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Abstract

A brief overview is given regarding the presentations delivered at the NMDB@Athens meeting which

was held, in a hybrid fashion, in September 2022. Participants joined both remotely but also physically

at the National and Kapodistrian University of Athens, Greece. Unlike traditional cosmic ray meetings

and conferences where the focus is mainly on the science related to neutron monitor measurements, the

'NMDB@Athens«< meeting uniquely also addresses hardware issues related to these instruments and,

importantly, also databases where different data products can be accessed by agrowing andincreasingly

diverse user base. The present overview outlines and introduces the more detailed articles contained in

the proceedings.
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1. Introduction

Neutron monitors (NMs) have been used for more than 70 years to monitor the flux of cosmic rays (CRs)
in the near-Earth environment. In addition to the continuously present galactic cosmic ray (GCR) flux,
occasionally solar energetic particle events with sufficient energy can trigger a so-called ground level en-
hancement (GLE) event. The unique long-term and highly accurate NM data record spans seven solar
cycles and includes 73 GLEs until 2022. This data record is invaluable to CR and heliospheric research,
but is increasingly also used in various new research areas, including Space Weather, hydrology research
and many more. A major aim of the Neutron Monitor Database (NMDB) is to provide a central repository of
corrected data to make NM data accessible to a wider scientific community.

Following the very successful NMDB@Home2020 virtual meeting in 2020, it was decided to continue
with this meeting series, but to move to a hybrid setting, given the lingering COVID-19 uncertainties. The
present paper intends to give an overview regarding the presentations and discussions during the mee-

ting and to set the stage for the authors’ contributions that follow.

2. Cosmicrays in the heliosphere: spatial and time variability

The session started with a tutorial by M. Laurenza on CRs in the heliosphere. V. Yanke presented a paper
on the residual modulation of GCRs in the heliosphere. P.Yu. Gololobov studied the CR angular distribu-
tion dynamics during the Forbush decrease in November 2021. E. Ntina analysed magnetospheric effects
on CRs during the magnetic storm of March 2015. Further presentations were given by K. Munakata on
the bi-directional anisotropy of CR intensities, by K. Poopakun on the solar magnetic polarity effect on
NM count rates, by P. Vdisanen on revised NM scaling factors, by P. Muangha on CR intensity and spectral
changes, and, lastly, by S. Belov on real-time monitoring the angular distribution of CRs with the Ring of
Stations method.

3. Ground level enhancement analysis and
space weather research and services

Space weather is a branch of space physics and heliophysics, concerned with the time varying conditions
within the Solar System. The global NM network has been used successfully for space weather tasks,
specifically for investigation of GLEs, as one of the most dangerous space weather phenomena. The intro-
ductory lecture (tutorial) was presented by A. Papaioannou. It was devoted to GLE events that are critical
for the establishment of Space Weather services and the determination of their corresponding radiation
risk. The presentation included a hands-on tutorial that demonstrated how the NMDB can be utilised for
GLE analysis.

A. Papaioannou and co-workers presented an overview of the first GLE event of solar cycle 25, re-
corded on 28 October 2021 (GLE73). A. Mishev and co-workers also reported on GLE73. This event was
detected on 28 October 2021 by several NMs, specifically those in the polar region as well as by space-bor-
ne instruments. The strongest signal at the ground was registered by the DOMC/DOMB NMs located at
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the Antarctic plateau at the Concordia French-Italian research station. R. Biitikofer and Ch. Steigies also
discussed the GLE event on 28 October 2021 as observed by the NM network. H. Mavromichalaki and co-
workers presented the updated GLE Alert++ System of the Athens Neutron Monitor Station (A.Ne.Mo.S.).
An accurate alert was issued successfully by the ESA R-ESC federated product GLE Alert Plus, as well as
by the updated GLE Alert++ System. It should be emphasised that the GLE Alert++ signal was issued 45
minutes earlier than the one issued by the GOES satellites. J. Rodriguez and B. Kress presented the results
of GOES observations of solar protons during GLEs. The connection between CRs and space weather was
also discussed during M. Abunina’s tutorial lecture.

A. Saiz and co-workers reported about modelling the time profiles of solar energetic particle observati-
ons, while J.J. Blanco and co-authors also reported on solar activity as observed by NMs. The Oulu group
(S. Koldobskiy et al.) conducted a new reconstruction of solar energetic particle fluence for GLE events.
K.-L. Klein reported about the relationship between rise times and decay times of relativistic solar partic-
le events observed by NMs. N. Shlyk and co-workers reported about solar energetic particle events and
Forbush decreases driven by the same solar sources.

A new approach to study high-energy magnetospheric electron enhancements in geostationary orbit
was proposed by O. Kryakunova and co-workers. Measurements of galactic CRs on the Earth’s surface by
the worldwide network of NMs are accurate and allow one to calculate the behaviour of their density and
anisotropy beyond the magnetosphere boundary using the Global Survey Method. CRs carry important
information about the state of the interplanetary medium and the near-Earth space. The behaviour of the
density and anisotropy of galactic CRs before and during electron flux enhancements in events connec-
ted with the arrival at Earth of high-speed streams from coronal holes, coronal mass ejections associated
with solar flares or disappearing solar filaments is revealed.

Using NMDB data, P. Gololobov and co-workers presented results from a new method for short-term
forecasting of intense geomagnetic storms with an advance of 122 days. The success rate of this forecasting
is about 80%. It is important that only with the creation of NMDB it became possible to implement it in
real time mode.

E.O. Fliickiger and R. Biitikofer reported on the results of solar neutron observations from ground-ba-
sed detectors. The report gave a historical overview of the 3 June 1982 event and summarises its main

scientific impact over the last 40 years.

4. Cosmic rays in the atmosphere

The session started with a tutorial, presented by S. Poluianov, regarding the formation of secondary par-
ticle cascades in the atmosphere. It was followed by a presentation by A. Chilingarian and co-workers
regarding the observations of extensive air showers by the Aragats NM. The same group, presented by
H. Martoyan and co-workers, discussed results of the SEVAN East-European particle detector network
regarding the November 2021 Forbush decrease. In other talks, R. Kataoka and co-workers presented
results of a machine learning method to account for local environmental effects in the NM count rate as
measured at the Syowa Station in Antarctica. Lastly, P. Makrantoni and co-workers, discussed the levels
of CR induced radiation at aviation altitudes.
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5. Neutron detectors: instrumentation, stability, and response functions

Major renovations have been performed at the Calgary NM from 2009 until 2017. C. Bland and A. Kouznet-
sov presented a multiple regression method to estimate the efficiency factor which is used to scale the data
to provide a continuous time series with the previous instrument, which has been in operation since the
1960s. The method takes solar modulation as well as changes in NM sensitivity into account.

J. Ryan and co-workers reported on the status of US-based NMs and the NSF funded Simpson NM
network. This network will secure the operation, repair, and upgrades of the existing US stations and
even plans to (again) set-up a station on the summit of Haleakala on Maui to take the network to a new
operational and scientific level.

The detailed plan for the “Haleakala Neutron Monitor Redeployment and Calibration with AMS data‘
is given in the paper by C. Consolandi and co-workers. Not only will the Haleakala NM be redeployed near
the initial station, but it will also be calibrated with AMS data and modelled by simulating the detector
response. Thereby the station will be well suited to fill the large gap in the NM network in the Pacific
Ocean, but also will be able to measure solar neutrons due to its high altitude and low latitude location.

A redesigned mini-NM has been installed on a South African Research vessel and performed several
latitude scans from South Africa to Antarctica. R.D. Strauss and co-workers analysed effects of tempe-
rature variation and high-frequency interference on the measurements. To avoid the negative impact
of these effects, the instrument will be moved to a more suitable location on the vessel where it can be
operated continuously for several years.

Further presentations were given by A. Lukovnikova about new registration systems, by D. Ruffolo on
electronics for deriving spectral information from a single NM, by D. Sapundjiev about neural networks
to identify faulty tubes, by P. Vdisdnen on correcting snow effects, and by V. Yakum on latitude surveys

with a “semi-leaded” NM.

6. Neutron detector response functions

A. Mishev presented different methods of determining NM response functions in a tutorial. M. Livada and

co-workers calculated the GCR spectral index of the Forbush decrease in June 2015.

1. Databases and catalogues

C. Steigies gave a report on the status of NMDB and an interactive tutorial on accessing real-time data
from NMDB using the programming language Python. With the scripts provided, everybody can quickly
read data from the NMDB real-time file and make data analysis or generate plots. In a further presenta-
tion a small Python library was presented that allows retrieving data that is made available via NEST into
Python and generates a pandas data frame. A final contribution by D. Aslanyan presented the catalogue

of thunderstorm ground enhancement events registered on Mt. Aragats.
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8. Conclusion

The NMDB@Athens meeting, building on the success of the NMDB@Home2020 virtual meeting, brought
together NM scientists from around the world; participants attended from Africa, the Americas, Asia,
Australia, and Europe, representing almost all time zones. A variety of topics were discussed, ranging
from instrumental topics to space weather applications using NM measurements. Especially encouraging
were discussions surrounding the opening of new stations and the refurbishing of older stations. This,
along with other recent advances, will allow the NMDB to provide historical and real-time data to an ever

growing and more diverse community of users.
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Abstract
Prof. H. Mavromichalaki on behalf of the organizing committee welcomes everyone to the 'NMDB@Athens'
conference. The obituaries for Dr. Evgenia Eroshenko and Prof. Lev Dorman who recently passed away are

following.

1. The welcome talk
Dear Colleagues and Friends, dear Students,

On behalf of the NKUA and the Athens Cosmic Ray Group I would like to personally welcome you to the
Virtual NMDB Symposium on Cosmic Ray Studies with Neutron Monitor Detectors. Our initial intent was
to host this symposium in Athens and greet you in person, as we have done many times in past. However,
since this was not feasible, I am pleased to organize an online symposium and provide once more the op-
portunity to meet you again.

From the NMDB installation meeting, lots of others have been realized here in Athens. This is the 2nd
virtual Symposium organized in the frame of the NMDB consortium and is focused on researches on cosmic
rays using data from the ground-based neutron detectors, the neutron detectors themselves, and the hand-
ling and distribution of these data.

A number of 95 registered participants from 33 institutes and universities of 19 countries will attend this
meeting. The topics that will be addressed are organized into the following six sessions: Cosmic rays in the
heliosphere, GLE analysis and space weather research and services, Cosmic rays and the atmosphere, Neu-
tron detector instrumentation and stability, Neutron detector response functions and finally Data bases and
catalogues. A series of 43 tutorials and contributed talks of some of the most significant scientists of the NM
community will be provided with all the latest information on Cosmic Rays Studies and Neutron Monitors.

At this point I would like to thank you all not only for participating in this symposium but also for your

continuous presence over the years in all the NMDB meetings and conferences. With our common efforts
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and support, NMDB has become a useful tool for scientists all around the world and with our enduring
collaboration NM community can progress even more in the future.

Last but not least, I would like to take a moment of your time and honor the memory of two of our es-
teemed colleagues and dear friends that have recently passed away, Prof. Lev Dorman and Dr. Eugenia Er-
oshenko. These two distinguished scientists have served Physics and Cosmic Rays in particular, with great
zeal and determination and are irreplaceable for the scientific community. Their work will help keep their
memory alive. Their knowledge and research will serve as a legacy and guideline for younger scientists. The

cosmic ray and NM community mourns for the loss of these two great scientists and beloved friends.

2. Dr. Evgenia Alexandrovna Eroshenko (13/06/1940-03/06/2021)

Fig.1: Dr. Evgenia Eroshenko.

2.1 Obituary by Athens Cosmic Ray Group

Dr. Evgenia Alexandrovna Eroshenko was a member of the Pushkov Institute of Terrestrial Magnetism,
Tonosphere and Radio Wave Propagation (IZMIRAN) of the Russian Academy of Sciences from 1967 until
2021 and one of the founding members of the NMDB consortium.

She started her career as a Junior Scientist (1967-1981) in IZMIRAN and she was promoted to Senior
Scientist (1981-2001) and finally Lead Scientist from 2001 on. Her research work addressed several issu-
es of cosmic rays physics. Cosmic ray anisotropy, associated with transients in the interplanetary space
and with the structure of the heliosphere, solar-terrestrial relations, Ground Level Enhancements, solar
protons spectra during powerful solar events and Forbush effects and the search of precursors preceding
these events are some of the subjects presented in her numerous publications and studies. Moreover, she
was engaged in data processing (comparison and quality estimation of data from the worldwide neutron
monitor network and collecting and preparing data for different tasks and databases) and investigated

space weather prognosis using data from satellites and ground-based detectors.
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In her long lasting career, Dr. Evgenia Alexandrovna Eroshenko collaborated with scientists from inter-
national Institutes and Universities (University of Kiel, Bartol Research Institute, University of Athens and
other organizations). She participated in many international projects: Space ship Earth, NMDB (where she
ensured the participation of a wide network of neutron monitors from Russia and Asia), SCOSTEP VarSITI,
Interplanetary Research Virtual Laboratory disturbances and helped promote cosmic rays physics and
neutron monitors through her constant and reliable presence in the NM community.

Dr. Evgenia Alexandrovna Eroshenko was an enthusiastic and dedicated scientist, a generous and pa-
tient teacher who eagerly shared her knowledge with younger scientists, a fair and diligent colleague, a
conscientious, responsible and delightful person with a particular talent in painting. Her paintings and
handicrafts are yet another way to keep her memory alive. Not only was she an esteemed colleague but
mostly a precious friend that will be greatly missed.

2.2 Obituary by IZMIRAN Cosmic Ray Team

Eroshenko Evgenia Aleksandrovna graduated from the Orenburg Pedagogical Institute in 1962. In 1967,
after post-graduate studies, she started to work at IZMIRAN. Evgenia Aleksandrovna was actively enga-
ged in the study of cosmic ray anisotropy associated with interplanetary space transients and with the
heliosphere structure, as well as in the search for precursors in the cosmic rays behavior before strong
geomagnetic disturbances. She took part in the study of ground level enhancements of solar cosmic
rays and in the development of methods for predicting solar proton events on Earth.

Eroshenko E.A. participated in many international projects (Spaceship Earth, NMDB, SCOSTEP Var-
SITI, Virtual Laboratory for Forbush Effects and Interplanetary Disturbances Analysis). For many ye-
ars, she supervised the creation of modern databases for the network of cosmic ray stations in Russia
and the CIS. Evgenia Aleksandrovna actively cooperated with the Japanese and American data centers,
the University of Kiel, the Bartol Research Institute, the University of Athens and others.

Eroshenko E.A. was an energetic, purposeful, widely erudite person, capable of making decisions
and completing the work begun, without violating the concepts of honor and conscience. Evgenia
Aleksandrovna was a very sociable and charming person. She was distinguished by diligence, ini-
tiative, and a highly developed sense of duty and responsibility. We will always remember her love of
life, sociability and kindness. Eroshenko E.A. was also fond of drawing art and her paintings will also
remain a memory of her.

We, her colleagues and friends, express our deep condolences to her family, to everyone who knew

and remembers Evgenia Aleksandrovna. We will forever keep a good memory of this bright person.

3. Prof. Lev Isaakovich Dorman (01/05/1929-27/07/2022)

3.1 Obituary by Athens Cosmic Ray Group

Dr. Lev Isaacovich Dorman was a Professor and Head of the Israel Cosmic Ray and Space Weather Centre at Tel

Aviv University (TAU), Israel from 1991 until 2022 and an Honored Scientist of the Russian Federation (1989).
He held many esteemed positions over his long lasting career, including Researcher (1951-1957) and Head

department (1965-1992) at IZMIRAN, Moscow, Head department at Magnetic Lab (1957-1962) and Kurchatov

Institute of Atomic Energy (1962-1965), Moscow, Professor at Moscow State University (1965-1992), Director of
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Fig. 2: Prof. Lev Dorman.

the Cosmic Ray Center, Tel Aviv (since 1992), President of the International Cosmic Ray Meteor Commission
(1958-1987) and Cosmic Rays and Radiation Belts secretary (1981-1992), Moscow, amongst others.

He was a dedicated physicist with great contribution in the evolution of cosmic rays physics. His inter-
ests spread through a variety of topics (cosmic rays variations, precursors, space weather, etc). With over
900 publications and almost 4000 citations he was a scientist whose work and research inspired his peers
and students and will continue to guide the scientific community even in his absence. As an author he
published a great number of books, which were repeatedly published over the years and are considered to
be valuable asset for academic libraries worldwide. His most widely acknowledged works are: Cosmic ray
history (2014), Plasmas and energetic processes in the geomagnetosphere (2016/2017), Cosmic ray inter-
actions, propagation, and acceleration in space plasmas (2006), Solar neutrons and related phenomena
(2010), Cosmic rays in magnetospheres of the Earth and other planets (2009), Cosmic rays: variations
and space explorations (1974), Cosmic rays in the earth’s atmosphere and underground (2004) and Solar
cosmic rays (1970).

Dr. Lev Isaacovich Dorman was a beloved and kind hearted person, sociable and active. He was present
during conferences and meetings of our NM community at all times, always inspiring us with his know-

ledge, spirit and love of nature. He was a distinguished colleague and a dear friend that will be missed.

3.2 Obituary by IZMIRAN Cosmic Ray Team

Lev Isaakovich Dorman was a bright and strong man, a remarkable scientist and organizer, a truly le-
gendary personality. His activity seemed inexhaustible, but the years do not spare even such people. Lev
Isaakovich died at the age of 94.

L. I. Dorman is an outstanding scientist in the field of geophysical aspects of cosmic rays and space
physics. About 70 years ago Lev Isaakovich laid the foundation for research cosmic ray variations of
different origin: atmospheric, magnetospheric, and extraterrestrial. He developed theories and methods
that formed the basis of a new science direction. The main results of the early period can be summarized
as follows:
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e discovery (with the help of cosmic ray variations) of two types of solar plasma flows: i)
having relatively weak frozen-in magnetic fields with an intensity approximately constant
during the solar cycle; ii) having magnetic fields approximately an order of magnitude hig-
her and with intensity is proportional to the level of solar activity (causing strong magnetic
storms on Earth and Forbush decreases in cosmic rays). Later the first type of flows was
matched with the ambient solar wind, and the second - with coronal mass ejections and
interplanetary shock waves (1955-1957);

e detection of the diffusion nature of solar cosmic ray propagation in interplanetary space (1957);

e discovery of resonant scattering of cosmic ray particles during propagation in cosmic plasma
(1959);

e finding of the acceleration of the cosmic ray drift by shock waves (1959);

e evaluation of the heliosphere size on the basis of cosmic ray variations as about 100 AU for many
years before direct space measurements (1967).

These discoveries were based on pioneering outstanding theoretical and experimental studies of cosmic
ray variations, begun in 1954 (theory of meteorological effects of cosmic rays, method of coupling functi-
ons, spectrographic method). They all formed a new field of cosmic ray physics.

Lev Isaakovich Dorman took an active part in almost all International Conferences on Cosmic Rays since
1955 and COSPAR Congresses and did invited lecturing. He published many hundreds of original scientific
papers and over 30 monographs.

L.I. Dorman, sparing neither effort nor time, provided scientific and organizational support to cosmic
ray research in Russia. It is thanks to his efforts these studies have won international recognition and are
deservedly well-known. His numerous students successfully work in many countries through the world.

We - colleagues, friends, students — express our deep condolences to relatives and friends, to every-one

who knew and remembers Lev Isaakovich. We will forever keep a good memory of this outstanding man.
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Abstract
Obituary for physicist Marisa Storini, who died in 2023.

With deep regret I inform that Dr. Marisa Storini, former senior researcher of the INAF- Istituto di Astrofi-
sica e Planetologia Spaziali and head of the SVIRCO observatory (the Rome neutron monitor) and labora-
tory for terrestrial physics, passed away on 7 September 2023 at 79 years old. She was a brilliant scientist
in cosmic ray physics and solar-terrestrial relationships.

Marisa was born on 4 March 1944 in Bergamo, Italy, graduated from La Plata National University in
nuclear physics in 1966 and from La Sapienza University in Physics in 1969. She became a fellow of the
National Research Council (CNR) of Italy in 1970-1972 when she started her pioneering studies of Forbush
decreases and cosmic ray modulation.

She became staff researcher at CNR - Istituto di Fisica dello Spazio Interplanetario (IFSI) in 1972 and
received the doctorate in astrophysics and ionised gas at the same university in 1983. Marisa was head of
the cosmic ray section of CNR-IFSI from 1987 until 2001 and head of the international Italy/Chile collabo-
ration for the study of cosmic rays in Antarctica from 1992 to 2005.

She was a member of the scientific committee of CNR-IFSI for the period 1998-2000 and a member of
the National Committee for Research Coordination of the National Antarctic Research Program (PNRA)
of Italy during 1999-2004.

Dr. Storini was one of the pioneers of the space weather and space climate discipline. She led many
research projects. To name a few, she was the coordinator of A.C.QU.A. (Ares soil Characterization by
Quadrupole Analysis) project of the Italian Space Agency (ASI) from 2001 to 2003, coordinator of the
project ‘Cosmic rays in polar areas and associated terrestrial phenomena’ of the PNRA from 2002 to
2009, and co-investigator of the SIXS (Solar Intensity X-ray and particle Spectrometer) experiment aboard
the ESA- JAXA BEPICOLOMBO mission. She was also WP leader in the Working Group 1 (Monitoring

and predicting solar activity for Space Weather) and Working Group 2 (The radiation environment of the
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Fig. 1: Marisa Storini (the one with sunglasses) at the IV European Cosmic Ray
Symposium in 1974. Courtesy of Prof. Ester Antonucci (behind Marisa in the picture).

Earth) of the European COST ACTION 724 — developing the basis for monitoring, modelling and predic-
ting space weather.

Marisa helped to organize several important international conferences, including the ‘IV®" European
Cosmic Ray Symposium’ in Frascati in 1974 (see Figure 1) and the 24® ‘International Cosmic Ray Conference’
in Rome in 1995.

Dr. Storini’s expertise extended from cosmic ray physics to solar and space physics, as well as to the solar
induced effects on the terrestrial atmosphere and geomagnetic field, planets, space weather and climato-
logy. She authored more than 200 scientific publications including an influential review of the ‘Gnevyshev
gap’ in solar activity. She also obtained important results on Forbush decreases and long-term cosmic ray
modulation, coronal holes, solar relativistic particles, and solar activity effects in heliosphere.

Marisa’s expertise encompassed the neutron monitor experimental set up as well as particle detec-
tors and environmental instruments. She played a leading role in the development and upgrade of the
Rome neutron monitor (NM) called SVIRCO (Studio Variazione Intensita dei Raggi COsmici) observatory.

Thanks to Dr. Storini’s tireless efforts, the Rome neutron monitor has achieved high efficiency and
reliability, is recognized as a crucial facility for space weather, and is considered to be a national asset
of inestimable value and a reference station for other neutron monitors.

Marisa had a close collaboration with many neutron monitors groups. For instance, she helped in che-
cking data from the newly installed NM in Athens in 2000. She participated actively in all NM meetings
that were held in Athens, such as in the COST meeting for the creation of the ‘Neutron Monitor Data Base’
(NMDB).

Marisa was an outstanding scientist who dedicated her life to research with immense passion, but
also a dear friend, with a strong character hiding a sensitive heart. She was loved and esteemed for her

kindness and generosity, fruitful debate ability, honesty, and dedication to serve the community. Marisa
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Fig. 2: Marisa (left) and myself (right) in one of the thousands of brain storming sessions.

was an amazing mentor (see Figure 2). Her passion for science has inspired many of us, students and
collaborators, providing motivation, strength, determination to undertake our lives as researchers.
We lost a friend, an important personality, a reference for the whole community. She will be sorely

missed.
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Abstract

On November 3-4, 2021, there was a coronal ejection of the solar mass into the interplanetary medium. According
to direct observations of the interplanetary magnetic field and the solar wind, the ejection was accompanied by a
magnetic cloud. During the event, neutron monitors of the NMDB network registered a two-stage Forbush decrease
with a total amplitude of up to 15%. A preliminary analysis of the NMDB data shows that the first step was due to the
cosmic ray decrease behind the shock wave front, while the second step was due to the cosmic ray anisotropy formed
in the magnetic cloud. This work was undertaken to study the dynamics of the angular distribution of cosmic rays in
this event. The cosmic ray distribution was determined using the global survey method developed at the ShICRAin the
1960s. The method makes it possible to use the worldwide network of neutron monitors as a single multidirectional
instrument and to determine the hourly dynamics of CR distribution. It is shown that unidirectional and bidirectional
anisotropies of significant amplitude are observed inside the magnetic cloud. The results obtained are discussed in
the framework of modern theories of the formation of magnetic clouds. The temporal dynamics of the spatial-angular
distribution of cosmic rays during the Forbush decrease on November 3-4, 2021 was determined. The presence of

cosmic ray anisotropy with an amplitude comparable to the magnitude of the density decrease itself was found.

1. Introduction

The flux of galactic cosmic rays (CR) coming from the interstellar medium into the heliosphere fills its entire
cavity. The spatial-time distribution of CR at each point of the heliosphere is determined by its properties
and structure, which depends on solar activity. Thus, in the interplanetary medium, a special CR angular
distribution is formed, which is characterized by both isotropic and anisotropic components. And although
the anisotropy is two orders of magnitude lower than the isotropy, it carries a valuable information about

the features of GCR modulation by the solar wind.
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Of particular interest are sporadic manifestations of solar activity accompanied by a large energy re-
lease into the space surrounding the Sun. One of the most striking examples of these processes are cor-
onal mass ejections (CME). As a rule, at the moments of the passage of the Earth’s by CME, the so-called
Forbush decrease (FD) is observed in the data of ground-based detectors, i.e., sharp decreases in the
GCR intensity followed by a gradual recovery. As a rule, on Earth, such an effect is manifested by a single
sharp decrease in intensity and its subsequent gradual recovery. However, in some cases, FD can have a
multi-stage time profile formed due to the so-called magnetic clouds (MC) propagating in the CME body
(Xu et al. 2010). MCs are characterized by a strong regular field, which is capable of shielding GCRs, lead-
ing to a decrease in CR intensity and the formation of high-amplitude CR anisotropy (Belov et al. 2015).

2. Forbush decrease during 3-4 November 2021

On November 2, 2021, an M7.1 class solar flare occurred according to the SOHO spacecraft, as a result of
which a high-velocity CME ejection was observed from the AR2891 active region (https://cdaw.gsfc.nasa.
gov/CME_list/UNIVERSAL/2021_11/univ2021_11.html, last accessed June 27, 2023), which later overtook
the CMEs that occurred on November 1-2 with slow velocities. As a result, according to the data of direct
measurements of spacecraft (Figure 1), an interplanetary CME was observed on November 3-4. The arrival
of the CME shock wave front to the observation point, which is located in close proximity to the Earth at the
libration point L1, at 2021-11-03 20:00 was accompanied by a sharp jump in pressure and velocity of the
solar wind, as well as an increase in the interplanetary magnetic field (IMF) module, followed by an increase
in the IMF turbulence level. In the period from 2021-11-04 12:00 to 2021-11-05 04:00 , a decrease in the
field turbulence level and a gradual decrease in the solar wind velocity were observed, accompanied by a
gradual change in the direction of the field vector. The behavior of the IMF and solar wind parameters allows
us to conclude that the passage of MC was observed during the above period (Burlaga et al., 1981).

The measurement data of CR from the network of neutron monitors for November 3-6, 2021 is shown
in Figure 2. As can be seen, the arrival of the ICME was accompanied by a FD, which had a two-stage char-
acter. The first stage corresponds to the moment of arrival of the shock wave to the Earth, and its depth
depends inversely on vertical geomagnetic cutoff rigidities of the stations R_. The second stage of the FD
arose at the time of the passage of the MC and has an ambiguous behavior, characterized by a shift in the
maximum depth, which, at the same time, does not depend on R.. This allows us to conclude that a large

CR anisotropy was observed inside the MC in this event.

3. Global survey method

To study the dynamics of the spatial-angular distribution of CRs, this work uses the global survey meth-
od (GSM) (Altukhov et al. 1970). GSM is the first method for studying the short-term dynamics of the CR
angular distribution. Somewhat later, similar methods were developed by various researchers (Belov et
al. 2018; Dvornikov & Sdobnov 1998; Bieber & Evenson 1989). GSM is a variant of spherical analysis of
CR registration data of the world network of neutron monitors. It allows you to consider the entire global

network of CR detectors as one multidirectional detector and instantly determine the CR distribution.
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Fig. 1: The values of the components and modulus of the IMF intensity vector B, the field regularity level (o, 5,/ B)
and the solar wind velocity V_  and the geomagnetic activity Dst index for November 3-6, 2021 according to the OMNI
catalog. The verticalred line corresponds to the moment of arrival of the shock wave to the Earth; the blue vertical lines
show the MC boundaries.

Thus, the temporal resolution of determining the CR distribution is limited only by the capabilities of the
detector network. In this case, 1-hour measurement data from neutron monitors included in the Neutron
Monitor DataBase (NMDB) are used.

The method is based on the so-called receiving vectors (Krymsky et al. 1966), which makes it possible
to establish a relationship between CR intensity variations in near-Earth outer space and the intensity of
CR recorded by ground-based detectors. We will briefly describe the method below.

The CR distribution over the sphere I(6, ¢) when expanded into a series in terms of spherical harmon-

ics will have the form:
16,0) = 37,3 (amcos(me) + bsin(mg)) P"(sinf), (1)

where 6 and ¢ are latitude and longitude angles in the corresponding coordinate system, P"(sin ) are

associated Legendre polynomials,0 < m < n <oo.
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Fig. 2: Relative CR intensity recorded by the global network of neutron monitor stations according to the NMDB database
for November 3-6, 2021. The stations are distributed according to the cutoff rigidities R_.The vertical red line corresponds
to the moment of arrival of the shock wave to the Earth, the vertical blue lines show the MC boundaries.

If we represent I(6, ¢) as a multidirectional vector A = (a”, b") then the CR intensity by an individual
ground-based detector will be equal to the product I = AR, where R = (xm, ym) is a multidimensional
receiving vector.

The receiving vector for a real detector is determined taking into account its directional diagram
N(6, @), CR trajectories in the geomagnetic field (asymptotic angles of arrival of particles 6, ®) and re-
sponse functions W(E, 6):

T W(E,0)f (EIN(, p) e Pr(sind)sin6dE dg d6
zm = % ’ 2)
T W(E, 0)f (EIN(, 0)sin6dE dep do
RL‘

where z" = x™ +1iy", f (E) is an energy spectrum of variations of the n-th harmonic.

As can be seen, the receiving vectors strongly depend on the form of the energy spectrum of the varia-
tions. In this particular case, it is difficult to determine the dynamics of each f (E) during the event we are
considering. However, we will rely on previously known studies of energy spectra given in the literature.
We present below the spectra we have chosen and the rationale for our choice.

As was shown in (Grigoryev et al. 2014), in the growth phase of solar activity in cycle 24, it was close
to a power law with indicators of 1.01+0.07. Also, long-term observations in the work of other authors
(Kravtsov & Sdobnov 2013; Alania et al. 2013) show that the power-law form of the spectrum satisfac-
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Tab.1: The list of NMDB neutron monitor together with their geographic locations, vertical geomagnetic cutoff rigidities

and altitudes.

No. . Neutr:on Latitude, Longitude, R, GV Altitude, m
monitor station deg. deg. c a.s.l.

1 ATHN 37.97 23.72 8.72 40
2 MXCO 19.33 -99.18 9.53 2274
3 CALM 40.55 3.15 6.95 708
4 ROME 41.86 12.47 6.32 60
5 AATB 43.14 76.60 6.69 3340
6 BKSN 43.28 42.69 5.60 1700
7 JUNG 46.55 7.98 4.48 3550
8 LMKS 49.20 20.22 4.00 2634
9 IRK3 51.29 100.55 3.66 3000
10 IRKT 52.47 104.03 3.66 433
11 NWRK 39.68 -75.75 1.97 50
12 KIEL2 54.33 10.13 2.29 54
13 YKTK 62.02 129.72 1.65 95
14 KERG -49.35 70.25 1.19 0
15 ouLU 65.02 25.50 0.81 0
16 APTY 67.55 33.33 0.65 177
17 NRLK 69.26 88.05 0.63 0
18 TXBY 71.60 128.90 0.53 0
19 FSMT 60.02 -111.93 0.30 0
20 INVK 68.35 -133.72 0.18 21
21 NAIN 56.55 -61.68 0.40 0
22 PWNK 54.98 -85.44 0.50 0
23 THUL 76.50 -68.70 0.10 260
24 MWSN -67.60 62.88 0.22 30
25 SOPO -90.00 0.00 0.10 2820
26 TERA -66.65 140.01 0.01 45

torily describes the experimental data. Although there are reasons to believe that ﬁ)(E ) may have a more
complex form (Kravtsova & Sdobnov 2013; Sakakibara et al. 1985), in this paper we will assume that it
has a power form with exponent -1.

In a number of works (see e.g. Ahluwalia & Riker 1987; Jacklyn et al. 1970; Pomerantz & Duggal 1971)
studies of the energy spectrum f, (E ) have been carried out with the assumption that it has a power-law form
fi (E ) = EY. The analysis of long-term experimental measurements of solar-diurnal variations in CR
intensity by ground-based detectors, carried out in these works, showed that f; (E ) can be adequately
described by a power-law spectrum with an upper cutoff E . In this case, the exponent y turned out
to be equal to 0, and E,, on average for a cycle of solar activity, took values close to 100 GeV. Further,

a detailed analysis of f, (E) showed that the index y varies in a narrow range from -0.3 to 0.5 (Hall et al.
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1997), which also confirmed previous results. This is also confirmed by our latest studies (Gololobov et
al. 2021). And although it is very likely that such a flat spectrum with an unexpected cutoff is unnatural,
the main thing is that it agrees satisfactorily with experimental data.

Krivoshapkin et al. (1970) assumed that the observed semidiurnal CR variations are due to the screening
effect of the regular IMF, which creates an excess of particles from the direction across the field. In this case,
the energy spectrum f, (E) following from this theory has the form E* for E < E and E-?forE > E_, and
the characteristic energy was determined by the IMF parameters. An analysis of the experimental data made
it possible to estimate at 70 GeV. A similar spectrum and values were also obtained by Zusmanovich and
Mirkin (1983). On the other hand, according to the estimates of Ahluwalia and Fikani (1996), the energy
spectrum indices were somewhat different values of 0.7+0.3 and -0.4+0.2, and E_ depended on the SA cycle,
reaching 50 GeV at the minimum of solar activity and 150 GeV at the maximum. Despite somewhat different
estimates of the energy spectrum obtained in the above papers, in general it can be argued that semidiurnal
variations in the CR intensity should be observed in the energy region close to 70 GeV.

The first two angular momenta of the CR distribution function are described by 9 components a?, a?,
al,b!,al, a}, b}, a;, b} and, respectively, for their determination requires at least 9 equally distributed
neutron monitor stations. To implement the GSM for the FD event on November 3-4, 2022, 26 neutron
monitor stations were used, providing data at that time to the NMDB. Despite their uneven distribution,
the number of stations exceeds the required number by almost 3 times and is sufficient for the implemen-
tation of the GSM. The list of stations with their characteristics is presented in Table 1.

4. Results and discussions

The results of the implementation of the GSM are shown in Figure 3. As can be seen, the decrease in the
isotropic component of the CR intensity had a two-stage character. The maximum of the first stage of the
phase transition practically coincides with the moment of arrival of the shock and is about 5.6%, while
the second step of the phase transition has a parabolic time profile and its maximum falls on the center of
the MC with an amplitude of 5.3%. Also, inside the MC, there is a sharp increase in the amplitude of both
diurnal and semidiurnal CR anisotropy. The maximum modulus of the CR symmetric diurnal anisotropy
vector reaches 3.5%, the antisymmetric diurnal one, 5.8%, and the semidiurnal one, 3.4%. Thus, the
magnitude of the CR anisotropy in the MC is comparable to the FD itself. This explains the observed fact
of inconsistency in the decrease in the NM data, namely, that the second stage of the FD in the data of
some neutron monitors was very deep, while in the data of others it was completely absent.

If the spatial direction of vector anisotropy can be described by three components a’, a! and b! of the
vector in the Cartesian coordinate system, then tensor anisotropy with its 5 components a;, a}, b}, a;}
and b} is hard enough to represent in space. The most obvious visualization of tensor anisotropy is the
tensor ellipsoid, also defined by 5 components: three semi-axes and two angles that determine the di-
rection of one of the semi-axes. Representing it in this form, let us consider the temporal dynamics of the
direction of the ellipsoid’s greatest semi-line and the direction of the IMF during the passage of the CME.

The results obtained are presented in Figure 4. As can be seen, the CR tensor anisotropy amplitude has
reached maximum values of the order of ~7% at minimum values of isotropic intensity. This moment of

time corresponds to the moment when the Earth passes through the central region of the MC. The time
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Fig. 3: The parameters of the first two spherical harmonics of the angular distribution of CR obtained using the GSM for
November 3-6, 2021. The moments of arrival of the shock wave and the MC boundaries are indicated by red and blue vertical
curves.

Fig. 4: Spatial angular distribution of CRs and the direction of the IMF in the space during the FD of November 3-5, 2021. The
upper panel is the longitude and latitude in the in the geocentric solar ecliptic coordinate system of the direction of the IMF
intensity vector (solid curves) and the second harmonic of the CR angular distribution (dots). The lower panel shows the
isotropic intensity and amplitude of the second harmonic of the CR distribution. The moments of arrival of the interplanetary
CME to the Earth and the boundaries of the magnetic cloud are indicated by vertical red and blue dotted lines, respectively.
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profile of the second step of the FD is not typical and corresponds to the parabolic type. In other words,
the phases of the decline and recovery of the CR intensity have approximately the same duration. More-
over, the direction of the maximum of tensor anisotropy and IMF in the MC region also show similar
values. It can be concluded that, in the event under consideration, MC has a strong modulating effect on
CR, leading to both a deep FD and a pronounced anisotropic CR distribution. It is also fair to assume that
the motion of particles in the MC occurs predominantly along the force lines of the MC field.

According to the theoretical concepts of the formation of a phase transition in MC (Petukhova et al.
2019), the time profile of the decrease in the isotropic CR intensity that we found is expected. In this
work, an electromagnetic mechanism for the formation of a phase transition in MC is proposed. In par-
ticular, the inductive electromagnetic field resulting from the motion of the MC leads to energy losses
of positively charged particles quasi-trapped in it. In this case, the depth of modulation depends on
the duration of the particle’s stay inside this magnetic loop structure. It is interesting that, according to
numerical calculations (Petukhova et al. 2020), the FD time profile does not depend on the structure of
the magnetic field of the loop, and the anisotropy formed in it, on the contrary, is strictly determined by
it. Also, in this work, it is shown what kind of CR anisotropy should be observed in MC. It is important to
note that the theory predicts that a large bidirectional anisotropy should be observed in the MC. It can be
assumed that our results confirm the above theory.
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Abstract

Cosmic ray variations of magnetospheric origin during the magnetic storm on 17th of March 2015 were
studied. Cosmic ray intensity data were obtained from the neutron monitor database (NMDB) and the data of
the Dst index were taken from World Data Center for Geomagnetism, Kyoto. The global survey method was
employed for the calculation of changes in the cutoff rigidities throughout the storm. A correlation analysis
between the Dstindex and the calculated cutoff rigidity variations was performed for each cosmic ray station.
The most essential decrease in cutoff rigidities occured when the Dst index was around the value of -234nT.
A latitudinal distribution of the cutoff rigidities was acquired, showing that the maximum effect took place at
mid-latitude stations with rigidities around 8-10GV. During the examined event the maximum change in cutoff
rigidity was observed at Athens station where the decrease of the cutoff rigidity reached the value of 1.07GV.
Furthermore, corrections of cosmic ray intensity due to the magnetospheric effect were calculated using the

derived cutoff rigidities showing a discperancy with the observed values at mid- and low- latitude stations.

1. Introduction

Ground level cosmic ray measurements are affected by disturbances in the Earth’s magnetosphere during
magnetic storms. The variations in the Earth’s magnetic field can alter the charge particle trajectories to
such an extent that allowed trajectories become forbidden and vice versa. This has an effect on ground-
level observations by changing 1) the effective cutoff rigidities and 2) the asympotic directions of partic-
les. For galactic cosmic rays (GCR) the first effect is the most dominant. The changes in the cutoff rigidities

during magnetic storms can alter the behaviour of the observed cosmic ray intensity for a fixed station.
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In this work we studied the magnetospheric effect during the magnetic storm on the 17th March 2015,

which was the biggest storm during Solar Cycle 24.

The study of such events is very important for two major reasons:

1. Firstly, from a methodological point of view as these effects hinder the discrimination of primary
cosmic rays variations.

2. Secondly, analysis of CR variations due to magnetospheric effects can be used to independently vali-
date current system models during all phases of a magnetic storm. At the initial phase of the storm,
which is associated with the magnetopause current system, the cutoff rigidity Rc increases relative to
the quiet level, while during the main phase of the storm Rc decreases significantly. The latitudinal
and longitudinal dependences of these effects reveal themselves in different ways. Cutoff rigidity
variations during the main phase of the storm, which are connected to the ring current system, have
a negligible dependence on longitude due to the ring symmetry. Conversely, the cutoff rigidity varia-
tions during the main phase of the storm depend significantly on latitude.

In this work a detailed study of the magnetospheric effect in cosmic rays during the major magnetic storm

on 17 March 2015 has been conducted.

2. Solar activity on March 2015

The period preceding the magnetic storm of 17 March 2015 was particularly disturbed. On the 11th of March
there was a X2.1 solar flare that was followed by a series of weaker flares. On the 15/03 a long duration C9 so-
lar flare occured at the sunspot region 2297 with a commencement at 01:15UT. The C9 flare launched a partial
halo Coronal Mass Ejection (CME) that arrived at Earth around 04:00UT on the 17th. The result was a major G4
magnetic storm with the Dst index reaching a minimum value of -234nT. Aurora was observed at unusually
low latitudes (https://www.spaceweatherlive.com/en/solar-activity.html, last accessed June 27, 2023).

3. Data and method

Hourly data from 21 stations from the Neutron Monitor Database (NMDB) have been employed in the analysis:
8 high-latitude (Rc < 1.2GV), 13 mid and low-latitude stations. The mid- and low- latitude stations used have
a cutoff rigidity range of 2.36GV-9.15GV. The Dst-index for March 2015 was taken from the World Data Centre
for Geomagnetism, Kyoto (https://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html, last accessed June 27, 2023).

The Global Survey Method (GSM), which is developed by IZMIRAN, was used for the calculations of
the cutoff rigidity variations. The GSM is essentially a version of spherical analysis.

In this method we use the measured ground-level cosmic ray variations to derive a set of parameters
connected to the galactic cosmic ray density and anisotropy.

Generally, the measured cosmic ray variations at each neutron monitor can be written as:

O — 5 +65 46 ),

I isot anisot err
o
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where 6. and 8’ are the isotropic and anisotropic components of the CR variations out of the magne-
tosphere and &' _the residual dispersion, which is related to possible variations due to the apparatus and
the inadequate utilisation of the model.

The CR intensity out of the magnetosphere (isotropic and anisotropic part) like any function can be ex-

pressed by the expansion in spherical harmonics. Assuming only the first order harmonics for the anisotropy :
6 = /@ - W(R, Rc, hi)dR + Ca + Cyay +Ca, 2
RA;

where C, are the coupling coefficients, a_ ,a,,a,are the three components of the first harmonic of the CR
anisotropy and where 57’ = a R is the rigidity dependence of CR density variations and W(R, Rc, hi) is
the response function for a NM, located at an altitude hi with a cutoff rigidity Rc.

The system of equations (1) is solved using the least squares method relative to the unknown param-
eters ao, y, a, ,a, , a,. In our approach we employed a two-step method for the calculations. In the first
step we solved the set of eq. (1) for the 8 high-latitude stations, where we can disregard the geomagnetic
effect since W(R, Rc, hi) is negligible for small Rc, and therefore eqs.(1) practically reduces to egs.(2). In
the next step we employed the derived set of parameters from the first step to correct the mid- and low-lat-
itude stations for the variations due to the magnetospheric effect.

In our analysis, we worked seperately with the residual dispersions & , which can be expressed as:

err’

o = Zirl'nag+¢‘5m0 0L+ 06l 3)
The CR variation due to the magnetospheric effect can be written as 5mcfg = -6R!-

W(RA hd )(1 +% (RC’)), 8, is connected to the inanequacy of the CR variation model ( form of rigidity
spectrum, contributions from higher order harmonics), 6;, is the error due to the statistical accuracy of
the data and &/ is the low-frequency component due to the possible apparatus drift. The last two terms of
eq. (3) can easily be ignored if we pay particular attention to the good quality of dataand §__, can also be
neglected as it does not have a particular longitudinal and latitudinal distribution which is characteristic
of the geomagnetic effect. Thus, we can assume that the residual disperancies arise only from the magne-

tospheric effect (6! ~ 6;'Mg) such that:

err

_51'
dRi - mag 4
© 7 W)L+ R)) @
In this way, we calculated the cutoff rigidity variations at different instances during the event and at dif-

ferent stations independently from one another.

4. Results and discussion

Cosmic ray variations due to the magnetic storm on 17 March 2015 were evaluated using data from the
worldwide neutron monitor network and the global survey method (GSM) as decribed above. In Fig.1
the uncorrected (upper panel) and corrected (lower panel) variations of the cosmic ray intensity data

are presented for two polar stations (Mc-Murdo and Apatity) and two non-polar ones (Athens and Tsu-
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Fig. 1: Uncorrected (upper panel) and corrected (lower panel) CR variations for the magnetospheric effect for two polar
station (MCMD and APTY) and non-polar stations (ATHN and TSMB).

Fig. 2: Derived cutoff rigidity variations dRc and Dst indexes at Athens (ATHN) and Jungfraujoch (JUNG1) stations during
the magnetic storm on 16-21 March 2015.
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Fig. 3: Examples of regression diagrams for two stations (ATHN and JUNG1) during the magnetic storm on 16-21 March 2015.

meb). The polar and non-polar stations in the uncorrected panel have different time profiles during the
magnetic storm. Specifically, for polar stations (Rc< 1.2GV) we observe a decrease in cosmic ray intensity
of a magnitude of 3-4%, whereas this decrease is either diminished or masked completely at mid- and
low-latitude stations. After the cosmic ray data are corrected for the magnetospheric effect, mid and low
latitude stations (for e.g. Athens) show a similar decrease in intensity. It is evident from the comparison
of the corrected and uncorrected cosmic ray graphs that the magnetoshperic effect may hinder the discri-
mination of the primary cosmic ray intensity.

The cutoff rigidity changes were evaluated for each Neutron Monitor throughout the storm using the
above method. A high correlation between the Dst index and the cutoff rigidity changes was observed
during the period under consideration, as shown by the diagrams in Fig. 2. The maximum change in Rc
is observed at 22:00 UT and coincides with the Dst minimum (Dst=-234nT) for the majority of stations.
Furthermore, lower latitude stations (eg.Athens and Tsumeb) showed a higher sensitivity to the magne-
tospheric effect than midlatitude stations. As an example the station at Athens reached a minumum dRc
value of -1.07GV compared to -0.7GV at Jungfraujoch (JUNG1) station. It has to be noted here, that during
the period 15-17 of March 2015 the atmospheric conditions at the Junfraujoch Neutron Monitors were
very turbulent which might have had a minor effect on our results. The maximum effect was observed at
stations with a cutoff rigidity of 8-10GV.

Regression diagrams between the Dst-index and the dRc were plotted, revealing an approximately linear
dependence during the storm. The regression coefficient for Athens is 0.0034GV/nT whereas for Jungfrau-
joch it is 0.0023GV/nT. The latitudinal distribution of cutoff rigidity variations versus the Rc was evaluated
for various instances during the main and recovery phases of the storm as shown in Appendix C. In Fig. 4 four
such graphs are depicted for different phases during the event. Diagram (a) represents the results before
the storm arrival while the Dst=25nT and where we can observe no significant changes in cutoff rigidities.
In graph (b), which represents the commencement of the main phase of the storm, we observe a slight de-
crease in Rc values, while in graph (c) representing the latitudinal distribution during the maximum of the
storm, we observe the maximum variations in cutoff rigidities. Specifically, the maximum effect is observed
at lower latitude stations with cutoff rigidities in the range of 8-10GV as previously mentioned. Finally, after
the main phase of the storm as shown in diagram (d) the cutoff rigidity values start to recover to their pre-
storm values. The latitudinal distribution could have been better observed if a wider range of stations was

employed (esp. subeqatorial stations with Rc>10GV which are absent from our data).
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Fig. 4: Cutoff rigidity variations (dRc) versus the cutoff rigidities (Rc) for different instances on 17-18 of March 2015.

5. Conclusions

From the above analysis, we can conclude the following:

1. The maximal magnetospheric effect in CR was recorded at lower latitude stations, but not at mid-
latitude stations as is the common case. Due to this anomaly the maximum change of the geomagne-
tic cutoff rigidity shifted from the usual values of 3-5GV to 8-10GV.

Variations in cutoff rigidity reached -1.07GV for Athens and -1.04GV for Tsumeb.

3. The latitudinal dependence of cutoff rigidity variations was obtained for each hour during the main

and recovery phases of the geomagnetic storm. This is very useful for analysing the dynamics and

evolution of the ring current system.
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Appendix B: Cutoff rigidity variations and Dst index from 2015/03/16 to 2015/03/21.
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Appendix C: Cutoff rigidity variations versus the cutoff rigidity Rc at different instances throughout the magnetic storm on
17-18 March 2015.
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Appendix D: Regression diagrams for cutoff rigidity variations dRc and Dst index on the magnetic storm on 16-21 March.

Open Access

This paper is published under the Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0/). Please note that individual, appropriately marked parts of the paper may be excluded from the license
mentioned or may be subject to other copyright conditions. If such third party materialis not under the Creative Commons
license, any copying, editing or public reproduction is only permitted with the prior consent of the respective copyright
owner or on the basis of relevant legal authorization regulations.


https://doi.org/10.38072/2748-3150/p30
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Cosmic ray studies with neutron detectors | Volume 2 (2023) 47
KIEL-UP ¢ DOI: 10.38072/2748-3150/p31

Residual modulation of galactic cosmic rays
in the heliosphere

Victor Yanke *, Anatoly Belov *“, Raisa Gushchina ™, Pavel Kobelev *“, Lyudmila Trefilova
Correspondence

IZMIRAN - Pushkov Institute of Terrestrial Magnetism, lonosphere and Radiowave Propagation, Moscow,

Russia, yanke@izmiran.ru

Keywords

long-term variations; heliosphere; PAMELA; AMS-02; Voyager-1; ground-based detectors; residual modulation

Abstract

Residual modulation of galactic cosmic rays in the heliosphere and its energy dependence are studied with data
from three types of ground-based detectors, using data from PAMELA, AMS-02, and Voyager 1/2. It is shown
that the residual modulation is approximately the same in magnitude as the observed variations due to the solar

activity cycle, which allows us to make some conclusions about the modulation processes in the heliosphere.

1. Introduction

The concept of residual modulation, introduced at the beginning of the space age (Nagashima et al.
1980), arose when solving the problem of the size of the heliosphere, which has now been determined
experimentally. The issue of residual modulation today is more related to the efficiency of the heliosphere
as a whole and the contribution of its individual regions. Assuming that at the minimum of solar activ-
ity the heliosphere is completely filled with unmodulated galactic cosmic rays (CR), one can expect an
insignificant residual modulation, but it is important to know the value of such residual modulation for
particles of different energies.

Recent studies have shown that galactic cosmic rays intensity nowadays is significantly lower than
in previous centuries (McCracken et al. 2004). The studies carried out in this work show that the sun-
spots number in the solar activity minima of the last 6 cycles correspond to a modulation potential of
about 500 MV, while the potential during the Maunder minimum is < 100 MV. In the complete absence of
modulation at the modulation potential @ = 0 MV, the local interstellar spectrum (LIS) of GCRs would be
observed in the Earth’s orbit, which would lead to the maximum count rate of detectors on Earth.

A powerful incentive for a detailed study of the modulation of galactic cosmic rays in the heliosphere
was the exit of Voyager-1/2 (Stone et al. 2019) beyond the heliosphere, as well as accurate measurements
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of particle spectra in the Earth’s orbit using the PAMELA space experiments (Adriani et al. 2013) and
AMS-02 (Aguilar et al. 2018).

The measurements onboard the PAMELA and AMS-02 spacecraft are carried out in a wide range of
rigidities for quite a long time and make it possible to calibrate all ground-based detectors. Joint consider-
ation of the spacecraft measurements with the results of ground-based monitoring of cosmic rays makes
it possible to calibrate ground-based detectors and cover six cycles of solar activity since the beginning of
ground-based CR monitoring in the 1950s.

While studying modulation for historical period from the Middle Ages to the present (McCracken 2007;
McCracken et al. 2007) one can follow the time variations of the residual modulation for some effective energy.
The cosmogenic data method makes it possible to obtain the residual modulation retrospectively temporal
changes, but this method does not allow studying the residual modulation energy dependence. To study the
residual modulation on the energy scale, it is necessary to use direct methods based on knowledge of the
particles energy spectra outside the heliosphere (LIS spectra) and in the Earth’s orbit. Experimental spectra
outside the heliosphere were obtained using direct measurements of Voyager-1/2. Particle spectra have been
measured on the Earth orbit by the AMS-02 spectrometer only since 2011. For earlier periods it is necessary
to use ground-based data from various detectors that have been continuously monitoring since the middle of
the last century. These are stratospheric measurements, monitoring of the neutron and muon components.

These data make it possible to consider the problem of cosmic rays residual modulation during the
periods of a “quiet” Sun in order to evaluate and study quiet heliosphere modulation properties.

Studies of residual modulation on the time and energy scales are important for solving several inter-
related problems: 1) determining modulation dynamics in the heliosphere of the “calm” Sun and its nu-
merical evaluation; 2) the efficiency evaluation of the heliosphere as a whole and its individual regions;
3) verification of interstellar spectra various models of the nucleon component at low energies.

The aim of this work is to experimentally determine the spectra of the residual modulation for the last
6 solar cycles minima and to estimate the delay time of the cosmic ray response relative to the significant
weakening period beginning of the heliospheric magnetic field.

2. The residual modulation determining method

The variation can be determined with respect to the selected base period of cosmic ray intensity J, =/,

in the Earth’s orbit (usually near the intensity maximum). In this case, the variation is defined as

v=7/Tw-1 @

where ] is the calibrated (in this case, according to PAMELA data) intensity of cosmic rays outside the
magnetosphere, obtained from the network data of a neutron monitors processed by the global spectro-
graphic method (GSM) (Belov et.al. 2018), or from the data of individual detectors.

The variation can also be determined with respect to the unmodulated intensity of the local interstellar

spectrum J

Vs = J /Ty~ 1. 2
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In (1) and in (2), the intensity is determined for one given particle rigidities. Variations v and v, , relative
to different bases can be connected using the base conversion method.
Indeed, excluding J from (1) and (2), we obtain J ;; (v,,c + 1) = J,,, (v + 1). Then

Ty —
Vg = 2v+D-1=v+ 5LIS(V + 1), 3)

where the variation relative to the LIS level is defined as
6LIS = ]lAU /]LIS -1 %)

(For particles 10 GV (see table 1 below, model C2016) § . = 26.9/33.2-1=-19.0%.).
Residual modulation is part of the total modulation, and the modulation depth is usually expressed as a
positive number, so the residual modulation is A=|5, .
The base values for each used detector were determined as annual average intensity values for the
corresponding effective rigidity.
Or in another form
Vs = ],—(v +D-1 = % ~ V- 51AU(V +1), (5)

where the variation already relative to the 1AU level is defined as

51AU = ]LIS/ Jiw—1 (6)
(for 10 GV particles §,,, = 33.2/26.9-1=23.4%.).
Values of variation relative to the LIS level §  and relative to the 1AU level §,, are connected as

5
6, = 5257 = —6,,for |6

1AU Lis LISI <«1.

3. Experimental data used

The results of the following detectors monitoring were used in the work:
PAMELA spectrometer data. For calibrating ground-based detectors and determining the basic intensity
values the PAMELA magnetic spectrometer data turned out to be indispensable (Adriani et al. 2013; SSDC
2022; CRDB 2022; CRDB ultra 2022). It’s operation period was on the 23/24 solar cycles minimum (2009).
The long-term detector stability and the average annual basic intensity values accuracy turned out
to be sufficient for calibrating ground-based detectors (Belov et al. 2021). In addition, the PAMELA mag-
netic spectrometer measurements cover the detectors entire energy range we use. It is possible to use the
results of magnetic spectrometers in sounding the stratosphere, but such measurements are carried out
only for about 10 days during an annual expedition (Seo 2012; Maurin et al. 2020; CRDB balloon borne
2022). The average annual intensity values calibrated according to PAMELA data for 2009 and various

effective rigidities R ;are given in Table 1.
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Ground detectors data at a distance of 1AU. These are the world network of neutron monitors (NM)
data (NM Network 2022), muon telescopes (MT) data (Muon Network (GMDN) 2022), and stratospheric
sounding of the ionizing component SS data (Balloon experiment 2022). The GSM global spectrographic
method was carried out using data from the global NM network (Belov et.al. 2018). The result of this GSM
analisys is the cosmic ray variations spectrum v(R) outside the Earth’s magnetosphere relative to the
base period (in our case, 2009). To go to the cosmic rays intensity outside the magnetosphere, the NM
network detector was calibrated using the PAMELA data for the period of 2009, i.e., calculated intensity
J = ]PAMELA(leU + 1), where all values used depend on the particles rigidity (Belov et al. 2021). Other
detectors (muon telescopes and stratospheric sounding) were calibrated in a similar way. The effective
rigidities for the analyzed components are: charged component - R =4 GV (Apatity and Mirny) and
R .=5.8 GV (Moscow), muon component - R =41 GV (vertical component for station Nagoya); detected
particles effective rigidity for the neutron monitors ground-based network R =10 GV.

LIS Spectra Models Data. The particles local interstellar spectrum is determining for calculating the cos-
mic rays intensity basic values outside the heliosphere for various detectors. The development of modern
LIS models made it possible to estimate the residual modulation in a wide range of rigidities and to estimate
their errors. There are dozens of interstellar cosmic ray spectra models made of different assumptions. We
used only LIS models that relied on experimental data from Voyager-1 (Voyager Data 2022) for the lower
range (<1 GV) and AMS-02 for the upper range (>100 GV) (CRDB ultra 2022). The particles modulation in
the upper rigidity range was neglected, and therefore it was possible to use magnetic spectrometers on
the Earth’s orbit. We considered the following LIS spectra (in our notes): C2016 (Corti et al. 2016), B2019
(Bisschoff et al. 2019), B2020 (Boschini et al. 2020), V2015 (Vos & Potgieter 2015), and G1975 (Garcia-Munoz
et al. 1975). The last LIS spectrum was obtained at the space age beginning. It is simple and well correlated
with modern LIS measurements. Local stellar spectrum as a function of kinetic energy per nucleon J? (K)
in units (m? s sr GeV/nucleon) for protons and helium nuclei is presented as

Jus = a(K +K)P*®, o)

where KL=b exp(-K/K0) and the coefficients for the proton spectrum are defined as: a=8900, b=0.78,
KO=4.

In Figure 1 (top panels) two models comparison of LIS rigidities spectra C2016 (Corti et al. 2016) and
B2019 (Bisschoff et al. 2019) for protons and helium nuclei are made. The experimental data of Voyager
1 and the data of AMS-02high (CRDB ultra 2022) are also shown in the region of high rigidities, for which
modulation can be neglected. For illustration, the modulated AMS-02 values are also shown (thin curve).

For comparison, we used only a pure power-law spectrum normalized at a rigidity of 976 GV according
to the spectrometer data AMS-02 J=8.571 10°(R /976)*%* in (m? s st GV )".

In Fig. 1, the arrows indicate the spectrum characteristic parts of the considered detectors - SS, GSM,
MT. It is important that the rigidities range of 1100 GV that is interesting for us (shaded area in Fig. 1) is
in the spectrum region obtained only by interpolation, and therefore some uncertainty can be expected

here. The bottom panel shows the ratios for the spectra J

o016 /]Bzm and their dependence on rigidity; the

discrepancy in the interest to us area reaches 10%.
and J

Base intensities values J Lis

e for different rigidities R ; by several LIS spectra data are given in
Table 1.
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Fig. 1: Comparison of two LIS spectra models C2016 [Cortietal. 2016] and B2016 [Bisschoff etal. 2019] (upper panels) and
their ratios (lower panels). The Voyager 1 [Voyager Data 2022] and AMS-02high [CRDB ultra 2022] data are also shown,
from which the above mentioned spectra were obtained. The purely power-law spectrum of the protons is also shown.

Tab. 1: Base (2009) intensity values J,, , calibrated according to PAMELA, intensities J

Reﬁ, found for LIS spectra and result for residual modulation A.

s for different effective rigidities

GV

effl

Model of spectrum

trat heri i NM MT
p/(m?s srGV) Stratospheric Sonding

2.6 4.00.1 5.80.2 5 10+0.3 20 41+2.5

J,,, (norm PAM, 2009) 578.984 250.042 106.015 149.932 26.869 4.183 0.569

J,. (C2016) 968.016 | 360.295 | 143.745 | 209.172 | 33.184 | 4.653 | 0.596
A=14,,/d,-11,% 40.2 30.6 26.2 28.3 19.0 10.1 45
J,. (B2019) 1184.428 | 408.766 | 152.580 | 227.744 | 33.225 | 4.669 | 0.597
A% 51.1 38.8 30.5 34.2 19.1 10.4 4.7
J,,s (B2020) 1042240 | 363382 | 140.727 | 206.688 | 32.617 | 4.611 0.585
A % 4h 4 31.2 24.7 275 17.8 9.3 2.7
J,e (V2015) 1161.200 | 382.719 | 140.068 | 209.978 | 33.460 | 4.627 | 0.595
A% 50.1 34.7 243 28.6 19.7 9.5 4ok

46 34 26 30 19 10 4.0

0y
LR, e +0.345 +0.3+4 +0.3+3 +0.343 +0.4+2 | $0.5+2 | 40.742
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Fig. 2: Comparison of the observed variations in the charged and muon components with the results of a GSM analysis from
a network of neutron monitors to determine the effective rigidity of each detector.

All the used ground-based detectors register cosmic rays with variable efficiency in a certain range of
rigidities. For a comparative analysis it is necessary to have effective rigidities of each detector, the direct
calculations of which are laborious and give ambiguous results, especially for the charged component.

We made experimentally estimation of the effective rigidity R ., by comparing this detector variations and

eff?
the neutron component R =10 GV variations with the same effective rigidity R. It can be done knowing
the cosmic ray variations spectrum determined by the GSM method from the data of a neutron detectors
network, for example, in the work (Yanke et al. 2019). Found parameters a, y, R, of variation spectrum

allow to determine variations for other rigidities as
-y
VR = a, (r1) ®)

Such analysis results are shown in Fig. 2. The effective rigidities of the detectors under consideration
are: for SS Apatity 4+0.15 GV, for SS Mirny 4+0.1 GV, for SS Moscow 5.8+0.2 GV, and for MT Nagoya.
V 41.0+2.5 GV.

4. Discussion of results

To determine the residual modulation at any time, it is necessary to obtain the intensity J, . by LIS spectra

and intensity at the base time for a given effective rigidities and calculate the residual modulation

] 1AU
according to expression (4). The main results are shown in Table 1 were intensity and residual modulation
values for various R, and for several LIS spectra models are given. Residual modulation for detectors with
various effective rigidities is shown in Figure 3.

Each figure shows the temporal changes of cosmic ray variations relative to the 2009 base period. Vari-
ations were obtained from the calibrated intensities of each detector in accordance with (4). Variations

relative to 2009 are indicated near the curves for all minima solar activity.
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Fig. 3: Aresidual modulation A relative to the LIS level for detectors of various effective rigidities and variation relative to
2009 (curve numbers).

Fig. 3 also shows the residual modulation module A. Such estimates were made for several LIS spectra
models (see Tab. 1), but the Fig. 3 shows the result only for the C2016 LIS spectrum (Corti et al. 2016).

The cosmic rays modulation analysis in the heliosphere showed that even during the period of
the quietest Sun (for example, 2009), the residual modulation is significant. Thus, for 4.0 GV par-
ticles, the residual modulation averaged over all LIS spectra (the last line of Table 1) reaches
A=34+0.3(stat)z4(sys) % that is approximately equal to the modulation during the transition from
minimum to maximum of solar activity. This is relevant for all rigidities. Similarly, for the rigidity
of 41 GV (muon telescope) during the period of the quiet Sun, the cosmic rays residual modulation is
A=4+0.7(stat)+2(sys) %, which is also comparable with the modulation from minimum to maximum of
solar activity. Residual modulation values for other rigidities are given in Table 1.

Hence, the Sun in its most active phase is capable of modulating cosmic rays relative to quiet period,
just as the quiet Sun is capable of modulating the local interstellar spectrum.

Knowing the residual modulation in the considered energy range, it is possible to form the residual
modulation spectrum, i.e. the dependence of residual modulation on rigidity or energy. Such a spectrum
is approximated by a power function, which is strongly modulated by an exponential function in the

region of high rigidities:
A=a,R7exp(-R/R,), ©

It is shown in Figure 4 (left panel). The found values of the rigidity spectrum parameters for the resid-
ual modulation for the period of 2009 are equal to a,=(69.5+1.1)%, y=(0.47+0.05), R,=(37.7+2.3) GV with
multiple coefficient of determination R>=0.996 and a small condition number of 30. At local points for
rigidities of 5, 10, 20, and 41 GV (numbers in circles), the exponent of the power-law spectrum of residual
modulation is ~0.3, ~0.5, ~0.9, and ~1.3, respectively. When approximating the modulation spectrum by
the kinetic energy function K for the period of 2009, the parameters are determined as a0=(52.711.1)°/o,
y=(0.31:0.08), K,=(29.3+2.3) GeV with determination multiple coefficient R?=0.998.
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Fig. 4: Residual modulation spectrum and its approximation for the period of 2009 (A<0) for the C2016 model [Corti
et al. 2016] as a function of rigidity (left panel). Comparison of residual modulation spectra for various solar activity
minima (right panel).

Let’s consider the residual modulation spectrum behavior at different solar magnetic field polarities. The
residual modulation spectra for 6 solar activity minima are shown in the right panel of Fig. 4. For any polarity,
the rigidity spectrum is a power-law modulated by an exponential function in the region of high rigidities.
This should be expected, since the residual modulation, in general, occurs in the far heliosphere, where the
magnetic field is not even azimuthal, but is already highly turbulent. The dispersion of residual modulation
values, for example, for 10 GV is about 5%, which agrees with the results shown on Figure 3.

A comparison can be made with the modulation spectrum on the Earth’s orbit, determined in (Yanke
et al. 2021). For the negative polarity of the solar magnetic field, such a spectrum is a power-law, modulat-
ed by an exponential function in the region of high rigidities, for positive polarity it is purely power-law.
The reason is that in the first case, the particles enter the inner heliosphere through the neutral current
sheet, in the second case - through the polar regions.

Above, we considered the residual modulation and its dependence on particle energy for the modern
era, but its temporal changes in a historical perspective are also of interest.

5. Retrospectively determined residual modulation

Retrospectively, the residual modulation was discussed in (McCracken 2007; McCracken et al. 2007). This
work was based on the combined instrumental neutron monitor data “pseudo-Climax“ and cosmogenic
isotope °Be data. The analysis shows that the intensity of cosmic rays steadily decreased; the residual
modulation at solar cycle minima increased from 5% at the Spoerer minimum in the 15th century to 18%
at present for an effective rigidity of 10 GV.

Based on modern instrumental data, we obtained the residual modulation value A=19:+0.4(stat)+2(sys) %,
which resonates well with (McCracken et al. 2007).
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Fig. 5: Left panel - estimation (1428-1954) and observations (1951-2005) of neutron component variations for 10 GV. LIS
line - calculated speed in the solar modulation absence [McCracken 2007; McCracken et al. 2007]. Solar activity indices
forthe period of the Middle Ages from 1400-1600 were obtained in [Usoskin et al. 2003]. Right panel - Heliomagnetic field
near the Earth's orbit. The field was not obtained independently but reconstructed from the data of the previous figure of
cosmic ray intensity in the heliosphere. [McCracken 2007a].

For a rigidity of 10 GV (neutron monitors), a residual modulation comparison and its time dependence
is shown in Fig. 5 (left panel). A steady increase of the residual modulation is seen, which is a constant
property of the galactic cosmic rays intensity on the Earth during the past five centuries.

The data in Figure 5 allow us to determine how long will it take the interstellar spectrum cosmic rays to
fill the entire heliosphere if the Sun activity drops to zero.

Let’s consider three known minima of solar activity: minimum of Spoerer, Maunder and Dalton.

The most famous, the Maunder minimum lasted from 1645 to 1715, and the cosmic rays intensity
reached the LIS level around 1700, i.e. the delay time of the cosmic rays response to the Maunder min-
imum beginning is about 50 years. That is, the solar system is freed from the influence of the Maunder
minimum for 50 years.

The Spoerer minimum lasted from 1415 to 1534, solar activity reached zero in ~1450, but cosmic rays
reached a maximum on the Earth orbit only in ~1525 (the cosmic ray intensity reached a local maxi-
mum about 75 years later). On Fig. 5 (lower left panel) solar activity observed data are supplemented
with reconstructed sunspot values for the Middle Ages by the method '°Be analysis of Antarctic ice cores
(Usoskin et al. 2003) (scaled by a factor of 2.5).

The Dalton minimum lasted from 1790 to 1830, but the cosmic rays intensity reached a local maximum
after about 12 years, which is also noted in Fig. 5.

On Fig. 5 (right panel) shows the heliomagnetic field near the Earth’s orbit (Caballero-Lopez et al.
2004). The results of this figure are based on cosmic ray intensity data (left panel) (McCracken 2007a).
Three independent reconstructions of the heliomagnetic field (details in McCracken 2007) confirm this
result. The most notable feature of Fig. 5 (right panel) is the steady long-term change in the interplanetary
magnetic field between the 15th and 21st centuries from ~0.5 nT to the current level. Analyzing the results
of Fig. 3 and Fig. 5, we can conclude that the cosmic rays residual modulation over the past 400 years has

steadily increased to the current level.
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Fig. 6: Time dependence of the count rate of particles with energies >70 MeV according to Voyager-1 data [Cummings et al.
2016]. Estimation of modulation at key points of the Voyager-1 trajectory.

Based on the values of the residual modulation, we can consider two possibilities for realizing the
radial dependence of the diffusion coefficient. With the active Sun, diffusion coefficient is K~r. Then,
modulation M~In(r) and, at velocity V, of the solar wind, according to the Parker model, the gradient
isdj/dr = sz/ K,-J (r) « r7, i.e. the modulation mainly occurs in the near heliosphere. With the quiet
Sun, diffusion coefficient K = const. Then the modulation is linear M~r and grad(J)~1%/AU. The modu-
lation occurs throughout the entire heliosphere, and, hence, the calculated residual modulation is real-
istically achievable.

When analyzing the flattening of the spectrum at low energies (Fig. 1), the question may arise whether
cosmic rays beyond the heliopause at a distance of 122 AU are subject to any modulation and what contri-
bution does the region between the heliopause and the bow shock make? There are other uncertainties,
some of which are discussed in (Krainev et al. 2003; Krymsky et al. 1981).

Possible modulation of the cosmic rays outside the heliopause based on the magnetohydrodynamic
model for the heliospheric medium was considered in (Strauss et al. 2013). It is shown that galactic CR
modulation should persist beyond the heliosphere, where a positive CR gradient of ~0.2 %/AU should
be expected. Such a gradient can hardly be considered small, since it is not even an order of magni-
tude smaller than in the near heliosphere. As a result, modulation outside the heliopause can reach
25% =+ 40% depending on the scenario determined by a set of CR modulation parameters. As a result,
as suggested by the authors of (Strauss et al. 2013), the spectra measured by Voyager-1 are not yet true
LIS spectra.

There may be another mechanism. The flattening of the CR spectrum may be due to the particles en-
ergy losses during their propagation in the Galaxy. For example, in (Werhahn et al. 2021), the stationary
spectra of cosmic rays in a three-dimensional galaxy are calculated taking into account energy losses.
The 3D MHD model self-consistently includes cosmic rays (protons, electrons, positrons). In the model,
in particular, for protons, Coulomb and hadronic losses were taken into account and losses due to advec-
tion and diffusion (due to advection and diffusion) were estimated, provided that the diffusion coefficient
depends on energy. The authors found that the spectra of protons above 10 GeV weakly depend on the
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galactic radius, while at lower energies they acquire a radial dependence due to Coulomb interactions.
The spectrum of protons below 1 GeV is flattened due to Coulomb interactions (which causes a spectral
flattening) and turns into a reverse (a turn-over), which is consistent with the Voyager-1 data. The ob-
tained stationary proton spectra provide excellent agreement with the observed spectra without the need
for fine tuning over the entire range if the averaging was carried out for a height of 1 kpc.

Does residual modulation occur throughout the heliosphere? Direct measurements from Voyager 1 and
2 indicate that most of the residual modulation occurs between the shock wave that limits the supersonic
flow of the solar wind and the heliopause. This can be seen in Fig. 6, which shows the count rate of a chan-
nel dominated by protons >70 MeV (with some fraction of electrons with energy >15 MeV) along the Voyag-
er 1 route (Cummings et al. 2016). It can be seen that the modulation behind the shock front is comparable
to the modulation from maximum to minimum in the 1980s. There are also theoretical considerations for
this, since the perturbation of the medium increases behind the front of shock waves and stronger scatter-
ing and, hence, stronger modulation occurs.

6. Conclusions

1. An analysis of the modulation of cosmic rays into the heliospheres showed that even in the period
of an exceptionally quiet Sun (2009), the residual modulation is significant for the entire range of
rigidities under consideration (4 - 40 GV). For 10 GV particles, the residual modulation modulus is
A =1920.4(stat)+2(sys) % .

2. The spectrum of residual modulation at different polarities of the solar magnetic field can be described
by a power function with an additional exponential dependence in the region of high rigidities.

3. The quiet Sun is capable of modulating the local interstellar spectrum by about the same magnitude
as the Sun in its active phase of a relatively quiet period.

4. The resulting residual modulation for a rigidity of 10 GV is in good agreement with the results of the
work based on combining data from a modern neutron monitor and cosmogenic isotope °Be data.
The delay time of the response of cosmic rays relative to the moment of “disappearance” of the mag-
netic field of the Sun can be about 50 years.
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Questions and answers

Question 1: Flattening of the spectrum at low energies as a result of diffusion or energy losses - what is

actually realized?

Answer 1: Both processes, but the flattening of the spectrum due to energy losses, apparently, dominates.

Question 2: Are there other options besides PAMELA data for calibrating ground detectors?
Answer 2: Yes, there is. For the period after 2011, AMS-02 data can be used; for the period from the 1970s,

magnetic spectrometer data obtained during balloon measurements in the stratosphere can be used.
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Real time monitoring of the angular distribution
of cosmic rays with Ring of Stations method
using NMDB data
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Abstract

Observing cosmic rays' angular distribution is essential to study Forbush decreases, and doingitin real time
is quite helpful for space weather forecasting. By analyzing this distribution one can detect anomalies and
predict possible commencement of a storm. The ring of stations method described by Abunina et al. (2020)
suits really well for this task since it does not require any complicated modelling. We present an online tool
built for this task. It collects hourly data from NMDB automatically and presents it visually as a longitude-
time distribution plot. Apart from the plot itself, it also features the precursor index, which is intended to

display likelihood of storm in the upcoming hours.

Cosmicrays in the heliosphere
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Abstract

Galactic cosmic rays (GCRs) are high-energy protons and atomic nuclei entering the Heliosphere from the
interstellar mediumand propagating through aturbulentsolarwind withanembedded heliospheric magnetic
field. This leads to the so-called solar modulation, namely significant global and temporal variations in
the GCR intensity and energy spectra as a function of position inside the heliosphere on long time scales
(11-year solar activity cycle, 22-year magnetic polarity cycle). The modulation of GCRs involves several
physical mechanisms such as diffusion, convection, adiabatic energy losses and drifts. The GCR intensity

is also variable at short-term temporal scales. For instance, the large-scale magnetic field configuration
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of interplanetary perturbations can produce GCR depressions called Forbush decreases. In addition, the
emission at the Sun of high-energy solar particles (the so-called solar cosmic rays) produces increases in
the GCR intensity. This tutorial provides an overview of GCR variability as measured by the ground-based
neutron monitors and spacecraft at different locations in the Heliosphere as well as the physical processes

responsible for the solar modulation and short-term variations.

Cosmicray intensity and spectral changes
during 27-day variations using time-delay
measurements from Antarctic neutron monitors

Pradiphat Muangha'?, David Ruffolo *“, Alejandro Saiz *'', Chanoknan Banglieng *'3, Paul Evenson 4,
Surujhdeo Seunarine “ % Suyeon Oh¢, Jongil Jung 7, Marc L. Duldig *'8, John E. Humble '8

Correspondence
1 Department of Physics, Faculty of Science, Mahidol University, Bangkok, Thailand
2 NARIT - National Astronomical Research Institute of Thailand, Chiang Mai, Thailand

w

Division of Physics, Faculty of Science and Technology, Rajamangala University of Technology Thanyaburi,
Pathum Thani, Thailand

Department of Physics and Astronomy, University of Delaware, Newark, USA

Department of Physics, University of Wisconsin, River Falls, USA

Department of Earth Science Education, Chonnam National University, Gwangju, South Korea

Department of Astronomy, Space Science and Geology, Chungnam National University, Daejeon, South Korea

o N o o~

School of Natural Sciences, University of Tasmania, Hobart, Australia

Abstract

Using neutron time-delay measurements from Antarctic neutron monitors, we can extract the leader fraction,
L, of neutron counts that do not follow a previous neutron count in the same counter tube due to the cosmic
ray shower. L, the inverse of the neutron multiplicity, can indicate variations in the cosmic-ray spectral index
over the rigidity range of the NM response function. In this presentation, a comparative analysis of L from
four Antarctic NM stations at South Pole (SP), McMurdo (MC), and Jang Bogo (JB), and Mawson (MA) will
be presented. We find that L is well correlated with the spectral index inferred using data from the Alpha
Magnetic Spectrometer (AMS-02) aboard the International Space Station. The wavelet analysis of the count
rate C, and heliosphere parameters show a strong 27-day periodicity due to high-speed solar wind streams

(HSSs) and corotating interaction regions (CIRs) while L usually had a very weak variation.
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Large amplitude bidirectional anisotropy of
cosmic-ray intensity observed in November, 2021
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Abstract

We analyze the cosmic-ray variations during a significant Forbush decrease observed with world-wide
networks of ground-based neutron monitors and muon detectors during November 3-5, 2021. Utilizing
the difference between primary cosmic-ray rigidities monitored by neutron monitors and muon detectors,
we deduce the rigidity spectra of the cosmic-ray density (or omnidirectional intensity) and the first- and
second-orderanisotropies separately, for each hour of data. A clear two-step decrease is seen in the cosmic-
ray density with the first ~2 % decrease after the interplanetary shock arrival followed by the second ~5
% decrease inside the magnetic flux rope (MFR) at 15 GV. Most strikingly, a large bidirectional streaming
along the magnetic field is observed in the MFR with a peak amplitude of ~5 % at 15 GV which is comparable
to the total density decrease inside the MFR. The bidirectional streaming could be explained by adiabatic

deceleration and/or focusing in the expanding MFR, which have stronger effects for pitch angles near 90
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degrees, or by selective entry of GCRs along a leg of the MFR. The peak anisotropy and density depression in
the flux rope both decrease with increasingrigidity. The spectra vary dynamically indicating that the temporal

variations of density and anisotropy appear different in neutron monitor and muon detector data.
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Abstract

The Galactic cosmic ray spectrum manifests subtle variations over the 22-year solar magnetic cycle in addition to
more pronounced variations over the 11-year sunspot cycle. We conducted numerous latitude surveys by operating
a neutron monitor onboard icebreakers that traveled across a wide range of geomagnetic cutoff rigidity. Here we
revisit our previous work to study spectral changes using 13 annual latitude surveys from 1994 to 2007 using neutron
monitor data from Mawson instead of McMurdo (closed in 2017) to allow extension to more recent latitude surveys.
We confirm linear trends between count rates at different geomagnetic cutoff rigidity and changes in slope before
and after the polarity reversalin 2000. We performed two more latitude surveys (in 2019 and 2020) with a monitor
similar to the 3NMé4 in the previous surveys but without lead rings around the central tube; a so-called “semi-
leaded neutron monitor”. We found similar results for the relationship between the count rate of the semi-leaded
neutron monitor and that of the Mawson neutron monitor in Antarctica. We confirm the “crossover” in spectra
measured near solar minima during epochs of opposite solar magnetic polarity using recent latitude surveys and
verify the absence of crossover for the same solar magnetic polarity. Thus we confirm both the change in the linear
relationship and the crossover as effects of solar magnetic polarity on the cosmic ray spectrum resulting from solar

modulation. Partially supported by grant RTA6280002 from Thailand Science Resesarch and Innovation.
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Abstract

The flux of galactic cosmic rays (GCR) is considered to be constant in the local interstellar medium, but upon
arriving in the heliosphere, they experience modulation due to the magnetic activity of the Sun. This variation
can be observed, e.g., when measuring GCR fluxes with neutron monitors (NMs). In order to parameterize
the level of modulation, the heliospheric modulation potential, phi, is often used. This parameter is usually
evaluated from the measurements by multiple NM stations by employing models of the cosmic ray yield
functions, after correcting for the geomagnetic rigidity cutoff and atmospheric effects. In this work, we employ
the recently updated yield function as presented in Mishev2020 and a new method of minimized root-mean-

square errors in order to compute the modulation potential and the station-specific scaling factors.
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Abstract

Since 1974, the U.S. National Oceanic and Atmospheric Administration (NOAA) has observed solar proton
fluxes from the Geostationary Operational Environmental Satellites (GOES). These observations frequently
have served as measurements of the primary component of ground level enhancements (GLEs). Until March
2020, when GOES-14 and -15 were turned off, solar proton measurements were made by the Energetic
Particle Sensor (EPS) and the High-Energy Proton and Alpha Detector (HEPAD). EPS had poor energy
resolution above 100 MeV, and NOAA derived a >100 MeV integral flux from the EPS channels to support
alerts issued by the Space Weather Forecast Office. HEPAD provided some energy resolution in the 330-700
MeV range and a >700 MeV integral channel. Starting with GOES-16, a new instrument called the Solar and
Galactic Proton Sensor (SGPS) has replaced EPS and HEPAD. SGPS uses three solid-state telescopes to
observe solar proton fluxes between 1 and 500 MeV with a >500 MeV integral channel. The >100 MeV integral
flux is now derived from SGPS observations and includes the >500 MeV flux in its derivation. In this paper,
we describe the older EPS and HEPAD observations and the new SGPS solar proton observations. We also
compare methods for detecting solar proton event onsets currently used with GOES and neutron monitor

observations and recommend some innovations.

1. Introduction

In the study of ground level enhancements (GLEs), observations of the primary population are provided
by satellite observations in Earth orbit or at the first Sun-Earth Lagrange point. One source of such ob-
servations has been the series of Geostationary Operational Environmental Satellites (GOES) operated by
NOAA since 1974. The GOES series of weather satellites has operated in geostationary orbit (GEO), which

most of the time lies within Earth’s magnetosphere, apart from brief excursions into the magnetosheath.
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Access of solar energetic particles (SEPs) to GEO is affected by the geomagnetic field, more strongly at
lower energies, and trapped magnetospheric proton populations are nearly always present below 2 MeV,
preventing clear observations of SEPs at lower energies. However, SEP fluxes above 500 MeV, which have
ground-level signatures, have unimpeded access to GEO.

The purpose of this paper is to provide an introduction to GOES observations during GLEs. These ob-
servations include the long series of Energetic Particle Sensors (EPS) and High Energy Proton and Alpha
Detectors (HEPAD), which ceased operations in 2020, and the new series of Solar and Galactic Proton
Sensors (SGPS), which to date have observed GLEs 72 (September 2017) and 73 (October 2021). Because
the primary purpose of these space weather sensors is to support NOAA’s real-time SEP event alerts, this
paper compares the NOAA-issued alerts of GLEs 72 and 73 with the alerts issued by the neutron moni-
tor-based GLE Alert Plus systems, which follow different protocols. The paper concludes with recommen-
dations for innovations to these alert systems.

2. Detection of >100 MeV fluxes on GOES 8-15

Prior to GOES-16, SWPC issued >100 MeV proton alerts based on observations by the GOES Energetic
Particle Sensor (EPS). Specifically, >100 MeV fluxes were derived from the P6 and P7 channel proton
fluxes measured by the EPS Dome D5. The basic D5 design did not change from GOES-4 (launched 9
September 1980) to GOES-15 (launched 4 March 2010). It had a large fan-shaped field-of-view (70° by
130°) defined by a tungsten collimator that also shielded the sides. The outputs of two silicon surface-
barrier detectors (25 mm?, each 1500-micron thick) under an 8.0 g/cm? copper moderator were summed
to create one energy deposition signal. The two D5 proton channels P6 and P7 were distinguished by
deposited energy (P6: 3.5-28.0 MeV; P7 1.6-3.5 MeV). This relatively simple design resulted in consistent
performance among the GOES 8-15 units (Rodriguez et al. 2014). However, the energy resolution was
poor, and, with no anticoincidence, the observations were susceptible to contamination by protons that
penetrated the structure. A copper plug on the back was penetrated by >80 MeV protons, and >120 MeV
protons penetrated the tungsten collimator, resulting in a nearly omnidirectional response at the highest
energies (Panametrics 1980; Sellers & Hanser 1996). The resulting energy responses were 84-200 MeV
for P6 and 110-900 MeV for P7 (Onsager et al. 1996).

An algorithm developed by R. Zwickl (unpublished until documented by Rodriguez et al. 2017) estimated
the >100 MeV flux by determining a piecewise power-law from the ratios of observed channel count rates.
The upper integration limit of the extrapolated power law was set at 500 MeV (though P7 had a strong res-
ponse to protons above 500 MeV). SWPC issued an alert when the >100 MeV flux reached 1 p/(cm?s sr) =
1 particle flux unit (pfu).

EPS P6 and P7 proton measurements do not exhibit the diurnal variations typical of 100s of keV to mul-
tiple MeV electron fluxes at geosynchronous, including during periods when the Earth’s radiation belts are
significantly enhanced. This lack of electron contamination in the EPS proton channels is illustrated in Figu-
re 1, in which the GOES-13 EPS P6 and P7 fluxes from September 2017 are plotted along with the >0.8 and
>2 MeV radiation belt fluxes also observed by GOES-13 EPS. In addition, solar energetic electrons are not
expected to penetrate directly to GEO due to low magnetic rigidity in their characteristic energy range. There-

fore, there is no evidence that GOES EPS solar proton observations are contaminated by solar electron fluxes.
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Fig. 1: GOES-13 EPS proton and electron fluxes from September 2017, illustrating the lack of electron contamination of the
proton fluxes. The top panel shows the P6 and P7 channel proton fluxes observed by the westward-looking EPS. The indicated
energies are from the cross-calibration by Sandberg et al. (2014). The bottom panel shows the >0.8 and >2 MeV radiation belt
electron fluxes observed by the same instrument. The gaps in the >2 MeV fluxes correspond to periods when the observations
are dominated by contamination from solar protons or when the electron fluxes are below background levels. While the
EPS >2 MeV electron fluxes are always contaminated by proton fluxes from large SEP events, the converse is not true.

In addition to EPS, a High Energy Proton and Alpha Detector (HEPAD) solid-state telescope (70-degree
full-angle conical FOV) measured >330 MeV protons on GOES 4-15. The GOES-4 and -5 HEPAD data were
not archived, and the GOES-7 HEPAD failed on-orbit. Therefore, HEPAD data are available from GOES-6
and 8-15 (Sauer 1993; Sellers & Hanser 1996; Raukunen et al. 2020). The first GLE observed by GOES-6
was GLE 39 (February 1984), and the final GLE observed by GOES 13-15 was GLE 72 (September 2017).
An enhancement above cosmic ray backgrounds in the HEPAD >700 MeV proton channel was a reliable
signature of the primary component of a GLE, with some important exceptions (Thakur et al. 2016).

The HEPAD proton channels result from triple coincidences among two silicon detectors and the out-
put of a photomultiplier tube illuminated by a fused silica Cherenkov radiator (Rinehart 1978). The nom-
inal energies of the proton channel set are 330-420 MeV (P8), 420-510 MeV (P9), 510-700 MeV (P10),
and >700 MeV (P11) (Sellers & Hanser 1996). In actuality, the response functions overlap substantially,
and all of the channels have significant responses above their nominal energy range, those for P8 and
P9 being due to rear entry (Raukunen et al. 2020). Signals above backgrounds in the two alpha particle
channels are very rare and moreover are contaminated by proton fluxes, since protons in the tail of the
distribution are mistaken for alpha particles (Blake & Kolasinski, n.d.). HEPAD was designed to reject
<4 MeV electrons in-aperture and <7 MeV electrons out-of-aperture (Rinehart 1978) and was measured
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to have no significant response below 10 MeV (Panametrics 1980). Although HEPAD proton fluxes are
susceptible to contamination by >10 MeV electrons (Blake & O‘Brien 2012), observable levels of such
electron fluxes are rare in geostationary orbit and can be distinguished by their characteristic diurnal
variations, which are not present in >330 MeV solar proton fluxes.

Comparative plots of the onsets of GLE events from Solar Cycles 23 and 24 as observed by neutron
monitors and by GOES EPS (channel P7 and >100 MeV flux) and HEPAD (channels P8, P9, P10 and P11),
all at 1-minute resolution, can be found in He and Rodriguez (2018; GLEs 55-71) and in Redmon et al.
(2018; GLE 72).

Accurate EPS and HEPAD calibrations have been difficult to achieve. While important work on
cross-calibration and incorporation of EPS and HEPAD into models has been performed recently (Sand-
berg et al. 2014; Bruno 2017; Rodriguez et al. 2017; Raukunen et al. 2020; Kress et al. 2021; Hu &
Semones 2022), the final word on EPS and HEPAD calibrations has yet to be written.

The flow of space environment data from GOES-13 ceased on 14 December 2017. The flow of space
environment data from GOES-14 and -15 ceased on 4 March 2020.

3. New solar proton detector on GOES-16+

The first of a new series of particle detection instrument suites — the Space Environment In-Situ Sui-
te (SEISS) — was launched on GOES-16 on November 19, 2016. Subsequently, SEISS has launched on
GOES-17 (01 March 2018) and GOES-18 (01 March 2022). SEISS consists of five instruments, four of
which measure solar energetic particle (SEP) fluxes (Dichter et al. 2015; Kress et al. 2020). These inst-
ruments represent the first completely new designs of GOES SEP detectors directed by NOAA since the
1970°s. The primary SEP instrument is the Solar and Galactic Proton Sensor (SGPS). Each satellite carries
two SGPS instruments, one looking east and one looking west. The westward observations of solar pro-
tons are attenuated much less by geomagnetic cutoffs than the eastward observations (Rodriguez et al.
2010; Kress et al. 2013). SGPS observes 1-500 MeV solar proton fluxes in 13 differential channels and
integral fluxes in a >500 MeV channel, and 1-224 MeV/nucleon alpha particle fluxes in 12 differential
channels. From 1 to 12 MeV, its energy range overlaps the 4 highest energy channels of the proton tele-
scopes of the Magnetospheric Particle Sensor - High Energy (MPS-HI). The Energetic Heavy Ion Sensor
(EHIS) observes heavy ion fluxes in 5 differential channels spanning energy ranges that vary from 18-335
MeV/nucleon for carbon to 39-897 MeV/nucleon for copper. In addition, EHIS observes H (11-239 MeV)
and He (11-154 MeV/nucleon) ion fluxes.

A more detailed description of the SGPS instrument and data, including the proton energy channels
and their geometric factors, is provided by Kress et al. (2021). In brief, each SGPS consists of three pass-
ively-shielded solid state telescopes, each of which covers a different part of the 1-500 MeV energy range.
The three telescopes have 60, 60 and 90 degree conical fields-of-view. The >500 MeV proton channel
has a much larger geometric factor (2.5 cm? sr; Kress et al. 2021) than the HEPAD channels in a similar
energy range (~0.6 cm? sr; Raukunen et al. 2020). Kress et al. (2021) include a comprehensive evaluation
of the GOES-16 proton fluxes from the SEP event commencing on 10 September 2017, which included
the primary component of GLE 72. Based on cross-calibrations during this SEP event, the SGPS fluxes

above 100 MeV are about a factor of two greater than the equivalent EPS fluxes when the effective EPS
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Fig. 2: GOES-17 SGPS proton fluxes from 28 October through 7 November 2021, showing the GLE 73 SEP event. The top
panel shows the 1-500 MeV differential fluxes observed by the eastward-looking SGPS. The middle panel is a similar plot
of the observations by the westward-looking SGPS. The bottom panel shows the >500 MeV fluxes from both the eastward
and westward SGPSs.

energies derived by Sandberg et al. (2014) are used in the analysis. These effective EPS energies in turn
were derived from cross-calibrations with IMP-8 observations. SWPC's >100 MeV solar proton alerts are
issued based on integral fluxes derived using a new algorithm from the six channels of the third telescope
of the westward-looking SGPS (Rodriguez et al. 2017; Kress et al. 2021). The EPS >100 MeV proton flux
had an upper integration limit of 500 MeV, and in the absence of a SEP event, the backgrounds were
residual noise from background subtractions. In contrast, the SGPS >100 MeV proton flux includes the
>500 MeV P11 channel flux in the sum, and in the absence of a SEP event, the backgrounds represent
the calibrated >500 MeV GCR proton flux. SGPS differential and integral fluxes are available in 1-minute
and 5-minute averages.

The first GLE event of Solar Cycle 25, commencing on 28 October 2021, was observed by the GOES-16
and -17 SGPS instruments. The GOES-17 SGPS time series are shown in Figure 2. The lower energy chan-
nels from the eastward-facing sensor exhibit more fluctuations than the fluxes from the westward-facing
sensor, due to time-variations in the geomagnetic cutoffs. The P11 >500 MeV channel is sensitive to the
primaries of GLE 73 and to the Forbush decrease (Forbush 1937) in galactic cosmic ray (GCR) fluxes that
commenced late on 3 November following the arrival of a solar wind shock at Earth.

The SGPS differential channels were designed and calibrated to observe SEP events, whose spectra

decrease with energy. In the presence of a GCR spectrum, which is flat or increasing with energy over
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Fig. 3: GOES-16 SGPS background fluxes (blue curve), a GOES-16 SGPS solar proton spectrum from 11 September 2017,
0730 UT (red curve), and GCR model spectra from the Matthis et al. (2013) and O'Neill et al. (2015) models (black curves).
The P10 channel provides a calibrated measure of differential GCR proton fluxes in the absence of solar proton fluxes.

the SGPS energy range, the backgrounds in channels P3-P9 (3.4-275 MeV) are up to several orders of
magnitude greater than the GCR flux levels at those energies, due to their sensitivity to higher-energy
protons (Figure 3). In the absence of a large SEP event, the fluxes in SGPS channels P1 and P2 are do-
minated by trapped magnetospheric protons, which exhibit similar temporal variations to radiation belt
electrons, and the SGPS P10 fluxes are within a factor of two of fluxes predicted by the Matthia et al.
(2013) and Badhwar-O‘Neill 2014 (O‘Neill et al. 2015) GCR models. Since the P10 energy band (276-404
MeV) bounds the GCR spectrum peak, it provides a calibrated measure of GCR flux during quiet solar
conditions. SGPS channels P10 and P11 thus provide reliable GCR differential and integral proton fluxes,
respectively, in their energy ranges.

The GLE 73 event was an unusual event in that the typical decreasing power law spectrum was not ob-
served until 30 October 2021. On 28 October, the 3.4-23 MeV fluxes were sufficiently low that they were
dominated by contamination from >60 MeV protons, to which the Telescope 1 channels are sensitive
(Kress et al. 2021). In spectra from 28 October (18 UT), the P1 and P2A,B fluxes represent the high-ener-
gy tail of the trapped magnetospheric proton population, while P3, P4 and P5 are dominated by their >60
MeV responses (Figure 4). These low-energy SGPS fluxes should be treated with caution in the presence
of a hard proton energy spectrum until a correction is put in place for this contamination.
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Fig. 4: SGPS proton differential number flux energy spectra from 28 October 2021, 1800 UT. (Left) Spectrum from the
westward-looking SGPS on GOES-16. (Right) Spectrum from the eastward-looking SGPS on GOES-17. P3, P4, and P5
show evidence of contamination by >60 MeV protons.

4. NOAA and GLE Alert Plus alerts of GLEs 72 and 73

The NOAA SWPC and GLE Alert Plus SEP detection protocols are qualitatively different and produce dif-
ferent results. The NOAA method has a human forecaster in the loop. The forecaster observes 5-minute
real-time averages of >10 MeV and >100 MeV proton fluxes from a single GOES satellite designated the
primary satellite for space weather alerts. After three consecutive 5-minute flux averages are above a fixed
threshold, an alert is issued. The first >10 MeV threshold is 10 pfu. The sole >100 MeV threshold is 1 pfu.
This protocol prevents false alerts but introduces at least a 15-minute delay from the onset of a SEP event.

The GLE Alert Plus alert relies on real-time 1-minute data from multiple stations in the Neutron Mo-
nitor Database (NMDB). Following the method of Kuwabara et al. (2006), a moving threshold that is the
sum of a running average and the scaled standard deviation of the count rates is calculated for each
neutron monitor (NM) station (Souvatzoglou et al. 2014; Mavromichalaki et al. 2018). Depending on
the value of this moving threshold, each station is at one of four alert levels (quiet, watch, warning, and
alert). For a general alert to be issued, at least three stations must be in alert mode. The alert is issued
automatically, and the alert status of each station is provided graphically.

GLE Alert Plus first successfully issued a real-time alert for GLE 72, whose onset was on 10 September 2017
(Mavromichalaki et al. 2018). GLE Alert Plus issued the first NM station alert (Fort Smith) at 1618 UT, and the
general alert based on four stations (Kerguelen, Inuvik, South Pole Bares, Thule) was issued at 1658 UT. The
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Fig.5: The onset of GLE 72 as observed (top) by GOES-13 EPS >100 MeV and GOES-16 SGPS >500 MeV fluxes and (bottom)
by the Kerguelen, Apatity, Fort Smith, and South Pole Bare neutron monitors. The GOES data are shown in integral flux
units, with different scales for the two observations due to the much smallerincrease in the >500 MeV fluxes. The NM data
are normalized to the pre-event levels. The first vertical dashed line indicates the first NM station alert (Fort Smith) at
1618 UT. The first vertical dotted line indicates when the GOES-13 >100 MeV flux crossed the 1 pfu threshold (1625 UT).
The second vertical dotted line indicates when SWPC issued the >100 MeV alert (1640 UT). The second vertical dashed line
indicates when GLE Alert Plus issued the general alert (1658 UT).

GOES-13 >100 MeV flux crossed the 1-pfu threshold at 1625 UT, and SWPC issued the >100 MeV alert at 1640
UT. Therefore, though the first NM station alert preceded the NOAA alert by 7 minutes, the NOAA alert led the
GLE Alert Plus general alert by 18 minutes (Figure 5). The GOES-13 >100 MeV proton flux rose above back-
ground noise similarly to the Fort Smith NM, while the rise of the GOES-16 >500 MeV solar proton flux above the
GCR level was similar to some of the other NM stations like Apatity and Kerguelen. As discussed in connection
with Figure 1, the early onset of the GOES-13 >100 MeV proton fluxes was not due to electron contamination.
The count rates from the EPS P7 channels on GOES-14 and -15 rose less rapidly than the GOES-13 P7 count ra-
tes, from which the >100 MeV fluxes used in the SWPC alert were derived (Redmon et al. 2018). This difference

among the three GOES EPS observations may indicate a longitudinal variation in geostationary orbit.
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Fig. 6: The onset of GLE 73 as observed (top) by GOES-17 SGPS >100 MeV and >500 MeV proton fluxes and (bottom)
by the Fort Smith, South Pole and South Pole Bares neutron monitors. The GOES data are shown in integral flux units,
with different scales for the two observations due to the much smaller increase in the >500 MeV fluxes. The NM data are
normalized to the pre-event levels. The first vertical dashed line indicates the first NM station alert (South Pole Bares) at
1555 UT. The second vertical dashed line indicates when GLE Alert+ issued the general alert (1606 UT). The first vertical
dotted line indicates when the GOES-16 >100 MeV flux crossed the 1 pfu threshold (1635 UT). The second vertical dotted
line indicates when SWPC issued the >100 MeV alert (1651 UT).

The onset of GLE 73 was on 28 October 2021. GLE Alert++ issued the first NM station alert (South
Pole Bares) at 1555 UT, and the general alert based on 3 stations (Fort Smith, South Pole and South Pole
Bares) was issued at 1606 UT. The GOES-16 >100 MeV flux crossed the 1-pfu threshold at 1635 UT, and
SWPC issued the >100 MeV alert at 1651 UT, 45 minutes after the GLE Alert++ general alert (Figure 6). In
this case, the GOES flux increases visibly occurred about 15 minutes later than the NM count rate increa-
ses, and the use of a fixed threshold based on a single satellite, rather than a moving threshold operating
on data from two satellites, delayed the GOES alerts further.
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5. Discussion

In a study of the onsets of GLEs 55-71 that applied a moving threshold detection method similar to that of
Kuwabara et al. (2006) to 1-minute NM and GOES data, He and Rodriguez (2018) found that the median
difference in the event detection times between NM and GOES was 0 minutes, with the 10th, 25th, 75th, and
90th percentiles of the differences (GOES minus NMs) being -7.2, -1.5, +2.5, and +4.2 minutes, respectively.
The detection thresholds were set to avoid false alarms using a three-station coincidence for NM data and a
two-satellite coincidence for GOES data. Using the same algorithm, GLE 72 was detected by some GOES 13-
15 HEPAD channels within two minutes of the Fort Smith station alert (1618 UT) issued by GLE Alert Plus
(Redmon et al. 2018). These differences between NMs and GOES may be due partly to energy dependencies,
anisotropies and geomagnetic effects, and partly to different noise and event-to-background levels in diffe-
rent instruments. A deeper understanding of the causes of these differences should be pursued.

Regardless, a practical alert system should take advantage of these differences to reduce alert delays. As
suggested by He and Rodriguez (2018), an alert system should be developed that relies on real-time 1-mi-
nute data from the NMDB network and from both operational GOES satellites. The >100 MeV and >500 MeV
fluxes from both SGPS instruments on each satellite should be used in such an alert system, although not
all GOES solar proton enhancements in these energy ranges correspond to GLEs (Thakur et al. 2016). The
moving threshold method originally developed by Kuwabara et al. (2006) and implemented successfully in
GLE Alert Plus (Souvatzoglou et al. 2014; Mavromichalaki et al. 2018) should be applied to both the NM and
the GOES data.

6. Summary

The long series of GLE event observations by the GOES Energetic Particle Sensors (EPS) and High Ener-
gy Proton and Alpha Detectors (HEPAD) ended with GLE 72 in September 2017. That GLE was also the
first observed by the series of new Solar and Galactic Proton Sensors (SGPS). To date, SGPS units on two
GOES satellites have observed the primary components of GLEs 72 and 73. The GOES-based >100 MeV
alert issued by NOAA at the onset of GLE 72 preceded the general alert issued by the NMDB-based GLE
Alert Plus system, while the situation was reversed for GLE 73. Understanding the causes of such differ-
ences requires an investigation into the energy-, angular and propagation differences among GLE events
that accounts for different instrument sensitivities and noise levels. Regardless of the causes of these
differences, alert systems should be able to reduce alert delays by relying on observations by the NMDB

network and the two operational GOES satellites.
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and earlier EPS and HEPAD data are available at https://www.ncei.noaa.gov/data/goes-space-environ-

ment-monitor/. The reprocessed pre-operational GOES-16 SGPS solar proton data from GLE 72 are avail-

able at https://www.ngdc.noaa.gov/stp/space-weather/satellite-data/satellite-systems/goesr/solar_pro-

ton_events/sgps_sep2017_event_data/. The operational GOES-16+ SGPS data are available in real time

in JSON format at https://services.swpc.noaa.gov/json/goes/ and retrospectively in daily netCDF files at

https://www.ncei.noaa.gov/products/goes-r-space-environment-in-situ.
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Abstract

Fromthecreationof NMDBin 2007 andthroughthe growthinthe numberofstationsandthe dataaccumulation,
the ShICRA SB RAS group continuously have used its facilities. For the last years we have created a method
for short-term forecasting of intense geomagnetic storms with an advance time 1-2 days. The probability of
forecasting is around 80%. We have reported about the method in the previous NMDB: virtual symposium on
cosmic ray studies with neutron detectors in 2020. The method is based on the global survey method that was
developed in Yakutsk in 1960s and uses the world network of neutron monitors as a single multidirectional
device. The method is intended to estimate hourly dynamics of cosmic ray anisotropy in free-space. Note
that only with the NMDB creation we managed to implement it in real time mode. Now we started work on
creating another method for space weather forecasting by measurements of cosmic ray fluctuations. For this
purpose, we use 1-min data of NMDB. In the current report we present the first results of our investigation
on forecasting of intense geomagnetic storms with Dst < -50 nT. The results obtained indicate the possibility
of developing and implementing in real time a method for predicting strong geophysical manifestations of

space weather on the basis of ground-based cosmic ray measurements.

1. Introduction

The search for effective and timely space weather forecasting is one of the most important tasks of so-
lar-terrestrial relationships. This is due to the fact that its change and subsequent impact on the Earth
is potentially negative. First of all, this concerns geomagnetic storms, which can lead to various kinds
of negative effects on technological systems as, for example, communication disruption or power grid
failures. With the development of modern electronic technology and space exploration, the relevance of
solving this issue is as high as ever.

Observations of the state of near-Earth outer space are traditionally carried out by direct measure-
ments of the parameters of the interplanetary medium with various detectors installed on board space-
craft. At the same time, spacecraft, as a rule, are located in relative proximity to the Earth and are able

to predict with great accuracy the manifestations of changes in space weather on Earth for about 1 hour.
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In this short time, it is practically impossible to take real preventive measures of any kind. On the other
hand, this is possible if, for the purposes of space weather forecasting, ground-based CR measurements
are used, which, due to their long mean free paths, carry information about the properties of the interpla-
netary medium on large scales. A similar approach for space weather forecasting has been developed by
many researchers (as an example, some of them can be mentioned (Mavromichalaki et al. 2006; Bieber
et al. 2004; Kudela et al. 2000)).

Since the early 2000s we are working on developing a space weather forecasting technique based
on ground-based measurements of cosmic rays (Grigoryev et al. 2011; Grigoryev et al. 2015). Thus, the
creation of a database of neutron monitors installed on the worldwide network of CR stations (NMDB)
in 2007, which provides real-time measurement data, allowed us to begin the practical implementation
of the space weather forecasting algorithm based on the global survey method developed in Yakutsk
at the end of the 1960s. In particular, some of the results of this work were presented at the previous
NMDB symposium in 2020 (Gololobov et al. 2020). It was shown that the spatial-angular distribution
of CR experiences changes that are typical only for periods before the arrival of geoeffective solar wind
disturbances, which can lead to strong geomagnetic storms with Dst < -50 nT. In this case, 1 hour CR
registration data are used, and the method developed by us makes it possible to predict such storms with
80% probability.

Another approach to space weather forecasting is to use the recording CR intensity fluctuations (Gri-
goryev et al. 2008). CR fluctuations are understood as non-stationary variations with periods of less than
2-3 hours (with a frequency of more than 10* Hz), which are observed only during large-scale solar wind
disturbances. In connection with this circumstance, the present work is devoted to the development of

a method for predicting space weather from ground-based measurements of CR intensity fluctuations.

2. CRintensity fluctuations

As established back in the 1970s, CR fluctuations arise as a result of modulation of high-energy CR fluxes
(E>1 GeV) by magnetohydrodynamic (MHD) waves. In this case, the relationship between the anisotropic
part of the CR distribution function and Alfvén waves was considered by Owens (1974). In this work, it
was shown that the power spectra of fluctuations of CRs P, (v, 4, V) and the interplanetary magnetic field
(IMF) transverse components P, (v) are related by the relation:

Py(v, V)

P, w Py w
Js B

82 ~ 10762
02 Il BO2

= Cv,p
where B is the average intensity of the IMF, j; is the CR flux, Vis the CR velocity in cm-s™§ ~ Y/ ~ 10°
is the CR flux anisotropy along the magnetic field, U and c are the solar wind and light velocities, C(v, u)
is a parameter that takes into account the nonlinear interaction near resonant frequencies, y is the pitch
angle of the particle, v is the frequency.

On the other hand, in the work of Berezhko and Starodubtsev (Berezhko & Starodubtsev 1988) it was
established that in the presence of fast magnetosonic waves (FMW) in the solar wind, which are capable
of modulating the main, isotropic part of the CR distribution function, the spectra of CR fluctuations and

the IMF modulus are related by the relation:
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where the wave velocityis C,, = 4/(C2+ C2), C, and C;are the velocities of the Alfven and magnetosonic
waves, k is the transverse particle diffusion coefficient, ¢ is the angle between the solar wind direction
and the IMF force lines.

In Berezhko & Starodubtsev (1988) it was shown for a number of events that it is relation (2) that is
applicable to describe the spectrum of CR fluctuations in the frequency range above 10*“ Hz, which is
direct evidence of the generation of CR fluctuations precisely by FMS waves. Moreover, evidence was
given that this type of MHD waves is generated by flows of suprathermal particles, which are often
observed ahead of the fronts of interplanetary shock waves. And since they often cause strong geoma-
gnetic storms, the very registration of CR fluctuations in ground-based detector data can be an effective
predictor of these storms.

3. Method

To determine CR intensity fluctuations in the inertial part of the turbulence spectrum, we use 1-minute
measurements. It should be noted that the huge array of measurement data from neutron monitors with
high temporal resolution, accumulated by the world network of CR stations, is practically not used in any
way, except for the analysis of rare cases of GLE events, and lies unclaimed. Here we use barometric-cor-
rected 1-min data from the Yakutsk (62.02°N, 129.72°E, R =1.65 GV) and Tixie Bay (71.60°N, 128.90°E,
R =0.53 GV) neutron monitors. These stations are part of the Russian national network of CR ground sta-
tions, whose data are transmitted to the NMDB server in real time. Both of these stations are located fairly
close to the same meridian, and the asymptotic angles of arrival of particles at them coincide fairly well.

Fluctuations in CR and the interplanetary medium were analyzed using the standard Blackman-Tukey
method (Blackman & Tukey 1958). In particular, for each station we calculated auto-spectra of CR power

P,v)
P, (v) = 2fw@R (pcos(2nvt)dr
where R xx() is an autocovariance function, w(t) is Tukey’s correlation window, equal to

w (@) = ¥l +cos®), 7 < m

wir) = 0,7 >m

Also, cross power spectra of CR fluctuations were calculated for both stations. Its values can be written as

the sum of the real and imaginary parts of the spectrum components:
P»‘y(V) = ny(v) +j : Q.xy(v)’

where C Xy(v) and Q xy(v) are cospectrum and quadrature spectrum.
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Fig.1: Power spectral densities P, and P, as well as coherence coefficients between ', for different time periods.

FMS!

In this case, along with the spectral power of the signal, the coherence coefficient r,, was determined,
which determines the tightness of the connection between the fluctuations of two quantities. The coher-

ence coefficient is defined as the positive value of the square root of the coherence function:

P 2
rxy(V) =7 er va .

The coherence factor can also be used to determine the type of MHD wave. For example, it is known that

Alfven waves are characterized by high values of the coherence coefficient between the strength of the
IMF and the solar wind velocity, FMW — between the IMF strength and the solar wind density, and slow
magnetosonic waves — between the solar wind velocity and density.

4. Results obtained

We have analyzed more than 100 cases of observation in the 23rd and 24th cycles of solar activity of
strong geomagnetic storms characterized by Dst <-50 nT. Here, as an example, we will consider only one
event of a strong geomagnetic storm with a Dst-index of about -80 nT that occurred on September 20,
2015. Our results are shown in Figure 1. Its analysis shows that in the time period 2015 September 18
(00:01 UT)-19 (00:00UT), a clear increase in the coherence coefficient I’ 4, was observed in the frequency
range <102 Hz of the considered spectrum, which indicates the predominant role of FMS waves in the

formation of the spectrum of IMF fluctuations.
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Fig. 2: Coherence coefficient between CR fluctuations according to measurements of neutron monitors Yakutsk and
TixieBayT,, .

Fig. 3. Left panel: coherence coefficients ", and Dst-index for September 18-20, 2020. Right panel: measurement data
for proton fluxes in 9 differential energy channels (P1=0.130-0.163 MeV, P2 =0.163-0.233 MeV, P3 = 0.233-0.325 MeV,
P4=0.325-0.457 MeV, P5=0.457-0.653 MeV, P6 = 0.653-0.884 MeV, P7 =0.884-1.270 MeV, P8 =1.270-1.740 MeV, P9 =
1.740-2.510 MeV) by the WIND spacecraft over a period of 18-20 September 2015.

Over the same time periods, we determined the coherence coefficients between fluctuations in the CR
intensity recorded at the Yakutsk and Tixie Bay I',,, stations. The results obtained are presented in Figure
2. It is obvious that Iy, also shows high values in the low frequency region. Thus, high values of the co-
herence coefficient between neutron monitor stations can indicate both the presence of FMS waves in the
solar wind and an impending geomagnetic storm.

Let us consider the possibility of using the coherence coefficient I', , as a geomagnetic disturbance pre-
dictor. To do this, we will consider the highest values of the coherence coefficient I',, in the entire spec-
trum range with a step of 1 hour for September 18-20, 2015. The results obtained are shown in Figure 3.
As can be seen from Figure 3 (left panel), 18 hours before the storm that began on September 20, 2015,
high values of I, ,, were observed. At the same time, the results of measurements of the fluxes of super-

thermal protons carried out on the WIND spacecraft (Figure 3, right panel, https://omniweb.gsfc.nasa.
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gov/form/sc_merge_min1.html) show that their growth coincides with the observation of high values of
I, Consequently, superthermal protons can be a source of FMS waves.
Thus, taking into account the behavior of ', , in other events, it can be assumed that it is an effective

predictor of geomagnetic disturbances for medium-term space weather forecasting.

5. Conclusions

1. It is once again confirmed that before the arrival of interplanetary shocks at the Earth’s orbit, in the
inertial part of the solar wind turbulence spectra in the frequency range ~10% + 102 Hz, FMS waves of
significant amplitude are often observed.

2. FMS waves are generated by fluxes of super-thermal particles with energy Ep~1 MeV in the vicinity of
the shock front.

3. The flux of galactic CRs has been subject to modulation by FMS waves, which manifests itself in coher-
ence as the appearance of significant CR fluctuations at frequencies ~10% + 102 Hz.

4. The results obtained indicate the possibility of developing and implementing in real time a method for
predicting strong geophysical manifestations of space weather based on ground-based measurements
of CR intensity.
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Abstract

Changes in the intensity of galactic cosmic rays on Earth and beyond the boundary of the magnetosphere
occur earlier than anincrease in the flux of high-energy magnetospheric electrons with energy >2 MeV in the
geostationary orbit, so the behavior of galactic cosmic rays before and during electron flux enhancements
can provide valuable information about the processes occurring in near-Earth space at this time. The density
and vector anisotropy of galactic cosmic rays for 453 events of high-energy magnetospheric electron flux
enhancements over the period 1996-2020 were calculated by the Global Survey Method (GSM). Some
examples of these events, which are characteristic of different classes of solar sources, are considered.
The behavior of the density and vector anisotropy of galactic cosmic rays before and during electron flux
enhancements in events connected with the arrival to Earth of high-speed streams from coronal holes,

coronal mass ejections associated with solar flares or disappeared solar filaments is revealed.

1. Introduction

The behavior of high-energy electrons in the Earth’s magnetosphere is one of the most actual problems in the phy-
sics of magnetosphere and space weather. First of all this is due to the fact that large enhancements in relativistic
electron fluxes lead to failures in the operation of spacecraft and, in some cases, led to the failure of satellites (Baker
2001; Baker et al. 2001; Belov et al. 2004; Pilipenko et al. 2006; Baker et al. 2018). The anomalies were most often
associated with false commands caused by internal electrostatic discharge. Most of the anomalies were due to the
accumulation of charge inside the electronic components, caused by the impact of high energy electrons (>2 MeV) at
a time when the fluence of such electrons exceeded a dangerous level for two days (Wrenn, Rodgers & Ryden 2002).
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Cosmic rays (CRs) carry extremely important information about the state the interplanetary medium
and near-Earth space, because measurements of galactic CRs (GCRs) on the Earth’s surface by the world-
wide network of neutron monitors are extremely accurate and allow one to calculate the behavior of their
density and anisotropy beyond the magnetosphere boundary using the Global Survey Method (GSM)
(Belov et al. 2018). Forbush effects (FEs) — changes in the density and anisotropy of GCRs caused by
large-scale solar wind (SW) disturbances — are part of complex processes in the interplanetary and near-
Earth medium. However, changes in the CRs density and anisotropy occur earlier than enhancements in
high-energy electron fluxes, so information on the behavior of GCRs can be used to predict electron flux
enhancements and determine their solar sources.

2. Data used

As main characteristics of magnetospheric electron fluxes in geostationary orbits the following were cho-
sen: the particle flux directly measured on the GOES satellites (the number of particles:cm2sr-s!) and
the diurnal fluence (total flux per day) of relativistic magnetospheric electrons with energies > 2 MeV. In-
formation about high-energy electrons, characteristics of solar and interplanetary activity is collected in
the Solar and Geomagnetic Activity (SGA) database, created and maintained at IZMIRAN. This database
contains information on diurnal electron fluences obtained onboard the GOES satellites (https://www.
ngdc.noaa.gov/stp/satellite/goes/index.html) over a 35-year period (1987-2021), information about SW
parameters are taken from the OMNI database (https://omniweb.gsfc.nasa.gov/), information about geo-
magnetic activity — Kp- and Ap-indices (https://kp.gfz-potsdam.de/en/data#c134, Matzka et al. 2021),
Dst-index (http://wdc.kugi.kyoto-u.ac.jp). The SGA database is updated daily.

Electron flux enhancement catalog is given by Kryakunova et al. (2022).

3. Behavior of galactic cosmic rays density and vector anisotropy
before and during magnetospheric electron flux enhancements

GCRs do not affect the generation of magnetospheric electrons, nor do they affect the measurements of
high-energy (>2 MeV) electrons on the GOES satellites themselves. However, changes in the density and
anisotropy of GCRs are part of a complex process of changing near-Earth outer space state, which occurs
due to the arrival of various types of disturbed SW from active processes on the Sun (high-speed streams
(HSS) from coronal holes (CH), coronal mass ejections (CME) associated with solar flares, and disappea-
rances of solar filaments).

To obtain a homogeneous continuous series of CRs density variations (the isotropic part of the inten-
sity) and vector anisotropy, a database of Forbush effects and interplanetary disturbances (FEID) was
created. It includes different effects in GCRs due to large-scale SW disturbances. The capabilities of the
database make it possible to carry out a correlation analysis of various parameters of the interplanetary
medium (SW, interplanetary magnetic field) with the CRs parameters and to study their relationships.

To calculate the GCRs flux density and vector anisotropy the GSM is used (Belov et al. 2018), which allows

one to take into account the influence of the magnetosphere and atmosphere and make calculations ac-


https://doi.org/10.38072/2748-3150/p34
https://www.ngdc.noaa.gov/stp/satellite/goes/index.html
https://www.ngdc.noaa.gov/stp/satellite/goes/index.html
https://omniweb.gsfc.nasa.gov/
https://kp.gfz-potsdam.de/en/data#c134
http://wdc.kugi.kyoto-u.ac.jp

Cosmic ray studies with neutron detectors | Volume 2 (2023) 91
KIEL-UP ¢ DOI: 10.38072/2748-3150/p34

cording to neutron monitors of the world network of ground-based CRs stations. The GSM is a technique
that combines simultaneous ground-based observations of GCRs at different points and makes it possible
to obtain the main characteristics of CRs variations outside the Earth’s atmosphere and magnetosphere.

The global network of CRs stations consists of individual detectors (primarily neutron monitors) located
at different points on the globe and collecting particles in certain cones of asymptotic directions (reception
cones). In the GSM, the entire network is used as a single multichannel device, where each channel-sta-
tion provides information in a certain cone of asymptotic directions, and all channels completely cover
the celestial sphere. The multi-channel nature of such a device ensures the reliability and continuity of
measurements. In comparison with individual CRs stations, the statistical accuracy of the network in-
creases markedly, and the influence of hardware effects is significantly reduced. For example, a separate
neutron supermonitor provides a statistical accuracy of 0.1-0.2%/h, while the entire network of stations
provides accuracy of ~0.01%/h. The GSM makes it possible to determine the density (the isotropic part
of the intensity) and the anisotropy of GCRs for each hour outside the magnetosphere.

The GCRs density and vector anisotropy for 453 events of high-energy magnetospheric electron flux
enhancements over the period 1996-2020 were calculated by the GSM. We considered the threshold of
electron enhancements to be the day when the daily fluence exceeds 108 electrons-cm?-sr’-day*. The
choice of the period from 1996 is due to the fact that only from this time onwards can solar sources of dis-
turbances in CRs flux be sufficiently confidently identified according to the data of Solar and Heliospheric
Observatory (SOHO), launched by the European Space Agency and NASA in the end of 1995.

Let us consider some examples of these 453 events that are typical for different classes of solar
sources. We divided all the events of enhancements in the flux of high-energy magnetospheric electrons
into different groups according to the types of solar sources caused the SW disturbances associated with
enhancements in electron flux and FEs in CRs.

In the first, most numerous group of events, we have collected events related to the disturbances of the
near-Earth space caused by the arrival of HSS from CHs.

The enhancement event on March 19-26, 2006 (see Figure 1) is characterized by a high dangerous
level (> 5000 particles-cm2-sr'-s7!) of electron flux with an energy >2 MeV. The solar source of the enhan-
cement was an HSS with a speed of 714 km/s from a transequatorial CH, which was in the geoeffective
position for 2 days (March 16-17) and then the corresponding HSS impacted the Earth for 5 days (March
18-22). The event is characterized by a smooth behavior of the vector anisotropy (Axy) and a small FE
with amplitude of 1%; five three-hour periods of a small magnetic storm and two periods of a moderate
magnetic storm were recorded in the geomagnetic field. In Fig. 1b and below, purple lines connect the
same time points on the vector anisotropy (Axy) and CR density (4 ) curves.

Now let us consider a group of electron flux enhancement events that solar sources were both HSS
from CHs and CMEs associated with disappearance of solar filaments.

The event of a dangerous enhancement (> 500 particles-cm2-sr-!-s7!) in magnetospheric electron flux
on August 29 - September 2, 2000 is accompanied by an FE of more than 1% and disturbance of the
geomagnetic field to the level of a moderate magnetic storm (Figure 2). The vector anisotropy A, has a
more curved appearance with the rotation of the vectors due to the propagation of GCRs through the CME
associated with the disappearance of the solar filament (DSF).

The event of a dangerous enhancement in magnetospheric electron flux on May 5-15, 1998 was asso-

ciated with the influence on the near-Earth medium of a CME associated with a solar flare that occurred
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Fig. 1: An enhancement in magnetospheric electron flux and the state of the interplanetary and near-Earth medium on
March 17-29, 2006. a) Magnetospheric electron flux, SW speed, Kp and Dst indices of geomagnetic activity; b) A, and
density of galactic CR; c) SW speed and interplanetary magnetic field induction ; d) density A; of galactic CR and AXy .
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Fig. 2: An enhancement in magnetospheric electron flux and the state of the interplanetary and near-Earth medium on
August 27 - September 2, 2020. a) Magnetospheric electron flux, SW speed, Kp and Dst indices of geomagnetic activity; b)
A, and density of GCRs; c) SW speed and interplanetary magnetic field induction; d) density A, of GCRs and A,
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on April 29, 1998 at 16:06 UT. This event was accompanied by an FE of about 6% and a disturbance of
the geomagnetic situation to the level of an exceptionally large magnetic storm (Figure 3). The vector
anisotropy A, has a very complex curved appearance. The average SW speed in this event was 772 km/s.
It should be noted that after an exceptionally large magnetic storm, the electron flux rose only to a high
dangerous level (> 5000 particles-cm-2-sr~'-s! ), practically not exceeding it.

4. Conclusion

From the analysis of 453 events of high-energy magnetospheric electron flux enhancements, in which
the values of the GCRs density and anisotropy beyond the magnetosphere boundary are calculated, it
can be concluded that the vast majority of electron flux enhancements are associated with the arrival of
HSS from CHs to the Earth. In these events, the flux of high-energy electrons exceeds the high dangerous
level most often. In this case, FEs of small magnitude (about 1%) and a smooth behavior of the vector
anisotropy are observed. In events associated with other additional solar sources (two types of CMEs),
an important role in increasing the electron flux is still played by HSS from CHs. In such events, a more
complex, curved behavior of the GCRs vector anisotropy, large magnitudes of FEs in the CRs density, and
an enhancement in the values of the equatorial component of the CRs anisotropy are observed. Single
events of enhancements in high-energy electron flux caused by CMEs & solar flares are observed, howe-
ver, despite large effects in the geomagnetic field, such CMEs do not cause enhancements to high dange-
rous levels in the electron flux.
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Fig. 3: An enhancement in magnetospheric electron flux and the state of the interplanetary and near-Earth medium on May
1-17,1998. a) Magnetospheric electron flux, SW speed, Kp and Dst indices of geomagnetic activity; b) A, and density of
GCRs; c) SW speed and interplanetary magnetic field induction; d) density A, of GCRs and A
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Abstract

Ground level enhancements (GLEs) of cosmic radiation are the result of solar energetic particles (SEPs)
arriving at the Earth, potentially causing major damage to technological systems, but also posing a
threat for human health. Intense SEPs, such as the GLE events, can influence the radiation exposure
of aircrafts and consequently increase the radiation dose on human crew, but also have an impact on
satellites and affect the design of space missions, i.e electronic devices onboard the satellite platforms
etc. Therefore, predicting such events is challenging and one of the most important aspects of space
weather research. In this work the updated GLE Alert++ System of the Athens Neutron Monitor Station
(A.Ne.Mo.S.) implemented by the Athens Cosmic Ray Group of the National and Kapodistrian University
of Athens (NKUA) is being presented. Moreover, the innovations of the updated system in relation to
the previous version of the GLE Alert Plus are introduced. Finally, the most recent and the first of solar
cycle 25 GLE event, GLE73, is discussed. This event was registered by several stations of the worldwide
ground-based neutron monitor network. An accurate alert was issued successfully by the ESA R-ESC
federated product GLE Alert Plus, as well as by the updated GLE Alert++ System of the NKUA/A.Ne.Mo.S.
It should be emphasized that GLE Alert++signal by NKUA/A.Ne.Mo.S. was issued 45 minutes earlier than
the one issued by GOES satellites.
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Fig. 1: The GLE73 as registered by a few neutron monitors (https://www.nmdb.eu/nest/draw_graph.php).

1. Introduction

A GLE of cosmic rays is the result of solar cosmic rays (with proton energies above 500 MeV) arriving at
the Earth. It is observed as an abrupt and sharp increase in the counting rate of ground-based cosmic
ray detectors and lasts several hours (Mavromichalaki et al. 2007; Anashin et al. 2009; Souvatzoglou et
al. 2014) (Fig. 1).

In other words, GLEs are recorded when specific solar processes accelerate charged particles to ener-
gies high enough to be detectable by neutron monitors (NMs) or other particle detectors on the Earth
(http://www.nmdb.eu; http://www.wdch.ru/stp/cosmic_rays/gle.html; https://gle.oulu.fi/#/). Since the-
se particles can possibly create a major problem (Mariatos et al. 2005) in microelectronic systems for sa-
tellites, spacecraft and airplanes, and biological effects on astronauts and air crews (Dorman et al. 2004;
Souvatzoglou et al. 2009; 2014; Kuwabara et al. 2006), developing real-time warning systems using the

neutron monitor network (http://www.nmdb.eu) is really important and useful.

2. Evolution of the GLE Alert system

An algorithm capable of predicting the onset of a GLE and providing an alert is created by the Athens Cos-
mic Ray Group. The first real-time GLE Alert system was installed and operated by Athens Neutron Moni-
tor Data Processing (ANMODAP) Center of the Physics Department of NKUA in 2003 and was described in
Mariatos et al. (2005) and Souvatzoglou et al. (2009). A few years later, in 2010, the GLE Alert system was
installed and operated in the Neutron Monitor Database (NMDB) (Mavromichalaki et al. 2010).
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(a)

(b)

Fig. 2: (a) The previous version: GLE Alert Plus System and (b) the current version: GLE Alert++ System (https://swe.ssa.
esa.int/anemos-federated).

GLE Alert Plus is an improved version of the previous alert system in the frame of European Space
Agency (ESA) SSA P2-VIII project, operating from 2013 until now (Fig. 2). GLE Alert Plus system is develo-
ped by ISNet, uses neutron monitor data from NMDB database and is supported by NKUA and ESA. The
improvements of this software are described in Souvatzoglou et al. (2014).

In 2021, an updated version of the GLE Alert Plus, GLE ALERT ++, was installed by the Athens Cosmic
Ray Group and evaluated by ESA and is now operated at ESA Website (Fig. 2b). This system produces
every minute a General Alert Status and station graph and status for every station participating in the
network (https://swe.ssa.esa.int/anemos-federated).

The main core of the GLE Alert System is presented in Figure 3. As it is shown, each neutron monitor is
treated separately by the GLE Alert and the general alert status is issued according to the number of sta-
tions in alert mode. However, a more extensive description of the physical concept as well as the applied
algorithm are included in Mavromichalaki et al. (2010), Souvatzoglou et al. (2014), Mavromichalaki et al.
(2018) and Mavromichalaki et al. (2022).
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Fig. 3: GLE Alert treats each NM station separately and defines the station status. Depending on the number of stations in
alert mode, GLE Alert defines the corresponding general alert status.

3. The GLE Alert ++ system

In the following a small description of the innovations in this upgraded version of the GLE Alert is pre-
sented. They refer not only to functionality but also to the web interface. Regarding functionality, the
novelties are:

e Lightweight architecture that makes the process of raising an Alert faster, while at the same time
the data are available in real- or near real- time.

¢ mySQL databases to store the one-minute measurements of the stations and the webpage content.

e SQL databases to store the GLE Alert algorithm data in daily base preventing the generation
of huge databases.

e Full parameterization regarding the interface.

¢ Execution of the algorithm for all NM stations in only 3-4 seconds.

¢ Keeping history data to reproduce any past condition.

Regarding the web interface, the novelties are:
¢ A more user-friendly interface

e The alert status extended to a 2-hour timeslot
¢ Providing graphs for each NM station

e Making available raw and history data

¢ Providing data in CSV format

Moreover, regarding the web interface the 4 levels of real-time status have remained as in the previous
version (Quiet: number of stations in >Station Alert« mode = 0; Watch: number of stations in >Station
Alert« mode = 1; Warning: number of stations in >Station Alert« mode = 2; Alert: number of stations in

»Station Alert< mode > 3) as is shown in Figure 4.
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(a) (b)

(a) (b)

Fig. 4: (a) The station status of the NMs used in the GLE Alert ++interface and (b) the corresponding history data.

(a) (b)

(c) (d)

Fig.5: The evolution of the GLE73 by the GLE Alert ++ system.

4. The first GLE Alert notification

GLE73 was detected on 28 October 2021 and was associated with the active region AR12887 on the
central part of the solar disk, which produced an X1.0 solar flare. The event was registered by several
stations of the worldwide ground-based neutron monitor network. The three stations that triggered
the alert were Fort Smith (FSMT) Canada, South Pole Bares (SOPB), Antarctica and South Pole (SOPO)
Antarctica. An accurate alert was issued successfully by the ESA R-ESC federated product GLE Alert
Plus, as well as the updated GLE Alert++ System of the A.Ne.Mo.S. An overview of GLE73, the first of
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solar cycle 25, as well as a post-event analysis is presented in Papaioannou et al. (2022) and in Mavro-
michalaki et al. (2022).

The GLE Alert ++ application produced an email notification that was sent to all subscribed users
on 28 October 2021 at 16:09 UT. The GLE Alert ++ signal by NKUA/A.Ne.Mo.S. was issued 45 min earlier
than the one issued by GOES. In Figure 5 the evolution of GLE73 by the GLE Alert ++ point of view is

being presented.

5. Conclusions

Summarizing it can be claimed that the neutron monitors continue to be the state of the art instrumen-
tation and a unique asset for Space Weather predictions and applications. Both of the GLE Alert Plus,
as well as the updated GLE Alert ++, detected recently the first GLE of solar cycle 25, i.e. GLE73 on 28
October 2021, in real time, sending notification emails to the registered users. It should be highlighted
that forecasting of the upcoming energetic particles by GLE Alert ++ precedes the alerts based on satel-
lites’ data. As it was also mentioned above, many novelties of the upgraded GLE ALERT ++ concerning
the functionality as well as the web interface will help to its continuous and uninterrupted operation,
providing accurate and timely signals.

Furthermore, it is underlined that the GLE Alert ++ service needs timely and reliable real time data.
For this reason the need for recording assessment and a real time assessment index of data provided by
the neutron monitor community is crucial for the cosmic ray studies. The assessment of the real-time
availability of the NM data has to be repeated periodically, in order to update the set of the NMs used in
GLE Alert ++. It is necessary, as operating issues of the stations could be raised. The next step is to incor-
porate to this updated system satellite data in order to avoid possible false alerts.
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Abstract

The first solar proton event observed at ground, that is ground level enhancement, of solar cycle 25 was
detected on 28 October2021 by several neutron monitors (NMs), specifically those in the polarregion as wellas
by space-borne instruments. It was identified as the GLE (ground-level enhancement) #73 in the International
GLE database. The strongest signal at the ground was registered by the DOMC/DOMB monitors located at the
Antarctic plateau at the Concordia French-Italian research station. Here, we report the observations and the
study of this event using the global NM network and SOHO/ERNE records. We present the derived angular and
spectral characteristics of solar energetic protons, including their dynamical evolution throughout the event.

Several applications are discussed, namely the terrestrial effects of the GLE particles during the event.

1. Introduction

A methodological study of high-energy particles originating from the Sun, that is, the solar energetic
particles (SEPs), specifically their properties such as spectra and angular distribution provides a unique
opportunity and basis to reveal important and still open questions as their acceleration and propagation
in the interplanetary space (e.g. Reames 1999, Kocharov et al. 2021). A specific interest represents a
particular class of SEPs, namely particles believed to be the tail of the spectrum, that is, particles with
energy reaching about GeV/nucleon or even greater values. Solar protons with energy above some 300
MeV/nucleon produce, following consecutive interactions, a shower of secondary particles in the Earth’s
atmosphere, so that they can be registered at ground by convenient detectors, that is neutron-monitors
(NMs) (for details see Dorman 2004, Mishev and Poluianov 2021). This specific class of events is known

as ground-level enhancements (GLEs) (Shea and Smart 1982, Poluianov et al. 2017).
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In addition, GLE particles can significantly affect the complex radiation field in the atmosphere as
well as the atmospheric ionization, thus playing an important role in atmospheric chemistry and physics
(Usoskin et al. 2011, Mironova et al. 2015). Since GLEs occur sporadically and differ from each other, spe-
cifically in spectra, angular distribution, duration, and geomagnetic conditions (Moraal and McCracken,
2012) they are naturally studied case-by-case. Here, we consider the latest occurred event upon the sub-
mission of the paper, that is, GLE # 73 observed on 28 October 2021.

2. GLE # 73: Observation and data analysis

The first GLE of the current solar cycle 25 was observed on 28 October 2021, notably by several low-ri-
gidity cut-off NMs, as well as by space-borne instruments (for details see Papaioannou et al. 2022). The
event was associated with an X1.0 solar flare at S28W01 and an asymmetric halo CME. The peak of the soft
X-ray emission was at 15:35 UT. At ground, the peak count rate increase was registered by South Pole SOPO
(5.4%) and South Pole Bare SOPB (5.7%), DOMC (7.3%) and DOMB (14%), standard and bare monitors,
respectively. A detailed report of radio, and X-ray observations is given by Klein et al. (2022).

For the analysis of this event, we used the fact that NMs at different geographic locations are sensitive
to a different part of the SEP spectra and arrival direction, that is, one can use the geomagnetosphere
as a giant spectrometer (Bieber and Evenson, 1995; Mishev and Usoskin 2020). Using the relationship

between NM count rate and primary particles given with the expression:
N(P,ht) =3 /{:}Si(P, h) - J(Rt) - dP 1)

where N(P C,h,t) is the count rate of the NM, S, is the NM yield function, which accounts for the particle
propagation in the atmosphere and the registration efficiency of the device itself, J(Pt) is the rigidity
spectrum of incoming SEPs, P, is the rigidity cut-off of the station, we can model each NM station coun-
ting rate. Here, using Eq. (1), we model the NM count rate increase due to SEPs. Subsequently, on the
basis of the method, details given in (Mishev and Usoskin, 2016; Mishev et al. 2018, 2021), which was
initially developed by Cramp et al. (1997); Vashenyuk et al. (2006), we unfold the GLE characteristics,
that is spectra, apparent source position and pitch angle distribution (PAD).

The method involves the computation of asymptotic directions and rigidity cut-offs of all NMs used for
the data analysis; making a convenient initial guess of the optimization procedure and performing the
optimization itself by minimizing the difference between modeled and recorded NM responses over a se-
lected space of unknown parameters. Here, the rigidity cut-off and asymptotic directions were computed
using a new open-source tool OTSO (Larsen et al. 2022), employing a combination of the IGRF + TSY 89
models (Tsyganenko 1989), which provides reasonable precision and straightforward computation of
the needed parameters for the data analysis (Kudela et al. 2008; Nevalainen et al. 2013). An illustration
of computed asymptotic directions of selected NMs is given in Fig. 1. Thus, using data from the interna-
tional GLE database and the Neutron Monitor Database NMDB (Mavromichalaki et al. 2011), and the afo-
rementioned method, we derived the spectra during GLE # 73. The best fit for the SEP spectra according
to our analysis is depicted by modified power-law Eq. (2)


https://doi.org/10.38072/2748-3150/p36

Cosmic ray studies with neutron detectors | Volume 2 (2023) 107
KIEL-UP ¢ DOI: 10.38072/2748-3150/p36

Fig. 1: Asymptotic directions of several NMs during to the event onset of GLE #73. The cross corresponds to the
interplanetary magnetic field (IMF) direction obtained by the Advanced Composition Explorer (ACE) satellite. The lines of
equal pitch angles relative to the derived anisotropy axis are plotted for 30° and 150° respectively.

J(P) = J,Pvove-n) )
Accordingly, the angular distribution was approximated with Gaussian, see Eq. (3).
G(a(P)~exp( - a?/0?) 3)

The derived spectra and PAD are presented in Fig. 2, whereas the details are reported in (Mishev et al.
2022a). The derived spectra were moderately hard, with a considerable steepening during the event on-
set, which vanished in the late stage of the event. The SEP spectra revealed a gradual softening throug-
hout the event. The derived PAD was relatively wide, considerably wider compared to beam-like events.
In addition, analysis based on SOHO/ERNE shows that the anisotropy of relativistic protons was sur-
prisingly low compared to the anisotropy of deka-MeV protons, notably revealing different anisotropy
direction (Mishev et al. 2022a). While, the low-energy protons arrived predominantly from the north and
west, which is consistent with the observed direction of the interplanetary magnetic field, the relativistic

protons arrived from a location near the eruption center.
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Fig. 2: Derived rigidity spectra and PAD during GLE #73. The solid black line depicts the GCR flux. Time [UT] corresponds
to the start of the five-minute interval over which the data are integrated.

3. Atmosphericionization effect

During GLEs the increased intensity of high-energy particles entering the atmosphere is greatly increa-
sed, leading to enhanced ionization, namely SEPs result in important space weather issues, specifically
over the polar caps, where the geomagnetic shielding is marginal (Usoskin et al. 2011).

Using the derived spectra during the GLE # 73 and employing a model originally developed by Usoskin
and Kovaltsov (2006), and recently verified by stratospheric balloon-borne measurements (Mishev et al.
2022b), we computed the ion production rate in the atmosphere due to GCRs and SEPs over the GLE # 73.
In order to realistically quantify the terrestrial effects of the precipitating high-energy SEPs, specifically
for atmospheric physics and chemistry studies, we normalized the ion production rate to a given period,
namely to 24 hours, employing the recombination model by Krivolutsky et al. (2006) and assuming isotro-
pic distribution (Pétsi and Mishev 2022), that is, we computed the 24h averaged ionization effect similarly
to (Mishev and Velinov 2018, 2020). Employment of an isotropic distribution during these computations is
reasonable, because of the wide angular distribution of incoming SEPs and none the least the fast isotrop-
ization of the event. The computed ionization effect in the upper atmosphere, that is, at a depth of 25 g/cm? is
presented in Fig. 3, and in the region of Regener-Pfotzer maximum (Regener and Pfotzer 1935), at a depth
of 200 g/cm?, in Fig. 4.

One can see that the ionization effect was notable in the upper atmosphere (about 300% in the polar
region, 120% in the sub-polar region, 40% at mid-latitudes and marginal or null in high rigidity cut-
off region), yet considerably diminished at lower altitudes, e.g. at Regener-Pfotzer maximum, (less than

30% in the polar region), due to the softer SEP spectra compared to the GCRs spectra.
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Fig.3: Averaged ionization effect during GLE # 73 at a depth of 25 g/cm?.

Fig.4: Averaged ionization effect during GLE # 73 at a depth of 200 g/cm?.
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4. Conclusion

In the present study here, we derived the spectral and angular characteristics of high-energy SEPs during
the first GLE event of solar cycle 25, namely GLE# 73, which occurred on 28 October 2021. The best fit
was achieved with a modified power-law in the spectrum and a simple Gaussian PAD. Moderately hard
SEP spectra were derived, with considerable steepening, specifically during the event initial stage.

Subsequently, employing a Monte Carlo-based numerical model, we assessed for the first time, the
atmospheric ionization effect during the GLE # 73. It is shown, that the effect was moderate in the polar
region, whilst at mid- and high rigidity cut-off regions was barely seen.

The study presented here, representing full chain analysis of GLEs using NM records, namely derivation

of SEP spectra and computation of terrestrial effects, provides the necessary basis to study the impact of

precipitating high-energy particles in the Earth’s atmosphere at different scales.
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Abstract

Ground level enhancements (GLEs) comprise the high-energy end of solar energetic particle (SEP) events
and constitute a special class in which ions are accelerated to relativistic energies, causing a significant
suddenincrease of cosmicrays atground-based detectors, mainly at neutron monitors (NMs). GLEs require
acceleration processes capable of producing particles with sufficient energy to allow their secondary
productstoreachtheterrestrialgroundand be detected. Moreover, due to their fast propagation, relativistic
protons in GLEs are particularly useful for the identification of SEP sources at the Sun (i.e. flare, coronal
mass ejections) - nonetheless, the debate about the exact nature of GLE mechanisms is still ongoing. GLEs
are furthercritical for the establishment of Space Weather services and the accurate determination of their
imposed radiation risk. In this tutorial, an overview of GLEs with respect to their historical identification,
measurements from the worldwide neutron monitor network, modeling and forecasting efforts will be
provided. In addition, a hands-on tutorial that willdemonstrate how the Neutron Monitor Database (NMDB)

can be utilized for GLE analysis will be conducted.

1. Introduction

Ground level enhancements (GLEs) are short-term increases of the cosmic ray intensity above the ever-
present background of galactic cosmic rays registered at the ground by particle detectors (usually neutron
monitors — NMs; Miroshnichenko, 2001; Poluianov et al. 2017) (see Figure 1). These particles originate at
the Sun and are very fast (i.e. reach near-relativistic energies). GLEs are associated with solar eruptive
events such as solar flares and coronal mass ejections (CMEs). A central scientific question which is still
under debate up to nowadays concerns the mechanisms responsible for the production of these near-re-

lativistic protons that give rise to GLEs.
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Fig. 1: Recordings of GLE71 on 17 May 2012 by South Pole (SOPQ), Fort Smith (FSMT), Apatity (APTY) and Oulu (OULU)
NMs. The red dashed horizontal line depicts the average galactic cosmic ray background and the shaded purple area the
excess of solar cosmic ray particles that constitute this GLE event (adapted from Papaioannou et al. 2014).

Fig. 2: Distribution over time of 68 GLEs since 1956, on the background of the evolving solar cycle. The blue squares depict
the fluence F(>1 GV) for each GLE.

GLEs constitute the most energetic class of solar energetic particle (SEP) events. They were first disco-
vered by Forbush (1946) who identified three unusual cosmic ray increases and further linked them to
charged particles emitted from the Sun. A few years later with the implementation of NMs Meyer, Parker
and Simpson (1956) studied the GLE that was recorded on 23 February 1956 (GLEO5) indicating solar flares
as the driving source of these particles. GLEO5 is the largest GLE event to date (see Usoskin et al. 2020,
Mallios et al. 2022). GLEs are rare events since from 1946 there have only been 73 such events (or 68 if the
counting starts at the NM era, i.e. GLEO5 onwards) leading to a rate of ~1.04 GLEs/yr. Figure 2 depicts all
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68 GLESs since 1956 through their achieved fluence at >I1GV (F(>1GV) in cm?; y-axis on the right) plotted on
the background of the evolving solar cycle which in turn is presented through the sunspot number (SSN;
y-axis on the left). One may notice that GLEO5 achieved a fluence almost one order of magnitude larger
than all other GLEs up until today. Moreover, although GLEs follow the solar cycle (SC) evolution, in ge-
neral, they seem to be present not only in the maximum but also in the ascending and declining phases
of the SC. Finally, SC24 (after 2006) was the weakest SC presented and the origin of only two GLE events.

2. From the Sun to the ground

Multiple steps and building blocks need to be taken into account in order to understand and evaluate the
physics of high-energy particle acceleration, injection and transport in the inner heliosphere, the interac-
tion of these particles with the magnetosphere and the atmosphere of the planet (in our case, the Earth), as
well as, the pivotal role of GLEs and ground based detectors, i.e. NMs. This is because GLE near-relativistic
particles (i.e. “primary” solar cosmic ray particles) are accelerated at the Sun, propagate in interplanetary
space and — once they reach the magnetopause — enter the magnetosphere where their particle trajectories
bent. Consequently they enter the atmosphere and interact with its molecules creating a cascade that
leads to the “secondary” solar cosmic rays. In turn, these secondary products eventually are recorded by
a NM. Hence, it becomes apparent that taking all of the aforementioned steps into consideration is vital
in the understanding of the underlying physics at every step. What is more, GLE recordings are most ap-
propriate to shed light on the problem of particle acceleration, since those: (a) frame the early phase of
SEP events — close to the time of acceleration and (b) the role of interplanetary transport is assumed to be

minimal on the scattering of the particles (i.e. focused transport of near-relativistic particles).

2.1 The Sun is the giver of (life) particles
Paraphrasing Ramses the II, the Sun is the giver of particles. For hundreds of years people are looking at
the Sun, drawing and monitoring its sunspots (Cliver and Herbst 2018). Modern instrumentation allowed
scientists to get unprecedented imaging of the Sun and its dynamics, providing insights to concepts of
i.e. the solar cycle variation and the eruption of solar flares and CMEs. Figure 3 shows a combination
of both these solar eruptive events. In particular, (from left to right), actual observations of a solar flare
recorded by the Solar Dynamic Observatory (SDO) on 2012-05-17, a 2D model of stochastic acceleration in
solar flares; magnetic field lines (in green) and turbulent plasma or plasma waves (as red circles) generated
during magnetic reconnection (highlighted with a red circle). Blue arrows heading back to the solar surface
depict accelerated particles impinging on the lower denser chromosphere, while similar arrows heading
upwards present accelerated particles that may escape to interplanetary space. These are then detected
as SEPs and/or GLEs (adapted from Vlahos et al. 2019; Temmer 2021) and a CME on the same date obser-
ved by the Solar and Heliospheric Observatory (SOHO); an emerging CME-driven shock (black arc) that
may also accelerate SEPs/GLEs (black dots) in the corona or heliosphere via diffusive shock acceleration
(highlighted with a red circle; adapted from Miki¢ and Lee 2006; Temmer 2021).

During a solar flare, electromagnetic radiation covering the whole electromagnetic spectrum is ge-
nerated by the hot plasma and the non-thermal particles and travels at the speed of light through the
interplanetary space. Usual indicators of solar flares lie in the X-ray and the radio emissions. This type of


https://doi.org/10.38072/2748-3150/p37

116 Cosmic ray studies with neutron detectors | Volume 2 (2023)
KIEL-UP « DOI: 10.38072/2748-3150/p37

Fig. 3: A composite figure demonstrating the two major solar eruptive events (i.e. solar flare and CME) for GLE71
(17/05/2012) (made with https://www.jhelioviewer.org), as well as the dominant acceleration mechanisms, i.e. stochastic
acceleration in solar flares (adapted from Vlahos et al. 2019) and DSA in propagating bow shocks (adapted from Miki¢ and
Lee 2006). The red dashed circles demonstrate the acceleration sites.

radiation travels radially from the Sun to the Earth and requires ~8.33 minutes to reach the observing point
(at Earth). The onset of an increase in soft X-ray (SXR) emission detected by sensors on the Earth-orbiting
spacecraft is approximately simultaneous with the visual observations of a solar flare (see Figure 3, left pa-
nel) usually made in the Ha wavelength. CMEs are sudden expulsions of magnetized plasma into the solar
wind from regions initially magnetically closed. These form in the low corona (below ~ 2 Rs) and their ener-
gies range up to ~ 10°'- 10* erg, and their mass up to ~ 10* erg. The average speed of CMEs is ~500 km/s and
their width is ~ 50 degrees (Vourlidas 2021). Most CMEs are in general associated with some level of X-ray
emission, although, there are many more flares than CMEs. Nonetheless the strongest flares (in terms of ma-
gnitude) are most probably associated with CMEs, since solar eruptive events do not evolve in isolation but
in concert, as a result of changes in the magnetic field (Yashiro et al. 2006). Radio waves from the Sun indi-
cate electron acceleration, primarily to energies of tens of keV, and such electrons are likely to be accelerated
at any time that high energy ions are accelerated. The characteristics of solar radio emissions as a function
of frequency and time, at frequencies below a few hundred MHz, have been described in terms of five main
types of bursts named type I through V (Wild et al. 1963). The most common types are: (a) type III burst, a
classic signature of the so-called “impulsive phase” of flares which signify the opening of the magnetic field
lines allowing the release of particles to the interplanetary medium' and (b) type II bursts denoted by their
slow drift, implying speeds appropriate for coronal shock waves, and thus related to CMEs (Klein 2021a,b).

2.2 The Sun-Earth connection for energetic particles

Unlike solar electromagnetic radiation, those particles that are accelerated and injected into interplane-
tary space need to be directed to the appropriate interplanetary magnetic field (IMF) line that connects
the source at the Sun to the observer at Earth. That said, both the onset time and the obtained maximum

1 Type lll bursts trace electron streams as they propagate along open field lines from flaring regions near the Sun into the inter-
planetary medium. Nonetheless, a study by e.g. Benz et al. (2005) suggests that only in a third (33%) of all flares (>C5.0) at least
one of the four ends of reconnecting field lines is open.
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Fig. 4: A schematic of the solar storm scenario divided into 4 steps. A solar eruptive event initiates the scenario [1], its
electromagnetic signatures arrive at the detector/observer [2], charged particles [3] are released and spiral along the IMF
lines and if the CME drives a shock, when that reaches the Earth a geomagnetic storm may occur [4].

intensity of an SEP/GLE at a given (detection) point in the interplanetary space is dependent on the partic-
les’ source. This means that the location (i.e. helio-longitude) of the parent solar flare of an SEP/GLE with
respect to the detection point is very important. This is explained as follows: first of all, as it is known,
the IMF topology is governed by the solar wind outflow and the rotation of the Sun. As a result, during
so-called “quiet” conditions (when the solar wind speed ranges from 300-400 km/s) the IMF can be appro-
ximated by an Archimedean (or a Parker) spiral, the nominal length of which is ~1.2 AU. Second of all, the
previously accelerated and injected particles into the interplanetary medium, being charged, spiral along
the IMF lines. Thereby, a favorable magnetic connection is established between the Earth and solar flares
that occur at the Sun’s W50-W70 helio-longitude, being termed as “well-connected” ones. In this picture
one may further add a propagating CME that drives a shock. SEPs time-intensity profiles are organized in
terms of the longitude of the observer with respect to the solar source (Cane and Lario 2006), in general,
and the CME-driven shock (Cane et al. 1988), in particular, and thus particles are able to propagate to re-
mote observers within the inner heliosphere.

Another important aspect is the energy of the released particles. For example, for the propagation
along a nominal Archimedean spiral (i.e. scatter-free propagation) from the Sun to the Earth, 10 MeV
protons take ~70 minutes; 100 MeV ~24 minutes and 450 MeV ~14 minutes to cover the same distance.
That said, the higher the energy of the particles the less time they require to reach the Earth and in turn,
near-relativistic protons recorded by NMs offer a prime sample for the investigation of the acceleration
mechanisms at play. Figure 4 presents a combined scenario distributed over 4 steps taking into account

the aforementioned facts.

2.3 Flare versus CME-shocks for GLEs
The open scientific question that rose decades ago and is still under debate focuses on the dominant
acceleration mechanism for GLEs. For example, studies indicated that relativistic particles can be acce-

lerated either through a coronal shock driven by the CME (see e.g. Vainio & Laitinen 2007, Afanasiev et
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Fig. 5: A schematic of the prompt and focussed injection of particles following a solar flare giving ground to the “prompt”
component of GLEs, followed by the expansion of a CME that leads to supercritical shock and results in a more isotropic
injection giving ground to the "delayed” component of a GLE (adapted from Moraal and McCracken 2012).

al. 2018), or through magnetic reconnection during a flare (see a recent review in e.g. Vlahos et al. 2019).
The observational findings that point to a flare origin are summarized as: (a) powerful flares are always
present during GLEs; (b) the flare versus GLE timing has an excellent correlation; (c) no (significant) cor-
relation of the fluence of GLEs with the CME speed and (d) favorable longitudinal distribution of the pa-
rent flares (the majority for GLEs are “well-connected” ones). On the opposite site, observational findings
pointing to a CME origin are: (a) the majority of GLEs is associated with most powerful CMEs; (b) close
connection with a type II radio emission which is indicative of a shock; (c) a delay between the flare’s
timing and the particle’s escape into interplanetary space — depending on energy and (d) long injection
comparatively to the impulsive phase of a flare. Nonetheless, since GLEs always occur after a very strong
solar flare and a fast and wide CME (see e.g. Gopalswamy et al. 2012) a clear-cut separation has not been
achieved up until today. Thereby each GLE event is treated separately (see some recent studies in e.g.
Klein et al. 2022; Mishev et al. 2022; Papaioannou et al. 2022). Moreover, the pioneer work of Vashenuyk
et al. (2011) introduced the so-called “prompt” and the “delayed” components scenario for GLEs, with
the former being driven by the flare and the latter by the CME (see also McCracken et al. 2012; Figure 5).

2.4 Propagation in the magnetosphere

The motion of a charged particle in the magnetosphere is governed by the Lorentz force, that is, that the
trajectories of particles are bent by the Earth’s magnetic field. Numerical methods employing a model of
the magnetic field are required for the calculation of the particles’ trajectories in the magnetosphere (Smart
et al. 2000). The magnetic field of the Earth is represented with two parts: the inner one generated by an
internal dynamo and the outer part induced by different current systems in the ionosphere and the ma-
gnetosphere accounting for the interaction of the Earth’s magnetic field with the solar wind (e.g. Biitiko-
fer 2018 and references therein). For the internal magnetic field, the International Geomagnetic Reference
Field (IGRF) model is usually employed while for the external magnetic field the semi-empirical model by
Tsyganenko et al. (1989) (TSY89) requiring as the only input the geomagnetic activity index Kp is usually
used (see e.g. discussion in Herbst 2021 and references there in). The geomagnetic field provides a shield
against charged particles, which is most effective near the geomagnetic equator and marginal or almost
non-present near the geomagnetic poles. Therefore, the access of energetic particles at a specific point

of observation within the magnetosphere is determined by: (a) the Earth’s magnetic field, (b) the energy


https://doi.org/10.38072/2748-3150/p37

Cosmic ray studies with neutron detectors | Volume 2 (2023) 119
KIEL-UP ¢ DOI: 10.38072/2748-3150/p37

Fig. 6: An illustration of the concept of the asymptotic cones (taken from Herbst 2021).

Fig. 7: Comparison of the NM yield function (taken by Fliickiger et al. 2008).

and (c) the incidence angle of the particle. Usually, this access is quantified by the effective cut-off rigidity,
R (RC=pC/Ze, where p is the momentum, c is the speed of light and Z, is the charge of the particle; units GV),
which is defined as the rigidity below which particles have no access to this location. Therefore, the trajecto-
ries of particles with rigidities greater (below) than R_are “allowed” (“forbidden”). Moreover, the asymptotic
direction of the incoming particles is used as the particle’s trajectory direction of approach at the boundary of

the magnetosphere. The geomagnetic cut-off varies from 0 to 17 GV (~17 GeV in energy for protons).

2.5 Propagation in the atmosphere

The transport of particles in the Earth’s atmosphere depends on the atmospheric depth or atmospheric
cut-off which is the lower energy limit of particles that can reach a given location on the ground and be re-
gistered by a NM. This cut-off is about 1 GV (~433 MeV in energy for protons). Nonetheless, the atmospheric
cut-off decreases with altitude, and thus provides additional sensitivity of high-altitude polar neutron
monitors to low-energy particles, mainly during GLEs pushing the lower-energy limit to ~ 300 MeV (see

Poluianov and Batalla 2022). As noted here above, once a “primary” particle enters the atmosphere it
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Fig. 8: Image of the distribution of the neutron monitors on the world map (credit: NMDB; http://nmdb.eu) treated with an
artificialintelligence filter called Deep Dream technology (https://deepdreamgenerator.com/).

interacts with its molecules producing an atmospheric cascade and results to “secondary” particles. The
intensity of the cascade (i.e. the number of secondary particles) grows with the growing atmospheric depth,
until a maximum is reached. Thereafter it exponentially decreases. That said, it becomes apparent that a
more energetic “primary” particle induces a stronger atmospheric cascade with a higher probability to
reach the ground, and be measured by a NM. The unfolding of the cascade in the atmosphere and the NM
detection efficiency for secondary cosmic ray particles are combined in the NM yield function (see Figure 7)
(Fliickiger et al. 2008; Mishev et al. 2013, 2020).

3. Analysis of GLEs by neutron monitor measurements

3.1 The neutron monitor network

Neutron monitors record secondary particles and the NM location corresponds to primaries: (a) with
energies covering a specific part of the primary spectrum depending on the cut-off rigidity of the location
and (b) coming from a specific set of directions. Thereby the usage of all available neutron monitors
offers a more complete picture of the angular and energy distribution of the primary particles. That said
the Network of NMs (Figure 8) serves as a Multi-directional tool, revealing the properties of primary par-
ticles reaching the Earth’s atmosphere. Almost 15 years ago, the implementation of the Neutron Monitor
Database (NMDB; https://www.nmdb.eu) provided the opportunity to gather high-quality fine resolution
(1-min) NM data in real-time mode, directly addressing the need for timely Space Weather related ap-
plications and archived data with higher time resolution that facilitates long-term investigations of the

solar-terrestrial relations (Mavromichalaki et al. 2011; Steigies and Fuller 2023).
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Fig. 9: Composite picture of the GLE analysis/modeling: (a) GLE73 recordings of NMs; (b) calculated asymptotic directions
for GLE73 (from Mishev et al. 2022); (c) modeled spectrum of GLE73 and (d) modeled pitch-angle distribution for GLE73
(from Papaioannou et al. 2022).

3.2 Modeling GLEs

The analysis of GLEs requires the modeling of the response (i.e. recordings) of an adequate (optimally a

significant number of NMs with good spatial coverage around the world and with quality data) number

of NMs aiming at determining an optimal fit for the SEP spectrum and the angular distribution at 1 AU

(see Mishev et al. 2022 and references therein). The usage of the worldwide network of neutron monitors

is ideal for this task, since NMs situated in different geographic regions are sensitive to a different part of

the solar particle spectra and arrival direction (Mishev and Usoskin 2020). This is basically achieved via

a three-step procedure:

e First step: Compute the asymptotic directions and the cut-off rigidity of NM stations, i.e. simulate the
propagation of the charged particles in a modeled magnetosphere.

e Second step: Make an initial guess of the inverse problem by viable assumptions keeping in mind that
functions need to represent the physical processes involved.

o Third step: Apply an optimization method and identify the energy spectrum, the anisotropy axis direc-
tion and the pitch-angle distribution.
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The model of the global response of NMs during a GLE has been developed over many years (e.g. Shea
and Smart 1982; Fliickiger & Kobel 1990; Belov et al. 2005; Bieber et al. 2013; Bombardieri et al. 2008;
Biitikofer et al. 2008, 2016; Plainaki et al. 2007, 2010; Vashenyuk et al. 2011; Mishev et al. 2018, 2022) and
is described in detail by Cramp et al. (1997). This method employs a least-squares fitting technique to de-
termine the axis of symmetry of the particle arrival, the spectrum and the anisotropy of the high-energy
solar protons that give rise to the increased neutron monitor response.

The spectral shape of the “primary” particles needs to be assumed in such a process. This is directly
related to the acceleration process involved. Several such forms have been investigated, as pure and
modified power laws, as well as spectra based on theoretical expectations (Ellison and Ramaty 1985). An
empirical functional form that can be employed to fit the neutron monitor observations is the so-called:
“modified power-law” spectrum which incorporates the change of the power law exponent (8y), leading
to a spectrum that steepens with increasing rigidity (see Mishev et al. 2022; Papaioannou et al. 2022 and
references therein).

The propagation of particles through the interplanetary medium results in a distribution of pitch angles
which can be described using a functional form. Formally, the particle pitch angle is defined as the angle
between the axis of symmetry of the particle distribution and the asymptotic direction of view. The most wi-
dely-used functions have been cosine or Gaussian relationships (see Cramp et al. 1997; Mishev et al. 2022).
Figure 9 depicts results from the analysis and modeling of the recent GLE73.

3.3 Forecasting solar storms

Since the propagation of particles is governed by their energy (speed) the near-relativistic particles that
are recorded by NMs are the fastest and establish a distinguishable enhancement at the ground level
prior to the arrival of the bulk of the several 10’s of MeV particles that follow. Therefore one can make use
of the particle recordings at NMs in order to forecast the arrival of lower energy protons (see details in
e.g. Kuwabara et al. 2006; Souvatzoglou et al. 2014), as this is illustrated in Figure 10 (left panel) which
shows the NM recordings of GLE60 on 15 April 2001 compared to the GOES spacecraft measurements at
E>10 and E>100 MeV (Kuwabara et al. 2006). As it can be seen, the first arriving particles at the ground
provide an earlier onset compared to the time when the enhancement was clearly identified in spacecraft
measurements. Thereby, the time difference provides a window of reliable forecasting based solely on
NM measurements giving ground to the so-called “GLE Alert”. Figure 10 (right panel) shows the velocity
dispersion analysis (VDA; Vainio et al. 2013; Paassilta et al. 2017) for GLE31 on 07 May 1978. VDA assumes
that particles at all energies exhibit a simultaneous release into the interplanetary medium follow the
IMF lines and arrive promptly to the observer (i.e. Earth). Due to this scenario (see also Section 2) the
onset times of these solar particles at different energies as a function of their inverse velocity leads to a
linear fit, with the slope of the fit providing the path length travelled by the particles and the intersection
with the y-axis denoting the solar release time.

Once a “GLE Alert” is established then NMs can further provide an estimation of the expected spectrum
down to lower-energies and most importantly can inform about the radiation hazard at flight altitudes due
to the forthcoming increased exposure, particularly during long flights at low cut-off rigidities, e.g. over
the polar and sub-polar regions (Mishev and Velinov 2020).
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Fig. 10: Left panel: Recordings of the GLE60 on 15 April 2001 by NMs (bottom) and by GOES spacecraft (upper plot; adapted
from Kuwabara etal. 2006). Velocity Dispersion Analysis (VDA) of GLE31 on 07 May 1978 based on spacecraft (IMP7 & IMP8)
and neutron monitor measurements (adapted from Reames 2009).

4. Analysis of GLEs in the inner heliosphere

Particles emitted from the Sun, reaching to GLE energies (E>430 MeV or E>300 MeV for high altitude polar
NMs) are recorded as excesses of solar particles above the background since the start of the space era.
These data have been obtained from particle sensors on near-Earth satellites and on space probes throug-
hout the heliosphere. When these observations are coupled with NM recordings they greatly increase
our understanding of the fundamental processes of the generation of solar energetic particles and their

propagation in the interplanetary medium.

4.1 Recordings at spacecraft detectors
From the patrol measurements offered by the Geostationary Operational Environmental Satellite (GOES) se-
ries, the High Energy Proton and Alpha Detector (HEPAD) could register particles up to 700 MeV. Thereby,
GOES observations have been used for the identification of a number of GLEs at a range from ~10-700 MeV
(Figure 11, left panel; e.g. Mishev et al. 2018; Rodriguez and Kress 2023). Moreover, such recordings led to the
unfolding of the spectrum during GLEs and demonstrated a double power-law behavior with a characteristic
“break” energy (Figure 11, right panel, see details in Mewaldt et al. 2012; Cohen and Mewaldt 2018) which has
been explained either on the basis of the CME-shock acceleration, transport of solar particles and/or on the
existence of two distinct components: one CME related for lower energies and a second one for higher ener-
gies which is flare related (for the latter see the detail discussion in Kiselev et al. 2022).

Recent re-calibrations of science grade instruments further expanded the capabilities of space based
detectors. For example, Kiihl et al. (2017) demonstrated that the Electron Proton Helium Instrument
(EPHIN) on board SOHO recorded 42 SEP events from 1997 to 2015 that reached a mean energy up to 610
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Fig. 11: Left panel: Recordings of the GLE72 on 10 September 2017 by (from top to bottom) GOES (8.7-700 MeV), SOHO/
ERNE Fe/0 at 50-100 MeV/n and GOES SXRs denoting the driving X8.2 solar flare (from Mishev et al. 2018). Right panel:
Proton fluence spectrum for 5 GLEs obtained by GOES measurements demonstrating the double power law behavior
(from Cohen and Mewaldt 2018).

Fig. 12: Recordings of SOHO/EPHIN at 500-700 MeV from 1995-2015. The red triangles and the vertical lines denote the
identified SEP events in these measurements (from Kiihl et al. 2017).

MeV (Figure 12). A few of these SEP events were further recorded on the ground by NMs and thus were labe-
led as GLEs. Nonetheless, this paper gave rise to the identification of mildly relativistic particles and added
context to the previously reported term: “sub-GLEs”.2 Moreover, most recently similar work has taken place
for Solar Orbiter/HET and showed that particles up until ~890 MeV can be recorded, with most trusted ones
reaching ~300 MeV. Both SOHO/EPHIN and Solo/HET measurements have been used in the identification

of GLE73 (see Kouloumvakos et al. 2023). In addition, measurements from Payload for Antimatter Matter

2 Seedetailsin https://www.issibern.ch/teams/heroic/.
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Fig. 13: Recordings of MSL/RAD at E>150 MeV demonstrating GLE72 (left panel; from Guo et al. 2018) and GLE73 (right
panel; from Kouloumvakos et al. 2023).

Exploration and Light-nuclei Astrophysics (PAMELA) and the Alpha Magnetic Spectrometer (AMS)-02 pay-
loads added significant information that bridges the critical gap in the spectra from the low-to-high energy
particles (typically from about ~ 100 MeV to the NM range) (see e.g. Whitman et al. 2017; Bruno et al. 2018).

4.2 Recordings at different planets

100 years since the discovery of Cosmic Rays by Victor Hess in 1912, the Radiation Assessment Detector
(RAD) onboard the Mars Science Laboratory (MSL) (Hassler et al. 2012) measures for the first time Cosmic
Rays on the surface of another planet. This allowed us to observe solar particles reaching Mars at a few
cases up to now with two of them being GLESs, i.e. GLE72 (Guo et al. 2018) and GLE73 (Kouloumvakos et al.
2023). As it can be seen in Figure 13 RAD onboard MSL on the surface of Mars recorded a distinguishable in-
crease at both E- and B-dose rates (Hassler et al. 2012; Guo et al. 2015) for both GLEs. It should be noted that
the required energy for the initiation of a proton triggering a GLE recorded by RAD located in Gale crater on
Mars is ~ E>150 MeV (see Guo et al. 2018).

5. Future directions

5.1 GLEs as the stepping stone for super events

GLEs are hard spectrum events (Asvestari et al. 2017) and pose a significant threat for the radiation en-
vironment. Although, the Carrington event and its corresponding particle fluence were seen as the worst-
case estimate of radiation hazard in the near-Earth environment that the Sun is capable of producing
(Miroshnichenko & Nymmik 2014), with the help of cosmogenic radionuclide records, it became clear
that much more extreme events (e.g. the event around AD774/775) might have occurred on the Sun (Miyake
et al. 2012). Hence, these solar driven “super-events” are modeled on the basis of a multiplication factor
of the measured GLEO5 spectra. That said, GLEs provide direct context for the quantification and specifi-

cation of the radiation environment during these “worst-case” scenario events.

5.2 GLEs contribution to the Sun-Earth-atmosphere system

The Sun-Earth connection is an intensive field of research for the past decades, GLEs provide a direct link
to the atmospheric processes. For example, several works have focused on the ozone depletion (see the
detailed work of Mironova et al. 2015) explaining the proposed mechanisms by which penetrating particles

(i.e. not only of solar origin) can affect the atmosphere, including chemical changes in the upper atmo-
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sphere and lower thermosphere, chemistry-dynamics feedbacks, the global electric circuit (GEC) and
cloud formation. Most recently, a study by Mallios et al. (2022) proposed a model of the atmospheric elec-
tricity and its variability during strong GLEs, demonstrating that in the case of fair weather conditions,
GLE events enhance the atmospheric electrical conductivity, reduce the columnar resistance, and modify
the fair weather electric field, air—earth conduction current, and possibly the Ionospheric Potential (IP)

in a way that depends on the geomagnetic cut-off rigidity of the location and the altitude of the observer.

6. Conclusions

An overall presentation of Ground Level Enhancements (GLEs) has been provided in this work. Their his-
torical identification and evolution of ideas for their origin; measurements from the worldwide neutron
monitor network; modeling and forecasting efforts as well as their imprint in the inner heliosphere (on
space based detectors and on the surface of Mars) together with a few future research directions have
been presented. Thereby, if the question is, “What do we learn from GLEs?”, the answer is that GLEs
provide us with a direct link to access acceleration mechanisms at the Sun, to understand the solar storm
evolution and to quantify their impact in the inner heliosphere and the near-Earth space, in particular.
Additionally, GLEs pave the way for the understanding of the “worst-case” scenario for extreme SEP
events and have further a direct impact on the atmospheric processes, which in turn, are directly related
to the habitability of our planet and beyond.

Further contents

A Jupyter Notebook was implemented for this tutorial, accessible at: https://github.com/atpapaio/GLE-

NMDB. It makes use of the script by C.T. Steigies (nest.py) to call NMDB and download data from the

neutron monitor (NM) stations selected by the user (see also Steigies and Fuller 2023). The notebook

(GLE_tutorail.ipynb) provides three plots:

e First plot: A percentage increase plot of the selected stations. In order to make the percentage a baseline
(taken simply as the 1 hour, i.e. the first 60 minutes from the selected interval).

e Second plot: A plot of the North-South latitudinal anisotropy. Similar as before, in order to make the
percentage a baseline (taken simply as the 1 hour, i.e. the first 60 minutes from the selected interval).
Then, it makes a plot of two stations including their difference (the idea here is to directly evaluate the
North-South latitudinal anisotropy. For this THULE and JBGO (or MCMU for earlier GLEs) should be
selected, see also https://www.aanda.org/articles/aa/full_html/2022/04/aa42855-21/F10.html for an
example).

e Third plot: This script provides the longitudinal anisotropy. Similar as before, in order to make the
percentage a baseline (taken simply as the 1 hour, i.e. the first 60 minutes from the selected interval).
The script makes a sum of all selected stations except the first one and then provides the difference
between the first one and the rest of the NMs. The idea is to have all NM stations with a nominal cut-off
Rc< 1.4 GV in order to evaluate the longitudinal anisotropy see also https://www.aanda.org/articles/
aa/full_html/2022/04/aas42855-21/F11.html for an example).
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Abstract

When we speak on Space Weather we are commonly meaning the radiation and electromagnetic conditions
in the near Earth space. Cosmic ray variations define directly a radiation situation. And they are also related
to the variations of electromagnetic conditions in the interplanetary space and Earth's magnetosphere.
This makes cosmic ray variation one of the important recourses for validating the space weather state and
forecasting its changes. Cosmic ray observations till now are not sufficiently used in the space weather tasks.
The main reason of such inefficiency is inaccessibility of different cosmic ray data for an operative analysis.
Fortunately, this situation is now changing fast to the better. In particularly, data from 26 ground level cosmic
ray stations now are available in realtime. It gives a hope thatin the nearest years we shall see more wide and

effective use of the cosmic ray characteristics for space weather forecasting.

Solar activity as observed by neutron monitors
and muon telescopes in the same location
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Abstract

Inthis paperwe present the advantage of observing solar activity with neutron monitors and muon telescopes
operated from the same location. This combination of detectors multiplies the information that would be
collected with only one of these instruments. Not only the observation of different types of secondary cosmic
rays but also the observation at different energy thresholds with some information on the directionality of
muons. As an example of the above, we analyze the GLE73 and the Forbush decrease associated with the

same solar event.
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Abstract

The first solar energetic particle event during the current solar cycle 25 observed on ground, i.e. GLE#73,
was detected on 28 October 2021 by a few neutron monitors of the worldwide network. Although GLE#73
showed only a small, gradual increase in the cosmic ray intensity near Earth, the Athens GLE Alert system
issued successfully an automatic alert at 16:09 UT. We present the outcome of our GLE analysis of this SEP
event based on neutron monitor data and assess the additional radiation doses that may be acquired at
different locations at a typical flight altitude. In addition, we compare our results with the findings published
by Mishev et al. 2022.

40 years of solar neutron observations
from ground
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Abstract

In association with the X8 /2B solar flare on 3 June 1982, the neutron monitors at Jungfraujoch, Lomnicky tit,
and Rome were the only ones in the worldwide neutron monitor network to record simultaneously a short,
smallincreasein the counting rate. The analysis of these records and of observations of solar electromagnetic
emissions implied that these count rate increases were due to the impact of high energy solar neutrons
into the Earth’s atmosphere. This first observation of terrestrial effects by neutrons of solar origin not only
provided supporting evidence for a theory pointed out by Biermann et al. in 1951, but it triggered an intense
activity in the theoretical study of particle acceleration and emissions in high-energy processes at the Sun,

as well as in the development of dedicated solar neutron detectors. The establishment of global networks
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of such detectors enables the detection of an eventual solar neutron event around the clock. In addition, the
identified need for real-time data with high time resolution initiated the Neutron Monitor Data Base, NMDB.
The presentation gives a historical overview of the 3 June 1982 event and summarizes its main scientific

impact over the last 40 years.

A relationship between rise times and decay
times of relativistic solar particle events
observed by neutron monitors
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Abstract

The most energetic particles accelerated in solar eruptive events are protons with energies up to a few tens
of GeV (ground level enhancements, GLEs). Their study is relevant on the one hand because the high particle
energies pose particularly strong challenges on the understanding of the acceleration processes. On the
other hand, the secondary particles from the atmospheric cascade constitute a source of irradiation in the
atmosphere that may temporarily exceed the permanent dose rate from galactic cosmic rays. The monitoring
of radiation doses received by aircrew from GLEs is one issue of space weather services for aviation, which
since 2019 has also been established as a permanent real-time service for international aviation under the
auspices of the United Nations agency ICAO. In this contribution we report an empirical investigation of the
rise times and decay times of historical GLEs, focussing on the time profile (corrected to sea-level) observed
by the neutron monitor of the worldwide network with the strongest response, which is presumably best-
connected to the Sun by the interplanetary magnetic field at the time of the event. Data from the neutron
monitor database (https://www.nmdb.eu/) at the University of Kiel (Germany) and the GLE database at the
University of Oulu (https://gle.oulu.fi/#/), Finland are used. As previous studies by Strauss and coworkers
(Solar Phys. 2017) we find an empirical correlation between the observed rise times and decay times of the
neutron monitor count rate profiles. We identify possible evidence of different types of events and compare
them with previous work (Vashenyuk, McCracken, Moraal and coworkers) on the contribution of prompt and
delayed particle releases to GLEs. Ideas on the origin of the relationship between rise times and decay times

and on its usefulness for space weather services will be discussed.
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Abstract

A ground level enhancement (GLE) is defined as a strong event with high-energy solar energetic particles
(SEPs) detected by the network of ground-based neutron monitors. Until now, 73 GLEs have been registered.
In this work, we report a new reconstruction of the event-integrated spectra (fluences) of SEPs during 59
moderate and strong GLE events detected by NM network and satellite experiments. The reconstructions of
SEP fluences are based on the "bow-tie” method employing the latest advances in NM data analysis (time-
dependent GCR background and the use of the altitude-dependent NM yield function directly verified with the
AMS-02 experiment data) and a detailed study of different uncertainties. As a result of this work, we obtained
fluences of SEPs in the energy range from 30 MeV to a few GeV for GLE events since 1956, which were fitted
with the modified Band-function (a double power-law function with two exponential cutoffs). An easy-to-use
presentation of SEP fluences in the form of an analytical expression makes a solid basis for new studies in

various fields, such as the influence of SEPs on the atmosphere and a statistical study of extreme solar activity.

Magnetic field line path length variations and
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Abstract

Modeling of time profiles of solar energetic particle (SEP) observations typically considers transport along a
large-scale magnetic field with a fixed pathlength from the source to the observer. Chhiber etal. (2021) pointed
out that the path length along a turbulent magnetic field line is longer than that along the large scale field, and
that the path along the particle gyro-orbit can be substantially longer again; they also considered the global
variation in these quantities. Here we point out that variability in the turbulent field line path length can affect
the fits to SEP data and the inferred mean free path and injection profile. To explore such variability, we perform
Monte Carlo simulations in representations of homogeneous 2D MHD + slab turbulence in spherical geometry
and trace trajectories of field lines, particle guiding centers, and full particle orbits, considering ion injection
from a narrow or wide angular region near the Sun, corresponding to an impulsive or gradual solar event,
respectively. We analyze our simulation results in terms of path length statistics within and among square-
degree pixels in heliolatitude and heliolongitude at 0.35 and 1 AU from the Sun. For a given representation of
turbulence, there are systematic effects on the path lengths vs. heliolatitude and heliolongitude. Field line path
lengths relate to the fluctuation amplitudes experienced by the field lines, which in turn partly relate to the local
topology of 2D turbulence. There are also systematic patterns in the mean path lengths of energetic particles
arriving at different locations, because of variations in the underlying magnetic field line path lengths and
variations in the pitch angle scattering experienced by the particles. We describe the effects of such path length
variationson observedtime profiles of solarenergetic particles, bothinterms of path length variability at specific
locations and motion of the observer with respect to turbulence topology during the course of the observations.
This research was partially supported by Thailand Science Research and Innovation grant RTA6280002 and the
Parker Solar Probe mission under the ISOIS project (contract NNNO6AAQ1C) and a subcontract to University of
Delaware from Princeton University (SUB0000165). Additional support is acknowledged from the NASA LWS
program (NNX17AB79G) and HSR program (80NSSC18K1210 & 80NSSC18K1648).
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Abstract
The characteristics of Forbush decreases (FDs) and solar energetic particle (SEP) events driven by the same solar

source (i.e. coronal mass ejection & associated solar flare) are investigated. The part of the solar disk (E04-W35)
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was chosen in which most of the solar events lead both toan FD and SEP event at Earth. SEPs for different energies
(E>10 MeV, E>100 MeV, and ground level enhancements) and with different flux thresholds were considered
independently. The obtained results were compared with the control group of FDs that had solar sources within
the same longitudinal range but were not accompanied with any SEPs. It is shown that coronal mass ejections
(CMEs) followed by SEPs have a very high probability to create a large FD in the Earth's orbit and further to cause
a geomagnetic storm. It is also obtained that the accelerative and modulating efficiencies of such driving solar

events are well correlated; this can be explained mostly by high speeds of the corresponding CMEs.
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enhancement of solar cycle 25
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Abstract

We presentan overview of the first ground level enhancement (GLE) event of solar cycle 25, recorded on 28 October
2021 (GLE73), based on the available neutron monitor (NM) network observations and on data from near-Earth
spacecraft (GOES, SOHO, Sol0). The maximum increase was 7.3% for DOMC (Dome C NM at Concordia station)
and 5.4% for SOPO (South Pole) conventional NMs located on the Antarctic plateau. Bare (lead-free) NMs at the
same sites detected a higher response (14.0% for DOMB and 6.6% for SOPB). The Fort Smith (FSMT) NM shows the
earliestincrease among the high-latitude NMs, indicating a moderate anisotropy in the first phase of the GLE event.
The maximum rigidity of accelerated protons did not exceed 2.4 GV. We estimated the solar release time (SRT) of
>1 GV protons into open magnetic field lines at 15:40 UT. In-situ proton observations from near-Earth spacecraft
were combined with the detection of a solar flare in soft X-rays (SXRs), a coronal mass ejection (CME), radio bursts
and extreme ultraviolet (EUV) observations to identify the solar origin of the GLE. Around the 1 GV proton SRT the
CME-driven shock was located at a height of 2.33 Rs. The timing of the EUV wave evolution towards the field lines

magnetically connected to Earth seem to be in good agreement with the inferred release time of 1 GV protons.


https://doi.org/10.38072/2748-3150/v2
https://orcid.org/0000-0002-9479-8644
https://orcid.org/0000-0001-6589-4509
https://orcid.org/0000-0002-7184-9664
https://orcid.org/0000-0002-3298-2067
https://orcid.org/0000-0001-8227-9081
https://orcid.org/0000-0001-5622-4829
https://orcid.org/0000-0003-4039-5767
https://orcid.org/0000-0002-5162-8821
https://orcid.org/0000-0003-1848-7067
https://orcid.org/0000-0002-7388-173X
https://orcid.org/0000-0002-3758-9272
mailto:atpapaio@astro.noa.gr

Session 3;

Cosmic rays
and the atmosphere






Cosmic ray studies with neutron detectors | Volume 2 (2023) 139
KIEL-UP ¢ DOI: 10.38072/2748-3150/p38

Atmospheric cosmic ray induced ionization and
radiation affecting aviation

Panagiota Makrantoni *1, Anastasia Tezari *'2, Argyris N. Stassinakis ““ 1, Pavlos Paschalis *“, Maria
Gerontidou “'*, Helen Mavromichalaki “1, Ilya G. Usoskin “'3, Norma Crosby*, Mark Dierckxsens “4

Correspondence

1 Athens Cosmic Ray Group, Faculty of Physics, National and Kapodistrian University of Athens, Greece,
pmakrantoni@phys.uoa.gr, a-stasinakis@phys.uoa.gr, ppaschalis@phys.uoa.gr, mgeront@phys.uoa.qgr,
emavromi@phys.uoa.gr

2 Eugenides Foundation, Athens, Greece, anatez@med.uoa.gr

3 Space Physics and Astronomy Research Unit and Sodankyld Geophysical Observatory, University of Oulu,
Finland, ilya.usoskin@oulu.fi

4 Royal Belgian Institute for Space Aeronomy, Brussels, Belgium, Norma.Crosby@aeronomie.be, Mark.Dier-

ckxsens@aeronomie.be

Keywords

cosmic rays; atmosphere; ionization; radiation; solar cycle; flight level; aviation

Abstract

Cosmic radiation is a major factor of ionization of the Earth's atmosphere. Both solar and galactic cosmic
rays, which depend on solaractivity and geomagnetic field, affect the radiation exposure in the atmosphere.
Several models have been created for the estimation of the ionization and radiation dosimetry. In this
work, as regards the ionization rate computations the CRAC:CRII model by the University of Oulu (https://
cosmicrays.oulu.fi/CRII/CRIIl.html) was used, while for the estimation of the ambient equivalent dose
rate (dH*(10)/dt) we used the validated software DYASTIMA / DYASTIMA-R by the University of Athens
(http://cosray.phys.uoa.gr/index.php/applications/dyastima). Both tools are of great importance as they
allow us to calculate the respective quantities all over the globe, at the entire atmosphere and for different
time periods and solar cycle phases. The study concerns the last two solar cycles 23 and 24 (1996-2019)
and specific flight levels of commercial aviation (FL310, FL350 and FL390). The dependance of CRIl and
dH*(10)/dt on geomagnetic cut-off rigidity, solar activity, cosmic ray intensity, as well as the altitude inside
the atmosphere, affect the radiation exposure of the air crew members and frequent flyers, which make the
results very interesting for the aviation industry.
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1. Introduction

Cosmic rays are highly energetic particles of extraterrestrial origin, with two main components, Galac-
tic Cosmic Rays (GCR) which originate from outside of our Solar System and Solar Energetic Particles
(SEPs) which are accelerated during eruptive processes on the Sun. As cosmic rays travel through the
interplanetary space, they reach and penetrate the Earth’s atmosphere, colliding with nuclei of atoms
and ions of the atmosphere, creating nucleonic, muonic and electromagnetic cascades named secondary
cosmic rays. Primary particles are absorbed inside the atmosphere due to ionization losses. In this way,
cosmic rays affect the physical-chemical properties of the atmosphere. The Earth’s magnetic field acts as
a charge discriminator and modulates the cosmic ray flux that reaches each location on the Earth.

Cosmic rays contribute significantly to the atmospheric ionization (Cosmic Ray Induced Ionization —
CRII). CRII is affected by the GCR and the 11-year solar cycle. Specifically, CRII is anti-correlated with the
solar activity, while a significant dependance on SEPs is also observed at high latitude regions, at high
altitude (Usoskin et al. 2009). The CRII may affect the Earth’s climate, as many studies suggest that CRII
may affect in numerous ways different climate parameters such as cloud cover, precipitation, cyclogen-
esis in mid- to high-latitude regions atmospheric transparency aerosol formation (Bazilevskaya et al.
2008, and references therein), the avionic electronic systems, as well as the human health of aircrews
and / or passengers (Berger et al. 2008; Fliickiger and Biitikofer 2011).

The major contributor to the aircrews’ health is the occupational exposure to the ionizing cosmic ra-
diation, during the flights. Aircrews and passengers are constantly exposed to the permanent GCR back-
ground, as well as to the unpredictable SEPs. Similarly, to the CRII, the radiation exposure is greater
during conditions of minimum solar activity, as well as during strong events (SEPs, ground level en-
hancements — GLESs). For this reason, the radiation assessment of aircrews is of great importance and it
can be performed by using several software tools and models.

The purpose of this work is the calculation of the CRII and the estimation of the radiation exposure
of aircrews for different flying levels and different periods of solar activity. In order to perform the afore-
mentioned calculations, the CRAC:CRII model and the DYASTIMA software have been used respectively.

2. Technical analysis and data selection

Regarding the calculations of the Cosmic Ray Induced Ionization (CRII) the CRAC:CRII model of the Uni-
versity of Oulu was used. CRAC:CRII is a numerical model, based on the CORSIKA code and the FLUKA
Monte Carlo package, which allows extensive calculations of CRII from the Earth’s surface to the upper
limit of the atmosphere for every location on Earth. The computations derived from the model coincide
with direct fragmentary measurements of the ionization in the atmosphere in a full range of parameters,
covering all latitudes and altitudes during different solar cycle phases confirming its reliability and validi-
ty. Full details of the CRAC:CRII model are given in Usoskin and Kovaltsov (2006) and Usoskin et al. (2010).

For the calculations of the ambient dose equivalent rate dH*(10)/dt, the Dynamic Atmospheric Shower
Tracking Interactive Model Application (DYASTIMA) of the National and Kapodistrian University of Ath-
ens was used. The DYASTIMA software is based on Monte Carlo simulation techniques using the Geant4

toolkit (Agostinelli et al. 2003; Allison et al. 2006, 2016). It simulates air showers and cosmic ray secondary
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particles cascades inside the atmosphere of a planet and it is a federated product on the ESA SWE Portal
(https://swe.ssa.esa.int/dyastima-federated), validated according to ICRP / ICRU criteria (ICRP 2007, 2016;
ICRU Report 84 2010; ESA 2019). Moreover, the radiobiological quantities were calculated with the DYASTIMA-R
extension. The full details of DYASTIMA software are given in Paschalis et al. (2014) and the DYASTIMA
Software User Manual (2019).

The input parameters required for the DYASTIMA / DYASTIMA-R software are the characteristics
of the planet and its atmosphere, we used the International Standard Atmosphere (ISA) model (ISO
2533:19751S0 2007), the differential spectrum of the incoming primary cosmic ray particles at the top of
the atmosphere, the ISO15390 model was used (ISO 15390:20041S0, 2004), the appropriate physics list,
the FTFP_BERT_HP GEANT4 list was used, the magnetic field components, obtained from the Nation-
al Oceanic and Atmospheric Administration (NOAA) portal (https://www.ngdc.noaa.gov/geomag/), the

particle detection altitudes and the settings concerning the realization of dosimetric calculations.

3. Results

In this work, both the CRAC:CRII model and the DYASTIMA/DYASTIMA-R software were applied globally,
from cut-off rigidity 0-17 GV, during the last two solar cycles 23 and 24, i.e. years 1996-2008, 2009-2019,
and were focused on specific altitudes that correspond to the most common commercial flight levels, i.e.
FL310 (9.45 km a.s.l.), FL350 (10.67 km a.s.l.), FL390 (11.89 km a.s.l.).

The results obtained are depicted on maps. Figure 1 shows the CRII rate, globally, during the solar
minima and maxima of the last two solar cycles, SC23 (1996-2008) and SC24 (2009-2019), at FL390, while
Figure 2 and 3 show the same quantities for FL350 and FL310 respectively. It is obvious that the CRII rate
was greater during the solar minima than during the solar maxima for both solar cycles 23 and 24. This
fact is due to the CRII following the cosmic ray intensity behavior with which it is positively correlated,
while it is negatively correlated with the solar activity. This means that the greater the solar activity, the
lower the intensity of the CRII and vice versa (Forbush 1954; Gleeson and Axford 1968; Mavromichalaki
et al. 1998; Makrantoni et al. 2013, 2021, 2022).

Moreover, if we compare the values of solar cycles 23 and 24, it is clear that during both the solar
minima and maxima they were greater during solar cycle 24 than these of solar cycle 23. This coincides
with the fact that solar cycle 24 was a quiet solar cycle, while solar cycle 23 was a very active one. As de-
picted on the maps, it is observed that, at polar regions the ionization rate has maximum values, while
at equatorial regions, the ionization rate has minimum values. Responsible for this is the magnetic field
of the Earth and thus the different geomagnetic cut-off rigidity (R ) that corresponds to each location. At
polar regions, where the geomagnetic cut-off rigidity is lower (R =0 GV), more cosmic rays penetrate the
magnetosphere and the atmosphere of the Earth, which lead to atmospheric ionization, than at equato-
rial regions, where the geomagnetic cut-off rigidity is greater (R =17 GV). All the aforementioned maps
were generated via the rigidity maps of Smart and Shea (2007a; 2007b; 2019) and (Gerontidou et al. 2021).

Comparing the maps for FL390 in Figure 1, with the respective maps for FL350 in Figure 2 and FL310 in
Figure 3, it is evident that the CRII rate significantly increases with altitude, as expected up to the Rege-
ner-Pfotzer maximum. More to that, the same pattern between the two solar cycles is observed; the CRII

rate is higher during solar cycle 24 where the solar activity is lower.
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(a) (b)

(c) (d)

Fig. 1: Maps of CRII rate (ion pairs/(g*s)) at FL390: (a) during the minimum of solar cycle 23; (b) during the maximum of
solar cycle 23; (c) during the minimum of solar cycle 24; (d) during the maximum of solar cycle 24.

(a) (b)

(c) (d)

Fig. 2: Maps of CRII rate (ion pairs/(g*s)) at FL350: (a) during the minimum of solar cycle 23; (b) during the maximum of
solar cycle 23; (c) during the minimum of solar cycle 24; (d) during the maximum of solar cycle 24.

The ambient dose equivalent rate during the solar minimum and maximum of solar cycle 23 at all
three FLs is presented in Figures 4 and 5 respectively. The dependence of the radiation levels on the
cosmic ray intensity at the different atmospheric altitudes (Tezari et al. 2020, 2022), eventuates in the
dH*(10)/dt behaving the same way as CRII does, i.e., minimum values are found at equatorial regions
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(a) (b)

(c) (d)

Fig. 3: Maps of CRII rate (ion pairs/(g*s)) at FL310: (a) during the minimum of solar cycle 23; (b) during the maximum of
solar cycle 23; (c) during the minimum of solar cycle 24; (d) during the maximum of solar cycle 24.

(R =15-17 GV) whereas maximum values at polar regions (R =0-2 GV). Furthermore, it is observed that the
radiation exposure during the solar minimum was greater than that during the solar maximum, due to
the negative correlation between the intensity of the incoming cosmic ray particles and the solar activity.
Once again, comparing the maps of the three flight levels, it is evident that the ambient dose equivalent
rate also significantly increases with altitude.

Figure 6 presents time profiles of the annual values of CRII rate and ambient dose equivalent rate for
the same period of time (year 1996 to 2019) for the three typical FLs and for four different geomagnetic
cut-off rigidities (0.1 GV, 3.1 GV, 8.5 GV and 14.9 GV). It is observed that both CRII rate (blue lines, left axis)
and ambient dose equivalent rate (red lines, right axis) follow an 11-year modulation, at all the locations,
the same way the Galactic Cosmic Ray intensity does (Makrantoni et al. 2021, 2022; Tezari et al. 2022;
Mavromichalaki et al. 1995), as the intensity of the cosmic radiation directly affects the radiation expo-
sure of the aircrew.

Moreover, as regards the time profiles of the three different flight levels, we observe that the CRII and
ambient dose equivalent rates increase as the flight level of the aircraft increases. This is due to the fact
that the shielding effect of the atmosphere reduces with height and consequently the radiation exposure
of the aircrew and frequent flyers is higher. Additionally, it is noted that the difference among the values
of the three FLs is larger towards lower rigidities, i.e., polar regions, and reduces towards higher rigidi-
ties, i.e., equatorial regions. Specifically, regarding the CRII, it is observed that during all phases of solar
cycle 23, the values were smaller than those of the respective phases of solar cycle 24, eventuated from
the fact that solar cycle 23 was very active whereas solar cycle 24 was a quiet one. Nonetheless, as one
reaches equatorial regions, this difference becomes very small, which indicates that mostly low-rigidity

regions are affected by solar activity.
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(a) (b)
Fig. 4: Maps of the estimated ambient dose equivalent rate
(c) (uSv/h) during the minimum of solar cycle 23 (year 2001)
at: (a) FL390; (b) FL350; (c) FL310.
(a) (b)

(c)

Fig.5: Maps of the estimated ambient dose equivalent rate
(uSv/h) during the maximum of solar cycle 23 (year 2001)
at: (a) FL390; (b) FL350; (c) FL310.

The correlation between the annual distribution of the CRII and the dH*(10)/dt for all four rigidities

mentioned before, for all three FLs, from 1996 to 2019, is illustrated in Figure 7. We observe a positive cor-

relation between these two physical quantities, with a correlation coefficient of R*=0.97. This confirms the

contribution of CRII to the radiation deposited at different locations and altitudes.
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(a)

(b)

(c)

Fig. 6: Annual distribution of the CRIl rate (left
axis, blue lines) and ambient dose equivalent
rate (right axis, red lines) at three different
flight levels (FL310, FL350, FL390), during
solar cycles 23 and 24 (years 1996-2019):

(a) ata polar region with cut-off rigidity 0.1 GV;
(b) a region with cut-off rigidity 3.1 GV; (c) at
aregion with cut-off rigidity 8.5 GV (Athens);
(d) an equatorial region with cut-off rigidity
14.9 GV.
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Fig. 7: Scatter plot of the annual distribution of the CRIl rate and the ambient dose equivalent rate for the time period
1996-2019 at FL390, FL350, FL310.

4. Discussion and conclusions

Concluding, CRII and dH*(10)/dt follow the behavior of the cosmic ray intensity and are negatively cor-
related with the solar activity. The maximum values are observed during the solar minima and at polar
regions (~ 7 uSv/h at FL390, 5 uSv/h at FL350 and 4 pSv/h at FL310), while the minimum values during
the solar maxima and at the equatorial regions (~ 1.2 uSv/h at FL390, 1 uSv/h at FL350 and 0.8 uSv/h at
FL310). It is observed that the higher the flight level, the higher the CRII and the radiation exposure of air-
crew and frequent flyers, since the provided shielding of the atmosphere is reduced in higher atmospher-
ic altitudes. Finally, comparing the CRII and dH*(10)/dt calculations the correlation is positive (R?= 0.97).
The CRAC:CRII and DYASTIMA tools are reliable and give useful results for the study of the impact of
the ionization and radiation induced by cosmic rays on the environment, space weather, climate change
(Dorman 2016; Todd and Kniveton 2001) and human health (Singh et al. 2011; Meier et al. 2020). As the
number of flights keeps increasing and air traffic is elevated, commercial aircraft are forced to fly at higher
flight levels, which leads to a variation of the CRII and the radiation exposure, according to the flight route
and the FLs chosen during each flight. This field of research could be very useful to the aviation industry
for updating safety measures and regulations, as well as the air traffic flow and capacity management.

Acknowledgements

This work is supported by the ESA Space Safety Programme’s network of space weather service develop-
ment and pre-operational activities, under ESA Contract 4000134036/21/D/MRP, in the context of the


https://doi.org/10.38072/2748-3150/p38

Cosmic ray studies with neutron detectors | Volume 2 (2023) 147

KIEL-UP ¢ DOI: 10.38072/2748-3150/p38

Space Radiation Expert Service Centre. 1.G.U. acknowledges partial support from the Academy of Fin-
land (projects ESPERIA No. 321882). Thanks are due to the Special Research Account of the University of
Athens for supporting the Cosmic Ray research. Thanks are also due to the Oulu Cosmic ray colleagues
for kindly providing cosmic ray data as well as the CRAC:CRII model.

Questions and answers

Question 1: How does your evaluation of radiation dose rates compare with those of commonly used
models as EPCARD?

Answer: The comparison of radiation dose rates values with some other models (for example, CARI-7)
has been performed indicatively during the validation process of the DYASTIMA-R tool. We have not yet
performed a comparison with the results of EPCARD. Details about the validation process and the results
(not the comparison with other models) may be found in Tezari A., Paschalis P., Mavromichalaki H.,
Karaiskos P., Crosby N., and Dierckxsens M. at Oxford Academic Journal Radiation Protection Dosimetry
(https://dx.doi.org/10.1093/rpd/ncaal12).

Question 2: How did you calculate the CR fluxes arriving at the upper atmosphere at all locations on Earth?
Answer: Concerning the CRAC:CRIl model, the differential energy spectrum of galactic cosmic rays is
parameterized by the force field model which has only one parameter, the modulation potential, fora given
local interstellar spectrum. Full details may be found at Usoskin and Kovaltsov (2006) and Usoskin et al.
(2005,2010,2011). Concerning the DYASTIMA software, the differential spectrum of the incoming primary
galactic cosmic rays at the top of the atmosphere, we used the IS015390 model (IS0 15390:20041S0, 2004).
Question 3: Do you have an idea how strong a GLE must be to give a significant signalin your models?
Answer: We haven't worked on GLEs yet.
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Abstract

We identify and analyzed EAS events by the registration of the neutron bursts in the Aragats NM. We relate these
bursts to the EAS cores hitting the ground nearby NM. All bursts were observed as sequences of microsecond
pulses temporally isolated from other pulses on a time scale of at least 100 microseconds. The burst duration,
defined as a time interval between the first and last detectable pulses in the sequence was (2.5 ms +/- 0.6) ms.
Thus, NM is enlarging the EAS core particle lifetime (usually not more than 20 - 30 ns) by 5 orders of magnitude
by registering multiple secondary neutrons born in the lead absorber and soil by relativistic particles from the
EAS core. In this way, NM registers EASs and enables the estimation of primary particle energy by measuring
the event multiplicity (number of isolated pulses in NM) and relating it to the primary particle energy. Although
the sensitive area of NM is only several tens of m?, multiyear operation of the NM network will provide sufficient
statistics for the physics around the knee of all particle energy spectrum (3-4 PeV) and beyond. The largest
cosmic ray experiments confirm the neutron bursts from EAS cores without any relation to lightning occurrences.
The network of near 50 neutron monitors (NM) operates 24/7 around the globe at different altitudes, latitudes,
and longitudes for more than 60 years. Maintenance of such detectors is very cheap and they are providing data
for many years with minimalintervention of personnel. The data from neutron monitors are collected in databases
with open access and a user-friendly interface. After a very simple modernization of NM electronics, it will be

possible to recover the energy spectra of galactic cosmic rays with detectors located all around the globe.
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Abstract

We would like to briefly introduce our paper submitted to the Journal of Space Weather and Space Climate:
Solar modulation of galactic cosmic rays around the solar minimum in 2019-2020 looks different in the
secondary neutrons and muons observed at the ground. To compare the solar modulation of primary cosmic
rays in detail, we must remove the possible seasonal variations caused by the atmosphere and surrounding
environment. As such surrounding environment effects, we evaluate the snow cover effect on neutron count
rate and the atmospheric temperature effect on muon count rate, both simultaneously observed at Syowa
Station in the Antarctic (69.01 S, 39.59 E). A machine learning technique, Echo State Network (ESN), is
applied to estimate both effects hidden in the observed time series of the count rate. We show that the ESN
with the input of GDAS data (temperature time series at 925, 850, 700, 600, 500, 400, 300, 250 200, 150, 100,
70,50, 30, and 20 hPa) at the closet position can be useful for both the temperature correction for muons and
snow cover correction for neutrons. The corrected muon count rate starts decreasing in late 2019, earlier
than the corrected neutron countrate, which starts decreasing in early 2020, possibly indicating the rigidity-

dependent solar modulation in the heliosphere.
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Abstract

On November 3-4, 2021, CME hit the magnetosphere, sparking a strong G3-class geomagnetic storm and
auroras as far south as California and New Mexico. European particle detector SEVAN registered Forbush
decrease (Fd) coherently at all nodes. We present the results of a comparative analysis of the variations
of different species of cosmic rays, and the surface electric field obtained in November 2021 at three
observation sites Aragats (Armenia), Lomnicky Stit (Slovakia), and Musala (Bulgaria) mountains. We discuss
the characteristics of the variations of the charged and neutral components of cosmic rays registered by the
SEVAN particle detectors at 3 sites and the near-surface electric field (NSEF). We made a correlation analysis

of the geomagnetic field and NSEF at the start and maximum of particle flux depletion.
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Abstract

Cosmic rays are high-energy nuclei of elements (hydrogen, helium and heavier species) travelling in space
with relativistic speeds. The atmosphere of the Earth is constantly bombarded by them. When a cosmic ray
particle enters the atmosphere, it likely experiences an interaction(s) with ambient atoms such as nitrogen,
oxygen, argon and others. If the energy of the incident particle is high, the interaction can lead to a nuclear
reaction with production of secondary particles. Those secondaries are often also highly energetic and are
able to produce consequent reactions leading to production of even higher number of secondaries. Such
chains of reactions form a cosmic-ray induced cascade also called as an air shower. The tutorial covers the
topics of basics of the cascade formation, its composition and development over the altitude. It will be also

explained what we can learn studying the cascade, particularly, with ground-based neutron monitors.
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Abstract

We present the first results of a new redesigned version of the mini-neutron monitor installed on the
South African Research vessel, the SA Agulhas Il. Measurements taken from the 2019/2020 relief voyages
are presented. We show that the instrument is very sensitive to temperature variations when the ambient
temperature is below 3°C: This is believed to be an instrumental effect. Additionally, we show the presence
of high-frequency interference in the calculated waiting time distributions when the vessel reaches polar
latitudes. We show that these periodic variations are only present in the intensity of secondary atmospheric
particles and most likely related to the operation of the vessel's ice radar. We are currently looking at moving
the instrument to a more suitable location on board the SA Agulhas Il where we will hopefully be able to

operate the instrument in a continuous fashion for several years to come.

1. Introduction

Neutron monitors (NMs) have been used for more than 70 years to monitor the indirect flux of cosmic rays
in the near-Earth environment. Primary cosmic ray particles that enter the Earth’s atmosphere produce

showers of secondary particles (including protons, neutrons, and other particles and sub-atomic particles).
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Fig. 1: The left panel shows the SA Agulhas |l unloading supplies in Antarctica with the location of the mini-NM circled. The
right panel shows the monitor, emphasizing the newly installed vibration dampeners.

These secondary particles are registered on the ground level by the NM, so that the NM count rate N can
be expressed as

N(Pc,t) = Ef J(PYY(Pt,...) dP

iP

c

where P_is the cut-off rigidity (minimum rigidity particle that can reach the detector due to deflection
by the geomagnetic field), j, is the primary cosmic ray flux at the top of the atmosphere, i represents
the particle distribution under consideration, and Y is the so-called yield function that represents the
response of the instrument on the unit flux of primary cosmic rays with rigidity P, including atmospheric
and instrumental effects. The latter therefore depends on various parameters that are unique to each
monitor (Caballero-Lopez 2016; Clem and Dorman 2000). The rigidity dependence of Y can, however, be
calculated experimentally by placing the monitor (or at least some tubes making up the large monitors)
on a ship that crosses multiple latitudes (and thereby sampling different regions of P ) in a relatively short
time (e.g. Caballero-Lopez and Moraal 2012, amongst many others). This is referred to as a latitude scan
and has been carried out many times in the past by various groups.

The mini-NM is a small and compact version of the standard NM (Simpson 2000; Biitikofer 2018),
originally envisioned to serve as a calibration NM (Moraal et al. 2001; Kriiger et al. 2003). However, un-
der the right conditions, it was realized that the mini-NM could supplement the existing network of tradi-
tional NMs (Kriiger et al 2015). Mini-NMs have been operated successfully by several research groups for
several years (Poluianov et al. 2015; Usoskin et al. 2015; Heber et al. 2015). Due to their small size and
autonomous operation, the mini-NM is ideally suited to be used for latitude scans, which has been done
before by Heber et al. (2015) and Kriiger et al. (2008).

In this paper we present initial results from a newly re-designed mini-NM, using a*He counting tube,
installed on the South African Antarctic research vessel, the SA Agulhas II. This instrument uses a new
version of the electronics system described by Strauss et al. 2020. Results from this system, featuring
very high temporal resolution, were recently reported by Similia et al. (2020), Strauss et al. (2021) and
Strauss et al. (2022)
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Fig. 2: The four latitude scans performed by the SA Agulhas Il during the 2019/2020 Antarctic relief voyages. Voyages
starting in Cape Town are coloured red.

The redesigned mini-NM was installed on the SA Agulhas II in early December 2019. An unused, and
un-heated, storeroom on the upper deck was selected. This region of the ship is circled in the left panel
of Fig. 1 which shows the SA Agulhas II anchored at the Fimbul ice shelf in Antarctica, and uploaded
materials for the yearly relief voyage to the South African Antarctic base, SANAE IV. The right panel of

Fig. 1 shows an image of the monitor, with the newly installed mechanical vibration dampeners circled.

2.The 2019/2020 SANAE IV relief voyage

The 2019/2020 Antarctic relief voyage was ideally suited to test the working of the redesigned mini-NM
as two voyages were performed; a first relief voyage to the SANAE IV base, and a second to the German
Neumayer-Station III. This gives a total of four latitude scans, although not a very wide range of magnetic
rigidities were covered. The four latitude scans are illustrated in Fig. 2, with red showing voyages start-
ing in Cape Town. Also shown on the map is the position of the SANAE IV base (SAN), the Hermanus NM
(HER), located near Cape Town, Neumayer (Neu), and other regular stops for the SA Agulhas II (South
Georgia, Marion, and Gough Islands).

The entire raw data set for the 2019/2020 takeover season is presented in Fig. 3 in minute cadence.
The red and green shading indicate different periods; green shading indicates the time when the ship
moves between Cape Town harbour and the SANAE ice shelf, while red shading indicated periods when
the ship is anchored. The naming convention for these periods are included in the top panel.

3. Temperature and pressure corrections

It is well-known that the count rate of an NM depends on the temperature of the instrument, and this has

also been confirmed to be the case for the mini-NM (e.g. Moraal et al. 2003; Kriiger et al. 2008; Heber et
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Fig. 3: An overview of the mini-NM measurements taken during the 2019/2020 Antarctic relief voyages.

Fig. 4: The top panel shows the uncorrected count rate (blue curve) and the absolute temperature (with an offset),
referred to as the temperature parameter, uncorrected for any temporal lag effects (green dashed curve) and corrected
with the optimized time lag value (red curve). The bottom panel shows the measured temperature.

al. 2015). The temperature dependence of an NM, however, is complex as the different components react
differently to temperature variations leading to different absorption and attenuation lengths, and also
possibly different neutron production rates (Evenson et al. 2005).

In Fig. 4 we show, in the top panel, the uncorrected (for pressure) count rate for the period 2019 DOY
402 to 2019 DOY 408 the so-called SANAE 2 time period where the ship was anchored at the ice shelf.

In the bottom panel, the corresponding temperature is shown, illustrating a definite correlation with the


https://doi.org/10.38072/2748-3150/p39

Cosmic ray studies with neutron detectors | Volume 2 (2023) 161
KIEL-UP ¢ DOI: 10.38072/2748-3150/p39

Fig. 5: A cross correlation between the temperature and count rate for various temporal lags (blue symbols). A second
order polynomialis fitted (red curve) to find the optimal lag value (indicated by the green symbol).

count rate; lower temperatures generally lead to high count rates. The absolute temperature (with an offset
for clarity) is shown in the top panel (green dashed curve), illustrating that there is also a lag between the
temperature and the count rate. This lag is because of the large thermal mass of the mini-NM and the fact
that the temperature probe is inserted against the *He tube (see also the discussion by Evenson et al. 2005).

To correct for this time-lag between the count rate and the temperature, the cross-correlation between

these two quantities are calculated for various level of temporal lag, i.e.
M
N*Tay = Y Naw o Tm +n)
m=0

where N and T are the count rate and temperature time series, n is the lag (in minutes) and there are M
counts in the series. The results of the cross-correlations analysis are shown as the blue symbols in Fig. 5.
There is a maximum correlation at ~270 min. To better quantify the magnitude of the lag, a second order
polynomial is fitted to the cross-correlation results, and its maximum value is obtained, giving an opti-
mized lag value of 269 min. This time lag is applied to the temperature measurements (which are now
shifted 269 min earlier), and the resulting time series is shown as the red curve in the top panel of Fig. 5.
This lag corrected temperature time series is used for the calculations in the next section.
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Fig. 6: The measured count rate (blue symbols) during the SANAE 2 time interval is well described by an exponential
function (red curve).

Now that we have accounted for any lag effects, the temperature dependence of the mini-NM count
rate for the SANAE 2 time period can be evaluated. Following the usual approach (e.g. Kriiger et al. 2008),

an exponential relationship is assumed, where
N _ _
™ = aexp(-B,AT)

with AT = T - <T>, B, the temperature coefficient, a is a fit constant, and the angle brackets <> indicating
average values. Note that this equation can be approximated by a linear function when either 8 or AT is
small. However, as shown the left panel of Fig. 6, the measurements (blue symbols) during the SANAE 2
time period can be very well described by an exponential regression line (red curve). We find an extreme-
ly large temperature coefficient of B, ~ 40%/°C which is much larger than the value of 8, ~ 0.1%/°C from
Moraal et al. (2003) and Kriiger et al. (2008) for the same monitor (although using older electronics) at
ambient temperatures larger than ~10°C. As this very large exponential increase in the count rate below
~3°C is therefore most likely due to noise from the electronics and these data were not used for the rest
of the analysis. Further temperature tests in the laboratory confirms that this is an instrumental effect at

very low temperatures.
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Fig. 7: An example of how the daily measurements were processed, including temperature and pressure correction details.
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The following analysis was performed for each day’s data. As an example, we show here the data
taken during the period labelled CPT 2, i.e. DOY 383 — 387. For these five days the ship was anchored
at Cape Town harbour for refueling and loading of cargo. The top panel of Fig. 7 shows the measured
count rate, temperature, and pressure in minute resolution. As the temperature varied very little in this
interval (and this is in general also true when looking only at daily periods of data), a linear temperature

correction is then performed, where

%) = a-B,AT.
Once B,is known, the temperature-corrected count rate can be calculated, with results shown in the
middle panel, where, for this case, the temperature coefficient is ~0.2%/°C. This value is more in line
with previous measurements by Kriiger et al. (2008). We also show the residuals of this linear fit, and the
distribution of the residuals, in the middle panel. The probability density function (pdf) of the residuals
(purple histogram) is fitted by a Gaussian function (purple curve). The mean and variance of the Gaussi-
an function are indicated in the figure’s legend.

The temperature-corrected count rate varies as
N = (N)exp(-BAp)

where B is the pressure coefficient and AP = P - <P>. The resulting f~1%/mbar is indicated in the figure
title. Regression residuals are again shown. The bottom panels of Fig. 7 show the pressure and tempera-
ture corrected count rate and the uncorrected to corrected count rate ratio.

The analysis discussed in the previous section was repeated for every day of the 2019/2020 relief
voyage that produced reliable measurements. L.e., only days with a temperature larger than 3°C. For each
such day, the daily average temperature- and pressure-corrected count rate was calculated and compared
to the geomagnetic cut-off, calculated from the daily average position of the ship, using the online cal-
culator http://nearfld.com/util/rigidity.php (last accessed July 5, 2023). The results of this are presented
in the top left panel of Fig. 8 for the three latitude scan. The solid curve is the prediction from Caballero-
Lopez and Moraal (2012) using their Eq. (13) with the 1987 sea level (SL) parameters and normalized to
N,=90 counts/min. Above ~2.8GV, the measured latitude profile seems consistent with the expectation
and previous results. However, below ~2.8GV, and shaded gray, there is a clear discrepancy with lower-
than-expected NM counts. By also examining the count rate against the latitude of the ship (bottom left
panel), it is clear that there is a discrepancy when the ship passes above the 45°S latitude mark. The
reason for this discrepancy is presented in the next section.

The top right panel of Fig. 8 shows the calculated pressure coefficient as a function of the geomagnetic
cut-off. The vertical dashed line indicates the average value of ~1.3%/mbar. Given the relatively low count
rate of the mini-NM, and the associated large errorbars in 8, we did not find any latitude dependence.
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Fig. 8: Daily average temperature- and pressure-corrected count rates as a function of geomagnetic cut-off rigidity (top
left panel) and latitude (bottom left panel). The cut-off rigidity dependence of the pressure coefficient is presented in the
top right panel, and the relationship between the cut-off rigidity and the latitude is in the bottom right panel.

4. Waiting time distribution and high-frequency interference

The outer moderator surrounding the NM blocks thermal particles from entering the detector. In the lead
producer, some of the non-thermal atmospheric particles interact with the lead nuclei to form a new
low-energy neutron component, so the particle spectrum here consists of two components: The original
incident particles that did not undergo any additional reactions and neutrons produced inside the lead
producer. These non-thermal distributions now pass through the inner moderator forming a thermal dis-
tribution. These thermal neutrons can now be captured by the *He gas during a neutron capture reaction.
The protons or alpha particles formed during the capture process are then accelerated, via an applied
voltage, towards the positive cathode where they can be counted as a pulse by appropriate electronics.
It does, however, also happen that some accelerated particles interact with the walls of the *He tube and
deposit some energy there (the so-called wall effect, Knoll 2010) so that the recorded neutron distribu-
tion appears to have a tail towards lower pulse lengths. However, it is important to note that the recorded
pulse width from the NM has no relation to the energy of the incident neutrons: Due to a combination
of thermalization by the moderators, and by the nature of the neutron capture process, all information
regarding the energy of the incident proton and neutron is lost.

However, low- and high-energy protons interact with the lead producer differently. Low energy pro-
tons and neutrons interact with the lead producer, and thus the *He gas, in a random fashion and their

observed pulses show a stochastic nature with subsequent pulses unrelated to each other. A high-energy
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Fig. 9: Multiplicity of the observed count rate as measured during two different days. The waiting time distributions are
fitted by two Poisson-like distributions, with the fit results indicated in the legend.

Fig. 10: The deviation of the observed waiting time distribution from a fitted Poisson distribution. The vertical dashed lines
have a periodicity of 0.275s.

proton, on the other hand, can interact with the lead nuclei to form a number of low-energy evaporation
neutrons (e.g. Bieber et al. 2004). These neutrons are observed as several pulses over a short period, showing
a high temporal correlation. This is usually expressed in terms of the waiting time distribution (i.e. the
time between subsequent pulses observed in the monitor) as the level of multiplicity. Thus, looking at
the waiting time distribution, as an indication of the multiplicity, observed by the monitor these two
components are clearly distinguishable. By looking at the ratio of these components some information
about the incident particle spectrum can be reconstructed (see e.g. Ruffolo et al. 2016; Mangeard et al.
2016; Banglieng et al. 2020).
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As discussed in the previous section, a discrepancy in the mini-NM count rate is visible when the ship
crosses 45°S in latitude; a deficiency of counts is observed. This coincides with the activation of the ship’s
ice radar. We, therefore, suspect that the rotating radar dish blocks some of the incoming atmospheric pro-
tons and neutrons. Note that the monitor is installed directly below this dish, as shown in Fig. 1. In order to
test the blocking hypothesis, we examine the waiting time distribution of the monitor on two different days,
2020008 (2019373) and 2020014 (2019379), using the YEARDOY notation (year followed by the day-of-
year), during latitude scan 2 when the ship was on route to Cape Town harbour. On both days, only minor
temperature effects are noticeable and needs to be corrected for. During 2020008, the ship was ~53°S, and
on 2020014, it was at ~42°S. The calculated waiting time distribution are shown in Fig. 9 as blue curves.
The green and gray dashed lines show the 1 and 10 counts/bin limits. The high multiplicity part of the dis-
tribution (i.e., the part with shorter waiting times) forms due to high-energy protons producing multiple
neutrons in the lead producer. The low multiplicity part (at longer waiting times) are neutrons and protons
that are captured randomly with the counts unrelated. We fit the waiting time distributions with two Pois-
son-like distributions for each multiplicity component. The results are shown in Fig. 10 as the red curves.
The grey-shaded areas indicate the data used to fit each distribution. The spectrum for 2020014, which is
during a time when no discrepancies in the data are observed, shows the expected two component Poisson
distribution. The spectrum for 2020008, which coincides with a day showing such a discrepancy, shows
additional features: The high multiplicity part of the distribution is lower than for 2020014 but interes-
tingly has the same shape. The low multiplicity part, however, shows quasi-periodic decreases in counts.
This, at least partially, confirms our suspicion that the radar periodically blocks some of the incident atmo-
spheric protons and neutrons: At fixed time values, there is a deficiency of particles in the low part of the
waiting time distribution. However, only of the high multiplicity part of the distribution is reduced (due to
the reduced incoming proton/neutron flux) while the shape remains the same, clearly showing that only
the incident particles are affected and not the neutrons produced inside the lead producer.

We can further analyse the blocking of incident particles by examining the residuals in the low mul-
tiplicity part of the 2020008 distribution (the right panel of Fig. 10). Here, we define the residual as the
difference between the measured waiting time distribution and that predicted by the fitted Poisson-like
distribution, normalized to the average difference. This quantity is shown, as a function of At, in Fig. 10.
The vertical dashed lines, corresponding to the different peaks in the residual, are placed every 0.275 s re-
vealing the quasi-periodic behaviour of the inference of incident particles. The overhead ice radar rotates
at a rate of 40 rotations-per-minute. As this instruments consists of two rotating fins, we can expect a fin
to pass over the monitor every 0.75 s. This is about 3 times the observed signal period. At the moment a
direct correlation between the ice radar and the mini-NM cannot be proven. However, as we observe in-
terference only at latitudes greater than ~45°S, with co-insides with the operation of the ice radar system,

we still believe the radar system is the main suspect in influencing the operation of the NM.

5. Discussion and future outlook

A newly redesigned version of a mini-NM was placed on the SA Agulhas II during its 2019/2020 annual
relief voyage between Cape Town, South Africa, and the Antarctic ice shelf near the South African Antarc-
tic base SANAE IV. Four such latitude scans were performed in 2019/2020, giving us a good opportunity
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to test several new modifications to the instrument, including new (and much more sensitive) electronics
and a redesigned cradle featuring vibration dampeners.

During the SANAE 2 time interval, when the ship was anchored against the ice shelf, the average
temperature measured inside the monitor was T~0°C. It is found that, during such extremely low tempe-
ratures, the mini-NM count rate increases exponentially with a decrease in temperature. An extremely
large temperature coefficient of 8, ~40%/°C is found for such scenarios, which is believed to be caused
by noise from the electronics. However, when the temperature of the detector rises above ~3°C, a small
to moderate temperature dependence is found with ,~0.2%/°C, or even smaller. The significant tempe-
rature dependence, and hence the corresponding correction needed for periods with temperatures less
than 3°C, introduce large uncertainties into the temperature-corrected count rate and essentially makes
these periods unusable for further analysis.

Daily measurements allow us to study the relationship between the count rate and the geomagnetic
cut-off. In contrast to what was expected, we measured a decrease in the counting rate below ~2.7GV.
This is, however, not related to the physics of cosmic ray transport through the geomagnetic field, but is
rather caused by, presumably, interference from the ship’s ice radar which is activated below ~45°S. We
can study this high-frequency interference by looking at the measured waiting time distribution. This
allowed us to confirm that incident protons and neutrons are blocked periodically from reaching the
detector. In addition, we can determine that this interference occurs with a frequency of ~3.6Hz. This
shows, for the first time, that the multiplicity derived from the NM observations, can be used to test the
stability of the mini-NM observations.

Due to both the large temperature effect and the interference from the ice radar at the mini-NM’s cur-
rent position, we are currently looking at moving it to a more suitable location on board the SA Agulhas
I1. There, hopefully, we will be able to operate the instrument in a continuous fashion for several years.
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Abstract

The status and condition of the various neutron monitors operated by the US reached its nadir in the mid
2000s. Now with significant investments by the National Science Foundation, the existing network will be
repaired, upgraded and selectively modernized. Furthermore, a key site on the summit of Haleakala will
be outfitted once again with a monitor, supported by a Space Weather Center in Honolulu. We report on
the start of this work, plans for the near future with funds from the NSF and longer-term plans to take the
network to a new operational and scientific level. We also report on a complementary deployment of a new

portable monitor on the summit of Haleakala on Maui - a joint effort between Thai and US institutions.

1. Introduction

The years 1957-1958 were named the International Geophysical Year. Global scientific collaboration at-
tacked a variety of puzzling phenomena, one of which was to understand cosmic-ray variability that
showed dependence on location and time. The clearest way to address this phenomenon and others
was to conduct a contemporaneous global study. Being prior to the space age, cosmic rays could only be
studied from the ground, typically with neutron monitors. To this end, the world was well equipped for
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Tab. 1: List of NM stations within the Simpson Network that were at risk.

Station pre-Simpson Now

U New Hampshire Mount Washington Threatened secure
Climax Lost Replaced by Leadville
Haleakala Lost to be redeployed

U Delaware Inuvik Threatened secure
Fort Smith Threatened secure
Peawanuck Threatened secure
Nain Threatened secure
McMurdo Lost moved to Jang Bogo
South Pole Threatened secure (UWRF)
Goosebay decommissioned moved to Daejeon

the task with dozens of neutron monitors at a variety of locations and latitudes, covering many longitude
ranges. This global system did what was intended, i.e., making key measurements that greatly expanded
our understanding of cosmic rays. However, for several reasons, this global network atrophied over the
years. Many scientists saw their investment in neutron monitors wither. The problem became acute in
the US in the 2000s. In the mid 2010s, the National Science Foundation recognized the problem, noting
that neutron monitor data usage was widespread, while US-based stations were being de-commissioned,
abandoned or given away. This concern along with new and increased national interest in space weather
culminated with the funding of the Simpson Neutron Monitor Network in 2021. Its intent is the securing
and revitalizing the remaining US stations, investigating new deployments and training new scientists,
all the while conducting science. We report here on the status of the Simpson network. Table 1is a list of
US-based stations that were de-commissioned, abandoned, lost or threatened, circa 2020. Many are now

in the new Simpson Network.

2. The network

The network is the responsibility of three collaborating US institutions: the University of New Hampshire,
the University of Delaware and the University of Wisconsin-River Falls. Also listed in the Table 1 is the
current status of those stations with many now secure from funding cuts. The legacy station at Climax
has been functionally replaced by a new station at Leadville CO, 20 km to the south and 300 m lower in
altitude. The McMurdo station is now in the hands of South Korea (now Jang Bogo), still operating, but
no longer part of the US network.

The tasks the collaboration has defined for itself follow. For operating stations, these objectives for the
network include:
e Secure, repair, maintain existing NM stations, including structures, power and data connections.

¢ Increase reliability where necessary.
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¢ Improve the capabilities of stations with improved electronics.
¢ Improve spectroscopic sensitivity.
¢ Cross calibrate with spacecraft instruments (PAMELA, AMS-02).

Periodic maintenance was long overdue at many stations. That backlog of attention is now being ad-
dressed with many stations now restored to their earlier operating condition. Some of the electronics, in
particular the front-end discriminators and amplifiers, date back decades and they rely on parts that are
no longer available. These electronic boards have now been mostly replaced with front-end electronics
of more modern designs. In addition, the capability of detecting and measuring multiple coincident sig-
nals is being implemented in several stations. This capability effectively constitutes a new data channel
with a different yield function that can be used for an independent spectral measurement. Finally, with
spacecraft instruments that cover the same energy range as neutron monitors, we can actually confirm
the response of the monitors.
While these tasks are being undertaken, science data still flow from the array of monitors. This enables
the researchers to continue to conduct studies, such as those listed here:
¢ Continue studies of ground level enhancements, solar neutron events, Forbush decreases and helios-
pheric modulation.
e Examine means to predict onset and severity of geomagnetic storms.
¢ Collaborate with domestic and international ground-based observatories, such as Ice Top and muon
telescopes.
¢ Study possible new station sites and augmenting existing ones to optimize coverage in rigidity and
longitude.
¢ Provide greater input to space weather problem through collaborations with US agencies.

Some of the more important uses for neutron monitors have become commonplace in recent years. We
note that low-latitude stations can be particularly important for detecting and measuring direct high-
energy solar-flare neutrons for more than a few hours per day and more than a few weeks around the
solstices. The redeployment of the Maui instrument, as discussed more below, enables these measure-
ments and provides a high-rigidity measure of solar modulation. Also, using neutron monitors in con-
junction with other ground-based detectors greatly increases the utility of the monitors, as well as the
complementary detectors. Two examples of this have been to use Climax with the Milagro ground-based
TeV gamma-ray detector and the use of Ice Top with the South Pole detectors. Because these are funda-
mentally different instruments with significantly different yield functions, they can provide single point
spectral measurements that have been historically difficult or impossible, in particular, for ground level
enhancements (GLE) in their highly anisotropic phase.

Because the gyroradius of neutron monitor protons is so large, they can sense changes in the inter-
planetary medium at great distances. Consequently, neutron monitors coupled with higher energy inst-
ruments, such as muon telescopes, can detect the presence of an approaching, otherwise invisible, CME
shock. This could enable advanced warning of geomagnetic storms or Forbush decreases.

The current status of the monitors in the network is given in Table 2 and their locations are illustrated

in Figure 1.
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Tab. 2: List of stations in the Simpson network and their attributes. Cutoff calculations, courtesy of Don Smart, February 2023.

Station Altitude 2020 Cutoff Gas Type Features
(m) (Gv)*
U New Hampshire | Mt.Washington 1900 1.88 1°BF, 12 1GY
Durham 20 2.21 19BF, 18 NMé64
Leadville 3030 2.96 1°BF, 3NMéb4
U Delaware Newark 50 2.63 1°BF, 6 NM64
*He 3 LND-NM64
Thule 16 ~0 *He 9 LND-NMé4

19BF, 9 NMé4

Nain 46 0.60 *He 18 LND-NM64

Ft. Smith 206 0.32 *He 18 LND-NMé4

Inuvik 21 0.10 BF, | 18 NM64

Peawanuck 53 0.51 3He 8 LND-NMé4
si\cgfggﬁz'"' South Pole 2820 0.06 *He 3 LND-NM64

fs:lt:rgoalfe) *He 12 LND no Pb

*Don Smart

(priv. comm.)

Fig. 1: Locations of neutron monitors in the Simpson Network. Iso-cutoff contours are approximate.
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Various types of monitors are listed in Table 2. The standard NM-64 design is based on the Chalk River
BP-28 BF3 tubes. Recently, however, tubes provided by LND replace the Chalk River tubes, but still retain
the BF, gas with no significant change in dimensions or operating voltage. The oldest design employs IGY
tubes built into an assembly of Pb and paraffin. Only the Mount Washington station in the Simpson net-
work is of that design. When He was not prohibitively expensive and available, several NM-64 configurati-
ons were filled with helium. The only operating site in the network without lead is the Polar Bare station. As
with others, it uses polyethylene as the moderator and as the outer reflector, but the Pb converter is absent.

3. Future additions

3.1 The Haleakala neutron monitor (HLEA)

The 18NM-64 monitor on the summit of Haleakala since 1991 was de-commissioned in 2007 because of lack
of funds. Under a different NSF grant (see Consolandi et al., this volume: https://doi.org/10.38072/2748-
3150/p42), a new monitor is in the early stages of construction on the summit (3000 m a.s.l.). It will be
either a 3- or 6NM-64 configuration, depending on construction costs. Upon completion, this will restore
measurements in the mid-Pacific at a low latitude (21°N), several time zones removed from the nearest
other low-latitude station. This places it at an ideal location for detecting and measuring direct solar-flare
neutrons, because the Sun will be at a high elevation during the summer months and a workable elevation
for much of the year. Placed in proximity to the Daniel K Inouye Solar Telescope (DKIST) observatory of the
National Solar Observatory, contemporaneous optical imaging will be available, provided there is accepta-
ble seeing. DKIST is the ideal neighbor with its capability of polarimetry, magnetographs and fast tracking
of active regions, allowing researchers to link the detected neutrons with coronal and flare activity.

3.2 US-Thai collaboration

Chang Mai University has led latitude ocean-based surveys. A sea container designed for such a survey,
complete with a 3NM-64 instrument, minus the BF, tubes, now resides in Honolulu, with no immediate
plans for a sea-based survey. Thimon, as it is called, will be placed on the summit of Haleakala then
outfitted with BP-28 tubes from the original Maui station. When outfitted with tubes and supporting elec-
tronics, it will be a fully functional 3NM-64 instrument that will work in tandem with the new US station
(6NM-64). Together they will have half the effective area of the original Maui station, still large enough to
address the objectives listed above, but with consequently poorer count statistics and small event sensiti-
vity. The station on Haleakala will be expandable and modular, housed in sea containers, each with three
or six tubes. Utilizing the remainder of the original BP-28 tubes will require additional sea containers with
the appropriate configuration of BP-28 tubes, Pb and polyethylene.

4. Discussion and conclusions

The Simpson Neutron Monitor Network by 2024 should resemble that of 2020, but secure for decades to
come. Data archiving and availability will exist for all stations. Temporal resolution will be 10s for all

stations, along with multichannel count rates for spectral sensitivity in several stations. Locations and
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features of prospective monitors will be studied in the event of the availability of future funding. The
Haleakala station will begin operating as tubes come online. Plans to refurbish and re-deploy the Climax
legacy station will be studied for possible future work.
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Abstract

Neutron monitor data which are used for studies of long-term variations, require a means for correcting for
changes in efficiency following major renovations. We propose a means to obtain the required “efficiency
factor” using multiple regression which, to a first-order approximation, considers solar modulation as well

as any changes in the Neutron Monitor sensitivity over time.

1. Introduction

The Calgary neutron monitor has been in operation since the 1960s. Digital records have been available
since 1979. Operations were suspended from 2009 until major renovations were completed in 2017. In
order to share data with the Neutron Monitor Data Base (NMDB) an “efficiency factor* must be provided
whenever operating conditions have changed. To normalize our data before and after the gap, account
must be taken of the cycles of solar activity which modulate the arriving galactic cosmic rays. In addi-
tion, any long- term drift in the sensitivity of the detectors or other time-dependent variations should
be included.

2. Method

Fig. 1 shows the variation of the count-rates of the Calgary neutron monitor over the years of interest
and, for comparison, the solar cycles as revealed by monthly sunspot numbers. Following the multiple
regression technique (Cooper 1969), we assume that the NM count rates c, to the first order of approxi-

mation is given by:
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¢, =T-t,+S-s,+E+r,
where ¢ are elapsed times (number of months since the beginning of the observation), s, to be some con-
venient measure of solar activity (sunspot number from the website http://www.sidc.be/silso/home, last
accessed July 4, 2023). E is the constant level sought, and r,is the residual error. Finally, we chose c; to be
the NM pressure-corrected monthly average count rate.

Minimizing the sum of residual error squares, we obtain and solve a matrix equation in the form:

Z(Ci _E)(ti_f) Z(ti_f)z Z(ti_f)(si_g)

| [ y T\ _ 9 T
Yie-s-9) | Ze-06-9 Xeosy (5) = = )

Then the inverse matrix (M)~ provides estimates of the variance and covariance of the parameters when
multiplied by the residual variance about the fit.

Fig. 1: Calgary NM mean count-rate change due to new data acquisition system.
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3. Results

Values of the constants T (time), S (solar activity), and E (constant shift) and their respective standard
deviations were obtained in the multiple regression calculations for two consecutive time periods and are
shown in Tab. 1. Subscripts appended to the constants indicate the first or second period. The T, value
may reflect not only drift in the count rate due to a decrease in detector sensitivity but also gradual chang-
es in solar modulation. As a test, an artificial steady drift (= 0.01 - t) was subtracted from the actual count
rates for the 29-year data and was exactly reflected in the new computed value of T, (not shown here).
However, there was no resultant change in either S, or E, . Despite the few years of data during decreased

solar activity (2017-22), the values for S ,and S, are remarkably close within error estimates.

Tab. 1: Constants 7, S, and E evaluated before (column 1) and after (column 2) Calgary NM major renovations.

1979-2008 2017-2022

S,=1.494+0.066 5,=1.392+0.215
T,=0.006+0.036 T,=0.345+0.142
E,=1625.6+63.2 E,=1783.8+£16.1

Fig. 2 shows the results of applying the calculated first-order correction for solar activity. The standard

deviation of the ratio Ez/ E, is given by the standard formula:

E 0.,\? o.\?2
e () ()
1 1 2

where any covariance ¢, has not been included. Inserting values from the previous slide, we obtain the

estimation of the ratio Ez/ E, and its standard deviation:
EZ/EI =1.097 + 0.042

We conclude therefore that the renovation of the NM has resulted in an increase in the pressure-corrected
count rate. However, it should be noted that the latest data coincides with several years of minimum solar
activity only.

In order to verify this multiple regression method, we performed the same procedure by splitting Cal-
gary data from 1979 to 2008 into two equal blocks. Again, the constants T, S, and E and their respective
standard deviations are shown in Tab. 2. A few high values of solar activity during the early months may

be responsible for the negative T, value. Future data points will hopefully clarify this statement.
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Fig. 2: Count rates after 1st order fit for solar activity.

Tab. 2: Multiple regression method validation results.

1979-1994 1994-2008

S,=0.996+0.046 S,=-1.133+£0.039
T,=-0.309+0.073 T,=-0.250+0.047
E,=1633.26+68.5 E,=1664.6 £54.7

The ratio E,/E, is, assuming the neutron monitor kept the same efficiency, should be close to unity. The
value we obtained was:

E,/ E,=0.981x0.052
Details are shown in Fig. 3.

A further application of this method would provide relative baseline count rates for different neutron
monitors and provide a means of estimating the effects of different cut-off rigidities, altitude, and instru-
mental differences. A trial has been made comparing data over the 29-year period (1979-2008) from the
NMs at Oulu and Calgary yielding the result:

E . /E =0.325+0.014

Oulu/ Calgary
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Fig. 3: Two halves of ~29 years data of Calgary NM were used to validate the method.
Upper panel: Count rate time series during the first half with 1st order correction for solar activity.
Lower panel: Count rate time series during the second half with st order correction for solar activity.

4. Conclusions

The use of multiple regression to obtain base-line count-rates for neutron monitors appears to offer a con-
venient way to correct for solar modulation and drift over the long term. Some improvement in accuracy
might be achieved if days with larger short-term variations such as GLEs and Forbush deceases, were

removed.
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Abstract

Since the 1950s, neutron monitors (NMs) have successfully measured both the long-term and the short-
term variation of Galactic Cosmic Rays (GCRs). NMs are also sensitive to solar energetic particles (SEPs)
and solar neutron particles (SNPs), both detected as ground level enhancements. Since SNPs are not
affected by the interplanetary magnetic field, they retain direct information about the nuclear reactions
happening near the SEP acceleration site. The global NM network has still a huge gap over the equatorial
Pacific for measuring high energy GCRs and SNPs which are best measured at low latitudes. We plan to
extend the coverage of the world wide NM network for SNP and GCR observations by redeploying the
Haleakala NM station (HLEA) on Maui, in time for the upcoming solar maximum (around 2025). Since
NMs can only measure the total count rate, it is not trivial to derive the actual particle flux and to compare
differentstationresponses. We plan to calibrate the HLEA with the future AMS daily proton fluxes, extended
until the ISS decommission date now planned in 2031, and to perform extensive Mote Carlo simulations of
the detector and surrounding environment. The initial phase of the project has already started. Status of
the upcoming HLEA NM detector is reported.

1. Introduction

Solar energetic particles (SEPs) are particles accelerated by the Sun during explosive events such as so-
lar flares and Coronal Mass Ejections (CMEs). The highest-energy SEPs are primarily accelerated near
the Sun; then they follow the complicated structure of the Interplanetary Magnetic Field (IMF) and the
Earth’s magnetosphere to reach Earth’s atmosphere. Thus, their spatial distribution is greatly affected by
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propagation processes, modifying their arrival time, intensity, duration, and anisotropy. During strong
solar flares, the Sun can also emit energetic neutrons, called Solar Neutron Particles (SNPs), created in
interactions of SEPs with nuclei in the Sun’s atmosphere. Since SNPs are not affected by the IMF, they
retain direct information about the nuclear reactions happening near the SEP acceleration site. When an
SEP or an SNP event occurs, it may initiate a cascade of secondary particles in the Earth’s atmosphere
that can be detected on the ground by neutron monitors (NMs), i.e. ground level enhancement (GLE).

NM stations are distributed across the world, working together as a giant spectrometer, known as the
global NM network. The global NM network, active since the 1950s, has successfully measured the long-
term variation of Galactic Cosmic Rays (GCRs) due to the 11- and the 22-year solar cycle modulation, and the
short-term variations of GCRs, e.g. diurnal variations or Forbush decreases (FDs), and the flux of particles
accelerated by the Sun: SEPs and SNPs. Nevertheless, the Pacific Ocean represents a large gap in the equa-
torial coverage of the global NM network for SNP and GCR detection (Mishev & Usoskin 2020). Currently,
this gap spans a longitudinal expanse of 162° from the Princess Sirindhorn NM in Thailand to Mexico City.
To fill this gap, we will redeploy the Haleakala (HLEA) NM, which is strategically near the middle of this gap
at an altitude of 3 km on the island of Maui. The HLEA position is ideal for SNP detection: the high-altitude
minimizes SNP absorption in the atmosphere, and the low-latitude maximizes the Sun’s elevation, there-
by increasing exposure. In addition, space weather (SW) monitoring systems are becoming increasingly
important for providing alerts to both the scientific community and private enterprise. For this reason,
incorporating novel data from SNPs to advance SW alert systems is highly desirable.

Recently, the Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) and
the Alpha Magnetic Spectrometer (AMS) have provided precise GCR measurements of different nuclei on
various time scales (Galper et al. 2017; Aguilar et al. 2021a). AMS is a detector measuring charged particles
in the energy range from 300 MeV to a few TeV on the International Space Station (ISS) since May 2011.
As a space-borne experiment, AMS detects charged primary particles before their interaction with the
atmosphere, enabling direct measurements of their spectra and chemical composition. The simultaneity
of space-borne and ground-based detectors give us the possibility to compare and cross-calibrate the
two kind of instruments and to understand the effects of the Earth’s magnetosphere and atmosphere on
charged particles propagation. In our past publication (Koldobskiy et al. 2019) we tested the stability ver-
sus time of some of the widely used NM yield functions (YFs) with the AMS monthly Proton and Helium
fluxes (Aguilar et al. 2018). The new AMS publications on daily Proton and Helium fluxes (Aguilar et al.
2021b; Aguilar et al. 2022) give us the possibility to extend the same work on a shorter time scale and to
set up a procedure for calibrating the forthcoming HLEA data with the future AMS fluxes extended until
the ISS decommission date now planned in 2031.

2. Solar Neutron Particles with HLEA NM

J. A. Simpson, of the University of Chicago, deployed the first NMs in the early 1950s. Others followed with
many at high altitude. The old HLEA NM, constructed in 1991, was part of the University of Chicago, then
later the University of New Hampshire (UNH) system and continuously took data until its decommission-
ing (due to lack of funds) in 2006. This NM station is located on Haleakala mountain in the middle of the
Pacific Ocean. SNPs are best observed by NM stations located at high altitude, to reduce atmospheric ab-
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Fig. 1: Most recent SNP event observed by the old Haleakala NM station in 2003, November 4.
Picture taken from (Watanabe et al. 2006): Five minute averages of the counting rate observed by the Haleakala. The smooth
solid line is the averaged background, and the dashed lines are 1o from the background.

sorption, and low latitude, to maximize the elevation of the Sun. During its history, the old HLEA detector
measured three SNP events (a list can be found in Yu et al. 2015). For demonstration purposes, Fig. 1 shows
the five-minute average count rate for 2003, November 4, measured by the old HLEA station. At 19:45 UT,
the detector measured a 2% increase over the background due to SNPs (Watanabe et al. 2006). The signifi-
cance of this SNP event was 7.5 6. We now have funds to setup six-tubes which corresponds to one third of
the old NM station and the new uncertainty on signal would scale roughly as, resulting in a significance
of 4.30. Thanks to our collaboration with Chiang Mai University, we will have the possibility to expand
HLEA NM with other three-tubes (see Sec. 3). In this case the significance would increase to 5.30. Therefo-
re, a scaled-down version of HLEA would still be highly sensitive to SNP events with amplitude of 2% or
more over the background. There are only a few NMs in the global NM network in a favorable location for
detecting SNPs. The restoration of HLEA would fill a large gap between the Thailand and Mexico stations
and will also provide information about FDs for GCRs with rigidity above 13 GV (Mangeard et al. 2017).
The new HLEA NM will extend the ground coverage of GCR and SNP detection.

3. Redeployment of the Haleakala NM

Two standard sea containers will host the new HLEA NM and will be placed on Haleakala summit. Fig. 2
shows the facility location for the new HLEA NM. The area will cover a maximum of 50m?. It is located
on the Haleakala summit in island of Maui, near the building that previously hosted the old HLEA NM.
The new HLEA NM will be also near to the Daniel K. Inouye Solar Telescope (DKIST). DKIST telescope
is imaging the Sun in several wavelengths. The direct observation of solar flares that produce SNPs will
provide context for interpreting the new HLEA data.

Complementing HLEA will be a portable NM, Thimon provided by Chiang Mai University in Thailand.
Fig. 3 shows a picture of the exterior of Thimon sea container hosting an NM instrument. This sea con-
tainer was prepared and equipped in Thailand. Thimon NM will be one of the two sea containers that will

constitute and expand HLEA NM instrument.
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Fig. 2: Picture of new HLEA NM facility close to the Chicago building that
previously hosted the old HLEA NM, on the Haleakala summit. The new HLEA will
be also near to the DKIST telescope.

Fig. 3: Side view of Thimon shipping container. Logos of different institutes of the
collaboration are well visible.

Fig. 4 shows a picture of the interior of Thimon shipping container. This container is already fur-
nished with a 3-inch thick polyethylene (reflector) box and three pure lead rings that will host three Boron
Tri-Fluoride (BF3) NM tubes. We will reuse the original proportional counter tubes, with moderator, that
were part of the previous HLEA NM. The Thimon container will be equipped with power cables, comput-
ers, temperature sensors, barometers, and lights. New electronic boards will be fabricated and tested at
Bartol Research Institue. At the moment Thimon is located on the campus of the University of Hawaii
(UH) on O’ahu. It will be shipped to Maui where it will be equipped with three BF, tubes and electronics.

A second shipping container with double doors will host the other six BF, tubes arranged such as three

tubes will be reached at each side of the container independently. Fig. 5 shows a model of this second
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Fig. 4: Interior of Thimon, one of the two HLEA shipping containers minus the BF3
tubes. This container is equipped with a 3-inch thick polyethylene box and three
pure lead rings. Aluminum fasteners and heaters are also marked.

Fig. 5: Model of the second HLEA shipping container with double doors and two
banks of 3-tubes at each side.

container seen from different angles. To minimize the operations at the summit, the second container will
be assembled, equipped and tested at UNH. Also this second shipping container will be sent to Maui.

After the setup procedure is done, tests will be performed on Haleakala summit to check that the
new HLEA NMs are running properly. We will take data and perform end-to-end tests. After these tests,
normal operation will begin and the new HLEA NM will be remotely monitored. A monitoring system
program will be developed and displayed at UH campus. Finally, HLEA data will be publicly available
through the online NM database (NMDB) (https://www.nmdb.eu, last accessed July 4, 2023).
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4. NM Calibration with AMS Data

The simultaneous measurements of AMS and NMs provide us the opportunity to validate and calibrate
the NM YFs, i.e., the response of an NM to the particle flux with a given energy. The NM count rate at a
time t, N(t), can be related to the near-Earth spectrum, J(R,t), as a function of rigidity R and time ¢,

N® = 43 e RO YRR, @

where R_is the rigidity cutoff of the selected NM, k is a normalization factor that corrects for the realities
of the NM (electronic efficiency, environmental effects, etc), Yi(R) is the YF, and the sum over the index i
runs over all cosmic-ray elements. In our previous work (Koldobskiy et al. 2019), we tested the validity of
different YFs commonly used in literature, by computing the normalization factor k as the ratio between
the modeled and observed count rate. If a YF correctly describes the low-energy response of a NM, then
the normalization factor k should be stable in time and uncorrelated to the level of solar activity. As ]i(R,t),
we used the monthly proton and helium fluxes measured by AMS from May 2011 to May 2016 (Aguilar et
al. 2018). To correctly account for the contribution of Z>2 elements in GCRs, we used the fluxes of lithium,
beryllium, boron, carbon, neon, and oxygen measured by AMS between May 2011 and May 2016 (Aguilar
et al. 2021a), assuming that their spectrum has the same time dependence as that of helium. Recent AMS
results on daily proton and helium fluxes (Aguilar et al. 2021b; Aguilar et al. 2022) give us the possibility
to do the same work on a shorter time scale and to extend the YF validity. We will redo the same analysis
testing different YFs on a daily basis until November 2019.

This job will serve as a starting point for calibrating the GCR spectra measured by the upcoming HLEA
NM with future AMS publications.

5. Simulation of HLEA detector response

The particle environment on Haleakala, and the instrument itself, differs from all other stations in the
Simpson network. Consequently, it is essential to understand in some detail how the detector responds to
the particle spectrum. We will assess the realistic, energy-dependent effective area of HLEA, the so-called
YF, for both GCRs and SNPs. To that end, we will embark on a thorough simulation of the instrument and
its surrounding environment, which includes the overlying atmosphere. We will use GEANT-4 and PLANE-
TOCOSMICS (Agostinelli 2023) simulation of the GCR and SNP magnetospheric and atmospheric transport
with a realistic atmospheric depth profile. Variables that should be studied are: incident direction, solar
cycle dependent cutoff, atmospheric overburden, and water content at the site of the instrument. To com-
pletely model the instrument requires an accurate representation of locations of the various components,
i.e., the lead, low density polyethylene, other passive material, the sea container housing the instrument,
and even the rock or soil lying beneath the monitor. We will characterize how the instrument responds to
barometric pressure variations that affect the count rate. The elemental composition of GCRs affects the
ground level neutron intensity. An NM responds to the number of hadronic interactions, so a “He cosmic
ray will roughly generate four times the signal of a proton. NMs have typically assumed either pure pro-

tons or a mix of protons and helium. With AMS measurements available, we can now properly compute
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the response from a cosmic-ray spectrum of variable composition. The effect of different species on the NM
response will be simulated. As primary particle spectra, we will use the published AMS fluxes of the most
abundant GCRs species: proton, helium, carbon, and others from oxygen up to a high-Z component, such
as iron. The final simulated response will be compared to data. To check the validity of this YF, we will
compare the measured count rate with the one calculated with Eq.1 of Sec.4.

For SNPs, the incident spectrum and composition is markedly different (softer) than that of the GCRs.
The response of NMs is consequently different. Therefore, a complete air shower simulation will be per-
formed for incoming neutrons of different energies. As SNP input spectra we will use a power law function
with exponential rollover (Ellison & Ramaty 1985) as suggested by y-ray measurements (Hurford et al.
2003; Ackermann et al. 2021). Because neutrons are not affected by the IMF and magnetosphere, they
travel straight from Sun to Earth, and thus their distribution will be modeled as a point-like source coming
from the Sun with different incident angles depending on the time of day at the detector and declination
of the Sun. Earth’s rotation will be taken into account and the particle distribution for seasonal and local
time effects will be estimated at Haleakala location.

The entire process will serve as a calibration method for the HLEA detector.
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Session 4: Abstracts

New registration system of cosmic ray stations
of ISTP SB RAS
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Abstract

We consider the new registration system of cosmic ray stations. This system is based on a Raspberry Pi 3.

Neutron monitor electronics for spectral
information from a single neutron monitor

David Ruffolo

Correspondence
Department of Physics, Faculty of Science, Mahidol University, Bangkok, Thailand

Abstract

Neutron monitors have provided continuous tracking since about 1950 of the neutron count rate at various
sites, with a precision as good as 0.1% for hourly rates, to monitor variations in the cosmic ray flux. Because
different sites have different rigidity cutoffs (thresholds), ranging from about 1 GV to 17 GV, it is commonly
thought that these sites also provide continuous monitoring of the cosmic ray spectrum over that rigidity
range. However, in practice there are systematic uncertainties and local atmospheric effects that limit the
accuracy of tracking spectral variations in that way, especially for time scales shorter than a year. Therefore,
severaltechniques have been developed that can successfully measure spectral variations of galactic cosmic
rays or solar energetic particles at a single site (or neighboring sites) or from a single neutron monitor. After
a brief overview of such techniques, we will specifically describe techniques using special electronics to
provide timing and multiplicity information. We describe technical problems with a common definition of
multiplicity in terms of the number of events detected within a time window, because these are strongly
affected by chance coincidences, which are sensitive to atmospheric pressure. A more successful technique

is to statistically remove chance coincidences from the distribution of time delays between successive counts
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to determine the “leader fraction” of counts that did not follow a temporally associated count from the same
cosmic ray shower. This technique has been validated using data from latitude surveys and comparison with
data from the space borne AMS-02 detector. At high cutoff rigidity, e.g., above 17 GV, the leader fraction
provides superior resolution of spectral variations in comparison with spacecraft detectors. Electronics
have been further developed to collect statistics on cross-counter time delays and events with high counter

multiplicity. Partially supported by grant RTA6280002 from Thailand Science Research and Innovation.

Neural networks for identification of neutron
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Abstract

Neutron monitor data quality and control is fundamental for successful and reliable application of this
instrument to space weather forecasting. The majority of the operating neutron monitors were built in the
years 1965-1975. Despite all care and efforts to maintain their operation, noise and spurious peaks in one or
more individual detector tubes are still observed in the output data. This requires data control and verification
by an operator which is not suitable for real-time applications. The usual algorithm is to check the individual
tube counts against the ratios with the remaining tubes Sapundjiev et al. 2014. In some cases, more than half
of the individual tubes do not pass the tube-ratio-test and the measurement cannot be accepted. In this work
we are investigating the applicability and the advantages of neural networks (NNs) to detect faulty and good
tube counts and the potency to recover erroneous data from as little as a single correct measurement. In order
to evaluate this method, besides the real operational data for the training, we also used complex tailored data
with as little as one good detector measurement. Finally, we are testing the NNs for real time data-controland

correction complimentary to the tube ratios method.
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Correction of snow effects on Oulu data using
local snow depth data
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Abstract

The University of Oulu neutron monitor (NM) started its operationin 1964 on the Kontinkangas campus, where
it operated until 1974 and was located in a building with a roof where snow can be accumulated during winters.
The amount of snow is known to affect count rates by reducing the NM count rate. Comparing the measured NM
count rates to theoretical count rates determined by using a numerical model and the modulation potential,
inferred independently from other NMs, deviations of up to 5 % can be observed on snowy winters. Although
there are no recordings of snow depth on the building roof itself, digitized daily-snow-depth data from the
Linnanmaa weather station, some 6 km north-northwest of the Kontinkangas location, are available. This has
allowed us to determine corrections to the data. For individual snow periods, we found a good linear relation
between the snow depth and deviation in the measured Oulu NM count rates from those theoretically expected.
This relation can be used to correct the Oulu NM data for wintertimes before 1974. Since the move of the Oulu

NM location to a new pyramid-shaped building in 1974, snow has never affected the NM count rate again.
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Abstract

We have developed a portable neutron monitor with three counters for latitude surveys to investigate cosmic
ray spectral variations. This “Changvan" uses the NM64 design, except that the middle counter lacks the lead
producer, so we call this a “semi-leaded” neutron monitor. The Changvan was operated on two voyages of the
Chineseicebreaker Xue Long between Chinaand Antarcticainthe 2018 and 2019. The standard measurement
duringa latitude surveyis the countrate asafunction of geomagnetic cutoffrigidity, i.e., the response function
of the total count rate. Repeated measurements with the same detector over different solar cycle phases
provide precise information about cosmic ray spectral variation. In addition, we have tested two techniques
totrack spectralvariation, which have or could be implemented at fixed stations. First, histograms of the time
delay between successive neutron counts determine the leader fraction, previously used to monitor short-
term and solar-cycle spectral variations. Second, the count rate ratio of unleaded vs. leaded counters varies
enormously with geomagnetic cutoff rigidity, indicating sensitivity to the cosmic ray spectrum. This may have
advantage relative to using a "bare” counter in that this "unleaded"” counter is shielded from the environment
by the reflector and has a higher count rate due to the adjacent lead. We report measurement of the response
function of the count rate and the leader fraction of the unleaded and leaded counters during these two
latitude surveys. Partially supported by grant RTA6280002 from Thailand Science Resesarch and Innovation.
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Abstract

In this work a new improved coupling function by Xaplanteris et al. (2021) based on Quantum Field Theory
isapplied forspectralanalysis of cosmic rays. This new coupling function had already been confirmed in the
application of cosmic rays with the calculation of primary cosmic ray intensity during Forbush decreases
and ground level enhancements but this is the first time that it is used for the calculation of spectral index.
To describe the rigidity spectrum of the galactic cosmic ray (GCR) during a Forbush decrease, a power
law in rigidity is often used. The exponent of this power law, the spectral index, describes the hardness of
the GCR spectrum. The spectrum of the GCR becomes harder during the Forbush decrease main phase.
For this analysis the Forbush decrease of the cosmic ray intensity observed on June 2015 was chosen.
Daily cosmic ray data of the neutron monitor stations obtained from the high-resolution neutron monitor
database (NMDB) were used for calculating the cosmic ray density and anisotropy variations. For the
spectral analysis of the galactic cosmic rays the technique of Wawrzynczak and Alania (2010) is applied,
based on the coupling coefficient method. The obtained results of the Fd analysis by using the new coupling
function by Xaplanteris etal. (2021) are compared with the results obtained based on the coupling function
by Clem and Dorman (2000).

1. Introduction

Cosmic rays (CRs) that arrive at the top of the atmosphere are called primary cosmic rays. The cosmic rays
that manage to penetrate the Earth atmosphere interact with its components and produce showers of sec-

ondary particles that are measured by the ground based detectors. The worldwide network of standard
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neutron monitors (NMs) is of great importance for the detection and provision data of secondary neutrons
produced by the interaction of cosmic rays and solar energetic particles with the atmospheric molecules to
analyze CR variability (Shea & Smart 2000; Moraal et al. 2000).

The linking of the intensity of primary CRs with the NM count rates (secondary cosmic rays) requires high
numerical simulations of the atmospheric cascade. One way to achieve this is with the NM yield function
and it is crucial for Space Weather research. The yield function of a specific primary particle type is defined
as the detector’s response to this particle type at energy E and has dimensions of (counts m2 sr), so it de-
pends on the geometric characteristics of the NM detector. On the other hand the coupling function is de-
fined as the differential count rate of the NM and has dimensions of counts (GeV)* (Clem and Dorman 2000).
There are several yield functions (or coupling function), some of which are calculated based on theoretical
tools while others are defined by statistical and computational models. The FLUKA (Fasso et al. 1993) Mon-
te-Carlo package was used by Clem and Dorman (2000) for simulations of particles transport through the at-
mosphere. The GEANT-4 (Agostinelli et al. 2003) Monte Carlo package was applied by Fliickiger et al. (2008)
and Matthii et al. (2009) for the same reason. Also the GEANT-4 PLANETOCOSMICS Monte-Carlo tool and a
realistic atmospheric model were used by Mishev et al. (2013) for the computation of an improved yield func-
tion. Recently, a new coupling function based on Quantum Field Theory (QFT) computations was published
(Xaplanteris et al. 2021). Yield functions developed by different groups show different results in some energy
regions due to the fact that they differ on the set of assumptions they are based on, the processes they take
into account and the technique they are derived from (Heck 2006). The necessity of an accurate and suitable
yield function has been presented in various publications (e.g. Clem & Dorman 2000; Mavromichalaki et al.
2012) especially for spectral analysis of important events of CRs such as Forbush decreases (Fds) and ground
level enhancements (GLEs). In this work we focus on the case of Fds of GCRs.

Forbush decrease manifests itself in the fast decreases of the GCR intensity followed by a gradual recovery
phase that happens over 8-10 days (Forbush 1954). Most of Fds occur due to coronal mass ejections (CMEs)
which come from the Sun along with a shock wave (Cane 2000; Papailiou et al. 2013). The amplitude of the Fd
(%) for each NM is defined as the difference between the cosmic ray intensity at the onset and the minimum
point of this. A dependence of the observed difference on the GCR rigidity is one of the fundamental character-
istics of Fds. It is given by Cane (2000) and can be expressed by a power law R, where y is the spectral index.

In this work we focus on the calculation of the spectral index during the Fd using the technique of
Wawrzynczak and Alania (2010) which is based on the coupling coefficient method (Clem and Dorman
2000), secondary cosmic ray measurements can be linked to the primary incident cosmic ray particles via
specific mathematical functions. The Fd that took place on 22 June 2015 is studied and analyzed. For spec-
tral analysis two coupling functions were applied to the case of the above Fd, the recently established
coupling function based on QFT calculations (Xaplanteris et al. 2021) and the total response function of
Clem and Dorman (2000). Our results are discussed.

2. Data selection

In this work daily cosmic ray data corrected for pressure and efficiency from middle latitude NM sta-
tions located over the world and obtained from the high resolution real time Neutron Monitor Database
(NMDB) (http://www.nmdb.eu) were used. This study analyzes data from five stations with cut-off rigid-
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ities above 1.67GV due to the limitations of the QFT coupling function: (Baksan (BKSN) — Rc = 5.60 GV,
Guadalajara (CALM) — Rc = 6.95 GV, Lomnicky Stit (LMKS) — Rc = 3.84 GV, Rome (ROME) — Rc =6.27 GV,
Jungfraujoch (JUNG1) — Rc = 4.5 GV).

The cosmic ray intensity recorded at each station was normalized according to Equation 1:

N, -N
Ji= e (1

where J¥is the normalized cosmic ray intensity for the i*" station of the Fd, N, is the daily cosmic ray in-
tensity of each station for k days (k=1,2,3,..days) and N, is the average cosmic ray intensity for three days
before the beginning of the Fd (Wawrzynczak & Alania 2010). Time profiles of daily values of the cosmic
ray intensity of five middle latitude NM stations are presented in (Fig. 1) from 20 June 2015 to 03 July 2015.
The first Fd in the studied period happened on 23 June 2015 and had an amplitude with a value of 6.51%
for the JUNG1 NM station. The second one took place on 25 June 2015 with an amplitude value of 8.02 %
for the LMKS NM station. An increase in the counting rate of the JUNG1 NM station during 29-30 June 2015
(Fig.1) can be explained by the melting snow which may have started even before 29 June 2015 (Maurin
et al. 2015) http://cosray.unibe.ch (last accessed May 12, 2023). We plan to make a new Fd analysis and
publication in which we will not use the data of JUNG1, but the data of JUNG station.

Fig. 1: The normalized CR intensity for middle latitude stations obtained from NMDB for the time period of 20 June 2015 to
03 July 2015.

During the studied period a series of solar events took place on the Sun. In general, 53 C-flares and 7 M-
flares occurred on the solar atmosphere and 7 halo and partial halo CMEs at the solar corona, which had
a linear velocity up to 1714 km/s. They were observed by GOES and SOHO/LASCO satellites https://www.
ngdc.noaa.gov/stp/space-weather/solar-data/; https://cdaw.gsfc.nasa.gov (last accessed September 15,
2022). As for the geomagnetic indices the maximum value of the Kp index was equal to 8 on 22 June 2015
at 18:00-21:00 UT whereas the Dst index had two minimum values: a first one equal to -124nT that was on
22 June 2015 at 21:00-22:00 UT and a second one equal to -204nT that was on 23 June 2015 at 05:00—-06:00
UT about a few hours after the minimum of the cosmic ray intensity (Samara et al. 2018) https://www.
spaceweatherlive.com ; Final Dst Index Monthly Plot and Table (kyoto-u.ac.jp) (last accessed May 12,
2023). It is thus concluded that two severe G4 geomagnetic storms occurred in the period 22-23 June 2015.
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3. Data analysis and results

The method of Wawrzynczak and Alania (2010) used in previous works by Livada et al. (2018) and Livada
and Mavromichalaki (2020) for spectral analysis of the Fd events was also applied in this work for the
above selected Fds, complemented by the coupling function by Xaplanteris et al. (2021) based on QFT.

According to Wawrzynczak and Alania (2010), secondary cosmic ray data can be linked to the primary
incident cosmic ray particles via specific mathematical functions that take into account the acceptance
vectors for each detector (NM), based on its local characteristics (cut-off rigidity, altitude, geographic
coordinates and detector’s type). Each NM station is characterized by its asymptotic cone of acceptance
which is a result of the modulation by the geomagnetic field of the cosmic rays (Dorman 2004).

Variations of GCRs intensity near Earth during Fds can be expressed by a power law in rigidity, accord-
ing to Equation (2):

%DY%)z A(%U)WR < Rmax (2)
0 R >R,

X

where R =10GV and R _ =200GV is the rigidity above which the Fd of GCRs vanishes (Dorman 2004).
The cosmic ray intensity J* of the Fd for the i* detector with geomagnetic cut-off rigidity R at an atmo-

spheric depth h, (Dorman 1963) is defined as in Equation (3):
];‘:jgm 63_%)]( Wi(R’ hi) dR (3)

where W|(R, hi) is the coupling coefficient for the NM. In this study two coupling functions were studied the
first is by Xaplanteris et al. (2021) and the second by Clem and Dorman (2000) which analyzed in section
3.1and 3.2.

W(E) = 1.65x1072%% [ln(g—‘)] 2 [#951‘1(1%)] ? by Xaplanteris et al. (2021)
w, (R, h)= a (h) (k(h)-1) exp (-a(h) R*™*") R"" by Clem and Dorman (2000)

Inserting the power law of Equation (2) into Equation (3) and solving for the cosmic ray intensity of the Fd
in free space (in the heliosphere) A¥, we can conclude the Equation (4) below:

J¥
Al = prrwiRER @

where Ai,‘ should be independent of the local characteristics of the NM. Yasue et al. (1982) calculated the
aforementioned coupling integral for discrete magnitudes and y. In our analysis the cosmic ray intensity A*
of the Fd in the heliosphere was calculated for discrete values of y ranging from 0.1 to 2 with step 0.01 using
Matlab program (201 values) for ‘i’ NMs. According to our requirement an acceptable y | * must correspond
to the values of the A* being almost the same for all NMs, i.e. AA*= A¥ — Ak should be the minimal value.
The errors Ay of each spectral index were calculated based on the previous (k-1) and the next value (k+1) of
spectral index y,.
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The technique of Wawrzynczak and Alania (2010) is based on the coupling function W (R, h ;) between
the intensity of NMs J* and the primary cosmic rays A¥ in the heliosphere that was described from Equa-

tion 4. In this work two types of coupling coefficient expressions are obtained.

3.1 Theoretical coupling function

The first theoretical coupling function is the one proposed by Xaplanteris et al. (2021). It is derived purely
analytically and aims to test the applicability of QFT computational tools to CRs phenomena. Initially a
slight variation of the Lagrangian density L of a traditional @* theory is chosen (Peskin & Schroeder 1995;
Srednicki 2007; Bilal 2011):

L = %(6M<D1)2+§(ay®2)2+§mf®f+§mj¢j—T’}Z!(Df@j (5)
where @ and @, are scalar fields that describe the proton of mass m, and the neutron of mass m, respec-
tively and are coupled with a coupling constant A.

The interaction resulting in neutron production assumes that a primary proton, moving towards the
Earth’s surface, collide with a large atmospheric particle X and as a result a secondary proton (less en-
ergetic than the initial one) is produced alongside with a neutron and a large particle A. The large atmo-
spheric particle X refers to an atmospheric molecule with large enough mass compared to the mass of a
nucleon, so that in the equation of energy conservation it can be assumed at rest. More specifically in the
calculation of the scattering amplitude using the Lehmann, Symmanzik, Zimmermann (LSZ) formula the
particle used as X is nitrogen with mass M=14 m =14 GeV (Xaplanteris et al.2021).

p'+X - p*+n+A

Essentially, the model assumes that the produced neutron escapes from the particle X, meaning that
particles X and A have masses differing by 1GeV. Furthermore, the secondary proton and neutron are as-
sumed to travel towards the Earth’s surface and particles X and A are considered at rest since their masses
are much larger than the nucleons’ masses. The final assumption that is made in this model is that after
every interaction the secondary proton is left with 60% of its initial energy (Dorman 1974) whereas the
remaining 40% is assigned to the neutron and particle A. Therefore, the energy cut-off is 1GeV corre-
sponding to a rigidity cut-off of 1.71GV.

Using QFT principles in order to determine the scattering amplitude for the interaction considered the

new coupling function can be derived as an expression of the energy E (Xaplanteris et al.2021):
(6)

where E denotes the energy of the initial proton, E_, = 1GeV (or R, =1.71 GV). This means that it can
take into account incident protons with energy greater than 1 GeV. This limitation renders the coupling
function applicable only to NM stations with energy cut-off value greater than 1 GeV.

It is important to note that the coupling function is not normalized since it can only be applied for
energies E > 1 GeV and does not consider inelastic processes, thermalization and diffusion.
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Fig. 2: Comparison of the newly computed coupling function based on QFT (Xaplanteris et al. 2021) with the function of Clem
and Dorman (2000).

3.2 Total response function
The second coupling function is the total response function of Clem and Dorman (2000) given in Equa-
tion (7).

w. (R, h)= a (h) (k(h)-1) exp (-a(h) R™"+1) R=K® 7

where R is the cut-off rigidity of each station and a and x are depth-dependent parameters which depend
on solar activity (minimum or maximum).

In Fig. 2 the yield function of QFT (Xaplanteris et al. 2021) and the function of Clem and Dorman (2000)
where the fit is adapted from Caballero-Lopez and Moraal (2012) are compared. The two curves follow
the same behavior with a significant deviation in the lower energies between 2 GeV and 10 GeV. A more
detailed justification between the new QFT coupling function and with other ones is given in the work of
Xaplanteris et al. (2021).

4. Discussion and conclusions

The method of Wawrzynczak and Alania (2010) was applied using the above two coupling functions ac-

cording to QFT (Xaplanteris et al. 2021) and Clem and Dorman (2000) respectively, for the calculation of

cosmic ray intensity in the heliosphere near Earth for each station and the spectral index during the Fd of

June 2015. For the calculation the daily data of five NM stations were used. In Figs. 3 and 4 the results of our

calculations are presented.

e From our analysis it is concluded that during the events of June 2015, a temporal continuity between
the solar events and the associated phenomena that were recorded on the Earth, exists. The observed
Fds are directly associated with the production of CMEs on the Sun and the created shock waves.
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Fig. 3: Time profiles of the primary cosmic ray variations applying the coupling function of Xaplanteris et al. (2021) (above
panel) and the function of Clem and Dorman (2000) (down panel) for the time period of 20 June 2015-03 July 2015.

Fig. 4: Temporal changes of the rigidity spectrum exponent applying the coupling function of Xaplanteris et al. (2021) (blue
line) and the function of Clem and Dorman (2000) (red line) for the time period of 20 June 2015 - 03 July 2015.

¢ According to the method of Wawrzynczak and Alania (2010) the calculated intensity of the primary cosmic
rays is expected to be almost the same for the selected NMs due to the fact that it does not depend on the
local characteristics of the detectors. This statement was confirmed by the two above coupling functions in
Fig. 3 in the case of the selected Fd. In contrast the intensity of the secondary cosmic rays has different values
in each station, with some stations having larger amplitude than others stations due to their cut-off rigidity
(Fig. 1). However, the primary normalized cosmic ray intensity has difference when determined by the coupling
function of Xaplanteris et al. (2021) and by the function of Clem and Dorman (2000) as well as the maximum
GCR decrease is ~2% for the results of first coupling function and ~12% for the second Fig. 3. This is caused due
to the fact that the calculated cosmic ray intensity depends on the using of coupling function. The newly com-
puted function takes higher values for the energy region under study than the Clem and Dorman (2000) Fig. 2.
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¢ The purpose of this work is to show that the time dependence of the calculated spectral index is in
agreement with the fluctuations of the cosmic ray intensity during the Fds (Livada and Mavromicha-
laki 2020). This is achieved for the Fd of June 2015 for both coupling functions used. Specifically, the
spectral index reached the minimum value during the main phase of Fd with the largest amplitude of
the Fd (Fig. 4). It means that the spectrum of the GCR becomes harder during the Fd main phase. The
deviations of the value of the daily spectral index are within the limit of the calculated error Ay. In Fig.
4 and Tab. 1 the comparison of the results of the calculated spectral index with both cases of coupling
functions is presented, in order to confirm that the new function produces similar results to the other.

Tab. 1: Daily values of the spectralindex with the errors for the time period 20 June 2015-03 July 2015.

Date Spectralindex QFT Spectralindex
YYYY:MM:DD (Xaplanteris et al. 2021) (Clem & Dorman 2000)
2015:06:20 2.00£1.99 2.00£1.50
2015:06:21 2.00+1.99 2.00+1.50
2015:06:22 0.01+1.99 0.50+1.50
2015:06:23 0.08+0.09 0.60+0.12
2015:06:24 0.01£0.17 0.52+0.15
2015:06:25 0.17£0.16 0.65%0.13
2015:06:26 0.20£0.03 0.67+0.03
2015:06:27 0.22+0.21 0.69+0.19
2015:06:28 0.01£0.21 0.50+0.19
2015:06:29 0.01+0.00 0.50+0.00
2015:06:30 0.01+£1.99 0.50+1.50
2015:07:01 2.00£1.99 2.00£1.50
2015:07:02 2.00£0.00 2.00+0.00
2015:07:03 2.00£0.00 2.00+0.00
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Abstract

Neutron monitors (NMs) provide continuous ground-based recording of the hadronic component of
secondary cosmic ray radiation. The introduction of an NM as a continuous recorder of cosmic ray (CR)
intensity followed the design by Simpson in 1953, introduced during the International Geophysical Year (IGY)
1957-1958. The IGY neutron monitor was used worldwide as a detector to study CR variations. Lately, in
the mid-sixties, the design of the IGY NM was optimized resulting in increased counting rates. This second
generation of NM design is known as NMé64 or supermonitor, in practice the standard device nowadays. At
recent, mini-NM has been installed at several stations, showing good performance, specifically at low cut-
off rigidity and high-altitude locations. Standard NM consists of sensitive to thermal neutrons proportional
counters based on *He or boron-trifluoride enriched to '°B, surrounded by a moderator, usually paraffin wax
or polyethylene, a reflector made of the same material as the moderator and a lead producer. In order to
use the NM as a ground-based detector to study CRs, it is necessary to establish a connection between the
primary cosmic ray particles at the top of the Earth's atmosphere and the count rate of the device. Since the
secondary CRs, resulting from the primary cascade in the Earth’s atmosphere, can reach the ground level
and eventually be registered by an NM, the corresponding NM response incorporates the full complexity
of the atmospheric cascade development including secondary particle propagation in the atmosphere and
the efficiency of the detector itself to register the secondaries. Here, different methods of determining the
neutron monitor response function to primary CRs are reviewed and discussed including early and recent

results as well as several applications.
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Abstract

The Neutron Monitor database (NMDB) was created by teams from 12 different countries in 2008. Data from
neutron monitors worldwide is pooled and made available, for many stations in real-time. The NMDB Event
Search Tool (NEST) started as a quick-look interface to the data in NMDB, but by now has become the main
interface to all NMDB data. NEST does not only enable you to plot data from one or several NMDB stationsina
very customizable way, it also allows you to retrieve the data in ASCII format for further processing or creating
your own plots. Downloading data can be scripted using ‘wget’ or ‘curl’ as documented in '3 ways 2 use NEST".
Here we are presenting python functions to read in data from one or several stations directly from NEST into

a pandas dataframe. Once your data is in a 'dataframe’, you can easily sort, modify or plot data with python.

1. Introduction

The main goal of the Neutron Monitor Database (NMDB) is to make neutron monitor data easily accessi-
ble, in a common format. This includes real-time data (for example available at http://rt.nmdb.eu, last
accessed July 4, 2023) as well as historical data. The data in NMDB is typically available at 1-minute
resolution, but also in 1-hour resolution to study long-term variations. For intermediate resolutions, the
database can provide averaged data as well.

While NMDB stores all data in an SQL database, only few users have (and need) direct access to the
database: Neutron Monitor stations sending real-time data to NMDB, and applications that work with
real-time data, for example GLE Alert tools. Regular users do not want to work with SQL commands to ac-
cess the data, so a graphical user interface, the NMDB event search tool NEST (shown in Fig. 1), has been
developed that allows users to interactively select stations and time ranges, datatypes and additional
data like sunspot numbers and provides the results as configurable plot, or in ASCII format to download

for further processing.
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Fig. 1: NEST web interface to NMDB data.
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While this is excellent for occasional browsing the data, it is a bit cumbersome for serious data analysis. To
enable automated downloads of NMDB data the NEST manual ‘3 ways 2 use NEST’ (Fuller 2022) provides
also instructions on retrieving data in ASCII format without having to fill in a webform. A query string
can be created and the data can be accessed with a tool like ‘wget’ or ‘curl’. When the data has been dow-
nloaded, it can be further processed by the user.

The python programming language has become the de-facto standard for Data Science (VanderPlas 2016)
at most universities, even some proprietary software can use functions written in python (Origin 2022). So
instead of downloading NMDB data with hand-created queries, or with simple shell scripts, it makes sense
to download the data directly in python, where the data will be analyzed. Here we present some python
functions to easily access user selected data from NMDB, and some examples on how to work with this data
using the pandas library, a popular tool among data scientists (The pandas development team 2022).

2. NEST queries

NMDB data can be downloaded with a special URL, as explained in the NEST manual. This URL defines
the Neutron Monitor station, the datatable, the datatype, and the timerange of the requested data. One
query can either combine data for several stations (and one datatype), or one station with several dataty-
pes (like uncorrected, pressure, and corrected data). We have created separate python functions for these
use cases: nest.multi for quering multiple stations, and nest.single for quering a single station. Both
functions use the same parameters:

e station: station shortname as used in NMDB (four or five letters, list of strings for multi, string
for single)
e table: data table used in NMDB with the following abbreviations:
e e: corr_for_efficiency
e c: corr_for_pressure
e u: uncorrected
® p: pressure_mbar
e data: ori, revori (revised and original data merged), or 1h
e start: datetime of the start of the requested data
e end: datetime of the end of the requested data

The functions include no error checking for valid station names or datetimes or the amount of data that
will be returned by NEST. The data will be returned in the highest available resolution (1-min for ori and
revori), or, for longer time periods, averaged to longer durations by NEST. For details, see the NEST manual
(Fuller 2022).

2.1 nmdb.multi

The nmdb multi function allows to access one datatype for multiple stations. The required arguments are a
list with the station names, the datatable which can be one of revori, ori, or 1h, the datatype, which can be
one of e, ¢, U, p, and the datetimes for the start and the end of the requested data. See Fig. 2 for an example
using the nest.multi function.
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import matplotlib.pyplot as plt
import datetime as dt
import pandas as pd

# local library that generates the html strings to download NEST data
import nest

start = dt.datetime(2022, 1, 1, 0, 0, 0)

end = dt.datetime(2022, 1, 2, 23, 59, 59)

# NEST returns stations sorted alphabetically!

station = sorted(["oulu", "kiel2", "jung"])

# only one data type for multiple stations

data = "e"

table = "revori"

download = nest.multi(station, table, data, start, end)

names = station.copy()

names.insert(0, "start_date_time")

df = pd.read_table(download, sep=";", comment="#", header=0, names=names)
df.index = pd.to_datetime(df['start_date_time'])

df.plot()

plt.savefig('nest_multi.pdf')

200 A

180 A

160 -
— Jung
— kiel2
—— oulu
140 A

120

100 .
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00
01-Jan 02-Jan
2022

Fig. 2: Example using the nest.multi function.

2.2 nmdb.single

The nmdb.single function allows to access several datatypes for a single station. The required arguments
are a string with the station name, the datatable, which can be one of revori, ori, or 1h, a list with the da-
tatype (which can be one of e, c, u, p), and the datetimes for the start and the end of the requested data.
See Fig. 3 for an example using the nest.single function.

2.3 nmdb.header

NEST returns meta data together with the requested data as comments, however this is currently not
stored in the pandas dataframe. To access the meta data a separate nmdb.header function is provided.
This function takes the url created by either nmdb.multi or nmdb.single and extracts the meta data into
a string. The meta data contains information such as if the data has been averaged or revised and how to

cite the data. See Fig. 4 for an example using the nest.header function.
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import matplotlib.pyplot as plt
import datetime as dt
import pandas as pd

# local library that generates the html strings to download NEST data
import nest

start = dt.datetime(2022, 2, 1, 0, 0, 0)
end = dt.datetime(2022, 2, 28, 23, 59, 59)

table = "revori" # virtual table with merge original and revised data

station = "oulu" # station short name as used in NMDB
data = ["p", "u", "c", "e"] # download pressure, uncorrected, corrected

download = nest.single(station, table, data, start, end)
names = data.copy() # keep the original columns, work only with a copy
names.insert(0, "start_date_time")

df = pd.read_table(download, sep=";", comment="#", header=0, names=names)

# row numbers as x-axis looks ugly, lets use the date instead
df.index = pd.to_datetime(df['start_date_time'])

# plot uncorrected and corrected values for only one week
df[df['start_date_time'] > "2022-02-21"].plot(y=["u", "c"])

plt.savefig('nest_single.pdf')

1304

120 A

110 A

100 4

90

21 22 23 24 25 26 27 28
Feb
2022

Fig. 3: Example using the nest.single function.

3. Installation

The python sourcecode for the nest module, the examples for the multi, single and header function, as
well as a jupyter notebook with further examples are available on the NMDB website at https://www.
nmdb.eu/software/python/nest (last accessed July 4, 2023). Updates to the nest module as well as exten-
sions, for example an option to select the resolution of the data, will be made available on that webpage.

To install the nest module, simply copy the module nest.py and any example scripts you want to use
into your working directory. If you execute the example scripts in an Integrated Development Environ-
ment (IDE) like spyder, or use the jupyter notebook, you can interactively work with the dataframes and
immediately display the plots without adding further commands that would be neccessary to execute in

a stand-alone python script.


https://doi.org/10.38072/2748-3150/p44
https://www.nmdb.eu/software/python/nest
https://www.nmdb.eu/software/python/nest

216

Cosmic ray studies with neutron detectors | Volume 2 (2023)
KIEL-UP ¢ DOI: 10.38072/2748-3150/p44

In [1]: import datetime as dt

import pandas as pd

# local library that generates the html strings to download NEST data
import nest

= dt.datetime(2022, 2, 1, 0, 0, 0)
dt.datetime(2022, 2, 28, 23, 59, 59)
= "revori" # virtual table with merge original and revised data

start
end =
table

station = "oulu" # station short name as used in NMDB
# download pressure, uncorrected, corrected (for pressure) and efficiency corrected data
data = ["p" nyt, men, vel]

3 I bl

download = nest.single(station, table, data, start, end)
header = nest.header(download)
print(header)

STATION: OULU
START TIME: 2022-02-01 00:00:00 UTC
END TIME: 2022-02-28 23:55:00 UTC
NMDB TABLE: revised original
REV EQ. ORI: Yes, revised data are identical to the original data for this period
DATA TYPE: pressure_mbar (RPRESS)
OTHER DATA: uncorrected(RUNCORR)corr_for_pressure(RCORR_P) corr_for_efficiency (RCORR_E)
AVERAGING: Yes / 5 min
ORIGINAL RES: 1 min

Timestamps always correspond to the beginning of the time interval

Data retrieved via NMDB are the property of the individual data providers. These data are free for
non commercial use to within the restriction imposed by the providers. If you use such data for
your research or applications, please acknowledge the origin by a sentence 1like 'We acknowledge
the NMDB Database (www.nmdb.eu) founded under the European Union's FP7 programme (contract no. 213
007), and the PIs of individual neutron monitors at: Oulu (Sodankyla Geophysical Observatory of th
e University of Oulu, Finland)

Fig. 4: Example using the nest.header function.

4. Conclusion

We have presented an open source python module that enables easy access to NMDB data via the NEST

webinterface. Users can access all NMDB data simply by specifying stations, time-periods and datatypes

to create a URL to the data and read in the data using this URL into a pandas dataframe. With the data in

a dataframe users can plot the data or further analyse it using all the powers provided by pandas and the

entire python ecosystem.
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Abstract

The new phenomena in atmospheric physics are the high-energy processes culminating in huge fluxes of
electrons and gamma rays incident on the earth's surface. We have continuously monitored elementary
particle fluxes on the Mt. Aragats high-altitude research station of the Cosmic Ray Division of A. Alikhanyan
National Laboratory discovered a powerful electron acceleratorin the thunderclouds. To reach a complete
understanding of high-energy processesin the terrestrial atmosphere and to find new and easily measured
indicators of the global change in the climate system, we form a database of these rather rare events.
Throughout the years 2009-2022, we have registered nearly 500 thunderstorm ground enhancement
events (TGEs). We recover energy spectra of TGE electrons and gamma rays, calculate the significances
of peaks relative to fair-weather values, measure geomagnetic and near-surface electric fields, distances
to lightning flashes, and register atmospheric discharges. As well we monitor skies above the research
station on Mt. Aragats by panoramic cameras. As a result of the measurements, a database was created
containing data from continuous observations of fluxes of neutral and charged particles together with data
on disturbances of the near-surface electric field measured by a network of BOLTEK's EFM-100 electric
field mills and meteorological conditions from automatic weather stations from DAVIS Instruments. Now
we forman EXCEL catalogof 237 TGE events observed in2013-2022 containing 11 parametersincluding the
peakintensity of TGE asregistered by detectors with 0.7 MeV, 3MeV, 7 MeV energy thresholds, temperature,
and dew point during the TGE and atmospheric electric field parameters. From the catalog one can
directly access the data analysis ADEI platform with its rich possibilities of multivariate visualizations and
statistical tools for the multivariate correlation analysis of particle fluxes, lightning flashes, and numerous
environmental parameters.
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NMDB status, a brief tutorial

Christian T. Steigies

Correspondence

Extraterrestrial Physics, Institute of Experimental and Applied Physics, Kiel University, Germany

Abstract

Since 2008 the EU FP7 funded Neutron Monitor database (NMDB) is providing access to 1-minute neutron
monitor data in real-time as well as different neutron monitor data products for the public. Over the years,
severaldata products have disappeared or had to be disabled for security reasons, others have been extended
or set up from scratch to make accessing the data easier for the user. After an overview of the status of the
NMDB, I will give an interactive tutorial on accessing real-time data from NMDB using python and pandas. We
will use a Jupyter Notebook that runs in your web browser without you having to install additional software
on your computer. If you want to participate in this exercise, please mention this in your registration email so

that we can set up an account for you in our JupyterHub server.
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Program of the meeting

Monday, September 26

CR and the atmosphere, data bases, catalogues

Chairperson: Ilya Usoskin
Session manager: Maria Abunina

Time [UTC] Presenter Title

Tutorials

08:00 - 09:00 S. Poluianov Cosmic rays and the atmosphere

09:00-10:00 C. Steigies NMDB status, a brief tutorial

Contributed talks

11:00-11:05 H. Mavromichalaki Opening

11:10-11:15 L. Pustilnik Orbituaries

11:15-11:35 A. Chilingarian Neutron monitors detecting cores of extensive air showers

11:35-11:55 P. Makrantoni et al. Atmospheric cosmic ray induced ionization and radiation affecting aviation

11:55-12:05 D. Aslanyan The catalog of the thunderstorm ground enhancement events registered
on Mt. Aragats

12:05-12:20 General discussion

12:40-13:00 H. Martoyan Forbush decrease observed by nodes of SEVAN East-European particle
detector network on November 2021

13:00-13:10 R. Kataoka et al. Local environmental effects on cosmic ray observations at Syowa Station
in the Antarctic: PARMA-based snow cover correction for neutrons and
machine learning approach for neutrons and muons

13:10-13:30 C. Steigiesand N. Fuller  Accessing NMDB data using NEST and pandas

13:30-14:00 General discussion

Tuesday, September 27

CRin the Heliosphere: spatial and time variability

Chairperson: Olga Kryakunova

Session manager: Agnieszka Gil-Swiderska

Time [UTC] Presenter Title

Tutorials

09:00-10:00 M. Laurenza CRinthe Heliosphere

Contributed talks

11:00-11:20 K. Munakata et al. Large amplitude bidirectional anisotropy of cosmic-ray intensity observed in
November, 2021

11:20-11:40 V.Yanke et al. Residual modulation of galactic cosmic rays in the heliosphere

11:40-11:50 P. Gololobov et al. Cosmic ray angular distribution dynamics during Forbush decrease

in 3-4 November 2021
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11:50-12:00 E.Ntinaetal. Magnetospheric effects on cosmic rays during the magnetic storm of
March 2015

12:00-12:10 K. Poopakun et al. Solar magnetic polarity effect on neutron monitor count rates: comparing
latitude surveys and antarctic stations

12:10-12:25 General discussion

12:40-13:00 P.Véisdnenetal. Revised neutron monitor scaling factor and modulation potential determi-
nation for 1964-2021

13:00-13:20 P. Muangha et al. Cosmic ray intensity and spectral changes during 27-day variations using
time-delay measurements from Antarctic neutron monitors

13:20-13:40 S.BelovandA. Belov Real time monitoring of the angular distribution of cosmic rays with Ring of
Stations method using NMDB data

13:40 - 14:00 General discussion

Wednesday, September 28

Neutron detector instrumentation, stability, and response function

Chairperson: David Ruffolo
Session manager: Ludwig Klein

Time [UTC] Presenter Title
Tutorials
08:00-09:00 D. Ruffolo Neutron monitor electronics for spectralinformation from a single neutron
monitor
09:00 - 10:00 A. Mishev Neutron detector response functions
Contributed talks
11:00-11:20 D. Sapundjievand Neural networks for identification of neutron monitor faulty tube-counts
S. Stankov
11:20-11:40 R.D. Strauss et al. First results of the SA Agulhas |l mobile mini-neutron monitor:
Instrumental characterization and environmental sensitivity
11:40-11:50 P. Vdisénen and Correction of snow effects on Oulu data using local snow depth data
I. Usoskin
11:50-12:00 P. Yakum et al. Latitude surveys of time-delay histograms from a semi-leaded neutron
monitor during 2018-2020
12:00-12:10 M. Livada et al. Neutron monitoryield function: improved spectral computations of the
Forbush decrease of June 2015
12:10-12:25 General discussion
12:40-13:00 J.Ryanetal. US-based Simpson neutron monitor network
13:00-13:10 A. Lukovnikova New registration system of cosmic ray stations of ISTP SB RAS
13:10-13:30 C.Bland and Calgary neutron monitor efficiency factor estimation after major renovation
A. Kouznetsov
13:30-13:40 C. Consolandietal. Haleakala neutron monitor redeployment and calibration with AMS data

13:40-14:00

General discussion
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Thursday, September 29

GLE analysis

Chairperson: Monica Laurenza
Session manager: Maria Gerontidou

Time [UTC] Presenter Title
Tutorials
08:00 - 09:00 A. Papaioannou What do we learn from ground level enhancements?
09:00-10:00 E. Fliickiger, R. Biitikofer 40 years of neutron observations
Contributed talks
11:00-11:20 A.Saizetal. Magnetic field line path length variations and effects on solar energetic
particle transport
11:20-11:40 J. Rodriguez and GOES observations of solar protons during ground level enhancements
B. Kress
11:40-12:00 J.J.Blancoetal. Solar activity as observed by neutron monitors and muon telescopesin
the same location
12:00-12:20 General discussion
12:40-13:00 A. Papaioannou et al. Investigating GLE73, the first ground level enhancement of solar cycle 25
13:00-13:20 A. Mishev et al. The GLE #73 on 28 October 2021: spectra, angular distribution and
terrestrial effects
13:30-13:40 R. Bitikofer and Solar energetic particle event on 28 October 2021 as observed by the
C. Steigies neutron monitor network
13:40 - 14:00 General Discussion
Friday, September 30

GLE analysis and space weather services

Chairperson: Du Toit Strauss

Session manager: Athanasios Papaioannou

Time [UTC] Presenter Title

Tutorials

09:00-10:00 M. Abunina Cosmic rays and space weather

Contributed talks

11:00-11:20 S. Koldobskiy et al. Anew reconstruction of solar energetic particle fluence for GLE events

11:20-11:40 N. Shlyk et al. Solar energetic particle events and Forbush decreases driven by the
same solar sources

11:40-12:00 H. Mavromichalakietal.  The updated GLE alert system by ANEMOS

12:00-12:20 General discussion

12:40-13:00 K.-L. Klein et al. Arelationship between rise times and decay times of relativistic solar
particle events observed by neutron monitors

13:00-13:20 P. Gololobov et al. NMDB and space weather forecasting

13:20-13:40 0. Kryakunova et al. Behaviour of galactic cosmic rays density and vector anisotropy before
and during high-energy magnetospheric electron flux enhancements

13:40-13:55 General discussion

13:55-14:00 Closing
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