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Abstract

During the series of intense solar flares and coronal mass ejections, that occurred in May 2024, a remarkable Forbush decrease in the
cosmic ray flux was observed on the Earth. While this event was observed by particle detectors around the world, the archipelago of
Svalbard was heavily exposed to it due to the weak geomagnetic shielding in the polar region. In this study, an analysis of the Forbush
decrease event was carried out with a unique combination of muon and neutron detectors on Svalbard: at Ny-Alesund three scintillator-
based muon telescopes of the Extreme Energy Events (EEE) project, 14 channels of a Bonner Sphere neutron Spectrometer (BSS), and
thermal and epithermal neutron sensors used for hydrological monitoring; and, at Barentsburg, a high-energy neutron monitor operated
by the Polar Geophysical Institute. Most sensors showed significant responses and correlation during the event. The observed relative
magnitude of the Forbush decrease was found to depend on the detector’s energy sensitivity and was =~ 9% for thermal neutrons,
~ 8% for high-energy neutrons, and ~ 3% for muons. The uncertainty of these results strongly depends on factors like the count rate,
which ranged from 10' to 10° cph and resulted in a low signal-to-noise ratio particularly for the BSS. These multi-particle and multi-
energy observations provide an unprecendented view on the Earth’s exposure to cosmic rays during solar events.
© 2025 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.
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1. Introduction Fig. 1 (center) shows an H-« picture of the AR13664
region on May 10, taken by the Solar Telescope of the
A series of intense events consisting of solar flares, coro- INAF Catania Astrophysical Observatory (Romano

nal mass ejections (CMEs), and geomagnetic storm compo- et al., 2022; INAF, 2024), in Italy, compared to similar pic-
nents has occurred, starting on May 8, 2024, during solar  tures taken on May 6 (left) and May 14 (right). The evolu-
cycle 25. The geomagnetic storm was the largest registered  tion of this region during May 2024, together with several

in the last twenty years, after those occurring in October-  parameters concerning the Sun activity has been recently
November 2003 Cid et al. (2015). discussed in Hayakawa et al. (2024) and Kwak et al. (2024).
These events were observed in conjunction with the for- Solar flares are explosions on the Sun, able to produce a

mation of an active solar region, named AR13664 by the  burst of radiation across the electromagnetic spectrum,
National Oceanic and Atmospheric Administration, which ~ from radio waves to gamma rays. The usual classification
produced two large and multiple medium solar flares on  of solar flares is made according to the associated intensity
May 8, together with several Coronal Mass Ejections  in the wavelength range 0.1 to 0.8 nm, X-flares being the
(CMEs) in the direction of Earth. The size of this region largest, whereas M-flares are medium-sized and C-flares
was extraordinary, about 200,000 km in diameter, 15 times are small-sized. Each category has nine subdivisions, from
larger than the Earth’s diameter. M1 to M9, or X1 to X9, with a log scale, where the
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Fig. 1. Picture of the AR13664 region on May 10 (center), as observed by the Solar Telescope of the INAF Catania Astrophysical Observatory (Romano
et al., 2022; INAF, 2024), in Italy, compared to pictures taken on May 6 (left) and. May 14 (right).

Table 1

Solar events between May 8-15, 2024 and their main parameters:
Magnitude of the observed X-class solar flares and speed of the
corresponding coronal mass ejection (CME). The events on May 11th
11:44 and May 12th 16:26 were not accompanied by CMEs. Data taken
from Hayakawa et al. (2024).

Peak time (UTC) Magnitude CME speed (km/s)
2024-05-08 05:09 X1.0 511
2024-05-08 21:40 X1.0 947
2024-05-09 09:13 X2.2 1226
2024-05-09 17:44 X1.1 1019
2024-05-10 06:54 X3.9 1006
2024-05-11 01:23 X5.8 1512
2024-05-11 11:44 X1.5 -
2024-05-12 16:26 X1.0 -
2024-05-14 02:09 X1.7 929
2024-05-14 12:55 X1.2 792
2024-05-14 16:51 X8.7 1988
2024-05-15 08:37 X34 1724

magnitude of X1 is a factor of 10 with respect to M1 and a
factor of 100 with respect to C1. X-class flares, together
with the corresponding CMEs, are major events which
are expected to produce observable effects in different areas
of the human activities. They may trigger blackouts on a
planetary scale and radiation hazards to people on board
of space vehicles.

Additional intense solar flares were then produced in the
following days, on May 9 (X2.2 and X1.1-classes), May 10
(X3.9-class), May 11, with two other X-class flares of mag-
nitude 1.5 and 5.8, and on May 12 (X1.0). Finally, addi-
tional large flares happened on May 14 (X8.7) and on
May 15 (X3.4). A summary of such flares is shown in
Table 1. The table reports the magnitude of observed X-
class solar flares, together with their peak UTC time and
the speed of the associated disturbance propagating
towards the Earth. A more complete list is reported in
Hayakawa et al. (2024). As it is seen, the evolution of the
events is rather complex in comparison to other solar
events characterized by a single flare or coronal mass
ejection.
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The May 2024 storms had a negative impact on ground-
based broadcasting and radio communications, especially
in the shortwave band. GPS navigation was also affected
in a few cases, and some weather satellites stopped trans-
mitting data (Ram et al., 2024). Also the Starlink fleet of
low-orbiting satellites experienced some degradation in
their performance (Ashrufayisha, 2024).

Forbush decreases in the cosmic ray flux, although not
directly associated with solar flares, are one of the observ-
able effects of such events, especially when large solar flares
are accompanied by coronal mass ejections. These are
among the most important transient variations of the cos-
mic ray flux observed in the Solar System. Since their dis-
covery (Forbush (1937, 1938)), hundreds of Forbush
decreases of various intensity have been observed and cat-
alogued (Lockwood et al., 1990; Cane et al., 1993;
Pudovkin and Veretenenko, 1995; Cane et al., 1996), fre-
quently associated with solar flares and interplanetary dis-
turbances. Such variations have been observed not only on
the Earth, but also in space, for instance on the MIR and
on the International Space Station, in the interplanetary
space, on the planet Mars (Freiherr von Forstner et al.,
2018; Guo et al., 2018), and up to the border of the Solar
System, by the Pioneer 10 & 11 and Voyager 1 & 2 space
probes (McDonald et al., 1982). Solar Energetic Particle
(SEP) events are bursts of high-energy charged particles —
mainly protons, electrons, and heavy ions — originating
from the Sun. SEP events vary in intensity and energy spec-
trum. Smaller events mainly produce electrons and lower-
energy protons, while larger events (often associated with
fast CMEs) can generate highly energetic protons
(>100 MeV) that can penetrate the Earth’s magnetosphere,
leading to Ground Level Enhancements (GLEs). GLEs are
sudden variations which may be observed at the Earth’s
surface. Contrary to Forbush decreases, they are uncom-
mon events and presently only 76 GLEs have been
observed since 1940. One of such events, classified as
GLE74, occurred during the period under investigation
on May 11 (see Mashao et al., 2024, for instance). Its effects
were visible in the neutron monitor data, especially at the
Barentsburg site.
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Although the topology of Forbush decreases exhibits
large differences from event to event, the decrease usually
takes place on a time scale of a few hours, and it is observ-
able on the Earth a few days after the solar event (Usoskin
et al., 2008). A subsequent recovery to the original value in
a time scale of the order of a few days, with a nearly expo-
nential shape, is generally observed in the simplest cases.
Forbush events with magnitude larger than 3% are usually
regarded as strong events.

The observation of Forbush decreases is generally car-
ried out by means of Neutron Monitor (NM) stations
which are distributed throughout the world, and have been
measuring the neutron flux for over 70 years. Most of them
make their data easily accessible on the web (NMDB,
2024).

As an example, Fig. 2 shows the May 2024 Forbush
event as observed by multiple NM stations located in Thai-
land (2565 m a.s.l.), Mexico (2274 m a.s.l.) and Barents-
burg, Spitsbergen (80 m a.s.l), at different altitudes and
geomagnetic cutoff rigidities. A relative scale was used to
plot the trend from May 1 to 31, with respect to the average
evaluated in the quiet pre-Forbush period (May 1-10).
Shown in the plot is also the result observed with the Neu-

tron Monitor located at Barentsburg, not far from Ny-A
lesund, in the Svalbard archipelago, where part of our
observations were made, characterized by a low geomag-
netic cutoff rigidity. It is generally known that Forbush
decreases may exhibit a large variety of time profiles,
depending on the solar and interplanetary situation
(Belov, 2008). Although the sudden decrease is rather sim-
ilar for all stations, the recovery phase exhibits different
details from station to station, as a consequence of the
energetic dependence of the Forbush decrease and of the
local (magnetospheric and atmospheric) environment of
the individual detectors. Moreover, in all stations, large dif-

Neutron monitors
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Fig. 2. The May 2024 Forbush decrease event, as observed by multiple
neutron monitor stations located in Mexico, Thailand, and Barentsburg,
at different altitude and geomagnetic cutoff. A relative scale is used,
showing variations with respect to the average evaluated over the quiet
pre-Forbush period. Data were retrieved by the Neutron Monitor Data
Base (NMDB, 2024) and the Barentsburg site (IZMIRAN, 2024).
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ferences with respect to a simple monotonic exponential
trend were observed in this case, also due to multiple solar
events and CMEs in the period under examination, as
reported in Table 1. Due to the common origin of the flux
variations at the different stations, such variations are
expected to dominate over the statistical fluctuations, espe-
cially during the Forbush decrease period. As a check, we
evaluated the Pearson correlation coefficient for the three
pairs of stations PSNM-MXCO, PSNM-Barentsburg
and MXCO-Barentsburg (shown in Fig. 2). We considered
the data in 1-h steps, discriminating between the pre-
Forbush period (before May 10) and during the first phase
of the Forbush event (May 10-15). A high correlation (r
= 0.75 —0.90) between any pair was found during the For-
bush event, whereas r was compatible with zero in the pre-
Forbush period. This also suggested a method for investi-
gating neutron-neutron and muon-neutron correlations
across the various time series of the measured rates, that
will be discussed in Section 3.

The magnitude of the Forbush decrease is the largest for
the neutron monitors located at low geomagnetic cutoff.
Such magnitude generally depends on several factors, and
it is especially sensitive to the energy of the primary cosmic
rays producing the particles observed in the detectors. In
the case of muons, the dependence of the magnitude reduc-
tion on the primary energy may be obtained from the
muon flux angular distribution. As an example, data
obtained from the URAGAN muon hodoscope
(Barbashina et al., 2011) show an amplitude dependence
on the median primary energy which may be fitted by a
power law E~* above 10 GeV, with o of the order of 1.
The shielding provided by the Earth’s magnetic field is
characterized by the geomagnetic cutoff rigidity, stating if
a primary particle may penetrate the magnetosphere,
reaching the top of the atmosphere in a given location. This
is maximal in the equatorial regions, up to about 17 GV,
and almost negligible close to the magnetic poles. There
is also an effective atmospheric cutoff for cosmic rays
detected at ground, which can be defined as the minimum
energy of a cosmic ray primary particle needed to produce
secondaries reaching the ground with non-negligible prob-
ability and is of the order of 1 GV. While the geomagnetic
cutoff is higher than the atmospheric cutoff over most of
the Earth surface, the latter may become dominant in the
polar regions. The atmospheric cutoff decreases with the
altitude, thus providing a better sensitivity to low energy
particles for high-altitude detection stations located at
polar latitudes (Poluianov and Batalla, 2022). The geomag-
netic cut off rigidity plays an important role in determining
the magnitude of the observed Forbush decrease
(Lockwood, 1971). It must be also remembered that the
cosmic ray cutoff terminology has significantly evolved
since the early understanding of the magnetospheric trans-
port and that more detailed approaches and definitions of
the relevant terms have been discussed (Cooke et al., 1991).

Recent studies have investigated the dependence of
Forbush decrease on the geomagnetic cutoff rigidity and
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analysed a number of Forbush events observed by multiple
NM stations (Okike and Nwuzor, 2020; Nwuzor et al.,
2024). They confirm that the Forbush decrease amplitude
depends on the station cutoff rigidity. Such studies demon-
strate, however, that a number of other factors, such as
atmospheric depth, latitude effects and other causes may
also influence the cosmic ray intensity variation in a given
location (Nwuzor et al., 2024).

For muon telescopes, the observed effect is generally
smaller than for neutrons, and a decrease of approximately
one-half of that for a neutron monitor at the same cutoff
rigidity is expected (Lockwood, 1971). Moreover, detecting
muons of higher energy selects on average higher-energy
primaries, so the expected effect becomes smaller.

The EEE (Extreme Energy Events) Project is a wide-
spread network of cosmic-ray telescopes with both educa-
tional and scientific goals (Abbrescia et al., 2018) since its
early phase in 2004. Most of the detectors of the EEE net-
work are made of Multigap Resistive Plate Chambers
(MRPC), which have good tracking capabilities, installed
in high school environments across Italy and in a few
Research and University Institutions, including CERN.
Since 2018, additional, scintillator-based telescopes

(POLA-R detectors) have been also installed at Ny-A
lesund.

Forbush events have been previously observed by sev-
eral MRPC telescopes of the EEE network (Abbrescia
et al., 2011; Abbrescia et al., 2015). The first observation
of a Forbush decrease obtained by the EEE network fol-
lowed the large X2 solar flare of mid-February 2011
(Abbrescia et al., 2011). From time to time, additional For-
bush events were observed and measured by the EEE net-
work of MRPC telescopes, demonstrating their capability
to monitor the decrease of the muon cosmic ray flux in such
circumstances.

The Svalbard archipelago also hosts several neutron
detectors, which include the Neutron Monitor located at
Barentsburg (IZMIRAN, 2024; NMDB, 2024), a Bonner

Sphere Spectrometer in Ny-/&lesund (Rithm et al., 2009;
Pioch et al., 2011; Bittner, 2022), and additional low-
energy neutron sensors for monitoring soil and snow water
changes (Zreda et al., 2012; Schron et al., 2018; Schattan
et al., 2019).

Due to the relevance of the solar events occurring in
May 2024, and the availability of data both from muon
and neutron detectors installed at the same high-latitude
site, a combined analysis of the information originating
from such detectors was made and discussed in the present
paper.

Additional analyses which will include the data collected
by the network of MRPC muon detectors deployed
throughout Italy at different latitudes, as well as data from
other neutron detectors, will be discussed in a future work.

Section 2 describes the experimental detection setup and
the working conditions, while Section 3 reports the data
and the analysis carried out.
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2. The muon and neutron detectors used in the present
investigation

2.1. The Ny-;llesund observation site

The Svalbard archipelago is located in the Arctic,
between the Greenland Sea and Barents Sea, halfway
between the northern coast of Norway and the North Pole.
The islands of the archipelago lie from 74° to 81° N, and
more than 50% of their surface is covered with glaciers.
The largest island is Spitsbergen, on the northwest coast

of which is the permanent research site of Ny-Alesund at
78° 55 30” N 11° 55 20” E. While the Norwegian Polar
Institute has the role of being Norway’s host at the
research site, the infrastructure is owned and operated by
Kings Bay, a Norwegian government enterprise, which
provides permanent research facilities to many scientific
institutions from different countries. Among these, the
Dirigibile-Italia Station (CNR), the Amundsen-Nobile Cli-
mate Change Tower and the Gruvebadet Laboratory are
the buildings where the three POLA-R telescopes have
been installed for a long-term measurement campaign.

The location of the three stations where the muon detec-
tors are installed is shown in Fig. 3. The relative distances
between the three detectors are shown in the picture and
are about 730 m, 930 m and 1270 m. These distances allow
for the observation of coincidence events, although with a
low rate, due to the detection of extensive air showers.

The Bonner Sphere Spectrometer (BSS) is located in the
Blue House of the AWIPEV Research Base, operated
jointly by the German Alfred Wegener Institute (AWI)
and the French Polar Institute (IPEV), very close to
POLA-03. The Cosmic Ray Neutron Sensors (CRNS)
detect epithermal and thermal neutrons and are located
approximately 700m west from POLA-01.

Details on the various detectors used are given in the
following.

2.2. The POLA-R detectors

In 2018, the almost 60 MRPC telescopes of the EEE
Project were complemented by a set of small scintillator-
based telescopes which have been then used in various mea-
surement campaigns across Europe, seaborne measurement
campaigns in the Arctic and the Mediterranean, and (three

of them) installed for several years at Ny-z&lesund. Since
the POLA-R scintillator telescopes were already described
in previous papers (see for instance Abbrescia et al., 2020),
only a brief description will be given.

Each POLA-R detector is made of two planes of plastic
scintillators, each with 4 tiles of (30 x 20) cm?, separated by
a vertical distance of 11 cm. The overall sensitive area of
each detection plane is (40 x 60) cm?, the external volume
is about (78 x 56 x 30) cm® and its total weight is about
50 kg. The scintillation light produced in each tile by the
passage of ionizing particles is read out by a pair of silicon
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Fig. 3. Map of the Ny-Alesund site on Svalbard, courtesy of the Norwegian Polar Institute (Norwegian Polar Institute, 2024). Marked in the figure are the
locations of the muon and neutron detectors used for the observation of the May 2024 Forbush decrease. The inset also shows the location of Ny-Alesund

and Barentsburg in the Svalb.ard archipelago.

photomultipliers (SiPM). Fast electronics and slow control
for the detection operation are embedded in a box below the
detector. The trigger for the data acquisition is provided by
a coincidence between the top and bottom planes, with at
least three signals from different SiPMs. Various environ-
mental sensors (of temperature, pressure, etc.) and a GPS-
based synchronization system complement each detector.

The detection efficiency of these detectors had been mea-
sured against an external detector able to track particles
from the secondary cosmic radiation, mostly GeV muons
and energetic (>10 MeV) electrons, and it was found to
be around 97%. A more detailed description is reported
in Abbrescia et al. (2020).

Apart from short breaks or malfunctioning, which
required on-site interventions, the three detectors installed

at Ny-Alesund have been running since 2019, accumulating
now about six years of collected data, resulting in more
than 10 billion recorded events. Several data analyses are
in progress, especially to investigate the annual and solar
modulation in the cosmic ray flux, and the coincidence
events among the three detectors, originated in extensive
air showers.

For the present analysis, data from the POLA-R detec-
tors were corrected by the effect of the atmospheric pres-
sure, which was monitored in short time steps by each
station by pressure sensors.

Fig. 4a shows one of the POLA-R detectors installed at

Ny-/&lesund.
2.3. The Bonner sphere neutron spectrometer

The Bonner Sphere Spectrometer (BSS) installed at

Ny—Alesund and used for this analysis is made up of 14
spherical neutron detectors, shown in Fig. 4b. Detectors
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of this type are typically used to reveal temporal variations
across the full range of the neutron energy spectrum
(Leuthold et al., 2007; Hubert, 2024). Each sphere contains

a) POLA-R muon telescope

W [PeLar

ron detectors

Fig. 4. a) One of the POLA-R muon detectors installed at Ny-Alesund.
The orange dots mark the position of the SiPM devices on opposite
corners of the four scintillator plates. b) The Bonner Sphere Spectrometer
(BSS) installed at Ny-Alesund, c) The cosmic-ray neutron sensors (CRNS)
installed at the Bayelva site at the outskirt of Ny-Alesund.
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a helium-3 thermal neutron detector. Most He-3 detectors
are embedded in a hollow sphere of high-density polyethy-
lene (HDPE) functioning as moderator. The thickness of
the HDPE layer varies gradually, influencing the neutron-
energy dependent sensitivity of the detectors. Each sphere
is referred to by their respective diameter in inches, one
detector is bare and one of the 9” detectors bears an addi-
tional lead liner resulting in a sensitivity to high energy (>

10 MeV) neutrons. The BSS was installed at Ny-Alesund in
2007 (Rithm et al., 2009) and has been active in the current
configuration since April 2024.

Ancillary sensors also monitor atmospheric pressure,
humidity and temperature. The data has been corrected
for changes in atmospheric pressure.

2.4. The thermal and epithermal neutron sensors

A Cosmic Ray Neutron Sensor (CRNS) of type
CRS1000 (Schron et al., 2018) was installed at the Bayelva
permafrost long term observatory (LTO) in July 2023 to
monitor soil moisture and snow water equivalent in the
context of the Svalbard Environmental Neutrons project
(SVEN). The CRNS consists of two helium-3 neutron
detectors, one shielded with 2.5 cm of high density poly-
ethylene and the other without shielding (bare). The
shielded detector tube mainly measures neutrons in the
epithermal region, while the bare detector mainly measures
neutrons in the thermalised peak. Additionally, other sen-
sors also measure atmospheric pressure, humidity and tem-
perature. Usually, the data would be corrected for
atmospheric pressure and humidity, but to keep the data
processing consistent with the POLA-R and BSS, only
pressure was corrected.

Furthermore, the Bayelva LTO sensors monitor various
environmental parameters (Boike et al., 2018), such as
point-scale soil moisture at different depths, snow height
on point-scale, and snow water equivalent. The installed
detectors and the Bayelva LTO are shown in Fig. 4c.

Table 2 lists the detector systems used in this study,
sorted by their dominant sensitivity to cosmic-ray sec-
ondary particle energy. Although there is a large overlap
of detector energy sensitivities, the sensitivity of the Bonner
Sphere Spectrometer is mainly defined by their sphere sizes
(i.e., thickness of plastic shielding). While the bare detector
is mainly sensitive to thermal neutrons, small spheres (2—
5 cm diameter) detect epithermal to low-energy fast neu-
trons (0.1 eV to 100 keV), medium spheres (5-15 cm diam-
eter) are sensitive to fast neutrons in the 100 keV to a few
MeV range, and large spheres (15-30 cm diameter) extend
the sensitivity to high-energy neutrons, typically 1 MeV to
20 MeV. Large spheres with lead lining enhance detection
of high energy neutrons, up to hundreds of MeV (Mares
and Schraube, 1994; Pioch et al., 2011). Neutron monitors
are most sensitive to secondary neutrons in the energy
range of 1 MeV to a few GeV, with larger sensitivity in
the 100 MeV to 1 GeV range (Clem and Dorman, 2000).
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Table 2

Detector systems used in this study, sorted by their sensitivity to energy of
cosmic-ray secondary particles, their spherical diameter (only applicable
for BSS), and the thickness of the neutron detector’s polyethylene shields
(HDPE) and the inner lead shields, both in mm. The Barentsburg NM
system is also included in the table. The shielding provided are
approximate numbers for a standard NM64 (proportional counter filled
with BF; gas.)

Detector Diameter HDPE (mm) Lead (mm)
CRNSI (bare) - - -
BSS 1 (bare) 2" - -
BSS 2 2.5" 6.4 -
BSS 3 37 12.7 -
CRNS?2 (epith.) - 254 -
BSS 4 4 254 -
BSS 5 5" 38.1 -
BSS 6 6" 50.8 -
BSS 7 7" 63.5 -
BSS 8 8" 76.2 -
BSS 9 9” 88.9 -
BSS 10 10” 101.6 -
BSS 11 11" 114.3 -
BSS 12 127 127.0 -
BSS 13 15" 165.1 -
BSS 14 9” 63.5 25.4
NM - 103.0 137.0
POLA-01 - - -
POLA-03 - - -
POLA-04 - - -

Finally, the POLA-R scintillator telescopes measure cos-
mic ray charged particles, which are mostly muons, with
an average energy of 4 GeV at ground level, and some frac-
tion of energetic electrons, with typical energies > 10 MeV
(Grieder, 2023).

3. Experimental results

For the present investigation we considered the data col-
lected in May 2024 by the three POLA-R detectors, by the
Bonner Sphere Spectrometer (BSS) and by the epithermal
and thermal neutron sensors (CRNS), as described in the
previous Section.

3.1. Environmental influences

Lower energy neutron detectors, such as the epithermal
and thermal neutrons, are highly sensitive to hydrogen
abundance in the surrounding environment, such as soil
water content and snow (Ko6hli et al., 2015). Cosmic muon
flux has also been shown to have some correlation with
temperature (Verpoest et al., 2024). Seasonal variations
of atmospheric muons have been traditionally interpreted
as due to a variation in the effective temperature, which
summarize the atmospheric temperature profile, hence
modifying the density in the upper atmosphere and the
muon production probability. This effect could be however
particularly relevant only for high energy muons (energies
higher than the critical energy for pions, 115 GeV, and
for kaons, 857 GeV), while the correlation with tempera-
ture is expected to be small at low energies. Therefore, it
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is imperative to monitor possible changes in environmental
parameters during the observed Forbush and quiet periods.
The relevant parameters here are atmospheric temperature,
atmospheric humidity, atmospheric pressure, and snow
water equivalent (near the neutron detectors). Atmospheric
temperature and humidity can be obtained from the daily
balloon-borne atmospheric soundings carried out at Ny-

Alesund (Maturilli, 2024). The temperature is averaged
over the entire atmospheric profile and from the specific
humidity the total atmospheric water column can be calcu-
lated. As already mentioned in Section 2, atmospheric pres-
sure is monitored at each detector. Snow depth data is
measured in the Bayelva LTO. It can be seen in Fig. 5 that
the relevant environmental parameters, excluding atmo-
spheric pressure for which variations were taken into

5 (a) Average atmospheric temperature
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account, do not exhibit trends that align with the timescale
of the Forbush event as shown in the muon and neutron
data. Therefore, the observed decrease is unlikely to be
caused by environmental effects. Due to the coarse resolu-
tion of the atmospheric data, environmental influences on
sub-daily timescales can not be wholly excluded. Thus,
changes in the measured neutrons and muon rates can be
attributed to the solar events.

3.2. Cosmic ray rates and Forbush decrease magnitude

The pressure-corrected trends of the cosmic ray rate
measured by the three POLA-R detectors (top), the BSS
detectors (middle) and the CRNS detectors (bottom) are
shown in Fig. 6 for the period May 1-31. The POLA-R
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and CRNS data were integrated in time steps of 1 h and the The three groups of detectors operate at distinct magni-

BSS data were integrated over 6 h intervals, due to the tudes of count rates, the POLA-R detectors operate at

lower count rates. approximately 1-10° Ctsh™', the BSS between approxi-
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BSS data is shown in 6 h time steps, while the CRNS and POLA-R data are shown in 1 h intervals. The Forbush period is shaded in grey.
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mately 50 and 250 Ctsh™' and the CRNS at approximately
400 and 275 Ctsh™".

The differential rate of each individual detector, includ-
ing the Barentsburg neutron monitor, is shown in Fig. 7,
which shows the relative variation with respect to the aver-
age evaluated between May 1-31 integrated to 6 h time
steps.

Advances in Space Research 76 (2025) 1225-1239

The three POLA-R detectors exhibit a high degree of
similarity throughout the entire month, the only exception
is a decrease in POLA-04 between the 21st and 25th of
May, which is not observed by the other two detectors to
the same extent.

An abrupt decrease is observed, in most detectors on
May 10th at around 17:00 UTC, the time of onset being
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consistent between all detectors. The exceptions are the 9”
and 15” BSS, where the 9” sphere seems to show an earlier
onset and the 15” sphere does not show an obvious
disturbance.

Forbush decrease magnitudes for all detectors were cal-
culated using the a method similar to Light et al. (2020)
and are shown in Fig. 8 with their stochastic measurement
errors. The magnitude was defined to be

Max — Min

Max (M)
In Eq. (1) Max and Min are the average of 24 h of data
immediately before and after the onset of the Forbush
decrease.

The magnitude observed in the neutron measurements is
considerably larger than the one observed for muons. The
POLA-R detectors observe a magnitude of approximately
2.7%, the neutron monitor 8% and the CRNS channels
at approximately 9%. The POLA-R detectors are in good
agreement among each other, the maximum variation
between them is 0.3 %. Table 2 shows that both bare neu-
tron detectors (CRNS1 and BSS bare) have the same
shielding and thus should show similar reactions, which
is indeed reflected by agreement in the magnitude. The
same is true for the two epithermal neutron detectors,
CRNS?2 and BSS 4”. The leaded 9” sphere responds to a
similar energy spectrum like the neutron monitor in Bar-
entsburg, which is also confirmed by the observed magni-
tude. It has to be noted that the magnitudes calculated
for the BSS carry a large error due to the low count rates
and high fluctuations of the system itself as shown in
Fig. 7. As previously observed, the 15” sphere shows little
response and the error even extends into a magnitude
below 0, which would indicate an increase during the For-
bush decrease. Still, there is a noteable trend among the
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ment errors. Errors on muon data are within the size of the symbols.
Similar to Table 2, the detectors are arranged in ascending order of co.
smic ray energy.
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BSS towards higher magnitudes as the shielding increases,
observable between the 6” and the 12”.

In order to evaluate the recovery phase of all detectors
the time series were separated into three distinct periods,
referred to as the quiet phase, the Forbush phase, and
the recovery phases. The Forbush period is shaded grey
in Figs. 6 and 7. The quiet and recovery phase are the per-
iod in May preceding and following the Forbush phase,
01.05.2024-10.05.2024 and 16.05.2024-31.05.2024 respec-
tively, now the magnitude of the recovery phase is calcu-
lated with regards to the quiet phase using Eq. (1). Again
there are trends discernible, POLA-01, POLA-03 and
POLA-04 return within the defined recovery phase to their
pre-Forbush rate. The Barentsburg neutron monitor and
the CRNS detectors both do not return to their pre-
Forbush rate within the recovery phase, this indicates that
their recovery times are longer than that of the POLA-R
detectors. As already shown in Section 1, the AR13664
region had a complex evolution for the period after the
main event, even after the 14-days half-rotation period of
the Sun, when the region faced the Earth again
(Hayakawa et al., 2024). This was accompanied by addi-
tional CMEs around mid May (see Table 1). A long recov-
ery phase for neutron measurements is observed, although
it is not straightforward to put it in close connection with
the sequence of additional disturbances in the following
days. It is interesting to note that additional strong flares
from X5 to X12 (on May 20) accompanied by massive
CMEs were observed by the Solar Orbiter during the per-
iod when the active region was hidden from the Earth view,
watching the Sun from the opposite side at that time. The
CME on May 20 was so huge that its effect was even
observed from the Earth side by the ESA/NASA SOHO
mission. Moreover, another CME was observed by the
SOHO mission on May 27, and, although not directed
towards the Earth, it resulted in strong radio blackouts
observed in North America. It is further notable that this
extended recovery phase is not observed with the same fea-
tures in the muon measurements. The same is also true for
the BSS with diameters below 97, these low energy spheres
even exceeded the pre-Forbush count rate within the recov-
ery period, which is likely due to statistical fluctuations.
The more shielded spheres follow the trend observed in
the magnitude, with comparable evolution to the neutron
monitor.

Considering the general similarity of the three POLA-R
detectors, and the close proximity to each other, we used
the overall muon count rates to investigate for their corre-
lations with the neutron detectors.

3.3. Correlation analysis

A correlation analysis was first conducted among the
three possible pairs of POLA-R detectors. Similarly to
what has been observed for different neutron monitor sta-
tions (see Fig. 2), a high degree of correlation was found
during the Forbush period for the POLA-01-POLA-03
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pair, with a Pearson coefficient of » = 0.85. This is in con-
trast to the quiet period with a Pearson coefficient of
r =10.27, both shown in Fig. 9. Similar results were also
found for the other possible pairs of POLA-R detectors.

To investigate the muon-neutron correlation, we consid-
ered the two time series originating from the average rate of
the three POLA-R detectors and from the neutron rate of
the Barentsburg NM detector. While the correlation
between them is negligible in the pre-Forbush period
(r=0.25), a high degree of correlation (r=0.88) is
observed during the Forbush period (Fig. 9, top right),
pointing out that the muon rate and the rate of neutrons
detected by the Barentsburg NM detector, which is sensi-
tive especially to primary cosmic rays in the 0.5-20 GeV
range, are highly correlated.

The same approach was adopted to investigate the cor-
relation between muon data and neutron data from the

various channels of the BSS at Ny-Alesund, as well as from
the CRNS sensors, discriminating between the results

(a) POLA-03 - POLA-01
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obtained in a quiet period preceding the Forbush event (be-
fore May 10) and during the Forbush event (May 10-15).
As an example, Fig. 9 (bottom left and right) shows the
correlation plots between muons, averaged over all three
POLA-R detectors, and the two individual BSS1 and
BSS14 channels, corresponding to the lowest and highest
BSS neutron energies, aggregated in 6-h steps, during the
pre-Forbush and the Forbush periods. It cannot be
excluded that some residual variations could be explained
by local effects in the vicinity of the Bonner Spheres, such
as activities in the building, the asymmetric geometry of
the sphere arrangement in the room, possible interference
between detectors, and the environment inside and outside
the building.

To have a complete overview of the correlation features
between data taken by the muon detectors and the various
neutron detectors, we show in Fig. 10 the complete set of r-
values. Again, the correlation coefficients of the muon-
neutron are much larger during the Forbush event with

(b) BRBG NM - POLA-R average
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The dashed lines superimposed show the mean values of the correlation
coefficients obtained in the two periods.

respect to the quiet period. It is important to note that
most BSS detectors, no matter their size and shielding,
show a clear correlation with the POLA-R detectors. Thus,
it is not possible to make a reliable statement about the
spectral dependence of such a correlation. A clear trend
is obvious, the higher the count rate of a specific neutron
detector, the higher its correlation with the muon detectors
will be. The assumed limit of this dependence would be cor-
relation of the neutron monitor and the POLA-R detectors
as statistical fluctuations become negligible in both detec-
tors due to their high count rates.

The pattern of negligible correlation during the quiet
period and high correlation during the Forbush event is
to be expected. In the absence of short term space weather
events the short term time series is dominated by environ-
mental influences and statistical fluctuations. High correla-
tions during quiet periods should be obtainable if
timescales of the magnitude of the solar cycle are
compared.

4. Conclusions

The Forbush decrease which followed a series of solar
flares and coronal mass ejections in May 2024 was
observed for the first time by three independent muon

detectors installed at the high latitude site of Ny-Alesund
and by different neutron detectors, sensitive to neutrons
of various energies, located in the same site or nearby in
Barentsburg on the same island of Spitsbergen.

All these detectors have observed the Forbush decrease
following the solar events in May 2024. Variations on the
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cosmic ray flux measured by the various detectors have
been observed with different magnitudes and different
recovery phases.

A correlation analysis was carried out among the vari-
ous time series of the measured muon and neutron fluxes
to disentangle the effects of the standard long-term correla-
tion between independent cosmic ray detectors in a quiet
period (i.e. that arising from cosmic ray variations over a
long time scale) from the higher correlation observed dur-
ing a Forbush event. A strong correlation between the data

measured in Ny-z&lesund by the muon telescopes and those
provided by the Barentsburg NM station, as well as by the

various channels of the Ny-Alesund Bonner Sphere Spec-
trometer and the epithermal and thermal neutron sensors,
was observed, especially during the decrease and early
recovery phase of the Forbush event, in contrast to quiet
periods, where statistical fluctuations make the correlation
less evident.

A clear increase of the Pearson r-coefficients during the
Forbush period was quantified with respect to the pre-
Forbush period, in all channels involving muons and neu-
trons with different energies, with a very slight predomi-
nance for neutrons of higher energy (NM and BSS
sphere with the largest diameter), and the epithermal and
thermal detector which can be ascribed to the lower signal
to noise ratio given by a higher count rate.

The POLA-R detectors exhibited a faster recovery com-
pared to neutron detectors with reliable count rates.

This analysis suggests a strategy for looking at correla-
tions among various cosmic ray detectors, or among the
rates of different secondary particles, exploiting Forbush
periods as a boost to make even weak correlations more
detectable with a higher sensitivity.

Possible future developments of this analysis will include
the observation of this Forbush event with a set of MRPC
telescopes of the EEE project, deployed over a large geo-
graphical area in Italy, thus allowing a combined analysis
as a function of the observation latitude. Further correla-
tion with the relevant solar parameters measured in the
same period could also give further information on the evo-
lution of catastrophic events in the Sun affecting the whole
Earth.
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