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Analysis of annual periodicities in the muon rate
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Three scintillator detectors with SiPM readout systems and low-cost control electronics have been
deployed at the Ny Ålesund research station (Svalbard, 79°N) since 2019 to measure secondary
cosmic ray muon flux. The detectors operate within the EEE Project network comprising approx-
imately 100 Italian secondary schools. Analysis of the accumulated dataset spanning nearly five
years reveals a pronounced periodic modulation in the muon count rate with an annual period.
The Lomb-Scargle periodogram method, which uses sinusoidal fit optimization, was applied to
quantify the amplitude and phase of this annual variation. The observed modulation was verified
to be independent of environmental parameters and instrumental effects.
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1. From EEE to PolarquEEEst: High-Latitude Cosmic Ray Studies

The EEE Project [1] has established a network of cosmic muon detection systems in educational
institutions, engaging students and teachers in the construction, deployment and operation of muon
telescopes utilizing Multigap Resistive Plate Chambers (MRPC) technology. The current EEE
network comprises 50 MRPC-based telescopes distributed across Italian high schools in multiple
cities, with additional educational institutions contributing through data analysis activities.

Based on this network, the PolarquEEEst Project was initiated to extend cosmic ray measure-
ments to high geomagnetic latitudes, where muon flux data remain scarce despite their scientific
importance due to reduced geomagnetic deflection effects on primary cosmic radiation. The project
began with the PolarQuest2018 expedition, during which a compact scintillator-based muon detector
designated POLA-R was deployed aboard the sailboat Nanuq for a six-week cruise that circumnav-
igated Svalbard, measuring cosmic ray rates across latitudes from 66°N to 82°N (Figure 1) [2].

Figure 1: Photo of the POLA-01 detector enclosed in its fiberglass yellow hutch on the deck of the Nanuq
sailboat. (Photo by O. Pinazza).

Following the successful maritime measurements, the project moved to permanent installations.
In 2019, consistent with EEE Project methodology, three POLA-R muon detection systems were
constructed by students and deployed at the international research station in Ny Ålesund, Svalbard
Archipelago [3, 4]. Figure 2 illustrates the spatial distribution of these detectors (POLA-1, POLA-
3, and POLA-4), positioned at separations ranging from 700 m to 1100 m within CNR-managed
facilities providing electrical power and network infrastructure. A fourth detector (POLA-2) was
deployed at an INFN facility at lower geomagnetic latitude to serve as a reference station.
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Figure 2: Overhead view of the Ny Ålesund research station (79°N) in Svalbard. Red markers denote the
deployment locations of POLA-R detection systems within CNR-operated facilities: POLA-1 at the Climate
Change Tower shelter, POLA-3 at the Dirigibile-Italia Base, and POLA-4 at the Gruvebadet Laboratory.

1.1 POLA-R Detector Design

The POLA-R detector was originally conceived for maritime deployment, resulting in a compact
design with dimensions of 0.78×0.56×0.30 m³, mass below 50 kg, and minimal power requirements
of 13 W. The detection system comprises two scintillator planes separated by 11 cm, each containing
four BC400 Saint-Gobain plastic scintillator tiles (20×30 cm², 1 cm thick) with dual AdvanSid ASD-
NUV4S-P-40 Silicon PhotoMultiplier (SiPM) readout per tile, yielding 16 readout channels in total
(Figure 3).

The SiPMs are read out by custom Front End (FE) electronics cards featuring independent
preamplifiers and remotely adjustable discriminator thresholds. The trigger logic, implemented in
an Altera Cyclone 5 FPGA within a custom Trigger and Read-out Board (TRB), requires coincidence
signals within a 10 ns window from two SiPMs reading the same tile plus an additional signal from
the opposite plane. Data acquisition is performed by a Raspberry Pi 3 B+ controlling the TRB via
I²C connection [5].

Each POLA-R unit incorporates environmental monitoring systems, including multi-point
temperature measurements both internal and external to the detector housing, atmospheric pressure,
relative humidity, accelerometer, gyroscope, and magnetometer sensors. GPS and GLONASS
systems provide precise positioning and event timestamping for inter-detector coincidence analysis.
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Figure 3: Detailed view of the dual-plane configuration of a POLA-R detector during construction. The
assembly process was carried out at CERN by secondary school students under the guidance of EEE Project
researchers.

1.2 Data Acquisition and Processing

Data acquired by POLA-R detectors undergo initial local storage before transmission to the
INFN-CNAF computing facility, which hosts the established EEE Project computational infrastruc-
ture. At INFN-CNAF, the datasets are processed through calibration and correction procedures, then
archived alongside measurements from the 50 MRPC-based telescopes within the EEE network.

Muon count rate time series are generated by accumulating accepted events within fixed
temporal intervals. Figure 4 presents the count rates measured by the three POLA-R units using
12-hour integration periods. Data discontinuities result from equipment failures and power supply
interruptions at the research station, which proved challenging to address due to the site’s geographic
isolation. The black trace (POLA-A) represents the ensemble average of the three individual time
series. Statistical uncertainties are calculated using the standard deviation of measurements within
corresponding temporal bins.

1.3 Periodicity Analysis Techniques

Visual inspection of the rate profiles presented in Figure 4 indicates the presence of periodic
behavior. However, temporal discontinuities in the measurement records limit the availability of
continuous, uniformly sampled data segments to relatively short intervals.

Conventional frequency analysis techniques such as Fast Fourier Transform (FFT) and Singular
Spectral Analysis (SSA), while computationally efficient and straightforward to implement, neces-
sitate uniform temporal sampling. This requirement significantly constrains their applicability to
our dataset and compromises the investigation of annual or longer-term periodicities.

Consequently, we employed the Lomb-Scargle periodogram method, originally developed for
astronomical applications to perform frequency analysis on non-uniformly sampled time series
through least-squares fitting of sinusoidal functions [6, 7]. This approach enables the identification
of all significant frequencies present in the data, determination of their corresponding phases, and
construction of periodic models. The resulting models enable further analysis of residual variations
and deviations from the established periodic behavior.
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Figure 4: Time series of muon count rates measured by the three POLA-R detection systems. The black
trace represents the ensemble average of the individual datasets.

2. Identification of quasiperiodicity in muon rates

The computed Lomb-Scargle periodogram is presented in Figure 5, displaying spectral power
as a function of period in days. The dominant peak reveals the primary periodic component:
POLA-R muon count rates exhibit a pronounced periodic variation with a period ranging from 350
to 370 days, with maximum amplitude occurring between January 1st and 14th, consistent with
annual quasiperiodic behavior.

Figure 5: Lomb-Scargle spectral analysis performed on the three individual POLA-R time series and the
ensemble average count rate.

To assess the temporal stability of the annual periodicity, we applied the Lomb-Scargle analysis
to the averaged count rate using a sliding temporal window, with results displayed in a two-
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dimensional representation (Figure 6). Individual periodograms appear as vertical profiles plotted
against starting date, with spectral power indicated by color scale. This analysis confirms the
temporal consistency of the quasi-annual periodicity throughout the observation period.

Figure 6: Time-resolved Lomb-Scargle spectral analysis using sliding window technique plotted versus
initiation date. The dashed horizontal line marks the 362-day period, providing visual confirmation of
oscillation stability across the analyzed temporal range.

The observed annual modulation is primarily attributed to atmospheric effects on muon prop-
agation. After correcting for atmospheric pressure variations, the residual temperature effect
represents the dominant source of seasonal modulation in ground-based muon measurements. To
quantify this effect, we calculated the mass-weighted temperature using atmospheric data from
the ERA5 dataset [8] and determined the linear correlation coefficient 𝛼𝑇

𝑀𝑆𝑆
between pressure-

corrected muon rate variations and mass-weighted temperature variations. The mass-weighted
temperature is calculated using atmospheric temperature profiles at 14 isobaric levels from 1000 to
1 hPa, weighted according to atmospheric mass distribution.

At Ny Ålesund, we measured 𝛼𝑇
𝑀𝑆𝑆

= −0.410 ± 0.020 %/K, significantly larger in magnitude
than values observed at middle and low latitudes. This enhanced sensitivity reflects the unique
geophysical conditions at high latitudes, where the negligible geomagnetic cutoff allows lower-
energy cosmic rays to reach the detector. Figure 7 demonstrates the clear latitude dependence of
𝛼𝑇
𝑀𝑆𝑆

, comparing our results with data from the Global Muon Detector Network (GMDN) [9]. The
systematic increase in temperature sensitivity toward higher latitudes provides crucial validation of
atmospheric models for cosmic ray propagation.

Figure 8 displays the ensemble average time series overlaid with a model incorporating the
fundamental annual periodicity and linear drift. The annual model demonstrates excellent agreement
with the principal oscillatory features, confirming that atmospheric temperature effects after pressure
correction account for the dominant seasonal variation observed in the muon rate measurements. The
observed decreasing trend likely correlates with the eleven-year solar cycle and requires additional
investigation. Studies examining potential higher-frequency components are ongoing, employing
refined temporal binning and selective event criteria. Additionally, new reconstruction methods
using more realistic detector models are under investigation.
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Figure 7: 𝛼𝑇
𝑀𝑆𝑆

as a function of latitude. Blue points represent data from the Global Muon Detector Network
(GMDN), orange point shows data from Ny Ålesund (POLA-R). The enhanced magnitude at high latitude
demonstrates the importance of measurements in regions with low geomagnetic cutoff.

Figure 8: Ensemble average count rate (blue) superimposed with the primary periodic model (red trace).
The annual model demonstrates excellent agreement with the principal oscillatory features observed in the
muon rate measurements.
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3. Conclusion

The POLA-R detector array deployed at Ny Ålesund since 2019 has accumulated five years of
continuous measurements, revealing pronounced annual quasiperiodic behavior in the muon count
rate. Through Lomb-Scargle spectral analysis, we have successfully quantified the dominant annual
oscillation, confirmed its temporal stability, constructed periodic models, and identified additional
frequency components.

These findings establish the foundation for extended investigations, including searches for
higher and lower frequency modulations. Comparative analysis with independent muon detection
systems and neutron monitor data may provide insights into the physical mechanisms and origins
of the observed oscillatory behavior.
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