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The Radio Neutrino Observatory in Greenland (RNO-G) aims to detect ultra-high-energy (UHE)
neutrinos using radio technology. The detector array is planned to consist of 35 individual
stations when finished and is currently under construction. As of March 2026, eight of these
stations have already been commissioned with more to follow each year. To enable an efficient
and effective installation in the limited time that the team can be in Greenland, it is crucial to
verify that each newly deployed or updated station performs as expected. Newly installed stations
must be tested to check for potential defects or installation errors. Moreover, these tests should
be performed regularly during data-taking periods, as unexpected issues can arise over time.
These issues, such as environmental effects, component aging or other changes during operation,
need to be identified early, highlighting the importance of having a dedicated framework. The
Science Verification Analysis (SVA) for RNO-G was developed for this purpose. The SVA is
being continuously improved and provides a useful approach for future radio experiments, such
as IceCube-Gen2. This contribution presents the current methods of the Science Verification
Analysis and demonstrates their application to RNO-G data.
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Figure 1: (a) Current Layout of the RNO-G Stations as of early 2026, before the start of the field season.
The station colors indicate the deployment timeline. (b) Channel layout of stations 11, 12, 13, 21, 22, 23, 24.

1. Radio Neutrino Observatory in Greenland (RNO-G)

The Radio Neutrino Observatory in Greenland (RNO-G) is currently under construction and is
designed to detect ultra-high-energy (UHE) neutrinos through radio emission produced by neutrino
interactions in the 3 km thick Greenlandic ice sheet. Once completed, RNO-G will consist of 35
stations, with 8 of them already deployed and taking data. Each station operates independently,
allowing its performance and data to be analyzed individually. Up to four more stations are planned
to be deployed in the 2026 field season. The current deployment status, with deployed and planned
stations, is shown in Figure 1a.

Each station consists of both shallow and deep antennas, referred to as channels. Shallow
antennas are log-periodic dipole antennas (LPDA), buried just below the ice surface. The first
seven RNO-G stations (11, 12, 13, 21, 22, 23, 24; collectively referred to as RNO-G-7), have 3
LPDAs facing upwards and 6 LPDAs facing downwards with a 60◦ tilt. Upward-facing antennas are
mainly for background rejection, while the downward-facing ones contribute to the main neutrino
detection volume. The surface component of Station 14 has a slightly different convention, with 8
LPDAs rather than 9 (4 upward-facing LPDAs and 4 downward-facing LPDAs without a tilt). The
remaining channel has been converted to a deep antenna.

The deep antennas provide the primary neutrino detection volume and are deployed at various
depths in 100 m deep boreholes. Deep antennas are custom-made, cylindrically symmetric antennas
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known as Vpols (vertically-polarized) and HPols (horizontally-polarized). The channel layout can
be seen in Figure 1b.

2. Science Verification Analysis for RNO-G

To ensure high-quality science results and achieve the goal of detecting UHE neutrinos, we
have to make sure that our detectors are working as expected. RNO-G currently has 8 operating
stations and the number of stations increases each year. As the detector array grows, it becomes
increasingly impractical to manually inspect the performance of each station. Therefore, for large-
scale experiments like RNO-G, it is essential to develop an automated and systematic framework for
monitoring the detector health. Such a framework can help identify detector issues early enough,
providing valuable feedback that can be used to improve the RNO-G hardware before the next
deployment season. Science Verification Analysis (SVA) was developed for RNO-G to monitor the
detector health and identify potential issues on time. The methods of the SVA will be discussed in
the following. All SVA tests are performed on the FORCE-triggered data1, which characterize the
noise environment.

2.1 Surface Antenna Spectral Verification

Many radio detectors such as ARIANNA [1], LOFAR [2] and AERA [3] are sensitive to the
diffuse Galactic radio emission. For RNO-G, it has also been shown that the upward-facing LPDAs
detect a spectral excess below 200 MHz [4], which is attributed to the diffuse Galactic radio emission
(referred to as Galactic excess in the following), whereas the downward-facing LPDAs do not, as
their largest gain points away from the sky. This feature can be used to develop a simple test to
verify LPDA performance. The following method is based on this principle.

To quantify the Galactic excess of a channel, we define the spectral excess ratio 𝑅 as the
ratio of its median FFT (Fast Fourier Transform) spectrum to a reference spectrum. The median
FFT spectrum is obtained by computing the FFT spectrum for each event within a time period
and taking the median over all events. Before computing 𝑅, both spectra are normalized within
the frequency range 300 MHz − 350 MHz2. 𝑅 is computed within the frequency range 80 MHz −
120 MHz, which reflects the RNO-G low-frequency region and avoids contamination from higher-
frequency background contributions. The reference spectrum is defined as the median of the median
normalized spectra of downward-facing LPDAs of the station, as these antennas are not expected
to observe the Galactic emission. The formula for 𝑅 is given in Equation 1, 𝑆𝑐ℎ𝑒𝑣𝑡 ( 𝑓 ) denotes the
normalized FFT spectrum of the channel of interest for an event and D denotes the downward-facing
LPDA set. The example spectrum for an upward-facing antenna and a downward-facing antenna
can be seen in Figure 2. If there is no spectral excess, log10(𝑅) is expected to be distributed around
0. If a Galactic excess is present, it is expected to predominantly take positive values.

1FORCE trigger are minimum bias read-outs every 10 seconds.
2Above ∼ 200MHz, thermal emission from the ice becomes dominant over the Galactic contribution for the upward-

facing LPDAs. Above this frequency, downward-facing LPDAs primarily observe the thermal noise from the ice, whereas
the upward-facing LPDAs observe contributions from both the ice and the colder sky. The normalization region was
chosen so that the ice noise still dominates over the electronic noise [5] and the known background features shown in
Figure 2 are avoided.
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Figure 2: Normalized FFT spectra of a week of data (between 2026-05-10 & 2026-05-17) for channels
16 (upward-facing LPDA) and 14 (downward-facing LPDA) given in arbitrary units for Station 14. The
reference spectrum used to define the excess ratio 𝑅 is given together with the normalization and the excess
region. Some of the other known background features are marked as well.

𝑅 =
𝑆
𝑐ℎ

evt

median𝑑∈D
[
𝑆
𝑑

evt

] , with 𝑆
𝑐ℎ

evt = median 𝑓 ∈[80,120] MHz
[
𝑆𝑐ℎevt( 𝑓 )

]
. (1)

In RNO-G, the spectral analysis can be performed either on an event-to-event basis or using
the average spectrum of all events within a 2-hour period. This results in different sample sizes for
the two approaches. For the former, the large sample size (𝑁 > 1000) allows us to perform a sign
test on the log10(𝑅); for the latter, the sample size (𝑁 < 100) is not sufficient for a reliable statistical
test, so we decide based on data-motivated thresholds. Example sample sizes (𝑁) are given for
approximately one week of data.

An LPDA channel passes the test if:

• it is an upward-facing LPDA and excess is detected, or

• it is a downward-facing LPDA and excess is not detected.

2.2 Detector Stability Monitoring and Outlier Detection

Since the FORCE-triggered data are expected to represent the detector noise environment,
quantities such as SNR (signal-to-noise ratio) and RMS (root-mean-square) are expected to remain
approximately constant over time. In this analysis, the SNR is defined as the ratio of the maximum
absolute amplitude of the event trace to its RMS. Monitoring the time-evolution of these quantities
and comparing them with their expected values can therefore help identify any potential issues.

For this purpose, SVA performs a z-score test on the log10(SNR) and RMS values separately
for each channel. The logarithm of SNR was used to get a distribution closer to Gaussian. The mean

4



P
o

S
(

A
R

E
N

A
2

0
2

6
)

0
3

3
Science Verification Analysis for RNO-G Zeynep Su Selcuk

05-10
05-11

05-12
05-13

05-14
05-15

05-16
05-17

Date [UTC]

0.5

0.6

0.7

0.8

lo
g 1

0
(S

NR
)

Ch 1|z| k
|z| > k

0.2

0.4

0.6

0.8

1.0

1.2

|z
|

k

Figure 3: The log10 (SNR) values against the time (between 2026-05-10 & 2026-05-17) for Station 14
Channel 1. The gray points represent the events fulfilling the condition |𝑧 | ≤ 𝑘 . The outliers are shown in
color, with the color map representing the deviation |𝑧 | − 𝑘 .

(𝜇) and the standard deviation (𝜎) of the monitored quantity (𝑥) are determined from a reference
data set, and the z-score (𝑧) for each event is calculated using Equation 2.

𝑧 =
𝑥 − 𝜇

𝜎
(2)

For outlier detection, the threshold (𝑘) is determined per channel as the 99.9th percentile of
the reference |𝑧 | distribution, instead of using a constant value. Since the reference distribution
is from a stable period of detector operation, the 99.9th percentile was chosen to include almost
all fluctuations observed within this period without flagging them as outliers. The outliers are the
events where |𝑧 | > 𝑘 holds. Figure 3 shows an example of the log10(SNR) time evolution for a
Station 14 channel. Events passing the z-score test are marked in gray and the outliers are shown in
color.

The channel health decision for detector stability is made based on the fraction of outliers and
the magnitude of deviation. An additional decision criterion is implemented for the RMS outlier
detection to account for temporal variations as well. The data are divided into 2-hour periods and
the median RMS is calculated for each bin. The 95th percentile of the absolute median RMS shifts
between bins is used as an additional decision metric. The thresholds for the decision metric were
determined by inspecting the reference data.

2.3 Detector Uniformity Verification

In addition to verifying the temporal stability of the RMS values, SVA verifies the shape
of the RMS distribution as well. Since we are inspecting data that is expected to represent the
detector noise environment, the RMS distribution is expected to be approximately unimodal around
a characteristic RMS value.

To determine the modality of a channel, SVA computes a Gaussian Kernel Density Estimate
(KDE) [6] of the RMS distribution and determines the modality through the number of identified
peaks. If the distribution is unimodal, the channel passes the test. A bimodal, multimodal, or flat
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Figure 4: The Gaussian kernel density estimate (KDE) of the RMS distribution for Station 14 Channel 1
between 2026-05-10 and 2026-05-17. The KDE is shown as the solid blue line, the RMS distribution as the
gray histogram and the peak is represented with a red point.

distribution might indicate potential issues, so the channel fails the test. Figure 4 shows the KDE
of the Station 14 Channel 1 RMS distribution for the time period from 2026-05-10 to 2026-05-17.
Since the KDE exhibits a single peak, the channel is classified as unimodal and passes the test.

SVA additionally reports the skewness of the distributions, in case further investigation is
needed.

2.4 Final Detector Health Decision

Finally, SVA summarizes the results of each test in a Channel Health Summary, which provides
an overview of the health status of each channel, without getting into the details. This allows for a
quick channel health evaluation. Each of these tests can result in 3 possibilities:

1. Channel passes the test,

2. Channel fails the test with mild issues, or

3. Channel fails the test with serious issues

If channels pass the test, no further action is needed. Failing a test mildly means that there is
only a small deviation from the expected channel behavior; however, a serious failure might indicate
more significant issues with the detector. Further investigation is needed for both cases, which can
be done using the Detailed Test Results provided by SVA, including the debugging plots.

To determine the overall channel health, SVA combines the results of each test, which again
leads to three different outcomes:

1. All tests are passed – channel is healthy,

2. At least one of the tests fails with mild issues, while no tests fail with serious issues – channel
has mild issues, further investigation is needed, or
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3. At least one of the tests fails with serious issues – channel has serious issues, further investi-
gation needed.

Additionally, SVA reports any issues encountered while reading the data, which helps identify
problems with the data acquisition. SVA is best performed weekly so that enough statistics are
available to get meaningful results. This allows any encountered channel health issues to be
investigated and, if needed, addressed in a timely manner. The SVA can be run on the server in
Greenland (as long as resources allow) or on the 10% data stream that is sent via satellite to DESY.

3. Summary and Outlook

The Science Verification Analysis consists of multiple tests to determine detector health for
RNO-G stations and is essential for ensuring data quality. It reports any potential issues encountered
and provides the information needed for further investigation. SVA was tested using multiple stations
and time periods and can successfully determine the channel health for the given parameters.

Currently, SVA is executed manually by the user; however, efforts are ongoing to have an
automated weekly execution and this will be implemented in the near future. As the RNO-G
hardware continues to evolve, the SVA will need to be adjusted as well. This will be done by
implementing additional tests or improving the already existing ones. SVA is therefore an ongoing
effort and will evolve with time.

As the radio arrays for neutrino detection keep growing in size, it will become more and more
resource-intensive to monitor the detector’s health without a dedicated and automated framework
such as SVA. Although the methods were developed for the RNO-G experiment, the underlying
concepts can be implemented in other large-scale detectors. Therefore, SVA can be seen as a first
step towards an autonomous data verification system for multi-detector radio experiments such as
RNO-G and IceCube-Gen2 [7].
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