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Solar activity events release vast amounts of energy, including radio waves, X-rays, ultraviolet
radiation, and energetic particles, which interact with the ionosphere of the Earth and can disrupt
radio wave propagation, affecting radio communications. They can either enhance reflections,
improving long-distance terrestrial communications, or cause signal degradation and absorption,
respectively, depending on whether the increased ionization affects the upper or lower layers of the
ionosphere. In the first case, the solar cycle modulates the Maximum Usable Frequency (MUF),
the highest frequency usable for radio communication between two Earth-based points. The Auger
Engineering Radio Array (AERA) of the Pierre Auger Observatory was developed to measure the
radio emission from extensive air showers in the 30 — 80 MHz band. We examine the impact of
solar activity on AERA data collected over approximately 11 years. We report the detection of
different types of solar radio bursts and we investigate how increased solar radiation - particularly
in the X-ray and extreme ultraviolet bands - also affects measurements in the AERA energy band.
Our results show a remarkable correlation between the MUF and the broadband noise observed
in the 30 — 40 MHz frequency range. Radio blackouts are also observed in AERA spectrograms
in coincidence with those reported by the National Oceanic and Atmospheric Administration
(NOAA). Additionally, we performed a search for temporal coincidences between AERA data
and independent observations of solar radio burst events from the e-CALLISTO network and the
SWAVES instrument. These findings highlight the complex interplay between solar activity and
radio wave propagation, which is also relevant for cosmic-ray detection.
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1. Introduction

The Auger Engineering Radio Array (AERA) [1] is a facility of the Pierre Auger Observatory,
located in Malargiie, Argentina, dedicated to detecting radio emissions from extensive air showers
induced by high-energy cosmic rays. AERA comprises a network of 153 autonomous stations spread
over an area of approximately 17 km?, operating in the frequency range of 30 to 80 MHz. Although
its primary purpose is focused on cosmic-ray detection, the periodic measurements collected by the
antennas can also be utilized to investigate phenomena associated with solar activity.

The Sun has an approximately 11-year activity cycle, characterized by alternating periods
of low and high intensity, marked by variations in the number of sunspots, solar flares, coronal
mass ejections (CMESs), and changes in solar irradiance. During the maximum of this cycle, the
significant increase in ultraviolet and X-ray radiation intensifies the ionization process in the Earth’s
ionosphere, especially in the upper layers. This phenomenon leads to an increase in electron density,
raising the Maximum Usable Frequency (MUF), which represents the highest frequency that can
be used for radio communication between two points on Earth, taking ionospheric conditions into
account. When the electron density is high, the MUF is also high, allowing higher frequencies
to be used for long-distance radio communication as these waves are reflected by the ionosphere.
For frequencies above the MUF, the atmosphere becomes transparent, allowing the signal to pass
through the ionosphere.

In addition to its effects on the MUF, periods of intense solar activity often trigger solar flares,
characterized by the sudden and intense release of electromagnetic radiation. When this radiation
reaches Earth, it penetrates deeply into the atmosphere, significantly impacting the internal layers
of the ionosphere, particularly the D layer. Under typical conditions, this layer is not involved in the
reflection of radio waves. However, during intense ionization induced by solar flares, it becomes a
critical absorption region. Radio waves propagating through this ionized medium experience energy
loss due to enhanced collision rates with free electrons, resulting in significant signal attenuation.
This process can culminate in a phenomenon known as a radio blackout, where high-frequency radio
communications, primarily within the 3 to 30 MHz range, are partially or completely disrupted.

Apart from radio blackouts, the intense release of energy during a flare can accelerate charged
particles along the solar magnetic field lines, triggering radio wave emissions over a wide range
of frequencies, a phenomenon known as Solar Radio Bursts (SRBs). Although solar flares are a
prerequisite for the occurrence of SRBs, not all flares produce them. These events are classified
into five main categories: Types I, I, III, IV, and V [2-7], based on their spectral characteristics.
Each type exhibits distinct signatures in terms of frequency drift, duration, and association with
specific solar phenomena, such as coronal mass ejections (CMEs) and solar flares.

In this work, we analyze approximately 11 years of AERA data, encompassing two solar
maximum periods: the first during the maximum of Solar Cycle 24 in 2014, and the second during
the maximum of Solar Cycle 25 occurring around 2024 — 2025, to investigate how solar activity
influences the recorded radio signals. We use data from the Butterfly antennas [1], commonly
referred to as bow-tie models, consisting of two triangular arms oriented along the East-West and
North-South relative to magnetic North. Our results reveal a significant increase in broadband noise
within the 30 — 40 MHz range, correlated with the rise of the MUF during periods of high solar
activity. We also search for radio blackouts coinciding with those reported by the National Oceanic
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and Atmospheric Administration (NOAA), as well as solar radio bursts observed in correlation with
independent measurements from the e-CALLISTO network and the SWAVES instrument aboard
the STEREO-A satellite.

The article is organized as follows: Section 2 presents the correlation observed between the
MUF and the increase in noise levels detected by the AERA antennas. Section 3 describes our search
for radio blackouts associated with events reported by NOAA. Section 4 describes the identification
of solar radio bursts in AERA data through temporal coincidence with independent observations
from e-CALLISTO and SWAVES. Finally, conclusions are presented in Section 5.

2. Correlation between MUF and broadband noise measured by AERA within the
30-40 MHz MHz frequency range

The increase in the MUF triggered by intense solar activity facilitates the reflection of higher-
frequency radio waves that would normally pass through the ionosphere without reflection. This
phenomenon causes interference in ground-based systems sensitive to this frequency range. Nor-
mally, the MUF in Malargiie does not exceed 30 MHz, which is the lower limit of AERA’s frequency
range. However, during periods of high solar activity, the MUF can surpass this threshold, allowing
radio waves from distant terrestrial sources to be reflected by the ionosphere and impinge on the
Auger Observatory.

In this context, we investigated how MUF variations affect AERA measurements, particularly
in the lower operational range (30 — 40 MHz), over a decade of data collection, from 2014 to
2024. For this analysis, we employed the International Reference Ionosphere (IRI) model [8],
which utilizes the Maximum Usable Frequency monitored locally by various stations around the
world and interpolates this data to estimate the MUF in any given region'. We observed a clear
and significant correlation between periods of high MUF and substantial increase in noise levels
recorded by AERA antennas.

To illustrate this correlation, Figure 1 presents the comparison between the MUF and the average
percentual difference in signal amplitude measured by AERA stations. The top panel shows the
monthly MUF recorded in the Malargiie region from 2014 to September 2024 as a function of
Local Sidereal Time (LST). The bottom panel displays the monthly average percentual difference
in the 30 — 40 MHz signal amplitude Viata (1), calculated from the combined measurements of all
Butterfly stations across both east-west and north-south channels. This difference is referenced
against the background level Vbackground(z‘), defined as the average signal measured during 2018
(solar minimum) for each hour in LST. The white bands represent periods where no data is available
for the entire LST range during that month. The figure shows that high MUF values are observed
only during periods of increased solar activity. During these same periods, an increase in the
average signal amplitude measured by AERA is also evident. This observation strongly suggests
that the detected noise is caused by enhanced solar-induced ionization in the upper ionospheric
layers, which facilitates the reflection of radio waves from distant terrestrial sources back to the
surface, thereby affecting the signals recorded by AERA.

n this study, we utilize the MUF in the Malargiie region with coordinates: Latitude: —35.47°, Longitude: —69.58°.
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3. Search for radio blackouts in temporal coincidence with NOAA reports

As discussed in Section 1, solar flares are known to release intense bursts of electromagnetic ra-
diation, which, when directed towards Earth, can significantly modify the radioelectric environment
and affect the propagation of radio waves. The intense ionization induced in the Earth’s ionosphere,
particularly in its lower layers, can lead to temporary disruptions in terrestrial communications, a
phenomenon known as radio blackouts. These blackouts primarily affect the 3 — 30 MHz frequency
band. In AERA’s operational range of 30 — 80 MHz, however, such disruptions are less common,
as only exceptionally strong solar flares are capable of producing noticeable effects. Solar flares are
classified according to their X-ray intensity into four main categories: X, representing the highest
intensity, M for moderate events, C, and B, which correspond to progressively lower intensities [9].
In turn, radio blackouts are primarily associated with Class X and M solar flares and are categorized
by NOAA on a scale from R1 to RS, indicating levels of severity from minor to extreme [10].
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Figure 1: Comparison between the Maximum Usable Frequency (MUF) and the average percentual difference in signal
amplitude measured by AERA stations. The top panel shows the monthly MUF recorded in the Malargiie region from
2014 to Semptember 2024 as a function of LST. The bottom panel displays the average percentual difference in the
30-40 MHz signal amplitude relative to the background level, defined as the average signal measured during 2018 (solar
minimum) for each hour in LST. This difference represents the combined effect from both east-west and north-south
channels. White bands indicate periods with no available data. A clear correlation between MUF variations and the
observed differences in signal amplitude is evident.

In this work, we investigated 16 solar flare events reported by NOAA between 2014 and
2024 that occurred during daylight hours in South America. According to NOAA, these events
were classified as R2 and R3 levels of radio blackouts based on its scale, causing substantial
disruptions in radio wave propagation and temporary interruptions in signal transmission. In our
analysis, we specifically searched for signatures of radio blackouts in AERA data. Although radio
blackouts primarily affect frequencies below 30 MHz, out of the 16 events reported by NOAA,
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we observed radio blackouts in six cases within the AERA data. Interestingly, we also observed
11 solar radio bursts in temporal correlation with these NOAA-reported events. As an illustrative
example, we highlight a particular event detected which occurred in October 2014 and led to a
radio blackout observable in the AERA data, as depicted in Figure 2. The impact of this event is
evident through a reduction in the amplitude of the AERA signals precisely during the period of the
flare, as shown in both panels of the figure. Moreover, this solar flare triggered a radio blackout in
telecommunications frequencies below 30 MHz, as reported by NOAA. The dynamic spectra also
reveal significant amplitude increases around 30 MHz, linked to elevated MUF values, a typical
signature of the heightened solar activity during 2014. The bottom panels present the average signal
integrated over the 30 — 35 MHz band highlighting the pronounced effects of the radio blackout.
Interestingly, a solar radio burst associated with an M2.01 solar flare, marked in the Figure, was
also observed in AERA data. A more detailed analysis of SRBs is presented in the next section.
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Figure 2: Average dynamic frequency spectrum as a function of UTC, captured by all Butterfly antennas around the
time of a particular event which occurred in October 2014 classified as X2.36. The spectrogram illustrates a radio
blackout occurrence during the event, along with additional noise attributed to the high MUF value. The bottom panel
displays the signal average across all frequencies from 30 to 35 MHz. Vertical red lines indicate the start and end of the
solar flare as reported by NOAA.

4. Search for SRBs in temporal coincidence with e-CALLISTO and SWAVES

As discussed in Section 1, SRBs are phenomena that occur when charged particles are ac-
celerated along the solar magnetic field lines, generating radio wave emissions over a broad range
of frequencies. If these signals fall within AERA’s frequency range, they can produce distinctive
signatures in the recorded data. However, detecting these events requires that South America, where
the Pierre Auger Observatory is located, be illuminated by sunlight at the time of the flare, as the
emitted radiation reaches Earth in about eight minutes. Inspired by the study reported in [11], we
performed a search for temporal coincidence between SRBs detected by AERA and those recorded
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by the e-CALLISTO network during the period from 2021 to 2023 and SWAVES instrument aboard
NASA’s STEREO-A satellite during the period from 2015 to 2023.

The global e-CALLISTO network [12] is an international array of radio spectrometers specif-
ically designed for real-time monitoring of solar radio emissions. Comprising antennas distributed
across multiple countries, the network continuously observes solar activity over a broad spectrum
of frequencies, enabling the detection of SRBs and other transient solar phenomena.

In addition to the terrestrial e-CALLISTO antennas, the SWAVES instrument aboard NASA’s
STEREO-A satellite [13], is an interplanetary radio burst tracker that traces the generation and
evolution of traveling radio disturbances from the Sun to the orbit of Earth. Operating in the
low-frequency range of 1 MHz to 16 MHz, SWAVES captures independent measurements of solar
radio bursts with high sensitivity.

To identify SRBs in AERA data, we developed an automatic detection algorithm that operates
on the daily averaged spectrograms recorded by all antennas. Given AERA’s periodic data acquisi-
tion, with measurements taken every 100 seconds (defining the time resolution of the spectrogram),
solar radio bursts appear in the spectrograms as localized increases in signal intensity over only a
few time bins. Thus, an SRB appear as sharp, well-defined peaks within the spectrogram, standing
out distinctly from the background noise. The first step of the method to detect SRBs in AERA
data consists of calculating the difference of the signal intensity for each consecutive frequency bin
v and time bin ¢, as defined by the expression:

AS =S(v,t) = S(v,t - 1), (1)

where S(v,t) represents the measured signal at a specific frequency bin v and time bin ¢, where
each frequency bin corresponds to a resolution of approximately 0.175 MHz and each time bin to an
interval of 100 seconds. This calculation captures the variations in signal intensity across both time
and frequency dimensions. This procedure is applied to each daily spectrogram from 2014 to 2024,
generating a distribution of these differences for every frequency bin throughout the entire period
analyzed. To isolate potential SRB signals from background noise, only values of AS above the 99th
percentile (AS?°%) of this distribution are selected as candidate events. The algorithm then searches
for SRB candidates by applying two additional conditions. A signal is considered a potential SRB if
the range of consecutive frequency bins with AS above AS**® exceeds 15 MHz or if the number of

frequency bins with AS above AS?%

corresponds to a range of at least 30 MHz. If either condition
is satisfied, the event is stored as a potential SRB for further analysis. To investigate whether these
candidate events coincide with solar radio bursts observed by other instruments, we performed a
temporal coincidence analysis. In this context, a temporal coincidence is defined when a solar
radio burst detected by the e-CALLISTO network or the SWAVES instrument is also identified in
AERA data within the same time window, including the respective timing uncertainties associated
with the temporal resolution of each instrument. For the analysis of temporal coincidences with the
e-CALLISTO network, antennas operating in frequency bands close to AERA’s range were selected
and only SRBs observed simultaneously by at least two antennas located in different countries were
considered. This selection criterion was applied to reduce geographical biases and increase the
reliability of the data. Additionally, the analysis was restricted to events occurring during daylight
hours at the AERA site in Malargiie. Out of the 639 SRBs detected by e-CALLISTO that satisfied

these requirements, we identified 204 temporal coincidences with events automatically detected by
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Figure 3: Spectrograms illustrating three examples of temporal coincidences between SRBs detected by AERA (top
panel in each figure) and two different e-CALLISTO antennas (middle and bottom panels) located at distinct sites. Figure
(a) corresponds to a Type V SRB, while figures (b) and (c) display Type II SRBs. In all cases, a clear temporal alignment
of the radio signals is observed, highlighting the simultaneous detection by AERA and the e-CALLISTO network.
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Figure 4: Temporal coincidence rate between the SRBs detected by AERA and those observed by SWAVES for different
threshold levels in dB at its highest frequency (16 MHz).

the algorithm applied to AERA data. Figure 3 presents three examples of temporal coincidences
observed between different antennas of the e-CALLISTO network and AERA stations.

We also performed a temporal coincidence search between solar events identified by the
AERA detection algorithm and those observed by SWAVES during overlapping operational periods.
Although it operates in a different and lower frequency range compared to AERA’s terrestrial
antennas, SWAVES reliably detects intense solar radio events. We focused on the 16 MHz band,
which is the highest frequency measured by SWAVES and, therefore, the closest to AERA’s
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operational range. As shown in Figure 4, the coincidence rate between SRBs detected by AERA
and SWAVES is reported as a function of the threshold, in dB, used to filter SWAVES events. As
expected, the coincidence rate increases with the applied threshold, reaching ~ 50% for events
detected by SWAVES with signal strength above ~ 20 dB.

5. Conclusions

We analyzed the impact of solar activity on AERA data collected over a decade. Our study
identified a strong correlation between the MUF, modulated by the solar cycle, and broadband noise
in the 30 — 40 MHz range, indicating that this noise is likely caused by enhanced ionization in the
upper ionosphere, leading to increased atmospheric reflection of terrestrial radio waves.

Additionally, we searched for radio blackouts reported by NOAA between 2014 and 2024 that
occurred during daylight hours in South America. Out of the 16 events associated with moderate to
strong radio blackouts, in six showed clear signs of blackout in the AERA data. Interestingly, several
of these events also exhibited signatures of solar radio bursts. We also searched for time coincidences
between SRBs measured by AERA and independent measurements from the e-CALLISTO network
and the SWAVES instrument. There were 204 coincidences with e-CALLISTO, and a coincidence
rate of ~ 50% was achieved with SWAVES when selecting events detected by SWAVES with signal
strength above ~ 20 dB at 16 MHz. Although AERA was originally designed for detecting radio
waves from extensive air showers, our findings reveal its broader potential for studying solar activity
and its effects on Earth’s atmosphere. In addition, identifying periods affected by solar radio bursts
and radio blackouts is essential, as such events may interfere with the quality of the recorded data
and should be considered when selecting clean datasets for cosmic ray analyses. The Pierre Auger
Observatory, with its integrated radio antennas and ground-based particle detectors, enables the
detection of solar radio bursts, as demonstrated in this work, and also has the potential to measure
the arrival of charged particles associated with these events using the particle detectors.
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