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Abstract Since 2019, three scintillator detectors of the EEE collaboration have been continuously measuring cosmic muon rates at
78.9◦N at the Ny-Ålesund Research Station (Svalbard). The resulting six-year time series reveals a pronounced annual modulation,
driven primarily by seasonal atmospheric variations. Utilizing routine radiosonde profiles collected above the same site, we applied
several established techniques—along with a tailored analysis approach—to investigate the relationship between muon rate and
atmospheric temperature. The temperature-corrected muon rates are analyzed using the Lomb–Scargle periodogram technique in
order to investigate the presence of remaining periodic structures. Finally, the temperature corrections coefficients of our analysis
are compared with measurements in other stations located at lower latitudes.

1 Introduction

For more than twenty years, the Extreme Energy Events (EEE) Collaboration has been carrying out scientific research projects with
a strong educational component [1].

Over this period, approximately fifty muon telescopes based on gaseous Multigap Resistive Plate Chambers (MRPCs) have been
designed, assembled, and operated with the active involvement of teachers and students from Italian high schools [2]. These detectors
are mainly installed inside the schools and are distributed across the Italian territory.

In 2018, the EEE Collaboration developed a set of scintillator-based transportable detectors, named POLA-R, which were used
for a series of measurements of the cosmic-ray flux at different latitudes [3, 4]. Since 2019, three POLA-R units were deployed at
the Ny-Ålesund Research Station1 (Svalbard) and have been continuously recording the muon flux at 78.9°N.

For the detectors at Ny-Ålesund, the pressure-corrected time series accumulated over six years exhibit a clear annual periodicity
[5], primarily driven by variations in atmospheric parameters, as extensively documented in the literature [6, 7]. In this work, we
investigate in detail the impact of atmospheric temperature on the muon rate, exploiting daily atmospheric profiles above Ny-Ålesund
measured by the Alfred Wegener Institute for Polar and Marine Research (AWI) using radiosondes [8].

2 POLA-R detectors, data processing and corrections

2.1 POLA-R detectors installed at Ny-Ålesund

The POLA-R detectors consist of two scintillator planes (40x60 cm2), each subdivided into four equal tiles. Signals from each
tile are read out by two silicon photo-multipliers (SiPMs). These detectors provide limited tracking capability but achieve a time
resolution of tens of nanoseconds, exploited when defining the coincidences between correspondent tiles. A detailed description of
their design and performance is available in References [3–5, 9] together with a few physics results.

Three detectors—POLA-1, POLA-3, and POLA-4—are installed at three sites, managed by the Italian National Research Council
(CNR) within the Ny-Ålesund Research Station, Svalbard. They are separated by distances ranging from 500–1000 m and are located
only a few dozen meters above sea level. Each detector is equipped with a GPS and multiple sensors for environmental measurements.

2.2 Data acquisition and storage

Muon data from the POLA-R detectors are initially stored locally, then transferred to the INFN-CNAF computing center in Bologna,
Italy. Here, data are calibrated, corrected, and binned into 1-minute intervals, along with GPS timestamps and environmental
parameters. Each event is assigned a quality flag to identify potential issues like incorrect sensor readings or abnormal integrated
signal durations.

2.3 Event selection, efficiency and barometric corrections

Only high-quality events are used in the analysis. Events with faulty pressure readings or high temperatures at sensor level—indicative
of malfunctioning electronics—are excluded. The detectors use a majority trigger logic (3 out of 4 SiPMs must detect a signal,
requesting signals on both planes). A global efficiency correction is applied based on measured SiPM performance (see Reference
[5] for details). No corrections for acceptance are applied, since only relative variations over time are studied.

To account for the well-known negative correlation between atmospheric pressure and the muon rate—arising from the exponential
decrease in the pressure with altitude—a correction can be applied using surface atmospheric pressure measurements. The barometric
correction coefficient is obtained via linear regression between deviations in the muon rate and the logarithm of the ratio between
the pressure and its average. This coefficient is calculated individually for each detector over the entire dataset. Further details on
the barometric correction procedure can be found in Reference [5].

1 Ny-Ålesund Research Station, https://nyalesundresearch.no/
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Fig. 1 Differential rates, defined as 100 × (I − 〈I 〉)/〈I 〉, for the detectors POLA-1, POLA-3, and POLA-4, corrected for atmospheric pressure. The lower
plot shows the average rate of the three, indicated as POLA-A. Error bars represent the combined statistical and systematic uncertainties

Figure 1 shows the differential, pressure-corrected muon rate time series at 1-day resolution for the three detectors and their
combined average POLA-A. The differential rate is defined as the relative deviation from the mean rate I , computed as 100 × (I −
〈I 〉)/〈I 〉, and is expressed in percent. The total error combines statistical errors and systematic errors as calculated in Reference [5].

The three detectors exhibit fully consistent behavior; therefore, for this study we used only the mean value. During periods when
data from one or more detectors are unavailable, the mean is computed using only the available data, and the uncertainty is evaluated
accordingly.

3 Atmospheric effects on muons

The dependence of ground-level muon flux on atmospheric conditions was first recognized nearly a century ago, and since then
numerous measurements and models have been developed to account for this effect in cosmic-ray rate analyses. Usually, atmo-
spheric pressure and temperature corrections are treated separately, although strictly connected [6]. A comprehensive review of the
corresponding literature can be found in Reference [7]. A discussion of the dynamics of the atmospheric levels mainly involved in
the muon production may be found in Reference [10].

In this context, for POLA-R data collected in Ny-Ålesund, after applying the pressure correction described in Sect. 2.3 and in
Reference [5], the effect of temperature variations on muon flux at different altitudes must be evaluated.

In general, the correlation between temperature and muon rate is considered to arise from both negative and positive contributions.
The negative contribution occurs because atmospheric expansion at higher temperatures shifts muon production to higher altitudes,
increasing the average decay path and decay probability—particularly for low-energy muons—thereby reducing the observed muon
rate.

The positive contribution arises from the reduced atmospheric density, which favors pion decay against pion re-interaction,
increasing the rate of high-energy muons: This effect is thus especially relevant for underground experiments [11].

In the case of the POLA-R detectors, which are installed at a site with near-zero geomagnetic cutoff—where low-energy muons
are predominant—the effect of temperature variations should be essentially negative. Moreover, the structure of the atmosphere at
polar latitudes is highly peculiar, making the study of the temperature effect on the POLA-R rates particularly interesting.
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Fig. 2 The temperature profile above Ny-Ålesund during 2020. Different colors identify days of the year, from January to December 2020. Data taken from
Reference [8]

3.1 The atmospheric temperature above Ny-Ålesund

The AWI has been conducting a long-term, regular radiosonde (RS) monitoring for several decades to monitor the atmospheric
profile above Ny-Ålesund. This research town, located on Spitsbergen Island within the Svalbard archipelago (78.9°N, 11 m a.s.l.),
serves as a crucial monitoring site for the transition from mid-latitudes to the polar region. Measurements of air temperature and
relative humidity were routinely performed—usually once per day at 12:00 UTC—using Vaisala RS90 and RS92 radiosondes. These
sensors provide observational data up to altitudes as high as 31-38 km, allowing for the derivation of atmospheric parameter profiles
as a function of altitude or pressure levels with high vertical resolution [12]. The combined uncertainties are reported to be 0.2–0.4
K for air temperature and 1.0 hPa above 100 hPa, decreasing to 0.6 hPa in the 100–3 hPa pressure range for atmospheric pressure
measurements: Their contribution to the following analysis is negligible and was therefore neglected.

The vertical profiles of temperature obtained during 2020 [8] are illustrated in Fig. 2. These measurements reveal substantial
seasonal variability in the atmospheric conditions above the site. Surface-level air temperature (T0) undergoes clear seasonal cycles,
ranging approximately from a minimum of 262.35 K in March to a maximum of 280.25 K in July. Notably, the climate conditions
at Ny-Ålesund are partially mitigated by the warm effects of the North Atlantic Drift, and T0 exhibited a clear warming trend of
approximately +1.3 K per decade between 1994 and 2013 [12].

In the middle and upper atmosphere, the tropopause temperature minimum (Tmin) varies between approximately 200 K during
winter and 230 K during summer, with the height of this minimum (zmin) typically ranging from 8 km in spring to 9 km in summer.
Crucially, the thermal inversions observed near the ground in Ny-Ålesund during winter and spring are generally weaker compared
to those monitored at continental Arctic sites. As shown in Fig. 2, the stratospheric region above 20 km exhibits the most dramatic
thermal excursions, with variations up to 50 K observed during the year. The availability of these comprehensive vertical profiles is
essential for investigating different models designed to correct muon rate measurements, as they cover the full atmospheric volume
above the POLA-R detectors.

4 Atmospheric correction models based on temperature or altitude

Using temperature trend data together with the associated atmospheric parameters over the entire column above the site makes it
possible to assess different correction models for muon rate measurements. In literature different approaches have been proposed:
the linear empirical model methods, where the correction is based on a unique parameter at fixed altitude or pressure, and the integral
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Fig. 3 The short-time variation differential rate as measured with the POLA-R detectors (derived from results reported in Reference [5]). To highlight the
underlying trend of the measured points, the solid black curve visualizes a 30-day rolling average of the daily data

models, where the entire profile in altitude is considered. A summary and a more detailed description of these models may be found
in Reference [7]. In the following, two examples for each case will be studied.

4.1 Linear empirical models

In linear correction models of the muon rate, the effects of ground-level pressure and atmospheric temperature are parameterized
independently, yielding the form:

�IPTC � �IPC − �IT (1)

where �IPTC is the muon rate variation corrected for pressure P and temperature T , �IPC the rate variation corrected for pressure
only, and

�IT � αT ∗ �T (2)

is the rate variation due to the atmospheric temperature T variations. The determination of αT is done measuring for each model the
correlation

�IPC � αmodel ∗ �Tmodel (3)

To remove the modulation associated with the solar cycle, rather than considering �IPC with respect to the average over the full six-
year period, we adopt the approach described in Reference [7], in which a rolling average over a relatively long period is subtracted
from the muon rates. In the present analysis, a 24-month rolling average around the time t, Iroll (t), was found to effectively suppress
the solar cycle variations while avoiding the introduction of spurious oscillations in the data. The border effects at the beginning
and end of the six-year period do not affect the final result in a noticeable way. Using the data from Reference [5] for IPC , the result
of this subtraction is shown in Fig. 3, which isolate the short-term yearly variations of the pressure-corrected rate, �I ST VPC , with a
time resolution of one day, defined as:

�I ST VPC (t) � 100 ∗ IPC (t) − Iroll (t)

Iroll (t)
(4)

The value αmodel is evaluated from the slope of the linear regression between the short-time variation of the pressure-corrected
rate �I ST VPC and the differential atmospheric temperature parameter used.

4.1.1 The Atmospheric Expansion (Duperier) method – ATE

This model was first proposed by A. Duperier in 1949 [13]. In this model, the atmospheric temperature is the one corresponding to
the altitude of the isobar at 100 hPa, which is considered the level where the maximum muon production occurs. In the literature, it
is customary to use, as a parameter, not the temperature itself but rather the altitude of the corresponding isobar. According to the
AWI data, the trend of this altitude is shown in Fig. 4 together with the corresponding temperature trend. The anti-correlation of the
muon rate with both temperature or pressure is evident.
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Fig. 4 Altitude of the 100 hPa isobar (green) and the corresponding temperature (red). In blue, the differential rate for short-term variations. All 1-day time
series are plotted together with the 30-day rolling average (black lines), shown to highlight the underlying trend

Fig. 5 Correlation between �I ST VPC and differential altitude of the 100 hPa isobar, from which the value of correction coefficient αAT E is derived

In this case, α is the slope of the linear regression between the short-time variation of the pressure-corrected rate �I ST VPC (eq. (4))
and the variation of the altitude of the 100 hPa isobar, �H100hPa , according to

�I STV
PC � αAT E �H100 hPa,

where �H100 hPa � H100 hPa − 〈H100 hPa〉.
(5)

where αAT E units are %/km. The result is reported in Fig. 5.
Note that in Fig. 4 the 100 hPa altitude trend is somehow smoother than the temperature one, which shows more peculiar structures

like those at the beginning of each year. We have verified that, computing the correction as a function of the temperature at 100 hPa
isobar instead of the altitude, produces results a bit different and very similar to the ones obtained in the Maximum Muon Production
method, described in the next Section.

4.1.2 The Maximum Muon Production method – MMP

This method is based on the temperature deviation observed at the MMP altitude, hMMP , where the maximum of the cosmic-ray
shower development is assumed to occur. Considering hMMP to be 16.5 km, the corresponding temperature is reported in Fig. 6
and also in this case a clear anti-correlation is observed. The correlation coefficient is measured using the expression

�I ST VPC � αMMP ∗ �T [hMMP ] (6)

where αMMP units are %/K .
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Fig. 6 In red, the temperature profile at 16.5 km altitude (used by the MMP method). In blue, the differential rate for short-term variations. All 1-day time
series are plotted together with the 30-day rolling average (black lines), shown to highlight the underlying trend

Fig. 7 Correlation between �I ST VPC and the differential temperature at 16.5 km altitude, from which the correction coefficient αMMP is derived

The result is shown in Fig. 7 where a negative coefficient is measured. Using a fixed altitude like in this method does not account
for local atmospheric characteristics that can influence the altitude of maximum cosmic-ray shower development. For example, the
tropopause altitude is approximately 17 km at the equator and about 10 km in polar regions. Fixing hMMP to be 16.5 km may
modify, at changing latitude, the balance between the negative and positive contributions is described in Sect. 3.

4.2 Integral and discrete methods

These methods are not based on a single measured parameter (pressure or altitude as in the previous methods), but take into account
the entire vertical profile, with a weight coefficient depending on the mass, the pressure, or the altitude level.

4.2.1 The Mass Weighted method – MSS

In this method [14, 15], the muon intensity variation due to temperature effects is defined as:

�I ST VPC � αMSS ∗ �TMSS (7)
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Fig. 8 MSS method. On the left side, the weight functions w[hi ] per level, displayed every 1000 m altitude, as a function of time (6 years). On the right
side, the integral of weight functions normalized to the maximum value. For radiosonde files, we have data up to 38 km

Fig. 9 The temperature TMSS (red), obtained by weighting the different layers of the atmospheric profile. In blue, the differential rate for short-term variations.
All 1-day time series are plotted together with their 30-day rolling average (black lines), shown to highlight the underlying trend

where αMSS is in %/K and

TMSS �
n∑

i�0

w[hi ] ∗ T [hi ], (8)

with hi the altitude bin and w[hi ] � x[hi ] − x[hi+1]

x[h0]
(being x[hi ] the atmospheric depth at altitude hi in units g/cm2). w[hi ] is the

air mass weighted function normalized to [0, 1] range and graphically reported in Fig. 8. Note the relatively constant values of the
weight per level over time, which reflect in a smooth weight integral, as shown in the right panel of Fig. 8.

The anti-correlation between the differential rate and the temperature TMSS is clearly observed in Fig. 9.
The αMSS coefficient is computed fitting the data reported in Fig. 10.
In this model, the weight depends on the altitude and air densities (therefore mainly on the pressure at each layer) but does not

take into account other specific feature of the atmospheric structure (latitude dependent) above the detectors.
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Fig. 10 Correlation between �I ST VPC and differential temperature TMSS

4.2.2 The Discrete Correlation Method – DCM

To account for the local characteristics of the atmosphere, we propose a new empirical model, which we call the Discrete Correlation
Method (DCM), based on the correlation of data with temperatures in layers at different pressure levels. In our model, the weight
used to calculate the reference temperature (see equation (8)) comes from the Pearson correlation coefficient, suitably normalized.

We recall that the Pearson correlation coefficient measures the linear correlation between two series X and Y and is defined as
ρX , Y � Cov(X , Y )/σXσY . It takes values in [−1, 1]: Positive values indicate a positive linear correlation, negative values indicate
anti-correlation, and values close to zero indicate weak or no linear correlation.

All radiosonde temperature profiles are interpolated to obtain a grid of values every 10 hPa of pressure (see Fig. 11). We then
compute the Pearson correlation coefficient between the rate and temperature at each pressure level, obtaining around 100 values.

We chose to represent the temperature by pressure levels rather than by altitude, because the correlation between the rate and
temperature is significantly stronger when expressed in pressure coordinates.

The resulting correlation coefficients are shown in Fig. 12.
Observing the Pearson correlation curve, the difference from the weight calculated using the MSS method becomes immediately

evident. In particular, the correlation shows a narrow minimum around 240 hPa, while the maximum correlation is found between
350 and 750 hPa. The origin of this structure is not yet fully understood, nor is it clear whether it is characteristic of this latitude or
a more general feature.

With proper normalization, the function in Fig. 12 represents the specific weight function (as for equation 8), from which the
temperature TDCM is derived, shown in Fig. 13.

From this, we can calculate αDCM according to the formula

�I ST VPC � αDCM ∗ �TDCM (9)

where αDCM units are %/K . The result of the linear fit of the correlation between the muon variation rate and the �TDCM is reported
in Fig. 14.

5 Comparison of temperature-corrected rates in Ny-Ålesund

Table 1 summarizes the temperature coefficients derived from the four models. Given the distinct physical assumptions of each
model, these values should not be directly compared. The POLA-R differential rate, corrected for both pressure and temperature, is
shown in Fig. 15 for the various methods considered, together with the original rate corrected for pressure only. All differential rates
are expressed as percentages and represent deviations with respect to the five-year average over the entire observation period. The
uncertainties associated with the atmospheric temperature correction coefficients reported in Table 1 provide a negligible contribution
to the overall errors.

The rates corrected using the different methods differ slightly, remaining consistent within 1–1.5%, and all significantly reduce
the residual seasonal variations. The neutron Oulu data, adjusted for both barometric pressure and efficiency, are also reported and
do not show any remaining seasonal variation. The decreasing trend due to the solar cycle is evident for both neutrons and muons,
although the variation is much stronger in the neutron than in the POLA-R muon data.
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Fig. 11 The temperature trends at ~100 pressure levels, one every 10 hPa, from data recorded by radiosonde at 78.9◦N above Ny-Ålesund

Fig. 12 DCM method. Pearson
coefficients of the correlation
between the cosmic muon rate and
temperature for each pressure
level versus the pressure level.
Values above 10 hPa have been
excluded, as the measurements are
very sparse

To analyze the periodicities present in the muon rate time series in greater detail, we employ the Lomb–Scargle periodogram
technique [16], following the approach adopted in our previous study [5]. This method is based on the optimization of sinusoidal
components and is particularly well suited to time series with irregular sampling and data gaps. After removing the temperature-
dependent component of the atmospheric effect, the periodogram shows a substantial reduction of the annual periodicity (Fig. 16),
making it possible to investigate the presence of additional structures. However, a more detailed study of these features would require
a larger dataset.

6 Comparison with temperature coefficients at different locations

The results for the temperature coefficient can be compared with those of the Global Muon Detector Network (GMDN) reported
in Reference [7] for four muon detectors located in Kuwait (KWT), Nagoya (NGY), Hobart (HBT), and São Martinho da Serra
(SMS), based on data collected from January 2007 to December 2012. The two analyses have been performed in a similar way,
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Fig. 13 Temperature computed with method DCM (red). In blue, the differential rate for short-term variations. All 1-day time series are plotted together
with a 30-day rolling average (black lines), shown to highlight the underlying trend

Fig. 14 Correlation between �I ST VPC and differential TDCM .

Table 1 POLA-A: Summary of the atmospheric temperature correction coefficients and Pearson correlation coefficients (between short-term variation
differential rates and differential temperature or altitude), for the various models

α Units Result Pearson coeff

αAT E %/km −4.475 ± 0.057 −0.849
αMMP %/K −0.170 ±0.003 −0.756
αMSS %/K −0.165 ±0.002 −0.867
αDCM %/K −0.326 ±0.003 −0.891

but the POLA-R data are obtained at much higher latitude, thus in this way emphasizing the contribution of lower energies muons,
which are better detected thanks to the reduced geomagnetic effect (see section 3).

Figure 17 reports the measured coefficients as a function of the geomagnetic cutoff in three separate panels, each corresponding
to a model with distinct physical assumptions. Within the uncertainties, the ATE and MMP results are qualitatively consistent with
a linear trend. For the MSS method, the larger separation between the POLA-A and HBT data points leads to a less clear alignment
with this trend. It is worth to point out the different sign of the αMMP coefficients between GMDN [7] and POLA-R, probably
indicating a greater sensitivity of the MMP method to different positive or negative correlation contributions at different latitudes.
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Fig. 15 POLA-A differential rate corrected for pressure only (blue) together with the rates corrected for pressure and temperature using the four different
methods described in this paper. The OULU differential neutron rate is also reported. All curves are shown as 30-day rolling averages

Fig. 16 Periodograms of the POLA-R count rates corrected for pressure only (dashed curve) and for both pressure and temperature using the various methods
described in this study. After applying the temperature correction, the prominent annual peak is suppressed, revealing spectral components at nearly two
years and other longer-term periodicities

In general, we consider methods that account for temperature contributions across multiple atmospheric layers to be preferable
to those based on a single parameter, as they better capture the local characteristics of the atmospheric structure. On the other hand,
although the MSS method belongs to this class, it relies on a simple smooth weighted integral and is therefore not able to capture
the detailed features of the local atmospheric structure, unlike the DCM method. In future work, the latter could be employed to
directly correlate the cosmic muon rate with atmospheric temperature as a function of altitude, potentially providing new insight
into the production mechanisms and altitudinal development of muon showers. In this context, the broad latitudinal coverage of the
EEE detector network—from the Arctic Circle to the full extent of the Italian peninsula—offers a valuable opportunity to further
investigate these processes.

7 Conclusions

Three POLA-R scintillator detectors installed by the EEE Collaboration have been taking data for more than six years (from 2019
till 2025) at the Ny-Ålesund Research Station, on the Svalbard Islands (78.9◦ N latitude).
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Fig. 17 Comparison of the atmospheric temperature coefficients as a function of the geomagnetic cutoff in GMDN and POLA-R experiments

The data exhibit a pronounced seasonal variation, largely driven by atmospheric parameters. Such variations were corrected using
daily radiosonde measurements collected by AWI directly above Ny-Ålesund.

After applying different correction methods found in scientific literature, we propose an alternative technique based on the
correlation between cosmic muon rates and temperatures at different pressure levels. This method has the advantage of taking into
account the local characteristics of the atmosphere and the latitude dependence of the atmospheric structure. Moreover, it also
proves capable to effectively correct the residual pressure dependence that the method based on surface pressure alone does not fully
remove.

We also analyzed the residual periodic components of the muon rates and found that the dominant one-year oscillation is
completely removed by the temperature correction, revealing smaller components that may be associated with different phenomena.
Finally, we compared the corrected muon rates and the corresponding neutron data showing a similar trend with time and solar
cycle, although more marked in the neutron case.

The temperature coefficients found with the different methods have been compared with available data at lower latitudes,
qualitatively indicating a linear dependence of their magnitude with the geomagnetic cutoff.
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