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What is the Triboelectric effect? 

•Wind blowing on a granular surface such as 
the Greenlandic ice can produce a separation 
of charges and an electrostatic potential 
difference with a consequent coronal 
discharge.


•Discharges occurring on timescales as short 
as nanoseconds lead to radio-frequency 
emissions at MHz – GHz frequencies.


•These may generate events in radio 
detectors similar to neutrino events and 
constitute therefore background

Scheme of a possible mechanism for charge 
separation by the wind blowing on a granular 
surface. Wind displace negative charge upwards, 
resulting in effective surface-charge densities above 
and on the surface, respectively, giving rise to an 
electric field (E) directed upwards.
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RNO-G: Radio Neutrino Observatory Greenland

https://rno-g.github.io/
station-map/
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https://geo-summit.org/summit-station

SUMMIT  
station

RNO-G StationFor this analysis only the shallow channels are considered 
(related to LPDAs, 9 per station).



Wind speed measurements 2021

Wind Speed (September)

High wind at night
12th, 13th, 14th 

•Focus only on runs during the night 
• September

The runs considered here are from the 12th, 13th, 14th of September: high wind period
September



Wind speed measurements 2021

September
The runs considered here are from the 6th of September: low wind period

Low wind at night
6th



 6th of September
Low wind

Comparison high-wind and low-wind: Sept 6th, Low Wind
Only night runs are considered (2 hrs each) because during the day there is noise due to solar panel’s 
battery charging/discharging.
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Comparison high-wind and low-wind:
 12th of September

(23:30 pm - 5:00 am)

(High wind)

Sept 12th, High Wind
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Correlation:
•Correlation plot of wind speed (m/s) and event rate (per 30 mins) for events above 200 ADC counts 

of some selected days of September (with wind speed values from 1 to 16 m/s)


•A “turn-on” behavior is observed with a threshold of 10 m/s
arXiv:2103.06079v2

https://arxiv.org/abs/2103.06079v2


Direction 
reconstruction:
•Maps of zenith and azimuth 

reconstruction of events with > 200 
ADC counts.


• In St. 21 (1.0 km distance to Summit 
Station) for one particular day, we 
observe an evident correlation with 
the Summit Station azimuth. 


• In St. 11 and St. 22 (2.1-2.2 km 
distance to Summit Station) we 
observe an anisotropic source map 
with no clear correlation with known 
structures. 

arXiv:2103.06079v2

zenith

https://arxiv.org/abs/2103.06079v2


Other radio detectors:
• The same “turn-on” effect at the same wind-
speed threshold has been also observed in 
other radio detectors: ARA, ARIANNA, ANITA, 
SATRA, AURA, RICE.


• Frequency spectra generally shifted to the low-
end of the frequency regime to which current 
radio experiments are typically sensitive 
(100-200 MHz) 


• For some experiments, a correlation is shown 
with position of nearby metallic structures 
indicating a preference for electric field 
discharge through ‘lightning rod’ effect. Not 
confirmed by other detectors.


Figure 9: Mean Signal-to-Noise Ratio (SNR) for ARIANNA Station 61 (South Pole) surface LPDA channels, shown separately
for upward-pointing vs. downward-pointing antennas. As with the RICE and ARA experiments, SNR is defined here as
maximum amplitude in all up- or downward facing channels, divided by the average voltage RMS of the respective channel
group in forced triggers. Up- and downward facing channels di↵er in average RMS, due to the contribution of the Galactic
noise. For comparison, on the same SNR scale the radio signal of neutrinos are mostly expected below 10.

or near-surface e↵ects. The ARIANNA ‘turn-on’ threshold below 10 m/s may be a direct consequence of
an overall enhanced experimental trigger sensitivity for the near-surface ARIANNA antennas to this class
of events. Above-surface ARIANNA solar panels are speculated to be a possible discharge site, however,
with only two upward facing antennas, the station cannot provide a reliable direction estimate.

In an attempt to rule out interference from a wind-turbine installed at Moore’s Bay, it was noticed that
the ARIANNA experiment also records triggers from human movement on the snow. For this test, every
electronic equipment had been turned o↵ at camp (apart from the station itself) and the wind-turbine was
rotated with a long belt by hand, which involved running for several tens of meters. A similar increase
in trigger rate was noticed for the wind-turbine spinning and simply a human running without turning it.
This e↵ect points towards related mechanisms that may cause a rapid electric field change in snow crystals
and illustrates the high sensitivity of the neutrino detection systems to such e↵ects.

3.3. RICE

The RICE experiment (1995-2011) was the first experiment to search for ultra-high neutrinos using the
in-ice radio technique [47, 48, 49, 15, 16]. RICE primarily comprised 16 ‘fat-dipole’ antennas sensitive over
the frequency interval 200-500 MHz at depths of 100-350 meters, over a 200m ⇥ 200m lateral footprint
approximately 1 km from the geographic South Pole, and within a radius of 200 meters of the Martin A.
Pomerantz Observatory building. Since the RICE antennas were parasitically co-deployed in boreholes
drilled for the AMANDA and IceCube experiments, the antenna placement was not optimized for neutrino
astronomy. Moreover, the vertical antenna orientation was required to match the form-factor of the holes
drilled for the optical experiments, resulting in substantially reduced horizontal polarization sensitivity for
the in-ice antennas. In-ice signals were conveyed over LMR-600 coaxial cables to a surface data acquisition
system based on commercial digitizers, with a typical (deadtime-limited) trigger rate of 0.01-0.1 Hz. Data-
taking ceased in December, 2012, when the coaxial signal cables were severed as part of a science upgrade
program at South Pole.

3.3.1. Statistical Measure of Correlations with Wind Velocity

In this section, we attempt to numerically assess the likelihood that observed experimental performance
results from changes in the wind environment. We quantify the numerical significance of wind-velocity
correlations with experimental observables (specifically, trigger rates and number of antennas with signals
exceeding some pre-defined threshold) using a technique similar to an auto-correlation test.
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Conclusions & open questions

• For all detectors (located at both North/South Pole), it is observed a 
“turn-on” behavior at wind speed around 10 m/s; the origin is still not 
clear.


• The exact process of electric charging and discharging that produces 
triboelectric events in radio detectors is still not clear (“lighting-rod” 
effect, or charge build-up on the snow surface)


• RNO-G: Future study with more data will be performed to better look 
into their characteristics such as arrival direction, and to determine 
whether there are lower amplitude events correlated with increased 
wind-speed. 



Backup



Wind speed measurements
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•Focus only on runs during the night 
• August
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Figure 13: Average RICE waveform signal power, for indicated frequency bins, dependence on local wind velocity. We observe
enhanced signal power in all frequency bins, with the largest relative increase at the lowest frequencies to which RICE is
sensitive.

expected for true UHEN-generated events. We also observe saturation of the RICE amplitude dynamic
range during these times, as well, as evidenced by the ‘clipping’ of the waveform along the y-axis, and
suggestive of a very loud, or very local source.

3.4. AURA

The AURA [17] experiment (2007–2011) receivers were co-deployed in ice holes drilled for IceCube and
used a hybrid of RICE (fat-dipole) front-end antennas and IceCube data acquisition electronics, resulting
in an increase in the maximum trigger rate by approximately a factor of 1000 relative to the original
RICE experiment. Four vertically-aligned antennas, equally spaced over 20 meters, were connected to an
IceCube digitizer within an IceCube pressure housing. Each set of four antennas + digitizing electronics
comprise a ‘digital radio module’ (“DRM”). Since the antennas are vertically aligned, there is no azimuthal
source discrimination, and only elevation angle reconstruction capabilities. Note that use of the IceCube
architecture also a↵orded AURA the excellent time-stamping rendered by the rapcal time calibration
system [2]. Five such DRM’s (three shallow [“Sally”, “Sophie” and “Susan”, at depths 250-350 m] and two
deep [“Doris” and “Danielle”, at depth z=–1350 m]) were deployed over 2007-2009; 25% of the channels
failed immediately after deployment. Figure 15 illustrates the geometry of AURA, relative to the IceCube
experiment.

The AURA experiment also showed clear correlations of data characteristics with wind velocity. Fig-
ure 16 shows the average AURA trigger rate as a function of wind velocity; Figure 17 displays the rms
voltage recorded in the (75%) working DRM channels (there are clearly non-statistical variations in the
data points, each of which averages distributions bin-to-bin and are therefore susceptible to broad tails).
As before, these distributions are also subject to otherwise uncorrelated episodic anthropogenic noise which
may have incidentally flared at some otherwise-random time. Nevertheless, in both cases, the correlation
of wind velocity with both trigger rate and also rms voltage is apparent, and suggest a threshold of 10–12
m/s for observable triboelectric e↵ects for RICE.

We note that, from Figure 16, within the limits of the time sampling for our wind velocity measurements
(⇠5 minutes), coronal discharge e↵ects are observed to temporally track wind velocity very closely with no
evident hysteresis, or time delay required for charge, or electric field build-up. This observation presumably
informs possible models that consider the timescale for build-up of su�cient charge to induce coronal arcing.
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Figure 18: 2010 SATRA experimental L0 trigger rate dependence on local wind velocity.The trigger rate saturates above 10
m/s.

3.5. SATRA

Like AURA, the SATRA experimental architecture was proferred as a prototype for the next-generation
in-ice radio successor to RICE. Philosophically, SATRA favored a design with a very dense packing of a large
number of sensors, eschewing long-bu↵er waveform captures in favor of channel-by-channel measurement
of power envelope threshold-crossing times. This scaled-back data acquisition results in a small event
size, and a correspondingly extremely high maximum event-recording rate, which potentially allows these
detectors to probe low signal thresholds, and well into the irreducible thermal noise floor. Unlike AURA,
and owing to restrictions associated with IceCube co-deployment, the SATRA antennas were deployed
entirely within the firn, at depths not exceeding 50 meters. The total number of triggers registered every
1.28 seconds is shown in Figure 18 for the one year of data (2010) was available for this analysis (although,
in principle (and similar to AURA), data transmission capabilities for the in-ice antennas continue to this
day).

Although less definitive, for these near-surface receivers, these data suggest a small contribution of tri-
boelectric events starting at approximately 6-8 m/s. Beyond the threshold of 10 m/s data-taking saturates
at the maximum possible rate.

3.6. ARA

Initiated with installation of a ‘testbed’ (ARA station A0) in 2011 [18, 52, 53, 54, 55], the Askaryan
Radio Array (2011-) experiment was incrementally upgraded and expanded over the term 2011-2017 to its
current 5-station configuration (the testbed was de-commissioned in 2013-2014) over a 25 km2 footprint at
the South Pole. Each of the five stations comprises an independent, 16-antenna neutrino detection instru-
ment. Eight “VPol” antennas are preferentially sensitive to vertically-polarized signals (i.e., aligned with
the ẑ-axis) and eight “HPol” antennas are preferentially sensitive to signal polarizations in the horizontal
plane.

Deployed typically to 180-200 m depth, the antennas are sub-grouped into 8 HPol/VPol antenna pairs,
with each pair at the vertex of a cube with side length 20 m; the two antennas in a given pair (one HPol
and one VPol) are themselves separated vertically by 2–3 m. In contrast to RICE and AURA, which
were both deployed within hundreds of meters of the MAPO building, and therefore subject to significant
anthropogenic backgrounds, the ARA stations were deployed 2–6 km from both MAPO as well as the main
South Pole Station (SPS) and, correspondingly, in a somewhat more benign radio-frequency background
environment.
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Figure 9: Mean Signal-to-Noise Ratio (SNR) for ARIANNA Station 61 (South Pole) surface LPDA channels, shown separately
for upward-pointing vs. downward-pointing antennas. As with the RICE and ARA experiments, SNR is defined here as
maximum amplitude in all up- or downward facing channels, divided by the average voltage RMS of the respective channel
group in forced triggers. Up- and downward facing channels di↵er in average RMS, due to the contribution of the Galactic
noise. For comparison, on the same SNR scale the radio signal of neutrinos are mostly expected below 10.

or near-surface e↵ects. The ARIANNA ‘turn-on’ threshold below 10 m/s may be a direct consequence of
an overall enhanced experimental trigger sensitivity for the near-surface ARIANNA antennas to this class
of events. Above-surface ARIANNA solar panels are speculated to be a possible discharge site, however,
with only two upward facing antennas, the station cannot provide a reliable direction estimate.

In an attempt to rule out interference from a wind-turbine installed at Moore’s Bay, it was noticed that
the ARIANNA experiment also records triggers from human movement on the snow. For this test, every
electronic equipment had been turned o↵ at camp (apart from the station itself) and the wind-turbine was
rotated with a long belt by hand, which involved running for several tens of meters. A similar increase
in trigger rate was noticed for the wind-turbine spinning and simply a human running without turning it.
This e↵ect points towards related mechanisms that may cause a rapid electric field change in snow crystals
and illustrates the high sensitivity of the neutrino detection systems to such e↵ects.

3.3. RICE

The RICE experiment (1995-2011) was the first experiment to search for ultra-high neutrinos using the
in-ice radio technique [47, 48, 49, 15, 16]. RICE primarily comprised 16 ‘fat-dipole’ antennas sensitive over
the frequency interval 200-500 MHz at depths of 100-350 meters, over a 200m ⇥ 200m lateral footprint
approximately 1 km from the geographic South Pole, and within a radius of 200 meters of the Martin A.
Pomerantz Observatory building. Since the RICE antennas were parasitically co-deployed in boreholes
drilled for the AMANDA and IceCube experiments, the antenna placement was not optimized for neutrino
astronomy. Moreover, the vertical antenna orientation was required to match the form-factor of the holes
drilled for the optical experiments, resulting in substantially reduced horizontal polarization sensitivity for
the in-ice antennas. In-ice signals were conveyed over LMR-600 coaxial cables to a surface data acquisition
system based on commercial digitizers, with a typical (deadtime-limited) trigger rate of 0.01-0.1 Hz. Data-
taking ceased in December, 2012, when the coaxial signal cables were severed as part of a science upgrade
program at South Pole.

3.3.1. Statistical Measure of Correlations with Wind Velocity

In this section, we attempt to numerically assess the likelihood that observed experimental performance
results from changes in the wind environment. We quantify the numerical significance of wind-velocity
correlations with experimental observables (specifically, trigger rates and number of antennas with signals
exceeding some pre-defined threshold) using a technique similar to an auto-correlation test.
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Triboelectric events in other detectors
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Figure 20: Background-subtracted signal-to-noise ratio (here, defined as the magnitude of the maximum voltage excursion
divided by the rms voltage in a given channel, minus the mean SNR as measured in thermal noise events), as a function of
wind velocity, for various ARA testbed antennas, as detailed in the text.

our UHECR candidate sample.
We have used ARA testbed data to further investigate the polarization content of triboelectric-generated

RF emissions, as well as the signal strength proximal to the surface. We group the deployed testbed an-
tennas, as follows:

a) bicone antennas aligned along the borehole axis deployed to depths of 25–30 meters below the surface,
and preferentially sensitive to vertically polarized electric fields (“Deep VPol”)

b) Quad-slot cylinder antennas co-deployed in the same boreholes as the bicones at similar depths, but
preferentially sensitive to horizontally polarized electric fields (“Deep HPol”)

c) Quad-slot cylinders deployed in separate boreholes (“Deep Hqsc”); in contrast to the “Deep VPol”
and “Deep HPol” data acquisition channels, which have a 150–1000 MHz passband, these channels
have a 100–450 MHz passband and do not participate in trigger formation

d) ‘fat’ dipole antennas, based on the original RICE design, and laying horizontally in shallow trenches
close to the snow surface (“Surf HPol”), with a 25–300 MHz passband.

As shown in Figure 20, the signal-to-noise ratio shows a clear enhancement for wind velocities exceeding
⇠10 m/s. Consistent with other observations that emissions associated with triboelectric discharges prefer-
entially favor lower radio frequencies, the e↵ect is most noticeable for those antennas with lower-frequency
acceptance. We note that the antenna frequency response for the Deep VPol bicones is approximately
twice as broad as the frequency response of the Deep HPol antennas, approximately consistent with obser-
vation. Interestingly, both the ARA and RICE data (Fig. 13) are suggestive of a peak correlation e↵ect
at vwind ⇡15-16 m/s; at higher wind velocities, the correlation in the normalized ARA SNR distribution
drops, for example. We speculate that at higher wind velocities, surface charges are more geographically
dispersed relative to their formation site.

As noted already by ARIANNA, signals registered during high wind periods are typically considerably
longer than the 1–10 ns timescale characteristic of either UHEN- or UHECR-induced signals. We quantify
this using the ratio fTOT/SNR, with fTOT defined as the fraction of samples in a given waveform with
voltage exceeding six times the rms-voltage Vrms in that waveform and SNR the ratio of the maximum
voltage magnitude excursion divided by the rms noise in that channel. For a UHECR- or UHEN-induced
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ARIANNA

ARA

Average RICE waveform signal power dependence on local wind velocity, for 
indicated frequency bins. We observe enhanced signal power in all frequency 
bins, with the largest relative increase at the lowest frequencies to which RICE 
is sensitive. 


