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Radio telescopes that aim to find astroparticles rely on the detection of impulsive, short-lived
and transient radio signals produced primarily via the geomagnetic emission effect. One of
the main challenges of this detection method is the presence of abundant radio backgrounds
produced by human activity, both continuous (as in intentional emission for telecommunications)
and impulsive (for example, unintentional emission associated with the use of large electrical
currents and voltages). It is impossible to separate the origin of impulsive signals (astrophysical
or anthropogenic) if they have very similar shapes. Therefore, radio telescopes are usually placed
in remote and geographically advantageous regions where the radio background is the lowest,
and they carefully characterize their continuous radio backgrounds near the horizon in order
to perform their research. Transient radio telescopes have also focused on near-vertical radio
emission, which allows for a closer match to our models of geomagnetic emission. However,
next-generation radio detectors aim to also detect radio signals from near-horizontal sources, in
particular the interactions of Earth-skimming neutrinos. Modeling of radio propagation near the
surface of Earth needs to include complex geometrical effects and include possible interactions
with the non-smooth lower layers of the atmosphere. This need is further evidenced by reports
from multiple radio observatories of an excess of near-horizon impulsive signals that could not
be reconciled with sources at the horizon so-far. In this work, we consider the possibility of
secondary radio reflections of originally terrestrial sources as the cause of the near-the horizon
excess transient events. A simple model of low-altitude clouds shows that they cannot be ruled
out as the source of sporadic radio reflections.
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1. Introduction

Modern transient radio observatories that can also detect single radio pulses from particle
showers haven been rapidly developing over the last two decades [1], with pioneering experiments
like AERA [5] paving the way for large scale experimental efforts such as in the Auger Prime upgrade
to the Pierre Auger Observatory [2]. Next-generation astroparticle radio arrays are envisioned as
even larger-scale projects, both in terms of spacial extension and number of antennas. This
is the case of, for example, the Square Kilometer Array (SKA) [3], pioneered by the existing
LOFAR experiment; and the GRAND experiment with its ongoing testbeds GRAND@Nançay,
GRAND@Auger, and GRANDProto300 [4].

As these pathfinder experiments, in particular those using a self-trigger, get commissioned and
tested, a common feature has been reported many preliminary results. The dominant source of
radio backgrounds is the anthropogenic (man-made) activity, such as intentional radio broadcasts
and communications or accidental radio emission from sparks in combustion engines, power lines,
etc. This source of background is concentrated in human populations and activities. So radio arrays
are purposely deployed in remote and relatively radio-quiet areas, where anthropogenic backgrounds
are, at least, concentrated around the horizon and, therefore, should not pose a big challenge to
identify and remove at the analysis level.

However, at least four different radio arrays, AERA [5], OVRO-LWA [7], BEACON [6], and
GRAND [8] have reported secondary clusters of events reconstructed between 10◦ − 20◦ over the
horizon1. This elevation is relatively low and therefore close to the horizon, but too large to be
compatible with it. This cluster of triggered events, while clearly subdominant to the background
distribution by three orders of magnitude, remains dominant to the expected rates of cosmic
rays and, in particular, neutrinos in these radio telescopes. If only using the arrival direction as
discriminator, these can thus pose a significant background to astroparticle detection. For cosmic
rays that predominantly observe near vertical signals, the impact of this background has been minor,
as it is easy to veto a larger band above the horizon. However, studies of inclined air showers or
Earth-skimming neutrinos will feel the impact of such a background excess. Recall that neutrino
arrays need to find a signal are rare as once per several years.

This excess has been noted by the different original experiments but has only been briefly
discussed. Of those experiments that addressed it, only two presented plausible explanations: (1)
An imperfect reconstruction algorithm, worsened by the small and clustered antenna coverage in
the array, and (2) the effect of airplanes. The fact that this excess has been reported independently in
multiple locations, under different experimental configurations and analyses, makes it unlikely that
this is actually a single reconstruction artifact. Their sporadic distribution in the published results
that often include a time axis makes equally unlikely that it comes from a single, time-coherent
source such as an airplane.

In these proceedings, we present and discuss the possibility that this excess is due to a reflection
of radio waves coming from a strong horizon sources, due to a sporadic atmospheric effect near
the detector, like a nearby low-altitude cloud with a good relative position to the detector. In this
work, clouds are assumed to be the most likely reflector that can produce the desired effect and that

1We assume that other experiments like LOPES, ANITA potentially have suitable data, but we were not able to find
suitable published figures.
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happen low enough in the atmosphere (troposphere). Ionospheric reflections are well described but
happen too high in the atmosphere, and tropospheric anomalous effects (like ducts) do not seem to
be strong enough to achieve a 10-15◦ deflection compatible with observations, as it has been found
in previous work [10].

The idea of radio reflections in the MHz frequency with clouds is, a priori, a discouraged one,
as most of the existing literature on radio wave on clouds is dedicated to meteorology studies in
the GHz bands. So it is clear that the reflection effect cannot be strong. However, the absence of
a strong reflection doesn’t mean that a sub-dominant effect can be excluded. Due to the apparent
lack of an existing suitable model, a simple model of a cloud as a large collection of droplets that
act as infinitesimal reflectors is used here to estimate the approximate radio reflection properties of
clouds.

2. Experimental evidence

The evidence that led to the formulation of the near-horizon excess questions is gathered in
Fig. 1 below. Our first assumption in this work is that these near-horizon sporadic excesses have
a common origin for all results presented here. This is supported by the fact that these excesses
are presented along different experiments, with strictly different detectors and analysis methods, on
different locations throughout the world. Next to these published results, there is also anecdotal
evidence and conversations with other radiotelescope teams, that typically do not just avoid the
horizon but 10 - 15 degrees above the horizon.

The cloud reflection hypothesis allows us to develop a common geometry model for the
reflection. This is, if we take the (reconstructed) elevation angles of any experiment, an assume
that they come from a reflection, we can find the necessary height 𝐻 that the reflection happened at
given a horizontal floor baseline 𝐵𝑅 to the cloud, 𝐻 = 𝐵𝑅 tan(𝜃), and we can use this to compare
the data from different experiments. This is presented in Fig. 2. The data from the AERA result
comes from the same dataset used to produce Fig. 1a, while OVRO and BEACON data come from
the digitalization of the figures in Figs. 1b and 1c. GRAND has not (to the authors’ knowledge)
published a zenith distribution of their triggered events, and the data in the skyplot could not be
digitalized with enough accuracy to be represented here. Therefore, the study of this hypothesis
in the specific case of the GRAND experiment will have to be a topic of later study when more
data is available. AERA and OVRO results are labeled "folded" to indicate that the curve presented
here is the combination of the positive and negative zenith bins that produce for each height, this
is, 𝐻folded = 𝐵𝑅 tan( |𝜃 |). The case for BEACON is different, as it is labeled "interpolated" (from
the digitalized data). However, BEACON does not sit at their local floor but on a mountaintop
some 2.3 km over the valley floor. This is why their optical horizon sits at 𝜃 = −1.5◦ over
their position. Hence, 𝐻BEACON = 𝐵𝑅 tan(𝜃) + 2.3 km, and, this way, the negative reconstructed
elevations work with this formula. As a side note, this means that their horizon is approximately at
𝐵BEACON,horizon = 2.3/tan(1.5◦) ≃ 87.8 ∼ 90 km, to first order.

The first conclusion from this result is that, given the low elevation of the triggered events; if
they are produced by a radio reflection (our cloud, here) it must be very close to the detector, almost
co-located and certainly visible from the radio detector site. 𝐵𝑅 ∼ 𝑂 (10) km implies high clouds,
𝐻 ∼ 10 km, and 𝐵𝑅 ∼ 𝑂 (100) km implies ionospheric heights, 𝐻 ∼ 100 km. In this work, we
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(a) Zenith vs. azimuth polar plot, or skymap, generated
from a very early AERA run dataset. The colorbar indi-
cates event frequency. Similar skyplots have been pub-
lished in [5]. Notice how most of the events congregate
at the horizon (zenith = 90◦), but the distributions extend
for 10-15 degrees over, with secondary low-zenith clus-
ters noticeable.

(b) Event frequency vs elevation angle (≡ 90◦ - zenith)
reported by the OVRO-LWA experiment in [7]. While the
same article reports skyplot figures, this plot is included
in the appendix to explicitly describe the near-horizon
excess. OVRO-LWA took extra care to suppress events
coming explicitly from the horizon, makig near-horizon
triggers more prominent. The negative elevations are a
byproduct of the degeneracy of a planar array using a
plane-wave reconstruction, and negative values can be
safely assumed positive.

(c) Triggered events from the BEACON experiment, re-
produced here from [6]. BEACON released separate
zenith and azimuth plots, so no hotspots can be deduced.
However, the peaks in their zenith trigger distribution do
not sit concentrated over their reported horizon at −1.5◦

(dashed vertical line).

(d) Early skyplot shared with the authors by the GRAND
collaboration, reported in [8]. In this figure, the color
scale is a time axis, since this data spans triggers taken
over a few days only. Each point corresponds to a unique
trigger. A highlight of this result is that this skyplot was
presented along anecdotal evidence of clouds in correla-
tion with this result.

Figure 1: Reported results of self-triggered in-air radio experiments for cosmic-rays and neutrinos. Most of
these results are early results from pathfinder and test arrays which are focused on early cosmic-ray detection
and reconstruction.
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Figure 2: Left: Simple diagram of a reflection. The source, Tx, is placed at the right. The solid lines
represent the path of the radio waves: First a distance 𝑅𝑇 from Tx to the reflection centre C, and then a
distance 𝑅𝑅 to the receiver Rx. Overall position here is fixed at Tx, and 𝐻 is the height of C and 𝐻𝑅 is
the height of Rx. Right: The hypothesis of common origin of the observed low-elevation sporadic echoes
due to low altitude radio reflection. We assumed a geometry following the left plot, and compare (whenever
possible) the different experiments presented in Fig. 1. The common results are put in the right plot.
Triggered event distribution vs estimated reflection elevation (above local floor) given a baseline of 5 km to
the reflection point. The relative frequencies have been normalized to their respective maxima, as they are
come from different experiments. The red band corresponds to the optical horizon, the region of 90◦ ± 2◦.

focus on the low-altitude case, as a reflection height around 2 to 7 km gives the best agreement for
the secondary maxima in all the distributions presented here.

3. The cloud reflection model

We calculate the reflection of radio waves off a target by applying the radar range equation,
which relates the transmitted and received powers, 𝑃𝑇 and 𝑃𝑅. In its most simple form, this is:

𝑃𝑅 =
𝑃𝑇𝐺𝑇𝐺𝑅𝜆

4

(4𝜋)3𝑅2
𝑇
𝑅2
𝑅

𝜎𝑅𝐶𝑆 , (1)

𝐺𝑇 , 𝐺𝑅 are the dimensionless antenna gains, which capture the direction-dependent instrumental
performance, 𝜆 is the wavelength of operation, and 𝑅𝑇 , 𝑅𝑅 are the distances travelled the radio wave
between the target and the transmitter and receiver, respectively. Our interest is in accidental or
unintentional reflections, where the receiver acts as a passive receiver from one or more unknown
transmitters. As such, we only can assume knowledge of the receiver components in this equation,
𝑃𝑅, 𝐺𝑅, 𝜆 and, maybe, an estimate on 𝑅 = 𝑅𝑇 + 𝑅𝑅. From inspecting Fig. 2, we can write 𝑅𝑅 in
terms of the better known variables.

𝑅 =
√︁
(𝐵 − 𝐵𝑅)2 + 𝐻2 + 𝑅𝑅;

𝑅(𝐵, 𝐻, 𝐻𝑅, 𝜃𝑅) =

√︄(
𝐵 − 𝐻 − 𝐻𝑅

tan(𝜃𝑅)

)2
+ 𝐻2 + 𝐻 − 𝐻𝑅

sin(𝜃𝑅)
.

(2)

Therefore, we cannot expect an exact solution of the radar range equation, but rather a constraint on
the possible free parameters. Additionally, the radar range equation can be used as the straightfor-
ward evaluation on candidate sources Tx. Candidate sources provide a set of fixed 𝑃𝑇 , 𝐺𝑇 and 𝑅𝑇

that can be used to check against the power of the detected triggered signals.
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The precise solutions of the radar range equation are very sensitive to accurate knowledge of
the parameters, this is, the specific configuration of each detector, and the cloud’s radar cross section
(RCS), 𝜎𝑅𝐶𝑆 . The RCS, is, by definition, the far-field efficiency of the scatter, proportional to the
ratio of the scattered to the incident power [9]. In our scenario, the RCS captures the net effect of
the interaction between the radio wave and the cloud, the (expectedly small) fraction of the power
available to arrive to the receiver. Inspecting Eq. 1, the RCS needs to have units of area (m2), and
is often presented in decibel scale w.r.t. 1 sq. meter (dBsm) or 1 sq. centimter (dBcm2). When
applied to perfect conductors (metals), and generally in the case of simple shapes and geometries,
the RCS can be equal to the physical area of the target. This is not generally the case, and it’s
not the case in particular when applied to clouds. Their large size and irregular shape makes
estimating the cloud RCS non-trivial before considering the fact that, at MHz frequencies (the range
of interest for astroparticle telescopes), the clouds are understood to be practically transparent.
Experimentally determining the RCS of a cloud is equally challenging: While radar reflections is a
powerful technology to measure clouds (weather meteorology), weather radars operate at cm bands
(GHz frequencies and above), where the radio wave interacts with the absorption bands of the water
molecules. Therefore, the abundant literature and simulations of weather meteorology is seldom
applicable in this case.

To this effect, a preliminary study was performed in [10], where the cloud was described as
an ideal, perfectly flat and horizontal atmospheric layer of 100% relative humidity, where simple
Fresnel reflection could be computed. The estimated maximum reflectivity reported in [10] for
the local conditions was of Γ = 2.5 · 10−5 % = 2.5 · 10−7. If we take a flat square geometry of
𝐿 = 500 m of side length, and take a typical frequency of 𝑓 = 50 MHz, the RCS is 𝜎𝑠𝑞𝑢𝑎𝑟𝑒 =

Γ4𝜋𝐿2 𝑓 2𝑐−2 ≈ 0.0218 m2. However, this work’s conclusions deemed this approach insufficient to
accurately model the power reflected from a cloud due to the complex dependency of the returned
power on the geometry of the cloud and the reflection.

Therefore, in this work we present a novel, self-consistent model for the cloud reflections. This
model is explained in detail in [11], and its key highlights reproduced here.

4. The cloud model

The calculation of the cloud’s RCS was done with the software package, MARES (Macroscopic
Approach to the Radar Echo Scatter). MARES is a semi-analytical package, in that it lets the user
set any random number of scattering centers or points, and each point can represent any analytical
or parametrized solution to the radar cross section, for example, an infinitesimal or Herztian dipole.
MARES computes the interference of the electric fields of all the scattering points at the receiver,
generating the simulated waveform. Simple dipole antenna models can also be set for the transmitter
and receiver. MARES can take care into account, if needed, of the correct propagation of radio
rays in non-vacuum media, transparency of the scattering center, relativistic propagation, and light
polarization.

For the purposes of modeling a cloud, we started defining a cloud as a collection of water
droplets, where each water droplet is considered as a typical hard sphere of 1.69 mm of diameter.
Since the droplet has a very small diameter compared to the MHz radio wavelengths (50 MHz ≡ 6 m),

6
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Figure 3: The two radar cross sections from the two-step approach in modeling of a cloud. The left figure
is the a single region of the cloud bulk, obtained after the first series of MARES simulations, and its values
stored and tabulated for efficiency. It shows the radar cross section of a 10 m3 cloud volume, versus the plane
scattering angle and the polarization angle. The distribution is largely independent of polarization, with two
known nulls due to the initial choice of parametrization of small hard spheres for the droplets. These values
are used for the full cloud simulation, given in the right figure, which shows the radar cross section of a
500 m3 cloud volume, versus the plane scattering angle and the polarization angle. The angular distribution
of values shows some complex structure, as expected of a shape of 𝐿 ∼ 𝜆 (Mie scattering regime). The peak
RCS remains at 𝜃 = 0, or head-on incidence. Reproduced here from [11].

there exists a solution in the literature for its RCS, depending on its angular incidence in the scatter
plane, 𝜃, and the polarization 𝜙.

Simulating the individual droplets of a cloud very quickly becomes a computationally in-
tractable problem, a typical volume of 100 m3 will have 𝑂 (1010) droplets. Therefore, for this work,
we have taken a two-step modelling approach, where we first compute a so-called "cloud region",
a 10 m3 sphere with a random distribution of droplets within. This is considered a typical section
of the bulk of the cloud, where the length is comparable to the wavelength of the radio wave. From
combining multiple of these calculations, the average RCS of the cloud bulk is estimated, including
the geometrical dependence of the RCS. Then, in a second step, these cloud regions are re-run
through MARES, where their properties are used now as the units of radio scattering. In this way,
the total radio scatter of a large cloud volume, up to 500 m3, can be efficiently computed.

5. Conclusions

We have proposed here that near-horizon excess events at self-triggered astroparticle radiote-
lescopes may have a common origin. We discussed the common features of this excess in all
experiments that published detailed distributions of triggered events, either standalone or as part
of a zenith-azimuth skyplot. After ruling out simple explanations, such as airplanes or simple
tropospheric ducting, we have established the hypothesis that these excess events share common
mechanism in the reflections with a low atmospheric effect, most probably a cloud. To understand
whether this hypothesis is valid, we have considered general geometric constraints and developed a
simple model of clouds. We share early results here of this model.

7
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A geometrical model and power considerations of the reflection are estimated, reducing the
problem to modeling, as good as possible, the interaction between MHz radio waves and the cloud
droplets, captured by the radar cross section 𝜎𝑅𝐶𝑆 of the cloud. To address this, a model of the cloud
was build using the MARES code, a semi-analytical package that relies on basic electromagnetic
principles to simplify the calculation of the otherwise intractable Rayleigh scattering from individual
droplets. A two-step approach was taken here, where a "cloud region" radar cross section is fist
calculated from a random collection of droplets, and then a full cloud is calculated from the
combination of cloud regions. This approach has given estimates with radar cross sections between
10−2 m2 and 10−6 m2, depending on the orientation and polarization of the radio wave with respect
to the cloud. These radar cross sections are fully compatible with a successful detection of a radar
echo in the kilometer range. This is a generic estimate and its application to any one radio telescope
highly depends on detector-specific parameters such as the bandwidth, noise filtering and trigger
algorithms, etc.

The first main conclusion is that this is an early attempt at describing the radio reflection of
clouds at the MHz frequencies and that more work is necessary, both in the simulation side and the
experimental side, until a satisfactory estimate can be obtained for the purposes of characterizing
near-horizon clouds. The second main conclusion of this work is that, without having access to
waveform-level data for these low-elevation sporadic events, a precise analysis of their nature as a
background cannot be made. We encourage further work from the experiments and collaborations
that operate a self-triggered radio telescope to scrutinize our cloud hypothesis using their raw data
and self-triggered set-ups.
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