradual, smoother 
and with a smaller amplitude than the FDs with SSC (Melkumyan et al. 2019).

The main purpose of this study is to �nd out if a precursory signal could also be observed, when 
the Earth is outside of the front of the upcoming shock. Around the start of a FD, pre-decreases and 
pre-increases of the CR intensity, combined with changes in the �rst harmonic of the anisotropy at 
the equatorial plane (Axy) may appear some hours before the start of the event and can be useful for 

�	 deceased
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forecasting the upcoming disturbance (e.g. Papailiou et al. 2012; Lingri et al. 2016b; Tortermpun, 
Ruffolo, and Bieber 2018; Lingri et al. 2019 and references there in). These CR intensity anomalies 
can be detected by applying data analysis of the neutron monitors (NMs) of the worldwide net-
work. They can be observed from 20 h up to 1 � 2 h earlier than the start of the main phase of 
the Forbush decrease, which in most cases is important for the early detection of the event (e.g. 
Asipenka et al. 2009).

Especially, a pre-decrease is due to the �loss cone� effect, where NMs are connected with a low 
density region of cosmic rays come from downstream of the shock (Leerungnavarat, Ruffolo, and 
Bieber 2003). On the other hand, the CR particles re�ected by the front of the stream are accelera-
ted and recorded at the Earth as pre-increases (Dorman et al. 1995). The observed precursor sign 
for each event depends on the heliographic position of the solar source in combination with the 
Earth�s position in the heliosphere (Kozai et al. 2016) and on the nature of the �ow.

So in this work we try to answer the question if a SSC is necessary to be able to observe a pre-
cursor as it is considered until today and if it is not, which are the similarities and the differences 
between the two kinds of events. NMs data from the last �fty years have been examined (1969-
2019) and FD events for cosmic rays of 10 GV rigidity characterized by amplitude, corrected for the 
geomagnetic effects, greater than 2% were selected. The cosmic ray anisotropy Axy before the start 
of the FD was chosen to be greater than 0.8% and the interplanetary space conditions to be quite 
undisturbed. In Section 2 the data sources, the methodology that has been used and the selection 
procedure are presented. In Section 3 two characteristic events, one from each category with and 
without SSC that present precursory signals are analyzed Finally Section 4 contains discussion and 
new conclusions of this study.

2.�Data selection and methodology

2.1�Data collection
In this work, the studied time period was chosen to cover four and half solar cycles (half of 20, 
21, 22, 23 and 24 solar cycle), from 1969 to 2019, as to have solar, cosmic and interplanetary data 
simultaneously with observations of the solar disk obtained from Geostationary Operational Envi-
ronmental Satellites (GOES, https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-fea-
tures/solar-�ares/x-rays/goes/xrs/, last accessed April 7, 2021). It is noticed that there are some 
data gaps around 1985-1992, where no continuous solar wind and/or interplanetary data exist.

Forbush Effects and Interplanetary Disturbances Database (FEID), (http://spaceweather.izmi-
ran.ru/eng/dbs.html) have been used for the FDs and their characteristic solar and interplanetary 
parameters, calculated for the rigidity of 10 GV, which is close to the effective rigidity of most NMs, 
by using the Global Survey Method (GSM) (Belov et al. 2018). Finally, the OMNIWeb site (https://
omniweb.gsfc.nasa.gov, last accessed April 7, 2021) for the interplanetary and geomagnetic para-
meters was used.

Cosmic ray data were taken from the high resolution neutron monitor database (NMDB, https://
www.nmdb.eu/, last accessed April 7, 2021; Mavromichalaki et al. 2011) and from the worldwide 
cosmic ray center of Nagoya University (http://cidas.isee.nagoya-u.ac.jp/WDCCR/, last accessed 
April 7, 2021). Some criteria for the selected NMs have been used, as the rigidity of the NM station 
to be smaller or equal to 3 GV and the location to be at an altitude lower than 1000m, as their mea-
surements are affected by the cosmic ray anisotropy and density �uctuations. The sub-polar NM 
stations are not taken into account in this study, as they are affected by the north- south anisotropy 
Az (Belov et al. 2017a, 2017b). It is noticed also that the number of the used NM stations varies 
from time to time because new stations are founded and some others are shut down. However, in 
average for each studied event data were extracted from a number of around 20-25 NM stations.
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2.2�Methodology and selection criteria
For the selection of the events under investigation the Global Survey Method (GSM) was used, 
which uni�es the simultaneous observations of cosmic ray intensity from terrestrial monitors and 
the anisotropy�s variations for particles with magnetic rigidity of 10GV, which is close to the effec-
tive rigidity of the most neutron monitors (Belov et al. 2018).

The criteria that were used, are similar to those of Lingri et al. (2019), but instead of the amp-
litude of FD at 10 GV rigidity, we use the amplitude corrected for the magnetospheric effect by the 
Dst index (MagnM), as was calculated at the same rigidity (Belov et al. 2018; http://spaceweather.
izmiran.ru/dbs/fds/full-list-parameters-eng.pdf, last accessed April 7, 2021). MagnM is more speci-
�c and helpful to avoid some magnetospheric alterations in the cosmic ray intensity capture. Which 
of them will be greater depends on the existing geomagnetic circumstances. So, the pre-conditions 
that are chosen for this detailed study of FDs with a precursory signal before are:

I) FDs to be (or not) associated with an SSC.
	
	 II) The MagnM to be equal or greater than 2%. As precursors are about 2�m of the FD�s amplitu-

de, this value helps us to avoid cosmic ray background �uctuations to be falsely characterized 
as precursor.

	 III) The Axy component of CR anisotropy one hour before the onset to be greater that 0.8%. As 
the mean value of Axy is around 0.52%, the value of 0.8% allows us to collect as many candi-
date events as we can, whose diurnal variations amplitude is close to the Axy calculated values 
(Belov et al. 2017a).

There is the preference for the interplanetary environment to be quiet or with small �uctuations 
before the start of the event, so the precursors to be clearly detected. If the interplanetary magnetic 
�eld is disturbed before the start of a FD, we exclude the event from our investigation. In FEID 
CR intensity variations are recorded, which means that there are also some Forbush increases and 
Ground Level Enhancements (GLEs) for example, which may have an amplitude greater than 2% 
but we do not want them in our database and they have to be excluded. 

Finally it has to be noted that we avoid to examine FDs, which reached their minimum amplitu-
de two to three days after their start, because in these cases we cannot characterize the �uctuations 
before the onset of the FD as precursors. We should notice that in the events where an SSC does not 
de�ne the start of a FD, we have to put by hand the onset of each FD that in our study is determi-
ned by the �rst hour when an abrupt increase of the IMF starts to be recorded.

For the determination of the precursory signals we use the Ring of Station Method � RSM, 
which turns the geographical longitudes to asymptotic and determines the reception cone of each 
station and the diurnal anisotropy variation which is recorded in each neutron monitor in connec-
tion with the asymptotic longitudes (for details see Abunina et al. 2020). RSM was used to �nd 
out the possible existence of a precursor, by plotting the asymptotic longitudinal cosmic ray dis-
tribution diagrams, in which NM data are captured which were hourly corrected for pressure. The 
Tsyganenko96 model for the cut off rigidity is used to calculate the asymptotic directions of each 
station (Tsyganenko and Stern 1996).

3.�Selected Forbush decreases

FEID database includes more than 6000 events that took place in the studied time period 1969-
2019. From them, if we apply the criterion MagnM to be greater than 2%, 1173 FDs remain to 
be examined. When all criteria are taken into account, 153 FDs associated with SSC and 74 FDs 
without a SSC connection remain to be investigated. About the percentage of 30% of the events of 
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each category could be studied for precursors, as we examine each FD separately for simultaneous 
CR, solar and interplanetary data and for the way of how the CR intensity changes throughout the 
time. In the next section one characteristic event with precursors for each category is analyzed.

3.1�FD associated with SSC � The event of 15.02.2014
The event occurred on 15 February 2014 at 13:16 UT is used as an example in the category of the FDs 
that are associated with a shock wave. The events of this category have been analyzed in detail also 
in previous studies (e.g. Lingri et al. 2016a; Lingri et al. 2019). It was associated with a halo CME 
with velocity of 533 km s�1 , that created a rapid increase in the solar wind speed and also in the 
IMF, which reached the value of 16.2 nT. The produced FD�s amplitude reached the value of 4.0% 
for CRs of 10 GV rigidity and signi�cant variations of the Axy component took place (�gure 1). The 
Axy and Az components of the anisotropy were increased after the SSC arrival. Moreover the Axy 
changed its direction signi�cantly after the arrival of the main ejecta and of the associated magnetic 
cloud (orange arrows in �gure 1). Finally, it was not associated with a geomagnetic storm, as the 
Dst index reached the  value of �37 nT.

From the �gure 2 a precursor signal is observed before the shock wave arrival. A pre-increase 
precursor was observed from 10 to 2 hrs before the FD at an asymptotic longitude range between 
110° and 320°. In the meantime a pre-decrease signal started to be recorded by the NMs about 4 hrs 
before the SSC in a range of 40° � 130°. This means that many stations show a signi�cant increase 
of the recorded variations and a few ones present a minimum.

Figure 1: The anisotropy variation on the equatorial plane (Axy � blue vectors) and of the z component (Az � green 
vectors) during the time period of the event of 13-18 February 2014. The red line represents the CR intensity va-
riations. The purple lines connect the same points in time on the two curves of the blue and the red lines.
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3.2�FD without an association with SSC � the event of 21 October 2003 
Forbush decrease of 21 October 2003 at 14:00 UT is an interesting example of event not connected 
with a SSC, but with precursory signals. It is the �rst of a series of intense events that took place in 
October 2003 (�gure 3), with the last one to be the greatest FD not only of the solar cycle 23, but 
also of the last �fty years. As it is shown in �gure 3 this FD of 21 October 2003, in contrary to the 
next ones, started with an onset. 

In 19 October the active region 10484 had just dawned on the observable from Earth solar disk and 
three large solar �ares are erupted (2 M-�ares and 1 X-�are). The solar wind velocity reached the value 
of 744 km s�1 and IMF increased to 11.8nT. It is generally considered that FDs without an association 
with a SSC have smaller amplitudes than the FDs that occur with a strong shock wave. This is not real 
and this speci�c event has an amplitude, corrected for geomagnetic effects, of 6.2% at the rigidity of 10 
GV. Finally, a moderate geomagnetic storm was recorded, with the minimum of Dst index to be -61 nT.

Figure 2: The asymptotic longitude of each station versus the time of the FD on 15 February 2014 is presented. 
The red circles represent decrease of the CR intensity, while the yellow ones represent increase. The cyan ver-
tical line indicates the shock arrival time. The size of its bubble is proportional to the hourly recorded cosmic ray 
amplitude of each station.

Figure 3: The CR intensity (A0) (red line) and the anisotropy on the equatorial plane Axy (blue histogram) for 
the time period 20 October 2003 - 4 November 2003.
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