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Abstract Since 2019, the Extreme Energy Events (EEE)
Project has installed three muon detection stations at the Sval-
bard Islands (78.9◦N latitude), employing scintillator-based
detectors. This initiative represents the first systematic effort
to monitor cosmic-muons rates at high geomagnetic latitudes
beyond the Arctic Circle, with the objective of improving
our understanding of cosmic-ray propagation and modula-
tion in polar regions. The present study analyses temporal
variations in the muon detection rates over a six-year period
(2019–2025), including the study of periodic modulations
and underlying trends in the observed rates.

1 Introduction

The Extreme Energy Events (EEE) Project combines in a
unique way an experiment for the measurements of cosmic-
ray rates over a large area, with a dedicated outreach pro-
gramme [1]. It is supported by two Italian research institutes
within the Ministry of University and Research, namely the
“Enrico Fermi“ Historical Museum of Physics, and Research
and Study Centre (CREF) and the National Institute for
Nuclear Physics (INFN). The experiment employs two types
of detectors: more than 50 measuring stations equipped with
Multigap Resistive Plate Chambers (MRPCs), distributed
across various high schools and research laboratories in Italy
[2], and four stations equipped with scintillator detectors
(referred to as POLA-R detectors), three of which are located
at the Svalbard Islands (78.9°N) [3,4]. These POLA-R sta-
tions represent the only permanent installations dedicated to
the measurement of cosmic muons at high latitudes, beyond
the Arctic Circle.1

Both types of detectors (MRPCs and POLA-Rs) have
been built, operated, and monitored not only by researchers
from the aforementioned institutes but also by high-school
students. Moreover, these students actively participate in
monthly collaboration meetings, where they are encouraged
to present simple analyses, in line with the project’s original
objectives. EEE has been running for over 20 years [5].

In this paper, the cosmic muon rates measured with the
POLA-R stations located at the Svalbard Islands are reported.
The measurements cover a period of six years, between 2019
and 2025. After a description of the experimental setup, of
the track reconstruction and correction procedures, the time
series are analysed in terms of pseudo-periodicity and solar-
cycle dependence.

a e-mail: paola.larocca@ct.infn.it (corresponding author)
b e-mail: Ombretta.Pinazza@cern.ch (corresponding author)
1 The POLA-R stations distinguish the so-called PolarquEEEst
(sub)Project within the EEE Project.

2 Experimental setup

2.1 Description of a POLA-R detector

The results reported in this study are based on measurements
by three POLA-R detection stations. Each one consists of 8
scintillator tiles (30x20 cm2) positioned on two planes at a
distance of 11 cm. Each tile is readout by two silicon pho-
tomultipliers (SiPMs) placed on opposite corners. The two
planes are mounted inside a light-tight box. The 16 signals
from the SiPMs are amplified and discriminated and sent
to a trigger and readout board equipped with time-to-digital
converters (TDCs) with leading and trailing recording [6].
The event trigger requires at least three SiPM signals to be
within a 10 ns time-coincidence window, with at least one on
a different plane. Data are collected alongside a set of param-
eters essential for the analysis: GPS timestamp, atmospheric
pressure, temperature outside and inside the cover box and
electronics. A more detailed description of the apparatus can
be found in [3].

One of these stations provided measurements beyond the
Arctic Circle up to 82°N, during a scientific expedition on
board of a sailing boat, while the other two stations were
placed inside schools in Italy and Norway and were used as
reference [3]. The same station used on the boat was also
used for a campaign of measurements by car “on the road”
with the purpose of investigating the rate as a function of the
latitude in the interval 32°- 82°N [7].

2.2 Installation setup at Ny-Ålesund

Since June 2019, three POLA-R stations are positioned in the
permanent international research site of Ny-Ålesund, located
on the north western coast of Spitsbergen, the largest island
in the Svalbard archipelago (see Fig. 1). All three stations are
placed in protected places managed by the Italian National
Research Council (CNR), with electricity, minimal heating
and internet connection. More specifically, POLA-1 is hosted
inside the Climate Change Tower hutch, POLA-3 in the Diri-
gibile Italia Arctic Station, and POLA-4 in the Gruvebadet
Laboratory. A fourth station, POLA-2, is placed in the EEE
laboratory at INFN Bologna and is used as a reference.

Measurements carried out with the three POLA-R detec-
tors have already allowed the publication of an analysis of
the Forbush decrease observed during the major geomagnetic
storm of May 2024 [4]. Moreover, thanks to the atmospheric
pressure sensors with which the detectors are equipped, it
was possible to observe the Rayleigh-Lamb waves generated
by the 2022 Hunga-Tonga volcanic eruption [8].
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Fig. 1 Aerial photo of the international research site at Ny-Ålesund,
Svalbard archipelago. The red circles indicate the exact position of the
three POLA-R stations. Photo courtesy: PolarquEEEst Project

3 Reconstruction and corrections of rate time series

3.1 Data taking and reconstruction

Data measured by POLA-Rs are first saved locally, and then
synchronised with the remote repository at INFN-CNAF
computer centre in Bologna (Italy), where the EEE Project’s
computing infrastructure has being operational for several
years. All events are analysed and collected in bins with a
duration of 1 min, together with their GPS tags and environ-
ment parameters. During this phase, the quality of individual
events is also assessed through a quality flag, tagging cases
where the sensor readings are incorrect, or the duration of
the integration interval is not as desired.

For the present analysis, cuts excluding low quality events
are applied, specifically to exclude cases of wrong pressure
readings, or excessive internal temperatures, which would
imply bad behaviour of the readout electronics.

3.2 Pseudo-efficiency correction

As previously mentioned, the trigger condition requires sig-
nals from at least three out of four SiPMs (two SiPMs per
plane), implementing a majority logic. This setup enables the
measurement and continuous monitoring of individual SiPM
efficiencies over time.

Under the assumption of linear propagation for small cor-
rections to the majority condition, the majority efficiency was
calculated and applied, the so-called pseudo-efficiency cor-
rection. While this correction represents the best current esti-
mate of the detector’s status, it still relies on certain assump-
tions, and residual uncertainties may affect the measurement.

Given that each plane is composed of four tiles, we ana-
lyzed the four possible vertical pair combinations. After
applying efficiency corrections, the trigger rates for these
pairs are expected to be consistent. To quantify potential sys-
tematic effects arising from nonlinearities in the majority-
condition efficiency calculation, the corrected rates of the
vertical pairs were compared. Any observed deviations were
assigned as a systematic uncertainty. When the rate is aver-
aged in a larger time interval its value is calculated as a
weighted average, being the weight equal to 1/syst2 in order
to optimize/minimize systematic uncertainties.

3.3 Rate time series

The muon rate time series are obtained from the accepted
events with the correction factor related to the pseudo-
efficiencies. No acceptance corrections are applied to the
measured values, since in this study only the relative vari-
ations with time are reported.

The plot in Fig. 2 shows a sample of rates recorded by
the three POLA-R detectors during six months in 2025 with
one minute binning (coloured dots), and their 24 h running
average (coloured solid line). The gaps are due to malfunc-

Fig. 2 POLA-R rates during
the first semester of 2025. The
one minute binning (coloured
dots) and their 24 h running
average (coloured solid line) are
shown. The atmospheric
pressure is also reported (solid
grey line)
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tioning of the detectors or power interruptions in the CNR
research base at Ny-Ålesund, that were sometimes difficult to
recover, due to the remoteness of the site. The grey curves rep-
resent atmospheric pressure at ground level, measured by the
POLA-R sensors; even at a first glance, the anti-correlation
between rate and pressure is evident. The barometric correc-
tion is described in Sect. 3.4.

3.4 Barometric correction

Commonly acknowledged and extensively described in sci-
entific literature [9], the effect of atmospheric pressure on the
secondary particle rate measured on the ground is defined as:

IP = I0 e−0.01 β (P−P0) (1)

where IP is the muon count rate expected when the atmo-
spheric pressure (hPa) is equal to P , considering an initial
count rate I0, observed when the atmospheric pressure cor-
responds to a chosen value P0.

β is the barometric coefficient (%/hPa) representing the
magnitude of pressure influence, that can be computed from
the simple linear regression between �I = I − 〈I 〉 and
log(�P/〈P〉), where 〈I 〉 and 〈P〉 are the mean rate and the
mean pressure [9]. For our studies, the barometric correction
coefficient β is evaluated over the whole analysis period,
independently for each of the detectors: the data and the fit
results are illustrated in Fig. 3.

4 Results and pseudo-periodicity analysis

After reconstruction, analysis selection, pseudo-efficiency
and barometric correction, the final rate and differential rate
time series are reported in Fig. 4, where the differential rate
is expressed as

�I (t) = 100 ∗ I (t) − 〈I 〉
〈I 〉 (2)

with 〈I 〉 being the mean rate evaluated over the entire time
interval.

The three detectors present a very good overall stability
with a excellent precision on the rate measurements, as shown
by the error bars (mainly systematic) in grey.

4.1 Muon rate pseudo-periodicity

The muon rate time series exhibit a clear periodic behavior,
with a fairly regular amplitude and a frequency of approxi-
mately one year, providing the evidence of a seasonal vari-

ation at such a high latitude. However, the production of
secondary cosmic rays is not, by its nature, a strictly periodic
process since the temporal behavior observed in the data is
governed by phenomena that exhibit variable characteristics.
Among these are atmospheric temperature variations and,
more broadly, changes in the vertical structure and density
profile of the Earth’s atmosphere, which directly influence
secondary particle production and propagation. The superpo-
sition and time variability of these atmospheric effects consti-
tute one of the primary physical reasons why the muon flux
measured at the Earth’s surface displays pseudo-periodic,
rather than strictly periodic, behaviour [9].

To quantify the observed time modulation, various math-
ematical methods can be used. The POLA-R time series are
characterized by measurements that are fairly regular in time
but contain gaps, due to detector malfunctions, special cal-
ibration runs, or simply events rejected due to poor quality.
This aspect makes it difficult to use the Fast Fourier Trans-
form (FFT) to detect the periodic component from the data.

For this reason the periodicity analysis was performed
with the Least Squares Spectral Analysis (LSSA), consisting
in least-squares fitting of selected frequencies of sinusoids.
First introduced some time ago, LSSA techniques have since
been improved in astronomy to recognise periodic patterns in
data sets with irregular observation times. One of the practical
implementations of spectral analysis techniques is the Lomb-
Scargle periodogram [10].

When applying the periodogram technique to the POLA-
R six-year time series, we obtain the results shown in Fig. 5.
Note the prominent peak at a pseudo-period of 366–372 days,
confirming a dominant annual variation.

Additional excesses at periods of approximately two years
and longer indicate the possible presence of other periodic
components. However, these cannot yet be resolved using the
Lomb-Scargle periodogram, due to the limited six-year span
of the available time series. This limitation is particularly rel-
evant for detecting the solar cycle, which has a characteristic
period of approximately 11 years, with last minimum that
occurred in December 2019 and next maximum expected
in the second half of 2025 (whose confirmation is ongoing).
Figure 4 clearly reveals a declining trend in the rate over time,
consistent with the expected anti-correlation of the muon rate
with the evolution of the solar cycle over this interval.

The cosmic-ray rate, averaged over the three POLA-R
detectors, is represented in Fig. 6. Overlaid on the data is
a double sinusoidal function (red line), obtained through a
nonlinear least-squares fit, consisting of a quasi-annual com-
ponent with a period of 366 days and an amplitude of (2.89 ±
0.04)%, and a solar-cycle component with a period of 11.16
years. The latter is also shown separately as a dashed blue
line.
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Fig. 3 Barometric correction. The three density plots show the corre-
lation between the uncorrected differential rate and the logarithm of the
relative variation of atmospheric pressure for the three POLA-R time
series. The colormap represents the probability density function esti-

mated using a Gaussian Kernel Density Estimation (KDE). The super-
imposed straight line shows the result of the linear fit described in the
text, from which the parameter β is derived. The boxes report the β

values and the Pearson correlation coefficients

Fig. 4 POLA-R
pressure-corrected rates (Hz)
and differential rates (%, right
axis) resampled with 1-day
resolution. The error bars (in
grey) represent the combination
of statistical errors on the rates,
obtained through resampling,
and systematic errors, evaluated
from the pseudo-efficiency of
the single SiPMs

4.2 Comparison with other detectors

The geomagnetic cutoff rigidity strongly depends on latitude,
approaching nearly zero near the poles. As a result, a larger
fraction of low-energy muons can reach the ground at high
latitudes, leading to an increased muon counting rate and
a plateau above approximately 60◦N [7]. This variation in
low-energy muon flux can influence the observed seasonal
modulation when comparing data from higher and lower lati-

tudes. Moreover, the ground pressure correction, as described
in the literature [9], still leaves a residual modulation related
to the atmospheric conditions above the measurement site.
Because the atmospheric structure varies with latitude and
affects low- and high-energy muons differently, these vari-
ations can further modify the seasonal modulation. For all
these reasons, a detailed study of the latitude dependence of
the seasonal modulation is essential to gain insight into how
the ground-level cosmic muon production rate varies both in

Fig. 5 Lomb-Scargle
periodogram for the rate time
series of the three POLA-Rs and
for the average rate
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Fig. 6 Average rate of the three
POLA-R stations. Uncertainties
combine statistical errors,
calculated as the mean squared
error of the three time series,
and systematic errors. The
pseudo-annual periodic fit and
solar-cycle trend are reported. A
reference to the solar-cycle
minimum is also shown (grey
dashed line)

time and with latitude. Such a study is currently underway to
quantify the necessary atmospheric parameter corrections to
the present data and to compare them with the results reported
in [9]. In the following, only a qualitative overview of a few
other experiments is presented.

The present results on annual pseudo-periodicity are qual-
itatively consistent with the Global Muon Detector Network
(GMDN) data reported in [9]. The data shown in Fig. 6 tend
to exhibit a higher amplitude compared to those reported for
GMDN stations in the Northern Hemisphere (Nagoya, Japan,
and Kuwait City, Kuwait), and even more if compared to
those in the Southern Hemisphere (São Martinho da Serra,
Brazil, and Hobart, Australia) [11].

Vertical data from the YBJ International Cosmic Ray
Observatory in Yangbajing, China, also display a clear annual
periodicity [12], with an amplitude slightly higher than that
observed by POLA-R stations at Ny-Ålesund.

However, all these measurements were conducted at sig-
nificantly lower latitudes than those considered in this study,
and in the case of Yangbajing, at a much higher altitude.
Moreover, the methods for acceptance and correction applied
vary between studies. For all these reasons, a direct compar-
ison is difficult.

In the Southern Hemisphere, ground-level data from the
Syowa SYO_MD_V station at 69◦S [13] show a seasonal
modulation with an amplitude comparable to that observed
in the present analysis. Measurements from the ICE-CUBE
collaboration at even higher latitudes (89◦S) also exhibit sea-
sonal modulation [14]; however, the detected muon energies
are much higher than those considered here and these mea-
surements are more appropriately compared with those from
other underground experiments, such as LVD at the INFN
Laboratory in Gran Sasso (42◦N) in Italy [15].

No annual pseudo-periodicities are instead observed by
the neutron stations [16], where the solar-cycle pseudo-
periodicity is dominating. In particular, at latitudes similar to
those of the present data, this behaviour is observed at ground
level in both the Northern Hemisphere (Oulu, 65◦N) and the
Southern Hemisphere (Syowa Station, 69◦S [13]. At even

higher latitudes (75◦S) and altitudes (3200 m), the CHIN-
STRAP research project, with its neutron station located at
Dome C on the Antarctic Plateau, also reports a similar trend
with no evidence of season modulation [16]. However, in
[17], integrating a very large number of years, small annual
variations less than 1% are reported.

5 Conclusions

Within the EEE Project, three POLA-R scintillator detectors
have been taking data for more than 6 years (from 2019 till
2025) at the Svalbard Islands (78.9◦ N latitude), being the
highest latitude permanent measuring stations for cosmic-
muon monitoring. The detectors showed a very good stability
in operation and consistent results, allowing a very precise
rate measurement.

The data provide a clear evidence of seasonal variation,
with similar results for all three devices. The main pseudo-
periodicity of the variations was analyzed using the Lom-
b–Scargle periodogram, which revealed a periodic compo-
nent with a period of 366–372 days. A subsequent analysis,
employing a nonlinear least-squares fit to optimize a sinu-
soidal model, confirmed the presence of an oscillation with
a period of 366 days and an amplitude of (2.89 ± 0.04)%.
In addition, the model suggests the presence of a solar-cycle
component with a period of 11.16 years. This unprecedented
and precise estimate, obtained well beyond the Arctic Circle,
provides a valuable benchmark for comparison with other
measurements performed in the Antarctic regions or at dif-
ferent latitudes, altitudes, and energy ranges.
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