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Abstract
Solar activity variations strongly impact the modulation of the flux of low-energy Galactic Cosmic
Rays (GCRs) reaching the Earth. The secondary particles, which originate from the interaction
of GCRs with the atmosphere, can be revealed by an array of ground detectors. We show that the
low-threshold rate (scaler) time series recorded over 16 years of operation by the surface detectors
of the Pierre Auger Observatory in Malargüe (Argentina) strongly reflects solar activity and can be
considered as a new proxy of solar variability. To achieve this result, we apply advanced spectral
methods to this time series and to the classical solar sunspot number and sunspot area series. We
detect and compare highly significant variations with periods ranging from the decadal to the daily
scale and identify the origin of each variability mode. In conclusion, we show that the Auger
scaler data, thanks to the very low noise level and high statistical significance related to the very
high count rates (∼ 10^^6 counts per second), allow for a thorough and detailed investigation of the
GCR flux variations in the heliosphere.
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Solar activity variations strongly impact the modulation of the flux of low-energy Galactic Cosmic
Rays (GCRs) reaching the Earth. The secondary particles, which originate from the interaction
of GCRs with the atmosphere, can be revealed by an array of ground detectors. We show that the
low-threshold rate (scaler) time series recorded over 16 years of operation by the surface detectors
of the Pierre Auger Observatory in Malargüe (Argentina) strongly reflects solar activity and can be
considered as a new proxy of solar variability. To achieve this result, we apply advanced spectral
methods to this time series and to the classical solar sunspot number and sunspot area series. We
detect and compare highly significant variations with periods ranging from the decadal to the daily
scale and identify the origin of each variability mode. In conclusion, we show that the Auger
scaler data, thanks to the very low noise level and high statistical significance related to the very
high count rates (∼ 106 counts per second), allow for a thorough and detailed investigation of the
GCR flux variations in the heliosphere.
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1. Introduction

The propagation of Galactic Cosmic Rays (GCRs) through the heliosphere is influenced by
interactions with the solar wind and the heliospheric magnetic field (HMF), which modulate their
energy spectra. Variations in the solar activity and transient events, such as interplanetary coronal
mass ejections (ICMEs) and stream interaction regions (SIRs), modify the interplanetary medium,
leading to changes in the trajectories and flux of GCRs reaching Earth’s atmosphere. This modula-
tion occurs through a combination of diffusion, convection, and adiabatic energy losses, as described
by [1]. The intensity of GCRs reaching Earth is highest during solar minimum and lowest during
solar maximum, resulting in a periodic modulation that follows the solar cycle. The Pierre Auger
Observatory [2], located in Argentina, is the world’s largest facility for studying ultra-high-energy
cosmic rays above 3 × 1017 eV. Since 2005, the water-Cherenkov detectors at the Pierre Auger
Observatory have also been operated in scaler mode, recording low-threshold count rates. This
additional mode enables the detection of both transient phenomena—such as gamma-ray bursts,
solar flares, and Forbush decreases—and long-term trends in GCRs modulation. The scaler data,
characterized by high count rates (∼106 counts per second) and low noise, provide a detailed view
of GCR flux variations on timescales ranging from decadal to daily. In this study, we analyze a 16-
year-long scaler time series, applying an Auto-Regressive (AR) technique to fill data gaps. Through
advanced spectral analysis, we identify significant oscillatory components and investigate their
origins, particularly their relationship with solar modulation. The results reveal GCR variations on
multiple time scales, offering insights into the underlying physical processes and highlighting the
complementary role of Auger scaler data in understanding GCR dynamics in the heliosphere.

2. Scaler rate at the Pierre Auger Observatory

The Pierre Auger Observatory, located at 1400 meters above sea level near the town of Malargüe,
Argentina, combines surface detectors (SDs) with fluorescence telescopes (FDs). The SD array
consists of 1600 water-Cherenkov detectors spaced across 3000 km², with 60 additional units in a
denser infill region to extend the energy range down to lower energies [3]. Each detector measures
Cherenkov radiation produced by cosmic-ray-induced air showers, using photomultiplier tubes
(PMTs) to measure the light signals. Since 2005, the Observatory has also been operated in scaler
mode, recording low energy signals (15 to 100 MeV) at a rate of ∼ 3×106 counts per second, mainly
from cosmic rays between 10 GeV and a few TeV. These data, collected every second, are affected by
atmospheric conditions, instrumental instabilities, and natural fluctuations in the low-energy flux.
To ensure high-quality data, corrections are applied for atmospheric pressure, detector ageing, and
baseline drift [4, 5]. The corrected scaler rate is normalized to a reference value from 2013, which
is roughly in the middle of the dataset, ensuring consistency across detectors.

Figure 1 shows the time series resulting from the mean of the relative scaler rate 𝑟𝑖 (𝑡) over
all stations and from the application of a gap-filling technique using an AR models to address data
gaps. It results in a uniformly 6-day-sampled time series from January 2006 to March 2022.

By visual inspection, this series reveals decadal and annual modulations in cosmic-ray flux,
providing insights into solar activity and heliospheric dynamics.
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Figure 1: Relative scaler rates series from 01 January 2006 to 19 March 2022. The scaler rate in this figure
was obtained by resampling the original series every 6 days after applying a gap-filling process relying on an
Auto-Regressive model to the series. The rate incorporates all the corrections detailed in [5] and the text.

3. Spectral analysis and results

To accurately identify significant periodic components in the relative scaler rate series, we
applied advanced spectral methods, particularly Singular Spectrum Analysis (SSA; [6–8]). Unlike
traditional Fourier methods, SSA uses data-adaptive basis functions, making it highly effective for
analyzing short and noisy time series. It decomposes a time series into statistically independent
components, distinguishing oscillatory patterns from noise, and can detect modulations in both
amplitude and phase. To extract significant components from the background noise, we used a Monte
Carlo-based SSA (MC-SSA) approach, which ensures robustness against statistical fluctuations
inherent to the signal or measurement process.

A window length of 𝑀 = 150 samples (∼ 2.5 years) was chosen and the results were vali-
dated across a range of 𝑀 values. The MC-SSA spectrum (Figure 2) reveals significant periodic
components at a 99% confidence level (c.l.), including a decadal trend, an annual oscillation, and
shorter-term variations with periods of approximately 9 months, 6 months, 28 days, 20 days, and
14 days. Together, these components explain about 88% of the total variance, with the remaining
12% attributed to noise, highlighting the exceptionally low noise level in the scaler data. The gray
bars in Figure 2 represent the Monte Carlo confidence band. As one can see, no anomalous power
exceeds this band except those corresponding to the significant components mentioned above and
highlighted by the red squares. The black dots indicate the spectral components that can be param-
eterized as red noise or are not significant. The decadal trend and the annual oscillation are the
most prominent, with the latter showing clear seasonal patterns. Shorter periodicities, such as the
9- and 6-month oscillations, are associated to solar activity, particularly the Rieger-type periodicity
[9], which has been observed in various solar indices. The 28-day, 20-day, and 14-day periodicities
were associated with solar rotation and the distribution of active regions, with the 28-day compo-
nent showing higher variability during solar maximum and the declining phase of the solar cycle.
These results are compared with the sunspot number (SN) series [10], a well-known proxy of solar
activity, which exhibits similar periodicities. This consistency underscores the reliability of the
scaler data in capturing solar-induced modulations in cosmic-ray flux. The study demonstrates the
effectiveness of MC-SSA in extracting subtle periodic signals from complex time series, providing
valuable insights into the relationship between solar activity and cosmic ray modulation.
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Figure 2: MC-SSA spectrum of the relative scaler rate. The Monte Carlo ensemble size is 10 000. The
gray bars, which bracket 99% of the power values obtained from the ensemble, represent the Monte Carlo
band. The significant spectral components are indicated by the red squares, while the black dots represent
the spectral components that can be parameterized as red noise. The significant components with the same
period specified in blue are grouped with blue boundaries.

Figure 3: Comparison between the decadal trend revealed in the Auger scaler rate (black curve) and the SN
series sampled every 6 d (shaded red curve), superimposed by the decadal modulation revealed in the latter
by SSA (red curve). An anticorrelation among the decadal trends is visible. The shaded gray bar represents
the total time interval required for the polar field reversal in both hemispheres from June 2012 to November
2014.

The Sun’s magnetic activity, driven by a dynamo process in the convective zone, manifests
cyclically through sunspots and active regions. The primary 11-year cycle involves the reversal of the
Sun’s global magnetic field polarity. The decadal modulation observed in the scalar data accounts
for about 68% of the signal variance and is anticorrelated with the solar decadal cycle. In Figure 3,
this component is directly compared to the decadal one (red curve) extracted by SSA from the SN
series (light red curve) using the same window length 𝑀 adopted for the scaler analysis. However,
a time lag between the decadal components of GCR intensity and solar activity is observed, with
a duration varying over time. This lag is linked to the solar magnetic polarity reversal, affecting
the drift patterns of charged particles in the heliosphere. During positive polarity cycles (𝐴 > 0),
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SSA significant components (99% c.l.)
Scalers Sunspot area Sunspot area Sunspot area

(total) (north) (south)
Period Variance [%] Variance [%] Variance [%] Variance [%]
11 y 68.2 53.7 37.8 40.7
1 y 14.8 - - -

9 months 1.0 4.0 - 6.2
6 months 1.6 2.4 3.4 (90% c.l.) -

28 d 2.1 7.0 8.1 12.0
20 d 0.4 3.0 3.5 -
14 d 0.2 - - -

Signal 88% 70% 53% 59%
Noise 12% 30% 47% 41%

Table 1: The percentage of the total variance associated with the SSA significant components of the three
sunspot area series and the scalers series. The last two rows show the total variance related to signal and
noise for each series.

protons drift inward through the polar regions, while during negative cycles (𝐴 < 0), they drift
through the equatorial regions and encounter the wavy heliospheric current sheet. This results
in broader cosmic-ray intensity maxima during 𝐴 > 0 cycles. The observed phase displacement
suggests a possible signature of the 22-year Hale cycle in the scaler data, although its detection is
limited by the time length of the dataset. The annual modulation in cosmic ray flux, with minima
in December-January and maxima in June-July, results from both terrestrial and extraterrestrial
factors: seasonal temperature variations affect atmospheric muon flux, with higher temperatures
in December-January increasing muon decay rates and reducing the muon flux at ground-level;
moreover, the Earth-Sun distance variation due to orbital eccentricity and the asymmetry of the
heliospheric magnetic field contribute to this cycle. Further studies are needed to fully understand
the muonic signal fraction and other atmospheric effects.

Strong periodicities of approximately 6 and 9 months were identified in the scaler data. These
components are linked to solar activity, specifically the Rieger-type periodicity, which has been
observed in various solar indicators such as sunspot areas, X-ray flares, and radio flux. These peri-
odicities are thought to arise from magneto-Rossby waves in the solar tachocline, which modulate
the emergence of magnetic flux and, consequently, the GCR flux [11]. A 28-day periodicity, related
to solar rotation and the distribution of long-lived active regions, was detected. This component
peaks during solar maximum and remains variable during the declining phase of the solar cycle.
This periodicity is attributed to the quasi-rigid rotation of coronal magnetic structures [12] and
corotating interaction regions (CIRs) in the solar cycle’s declining phase. This periodicity has
also been observed in neutron monitor data and solar indices [13, 14]. A 14-day oscillation was
identified, showing stronger variability during the declining phases of solar cycles. This periodicity
is associated with the occurrence of two high-speed solar wind streams approximately 180◦ apart
in solar longitude, resulting from the tilt of the solar dipole magnetic field.
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Figure 4: Continuous Wavelet power spectrum (panel b) of the Auger scaler rate sampled every 48 hours
(panel a) and Global Wavelet Spectrum (panel c). The black curves in panel b enclose regions with a
confidence level greater than 90% against a red-noise process null hypothesis, while the COI, indicating
regions influenced by edge effects, is represented by the white curve.

The spectral results obtained from the scaler series were also compared with the total sunspot
area (SA). In Table 1, we show the percentage of total variance associated with the SSA significant
components of the SA series and the scalers series. The total SA series shows the same spectral
content as the scalers series, except for the 14-day and the annual components. The absence of the
annual component in the SA series is expected, due to its terrestrial origin.

Furthermore, we performed the analysis of the two hemispheric SA series, which reveals that
the 6-month periodicity is associated with the Northern Hemisphere, while the 9-month periodicity
is linked to the Southern Hemisphere.

All the significant SSA-detected components were also identified by the continuous wavelet
transform (CWT) method. Figure 4b shows the continuous wavelet spectrum of the scaler series
(panel a), where areas with a high (low) power are represented by the color red (blue). The black
contours enclose regions with a c.l. greater than 90% against the null hypothesis of a red-noise
process. The cone of influence (COI), delimiting regions influenced by edge effects, is represented
by the white curve. Figure 4c shows the Global Wavelet Spectrum (GWS) (black curve), obtained
by averaging the CWT spectrum over time, along with the corresponding significance levels (red
curve). The decadal modulation shows the strongest power, although it lies outside the COI due
to the limited length of the series. The annual periodicity is also detected, with increased and
statistically significant power during intervals when its amplitude is higher. The monthly oscillation
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is highly significant between 2012 and 2017, while it shows a lower power elsewhere. This result is
in agreement with that found by the SSA. Furthermore, a peak in the GWS between 8 and 16 days
of period is observed, corresponding to the 14-day significant component previously discussed. A
peak at a period of 186 days is observed in the GWS (Figure 4c), although it is not significant due to
the limitations of the method in detecting peaks showing a large difference in amplitude and close
to each other.

4. Discussion and Conclusions

This study demonstrates the significant impact of solar activity on the modulation of low-
energy GCR fluxes reaching Earth, as inferred from the analysis of a 16-year time series of scaler
rates measured by the Pierre Auger Observatory. Through advanced spectral analysis, we identified
several periodic components with high confidence (99% c.l.) against red noise. The dominant
decadal modulation is anticorrelated with the 11-year solar cycle. An annual oscillation, peaking
during austral winters and dipping in summers, is attributed to factors like temperature effects on
muon flux, Earth-Sun distance variations, and heliospheric magnetic field asymmetry. Shorter-term
oscillations with periods of about 9 and 6 months, 28, 20, and 14 days were also detected. The
28-day periodicity, linked to solar rotation and active regions, shows higher variability during Solar
Cycle 24’s maximum and declining phases. The 14-day component, associated with solar active
longitudes and tilted dipole structures, becomes more pronounced during solar cycle declines. The
study underscores the low noise and high statistical significance of Auger scaler data, which enable a
detailed analysis of GCR flux variations across timescales. With the implementation of AugerPrime
[15] SD electronics, extending data availability beyond 2022, these investigations can be further
extended. Overall, the results position Auger scaler data as a powerful tool for probing heliospheric
influences on GCR modulation.
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The SSA analyses were performed using the SSA-MTM Toolkit.1 Daily mean sunspot numbers come
from the source: WDC-SILSO, Royal Observatory of Belgium, Brussels, and these can be downloaded from
https://www.sidc.be/silso/.

1Freeware SSA-MTM Toolkit at https://research.aos.ucla.edu/dkondras/ssa/form.html.
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